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FOREWORD

E x p er im en ta l ca p a b ilit ie s  in the fie ld  of neutron capture g a m m a -ra y  
s p e c tr o s c o p y  have expanded g rea tly  in the last few  y e a r s ; th is has been  due 
in la rg e  part to  the advent of h igh -qu ality  G e (L i) d e te c to r s , im p rov em en ts  
in e le c tr o n ic  data p r o ce s s in g , and im p rov em en ts  in b e n t -c r y s ta l  s p e c t r o 
m e te rs . P r e v io u s ly  u n su spected  phenom ena, su ch  as the '5. 5 -M e V 'a n o m a ly , 
have appeared  and new r e s e a r c h  to o ls , such  as neutron  guide tubeis, have 
been  brought into u se . E qually  excitin g  d eve lop m en ts have o c cu rr e d  in the 
th e o ry  o f  neutron  cap tu re . C om plex  sp e c tra  have y ie ld ed  to  an a lys is  a fter  
accoun t had been  taken o f such  e ffe c ts  as v ibra tion , ro tation  and C o r io lis  
f o r c e s ,  and the th e o r e t ic a l p re d ic t io n  o f  capture sp e ctra  se e m s  to  be a 
fu ture p o s s ib ility .

In v iew  o f the In ternation al A to m ic  E n ergy  A g e n cy 's  c lo s e  in te re st in 
th is su b ject and the need fo r  an in ternation a l exchange o f ideas to  analyse 
and study the la test d ev e lop m en ts , the A g en cy  w as v e ry  p lea sed  to  a cce d e  
to th e  requ est of the Institute of P h y s ic s , C h a lm ers  U n iv ers ity  o f T ech n o log y  
and the U n ivers ity  of G othenburg, to  su pport the Studsvik in ternation a l 
m eetin g  of 11 -15  A ugust and to pu blish  the p ro ce e d in g s .

INTRODUCTION BY THE CHAIRMAN 
OF THE SYMPOSIUM

The In ternational S ym p osiu m  on N eutron Capture G am m a-R ay  S p e ctro 
sc o p y  was held on 11 -15  A ugust 1969 at the Sw edish  N u clear  R e a cto r  C en tre , 
Studsvik, o rga n ized  by C h a lm ers  U n ivers ity  o f T ech n o log y  and the Uni
v e r s ity  o f G othenburg and su pported  by the In ternational A to m ic  E n ergy  
A gen cy  and A B  A tom en erg i. The holding o f the Sym posiu m  w as m ade p o s 
s ib le  by the fin a n cia l su pport o f the In ternational A to m ic  E n ergy  A gen cy , 
The Sw edish A to m ic  R e s e a r ch  C ou n cil, AB A tom en erg i and the town of 
N ykóping. The e x ce lle n t  fa c i l i t ie s  p rov id ed  by AB  A tom en erg i w ere  of 
g rea t ben efit to the sm ooth  running of the S ym posium .

The o r g a n iz e rs  o f the Sym p osiu m  fe lt  that w ork  on neutron  capture 
g a m m a -ra y  s p e c t r o s c o p y  had ach ieved  su ch  valu ab le  and s ign ifica n t re su lts  
that the tim e  had co m e  fo r  th is in form ation  to  be p resen ted , exam ined  and 
d is cu s s e d  in tern ation a lly . T h is kind o f s p e c t r o s c o p y  has p erm itted  the 
study o f n u c lea r  le v e l sy s te m s  up to v e ry  high ex cita tion  e n e rg ie s . An 
im portan t a sp ect o f the w ork  is  the rap id ly  advancing study of the d e -e x c it a 
tion  o f reson a n ce  sta te s , w hich  p r o m is e s  to  b e co m e  a m ost valuable m ethod 
fo r  e lu cid a tin g  the nature o f h igh er ex cited  sta tes . In vestigation s o f neutron



re so n a n ce  capture have a lso  p ro v e d  v e ry  e ffe c t iv e  in, and convenient fo r , 
the understanding o f the s low -n eu tron  capture m ech a n ism  it se lf . The lin es 
o f  r e s e a r c h  on th ese  and oth er a sp ects  o f neutron  capture g a m m a -ra y  s p e c 
tr o s c o p y  w hich  w ere  re v e a le d  by  the partic ip an ts at the m eetin g  w ill doubt
le s s  stim u late  m any idea s fo r  fu ture stud ies lead in g  to  a d e ep er  com p reh en 
s ion  of the n u clea r  p r o c e s s e s  in volved .

The A d v is o ry  C om m ittee  con s isted  o f D r. G. A . B a rth olom ew , Chalk 
R iv e r ; D r. H. H. B olotin , A rgon n e ; P r o f . L . V . G rosh ev , M oscow ; P r o f .  H. 
M a ie r -L e ib n itz , G ren ob le ; D r. H. T . M otz, L o s  A la m o s ; P r o f . N. R yde 
(C h airm an ), G othenburg; D r. O. W. B. Schult, M unich; and D r. J. V e r v ie r , 
H é v e ilé -L o u v a in . The O rgan izin g  C om m ittee re sp o n s ib le  fo r  the running 
o f the S ym p osiu m  and the s c ie n t if ic  p ro g ra m  co n s iste d  of D r. S . E.  A rn e ll, 
D r. I. B e rg q v ist , D r. P . H .  B l ich e r t -T o ft ,  D r. L . B rom a n , D r. A . B äcklin , 
D r. R . H arde ll, D r. L . Jon sson  (S e cre ta ry ), D r. S. N ilsson , D r. R. 
P au li, P r o f . N. R yde (C h airm an ), D r. E . Selin , D r. Ö. Skeppstedt (A s 
sistan t S e cre ta ry ), D r. N. S tarfe lt and D r. T . W ied ling. I am  g ra te fu l to 
the m e m b e rs  of both co m m itte e s  fo r  th e ir  helpfu l su g gestion s  and e ffo r ts . 
On beh alf o f the O rgan izin g  C om m ittee , I w ish  to thank a ll the p a rtic ip an ts , 
the s e s s io n  ch a irm en  and the s e r v ic e  s ta ff fo r  helping to  m ake the Sym po
siu m  a s u c c e s s .

The O rgan izin g  C om m ittee  is  a lso  v e ry  g ra te fu l to P r o f. M a ie r -  
L eibn itz  fo r  his w illin g n ess  to  act as P re s id e n t o f the Sym posiu m ; the p a rt i
cipants w ill e sp e c ia lly  re m e m b e r  h is e x ce lle n t  sum m ing-up o f the Sym po
sium  with valuable p o in ters  to future d eve lopm en ts .

The Sym p osiu m , being  the f ir s t  in ternation a l m eetin g  on th is im portant 
to p ic , a rou sed  great in te re st : a total o f 117 invited  s c ie n tis ts  fr o m  21 
cou n tr ies  attended the m eetin g  and 77 p a p ers  w ere  contributed . T h ese  P r o 
ceed in gs  contain  the p a p ers  p resen ted , tog eth er  with seven  invited  ta lks; 
p a p ers  published  o r  intended fo r  pu blica tion  e lsew h ere  have been  p resen ted  
by a b stra ct on ly. The pu b lica tion  o f the P ro ce e d in g s  has been  m ade p o s s ib le  
through  fin a n cia l su pport fr o m  the In ternational A to m ic  E n ergy  A g en cy  and 
the Sw edish  R e s e a r ch  Institute o fN a tio n a lD e fe n ce , and the O rgan izin g  C om 
m ittee  w ish es to  acknow ledge the e ffe c t iv e  help o f the A gen cy  in editing 
the P r o ce e d in g s .

N ils  Ryde
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Abstract

VIBRATIONAL FIELDS AND NUCLEAR DIPOLE MODES. The vibrational field  in isovector modes is esti
mated on the basis o f  the sym m etry potential. The estim ate yields a frequency for the d ipole m ode in agree
m ent with the observed photoresonance frequency in heavy n u cle i. The e ffe c t  o f  the neutron excess on the

V IB R A T IO N A L FIELDS

A b a s ic  p ro p e rty  o f  a v ib ra tion a l m ode in a sy stem  with independent- 
p a rt ic le  m otion  is  the fie ld  it g e n e ra te s . The v ib ra tion  in vo lves  a coh eren t 
m otion  o f  p a r t ic le s  g iv ing  r is e  to v a ria tion s  in the n u cleon ic  den sity  with 
re s p e c t  to the equ ilib r iu m  d istr ibu tion  and th ese  den sity  v a r ia tion s  generate  
co rre sp o n d in g  v a r ia tion s  in the a v erag e ,p oten tia l.

T o  lead in g  o r d e r  in the v ib ra tio n a l am plitude, a, the v a ria tion s  in the 
n u c le a r  potentia l can  be e x p re s se d  in  the fo rm

6V = K F ( x ) a  ( 1 )

w h ere  F (x ) d e s c r ib e s  the depen den ce o f  the potentia l on the n u cleon ic  
v a r ia b le s  (sp a ce , spin, is o sp in ), w hile the coup ling  constant к is  a m ea su re  
o f  the strength  o f  the cou p lin g  betw een  den sity  and fie ld .

T he fie ld  (1) a cts  on  the in div idual p a rt ic le s  in the nucleus and can be 
o b s e rv e d  in in e la s tic  sca tter in g  o f  n ucleon s (F ig . l a) ,  in the d eca y  o f  a 
quantum into a p a r t ic le -h o le  p a ir  (F ig . lb ) ,  and in  m any o th er  p r o c e s s e s  
in volv in g  p a r t ic le -v ib ra t io n  cou p lin g  (se e , fo r  exam ple, the in teraction  
betw een  a p a rt ic le  and a quantum and the p o la riza tion  ch a rge , rep resen ted  
b y  d ia gra m s such as th ose  in F i g . l c  and F ig . Id , r e s p e c t iv e ly ) . One also  
ex p ects  the fie ld  cou p lin g  ( 1 ) to p lay  a d e c is iv e  r o le  in the s tru ctu re  o f  the 
quanta, by  org a n iz in g  the c o lle c t iv e  m otion  o f  the p a rt ic le s  (s e e  F ig . l e ) .

*  A m ore detailed  discussion o f  the topics considered in the present article , as w ell as references to the 
earlier developm ents o f  the subject, w ill be given  in the forthcom ing V o l. 11 o f  the monograph "Nuclear 
Structure" (W . Benjamin In c .,  New York) by the present authors.

3



4 BOHR and MOTTELSON

Y
ib)

T he v ib ra tion a l fie ld  is  a resu lt  o f  the n u cleon ic  (and m e so n ic ) in te r 
action s . The re la tion sh ip  is  s im ila r  to  that o f  the sta tic  n u clear  potential 
to the tw o -b o d y  fo r c e s ,  w hich is  known to be a subtle one and in w hich 
m any co r r e la t io n  e ffe c ts  are  in vo lved .

T he point to be em p h asized  is  that the v ib ra tion a l fie ld  is  a quantity 
with w hich we dea l v e r y  d ir e c t ly  in a v a r ie ty  o f  phenom ena a sso c ia te d  
with v ib ra tion a l ex c ita t io n s . It is  thus o f  s ig n ifica n ce  to e x p lo re  th is 
quantity by the v a r iou s  to o ls  ava ilab le  including d ire c t  ex p erim en ta l study, 
the ap p lica tion  o f  g en era l th e o re t ica l re la tion sh ip s and deductions based  
on  the u nderly in g  n u cleon ic  in te ra c tio n s .

SH APE OSCILLATIONS

A m ong the b est studied n u clear  v ib ra tion s  are  the quadrupole and 
oc tu p o le  m od es  that are  a prom in en t featu re  o f lo w -e n e r g y  n u c lea r  sp e c tra . 
T h ese  ex cita tion s  can  be  a p p rox im a te ly  d e s cr ib e d  as shape v ib ra tion s , 
by w hich the v a r ia tion s  in  the n u cleon ic  den sity  and fie ld  a re  obtained  by 
d e form in g  the known sta tic  den sity  and fie ld

T he ce n tra l sta tic  potential is  denoted by  V ; an additional, sm a lle r  te rm  
in 6V a r is e s  fro m  the d e form a tion  o f  the sp in -o r b it  poten tia l. (In a m o re  
detailed  d e scr ip tio n  it m ay be n e c e s s a r y  to c o n s id e r  the v aria tion  o f  о  
with r . )

(2)
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E v id en ce  in fav ou r o f  the fie ld  cou p lin g  (2) c o m e s  fr o m  the o b s e rv e d  
c r o s s - s e c t i o n s  fo r  in e la s tic  n ucleon  sca tte r in g  ex citin g  the c o lle c t iv e  2 + 
and 3 - le v e ls .  In p a rticu la r , th ese  ex p erim en ts  y ie ld  va lu es o f  the d e fo r 
m a tion  p a ra m e te r  <2 in ap prox im a te  agreem en t with th ose  obtained fro m  
d eterm in a tion s  o fth e  m u ltip o le  m om en ts o f  the ch a rg e  d is tr ibu tion .

A fav ou ra b le  opportu n ity  fo r  a quantitative study o f  the p a r t ic le -  
v ib ra tio n  coup ling  is  p rov id ed  by  the octu p o le  ex cita tion s  in the n u cle i 
ad jacen t to 2°8Pb. Th.g ev id en ce  ap pears to be con s isten t with the coup ling  (2) 
and deta iled  te s ts  m ay soon  be ex p ected .

T h e cou p lin g  (2) a lso  ap pears to  accoun t qu a lita tive ly  fo r  the s tru ctu re  
o f  the quadrupole  and octu p o le  quanta (fre q u e n c ie s  and tra n s itio n  am plitudes). 
Q uantitative an a lys is  is  b e se t with the d ifficu lty  that, fo r  m any n u cle i, 
the n u c le a r  shape is  n ear  in sta b ility  with re sp e c t  to  quadrupole  d e fo r 
m ation s and that the v ib ra tio n a l sp e c tra  th e r e fo re  exhib it la rg e  an- 
h a rm o n ic ity  e ffe c ts .

ISO V ECTO R MODES

T he shape o s c illa t io n s  in vo lve  a s y m m e tr ic  m otion  o f  n eutrons and 
p roton s  and a re  thus is o s c a la r .  In the is o v e c to r  m od es , n eutron s and 
p roton s  m ov e  with o p p o s ite  ph ase . A  v a r ie ty  o f  such m od es  m ay  o c c u r , 
but at p resen t the on ly  is o v e c to r  m ode that has been  sy s te m a tica lly  id en ti
fied  in n u c lea r  sp e c tra  is  d ip o le  o s c illa t io n , known as giant reson a n ce  in 
p h o to -a b so rp tio n .

T h e re la tion  betw een  the d en sity  and fie ld  o s c illa t io n s  in is o v e c to r  
m od es  m ay  be estim a ted  fro m  the n u c le a r  sy m m e try  p oten tia l. The 
depen den ce  o f  the n u c le a r  potential on  the is o sp in  v a r ia b le  tg ( = +^ fo r  
n eu tron s, -n  fo r  p roton s) is  u su a lly  e x p re sse d  in the fo rm

T he la s t te rm  is  the is o v e c to r  potentia l w hich  d e s c r ib e s  the potential 
p rod u ced  b y  a sm a ll is p v e c to r  d en sity  p  ̂ = p  ̂- Pp su p erp osed  on  the i s o 
s c a la r  d en sity  pQ =Pn+Pp.  The e m p ir ic a lly  determ in ed  value o f  V^ is  
^100 M eV . T hus, i f  the den sity  v a r ia tion  in  an is o v e c to r  v ib ra tion a l 
m od e  is  o f  the fo rm

(3)

6 p i = f(r)o- (4)

we m ay  exp ect the a sso c ia te d  potentia l to be

f ( r ) t ^ c ( 5 )
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F o r  the d ip o le  m ode we sh a ll assu m e that f(r )  is  a p p rox im a te ly  p r o 
p ortion a l to r , as in d icated  by the fact that the m od e is  known to a p p ro x i
m a te ly  exhaust the c la s s ic a l  d ip o le  sum  ru le . If we n o rm a liz e  the v i 
b ra tion a l am plitude, such  that

D IPO LE  MODE

(xt,z 'k
k = l (6)

fo r  the m otion  in the x -d ir e c t io n , it fo llo w s  that

(7)
5Po

w h ere  <(x^]> is  the m ean value o f  x^ fo r  a p a rt ic le  in the n u cleu s, w h ich h a s 
been  e x p re s se d  in te r m s  o f the rad iu s p a ra m e te r  R . T he potentia l (5) can 
thus be w ritten

ó V = K ^ x t ^ o -  (8)

with the cou p lin g  constant

5  V i  A

----- 2 O )4R^

In te r m s  o f  th is  cou p lin g  one can de term in e  the e ig en freq u en cy  o f  
the c o lle c t iv e  m od e by  the standard m ethods o f  the m ic r o s c o p ic  th e o ry  
o f  v ib ra tio n s  (F ig . Id) .  In the p resen t c a se  the p rob lem  is  e sp e c ia lly  
s im p le  s in ce  the o n e -p a r t ic le  excita tion s produced  by a fie ld  p ro p o rtio n a l 
to  x  have fr e q u e n c ie s  c lu s te r in g  around the fre q u e n cy  MQ o f  the r e p re s e n ta 
tive  o s c i l la t o r  potentia l (huQ^41 A'^ M eV ). The coup ling  betw een  the 
o n e -p a r t ic le  e x cita tion s  p rod u ced  b y  the fie ld  (5) is  la rg e  co m p a red  with 
the sep a ra tion  betw een  the o n e -p a r t ic le  fr e q u e n c ie s , and one m ay  th e r e 
fo r e  trea t th ese  as d e g e n e ra te . In such  a situation  the c o lle c t iv e  freq u en cy  
и can  be  obta in ed  by  an e lem en ta ry  ca lcu la tion  y ie ld in g  (with V i = 100 M eV 
and R = 1. 2 A* fm )

t i u=- Ru¡ ) ( l +— = 7 3 A ' * M e V  (10)
'  AMu^ ^
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in  ra th er  good  agreem en t with the o b se rv e d  giant re so n a n ce  fre q u e n c ie s  
in heavy  n u cle i ( A > 4 0 ) .  ( A m o r e  deta iled  estim a te  o f  u, ba sed  on  the 
a v a ilab le  in form ation  o f  the o n e -p a r t ic le  d ip ole  ex cita tion  sp ectru m  and 
the coup ling  constant (9), y ie ld s  va lu es v e ry  c lo s e  to (10); se e  R e f . [ l ]  .)

T h e is o v e c to r  m od es  are  b a s ica lly  o f  vo lu m e type, as d is tin ct from  
the shape o s c illa t io n s , w hich  m ay  be ch a ra cte r iz e d  as su r fa ce  m o d e s , 
but the r o le  o f  the su r fa ce  re g io n  in the is o v e c to r  m od es  n eeds fu rth er  
in vestig a tion . T h is  uncerta in ty , h ow ev er, h a rd ly  a lte rs  the co n c lu s io n  
that the o b s e rv e d  p r o p e rt ie s  o f  the d ip ole  m ode are  con s isten t with the 
e m p ir ica l ev id en ce  on  the sy m m e try  poten tia l. E stim a tes  o f  the d ip o le  
r e so n a n ce  fre q u e n cy  on  the b a s is  o f  e ffe ct iv e  in tera ction s  d e r iv e d  fro m  
n u cleon ic  tw o -b o d y  fo r c e s  have tended to  u n d erestim a te  the value o f  ы 
(se e  R e f. [ 2] ) ;  it ap pears lik e ly  that th ese  e ffe c t iv e  in te ra ctio n s  would 
a lso  fa i l to re p ro d u ce  the o b s e rv e d  strength  o f  the sy m m e try  poten tia l.

T h e e sse n tia l e lem ent in the above d e scr ip tio n  o f  the d ip o le  m ode 
is  the stron g  is o v e c to r  f ie ld . T h is  fie ld  can be p robed  by  v a r iou s  
phenom ena in volv in g  the p a r t ic le -v ib ra t io n  cou p lin g . T hus, the fie ld  
is  d ir e c t ly  in volved  in the ex cita tion  o f  the d ip o le  m ode by  in e la stic  
n ucleon  sca tter in g  (se e  F ig . la ) ,  but the ev id en ce  so  fa r  is  v e r y  lim ite d . 
T h e d eca y  o f  the d ip o le  state with the e m iss io n  o f  fast n u cleon s 
(s e e  F ig . lb )  m ay  a lso  be a valu ab le  so u rce  o f  in form a tion . F u rth e rm o re , 
the fie ld  cou p lin g  g iv e s  r is e  to a re n o rm a liza tio n  o f  the e ffe ct iv e  ch a rge  
f o r  E l tra n s ition s , w hich  is  estim a ted  to be

w h ere  A E  is  the tra n sition  e n e rg y . F o r  A E « h t ¿ ,  estim a te  (11) im p lie s  
a red u ction  o f  the e ffe c t iv e  ch a rge  b y  a fa c to r  o f  about 0 . 3 ,  as a c o n s e 
quence o f  the cou p lin g  to the d ip o le  m od e .

E x p re ss io n  (11) ap p lies  to  n u cle i with N = Z .  In n u cle i with a neutron 
e x c e s s  the e ffe c t iv e  ch a rg e  r e c e iv e s  the additional con tribu tion

T he f ir s t  te rm  is  the is o v e c to r  part o f  the c e n t r e -o f -m a s s  c o r r e c t io n , 
w h ile  the secon d  te rm  a r is e s  fr o m  the is o s c a la r  com pon ent in the fie ld  
p rod u ced  by  the d ip o le  m o d e . T h is  fie ld  is  e x p re s se d  in the fo rm  o f  
e x p re s s io n  (8) with t^ re p la ce d  by  (t^- [ (N -Z ) /2 A ]  p). T he value o f  the 
p a ra m e te r  p is  not known e m p ir ica lly ; fo r  p = 1 the cou p lin g  is  such that 
a p rob e  with a c h a r g e -to -m a s s  ratio  equal to that o f  the ta rget d oes  not 
e x c ite  the d ipole  m od e . (F o r  the a n a lys is  o f  lo w -e n e r g y  E l tra n sition s  
in  209gi an e ffe c t iv e  ch a rg e  fo r  p roton s o f  0 .2  to  0 . 25  units has been  
dedu ced  [ 3] ,  w hich  m ay  su ggest a ra th er  sm a ll value o f  p . A  se n s itiv e

2 ,2

(11)

(11a)



8 BOHR and M O T T E LSO N

te s t  o f  p w ould be p rov id ed  by  a m ea su rem en t o f  the e ffe c t iv e  ch a rge  
fo r  a neutron  in the re g io n  around P b . )

F o r  h ig h -e n e rg y  tra n s itio n s , A E > tiu , on e obta in s fro m  e x p r e s s io n ( l l )  
an enhancem ent o f  the E l  strength , fo r  w hich  th ere  is  ev iden ce  fro m  the 
d ir e c t  capture  o f  fast n eutrons ([4, 5 ] ;  the d ir e c t  captu re  with the in 
c lu s io n  o f  the p o la riza tio n  e ffe c t  has been  r e fe r r e d  to as 's e m i -d ir e c t ' 
c a p tu r e ) .

In lig h te r  n u cle i (A < 40) the reson a n ce  e n e rg ie s  o b s e rv e d  in 
p h o to -a b so rp tio n  a re  s m a lle r  than estim a te  (10 ), but the o s c i l la t o r  
stren gth  is  found to be  a p p re c ia b ly  le s s  than the c la s s ic a l  sum  ru le  va lu e .
It ap pears p o s s ib le  that a sign ifican t d ip o le  strength  m ay  lead  to excita tion s 
in  the e n e rg y  re g io n  beyond that so  fa r  stud ied .

ISOSPIN OF D IPO LE E X C ITA TIO N S. CHARGE EXCH ANGE MODES

F o r  an is o v e c to r  m ode each  quantum o f  ex cita tion  c a r r ie s  unit isosp in ,
T = 1. The c la s s ic a l  d ip o le  m ode has is o sp in  com ponent 0, but fu rth er  
op p ortu n ities  to e x p lo re  n u c lea r  d ip ole  m otion  are  p rov id ed  by  a study 
o f  the ch a rg e -e x ch a n g e  com pon ents (p^* ±1 ) -  In a n ucleu s with is o sp in  
To = 0 the ch a rg e  exchange m od es  e x c ite  the is o b a r ic  analogues o f  the 
ph oton u clea r  reso n a n ce , w hile in a nucleu s with neutron  e x ce s s  (Tg^O) ,  
the ex cita tion  o f  an is o v e c to r  quantum lea d s  to sta tes with T  = T g -l ,  T o ,
Tg + 1, as illu s tra ted  sch e m a tica lly  in F ig . 2. (T he d ip o le  m od es  in  a 
nucleu s with neutron  e x c e s s  have been  co n s id e re d  in  R efs  [1, 6 -8 ] .)

If we n eg lect the e ffe c t  o f  the e x c e s s  neutrons on the d ip o le  m od es , 
the m a tr ix  e lem en ts  o f  an is o v e c to r  d ip o le  o p e r a to r  fo r  e x cit in g  the 
d iffe re n t d ip ole  states in F ig . 2 are  p rop ortion a l to the v e c to r  addition  
c o e ffic ie n t  ^ T g T glp ^ jT M q .)* . Thus, fo r  T g > > l ,  the dom inant tra n sition s  
a re  th ose  lead in g  to the fu lly  a ligned states with M^ = T (in d icated  by  a rro w s  
in  F ig . 2 ). The ex cita tion s  to the is o b a r ic  analogue sta tes, with M ^ < T ,  
a re  w eak er by  in v e rse  p ow ers  o f  Tg . T he stron g  tra n sition s  can be a p p ro x i
m a te ly  d e s c r ib e d  in te r m s  o f  p a r t ic le -h o le  ex cita tion s  o f  the type i l lu s 
trated  in F i g . 3.

T. +)

FIG. 2 . S chem atic illustration o f  pattern o f  states involving the excita tion  o f  an isovector quantum. The 
dashed lines con n ect isobaric analogue states; the dotted lines represent ground states o f  neighbouring 
nuclei with sam e value o f  A .
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n ,- i  Hf '
AT=s-) AT- 0 AT-H

F IG .3. S in g le -p artic le  excitations associated with d ipole  modes with different A T  in a nucleus with large 
neutron excess.

T he in tera ction  betw een  the e x c e s s  neutrons and the d ip o le  m otion  
g iv e s  r is e  to a sp litting  betw een  the excita tion s with d iffe ren t T . F o r  not 
too  la rg e  va lu es o f  the neutron  e x c e s s  the in tera ction  en erg y  is  p rop ortion a l 
to  Tg and o f  the fo rm

H ' ^ a (?  - T^)

^ a ( T ( T  + l ) - T o ( T o + l ) - 2 )  (12)

T h e co e ffic ie n t  a r e c e iv e s  con tribu tion s p a rtly  fro m  the m on op o le  part 
o f  the sy m m e try  potential, w hich  fav ou rs  states o f  low  T , and p a rtly  from  
the coup ling  betw een  the e x c e s s  neutrons and the d ip ole  m ode (as in the 
d ia gra m s in F i g . l c ) ;  th is coup ling  is  g iven  by  e x p re s s io n  (8) g en era lized  
to  fo rm  a ch a rge -in d ep en d en t e x p re s s io n  by  in clu s ion  o f  the ch a rg e - 
exchange com p on en ts . T h ese  tw o con tribu tion s g ive  the estim ate

a ^ -  2 - ^ ^ = 40 A*' M eV (13)
A  AS ' '

w here ( x ^  r e fe r s  to  the e x c e s s  n eu tron s.
In a s im ila r  m ann er the m a tr ix  e lem en ts o f  the m u ltip ole  m om ent 

fo r  the ex cita tion  o f  a quantum, with the in clu s ion  o f  te rm s  lin e a r  in Tp, 
have the fo rm

< ( 7 T . ) T M j ] [ ( x t J j T  , M^ = T „>
к  ̂ (14)

= < Т „Т ф 1 ^  ) т М т > Ц  [ 1 + j3 (T (T  + l ) - T o ( T o  + l ) - 2 ) ]

as fo llo w s  fro m  argum ents o f  in va ria n ce  in is o s p a c e . The m ic r o s c o p ic  
a n a lys is  lea d s  to  the p a ra m eters
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w hich  im p lie s  a r e -  
and a co rre sp o n d in g

T he te rm  p rop ortion a l to (3 in e x p re s s io n  (14) 
duction  o f  the tra n sition  strength  fo r  A T  = T -Tp = +1 
in cr e a s e  fo r  A T  = -1  -  r e f le c t s  the fa ct that the p re se n ce  o f  the e x c e s s  
n eutrons b lo ck s  p-*n tra n sition s  and lea ds to new n->p tra n sition s  (se e  
F i g . 3 ) .

T h e tota l num ber o f  s in g le -p a r t ic le  tra n sition s  contributin g  to the d i
p o le  m od e c o rre sp o n d s  to the num ber o f p a r t ic le s , S, in a m a jo r  sh e ll . T he 
e ffe ct  o f  the neutron  e x ce s s  on the d ip o le  m od es  m ay  th e re fo re  be ch a 
r a c te r iz e d  by  the p a ra m eter  [7, 9]

N -  Z
(3N) - ( 3 Z )  ^ 0 . 7 6 N -  Z

(16)

E x p re ss io n s  (12) and (14) are  v a lid  fo r  y « 1 .  F o r  la r g e r  va lu es o f  ¡) 
one can de term in e  the th ree  e igen m odes with A T  = -1 , Oand +1 in te rm s  
o f  the s in g le -p a r t ic le  ex cita tion s  in F ig . 3 and the coup ling  (8) in  the ch a rg e - 
independent fo r m . T he fre q u e n c ie s  as a function  o f  y are  illu stra ted  in 
F ig . 4, and the tra n sition  am plitudes exhib it a s im ila r  beh av iou r. The 
fre q u e n c ie s  re p re se n t excita tion  en e rg ie s  in the fin a l n u cle i with M ? = T; 
fo r  b e ta -s ta b le  n u cle i th is en erg y  c o rre sp o n d s  ap p rox im a te ly  to the d if 
fe re n ce  in binding en erg y . F o r  y > 1 th ere  is  no m od e in  F ig . 4 with AT = +1, 
bu ttw o m od es  w ithAT = - l .  H ow ever, in th e d e te r m in a tio n o fth e e ig e n m o d e s  in 
F ig . 4 the fin ite  sp rea d  in  the d ip o le  ex cita tion  fre q u e n c ie s  has been  ig n ored . 
T hus, fo r  exam ple, fo r  208рь, with y ^ l ,  th ere  rem ain s a w eak AT = +1 m ode, 
m a in ly  a sso c ia te d  with the tran sition  - (F o r  a m o r e  d e 
ta iled  an a lysis  o f  the sp ectru m  o f  d ip o le  excita tion s with d ifferen t A T  
se e  R ef. [1 ] . )

FIG.4 . Frequencies o f  d ipole excitations with different A T . For A T = 0, = 0 , the frequency is given
by expression (10) .

At presen t the ev id en ce  fo r  the exp ected  AT = ± 1  d ip o le  m od es  is  
m e a g r e . S ea rch  fo r  the T  = +1 m ode has been  m ade in the study o f  the 
n u clea r  p h o to -e ffe c t  w here it is  expected  as a w eak sa te llite ; thus, fo r  
exam p le , tentative ev iden ce  has been  re p orted  fo r  such a sa te llite  in the 
E l strength  function  o f  90Zr [1 0 ], and the en erg y  sep ara tion  fro m  the 
m ain  p h oto -a b sorp tion  peak (A T  =0) c o rre sp o n d s  ra th er  w ell to e s t i 
m ate (13 ). A test o f  the fie ld  coupling  in the A T  = +1 channel can a lso  
be obtained by the study o f  E l gam m a rad iation  fro m  is o b a r ic  analogue
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sta te s . T h e se  E l tra n sition s  a re  expected  to  be  re ta rd ed  b y  p o la riza tio n  
e ffe c ts  s im ila r  to  th ose  lead in g  to the e ffe ct iv e  ch a rg e  (11) .  R ecen t 
ev id en ce  on  the p roton  capture in  ^sgCegg [11] in d ica tes  su ch  a red u ction  
o f  the E l m a tr ix  e lem en t by  a fa c to r  o f  about 0 . 3, co rre sp o n d in g  to the 
m agnitude o f  the exp ected  e ffe c t .

T h e stron g est tra n sition s  e x citin g  the A T  = ± 1 m od es  a re  the ch a rg e - 
exch an ge p r o c e s s e s ,  such as (p, n), (^He, t) and th e ir  in v e rse , but th ere  
a p p ears  at p resen t to  be no ev id en ce  on  d ip ole  ex cita tion s  in th e se  p r o 
c e s s e s .  The A T  = + 1, = +1 m od e m ay  a lso  p lay  a r o le  in  the capture
o f  p -m e s o n s  as w e ll as in  the b e ta -d e c a y  o f  n e u tro n -d e fic ie n t n u cle i with 
la rg e  Qg v a lu e s . In the study o f  th ese  v a r iou s  ch a rg e -e x ch a n g e  p r o c e s s e s  
it is  u su a lly  n e c e s s a r y  to  c o n s id e r  additional cou p lin gs to  sp in -d ependen t 
ex cita tion  m o d e s , w hich  m ay  a lso  exhibit c o l le c t iv e  p r o p e r t ie s . R ather 
lit t le  is  known at the p resen t tim e  about the sp in -d ependen t f ie ld s , but the 
ex p lo ra tio n  o f  th ese  m od es  r e p re s e n ts  an im portan t p ro b le m  in  the future 
study o f  n u c le a r  d y n a m ics .
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Abstract

THERMAL-NEUTRON CAPTURE G AM M A-GAM M A COINCIDENCE STUDIES AND TECHNIQUES.

spectroscopic investigations is exam ined and the unique inform ation derived from such studies is com pared 
with that obtained by m ore conventional spectroscopic methods. The feasib ility , p ractica lity , and value 
o f  gam m a-gam m a co in cid en ce  studies perform ed with the exclusive  use o f  G e(L i) detectors ate clearly

G e(L i)-G e(L i) co in cid en ce  m ethod are presented. It is concluded that widespread use o f  these co in cid en ce  
techniques should provide a significant contribution to  the understanding o f  the lev e l structure o f  nuclides 
studied in slow-neutron capture gam m a-ray reaction  experim ents.

1. IN TRODUCTION

The fie ld  o f  s lo w -n e u tro n  cap tu re  g a m m a -ra y  s p e c tr o s c o p y  has d e 
v e lop ed  and m atured  en o rm o u s ly  o v e r  the past fou r  o r  five  y e a rs  due to 
sign ifican t d ev e lop m en ts  and im p rov em en ts  in ex p erim en ta l tech n iqu es .
The m ost outstanding te ch n ica l advance has been  brought about by  the use 
o f  s o l id -s ta te  h ig h -re so lu tio n  d e te c to r s  — p r in c ip a lly  the G e (L i)  g a m m a - 
ra y  s p e c tr o m e te r . T h is , o f  c o u r s e , is  w e ll known to a ll o f  you, but p a r 
t icu la r ly  fo r  th ose  who had been  w ork in g  in th is fie ld  p r io r  to the G e(L i) 
d e te cto r  age ( i . e .  in the N a l(T l) sc in tilla to r  and m agn etic  C om pton  s p e c t r o 
m e te r  era ) it is  abundantly c le a r  that the G e(L i) d e te cto r  has not on ly  e n 
la rg e d  the s c o p e , a c c u r a c y  and quantitative s ig n ifica n ce  o f  stud ies in the 
( n, y)  fie ld  but has e ffe c t iv e ly  r e s u r r e c te d  to fu ll v ig ou r  a poten tia lly  v ita l 
area  o f  in vestig a tion  that ap peared  to have one foo t in the g ra v e .

The u se  o f  high r e so lu tio n  G e (L i) d e te cto rs  has supplanted v irtu a lly  
a ll g a m m a -r a y  s p e c t r o s c o p ic  in stru m en ts p re v io u s ly  used fo r  the in v e s tig a 
tion  o f  n eu tron -ca p tu re  g a m m a -ra y  sp ectra  above  a g a m m a -ra y  en erg y  o f  
^  500 - 600 keV . Even in the e a r lie s t  stages o f  the developm en t o f  these 
d e te c to rs  the h ig h -re so lu tio n  p ro p e r t ie s  o f  th ese  d e v ice s  a llow ed  the d e 
tection  and sep a ra tion  o f  in d iv idual h ig h -e n e rg y  g a m m a -ra y  tra n sition s  to 
a d e g re e .n o t  a ch ieved  e a r l ie r ,  and in m any c a s e s  even  the r e la t iv e ly  low  
d etection  e f f ic ie n c y  o f  the e a r lie r  v e rs io n s  o f  th ese  d e te cto rs  w as su p e r io r  
to m any o f  the h ig h e s t -re s o lu t io n  s p e c tro m e te rs  in use at the tim e  th ese

-* Work perform ed unde: the auspices o f  the US A tom ic  Energy Com m ission.
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s o l id -s ta te  d e v ic e s  w e re  in itia lly  d ev e lop ed . S ign ificant subsequent im p r o v e 
m ents in re so lu tio n , d etection  e ff ic ie n cy  (d e te c to r  vo lu m e) and a sso c ia te d  
e le c t r o n ic s  have m ade the use o f  G e(L i) g a m m a -ra y  sp e c tro m e te rs  the 
standard in v ir tu a lly  a ll ( n, y)  in vestiga tion s fo r  the study o f  g a m m a -ra y  
tra n sition s  m o re  en erg etic  than *^500 keV , to the extent that I cannot r e c a ll  
a s in g le  ex p erim en ta l pap er on the p rog ra m m e o f this Sym posium  that does 
not m ake u se  o f  s o l id -s ta te  d etection  d e v ice s  fo r  h ig h -e n e rg y  g a m m a -ra y  
stu d ies.

D esp ite  p a ra lle l im p rov em en ts  in b e n t -c r y s ta l s p e c t ro m e te rs , w hose 
en erg y  re so lu tio n  is  s u p e r io r  to that o f  G e(L i) d e te c to r s , the fine re so lu tio n  
ca p a b ilit ie s  o f  the la tter  d e v ic e s , coup led  with th eir  su p e r io r  g a m m a -ra y  
d etection  e f f ic ie n cy , has led  to th eir  w id esp rea d  use in  stud ies o f  lo w - 
en erg y  g a m m a -r a y  sp e ctra . Thus, m any in vestig a tion s , o f  w hich  we shall 
h ear s e v e r a l at th is S ym p osiu m , have em p loyed  G e(L i) d e v ice s  in s in g le s 
and p a ir -s p e c t r o m e te r  in vestigation s o f  h ig h -e n e rg y  g a m m a -ra y  sp e ctra , 
a s  w e ll as in s in g les  and C o m p to n -su p re ss io n  sp e c tro m e te rs  fo r  lo w -e n e rg y  
g a m m a -r a y  w ork  below  an en erg y  o f  ^  1 M eV . R ecen t im p rov em en ts  in 
th ese  in stru m en ts w ill be d e s cr ib e d  in se v e ra l pa pers p resen ted  h ere  and 
I need not touch upon them  in th is p resen ta tion . Instead, I w ill con cen tra te  
upon the u se  o f  G e(L i) d e te cto rs  in another a rea  o f  in vestigation  that has 
not r e c e iv e d  u n iv e rsa l adoption  and re co g n it io n , but has been  brought to 
a state o f  s ign ifican t so p h is tica tion  and u se fu ln ess  that m e r its  se r io u s  
co n s id e ra tio n  fo r  w id esp rea d  u tiliza tion  in the fie ld  o f  s low -n eu tron  capture 
g a m m a -ra y  s p e c t r o s c o p y  — i . e .  the use o f  G e (L i)-G e (L i)  sp e ctro m e te r- 
sy s te m s  in y -y  co in c id e n ce  stu d ies.

2. R A TIO N A LE  FO R G A M M A -G A M M A  COINCIDENCE STUDIES

Singles h ig h -e n e rg y  G e(L i) stud ies u su a lly  p erm it the delineation  o f  
in d iv idual p r im a ry  tra n sition s  a s so c ia te d  with the g a m m a -ra y  d eca y  o f 
the cap tu re  state populated in th e rm a l- o r  re so n a n ce -n e u tro n  cap tu re .
E xcep t in the c a s e s  o f  the lig h ter  n u c lid es , g a m m a -ra y  tra n sition s  fo llow in g  
slo w -n e u tro n  cap tu re  that have e n e rg ie s  á 70% o f  the n eutron -b in d in g  en erg y  
can be r e lia b ly  attributed to p r im a ry  events p ro ce e d in g  fro m  the capture 
state to in d iv idual lo w -ly in g  e x cite d  states in the p roduct n u cleu s. Thus, 
the determ in a tion  o f  the e n e rg ie s  o f  th ese  tra n sition s  (often  to a p r e c is io n  
o f  ^  0. 5 -2 . 0 keV  when v iew ed  with a G e(L i) sp e c t ro m e te r ) , cou p led  with 
the p re v io u s ly  known o r  s im u lta n eou sly  d eterm in ed  n eutron -b in d in g  en erg y , 
lea d s  to the defin ition  o f  the ex cita tion  e n e rg ie s  o f  m any o f  the lo w -ly in g  
e x cite d  sta te s . H ow ever , s in ce  these p r im a ry  tran sition s  a re  predom in antly  
o f  d ip o le  ch a ra c te r , on ly  th ose  ex cited  states w hose sp in  d iffe r e n c e s  from  
that o f  the cap tu re  state a llow  d ip ole  tra n sition s  to p ro ce e d , a re  lik e ly  to be 
populated d ir e c t ly  fro m  the capture state. In addition , the bulk sta tis t ica l 
c h a ra cte r  o f  the captu re  sta tes is  such that at any p a rticu la r  in cident neu 
tron  e n e rg y  the P o r te r -T h o m a s  fluctuations govern in g  the d eca y  o f  each 
cap tu re  state favou r p r im a ry  tra n sition s  o f  r e la t iv e ly  sm a ll p a rtia l w idths, 
and m any ' a llow ed ' p r im a ry  d ip o le  tran sition s  m ay be so  w eak as to elude 
o b se rv a t io n . T hus, m any lo w -ly in g  ex cited  states o f  sp ins d iffe r in g  by m o re  
than one unit o f  angular m om entum  fro m  that o f  the capture state m ay not 
be  re p re se n te d  in the p r im a ry  g a m m a -ra y  sp ectru m  and in addition  the 
p r e se n ce  o f  som e  lo w -ly in g  sta tes o f  sp in s con d u cive  to p r im a ry  d ip ole
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population  m ay not be o b s e rv e d  in the h ig h -e n e rg y  sp ectru m  due to s ta t is t ica l 
e f fe c ts . F u rth er , i f  p r im a ry  g a m m a -ra y  population  o f  the ground state is  
not o b s e rv e d , a n d /o r  the n eu tron -b in d in g  en erg y  is  not known to su ffic ien t 
p r e c is io n , the excita tion  e n e rg ie s  o f  the lo w -ly in g  states d ir e c t ly  populated 
m ay be am bigu ous.

D esp ite  the som ew hat lim ited  d ir e c t  population  o f  lo w -ly in g  ex cited  
sta te s , the m u ltip lic ity  o f  the g a m m a -ra y  d eca y  pattern  fro m  the ca p tu re - 
to -g rou n d  states endow s the ( n, y)  p r o c e s s  with a ca th o lic  nature — i . e .  
subsequent lo w -e n e r g y  g a m m a -ra y  d eca y  o f  le v e ls  populated d ir e c t ly  fro m  
the capture le v e l can be exp ected  to p ro ce e d  to lo w -e n e r g y  states o f  e ither 
pa rity  having sp ins s ign ifica n tly  d ifferen t fr o m  that o f  the captu re  state, 
w ithout re g a rd  to th eir  deta iled  m ic r o s c o p ic  stru ctu ra l co n fig u ra tion s .
T h is featu re  not on ly  a ffo rd s  the opportunity  fo r  population  o f  le v e ls  not 
s e rv in g  as term in a l states o f  p r im a ry  events a n d /o r  not seen  in ( d, p)  o r  
o th er c h a rg e d -p a r t ic le  re a c tio n s  b eca u se  o f  r e s tr ic t io n s  ba sed  on angular 
m om entum , spin e tc . , but a lso  a llow s population  o f  v irtu a lly  a ll le v e ls  
that a re  o b se rv e d  in th ese  oth er stu d ies. T h e re fo r e , the com bin ed  study 
o f  both lo w - and h ig h -e n e rg y  g a m m a -ra y  tran sition s  fo llow in g  slow -n eu tron  
captu re  can  p rov id e  a va lu ab le  com p lem en t and exten sion  o f  the in form ation  
g leaned  fro m  stud ies o f  o th er  re a c tio n s .

The outstanding p r e c is io n  and w ide dynam ic range o f  b e n t -c r y s ta l 
s p e c tro m e te rs  p rov id es  a m ost va lu ab le  too l fo r  the study o f the lo w - 
en erg y  se co n d a ry  tra n sitio n s . It a llow s the ob se rv a tio n  o f  m o r e , and 
w ea k er , lo w -e n e r g y  g a m m a -ra y s  than d oes  the G e(L i) d e te cto r . H ow 
e v e r , m any in stan ces a r is e  in  w hich , d esp ite  the p r e c is e  h ig h -re so lu tio n  
d eterm in ation  o f  a w ealth o f low -e n e rg y  g a m m a -ra y  in form ation , the data 
obtained with this in stru m en t, even  when com bin ed  with th ose o f  the le s s  
p r e c is e  h ig h -e n e rg y  p r im a ry  g a m m a -ra y  in form ation  o f G e(L i) s p e c t r o 
m e te rs , a re  s t ill  not su ffic ien t to d eterm in e  the le v e l stru ctu re  and decay  
pattern  o f  the lo w -ly in g  e x cite d  sta tes as co m p le te ly  and u nam biguously  
as cou ld  be hoped. A s is  unavoidable , the use o f  th ese  in stru m en ts in the 
con stru ction  o f the le v e l sch em e  o f the lo w -ly in g  states often  m ust depend 
upon con fid en ce  that the s ta t is t ica l ex pectation  fo r  a cc id en ta l en erg y  b a la n ces  
is  e x tre m e ly  sm a ll. H ow ever , s in ce  the (n, y) p r o c e s s  popu lates a m yriad  
o f  lo w -ly in g  ex cited  sta te s , th ere  a re  often  se v e r a l p a irs  o f  le v e ls  betw een  
w hich a g iven  lo w -e n e r g y  tran sition  m ight be p la ced . T h is is  not a fault 
o f  the b e n t -c r y s ta l s p e c tro m e te r , s in ce  the h ig h -re so lu tio n  o f  th is d ev ice  
is  su p rem e in the a b ility  to m in im ize  such acc id en ta l en erg y  b a la n ces .
Indeed, it is  the p lethora  o f  ex cited  sta tes and lo w -e n e r g y  g a m m a -ra y s  
that is  at fault. In o th er w o rd s , the n ucleu s it s e l f  is  the gu ilty  party .

A lthough not b le ss e d  with the en erg y  re so lu tio n  n e ce s s a r y  to r e s o lv e  
a ll o f  the tra n sition s  o b s e rv a b le  by b e n t -c r y s ta l sp e c t ro s co p y , G e(L i) 
d e te cto rs  do p o s s e s s  en erg y  re so lu tio n  c h a r a c te r is t ic s  that a re  o th erw ise  
u n riva lled . Som e m a te r ia l advantages p o s s e s s e d  by  G e(L i) d e te c to rs  that 
a re  not sh ared  by b e n t -c r y s ta l s p e c t ro m e te rs  a r e : (a) su p e r io r  g a m m a -ra y  
detection  e ff ic ie n cy ; (b) m u ltichannel c h a r a c te r is t ic s  ( i . e .  d etection  o f 
e f fe c t iv e ly  a ll g a m m a -ra y  sp e ctra l en erg y  ra n ges  s im u lta n eou sly ); (c ) 
ab ility  to v iew  gam m a ra y s  fr o m  sa m p les  p la ced  in extern a l neutron  b ea m s; 
(d) m o b ility  and ease  o f  op era tion ; (e) m on eta rily  le s s  c o s t ly ; and (f) the 
a b ility  to be u sed  in y -y  and у -e le c t r o n  co in c id e n ce  stud ies and life t im e  
m ea su rem en ts  o f  ex cited  sta tes .
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Indeed, the so le  sh ortcom in g s  o f  the use o f  G e(L i) d e te cto rs  fo r  lo w - 
en erg y  g a m m a -ra y  sp e ctra  com p a red  to b e n t -c r y s ta l sp e c t ro m e te rs  lie  
in p o o r e r  en erg y  re so lu tio n  and dynam ic ran ge . H ow ever , th ese  d e te cto rs  
a re  capab le  o f  defin ing m any o f the s tro n g e r  lo w -e n e r g y  tra n sition s  w hich  
often  c a r r y  the bulk o f  the lo w -e n e r g y  tra n sition  in ten sity  p resen t in  the 
d eca y . In m any c a s e s ,  though by  no m eans a ll, th ese  tran sition s fo rm  the 
m a jo r ity  o f  th ose  lo w -e n e r g y  events s u c c e s s fu lly  p la ced  into a le v e l and 
d eca y  sch e m e  even  when b e n t-c r y s ta l data a re  a v a ila b le . L et m e , h ow ev er, 
point out that it is  an e x tre m e ly  ra re  situation  when the b e n t -c r y s ta l d oes 
not supply  m o re  p r e c is e ly  m ea su red  lo w -e n e r g y  tran sition  data. Thus, 
ex cep t in the c a se  o f  r e la t iv e ly  lo w -c r o s s - s e c t io n  ta rg ets  not ava ilab le  
in su ffic ien t quantity (p r in c ip a lly  sep ara ted  is o to p e s ) , the lo w -e n e r g y  data 
obtained  by  m eans o f  G e(L i) sp e c t ro m e te rs  is  p r im a r ily  o f  a com p lem en ta ry  
nature and s e r v e s  as an ex ten sion  o f  the in form ation  g leaned  fro m  the h igh - 
re so lu tio n  b e n t -c r y s ta l sp e ctra .

H ow ever , th is is  ju st the m ain point o f  the p resen t d is cu ss io n  and as 
you  w ill h ear in  la te r  p a p e rs , as w e ll as in the p resen t ta lk , m uch new, 
com p le m e n ta ry , and at t im es o th erw ise  p re v io u s ly  u n reported  data have 
been  obtained  fro m  the u se  o f  G e(L i) d e te c to rs  v iew in g  lo w -e n e r g y  s e 
con d a ry  tra n s ition s .

If the above co n s id e ra tio n s  appear o v e r s t r e s s e d , it is  due to the fact 
that, in m y  op in ion , th ere  has been  a d ecid ed  la ck  o f  such an ex p osition  
p resen ted  in the lite ra tu re  o r  at sy m p osia  such as th is one.

The co in c id e n ce  technique can p rov id e  u n equ ivoca l data con cern in g  the 
sequen tia l tim e  o rd e r in g  o f  tra n sition s , in form ation  on the life t im e  o f  som e 
ex cited  sta te s , 7 - 7  and у -e le c t r o n  angular c o r r e la t io n s  and d ire c t io n a l 
p o la riza tio n  c o r r e la t io n s . G am m a-gam m a co in c id e n ce  stu d ies betw een  
h ig h -e n e rg y  p r im a ry  and lo w -e n e r g y  se co n d a ry  tra n sition s  p erm it a r e la 
t iv e ly  s im p le  study o f  the depopu lation  o f p a rticu la r  sta tes populated by 
the h ig h -e n e rg y  event and the subsequent population  o f  sta tes at lo w e r  e x 
c ita tion  not populated by  d ir e c t  tra n sition s  fr o m  the captu re  sta te . A s such , 
in ce rta in  c a s e s ,  th ese  stu d ies can estab lish  the n eu tron -b in d in g  en erg y  
and thus p rov id e  the n e c e s s a r y  en erg y  ca lib ra tio n  re q u ire d  to in terp re t 
the h ig h -e n e rg y  data. C o in c id en ce  stud ies am ong the lo w -e n e r g y  se co n d a ry  
tra n sition s  can com p lem en t and extend ou r  know ledge o f  the lo w -ly in g  le v e l 
stru ctu re  p rov id ed  by  the 'h ig h - lo w ' co in c id e n ce  data. At t im e s , and I 
sh a ll p resen t such  an exam ple  la te r , c o in c id e n ce  data have p rov id ed  the 
m iss in g  link  in the in terp reta tion  o f the com bin ed  data o f  b e n t-c r y s ta l 
sp e c t r o m e te r s , c o n v e r s io n -e le c t r o n  stu d ies , h ig h -e n e rg y  p r im a ry  t r a n s i
tion  in v estig a tion s , and c h a rg e d -p a r t ic le  data that a llow s a ll o f  the p r e 
v io u s ly  r e c o r d e d  in form ation  to fa ll qu ick ly  into p la ce  to e sta b lish  a ra th er  
co m p le te  understanding o f  the le v e l sch e m e .

P re su m a b ly  the above  is  not u n fam iliar  to any o f  you . In fa c t , N a l- 
G e (L i) c o in c id e n ce  stud ies o f  the ( n, y)  r e a c tio n  have been  re p o rte d  in the 
lite ra tu re  by  s e v e r a l g rou p s around the w o r ld , som e  o f  w hom  a re  p resen t 
at th is S y m p osiu m . The m ain  aim  o f  th is ta lk  is  not on ly  to p resen t data 
that show the fe a s ib ility  o f  G e (L i)-G e (L i)  y -y  c o in c id e n ce  stu d ies , but 
fu rth er to d em on stra te  that the use o f  a two G e(L i) d e te cto r  co in c id e n ce  
sy s te m  can  p rov id e  fru itfu l in form ation  o f  such high quality  that N a l-G e (L i) 
c o in c id e n ce  stu d ies a re  o b s o le te .
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I am  aw are o f  on ly  two g rou ps in volved  in s lo w -n e u tro n  capture 
g a m m a -r a y  s p e c t r o s c o p y  stu d ies that have d eve lop ed  and a re  u tiliz in g  
7 - 7  c o in c id e n ce  sy s te m s  that e x c lu s iv e ly  em p loy  G e(L i) d e te c to r s . T h ese  
g rou p s a re  at A rgon n e N ational L a b o ra to ry  and L o s  A la m os S c ien tific  
L a b o ra to ry . If any o th er w o rk e rs  in th is fie ld  a re  u sin g  such  a sy stem  
at p re se n t, I have not been  in fo rm e d . T h e re fo r e , in the ba la n ce  o f  this 
p resen ta tion  I w ill draw  e x c lu s iv e ly  upon the w ork  o f E . B .  Shera at 
L o s  A la m o s  and m y own w ork  at A rgon n e. Both  co in c id e n ce  sy ste m s 
a re  s im ila r  and I sh all p resen t illu s tra tio n s  o f  th ese  sy s te m s  
and data obtained with th e ir  u se  in an in terch an geab le  m ann er. A ll 
ex a m p les  w ill be draw n fr o m  th erm a l-n eu tron  captu re  g a m m a -ra y  
s tu d ies .

An ex tern a l neutron  b ea m , n e ce s s a r y  fo r  c o in c id e n ce s  s tu d ies , is  
e m p loyed . F ig u re  1 show s a s ch e m a tic  rep resen ta tion  o f  the th e rm a l- 
neutron  beam  ex tra cted  fr o m  a m od ified  th e rm a l-co lu m n  at the A rgon n e 
N ational L a b o ra to ry  C P -5  r e a c to r  and is  ty p ica l o f  m any ex tern a l beam  
a rra n g e m e n ts . A h igh ly  co llim a te d  extern a l beam  o f  th e rm a l-n e u tro n s , 
e f fe c t iv e ly  fr e e  o f  fa s t  neutrons (Cd ra tio  ^  570) and p ile  gam m a ra y s , 
im p in ges on a ta rg e t p os ition ed  betw een  two G e(L i) d e te c to r s . The neutron  
beam  at the ta rg e t has a flux o f  ^  2 X 107 ц cm *2sec*l , a height o f  ^  2 cm  
and a width o f  0. 5 cm  and is  defined  by a p ertu res  o f  6L i F en rich ed  to 
95. 5% in ^Li. T h is  beam  is  m o re  than am ple to  a llow  y -y  co in c id e n ce  
stu d ies u sin g  as lit t le  as 100 m i llib a r n -m o le s  o f  is o to p ic a lly  sep arated  
ta rg è t m a te r ia l.

A b lo ck  d ia gram  o f  the e le c tr o n ic  com p on en ts o f  the A rgon n e G e (L i)-  
G e (L i) c o in c id e n ce  sy ste m  is  show n in F ig . 2. The data a re  s tored  on 
a tw o -p a ra m e te r  m a g n e tic -ta p e  s to ra g e  unit in a 1024 X 1024-ch an n el 
p u lse -h e ig h t a r r a y . A 40 96 -ch an n el ADC is  em p loyed  in each  a rm  o f 
the co in c id e n ce  sy s te m  in o r d e r  to obtain  the p u lse -h e ig h t re so lu tio n  o f  
the la rg e  A D C ' s  w hile any d e s ire d  1024-ch an n el segm en t o f  each  40 96 - 
channel sp e ctru m  is  se le c te d  fo r  s to ra g e . T he s to ra g e  ca p a city  o f  each  
m agn etic  tape is  ^ -2 .7 5  X 10^ e v e n t -a d d re ss  p a ir s . T h is sy ste m  is  p r e 
sen tly  be in g  m od ified  to s to re  ^  7 X 10^ co in c id e n ce  events in a 2048 X 2048- 
channel rep re se n ta t io n  on a s in g le  r e e l  o f  co m p u te r -co m p a tib le  m agn etic 
tape.

3. G A M M A -G A M M A  COINCIDENCE TECHNIQUES

F I C .l .  Schem atic representation o f  Argonne external therm al-neutron beam  fa c ility .
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F IG .2. B lock schem atic diagram  o f  Argonne G e(L i)-G e(L i) co in cid en ce  system.
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A t im e -to -p u ls e -h e ig h t  co n v e rte r  [1]. s e r v e s  as the b a s is  o f  the fast 
c o in c id e n c e  tim in g  unit. The outputs o f  two h igh ly  stab le  s in g le -ch a n n e l 
p u lse -h e ig h t a n a ly se rs  — one se t on the p rom pt tim e p u lse -h e ig h t d is t r i 
bution  and the o th er  set on  the chance portion  o f  the d is tr ib u tion  — a re  
r e c o r d e d  on the m agn etic  tape as fa s t -c o in c id e n c e  't o t a l ' and 'c h a n c e ' 
la b e ls  fo r  each  r e c o r d e d  event w hich  s a t is fie s  the tr ip le  fa s t -s lo w  c o in 
c id e n ce  re q u ire m e n t . Thus, the tota l and chance  co in c id e n ce  sp e ctra  a re  
sim u lta n eou sly  r e g is te r e d  and a re  se p a ra te ly  scan n ed  during the tape- 
se a rch in g  p r o c e s s  with the aid o f  th ese  tag b its . (T h is  sy ste m  is  being  
m od ified  to a llow  the t im e -to -p u ls e -h e ig h t  in form ation  co rre sp o n d in g  to 
each  co in c id e n ce  event to be  sto re d  on tape tog eth er  with the two n o rm a l 
p u lse -h e ig h t a d d re s s e s  o f  the lin e a r  s ig n a ls .)

D ig ita l z e r o  and gain  sh ift sta b iliza tion  is  em p loyed  in each  a rm  o f  
the co in c id e n ce  sy ste m  with the aid o f  two h igh ly  stab le  dual p u lse - 
g e n e ra to rs  [2] . C o in c id en ce  stud ies la sting  se v e ra l w eek s have been  
m ade with no n oticea b le  lin e  sh ift o r  broad en in g .

High co u n t-ra te  e le c tr o n ic s  is  u sed  throughout th is sy ste m  and p erm its  
a d etection  ra te  in each  d e te cto r  o f  50 000 e v e n ts /s e c  with lit t le  o r  no 
lin e  b road en in g . A fa s t -s lo w  co in c id e n ce  r e so lv in g  tim e o f  fr o m  60 to 
100 n se c  is  em p loyed , depending upon the g a m m a -ra y  en erg y  ran ge  s e 
le c te d . U sua lly , total s in g le s  counting ra tes  o f  ^  12 000 e v e n t s /s e c  a re  
em p loyed  w ith an o v e ra ll  attendant t r u e -to -c h a n c e  co in c id e n ce  ra tio  o f  
betw een  5 and 10.

4 . E X A M P L E S OF G A M M A -G A M M A  COINCIDENCE DATA

L et us r e g r e s s  and p resen t so m e  old  N a l-G e (L i) co in c id e n ce  w ork  
that r e su lte d  fr o m  an e a r lie r  c o lla b o ra t iv e  in vestiga tion  o f  the lo w -ly in g  
e x cite d  sta tes o f  the o d d -od d  Cu is o to p e s  p e r fo rm e d  by  Shera and m y s e lf
[3] at L o s  A la m o s . T h is w ill p rov id e  an adequate startin g  point fro m

F IG .3 . Low -energy portion o f  the gam m a-ray spectrum from the ^ C u (n ,у)&*Си reaction obtained with 
a G e(Li) detector. The detector was operated inside a large a n ti-co in c id en ce  N al(TI) annulus.
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ENERGY (keV)

FIG .4 . Representative low -energy spectra from  t h e ^ C u (n ,y )^ C u  reaction , as recorded by the Nal 
scintillator in co in cid en ce  with particular h igh-energy gam m a rays viewed by the Ge(Li) detector.
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w hich to draw  som e  illu s tra t iv e  co m p a riso n s  with the la te r  a l l-G e (L i)  
w ork .

A s w as stated e a r lie r ,  the G e(L i) d e te cto r  is  capab le  o f  r e so lv in g  
individual p r im a ry  h ig h -e n e rg y  tra n s ition s , each  sign aling  the population  
o f  a p a rticu la r  lo w -ly in g  ex cited  state . T h e re fo r e , a G e(L i) d e te cto r  
w as used  to v iew  the h ig h -e n e rg y  events. W ith this s e le c t iv ity  ava ilab le  
a N a l(T l) sc in tilla to r  r e c o r d e d  the lo w -e n e r g y  se co n d a ry  gam m a ra y s . 
Although the en erg y  re so lu tio n  o f Nal is  fa r  too  p oor  to a llow  the sep ara tion  
o f individual lo w -e n e r g y  events in the s in g les  sp ectru m , when th ese  events 
a re  r e c o r d e d  in co in c id e n ce  with individual p r im a ry  tra n s itio n s , the s p e c 
trum  o f  lo w -e n e r g y  gam m a ra y s  is  g rea tly  s im p lifie d  as it conta in s peaks 
due s o le ly  to  the depopulation  o f the te rm in a l le v e l o f  the p r im a ry  event. 
H ow ever , even so  the co in c id e n ce  sp ectra  a re  e x tre m e ly  d ifficu lt  to an alyse 
in an unam biguous m anner and the an a lys is  depends h eav ily  on the exact 
seq u en ce  o f  steps used  to unfold th ese  data.

The lo w -e n e r g y  g a m m a -ra y  sp ectru m  o f  the ^^Cu(n,y) ^ C u  re a ctio n  
obtained with a sm a ll G e(L i) d e te cto r  p laced  in an an tico in c id en ce  C om pton - 
su p p re ss io n  annulus sp e c tro m e te r  is  shown in F ig .3 .  M any tra n sition s  
have been  r e s o lv e d , but th ere  a re  c lu s te r s  o f  g a m m a -ra y  peaks that cou ld  
not be r e s o lv e d  had Nal been  u sed . F igu re  4 d isp la ys  som e  ty p ica l h igh - 
low  co in c id e n ce  data obtained using the N a l-G e (L i) sy ste m . T h ese  sp ectra  
re p re s e n t the lo w -e n e r g y  data r e co r d e d  in the Nal d e te cto r  in co in c id e n ce  
with the design ated  h ig h -e n e rg y  p r im a ry  tra n sition . T h ese  a re  exam p les 
o f  p a rt icu la r ly  good  co in c id e n ce  data and yet it is  obv iou s that the Nal 
d e te cto r  is  not r e a lly  equal to the task  when com p a red  with the quality  
o f  the lo w -e n e r g y  G e(L i) sp ectru m  o f  F ig .3 .  N e v e rth e le ss , u tiliz in g  th ese 
co in c id e n ce  re su lts  in com bin ation  w ith the h igh - and lo w -e n e r g y  G e(L i) 
s in g les  sp e ctra  and com p lem en ta ry  ( d, p)  data [4] , a lengthy and ted ious

FIG .5. Level structure o f  6*Cu. A ll energies are in keV . G am m a-ray intensities are proportional to 
the widths o f  the lines representing them . The flags on the left and right ends o f  the levels  indicate 
d irect population by primary (n ,y )  transitions and by the (d ,p )  reaction , respectively.



24 BOLOTIN

a n a lys is  a llow ed  a fa ir ly  com p le te  le v e l sch e m e  (F ig . 5) o f  the lo w -ly in g  
sta tes to be co n s tru cte d . S im ilar  h igh -low  N a l-G e (L i)  co in c id e n ce  data 
r e cp rd e d  fo r  o th er  n u clid es  have not y ie ld ed  sp e ctra  o f  th is qu ality  and 
have not alw ays con tribu ted  as m uch in  the w ay o f  new o r  additional in 
fo rm a tio n  — p r in c ip a lly  b eca u se  o f  the p o o r  Nal re so lu tio n  and the c o m 
p lex ity  o f  the lo w -e n e r g y  g a m m a -ra y  sp e ctru m . Even fo r  the Cu iso to p e s  
the lo w -lo w  N a l-G e (L i) co in c id e n ce  data w e re  on ly  o f  lim ited  aid .

A t about th is tim e it b e ca m e  evident that i f  (n ,y )  c o in c id e n ce  s p e c t r o s 
co p y  w as to  be o f  m o re  g e n e ra l u tility  and s ig n ifica n ce , the se v e r e  l im ita 
tion  im p osed  upon these data by  the use o f  N a l(T l) w ould have to be r e 
m ov ed . T h is req u irem en t stim ulated  the f ir s t  (n ,y )G e (L i ) -G e (L i )  c o in c i 
den ce sy ste m  to  be  d ev e lop ed  at A rgon n e. A t that t im e , on ly  sm a ll (^ -4cm ^) 
G e(L i) d e te c to rs  w e re  ava ilab le  and the f ir s t  in vestigation  su ffe red  from  
the la ck  o f  la r g e r ,  m o re  e ffic ie n t d e te c to r s . N e v e rth e le ss , the in itia l 
study o f  the ^ S c ( n ,y ) ^ S c  [5] r e a ctio n  w as an unqualified  s u c c e s s  and 
dem on stra ted  not on ly  the fe a s ib ility  o f  the technique but its p ra c tica lity  
even  w ith sm a ll G e(L i) d e te c to r s . F ig u re  6 d isp la ys  a p ortion  o f  the h igh - 
e n e rg y  s in g le s  sp e ctru m . The c ro s s -h a tc h e d  peaks a re  th ose  that serv ed  
as co in c id e n ce  g ates fo r  the lo w -e n e r g y  sp e ctra  v iew ed  by the secon d  G e(L i) 
d e te c to r . T y p ica l h igh -low  co in c id e n ce  sp ectra  so obtained a re  show n in 
F ig . 7. A lthough the lo w -e n e r g y  sp ectru m  is  not quite as co m p le x  as w as

PU LSE  - W EIGHT CHANNEL

FIG. 6. Representative h igh-energy G e(Li) singles pulse-height spectrum obtained in the external beam 
arrangement for the reaction ^ S c (n ,y )^ S c .  The lettered and cross-hatched d ou b le-escape peaks are the 
ones that served as co in cid en ce  gates in the tw o-param eter m agn etic-tape-search in g  procedure for the 
low -energy co in cid en ce  spectra shown in Fig. 7. The d ou b le-escape peaks are labelled  with their respective 
gam m a-ray energies.
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FIG. 7. Representative portions o f  the low -en ergy  spectra in co in cid en ce  with the correspondingly labelled  
h igh-energy transitions shown in Fig. 6. The upper curve is the singles spectrum recorded under the same 
experim ental conditions as the four low er co in cid en ce  spectra. In this figure no corrections have been 
m ade for the presence o f  chance co in cid en ces  or o f  co in ciden ces with transitions o f  higher pulse heights 
whose continua underlie the particular h igh-energy co in cid en ce  gates em ployed . The contribution from 
chance co in cid en ces  can be assessed by com paring the m agnitude o f  the 1 4 2 -keV transition (w hich follow s 
the decay  o f  the 142 -k eV  1 9 -sec  isom eric le v e l and for which no prompt co in cid en ces  are recorded) in the 
co in cid en ce  spectra with that o f  the sam e transition in the singles spectrum (upper portion o f  figure) whose 
shape the chance  co in cid en ce  spectrum follow s.
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the c a se  in  the Cu is o to p e s , s t ill  s e v e r a l c lu m ps o f  lo w -e n e r g y  t r a n s i
tion s a re  p resen t that cou ld  not have been  r e s o lv e d  n or  su c ce s s fu lly  
an a lysed  had N a l(T l) been  used  in the lo w -e n e r g y  a rm  o f  the s p e c t r o 
m e te r . A lthough the total num ber o f r e c o r d e d  co in c id e n ce  events is  not 
la rg e , the h ig h -re so lu tio n  o f  th ese  d e te cto rs  p re se n ts  sp e ctra  with high 
p e a k -to -C o m p to n  r a tio s  and the co in cid en t lin e s  a re  re a d ily  evident and 
e a s ily  r e co g n iz a b le . F ig u re  8 show s som e  re p re se n ta t iv e  lo w -lo w  c o in 
c id e n ce  obta in ed  in  this in vestig a tion . Had a Nal s c in t il la to r  been  used 
in e ith er  a rm  o f  the sy ste m , individual peaks cou ld  not have been  se le cte d  
a s  g ates a n d /o r  r e s o lv e d  in th ese  co in c id e n ce  sp e ctra . In th is c a s e ,  the 
u se  o f  two G e (L i) d e te c to rs  in th ese  lo w -lo w  co in c id e n ce  stud ies p rov id ed  
new and in d isp en sab le  in form ation  on the co in c id en t re la tion sh ip s  am ong 
the lo w -e n e r g y  tra n s itio n s , as opposed  to s im ila r  stud ies u sin g  a N a l-G e (L i) 
sy ste m  that r a r e ly  p rov id e  s ign ifica n t new data in m ost lo w -lo w  co in c id e n ce  
s tu d ie s .

The tota l ex p erim en ta l running tim e o f  th ese  two sets  o f  co in c id e n ce  
in vestig a tion s  w as 140 h ou rs . The high qu ality  o f  these data, taken 
m onths a fter  the N a l-G e (L i)  study o f  the Cu is o to p e s , a llow ed  an a lys is  
and co n s tru ctio n  o f  a deta iled  le v e l sch em e  o f  ^ S c  to be com p le ted  (F ig . 9) 
som ew h at e a r lie r  than that o f  the ^ '^ C u  gtudy. T h is  w as due p r in cip a lly  
to the c la r ity  and s im p lic ity  o f  the G e (L i)-G e (L i)  co in c id e n ce  sp e ctra .

A s ap p aren tly  s u c c e s s fu l as th is in itia l G e (L i)-G e (L i)  study ap p eared , 
it w as evident that la r g e r ,  m o re  e ffic ie n t  d e te c to r s  w e re  needed  to im 
p rove  the qu ality  o f  th ese  data fu rth er and r e v e a l the co in cid en t r e la t io n 
sh ips o f  so m e  o f  the w eak er tra n s itio n s . Im m ed ia te ly  upon the a cq u is ition  
o f  la r g e r  d e te c to r s , the A rgon n e sy ste m  w as u p -dated  and the L o s  A la m o s  
G e (L i)-G e (L i)  sy s te m  w as put into o p era tion , both y ie ld in g  ( n, y)  c o in c id e n ce  
data on  p a rticu la r  n u c lid es .

The A rgon n e sy ste m  now em p loys  a 20 and a 30 cm^ d e te cto r  co m b in a 
tion , w hile the L o s  A la m o s  arran gem en t u tiliz e s  a 15 and 30 cm 3 pa ir  o f  
G e(L i) d e te c to rs  fo r  the h ig h -low  stud ies and a 45 and 30 cm^ p a ir  fo r  lo w - 
low  w ork .

B e fo r e  I p resen t som e ex am p les  o f  the m o re  r e ce n t G e (L i)-G e (L i)  
c o in c id e n ce  data obtained  at th ese  la b o r a to r ie s , it m ust be stated  that, 
ju st as in any oth er  ex p erim en ta l in vestig a tion , som e  n u clid es  p resen t 
th e m se lv e s  as b e tter  o r  w o rs e  can d idates fo r  th ese  co in c id e n ce  stu d ies .
No ex p erim en ta l fa c ility  p ro v id e s  data that is  u n iv e rsa lly  o f  the m ost 
s u p e r io r  qu ality . In the p resen t c a se  the g re a te r  num ber o f  stron g  tr a n s i
tion s the b e tte r . H ow ever , even  i f  an e x ce p tio n a lly  p o o r  c a se  fo r  c o in 
c id e n ce  stu d ies p re se n ts  it s e l f  and the so le  con trib u tion  o f  the sp e ctra  so 
obta in ed  is  m e r e ly  c o r r o b o r a t iv e  o f  the seq u en ces  o f  tra n sition s  in fe rre d  
fr o m  oth er data, the co in c id e n ce  in form ation  is  o f  g rea t value in that it 
r e m o v e s  so m e  u n certa in ties  a n d /o r  am bigu ities  that m ight o th erw ise  be 
p re se n t. That is ,  c o in c id e n ce  data can  at le a s t  p rov id e  p os itiv e  u nequ ivocal 
r e su lts  on w hich  one can  hang o n e ' s  hat.

The next illu s tra tio n  co n ce rn s  co in c id e n ce  data obtained  fro m  a study 
o f  the reaction iS 6w (r^ y )l87 w  b y  D . A .  M cC lu re  and m y s e lf  at A rgon n e taken 
with the la r g e r  se t o f  G e (L i) d e te c to r s . At f ir s t  sight th ese  data do not 
ap pear to be quite as re v e a lin g  as w as the c a s e  fo r  ^ S c .  H ow ever , these 
data w e re  c r u c ia l  in the estab lish m en t o f  the le v e l sch em e  o f  be
d is cu ss e d  in deta il in a la te r  paper at th is Sym posiu m ^ ).

'  H .H . Bolotin and D .A . M cC Iute, "L eve l structure o f  low -ly in g  excited  states o f  * ^ W ", these Proceedings.
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FIG. 8. T yp ica l portions o f  the low -energy spectra in co in cid en ce  with the particular low -energy co in cid en ce  
gates specified  by the cross-hatched peaks o f  the singles spectrum shown in the upper portion o f  this figure.
The three lower co in cid en ce  spectra shown have not been corrected for chance co in ciden ces or for co in 
c id en ce  contributions due to those portions o f  the Com pton distributions o f  higher energy transitions which 
underlie the respective co in cid en ce  gates used. The chance contribution can be estim ated from a com parison 
o f  the singles spectrum (whose shape the chance co in cid en ce  spectrum follow s) and the m agnitude o f  the 
142 -k eV  peak (which follow s the decay o f  the n on -co in cid en t 1 9 -sec  isom eric level) in the co in cid en ce  
spectra.
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F IG .9. Proposed le v e l schem e o f  ^ S c deduced from the various co in cid en ce  and singles gam m a-ray 
investigations o f  the present work. The excita tion  energies are expressed in keV . Those levels marked 
on the left by upw ard-pointing flags are those that were observed to be populated by primary transitions 
from the capture state. Those levels marked on the right by downward-pointing Hags are levels associated 
with reported (d ,p )  population. The levels observed to be populated in the present work are designated by 
full horizontal lines across the lev e l schem e. The (d ,p )  states whose identification  with the (n ,y )  levels 
is somewhat doubtful because their energies do not quite agree are shown as short lines at the right and 
again at the le ft , with no con n ection  across the diagram . The states designated b y ( c )  are those that were 
established in the present work on the basis o f  the presently reported co in cid en ce  studies. The 774 -keV  
state is the only lev e l presented w hich is based solely upon the energy balance o f  low -energy transitions. 
Consequently, it is not proposed as confiden tly  as are the states assigned on the basis o f  the co in cid en ce  
results. The proposed spins and parities o f  the levels are shown im m ediately  to the left o f  the levels.
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T y p ica l h igh -low  and lo w -lo w  y -7  c o in c id e n ce  data on  *^W  a re  show n 
in F ig s  2 and 3 o f  our la te r  paper The co m p le x ity  o f  the lo w -e n e r g y  s p e c 
trum  is  m o re  s e v e r e  than in e a r lie r  ex a m p les , but th ese  data d e fin ite ly  
estab lish  m any p a rticu la r  co in cid en t re la tion sh ip s  that, tog eth er  with the 
h igh - and lo w -e n e r g y  s in g le s  data, lead  to the final deta iled  le v e l sch em e 
shown in F ig . 4 o f  the la te r  p a per.

The next set o f  f ig u re s  r e p re s e n ts  a true t o u r -d e - fo r c e  o f  the c o in 
c id e n ce  m ethod and is  re p re se n ta t iv e  o f  the e x ce lle n t w o rk  o f  Shera o f 
L o s  A la m o s . The re a c tio n  studied w as that o f  ^ B i ( n ,y ) ^ ° B i .  B ism uth  
has a th erm a l-n eu tron  captu re  c r o s s -s e c t io n  o f  o n ly -^-32 m illib a rn s , 
m uch sm a lle r  than the usual c r o s s -s e c t i o n s  en cou ntered  in th e rm a l-ca p tu re  
w ork , and is  the sm a lle s t  c r o s s - s e c t i o n  o f  any nuclide studied with the 
co in c id e n ce  tech n iqu e. T he high Z  o f  b ism uth  and its  sm a ll c r o s s - s e c t i o n  
s e v e r e ly  lim it  the s iz e  o f  the ta rg et sam ple  u sed , as s e lf -a b s o rp t io n  o f 
the lo w -e n e r g y  gam m a ra y s  p reven ts use o f  a r b itr a r ily  la rg e  quantities 
o f  ta rget m a te r ia l. Thus th ese  co in c id e n ce  stud ies re q u ire d  30 days o f  
ex p erim en ta l running tim e . The d ig ita l z e ro  and gain  sta b iliza tion  
em p loyed  preven ted  lin e  b road en in g  o v e r  the duration  o f  this in vestiga tion . 
F ig u re  10 is  a p ortion  o f  the tota l c o in c id e n ce  h ig h -e n e rg y  p r im a ry  s p e c 
tru m  obtained  during th is run and d isp la ys  ra th er  w eak , but w e ll - r e s o lv e d  
tra n sitio n s . F ig u re  11 show s a p ortion  o f  the lo w -e n e r g y  sp e ctra  in c o in 
c id e n ce  with each  o f fou r h ig h -e n e rg y  y -r a y s  and is  im p re s s iv e  in its 
qu ality . F ig u re  12 is  the new le v e l sch em e  o f  2i°Bi deduced  fro m  these 
stud ies and is  an en orm ou s con tribu tion  to the e lu cid ation  o f  the le v e l 
sch em e  and the p ro p e rt ie s  o f  the lo w -ly in g  states o f  th is n u clide .

The fin a l exam ples a lso  co m e  fr o m  the w ork  o f  Shera and a re  c o n 
cern ed  with h is w ork  on the ^ L u (n ,y )* ^ L u  re a ctio n . P r io r  to  th ese  
co in c id e n ce  stu d ies, h ig h -re so lu tio n  ( n, y)  s in g les  data (both h ig h -e n e rg y  
G e(L i) and lo w -e n e r g y  b e n t -c r y s ta l w ork ) and ( d, p)  data w e re  av a ila b le , 
but a le v e l sch em e  that united th ese  data cou ld  not be estab lish ed . The 
co in c id e n ce  w ork  o f  Shera qu ick ly  r e so lv e d  the d iff icu lt ie s  and a c o m 
p reh en sive  le v e l sch em e o f  the ^6  L u  n uclide w as estab lish ed  that in co rp o ra te d  
a ll o f  the ex istin g  data. M uch o f the lo w -lo w  co in c id e n ce  data that serv ed  
to c la r ify  the situation  a re  show n in F ig s  1 3 -1 5 . T h ese  sp e ctra  speak  fo r  
th e m se lv e s  and c le a r ly  dem on stra te  the s u c c e s s , v ir tu o s ity , and in d isp e n sa 
b ility  o f  the G e (L i)-G e (L i)  y -y  co in c id e n ce  technique.

4000

Z  3000 
z  <  i  о
tr 2000 ш o.
tn
Z  1000
о  о

о
1000 ¡200  1400

CHANNEL NUMBER
FIG. 10. Portion o f  the total G e(L i)-G e(L i) co in cid en ce  high-energy primary spectrum obtained in the 
Los Alam os study o f  Shera o f  the ^ B i(n ,y )^ * °B i reaction . The energies o f  the transitions are in keV .
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FIG. 11. Representative portions o f  the low -energy spectra in co in cid en ce  with each  o f  four designated 
h igh-energy gam m a rays from the a ll-G e(L i) study o f  the ^ B i(n ,y )^ * °B i reaction  by Shera.
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FIG. 12. The low -energy le v e l schem e o f  ^ °B i proposed by Shera. A ll energies are in keV .

FIG. 13. Sum o f  low -energy 
reaction .

G e(L i)-G e(L i) co in cid en ce  spectrum o f  Shera for the '^ L u (n ,y ) '^ L u
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The above exam p les  of the new G e (L i) -G e (L i)  g am m a -g am m a  c o in 
c idence  s y s te m s  and s p e c tra  w ere  presented  to d em onstra te  the quality 
and u sefu ln ess  of the data obtained with th e ir  use .  The m o re  widespread 
a v ailab i l i ty  of the l a r g e r  G e(Li) d e tec to rs  has endowed these  coincidence 
studies with g r e a te r  se le c t iv ity  and re su lta n t  data of unrivalled  quality 
and c la r i ty .  D espite  the higher detection e ff ic ien cy  of a N a I(T l)-G e(L i)  
co incidence  s y s tem , the inherently  poor resolution  of the s c in t i l la to r  so 
se r io u s ly  m in im ize s  its  value that the a l l -G e (L i )  sy s tem  is  s t i l l  i m 
m e a su ra b ly  s u p e rio r .  The high peak-to -C om pton ra t io  of the Ge(Li) 
sp e c tra  affords c l e a r - c u t  in terp re ta tion  of data reco rd e d  ov er  an e x p e r i 
m ental  t im e that i s  of much s h o r te r  duration than would be suggested 
fro m  a co m p a riso n  of the re la t iv e  detection e f f ic ie n c ie s  of Nal(Tl) and 
G e(L i)  alone. In fa c t ,  as  was shown in the ^ S c  study, the use of even 
re la t iv e ly  sm a l l  G e(L i)  d e tec to rs  provided data of e a s i ly  in te rp re ta b le  
quality in a r e la t iv e ly  sh o rt  t im e that could not be obtained in a much 
long er exp erim en ta l  running tim e had a N al(Tl)  s c in t i l la to r  been employed. 
The re la t iv e  s im p lic i ty  of the G e (L i) -G e (L i)  coincidence s y s te m , the un
r iv a l led  c h a r a c t e r  of the data obtainable with i ts  use and the re aso n a b le  
running t im e s  requ ired  lead to the conclusion  that, by com p ariso n , the 
use of a N aI(T l )-G e (L i)  sy s te m  is  a waste  of valuable exp erim enta l  t im e 
and p re sen ts  an unrewarding burden of data a n a lysis  to the e x p e r im e n te r .  
Thus, it is  hoped that the preceding  exposition has not only gone fa r  to 
convince you of the unquestioned value of the coincidence technique, but 
has stim ulated an e a r ly  b u ria l  of N a I(T l )-G e (L i)  coincidence s y s te m s .

The p re sen t  G e (L i) -G e (L i)  coincidence  method has now reached  the 
stage at which it is  not l im ited  to only the valuable 7 - 7  coincidence e x 
p er im en ts  designed to provide data used in the estab lishm ent of (n ,y) 
lev e l  s c h e m e s .  Indeed, 7 - 7  angular c o r re la t io n  e x p e rim e n ts ,  7 -7  
p o la r iz a t io n -d irec t io n a l  c o r re la t io n  studies [6] , 7 -c o n v e rs io n  e le c tro n  
co incidence  work [using a G e (L i) -S i (L i )  combination] , e tc .  a r e  now 
p r a c t ic a l .  Som e of these  s tudies, now being planned, should open a 
new e ra  of m o re  detailed p a ra m ete r iz a t io n  of the lev el  s tru ctu re  of 
nuclides populated by the (n ,7 )  re a c t io n  that r iv a l  the sophistication  of 
e x p er im en ta l  work of l e s s  com plex n u c le a r  sp e c tro sc o p ic  investigations.

The 2 iO;Bi work of Shera  c le a r ly  dem onstrated  that within re a so n  
the available  e x te rn a l -b e a m  neutron flux and/or the neutron capture  
c r o s s - s e c t i o n  o f  the ta rg e t  nuclide under investigation do not n e c e s s a r i ly  
preclude (n ,7 )  a l l -G e (L i )  7 - 7  coincidence  studies at re s o n a n ce .  I p a r 
t ic u la r ly  have in mind n eu tron -d iffract io n  s p e c tro m e te rs  of the B ro o k -  
haven type that can  co n cen tra te  a l l  of the available  d iffracted  flux into a 
s ingle  low -en erg y  re so n a n ce  in which the capture  c r o s s - s e c t io n  can  be 
quite s iz e a b le .

The fe a s ib i l i ty  and p ra c t ic a l i ty  of the use  of a G e (L i) -G e (L i)  co in 
cidence sy s tem  in other p a r t ic u la r  (n ,7 )  studies is  b e s t  judged by the 
e x p e r im e n te r  and the exp er im en ta l  situation. However, it is  hoped that 
the above exposition will  s t im u late  w o rk e rs  in this field to s e r io u s ly  c o n 
s id e r  its  use  in a v a r ie ty  of other po ss ib le  (n ,7 )  exp erim enta l  studies that 
m ay not have been touched upon in this paper.

5 . SU M M ARY
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HIGH-PRECISION NEUTRON CAPTURE 
GAMMA-RAY SPECTROSCOPY USING 
GERMANIUM DETECTORS IN 
COMPTON-SUPPRESSION TECHNIQUE
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Institut fur angewandte Kernphysik,
Kernforschungszentrum Karlsruhe,
Karlsruhe, Federal Republic of Germany

Abstract

HIGH-PRECISION NEUTRON CAPTURE GAM M A-RAY SPECTROSCOPY USING GERMANIUM DETECTORS 
IN COMPTON-SUPPRESSION TECHNIQUE. The use o f  lith ium -drifted germanium detectors in C om pton- 
suppression technique w ill play a very important role in future neutron capture gam m a-tay spectroscopy.
Over a broad range o f  energy these dev ices are superior to all other instruments. H igh -precision measure
ments require a favourable peak -to-background ratio and reliable methods in spectrum stabilization , 
spectrum analysis, calibration  and non-linearity correction . The paper reports the procedures that are 
applied at Karlsruhe and gives som e results to demonstrate the e ffic ien cy  o f  this technique. Conclusions 
are drawn on the future potential in neutron capture spectroscopy.

1. INTRODUCTION

O ver the la st y e a r s  in g a m m a -ra y  s p e c tro s co p y  in cre a s in g  attention 
has been  g iven  to the ap p lica tion  o f  lith iu m -d rifte d  germ an iu m  cou n ters 
s in ce  the en erg y  re so lu tio n  o f  these d e v ice s  co n s id e ra b ly  e x ce e d s  that 
o f  convention al sc in tilla t ion  d e te c to r s . It is  understandable that v e ry  
soon  germ an iu m  d iod es w e re  a lso  being  applied  to stu d ies o f  the rad ia tive  
neutron  capture p r o c e s s  w h ere  sp ectra  with s e v e r a l hundreds o f  ga m m a - 
r a y  lin e s  have to be an alysed  and in fa ct a notab le  am ount o f  the ava ilab le  
data has been  accu m u la ted  with th ese  in stru m en ts . The potential w as 
fu rth er  in cre a s e d  by op era tin g  the d e te cto rs  in the C om p to n -su p p re ss io n  
m od e . In this technique the germ an iu m  cou n ter is  su rrou nded  by a N a l(T l), 
a p la stic  o r  a liqu id  sc in tilla to r  and Com pton events a re  e lim in ated  to a 
la rg e  extent by  m eans o f  an an tico in c id en ce  c ir c u it .  U sually  the range o f  
ap p lica tion  is  betw een  100 keV  and 3 M eV .

In the upper part o f  th is en erg y  range the an ti-C om p ton  sp e c tro m e te r  
is  su p e r io r  to a ll o th er sop h is tica ted  in stru m en ts both in re so lu tio n , p r e 
c is io n  and se n sitiv ity . F o r  low  e n e rg ie s  (< 500 keV) a com p etitiv e  in s tru 
m ent is  p rov id ed  by  the coh eren t sca tter in g  sp e c tro m e te rs  w hich  p o s s e s s  
u ncontested  c h a r a c te r is t ic s  at v e r y  low  e n e rg ie s . The bou n dary  in the 
optim um  re so lu tio n  betw een  c ry s ta l d iffra c tio n  and an ti-C om pton  s p e c t r o 
m e te r  is  not fix ed . Due to the v e r y  d iffe ren t se n s itiv ity , it g re a tly  d e 
pends on  the c r o s s - s e c t i o n  o f  the m a te r ia l under study. F o r  ta rg e ts  with 
v e r y  high c r o s s - s e c t i o n s  (> 1000 b) the boundary m ay be at e n e rg ie s  above 
500 k eV , w hile fo r  m a te r ia ls  with low  c r o s s -s e c t io n s  (< 100 b) the s e m i
con d u ctor  sy ste m  p ro v id e s  the s u p e r io r  in strum ent o v e r  n e a r ly  the w hole 
range o f  ap p lica tion . In th is con n ection  it is  u se fu l to r e a liz e  that about
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60% o f  the n atural e lem en ts have capture c r o s s - s e c t i o n s  below  10 b . The 
c o r r e la t io n  betw een  e n e rg y  re so lu tio n  e x p re s se d  in FW HM  and p r e c is io n  
in en erg y  determ in a tion  m ay be quite d iffe ren t fo r  the two d e v ic e s . In 
the co h e re n t sca tte r in g  in stru m en t the en erg y  p r e c is io n  is  lim ite d  by  the 
optim u m  re so lu tio n  in sca tte r in g  an g le , w hile fo r  the se m ico n d u cto r  
s p e c t r o m e te r , in p r in c ip le , the peak p os ition  can  be d eterm in ed  to an 
in fin ite ly  sm a ll fra c t io n  o f  the lin e  w idth . G a m m a -ra y  in ten s itie s  a re  
obta in ed  in a m o re  d ir e c t  w ay fr o m  se m ico n d u cto r  m ea su rem en ts .

T h e se  co n s id e ra tio n s  lea d  to the co n c lu s io n  that in sp ite  o f  the e x 
ce lle n t  c h a r a c te r is t ic s  o f  the d iffra c t io n  in stru m en ts , the u se  o f  germ an iu m  
d e te c to r s  in C o m p to n -su p p re ss io n  technique w ill p lay  a v e ry  im portan t 
r o le  in  future n eutron  cap tu re  s p e c tro s co p y . H ow ever , fo r  obtain ing o p 
tim um  p r e c is io n  with th ese  d e v ice s  s e v e r a l e sse n t ia l req u irem en ts  m ust 
be fu lfille d :

(1) The n o ise  p e r fo rm a n ce  should en su re  a lin e width c lo s e  to the 
s ta t is t ica l l im it ; cou n tin g -ra te  e ffe c ts  m u st be n eg lig ib le

(2) T he p e a k -to -C o m p to n  ra tio  should be as high as p o s s ib le  o r ,  
in o th er  w o rd s , the back grou n d  under the fu ll en erg y  peaks 
should be low  and sm ooth

(3) The in stru m en t m ust have a high s ta b ility  and lin e a r ity
(4) The peak p o s itio n s  have to be determ in ed  v e r y  a c cu ra te ly
(5) The sp e ctra  m ust be ca r e fu lly  ca lib ra te d  and a su itab le  n on - 

lin e a r ity  c o r r e c t io n  has to be ap p lied  to the ch a n n e l-e n e rg y  
re la tio n sh ip .

T he f ir s t  top ic  is  a g e n e ra l p ro b le m  in se m ico n d u cto r  s p e c tro s co p y  
and is  trea ted  ex te n s iv e ly  in the lite ra tu re . Thus w e need not d is cu s s  it 
h e re  in deta il. The p u rpose  o f  th is p resen ta tion  is  to p rov id e  a b r ie f  
su m m ary  o f the p r o ce d u r e s  applied  at K arlsru h e  on to p ics  (2) to (5) and 
to  draw  co n c lu s io n s  fro m  this w ork  on the future potentia l o f  an ti-C om pton  
d e v ic e s  in neutron  cap tu re  s p e c tro s co p y .

2. P E A K -T O -B A C K G R O U N D  R A TIO

T he an ti-C om p ton  in stru m en t, in sta lled  in  1966 at the K arlsru h e  
r e a c to r  F R -2 , at p resen t co n s is ts  o f  an unencapsu lated 5-cm ^ G e(L i) 
d iod e , a 5 0 -cm  d iam . X 40 cm  p la s t ic  s c in t il la to r  (NE 102 A ) w ith the 
germ an iu m  cou n ter  in its  ce n tre , and a 4 in. d iam . X 6 in . N al(T l) d e te c 
to r  p la ce d  w ithin  a w e ll d ir e c t ly  behind the vacuum  ch a m b e r  o f  the s e m i
co n d u cto r  d iode ( fo r  a deta iled  d e s cr ip tio n  se e  R ef. [1 ] ) .  T he s p e c t r o 
m e te r  is  u sed  in  ex tern a l ta rget g eom etry  and is  one o f  fiv e  in stru m en ts 
in sta lled  at one output o f  a tangentia l beam  h ole  w hich  p a sse s  through the 
heavy w a ter  o f  the r e f le c t o r .  A  sch em a tic  draw ing  o f  the a rran gem en t is  
show n in  F ig . 1.

T h e d es ign  o f  the s p e c tro m e te r  o f fe r s  the fo llow in g  advantages:

(1) The N a l(T l) cou n ter  e n su res  a stron g  ab sorp tion  o f  gam m a rays 
s ca tte re d  in  the fo rw a rd  d ire c t io n . T h is  re d u ce s  v e ry  e ffe c t iv e ly  the c o n 
trib u tion  o f  the e v e r  p re se n t in ten se  h ig h -en erg y  rad ia tion  to the b a ck 
ground u nder the peaks.
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(2) The p la s t ic  s c in t il la to r  can  be u sed  unen capsu lated  and the r e 
f le c to r ,  in the fo rm  o f  a w a te r -b a se d  em u ls ion  paint, can  be kept v e ry  
thin. Thus the h arm fu l a b sorp tion  o f b a ck sca tte re d  so ft gam m a ra y s  
betw een  germ an ium  d e te c to r  and an ti-C om pton  sh ie ld  can  be m in im ized .
T he so lid  angle fo r  photons e sca p in g  out o f  the an tico in c id en ce  sh ie ld  is  
v e ry  sm a ll and is  c e r ta in ly  n eg lig ib le .

(3) The s p e c tro m e te r  is  le s s  expen sive  than oth er  d e v ic e s  w hich  u se  
la rg e  N a l(T l) sh ie ld s .

A  disadvan tage o f  the p la stic  s c in tilla to r  is  the lo w e r  light output 
co m p a re d  to N a l(T l) and the n e c e s s a r ily  la rg e r  volum e o f  the d e te cto r  .

T he p re se n t p e r fo rm a n ce  o f the sy stem  is  illu s tra te d  in F ig . 2 . F o r  
the I37cs 661. 5 9 5 -k eV  gam m a ray  the ratio  o f  photopeak to tota l height 
o f  the back grou n d  is  73 : 1 at the Com pton edge and about 150 : 1 in the 
m inim um  o f  the C om pton  d is tr ibu tion . The en erg y  re so lu tio n  in cluding  
lo n g -te rm  in s ta b ilit ie s  is  1. 6 2 -k e V  FW H M . In the in set o f  F ig . 2 the d r ift  
g e o m e try  o f  the d iode is  show n. The ab sen ce  o f  a dead la y e r  on the d e 
te c to r  fron t fa ce  m in im ize s  the am ount o f  ab sorb in g  m a te r ia l fo r  the 
b a ck sca tte re d  so ft gam m a ra y s .

T he p e r fo rm a n ce  o f  an an ti-C om p ton  sp e c tro m e te r  fo r  neutron  capture 
s p e c t r o s c o p y  is  not on ly  d e term in ed  by the p e a k -to -C o m p to n  ra tio  fo r  
gam m a ra y s  p o s s e s s in g  e n e rg ie s  w ithin the range being  m ea su red  (100 keV 
to 3 M eV ), but a lso  by the e ffe c t iv e n e s s  in su p p ress in g  the backgrou n d  
cau sed  by the h ig h -e n e rg y  tra n sition s  above 3 M eV . H ere  w e have to  dea l 
m a in ly  w ith  events fr o m  photons sca ttered  in the fo rw a rd  d ire c t io n  and 
h ig h -e n e rg y  e le c tr o n s  w hich d ep os it on ly  part o f  th e ir  en ergy  in  the s e n s i
tive  vo lu m e o f  the d e te c to r . T he f ir s t  com ponent is  s tron g ly  su p p ressed  
by the N a l(T l) d e te c to r , w hile fo r  red u ction  o f the secon d  com pon ent it w as 
found u se fu l to apply a p u lse -sh a p e  d iscr im in a tio n  m ethod to the p r e 
a m p lifie r  s ign a ls  o f  the germ an ium  d e te cto r . A  deta iled  d e s cr ip tio n  o f  th is 
c ir c u it  has been  g iven  e lse w h e re  [2] . T o d em on stra te  the actual p e r fo r 
m ance o f  the s p e c tro m e te r  a se c tio n a l d isp la y  o f a ty p ica l cap tu re  sp ectru m  
is  show n in F ig . 3. T h e sp ectru m  w as obtained fro m  a sam ple  o f  natural 
erb iu m  (cap tu re  c r o s s - s e c t i o n  160 b ). A bove the en erg y  in terva l d isp la yed  
in F ig . 3 m o re  than 300 g a m m a -ra y  lin es have been  detected  in the total 
sp e ctru m . A ll th ese  lin es  con tribu te  to  the background u nder the peaks 
in F ig . 3. The yet e x ce lle n t  p e a k -to -b a ck g ro u n d  ra tio  c le a r ly  illu s tra te s  
the e ff ic ie n cy  o f  the app lied  m ethod . A nother exam ple is  g iven  in  the 
paper on ^ Z n  p resen ted  at th is Sym p osiu m  [3 ].

S ev era l d e c is iv e  im p ro v e m e n ts  o f  the sy stem  are  s t ill  fe a s ib le . In 
sin g le  m od e the p re se n t d iod e exh ib its a p e a k -to -C o m p to n  ra tio  o f  ap
p ro x im a te ly  1 0 : 1 fo r  i37Qg W hen the d e te cto r  w as in sta lled , p lanar 
d iod es  w e re  su p e r io r  to c o a x ia lly  d r ifted  d e v ic e s  with re sp e c t  to  en erg y  
re so lu tio n . Thus postu late  (1) in se c t io n  1 w as the dom inant c r ite r io n . 
M eanw hile la rg e -v o lu m e  c o a x ia l d e te cto rs  w ith co m p a ra b le  re so lv in g  
p ow er  have appeared  on the m a rk et. The p e a k -to -C o m p to n  ratio  o f th ese  
d e v ic e s  is  c o n s id e ra b ly  h igh er ; va lu es up to 30 : 1 fo r  a re  obta in ab le .

O ther p o s s ib le  im p ro v e m e n ts  co n ce rn  the d etection  th resh o ld  o f  the 
p la s t ic  s c in t il la to r . The p resen t p h otom u ltip liers  (EM I 9618B) m ay be 
re p la ce d  by tubes w ith p h otocath od es o f  h igh er se n s itiv ity . F u rth e rm o re , 
it w ould  be u se fu l to m ount additiona l tubes on the s c in tilla to r , in p a rticu la r



CHANNEL

M
ICH

AELIS 
and 

H
O

RSCH



Ge DETECTORS IN COMPTON-SUPPRESSION TECHNIQUE 41

in  the back w ard  d ire c t io n . F in a lly , co in c id e n ce  tech n iqu es and co o lin g  o f 
the tubes m ay im p ro v e  the s ig n a l-to -n o is e  ra tio .

W e thus can  con c lu d e  that without s a c r i f ic e  in en erg y  re so lu tio n  p eak- 
to -C o m p to n  ra tios  o f  250 : 1 fo r  ^ c g  a re  now quite r e a l is t ic .  Suitable 
m o d ifica tio n s  o f  the sy stem  w ill b e  ta ck led  in the n ear fu ture.

3. SPE C TR U M  ST A B IL IZA T IO N

D epending on the c r o s s - s e c t i o n  o f  the sam ple  u nder study, the m e a su re 
m ent o f  a capture sp ectru m  m ay c o v e r  a p e r io d  o f days o r  even  w eek s. 
T h e re fo r e  d ig ita l s tab iliza tion  o f the a m p lifie r  chain  and the a n a lo g -to -  
d ig ita l c o n v e rte r  is  a b a s ic  requ irem en t fo r  obtain ing high p r e c is io n . T h is 
in clu d es  both z e r o  d rift  and gain stab iliza tion . In neutron  capture  sp e ctra  
the in tensity  is  d istr ibu ted  o v e r  a la rg e  num ber o f  gam m a ra y s . Thus 
in m ost c a s e s  no w e ll- is o la te d  natural line w ith su ffic ien t peak counting 
rate  is  av a ilab le . T he p r e se n ce  o f  an iso la ted  and in tense lin e , h ow ever, 
is  v e ry  im portan t, i f  a ll in sta b ilit ie s  independent o f  th e ir  tim e beh aviou r 
a re  to be e lim in ated . An a ltern a tive  p ro ce d u re  is  to u se  an u ltra -h ig h  
p r e c is io n  pu lse  g e n e ra to r . H ere  an adequate peak counting ra te  is  attained 
w ithout prod u cin g  any additiona l background ou tside the fu ll-e n e rg y  lin e . 
S torage o f  the p u lses  can  e a s ily  be p reven ted  by m eans o f  an inhibit c ir c u it .

E x ceed in g  dem ands a re  m ade on such a p u ise r . S ince advanced te ch 
n iques aim  at a p r e c is io n  o f  about 50 eV  at 2 M eV (se e  b e low ), the a c cu ra cy  
o f  the p u iser  should be o f  the o r d e r  o f  10*3. F ig u re  4 p re se n ts  an ou t
lin e  o f  the b a s ic  in stru m en t w hich  is  now u sed  at K arlsru h e  both  fo r  gain  
sta b iliza tion  and n o n -lin e a r ity  c o r r e c t io n . The p u iser  has an in stab ility  
o f  < 10 ppm  p er  degC  and a n o n -lin e a r ity  o f  ä + 10 ppm . The m ain  c o m 
ponents o f  the c ir c u it  a re  a Z e n e r  d iod e netw ork , a K elvin  V a rle y  p r e c i 
s ion  vo lta ge  d iv id e r , a ch op p er  s ta b ilized  op era tion a l a m p lifie r  fo r  im 
pedance c o n v e rs io n  and a m e r c u r y  re la y  with pu lse  sh a p er. T he r e fe r e n c e  
v o lta ge  c ir c u it  with the ca r e fu lly  aged Z e n e r  d iode is  p la ced  in a te m p e ra tu re - 
regu lated  oven  and is  com p en sa ted  against v a r ia tion s  in tem p era tu re  and 
lin e  v o lta g e . O ptim um  sta b ility  is  a ch ieved  at 65°C w h ere  the tem p era tu re  
c o e ffic ie n t  o f  the d iode is  z e r o .  The im pedan ce m atching a m p lifie r  en su res 
the e x ce lle n t  lin e a r ity  c h a r a c te r is t ic s  o f  the p u ise r . A s  r e g a rd s  lo n g -te rm  
in sta b ilit ie s  th is com pon ent p roved  to be the m ost frequ ent s o u r ce  o f  
fa ilu res^  . T h e re fo r e  it is  u sefu l to ch eck  c a re fu lly  the w arran ted  p e r 
fo rm a n ce  o f  the a m p lifie r  and to rep eat th is test at tim e in terva ls  not 
lo n g e r  than a few  m onths. D esign  and w irin g  o f  the p u iser  output en su re  
that the in flu ence o f  the fo llow in g  fa c to r s  on the output pu lse  am plitude 
is  kept su ffic ie n tly  s m a ll : the n o rm a l a m p lifie r  d r ift  rate (1 ;nV p er w eek ), 
the in sta b ility  o f  the pu lse  shaping ca p a c ito r  (0 . 1% p er  y ea r ) and the v a r ia 
tion  o f  the m e r c u r y  r e la y  con tact r e s is ta n ce  (+ 1 mfü). A  deta iled  d e s 
cr ip tio n  o f  the c ir c u it  is  g iven  in R e fs  [4 ,5 ]  .

If the p u ise r  is  on ly  app lied  fo r  gain  stab iliza tion , the im pedan ce 
m atch ing  a m p lifie r  can  be om itted  and the K elv in  V a rle y  v o lta ge  d iv id er  
can  be re p la ce d  by  a s im p le  and le s s  ex p en siv e  r e s is ta n ce  n etw ork . F o r  
z e r o -d r i f t  s ta b iliza tion  it is  conven ient to use a natural gam m a em itte r , 
e . g .  34 C o, with ap p rop r ia te  s o u r ce  stren gth . The so u rce  should  not em it 
any gam m a ra y s  w ithin the m ea su rin g  in terva l.

* "Failure" means in this con n ection th atth e  puiser output varies by clea rly  m ore than 10 ppm .



M

FIG. 4 . Outline o f  the precision puiser.

M
ICH

AELIS 
and 

H
O

R
SC

H



Ge DETECTORS IN COMPTON-SUPPRESSION TECHNIQUE 43

4 . SP E C TR U M  AN ALYSIS

H igh p r e c is io n  in the en erg y  d eterm in ation  re q u ire s  u tm ost a c c u r a c y  
in  the evalu ation  o f  the peak p o s itio n . In a com p u ter  p ro g ra m m e  fo r  s p e c 
tru m  a n a ly s is  re a so n a b le  assu m ption s have to be m ade on the lin e  shape.
An a n a ly tica l e x p re s s io n  should  fu lfil two r e q u ire m e n ts : The ap p lica tion  
to c o m p le x  sp e ctra  m u st not in vo lve  in to le ra b ly  long  com p u ter  t im e s  and 
the evaluated cu rve  should  fit to the ex p erim en ta l poin ts as w e ll a s  p o s 
s ib le . V e ry  p ro m is in g  re su lts  have been  obtained  by  m eans o f  the fo l lo w 
ing lin e  shape re p re se n ta t io n :

y  = A exp { - X (x - Хо)2} fo r  x ë Xp - b

y = A [ e x p { - A ( x - X o f } - B x ^ e x p ( x ^ ) ]  f o r x < X g - b

w h ere  b = In 2)^ and x ^  = (x - x¡¡ + b ) /b .
In the c a se  o f  e ffic ie n t  ch a rg e  c a r r ie r  c o lle c t io n  in the d iode the use 

o f  th ese  e x p re s s io n s  g iv e s  e x ce lle n t  fits  fo r  the w hole  en erg y  range o f  the 
s p e c tr o m e te r . T h is can  be seen  fro m  F ig . 5 w hich  show s ex p erim en ta l 
and fitted  lin e  sh apes fo r  gam m a ra y s  at 296, 1173 and 1836 keV . C om plex  
s tru c tu re s  a re  r e s o lv e d  with m uch s u c c e s s .  An exam ple  is  g iven  in the 
in se t o f  F ig . 3.

The fo llow in g  p ro ce d u re  is  u sed  fo r  the a n a ly s is . The sp e ctra  are  
d iv ided  into g rou p s each  contain ing  at m ost s ix  gam m a lin e s . S ince the 
back grou n d  under the peaks is  v e r y  sm ooth  and on ly  a s low ly  v a ry in g  fu n c 
tion  o f  e n e rg y  (c f .  F ig . 3), w ithin such an in terva l the backgrou n d can .be  
w e ll ap p rox im a ted  by  a stra ight lin e  o r  an exponen tia l fu nction . E n e rg ie s  
and in ten sitie s  a re  ca lcu la ted , taking into a ccou n t a n o n -lin e a r ity  c o r 
r e c t io n  (s e c t io n  5) and the r e sp o n se  function  o f  the s p e c tro m e te r . The 
r e s u lts  a re  lis te d  by  m eans o f  a fast p r in ter  and each  grou p  is  p lotted  
in a fig u re  that sh ow s the ex p erim en ta l points tog eth er  with the fitted 
back grou n d , the fitted  gam m a lin e s  and the tota l sum  o f  th ese  cu r v e s .
E ach  fit is  a c co m p lish e d  w ith a g iven  num ber o f  lin e s  w hich  is  ch osen  
to be as low  as p o s s ib le  on the b a s is  o f  a c o a r s e  exam ination  o f the s p e c 
tru m . In th ose  c a s e s  w here the r e s u lts  a re  in su ffic ien t the ca lcu la tion  
is  rep e a te d , con ced in g  one o r  m o re  additiona l lin e s . T h is p ro ce d u re , 
w hich  gu aran tees a re lia b le  co n tro l by  the e x p e rim e n ta lis t , is  c le a r ly  
p r e fe r r e d  to a fu lly  au tom atic a n a ly s is . A deta iled  d e s cr ip tio n  o f  the 
p ro g ra m m e  is  g iven  in R e f. [6] .

5. C A L IB R A TIO N  AND N O N -L IN E A R IT Y  CO RR ECTIO N

The m o s t  su itab le  gam m a s o u r c e s  fo r  en erg y  ca lib ra tio n  a re  the 
fo llow in g  b e ta -in s ta b le  is o to p e s : ^ C o , 1 9 2 ^  I37(;g^ 9 5 ^ ^  ^ M n ,
88Y , 60c,-,^ 22pja and 2 4 ^ .  The g a m m a -ra y  e n e rg ie s  a re  known v e ry  
a c c u r a te ly  and m ay be found in R e fs  [7 -1 0 ] . C on s id era b le  aid in the c a l ib r a 
tion  p ro ce d u re  is  p rov id ed  by the p r e c is io n  p u ise r  d e s c r ib e d  in se c t io n  3.
A n arrow  seq u en ce  o f  ca lib ra tio n  poin ts can be cre a te d  with this in s tru 
m en t, even  in th ose  en erg y  re g io n s  w h ere  on ly  few  o r  no natural lin e s  o f  
su ffic ie n t a c c u r a c y  a re  a v a ila b le .
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FIG. 6. T yp ica l deviation o f  the channel-energy relationship from  a straight line in eV . T h e crosses 
represent calibration  points obtained with the precision puiser.

4^

Ge 
D

ETECTORS 
IN 

CO
M

PTO
N

-SU
PPRESSIO

N
 

TE
C

H
N

IQ
U

E



4 6 MICHAELIS and HORSCH

FIG. 7 . Transition diagram  for issEr: (д) bandhead energies below  1 .5  M eV ;
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T he n o n -lin e a r ity  o f  m ost c o m m e r c ia l  a m p lifie rs  is  o f  the o r d e r  o f  
±  0 .0 5  - 0. 1%. S im ila r  v a lu es a re  sp e c ifie d  fo r  a n a lo g -to -d ig ita l c o n 
v e r t e r s .  Thus fo r  the tota l sy s te m  n o n -lin e a r it ie s  o f  + 0. 1% o r  m o re  
a re  e x p ected . A  ty p ica l exam ple fo r  the d ev iation  o f  the ch a n n e l-e n e rg y  
re la tio n sh ip  fr o m  a stra ight lin e  is  show n in F ig . 6. In th is m ea su rem en t 
the a m p lifie r  chain  co n s is te d  o f  a c o o le d  F E T  p re a m p lifie r  [11] and a 
m ain  a m p lifie r  o f  type O rtec  410. The p u lses  w e re  an a lysed  with a 
40 96 -ch an n el N D -160F  A D C . T he poin ts obtained with the p u iser  co in c id e  
v e r y  w e ll with th ose  ba sed  on natural gam m a lin e s . The dashed cu rve  
r e p re s e n ts  the 'e x a c t ' n o n -lin e a r ity  w hich  can  be d eterm in ed  w ith an 
a c c u r a c y  o f  about 50 eV . T he fu ll cu rve  show s the re su lt  o f  a fit to the 
ex p erim en ta l poin ts as obtained w ith a p o ly n om ia l o f  fourth  d e g re e . The 
m axim u m  d ev iation  o f  th is cu rve  fr o m  the ' e x a ct ' function  is  90 eV . In 
m ost re g io n s  the dev iation  is  m uch le s s .  W e s e e , h ow ev er , that a la rg e  
n um ber o f  ca lib ra tio n  poin ts and a high d e g re e  o f  the fit p o ly n om ia l a re  
re q u ire d .

T he n o n -lin e a r ity  c o r r e c t io n  d is cu ss e d  h ere  d oes  not accou n t fo r  
' s h o r t -r a n g e ' flu ctu ation s o f  the d iffe re n t ia l n o n -lin e a r ity  such as the s o -  
c a lle d  o d d -e v e n  e ffe c t .  T o  m in im ize  the in flu en ce  o f  th ese  s o u r c e s  o f  
e r r o r ,  it is  con ven ien t to u se  as sm a ll a channel w idth as p o s s ib le  200 eV ).

6. E X P E R IM E N T A L  PRO CE D U RE AND RESU LTS

The fo llow in g  p ro ce d u re  is  app lied  fo r  p r e c is io n  m ea su rem en ts  o f  
cap tu re  s p e c t r a : B e fo r e  the (n ,? )  sp ectru m  is  taken, a sp ectru m  o f the 
ca lib ra tio n  lin e s  is  accu m u la ted . The re su lt  o f  th is m ea su rem en t is  la te r  
c o m p a re d  w ith that fr o m  a s im ila r  run p e r fo rm e d  at the end o f  the e x p e r i-

T A B L E  I. G A M M A -R A Y  CASCADES IN ^ Z n  AND ^ S r

Target
nucleus

Cross-
section

(b)

(keV)

' л

R ecoil
correction

(keV)

Level
energy
(keV)

805 .75 1077.35 0 .0 1 4 188 3 .12

1883 .09 - - 0 .0 2 8 1883 .12
" Z n 6 .9

670 .89 1261 .00 1077 .35 0 .026 3009 .27

1126 .07 1883 .09 - 0 .0 3 8 3009 .20

898 .05 183 6 .08 - 0 .025 273 4 .16

2733 .97 - - 0 .0 4 6 2734 .02

" S r ^ 1 7
1493 .41 2733 .97 - 0 .060 422 7 .44

2391 .20 1836 .08 0.055 422 7 .34
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m en t. It p ro v id e s  a r e lia b le  co n tro l that during the ex p erim en t no fa ilu re  
( c f .  footn ote  1) has o c c u r r e d in th e  c r it ic a l  e le c tr o n ic  com p on en ts (p r e 
a m p lif ie r ,  m ain  a m p lif ie r , p r e c is io n  p u ise r , A D C , z e r o  d r ift  and gain 
s t a b il iz e r s ) .  In the secon d  run the capture  sp ectru m  is  taken. A fte r  
r e a d -o u t  the ca lib ra tio n  lin es  a re  a ccu m u la ted  on the cap tu re  sp ectru m  
w ithout m e m o ry  r e s e t .  T h is e n su res  that a ll lin es  a re  an a lysed  under 
the sa m e back grou n d  co n d itio n s . F in a lly  the f ir s t  run is  rep ea ted  and 
the r e su lt  is  u sed  fo r  d eterm in in g  and in terp ola tin g  the p a ra m e te rs  in the 
lin e  shape re p re se n ta tio n .

M easu rem en ts  have been  p e r fo rm e d  on a la rg e  num ber o f  n u cle i. 
R esu lts  on  5Spe (ta rg e t c r o s s - s e c t i o n  2. 5 b ), ^ N i (2 . 0 b ), ^^Zn (6 .9  b), 
ЗбМо (14 . 5 b ), 98Mo (2 .2  b) and ^^7^^ (650 b) a re  b r ie Q y  d is cu ss e d  in o th er 
con trib u tion s  to  th is S y m p osiu m . Up to 300 gam m a ra y s  have been  d e 
tected  in a s in g le  sp e ctru m . B e ca u se  o f  the heavy  sh ie ld in g  o f  the s p e c t r o 
m e te r  no p ro b le m s  fro m  back grou n d  lin es  a r is e ,  even  fo r  v e r y  low  target 
c r o s s - s e c t i o n s .  G am m a ra y s  d iffe r in g  in in ten sity  by  a fa c to r  o f  5 X 10*3 
have been  o b s e rv e d  fo r  c r o s s - s e c t i o n s  below  10 b . T ab le  I g iv e s  an im 
p r e s s io n  on the a c c u r a c y  that can  be obtained fo r  pronou n ced  peaks in the 
s p e c tra . The absolu te  e r r o r s  fo r  the quoted g a m m a -ra y  e n e rg ie s  are  
about 50 eV . The e r r o r s  a r is in g  fr o m  the fitting p ro ce d u re  and the non- 
l in e a r ity  c o r r e c t io n  a re  betw een  5 and 100 eV . The high a c c u r a c y  p erm its  
a r e lia b le  ap p lica tion  o f  R itz ' com bin ation  p r in c ip le  to ex cita tion  e n e rg ie s  
o f  s e v e r a l  M eV . The a c c u r a c y  fo r  w eak lin e s  is  lim ited  by  the pure cou n t
ing s ta t is t ic s .  A s  an exam ple  o f  the e ff ic ie n c y  o f  the m ethod , F ig . 7 p r e 
sen ts a co n s id e ra b ly  extended tra n sition  d ia gra m  fo r  the nucleu s ^ E r .

7. CONCLUSIONS

A n ti-C om p ton  s p e c t ro m e te rs  w ith p e a k -to -C o m p to n  ra t io s  o f  250 :1  fo r  
* ^ C s  a re  now fe a s ib le . B y  e ffe c t iv e ly  su p p ress in g  backgrou n d events fro m  
h ig h -e n e rg y  gam m a r a y s , a sm ooth  backgrou n d can  be a ch ieved  w hich  
sh ow s on ly  a s ligh t in c r e a s e  with d e cre a s in g  en erg y . The in stru m en ts 
a llow  e n e rg y  d eterm in a tion s  with an a c c u r a c y  in the o r d e r  o f  50 eV . F o r  
w eak lin e s  the p r e c is io n  can  be im p rov ed  by  using in tern a l ta rget g e o 
m e try  and thus im p ro v e d  counting  s ta t is t ic s . W ith on ly  a few  ex cep tion s  
p r e c is io n  m ea su rem en ts  w ill be p o s s ib le  o v e r  the w hole range o f  c r o s s -  
s e c t io n s . E ven  below  10 b g a m m a -ra y  lin e s  that d if fe r  in  in ten sity  fr o m  
the m ost in tense peaks by five  o r d e r s  o f  m agnitude should be d e tecta b le . 
S e v e ra l hundreds o f  lin e s  can be o b s e rv e d  in a s ing le  sp ectru m .

In su m m a ry , the a p p lica tion  o f  lith iu m -d r ifte d  germ an iu m  d e te cto rs  
in C o m p to n -su p p re ss io n  technique w ill brin g  about a co n s id e ra b le  im p r o v e 
m ent in the qu a lity  and d eta il o f  data that can  be attained fro m  neutron  
cap tu re  s p e c tro s co p y .
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RADIATIVE NEUTRON CAPTURE 
IN FISSIONABLE NUCLEI

W . M IC H A ELIS. H . LEUSCHNER, P . M A TU SSEK  
In stitu t für angew an dte K ernp hysik ,
K ernforsch u n gszentru m  K arlsru h e,

K arlsru h e , F e d e ra l R ep u b lic  o f  G erm any

Abstract

RADIATIVE NEUTRON CAPTURE IN FISSIONABLE NUCLEI. Because o f  the great success o f  the 
( n ,y )  m ethod in nuclear structure studies, it is desirable to extend such measurements to  fissionable target 
n u cle i. A suitable spectrom eter for investigating the h igh-energy radiative capture spectrum without signi-

Studies o f  the ra d ia tiv e  neutron  capture p r o c e s s  have re v e a le d  d e 
ta iled  in form a tion  on n u c lea r  s tru ctu re . A s  yet, h o w ev er , the ap p lica tion  
o f  th is m ethod has been  r e s t r ic te d  to com pound n u cle i w hich  a re  stab le  
against n u clear  f is s io n . W ith f is s i le  ta rget m a te r ia l the capture  sp ectru m  
is  m a sk ed  by  the p rom pt g a m m a -r a y  sp ectru m  fr o m  fis s io n  and — to a 
le s s e r  extent — by  the d elayed  gam m a ra y s  a r is in g  fr o m  the beta d eca y  
o f  the f is s io n  p ro d u cts . The ta rg et nucleu s ^ U ,  fo r  in sta n ce , has a th erm al 
n eutron  f is s io n  c r o s s - s e c t i o n  o f  578 b w hile the captu re  c r o s s - s e c t i o n  is  
on ly  101 b . Thus the th erm a l neutron  captu re  re a c tio n  accou n ts fo r  14. 9% 
o f  the neutron  a b sorp tion  in  with the f is s io n  p r o c e s s  accou n tin g  fo r
the rem ain in g  85. 1%. F o r  the tota l en erg y  r e le a s e d  in p rom p t photon e m is 
s io n  fr o m  fis s io n  v a lu es  o f  7 .2  and 8 M eV a re  g iven  [1] . T h is  e n e rg y  is 
d istr ibu ted  betw een  9 ±  2 photons p e r  f is s io n . The m u ltip lic ity  fo r  the 
ra d ia tiv e  capture  p r o c e s s  is  p ro b a b ly  le s s  than 5 photons p er  ca p tu re . Thus 
it is  evident that the p rom pt gam m a ra y s  em itted  in the f is s io n  p r o c e s s  p r o 
v ide  the dom inant s tru ctu re  in the 335]j sp ectru m . A s  fu rth er co n firm a tio n  
o f  th is c o n c lu s io n , a c o m p a r is o n  o f  the sp ectra  fr o m  uranium  and plutonium  
show s that th ese  sp e ctra  a re  e ss e n t ia lly  id en tica l; on ly  v e r y  m in o r , and 
p ro b a b ly  not s ig n ifica n t, d if fe r e n c e s  o c cu r  [2] .

B e ca u se  o f  the g re a t s u c c e s s  o f  the (n,*y) m ethod in n u clea r  stru ctu re  
s tu d ies , it is  d e s ira b le  to extend th ese  m ea su rem en ts  on fis s io n a b le  n u c le i. 
M o re o v e r , such  an ex ten sion  w ill r e v e a l new p o s s ib ilit ie s  fo r  the n on 
d e s tru ctiv e  a ssa y  o f  n u c lea r  fu e l. P r e lim in a ry  attem pts should  be d ire c te d  
to  the h ig h -e n e rg y  sp e ctru m , s in ce  at high e n e rg ie s  the m o s t  favou ra b le  
in ten sity  d is tr ibu tion  betw een  captu re  gam m a r a y s , p rom pt rad ia tion  fro m  
f is s io n  and d elayed  photons fr o m  f is s io n  prod u cts is  ex p e cte d . A s  has been  
p ro p o se d  by  one o f  us [3] , the in te r fe r in g  com pon ent fr o m  fis s io n  m ay be 
su p p re sse d  by  detectin g  the fast f is s io n  neutrons in a n tico in c id e n ce  and in 
47Г g e o m e try . S ince the a v era g e  num ber o f  n eutron s em itted  p er  f is s io n  is  
2 .5  o r  even  3 .0 ,  a d e tection  e ff ic ie n c y  o f  about 70% fo r  the s in g le  neutron  
is  su ffic ie n t to  obta in  95% tota l e f f ic ie n c y . The p r o p o se d  p r in c ip le  can  be 
sk etch ed  as fo llo w s : The sam p le  is  su rrou nd ed  by  a p la stic  o r  a liqu id  
sc in t il la to r  o f  ap p rop r ia te  th ick n e ss . N eutrons sca tte re d  in the ta rg e t a re
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kept o f f  the d e te c to rs  by  a sh ie ld  o f ^Li. The gam m a ra y s  a re  filte re d  by  
a few  m illim e tr e s  o f  lea d  to re d u ce  the count ra te  fr o m  so ft  f is s io n  gam m a 
r a y s .  The photons a re  d etected  in a G e(L i) coun ter w hich  is  u sed  as a 
d o u b le -e s ca p e  sp e c tro m e te r . A lea d  sh ie ld  o f  about 5 cm  th ick n ess betw een  
sa m p le  m a te r ia l and neutron  d e te cto r  p reven ts su p p ress ion  o f  the capture 
gam m a ra y s  by  co in c id en t lo w -e n e r g y  photons. A deta iled  a n a lys is  o f  the 
sy s te m  m ay be found in R e f .[3 ]  .

G am m a ra y s  a r is in g  fr o m  beta d eca y  o f the f is s io n  p rod u cts a re  no 
s e v e r e  o b s ta c le  in the c a se  o f  sh ort m ea su rin g  in te rv a ls . If a ll h a lf - l iv e s  
betw een  350 m s e c  and 1 h a re  in clu ded , the in ten sity  ra tio  fo r  the prom pt 
and d elayed  sp ectru m  is  about 2 :1  at 4 M eV  and about 10 : 1 at 6 M eV .
T h is  w as ca lcu la ted  in R e f. [3] fr o m  the ex p erim en ta l data re p o rte d  in 
R e fs  [4 -7 ] .

T o  d em on stra te  the fe a s ib ility  o f  the n e u tro n -a n tico in cid e n ce  s p e c t r o 
m e te r , an ex p erim en ta l s e t -u p  has been  in sta lled  at the r e a c to r  F R -2  
co n s is t in g  o f  a G e(L i) cou n ter and a 44 cm  d iam . X 60 cm  p la stic  s c in t i l 
la to r . The sc in tilla to r  is  p rov id ed  with ap p rop r ia te  w e lls  fo r  the neutron  
bea m  and the gam m a d e te c to r . A sch e m a tic  draw ing o f  th is in stru m en t 
is  show n in F ig . 1. T o  obtain  a m axim u m  s ig n a l-to -b a ck g ro u n d  ra tio  the 
sc in t il la to r  w as b e v e lle d  on both ends.

D elayed  gam m a ra y s  o c cu rr in g  in the m ea su red  sp ectra  w ill be 
id en tified  by  m eans o f  a com bin ed  fa s t /s lo w  ch op p er  sy stem  w hich  has 
been  in sta lled  at the r e a c to r  to study the delayed  rad ia tion  fr o m  fis s io n  
[8] .

A p re lim in a ry  tes t  sp ectru m  obtained  with the n e u tro n -a n tico in cid e n ce  
s p e c tro m e te r  and a sp e ctru m  taken in sin g le  m ode a re  p resen ted  in F ig . 2. 
The e n e rg y  in terva l ran ges  fr o m  about 3 .4  to 6 .4  M eV . The sam p le  w as 
u ranium  ox id e  e n rich ed  to 20% in 235^ sp e ctra  w ere  m ea su red  using
a p ro v is io n a l e le c tr o n ic  sy s te m . O nly a c o a r s e  ad justm ent o f  the v a r iou s  
com pon en ts had been  p e r fo rm e d . T he sp e ctra  are  th e re fo re  co n s id e re d  
as p re lim in a ry . N e v e rth e le ss , a c le a r  stru ctu re  a lre a d y  a p p ears  in the 
a n tico in c id e n ce  r e s u lt .  The su p p re ss io n  o f  the f is s io n  gam m a ra y s  can 
ce r ta in ly  be im p ro v e d  fu rth er  and p ro b a b ly  the sp e ctru m  s t i l l  contains
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so m e  contam ination  fr o m  d elayed  f is s io n  gam m a ra y s  and fr o m  neutron  
cap tu re  in  g erm an iu m  ca u sed  by  f is s io n  n eu tron s. B y  p lacin g  the d e te cto r  
in  a- p ro p e r  g e o m e try  r e la t iv e  to the p la stic  s c in t il la to r  in te r fe re n c e  fr o m  
captu re  in g erm an iu m  can  be e lim in ated . In th is c a s e  the s c in tilla to r  
s e r v e s  at the sam e tim e  as an a n tico in c id e n ce  sh ie ld  fo r  cap tu re  events 
o c c u r r in g  in the d e te c to r .

b)
FIG. 2. Preliminary results from a sam ple o f  uranium enriched to 20% in ^ U :  (a) spectrum taken in 
an tico in cid en ce ; (b) spectrum observed in single m ode.
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It should be pointed out that 235 и  is  one o f  the m ost unfavourable  
ta rget m a te r ia ls  [3] . F o r  o th er sa m p les  the c a p tu r e -to - f is s io n  ra tio  
is  m uch h igh er . It is ,  fo r  in sta n ce , 0 .3 5 8  fo r  ззЭр^ and about 0 .3 9  fo r  
241 P u .

In su m m ary , we can  con clu d e  that it w ill be p o s s ib le  to extend (n ,y ) 
in vestig a tion s  a lso  to f is s io n a b le  n u c le i.
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RECENT IMPROVEMENTS IN THE ARGONNE 
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Abstract

RECENT IMPROVEMENTS IN THE ARGONNE 7. 7 -m  BENT-CRYSTAL SPECTROMETER. Recent

power and to  at least a 4 -fo ld  im provem ent in its sensitivity (ratio o f  d iffraction  peak to background) 
over the w hole range o f  the spectrom eter, and an im provem ent o f  2 0 -fo ld  or m ore above 2 M eV . The 
energy range o f  the spectrom eter was extended to  cover  the fu ll (n , y ) spectrum from  20 keV to 6 M eV .

In 1964 I gave a ta lk  in  Athens at the S ym posiu m  fo r  the 
D iffra ct io n  o f N u clear  G am m a R ays [1 ]  on a set of p r o p o s e d  im p rov em en ts  
fo r  the A rgon n e 7. 7 -m  b e n t -c r y s ta l  sp e c t ro m e te r . A l l  o f th ese  m o d ifica tio n s  
and a few  m o r e  have now b een  co m p le te d . U su a lly  the re su lts  o f  th ese  
m o d ifica tio n s  w e re  as p r e d ic te d , but o c ca s io n a lly  they  w e re  m uch  b e tte r  
than e x p ected .

T he con fig u ra tion  o f  the sp e ctro m e te r  as it  w as in  1964 
is  shown in F ig . 1. The n eu tron -ca p tu rin g  so u r ce  is  lo ca te d  in the cen ter  
o f a through  h ole  w hich  is  tangent to  the r e a c to r  c o r e .  The gam m a bea m  
e m e rg e s  fr o m  the r e a c to r  through  a s e r ie s  of a p e rtu re s  and is  d iffra c te d  
b y  the bent c r y s ta l .  The d iffra c te d  b ea m  is  then sep arated  fr o m  the 
u n d iffra cted  b ea m  b y  a m u lt is lit  c o llim a to r  and d e tected  in a bank o f Nal 
c r y s t a ls .  The s o u r ce  is  loa ded  and a lign ed  fr o m  the fa r  side  o f the h o le .

The f i r s t  m a jo r  m o d ifica tio n  to  the sy s te m  co m p le te ly  
r e v is e d  the m ethod  o f  changing sa m p les  and re d u ced  the p ile  d ow n -tim e  fo r  
the w hole  op era tion  fr o m  2 days to  20 m in . T h is m ade it p o s s ib le  to  change 
sa m p les  during the sh ort p ile -d o w n  p e r io d s  w hich  o c cu re d  about tw ice  a 
w eek . In co rp o ra te d  in  th is new  sy s te m  is  a h ea v ily  sh ie ld ed  s to ra g e  fa c ili ty  
w h ich  can  handle seven  sep ara te  sa m p le s . T h is stora ge  fa c i l i ty  re m o v e d  
any p re v io u s  r e s t r ic t io n  on sa m p le  s iz e  re la te d  to  in du ced  ra d io a ct iv ity  s in ce  
the o ld  sam p le  cou ld  b e  le ft  in one o f  the stora ge  sp a ce s  to  c o o l  a fter  being  
re m o v e d  fr o m  thé r e a c to r . It a lso  m ade p r o v is io n  fo r  re in se rt in g  an o ld  
sam ple  in to the r e a c to r  sy s të m  w ithout handling it m anu ally . The a b ility  
to  r e -e x a m ih ë  an o ld  sam p le  fo r  a few  days to  ch e ck  an en erg y  o r  in ten sity  
va lu e or  to  lo o k  fo r  a m iss in g  gam m a ray  has p ro v e d  to  be  the m o s t  
v a lu ab le  a s s e t  o f  the new sy ste m . The im p ro v e d  c o n tro l o v e r  the s o u r ce  
a lign m en t is  a ls o  a p p re c ia te d . A fte r  p r im a ry  in se r tio n  o f  the sam ple  into 
the s y s te m , a ll fu rth e r  sa m p le  handling is  done re m o te ly . A  n u m ber of 
"b u g s "  d e v e lop ed  in th is  rem ote -h a n d lin g  sy s te m  and had to  be  c o r r e c t e d  
through  la ter  m o d ifica tio n s .
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FIG. 2. Photograph o f  the new m ultislit post*collim ator taken at the point o f  convergence o f  the tapered 
slots. Each tier contains 106 lead plates 1 m long and 1 m m  thick . The fu ll width is 25 cm . The quality 
o f  the im age attests to the uniform spacing o f  the Pb plates.
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The se co n d  im p ro v e m e n t was the re p la ce m e n t oí the o ld  
m u lt is lit  p o s t -c o l l im a to r  (F ig . 1) w h ich  co n s is te d  o í 106 lead  p la tes  33 cm  
h igh , 100 c m  lo n g , and i m m  th ick  and sp aced  1 m m  ap art. The old 
c o ll im a to r  u sed  iiv e  v e r t ic a l  M g sp a ce rs  to  keep  the 3 3 -c m -h ig h  Pb p la tes 
ir o m  bow in g  in the v e r t ic a l  d ire c t io n . T h ese  M g s p a c e r s ,  each  0 .6 3  cm  
th ick , resu lted  in  se r io u s  a b so rp tio n  o í  the d ii fra c te d  b ea m  at low  gam m a 
e n e rg ie s . (The tr a n sm iss io n  through  the 3 .2  cm  o í Mg w as 0 .0 5  fo r  a 
3 0 -k e V  gam m a r a y .)  The a b sen ce  o f v e r t ic a l  s p a c e rs  in the new 
p o s t -c o l l im a to r  e lim in ates th is lo w -e n e r g y  a b so rp tio n . The v e r t ic a l  bow ing 
p r o b le m  is  g re a tly  red u ced  b y  d iv id ing  the c o ll im a to r  into th ree  sep arate  
v e r t ic a l  s e c t io n s . F ig u re  2 is  a ph otograph  o f the new c o ll im a to r , taken 
ir o m  the s o u r ce  p o s it io n  (the poin t o í co n v e rg e n ce  o í the ta p e re d  m u ltis lits  
o f  the c o ll im a to r ) .  T he Pb p la te s  a re  slid  into s lo ts  in the top  and bo ttom  o f 
e ach  s e c t io n . The thin c r o s s  su pports that b e a r  the w eight of the f i r s t  and 
secon d  row s o f p la tes a re  in the shadow  o f the h o r iz o n ta l r ib s  o f the 
c r y s ta l-c la m p in g  b lo c k ,  s o  th e ir  p r e s e n ce  ca u se s  no a p p re c ia b le  redu ction  
in tra n sm iss io n .

A  new  qu artz  c r y s t a l ,  30 cm  X 28 cm  X 0 .2  c m , w as bent 
and in sta lled  in the s p e c tr o m e te r . In F ig . 3 the line w idth (FW H M ) o f th is 
2 -m m -th ic k  bent c r y s ta l  is  c o m p a re d  w ith the 4 -m m -  and 6 -m m -th ic k  
c r y s t a ls  p r e v io u s ly  u sed  in the s p e c tro m e te r . The fu ll w idth at hali 
m a xim u m  o í the d iffra c t io n  peak  using the (310) p la n es oí the c ry s ta l a re  
p lotted  as a fu n ction  o f  the th ick n ess  т o f  the c r y s ta l.  T h is is  equ ivalent to 
p lottin g  the w idth  as a fu nction  o f the s tre s s  in the c r y s ta l  when the rad iu s of 
ca ra tu re  R is  held con stan t. S tre ss  = constan t X т /R -  A l l  c ry s ta ls  w e re  
cut fr o m  the sa m e p ie c e  o f  q u a rtz . The ex p erim en ta l w idths o f 13. 5 , 9. 0, 
and 4 .5  se c  o f  a r c  fo r  the 6 -m m , 4 -m m , and 2 -m m  c r y s t a ls ,  r e s p e c t iv e ly , 
s tro n g ly  su g gest that the w idth o f the d iffra c t io n  peak  is  a lin ea r  fu nction  of 
the s t r e s s .  T h is is  co n s is te n t  w ith  the th e o ry  o f Sum baev [2 ]  , w h ich

FIG. 3. A plot o f  the fu ll width at h a lf m axim um  W o f  the diffraction peak o f  the (310) planes o f  quartz 
bent to a 7 . 7 -m  radius as a function o f  crystal thickness for the 2 m m , 4 m m  and 6 m m  crystals at present 
in use with the Argonne bent-crystal spectrom eter. The stress introduced into the crystal through bending 
is proportional to the thickness т  i f  the radius R is kept constant (stress -  constant X т /R ) . A ll crystal plates 
were cut from  the sam e single crystal. The solid line is a straight line  through the experim ental points. The 
dashed line is the upper lim it a llow ed by the error in the points.
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p r e d ic ts  a bow ing  o f the (310) c ry s ta lin e  p lan es when the quartz c r y s ta l  is  
bent. Th is bow ing is re la ted  to  the a sy m m e try  of the e la stic  constants o í the 
c r y s ta l  and should be  p ro p o rt io n a l tö  the applied  s t r e s s . The fa c t that the 
stra igh t line through  the ex p erim en ta l poin ts p a sse s  through  z e r o  w idth at 
z e r o  s t r e s s  su ggests  that the w idth oí the rock in g  cu rv e  oí the u n stre sse d  
c r y s ta l  is  m uch  sm a lle r  than the 4 . 5 -s e c  w idth obtained with the 2 -m m -th ic k  
c r y s ta l  bent to  a 7. 7 -m  ra d iu s . The w idth o f the d iffra c tio n  peak W should 
fo llo w  the re la tion sh ip

W = [ Wo^ + (A T /R )^  ]

w h ere  Wo is  the w idth o f the rock in g  cu rv e  o f the unbent c r y s ta l ,  т is  the 
th ick n e s s , R is  the radius of cu rv a tu re , and A  is  a constant re la ted  to  the 
th e o ry  and the units u sed  fo r  т  , R , and Wo . The ex p erim en ta l data p re d ic ts  
z e r o  fo r  Wo but the e r r o r  on the poin ts a llow  Wo < 1 . 5  sec  o í a r c .  It is  
obv iou s fr o m  th is graph  that one should try  a th inner c r y s ta l  (-̂ -1 m m ) or  use 
a d iffe re n t set o f c ry s ta llin e  p lanes to  take advantage of the n e a r -p e r ie c t  
qu a lity  o f the qu artz  c r y s ta l .  We hope to  do ju st this in the near fu tu re . The 
re m a rk a b le  thing about the use o f th inner and thinner c ry s ta ls  is  that it has 
not a p p re c ia b ly  red u ced  the peak  in ten sity  o f  the d iffra c tio n  peak . This is  
con s is ten t w ith the assu m ption  that the in te g ra l r e f le c t iv ity  (a rea  under the 
d iffra c t io n  peak) is  p ro p o rt io n a l to  the th ick n ess w hile the height is 
p ro p o rt io n a l to  the area  d iv id ed  b y  the w idth . If this is tr u e , then the 
d iffra c t io n -p e a k  in ten sity  should rem ain  the sam e as long as the ex p erim en ta l 
poin ts in  F ig . 3 rem ain  c lo s e  to  the stra ight lin e . A  v e r y  in terestin g  
qu estion  that as yet rem ain s  unansw ered  co n ce rn s  the depen den ce of the 
w idth and peak  height on s t r e s s  i f  the radius o f  cu rva tu re  is  v a r ie d  in stead  
o f the th ick n e ss . F ig u re  4 co m p a re s  th ese  tw o c a s e s .  The shaded area  is 
the re g io n  o f the c r y s ta l  that con trib u tes  to  the d iffra c t io n  p r o c e s s  when 
the sp e c tro m e te r  is  set at the cen ter  o f the d iffra c t io n  peak . Th is reg ion  
is  defin ed  b y  the angle AO in each  c a s e . If this p ic tu re  is c o r r e c t ,  then 
the m axim u m  in ten sity  o f  the d iffra c t io n  peak  w ill double i f  R is  dou b led , 
p ro v id e d  each  u sab le  part o f the c r y s ta l  a cts  independently . If ad jacen t 
re g io n s  a ct c o h e re n t ly  so  that the am plitudes rath er than the in ten sities  of 
the w aves a re  ad d ed , then the depen den ce w ould  go as R^ rath er than as R 
and doubling the radius w ould  quadruple the peak  in ten sity . In th is c a se  the 
c h o ic e  o f R w ould  not a ffe c t  the peak  in ten sity  s in ce  the lo s s  in so lid  angle 
w ould  b e  m ade up b y  the in cr e a s e  in  r e f le c t iv ity . The u n d iffra cted  
ba ck grou n d  w ou ld , of c o u r s e ,  go down w ith in cre a s in g  R . In e ith er ca se  an 
im p rov em en t in both  the re so lu tio n  and the s ig n a l-to -b a ck g ro u n d  ra tio  w ould 
re su lt  fr o m  in cre a s in g  the radius of cu rva tu re  R .

T he a ltern a tive  ap p roa ch  to  th is p ro b le m  o f d is to r tio n  o í the 
c ry s ta llin e  plane when s t r e s s e d  is  to  use a lo w -o r d e r  p la n e , such as the 
(1 1 0 ), that is  sy m m e tr ic  w ith r e s p e c t  to  the e la s tic  con stan ts . In this ca se  
no d is to r t io n  o c cu rs  and one can take fu ll advantage of the n e a r -p e r fe c t  
c r y s ta l  s tru ctu re . The low er d is p e rs io n  o f the (110) plane can b e  o v e rc o m e  
b y  Using a h igh er o rd e r  of d if fr a c t io n , e .g .  , the secon d  or  th ird  o r d e r .

The m o s t  r e ce n t m o d ifica tio n  o f the sp e ctro m e te r  w as the 
addition  o f  the m u ltis lit  p r e -c o l l im a to r  to  co llim a te  the gam m a ray  bea m  
b e fo r e  it s tr ik e s  the bent qu artz  c r y s ta l .  The new con fig u ra tion  is  shown
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C ONSTANT R A D IU S

C O N STA N T  T H t C K N E S S

FIG .4 . Schem atic diagrams in which the shaded areas showwhat portion o f  a bent crystal is able to 
contribute to the d iffraction  process when the crystal is set at the Bragg angle for peak diffraction  intensity.

in F ig . 5. The p r e -c o l l im a to r  is  lo ca te d  ju st ou tside the re a c to r  fa ce  and 
is  about halfw ay fr o m  the so u rce  to the b e n t .c ry s ta l. T h is c o llim a to r  
co n s is ts  of 106 lead  p la tes 15 cm  high and 60 cm  lon g . The th ick n ess  o f 
each  p late  is  0. 046 cm . The sp ace  betw een  them  is  0. 055 cm  at the fron t 
o f the c o llim a to r  and opens out to  0. 061 cm  at the b a ck . T h is c o llim a to r  
m u st be  m atched  to  the p o s t -c o l l im a to r  so that the d iffra c te d  bea m  w ill 
p a ss  through  the p o s t -c o l l im a to r .  Any bow ing  or  m isa lig n m en t of the p la tes  
in  either c o llim a to r  can  cau se  ser iou s  lo s s  in the in ten sity  of the d iffra c te d  
gam m a b ea m . The p la tes  s lid e  into g ro o v e s  cut into the top  and bottom  
m e m b e rs  o f the c o llim a to r  fr a m e , ju st as they did in the p o s t -c o l l im a to r .
T h ese  p r e c is io n -c u t  g ro o v e s  en su re  the p ro p e r  o n e -to -o n e  co rre sp o n d e n ce  
b etw een  the p r e -  and p o s t -c o l l im a to r .  The bow ing  in the v e r t ic a l  d ire c t io n  
w as red u ced  b y  cem en tin g  the p la tes top and bo ttom  and applying ten sion  to 
the w hole set. T h is w as done s lo w ly  so  that the co ld  flow  o f the lead  cou ld  
even  out the ten sion  on the in div idu al lead  p la tes .

The e ffe c t  o f this p r e -c o l l im a to r  on the r e c o r d e d  ba ck grou n d  
w as rath er sp e cta cu la r . F ig u re  6 co m p a re s  the ba ck grou n ds w ith  p r e co llim a tio n  
(low er  so lid  lin e) and w ithout it (upper so lid  lin e ). The redu ction  is  at lea st 
an o r d e r  of m agnitude o v er  the w hole sp ectru m  and ap p roa ch es  3 o r  4 o rd e rs  
o f m agnitude at the h igher e n e rg ie s . The dashed lin e  in d icates the 
im p rov em en t w e exp ect to a ch ieve  b y  in cre a s in g  the sh ie ld  around the Nal 
d e te cto rs  to  red u ce  the con tribu tion  re la ted  to  the g e n e ra l ro o m  back grou n d .
The double c o llim a to r  sy s te m  is  m u ch  like having a sin g le  c o llim a to r  4 .m  
lo n g , ex cep t that the d e te cto rs  cannot v iew  the fron t of the c o llim a to r  d ir e c t ly .
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BAMMA EN ERSY - CONSTANT

FIG. 5. Diagram o f  the bent-crystal spectrom eter with the m ultislit p re -co llim a tor  in p lace . The gam m a 
rays result from  neutron capture in a sm all sam ple at the le ft , near the core  o f  the reactor. They em erge 
from the reactor through a Bi aperture and pass through the p re -co llim a tor  and a second aperture. A narrow 
energy increm ent o f  this gam m a beam  is then d iffracted by the (310) planes o f  the bent crystal, separated

FIG. 6. Graph o f  the background counting rate before and after installation o f  the m ultislit p re -co llim ator 
and thinner crystal. The dashed line is the background associated exclusively  with the y -ray beam  when 
the p re -co llim a tor  is in p la ce . The source used in this com parison was the ^ S m (n ,y ) * ^  reaction . The 
counting rate plotted is that in 10% o f the aperture o f  the bent crystal.
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T he p r e -c o l l im a t o r  a b so rb s  or  s ca t te rs  a g rea t m any o f  the fa s t  n eutron s 
and gam m a rays s ca t te re d  in the in -p ile  a p e rtu re . T h is d o u b ly -s ca tte re d  
rad ia tion  is  a b so rb e d  in a h eavy  sh ie ld  around the p r e -c o l l im a t o r  and d oes  
not con tr ib u te  to  the r o o m  ba ck grou n d  o r  to  the d e te cto r  ba ck g rou n d . In 
a d d ition , the in ten sity  o f the p r im a r y  b e a m  o f y rays fr o m  the s o u r c e — and 
th e r e fo r e  the in ten sity  o f  the u n d iffra cted  b e a m  w hich  m u st b e  stopped  in the 
p o s t - c o l l im a t o r — is  cut in h a lf b y  the p r e c o l l im a to r .  Th is is  an im portan t 
im p ro v e m e n t s in ce  it is  th is u n d iffra cted  b e a m  that accou n ts fo r  m o s t  o f  
the ba ck g rou n d  at the h igh er gam m a e n e rg ie s . Som e bow in g  o r  " o i l  can n in g" 
s t il l  ex is ts  in the v e r y  thin Pb p la tes  o f the p r e c o l l im a to r .  T h is re d u ce s  
the tra n sm itted  b e a m  to  60% of that m e a su re d  w ithout the p r e -c o l l im a t o r  in 
p la ce .

F ig u re  7 co m p a re s  data taken b e fo r e  and a fter  the new 2 -m m  
bent c r y s ta l  and the p r e -c o l l im a t o r  w e re  in sta lle d  in  the sp e c tro m e te r . T he 
im p ro v e m e n t in re so lu tio n  and se n s itiv ity  in  this p a rt o f the ^ ^ S m (n ,y )^ ^ S m

FIG. 7. A com parison betw een data obtained with the bent-crystal spectrom eter after the installation o f  
the thinner bent crystal and the m ultislit p re -co llim a tor  (curve A ) and before the installation (curve B).
Both curves represent the 3 9 0 -4 1 0 -k eV  region o f  the '^^Sm(n,y ) '^  sm  spectrum : the counting rate plotted 
is that in 10% o f  the aperture o f  the bent crystal -  i. e .  in one o f  the ten Nal crystals in the detector bank.
In an attempt to obtain statistics good enough that the doublet at 397 .90  and 3 9 6 .4 9  keV could  be resolved 
by line-shape analysis, a long counting tim e was used for each  point o f  the "b e fo re "  spectrum . Although the 
counting tim e per point was only 1 /2 5  as large for the "a fter" spectrum as for the "b e fo re " ,  the "a fte r" spectrum 
obviously is far superior for this purpose.
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sp e ctru m  as w e ll  as the n eed  fo r  th is im rp ov em en t is  o b v io u s . T h is n eed  is 
p a r t icu la r ly  im p e ra tiv e  w hen one is try in g  to  d e tect w eak lin es in the 
sp e ctru m  (su ch  as the 4 0 0 .6 3 -k e V  lin e ) or  r e so lv in g  c lo s e  doublets (su ch  as 
the 397. 90 - and 3 9 6 .4 9 -  keV  set o r  the u n re so lv e d  3 9 0 .2 4 -k e V  dou blet).
It is  a ls o  v e r y  u se fu l in setting  upper lim its  on m iss in g  tra n sition s  (su ch  as 
the one at 4 0 5 .4 6  k eV , in d ica ted  b y  the double p a ren th esis  in  F ig . 7).

The d ra s tic  red u ction  in the b a ck grou n d  above  2 M eV  has 
m ade it  p o s s ib le  to  m ake m ean ingfu l m ea su rem en ts  up to  6 M eV b y  using 
the f i r s t - o r d e r  d iffra c t io n  of the (310) p lanes in qu artz . The en erg y  
re so lu tio n  (FW H M ) is  m uch  p o o r e r  than that a ch ie v e d  w ith G e (L i) d e te cto rs  
at 6 M eV , but it is  s t il l  p o s s ib le  to  id en tify  the s tro n g e r  m e m b e rs  o f the 
(n ,y )  sp e ctru m . F ig u re  8 show s a b e n t -c r y s ta l  sp e c tro m e te r  run o v e r  the 
stron g  5 .8 -M e V  lin e  in  the ^ ^ C d (n ,y )^ ^ C d  sp e ctru m . The run w as m ade 
w ith the sp e c tro m e te r  b e a m  stopped  dow n to  a fifth  o f  its n o rm a l a rea  and 
w ith  a s o u r ce  on ly  on e-ten th  as stron g  as is  n o rm a lly  u sed  fo r  the 
in ves tig a tion  o f the (n ,y )  sp ectru m  above  500 k eV . The run w as part of a 
s e r ie s  d es ign ed  to  ca lib ra te  the re la t iv e  e f f ic ie n c y  o f the new sy s te m  fo r  
gam m a e n e rg ie s  fr o m  20 keV to  6 M eV . B oth  the r e s tr ic t io n  o f the ap ertu re  
and the u se  o f  the sm a lle r  sam p le  w e re  n e c e s s a r y  to  keep the c o r r e c t io n s  
fo r  s e l f -a b s o r p t io n  o f the gam m a ra y s  in  the s o u r ce  and the d is to r tio n  
o f the line shape fo r  low  gam m a e n e rg ie s  fr o m  adding to o  m u ch  u n certa in ty  
to  the e f f ic ie n c y  ca lcu la tio n . The counting rate  fo r  a n o rm a l sam p le  w ould

E y ( M e V )

FIG. 8. A bent-crystal spectrom eter run over the strong 5 . 8-M eV  lin e  in the "^ C d fn .y  ) " ' ' c d  spectrum.
It was obtained with the first-order d iffraction  o f  the (310) planes in quartz. The solid line is the envelope 
o f  the known spectral com ponents in this energy region ; it is based on Ge(Li) data norm alized to the 
experim ental counting rate. A single line shape o f  appropriate height for the 5. 8-M eV  line is also show n. 
The dashed line is the undiffracted background.
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b e  an o r d e r  o f m agn itude h ig h er . N e v e rth e le ss  the stron g  lin e at 5. 8 M eV 
stands out in  the sp e ctru m . The so lid  line through  the data poin ts is  the 
en velop e  o í the ex p ected  r e sp o n se  function  o í the b e n t -c r y s ta l  sp e c tro m e te r  
fo r  the known (n ,y )  sp ectru m  in this en erg y  re g io n ; re la t iv e  e n e rg ie s  and 
in ten s itie s  w e re  taken fr o m  the G e (L i) w ork  and the height o f  the en velop e  w as 
n o rm a liz e d  to  the data. The ba ck grou n d  is d e term in ed  b y  rotating  the bent 
c r y s ta l  to  d e s tro y  the d iffra c t io n  con d ition . The in ten sity  o f  the ind iv idu al line 
is  p ro p o rt io n a l to  the height o f the fu ll re sp o n se  fu n ction  and can  b e  ca lcu la ted  
in  a stra ig h tforw a rd  m a n n er. A  s im ila r  p ro ce d u re  w as u sed  on other stron g  
lin es to g ive  a d eta iled  d e s cr ip t io n  o í  the re la tiv e  in ten sities  o f the (n ,y ) 
sp e ctru m  fo r  the in term ed ia te  e n e r g ie s . The m a jo r  u n certa in ty  in this 
m eth od  w as the r e sp o n se  fu n ction  o f  the N al d e te cto r  (a 5 X 5 -in . r igh t 
c y lin d e r ) . T h is w as m e a su re d  d ir e c t ly  by  r e co r d in g  the Nal p u lse -h e ig h t 
sp e ctru m  in a m u ltich an n el a n a lyzer  w ith the bent c r y s ta l  set on the d iffra c t io n  
p ea k , then rotatin g  the bent c r y s ta l  to  rem ov e  the d iffra c te d  peak  and 
su btra ctin g  o ff the u n d iifra cted  back grou n d . The new va lu es obtained fo r  the 
re la t iv e  in ten sities  o í the stron g  lin es  in the sp ectru m  w e re  then u sed  to 
r e ca lib r a te  the r e s t  o f the sp e ctru m  and to ch eck  the e ff ic ie n cy  cu rve  of the 
G e (L i) d e te cto r .
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Abstract

THE AUTOMATION OF THE CURVED CRYSTAL SPECTROMETER A T  RISC. The automated curved 
crystal gam m a-spectrom eter at Riso is described and new essential attributes are presented. An angular 
reflection  width o f  1. 2" can be obtained. T h e optim al energy resolution and the energy error o f  a 
single g am m a-re flection  are given  by A E (keV ) -  AxE^xlO ^ x l /n ,  where E is the gam m a energy in keV and 
n the order o f  re flection . A is 2 .5  i f  ЛЕ stands for the resolution, and 0 .4  for the energy error. Strong 
transitions over 2QQ keV are measured in  the 5th c id e r . Resuits tor the n ucle i '^ E u  and ^ E u  are reported.

1. INTRODUCTION

A grea t num ber o f  n eu tron -ca p tu re  g a m m a -ra y  sp e ctra  [ 1] have been  
stud ied  with the cu rved  c ry s ta l sp e c tro m e te r  at the r e a c to r  DR 3 at R is 0 , 
D enm ark . T h is in stru m en t and its b a s ic  p r in c ip le s  have been  d e s cr ib e d  
p re v io u s ly  [2 ] .  The m ea su rem en ts  w ere  p e r fo rm e d  in the fo llow in g  way.

(a) The tota l sp ectru m  w as r e co r d e d  au tom atica lly  on paper tape with 
an angular a c c u r a c y  o í  1 -2 " .

(b) The angles o f  r e f le c t io n  o f stron g  lin es  w ere  then m ea su red  m anu
ally  with an a ccu ra cy  o f  0. 2 -0 . 3" by m eans o f a v e ry  good th eod o lite . 
B eca u se  o f unavoidable  d isp la cem en ts  o f  the so u rce  it w as n e ce s sa r y  
to  m e a su re  the r e f le c t io n s  o f  these gam m a lin es  co n se cu tiv e ly  
s e v e r a l t im e s  on both  s id e s  o f  the z e r o  point (B ragg  angle = 0).

(c )  The e n e rg ie s  o f  w eak gam m a tran sition s  w ere  fin a lly  obtained from  
the au tom atica lly  p lotted  sp ectru m , u sin g  the e n e rg ie s  o f  the in 
ten se  lin es  as r e fe r e n c e s .

The m anual m ea su rem en ts  w e re  v e ry  t im e -co n s u m in g . In fa.ct, about
10 000 poin ts had to be  m ea su red  during the study o f a co m p le x  (n, y) 
sp ectru m .

O bv iou sly  one w ould w ish  to  r e c o r d  au tom atica lly  the w hole lo w -e n e r g y  
(n, y )-s p e c tr u m  with an angular a ccu ra cy  o f 0 .2 "  o r  le s s .  Such an auto
m a tic  op era tion  has the fo llo w in g  advantages: (1) the tota l m ea su rin g  tim e 
is  u sed  e x c lu s iv e ly  fo r  p r e c is io n  m ea su rem en ts ; (2) the en erg y  o f  each  
gam m a tra n sition  is  obtained fro m  a ll o r d e rs  o f  r e f le c t io n , and not on ly 
fr o m  one o r d e r  as w as the c a se  during the m anual m ea su rem en ts ; and
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(3) the autom ation  o f the sp e ctro m e te r  en ab les the e x p e rim e n te r  to 
m ea su re  the w hole sp ectru m  in a fa ir ly  sh ort t im e . Such fast runs cannot 
be p e r fo rm e d  by  m anual m ea su rem en ts . They are n e ce s s a r y  i f  double 
n eu tron -ca p tu re  o c c u r s  (e .g .  ta rg e t: ^ ig u )  and i f  ta rg e ts  (e .g .  
w ith high neutron  capture c r o s s -s e c t i o n  are  studied, b eca u se  o f  the bu rn 
out o f  the s o u r ce s .

2. THE COM PENSATION OF THE SOURCE D ISPLA CEM EN TS

T he a ccu ra cy  o f the determ in a tion  o f B ragg  angles is  lim ited  by the un
co n tro lle d  d isp la cem en ts  o f  the s o u r ce  that is  suspended  in sid e  the tangentia l 
channel o f the r e a c to r  at a d ista n ce  o f  6 m fro m  the s p e c tro m e te r . B ecau se  
o f  tem p era tu re  v a r ia tion s  the gam m a re fle c t io n s  sh ift ir re g u la r ly  by about 
3" in  the c o u r se  o f  th ree  w eek s. T h is is  15 t im e s  the e r r o r  o f  the angle 
m ea su rem en t. The autom atization  o f  the R is0  s p e ctro m e te r  m ust, th e r e 
fo r e , in clude  a d ev ice  that continu ou sly  m e a su re s  the s o u r ce  p os ition .
T h is is  a ch ieved  by  m eans o f  a co n tro l c ry s ta l (F ig . 1) that is  set to  r e f le c t  
a c e rta in  v e ry  stron g  gam m a lin e .

The co n tro l c ry s ta l is  bent lik e  the m ain  c ry s ta l and it is  fo cu se d  on 
the s o u r ce . It is  d r iv en  by  a crank in g  m ech an ism  (F ig . 1) and o s c illa te s  
about the B rag g  angle o f  a stron g  gam m a lin e  with an am plitude equal to  
the lin e  width. The counting ra tes  fo r  the p o s itiv e  and negative part o f the 
o s c i l la t o r  m ovem en t are  co m p a re d  with each  o th er. A num ber o f p u lses  
p ro p o rt io n a l to  the d iffe r e n c e  betw een  th ese  tw o counting ra te s  a re  fed  into 
a stepp in g  m o to r , w hich  m ov es  the c a r r ia g e  with the crank  m ech an ism  to
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such  an extent that the ce n tre  o í the c ry s ta l o s c illa t io n s  fo llo w s  the cen tre  
o f  the r e fe r e n c e  gam m a r e fle c t io n . The rota tion  o f  the co n tro l c r y s ta l  is  
fed -b a ck  to  the m ain  c r y s ta l  to  com pen sa te  the s o u r ce  d isp la cem en t.

3. TH E DRIVING M ECHANISM OF THE C R Y S T A L

A  v e ry  a ccu ra te  ro ta tion  and a p r e c is e  m ea su rem en t o f  the angular 
or ien ta tion  o f  the m ain  sp e c tro m e te r  c ry s ta l is  a ch ieved  with the u se  o f  a 
c ry s ta l arm  w hich  is  2 m lon g  and w hich  is  m oved  by a high p r e c is io n  s c r e w . 
A s seen  in F ig . 1, the s c r e w  sp ind le  is  rotatëd  by  a w orm  g ear  and m o v e s  
a c a r r ia g e  by m ean s o f  a v e ry  p r e c is e  nut w hose  ro ta tion a l p o s itio n  is  d e 
fined  by a guide r a il .-  The end o f  the c ry s ta l arm  s lid e s  on a w e ll-g ro u n d  
p late fasten ed  to  the c a r r ia g e . A  d isp la cem en t o f  1 ^m ca u se s  a c ry s ta l 
ro ta tion  o f  0. l " .  By th is sy stem  the sine o f the c r y s ta l  angle o r  the w a v e 
length  o f  the r e f le c te d  rad ia tion  is  p ro p o rtio n a l to  the num ber o f revo lu tion s  
o f  the s c r e w  sp ind le . The guide r a i l  fo r  the nut ro ta tion  is  m oved  about 
the s c r e w  ax is by am ounts p ro p o rt io n a l to the s o u r ce  d isp la cem en t. The 
p ro p o rt io n a lity  fa c to r  is  ad justed  in  the fe e d  ba ck  sy stem  in such  a w ay that 
a s o u r ce  m ovem en t is  com pen sa ted  to  b e tter  than 0. l " .  T he tota l a c cu ra cy  
o f  the determ in a tion  o f the B ra g g  an gles is  0. 1 5 -0 . 2 " .

A nother s c r e w  sp in d le , nut and guide sy stem  is  u sed  fo r  the m ovem en t 
o f  the Nal d e te cto r  and the le a d -p la te  co llim a to r , w hich  have to  fo llo w  the 
angle o f  the d iffra c te d  gam m a rad ia tion . T og eth er  w ith the autom ation  
the o ld  0 .4 -m  lon g  co llim a to r  has been  re p la ce d  by  a 1 .4 -m  lon g  one 
cau sin g  a red u ction  o f  the back grou n d  by a fa c to r  3 fo r  e n e rg ie s  above 400 
keV .

4 . TH E RESOLUTION

The m ost va lu ab le  p ro p e rty  o f  the R is0  s p e ctro m e te r  is  its  high r e s o 
lution , w hich  is  d eterm in ed  by  the quality  o f  the c r y s ta l  and its cu rva tu re , 
and by the w idth o f the s o u r c e  in  the d ire c t io n  p erp en d icu la r  to  the beam .

4 .1 .  The so ur c e

An im p rov em en t o f  the technique fo r  the so u r ce  p rep a ra tion  ca u sed  a 
grea t red u ction  o f  the lin e  width. W e now u se  sm a ll, ca r e fu lly  ground U- 
p r o f i le s  m ade o f  0. 2 m m  th ick  A l - fo i l  to  keep the s o u r ce  m a te r ia l plane to
0. 01 m m  o r  le s s  (s e e  F ig . 1 o f  R ef. [3 ] ) .  Such s o u r ce  h o ld e rs  m ust be 
bu ilt as light as p o s s ib le  b e ca u se  any m a te r ia l n ear  the s o u r ce  in c r e a s e s  
the back grou n d  fo r  e n e rg ie s  b e low  about 200 keV .

The d im en sion s  o f  the s o u r ce  a re  25 X 5 X (0. 03 to  0. 1) m m ; it contains 
fr o m  10 to  80 m g o f ta rg e t m a te r ia l. The thinnest s o u r ce  we have u sed  
w as a 25 to  30 - ц т  th ick  gold  fo il .

4 .2 .  The d iffra c t io n  c ry s ta l

We u se  a 4 -m m  th ick  qu artz  sheet o f  e x tre m e ly  sm a ll m o s a ic  sp rea d , 
r e f le c t in g  at the 1 1 0 -p lan es  and bent to  a rad iu s o f  5. 80 m . The d ia m eter  
o f  the c ry s ta l w indow  is  42 m m . F o r ,h ig h -re so lu t io n  m ea su rem en ts  on ly 
one h a lf o f  it can  be  u sed .



6 8 KOCH et al.

T he angular lin e width o f the s p e c tro m e te r  is  in a w ide en erg y  range 
independent o f the en erg y  and the r e f le c t io n  o r d e r . F o r  e n e rg ie s  be low  
about 200 k eV  the r e f le c t io n  p ow er o f  the f ir s t  and se co n d  o r d e r  is  so  b ig  
that the c ry s ta l ap pears no lo n g e r  thin. Then the sa tu ration  o f  the r e f l e c t 
iv ity  o f  m o s a ic  c ry s ta lli te s  in the ce n tre  o f  the angular d is tr ibu tion  in tr o 
du ces a b road en in g  o f  the g a m m a -ra y  r e f le c t io n s . T h is con trib u tion  to  the 
lin e  width am ounts at 100 k eV  to  1" f o r  the f ir s t  o r d e r  o f  r e f le c t io n .

We have o b s e rv e d  a total width o f  1. 2" at h a lf m axim um  fo r  the ^ A u  
(n, y ) lin e s . At le a st 1" m ust be attributed to  the s o u r ce . If we assu m e 
G aussian  d is tr ib u tion s  fo r  the con trib u tion s to  the lin e  w idth, th ere  rem a in s  
at m ost 0. 7" f o r  the sum  o f  the m o s a ic  sp rea d  and the n o n -id e a l cu rvatu re  
o f  the c ry s ta l. T h is show s that the m o s a ic  sp rea d  d oes  not n e c e s s a r ily  in 
c r e a s e  when a qu artz c ry s ta l is  bent. The sm a lle s t  va lu es fo r  the m o s a ic  
sp rea d  that have been  found in s e le c te d  re g io n s  o f  fla t quartz c ry s ta ls  are  
a lso  o f  the o r d e r  o f  0. 7 " . M ost o f  the oth er cu rved  c ry s ta l sp e c t ro m e te rs  
p rod u ce  a lin e  width fr o m  10 to  2 0 ". T h is  is  due to  a d is to r tio n  o f  the r e 
fle c t io n  p lanes in the bent state o f  a qu artz c ry s ta l. The a n iso trop y  o f 
qu artz  n o rm a lly  ca u se s  a plane p erp en d icu la r  to  the su r fa ce  o f  the fla t 
c ry s ta l p late  to  be cu rv e d  when the plate is  bent cy lin d r ic a lly , the cy lin d e r  
ax is b e in g  p a ra lle l  to  the p lane. The 110-p lan e, w hich  w e u se  at R is0 , is  
not d is to r te d  by  su ch  a p r o ce d u r e . T h is  is  a r e su lt  o f  the sy m m etry  
p r o p e r t ie s  o f  the e la s t ic  con stan ts . H ow ever, Sum baev [4 ]  has show n that 
the d is to r t io n  o f  any r e f le c t io n  plane can  be  avoided  i f  an ap p rop ria te  
or ien ta tion  o f  the c r y s ta l  sh eet w ith r e s p e c t  to  the c r y s ta l  axes is  ch osen .

A nother e x tra o rd in a ry  p ro p e rty  o f  the 110 -p lan e is  the s tron g  r e f le c t io n  
p ow er o f  h igh er r e f le c t io n  o r d e r s .  The g e o m e tr ic a l s tru ctu re  fa c to r  o f  the 
5th o r d e r  is  n e a r ly  id ea l. The r e f le c t io n  p ow er o f th is o r d e r  is  1 /2 5  o f 
that o f  the f ir s t  o r d e r . B eca u se  o f  the low  back grou n d  in  the 5 th o r d e r ,
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w hich  is  1 /4 0  o f  the back grou n d  o f the f ir s t  o r d e r , 20 to  40% o f the to ta l 
n um ber o f lin e s  o f  a (n, y )-s p e c tr u m  can  be  m ea su red  with an a c c u r a c y  and 
a re so lu t io n  c o rre sp o n d in g  to  a gratin g  constant o f  0. 49 A . V e ry  stron g  
tra n s itio n s  are  o b s e rv e d  even  in the 7th o r d e r  o f  r e f le c t io n .

In F ig . 2 the re so lu tio n  o f  a v e ry  good  G e(L i) g a m m a -s p e c tro m e te r  [5 ]  
is  co m p a re d  with the re so lu tio n  o f the R is0  d iffr a c to m e te r . The two p a ra lle l 
so lid  lin e s  show  the b e s t attainable re so lu tio n  and the lin e  w idth obtained  
under the p o o r e s t  con d ition s . The lo w e r  lin e  c o r r e s p o n d s  to  5 th -o rd e r  
r e f le c t io n s  o f  1. 2" angular w idth, the u pper lin e  g iv e s  the re so lu tio n  fo r  
a 3 " s o u r ce  in  the se co n d  o r d e r . T h is o r d e r  o f  r e f le c t io n  is  the m o st u s e 
fu l one fo r  w eak lin e s . F o r  s o u r c e s  co n s is t in g  o f  ox ide  p ow der w e have 
u su a lly  obta in ed  a lin e  w idth betw een  2 " and 3 " fo r  the la st e ighteen  m onths. 
T he FW HM  is  0. 5 to  3 k eV  fo r  gam m a e n e rg ie s  o f  1 M eV . In the en erg y  
s c a le  the lin e  w idth is  p ro p o rt io n a l to  the sq u a re  o f  the en erg y . So we have 
fo r  200 k eV  an op tim a l r e so lu tio n  o f  20 eV , and fo r  w eak lin e s  in b road  
s o u r c e s  we have a lin e  width o f  120 eV .

T he r e so lu tio n  o f  the b e s t G e(L i) d e te c to rs  and that o f  a d iffra c tio n  
s p e c tro m e te r  o v e r la p  in the re g io n  betw een  700 k eV  and 2 M eV . T h e re fo r e  
the m ain  f ie ld  o f  a ctiv ity  o f  a cu rv e d  c ry s ta l sp e c tro m e te r  m ust l ie  be low  
1. 5 M eV .

5. EN ERG Y A C CU R ACY

T he g rea t num ber o f r e f le c t io n  o r d e r s  p ro v id e s  an e x ce lle n t  m ethod 
o f  d eterm in in g  d ev iation s fro m  the lin e a r ity  o f  the d riv in g  m ech an ism  o f 
the sp e c tro m e te r . In the id e a l c a s e  the r e f le c t io n  p o s itio n s  o f  one gam m a 
tra n sitio n  in  d iffe re n t o r d e r s  m ust have equal d is ta n ce s . The la rg e s t  d e v i
ations am ounted to  l " .  They a re  m o s tly  due to  the n o n -lin e a r ity  o f  the 
d r iv in g  m ech an ism  and cou ld  be  e lim in ated  with the u se  o f  a c o r r e c t io n  
fu nction  co n s is t in g  o f  a sin e  fu nction  o f  a p e r io d  equal to  one rev o lu tion  o f 
the s c r e w  and o f a p o ly n om ia l. The rem ain in g  e r r o r  is  about 0. 18 ".

F o r  a s in g le  gam m a r e fle c t io n  the band o f n o rm a l en erg y  e r r o r s  cau sed  
by  the sp e c tro m e te r  it s e lf  is  g iven  in  F ig . 2 by  the dashed lin e s . The 
s ta t is t ica l e r r o r  o f  the determ in a tion  o f  the ce n tre  o f  a lin e is  not in cluded . 
The fin a l e r r o r  o f  the e n e rg y  o f  a lin e  is  u su a lly  around one h a lf o f  the 
value show n in F ig . 2. T h is is  due to  the fa c t  that the w eighted av era g e  is  
taken o f  the re su lts  in  the d iffe re n t r e f le c t io n  o r d e r s .  Thus an e r r o r  o f  
40  e V  fo r  a stron g  1 -M e V  tra n sition  is  attainable.

6. E F FIC IE N C Y

T he p ro b a b ility  that a gam m a quantum em itted  fr o m  the s o u r ce  w ill 
be  d etected  in the photo peak o f  a 2 X 2 - in .N a I  d e te cto r  a fter  d iffra c t io n  in 
th e m a x im u m o fth e  2 n d -o r d e r r e f le c t io n is a b o u t l0 ^  fo r 4 0 k e V  ^ E  ^ 2 0 0 k e V  
and it d e c r e a s e s  p ro p o rt io n a l to  E*2 fo r  Ey ^  200 keV . The fu ll-  
en erg y  peak d e tection  e f f ic ie n c y  o f  a re a so n a b le  s iz e  (10 cm^) G e(L i) d e 
te c to r  v iew in g  an in tern a l ta rg et is  rou gh ly  1 0 - 5 0  t im e s  that o f  the 
c u r v e d -c r y s ta l s p e c t ro m e te r . H ow ever, the re so lu tio n  o f such  a G e(L i) 
sp e c t ro m e te r  is  u su a lly  m o r e  than a fa c to r  1. 5 p o o r e r  than that o f  the v e ry  
sm a ll (0. 2 cm^) h ig h -re so lu tio n  d iode the lin e  width o f  w hich  has been  in 
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eluded in F ig . 2. B e s id e s  the lo w e r  d etection  e ff ic ie n cy  o f  the cu rved  c ry s ta l 
sp e c t ro m e te r  th ere  re m a in s  another d isadvantage o f  the d iffra c to m e te r : 
the sp ectru m  m ust be m e a su re d  in about 20 000 angular s tep s . N ev erth e
le s s ,  fo r  n e u tro n -ca p tu re  c r o s s -s e c t i o n s  la rg e r  than about 100 b and gam m a 
e n e rg ie s  up to  1 M eV , the c u r v e d -c r y s ta l  s p e c tro m e te r  can com p ete  with 
s o l id -s ta te  d e te c to r s , i f  one co m p a re s  the actual sen s itiv ity  fo r  the d e 
te c tio n  o f lin e s . T h is is  due to  the fo llo w in g  p r o p e rt ie s  o f  the d iffra c tio n  
sp e c tro m e te r :

(a) Counting ra te s  o f  any m agnitude are  a llow ed . T hey do not a ffe ct 
the re so lu tio n .

(b) The ra tio  o f  peak height to  back grou n d  is  b ig g e r  than in  G e (L i)-  
d e te c to r  sp e c tra , w here the C om pton d istr ibu tion  is  r e sp o n s ib le  
fo r  the high back grou n d . F o r  in stan ce  fo r  the s tron g  8 9 -k e V  lin e  
o f  ou r i^ E u  m ea su rem en t (F ig . 5) th is ra tio  is  as high as 1000.

Sens/f/wf/ С у =9000 6am J

F IG .3 . Sensitivity o f  the Risp spectrom eter for the detection  o f  gam m a transitions in a source o f  9000 b 
neutron-capture cross-section .

F ig u re  3 show s the w eakest gam m a lin es  that m ay be d etected  in  a 
s o u r c e o f9 0 0 0 b (^ E u )  in  the c a se  o f  a to ta l m ea su rin g  tim e  o f 10 days. The 
v a lu es  a re  a p p rox im a te ly  p ro p o rt io n a l to  1/Jcr w here c  m eans the neutron  
captu re  c r o s s - s e c t i o n .  H ow ever, the sen s itiv ity  m ay be in cr e a s e d  in sm a ll 
e n e rg y  re g io n s  by  a fa c to r  up to  4 without the to ta l tim e  o f  m ea su rem en t 
b e in g  in cr e a s e d  s ig n ifica n tly . An exam ple  o f  th is p ro ce d u re  is  g iven  in 
F ig .3  o f  R e f. [3 ] .

7. M EASU REM EN TS

In à n o rm a l run the c r y s ta l  is  ro ta ted  on ce  fro m  6 ' to  4° in a p er iod  
o f 3 w eek s, w hile 6 o r d e r s  o f  r e f le c t io n  a re  r e c o r d e d  (the 1^ to  the 5*** and 
the 7^ o r d e r ) .
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F ig u re  4 g iv e s  an exam p le  taken fro m  our m ea su rem en t on ^ Y b .  The 
sm a ll bum p on the le ft s ide  o f  the 7 6 0 -k eV  lin e  is  on ly r e so lv e d  in the 5'** 
o r d e r , w hich  is  shown in the u p p e r -r ig h t  co rn e r  o f  the fig u re .

T he counting ra te s  o f  the d ifferen t o r d e rs  a re  r e g is te r e d  fo r  each  angle 
step  on punched p aper tape. Thus the sp e ctra  can be evaluated by c o m 
pu ter. W e have m ade a p rogram  w hich  ca lcu la te s  the backgrou n d , finds 
the lin e s  o f  the sp ectru m  and p e r fo rm s  a le a s t -s q u a r e s  fit o f Gauss functions 
to  the lin e s . Up to 12 lin e s  can  be fitted  to a com p lex  s tru ctu re .

The fo llow in g  n u cle i have been  in vestigated  with the autom ated s p e c t r o 
m e te r : 156G,-  ̂ 158 152 Eu, the Y b is o to p e s  169, 172, 174 and 175, Au,
^ A s , -4°Ag and !6°Tb. The Gd iso to p e s  and^^Yb have been  exam ined  in 
c o -o p e r a t io n  with A . B äck lin  fr o m  Studsvik, who has m ea su red  the c o n 
v e rs io n  e le c tr o n s , and with R. C. G reenw ood  and C. W. R e ich  fro m  the 
Idaho N u clear  C orp ora tion , who m ade v e ry  good  high and low -en erg y  
m ea su rem en ts  with a G e(L i) d e te cto r . Som e re su lts  fo r  th ese  n u cle i are 
d is cu ss e d  in sep ara te  con trib u tion s to  th is Sym posium .

FIG .4 . Part o f  the ^ Y b ( n ,  y ) '^ Y b  spectrum . T h e second, third and fifth  order o f  re flection  are shown.

E u rop iu m -152

The evaluation  o f  the ^ 2 ^  data, w hich  is  be in g  done by K. M ühlbauer, 
is  a lm ost fin ish ed . The m ea su rem en t o f  the (n, y) sp ectru m  o f  th is o d d -od d  
n ucleu s at the beginning o f the re g io n  o f d e fo rm e d  n u cle i has d is c lo s e d  a 
trem en d ou s num ber o f l in e s . At a neutron  capture c r o s s -s e c t i o n  o f 8800 b, 
2600 gam m a lin es  w ere  m ea su red  betw een  20 and 600 keV . In the en ergy  
re g io n  betw een  100 and 200 k eV  the lin e den sity  re a ch e s  the value o f 10 
lin e s  p e r  1 keV . F ig u re  5 show s a part o f  the 3 "* -o rd e r  sp ectru m . Although 
the re so lu tio n  is  17 eV , it is  obv iou s that a s t il l  sm a lle r  lin e -w id th  is  
needed . The d ifficu lty  o f  obtain ing valu ab le  in form ation  fro m  y - y  c o in c i 
den ce ex p erim en ts  with G e(L i) d e te c to rs  is  ob v iou s . The en erg y  re g io n  
p resen ted  in  F ig . 5 c o v e r s  on ly 1 keV .

Som e new fea tu res  o f  the le v e l sch em e have been  d is c lo s e d  a lrea d y . 
F ig u re  6 show s the le v e l sch em e  o f  ^ E u ,  con stru cted  by B o rov ik ov  and
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c o -w o r k e r s  [6 ] . The le v e ls  o f the ca sca d e  lead in g  to  the 9. 2 -h  state have 
been  fix ed  by the com bination  o f the 89. 9, 109. 3 and 199. 2 -k e V  tra n s ition s . 
The e n e rg ie s  w ere  known fro m  an o ld e r  c ry s ta l s p e c tro m e te r  m e a su re 
m ent. Our new data contain  th ree  lin e s  around 199. 2 keV . None o f them  
fu lfils  the en ergy  com bination . Thus the above-m ention ed  ca sca d e  m ay not 
be p la ced  as shown in F ig . 5. The com bin ation  o f  the 77. 3, 7 3 .4  and 
150. 7 k eV  lin e s  is  co n firm e d  by our e n e rg ie s .

We have not yet m ade an attem pt to  e sta b lish  the le v e l sch e m e  o f  th is 
nucleu s from  en erg y  com bin ation s a lone. The num ber o f c a s e s , in  w hich  
the sum o f the e n e rg ie s  o f two lin es is  by chance equal to  the en erg y  o f  a 
th ird  line m ay be estim a ted  fro m  n^ . A E /E , w here n is  the to ta l num ber 
o f lin e s , AE a m ean en erg y  e r r o r  and E the tota l en erg y  range o f the lin e s . 
F o r  AE = 10 eV  one obtains fo r  our * 5 2 ^  re su lts  about 300 000 chance  c o m 
b in a tion s. The w ork  on the le v e l sch em e  w ill be continued when in  addition  
to  the v e ry  high quality  (n, *y) data, taken by the L o s  A lam os group, oth er 
additional in form ation  is  availab le , such as the re su lts  o f  co n v e rs io n  e le c tro n  
m ea su rem en ts  c a r r ie d  out by von E g id y 's  group at the M unich r e s e a r c h  
r e a c to r .
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D uring the -^ E u  m ea su rem en t tra n sition s  in ^ з^ и  cou ld  a lso  be o b 
se rv e d . They re su lt  fr o m  neutron  capture in the 1 3 -y e a r  is o m e r  o f  is^Eu 
at a c r o s s - s e c t i o n  o f  6000 b . T hey w ere  attributed to  b e ca u se  th e ir
in ten sity  in c r e a s e d  during  the irra d ia tion .

T he g rou n d -s ta te  ro ta tion a l band o f  a lrea d y  known fro m  C ou lom b -
ex cita tion  ex p erim en ts  up to  I = 1 5 /2 , is  co n firm e d  by ou r data. A ll in tra 
band tra n sition s  betw een  le v e ls  o f  the spin d iffe r e n c e  1 o r  2 have been  
o b s e rv e d .

E u r o p iu m -153

(41 (265.9) 
J* 245.4 
2* 799.2

725.Ni'27.9J

O' 4Й.5

Í40.6 if'J
46.2 f7

9.2 л

4¡) í\ 
t

742.7 .7 4 7 .8  Й* 9 0  m /n

-70Й.7 5*
-------99.9 4^

0 J* 7Jo
F1G.6. Level schem e o f  '^ E u  as proposed by  Borovikov et a l. [ 6] .

T he 9 /2 , 1 1 /2  and 1 3 /2  m e m b e rs  o f  the К  = 5 /2 * [  532] band w e re  d is 
c lo s e d . The K =  3 /2 + [4 1 1 ]  band w as extended by  the I = 9 /2  and 1 1 /2  
m e m b e r s . The in ten sities  o f  the intraband tra n sition s  o f  th ese  bands y ie ld  
the ra t io  o f ¡g^-g^l to  the in tr in s ic  quadrupole m om en t. A deta iled  p r e s e n t 
ation  and d is cu ss io n  o f the re su lts  has been  g iven  e lse w h e re  [7 ] .

T he data o f  the o th er  n u c le i in vestiga ted  with the R is0  s p e ctro m e te r  
a re  be in g  evaluated  at the p re se n t t im e .
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Abstract

FEASIBILITY STUDY OF ANJNTERNAL FAIR FORMATION SPECTROMETER FOR NEUTRON CAPTURE 
SPECTROSCOPY. The internal pair form ation  process m ay be utilized  to investigate the m ultipolarity o f  
high-energy transitions in neutron capture spectroscopy. For such measurements an instrument is needed 
that is based on  the energy summing princip le and that exhibits high resolution and sensitivity. The paper 
discusses the properties o f  a spectrom eter which consists o f  a silicon  detector te lescop e , two N al(T l) scin til
lation detectors and a superconducting m agnet. The detection e ffic ie n cy  and the m ultipolarity discrim ina-

A system o f  suitable design is proposed. The spectrom eter may also be used for measurements o f  internal 
conversion electrons.

1 . In t r o d u c t io n

In v e s t i g a t i o n s  o f  th e  r a d i a t i v e  n e u tro n  c a p tu r e  p ro c e s s  
h av e  p ro v e d  to  be a u s e f u l  means f o r  th e  s tu d y  o f  n u c le a r  s t r u c t u r e .  
C o n s id e r a b le  a id  i n  i n t e r p r e t i n g  th e  t r a n s i t i o n  d ia g ra m  i s  p ro v id e d  
by a  k n o w led g e  o f  th e  p r im a ry  t r a n s i t i o n  m u l t i p o l a r i t i e s .  In f o r m a t io n  
a b o u t th e s e  h ig h - e n e rg y  t r a n s i t i o n s  can  be d e r iv e d  from  m e a su re 
m ents o f  th e  i n t e r n a l  c o n v e r s io n  a n d , i n  f a c t ,  m a g n e t ic  e l e c t r o n  
s p e c t ro m e te r s  h a v e  been  a p p l ie d  i n  n e u tro n  c a p tu r e  s p e c t r o s c o p y  up 
to  s e v e r a l  MeV 1 An a l t e r n a t i v e  p ro c e s s  w h ic h  can  be u t i l i z e d  i s  
th e  i n t e r n a l  p a i r  fo rm a t io n  p r o c e s s ,  i . e .  th e  e m is s io n  o f  a  p o s i t r o n -  
e l e c t r o n  p a i r  in s t e a d  o f  a  gamma r a y .  As y e t  s t u d ie s  o f  t h i s  p ro c e s s  
h a v e  n o t  a t t r a c t e d  much e f f o r t ,  m a in ly  b e c a u s e  o f  th e  c o n t in u o u s  
c h a r a c t e r  o f  th e  s i n g le  r a d i a t i o n .  The p a i r  p ro d u c t io n  c o e f f i c i e n t  
i s  f a i r l y  h ig h ,  b e in g  a b o u t  10 "^  i n  an  a v e ra g e  c a s e .  W h i le  th e  
i n t e r n a l  c o n v e r s io n  c o e f f i c i e n t  i s  s m a l l  f o r  lo w  a to m ic  num bers and 
d e c re a s e s  w i t h  in c r e a s in g  t r a n s i t i o n  e n e rg y ,  th e  dep en d en ce  o f  p a i r  
f o r m a t io n  upon a to m ic  num ber i s  o A ly  s l i g h t  and t h e  c o e f f i c i e n t  i n 
c r e a s e s  w i t h  in c r e a s e  o f  gam m a-ray e n e rg y .  A co m p a r iso n  o f  b o th  
p ro c e s s e s  i s  g iv e n  i n  T a b le  I .  O ve r a w id e  ra n g e  o f  e n e rg y  and a to m ic  
number u t i l i z a t i o n  o f  p a i r  f o r m a t io n  may be  p r e f e r a b le  to  i n t e r n a l  
c o n v e r s io n .

'''P resent address: Strahlenklinik. University o f  H eidelberg. H eidelberg, 
Federal Republic o f  Germany.
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T a b le  I

C o m p ariso n  o f  i n t e r n a l  p a i r  fo rm a t io n  and i n t e r n a l  c o n v e r s io n
4

C o e f f i c i e n t  (x  10 )

Z = 33 ; к  = 5 * Z = 84 ; *  = 5 Z = 84 ; к = 7

E1 E2 M1 E1 E2 M1 E1 E2 M1
bC o n v e rs io n 0 .3 2 0 .5 3 0.52 4 .7 2 Ю .8 15 .4 2 . i f 6 .0 ° 6 .7 °

P a i r  fo rm a tio n ** 9-6 5 .3 4 .1 8 .8 4 .5 3 .5 13 .9 8 . 0 °

& 2 The e n e r g y ,  k ,  i s  g iv e n  i n  u n i t s  o f  me
From  t a b le s  o f  S l i v  and Band  ¿T 2  J ?

?  E x t r a p o la t e d  v a lu e s
In t e r p o l a t e d  v a lu e s  from  e x a c t  c a l c u l a t i o n s  p e rfo rm ed  by
J a e g e r  and  Hulm e / Г З У

H o s t  o f  th e  p r e s e n t l y  a v a i l a b l e  d a ta  on i n t e r n a l  p a i r  
p r o d u c t io n  h a v e  been  a c c u m u la te d  by  means o f  le n s  t y p e  o r  s e m i
c i r c u l a r  f o c u s s in g  m a g n e t ic  s p e c t ro m e te r s  ¿7 2  _7 . O th e r  t e c h n iq u e s  a r e  
th e  d e t e c t io n  by  a n n i h i l a t i o n  r a d i a t i o n  and  th e  u se  o f  two d o u b le  
c o in c id e n c e  G e ig e r  o r  s c i n t i l l a t i o n  c o u n te r  t e le s c o p e s .  The s o u rc e s  
w e re  m a in ly  b e t a - in s t a b le  is o to p e s  o r  p ro to n - in d u c e d  r e a c t io n s  on 
l i g h t  n u c l e i .  From  th e  s t a n d p o in t  o f  r e s o lu t io n  a n d / o r  s e n s i t i v i t y  
th e  h i t h e r t o  known s p e c t r o s c o p ic  m ethods a r e  h a r d ly  a p p l i c a b le  to  
th e  com p lex  n e u t r o n  c a p tu r e  p r o c e s s .  I n  t h i s  f i e l d  a  h ig h - r e s o lu t io n  
sy s te m  i s  needed  t h a t  makes u se  o f  th e  e n e rg y  summing p r i n c i p l e  and 
t h a t  c o l l e c t s  th e  p o s i t r o n - e le c t r o n  p a i r s  w i t h  h ig h  e f f i c i e n c y .  Two 
o f  u s ¿7 ^ - 7  t h e r e f o r e  p ro p o sed  a  new in s t ru m e n t  w h ic h  i s  b ased  on 
th e  r e s o lu t i o n ,  s e n s i t i v i t y  and  c o in c id e n c e  c a p a b i l i t i e s  o f  s e m i
c o n d u c to r  d e t e c t o r s .  I t  i s  th e  p u rp o s e  o f  t h i s  s tu d y  to  i n v e s t i g a t e  
th e  p r o p e r t i e s  o f  s u ch  a  s y s te m  i n  m ore d e t a i l .

2 .  G e n e r a l  C o n s id e r a t io n s

The m a in  com ponents o f  th e  p ro p o sed  s p e c t ro m e te r  a r e  two 
s i l i c o n  d e t e c t o r s  and  two N a l ( T l )  s c i n t i l l a t i o n  c o u n te rs  o p e ra te d  i n  
a  f o u r f o ld  c o in c id e n c e .  The s e m ic o n d u c to r  d io d e s  a r e  s t a c k e d  t o  fo rm  
a  d E/d E  + E  t e l e s c o p e .  T hey  d e te rm in e  th e  t o t a l  k i n e t i c  e n e rg y  o f  
th e  p o s i t r o n - e le c t r o n  p a i r  when b o th  p a r t i c l e s  a r e  e m it te d  i n t o  th e  
s o l i d  a n g le  su b te n d e d  by  th e  d e t e c t o r s .  The a n n i h i l a t i o n  q u an ta  
a r i s i n g  from  th e  p o s i t r o n s  s to p p e d  i n  th e  E - d e t e c to r  a r e  s e le c t e d  
by th e  s c i n t i l l a t i o n  c o u n te rs  w h ic h  a r e  p la c e d  on an  a x is  p e rp e n 
d i c u l a r  to  th e  a x is  o f  t h e  t e l e s c o p e .

The d E / d x - d e te c to r  s h o u ld  be v e r y  t h in  (1 0 0  - 200 /<m).
The e le c t r o n s  th e n  s u f f e r  o n ly  a  s m a l l  e n e rg y  lo s s  and r e a c h  th e  
E - c o u n te r  w i t h  h ig h  c o u n t in g  p r o b a b i l i t y .  A n o th e r  im p o r ta n t  f e a t u r e  
i s  t h a t  m ore th a n  9 9 .8 4  %  o f  th e  gamma r a y s  e m it te d  i n t o  th e  s o l i d  
a n g le  o f  th e  t e le s c o p e  p a ss  th ro u g h  a  150 ^nm d e t e c t o r  w i th o u t  u n d e r 
g o in g  a n y  i n t e r a c t i o n ,  i f  t h e  p h o to n  e n e rg y  i s  h ig h e r  th a n  2 M eV. F o r  
e l e c t r o n s  w i t h  e n e r g ie s  ^  500 keV  th e  s p e c i f i c  e n e rg y  l o s s  i s  n e a r l y  
in d e p e n d e n t  o f  e n e rg y  and  am ounts to  0 .3 5  - 0 .4 0  keV  p e r  ^nm s i l i c o n .  
Thus th e  i n t e r n a l  p a i r  f o r m a t io n  e v e n ts  w h ic h  in v o l v e  th e  s im u l 
ta n e o u s  p a s s a g e  o f  two p a r t i c l e s  th ro u g h  th e  c o u n te r  can  be p u ls e -  
h e ig h t  s e le c t e d .
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The s o l i d  a n g le  d e f in e d  by th e  t e le s c o p e  s h o u ld  be as  
l a r g e  a s  p o s s ib le  f o r  two r e a s o n s .  The f i r s t  r e q u ire m e n t  i s  s im p ly  
th e  p o s t u la t e  o f  an  a d e q u a te  d e t e c t io n  e f f i c i e n c y .  The seco n d  re a s o n  
i s  th e  n e c e s s i t y  to  m in im iz e  th e  i n f lu e n c e  o f  th e  p o s i t r o n - e le c t r o n  
a n g u la r  c o r r e l a t i o n  on th e  re s p o n s e  c h a r a c t e r i s t i c s .  When u t i l i z i n g  
th e  t o t a l  c o e f f i c i e n t  o r  a n y  o th e r  q u a n t i t y  c o r r e l a t e d  w i t h  i t  one 
h as  to  t a k e  i n t o  a c c o u n t  t h a t  th e  d i f f e r e n t i a l  c r o s s  s e c t io n  f o r  p ro 
d u c t io n  o f  p a i r s  w i t h  a  s m a l l  a n g u la r  s e p a r a t io n  i s  a lm o s t  in d e p e n 
d e n t  o f  m u l t ip o le  o r d e r ,  w h e re a s  th e  d i f f e r e n t i a l  c ro s s  s e c t io n  f o r  
p r o d u c t io n  o f  p a i r s  w i t h  a  l a r g e  a n g u la r  s e p a r a t io n  depends c r i t i c a l l y  
upon m u l t i p le  o r d e r .  I n  a  n e u tro n  beam e x p e r im e n t th e  s o l i d  a n g le  i s  
l im i t e d  n o t  o n ly  by th e  o b t a in a b le  d e t e c t o r  s i z e ,  b u t  a l s o  by 
s h i e l d i n g  p ro b le m s  and  th e  maximum t o t a l  c o u n t in g  r a t e  i n  th e  d e 
t e c t o r s .  A v e r y  p o w e r fu l  and f a v o u r a b le  m ethod f o r  a r r i v i n g  a t  a 
l a r g e  s o l i d  a n g le  i s  p ro v id e d  by  th e  u se  o f  a s u p e r c o n d u c t in g  m ag n et, 
i f  th e  a x is  o f  th e  s o le n o id  c o in c id e s  w i th  th e  a x is  o f  th e  t e le s c o p e .  
W i t h  t h i s  s y s te m  th e  s i l i c o n  c o u n te r s  can  be rem o te  enough from  th e  
t a r g e t  t h a t  th e  t o t a l  c o u n t in g  r a t e  i s  s i g n i f i c a n t l y  a t t e n u a te d  
w h i l e  a t  th e  same t im e  th e  m a g n e t ic  f i e l d  in s u r e s  th e  c o l l e c t i o n  o f  
p o s i t r o n - e le c t r o n  p a i r s  e m it te d  i n t o  a l a r g e  s o l i d  a n g le .  B o th  
p a r t i c l e s  d e s c r ib e  h e l i c a l  p a th s  a b o u t  th e  m a g n e t ic  f i e l d  l i n e s  th e  
s e n s e  o f  r o t a t i o n  b e in g  o f  o p p o s it e  s ig n .  I n  th e  cag e  o f  a  homo
genous f i e l d  o f  s u f f i c i e n t  s t r e n g t h  50 %  o f  a l l  p a i r s  l e a v in g  th e  
t a r g e t  w i l l  r e a c h  th e  t e l e s c o p e ,  i f  th e  d e t e c t o r s  a r e  o n ly  a l i t t l e  
w id e r  th a n  t h e  t a r g e t .  Thus w i t h  r e g a r d  to  i n t e n s i t y  c o n s id e r a t io n s  
th e  e x t e r n a l  t a r g e t  g e o m e try , i . e .  th e  e x t r a c t io n  o f  a  n e u tro n  beam 
from  th e  r e a c t o r ,  im p l ie s  no d is a d v a n ta g e  com pared to  i n t e r n a l  
t a r g e t  g eo m etry  w h i l e  a t  t h e  same t im e  th e  e n e rg y  summing p r i n c i p l e  
can  be a p p l i e d .  A l o s s  by  a  f a c t o r  o f  2 can  e a s i l y  be ove rcom pen 
s a t e d  by u s in g  a n e u tro n  beam w i t h  l a r g e  r a d i a t i n g  a r e a .  B e c a u s e  o f  
th e s e  i n t e r e s t i n g  f e a t u r e s  i t  i s  w o r th w h i le  to  s tu d y  th e  re s p o n s e  
c h a r a c t e r i s t i c s  o f  th e  p ro p o sed  s y s te m  i n  more d e t a i l .

3 .  R e sp o n se  C h a r a c t e r i s t i c s

When c o n s id e r in g  th e  d e t e c t io n  e f f i c i e n c y  and m u l t i p o l a r i t y  
d i s c r im in a t i o n  pow er we h ave  to  d e a l  w i th  th e  p ro b lem  to  c a l c u l a t e  th e  
p r o b a b i l i t y  t h a t  f o r  a  g iv e n  e n e rg y  and m u l t i p o l a r i t y  b o th  th e  
e l e c t r o n  and  th e  p o s i t r o n  a r e  e m it te d  in t o  a  g iv e n  s o l i d  a n g le  .
I t  i s  c o n v e n ie n t  to  t a k e  t h e  B o rn  a p p ro x im a t io n  a s  a  b a s is  o f  s u ch  
c a l c u l a t i o n s .  T h is  a p p r o x im a t io n  assum es t h a t  Z a / ( v / c )  ¿ < 1 ,  w here  
v  i s  th e  v e l o c i t y  o f  e i t h e r  th e  e l e c t r o n  o r  th e  p o s i t r o n  and 
a  = 1/137 . I "  a d d i t io n ,  we s h a l l  n e g le c t  th e  i n f lu e n c e  o f  th e  a to m ic  
number on th e  f o r m a t io n  p r o c e s s .  T h ese  s i m p l i f i c a t i o n s  a r e  j u s t i f i e d  
f o r  th e  f o l l o w in g  r e a s o n s .  E x a c t  c a l c u l a t i o n s  /_ 3 _7  on p a i r  p ro 
d u c t io n  h a v e  been  made u s in g  th e  e x a c t  Coulomb w ave f u n c t io n  
s o lu t i o n s  o f  th e  D i r a c  e q u a t io n .  The n u m e r ic a l  c o m p u ta tio n  i s  v e r y  
t e d io u s  and  o n ly  a few  v a lu e s  o f  a to m ic  num ber and t r a n s i t i o n  e n e rg y  
w e re  t r e a t e d .  H o w e ve r , t h e  r e s u l t s  show t h a t  th e  change i n  th e  t o t a l  
c o e f f i c i e n t  i s  s m a l l  b e tw ee n  Z = 0 and Z = 84 ( l e s s  th a n  15 % ) and 
t h a t  f o r  s u f f i c i e n t l y  h ig h  e n e r g ie s  ag reem en t i s  found  w i t h  th e  B o rn  
a p p r o x im a t io n  to  w i t h i n  15 %  *  . U n s a t i s f a c t o r y  r e s u l t s  a r e  o b ta in e d  
from  th e  B o rn  a p p r o x im a t io n ,  i f  th e  e n e rg y  d i s t r i b u t i o n  o f  p o s i t r o n s  
o r  e l e c t r o n s  i s  c o n s id e r e d ,  b u t  i n  o u r c a s e  we s h a l l  i n t e g r a t e  o v e r  
th e  e n e rg y  d i v i s i o n  and c o n c e n t r a t e  on th e  a n g u la r  d i s t r i b u t i o n  i n  
w h ic h  e v e n  i n  th e  e x a c t  t r e a tm e n t  th e  a to m ic  number does n o t  e n t e r .

*^An e x h a u s t iv e  c o m p ila t io n  o f  th e  l i t e r a t u r e  i s  g iv e n  i n  R e f .  / " 5 . 7 .
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We s t a r t  w i t h  th e  d i f f e r e n t i a l  i n t e r n a l  p a i r  f o rm a t io n  
c o e f f i c i e n t  f o r  p r o d u c t io n  o f  p a i r s  w i t h  a  d e f i n i t e  e n e rg y  d i v i s i o n  
and a  d e f i n i t e  a n g u la r  s e p a r a t io n  *3* , a s  o b ta in e d  by Rose / J 6 ,  7^7 
from  th e  B o rn  a p p ro x im a t io n :

?  u M  2a ( а / к Г  ^ 'F (к,М+,Л.) = ,r(i+i) q (k^-q )̂^

x j^ (2  1+1)(W^W_ + 1 -  1 /3  P^P_ cos*^)

+ l^(q^/k^) - 2 j  (W^W_ - 1 + p^p_ c o s l^ )

+ 1 /3  ( 1 - 1 )  P+P_ [ ( ^ /q ^ ) ( P _  + P+ c o s i^ ) (p ^  + p _ co sA )

-  c o s ^ J  j*

f o r  e l e c t r i c  m u l t ip o le  t r a n s i t i o n s  o f  o rd e r  2*** and

F ( k

i i  + W ^ W --- ^P^ ^ P+ e o s i ? ' ) ( p ^  + p_ c o s 'T ^ )}
L ^ '  q '

f o r  m a g n e t ic  m u l t ip o le  t r a n s i t i o n s .  ^
H e re  th e  e n e rg y ,  k ,  i s  g iv e n  i n  u n i t s  o f  me and

W+ + W_ = к  ; P+ = У W+2 - 1 ;

P .  = - 1 ; = p+^ + P_^  + 2p+p_ c o s í? '

W and ^  c o v e r  th e  i n t e r v a l s  1 - - к  - 1 and 0 - 1?* - 77* ,
r e s p e c t i v e l y .

The p r o b a b i l i t y  йзг e m is s io n  o f  an  i n t e r n a l  p a i r  w i t h  
a n g u la r  s e p a r a t io n  ^  i r r e s p e c t i v e  o f  th e  e n e rg y  d i v i s i o n  i s  r e a d i l y  
o b ta in e d  from

k-1

3 (k, i% ) = ^ F (k,Ŵ ,-̂ < ) dŴ
1 .

tal coefficient is given by
И,

а ( k) = j G ( k , t ^ )  sin*  ̂d
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L e t  u s assum e t h a t  th e  g iv e n  s o l i d  a n g l e d  i s  d e f in e d  by 
th e  a p e r t u r e  a n g le  2 ф  . I f  d e n o te s  th e  a n g le  b e tw ee n  d e t e c t o r  
a x is  and d i r e c t i o n  o f  a  p a r t i c l e  e m it te d  i n t o  , th e n  th e  p ro 
b a b i l i t y  f o r  e m is s io n  o f  b o th  p a r t i c l e s  i n t o  th e  t e le s c o p e  r e f e r r e d  
t o  gamma e m is s io n  i n t o  4 r r  f o l lo w s  from

М1п//7,2ф_7 Ф

H ( k ,5 b )  = j '  ^  s i n ^ d ^ g  3 ( k , ^ )  s i n ^ d ^

i^=  0 0

w h ere  g ( ) r e p r e s e n t s  a s u i t a b l e  w e ig h t in g  f u n c t i o n .  S in c e  G
i s  in d e p e n d e n t  o f  f  , th e  i n t e g r a t i o n  o v e r  У  can  be in c lu d e d  in t o  
th e  w e ig h t in g  f u n c t io n  and we g e t

М 1 п / !г ,2 ф У

H ( к , Я )  = ^  g ( ^ , % ) )  S  (k , i9 - )  s i n ^ d ^
0

Thus th e  p ro b le m  r e d u c e s  t o  c a l c u l a t e  g I t  i s  c o n v e n ie n t  to
d e te rm in e  a l s o  th e  f u n c t io n  f(-#* ,ф ) w h ic h  r e f e r s  t o  th e  c a s e  t h a t  
a t  l e a s t  one p a r t i c l e  i s  e m it te d  i n t o  Л .

I f  0 <  ф  4 we o b t a in  u s in g  th e  a b b r e v ia t io n

Ф

^ , ^ ) s i n y d y ¡  ф ^ ^ 2 ^

2ф ^ 7 Г

The f u n c t io n  f (^ & ,(^ ) ) i s  c a l c u l a t e d  t o  be 

а ) 0 < ^ - ^ ; 0 ^ ^ ^ 2 ф :

l [ l - c o s < ^ + ^  ^  x(l?-,̂ ,y) s i n / d ^ ^  + ̂ T T -

f ( $ * 4 )  = -( Ф. 2я-(ф +^)
j^cos(^+№-cos^J "** ^  х(ф,ф,^) sinyd^^+^-^n*
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FIG. 1. Response characteristics. Logarithm ic plot for Ey = 4  M eV .
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-&+ф

] i x(*̂ ,(j),̂ ) Sinyü̂ ;
f ( ^ ,^ )  = <

2П-(ф+&<)

i ^ e o s ( ^ + $ ) - e o s ( ^ ] + ^  j х(^,ф,^) sin^d^;i^+^-7r

I n  th e  c a s e  $ ^ ф -  П* th e  c o r r e s p o n d in g  fo rm u la e  a r e  r e a d i l y  
o b ta in e d  from  th e  r e l a t i o n s h ip s

g ( - & ,< ^ )  = 1 -  :Г (1 > ,Л --ф )

f ( - ^ ^ )  = 1 -  з ( - ^ , п - ф )

W ith  th e  ab o ve  e x p r e s s io n s  n u m e r ic a l  c o m p u ta t io n s  h av e
been  p e rfo rm e d  f o r  th e  m u l t i p o l a r i t i e s  E 1 ,  M1, E 2 , M2 and th e
t r a n s i t i o n  e n e r g ie s  4 ,  5 and 6 MeV. I n  F i g .  1 th e  r a t i o  o f  th e  
number o f  i n t e r n a l  p a i r s  e m it te d  i n t o  to  th e  number o f  gamma r a y s  
e m it te d  i n t o  4n* i s  p lo t t e d  a s  a  f u n c t io n  o f  Л  f o r  E y  = 4 M eV. The 
r e s u l t s  show t h a t  th e  d e t e c t io n  e f f i c i e n c y  i s  s t r o n g ly  d ep en d en t on 
s o l i d  a n g le .  In c r e a s in g  A  from  1 %  to  50 %  y i e l d s  n e a r l y  t h r e e  o rd e r s  
o f  m a g n itu d e  i n  th e  c o u n t in g  r a t e .  I n  a d d i t io n ,  th e  m u l t i p o l a r i t y  
d is c r im in a t i o n  pow er i s  im p ro v in g  w i t h  in c r e a s in g  s o l i d  a n g le .  S in c e  
w i th o u t  m agnet .Я , i s  l im i t e d  to  a t  b e s t  10 %  o f  4 тт , th e  c o l l e c t i n g  
a c t i o n  o f  a m a g n e t ic  f i e l d  p r o v id e s  a  c o n s id e r a b le  im p rovem en t i n  
th e  p e r fo rm a n c e  o f  th e  s y s te m . The r e l a t i v e  d i f f e r e n c e s  i n  th e  d e 
t e c t i o n  e f f i c i e n c y  f o r  th e  m ost im p o r ta n t  m u l t ip o le s  a r e  s u f f i c i e n t l y  
l a r g e  to  a l lo w  an  e x p e r im e n ta l  d e t e r m in a t io n  o f  th e  m u l t ip o le  
c h a r a c t e r .  T hey  a r e  a b o u t 50 %  f o r  4 MeV E1 and M1 r a d i a t i o n  o b s e rv e d  
i n  2n* g e o m e try . The c o r r e s p o n d in g  v a lu e s  a t  5 and 6 MeV a r e  40 %  
and 30 % , r e s p e c t i v e l y .  The r a t i o s  f o r  < Я/4тт = 1 i n  F i g .  1 a r e  
i d e n t i c a l  w i t h  th e  t o t a l  p a i r  f o r m a t io n  c o e f f i c i e n t .

I n  F i g .  2 th e  f u n c t io n

H (k ,A )  J2o 
H ( к ,Л ^ )  * J2,

w it h  Л  = 0 .2 5  %  i s  p lo t t e d .  T h is  e x p re s s io n  i s  a s lo w ly  v a r y in g  
f u n c t io n  o f t f b a n d  a l lo w s  a  l i n e a r  s c a l e .

The c a l c u l a t i o n s  d e s c r ib e d  h e re  a r e  o n ly  a p p r o x im a te ly  
v a l i d ,  i f  a  lo w e r  l i m i t  i s  s e t  on th e  e n e rg y  o f  e i t h e r  th e  p o s i t r o n  
o r  th e  e l e c t r o n  by th e  p u ls e - h e ig h t  s e l e c t i o n  i n  th e  d E / d x - c o u n te r .  
F o r  s u f f i c i e n t l y  h ig h  t r a n s i t i o n  e n e r g ie s  th e  f r a c t i o n  o f  p a i r s  
w h ic h  i s  e x c lu d e d  i n  t h i s  way i s  s m a l l .  Thus we can  e x p e c t  t h a t  more 
s o p h is t i c a t e d  c a l c u l a t i o n s  w i l l  n o t  c o n s id e r a b ly  a l t e r  th e  r e s u l t s .  
S t u d ie s  w h ic h  a l lo w  f o r  th e  p u ls e - h e ig h t  s e l e c t i o n  w i l l  be p e rfo rm e d  
i n  th e  n e a r  f u t u r e .  T h ese  c l a c u l a t i o n s  w i l l  a l s o  in c lu d e  a  p ro p e r  
c o r r e c t i o n  to  th e  sh a p e  o f  th e  p o s i t r o n  e n e rg y  s p e c t ru m . S u ch  a 
c o r r e c t i o n  i s  s u g g e s te d  from  th e  e x a c t  s o lu t i o n s  o f  th e  D i r a c  
e q u a t io n .
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—4 —5
Since the values for H (к,Д) range between 10 and Ю ,

it must be insured that the coincidence counting rate due to gamma
rays emitted from the target is suppressed with high effectiveness.
This problem was investigated experimentally. A telescope consisting 
of a 170 dE/dx-detector and a 2 mm E-counter was irradiated with 
conversion electrons from a 20?Bi source (without magnet). No 
distortion of the electron spectrum occurred when a gamma-ray source 
of °0co wag added which had a source strength more than three orders
of magnitude higher than that of the electron source. This is
demonstrated in Fig. 3 where the spectra taken without and with Co 
source are shown. By using a superconducting magnet and thus a remote 
position of the telescope the sensitivity to gamma radiation can be 
further attenuated by more than an order of magnitude while the 
charged particle intensity is increased. Finally, the requirement of 
a fourfold coincidence relationship considerably reduces the gamma 
induced background. Thus we can conclude that interference from gamma 
radiation presents no severe problem.

Another source of interfering radiation is the internal 
conversion process. Such an event alone is not capable to trigger 
the coincidence circuit since there is no source of positrons. The 
same is true for events occurring in cascade. Another obvious 
possibility is the emission of a low-energy internal conversion 
electron into the dE/dx-counter with simultaneous production of a 
positron in the E-detector via external pair formation. The pro
bability for such an event is very small because of the unfavourable 
geometry for gamma rays, the low atomic number of silicon and the 
pulse-height selection in the dE/dx-counter. Only in those cases 
where the energy of intense conversion electrons is such that the 
energy loss in the thin detector equals that of two high-energy 
electrons interference may occur with measurable intensity. However, 
the internal pair lines remain undisturbed. The background has either 
a continuous character or satellite peaks appear. Moreover, the 
possibility for this interference can easily be controlled.

Summing with low-energy conversion electrons can also occur 
in the case of internal pair events, if there are highly converted 
coincident transitions and if a large solid angle is used. This inter
ference results in a reduction of the pair lines and thus may falsify 
the measurement. A direct way to eliminate such summing effects is a 
reduction of the solid angle. This may be accomplished by placing the 
target in a diverging magnetic field. Then the efficiency is reduced 
by the magnetic mirror effect. As the electrons or positrons move 
towards the detector, the radius of the helical orbits will decrease 
due to the increase in magnetic field strength. Since the angular 
momentum of the particles remains constant, the velocity component 
perpendicular to the direction of the field will increase. As a 
result particles emitted from the target at an angle 9 relative to 
the field vector will be totally reflected, if 8 exceeds the angle 
0^ given by

Here В is the field strength at the target position and В is the 
maximum magnetic field strength on the path to the telescSpe. By 
varying В the collection efficiency and thus the magnitude of the
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summing e f f e c t s  can  be c o n t r o l l e d .  A p ro p e r  m ethod to  v a r y  th e  f i e l d  
a t  th e  t a r g e t  p o s i t i o n  w ith o u t  ch a n g in g  th e  maximum f i e l d  s t r e n g t h  
i s  d is c u s s e d  i n  s e c t io n  6 .

A n o th e r  p ro c e d u re  f o r  e l im in a t in g  th e  i n f lu e n c e  o f  summing 
w i t h  c o n v e r s io n  e le c t r o n s  m ig h t be to  c o r r e c t  th e  p a i r  l i n e s  f o r  th e  
i n t e n s i t y  d i s t r i b u t e d  o v e r  th e  sum p e a k s . T h is  i n t e n s i t y  may be 
o b ta in e d  from  a (s im u l t a n e o u s )  m easu rem ent w h ere  an  e n e rg y  l o s s  
g r e a t e r  th a n  t h a t  o f  two f a s t  e l e c t r o n s  i s  a d m it te d  i n  th e  d E / d x -  
c o u n te r .

5 . T im in g

Due to  th e  re m o te  p o s i t i o n  o f  th e  t e le s c o p e  and th e  
c o l l e c t i n g  a c t i o n  o f  th e  m a g n e t ic  f i e l d  p a r t  o f  th e  e l e c t r o n s  o r  
p o s i t r o n s  h ave  to  t r a v e l  a  lo n g  f l i g h t  p a th  b e fo r e  th e y  r e a c h  th e  
d e t e c t o r  s y s te m . T h e r e fo r e  we h ave  to  s tu d y  th e  t im e  b e h a v io u r  f o r  
u n fa v o u r a b le  e m is s io n  a n g le s  and e n e rg y  d i v i s i o n s .  I n  a homogeneous 
m a g n e t ic  f i e l d  th e  t im e  o f  f l i g h t  i s  g iv e n  by

d

w h ere  d i s  th e  t a r g e t  - d e t e c t o r  d is t a n c e .  L e t  us c o n s id e r  a  t o t a l  
k i n e t i c  e n e rg y  o f  7 MeV. I f  one p a r t i c l e  i s  e m it te d  w i th  6 .5  MeV a t  
9 = 0 °  and t h e  o th e r  p a r t i c l e  w i t h  0 .5  MeV a t  8 = 8 0 ° ,  th e n  th e  
d i f f e r e n c e  i n  t im e  o f  f l i g h t  f o r  d = 20 cm i s  c a l c u l a t e d  t o  be 
3 .8  n s e c .  Thus no p ro b lem s a r i s e  b o th  f o r  th e  t im e  and th e  e n e rg y  
r e s o lu t io n .

6 . D e s ig n

A s c h e m a t ic  la y - o u t  o f  a  p ro p e r  s p e c t ro m e te r  d e s ig n  i s  
shown i n  F i g .  4 . A beam o f  th e rm a l n e u tro n s  e n t e r s  an  e v a c u a te d  
t a r g e t  cham ber and im p in g e s  upon a  t h in  t a r g e t  lo c a t e d  on th e  
sym m etry  a x is  o f  a s u p e r c o n d u c t in g  s o le n o id  s y s te m . The in s id e  
d ia m e te r  o f  th e  m agnet i s  5 cm. The c e n t r a l  f i e l d  i s  a p p r o x im a te ly  
50 kO e. Thus 9 MeV e le c t r o n s  d e s c r ib e  h e l i c a l  p a th s  w i t h  a t  m ost 
0 .6 4  cm r a d iu s  and can  r e a c h  a  3 cm d i a .  d e t e c t o r  w i th o u t  s t r i k i n g  
th e  w a l l .  The t e le s c o p e  i s  p la c e d  19 cm ab o ve  th e  t a r g e t  and i s  
m ounted on th e  end o f  a  c o ld  f in g e r  c o n n e c te d  to  a l iq u id - n i t r o g e n  
c r y o s t a t .  A l iq u id - h e l iu m  c r y o s t a t  s h ie ld e d  by  l i q u i d  n i t r o g e n  
h o uses  th e  s u p e r c o n d u c t in g  m ag n et. T a rg e t  and d e t e c t o r  s y s te m  can  be 
rem oved  w i th o u t  d is a s s e m b lin g  th e  h e liu m  c r y o s t a t .

The m ain  p ro b lem  i n  d e s ig n in g  a  s u p e rc o n d u c t in g  m agnet 
w i t h  c o n s ta n t  f i e l d  s t r e n g t h  o v e r  th e  w h o le  d is t a n c e  b e tw een  t a r g e t  
and t e le s c o p e  a r i s e s  from  th e  r e q u ire m e n t  t h a t  th e  s o le n o id  be 
d iv id e d  f o r  th e  p a ssa g e  o f  th e  n e u t r o n  beam and th e  em ergence o f  the  
a n n i h i l a t i o n  q u a n ta . A p ro p e r  s o lu t i o n  i s  in d i c a t e d  i n  F i g .  4 .  A 
s u i t a b l e  g e o m e tr ic  a rra n g e m e n t o f  s e v e r a l  c o i l s  in s u r e s  a  p r a c t i c a l l y  
homogeneous m a g n e t ic  f i e l d .  The l o c a l  d ep end ence  o f  th e  f i e l d  
s t r e n g t h  a s  c a l c u l a t e d  f o r  th e  s p e c t ro m e te r  a x is  w i t h  a  c u r r e n t
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FIG. 4 . Design o f  the spectrom eter.
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[cm]
FIG. 5. M agnetic field  strength on the spectrom eter axis.

o f  55 A i s  shown i n  +) F i g .  5 .  B y  ch a n g in g  th e  c u r r e n t  th ro u g h  th e  
a u x i l i a r y  c o i l s  p la c e d  b eyond  th e  t a r g e t  p o s i t i o n  a  d iv e r g in g  f i e l d  
c a n  be  p ro d u ced  a t  th e  t a r g e t  and th e  e f f e c t i v e  s o l i d  a n g le  can  be 
c o n t r o l l e d  by  means o f  th e  m a g n e t ic  m i r r o r  e f f e c t .  I n  t h i s  way a 
v e r y  v e r s a t i l e  in s t r u m e n t  i s  o b t a in a b le .

The E - c o u n te r  s h o u ld  be a s  t h i c k  a s  p o s s ib le .  F u l l y  d e 
p le t e d  d e t e c t o r s  p ro d u ced  by  io n  im p la n t a t io n  a r e  v e r y  w e l l  s u i t e d  
f o r  s t a c k in g  a  t h i c k  c o u n te r .  The e n e rg y  r e s o lu t io n  o f  th e  t e l e 
s c o p e  i s  e s s e n t i a l l y  d e te rm in e d  b y  th e  d E / d x - c o u n te r  b e c a u s e  o f  th e  
l a r g e  c a p a c i t a n c e  o f  t h i s  d e t e c t o r .  W ith  p r e s e n t  t e c h n iq u e s  an  
optimum r e s o lu t i o n  o f  0 .0 7  %  a t  10 MeV c a n  be a t t a in e d .

I t  i s  w o r th w h i le  to  re m a rk  t h a t  th e  p r i n c i p l e  d is c u s s e d  
h e re  may a l s o  be s u c c e s s f u l l y  a p p l ie d  f o r  m easu rem en ts o f  th e  i n t e r n a l  
c o n v e r s io n  e le c t r o n  s p e c tru m  from  n e u tr o n  c a p t u r e .
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PLANS FOR HIGH-RESOLUTION 
(n, y ) STUDIES AT THE RILL

O. W .B . SCHULT, H .R . KOCH, B .P .K . MAIER 
D epartm ent o f  Physics,
Technische Hochschule,
Munich, Federal Republic of Germany

Abstract

PLANS FOR HIGH-RESOLUTION (n, y) STUDIES A T THE RILL. T h e measurement o f  slow neutron 
capture gam m a-tay spectra at the RILL w ill be carried out with different instruments loca ted  at both ends 
o f  a tangential through h o le . The low -energy spectrum w ill be  measured with four curved-crystal 
spectrometers with fo ca l lengths from  5. 8 to  24 m . The high-energy spectrum w ill be recorded with 
a Ge(Li) spectrom eter. M edium -energy gam m a rays w ill be detected with a Ge(Li) d iode com bined 
with a curved crystal m onochrom ator and operated in the anti-C om pton m ode.

H ig h -re so lu t io n  (n, y )  stud ies have been  p e r fo rm e d  at m any la b o r a 
t o r ie s  during the past d e ca d e s . T h e data obtained  in th ese  exp erim en ts 
have h elped  to  extend ou r  know ledge o f the s tru ctu re  o f a great num ber 
o f n u c le i, in p a rt icu la r  w h ere  the e x p erim en ters  have m ea su red  ra th er  
co m p le te  aлd deta iled  (n, y )  s p e c t ra  [1 ]. T h is  has been  p o s s ib le  p r e d o m i
nantly when the s lo w  neutron  cap tu re  c r o s s - s e c t i o n  has been  fa ir ly  la rg e .

A  good  G e (L i) s p e c t ro m e te r  is  w e ll suited fo r  the m ea su rem en t of the 
w hole (n, y )  sp ectru m  o f a p ro b e  even  when th is has a v e r y  sm a ll c r o s s -  
se c t io n  i f  it is  lo ca te d  p r o p e r ly  at a m edium  strength  r e a c to r . H ow ever, 
such  a s o l id -s ta te  cou n ter  show s draw back s in the lo w -e n e r g y  reg ion : its 
r e s o lv in g  p ow er  E /A E  d e c r e a s e s  with d e cre a s in g  en ergy  E , the fu ll width 
at h a lf m axim u m  A E  is  se ld o m  le s s  than 0. 7 keV  fo r  E = 100 keV  and
1. 6 keV  fo r  E = 1 M eV  [ 2 ] ,  and its  dynam ic ran ge is  re d u ce d  at lo w e r  
e n e rg ie s  b e ca u se  o f the C om pton  events o f rad ia tion  with h igh er  en ergy .
T he la tte r  d isadvan tage has been  o v e rc o m e  to  a grea t extent with an ti- 
C om pton  s p e c tro m e te rs  [ 3 , 4 ] .

C u r v e d -c r y s ta l s p e c t ro m e te rs  have a re so lu tio n  up to  E /A E  = 2 G e V /E  
[5 ]  and a la rg e  dynam ic ran ge at low  e n e rg ie s . H ow ever, the e x tre m e ly  
sm a ll d etection  e ff ic ie n cy  o f th e se  d iffra c to m e te rs  re q u ire s  v e ry  stron g  
s o u r c e s , w hich  can  b e  p rod u ced  on ly in reg ion s  o f su ffic ie n tly  high neutron  
flu x . T h e quality  o f the c u r v e d -c r y s ta l  s p e c tro m e te r  data d e c r e a s e s  m o r e  
s tro n g ly  with d e cre a s in g  s o u r ce  stren gth  than d oes that o f the G e(L i) data.
At the p re se n t tim e  a fa ir ly  sm a ll c u r v e d -c r y s ta l  sp e c tro m e te r  fo r  the m e a 
su rem en t o f (n , y ) s p e c t ra  fr o m  a 2 0 -m g  s o u r c e  w ith о = 2000 b  in a 
th erm a l neutron  flu x  o f about 6 X 10-*Si c m '^  sec*^  y ie ld s  data w hich  a re  
m o r e  deta iled  f o r  E < 800 keV  than the lo w -e n e r g y  (n, y )  sp ectru m  fr o m  
the sa m e  ta rget m a te r ia l r e c o r d e d  with one o f the b e s t an ti-C om pton  
s p e c tr o m e te r s  [ 4] .

A  c u r v e d -c r y s ta l  s p e c t ro m e te r  at a high flux r e a c to r  is  the m ost 
p ow erfu l in stru m en t f o r  the s p e c tr o s c o p y  o f lo w -e n e r g y  gam m a rad ia tion  
fr o m  ta rg e ts  w ith cap tu re  c r o s s - s e c t i o n s  a > 0 . 1 b. T he G e(L i) d iod e is  
the b e s t  s p e c tro m e te r  fo r  m e d iu m - and h ig h -e n e rg y  gam m a ra y s  and the

8 9
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u n iv e rsa l d e te cto r  fo r  (n , y )  sp e c tra  fr o m  n u cle i with cr < 0. 1 b. F o r  th ese  
re a so n s  we have planned to  u se  both  types o f in stru m en ts fo r  o n e 
d im en sion a l h ig h -re so lu tio n  (n, y )  stud ies at the R e a cto r  of the Institute 
L a u e -L a n g ev in  (R IL L ).

T h e R IL L  has been  design ed  as a h e a v y -w a te r -m o d e ra te d  h igh -flu x  
r e a c to r  m ain ly  f o r  s o lid -s ta te  p h y s ics  w ork . S e v e ra l sp e c ia l beam  h o les  
a re  u nder co n s tru ctio n  f o r  n u c lea r  p h y s ics  ex p erim en ts . One o f th ese  is  
a h o rizo n ta l through h o le  with 10 cm  in terna l d ia m eter. Its ax is p a sse s  
the r e a c to r  c o r e  at a d is ta n ce  o f  55 cm . T h is  w ill guarantee a re la t iv e ly  
low  ep ith erm al and fa s t neutron  flu x  w hile  the s low  neutron  flu x  is  e x 
p ected  to be  around 5 X 10^ n  cm ^ sec*^ in the ce n tre  o f  the tube, which 
should m ake it idea l f o r  (n, y )  stu d ies.

T h e c o s t  o f co n stru ctio n  and op era tion  o f a h ig h -flu x  r e a c to r  dem ands 
that each  beam  tube b e  u sed  v e r y  e ffic ie n tly . W e intend to  in sta l and 
op era te  in p a ra lle l fiv e  gam m a sp e c tro m e te rs  at the (n, y )  lin e r .

(1) The R is0  s p e ctro m e te r  w ill be  tr a n s fe r r e d  to G ren ob le  and lo ca te d  
at one end o f the beam  h o le . A  few  con stru ction a l changes w ill be  n e c e s 
s a ry  to  fit  the instrum ent to  the fa c e  o f the huge r e a c to r . T he length  of 
the m u lt i-s lit  c o llim a to r  should be  in cr e a s e d  fr o m  1. 4 m  to  about 2. 4 m  
s o  that the c o llim a to r  and the d e te c to r , tog e th er  with the p resen t sh ie ld in g , 
w ill rem a in  ou tsid e  the in ten se u n d iffra cted  beam  fo r  an angle o f r e fle c t io n  
<p> 4 °. T h e s p e ctro m e te r  w ill be  u sed  m ain ly  f o r  m ea su rem en ts  o f  gam m a- 
ray  r e f le c t io n s  with 4° < cp< 12° co rre sp o n d in g  to  20 keV  < E < 180 keV . 
High re so lu tio n  is  m aintained if  the fo cu s s in g  con d ition  is  sa tis fie d , w hich 
im p lie s  that the d ista n ce  betw een  the s o u r ce  and the sp e c tro m e te r  m ust be 
re d u ced  by  11 cm  if  cp is  in cr e a s e d  fr o m  4° to  12°. T h is  should  b e  a c c o m 
p lish ed  by m ounting the in strum ent on a m ov a b le  fra m e .

A  sm a ll s e r v o  d iffra c to m e te r  w ill be  in sta lled  in fron t o f the R is0  
s p e c tro m e te r . T h e in strum ent w ill r e c o r d  on ly the r e f le c t io n  o f a s in g le , 
v e r y  stron g  lo w -e n e r g y  lin e  and th ereby  m e a su re  continu ou sly  the exact 
p o s itio n  o f  the s o u r ce  w hich  cannot b e  m ounted r ig id ly  in sid e  the channel. 
T h e angles o f r e f le c t io n  o f (n, y ) lin e s  r e c o r d e d  with any sp e c tro m e te r  
v iew in g  the s o u r ce  can  then b e  d e term in ed  with an a c c u r a c y  w hich  is  g iven  
e sse n t ia lly  by  the p r e c is io n  o f the angular settin g  o f  the cu rv e d  cry s ta l.
T he planned s e r v o  d iffra c to m e te r  should  re s e m b le  the p re se n t sy stem  
u sed  in feed b a ck  op era tion  at the R is0  sp e c tro m e te r . H ow ever , it should  
op era te  independently  o f a sp e c ia l sp e c t ro m e te r  at G ren ob le . T h is  w ill 
s im p lify  the design  co n s id e ra b ly .

(2) A  se co n d  sp e c tro m e te r  has b een  planned with a fo c a l length  of 
24 m . R ecen t m ea su rem en ts  at R is0  have show n that re f le c t io n  widths 
as sm a ll as 1. 2 secon d s  o f a rc  can  b e  obtained  fr o m  a su ffic ie n tly  sm a ll 
s o u r ce  [5] .  T h e r e fo r e , it is  re a so n a b le  to  design  the R IL L  cu rved  c ry s ta l 
s p e c tro m e te rs  in su ch  a w ay that the s o u r c e  con tribu tion  to the r e f le c t io n  
width is  around 1 in. f o r  a v erag e  s o u r ce s . T h e se  w ill b e  about 40 m m  
h igh, 2 - 1 0  m m  deep (a long  the ax is o f  the beam  tube) and *^0.1 m m  th ick , 
s o  that they appear to  b e  1 in. b roa d  fr o m  a d is ta n ce  o f 20 m . T he 2 4 -m  
sp e c tro m e te r  w ill c o n s is t  o f tw o independent units on top  o f each  oth er. 
T h e se  sy s te m s  can be  opera ted  in d iffe ren t w ays: (a) one unit m e a su re s  
the (n, y ) sp ectru m  fr o m  + cp to  + cp ^ ¡^ 2 ' and the o th er  unit fr o m  -cpto

T h is m od e  o f op era tion  p ro v id e s  an independent autom atic co n tro l 
o f the s o u r ce  flu ctu ation s, (b) O ne sy ste m  is  u se d  f o r  the m ea su rem en t 
fr o m  ^  2° to  cpm¡n and the o th er sy ste m  fo r  r e co r d in g  the sp ectru m  betw een
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-2° and -4°. In th is c a s e  the 2 4 -m  s p e c tro m e te r  y ie ld s .th e  (n, y )  sp ectru m  
w ith E y> 180  keV  ( fo r  f i f th -o r d e r  r e f le c t io n  fr o m  the 110 p lanes o f  quartz) 
o r  Ey > 72  keV  ( fo r  s e c o n d -o r d e r  re fle c t io n ).

(3) A  th ird  s p e c tro m e te r  with a fo c a l  length  o f 18 m  cou ld  be  lo ca te d  
in fro n t o f the 2 4 -m  sp e c tro m e te r . T h e 1 8 -m  in stru m en t w ill be  u sed  
f o r  m ea su rem en ts  at r e f le c t io n  an gles g re a te r  than 2° s in ce  the c o llim a to r  
and the d e te c to r  and its gam m a sh ie ld  m u st b e  kept ou tside  the d ire c t  
b ea m  to  the 2 4 -m  s p e c tro m e te r . T h e 1 8 -m  s p e c tro m e te r  w ould  enable the 
e x p e r im e n te r  to  r e s t r ic t  the angular range o f the 2 4 -m  d if fr a c to m e te r  to  
tp< 2° ( Ey > 36 0  keV  o r  144 keV  f o r  the fifth  o r  se co n d  o r d e r  o f re fle c t io n ). 
T he angular ran ge  o f  the 1 8 -m  apparatus w ould then b e  2° -  4°. T h e 
red u ction  of the angular ran ge  is  d ir e c t ly  p ro p o rt io n a l to  the re d u ctio n  o f 
the n u m ber o f  m ea su rin g  steps and in v e r s e ly  p ro p o rt io n a l to  the counting 
t im e  p e r  step . T h us, the counting tim e  p e r  point at the 2 4 -m  s p e c t r o 
m e te r  w ould be  about 400 s e c  i f  the r e f le c t io n  width is  2 in. and i f  the tota l 
m e a su rin g  p e r io d  is  about 1 m onth. Such counting t im e s  a llow  sp e ctra  
with v e r y  good  s ta t is t ic s  to  be  r e c o r d e d , as show n by  B a a d er  in another 
con trib u tion  to  th is Sym posiu m  [6] .

(4) A  fou rth , v e r y  s im p le  s p e c tro m e te r  w ill be  u sed  f o r  the study of 
gam m a ra y s  with e n e rg ie s  le s s  than 30 keV . T h e in stru m en t w ill be 
equipped with a bent L iF  c ry s ta l o r  with a v e r y  thin cu rv e d  quartz c ry s ta l. 
T he m axim u m  re so lu tio n  w ill be  obtained  with the quartz c ry s ta l i f  the 
d is ta n ce  betw een  the s o u r c e  and the sp e c tro m e te r  c r y s ta l  s a t is f ie s  the 
fo c u s s in g  con d ition  1 (cp) = l g ( l  - coscp). T h e sp e c tro m e te r  should  th e r e 
fo r e  be  m ounted on a su itab le  c a r r ia g e  betw een  the 1 8 -m  s p e ctro m e te r  
and the s o u r ce  ch a n g er, w hose  length  puts a lo w e r  lim it  on the fo c a l  length  
( 1„> 11 m ).

T h e d e fo cu ss in g  e ffe c ts  at the 1 8 -m  and 2 4 -m  s p e c tro m e te rs  a re  
n e g lig ib le  s o  that th ese  in stru m en ts can  b e  lo ca te d  stationary .

(5) G am m a rad ia tion  that is  not d iffra c te d  by  the c ry s ta l o f  the 
m o d ifie d  R is0  s p e c tro m e te r  can  b e  an alysed  fu rth e r  with an additional 
sp e c tro m e te r . T h is  s p e c tro m e te r  w ould  b e  u se fu l f o r  m ea su rin g  the 
w hole (n, y )  sp ectru m  of an is o to p e  with v e r y  sm a ll c r o s s - s e c t i o n  and fo r  
studying m e d iu m - and h ig h -e n e rg y  neutron  cap tu re  gam m a ra y s  fr o m  
stron g  s o u r ce s . T he m o st f le x ib le  in stru m en t f o r  th is p u rp ose  is  a G e(L i) 
d e te c to r  su rrou n d ed  by  a sp lit  s c in t il la to r . Such a s p e c tro m e te r  can  be  
op era ted  in both  the p a ir  and the an ti-C om pton  m o d e s . It w ould b e  p la ce d  
in the d ir e c t  beam  fo r  the m e a su rem en t o f h ig h -e n e rg y  (n, y )  ra y s  o r  of 
the total cap tu re  g a m m a -ra y  sp ectru m  o f w eak s o u r c e s . Intense (n, y )  
lin e s  with m ed iu m  en ergy  can  be  stud ied v e r y  w ell i f  one u se s  the g e o m e try  
ch o se n  s u c c e s s fu lly  by  Sm ith er [ 7 ] .  He u sed  a G e(L i) d e te c to r  to  an alyse 
the gam m a bea m  d iffra c te d  fr o m  a cu rv e d  c ry s ta l. T h e an ti-C om pton  
arran gem en t w ill re d u ce  the ba ck grou n d  co n s id e ra b ly  so  that one can  hope 
to  fin d  even  weak tra n s ition s  in the sp e c tra l r e g io n  w hich  is  d iffra c te d  into 
the germ an iu m  diode.

T h e  G e(L i) sp e c tro m e te r  w ould th e r e fo re  com p lem en t the c u r v e d - 
c r y s ta l  d if fr a c to m e te r s . T h e in stru m en ts d e s c r ib e d  shou ld  m ake it 
p o s s ib le  to  m e a su re  the w hole  (n, y )  sp ectru m  fr o m  a s in g le  so u r ce , 
w h ile  o ccu p y in g  on ly one channel at the h ig h -flu x  r e a c to r .
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Abstract

NEUTRON CONDUCTING TUBES. The relationships characterizing neutron reflection  a long  ideal

F r o m  the w o rk  o f  F e r m i 's  grou p  [1 , 2] soon  a fte r  the w ar it is 
known that the r e fr a c t iv e  index o f m ost su bsta n ces fo r  th erm a l neutrons 
is  s lig h tly  s m a lle r  than on e. Thus to ta l r e f le c t io n  fr o m  m ir r o r s  is 
p o s s ib le  w ith  c r i t i c a l  an g les o f  the o r d e r  o f  one d e g re e  (the c r it ic a l  
an g le  is  p ro p o rt io n a l to  the w avelength ; fo r  n ick e l, the angle is  one 
d e g re e  fo r  10-A  n eu tron s.

N eutron  m ir r o r s  have b een  u sed  b y  s e v e r a l  au th ors [3] to  m ea su re  
c r it ic a l  a n g les ; to  d e fle c t  neutron  b ea m s ; and to  p rod u ce  p o la r ize d  
n eu tron s, u sin g  the fa ct that the re fra c t io n  in dex  o f  m a gn etized  su b 
s ta n ces  is  d iffe re n t fo r  the tw o p o s s ib le  sp in  or ien ta tion s  o f  the neutron .

C h rist and S p rin ger  [4] w e re  the f ir s t  to  guide slow  neutron s by 
m u ltip le  to ta l r e f le c t io n  in  a p o lish ed  co p p e r  tube. In a stra ig h t tube, 
a fte r  a f ir s t  r e f le c t io n  a ll su bsequ en t r e fle c t io n s  o c c u r  u nder the sa m e 
an g le . T h is  m eans that e x cep t fo r  r e f le c t io n  lo s s e s ,  the s p e c if i c  b r ig h t
n e ss  (neutrons p e r  c n ?  - s e c ,  p e r  so lid  an gle , and p e r  w avelen gth  in te r 
val) w ill  be  the sa m e at the ex it o f  the tube as at the en tran ce , fo r  the 
angular ran ge  o f  n eu tron s that is  tran sm itted  at each  w avelength .

T h is  s itu ation  is  not fundam entally  changed i f  a lon g  tube is  s ligh tly  
bent so  as to  fo rb id  the p a ssa g e  o f  fa s t neutrons and gam m a ra y s . W ith 
th ese  p r o p e r t ie s , n eutron  gu id es m ay s e r v e  the fo llow in g  p u rp o se s :

P ro d u ctio n  o f  a p u re beam  o f  s low  n eutrons at a d is ta n ce  fr o m  the 
re a c to r
P ro d u ctio n  o f  b ea m s o f v e r y  slow  neutrons (X> 10 A) w ith  an gular w idth 
la r g e r  than can  b e  obtained w ith  n o rm a l beam  tu bes at a r e a c to r  
P r o v is io n  o f lon g  beam  paths fo r  t im e -o f - f l ig h t  ex p erim en ts  w ithout 
lo s s  o f  an gular d iv e rg e n ce
S eparation  o f e x p e r im e n ts , by  u sin g  s e v e r a l  n eu tron  guide tubes at a
d ista n ce  fr o m  the r e a c to r
P ro d u ctio n  o f  in ten se  p o la r iz e d  b e a m s .

N eu tron  guide tu bes a re  in  u se  now at v a r io u s  p la ce s  (M unich [5 , 6], 
S a clay  [7] ,  B rook h a ven  [8 ], Oak R idge [9]) .  E x p erim en ts  have been  done 
to  im p ro v e  th em , m a in ly  by  try in g  (with m od era te  s u c c e s s )  to  u se

9 3
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lam in ated  guide tubes in the shape o f  a bent S o lle r  c o llim a to r  (R is ^ [1 0 ,11], 
B rook haven  [8] ,  B u ch a rest [12 ], V ienna [13 ]); p o la r iz e d  neutrons have 
been  p rod u ced  by  su ch  s y s te m s , to o . An attem pt has been  m ade [14] 
(w ithout s u c c e s s  so  fa r) to  m ake v e r y  sh ort bent gu ides by  evaporating  
a ltern a te  la y e r s  o f n ick e l and alum inium  on a cu rved  su r fa ce ; the 
n ick e l s u r fa c e s  a re  the neutron  m ir r o r s  and the alum in ium  r e p la c e s  the 
vacuu m  o f a n o rm a l guide.

At the h ig h -flu x  r e a c to r  fo r  th erm a l neutron  bea m s w hich  is  under 
co n s tru ctio n  at G re n o b le , ten neutron  guide tubes a re  fo r e s e e n , fiv e  
fo r  th erm a l n eutron s and fiv e  fr o m  the co ld  s o u r c e , w ith  a recta n gu la r  
c r o s s - s e c t i o n  o f 3 X 20 cm  each .

ID E A L ' N EU TRO N  GUIDE TUBES

T h e c r i t ic a l  an g le  o f  tota l r e f le c t io n  is

(1)

n = r e fr a c t iv e  in dex , N = n um ber o f  a to m s /c m ^ , a = coh eren t sca tte r in g  
len gth , 2 = n eutron  w avelen gth . T o  good  ap p rox im a tion  even  fo r  a b 
so rb in g  su b s ta n ce s , it m ay be  assu m ed  that the r e f le c t iv ity  r  is  one 
fo r  a ll an g les у < Ус , and z e r o  fo r  a ll у > Ус (the r e f le c t iv ity  r  d e 
c r e a s e s  to  r  = 0.3 fo r  у = 1.1 У с ) .  Since Eq. (1) m ay be  w ritten  in te rm s  
o f  к = 2 !r/X

Ak
У = —  ( l a )'с  к ' '

T h is  m eans that a ll  n eutron s w ith  w ave v e c to r  com pon ent n o rm a l to  the
s u r fa c e  s m a lle r  than A k a re  r e f le c te d , independent o f  w ave n um ber.

A  stra ig h t, recta n gu la r  neutron  guide tube in the z d ire c t io n  w ith  
id e a lly  r e f le c t in g  w a lls  p a ra lle l  to  x and у  th e re fo re  r e f le c t s  a ll neutrons 
w ith

-  A k  < кд < A k ; -  A k  < k^ < A k  (2)

Out o f  a M axw ell sp e ctru m  o f th erm a l n eutrons w ith  m om entum  sp a ce  
den sity

P r ^ d k x d k y d k z = — —  — -g —  dkxdkydkg  (3)
1 к ^

—  k^ = к T  = —  v^2m  T 2 T

kg = B oltzm an n  con stan t, T  = tem p era tu re  o f  the M axw ell sp e ctru m , 
the n eutron  guide tra n sp o rts  a cu rren t

= F  Æ  4 f  ^  ^  = F  JL  Л Ё к у  ^
4 я \ k ^ y  J  v^  k.p 2л- \ k ^ .y

0

F  = c r o s s - s e c t i o n  o f the n eutron  gu ide.
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F o r  n ick e l w hich  is  the b e s t  m a te r ia l fo r  neutron  gu id es (u su ally  
evapora ted  on g la ss ) A k  = 0.0107 A 'l .
F o r  T  = 300°K , k.p = 3.25 A 'l ,  V .̂ = 2200 m / s e c .
In th is ca se

T h u s, a co ld  s o u r ce  M axw ellian  flu x  den sity  o f  10^ n  cm '^sec*^  at the 
gu id e -tu b e  en tran ce  w ould y ie ld  a co ld  neutron  flu x  den sity  o f
2 X 10H ncm *2 sec*^ at the g u id e -tu b e  ex it.

W e now c o n s id e r  an 'id e a l ' bent guide co n s is t in g  o f two co n ce n tr ic  
cy lin d e r s , w ith  radius R fo r  the ou ter cy lin d e r  and d is ta n ce  d betw een  
th em , w ith  n eutron s tra v e llin g  n o rm a l to  the cy lin d e r  a x is . A neutron  
p a ss in g  th rough  a point w h ose  d is ta n ce  fro m  the ou ter w a ll is  x , and at 
an angle (7r / 2 ) + y^ w ith  the radiu s v e c to r , w ill  hit the ou ter w a ll at an 
angle уд . A ssu m in g  x /R  «  1

T h u s, n ear  the ou ter w a ll neutron s o f a ll m om en ts a re  r e f le c te d  w ithin 
the angular range A k / k .  At a d is ta n ce  x the angular ran ge  is  m o re  
lim ite d , and above

n eutron s cannot p a ss . T h is  h olds i f  the guide is  long  enough (length L) 
to  p reven t the p a ssa g e  o f  neutron s w ithout r e fle c t io n

J = F 2.2 X 10*3

F o r  a co ld  s o u r c e  w ith T  = 30°K

J = F 2.2 X IO**

(5)

and, s in ce

2 A k
к )"

2 2x
RY.

o r ,  w i t h A k x / k  = у x max

(6)

(?)

(3)

The an gu lar ran ge  as a fu nction  o f k /A k  and o f  x /R  is  show n in 
F ig . l  f o r  a c e rta in  ran ge  o f k / A k  and o f  x / R .  B y  applying a tr a n s fo r m a 
tio n  p a ra m e te r  a as in d ica ted , the fig u re  m ay b e  adapted to  o th er ran ges
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o f  the two v a r ia b le s . The in ten sity  o f  the fa s te r  neutrons is  con cen tra ted  
n ear  the ou ter  w a ll, w h ile  fo r  slow  neutrons the d is tr ibu tion  is  n e a r ly  
u n ifo rm . A  'd e s ig n  va lu e , k ^ '  o f к fo r  a guide tube fo r  n ea r ly  u n iform  
tra n sm iss io n  m ay be  defined  b y  asking (ra th er  a rb itra r ily )  that 
k d e s = 2 / 3 k ^ „ ( d )  (9)

w hich  g ives

IT T  = 0 7 5  (10)Ak

F o r  ca lcu la tion s  o f to ta l n eutrons in ten sity  at x a c u t -o ff  value

7Г . 7Г , ,  / R
4 4 ------^ 2x

m ay  be  in trodu ced  as an u pp er lim it in the in teg ra l (4).

R E A L  GUIDE TUBES W ITH IM PERFE CTIO N S

N eutron  bea m s fro m  r e a l guide tubes a re  d iffe re n t in g e o m e try  and 
in ten sity  as com p a red  to  the ' id e a l' ca se  fo r  th ree  re a so n s :

(1) Im p e rfe c t  r e f le c t iv ity  due to  m ic r o s c o p ic  rou gh n ess o f  the 
su r fa ce

FIG. 1. W ave number range A  кд for neutrons o f  w ave number к em erging at a distance x from  the outer 
w all o f  a curved neutron guide (radius R). A k /k  is the critica l angle o f  total re flection  o f  the surface, 
a  is a param eter that m ay be  chosen to vary the range o f  к or o f  x /R .
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(2) Deviations o f the reflectin g  surfaces from  the 'id ea l' geom etry 
('w aviness ' )

(3) Im perfect joints between the parts that make up a long neutron 
guide.

The roughness o f a surface w ill cause a loss  of specu lar re flectiv ity , 
and w ill create  a diffuse re flectiv ity  which may be concentrated at sm all 
angles around the regular re flection . This is  w ell known from  m easu re
ments on m irro rs  fo r  X -ra y s  and fo r  neutrons [15].

F IG .2 .  R eflectiv ity  o f  ground mirror glass (Saint Gobain) and float glass, measured in the gtavity 
refractom eter.

The requirem ents o f su rface  sm oothness fo r  good re flectiv ity  are 
about one ord er of magnitude higher for  neutrons (near the c r it ica l angle 
fo r  a ll energies) than fo r  optical light. H ow ever, norm al optical polishing 
yields su rfaces that are quite satisfactory . Quite a number of m easu re
ments have been made on single or multiple reflection  from  glass su r
faces with or without evaporated coatings; they a ll give re flectiv ities  
around 0.99. F igure 2 shows a recent example on com m ercia l m ir r o r -  
g lass plates.

The average num ber ñ (к) of reflections in a straight guide tube of 
width d, height h and length L is

ñ ( k ) = ^ c ( k ) ( ^  + ^ )  (12)

and the m axim um  num ber of re flection s is tw ice as high.
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In a quadratic bent tube of length L = Lt (length of d irect sight, 
see Eq.(8)) ñ has a minimum value ñ^s ^  3 fo r  к = k^s (k^es see 
Eq. (9)). F o r  sm a ller  к values

(13)

F or la rger  к values, ñ w ill in crease  again because a neutron may move 
in 'garland' re flection s near the outer surface.

Angular deviations e from  the desired  flat or cy lindrica l shape of 
the neutron guide surface w ill cause lo sses  of about e/y^ (k) per r e f le c 
tion. The total loss  w ill be proportional to the square root of ñ

F o r  large к values w here y^ is sm all and ñ m ay becom e large due to 
garland re fle ction s , the angular surface deviations w ill greatly  reduce 
the neutron intensity. This is clea rly  shown in the results of the Saclay 
group [7] who have made a m ost carefu l investigation of the intensity as 
a function o f x and of angle. F o r  instance, there is an intensity minimum 
for fast neutrons that em erge near the outer guide tube surface in the 
tangential d irection .

Deviations e m ay be caused by the natural w aviness of com m ercia l 
glass su rfa ces . F o r  a neutron guide tube designed in Munich fo r  1-A  
neutrons (у,. = 0.0017), g lass with e s 1 0 "* was se lected  (m irror  glass 
from  Saint Gobain) with a re jection  rate o f 30%. Since neutron guides 
are not expected to be used for wavelengths sm aller than 1 A, the u se 
fulness o f com m ercia l glass is now proven generally.

H ow ever, deviations e are a lso  expected by involuntary bending of 
neutron guide g lass plates. In Saclay this problem  has been solved 
(down to 2 A) by using thick plates (2 cm ). These plates w ere specia lly  
ground and polished and cem ented into a self-susta in ing , vacuum -tight 
guide tube. In Munich fra m es, 1 m .in length by 2.5 cm  and 14 cm  w ide, 
w ere  cem ented together, using a large flat table to support the low er 
plate, stee l spheres to define the distance between the plates, and ap
propriate  weighting to com pensate fo r  their natural curvature.

Another deviation e w ill be caused if  a curved neutrons guide is ap
proxim ated by straight sections . This w ill not usually be seriou s . If 
n ecessa ry , the tube section  m ay be slightly bent during the p rocess  of 
cem enting.

Angular adjustment o f neutron guidé sections is easy. Flush surface 
adjustment can be obtained using w ashers, with an accu racy  o f ó = 0.02 mm . 
The intensity lo sse s  due to this are for m sections

In Munich the guide tube sections are mounted in long (up to 10 m) 
rectangular stee l tubes which are then adjusted on p illa rs , sealed and 
evacuated. The m echanical stability appears to be satisfactory  if large 
tem perature variations (e.g . by so lar irradiation) are avoided.

(14)

(15)
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F rom  the g lass or plated g lass guides that are in operation o r  that 
have been tested , the follow ing conclusions may be drawn:

Neutron guide tubes are feasib le  fo r  all wavelengths down to 1 A. 
They operate accord ing  to theoretica l expectations; the neutron lo sses  
that are observed  may be described  by assum ing an effective  re fle c t iv i
ty [7] between 0.98 and 0 97 (instead of the observed  re flectiv ity  which 
is better than 0.99). F o r  neutrons that are severa l tim es faster than the 
design v e locity  the lo sse s  are higher (effective reflectiv ity  0.93 [7]).

E xperience with re fle c to rs  other than g lass seem s to be less  
favourable. It is  difficu lt to achieve the com bination of good m ic r o 
sm oothness and sm all w aviness. F o ils  have always given in fer ior  r e 
sults. Attempts are being made to use electroplating but the resu lts are 
not yet known.
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F IG .3 . G am m a-ray dose around neutron guide tubes at M unich.

SHIELDING; BACKGROUND RADIATION

A neutron guide tube, or a set o f severa l tubes, makes a large 
opening in the rea ctor  sh ield. Fast neutrons and co re  gammas w ill 
m ostly  penetrate the guide tube w alls. T h erefore , in Munich w here a 
set of three guide tubes 2.5 X 25 cm  originates from  one beam  tube, a 
w ater basin , 2.50 m wide and 0.80 m high above the neutron guides with 
0-3 m con crete  w alls , with borated w ater and with lead shields (5 cm) 
and 6 cm  of con crete  in the upward d irection  near the rea ctor  w all, is 
used up to a distance o f 15 m from  the co re  and provides just about su f
ficient shielding. One tube, fo r  20-A neutrons, passes into the hall after 
a total length of 12 m; two tubes, one with Ni fo r  4 .5 -A neutrons, one 
with g lass fo r  6 A , with total length of 34 m (L = 1.4 L ¡) ,  pass through
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severa l w alls into the open and into a laboratory . The gamma dose 
around the outer parts of these guides is shown in F ig.3  ̂ (the fast neutron 
dose is  sm all in this region).

M ost of this gamma radiation does not com e from  the co re . It is 
produced by therm al neutrons which are lost from  the guide by one of 
the p ro ce sse s  mentioned above. The average neutron flux is about 
6 X 10  ̂ n cm '2  sec '^  fo r  the Ni guide. Assum ing that one third of the 
neutrons have been lost by im perfect re flection  along a path of 30 m , 
the neutron guide surface is a sou rce  o f slow neutron capture radiation 
from  ?500 n cm '2 s e c '^  (both sides o f the neutron guide together). A 
considerable  fraction  (somewhat m ore than E^/ E$, the ratio o f absorp 
tion to scattering c ro s s -s e c t io n , which for  g lass and 2200 m /s e c  neu
trons is about 0.03) o f the neutrons w ill be captured in the g lass . The 
rest may be absorbed outside, by lithium if p ossib le . B oron glass may 
be used fo r  the neutron guide. In this case , all neutrons are absorbed, 
but low energy gam m as (only) are em itted, against which gamma p ro te c 
tion is  easy.

y -Dose fu// n-ófom  ¡h G,

O f cou rse , a ll m atter in the neutron beam w ill produce capture 
radiation. F igure 4 shows the influence o f windows and the d ifference 
between vacuum and a ir  in the target tube. It a lso  shows that far from  
windows and in vacuum the gamma leve l is  quite low . At the High Flux 
R eactor at G renoble slow neutron capture w ork on ou t-o f-p ile  targets 
w ill be done m ostly  in subtherm al beam s from  the cold sou rce . Table I 
shows a com parison^ between a therm al beam  tube (10 cm  diam ., 
length 5 m) and a neutron guide tube (Ni, 3 X 20 cm , 33 mm long,

* Figures 3 and 4 are from  O .W .B . Schult, unpublished.
2 This com parison has been  m ade by P. Ageron , unpublished.
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TABLE I. FLUXES FROM NORMAL BEAM TUBE AND FROM BENT 
NEUTRON GUIDE TUBE

Tangential Beam Tube 
10 cm  diam eter 
length 5 m
IO** n cm "2  s e c '*  sterad at the 

T  = 300*K

length L = 33 m  = 1 .1  1̂

0 .4  X IO*"* n c m '2  s e c '*  sterad 

T  = 30*K

Slow neutron flux (n  c m '^  sec***) 3 .2  X 10*o
( 1 .3  X 10*° at beam  tube 
from co ld  source)

10*°

Slow neutron flux w eighted with 
2200 m /s e c  

V

2 .8 X 1 0 * °
( 3 .6  X 10*° from co ld  source) 5 X 10 '°

G am ma flu x (m re m /h ) without filter and without 
co llim ator 
7 X 10*

at 10 cm  from end o f  neutron 
guide 

500 
at 100 cm

50

Fast neutrons(n cm '^  sec"* ) 3 . 2 X 1 0 ' ^ 10
< 6 .7  x 10  ̂ for straight

L ¡ = 30 m ). It is seen that the advantage o f the neutron guide tube is 
not so much in in creased  slow neutron intensity, but in decreased  neutron 
and gamma background. There is , how ever, the possib ility  of gaining in 
flux by using a 'funnel' , a tapered neutron guide with decreasing width, 
to illuminate sm all targets with increased  solid angle. In this case , 
how ever, many neutrons are lost, and precautions must be taken to 
avoid excess ive  capture radiation from  them.

GUIDE TUBE FOR POLARIZED NEUTRONS

Several authors [8, 10, 11] have used magnetized fo ils  in the shape 
o f a curved Soller co llim ator to polarize  neutrons. This seem s to w ork 
rather w ell but the optical im perfection  of fo il surfaces is a serious 
handicap. R ecently B erndorfer [16] has com pleted a polarizing neutron 
guide with polished surfaces which has the follow ing ch aracteristics : 
C ro ss -se c t io n  0.5 X 5.7 cm , length 5 m = 1.2 L ¡ ,  radius of curvature 
430 m . The guide is com posed of 25 -cm  p ieces o f 0.55 mm foils  of 
HYPERM Co 50 (50% Co, 48% F e , 2% V ). The fo ils  w ere glued on brass 
and then ground and polished. The magnetic field  was 850 Oe. The
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m aterial was chosen to give a large cr it ica l angle fo r  one polarization 
(Ak = 0.016 A*^), and n >  1 fo r  the opposite polarization . The guide trans
m its neutrons up to к = 2 .37 A*̂  near the inner w all. The total flux, 
averaged over the c ro s s -s e c t io n  of the guide, was 3 X 10  ̂ ncm*^ sec*^; 
the average polarization  was better fo r  faster than fo r  slow er neutrons, 
see F ig .5 .

o.a

0.7

0.6

0Я

0A

0.3

850 O e.

The value for the total intensity shows that the re flectiv ity  is good. 
The polarization  is  somewhat disappointing in view of the excellent pola 
rization (> 98%) obtained with Bragg reflection  from  m agnetic crysta ls . 
It agrees, how ever, with other m irro r  resu lts , but is a little le ss  good 
than the carefu l work of the Leningrad group [17] who report p o la riza 
tions around 85%. It would certainly  seem  worthwhile to continue this 
w ork with the aim  of obtaining better polarization.
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Abstract

STUDIES OF THE (n , y) REACTION WITH A NEUTRON MONOCHROMATOR. A crystal d iffraction  
neutron m onochrom ator has been constructed sp ecifica lly  for studies o f  th e (n , y) reaction . This equipm ent 
plays a com plem entary role  to  that o f  t im e -o f-f lig h t  d ev ices  in providing a neutron beam  with a full duty 
c y c le  at a given energy. This feature and the sm all target size, large geom etrica l e ffic ie n cy  for y-ray  
detection , and n eg lig ib le  fast neutron background afford advantages for certain classes o f  experim ents.
T h e useful energy range extends from  0 .0 1  to  20 eV . N ovel features o f  the equipm ent include a com p lete

shield to fa c ilita te  the extraction o f  the d iffracted neutron beam , and the use o f  air bearings to provide 
for the m otion  o f  the target, detection  devices, and associated shielding. Results obtained on low  energy 
resonances o f  < ^ L a , M^Os, and w ill be  presented.

The time-of-flight method has been the traditional means for study
ing the interactions with matter of neutrons with higher than thermal ener
gies. A necessary feature of this method is that the entire energy spectrum 
of the neutron source is available during each cycle of the equipment, with 
the experimental time available for a given energy interval determined by a 
fixed relationship between neutron energy and velocity. This is an evident 
advantage when a wide energy range is desired, as for example in cross sec
tion measurements or in studies of the statistical properties of resonances. 
It is clearly a disadvantage, however, when only certain neutron energies 
are of interest, or when neutrons within a small energy interval are re
quired for long periods of time. A  typical experiment of the latter type 
would be a coincidence or angular correlation experiment on the gamma rays 
emitted after neutron capture in a single resonance.

A neutron monochromator employing Bragg diffraction, on the other 
hand, provides a continuous beam of neutrons at a fixed energy. Although 
Bragg reflection is relatively inefficient above thermal energies, the 
elimination of the long flight path gives increased beam intensity, and the 
consequently smaller target size affords a greater geometrical efficiency 
for the detection of secondary radiations. The elimination of the burst of 
gamma rays and fast neutrons at the beginning of each cycle, inherent in the

*  W ork perform ed under the auspices o f  the US A tom ic Energy C om m ission .
* *  Present address: Indiana University, Bloom ington. Ind.
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time-of-flight method, is also a decided advantage. Systems oí this type 
have been employed by Spencer, Faler, and Harlan [1] in studies of the gamma 
rays emitted after resonance neutron capture by W and Hf, and by Vogt and 
Holloway [2] in similar studies of Te, Dy, Hf, and W. In both experiments 
the steady beam of neutrons at the resonance energy was used to advantage 
in coincidence measurements.

We have constructed a neutron monochromator intended specifically 
for capture gamma ray investigations. A schematic diagram of the equipment
is shown in Fig. 1. The primary neutron beam proceeds through a Soller
collimator 7 feet in length, one inch wide, and which has a vertical aper
ture which tapers outward, viewing the full 3-1/2 inch height of the beam 
thimble in the reactor and converging to a height of one inch at the target 
position. At present the collimator has 6 gaps, giving it an angular aper
ture of 13'. The second collimator, with a slightly greater angular aper
ture, is in an Al housing in the tank of liquid shielding. At the position
of the monochromator crystal the primary beam intensity is 2  x 109 n / cm 2 sec
and the beam current 2 x 1 0 Ю n/sec. At the target position the diffracted 
beam  current is ^  2 X 10^ /s e c  at 1 eV. The useful energy range is from
0.01 to 20 eV.

SCALE

neutron beam s are brought out from  the reactor. The beam  on the right (A  beam ) m ay be  u tilized 
either by the m onochrom ator or brought d irectly  out through a single-crystal quartz filter . The le ft -  
hand beam  (B Beam) is ava ilab le  as needed for additional experim ents.

The equipment has some novel features. Since our experiments in
volve secondary radiations (gamma rays) rather than neutrons, the shielding 
requirements are rather severe. It was therefore apparent that the con
ventional type of neutron spectrometer, in which the arm that supports the 
second collimator, detectors, and shielding must rotate on precision bear
ings to precisely determined angles was not feasible here. The target, de
tectors, and associated shielding (seen on the right) were therefore di
vorced completely from the second collimator and arm. Furthermore, the 
conventional mechanical coupling between the crystal table and the second 
collimator usually employed to provide the 2:1 ratio between the Bragg
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angle and arm angle was completely eliminated. Instead, complete reliance 
was placed upon two precision angle encoders. The encoder chosen, the 
"inductosyn" ^3j is essentially a many-pole transformer in which a comparison 
of audio frequency signals on the primary and secondary windings gives their 
relative angular positions to a very high precision. Analog voltages from 
the inductosyn system are digitized and compared with the levels of digital 
registers set to the desired arm and crystal table angles. The error 
signal from this comparison is used to drive the arm and crystal table 
servos. A  2:1 ratio between the arm and crystal table angles may be main
tained automatically, and the angle registers may be interfaced to a punched 
tape recorder or to a computer. The overall accuracy of the system exceeds 
10". This permits the rocking of the crystal without the use of any addi
tional precision angle measuring device.

It was further evident that customary methods of providing for the 
motion of the second collimator - a rotating shield, removable wedges, or 
counter-rotating cones, would be difficult. The motion of the collimator 
through a liquid was therefore chosen. The liquid shielding used is a 
commercial brake fluid additive [4] consisting of a 37% solution of an
hydrous borax in ethylene glycol, with a small additional amount of ethylene 
glycol added by us to reduce the viscosity. The tank has 0.005 inch Al beam 
windows at each end. At each end of the collimator housing there is a flex
ible rubber diaphragm with a 0.005 inch mylar window cemented to it. The 
collimator housing is filled with He at a positive pressure of 10" H2 O, ef
fectively forcing out any liquid trapped between the mylar collimator window 
and the Al tank window. The neutron transmission of each window combination 
is 90%.

The "detector box" containing the target and detectors consists of 
8 inches of high density masonite, 4 inches of lead, and two layers of boral. 
The use of iron in this shield was carefully avoided. The entire assembly 
moves on three air bearings on a large ground steel plate. Rollers clamped 
against a circular rail maintain the orientation of the assembly with re
spect to the beam. Tracking of the collimator is accomplished by a servo 
system which senses the position of a magnet attached to the end of the 
collimator.

In addition to the Bragg-diffracted beam, provision is made for 
bringing out a small (1 cm. dia.) direct beam. This beam is filtered 
through 15 inches of crystalline quartz at room temperature. The neutron 
intensity is 7 x 10? n/cm^sec and the Cd ratio 2 x 10^.

A second in-pile collimator has been installed at the facility to 
provide one or more additional neutron beams in the space at the left.
This has been used by G. Scharff-Goldhaber, I. Schröder, and M. McKeown for 
studies of the (n,ct) and (n,p) reactions. [5]

A  number of experiments have already been carried out at the facil
ity. For example, we are pursuing the study of the capture gamma rays from 
resonances of osmium. The primary purpose is to learn more about the col
lective levels of the even osmium isotopes, which lie in the transition re
gion between spherical and deformed nuclei. In particular, we are interested 
in the two collective levels at 911 and 1115 keV recently discovered in 
thermal neutron capture. [6] Some of the results of a run on the 6.71 eV 
resonance of 0s^89 are shown in Fig. 2. A number of transitions populating 
low-lying collective states in 0sl90 have been indicated. In particular, we 
note the strong transitions from the capture state to the 0+ ground state 
and 2+ rotational state at 187 keV. Since strong primary transitions from
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the capture state to lower-lying levels are known to be almost exclusively 
dipole transitions, it is evident that the 6.71 eV resonance has 1- spin and 
parity, since it populates directly both the 0+ and 2+ states. As a some
what weaker argument for the same conclusion we note that the 7037 keV 
transition to the 3+ state in the gamma vibrational band at 755 keV does 
not appear, as it does in thermal capture. The 6882 and 6679 keV transitions 
to the collective levels at 911 and 1115 keV previously found in thermal 
neutron capture are present, but are very weak.

Another current experiment at our facility is the study of the 0.74 
eV p-wave resonance in Lal39^ carried out in collaboration with the Brook- 
haven Chopper Group. Since this resonance has a neutron width 2gr^ = 8x10*5 
mV, the peak cross section is very small. The study of the capture gamma 
rays from this resonance should yield not only the spin of the resonance 
but information on even parity shell model states in L a ^ O  at 1 to 2 MeV 
excitation not populated strongly by s-wave capture. In Fig. 3 we show a 
portion of two gamma ray spectra, obtained on and below the 0.74 eV reson
ance respectively. In addition to the La peaks, a number of sulfur peaks 
(a diluent in the target) and the 2223 keV hydrogen line are seen. While 
the two spectra resemble each other closely, the intensities of a number of 
peaks with energies below 4 MeV differ by more than the statistical errors.
In particular, we note the shift in relative intensities of the 3665 and 
3680 keV peaks in the two runs. The 3680 keV transition is evidently strong 
in the 0.74 eV resonance capture spectrum.

235
Still another current experiment is the study of the U (n.?) re

action. The principal objective of this work is the determination of the 
spins of certain resonances by observing transitions from the 3- or 4- 
capture states to low-lying collective levels in U236. ¿ great deal of
effort has been devoted to various attempts to determine the spins of U^35 
resonances at several laboratories with rather inconclusive results. Since 
the capture to fission ratio a  fluctuates considerably from resonance to res
onance in our equipment has a particular advantage in providing a beam
at an energy where this ratio is most favorable. We have chosen the 4.845 eV 

resonance for an initial experiment, where Гу = 35 mV and Tf = 4 mV, or a 
ratio ^  20 times more favorable than at thermal energy. We find, for ex
ample, that with a 14 gm target of u235 the fast neutron background from 
fission events at our Ge(Li) detector is only ^  lO/cm^-sec. Our initial re
sults indicate that any high energy gamma rays present are extremely weak. 
Several peaks, however, were fitted by our computer program. In particu
lar, peaks were found at 6400, 6928, and 5493 keV. The energy separation 
of these peaks matches closely that of known states in u236 at 45 keV (0,2+), 
148 keV (0,4+), and 952 keV (0,2+'). This gives a neutron separation energy 
Sn = 6445 ± 2 keV, to be compared with the least squares adjusted value of

Mattauch, Thiele, and W a p s t r a  [7] of Sn = 6467 ± 18 keV. The s e  results 

should be viewed as tentative, however, until w e  m a k e  further runs 

with improved statistics.
W e  have also investigated the low energy region. A  careful search 

of the energy region below 500 k e V  at high resolution 1 keV) failed 

to reveal any peaks attributable to neutron capture. At higher energies, 

however, a n u m b e r  of such peaks appear. F o r  example, the 641.7 and

687.0 k e V  transitions f r o m  the 687 k e V  level in are very strong.

A  n u m b e r  of other peaks correspond to internal conversion lines o b 
served by Prokofiev, Balodis, and coworkers in Riga [8]. Finally, the 

909 k e V  transition observed by D u r h a m ,  Rester, and Class [9] in 

C o u l o m b  excitation is also present.



STUD IES W IT H  A  NEUTRON M O N O C H R O M A TO R 1 1 1

References

[1] K. T. Faler, R. R. Spencer, and R. A. Harlan, Nucl. Phys. A123. 616
(1969). ----

[2] R. H. Vogt and G. E. Holloway, Bull. Am. Phys. Soc. j., 433 (1964).

[3] Del. Electronics Corp., Mt. Vernon, N.Y.

[4] U.S. Borax Co. "Liquibor 524".

[5] I. G. Schröder, M. McKeown, and G. Scharff-Goldhaber, Phys. Rev. 165
1184 (1968). ---

[6] M. A. Mariscotti, W. R. Kane, and G. T. Emery, Bull. Am. Phys. Soc.
12, 597 (1967).

[7] J. H. E. Mattauch, W. Thiele, and A. H. Wapstra, Nucl. Phys. 67, 73
(1965). —

[8] P. T. Prokof'ev, M. K. Balodis, Ya. Ya. Berzin, V. A. Bondarenko, N. D.
Kramer, E. Ya. Lure, G. L. Rezvaya, and L. I. Simonova, Atlas of Inter
nal Conversion Electron Spectra Emitted Upon Capture of Thermal Neutrons
by Nuclei with A=143 to 197 and Schemes of Radiative Transitions, pp. 125-
126 (Zinatne, Riga, 1967).

[9] F. E. Durham, D. H. Rester, and C. M. Class, Proc. Int. Conf. on Nuclear 
Structure, Kingston, Aug. 29 - Sept. 3, 1960, D. A. Bromley and E. W.
Vogt, Editors, pp. 594-598 (University of Toronto Press, Toronto, and 
North-Holland Publishing Co., Amsterdam, 1960).





SIMPLE AND ACCURATE CALIBRATION 
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Abstract

SIMPLE AND ACCURATE CALIBRATION TECHNIQUE FOR MEASURING GAM M A-RAY ENERGIES 
AND Ge(Li) DETECTOR LINEARITY. A technique for precise ca libration  o f  Ge(Li) gam m a-ray

differential response o f  a m utichannel analyser is measured with a sliding pulse generator whose 
increm ental non-linearity  is 0. 005 -  0 .01% . The integral o f  this response with respect to  counts is 
a linear function  o f  energy. With the use o f  tw o known gam m a-ray lines the ca libration  constant in 
counts/k eV  and, in turn, the energies corresponding to  unknown gam m a-ray peaks can be determ ined.
The technique is sim ple, fast and virtually autom atic. The method was evaluated by measuring 
gam m a-tay energies (0 . 27 -  2 .1 5  M eV ) from  ten  souices. T h e results obtained agree with published 
values to  within the measurement uncertainty o f  40 -  110 eV . The accuracy o f  the technique depends 
on the linearity o f  the sliding puiser and the Ge(Li) d etector. From a spectrum o f  ^ G a  measured 
energy intervals o f  2 were exam ined as a function o f  gam m a-ray energy. T h e standard deviation 
o f  the eight 2 m^c^ intervals was only 0. 08 keV . It is therefore concluded that betw een 1 and 5 M eV 
the increm ental non-linearity o f  the coa x ia l Ge(Li) detector is less than ± 0 .1  keV . Measurement 
uncertainties due to  errors in the calibration  standards, peak loca tion  and the number o f  counts/channel 
in the differential response are discussed.

Work performed under the auspices o f  the US A tom ic  Energy Com m ission. T h e  fu ll text o f  
this paper w ill be  published in Nuclear Instruments and Methods.
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Abstract

EXPERIENCE WITH A THREE-CRYSTAL PAIR AND ANTI-COM PTON SPECTROMETER FOR 
(n , y) SPECTROSCOPY. T h e paper describes a spectrometer system that is useful in high-resolution 
gam m a spectroscopy. T h e system consists o f  a 10-cm ^ Ge(Li) central detector surrounded by a split-ring 
annulat N al(T l) scin tilla tion  crystal. T h e  specttom etet can  b e  зрелated in  the anti.-Com pton m ode 
and /or as a three-crystal pair spectrom eter. A com puter program was developed for the autom atic 
analysis o f  gam m a-ray spectra and includes position finding, Gaussian-shape line fitting and plotting 
routines for the gam m a peaks. T h e (n , y )  spectrum from natural chlorine was measured with this 
spectrom eter and the energies and intensities o f  190 resolved gam m a-ray lines are reported. A b oo t
strap technique was used to  generate a self-consistent energy calibration  and a Q -value o f  8580. 7 ± 1 keV 
was obtained for the ^ C l(n , y )  reaction.

Permanent address: Nuclear Research Institute, Rez near Prague, C zechoslovakia
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MEASUREMENT OF RESONANCE 
NEUTRON CAPTURE GAMMA RAYS 
USING A Ge(Li)-NaI SPECTROMETER 
AND AN ELECTRON LINAC *

V .J . ORPHAN, C .G . HOOT, A .D . CARLSON,
J.JO H N . J .R . BEYSTER

Gulf General A tom ic Incorporated,
San D iego, C a l i f . ,
United States of A m erica

Abstract

MEASUREMENT OF RESONANCE NEUTRON CAPTURE GAMMA RAYS USING A G e(Li)-N aI SPECTRO- 
METER AND AN ELECTRON LINAC. A study o f  resonance neutron capture gam m a-ray spectra using a 
G e(L i)-N aI spectrom eter and a pulsed LINAC neutron source is described. T h e G e(Li)-N aI spectrom eter can 
be operated simultaneously in the Com pton-suppression m ode for gam m a rays below  about 3 M eV  and in the 
three-crystal pair spectrom eter m ode for h igher-energy gam m a rays. The gam m a-ray pulse height and the. 
corresponding neutron t im e -o f -f lig h t  are recorded using an on -lin e  com puter. The principal features o f  the 
capture gam m a-ray fa c ility  are described and spectra resulting from  the capture o f  neutrons in natural tungsten 
are shown.

* Supported by the US A tom ic  Energy Com m ission and performed under subcontract No. 3032 with Union 
Carbide Corporation. T h e text and results o f  the paper have been  accepted  for publication  by Nucl. Instrum. 
M eth. under the t it le  "Neutron capture gam m a-ray fa c ility  using an electron  linear a ccelera tor" by the same 
authors.
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France

Abstract

SPECTROMETRY OF PHOTONS EMITTED BY REACTIONS INDUCED BY FAST NEUTRONS ON 
VARIOUS ELEMENTS. The fo llow in g  paper describes briefly  a spectrom eter used for the study o f  photons 
em itted by fast neutron reactions and gives som e experim ental data on various elem ents.

We have investigated and realized  a spectrom eter fo r  studying the 
photons emitted by fast neutron réactions.

The photons are detected by a spectrom eter com posed of a la rg e - 
volum e coaxia l Ge(Li) detector surrounded by a 305 X 305 X 80 mm 
Nal(Tl) crysta l divided into 4 optically  separated sectors  [1]. A ssociated  
e lectron ics  perform  the analog treatment of the inform ation detected and 
perm it the sim ultaneous record ing ofthe gam m aspectra in the 3 principal 
m odes: (1) ph otoelectric and anti-Com pton in the range 0 . 3 - 8  MeV;
(2) pair effect above 1.022 MeV; and (3) total absorption in the range 
60 - 300 keV.

The continuous Compton background is reduced by the anticoincidence 
se le cto r  by the follow ing fa ctors : 8 for  photons of 663 keV; 6.5 fo r  photons 
o f 2.614 MeV; and 3 fo r  photons o f 6.14 MeV. The attenuation o f the total 
absorption peak is less  than 20%.

The stability o f the sp ectrom eter is of the order o f ± 300 e V /d . The 
optim ization o f the large-volu m e coaxial Ge(Li) d e te c to r 's  tim e defin i
tion [2, 3] allow s tim e discrim ination  of scattered neutrons and gamma 
rays by a tim e-o f-fligh t method.

The production tim e o f the neutrons is defined either by the associated  
particle  method (En = 2.5 and 14.1 MeV fo r  the 400-keV  Van de Graaff) or  
by the pulsed-beam  method of a tandem Van de G raaff a cce lera tor .

The tim e inform ation is  se lected  either at the output of the charge, 
p ream plifier (charge pulse) o r  at the extrem ities of a low -value re s is to r  
in ser ies  with the charge resistan ce  (current pulse). This last method' 
reduced appreciably the influence o f the position o f photon detection. The 
tim e resolution  o f our detector is  about 5 nsec fo r  photons with energy 
above 500 keV.

We have studied the response of the Ge(Li) detector to an important 
background from  scattered neutrons. In a coax ia l diode the mean field 
is weak, and the recom bination o f the e lectron -hole  pairs produced by 
highly ionizing particles is im portant. F or the sam e energy the charge 
co llected  is different fo r  a Ge r e c o il  nucleus, an alpha particle and an
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electron  and consequently the (n ,c ) reactions on Ge isotopes are d iffi
cult to indentify. M oreover, in an elastic co llis ion , the re co il energy of 
Ge is  record ed  with weak e ffic ien cy  [4].

The m ost apparent aspect o f the interaction o f neutrons on Ge is the 
detection  of a large peak corresponding to the de-excita tion  of a ^ G e  0 + 
lev e l at 691 ± 1 keV energy [5]. This long life  (300 nsec) has an internal 
con version  decay. A ccord in g  to our calibration , the energy of this peak 
is  equal to 696 ± 0.5 keV.

F IG .3 . (n -n 'y )  reaction for tungsten; En * 8 .7  M eV , 6 - 9 0 ° .

This energy does not depend on the incident neutron energy which 
suggests that the r e c o il  ^G e energy contributes only a sm all part to the 
total energy detected . On the other hand, we have observed an in crease 
in the FWHM and a sym m etry  o f this peak when the energy o f neutrons 
in creased .

This sp ectrom eter has been used to study the (n -n ' y) reaction  at 
2 .5 , 8, 8.72 and 14.1 MeV; som e typ ical spectra  a re  shown in F igs 1-3 . 
The c ro s s -s e c t io n s  and angular distributions of the m ore  intense tran si
tions of natural F e , i°B , 182 w  and i&4w have been record ed . They show 
that the various experim ental techniques used here allow a fruitful study 
o f the em itted photons by reaction  of fast neutrons.
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GAUSSIAN PRODUCT FUNCTIONS 
APPLIED TO AUTOMATIC ANALYSIS 
OF GAMMA-RAY SPECTRA*
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Abstract

GAUSSIAN PRODUCT FUNCTIONS APPLIED TO  AUTOM ATIC ANALYSIS OF GAM M A-RAY 
SPECTRA. The paper presents som e new functions deduced from  the Gaussian function in a simple 
way. These functions, ca lled  Gaussian product functions, can be used for autom atic analysis o f  . 
gam m a-ray spectra g iving a real range o f  the peaks and their widths. Thus, it is possible to  base 
the analysis very precisely on  the observation o f  widths.

* A m ore detailed version o f  this paper w ill be  published by I .A .  S lav ic and S. P. Bingulac in 
Nuclear Instruments and Methods.
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Abstract

RECENT EXPERIMENTS FOR NEUTRON CAPTURE CONVERSION ELECTRONS. The inform ation on

1. INTRODUCTION

In 1938 Hoffman and Bacher [l ]  observed electrons follow ing neutron 
capture fo r  the first tim e. They put a cadmium sheet on a photographic 
plate in a neutron flux and found much m ore blackening without an ab
so rb er  than with a thin absorber. In the same year Fleischm ann [2] 
independently m easured conversion  electrons in Cd and determ ined a con 
version  coefficien t. The first m agnetic spectrom eter for neutron 
capture conversion  electrons was constructed by Hibdon and Muehlhause [3] 
in 1951. Several other groups installed spectrom eters fo r  this purpose 
[4 -7 ] but could only investigate isotopes with very  high capture c r o s s -  
sections . At present there are instruments in operation in Munich, 
Studsvik, Riga, M oscow , Leningrad and Argonne. Spectrom eters fo r  
coincidence m easurem ents with neutron capture conversion  electrons are 
used by two groups [8, 9] .

The energies and intensities o f conversion  electron  lines provide 
valuable inform ation on transitions in nuclei. At energies between 1 and 
3 MeV conversion  electrons can som etim es give the m ost accurate energy 
values. Some transitions such as EO and low -en ergy  lines with high 
m ultipolarity can only be observed  in the electron  spectrum . The intensity 
enables one to calculate the m ultipolarity (and the mixing o f the m ulti
polarities) o f the transitions by K :L -ra tio s , L -su bsh ell ratios o r  con 
v ers ion  coe ffic ien ts . At low energies the electron  intensity contributes 
appreciably to the total intensity o f transitions. With the m ultipolarity 
o f  the transitions one can determ ine the parity o f the levels , set lim its 
to the spin o f the levels and give the Ritz combination principle m ore 
reliab ility  fo r  new leve ls .

2. CHARACTERISTICS OF THE SPECTROMETERS

A spectrom eter fo r  conversion  electrons from  neutron capture must 
have very  good resolution, very  good sensitivity and a low background to 
separate as many lines as possib le  in the electron  spectra, which are
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very  com plex in many cases (see F ig . 10). The L -lin es  should at least 
be resolved  fo r  lines below 500 keV because their intensity ratio is very  
sensitive to the m ultipolarity. The dynamic range o f a spectrom eter 
has to have severa l ord ers  of magnitude so that large (sm all) branching 
ratios, which are im portant checks o f nuclear m odels, can be determ ined.

T here are two possib le  arrangem ents fo r  a conversion  electron  
spectrom eter at the reactor: the internal target geom etry  (target c lose  
to the rea ctor  co re , e lectrons being extracted through a collim ator) and 
the external target geom etry (target in an external neutron beam ). The 
firs t has the advantage o f higher intensity, while the second perm its 
ea sier  changes in the target and coincidence m easurem ents. In m ost 
cases m agnetic spectrom eters have been used. At Argonne a sem i
conductor spectrom eter arrangem ent was set up [10-12] and a s im ilar 
experim ent has been planned at Frankfurt [13] .

It is difficult to com pare different spectrom eters because they d iffer 
not only in sensitivity and resolution, but also in m easuring tim e, back
ground (depending on energy), reactor arrangem ent, reactor type and 
relations between all param eters. It is , however, possib le  to define 
figures o f m erit to com pare sp ectrom eters . The line intensity is  p ro 
portional to the target area A, the solid  angle in the spectrom eter Q and 
the neutron flux at the target Ф :

1 = А- Я- Ф

The sensitivity  depends on the line intensity and the background counting 
rate:

S=- i
JI+B  

and fo r  sm all lines:

B ieber [14] defined a figure o f m erit which relates the line intensity to 
the m axim al therm al neutron flux o f the reactor:

Since there is  usually a relation  between the line intensity o f  a sp ec
trom eter and the resolution R = dp /p , Dem idov [15] gives another figure 
o f m erit:

One can com bine these form ulas, taking into consideration  that the sen si
tivity o f a spectrom eter in creases only with the square root o f the reactor 
power (oc $max )< because the background w ill also in crease [16] :

Qg = — i-I 
3 R -ЛВФГГ
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F IG .l .  Spectrom eter at M unich.

FIG. 2 . Partial capture cross-section  o f  the weakest conversion lines measured with the M unich 
spectrom eter. *  ***Cd, x isoSm, о  is^Dy, д  n  iMRe. ^h^ curve corresponds roughly to the
sensitivity o f  the spectrom eter at 1 -M W  reactor pow er.
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3. THE SPECTROM ETER AT MUNICH

The Munich spectrom eter is shown in F ig . 1 [17-20] . It has an internal 
target geom etry . The spectrom eter magnet is a com bination o f a hom o
geneous and a 1 /r  se cto r  field  which deflects the electrons by 90° and 
which is double focusing. With a biased target (15 kV) the electrons 
are p reaccelerated  and it is possib le  to m easure electrons from  zero 
energy upwards. The partial c ro ss -s e c t io n s  (e lectron  intensity per 
capture tim es capture c ro ss -s e ct io n ) o f the sm allest detected lines of 
severa l isotopes are plotted in F ig . 2. This gives the experim ental curve 
fo r  the sensitivity (at 1-MW rea ctor  power) o f the spectrom eter in de
pendence on the energy. One can m easure h igh -energy conversion  
electrons because the sensitivity im proves at about the sam e rate as the 
con version  coefficien t d ecrea ses . The reason fo r  this is the low er back
ground at higher en erg ies. T herefore  the Munich spectrom eter was the 
firs t  to m easure conversion  electrons up to 9 MeV, although the con 
v ers ion  coefficien t is only 10'^ at these high en erg ies.

4. THE SPECTROM ETER AT STUDSVIK

The spectrom eter at Studsvik (F ig .3  [21-23]) is o f  the 7rjl3 type and 
has th erefore  a good resolution . The sm aller intensity -  because o f the 
external target geom etry  -  is com pensated by the high neutron flux o f 
the 30-MW rea ctor  and by a m ultiple target arrangem ent. 20 target 
strips are biased up to 35 kV. This arrangement can only be used below 
1 .4  M eV. The e ffic ien cy  fo r  higher energies is much w orse because of 
this reason .

5. THE SPECTROM ETER AT RIGA

The spectrom eter at Riga (F ig . 4 [24 -26 ]) uses the internal target 
geom etry . The electrons are guided by a M u-m etal tube into a homogeneous 
m agnetic fie ld . The shape o f the end o f this tube causes double focussing. 
E lectrons o f different energies are registered  sim ultaneously with a photo
graphic plate. This perm its the m easurem ent o f one spectrum  within a 
few hours. But the intensity e r ro r  is  always rather large .

FIG.4 . Spectrom eter at Riga: 1 . target; 2 . reactor core ; 3 . m agnetic shield ; 4 . photographic plate.
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In 1968 a new spectrom eter was installed in M oscow (F ig. 5 [ 2 7 ] )  
which is s im ilar  to the old one [ 7 ] ,  but has an average radius o f 60 cm 
instead o f 30 cm . The electrons from  an external target pass through 
two 7rĴ 2 sp ectrom eters . Between the spectrom eters is a transm ission  
detector which is  in coincidence with the final detector to reduce the back
ground. The resolution and the target size  have been increased com pared 
to the old spectrom eter. The neutron flux at the target is supposed to be 
10^ n cm*2 s e c 'i  [27]  . With this flux and with the target area and the solid 
angle one calculates an intensity of the -*̂ °Sm lines [27]  which is about a 
factor o f 10 too low . T herefore  the neutron flux was assumed fo r  the 
figures o f m erit in Table I to be about 10̂  n cm"^ sec*^ . The spectrom eter 
was adjusted to m easure electrons with energies between 1 .5  and 8 MeV.

6. THE NEW SP E C T R O M E T E R  AT MOSCOW

7. THE SPECTROM ETER IN LENINGRAD

A new type of an internal target geom etry spectrom eter has been 
constructed in Leningrad (F ig . 6 [2 8 ]). A magnetic lens produces an image 
o f the target outside the rea ctor  shielding. This im age is the source for 
a 180° inhomogeneous sector  field  spectrom eter. This arrangement has 
good resolution and good sensitivity. E lectrons with an energy up to 4 MeV 
can be m easured. The distance between the target and the reactor core  
is la rger than in the Munich and in the Riga spectrom eters . This reduces 
the background from  core  gamma radiation.

FIG. 6 . Spectrom eter at Leningrad.
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Burson and co -w ork ers  [10-12] were the first to m easure neutron 
capture conversion  electrons with a sem iconductor detector (F ig . 7). The 
main difficulty o f such an arrangement is the sensitivity o f these detectors 
to gamma radiation. The gamma background is  nearly  com pletely  e lim i
nated by extracting the electrons with the strong m agnetic field  o f a 
superconducting co il. The electrons from  an external target describe  
h elica l paths about the m agnetic field lines to the detector which is 25 cm 
away. Four per cent o f the electrons leaving the target reach the de
te cto r . This can be increased up to 50%. Since such a spectrom eter 
perm its the analysis o f all energies sim ultaneously, the sensitivity is 
very  good, especia lly  fo r  isotopes with low capture c ro s s -s e c t io n s . The 
resolution  above 2 MeV might be better than that o f a magnetic sp ec
trom eter. T ill now this system  has been used only for e lectrons with 
energies less  than 2 MeV.

8 THE SEM ICONDUCTOR S P E C T R O M E T E R  IN ARGONNE

SUPERCONOUCTI NG

FIG .7 . Spectrom eter at Argonne.

9. THE PROJECTED SPECTROM ETER AT GRENOBLE

A new spectrom eter has been planned at the High Flux R eactor at 
Grenoble [29] . An im proved spectrom eter was calculated by Mahlein [30] 
in which the electrons o f the internal target are first deflected and double 
focussed  by a 60° sector  fie ld . The focus is the source fo r  a 290° sector  
field  spectrom eter which consists o f homogeneous fields and a 216° 1 /r  
field  (F ig . 8). This gives a very  good d ispersion . F igure 9 shows the 
arrangement at the reactor [31] . The target is exchanged through a 
vertica l tube. The tube fo r  the electrons is slightly inclined. The ratio 
o f the neutron flux to the gamma flux near the target is much better than 
in the Munich spectrom eter because o f the 80 cm o f heavy water between
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target and co re . T herefore  a low background is  expected. The in ter
m ediate focus can be used to eliminate background by utilizing a slit.
It should be possib le  to m easure isotopes with this spectrom eter with less  
than 1 b capture c ro s s -s e c t io n . The energy range is expected to be
0 .0 3 -1 0  MeV.

10. COMPARISON OF THE SPECTROMETERS

In Table I the important data of the spectrom eters are com pared. It 
should be pointed out that som e o f these num bers are only estim ates. The 
figures o f m erit should be regarded as not very  accurate. A factor of 
1000 was added to som e quantities o f the Argonne spectrom eter because 
about 1000 channels can be m easured sim ultaneously. A factor o f J 1000 = 30 
was used fo r  quantities which increase only with the square root o f the 
m easuring tim e due to the background. These factors fo r  the Riga sp e c 
trograph are estim ated to be 100 and 10 because photographic plates can 
be exposed only fo r  a lim ited tim e and the sensitivity does not in crease 
with very  long m easuring tim es.
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FIG .9 . Conversion e lectron  spectrom eter at the HFR G renoble.



T A B L E  I. COM PARISON OF TH E SP E C T R O M E T E R S

Data Munich Studs vik Riga M oscow Leningrad Argonne Grettoble

Reactor FRM R2 R T - C I R T -M -iA E W W R -M C P -5 HFR-iLL

Power (MW) 4 30 2 2 10 5 57

4*max* m ax. therm. flux (n cm **< ec* ') 5 .5 x 1 0 * ' 3 x 1 0 * * 3 .2 X  l o " 3 .2  x l o " 1 0 ^ 1 0 " 1 .5 x 1 0 * *

Target geom etry internal extem ai interna! external internal extem ai internal

D M ance target -  co te  (m ) 0 .1 8 0 .1 4 .2 0 .8 5 0 .7

D i:tance target -  spectrom eter (m ) 5 0 5 0 5 .5 0 .2 5 1 3 .5

Ф: n -flu x  at target (n c m "  * s e c '  ) 6 x 1 0 " 1 .4 x 1 0 * 5 x 1 0 * ' 10'  ) ( 1 0 * ) l o " ( i o ' ) 3 X 1 0 "

T y p e . f ,p e c . , .n , e . . r
field

h .M . f . . p e c w 2 xirV2
lT ^ r œ n J . 'I Ô ]e n . L c ^ f i J l d

0  : MÏid angle 10* ' 3 x 1 0 " * 2 . 5 x 10* ' 3 x 1 0 * ' 2 . 5 x 1 0 " ' 0 .0 4 5 x 1 0 * '

(spectrom .) ( o f  4  w)

A t target area (cm * ) 1 . 2 x 8 4 X 5 ЗХЗХ1Г 1 x 5 2 x 8 1 .7  x 1 .7  xir 2 . 5 x 8

R ;  tesolutton 0 . 0 8 - 0 . 3 0 .1 5 - 0 . 3 0 . 0 1 - 0 . 4 0 .1 9 - 0 .3 8 0 .1 3 - 0 .2 1 (0 .^ ) 0 .0 4 x 0 .1 5

(best-norm a!) (^))

Energy range (M eV) 0 - 1 0 0 .0 1 - 4 0 .0 3 - 3 1 .5 - 1 0 - 4 0 .0 3 - 2 0 .0 3 - 1 0

В :  background (cpm ) below  500 keV  : below  150 keV  ! about 80 000 about 10 at 900 keV : about 100 below  500 keV :

15 000 -  80 000 4 0 -1 2 0 at 5 M e V . 1 35000 10 0 0 0 -1 0 0  000

above 8 M eV : above 150 keV :

500 20

Line intensity 1 = A * П - Ф (;ес*^ ) 6 x 1 0 * 8 Х Ю * 3 .5  x 10* x 100 (1 .5 x 1 0 * ) 4 x 1 0 ' 4  x 10* x 1000 3 x i o ' °

Sensitivity S = A - Я * Ф / Vb ( s e c * '^  ) 2 x 1 0 * 2 x 1 0 * 1 .3  x 10* x 10 ( 5 x  l o ' ) 2 x 1 0 * 4 x  М 'х З О 10*

Figure o f  m erit :

B ieber: 0 ,  = 1 /Ф щ а д (ст * ) 10 -s 3 X 1 0 * ' 1 0 'x 100 ( 5 x 1 0 * ' ) 4 x 1 0 * ' 4 X 1 0 * 'X 1000 2 x 1 0 * '

D em id ov : Q , = i/R (s e c * * ) 3 x 1 0 " 4 x 1 0 * 1 .4 X  l o "  x l o o (5 X 10* ) 3 x 1 0 ** lO 'xlO O O 3 x 1 0 "

E g id y :Q s = I /(R v B .4 < m a x  ^ m ) 140 50 90 x lO (30) 160 1 0 x 3 0 3000
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A ccording to the values in Table I, the Munich, Studsvik, Riga, M oscow  
and Leningrad spectrom eters have very  s im ilar resolution . The resolution 
o f the Argonne sem iconductor spectrom eter is w orse by m ore than a 
factor two, the resolution o f the projected  Grenoble spectrom eter is ex
pected to be better. The sensitivity o f the Grenoble spectrom eter is 
expected to be at least an ord er  o f magnitude better than any o f the other 
sp ectrom eters . The sp ectroscopes in Riga and Argonne have better 
sensitivity than the other existing ones because they co llect different 
energies at the sam e tim e. The spectrom eters in Munich, Studsvik and 
Leningrad have about the same sensitivity. The different figures of 
m erit show again that the Grenoble spectrom eter is expected to be superior 
to the others. The instruments in Riga and Argonne are better if  one 
includes the factor fo r  multichannel registration . The spectrom eters 
in Leningrad and Munich have very  s im ilar figures of m erit. The m ag- . 
netic spectrom eters with external target geom etry have a sm aller figure 
o f m erit.

The best way to com pare the e ffic ien cy  o f the spectrom eters is  to 
look at the m easurem ents, especia lly  where the sam e isotope has been 
m easured by different groups. The fastest spectrom eter is  certainly  the 
one in Riga, because this group has m easured 37 isotopes in the last 
5 years, while 15 isotopes w ere m easured in Munich and 10 in Studsvik.
The sensitivity o f the spectrom eters which corresponds to the number 
o f detected lines is very  s im ilar in Studsvik and Riga. The Munich sp ec
trom eter in severa l cases found m ore, o r  at least the same number of 
lines as the Riga spectrom eter. The energy and intensity e rro rs  are 
usually sm aller in the results o f the Munich and Studsvik spectrom eter 
than in the results from  Riga.

In F ig . 10 spectra  of near 900 keV m easured in Studsvik [32],'
Leningrad [28] and Munich [33] are com pared. The resolution  o f the 
Leningrad spectrum  is slightly better than that of the Studsvik spectrum , 
while that o f the Munich spectrum  looks w orse . This is caused by the 
th icker target installed fo r  h igh-energy m easurem ents. The h igh-energy 
slope of the lines which corresponds to the spectrom eter resolution  with
out influence o f the target thickness is as steep as in the other spectra .
The sensitivity is about the sam e in all three spectra . I^Gd was m easured 
in Riga too [34], but no graph was published and the table is not in good 
agreem ent with the other resu lts .

The h igh-energy spectrum  o f ISOgm was m easured in Munich [35, 36] 
and M oscow  [24] . The resolution  was 0. 35% in Munich and 0. 38% in 
M oscow . With a m easuring tim e of 45 min per point the sensitivity of 
the M oscow  spectrom eter was slightly better than the sensitivity o f the 
Munich spectrom eter with 6 min m easuring tim e per point.
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Abstract

CONVERSION ELECTRONS AND GAMMA RAYS FROM NEUTRON CAPTURE IN ^ U .  Conversion 

conversion electrons in the range 0 .5  -  1 .2  M eV.

In t ro d u c t io n
The le v e l  s t r u c tu r e  o f 236ц ^  ^  knowledge been v e r y

l i t t l e  s tu d ie d . S in c e  the  c ap tu re  c ro s s  s e c t io n  o f  235ц ^  gg h ig h  as 100 barns 
the  re a c t io n  2 3 5 ц (^ у )2 3 6 ц  gggmg to  o f f e r  good p o s s i b i l i t i e s  to  s tudy  a t  le a s t  
the  low est le v e l  s t ru c tu re  o f 236ц_

An ex p erim en ta l d i f f i c u l t y  in  r e g is t e r in g  the  r a d ia t io n  from  the  
(n , y )  p ro cess  l i e s  in  the  s tro n g  co m p e t it io n  from  the  r a d ia t io n  from  the  
f i s s io n  p ro cess  (o = 580 b ) .  F o r  in t e n s i t y  reasons a uranium  ta r g e t  t h ic k  
enough to  stop a c o n s id e ra b le  f r a c t io n  o f  th e  f i s s io n  fragm ents must be used . 
Then th re e  typ es  o f r a d ia t io n  w i l l  compete w ith , the  (n , y )  r a d ia t io n :  1) Prompt 
r a d ia t io n  from  the  f i s s io n  frag m en ts , 2) r a d ia t io n  fo llo w in g  b e ta  decay o f  the  
frag m en ts , 3) r a d ia t io n  from  th e  p o s s ib le  ( n , y f )  p ro ce ss .

In  t h is  re p o r t  measurements o f co n ve rs io n  e le c t ro n  and gamma-ray 
s p e c tra  a re  d e s c r ib e d , w h ich  a re  a b le  to  d is t in g u is h  the  (n , y )  and ( n , y f )  
r a d ia t io n s  from  th e  r a d ia t io n s  from  the  frag m en ts . The ( n , y f )  r a d ia t io n  may 
be observed  e i t h e r  by d i r e c t  o b s e rv a t io n  (1 ) o r by com parison between the 
p re sen t experim ent and experim ents d e te c t in g  th e  gam m a-radiation  c o in c id e n t  
w ith  the  f i s s io n  fragm ents (1 ,  2 ) .

C o nvers io n  e le c t ro n  measurement s

P ro v id e d  an e le c t r o n  spectro m ete r w i t h  h ig h  enough r e s o lv in g  power i s  
used , e le c t r o n  l in e s  from  the  f i s s io n  fragm ents can  be d is t in g u is h e d  from  
e le c t ro n s  from  236ц g im piy by u s in g  a t a r g e t  th ic k n e s s  d e f i n i t e l y  sm a lle r  
than  the  range o f  the  f i s s io n  fragm ents in  com b ination  w ith  a b ack ing  t h ic k
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ELECTRON-ENERGY keV

FIG. 1. T op : Patts o f  the internal conversion electron  spectrum. T o  the left are shown lines assigned to ^ U .  
T o  the right are the m uch broader lines from  the decay o f  fission fragm ents. Bottom: Graph o f  the relative 
half-w id th  o f  conversion lines as a function o f energy. Solid line : uranium, dashed line: fission fragments.

enough to stop a considerable amount of the fragments. À11 electrons lines 
following the beta decay of the fragments and those "prompt" fission electrons 
that are emitted after the fragment has stopped, will then give rise to 
electron lines which are definitely broader than electron lines from236u. 
Alternatively, a variation of the thickness of the backing will vary the in
tensity of the fission product lines relative the 236ц lings. The "prompt" 
fission electrons, which are emitted while the fragments are moving will only 
contribute to the continous background or give rise to very broad lines.
This is because the high velocity of the fragments which move in all directions 
will smear out the lines, cf. the shifts of up to 50 keV observed in ref. (2).

The Studsvik double focusing beta spectrometer was employed for the 
conversion electron measurements. The resolution was adjusted to 0.2 % FWHM.
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TABLE I. THE STRONGEST CONVERSION LINES IN THE REGION 
0. 5 - 1 .2  Me V ASSIGNED TO

Electron-energy

keV

Error Transition energy 

keV

Shell Relative
electron
intensity

Error

X

526.46 0.17 642.06 К 100 -

L 26.3 7

540.22 0.17 655.82 К 5.8 15

571.79 0.17 687.39 К 55.0 7
L 15.2 10

583.35 0.25 698.95 К 4.1 30

674.60 0.20 790.20 К 4.2 25

723.32 0.20 838.92 к 4.5 20

785.65 0.17 901.25 к 9.4 10

L (1.9)" -

793.50 0.20 909.10 . К 5.0 15

796.76 0.30 912.36 к 4.2 30

799.50 0.25 915.10 к 11.7 10
L* <2.3

803.30 0.30 918.90 К 3.6 20

850.20 0.25 965.80 К 4.2 30

879.34 0.25 994.94 к 7.8 15

906.73 0.25 1022.33 к 4.6 30

984.46 0.25 1100.06 к 2.3 30

a) Subtracted from 994.94 К

TAB LE  II. THE STRONGEST CONVERSION LINES ASSIGNED TO FISSION 
PRODUCTS

Electron-energy Error Suggested

keV interpretation

302.2 

492^4 

537.70 

601.48 

631.31 

714.16 

731.22

835.00 

867.54

133
**Te, К 334.0 

135
Xe, К 527

0.30

0.60

0.50

0.20 L-lines of

0.30 /transition in Mo 

0.20 L-lines of

0.60 j transition in La

a) The energy-values given have not been corrected for the energy-loss 
suffered by the electrons in the backing material.
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FIG. 2 . Principle o f  the experim ental arrangement for the study o f  ^^U(n, ) )^ ^ U :(1 )  Ge(Li) detector, (2) lead
co llim ator, (3) reactor channel, (4) evacuated AI cylinder containing the Ni foils, (5a) Ni fo il  without
and (5b) with uranium. The dashed line shows the target region (b) w hich exposes the detector in this arrangement.

F IG .3 . Parts o f  the gam m a spectrum: (a) the sum o f  a il radiations from  the U and Ni fo il ;  (b) fission product 
radiation from  the Ni fo il .
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The target consisted of a layer of about 1 mg/cm^ 235ц enriched to 93 X on 
a backing of 3 mg/cm^ Al. The multi-strip target technique (3) was used, 
the target area being 4 x 4  cm2. Since the target was inclined 45° to the 
direction of the electrons the effective thicknesses sensed by the electrons 
were 1.4 mg/cm^ и and 4.2 mg/cm^ Al.

The region from 0.5 to 1.1 MeV electron energy was scanned. In fig. 1 
are shown two regions clearly demonstrating the difference in line-shape between 
electrons emitted in the Uranium layer and those emitted also in the backing. 
Further support for this interpretation was obtained from a separate experiment 
using the same uranium thickness on a backing of only 0.8 mg/cm^, in which the 
intensities of the broad lines decreased about a factor of 2, compared to 
the narrow lines. In table I a preliminary list of lines assigned to 236ц 
are given. Energy calibration was made relative to the 661.595 keV K-line 
in 13?Ba (4 ). The strongest lines found in the electron spectrum arise 
from the highly converted 642 and 687 keV transitions, which are known from 
radioactive decay to proceed in 236ц (5 ). in Table II are given the strongest 
of the lines arising from the fission products.

Gamma-ray measurements

In order to obtain the multipolarities of at least the strongest tran
sitions in 236ц found in the conversion measurements, an attempt is made to 
measure the gamma-ray spectrum with a Ge(Li)-detector. In order to separate 
the 236ц-]̂дез fission product lines a special target arrangement is used,
which is shown schematically in fig. 2. Approximately 1 m g / c m 2  235ц  ( g Q  

enriched is electroplated on 0.8 mg/cm2 Ni-foil and covered with a similar foil. 
The target area is 6 x 20 cm and the target plane is inclined about 3° to the 
direction to the Ge(Li) detector. A 1.6 mg/cm2 Ni foil is placed parallel to 
the target foil at a distance of 1 cm from it. About 25 X of the fission 
fragments are then stopped in this foil. Using the lead collimator at the 
end of the beam-hole the Ge(Li) detector could be adjusted either to measure the 
sum of all radiations from the U + Ni foil or only the fission product radiation 
from the Ni foil. Like in the conversion electron experiment the gamma lines 
emitted by the fragments in flight will be smeared out by the Doppler effect. 
Figure 3 shows preliminary spectra from the two foils. Only the 848 keV 
peak can be identified with certainty in both spectra indicating it as 
a fission product line. The 1012 and perhaps also the 979 keV lines are 
probably transitions in 236ц д weak line corresponding to the 1012 keV 
line was observed also in the electron spectrum.
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Abstract

ENERGY LEVELS IN ' ̂ G d . The reaction '^*Gd(n,, ) '^ G d  has been studied at high resolution by measuring 
the internal conversion spectrum and the gam m a-ray spectrum. In a prelim inary analysis m embers were found 
o f  4 positive parity bands and 7 negative parity states belonging to at least two bands. Some characteristics 
o f  these bands are discussed.

Introduction
Several studies on the level schem e of ^ ^G d have been made through 

the years (1). Recent work of general character include investigations of the 
beta-decay of l ^ T b  (2) and of ^^E u  (3). Several levels have been excited 
in the (d ,d ' ) reaction (4). In the reaction Gd(n, y) Gd levels with ex 
citation energies between 1 and 2 MeV may be expected to be populated m ore 
com pletely than in the p rocesses  mentioned above. Since the capture c r o s s -  
section of 155Gd ig ag high as 6 - 1 0 ^ b, the situation is favorable for high- 
resolution spectroscopy . We have undertaken an investigation of the radiation 
from  the ^ ^ G d (n ,y )^ "G d  reaction using crystal d iffraction, h igh-resolution  
G e-detectors and internal conversion  spectroscopy. E arlier investigations 
of this reaction have been perform ed  by Knowles et al. (5) and by G roshev et 
al. ( 6 ).

Crystal d iffraction  m easurem ents
155 156The gam m a-ray spectrum  from  Gd(n,y). Gd was m easured from  

0. 07 to 2. 5 MeV w ith ihe Ris^ curved crystal spectrom eter (7). The source 
consisted of 18 mg Gd^O^ enriched to 98. 9 %. The line width was 2. 7 
seconds of arc, which corresponds to the energy resolution of AE (keV) =
1. 1* 10 ° E^ for strong transitions above 200 keV. E stands for the gam m a-

Part o f  this work was perform ed under the auspices o f  the US A tom ic  Energy Com m ission.
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ray energy in keV. About 500 lines were detected. Details of the instru 
mentation and procedure of the m easurem ents are given elsew here at this 
conference (7 ,8 ).

Ge(Li) detector m easurem ents
The gam m a-ray spectrum  up to the neutron binding energy was m eas

ured at Idaho F alls using a high resolution Ge(Li) detector in an external 
neutron beam geom etry. Details on the apparatus and experim ental procedure 
are reported elsew here at this conference (9). 130 lines were detected in 
the region 0 .0 8 -2 .4  MeV and about 100 lines were observed in the region 
4 -8 . 5 MeV.

P rim ary gam m a-rays were also m easured from  capture of 2 keV 
neutrons obtained from  a scandium filter with an energy spread FWHM 
oí 0 .7  keV (10, 11). About 60 prim ary gam m a-rays were observed above 
5 MeV, many of them feeding states not observed in the therm al neutron 
capture reaction.

Internal conversion  m easurem ents
The internal conversion  spectrum  was scanned from  0 .04  to 2 MeV 

electron  energy with the S tudsvikbeta-spectrom eter (12). M ulti-strip  targets  ̂
with an area of about 15 cm^ and thicknesses ranging from  0 .02 to 1.4 m g /cm  
were made from  98.7 % enriched I^ G d . ^  energies above 100 keV the 
source thickness was chosen so that the resolution FWHM never exceeded
0 .2  %. Above 1 MeV the resolution FWHM was 0. 16 ° /o o .  The spectrum 
obtained was extrem ely com plex, especia lly  in the region around 1 MeV, 
cf. fig . 1. To make possib le the resolution of weak lines from  close strong 
lines a specia l com puter program  was developed, in which the line shape 
is described  num erically as a table of co -ord inates. This had to be done 
since no sim ple m athem atical function could be found that described  the line 
shape accurately enough. The spectrum  contained severa l strong single 
lines suitable for defining the line shape. C onversion lines belonging to 
about 300 transitions have been reso lved  so far.

Level schem e
Although the evaluation of the experim ental data is not yet com plete, 

the available data are sufficient for  a beginning of the construction of the 
level schem e in the 1 MeV region. The accuracy  of the relative energy 
m easurem ents for the stronger lines in this region was for  the internal 
conversion  lines about 1 in 104 and for the Ge(Li) data 0. 5 parts in 104, 
which form s a good basis for  work with energy com binations. The final 
transition energies have not yet been calculated, so all energy values given 
below have been truncated to show their prelim inary character. Conversion 
coefficients were calculated with ^ 1 0  % accuracy and m ultipolarities ob 
tained using the tables of Hager and Selzer (13).

As a start the levels observed  under the "c lea n er" conditions of 
refs. (2 -4) were looked fo r . With one possible exception all levels below
1. 6 MeV reported  in re fs . (2 -4 ) have been identified and som e additional 
m em bers of the bands have been found. Furtherm ore a new K=0 band 
has been observed . The prelim inary level schem e is shown in fig . 2 and 
was arrived at independently using the Idaho and R is /  + Studsvik data.
T o give an idea of the re liab ility  oí the level schem e one may mention that the 
probability of finding an accidental combination of 2  transitions to levels in the 
ground state band within 5 keV from  an anticipated position  is only a few percent
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The gamma vibrational band The first three m em bers have been identified 
both in ¡3-decay ( 2 , 3) and in the (d ,d ' ) reaction. We found strong E2 tran 
sitions to combine according to fig . 2. The 2**" and 3*** levels are fed by 
prim ary gam m a-rays. The 22 —00+ and 23+—04+ transitions were resolved  
from  the 0 0 +—0 2 + and (O )l '—0 2  ̂ transitions, respective ly  in 5 :th order 
crysta l diffraction. The conversion  coefficients of the 1065, 1159 and 1067 keV 
transitions are com patible with pure E2 with less than 25 % M l, in agree 
ment with ref. (2). Using the branching ratios from  the 1 = 3 +  and I = 4 
levels we obtain a value of the mixing param eter of 0 . 041 ± 0 . 0 0 9  and
0 . 049 ± 0 . 008, respective ly , which is definitely larger than the predicted 
values of 0.020 (14), 0.021 (15) and 0.027 (16).

The beta vibrational band The 0 and 2^ m em bers o f this band were found 
in (d, d' ) reaction  (4) and the 2+ m em ber is also populated in the decay 
of Tb. We have identified the 0 + , 2**" and 4+ m em bers according to fig. 2. 
The 1—1 transitions are all very  highly converted indicating E 0-adm ixture.
In table I are given ratios of reduced E2 transition probabilities. Mixing 
with the ground state rotational band as expressed  in term s of the mixing 
param eter Zo evidently does not describe  the situation in a consistent way

Table I

Ratios of reduced E2 transition probabilities for E2 transitions from  the 
K^=0 + bands

A. Beta vibrational band

Ratio E xperim ental value T heoretica l value Z x 10^
a) b) No! mixing Z ̂ = 0 .018^ ':

( 2 - 0 ) / ( 2 - 2 ) 0 . 2 2 ( 2 )**) 0. 55(5) 0. 70 0. 56 74(4)
(2 -4 )/(2 -2 ) 1.12(9) 2. 80(25) 1 . 80 2 . 80 -15(2)
(2 -0 )/(2 -4 ) 0 . 1 9 (2 ) 0 . 1 9 ( 2 ) 0 . 39 0 . 2 0 1 9 ( 2 )
(4 -2 )/(4 -4 ) 0 .35(4) 0 . 62(8) 1 . 1 0 0 . 61 31(2)
(4 -6 )/(4 -4 ) 0. 65(26) 1. 15(45 1. 75 3. 4 -21(7)
(4 -2 ) /(4 -6 ) 0.55(22) 0. 55(22) 0. 63 0 . 18 2(7) -

B. New 0^ band Z : о = 0. 039*^:

(2 - 0 ) / ( 2 - 2 ) 0 .21(3) 0.37(5) 0. 70 0. 41 76(6)
(2 -4 )/(2 -2 ) 2 . 8 (2 ) 4 .9(4) 1 . 80 4. 3 18(2)
(2 -0 )/(2 -4 ) 0. 07(1) 0. 07(1) 0 . 39 0. 095 48(4)
(4 -2 ) /(4 -4 ) 0 . 06(1) 0. 27(5) 1 . 1 0 0. 23 55(2)
(4 -6 ) /(4 -4 ) 1.15(18) 5.2(8) 1. 75 6 -10(3)
(4 -2 ) /(4 -6 ) 0. 050(9) 0. 050(9) 0. 63 0. 037 36(2)

a) The 1—1 transition assum ed to be pure E2

b) Assum ing M l admixture in 1—1 transitions:B eta vib. band: 2—2: 60 %, 
4 -4 : 44 %. New K=0+ band: 2 -2 : 43 %, 4 -4 : 78 %

c) Weighted average of for  the ratios not containing the 1—1 transition

d) Number in parenthesis gives the e rro r  of the last digit
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unless strong M l admixture is assum ed for the 2-2 (60 %) and 4—4 (44 %) 
træ^sitions. This is possib le but does not seem  to be very likely, since in 

Gd, where a sim ilar situation occu rs , the 2—2 transition has been found 
to be E2 + < 2 % M l (17).

In table II are given the strengths of the 1-1 EO transitions. These 
are expressed  in units of (see ref. (18)) X = e^R^ p /  B(E2; 0 -2) where p 
is the EO "strength param eter" (19). From  the present data X can be co r r e c t 
ly obtained only for the Ô -O"** transition for the 2+-2"** and 4"**-4+ transitions 
approximate values of X were calculated assuming the ZQ correction  to be 
valid for the E2 transition probabilities using = 0 .018.

Table II

Values of X = e^R^ p^/B (E 2; 0—2) for the two excited K=0^ bands

T ransition X

Beta vibrational band New 0^ band

0 - 0 0 . 1 0 < 0.018

2 - 2 - 0 . 16 < 0 . 0 1 1

4-4 ^0. 25 < 0. 024

Negative parity states Strong E l transitions corresponding to the 1 , 3 and 5 
states observed in th e '(d ,d ' ) reaction (4) were observed. On basis of their 
strong (d ,d ')  c ro ss -s e c t io n s  and the system atic behaviour of these levels 
they have been assigned as m em bers of the К = 0" octupole band (4). Additional 
1" and 3* levels were found by combining strong E l transitions at 1366 and 
1538 keV. Only two strong E l transitions were then left in the spectrum  of 
which the 1230 keV transition may define a 2* state at 1319 keV as suggested 
by a prim ary transition and from  the decay of 156Tb (3), and the 1180 keV 
transition possib ly  defines a 4" level at 1468 keV as suggested in fig . 2.
Since energies and branching ratios suggest strong mixing no definite con
clusions regarding the K-auantum numbers of the negative parity states 
can be made at this stage.

A new K=0 band Six of the remaining strong positive parity transitions in 
the region around 1 MeV were found to combine to a 2+ level at 1258 keV and 
a 4+ level at 1462 keV. The 1258 keV level is supported by a prim ary y -ra y  
in 2 keV neutron capture. Using the sim ple rotational form ula for the energies 
yielded 1081 keV for  the transition from  the expected 0*** state to the 2  ̂ state 
in the ground state band. The only remaining E2 transition with an intensity 
of the expected order of magnitude has an energy of 1079 keV, and it is there
fore  reasonable to assume this transition deexcites the 0  ̂ state. A possible 
E0 transition from  this state was found by resolving the broad K - line mainly 
arising from  the 1169 keV transition. The E2 branching ratios show a trend fa ir l  
sim ilar to those of the beta-vibrational band, cf table I. A rather good con 
sistency is obtained with a value of the mixing param eter with the ground
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Table III

Approxim ate rotational energy param eters for the three 0^ bands

Ground state Beta vib. New 0^
band band band

A keV 15.0 13. 7 15. 2

В eV -30 -64 - 2 1

state band Zo of 0 .037 , assuming 43 % M l for  the 2—2 transition and 78 % Ml 
fo r  the 4-<4 transition. The 3 ^ oí the 4 -4  transition is com patible with 
this m ixture, while the а д  o í  the 2 —2  transition is somewhat large, which 
may be explained by E0 admixture. The upper lim its of the quantity X for 
the E0 part of the 1—1 transitions are given in table II assuming only E2 
com petition. The sm all values indicate a difference in character between 
this band and the beta vibrational band. In table III the rotational energy 
param eters are given for all three K=0  ̂ band.
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А К = 2+ BAND IN ^ H f
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Abstract

A К = 2 * BAND IN ^ H f .  T h e  gam m a-ray spectrum and the conversion e lectron  spectrum 
in the 1 -M eV  region from  *^ H f(n , y ) ^ H f  have been  studied. From these data five  mem bers o f  a 
К -  2^ band, w hich m ay be identified  as the gam m a-vibrational band, were found. Confirm ation 
o f  the levels was obtained from  a y -y c o in c id e n c e  measurement. From the measured branching ratios 
we have deduced a value o f  the ban d-m ixing parameter Z^ and this quantity is com pared with 
d ifferent theoretica l estim ates.

INTRODUCTION

The band-m ixing param eter Zg fo r  the gam m a-vibrational band in 
even deform ed nuclei has been theoretica lly  calculated in the m icro sco p ic  
approach by severa l authors [ 1 - 3 ]. In general these calculations show 
rather good agreem ent both with each other and with experim ent, except 
fo r  the region  around A ^  180 where B és et al. [1 ] pred ict significantly 
higher values than those of R efs [2 ] and [3 ]. The deviation is m ost p r o 
nounced in the ca se  of ^ H f ,  in which the predictions d iffer by alm ost 
a fa ctor  of 10.

The experim ental data fo r  the gamma vibration in ^ H f  are very  
scanty, with suggestions fo r  the band head (o r  the firs t  KI^ = 22* state) 
ranging from  11*75 to 1402 keV [4, 5 ]. Furtherm ore, no re liab le  gamma 
intensities are given fo r  the de-excitation  of this proposed  band.

We th erefore investigated the reaction  ^ H f  (n, y ) with the aim
to locate  the gam m a-vibrational band and to determ ine the Zg param eter.

EXPERIM ENTAL PROCEDURE

The energy region  from  850 - 1420 keV of the internal conversion  
electron  spectrum  was m easured with the dou ble-focussing  beta- 
sp ectrom eter at the R2 rea ctor  in Studsvik [6 ].

An extracted  neutron beam  passed  through the spectrom eter at the 
target position , where the beam  cro s s -s e c t io n  is about 5 X 5  cm2 and the 
neutron flux is 1 0 8  n cm "2  se c -1 .

T o  in crea se  the lum inosity of the spectrom eter, the target was 
arranged in the voltage gradient system  [6 ] , which made it possib le  to 
use a target with 15 cm^ area. T argets w ere prepared by electroplating 
91. 7% enriched ^ H f  onto thin aluminium backing. A thickness of about
2 m g /cm2 was used in the present m easurem ent. The m easurem ents w ere 
m ade with a momentum resolution  of 0. 2% and the m agnetic fie ld  of the 
sp ectrom eter was regulated with a p recis ion  better than one part in 10^.
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The gam m a-ray spectrum  was m easured from  470 to 3000 keV with 
an ORTEC true coaxial Ge(Li) detector of 25 cm^ volum e. A lso  in this 
experim ent a neutron beam was extracted from  the reactor . The beam 
passed through a tube made of ^LiCOg in which the target was placed.
The target was made by filling  70 m g of 91. 7% enriched *^Hf into a sm all 
bag of 0. 6 m g /cm2 M elin ex-fo il which gave a negligible background. Some 
background due to capture in the various shielding m ateria ls was, how ever, 
present and a specia l run was made of these lines. The energy-resolu tion  
of the gam m a-counting system  was 3. 5 keV in the 1-M eV region.

P arts of the internal conversion  electron  spectrum  and the single 
gam m a-ray spectrum  are shown in F igs 1 and 2.

The conversion  coefficien ts  w ere norm alized  by assum ing the 1175-keV 
transition to be pure E2. This assignm ent gives a good consistency  with 
the con version  coe ffic ien ts  of the transitions that are also seen in the beta 
decay of nsT a [7 ] , and with the conversion  coefficien ts found fo r  E l 
transitions in the spectrum .

The la rg e  num ber of lines observed  in the 1-M eV region  im plies a 
non-neglig ib le  probability  of obtaining accidental com binations if the level 
schem e is constructed  purely on the basis of energy-com binations.
B ecause of this, we perform ed  a y - *y coincidence experim ent as an extra 
check of com binations involving strong transitions. A  3 X 3 -in . Nal crysta l 
was used in conjunction with the Ge(Li) counter. F our gates w ere placed 
in the pulse-height spectrum  from  the Na(I) detector, two at the intense 
transitions from  the 4̂  and 2* lev e l in the ground-state rotational band, and
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by the transition energy rounded o f f  to  the nearest keV . T ota l recording tim e was about 2 days with 
a 7 0 -m g  target.

the other two at the background slightly above each of the mentioned peaks. 
The coincident spectra  from  the Ge(Li) counter w ere stored  in a multichannel 
analyser with the m em ory  grouped in 4 X 1024 channels.

RESULTS AND DISCUSSION

F rom  the resu lts of the co in ciden ce  m easurem ents and by the use of 
the conversion  coe ffic ien ts , positive  parity leve ls  could be established at 
1174. 70, 1268. 70, 1384. 48 and 1533. 99 keV. The decay m odes of these 
leve ls  are  consistent with 1̂  = 2*\ 3*, 4* and 5*. The spacings of the level 
energies agree w ell with what can be expected fo r  a rotational band and 
the lack of m em bers with angular momentum le ss  than 2 units indicates a 
К -quantum num ber of 2. Applying the energy form ula [8 ] fo r  К = 2  ̂ bands,

E  = E g  + A 1(1+1) + В 12(1+1)2 + D ( - l ) '  (1-1) I(I+ l)(I+ 2 ) 

one finds fo r  the coefficien ts:

A  = 15. 91 keV В = -31. 4 eV D = -5 . 6 eV



TABLE I. PROPERTIES OF GAMMA RAYS CONNECTING THE К = 2 BAND AND THE GROUND-STATE BAND 
IN n am
In the firs t  two colum ns the initial and final spins of the connected states are given. Columns 3 and 4 
contain energies and intensities of the connecting gamma rays. The m ultipole assignm ents are based on conversion  
coefficien ts  m easured in this work. T hese conversion  coefficien ts have been norm alized  on the pure E2 value of 
the 1175-keV transition. The next colum n gives the ratios of the reduced B(E2) values, assum ing all transitions 
to be pure E2. In the last two colum ns are shown the prediction  of A laga 's  ru le, and the values of the band-m ixing 
param eter Zg obtained from  the deviations from  A laga 's  rule.

li If Transition 
energy (keV) a ï ig n m e ït

Ratios o f 
reduced B(E2) values

Alaga ^  * Ю '

2 0 1175.55 40  ± 10^ E2 о —̂ 0
- — -  = 0. 67 ± 0 .1 2  
2 -^ 2

0. 70 0. 8 ± 3. 0

2 2 1081.55 3 6 .5  ± 2 . 5 E2 + < 25% Ml
2 4 867 .92 1 .6  ± 0 .8 - = 0 .1 2  ± 0 .062 -^ 2 0. 05 9 ± 8

3
3

2
4

1175.55 
962 .11

60 ± 10^ 
12. 2 ± 1 .2

E2
E2 + < 15% Ml

3 -^ 4
--------  = 0 .4 6  ± 0. 08
3 -> 2

0 .40 1. 0 ± 1. 3

4 2 1291.71 15. ± 3 . 5 E2 + < 40% Ml 4 ->  2
= 0 .1 8  ± 0. 04 0. 34 4 .2  ± 1 .2

4 4 107 7 .79 33. ± 2 .5 E2 + < 25% Ml
4 6 752. 66 2. ± 0 . 5 - = 0. 35 ± 0. 09

4 - * 4
0. 086 (11 i 4 ) b

5 4 1227. 00 3 1 .4  ± 4. 5 E2 + < 10% Ml 0 .5 7  ± 0 .1 4
5 ^ 4

0. 57 0. 0 ± 1. 0

5 6 902 .16 3 .7  ± 0. 8 - 6 ^4
6 4 1385.40 2. 5 ± 0 .8 - = 0. 21 ± 0. 09 0. 27 1. 0 ± 1. 0

6 6 1059. 66 3 .1  ± 1. E2 or Ml W eighted average: 1. 3 ± 1

Theory: B é s e ta l .  [ 1 ]  7 .8 ; P a v lich en k ov [2 ] 0 .8 ; M a rsh a lek [3 ] 1 .7 .
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Using these values the expected position  of the 6* m em ber is at 1692 keV. 
Experim entally we find a com bination of two transitions to the 4 and 6 
m em bers of the ground-state band at 1691. 90 keV. This com bination could, 
how ever, not be confirm ed by further evidence and is thus only tentatively 
assigned as the 6* m em ber of the К = 2* band.

Although we have no strong arguments to support us, we would like to 
suggest that this = 2* band is the gam m a-vibrational band. The energy 
is higher than fo r  the low est 2 -quasiparticle (K" = 8 ')  band [9 ] , but the 
energy is definitely low er than the low est K" = 2* 2 -quasiparticle  band 
predicted  by Gallagher and Soloviev [10] at 2. 3 MeV.

(26)--------:--------------------------------

25*-----------------------------------------

24*-

2 3 -
224

0 0 -

----------1691.90

ш Ш Ш Ш S  ̂ S

'^Hf

-4 3 3 9 9

-1384.48 
-1268.70 
-4 7 4  70

i

: ;t :

1

1

; 1

Í 1: :
4 ,.

- 63215

306 56

93. )7 
0.00

FtG. 3. Level schem e showing the d e -ex c ita tion  o f  the К -  2* band. T o  the left o f  each  lev e l is 
the assignment in the quantum numbers K l\  The leve l energies are given to the right. The estimated 
energy uncertainty is 0. 2 keV. Filled arrows which term inate on a lev e l in the К = 2* band indicate 
that the lev e l has been  observed in studies o f  d irect capture gam m a rays [ 1 2 ] .  Transitions with 
double arrowheads have had their p lace  in the lev e l schem e established by the co in cid en ce  measurements.

In Table I prelim inary  values o f the ratios of the reduced E2 tra n si
tion probabilities from  the suggested gam m a-vibrational band to the ground- 
state band are given together with the Zg m ixing param eters. A ll tra n si
tions w ere assum ed to be pure E2, which may not n ecessarily  be true. 
Angular corre la tion  m easurem ents are planned in ord er to deduce possib le  
M l adm ixtures. It can, how ever, be said already at this stage that the 
Zg value is low , thereby supporting the calculations by Pavlichenkov [2 ] 
and M arshalek [3 ].

The part of the ^ H f  leve l schem e containing the 2* band is shown in 
F ig. 3. V ery  recently  the three low est m em bers o f the band have been 
identified by F a ler  et al. [11 ] from  studies of resonance capture gamma 
rays. In this w ork, how ever, a definite assignment could only be given to 
the 3 * level.
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The m easurem ents of the conversion  electron  spectrum  previously  
carried  out by som e of the authors [1] have now been supplemented by 
the investigation of single and coincidence gam m a-ray spectra . E specia lly  
from  the h igh -energy parts many new leve ls  of positive parity with spin 
values of I = 11/2, 13/2  and 15/2 with excitation energies >1 M eV could 
be deduced. Energy o f the capture state (13 /2* or 1 5 /2 ')  amounts to 
7071.3 keV. The different gam m a-gam m a coincidence m easurem ents 
yielded probable spin values of the states d irectly  excited from  the capture 
state. These values are listed  in Table I. So far, only the structure of som e 
of the leve ls  could be explained. E xperim ental confirm ation was established 
of the excitation energy and the m ode o f deexcitation, of the three lowest 
rotational levels  at 1350.4(9 /2+ ), (1480.3(11/2+) and 1630. 2 (13/2+) of the 
known three-qu asiparticle  state [2] with К = 7/2+at 1241.0 keV.

Two rotational bands of the th ree-quasiparticle  states p 7 /2+  [404] 
n 7 /2  [514] ± 1 /2 *  [510] at 1357 and 1503 keV were derived from  (d, p)
and (d, t) investigations [3 ]. With our gamma m easurem ents we could obtain 
m ore accurate level energy values (in keV ): 1356 .6 (15 /2+ ), 1544. 0 (17 /2+ ), 
1749 .7 (19 /2+ ); 1502.5 (13 /2+ ), 1677. 6(15/2+), 1872 .2 (17 /2+ ).

The experim ental (d, p) c r o s s -s e c t io n s  fo r  the 19/2 (K = 13/2) level 
and the 17/2 (K = 13/2) leve l are too high com pared with theoretica l values 
[3 ]. We assum e an admixture of the neighbouring levels at 1752. 1 and 
1882. 6 keV to be excited  in the (n, y ) reaction  by strong d irect transitions 
from  the capture state.
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TABLE I. HIGH-ENERGY GAM M A-RAY SPECTRUM OF THE 
п б щ  (n, y) m  Lu REACTION

e n ^ ^ V )
Relative
intensity en erJJ(keV )

Spin, parity

6 8 0 2 .5  ± 0 .5 552 i  16 26 8 .8 11/2+

6 4 3 4 .5  ± 0 .4 160 i  5 63 6 .8 15/2+

6254 .7  ± 0 .5 110 ± 6 816 .6 11/2+

6 1 1 2 .1  ± 2 .0  ? 36 i  12 9 5 9 .2 (11 /2+)

608 2 .5  ± 3 . 0 54 i  25 988 .8 13/2+

5893 .7  ± 0 . 8 116 i  14 1177.6 15 /2+

5 8 4 0 .0  ± 0 . 9 51 i  8 1231 .3 11/2+

576 8 .2  ± 0 .5 322 i  25 1303.1 (1 1 /2 , 13 /2 )+

572 7 .6  ± 0 . 5 394 i  21 1343.7 11/2+

560 0 .1  ± 0 .5 567 ± 29 1471.2 11/2+

5 5 6 8 .4  ± 0 .5 577 i  29 1502.9 13/2+

546 3 .7  ± 0 . 6 343 i  27 1607.6 (1 1 /2 , 13 /2 )+

543 6 .5  ± 1 .4 97 i  26 1634 .8 13/2+

5 39 4 .2  ± 0 .6 180 i  16 1677.1 15/2+

537 9 .9  ± 0 .8 140 i  16 1691 .4 (1 1 /2 , 1 3 /2 , 15 /2 )+

536 4 .8  ± 0 .7 163 i  16 1706.5 (1 1 /2 , 13 /2 )+

534 1 .6  ± 0 .5 403 i  18 1729.7 (1 1 /2 , 1 3 /2 , 15 /2 )+

531 9 .2  ± 0 .5 496 i  18 1752.1 11 /2+

526 5 .5  ± 0 .7 155 i  16 1805 .8 ( 1 1 /2 / ,  13 /2 )+

52 1 1 .4  ± 1 .0 121 i  20 1859.9 (1 1 /2 , 13 /2 )+

518 8 .7  ± 0 .6 241 i  24 1882.6 ' 15/2+

51 6 3 .9  ± 0 . 5 301 i  24 19 0 1 .4 13 /2+

5 10 9 .9  ± 0 .7 221 i  20 196 1 .4 (1 1 /2 , 13 /2 )+

50 9 2 .9  ± 2 .8  ? 50 i  20 1 97 8 .4 (1 1 /2 , 1 3 /2 , 15 /2 )+

50 8 0 .8  ± 2 .3  ? 61 i  20 1990.5 (1 1 /2 . 1 3 /2 , 15 /2 )

5 0 4 6 .2  ± 1 .6  ? 75 i  19 20 2 5 .1 (1 1 /2 , 1 3 /2 , 15 /2 )

5 0 1 6 .5  ± 0 .5 530 i  21 2054. 8 11 /2+

49 8 1 .3  ± 0 . 8 198 i  20 20 9 0 .0 (1 1 /2 , 1 3 /2 , 15 /2 )+

48 8 4 .5  ± 1 .0 152 ± 18 21 8 6 .8 15 /2+

4 8 6 6 .2  ± 0 . 8 340 i  19 2 20 5 .1 13 /2+
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GAMMA CALIBRATION ENERGIES IN THE 
23Na(n, y)24Na AND ^N(n, y )^N  REACTIONS

P.H .M . VANASSCHE 
SCK - CEN,
Mol, Belgium

fPresepíê  ¿y P. Feííweí\ŝ

Abstract

GAMMA CALIBRATION ENERGIES IN THE ?3Na(n, y )  24̂  t4N (n ,y )^N  REACTIONS. Starting from  
the H(n, у )D capture gam m a line an energy o f  639 6 .93  ± 0 .4 0  keV is obtained for the intense gam m a ray 
in the ?3Na(n, y)24Na reaction.

When using the 2223. 29 ± 0. 07 keV gamma energy from  the H(n, 7  )D 
reaction  as a re feren ce  value [1 ], a system atic deviation has been observed 
between the line at 2 .75  M eV in the 23Na(n, у )^ N a  reaction  and the 
2753. 92 ± 0 .1 2  keV decay line [2] of24N a.

E (̂l<cV)

2 7 5 ! 2753

FIG. 1. Energy variation o f  the 2 . 75-M eV  doublet as a function o f  the intensity o f  the decay line (g iven  at 
the top).

Spectra are m easured with a 25-cm^ Ge(Li) coaxial detector. T o avoid 
system atic e rro rs , five different am plifications have been used. C onse
quently, each of them needed a different correction  fo r  the non-linearity 
in the electron ic equipment.

It has been observed  that the intensity of the 2. 7 5 -M eV  line was too 
high with respect to the 100% decay line at 1. 368 MeV. T herefore  we 
concluded the presence of a (n , y ) line next to the decay line o f 2753.92 keV.

1 6 5



TABLE 1. CHARACTERISTICS OF THE 
SPECTRUM

DOUBLET AT 2 .7 5 -M eV GAMMA ENERGY IN THE 23Na(n, y)24Na

Ey
(keV)

°E
(keV )

 ̂ D ecay intensity 
T ota l intensity

(%)

OR
(%) E (k eV )/ch a n n el

2753 .00 0 .2 5 4 2 .7 2 .5 1 .6 2

2 75 3 .14 0 .2 5 4 2 .7 2 .1 1 .7 0

2753 .17 0 .2 0 4 6 .7 3 .1 1 .16

275 3 .28 0 .3 0 5 1 .5 2 .3 1 .6 2

275 3 .32 0 .2 0 5 6 .0 2 .8 1 .1 6

275 3 .59 0 .20 5 8 .0 2 .0 0 .6 8

2 75 4 .10 0 .40 78 10 2 .5 6
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TABLE II. SOME GAMMA TRANSITIONS OBSERVED DURING THIS STUDY
A ll gamma energies are from  the 23Na(n, y )^ N a  spectrum , except those at a and c.

(k<&)
OE

(keV)
Remarks Ey

(keV)
OE

(keV)
Remarks

4 7 2 .3 9 0 .1 4 2505 .67 0 .3 5 DE/Ph

500 .42 0 .4 3 2 7 5 2 .5 0 b 0 .3 0

562 .6 0 .6 2808 .7 0 .5 DE/Ph

7 8 0 .6 0 .6 286 2 .8 0 .4 DE/Ph

8 3 5 .4 0 .5 309 7 .33 0 .1 3 DE/SE/Ph

868 .81 0 .18 358 7 .81 0 .1 4 DE/SE/Ph

873 .99 0 .16 364 4 .3 0 .7 DE

109 3 .5 1 .0 387 8 .5 0 .4 DE/Ph

1343 .7 0 .5 398 1 .69 0 .2 2 D E/SE/Ph

1368.87 R 0 .20 5 27 0 .03  с 0 .2 3 DE/SE/Ph

202 6 .7 2 0 .2 4 DE/Ph 5 29 8 .52  с 0 .2 3 DE/SE

221 0 .00 0 .4 561 7 .91 0 .3 2 DE/SE/Ph

241 4 .36 0 .1 4 DE/Ph 639 6 .93 0 .4 0 DE

DE : double escape peak is w e il separated; SE: single escape peak is w ell separated; Ph : photopeak is w ell separated; i f  no remark, the gam m a ray is observed 
at the photopeak.
3 D ecay line o f  Na.
^ G am m a energy deduced from  Fig. 1. 
с  G am ma ray from  the *^N(n, у )^ N  reaction .
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TABLE III. PROMINENT GAMMA TRANSITIONS FROM ^Na AND ^  N USED IN THE BO O T-STRAP APPROACH

Nucleus
Greenwood Chasman et a l. [4 ] M arion [5 ] This work

UNa 3 09 7 .3 3  ± 0 .1 3

2-*Na 3587 .24 [3] 358 7 .8 1  ± 0 .1 4

^Na 3981 .30 [3 ] 398 1 .6 9  ± 0 .2 2

5269 .20  ± 0 .3 5  [6 ] 527 0 .60  ± 0 .4 6 526 8 .5  ± 0 . 2 5 27 0 .03  ± 0 .3 0

529 7 .8  ± 0 .3 5  [6 ] 529 9 .03  ± 0 .4 3 5 2 9 7 .4  ± 0 . 3 5 29 8 .53  ± 0 .3 0

24Na 5 6 1 7 .9 1 ± 0 .3 2

24Na 639 5 .1  ± 0 . 4 [3] 6 39 6 .93  ± 0 .4 0
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The energy and the intensity distribution of this doublet are given in Table I. 
An extrapolation to zero  decay intensity allows 2752. 5 ± 0. 3 keV to be 
deduced fo r  the energy of the (n, -y) line (F ig . 1).

A s a previous determ ination [3] o f the intense 6 .4 -M e V  gamma ray in 
2^Na is based on the 2. 75-M eV  "d ecay" line o f ^Na, we decided to repeat 
this m easurem ent. To avoid any dependence of the 24Na leve l schem e, 
the boot-strap  approach has been applied up to the desired  value of 6 .4  M eV. 
This has been achieved by including som e intense gamma rays o f the 
14N(n, y)15N reaction . The observed  gamma energies are displayed in 
Table II.

Gamma rays that are essentia lly  used in the boot-strap  approach are 
com pared with other resu lts in Table III. Only the correspondence with 
Chasman et al. [4] is satisfactory .

As their results are equally obtained from  carefu l energy-interpolations 
this correspondence in creases  the confidence in our method.

N ote: After private discussion with R. C . Greenwood, it appears that the sim ple relation E (double escape) 
+ 1022 .012  keV = E (photopeak) -  the base o f the actual m easurement -  m ight have to be corrected because 
o f  different probe form ation m echanism s in the detector. This fact could  at least partly explain the anom aly 
observed.

The doublet at 2 .7 5  M eV -  observed in this work -  was also observed previously by Greenwood. 
Unfortunately he did not m ention it in the reference quoted, but elsewhere ( e .g .  the Argonne C onference, 1966).

R E F E R E N C E S

[1 ] GREENWOOD, R .C . ,  BLACK, W .W ., PhysicsLett. 21 (1966) 702.
[2 ] MURRAY, G .,  GRAHAM, R. L ., GEIGER, J. S .,  N ucl. Phys. 63 (1965) 353.
[3 ] GREENWOOD, R .C . ,  Physics Lett. 23 (1966) 482.
[4 ] CHASMAN, C . ,  JONES, K .W .,  RISTINEN, R .A . ,  ALBURGER, D .E .,  Phys. Rev. 159 (1967) 830.
[5 ] MARION, J .B ., Nuclear Data A4 (1968) 301.
[6 ] GREENWOOD, R. C . , private com m u nication  quoted in Ref. [5 ] .





GAMMA RAYS FROM THERMAL  
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U trecht, The Netherlands

Abstract

GAMMA RAYS FROM THERMAL NEUTRON CAPTURE IN NATURAL AND ^Si-ENMCHED SILICON.
The gam m a radiation follow ing therm al neutron capture in natural and in ^^Si-enriched silicon  was investigated 
w ith a Ge(Li) detector. Altogether 43 gam m a rays were found, most o f  w hich could  be fitted into one o f  the 
le v e l schem es o f  " S i ,  3"Si or s'Si. The determ ination o f  the excita tion  energies o f  ^Si was im proved. The Q 
values for the (n, y ) reactions in the three silicon  isotopes have been determ ined as:

2SSl(n, )')29Si Q = 8 4 7 3 .7  ± 0 . 5  keV
39Si(fl, y )30si Q = 10 60 9 .8  ± 1 . 0  keV
3°Si(n, y )3 !S i Q = 6 587 .9  ± 1 . 5  keV,

This paper w ill be published in fu ll in Nuclear Physics under the same title .
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NEUTRON CAPTURE GAMMA-RAY 
STUDIES OF SILICON ISOTOPES

P. H.  BLICHERT-TOFT. K . C .  TRIPATHI 
Swedish Research Council's Laboratory,

Studsvik, Nykoping, Sweden

Abstract

NEUTRON CAPTURE G AM M A-RAY STUDIES OF SILICON ISOTOPES. Neutron capture gam m a rays 

8475 .2  ± 0 .5 ,  1 0 6 1 2 .3 ± 1 .0  and 5591 i 5 k e V f o r " S i ,  ^ S ia n d  ^ S i, respectively. A single-crystal

INTRODUCTION

The neutron capture reaction  in silicon  is predom inantly y)29g^
and has been investigated previously . Kinsey et al. [1] used a magnetic 
pair spectrom eter to study this reaction  and, fo r  the gam m a-ray tra n si
tions observed , reported  energies with a ccu racies  ranging from  5 to
8 keV. Adyasevich et al. [2] w ere able to extend the energy range 
covered  through the use of a Compton spectrom eter. The accu racy  of 
the reported gam m a-ray energies ranged from  10 to 30 keV. The m ost 
accurate and extensive data at present on transition energies and intensi
ties w ere obtained by Kennett [3] using a Ge(Li) counter andaG e(L i)-N a(T l) 
coincidence spectrom eter. A considerable amount of inform ation con 
cerning the leve l structure of 29si has been deduced from  the (d, p) results 
of van Patter and Buechner [4] and Browne and Radzym inski [5] and the 
(p, p ') data of White [6]. A sum m ary o f spin, parity and neutron orbita l 
momentum fo r  severa l states in 29Si has been given by Endt and 
van der Leun [7]. The m ost recent experim ental value fo r  the neutron 
separation energy fo r  39gi has been m easured by Lycklam a et al. [8] and 
is  8473. 8 ± 1 .4  keV.

EXPERIM ENTAL PROCEDURE AND RESULTS

This m easurem ent has been made at the resea rch  reactor R2 at 
AB A tom energi, Studsvik. A detailed account of the experim ental equip
ment has been given by Brom an [9]. A  target consisting of a 30-cm 3 
single crysta l of s ilicon  is placed c lo se  to the rea ctor  co re  in a neutron 
flux of about 10^3 n cm '2  s e c 'i .  The capture gammas are collim ated by 
a slit co llim ator in front of which is  placed a 1 -cm  thick flat-type g e r 
manium crysta l. The (400) planes are used fo r  d iffraction . A fter the 
passage o f a second slit collim ator the gammas are finally recorded  by 
a 3. 5-cm 3 G e(Li) detector. The crysta l arrangem ent along with the
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mounting o f the Ge(Li) detector. The crysta l arrangem ent along with 
the mounting o f the Ge(Li) detector is  described  by Brom an et al. [10].
The energy of the d iffracted  beam  is given by the well-know n Bragg 
form ula

E = K /s in 6

9 being the angle between the crysta l planes and incident gam m as and 
К a constant determ ined by the crysta l grating param eters. The d if
fraction  peak width is  a m easure of the energy interval which is  possib le  
to scan in a single run. Since the Compton background from  h igher- 
energy gam m as is  alm ost elim inated from  the d iffraction  region  it is 
possib le  to d iscern  weak gam m a-ray transitions by this method. The 
angle o f incidence is  su ccess ive ly  set in line with the energy region  to 
be studied. In this particu lar w ork we have carefu lly  scanned the 
energy region  between 400 and 2500 keV by this method.

The gam m a-ray transition  energies and intensities w ere determ ined 
using a Ge(Li) so lid -sta te  detector (P rinceton-G am m atech) with a deple
tion depth of 5 mm and area of 7 cm ^. The overa ll resolution of the 
G e(Li) detector plus am plification system  was 3 .5  keV at 1.33 M eV.
The relative e ffic ien cy  of the Ge(Li) detector was obtained in the energy 
range from  0 .1  to 10 MeV using a calibrated set of standardized gam m a- 
ray sou rces and the relative intensities of prom inent neutron capture 
gam m a-ray transitions in titanium isotopes as established by Tripathi 
et al. [11 ].

In F ig . 1 the G e(Li) spectrum  is  shown fo r  such energy regions b e 
tween 500 - 2500 keV which reveal new inform ation as com pared to results 
reported  by previous w orkers [1 -3 , 8]. Eighteen cm  of borated paraffin 
was used as a standard absorber in a ll runs to reduce the background of 
fast neutrons to a sufficiently low leve l as required by the solid -sta te  
detector. The spectra  displayed in F ig . 1 have a ll been taken in the d if
fraction  m ode [9, 10] with the diffraction  peak position  falling approxim ate
ly in the m iddle of the energy range displayed on the multichannel analyser 
fo r  each particu lar run. A large num ber of s im ilar d iffraction  spectra 
w ere taken fo r  the specia l purpose of a carefu l investigation of the energy 
region  from  400 to about 2500 keV fo r  weak gam m a-ray transitions which 
are not seen in a d irect spectrum  due to the fact that the Compton d is tr i
butions of h igh er-en ergy  gam m as would not be sorted  out.

F igure 2 shows the Ge(Li) spectrum  at a collim ator angle very  close  
to the central position  fo r  the energy range from  2500 to 4500 keV. In 
F ig . 3 is  shown the Ge(Li) spectrum  with the co llim ator at the central p o 
sition fo r  such energy regions only which yield  new inform ation as co m 
pared to previous work [1 -3 , 8] between 4500 and 10 000 keV. Since the 
collim ator is  at the cen tra l position  in this specia l m easurem ent the 
gam m a-ray beam enters the detector without having suffered any 
deflection  and becom es very  intense. T h erefore , in addition to 18 cm  
of borated paraffin , a 5 -cm  lead absorber is applied in a distance of 
30 cm  from  the so lid -sta te  detector.

The experim ental resu lts fo r  gam m a-ray energies and intensities are 
sum m arized in Table I and com pared with the resu lts obtained by Kennett
[3] from  m easurem ents on an external target of natural s ilicon . The 
energies and isotop ic assignm ent of calibration  lines used are designated
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F IG .l .  Singles spectra obtained in different diffraction m ode positions o f  neutron capture gammas from 
pure silicon  in energy ranges o f  interest between 5 0 0 - 2500 keV with an 18 g /cm ^  borated paraffin absorber. 
The peaks assigned to the neutron capture gammas in silicon are labelled  w ith a number in agreem ent

FIG .2 . Singles spectrum at a co llim ator angle close to the central position for the energy range 2500 
to 4500 keV with an 18 g /c m ?  borated paraffin absorber. Peaks assigned to the neutron capture in silicon  
are labelled  with a number and those belonging to the background due to capture in titanium are un
marked excep t when such lines have been used for internal energy ca libration . Transitions o f  unknown 
otig in  ate indicated  by a question m ark.
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F IG .3. Singles spectrum with the co llim ator at central position for energy ranges o f  interest between 
4 5 0 0 - 10000 keV with 18 g /cm ^  borated paraffin and 57 g /cm ^  lead absorbers. The peaks assigned 
to the neutron capture gam m as in silicon  are labelled  with a number and those assigned to the back-

on the spectra  shown. The agreem ent in energy and photon intensity 
is  in general within the experim ental e r ro rs  in cases where the c o r r e s 
ponding transition  has been seen by Kennett [3]. P ile-u p  effects due to 
excess ive  counting rates w ere m inim ized by choosing suitable absorbers 
and geom etries.

The neutron capture decay schem es of 30g  ̂ and 3iSi are shown
in F ig . 4 and are based essentia lly  on accurate transition energies and 
photon intensity data (Table I) plus the coin ciden ce  data obtained by 
Lycklam a et al. [8]. Since we have not found any experim ental evidence 
to sustain the ea rlie r  assum ption that the 3662. 5-keV  line is a double 
peak, we have not been able to p lace the 2783 .0 -keV  transition. The 
conclusion  is  that prev iou sly  proposed levels at 5690. 7 and 4814. 8 keV 
are not supported by this w ork. We have tentatively incorporated five 
p reviously  unreported transitions to the 39si leve l schem e. These 
transitions are in agreem ent, as they should be, with the strong spin- 
parity ru les fo r  e lectrom agnetic radiation. The mean value of the neu
tron  separation energy fo r  39gi has been found to be 8475. 2 ± 0 .5  keV.

The neutron capture decay schem e of 30si is  rather sim ple, as 
appears from  F ig . 4. T ransitions considered  tentatively placed are
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LIST OF GAMMA RAYS EMITTED UPON NEUTRON 
N SILICON AS LABELLED IN FIGS 1-3

(keV) (y-rays per 100 captures)

Present work [3 ] [3 ]

s°Si 1 0 6 1 2 .5 ± 1 .5 0 .2

8952 ± 3 w

И Si 8474 .5 ± 0 .8 8474.6 2 .9 2 .7

8314 ± 4 w

7846 ± 3 tx0 .15

7815 ± 4 w

7696 ± 4 w

7465 ± 3 ^ 0 .3

MSI 720 2 .0 i  0 .5 7202 .2 9 10

3°Si 6748 ± 2 6748 .2 1 .4 1 .5

31SÍ ? 6594 ± 3 w

MSI 6383 .3 ± 1 .0 6383.2 14 14 .5

K*Si 6048 ± 3 604 8 .9 0 .7 0 .7

29SÍ 5405 ± 3 w

5301 ± 3 азО.4

5297 ± 3 ssO.2

3°Si 5274 ± 3 M 0.6

3°Si 5269 ± 3 ^ 0 .5

5262 i  3 ^ 0 .2

MSi 510 9 .4 i  1 .0 5110.3 4 .1 4 .5

5028 ± 2 ^ 0 .2

и  Si 493 5 .7 ± 0 .5 4935 .8 61 61

Si ? 4902 ± 3 ¡^0 .07

M si 4842 ± 3 ^ 0 .3

4600 ± 2 ^ 0 .1

4508 ± 2 ^ 0 .4

4408 ± 2 ^  0 .2

29SÍ 395 6 .2 ± 0 .5 395 6 .0 2 .0 1 .8

s°Si 386 4 .0 ± 1 .0 386 4 .4 1 .9 1 .5

" S i  ? 3805 ± 3
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TABLE I (cont.)

Line No.
Emitting
isotope

(keV)

3

Present work [3 ] L ' " [3]

31 " S i 3662.5 ± 0.5 3662.6 3.6 3.6

32 '"S i 3540.0 ± 0 .5 3539.7 65 64

33 и  Si 2783.0 ± 0 .5 2783.1 3.2 3.0

34 2593 ± 2 w

35 и  Si 2426.6 ± 0 .8 2427.0 2.5 2.7

36 29 Si 2092.8 ± 1.0 2092.0 20 ^ 20

37 ^  Si 2031.5 ± 0 . 5 2031.7 4.0 3.7

38 2 's i 1778.4 ± 0 .5 1779.0

39 29 s i 1775.1 ± 0.6 4

40 И Si 1764.5 ± 0.6 3

41 1757.7 ± 0.6 4

42 3 'S i ! 1693 ± 3 w

43 И Si 1273.1 ± 0 .5 1273.0 19 20

44 589.5 ± 1.0 w

45 583.4 ± 1.0 w

46 553.8 ± 1 .0 w

47 521.5 ± 1.0 w

shown as dashed lines. The neutron separation energy of 3°si has been 
m easured to be 10 612.3 ± 1 .0  keV by using the ground-state transition 
in -*^N(n, у)ИЫ fop calibration . No ea rlie r  neutron capture decay schem e 
of 3 isi has ever been presented in the literature. The one shown in F ig . 4 
is  con jectured  from  transition energies and intensities and should be con 
sidered  as uncertain. The tentative placem ents shown are the ones 
which should be expected on the basis  of spin -parity  arguments fo r  tran
sitions between levels known from  other reaction data.

The fact that we have not been able to place consistently a ll the p re 
v iously  unknown transitions (Table I) in the level schem es of silicon  
isotopes indicates that these are not yet known as com pletely  as we might
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8475 2

FIG .4 . Levels in ^ S i, ^°Si and ^'Si populated in neutron capture reactions o f  silicon  isotopes. Spin, 
parity and neutron orbital m om entum  o f  these levels are listed where known from other reactions as

desire  from  (d, p) or (p, p ') reactions. It would a lso  be very  helpful if the 
existing lev e l energies w ere known a little m ore  accurately  from  these 
reactions. It may also indicate, however, that we have been unsuccessfu l 
in identifying one o r  the other of these transitions as belonging to the 
intense background radiation present, although we would em phasize that 
we have tried hard during the rather cum bersom e and painstaking identi
fication  p ro ce ss .

To account fo r  our endeavours on these aspects and to characterize  
the organization of the data obtained we have class ified  the lines which 
m ay belong to s ilicon  isotopes into four categories:

(1) Lines which have been firm ly  determ ined on the basis of the 
spectra  taken and which we have not been able to identify with any back 
ground radiation known at present. These lines are shown in Table I. 
W here it has been possib le  to associate  the radiated line with a particular 
silicon  isotope this has been indicated in column 2. Our assignm ents of 
gamma rays with num ber 14, 24, 39 and 40, however, are quite uncertain 
since these assignm ents have been based on an energy fit only. W hereas 
lines number 17 and 18 are c lea r ly  seen as a doublet we cannot be quite 
certain  about the orig in  of these transitions.

(2) Lines o f rather weak intensity which we have attributed to either 
silicon  o r  titanium isotopes,, partly on the basis  of inform ation given in
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the w ork by Tripathi et al. [11]. Such lines, determ ined with an a c 
curacy  of 1 o r  2 keV, are the follow ing, in order of increasing energy:

725, 731, 752, 858, 1592,

2206, 2236, 3054, 3104 and 7057 keV

The upper lim it of the intensity of these lines is 4 gamma rays per 
100 captures.

(3) T ransitions which have been poorly  indicated by our experim ental 
data, either due to overlapping with other radiations o r  a lack  of sufficient 
statistics of the peaks. These transitions have been determ ined with an 
accu racy  of 2 o r  3 keV and are the follow ing, in order of increasing energy:

1252, 1306, 1448, 1534, 1566, 1868,

2027, 3772, 6447 and 7112 keV

Since the existence of the above-listed  lines is  to som e extent doubtful 
we have not attempted to p lace them.

(4) It is c lea r  that weak lines emitted by s ilicon  isotopes may exist 
which are hidden by prom inent neutron capture gam m a-ray transitions of 
titanium isotopes (our target holder consisted  of titanium). To find out 
which line energies could com e into focus the reader is re ferred  to F igs 1,
2 and 3 and the extensive work by Tripathi et al. [11] on neutron capture 
studies of titanium isotopes. We are here, of cou rse , lim ited in our e f 
forts  to see any o f the weaker gamma rays emitted by s ilicon  isotopes 
which belongto the above-m entioned category. This would requ ire an ex p eri
m ental geom etry  which would allow the background radiation to be con 
siderably  reduced with regard to number of lines as w ell as in intensity.

An attempt w ill be made to give a further description  of the leve l 
schem es presented in this paper in the light of existing theories of 
nuclear structure within the particular m ass region to which silicon  
isotopes belong.
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Abstract

THERMAL NEUTRON CAPTURE GAM M A-RAY STUDIES OF NATURAL TITANIU M . D etailed and 
precise measurements o f  the gam m a rays fo llow in g  therm al neutron capture in natural titanium have been 
made by  means o f  a single f la t  crystal d iffraction  spectrom eter and G e(L i) detectors below  3 .5  MeV and 
as d irect spectra above 1 .6  M eV . Many previously unreported transition energies have been  observed and 
fitted into the le v e l schem es o f  *^Ti, ^ T i ,  ^ T i ,  ^°Ti and ^ T i .  The neutron binding energies obtained for 
the titanium isotopes from  the transition assignments are in agreem ent with the values ca lcu lated  from  mass

INTRODUCTION

E arlier  m easurem ents on capture gam m a-rays from  natural titanium 
have been done by Motz [1 ], Adyasevich, Groshev and Dem idov [2 ], .K insey 
and Bartholom ew [3 ], and Knowles et al. [4 ]. These m easurem ents were 
made by means of Compton or pair spectrom eters or crysta l d iffraction  
spectrom eters  using N a l(T l) scintillation  spectrom eters. Knowles et a l.[4 ] 
and C arlos et a l.[5 ] have perform ed concidence m easurem ents. Trum py 
[6] and V erv ier  [7] have contributed with polarization m easurem ents. 
Tenenbaum et al. [8] have used a G e(Li) detector in their investigations.
The present work reports  on the m easurem ents made by a single flat c r y s 
tal d iffraction  spectrom eter in com bination with a large G e(Li) detector.
In this method the Compton background and double-escape peaks due to 
lines beyond the d iffraction  region  are alm ost absent. This makes it a high 
resolution  and an effective  apparatus. The investigation has led to the 
detection of 146 gam m a-rays, many of which were previously  unreported.

EXPERIM ENTAL ARRANGEMENT AND PROCEDURE

This work was perform ed  at the Swedish R eactor R2 at AB A tom energi, 
Studsvik. An internal target geom etry was used where the rea ctor  channel 
is tangential to the rea ctor  co re  so as to avoid the detector from  seeing the 
co re  and facilitate sam ple changing. The target was placed as c lo se  as 
possib le  to the co re  to obtain a maximum o f neutron flux of approxim ately 
1Q13 n cm '^ s e c 'l . The target used consisted  of a rectangular slab o f natural
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m etallic titanium of weight and purity 51 g and 99. 9%, respectively . The 
spectra  w ere record ed  with a 1024-channel analyser exhibiting a sm all 
deviation from  linearity  which was taken into proper account by the exp eri
ment and energy calculation.

1. M easurem ents of d irect spectra

F or  these m easurem ents a 17-cm^ Ge(Li) detector was used with a 
resolu tion  of 5. 5 keV at 1. 33 MeV. The detector was placed so as to see 
the d irect incident beam of gamma rays. A 15. 5 -cm  thick lead absorber 
was put at a distance of 50 cm from  the detector, allowing the low -energy  
X -ra y s  to be absorbed in the air before reaching the detector and thus r e 
ducing further the dead time of the multichannel analyser. This absorber 
also d ecreases the neutron background at the detector to the required level. 
The energy region between 1. 6 and 10. 0 M eV was w ell spread along the 
energy axis and divided into a number of parts, each of which su ccessive ly  
overlapped the neighbouring one. L ong-tim e m easurem ents w ere made to 
obtain reasonable statistics for  analysing even the weaker transitions 
em itted by the titanium isotopes.

F1G.1. Spectrum o f  thermal neutron capture gam m a-rays o f  natural titanium in the diffraction  region 
o f  800-1300 keV using the (400) diffraction p lane o f  the flat crystal. A 5 -m m  lead absorber was put in 
front o f  the d etector.

2. Single flat crysta l d iffraction  m easurem ents

The energy region  below  3. 5 M eV has been investigated using a single 
flat crysta l d iffraction  spectrom eter in com bination with the above-m entioned 
Ge(Li) detector. This arrangem ent is described  in m ore detail by Broman 
[9 ] and review ed by B lich ert-T oft et al. [ 10].

In m ost m easurem ents the (400) planes o f the germanium flat crysta l 
have been used fo r  d iffraction  of the gamma rays. In som e ca ses , however, 
the inform ation has been obtained by d iffraction  in the (200) and other planes. 
Below 200 keV the absorption in the germanium crysta l starts to play a 
dominant ro le  and results in a low er lim it of about 100 keV.



STUDIES OF NATU RAL T IT A N IU M 1 8 5

8500

8000

7600

3и
7000

6500

F IG .2 . Observed d irect spectrum o f  thermal neutron capture gam m a-iays o f  natural titanium in the 
region o f  3100-5300 keV taken with a 17-cm ^ G e(L i) detector. The inform ation obtained is based on two 
different experim ental runs. A 1 5 .5 -c m  thick lead absorber was put in front o f  the detector.

3. E xperim e ntal d at a

A typical spectrum  from  the diffraction m easurem ents which cover the 
energy region  from  150-2900 keV is shown in F ig. 1 and a typical d irect 
spectrum  in Fig. 2. The d irect spectra  cover the energy region from  2200- 
9300 keV and have all been observed  with a 17-cm^ Ge(Li) detector with an 
energy resolution  of 5. 5 keV at 1. 33 MeV.

Figure 3 is  part of a spectrum  taken by B lich ert-T oft et al. [10] during 
an investigation of therm al neutron capture gam m a-rays from  silicon  is o 
topes. Since a target holder consisting o f titanium has been used, strong 
titanium lines are observed as background because the neutron capture 
c ro s s -s e c t io n  of titanium is much la rg er  than that of the silicon  isotopes.

F or energy calibration  IAEA standard sou rces were used up to about
3 MeV and p rec ise  energy values of these sou rces w ere adopted from  the 
com pilation of Legrand et al. [11]. F or  determination of the higher energies
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the position o f double and s in g le -escape peaks o f strong h igher-energy 
titanium lines falling below 3 M eV w ere determ ined and the corresponding 
photolines were used for calibration above 3 MeV. This p rocess  was r e 
peated to obtain su ccessively  higher calibration  lines.

By means of a com puter program  the peaks were fitted to a Gaussian 
and the positions of the peaks and the areas below them w ere determ ined.
By another com puter program  the energies corresponding to the peaks were 
computed by means of the known calibration lines. From  various runs in 
the same energy region  a mean value was adopted for  the energy of each 
line. The non-linearity in the multichannel analyser was accounted for .
The energies above 4 MeV w ere corrected  for nuclear re co il . Later on 
these energy values were checked by using the well-known neutron 
separation energy and the neutron separation energies o f silicon  isotopes 
for  calibration as shown in F ig .3 .

FIG .3. A part o f  the direct spectrum observed by a 3 .5 -cm ^  G e(L i) detector and a 4096-channel analyser 
in the energy region o f  7000-9900 keV . Only the parts o f  general interest are shown in the figure.

To determ ine intensities the areas under the relatively  strong peaks 
calculated by the com puter were used, while a manual procedure was 
adopted for  the weaker lines. In the case of a d irect incident beam of 
gamma rays correction s  w ere made to account fo r  se lf-absorption , absorp 
tion due to air, crysta l and lead between sample and detector and the 
e fficiency  of the detector itse lf. For d iffraction  m easurem ents a correction  
for the crysta l re flectiv ity  was added.

4. Results

The gamma rays observed follow ing therm al neutron capture in natural 
titanium originate from  five isotopes. The relative abundances and therm al 
neutron capture c ro ss -s e c t io n s  of these isotopes as taken from  the Nuclear 
Data Sheets along with their relevant contributions to neutron capture have 
been given in Table I.

The calculated energies with e rro rs  and intensities have been tabulated 
in Table II. The accuracy of the intensities is  about 20% unless otherwise 
noted. On the basis o f the known relative contributions to neutron capture
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TABLE I. RELATIVE ABUNDANCES AND THERMAL NEUTRON 
CAPTURE CROSS-SECTIONS OF TITANIUM ISOTOPES AND RELEVANT 
CONTRIBUTION OF TARGET IN NATURAL TITANIUM

Target

(%) °nA

46TÍ 7 .95 0 .6 4 .7 7 0 .7

4?Ti 7 .75 1 .7 13 .18 2 .2

*"Ti 73 .4 5 7 .1 565 .56 9 5 .0

49-ri 5 .51 1 .8 9 .9 2 1 .7

s°Ti 5 .3 4 s=0.4 2 .1 4 0 .3

it is evident that the m ost intense gam m a-ray lines are emitted by 49Ti. The 
lines with energy la rger than the neutron separation energy of ^ T i are 
likely to be emitted by 4?Ti, 48^^ 50^  ̂ or 5iTi. On the basis o f a carefu l 
energy determ ination, m ost o f the observed  energies have been fitted in 
the respective  leve l schem es o f titanium isotopes. The neutron-binding 
energies based on the calculated energies of the observed  lines and their 
placem ents in the relevant leve l schem es agree within 3 keV with the 
corresponding values obtained from  m ass data [ 12]. By using the Ritz 
com bination principle it has thus been possib le  to determ ine the energy 
values of a number of levels belonging to above-m entioned isotopes with 
m ore accuracy  than ea rlie r  m easurem ents. A few previously  unreported 
therm al neutron capture gam m a-ray transitions have been given in Table II 
and in many cases of previously  known transitions the transition energies 
have been determ ined m ore accurately  than be fore .

In som e cases where transition energies may fit in the level schem es 
of m ore than one isotope it may be possib le  to predict the origin  o f such 
lines on the basis o f a com parison  o f the relevant intensities with the r e la 
tive contributions to neutron capture by the various isotopes as presented 
in Table I. In other ca ses , how ever, in which a unique isotope assignment 
was not possib le  the transitions in question have been placed in the level 
schem es of the relevant isotopes. Table III presents the energy values of 
the levels  and spins of ^ T i, ^ T i ,  49 Ti, 50 Ti and 51 Ti as determ ined in the 
present work.

INTERPRETATION OF LEVEL SCHEMES

A ccording to the sim ple shell m odel the titanium isotopes 4?Ti to 5lTi 
consist o f a doubly m agic co re  of ^°Ca surrounded by two protons plus an 
appropriate number o f neutrons in the f 7 /2  and higher orb its. McCullen 
et al. [ 13] have made calculations based upon shell m odel theory and p re 
dict the energies and wave functions o f states o f pure ^ 7/ 2 )" configurations 
fo r  all of the nuclei in the shell. On this basis the neutron wave functions 
o f the ground states of ^ T i, a n d ^ T i may be represented by fi?/2 . f7 /2



TAB LE  II. OBSERVED ENERGIES AND INTENSITIES OF GAMMA RAYS EMITTED A FTE R  THERMAL 
NEUTRON CAPTURE IN NATURAL TITANIUM AND ASSIGNMENTS OF ISOTOPES TO WHICH THEY MAY 
BELONG, AND POSSIBLE TRANSITIONS

CO
CO

L in e  N o .
( k e v í

Intensity^
P rob a b le

L in e  N o .
(k eV )

M e n s i t y b
tran sition

10 64 7 *  2 . 0 0 .0 3 " T i C -*  9 8 3 .5 23 6 5 5 7 .2  * 1 .0 3 . 9 " T i C -*  15 8 6 .Q

2 93 89 1 *  2 . 0 0 .0 9 50^ t C -*  1 5 5 3 .4
24 65 3 2  *  5 w

r " T i C -* 1 6 1 8

3 9326 *  6 V V " T i С -* 2 2 9 5 .6 1  " T i С -* 4 4 2 2

4 92 35 *  8 V w 25 6 4 1 9 .6 *  3 . 0 29 " T i C -* 1 7 2 2 .9

5 9 2 09 *  3 0 .1 3 **Tt C -*  2 4 2 0 ,8
26 6 3 7 8  *  2 w

r " T i С -* 2 5 0 0

6 8410 *  5 > 0 .0 6 " T i C -*  3 2 2 4 .3 1  S 'T i c - g

7 8390 *  5 3 0 .0 6 " T i C -*  3 2 3 9 .5 27 6 1 4 6  *  8 V w " T i C -+ 4 7 9 9

8 8281 *  5 < 0 .0 1 " T i C -*  33 42 28 60 11  ? V w " T i C -* 2 8 5 2

9 8265 *  3 0 .1 7 " T i C -*  33 62 29 5 6 3 7 .5  *  2 . 0 3=1 " T i C -* 2 5 0 5

10 8256 *  2 0 .0 2
r ^ T i C -*  2 6 8 8 30 55 61  *  5 ^ 0 . 5 " T i C -* 5 3 9 4

( " n C -*  3377 31 5 4 7 2  *  10 w " T i С -* 2 6 6 2

11 81 14 *  5 0 .0 2 " T j C -*  3 5 1 4 32 5 4 2 8  *  10 w " T i C -+ 2 7 1 7

12 8013 *  2 0 .1 5 " T i С -  3 6 2 3 33 5 3 6 5  *  10 V w 4 ?T t 5 3 6 5 -* g

13 7627 *  2 0 . 2 47 T Í C -* 1 2 4 8 34 5 2 1 4  *  10 V w я  T i C -* 1 1 5 9

14 75 5 4 *  10 V w 4<Ti C -*  40 87 3 5 4 9 6 9 .5  *  1 .0 4 . 0 49 T i C - * 3 1 7 4 .9

15 73 34 *  2 < 0 .1 " T i C -*  1541 36 4 8 8 3 .0  *  1 .0 5 . 6 "  T i С -* 3 2 6 2

16 7217 * 5 0 .0 3 4<Tt C -*  4 4 1 0 37 4 7 1 6 . 0 *  2 . 0 - 1 49 T i С -* 3 4 2 9

17 7171 *  4 0 .1 2
r " T i

1  " T i

C -+  4 4 6 5  

C -*  37 70

38

39

4 6 7 5  *  3 

4 6 5 9  *  5

w " T i C -* 3 4 7 0

18 7083 *  2 < 0 .1 " T i C -*  1 7 9 3 .4 40 4 4 1 8  *  5 w s°T t 4 4 2 2 -*  g

19 7063 *  4 0 .4 5
r " T i C -*  1 8 1 8 .4 41 4 3 5 2  *  5 w

t " T i C -*  3 8 7 9 42 42 4 7  *  2 w " T i C -* 2 1 3 2

20 68 19 i  6 0 .0 4 4< T i C -+ 4 8 0 9 43 41 7 7  ± 8 V w " T i  ?

21 6 7 6 1 . 6 *  2 . 0 41
j-49 T i

1  "  T i

C -*  1 3 8 1 .5  

C -*  4 1 8 4
4 4 3 9 2 1 .7  *  2 . 0 2 . 1 49 T i Г 4 2 2 4 . 5 

j  5 3 1 0 - * 1 3 8 1 .5

22 66 04 *  3 * 49 T i C -*  1 5 4 0 .1 45 3 7 6 2 .6  *  2 . 0 0 .1 я  T t 3 7 6 2 .6 -*  g
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TABLE II. (cont. )

Line No. ( k e v f
Intensity^

tm nÏtion U n e  N o . (keV) , ^ , y ' S i t i e n

46 3 1 3 4 2 0 .7 " T i f  C -  44 10 С -  53 10

5 1 2 0 -  1 3 8 1 .5 70 2841. 5 i  1 .5 0 .8 " T i 5 3 1 0 -  2 4 6 4

47 3 7 13 * 2 w . 4 2 2 4 -  1 3 8 1 .5

48 3 6 4 2 * 8 w " T i  ? 71 27 28 i  5 r  ^ T i  ?

49 35 56 5 (  " T i  ?

50 3 5 4 4 * 3 0 .4 4 49 T i 5 8 0 0 -  2260 72 2 7 1 2 & 5

51 3530 * 10 < 0 .1 " T i C - 5 3 6 5 73 2 6 9 2 .5  ± 2 . 0

52 35 03 10 w 74 2 6 35 i  2 = 0 .3 " T i 3 6 2 3 -  9 8 3 .5

53

54

3 4 7 6

34 62

2

10

1 . 5 " T i

" T i  ï

C - 4 6 6 8
7 5 26 17 ± 2

Г " T i  

1 " T i

2 6 1 7 - g  

С -* 3 7 6 3

55 33 60 * 4 w « T i 3 3 6 2 - g 76 2 5 3 5 ± 5

56 3 2 8 4 5 w 77 2 5 1 3 ± 5 w " T i 4 8 0 9 -2 2 9 5 .6

57

58

3 2 2 5 .2

3197
* 0 . 5

4 " T i  ?
78 2500 i  5 w

Г " T i  

1  < 9 -r n

2 5 0 0 -  g

59 3 0 9 9 i 8 " T i  ? 79 2475 i  4 V " T i 4 9 8 0 - 2 5 0 5

60 30 83 2 * 3 . 2 " T i 5 8 0 0 - "  2717 80 2407 i  5 w 4<Ti 3 3 7 7 -  9 8 3 .5

61 3 0 6 9 ± 8 81 2 3 78 ± 5 w 4$Ti 3 3 6 2 -  9 8 3 .5

62 3 0 4 8 8 V " T i 5 3 1 0 -  22 60 82 23 50 i  5 w 49 Ti С - 5800

63 3 0 2 7 .2 * 1 .0 2 .1 " T i Г C -  51 20 fep (?) 2316 ± 10 w 50 T i 3 8 7 9 -  1 5 5 3 .4

t. 4 4 1 0 -  1 3 8 1 .5 83 22 60 i  4 0 . 2 " T i 3 2 3 9 .5 -*  9 8 3 .5

64 3 0 0 3 .5 * 3 .0 w S'Ti 5 1 3 5 . 5 -  21 32
84 22 39 i  2 0 .0 8 " T i 3 2 2 4 . 3 -  9 8 3 .5

65 2 9 9 4 .6 v v
85 22 16 i  4 Ы 3.2 s . T i 37 70  -  1 5 5 3 .4

66 2 9 6 7 .4 i 2 .0 0 . 8
r "  T i  ? 

[  S' T i67 2 9 4 5 .0 1 .0 0 . 8 " T i 4 6 6 8 -*  1 7 2 2 .9
86 21 92 i  4

2 1 9 2 -  g

68 29 31  ? V w
r  "  T i  ! 

t  " T i  ?
69 28 55 5 w

Г " T i 2 8 5 2 -  g 87 2 1 5 8 ± 5

1  " T i 4 4 2 2 -*  1 5 5 3 .4
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TABLE II. (cont. )

L i n e N o .
(k eV )'

Intensity^
transition

L ine  N o.
(k eV ) ' " ' " " ' ' У '  J g ^ n , t ^ i t i l n

88 2 1 3 2  * 2 w S 'Tt 2 1 3 2 -  g 110 1 5 8 6 .0  *  0 . 2 1 0 .4 " T i 1 5 8 6 . 0 -  g

89 2 0 9 0 .6  * 3 . 0 " T í  ? 111 1 5 5 3 .4 *  0 . 2 1 .7 s*T i 1 5 5 3 .4 -*  g

90 2077 * 5
112 1 4 9 8 .5  *  0 .5 4 . 9

r " T i 3 2 6 2 -  1 7 6 1 .9

91 2 0 4 7 .4  * 2 .0 ^
r * 'T i 4 4 6 5 -+  2 4 2 0 .8 " T i 4 1 8 4 -  2 6 8 8

1  " T i 3 4 2 9 -  1 3 8 1 .5
113 1 4 7 3 .3  *  1 .0 0 . 2

" * T i  ?

92 2 0 2 7 .5  * 2 .0 4<Ti З О Ю -  9 8 3 .5 " T i  ?

93 19 84  * 1 0 .5 4$Ti 4 4 1 0 -  24 20 114 1451 i  2 0 . 2

94 1 9 4 0 .2  * 1 .0 115 1 4 3 7 .3  *  0 . 5 0 . 7 **T i 2 4 2 0 . 8 -  9 8 3 .5

95 19 15  * 2 " T i  ?

Г 3 2 6 2 -  1 3 8 1 .5
116 1 3 8 1 .5 *  0 .5 82

" * * T i

. " T í

1 3 8 1 . 5 -  g 

1 5 4 1 -  15 8 . 6
96 1881 * 1 = 0 .5 49-pi

1  3 4 7 0 -  1586
117 1 3 2 8 .3  *  0 .5 0 .3 6 " T i

Г 3 6 2 3 -  2 2 9 5 .6

97 1 8 4 2 .2  * 0 . 5 =  1 .2 49 T l 3 4 2 9 -  1586 t 3 7 5 2 -  2 4 2 0 .8

98 1 8 1 8 .4  * 1 .0
r ^ T i

1  " T i
1 8 1 8 -  g 118

119

1 3 1 2 .1 *  0 .3  

1282 *  1

0 .7 7 " T i 2 2 9 5 . 6 - 9 8 3 . 5

99 1 7 9 3 .4  & 0 . 4 2 . 0
Г " T i 3 1 7 4 . 9 -  1 3 8 1 .5 120 12 42  *  1 w я  T i С -  5136

1  " T i 4 0 8 7 -  2 2 9 5 .6 121 1 2 1 4  *  3 w " T i 3 5 1 4 -  2 2 9 5 .6

Ю 0 1 7 6 1 .9  * 0 .5 4 .5 49 у . 1 7 6 1 . 9 -  g 122 11 59  *  2 w я  T i 1 1 5 9 - g

101 1739 * 1 123 1 1 3 4 .6 *  0 . 5 0 .1 4 sc T i 2 6 8 8 -  1 5 5 3 .4

102

103

17 18  * 

1 6 7 5 .2  *

2

0 . 8 0 .2 2 " T i 3 2 6 2 -  1586 124 1121 *  1 1 .0
<*П

Г 2 5 0 5 -  1 3 8 1 .5  

t  2 6 6 2 -  1 5 4 0 .1

104 16 69  * 1 w " T i 4 4 6 5 -  33 42

105 16 50  * 3 w " T i  ? " T t  ?

106 1 6 40  * 3 w
125 1 0 6 4  *  3

" " T i 3 3 6 2 -  2 2 9 5 .6  ?

107

108

1632 * 

1622 *

3

3 w

4T-TÍ

" T i  ?

1 7 9 3 -  1 5 8 .6
126 1 0 4 6 .2  * 1 .0 0 .0 7

'  " T i  

.  " T i

2 6 6 2 -  1618 

Г 3 3 4 2 -  2 2 9 5 .6

109 1618 * 3 w
Г " T i  ? 

1  " T i 1 6 1 8 -  g
[  4 4 1 0 -  33 62
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TABLE II. (cont.)

L ine  M o.
(k eV )

tn ten sityb
a s s e n t — n L in e  No.

(k eV )
M e n s i t y "

P rob a b le

127 9 8 3 .5  *  0 . 4 2 . 9 " T i 9 8 3 . 5 -  g 138 6 0 8  ' * 1 w " T i  ?

128 9 4 3 .7  * 0 .5 0 .1 9
r " T i 3 3 6 2  -  2 4 2 0 .8 139 6 0 2 .3  * 0 . 5 * " T i  ?

( " T i 3 2 3 9 .5 -*  2 2 9 5 .6 140 48 2  * 2

129 9 2 8 .7  * 0 .7 0 .0 8 " T i 3 2 2 4 . 3 -  2 2 9 5 .6 141 4 5 4  * 1 ° w 49 T i 2 7 1 7 -*  2 2 6 0

130 9 1 8 . 2 *  0 . 5 0 .1 8
rs °T i ? 142 3 5 1 . 5 *  0 . 5 " T i 3 3 6 2 -  30 10

!  " T i  ? 143 3 4 1 . 4 *  0 . 5 29 " T i 1 7 3 2 . 9 -  1 3 8 1 .5

131 9 0 2 .0  *  0 .6 0 .1 9 144 328 * 2

132 8 8 9 .1  * 0 . 5 0 .1 2 'h - i 2 5 0 5 -  1618 145 2 5 1 . 5 *  0 . 5 w " T i 2 7 1 7 -  2 4 6 4

133 8 7 8 .5  *  0 .5 0 .0 5 'h - i 2 2 6 0 -  13 81 . 5 r " T i 1 5 8 .6 - *  g
1 5 8 . 6 *  0 . 5

134 8 6 0 .2  * 0 . 5 0 .0 4 " T i 4 0 8 7 -  3 2 2 4 .3 L " T i . 1 5 4 0 -  1 3 8 1 .5

135 819 *  1 w " T i 3 2 39 -+  2 4 2 0 .8

136 793 *  1 w " T i ?

137 6 3 7 .8  * 0 . 5 w " T i 2 2 6 0 -  1618
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TABLE III. LEVEL ENERGIES AND SPIN VALUES AND CALCULATED 
MEAN VALUES OF NEUTRON BINDING ENERGIES OF TITANIUM 
ISOTOPES AS OBTAINED IN THE PRESENT WORK

< 4 i <*Ti " T i " T i " T i

Í k e v í
in*

(k eV )
E nergy
(k e V ) ( k e i ? (b e V )

0 5 / 2 ' 0 7 /2 * 0 3 /2 * 0 0+ 0 0+

1 5 8 .6  i  0 .5 7 /2 * 1 3 8 1 .5  i  0 . 5 3 / 2 - 1 1 5 9  ± 2 1 / 2 - 9 8 3 .5  i  0 . 4  2+ 1 5 5 3 .4  i  0 . 5  2+

1 2 48  * 2 1 / 2 - 1 5 4 0 .1  ± 0 . 5 2 1 3 2  i  2 5 /2 * 2 2 9 5 .6  i  0 . 5  4+ 2 6 8 8 .0  i  0 . 5  4*

1541 i  2 3 / 2 * 1 5 8 6 .0  i  0 . 2 3 / 2 * 3 7 6 2 .6  i  2 . 0 5 / 2 *  ? 2 4 2 0 . 8 * 0 . 5  2+ 37 70  i  2

1 1 9 3 .4  i  2 .0 1 / 2 - 1618 * 2 51 36  ± 5 5 /2 * 3 0 10  ± 1 0+ 

3 2 2 4 .3  * 1 . 0  4+

3 8 7 9  i  10 0+ 

4 1 8 4  i  10 2+

1 8 1 8 .4  i  1 .2 3 /2 + 1 7 2 2 .9  * 1 .0 1 / 2 - 6 3 7 8 .7  ± 1 .0 ^ 1 /2 +  ? 3 2 3 9 .5  * 1 .0  (4+ ) 

3 3 4 2 .0  * 0 . 5  s4 +^

4 4 2 2  * 8 3 *  

4 7 9 9  ± 10

2 5 00  i  3 1 /2 1 7 6 1 .9  i  0 . 5 6 3 7 9  ± 5^ 3 3 6 2  i l  3 * ,2 + 53 94  i  8

2 6 1 7  ± 3 22 60  i  4

2 8 5 2  ± 5 ( 3 / 2 - ) 2 4 64  ± 5 7 /2 * 3 3 7 2  i  5 4+ ? 10943.3  ± 2  b  3 . 4 "

5 3 65  i  10 2 5 0 5  * 2 5 /2 * 3 5 1 4  i  5 =S+ 1 0 9 4 4 .4  i  З . 5С

8 8 7 3 .2  i  З .о Ь 1 /2 + 2 6 62  ± 3 3 6 2 3  * 8  ^4+ 

3 7 5 2  i  5 R4+

8 8 7 5 .4  * 2 . 5C 27 17  i  3 

3 1 7 4 .9  * 1 .0  

3 2 6 2 .0  ±  1 . 6  

3 4 2 9  i  2 

34 70  i  4 

4 2 2 4 .5  ± 1 .0  

4 4 10  i  2

1 / 2 "

3 / 2 *

40 87  5 

4 4 10  5 

4 4 6 5  5 

4 8 0 9  4

1 1 6 2 8 .7  2 .3 ^  

1 1 6 2 8 .0  ±  2 . 7C 2 , 3 *

4 6 6 8  i  2

4 9 80  i  5 

51 20  ± 5 

5310 i  8 

5800 i  4 

8 1 4 3 .3  ± 1 . 2  

8 1 4 6 .0  ± 2 . 2

° l / 2 +

th e  M n ^ t io n  in te m it ie s  o b ta in e d  in

and f!y /2  c o n f ig u r a t io n s  o r ,  in t e r m s  of holes in the c losed  f 7/2  shell, by 
fÿ /2 , ¿ 7 /2  and 7̂ / 2  configurations respectively . In 5°Ti the f 7 / 2  shell is full 
and in siTi the last neutron is in the рз/ 2  state. F or all these isotopes except 
one the experim ental ground state spins are in agreem ent with these ca lcu 
lations. *^Ti has spin 5 /2  instead o f the theoretically  predicted value of 
7 /2 . McCullen et a l .  [ 13] account fo r  this d iscrepancy by assuming con 
figuration m ixing. Malik and Scholz [14], however, account fo r  the anomaly 
by using the strong-coupling sym m etric-rotator m odel including C orio lis  
coupling between bands.
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F IG .4 . Levels in T i on the basis o f  energy f it .  Spin, parity and neutron orbital m om entum  shown are 
taken from  the literature. The neutron binding energy is taken from  mass data.

^Ti(n.f)4<'îil

F IG .5 . Levels in ^ T i  as decided  on  the basis o f  energy f it . Other inform ation taken from  the sources 
as indicated in F ig . 4 .

The present investigations o f therm al neutron capture gam m a-ray 
m easurem ents in general seem  to agree reasonably w ell with the theoretical 
work by M cCullen et al. [ 13]. The observed energies, calculated intensities, 
isotope assignm ents and probable transitions, given in Table II, are shown 
in the level schem es o f ^ T i, 49 Ti, 3°Ti and ^ T i in F igs 4 -8.

The calculated neutron binding energy of 47Ti is 8873. 2 ± 3 . 0 keV. The 
lev e l energies determ ined on the basis of energy fit are in agreem ent with 
the (d, p) m easurem ents by Rapaport et al. [ 15]. The leve l at 1248 keV 
may have 1"= Y* considering the relative intensity of the 76 27-keV  transition  and



FIG. 6 . Levels in *^Ti as d ecided  on tne basis o f  energy f it . Other inform ation taken from  the sources 
indicated in F ig .4 .
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that it may have a (Í7/ 2 )" configuration. It may, however, have a long half- 
life . The levels  at 1818.4 and 2617 keV may be candidates for hole states, 
since Kashy and Conlon [ 16] do observe an In = 2 distribution with ap p reci
able sp ectroscop ic  strength fo r  the 1818.4 state in (p, d) reactions. But 
considering the intensity o f the 7063-keV transition, In = 3 is  favoured since

10944,4

5394
4799
4422
4164
3879
3770

1553.4

0
heV

1' I ! !"T 3,4* 0

u t i l  1.,*-------
H  1 H  * y

t  ;—

! ¡ ' 1 ' ¡g *̂*

à "  ! i ! 
§3 * +  +

Khi 
22 " 2 8

3*

0+

(41 1

2+ 1.3

0+ 3

1 -*n

FIG. 7 . Levels in^° T i as decided  on the basis o f  energy fit . Other inform ation taken from  the sources 
indicated in Fig. 4 .

S0li(n,*)51n
637 9

513 6

3763

2 1 3 2
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beV

T T T
' <' ' '

i I !

I С

! I

22 29

5 /2 '

I ¡n
5 /2 "

1/ 2-

3 /2 ' 

! л
1

F IG .8 . Levels in T i as decided  on the basis o f  energy fit . Other inform ation taken from  the sources 
indicated in Fig. 4 .

this transition  has a higher sp ectroscop ic  strength. The 1818-keV state 
may belong to the ( H 5/ 2 ) configuration. Iy/E)? from  (n, y) reactions are 
in general proportional to reduced widths (sp ectroscop ic  fa ctors) o f (d, p) 
reactions. M oreover in the present (n, y) m easurem ents no feeding to the 
2617-keV state from  the capture state was observed . A com parison  could 
be made with the (n, y) coincidence m easurem ents by Tenenbaum et al. [17].

The calculated neutron binding energy o f ^ T i is  11628. 7 ± 2. 3 keV.
The lev e l en erg ies, shown in Table III, seem  to agree w ell with the (d, p) 
m easurem ents by B jerregaard  et al. [ 18], Barnes et al. [ 19] and Alty et 
al. [20].
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M ore accurate energy values of the leve ls  have been determ ined. The 
983. 5 -keV  leve l (which is a 2+ state) is  fed by a transition from  the capture 
state, from  the 2295. 6 -keV  leve l (which is a w ell-established  4+ state), 
and from  the 2420. 8-keV  leve l (which is a 2+ state). These feedings 
are in agreem ent with the shell m odel. A transition energy of 
2027 keV, observed by us, seem s to fit reasonably w ell with the tra n s
ition from  the 3010-keV  0+ leve l to the 983. 5 -keV  2^ level. This is in 
agreem ent with the co llective  m odel. The 3010-keV  0*** state may be form ed 
due to m ixing of rotational and shell m odel states [21]. T heoretica l c a l
culations by Mukherjee et al. [22] on the co llective  behaviour in som e 
I f 7 /2  even-even  nuclei on the basis of asym m etric ro to r -v ib ra to r  predictions 
seem  to agree with the experim ental results of ^ T i .  The 2295. 6-keV  
leve l is a w ell-established  4+ state. P ossib le  leve l feedings on the basis 
of energy fit are shown in the leve l schem e. No d irect feeding to the leve l 
at 3010 keV (0*** state) from  the capture state has been observed . The 
3342-keV  lev e l may not be a 6+ state but its spin should probably be less  
than 4 as suggested by Konijn et al. [23]. The 6*** state lies  m ost probably 
at 3331. 8 keV. We do not observe any d irect feeding to the б**" state which 
is  in agreem ent with theory.

Some ambiguity exists in the literature regarding the 3362-keV  level. 
B ernstein et al. [24] have reported  that this leve l is a doublet consisting 
o f spin 3* or 4+ . Konijn et al. [23 ] have reported a leve l at 3361 keV 
with spin and parity 1+, 2+ or 3*. On the basis o f energy fit 2+ seem s to 
be in agreem ent with the general theory. On the other hand, the 3* state 
has unusual ch aracteristics  and generally the low est 3" state consists of 
m ost of the octopole strength. Horoshko et al. [25] indicate that 3*-> 0"** 
could have an intensity up to 2%. On this consideration 3" assignment can
not be com pletely ruled out.

The calculated neutron binding energy of ^ T i from  the present ex p eri
ment is  8143. 3 ± 1. 2. The levels agree w ell with the (d, p) m easurem ents 
by B jerregaard  et al. [ 18], (d, d' ) m easurem ent by W ilhjelm  et al. [ 26] 
and (n, y) work by C arlos et al. [5 ].

Kashy et al. [ 16] has assigned In = 2 fo r  the 2. 62-M eV  level. This 
energy is  actually at 2662 keV and the corresponding level is a candidate 
fo r  a hole state.

Feeding is observed  from  this level to weakly fed leve ls  at 1540 keV 
and 1618 keV. Both of them are very  weakly fed from  the capture state as 
w ell. At present it has not been possib le  to explain this. In the present 
m easurem ents many new transitions are observed.

During an attempt to see if  the energy at 1586 keV was a doublet no 
change in line width was observed  as com pared with the 1498. 5-keV  line 
(except fo r  a ta il on the h igher-energy side) when using a Ge(Li) detector 
o f 5. 5 -keV  resolution  at 1. 33 M eV. This rules out the possib ility  of two 
lines of equal intensity at 1583 and 1586 keV as reported  by Knowles et 
al. [4 ]. The present observation  is in agreem ent with the work of 
Tenenbaum et al. [8 ]. During an investigation using a detector of resolution  
3. 5 keV at 1.33 MeV on capture radiations from  isotopes o f s ilicon  by 
B lich ert-T o ft et al. [ 10] two lines with a large intensity ratio w ere observed , 
one at 1586 keV and the other at 1592 keV. The line at 1592 keV has been 
interpreted as a double-escape line on the basis o f its intensity, considering 
the re flectiv ity  variation o f the crysta l. M oreover, the 1586-keV level is
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populated by transitions whose intensities are in agreem ent with that of the 
depopulating 1586-keV line.

On the whole the shell m odel (fy/g) (Í7 /2  ) configuration seem s to agree 
rather w ell in the case of ^ T i  but it is generally considered that a nuclear 
deform ation takes place in this m ass region.

The calculated neutron binding energy of ^°Ti is 10942. 2 ± 2. 0. Hinds 
and Middleton [27 ] have d iscussed  the levels on the basis of p a rticle -h ole  
interactions. The transitions shown in F ig. 7 seem  to agree w ell with this 
work. The energy observed  at 2316 keV may belong to the cascade

O'*" in 50Ti. But due to the uncertainty in defining it as a fu ll-energy  
peak it has not been shown in the level schem e. The energy at 7063 keV 
is  rather w ell fitted as a transition from  the capture state to the 3879-keV 
leve l. There is som e doubt, however, about this transition. Since the 
proton co re  is unchanged, for an explanation the levels  could to som e 
extent be com pared with the levels  of ^ T i.

The calculated neutron binding energy of ^^Ti has been determ ined to 
6378. 7 ± 2. 0 keV. The lines with low intensity which have not been fitted 
in the other isotopes have been tried  fo r  a fit in ^ T i. In cases where 
transition  placem ents turned out to be possib le these seem ed to agree well 
with the (d, p) m easurem ents by Barnes et al. [28]. The percentage abundance 
o f 3°Ti is 5. 34% and its neutron capture c ro ss -s e c t io n  = 0. 4 barns. On 
this consideration  the observed  intensities seem  to agree w ell. The lines 
which have been fitted in ^ T i depopulate levels which have been observed 
with strong strength functions in (d, p) m easurem ents.

The gamma energy observed  at 6378 ±2  keV may be the transition 
energy from  the capture state to the ground state of ^^Ti since the neutron 
separation energy o f ^ T i is 6379 ± 5  keV. As the ground-state spin of SlTi 
is 3 /2 * , a strong transition between the capturing state and the ground 
state should be expected to o ccu r. The 5214 ± 10-keV line may be a tran s
ition from  the capturing state to a level at 1159 ±2  keV. This level is 
supposed to have accord ing to the literature and therefore  should
com bine with the capturing state to give a relatively  strong transition. We 
observe also a line at 1159 ±2  keV. The occu rren ce  of two 1^=3 states 
with an energy of 3 M eV between them (at 2132 and 5135. 5 keV) with 
re latively  large and nearly equal strength functions are accounted fo r  rather 
w ell by the nucleon-nucleon interaction theory by V ervier [29]. The sum 
of the energies observed  at 2617. 1 and 3762. 6 keV is 6379. 7 keV which fits 
w ell with the neutron separation energy of ^ T i. The 2617. 1-keV  transition 
may th erefore p roceed  from  the capturing state to a leve l at 3759 keV ob 
served  by Barnes e t a l .  [28]  and reported  to have 1^= 4 and 1^= 9 /2 ^ . How
ever, V erv ier [29]  did not give any evidence for  a level having such a high 
In and spin value. The experim ental data indicate the possib ility  of a 
transition from  the capturing state to the 3 / 2"  level at 2189 keV, and a 
transition from  this level to the ground state.

A C K N O W L E D G E M E N T S

The authors wish to express gratitude to P ro fessor  Nils Ryde for his 
kind interest and valuable d iscussions. Sincere thanks are due to M r. 
L eif Jacobsson  fo r  his help with the instrumentation. The important



1 9 8 TRIPATHI et al.

assistance of the personnel at AFK and RFN as w ell as from  the other 
divisions at AB Atom energi is  much appreciated. Financial support was 
furnished by Statens rad fo r  atom forskning and Göteborg Universitets Fond 
fo r  Ograduerade F orsk ares Vetenskapliga Verksam het.

R E F E R E N C E S

[ 1 ]  M O T Z. H .T . ,  Phys. Rev. 93 (1954) 925. \
[ 2 ]  ADYASEVICH. B .P .,  GROSHEV, L .V . ,  DEMIDOV, A .M .,  A tom n. Energ. 1 (1956) 40.
[ 3 ]  KINSEY, B .B ., BARTHOLOMEW, G .A .,  Phys. Rev. 89 (1958) 37.
[ 4 ]  KNOWLES, J .W .,  MANNING, G .,  BARTHOLOMEW, G .A . ,  CAMPION, P .J .,  Phys. Rev. 114 (1959) 4 .
[ 5 ]  CARLOS, P. et a l . ,  N ucl. Phys. A107 (1968) 436.
[ 6 ]  TRUMPY, G .,  N ucl. Phys. 2 (1956) 664.
[ 7 ]  VERVIER, J . .  N ucl. Phys. 26 (1 9 6 1 ) 10.
[ 8 ]  TENENBAUM, J . .  ARAD, B ..  BEN-DAVID, G .,  MOREH, R .. Rep. I . A . -1102 (1967).
[ 9 ]  BROMAN, L . .  N ucl. Instrum. M eth. 50 (1967) 29.

[1 0 ]  BLICHERT-TOFT, P .H .,  TRIPATHI, K .C . ,  (to  b e  published).
[1 1 ]  LEGRAND, J . ,  BOULANGER, J .P . ,  BRETHON, J .P .,  N uch Phys. _A107 (1968) 177.
[1 2 ]  M ATTAU CH, J .H .E .,  THIELE, W .,  WAPSTRA, A .H .,  N ucl. Phys. 67 (1965) 1.
[1 3 ]  McCULLEN, J .D . ,  BAYMAN, B .F .,  ZAM IK, L .,  Phys. Rev. 134 (19 64 ) 515.
[1 4 ]  MALIK. F .B .,  SCHOLZ, W ., Phys. Rev. 150 (1966) 919.
[1 5 ] RAPAPORT, J . ,  SPERDUTO, A . ,  BUECHNER, W .W .,  Phys. Rev. 143 (1966) 808.
[1 6 ]  KASHY, E ..C O N L O N , T .W .,  Phys. Rev. 135B (1964) 389.
[1 7 ]  TENENBAUM, J .,  MARCH. R ., WAND, Y . ,  Phys. Rev. 117 4 (1 9 6 9 )  1595.
[1 8 ]  BJERREGAARD, J .H . ,  DAHL, P .F .,  HANSEN, O .,  SIDENIUS, G .,  N ucl. Phys. 51 (1964) 641.
[1 9 ]  BARNES, P .D . ,  BOCKELMAN, C .K . ,  HANSEN, O .,  SPERDUTO, A . .  Phys. Rev. 138B (1965) 597.
[2 0 ]  ALTY, J .L . ,  GREEN, L .L . ,  JONES, G .D .,  SHARPEY-SCHAFER, J .F . ,  N ucl. Phys. A100 (1967) 191.
[2 1 ]  KAVALOSKI, C .D . ,  KOSSLER, W .J .,  Bull. A m . phys. Soc. 11 (1968) 1384.
[2 2 ]  MUKHERJEE, S .N . ,  SHASTRY, S . ,  RUSTGI, M .L .,  Nuovo C im . LV 11 В (1968) 25 .
[2 3 ]  KONUN. J . ,  LINGEMAN, E .W .A .,  DE W IT. S .A . ,  N ucl. Phys. A90 (1967) 558.
[2 4 ]  BERNSTEIN. A .M .,  LIPPINCOTT, E .P .,  SAMPLE, G .T . ,  THORN, C .B . ,  N ucl. Phys. A115 (1968) 79.
[2 5 ] HOROSHKO, R .N ., SC O TT, H .L .,  VAN PATTEN, D .M .,  Bull. A m . phys. S oc. H  (1968) 1425.
[2 6 ]  WILHJELM, P. et a l . ,  Phys. Rev. 1 6 6 /1 9 6 8 ) 1121.
[2 7 ]  HINDS, S . ,  MIDDLETON. R ., N ucl. Phys. A92 (1967) 422 .
[2 8 ]  BARNES, P .D . ,  BOCKELMAN. C . K . , HANSEN, O .,  SPERDUTO, A . ,  Phys. Rev. 136B (1964) 438 .
[2 9 ]  VERVIER. J .,  N ucl. Phys. 78 (1966) 497.



ENERGIES AND INTENSITIES OF 
GAMMA. RAYS FROM SLOW NEUTRON 
CAPTURE IN NITROGEN
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Abstract

ENERGIES AND INTENSITIES OF GAMMA RAYS FROM SLOW NEUTRON CAPTURE IN NITROGEN. 
T h e ^N (n, y)^'N  reaction has been studied using Ge(Li) spectrom eters. The principal a im  was to 
establish this reaction as a standard for energy and intensity calibration  in (n , y) spectroscopy.

1. INTRODUCTION

During the past few years Ge(Li) detectors have been taken into use 
very  w idely fo r  the m easurem ent of gam m a-ray spectra  in a broad energy 
region . The high resolution  of these detectors has im plicated requests 
for  accurately  determ ined calibration  lines in the energy region 1 - 1 0  MeV. 
Recent m easurem ents of calibration  lines from  radioactive sou rces have 
been tabulated by M arion [1]. These m easurem ents have been done with 
m agnetic and crysta l spectrom eters and re fe r  to the annihilation radiation 
511.006 keV o r  the 411.795-keV line follow ing the decay of ^Зди. The' 
prim ary  gam m a-ray calibration  energies in the com pilation of M arion [1] 
cov er  the energy region  26 - 2754 keV. In nuclear reaction  experim ents 
the gam m a-ray spectrum  may, how ever, be extended up to severa l MeV 
w here calibration  lines are very  rare . F or  m easurem ents o f prompt 
gamma rays, follow ing therm al neutron capture, calibration  lines from  
the ^N (n, y )^ N  reaction  have been used as this reaction  can easily  be 
produced at reactors  and even constitutes a background sou rce  in certain  
types of experim ental arrangem ents. In R e f.[ l]  recent m easurem ents of 
gamma rays from  this reaction  are tabulated and the adopted energy 
values are presented. It can be observed that the results of Greenwood 
quoted in this re feren ce  are not in agreem ent with other results [2,3]  
a lso  given by Greenw ood. The need fo r  an accurate determ ination of the 
gam m a-ray energies in the ^N(n,y)l^N reaction  m otivated a new investiga
tion. As pointed out by M arion it is a lso  of in terest to m easure the inten
sities o f the gamma lines as they cov er  a broad energy region and con 
sequently are suitable for relative e ffic ien cy  calibrations.

2. EXPERIM ENTAL ARRANGEMENTS

The experim ent has been perform ed  at the 1-MW heaVy-water r e 
actor R1 in Stockholm . The target was natural nitrogen gas at the p ressu re  
o f 4 atm which was passed into a through rea ctor  channel. The capture 
gamma rays pass a 6 -m m  diam . by 1 .5-m  long co llim ator be fore  reaching 
the detector which is situated about 4.5 m from  the centre o f the reactor .

1 9 9
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btV
F IG .l .  Low -energy pair and d irect spectra follow ing thermal neutron capture by nitrogen. The insets

The effective target quantity can be estim ated to be roughly 350 mg and 
the therm al neutron flux is about 3 X 10^ n cm "2 s e c 'l  . A staff-shaped 
Ge(Li) d etector, length 2.0 cm , volum e 1.5 cm^ , follow ed by a coo led F E T  
p rea m p lifier , both m anufactured by AB A tom energi, Studsvik, have been 
used fo r  the detection of the gam m a-ray spectra . The pream plifier is 
follow ed by a Tennelec TC 200 main am plifier and an Intertechnique 
4096-channel pulse-height analyser. The energy resolution  of the d e 
tector  is about 3 keV at 1 MeV and 6 keV at 6 MeV. T o sim plify  the 
response function above the pair-production  threshold the Ge(Li) d e 
tector  can be used in a pair spectrom eter arrangem ent. The two side 
crysta ls  are made in the form  o f a Nal annulus, 15 cm  diam . by 10 cm
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long and with a 4 -cm  diam . through hole. The annulus is  b isected  and 
the two segm ents are optically  isolated . F or the m easurem ent of low - 
energy spectra  the detector arrangem ent described  can be used in the 
anticoincidence m ode. It is then com plem ented with a Nal crysta l, 12.5 cm 
diam . by 10 cm  long and with a 1 .8 -cm  through hole, placed in front of 
the b isected  Nal annulus to detect backscattered radiation. Further ex 
perim ental details can be found in Ref. [4].

The purpose of using pair or anticoincidence spectrom eter a rran ge
ments is to rem ove possib le  am biguities in the spectra . A  h igh-energy 
line gives r ise  to three peaks in a d irect spectrum , a fu ll-energy peak, 
a single and a double-escape peak. Only double-escape peaks appear in 
a pair spectrum . In an anticoincidence spectrum  the Compton d istribu 
tion associated  with every  photopeak is reduced; anticoincidence spectra  
are often useful in the low -en ergy  region . F o r  the energy calibration  of 
a h igh -energy spectrum  it is obvious that the distance between the three 
peaks associated  with one gamma line gives a m easure o f the energy 
sca le  in the d irect spectrum . At gam m a-ray energies higher than about
4 MeV the photopeak as w ell as the first-escape peak are quite sm all com 
pared to the strong double-escape peak. In an anticoincidence spectrum  , 
the escape peaks are depressed ; fo r  the 6.3-M eV  line it is found that the 
ratio between the areas of the photopeak and the double-escape peak in 
crea ses  with a factor of 8. The depression  of the Compton distribution 
and the secondary peaks associated  with the photopeaks facilitates the 
determ ination o f the channel num ber separation between photopeak and 
escape peaks. Previous experiences from  the analysis of (n, y) spectra  
with a sm all G e(Li) detector have shown that d irect spectra  m ay be u se 
ful fo r  the identification of weak lines in the energy region  above 6 Me V, whereas 
pair spectra  have their definite advantage in the energy region  2-6 Me V. Anti- 
coincidence spectra  are generally  taken fo r  energies below  2 Me V. In the present 
case d irect spectra  as w ell as pair and anticoincidence spectra  have been used fo r  
the whole energy region  as d iscussed  below . The ca ra cte r is tics  of the d irect and 
pair spectra  can be studied in F igs 1 and 2. The insects in F ig. 1 are taken from  
anticoincidence spectra . A high-energydirect spectrum  is shown in F ig. 3.

3. RESULTS

To make an accurate energy determ ination possib le  it is n ecessary  
to know the response function o f the detector and associated  electron ic 
equipment including the m ulti-channel analyser. The integral linearity 
was determ ined with a p recis ion  pu iser and with radioactive sou rces .
These m easurem ents w ere in good agreem ent and could be used fo r  the 
construction  o f an S-shaped calibration  curve which showed a maximum 
deviation of 0.4 channels from  linearity  between channel number 50 and 
4000. This curve was used to apply sm all co rrection s  between ca lib ra 
tion points in the spectrum . The determ ination of gam m a-ray energies 
up to 5.3 MeV in the 15 N spectrum  was made using other energy standards. 
The detector was irradiated  with I37(̂ ĝ  60^^ 2 4 ^  sou rces and -*̂ N
capture gamma rays sim ultaneously and accurate values could be ob 
tained from  the com posite spectra  fo r  the l^N lines up to 3.8 MeV. A 
sm all graphite target was introduced in the rea ctor  channel and a co m 
posite 15 N - 13 с  spectrum  was taken. The very  accurate determ ination
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TABLE I. CALIBRATION ENERGIES USED IN THIS WORK

Energy Source Reference

511 .006 ± 0 .002 Annihilation radiation [6]

661 .635 ± 0 .076 ^ C s [4 ]

1173.226 ± 0 .040 '°Co [7]

1261.92 ± 0 .0 6 ^ C (n ,y )^ C [5]

1332.483 ± 0 .046 " C o [7]

1368.526 ± 0 .0 4 4 ^Na [7]

1778.70 ± 0 .1 7 ^A1 [8 ]

275 3 .92 ± 0 .12 ^Na [7]

368 3 .94 ± 0 .1 7 '2 c (n ,y ) i3 c [5]

494 5 .46 ± 0 .1 7 *2C(n.y)i3c [5]

by P restw ich  et al. [5] of the 13C capture gamma rays was used fo r  the 
calibration  of the 1$N spectrum  up to 5298 keV. The calibration  lines 
used fo r  the energy determ inations in this investigation are given in 
Table I. The sin g le -escap e  peaks and photopeaks o f the 5270 and 
5298-keV lines w ere used fo r  the determ ination of the 5533, 5563 and 
6323-keV gam m a-ray energies. The 7300-keV line was easily  deter
mined as its double-escape peak is very  close  to the 6323-keV photo
peak. As the 7300-keV  photopeak is partly hidden in the 8311-keV 
double-escape peak, only the 7300-keV first escape peak could be used 
fo r  the calculation of the 8311-keV line. F rom  the ^ N  decay schem e 
it is  seen that the 8313-keV state is also de-excited  via the 3014^ 5298 
and 1990 -* 6323-keV gam m a-ray cascades. The energy of the 8311-keV 
transition  could thus be checked with the sums of these cascades. The 
energies of the 8568, 9047 and 9149-keV lines w ere determ ined using 
the escape peaks of the 8311-keV  transition. The energy of the 9924-keV 
line was obtained from  the escape peaks of the 9149-keV line, and the 
energy of the 10830-keV line has been estimated from  the energy value 
o f the 10834-keV capturing state, which is determ ined from  severa l 
gam m a-ray cascad es . The energy values of the gamma lines with e rro rs  
are given in Table II. The e rro rs  quoted are due to statistical uncertain
ties in peak positions, uncertainties in the deviations from  linearity  of 
the analyser and e rro rs  quoted for the calibration lines. The spectra 
used fo r  the energy calculations have been taken in severa l different runs 
with varying am plifier gain to m inim ize the influence of e rro rs  in the 
d ifferentia l and integral linearities of the analog-digital converter. In 
Table III the gamma transitions used fo r  the Q -value determ ination are 
given. The average Q -value = 10834.0 ± 0 . 5  keV was calculated without 
weighting sin ce  system atic e rro rs  may be as large as statistical ones. 
The standard e r ro r  in the average Q -value is calculated to be as low 
as ± 0.1 keV. An estim ation o f the influence o f a possib le  system atic 
e r ro r  in the gam m a-ray energies above 5.3 MeV shows that the probable
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TABLE II. GAM M A-RAY ENERGIES AND INTENSITIES FROM THE 
^ ( n ,  y )^ N  REACTION

N o.
G am m a-ray energy 

(keV ) (keV ) (keV) 'H ',r

1 10829 .8  ± 0 .63 4 .2 10834.0 14C

2 9924 ± 3b 3 .5 9927.5 0 .2  ± 0 .1

3 9149 .3  ± 1.0*3 3 .0 9152.3 1 .6  i  0 .2

4 9046.6  ± 2 .0 b 2 .9 9049.5 0 .2  ± 0 .1

5 8568 .0  ± 3 .0^ 2 .6 8570.6 0 .1  ± 0 .0 5

6 8310 .8  ± 0 .9 * 2 .5 8313.3 3 .8  ± 0 .4

7 7299 .5  ± 0 .8 1 .9 7301 .4 9 .2  ± 1 .0

8 63 2 2 .7  ± 0 .6 1 .4 6324 .1 1 8 .4  ± 1 .3

9 5562 .5  ± 0 .6 1 .1 5563 .6 1 0 .4  ± 0 .7

10 553 3 .8  ± 0 .6 1 .1 5534 .9 18 .5  ± 1 .3

11 529 8 .1  ± 0 .6 1 .0 5299.1 2 1 .4  ± 1 .5

12 526 9 .5  ± 0 .6 1.0 5270 .5 3 1 .4  ± 2 .2

13 4 5 0 9 .1  i  0 .6 0 .7 4 5 0 9 .8 16 .5  ± 1 .2

14 388 4 .2  ± 0 .6 0 .5 388 4 .7 0 .9  ± 0 .2

15 385 5 .2  ± 0 .6 0 .5 385 5 .7 1 .0  ± 0 .2

16 367 8 .0  ± 0 .4 0 .5 3678 .5 1 5 .0  ± 1 .4

17 353 2 .0  ± 0 .4 0 .4 353 2 .4 9 .3  ± 0 .6

18 32 9 9 .7  ± 1 .5 0 .3 330 0 .0 0 .2  ± 0 .1

19 30 1 3 .7  ± 0 .6 0 .3 301 4 .0 0 .7  ± 0 .2

20 2 8 3 1 .1  ± 0 .6 0 .3 283 1 .4 2 .0  ± 0 .3

21 25 2 0 .6  ± 0 .3 0 .2 252 0 .8 6 .0  ± 0 .4

22 1999 .6  ± 0 .6 0 .1 1999 .7 4 .2  ± 0 .3

23 1989.5  ± 1 .0 0.1 1989.6 0 .5  ± 0 .2

24 188 4 .9  ± 0 .3 0.1 1885.0 18 .3  ± 1 .5

25 1853.6  ± 1 .5 0 .1 1853.7 0 .4  ± 0 .2

26 1681 .3  ± 0 .3 0.1 1681.4 1 .7  ± 0 .4

27 1678.2  i  0 .3 0 .1 1678.3 8 .0  ± 1 .0

b This determ ination is m ade relative to the 83 1 0 .8 -k eV  lin e , 
с  This value is taken from Ref. [ 1 4 ] .



TABLE III. Q -VALU E DETERMINATION FOR THE ^N (n, y ) ^  
REACTION
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(keV )
Sum

556 3 ,6  + 5270 .5 10834 .1  ± 0 .7

553 4 ,9  + 5299 .1 10834.0  ± 0 .9

4 5 0 9 .8  + 6324 .1 10833.9  ± 0 .9

367 8 .5  + 1885 .0  + 5270 .5 10834.0  ± 0 .8

3 5 3 2 .4  + 7301 .4 1 0833 .8  ± 0 .9

Q -v a lu e  = 10834 .0  ± 0 .5
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FIG .4 .  D eca y  schem e o f
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Ex
(heV ) *in^out (heV)

0 1 0 0 .3 / -
5 27 0 .5  ± 0 .6 2 9 .8 /3 1 .4 10834.2  ± 0 .9

529 9 .1  ± 0 .6 2 0 .2 /2 1 .4 10834.0  ± 0 .9

6 32 4 .1  ± 0 .6 1 9 .0 /1 8 .4 10833 .9  ± 0 .9

715 5 .5  ± 0 .6 1 9 .2 /1 8 .3 10834 .0  ± 0 .8

' 730 1 .4  ± 0 .8 9 . 7 /  9 .2 10833 .8  ± 0 .9

831 3 .2  ± 0 .6 6 . 0 /  5 .0 10834 .1  ± 1 .0

857 0 .5  ± 1 .5 -  /  0 .3

904 9 .5  ± 2 .0 -  /  0 .2

91 5 2 .4  ± 1 .0 1 . 7 /  1 .6 10833 .7  ± 1 .1

915 5 .3  ± 0 .7 8 . 0 /  8 .5 10833.5  ± 1 .0

992 7 .5  ± 3 .0 -  /  0 .2

e r r o r  in the average Q -value is about ± 0 . 5  keV. The present value may 
be com pared with previous values Q = 10833.2 ± 0.6 keV and 
Qm = 10834.8 ± 0.8 keV in Refs [3, 9].

T o obtain relative-in tensity  values for the lines the effic ien cy  
curve of the d eterctor  must be known. The pair peak e fficien cy  curve 
was p rim arily  constructed using the capture gamma rays from  natural 
n ickel as determ ined by G roshev et al. quoted in Ref. [10]. This e ffic ien 
cy  curve was su ccess iv e ly  com plem ented to include the 1368 -> 2754-keV 
cascade in 24уга decay, the 1262 3684-keV cascade in ^ C , the 3532
7300 keV cascade in 15]  ̂ and a few other sim ple intensity relations in 
the 1 5 ^  3lNe and 4iA:r decay schem es as reported in Refs [11 - 13]. The 
extrapolation o f the e ffic ien cy  curve to energies higher than 9 MeV was 
m ade using the intensity value fo r  the 10830-keV line determ ined by 
Motz et a l. [14]. The relative intensity values obtained are adjusted to 
an absolute sca le  in accordance with the decay schem e in F ig .4. In 
Table II the intensities are thus given in gamma rays per 100 neutron 
captures. In Table IV energies are given for the ISN states found to be 
excited  in the (n, y) reaction. The intensity balance for each lev e l is 
fu lfilled within the e r ro r  lim its fo r  a ll states to which feeding is observed .

4. DISCUSSION

The intensities o f the prim ary  transitions from  the capturing state 
in is N as shown in the decay schem e in F ig .4 are in very  good agreem ent 
with the resu lts found by Thom as et al. [11]. The 9 .15-M eV  state is , 
how ever, found to be a doublet [3] which was not observed in Ref. [11].
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The decay m odes of iSjj states excited in (d ,p ), (d ,n) and (^He,p) r e a c 
tions have been studied in Refs [15, 16] and m ost spin values in F ig.3 
have been taken from  Refs [15, 17]. The present resu lts are m ainly in 
good agreem ent with previous findings and a few m ore  weak transitions 
are reported . The good energy resolution  o f the Ge(Li) detector allows 
one to detect the 1678 - 1681-keV doublet that feeds the two states at 
9152 and 9155 keV (see inset in F ig .l ) .  The de-excita tion  of these states 
is found to agree with the results of Greenwood [3]. F rom  these results 
and the branchings from  the capturing state one m ay propose that the 
9155-keV lev e l has spin (5/2*)  w hereas the 9152-keV leve l has spin 
(3 /2+ ). P rim a ry  transitions to the 8571, 9050 and 9928-keV states have 
not been observed  in this investigation. The decay of these states has, 
how ever, been studied in Refs [12, 13] and the d e -excitation lines shown 
in F ig .4 are in agreem ent with previous resu lts . The 9928-keV state 
has not prev iou sly  been found to be excited in the (n, y ) reaction .
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GAMMA RAYS FROM THERMAL 
NEUTRON CAPTURE IN ^M g

R. HARDELL
Chalm ers University of Technology,
Gothenburg, Sweden

Abstract

GAMMA RAYS FROM THERMAL NEUTRON CAPTURE IN a*Mg. The energies and intensities o f 
gam m a rays fo llow ing therm al neutron capture in ^ M g  have been determ ined with a Ge(Li) detector used 
in pair and anti-C om pton  arrangements. An internal target o f  enriched ^*Mg has been used. Excitation 
energies and branchings from ^ M g levels have been  determ ined. The reaction  Q -va lu e  was found to 
be  7330. 0 ± 1 .0  keV.

1. INTRODUCTION

The c lo se  sim ilarity  of the structure of the low -ly in g  levels  in the 
m ir ro r  nuclei ^ M g  and ^ A l has been discussed by Litherland et al. [1 ].
A  rotational description  of the levels  up to about 4 MeV has proved very  
su ccessfu l and the decay m odes of m irro r  levels  in the two nuclei have 
been com pared by severa l authors. F o r  the c lass ifica tion  of higher excited 
levels  the present experim ental data seem  insufficient and additional studies 
of the level schem e w ill be required.

A  recent study of the gamma rays follow ing neutron capture in ^ M g 
was m ade by Spilling et al. [2 ]. Targets of natural elem ent and enriched 
25Mg w ere used and the m easurem ents w ere perform ed  with Ge(Li) detectors. 
The gamma branchings from  a few  states in Mg excited in the (p ,p ')  r e 
action w ere m easured by M cCallum  and Sowerby [3] .  L ifetim es and decay 
m odes of energy levels  in a lso excited in the (p ,p ')  reaction  were
recently  determ ined by Sharpey-Schafer et al. [4] .  Other relevant r e 
fe ren ces  up to 1967 are com piled  in the review  article  by Endt and van 
der Leun [5 ].

2. EXPERIM ENTAL ARRANGEMENTS

The m easurem ents w ere p erform ed  at the 1-M W  heavy-w ater reactor 
R1 in Stockholm. The target consisted  of 1 g of Mg enriched to 99. 84% 
in 24Mg, chem ica l form  MgO, and was on loan from  the E lectrom agnetic 
Separation Group at Harwell. The neutron capture c ro s s -s e c t io n  fo r  
24Mg is  about 52 mb [2] .  The experim ental equipment used fo r  the present 
work is  d escribed  elsew here in these P roceed ings and in detail in Ref. [6] .  
Energy and intensity values w ere obtained using accurately  determ ined 
lines follow ing neutron capture in nitrogen [7, 8 ] and n ickel [9] .

3. RESULTS

An anticoincidence spectrum  from  neutron capture in ^M g, recorded  
fo r  17 h, is shown in F ig. 1. The low -en ergy  part of the spectrum  shows 
a fa ir ly  strong background distribution which m akes the identification of
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weak gamma lines somewhat difficult. The pair spectrum  is shown in 
F ig . 2. The background lines in the spectra  are due to neutron capture and 
neutron inelastic scattering in the graphite container and in the im purities 
of the target. The dominant contaminant in the magnesium target is chlorine^ 
whereas m ost other im purities have not been identified. Background lines 
w ere distinguished from  m agnesium lines by making a com parison  between 
the gamma spectra  from  enriched targets of all stable Mg isotopes; the 
contaminants are supposed to be the same in the three different Mg sam ples 
studied. The 1369 and 2754-keV lines in the gam m a-ray spectra  probably 
result from  neutron inelastic scattering in ^M g; the 1809-keV line may 
be due to neutron capture in ^M g. A ccord in g  to the m ass analysis fo r  the 
m agnesium  target it should contain ^ M g  to 0. 13% and ^ M g to 0. 04%. The 
1809-keV line is the strongest line in the gam m a-ray spectrum  follow ing 
neutron capture in zs^ g  [ 2  ].

The energies and intensities of the gamma rays from  the ^M g(n, y ) 
reaction  are listed  in Table I. Energy values are corrected  fo r  reco il.
The intensity of the 3917-keV transition has been set to 1000. The o v e r 
lap between the relative intensities in the pair and anticoincidence spectra 
was conveniently achieved by the presen ce  in both spectra  o f the 1368-keV 
line from  inelastic neutron scattering in ^ M g and the 2223. 3-keV line 
from  neutron capture in hydrogen. The e rro rs  in the intensity values are 
about 15% fo r  strong lines and in crease to about 100% fo r  the weakest lines.

In the review  a rticle  of Endt and van der Leun [5 ] 45 excited states 
in 25]y[g are reported  up to the capturing state at 7330 keV. A com puter 
was used to calculate and list in order of increasing energy the d ifferences 
between all these energy values. The assignm ents fo r  the gamma tran si
tions obtained in this way are shown in Table I. B ecause of the uncertainty
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TABLE I. GAMMA RAYS FROM NEUTRON INTERACTION WITH ^ M g

No. S '
(k e V )

! A  s ign m en t ^

1 3 8 9 .7  ± 0 . 5 130 9 7 5 - * 5 8 5 ,  ( С -* 6 9 4 0 )
2 5 7 7 .6  ± 0 .8 14 0 ( 6 0 3 8 -* 5 4 5 5 ,  3 9 7 7 -* 3 3 9 7 )

3 5 8 5 . 2 ± 0 .4 1650 5 8 5 - * 0
4 70 6 . 9 ± 0 .5 160 ( 6 5 6 1 - 5 8 5 3 )

5 7 1 8 .1  * 0 . 8 100 (7 1 7 5 -* 6 4 6 0 ,  6 4 6 0  -  57 42 )
6 8 0 5 .6  ± 1 . 2 260 ( 4 7 0 8 - 3 9 0 3 ,  5 5 1 5 - 4 7 0 8 )

7 9 6 8 .4  ± 1 . 5 85 С - 6 3 6 1 ,  ( 5 2 4 5 - 4 2 7 7 )
8 9 7 4 .2  ± 1 . 5 208 975 - 0
9 1 1 8 7 . 6 ± 1 . 0 83 ( 5 4 6 5 - 4 2 7 7 )

10 1 2 3 7 .8  ± 1 . 5 88 ( 5 5 1 5 - 4 2 1 1 )
11 1 3 6 8 . 7 ± 1 . 0 14 20 " M g

12 1 3 9 6 .8  ± 1 . 0 100
13 14 35 . 5 ± 1 , 0 150 ( 5 7 8 6 - 4 3 5 3 ,  3 3 9 7 - 1 9 6 0 )
14 1 6 0 6 .0  ± 1 . 5 68 1 6 0 6 - 0
15 1 6 6 1 .7  ± 2 . 0 97 ( 6 7 7 2 - 5 1 1 2 )
16 1 7 1 4 .1  ± 3 . 0 61 4 2 7 7 - 2 5 6 4
17 1 8 0 9 .3  ± 1 . 0 74 * M g ,  ( С - 5 5 1 5 )
18 1 9 2 5 .1  ± 1 . 5 32 ( 7 1 7 5 - 5 2 4 5 )
19 1 9 7 9 .2  ± 1 . 5 26 2 5 6 4 - 5 8 5
20 2 2 6 4 .4  ± 2 .0 12 ( 5 0 0 5 - 2 7 3 8 )
21 2 4 3 8 .6  ± 1 . 0 142 3 4 1 4  -  975
22 2 4 5 9 .4  ± 2 . 5 23 6 3 6 1 - 3 9 0 3 ,  ( 7 1 7 5 - 4 7 1 5 )
23 2 4 8 3 . 0 .±  3 . 0 24 ( 6 4 6 0 - 3 9 7 7 )
24 25 50 . 6 ± 2 . 0 14 5 1 1 2 - 2 5 6 4
25 25 58 . 2 ± 2 . 0 15 (6 4 6 0  -  3 9 0 3 , 5 9 7 4  -  3 4 14 )
26 2 5 6 5 . 0 ± 2 . 0 10 25 64  - 0
27 2 6 2 2 .4  ± 2 . 0 19 6 0 3 8 - 3 4 1 4
28 2 6 76 . 7 ± 2. 5 22 ( 6 0 7 5 - 3 3 9 7 )
29 27 53 . 5 ± 2 . 0 20 " M g
30 2 8 02 . 2 ± 2 . 0 12 2 8 0 2  -  0
31 2 8 2 8 .1  ± 1 . 0 11 0 3 4 1 4 - 5 8 5
32 28 64 . 0 ± 1 ,5 15 (6 7 7 2  -  3 9 0 3  , 72 15  -  43 5 3 )
33 2 9 1 8 .0  ± 1 . 5 10 (7 2 7 3  -  4 3 5 3 )
34 2 9 3 0 .7  ± 2. 5 11 3 9 0 3 - 9 7 5
35 3 0 5 2 .9  ± 1 . 0 250 С - 4 2 7 7
36 3 2 3 9 .5  ± 2 . 0 12 60 38  -  2 8 0 2
37 3 2 7 1 .1  ± 2 , 0 7 ( 6 6 6 7 - 3 3 9 7 ,  7 1 7 5 - 3 9 0 3 )
38 3 3 0 1 .9  ± 1 . 0 19 0 4 2 7 7 - 9 7 5
39 3 4 1 3 .2  ± 1 . 0 11 3 3 4 1 4 - 0
4 0 3 5 0 6 .9  ± 2 . 5 7 ( 5 4 6 5 - 1 9 6 0 )
41 3 5 2 5 .5  ± 2 . 5 6 (6 9 4 0  -  34 14 )
42 3 5 5 9 . 8 ± 2 . 0 5 6 3 6 1 - 2 8 0 2 ,  ( 5 5 1 5 - 1 9 6 0 )
43 3 8 1 8 .1  ± 2 . 0 3 (7 2 1 5  -  33 97 )
44 3 8 2 3 .7  ± 2 . 0 2 ( 6 5 6 1 - 2 7 3 8 )
45 3 9 1 7 .0  ± 1 . 0 10 00 С - 3 4 1 4
4 6 3 9 8 0 .1  ± 2 .5 8 ( 3 9 7 7 - 0 )
47 3 9 9 7 .9  ± 2 .5 6 ( 6 5 6 1 - 2 5 6 4 )
48 4 0 1 6 .5  ± 2 . 5 6 ( 5 9 7 4 - 1 9 6 0 )
4 9 4 2 4 8 . 9 ± 2 . 5 6 ( 5 8 5 3 - 1 6 0 6 )
5 0 4 5 2 6 .7  ± 2 . 0 14 5 1 1 2 - 5 8 5 ,  ( С - 2 8 0 2 )
51 4 7 6 5 .9  ± 2 . 0 11 С - 2 5 6 4
5 2 4 8 1 3 .6  ± 2 . 5 4 ( 6 1 1 2 - 1 9 6 0 ,  5 1 8 6 - 9 1 5 )
53 5 3 3 3 . 8 ± 3 . 0 3 ( 6 9 4 0 - 1 6 0 6 )
54 5 6 6 1 . 3  ± 2. 5 3 ( 7 2 7 3 - 1 6 0 6 )
5 5 5 6 8 5 .8  ± 2 . 5 6 ( 6 6 6 7 - 9 7 5 )
5 6 6 0 3 7 .4  ± 3 . 0 4 6 0 3 8 - 0
5 7 6 3 5 5 .0  ± 1 .5 24 С - 9 7 5
58 6 5 7 5 .5  ± 2 . 5 2
59 6 7 4 4 . 3  ± 2 .5 5 С  -  585
60 6 7 5 0 .6  ± 1 . 5 1 0
61 6 7 6 2 .4  ± 2 . 5 2
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FIG. 2. P a irsp e ctru m fo IIo w in g n e u tro n ca p tu re in ^ M g . A ccu m u lation  tim e 48 h. U nlabelied 
peaks are due to  unidentified impurities.
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in previous determ inations of the energy values of the ^ M g  states, the 
assignm ents should be regarded as m ore  or le ss  tentative. A ssignm ents 
that are given in parenthesis are not shown in the decay schem e in F ig. 3. 
In T able II excitation energies with e rrors  are given fo r  som e of the ^ M g 
leve ls . The Q -value 7330. 0 keV was calculated from  sums of gam m a- 
ray cascades. P revious determ inations of the Q -value yield 
7330. 3 ± 1. 0 keV [10]  and 7332. 8 ± 0. 4 keV [2] .

7330
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4 2 7 7
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(3/2*, 5 / ? )
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1 / 2*

7/2*
3/2*
1 / 2*

5(2*

FIG. 3. D ecay schem e o f  ^ M g as obtained from  the present work. Branchings are g iven  in per cent.

4. DISCUSSION

A ll excited states in ^ M g  up to the 4277-keV leve l have been identi
fied  as m em bers o f four rotational bands [5] .  The two principal bands 
have К = 5 /2  and К = 1/2,  which im plies that the perturbations of the bands 
should be quite sm all and facilitates the identification of the rotational 
states. The com parison  that can be made with the ^A1 lev e l schem e has 
a lso  been helpful fo r  the deduction of spins and parities of ^ M g  levels .
The spins and parities given in the leve l schem e in F ig. 3 have been taken 
from  previous work [5] .  The present results do not contradict any of 
these previous spin assignm ents. Other conclusions on the lev e l schem e 
that can be made from  the present investigation are sum m arized below .

The 585-keV  level

A m ism atch in the intensity balance fo r  this leve l and a com parison  
with the resu lts in Ref. [2 ] seem  to indicate that the intensity value of 
the 585-keV transition is overestim ated. No background lines are ex -

TABLE II. EXCITATION ENERGIES (keV) OF SOME ^ M g LEVELS 
EXCITED IN THE NEUTRON CAPTURE REACTION

585. 2 ± 0 .4  974. 8 ± 0 .6  1606. 0 ± 1. 5 2564. 4 ± 1 .0

2802. 2 ± 2 .0  3413. 4 ± 0 .8  4276. 8 ± 1 .0  6037. 8 ± 2 .0

Q -value  = 7330. 0 ± 1. 0
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pected around 585 keV and the m ism atch in the intensity balance rem ains 
unexplained.

The 975-keV level

The decay m ode of this leve l as found from  the present work is  in 
good agreem ent with previous results [2, 4 ]. C onsidering the high back 
ground leve l in the low -en ergy  region  of our spectrum , it seem s probable 
that the determ inations of the branchings in R efs [2, 4 ] are m ore  accurate 
than the present values.

The 1606-keV leve l

The energy value of the ground-state transition is in disagreem ent 
with the value 1613. 7 ± 1. 5 keV found by Spilling et al. [2] .  In Ref. [4 ] 
the 7/2* 1606-keV leve l is proposed  to be fed from  two 9/2* states at 
3399 and 4055 keV. As the spin of the capturing state at 7330 keV is 1/2^, 
high spin leve ls  are not expected to be strongly populated which m ay explain 
that transitions from  9/2* leve ls  have not been observed. In Table I three 
gamma lines have tentatively been interpreted as transitions from  the 
7273, 6940 and 5853-keV states to the 1606-keV level.

The 2564-keV level

A s the К -values of this state and the ground state d iffer by two units, 
a ground-state dipole transition should be forbidden. The de-excitation  of 
the 2564-keV leve l has been found to p roceed  m ainly via the 585 nad 975-keV 
leve ls  in (p, p ') experim ents [ 3 , 4 ] .  This result is in agreem ent with 
the decay m ode found fo r  the m ir ro r  level in ^ A l. In the (n, y ) experim ent 
of Spilling et al. [2] ,  how ever, a 2561-keV line has been interpreted as a 
ground-state transition  from  the 2564-keV state. In the present experim ent 
a 2565-keV line was found, which has been given the sam e assignment. 
Another interpretation fo r  this line would be that it represents a 7273 -> 
4708-keV transition. As the spin value 9/2* has been proposed  fo r  the 
4708-keV level [4] ,  this interpretation does not seem  probable. The 
resu lts from  (n, y ) and (p,p' )  experim ents are thus concluded to be in 
disagreem ent as far as the branching to the ground state is concerned.
The tentative ch aracter of the present assignm ents must, how ever, be kept 
in mind. The discrepancy observed  might be due to e rro rs  in the excita 
tion energy values given fo r  ^M g.

The 2803-keV level

In the present work only a ground-state transition was observed  from  
this state. In R efs [ 3 , 4 ]  a 2219-keV transition to the 585-keV state was 
also reported . A gamma line of this energy may very  well be hidden under 
the strong line at 2223 keV.

The 3414-keV leve l

This leve l is the low est negative parity state in ^ M g  arict is found to 
be very  strongly populated in the (n, y ) reaction. The branchings to the 
three low est states in w ere found to agree exactly with the values
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reported  in Ref. [2] .  The m irro r  leve l in ^ A l shows a very  s im ilar d e 
cay m ode [1 ]. The results of Sharpey-Schafer et al. [4] ,  how ever, do not 
quite agree with the present findings.

The 3903-keV level

A ccord in g  to Ref. [4 ] a 19% ground-state de-excitation  line from  this 
lev e l should be seen. In the present experim ent a 3903-keV line w ill be 
hidden in the low -en ergy  tail of the intense 3917-keV transition. The only 
de-excitation  line observed  is the 69% transition [4 ] to the 975-keV state.

The 4277-keV level

In Ref. [2 ] transitions from  the 1/2" 4277-keV state w ere observed  to 
the 585, 975 and 2564-keV leve ls . In the present m easurem ent the3692-keV  
transition  to the firs t  excited state is hidden under the at
3684 keV and has been indicated in the level schem e as a broken line.

The 5112-keV level

This level was found to be de-excited  via the two 1/2+ levels  at 2564 
and 585 keV. If the 5112-keV state is fed from  the capturing state, the 
corresponding 2218-keV transition would not be observed  in the pair sp ect
rum as it would be hidden by the 2223-keV line in ^H.

Higher excited levels

Am ong the higher excited levels  that may be populated in the neutron 
capture reaction  only two have been included in the decay schem e, the 
6038 and 6361-keV leve ls . As can be seen from  the tentative assignm ents 
in Table I severa l m ore  levels  may be excited. The quality of the low - 
energy data is , how ever, not good enough to make the identification of 
weak transitions from  the capturing state to h igh-lying excited states 
possib le . Only a few  of the assignm ents made have consequently been 
considered  definite and are included in the decay schem e.
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THERMAL NEUTRON CAPTURE 
GAMMA RAYS FROM 39ц AND 41ц

Ö. SKEPPSTEDT
Chalmers University o f Technology,
Gothenburg, Sweden

Abstract

THERMAL NEUTRON CAPTURE GAMMA RAYS FROM '"К AND " 'K . Energies and intensities o f  the 
gam m a rays follow ing thermal neutron capture in enriched samples o f  and have been measured 
using internal reactor targets and a three crystal Ge(Li) pair spectrom eter and anti-C om pton  spectrom eter.

1. Introduction.

The cross sections and abundances of the potassium isotopes in-. 
dicate that studies performed with a target of natural composition 
essentially give information of the 3^K(n,y)^K reaction. The na
tural potassium composition is 93.1 X ^  0.012 X К and 6.9 X 
and the thermal cross sections for 3^K, g ^ K  are 1.94±0.15b, 
70±20b and 1.24±0.10b respectively (1).

The most detailed picture of the gamma spectrum resulting from 
thermal neutron capture in natural potassium has been given by Ken- 
nett et al. (2), who used a neutron beam impinging on a KOH sample 
and a conventional Ce(Li) spectrometer. There are also some measure
ments with lower resolution performed with magnetic pair spectrometers 
(3,4,5), magnetic Compton spectrometers (6,7,8) and with scintilla
tion spectrometers (9,10). Recently, Harvey et al. (11) reported an 
investigation of the level structure of from thermal neutron cap
ture in an enriched fluoride sample of ^K. They used an external 
beam of thermal neutrons from a reactor and a 6 cm^ Ge(Li) crystal.
Up to now, no gamma rays, which definitely have their origins in the 
^К(п,у)̂ К reaction have been reported.

39
In this work thermal neutron capture m  enriched samples of К 

and has been investigated. The results from this experiment are 
in very good agreement with those published by Kennett et al. (2) 
and by Harvey et al. (11). The work by Kennett et al. gives a rather 
complete picture of the gamma rays resulting from capture in 3^K in 
the energy intervals 0-2.5 MeV and 3.9-7.8 MeV, but in the region 
2.5-3.9 MeV the direct spectra from the Ge(Li) crystal seem to have 
been too complex to be interpreted. However, the gamma spectra from 
the two spectrometers used in this work are complete enough over the 
whole energy region to construct a tentative decay scheme of ^ K .  
Harvey et al. give a decay scheme of ^^K, in which gamma rays from 
the capturing state to low lying states and gamma rays deexciting 
these states are shown. This decay scheme is confirmed from the re
sults of this work and furthermore it is extended to include levels 
up to 3. 7 MeV.

. 40
Energy levels in К are well known.from the (d,p) work with 

magnetic spectrograph performed by Enge et al. (12), who also assigr- 
ned 1^-values to most of the levels. The (d,p) data of ^^K are not

2 1 7
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so complete as in the case of K. Moore et al. (13) have deter
mined the energies of the levels up to 4.8 MeV, but they only pro
posed 1 -values for four levels. However, in a recent work by Lynen 
et ^1. (14) the 1^-values of seven low lying levels are determined.
Lynen et al. have also proposed spin for the five lowest levels in
42ц.

2. Experimental details

The experiments have been carried out at the 1 MW heavy water 
reactor R1 in Stockholm, where the high sensitive facility designed 
for measurements of thermal neutron capture gammas with Ge(Li) three 
crystal pair and anticoincidence spectrometers and internal targets 
(15,16) has been used. The potassium targets, which were separated 
in the form of KC1 and then converted into were encapsulated
in graphite target holders and placed in the centre of a through 
channel of the reactor in a thermal flux of 3*lf)12 n/cm^,s. The tar
get quantities were 100 mg potassium enriched to 99.97 X in "к,
100 mg potassium enriched to 99.18 % in and 3.5 g potassium of 
natural composition.

3. Analysis of the measurements

For energy calibration of the pair spectra, nitrogen gas at a 
pressure of up to 3 atm was passed into the normally evacuated through 
channel. A mixed spectrum containing gamma lines following thermal 
neutron capture in nitrogen and potassium was then recorded. As gam
ma rays of well known energies (16) are properly distributed in the 
energy region 1.5-11 MeV in the gamma spectrum resulting from thermal 
neutron capture in nitrogen, this is a convenient method of getting 
a reliable energy calibration. Energy determination in the low ener
gy region was performed by irradiating the Ge(Li) crystal with the 
radiation from radioactive sources of б̂Со, 137^g l ^ E u  at the
same time as the capture spectra were taken.

The relative efficiency of the Ge(Li) pair spectrometer has been 
determined from the measurements mentioned above, when the spectra 
from nitrogen and potassium targets were recorded simultanously. The 
nitrogen intensities were taken from ref. (16). The anticoincidence 
spectrometer efficiency was determined with radioactive sources. In 
the case of the К spectra the relative intensities obtained were 
transferred to absolute values as the line at 1525 keV due to the ß 
decay of appears both in the pair and in the anticoincidence spectra. 
An absolute intensity scale for the pair spectrum resulting from the 

K(n,y) К reaction was determined by setting the sum of the inten
sities of the gamma lines, which could be identified to deexcite the 
capturing state in to 100 photons per 100 captures. As several 
gamma lines from this reaction were found in both the pair spectrum 
and the anticoincidence spectrum, the intensities in the anticoinci
dence spectrum could be transferred to the same scale as was used for 
the pair spectrum.

4. Experimental results

The pair and anticoincidence spectra from the two reactions 
^^K(n,y)^ К and 1̂к(п,у)̂ к are shown in figs. 1-4. The background 
lines are essentially the same in both reactions. The peaks label
led AI, °Si, S?Fe and  ̂B(n,y) Li originate from neutron inter
actions in aluminium, iron and boron construction parts. The graphite
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target holder is  the source fo r  the lin es and a lso  fo r  the broad 
d is tr ib u tio n s  around A .A3 MeV resu ltin g  from in e la s t ic  neutron sca t
tering in  As the samples are h ygroscop ic, a lin e  at 2223 keV
appears from the H (n,y) D rea ction . The Cl lin e s  have prcbably th e ir  
o r ig in s  in  the samples as they were o r ig in a lly  separated as ch lorides 
and then converted to carbonates.

The r e co ilc o r re c te d  energies and in te n s it ie s  in photons per 
100 neutron captures fo r  the gamma rays in the ^K (n,y)^^K  reaction  
are given in  table I .  The errors in  the in te n s it ie s  are estimated 
to about 20 X fo r  strong lin e s  and increase su ccessiv e ly  to  about 
100 X fo r  the weakest lin e s . The ra tio  E^E^I^/100 В (B = 7799 keV) 
is  ca lcu la ted  to be 1 .1 , i . e .  c lo se  to the th e o re tica l value 1, which 
i s  an in d ica tio n  that most o f the gamma rays in the decay are in clu 
ded in  the ta b le . However, one must bear in mind th at, as the in ten 
s i ty  sca le  was based upon settin g  the sum o f the in te n s it ie s  deexci
ting the capturing sta te  to 100 photons per 100 captures, one cannot 
exclude the p o s s ib i l i t y  o f  a system atic error in the in te n s it ie s .
When the in terp re ta tion s  o f  the gamma lin es  were done, a computer 
program was used, where a l l  the energy d iffe ren ces  between le v e ls  in 
40К were ca lcu la ted . The energy values o f the le v e ls  were taken 
from table 40.3 in the review a r t ic le  Energy Levels o f  Z <= 11-21 
Nuclei (IV) by Endt and van der Leun (17 ). In table I ,  the in te r 
p reta tion s are given  in  the la s t column. In th is  column, С denotes 
the capturing s ta te . In three cases, cascades were found, where 
le v e ls  not reported e a r lie r  must be supposed to be involved. How
ever, there is  no p o s s ib i l i t y  to  p ick  out the primary gamma rays 
from the members o f  the cascades, In these cases the energies o f  
the gamma rays in  the cascades and th e ir  sum have been w ritten  in 
the in terp re ta tion  column. A ll gamma lin es which could be given 
an in terp re ta tion  are in serted  in  the decay scheme shown in f i g .  5. 
There is  a doubtfu llness concerning the 890 keV le v e l .  No gamma 
rays leading to  th is  sta te  could be id e n t i f ie d , but the 890 keV lin e  
with the r e la t iv e ly  low in te n s ity  2.5 photons per 100 captures has 
been assigned the d eex cita tion  o f  the 890 keV state  and there are 
probably some gamma rays, which are too weak to  be observed feeding 
th is  s ta te . There are a lso  som high energy le v e ls ,  which are fed 
by weak primary rays, fo r  which no d eexcita tion  could be seen. The 
energy values o f  the le v e ls  shown in the decay scheme are determined 
from th is  experiment and are in  very c lose  agreement with the values 
given by Endt and van der Leun in  th e ir  review a r t ic le  mentioned 
above.

From the cascades leading to  the ground state  and to the f i r s t  
ex cited  state  a determination o f the О-value fo r  the 39ц(п,у)4<к re
a ction  has been done. The re su lt  is  Q = 77?8.6±1.0 keV, which i s  in  
agreement with the value 7797±3 keV determined by Kennett e t a l .  (2 ) .

In table I I ,  the energies and in te n s it ie s  fo r  gamma rays obser
ved in  the K (n ,y) К reaction  are shown. The absolute in ten sity  
sca le  is  supposed to  be rather d e fin ite  in th is  case as i t  was based 
upon the 1525 keV lin e  from the ß decay o f K, which appears in 
both the high and low energy sp ectra . The ra t io  ZE^I^/100 В (B=7535 
keV) was fo r  th is  reaction  determined to 1 .2 , which is  a lso  c lo se  to 
the th e o re tica l value. The computer program mentioned above fo r  c a l
cu la tion  o f energy d iffe re n ce s  between energy le v e ls  was a lso  used 
fo r  id e n tify in g  tra n sition s  between le v e ls ,  but in  th is  case , 
there is  a system atic d iffe re n ce  between the energy values determined 
in th is work and those determined by Moore e t a l .  (13) from the (d ,p ) 
rea ction . The energy values o f  the К le v e ls  used in the computer
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FIC .3. Low -energy gam m a-ray an tico in ciden ce  spectrum follow ing thermal neutron capture by ^ K . A ccum ulation  tim e 23 h.
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FIG .4. Low -energy gam m a-ray an tico in cid en ce  spectrum follow ing thermal neutron capture by *^K. A ccum ulation  tim e 19 h .
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(KeV) (keV)
Peak

& V )  (number (L v )

! 7770+1 7.6 C-* 30 37 3451:2 3.5 4253- WO
2 6999*1 3.5 f*  800 38 3404i3 1.5 C*4 3?6
3 5841*3 0.3 C*1958 39 3348:2 1.5

5753*1 9.0 C-2047 3336+2 1.5 C*4462
5730:1 3.6 Г-2069 3327i2 1.56 3696*1 8.6 f-2103 3303*3 1.6

7 5509*1 4.8 Г-2290 3.8 C-AS37
8 5380+1 13 Г*2419 44 4.1 3943+3055+8W-77Q8
9 5174il 3.5 C-*2625 45 3.1

10 5070+1 2.1 46 2.8 2807- о
11 5043+1 3.4 C-2756 47 2798-3 1.3 3599* SOI
12 5013+1 1.4 2756*2 2756- 0
13 449H1 3.2 Г-2807 4f 2726-2 1.5 2756* 30
14 4671+1 1.3 r-3127 50 2637.-2 1 .° 4360+2637+800-7797
IS 4653+1 0.7 C-31A6 51 26ir-i3 1.9
16 4507*1 1.2 52 2544+1
17 4431:2 0.7 4462* 30 53 2419:3
18 4406+2 0.9 C*3393 54 2387-2 2.5
19 4386+1 1.9 С.34Ц 55 2346:2 1.5

4360+! 5.5 4360*2637*800-7797 56 2289.+ ! 4 .5 2290- 0
21 4223?3 0.7 57 2184:2 4251+2069
22 4200+1 3.0 58 2103* 30
23 4169*1 1.3 59 3.8 2047* 0
24 4135*2 5.2 f-3664 60 4.9
25 4061+1 2.5 C-37 39 61 4.0
26 4002Ü 2.0 C-3797 62 2n07i2 3.7
27 3978+1 1.6 C-3821 63 1956+2 3.6 2756- 800
28 3959:1 1.8 f-3840 64 !928r2 4.0 1958* 30
29 3943+1 0.8 3943+3055+800-7798 65 1705:2 3664-1958
30 3931+1 2.2 C-3868 66 )619:1 4.4 2419- 800
31 3911+2 67 1614:1 6.2
32 3779+2 C*4020 68 1302:2 3.5
33 3739:3 1.1 3739- 69 1246:1 3.9
34 3650+1 3.0 3650+3348+800-7798 70 1159.3 :0 .5 8.3 1958- 800
35 3620*2 0.6 71 890:2 2.6 890* 0

72 868:2 0.9
73 76 9 .5 :0 .5 62 80^+ 30

ca lcu la tio n  have consequently been adjusted to values resu ltin g  from 
th is work. The values used are given in table I I I ,  where they are 
compared to the values determined by Moore e t a l .  (13 ). The d iffe r e n 
ces in  e x c ita t io n  energy o f  the le v e ls  between the two measurements 
are given in  the la s t column and they are also  shown gra ph ica lly  in 
f ig .  6. -

In the in terp re ta tion  column o f  table I I ,  there are a number 
o f assignments shown in  brackets. These belong to tran sition s  feeding 
or deexcitin g  le v e ls  not reported in the work by Moore e t  a l .  or le 
ve ls  where the d iffe re n ce  in e x c ita t io n  energy p lo tte d  in f i g .  6 is  
fa r  from the dashed lin e  in the fig u re . These le v e ls  are l is t e d  in 
table I I I  as ten ta tive  le v e ls  and they are shown as dashed lin es  in 
the decay scheme in f i g .  7. There are in a l l  cases tra n sition s  fe e 
ding and d eexcitin g  these ten tative le v e ls .  Concerning these le v e ls  
the gamma ray o f  h ighest energy has been chosen as the primary ray 
in the cascade. I t  cannot be excluded that th is  choice is  wrong, 
and that some le v e ls  have been f i t t e d  at wrong p laces in  the le v e l 
diagram. However, in a l l  o f  the cascades, where w ell estab lished  
le v e ls  are interm ediate s ta te s , the gamma ray o f  h ighest energy is  
the primary ray, so th is  somewhat dubious choice  o f  the primary ray 
seems to have a rather high p ro b a b ility  to be co rre ct .

For the determination o f  the Q-value fo r  the ^ K (n ,y )^ K  reac
tion  only cascades leading to the ground state  were used. The re
su lt  is  Q = 7535.2±0.5 keV, which is  to  be compared to the value 
Q = 7534.9 keV given by Harvey e t  a l .  (1 1 ).
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FIG .5 . D ecay o f  *°К as deduced from  this work. Branchings are g iven  in per cen t. The 1ц values are 
taken from  R ef.(12 ) and the spin values from R e f.(1 7 ). Only levels involved in the decay are shown.

39 AOThe K.(n,y3_ К reaction
The ground state  o f  К i s  found to have = 3 /2 * , so s^wave 

neutron capture in К re su lts  in  a 2*** or I*** capturing state  in 
The ground state  con figu ra tion  o f  i s  ( Id ^ ^ )  ( ^ 7 / 2 ) from the
s h e ll  model p o in t o f  view. The spin values o f  le v e ls  a ris in g  from 
th is  con figu ra tion  are 2 " , 3 " , 4" and 5 . This quadruplet has been 
id e n t i f ie d  as the four lowest le v e ls  in  The spins o f  these
are , in  order o f  increasing  e x c ita t io n  energy from the ground state 
and up, 4 , 3, 2 and 5. El tra n s ition s  from the capturing sta te  to 
le v e ls  belonging to th is  quadruplet are p ossib le  to the 30 keV, 3 "- 
sta te  and the 800 keV, 2 " -s ta te . Strong tra n sition s  to  these two 
le v e ls  were a lso  recorded in the high energy spectrum. Transitions 
to  the 4 ground state  and the 890 keV 5* state  cannot proceed by 
d ip ole  ra d ia tion  and primary gamma rays to  these two sta tes could 
not e ith e r  be found. The d eex cita tion  o f  the three ex cited  states 
belonging to the ( l d - ^ )  ^^7/2^ con fig u ra tion , shown in the decay
scheme in  f i g .  5 , i s  m  agreement with the assigned spin values.



Pea

1
2
3
4
5
6
7
8
9

10
11
12

13
14
!5
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

SKEPPSTEDT

Ey
(keV)

7535.-1 3 .4 C- 0 69 3491^3 0 .8
7428-1 5 .9 107 70 3429i2 0 .7
6896*2 1 .6 C - 639 71 3 42 Л 2 0 .8 3 4 1 9 - 0
6853*1 12 C - 682 72 3406+1 3 .5
6761*3 . 0 .2 (C - 772) 73 3 3 8 1 t1 1 .4
6 6 9 2 '2 1 .1 C - 843 74 3370+2 0 .5 3 3 6 8 - 0
6424-2 1 .2 C - l l l l 75 332 3+3 0 .4
6392*3 0 .3 76 3311+2 0 .9 3419* 107
6 28 И 1 2 .5 C-1255 77 3 182í2 1 .1
6 2 6 9 '2 1 .4 (C -12 6 8) 78 3163+1 1. í (3 1 6 3 - 0 )
6 2 6 3 '3 1 .2 79 3118^2 2 .8
6 1 5 8 ' 1 1.6 C-1378 80 3 10 6 '2 1 .6 (3212> Ш 7)
6 1 3 5 '3 0 .5 81 3091+2 0 .7 (3 1 9 6 - 107)
6 1 2 9 '3 0 .4 C-1408 82 305212 1 .1
6 0 7 2 '3 0 .4 C-1463 83 3032+3 3 .6 3 67 4- 639
581 3 ' 2 0 .8 84 3009+2 0 .8 (3009-+ 0 )
5 6 9 2 '1  * 3 .8 (C -18 4 2 ) 85 2977+2 0 .7
567 3 ' 1 5 .7 C-1862 86 2958+2 1 .1
5 6 2 1 '2 0 .9 87 2942+3 0 .4
5 5 9 7 '1 2 .2 C-1938 88 2924í2 0 .9 (2 9 2 5 - 0 )
5 49 1 '1 3 .1 C-2044 89 2 9 0 8 í3 0 .4
5 4 6 3 '1 3 .9 C-2072 90 2861+3 0 .6 (2 8 6 2 - 0
5374<3 ' 0 .5 91 2832+3 0 .4 2 9 3 9 - Ю7
5 296 '1 4 .3  . C-^2239 92 2788+2 1 .3
5 2 8 4 '2 1 .1 93 2781+2 1 .0 (3040.+ 259)
5 1 6 8 '1 11 C-+2367 94 2766+1 3 .4 2 7 6 6 - 0
5 1 4 6 '1 1 .5 95 2728+1 1 .9 3 3 6 8 - 639
5 13 3 ' 1 5 .8 C-2403 96 2680+2 0 .9
5 1 1 4 '1 2 .8 (C -24 2 1 ) 97 2403+2 1 .0 2 4 0 3 - 0
5 0 5 2 '1 3 .1 C -2483 98 2366+1 6 .3 2 3 6 7 - 0
4 9 6 1 '3 0 .5 C^2574 99 2316+1 1 .6 (2 4 2 1 - 107)
4 9 2 8 '2 0 .7 C-2607 100 2295+1 5 .3 2403+ 107
4 9 0 7 '2 1 .0 C-+2628 101 2260+1 3 .3 2367^ 107
4890*2 . 1 .3 C-2645 102 2 2 3 9 il 3 .3 2239^ 0
4 8 1 6 '1 2 .4 C-+2719 103 2084i2 2 .0 2719-* 639
4 7 6 9 '1 6 .5 C-^2766 104 2 0 7 2 i l 2 .9 2072^ 0
4672-'2 0 .5 (C -28 6 2 ) 105 2 035i2 1 .0 (2878-+ 843)
4657-' 2 1 .0 (C-^2878) 106 1937+1 1 .2 1938-* 0
4618+ 3 0 .3 107 1862+1 5 .0 1862-" 0
4 6 0 9 '3 0 .4 (C-+2925) 108 1842+2 1 .2 1842^ 0
4596* 3 0 .5 C-*2939 109 1698+2 1 .5
4 5 2 6 '2 1 .7 (C -30 0 9 ) 110 1453+2 0 .4
451¿¿2 2 .5 111 1 4 0 $ .3 + 1 .0 1 .0 1408-+ 0
4495^2 0 .5 (G+3040) 112 1 3 7 7 .9 + 1 .0 1 .0 1378-> 0
4 373i2 0 .7 (C -31 6 3 ) 113 1269+2 1 .3 (126&+ 0 )
4339+1 1 .6 (C-+3196) 114 1 2 5 6 .3 + 1 .0 1 .4 1255-+ 0
432 3i2 1 .0 (C-*3212) 115 1210±2 0 .6
4 30 1±2 0 .6 116 1 1 7 9 .9 + 1 .0 0 .8 1862-* 682
4251i 1 1 .3 C-^3284 117 1 1 1 1 .9 + 1 .0 1 .6 1111^ 0
4 23 0 i3 0 .3 118 8 4 3 .3 + 0 .5 13 843-+ 0
4 21 1 i3 0 .5 119 8 2 9 .6 + 1 .2 1 .1
4169+2 0 .6 0+3368 120 7 8 5 .3 + 1 .0 1 .7
4116t 1 3 .8 C-+3419 121 7 7 1 .7 + 1 .0 0 .8 (772^  0 )
4 08 7 i2 0 .8 122 7 3 5 .5 + 1 .0 3 .2 843-+ 107
4025+2 0 .5 123 6 9 4 .7 + 1 .0 1 .2
4 015i2 0 .8 (C ^3520) 124 6 8 2 .4 + 0 .5 13 682-+ 0
3914+3 0 .4 125 * 6 3 8 .8 + 1 .0 3 .3 6 39-* 0
3 8 7 6 i l 1 .2 C-*3659 126 6 2 0 .4 + 1 .0 1 .5 146 3-* 843
3861+2 0 .8 C^3674 127 616+2 0 .9 1255^ 639
3838±1 1 .4 C"3697 128 612+2 0 .8
3739+2 1 .5  - 129 5 3 2 .3 i0 .5 6 .2 639^- 107
3 673i3 0 .8 36 7 4 - П 130 4 3 1 .5 + 1 .0 2 .7 1111-* 682
3658+2 1 .1 3659-* 0 131 2 6 9 .O i l . 0 2 .2 1111"- 843
3645±2 0 .7 132 2 3 2 .6 + 1 .0 1 ;7
3600+3 0 .4 133 1 5 1 .5 i l .O 6 .1 259-> 107
3590+2 0 .6 3697^ 107 134 1 4 3 .1 + 1 .0 2 .5 1255-*1U1
35 2 0 Ü 2 .9 (3 5 2 0 - 0 ) 135 1 1 6 .2 + 1 .0 6 .3
3496+2 1 .2 136 1 0 7 .4 + 0 .5 42 107"- 0
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F IG .6. The differences betw een the excitation  energies in 
work in Ref. (13) as a function o f  Ед.

from  the present (n, y ) work and the (d , p)

Table !H

1 H

(keV)  ̂  ̂ (keV) (keV)^ ^

T It

(keV) (keV) (keV)^

0 0 0 2483 2470 +13
107 104 +3 2542
259 252 +7 2574 2563 +11
639 623 +16 2607 2595 +12
682 689 -7 2628 2616 +12

772 772 0 2645 2633 + 12
843 827 + 16 2719 2706 +13

1111 1120 -9 2766 2 7 4 0 -2 8 0 0
1179 2832

1255 1242 +13 2862
1268 2878

137 6 1363 +15 2906
1408 1396 +12 2925
1463 1453 + 10 2939 2929 +10

1472 3009 3007 +2
1776 3040

1842 3076
1862 3163

1913 3196 3195 +1
1938 1927 +11 3212
2044 2035 +9 3284 3275 +9
2072 2061 + 11 3368 3356 +12

2162 3419 3408 + 11
2189 3520

22 39 2227 + 12 3606
2367 2356 +11 3659 3650 +9
2403 2389 +14 3674

2421 3697 3691 +6
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One o f the reasons to study (n ,y ) reaction s is  to search fo r  
co rre la t io n  e f fe c t s  between the reduced widths fo r  primary gamma 
rays in (n ,y ) reaction s and the reduced stripp ing  widths fo r  proton 
groups in (d ,p ) reactions leading to the same ^inal s ta te . As 
Bockelman (18) has pointed ou t, the corre la tion  should be strong 
i f  d ir e c t  capture in  the neutron capture process i s  s ig n if ic a n t .
In the work by Kennett e t a l .  (2) such an in v estig a tion  fo r  the 
39к(п,у) ^K reaction  was perform ed, but the co rre la t io n  between the 
(n ,y ) and (d ,p ) reduced widths was found to be very weak. The data 
from th is  work confirm that no corre la tion  e x is t  and accordingly  
one can conclude that the capture o f  a neutron by ^^K predominantly 
proceeds v ia  compohd nucleus form ation.

^  41 , , 42„The K(n,y) К reaction
In s im ila r ity  to  the ^ K (n ,y )^ K  reaction  capture o f  s-wave 

neutrons in  К resu lt in  a 1*** or 2* state  as the ground state  o f 
is  known to be a 3/2* s ta te . The sh e ll model ground sta te  con

fig u ra tion  o f ^K  ig ( l d ^ 2 ) l " ( l f y /2 ) 3 -  work by Lynen f t  a l.
(14) four lev e ls  of this con figu ra tion  have been id e n t if ie d  as the 
ground state  and lev e ls  at 0.11 MeV, 0.26 MeV and 0.70 MeV on the 
basis o f  their 1=3 character in  the ^ K (d ,p )^ K  reaction  and the 
1=2 character o f  th e ir  analog sta te  in Ca determined in the 

Ca( He,a)^^Ca rea ction . They suggest the spin sequence of 3*¡.
4 , and 5" fo r  the 0.11 MeV, 0.26 MeV and 0.70 MeV sta te s . This i s  
in  accordance with the (d ,p ) work by Moore e t a l .  (13 ), who give 
the energy values 104 keV, 252 keV and 689 keV fo r  the ex cited  s ta te s . 
Lynen e t  a l . a lso  propose the spin 3 to  the 0.64 MeV le v e l.  In a 
shell-m odel ca lcu la tion  on ( f y / 2)^ and ( f y / 2)^ *^ (d3/ 2) " ^ . c ° ^ ^ 8u fa tion s , 
Dieperink and Brussaard (19) have ca lcu lated  the le v e l spectrum o f 

K. This th e o re tica l spectrum is  in  very good agreement with the 
experimental resu lts  from the work by Lynen e t  a l. mentioned above.

In th is (n ,y ) work the ground state  ahd the le v e ls  at 107, 639
and 682 keV are fed  by primary tra n sition s  which are supposed to  be
o f  El nature, but there is  no gamma ray from the capturing state  to 
the 259 keV sta te . These fa cts  together with the d eex cita tion  o f 
the lev e ls  support the spin values proposed by Lynen e t  a l .  except
for  the 682 keV le v e l which cannot be the 5" s ta te . The system atic
d iffe ren ce  between the e x c ita t io n  energies in *^K from the present 
(n ,y ) work and the (d ,p ) work by Moore e t a l .  shown in f i g .  <6 a lso 
in d icates that the le v e l at 682 keV from th is work is  not the same 
le v e l as the 689 keV, 5" sta te  measured in the (d ,p ) works. There 
should accordingly  be two c lo se  le v e ls  around 0.68 MeV and f i g .  6 
in d icates that the 5" state  should l i e  somewhat lower than the 682 
keV le v e l.

I t  would be o f  great in te re st to make a comparison between the 
^1к (п ,у )^ к  and the ^K (d,p)42K  rea ction s , but the (d ,p ) informa
tion  is  unfortunately too scarce to make such an in vestig a tion  pos
s ib le .
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GAMMA RAYS FROM  
THERMAL NEUTRON CAPTURE 
IN 4°Ca, 4 2 ^  4 3 ^  4 4 ^  48(.^

S . E. ARNELL, R . HARDELL, 6 .  SK E P P ST E D T , E. W ALLANDER 

C h a lm ers U n iv ersity  o f  T e c h n o lo g y ,

G othen bu rg , Sw eden

Abstract

GAMMA RATS FROM THERMAL NEUTRON CAPTURE IN **"Ca, ^ C a , " C a ,  ^ C a  AND *"Ca.

and absolute intensity values have been deduced . D ecay schemes o f  ^ C a, ^ C a , ^ C'a and " 'Ca are 
g iven . The **^Ca(n, yJ^^Ca and '*^Ca(d,p)*'^Ca reactions are com pared and found to g ive  a good corre- 
lation  betw een the strengths in the (d , p) and (n , y ) reactions.

1. In troduction
There are s ix  stab le  isotopes o f  calcium. The spectrom eter 

e f f ic ie n c y  o f  our experimental arrangement (1 ) ,  the a v a i la b il ity  
o f  enriched isotop es and the costs make an experimental in v e s t i
gation  o f  thermal neutron capture gamma rays with high ly enriched 
isotopes p o s s ib le  in a l l  the calcium isotop es  except in ^ C a .

Thermal neutron capture gamma rays from capture in natural 
and in enriched calcium isotopes are l is te d  in Endt and van der 
Leun (2) and in Nuclear Data (3 ). Recently the C a (n ,y )^C a  reac
tion  has been studied by Gruppelaar et a l. (4) with enriched is o 
topes and a G e(L i)-spectrom eter. I t  is  hoped that the present in 
v e stiga tion  where the spectra  from fiv e  h igh ly enriched calcium is o 
topes are in vestigated  under id e n t ica l experimental condition s w il l  
fa c i l i t a t e  the id e n t i f ic a t io n  o f contributions from various calcium 
isotop es as w ell as from im purities.

In a previous work (5) in  th is  mass region a good co rre la tio n  
between the (n ,y ) and (d ,p ) strengths was found. I t  is  a lso  the 
purpose o f  th is in v estig a tion  to find  out i f  th is  co rre la t io n  also 
can be found for  a l l  the calcium is o to p e s . For those two cases,
^C a and Ca, which have been recen tly  thoroughly in vestig a ted , 
only the high energy parts o f  the spectra were studied in th is  work 
with the purpose o f  p oss ib ly  find ing  weak d ir e c t  tran sition s from 
the capturing sta tes o f  value fo r  a deta iled  comparison with the 
(d ,p ) strengths.

2. Experimental d e ta ils
The calcium targets were encapsulated in the centres o f graphite 

target holdeis and p os ition ed  in an evacuated aluminium tube traver
sing the reactor  v esse l o f  the 1 MM heavy water rea ctor  R1 in Stock
holm. The thermal neutron flu x  in the target p o s it io n  is  3*10 n/cm ^.s. 
The calcium sample q u a n titie s , the is o to p ic  com positions o f the samp
les and the con tribu tion s from the various calcium isotopes are l i s 
ted in Table I .  The capture gamma rays pass a 6 mm diam. by 1.5 m

2 3 1



TABLE I. SAMPLE QUANTITY, ISOTOPIC COMPOSITION AND CONTRIBUTION OF THE VARIOUS 
CALCIUM ISOTOPES

s

s  ^
" s  g

S o
и

3 E P X о

.s s 8 E
U о <°Ca " c a ^C a "  Ca " C a " C a <°Ca " C a ^ C a " C a *"Ca " C a

*°Ca (0 .4 4 ) 600 99.965 0 .0 0 9  0 .0 0 2 0 .2 2 < 0 .01 0.002 44 0.006 0.01 0. 02 - 0.002

0.70 200 4 0 .6 5 7 .3 0 .4 4 1.58 < 0 .002 0. 05 1 7 .2 40 2 .7 1.7 - 0.06

*^Ca 6 .2 50 23.58 2 .49 4 9 .3 4 15.78 < 0 .0 1 < 0 .0 1 1 0 .4 1 .7 306 17 - -

^Ca 1.1 150 ' 5 .2 2 0 .4 3 0 .3 2 94 .0 < 0 .0 1 0 .0 2 2 .3 0 .30 2 103 - 0 .02

4 ^
1.1 100 2 9 .8 0 .5 0 ;4 2 .2 0 .1 67 .1 13 .1 0 .3 5 2 .5 2 .4 0 .0 3 74
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CAPTURE IN CALCIUM 2 3 3

long co llim atin g  system before  reaching the d e te cto r , situ ated  about
4.5 m from the target. A lowering o f the background was obtained 
by evacuating the tube thus avoiding neutron capture in  n itrogen .
A sta ff-sh a ped .G e(L i) cry sta l^ , length 2.0 cm, volume 1.5 cm3 and 
a cooled  FET p rea m p lifie r ! мете used fo r  the capture gamma detec
t io n . To sim p lify  the response function  o f the d e tector  above the 
pair production  threshold a pa ir  spectrometer arrangement has been 
used. Two side  crysta ls  form together an annulus o f Nal, 15 cm in 
diameter and 10 cm long with a through h o le , 4 cm in  diameter. The 
annulus i s  b isected  and the two segments are o p t ica lly  is o la te d .
For the measurement o f  low energy gammas the same Nal side crystal's 
are used as part o f  an an tico in ciden ce  mantle. Furthermore a Nal 
c ry s ta l o f  dimensions 12.5 cm diameter by 10 cm long with a through 
h o le , diameter 1.8 cm, is  placed in  fron t o f  the Nal annulus to 
detect backscattered rad ia tion . The pulses from the Nal cry sta ls  
are summed and fed  v ia  a d iscrim inator to  the an tico in cid en ce  gate 
o f  the 4096 channel pulse height analyzer. A d eta iled  d escr ip tion  
o f  the whole arrangement is  given in r e f . ' (1 ) .

The background lin e s , common fo r  a l l  sp ectra , o r ig in a te  mainly 
from neutron capture and sca tter in g  in  the carbon target holder.
Some weak lin es  from neutron capture in con struction  d e ta ils  o f  alu
minium are a lso  v is ib le  as w ell as a hydrogen peak. Some ch lorine 
contamination is  a lso  v is ib le  in  most o f the calcium spectra . In 
the low energy sp ectra  background lin es  are caused by the annih ila
tion  radiat^gn and fyom neutron capture in the boron compound sh ield  
g iving  the B(n,ay) Li reaction .

To obtain energy ca lib ra tio n  in the high energy region nitrogen  
gas was passed in to  the reactor  channel and a composite spectrum was 
taken. W ell-determined gammä lin es  from.neutron capture in nitrogen 
and carbon are found in r e fs  - (6 -8 ) .  In the low energy region radio
active  sources were used fo r  the energy ca lib ra tion  by irra d ia tin g  
the d etector at the same time as the capture spectra were taken.
The r e la t iv e  e f f ic ie n c y  o f  the G e(Li) pa ir  spectrometer has been 
ca lcu lated  using the composite spectrum. The n itrogen  in te n s it ie s  
have been taken from r e f . (6 ). In the low energy region rad ioactive  
sources were used fo r  in ten s ity  ca lib ra tio n . The absolute in ten sity  
values o f  the gamma lin es in  photons/100 neutron captures are obtained 
by norm alizing the sum o f  the primary gamma rays equal to 100. The 
errors in  the in te n s it ie s  are estimated to about 20 X fo r  strong lin es 
and increase su ccessiv e ly  to about 100 X for  weak lin e s .

The experimental Q-value is  found from the ground state  tra n s itio n , 
i f  presen t, and by summing the energies o f  obvious cascade tra n sition s . 
The energy value ó f  an ex cited  le v e l fed d ir e c t ly  from the capturing 
state  is  obtained from the Q -value, the energy o f  the primary gamma 
ray and the gamma energies o f the tra n sition s  from the excited  state .
The error  in  the energy le v e l determination is  about 1 keV using this 
method. The uncertainty in  the (d ,p ) values o f  the energy le v e ls  on 
the other hand may be up to 10 keV. I t  is  then necessary, e sp e cia lly  
when the le v e l density  i s  h igh , to fin d  out i f  there e x is ts  a syste 
matic deviation  in  the (d ,p ) measurements. A knowledge o f  the value 
o f th is  deviation.m akes i t  p o ss ib le  to make a correct ion  to the (d ,p ) 
energy le v e ls  at higher e x c ita t io n  and in th is  way make sure which*
(d ,p ) energy le v e ls  are fed by primary gamma rays in  the (n ,y ) reac
tion . The general process used fo r  constructing the decay schemes

 ̂ Manufactured by AB Atomenergi, Studsvik, Sweden.
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con s ists  o f  using the energy values o f  the le v e ls  and employing a com
puter fo r  the ca lcu la tion  and ordering o f  the d iffe re n ce s  between l e 
v e ls .  I t  is  in th is way p ossib le  to fin d  a ltern ative  p o s itio n s  fo r  
the gamma rays in the decay scheme.

40 413. The Ca(n,y) Ca reaction
Gamma rays from neutron capture in  natura^ calcium where more than 

90 X o f  the gamma rays resu lt from capture in  Ca have been thoroughly 
studied by severa l workers (2 ,3 ,1 1 ) .  The recent stud^by  Gruppelaar 
and S p illin g  (1 2 ), however, used calcium enriched in Ca. As the co n tr i
bution  from neutron capture in Ca is  present to some extent in a ll  
the other measurements with enriched isotopes in the present work i t  
is  important fo r  us to know the spectrum under our ex^grim enta^condi- 
tion s . This is  one o f  the reasons fo r  including the Ca(n,y) Ca reac
tion  in  our study.

The gamma ray pa ir  spectrum is  shown in F ig. 1. Traces from im
p u r it ie s  o f  vanadium are observed in  the spectrum besides the background 
lin es  mentioned in  section  2. The g g y a  e n e r^  values and the absolute 
in te n s it ie s  fo r  gamma rays from the Ca(n,y) Ca reaction  in the pa ir  
spectrum are given in  Table I I .  The table  a lso  includes a comparison 
with the resu lts  o f  Gruppelaar and S p illin g  (1 2 ). In the decay scheme 
shown in  F ig . 2 the gamma lin es  are f i t t e d  as tran sition s  between le 
ve ls in  Ca. The experimental 0-value is  8364.3±0.5 keV in  good agree
ment with the value 8364.4±0.4 keV obtained by Gruppelaar and S p illin g
(12 ). Their energy values o f  the ex cited  states are a lso  in good agree

ment with our values (see Table I I I )  and about 10 keV lower than those 
found by Belote e t  a l .  (13 ). I t  can be remarked that the values found 
with the MIT broad range spectrograph and quoted in Braams' th esis (14) 
agree, up to an e x c ita t io n  energy o f 3 MeV, w ithin about 1 keV with 
the energy values found in  the (n ,y ) work. The in ten sity  sum o f  gamma 
rays to a le v e l and from a le v e l must be in balance. Table I I I  shows 
the in ten s ity  balance which i s  generally  good.

In ad d ition  to the resu lts  obtained by previous workers (2 ,3 ,1 1 ,1 2 ) 
the decay scheme contains some new fea tu res. Weak gamma lin e s  are f i t 
ted as tra n sition s  between the capturing 1/2* state  and lev e ls  around
5.5 MeV. Some o f  these le v e ls  have been given ^   ̂ assignments by
B elote e t  a l .  (1 3 ). Three o f  these le v e ls  seem to  d eex cite  d ir e c t ly  
to the ground s ta te .

Gruppelaar and S p illin g  (12) remark from an analysis o f  the decay 
scheme o f  Ca that the gamma tra n sition s  between two hole states 
and between two s in g le  p a r t ic le  states are favoured. They a lso  ob
serve that the 1^=0 state  at 5012 keV does not deexcite  to  the 2010 keV 
hole sta te  with 1^=0 but with a 3067 keV lin e  to the 3 /2 " sta te  at 1943 
keV which has s in g le  p a r t ic le  character. They in te rp re t th is  as an 
in d ica tion  that the 5012 keV state  has a 3s^y2 sin g le  p a r t ic le  character 
instead o f a hole con figu ra tion . The observation  o f  a 3001 keV lin e 
f i t t e d  as a tra n s itio n  between the 5012 keV le v e l and the 2010 keV 
le v e l together with the absence or near absence o f  the 3067 keV lin e 
in our spectrum make th e ir  in terp re ta tion  less  probable. On the other 
hand, according to our in te rp re ta tio n , the 3846 keV le v e l with 1^=0 
deexcites  to  the 1943 keV le v e l .
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Table I I .  Thermal neutron capture gamma rays from the Ca(n,y) Ca reac
tion  measured with the Ge(Li) pa ir  spectrometer

Present work with Ge(Li) p a ir  sp ectrom eter Gruppelaar and S p illin g  (12)

No. (keV) 
(corrected  
fo r  r e c o i l )

l y
(photons/100
captures)

Assignment E  ̂ (keV) X X

У

1 6421.4+1.0 38.2 C*-1943 6421.2+1.0 43.5
2 6353.6±1.0 1.0 C-2010 6352.5+3.0 0.2
3 5901.5+1.0 8.3 C-2463 5 9 0 0 .7 il.0 7.0
4 5787.0± 1 .5 0 .1 C-2576 - -
5 5693.7+1.0 2.2 C-2671 5692.9+2.0 1.1
6 5670.0+1.5 0.2 5671-0 - -
7 5468.0±1 .5 0.1 5469-0 - -
8 5369.O i l .5 0.1 (5371-0) - -
9 5314.2+1.0 0.6 C-3050 5 3 14 .Ü 3 .0 0.3

10 4963.1+1.0 1.7 C-3401 4962.7 i2 .0 1.8
- - - 4944. 7 i3 .0 0 .8

11 4838.O i l .5 1.0 C-3526 4839.0+3.0 0.5
12 4749.8±1.0 1.7 C-3614 4749.6 i l . 5 2.6
13 4626.0+2.0 0 .4 C-3738 - -
14 - - - 4560.0±3.0 0.1
14 4516.2±1.0 1.9 C-3847 4518 .0 i3 .0 0 .7
15 4419.O i l .0 24.8 C-3944 4 4 1 9 .4 il.0 17.1
16 3944. l i l . 5 0.9 - 3947.5±3.0 0 .4
17 3759 .8Ü .0 3.2 C-4604 3760.0+0.8 3.1
18 3737.O i l .5 ^ 0.5 3738-0 - -
19 3610 .8Ü .0 8.4 C-4753 3610.3 i0 .4 6.0
20 35 86 .O i l .5 3.9 C-4778 3585.4 i0 .6 1.6
21 3351. 7 il.O 0.6 C-5012 3351.l i l . 5 0.4
22 3290.0 i2 .0 0 .3 C-5074 - -

- - - 3083.1+2.0 0.7
- - - 3067_.4i2.0 0.7

23 3001 .0 i2 .0 0.4 5012-2010
(5671-2671)

24 2992.5+2.0 0 .4 C-5371 - -
25 2913.0+2.0 0.4 C-5451 - -
26 2895 .0 i2 .0 0 .4 C-5469 - -
27 2 8 1 0 .2 il.0 5.1 4753-1943 2811.2+1.5 3.8
28 2.768.O i l .5 . . 1.7 4778-2010 2768.9+2.0 2 .8
29 2693.O i l .5 0.3 C-5671 - -
30 2 6 6 0 .6 il.0 6.3 4604-1943 2660 .4 i2 .0 1.3
31 2 6 0 5 .5 il.0 1.2 - 2606.6±0 .5 1.6
32 2576.0+1.5 1.0 2576-0 - -
33 2 2 9 0 .5 il.0 2.6 4753-2463 2290.3 i0 .8 1.6
34 2010.O i l .5 10.5 2010-0 2010.I i 0 . 5 11.5
35 2001.4+1.0 18.5 3944-1943 2001.2 i0 .4 18.9
36 1942.7+1.0 81.0 1943-0 1942.7 i0 .3 88.5
37 1904.0+2.0 1.6 3847-1943 - -  .

. С denotes the capturing s tate .
^ . The sum o f  the in te n s i t ie s  o f  the 1943 and 2010 keV gamma l in es  i s  100.
^  Part o f  the in ten s ity  of th is l ine  may be due to the 4 0 ca (n ,n 'y ) -re a c t io n .
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FIG .2 , D ecay schem e o f  ^*Ca. ' The low  gam m a energy branching is taken from  r e f.(1 2 ).

41Table I I I .  Excita tion  energies o f  Ca leve ls  and in ten s ity  balance

(keV) Intensity  in/ 
In tensity  out E^,(keV) In ten s ity  in/ 

In tensity  out

0 9 3 .4 / - 3847.0+1.5 1 .9 /2 .1
1942. 7±1.0 86 .5 /81 .0 3944 .Ü 1.0 24 .8 /18 .5
2010.0+1.5 6 .4 /1 0 .5 4604.O i l . 5 . 3 . 2 /6 .3
2462.8±1.0 12 .0 /13.4 4753.O i l . 0 8 . 4 / 7 . 7
2576.0±1.5/ 0 . 1 /1 .0 4778.O i l . 5 3 . 9 / 1 . 7
2670.6+1.0 2 . 7 /2 .9 5011.8 i l . 5 0 . 6 / 0 . 4
3050.1+1.0 0 . 6 /0 .3 5074 .3 i2 .0  ' 0 . 3 / -
3401.2±1.0 2 . 2 / 2 . 2 5371.0 i2 .0 0 . 4 /0 .1
3526.3±1.5 1 .0 / - 5451.3+2.0 0 . 4 / -
36l4 .4±1.0 1 . 7 /2 . 9 5468.5+1.5 0 . 4 /0 .1
3738.3±2.0 0..4/0.5 5670.5 i l . 5 0 . 3 / 0 . 2

The absolute in ten s ity  values fo r  Ê  <1904.0 keV are taken from r e f .  (12).



FIG .3. Three-crysta l Ge(Li) pair spectrum fo llow in g  thermal neutron capture in *^Ca. A ccum ulation  tim e 43 h.
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4. The ^ a ( n , y ) ^ C a  reaction
Gamma rays from thermal neutron capture in enriched ^^Ca are quo

ted in Endt and van der Leun (2) and in Nuclear Data (3)^. The last 
reference also  g ives a decay scheme with some f i f t e e n  gamma l in es .

The gamma ray pa ir  spectrum is  shown in Fig. 3 and the antico in 
cidence spectrum in F ig .4. Besides the contaminations mentioned in 
sec .  2, some Cd peaks are v i s ib le  in the low energy spectrum. As can 
be seen in Table I the main contributing calcium isotopes in the spectra 
besides ^2ca are ^OCa and 43ca. The energies and the absolute in te n s i 
t i e s  o f  the gamma lines  are l i s t e d  in Table IV, where also  the most 
probable in terpretat ions  based on energy d i f ferences  between the 
leve ls  are given. The decay scheme i s  shown in Fig. 5. The experimen
ta l  Q-value 7932.9±1.0 keV which can be compared to  the value 7927.6±3.9 
keV from mass data (2 ) .  In Table V the energy values o f  the ^3ca leve ls  
excited  in the (n ,y )  work are given. The ex c ita t io n  energies from the 
(d ,p) work (15) d i f f e r  in a systematic way from those found in the 
(n ,y) work, the former being generally  too low. The d if fe rences  bet
ween the ex c ita t io n  energies from the (n ,y ) and (d,p) work are p lo t 
ted in F ig . 6. The in ten s ity  balance fo r  each leve l  i s  also given in 
Table V. I t  i s  probable that the balance is  a f fe c ted  by the reduced 
detection  e f f i c i e n c y  in the anticoincidence spectrum due to the high 
background in the low energy region. Weak gamma lines  o f  low energy 
are consequently not detected.

The decay scheme shown in Nuclear Data (3) shows a cascade from 
the 2046 keV le v e l  through a le v e l  at 1676±2 keV (16) to the ground 
state .  The probable spin values o f  the 1676 keV leve l  are 3 /2 " ,  5 /2" 
or 7 /2" (16 ) .  The 373 keV l ine  i s ,  according to th is in terpre tat ion ,  
a c lose  double line partly  deexciting the 2046 keV leve l  and partly  
the 373 keV le v e l .  Considering, however, the energy value o f  the 
1676 keV le v e l  compared to the energy value o f  the deexciting gamma 
l in e ,  1672.4 keV, th is  interpretat ion  has not been adopted here. There 
is  some evidence from the pa ir  spectrum that the 5826 keV l in e  is  
double. The high energy part o f  the line could then e x c ite  the 2103 
keV, le v e l  which deexcites d i r e c t ly  to the ground state .

5. The ^ C a (n ,y )^ C a  reaction
Cranston et  a l .  (17) have observed forty  gamma rays from thermal 

neutron capture in enriched ^3^^ only sixteen o f these have been f i t 
ted in to  the ^Ca le v e l  scheme ( 2 ,3 ) .  Our gamma ray p a ir  spectrum is 
shown in  F ig . 7 and the anticoincidence spectrum in  Fig. 8. Compared 
to the re la t iv e ly  simple spectra fo llow ing  capture in the even calcium 
isotopes ,  capture in ^ c a  gives r i s e  to a complicated spectrum as can be 
seen by the large number o f  gamma tran s it ion s .  The gamma energy values 
and the absolute in ten s ity  values are given in Table VI. The absolute 
in ten s ity  values are not obtained from the primary transit ions  in the 
usual way by normalizing their  sum to 100, as the decay is  too compli
cated to allow such a procedure to be used, Instead the 6421 keV (38 X) 
and 1943 keV (81 X) peaks in the ^Ca(n,y)^^Ca reaction  are used in 
combination with the atomic percentage o f  ^ ^ a  and ^3çg as w ell  as their  
cross sections to give the absolute in te n s i t ie s  o f  the nearby 6480 keV 
and 1887 keV lines in  ^ C a . This method, however, has the drawback that

 ̂ Note added in  p r in t .  See also  H. Gruppelaar, Nucl. Phys., to be 
published.



FIG .4. A n tico in ciden ce  spectrum o f  gam m a radiation from  neutron capture in *^Ca. A ccum ulation  tim e 16 h. 
D ouble-escape peaks are labelled  with double primes.
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Table IV. Thermal neutron capture gamma rays from the ^ Ca(n,y) ^Ca reaction

No.. Ey (keV) 
(corrected  
fo r  r e c o i l )

Iy Assignment 
(photons/ 100 
captures)

No. Ey (keV) 
(corrected  
fo r  r e c o i l )

Iy Assignment
(photons/100
captures)

1 7340.3±1.0 7.6 C- 594 19 2800.9 1.0 1.4 4902-2103
2 59 76.8±1.5 1.0 C-1958 20 2722.5 1.0 1.2 3315- 594
3 5886.6+1.0 55.0 C-2046 21 2692.8 1.0 0.7 3286- 594
4 5826.2±1.0* 1.5 (C-2107) 22 2351.0 1.0 2.6 2943- 594
5 5321.6±1.0 6.2 C-2611 23 2286.0 1.0 2.4 2878- 594
6 5054.9+1.0 2.5 C-2878 24 2159.1 1.0 2.0 4207-2046
7 5036.0+2.0 0 .3 5037-0 25 2103.2 1.0 3.7 2103- 0
8 4989.5±1.0 4.0 C-2943 26 2046.0 1.0 45.0 2046- 0
9 4647.4± 1.0 3.4 C-3286 27 2018.0 1.0 4.9 2611- 594

10 4617.9±1.0 0.5 C-3315 28 1672.4 1.0 15.0 2046- 373
11 4361.4±1.0 4.1 C-3572 29 1525.0 1.0 1.8** 3572-2046
12 3725.7±1.0 9.7 C-4207 30 1453.0 1.0 6.0 2046- 594
13 3655.9+1.0 0.8 C-4277 31 1364.7+1.0 3.0 1958- 594
14 3612.1±1.0 4.3 4207- 594 32 1055.O i l . 0 4.0 2046- 991
15 3199.4±1.0 0.6 35 72- 373 33 617.5+1.0 6 .8 991- 373
16 3030.1 1.5 1.5 C-4902 34 593.5 0.5 25.0 594- 0
17 2979.1 1.0 1.7 3572- 594 35 373.1 0.5 33.0 373- 0
18 2895.7 1.0 2.3 C-5037 36 221.0 0.5 10.0 594- 373

* There is  some p o s s ib i l i t y  that this line is  double with the energy values
5824.5 keV and 5830.1 keV.

** Part o f  the in ten s ity  o f  the 1525 keV lin e  may be due. to  the Ca (n ,n 'y )  
reaction .

the thermal neutron cross se c t io n  o f  ^ C a  is  not known ex act ly .  The 
value 0.22 b (10) is  c e rta in ly  too low, as es s e n t ia l ly  a l l  o f  the ther
mal neutron absorption in natural calcium occurs in ^Oca (probably more 
than 90 %) . Lacking a more r e l ia b le  cross sect ion  fo r  ^Ca we used the 
value 0.44 b (10) for  natural calcium. The procedure i s  dependent on 
the r a t io  o f  the ^ C a /  Ca cross se c t io n s ,  which adds some uncertainty 
to the quoted in te n s i t i e s .  I t  seems to us as the in te n s i t ie s  o f  the 
transitions come out too  low as the r a t io  E^E^Iy^/100 В (B=11131 keV) 
i s  only 0 .6  and the sum of the primary transit ions  in  the decay scheme 
(Fig. 9) is  35.5 The la s t  f igure  probably a lso  means that many more 
o f  the high energy gamma transitions go to ex c ited  states o f  ^Ca .

The energy values o f the excited  states are quoted in Table VII.
Up to an e x c i ta t io n  energy o f  3923 keV energy lev e ls  can be id e n t i f ie d  
with those found from (d,p) and ( t ,p )  measurements (18,19) although 
the deviations between the (n ,y) and (d,p) energies o f  the excited  
states are large .  At higher energy a one-to-one correspondence between 
leve ls  ex c ited  in the (n ,y) and (d,p) reactions i s  not poss ib le  to 
obtain. However, i t  seems that the leve ls  with high values o f the 2 p 
strength (1^=1) in  the (d ,p) reaction  also  are excited  with good in
tensity  in  the (n ,y) reaction , the (d ,p) ex c ita t io n  energy being a- 
bout 10 keV higher than the (n ,y) e x c i ta t io n  energy. As an example the 
highest values obtained by Bjerregaard and Hansen (18) f o r  the 2p 
spectroscop ic  strength in  43ca (d ,p )^ C a  reaction  are 0.75 to a leve l  
at 5743 keV and 0.54 to a le v e l  at  5243 keV. The highest in ten s ity
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43Table V. Excita tion  energies o f  Ca leve ls  and in tensity  balance

E (keV)
X

Intensity  in /  
In tensity  out E (keV)

X

Intensity  in /  
In tensity  out

0 108/- 2943.4±1.0 4/2 .6
373 .Ü 0 . 5 33/33 3285.5+1.0 3 . 4 / 0 . 7
593.5±0.5 34/36 3315.O i l . 0 0 . 5 / 1 . 2
990.6±0.5 4 .0 / 6 . 8 3571 .5Ü.0 4 . 1 /4 .1

1958.2±1.0 1 .0 /3 .0 42 07 .2 i l .0 9 . 7 /6 .3
2046.O i l . 0 59/70 4277.O i l . 0 0 . 8 / -
2103.2 i l .O Í  2 .9 / 3 . 7 4901.5Ü.0 1 . 5 /1 . 4
2611.3+1.0 6 . 2 / 4 . 9 5 0 37 .2 i l .0 2 . 3 /0 .3
2878.O i l . 0 2 . 5 / 2 . 4
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FIG .6. The differences betw een the excitation  energies o f  ^ C a  from  the (n , y ) and (d ,p )  works plotted 
as function o f  Ед.

values o f  the transitions in  the ^ 3 c a (n ,y )^ c a  reaction  to ex c ited  Staa
tes in  ^Ca are 3 X to a le v e l  at 5734 keV and 4.7 % to a leve l  at 
5232 keV. The corre la t io n  diagram shown in Fig. 9 supports this cor
respondence. In addition to transit ions  of the type just  mentioned 
also  some other gamma lines o f  high energy and reasonable in tensity  
have been assumed being primary tran s it ion s .  The Q-value determina
tion gives 11131.3±0.5 keV, which value can be compared to 11135±5 keV 
quoted in  Endt and van der Leun (2) .

44 -  -The capturing state  in Ca has a spin and parity  o f  3 and 4
and d ipole  tran sit ion s  from the capturing state  cover a wide range 
o f  spin and parity  values o f  the ex c ited  states o f  Ca. The majo
r i t y  of the transitions seem to go through the f i r s t  ex c ited  2* state 
at 1157 keV. (See the decay scheme in Fig. 10.) A few spin 'and parity  
assignments have been made f o r  the low lying states o f  4^Ca (2 ,19 -22 ) .

Gamma radiation  fo l low in g  the ß-decay o f  has given informa
tion  o f  gamma branching from some low lying leve ls  o f  Ca (23 ) .  For 
the 2656 keV le v e l  ex c ited  both in  the (n ,y ) -r e a c t io n  and in the ß-de
cay the branching figures agree s a t i s fa c to r i ly  but not fo r  the 3307 keV 
le v e l .  Some o f  the lines involved in the decay o f  the la t te r  leve l  
may, however, be c lose  double lines in the (n ,y)-work. (See Table VI.)

In the energy region around 3.30 MeV the 6-decay o f  ^" 'Sc has 
estab lished  a le v e l  at 3287+2 keV with a tentative 6* assignment (21 ,22 ) .  
The ß-decay o f  Ж ex c ites  two levels  at 3307±2 keV and 3297+3 keV (23) . 
P ar t ic le  reactions (18) give a 3 state  at 3302±10 keV and a state  at 
3296±10 keV with a tentative  6 assignment. In the present work three 
energy levels  are found in the 3.30 MeV region. One le v e l  at 3306.3+2.0 
keV which we id e n t i fy  as the 3 s ta te ,  one leve l  at 3301.7±1.0 keV 
which i s  supposed to d eexcite  d ir e c t ly  to the ground state  indicat ing  
a low spin value o f  this level which a lso  is  supported by the d irec t  
tran s it ion  from the capturing state  to this l e v e l .  The third leve l  at 
3283.7±1.5 keV is  found by adding the 1001.6 keV line to the 2282.1
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FIG. 8. A n tico in ciden ce  spectrum o f  gam m a radiation from  neutron capture in *^Ca. A ccum ulation  tim e 24 h.

CAPTU
RE 

IN 
CALCIUM

 
245



2 4 6  ARNELLetal.

Table VI. Thermal neutron capture gamma rays from the ^ C a (n ,y )^ C a  reaction

No. (keV) 
(corrected 
for  r e c o i l )

ly
(pho
tons/ 100 
captures)

Tentative 
as s i  gnmen t

No. Ey (keV) 
(corrected  
fo r  r e c o i l )

(pho
tons/100 
captures)

Tentative
assignment

1 9973.O i l . 0 0.2 C-1157 51 5238.O i l . 5 0.3
2 8849.2+1.0 0.1 C-2282 52 5227.O i l . 5 0.3
3 85 80.5+1.0 0.07 53 5197.8il.O 0.5
4 8475. 2 i l . 0 0.07 C-2656 54 5131.0i2.0 0.4 5131-0
5 8086.4±1.0 0.8 C-3045 55 5118.0i2.0 0.3
6 7829.6il.O 0.8 C-3302 56 5094.O i l . 5 0.3 C-6037
7 7825.0i2.0 0.3 C-3306 57 5040.O i l . 5 0.4
8 7773.5il.O 3.3 C-3358 58 5007.O i l . 5 0.4 5007-0
9 7419.2+1.5 0.4 C-3712 59 4985.0+1.5 1.0 C-6146

10 7354.4il.O 0.3 C-3777 60 4919.6 i 1.0 0.9
11 7208.2tl.0 1.0 C-3923 61 4906.O i l . 5 0.2 4906-0
12 7005.5 i l . 5 0.06 62 4891.O i l . 5 0.4
13 6978.4 i l . 5 0.07 63 4876.3i2.0 0.4
14 6935. 3±1.0 0.6 C-4196 64 4808.9i2.0 0.7
15 6873.0i2.0 0.09 65 4692.0i2.0 0.4 4691-0
16 6816.0il^0 0.06 66 4651.5 i l . 5 0.8 4651-0
17 6772.4±1.0 0.6 C-4359 67 4626.8 i l . 5 0.5
18 6760.0±1.5 0.06 68 4619.0+1.5 0.4 5776-1157
19 6731.O i l . 5 0.2 C-4400 69 4599.O i l . 5 0.2
20 6715.0+1.5 0.06 70 4577.O i l . 5 0.4 5734-1157
21 6651.3±1.0 0.4 C-4480 71 4566.O i l . 5 0 .4 4565-0
22 6588.5+1.5 0.04 72 4554.0i2.0 0.3
23 6566.O i l . 0 0.4 C-4565 73 4502.0i2.0 0.2
24 6546.4il.O 1.7 C-4585 74 4488.0+2.0 0.1
25 6480.O i l . 0 1.8 C-4651 75 4458.O i l . 0 2.0
26 6440.l i l . 5 0.3 C-4691 76 4392.O i l . 5 0.6
27 6327.O i l . 5 0.6 C-4804 77 4383.O i l . 5 0.7
28 6247.O i l . 5 0.09 78 4316.O i l . 5 0.1
29 6225.7il.O 0.7 C-4906 79 4303.O i l . 5 0.1 5459-1157
30 6124.6il.O 2.4 C-5007 80 4283.2+2.0 0.3
31 6100.0+1.5 0.6 81 4264.6 i l . 5 0.4 6146-1884
32 6034.4+1.0 1.1 82 4218.8+1.5 0.7 5375-1157
33 60 00 .5 i l .0 2.6 C-5131 83 4209.7 i l . 5 0.9
34 5900.6+1.0 4.7 C-5232 84 4186.9+2.0 0.09
35 5842.O i l . 0 1.0 C-5289 85 4168. 7 i l .5 0.5 5342-1157
36 5831.0+1.5 0 .8 86 4151.O i l . 5 0 .3 6037-1884
37 5789 .0+1.5 0.2 C-5 342 87 4074.0+2.0 0.1 5232-1157
38 5756.O i l . 0 0.7 C-5375 88 4034.1+1.5 0.6
39 5734.8 il .O 0.4 5 734-0 89 4026.4 i 1.5 0.4
40 5672.5 i l . 5 0.4 C-5459 90 3973.8il.O 1.4 5131-1157
41 5626.O i l . 5 0.2 91 3958.O i l . 5 0.5
42 5578.3+1.0 0.8 C-5553 92 3924.0+1.5 0.2 3923-0
43 5559.l i l . 5 0.1 93 3903 .8 il .0 0.3
44 5536.O i l . 5 0.6 94 3891.0+1.5 0.3 5776-1884
45 5472.O i l . 5 0.3 95 3870.3i2.0 0.2
46 5397.5il.O 3.0 C-5 734 96 3863.0+1.5 0.7 6146-2282
47 5376.O i l . 5 0.04 5375-0 97 3849.3+1.5 0.4 5007-1157
48 5355.O i l . 0 2.8 C-5 776 5734-1884
49 5 301.O il .  5 0.3 98 3828.O i l . 5 0.07
50 5263.5+1.0 1.0 C-5 868 99 3810.O i l . 5 0.4



No.

100
101
102
103
104
105
106
107
108
109
110
111
112

113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

137

138
139

140
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E.y (keV) 1̂ , Tentative No. Ê , (keV) 1̂ ,
(corrected  (pho- assignment (corrected  (pho-
f.or r e c o i l )  tons/100 fo r  r e c o i l )  tons/100

captures) captures

3747.5±1.5 0.8 4906-1157 141 2657.O i l . 0 0 .8
3673.9±1.5 0.7 142 2619. O il .  5 1.1
3662.2±1.5 0.3 143 25 79 .3+1.5 0.6
3648.O i l . 5 0.7 4804-1157 144 2551.0i2.0 0.3
3626.0±2.0 0.5 145 2519.0+1.0 1.2
3622.4+1.5 0.6 146 2299.0+1.5 0. 7
3584.5±1.5 0.8 147 2281 .5Ü .0 0.8
3565. l i l . 5 0.2
3544.0+2.0 0.1
3533.8±1.5 0.7 4691-1157 148 2249.0i2.0 0.6
3516.6i2.0 0.3
3508.O i l . 5 0.4
3493.1+1.0 0.8 4651-115 7 

5375-1884
149 2200.l i 1.0 1.2

5776-2282 150 2 1 50 .4 il .0 5.5
3450.2+1.0 1.8 5734-2282
3427.4+1.0 1.7 4585-115 7 151 2100.O i l . 5 0 .3
3391.0i2.0 0.2 152 2088. l i l . 5 0.6
3368.O i l . 5 0.2 153 2000.0i2.0 1.1
3355.O i l . 5 0.4 154 1887.0+0.5 3.7
3334.0i2.0 0.1 155 1872.3Ü.0 1.9
3323.2+1.5 . 0.5 4480-1157 156 1772.8+1.0 0.6
3313.0+2.0 0.1 15 7 1648. 7+1.0 1.0
3302.0+1.5 0.8 3302-0
3265.4+2.0 0.7 158 1540.4±1.5 0.4
3242.0+1.5 0.7 4400-1157
3234.0+2.0 0.4 159 1499.5il.O 3.3
3202.O i l . 5 0 .8 4359-1157 160 1428.9il.O 1.0
3176.5+1.5 0.5 5459-2282 161 1157.0+0.5 70
3159.0+2.0 0 .3 162 1125.9 i 0 . 5 40
3150.3+2.0 0.4 163 1074.1+0.5 8.0
3116.2+2.0 0 .3 164 1024.1il.O 0.6
3052.3+1.5 0.4 165 1001.ÉiO.5 4.5
3038.3±1.0 1.6 4196-1157 166 878.O i l . 0 1.0
3006.3+1.5 0.9 5289-2282 16 7 869.O i l . 0 1.5
2998.0+2.0 0 .3 168 7 6 l .5 i0 .5 4.7
2946.7+1.0 3.6 169 72 6.8Ü .0 0.7
2892.4+1.5 0.3 170 651.3i0 .5 1.7
2846.4il.O 1.3 5131-2282

6146-3302
2766.0+1.5 0.4 3923-1157

4651-1884
171 6 3 7 .4 i l .5 1.5

2722.9+1.0 2.1 5007-2282
2687.0+1.5 0.4 5342-2656 172 629.0i0 .5 1.6

5734-3045 173 404.5+1.0 1.8
26 82.0+1.5 0.3 4565-1884

6037-3358 174 373.6+1.0 0.4
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FIG .9. Comparison o f  reduced El probability with the 2p spectroscopic strength for ^ C a .

44Table VII .  E xcita tion  energies o f  Ca levels

No. E (keV)
X

No. E  ̂ (keV) No. E  ̂ (keV)

1 1157.0+0.5 13 4196.0+1.0 25 5231 .7Ü .0
2 1883.8±1.0 14 4358.9+1.0 26 5289.3i 1.0
3 2282 .1Ü .0 15 4400.3+1.5 27 5342.3+1.0

.4 2656 .1Ü .0 16 4480.O i l . 0 28 5375. 3 Ü .0
5 3044.9±1.0 17 4565.3il.O 29 5458.8+1.5
6 3283.7±1.5 18 4584.9±1.0 30 5553.O i l . 0
7 3301.7±1.0 19 4651.3±1.0 31 5733.8il.O
8 3306.3±2.0 20 4691.2±1.5 32 5776. 3+1.0
9 3357.8il.O 21 4804.3+1.5 33 5867.8il.O

10 3712.1±1.5 22 4905.6±1.0 34 6037.3 i l . 5
11 3776.9±1.0 23 5 0 0 6 .7 i l .0 35 6146.3 i l . 5
12 3923.1+1.0 24 5131.0±1.0

keV le v e l  assuming that the 1001.6 keV line represents the 1002 keV 
tra n s it io n  found in the decay o f  ^ " 'Sc .  As the energy values o f  B jer-  
regaard and Hansen (18) generally  are 5-10 keV too high their  3296 keV 
le v e l  probably i s  the same as our 3284 keV le v e l .  Our 3302 key le 
ve l may be the same as the 3297±3 keV leve l  from the decay o f  К 
which is  deexcited  by a 643±2 keV lin e  not found with certa in ty  in 
this work. There i s ,  however, a low energy t a i l  at the 651 keV line 
in our spectrum which could give a l in e  at 6 4 6 .7Ü .0  keV (I " 0 .5  X). 
The unresolved peaks look somewhat as the same peaks in the^ß-decay.
I f  this in terpretat ion  i s  chosen i t  i s  astonishing that no 3302 keV 
line (1^=0.8 X) is  observed in the 6-decay. No other assignment has 
been found for  this l ine in the present work.
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FIG. 11. Three-crystal Ge(Li) pair spectrum follow ing thermal neutron capture in **Ca. A ccum ulation  tim e 44 h.
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6. The ^ C a (n ,y )^ C a  reaction
Gamma rays from thermal neutron capture in enriched isotopes 

o f  ^ C a  have recently  been thoroughly studied by Gruppelaar e t  a l .  (4 ) .  
In order to get a comparison with their  results a G e(L i)-pa ir  spectrum 
was taken. The spectrum is  shown in Fig. 11. A contamination with 
nitrogen i s  seen in the spectrum besides those quoted in sect ion  2.
The nitrogen contamination was f i r s t  thought to be caused by a leak 
in the vacuum system but la ter  measurements made i t  probable that the 
sample contains some nitrogen compound. The gamma ray energy values 
and the absolute in te n s i t ie s  o f  the ""Ca lines in the pa ir  spectrum 
are given in Table VIII .  The table also includes comparison with the 
resu lts  o f  r e f .  4. The general agreement is  good as w ell  as the Q- 
value determination , 7415.3±1.0 keV which can be compared to the

44 45Table V III .  Thermal neutron capture gamma rays from the Ca(n,y) Ca 
reaction  measured with Ge(Li) pa ir  spectrometer
Present work with Ge(Li) p a ir  spectrometer Gruppelaar et a l .  (4)
No. (keV) 1

(photons/100
As s i  gnmen t E (keV) 1

(corrected (when d i f f e  У Y
fo r  r e c o i l ) captures) ring from 

that o f  re f  .(4))
1 59 8 0 .6 i l .0 11 5980.3±1.0 10.7
2 5515.5±1.0 50 5515. l i l .O 54.5
3 5166.2±1.0 9.6 5165.5 i 0 . 8 9.7
4 46 30.0±2.0 0.2 4630.3+1.0 1.0
5 4573.1±1.0 3.8 45 72 .5 i0 .8 4.1
6 4173.4±1.0 2.4 4173.OiO.8 

4121.6il.O
2 .4 
0.3

7 3996.3+1.0 11 3996.0 i 0 . 5 10.2
8 3630.9+1.0 0.8 3631.5 i 0 .5 1.0
9 3609.0+1.0 0.4 3608.5 i 0 . 5 0.7

10 3576.8±1.0 1.8 3576.8 i 0 .4 1.3
11 3566.1±1.5 0.7 3565.0+1.5 0.3
12 3243 .6Ü .0 2.6 3243.7 i0 .6 2.5
13 3181. l i l .O 1.0 3180.8+0.6 1.0
14 3101.1+1.0 1.6 C-4314
15 3068.1+1.0 0.9 3067.6 i 0 .6 1.1
16 2947.0±3.0 0.2 2947. l i l .O 0.3
17 2842.l i l .O 1.5 2841.6 i 0 . 8 0.7
18 2799 .1+1.0 3. 7 2 799.3i0.4 3.4
19 2715.7±1.0 1.9 2716 .l iO .4 1.4
20 2667.9±1.0 4.7 2668 .liO .3 3.3
21 2607. l i l . 0 1.1 C-4808 2608.3 i l . 5 1.1
22 2415.9±1.0 1.5 2415.4 i 0 .5 2.2
23 2404.l i l .O 0.8 2403 .6Ü .0 

2287.5 i 0 .6
0.7
0.9

24 2176.0±2.0 0.8 2178.5Í3.0 0.2
25 2074.9±1.0 8.1 2075.5 i 0 . 4 7.9
26 1983.0±1.0 1.9 1983.6+2.0

1942.0i4.0
1.0
1.0

27 1900.1+1.0 12 1900.OiO.3 
1751 .Ü 0.3

11.8
0.2

28 1725. 7±1.0 40 1725.8i0.3 43.5
29 1710.0+2.0 1.0 1710.2í2.0 1.1
30 1434.8±1.0 9.8 1434.72+0.10 8.8



FIG .12. Three-crystal Ge(Li) pair spectrum  follow ing thermal neutron capture in ^ C a .  A ccum ualtion  tim e 43 h.
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value 7414.7±1.0 keV o f Gruppelaar e t  a l .  (4 ) .  In a few cases, where 
the complex response function  o f  the detector  used by Gruppelaar et 
al .  (4) made i t  uncertain whether a peak has f u l l  energy or double 
escape character, these ambiguities could be resolved. No feeding 
from the capturing state  to the f i r s t  1^=0 leve l  at 1884 keV was ob
served.

7. The ^ C a (n ,y )^ C a  reaction
Measurements with Nal c ry s ta ls  o f  gamma rays from thermal 

neutron capture in calcium enriched in Ca are reported by Raboy 
and T rail  (24) . In the gamma decay a ground state  tran s it ion  and a 
cascade through the f i r s t  ex c ite d  state at 2022 keV were observed.

The gamma ray pa ir  spectrum i s  shown in Fig. 12. Two gamma 
lines  with the energies 4071.1±0.5 keV ( r e l .  in t .  100) and 3084.3±0.5 
keV ( r e l .  in t .  8.9) from the 8.8 min. decay o f  ^Ca to ^ S c  a¡-e also  
present in the spectra  besides the background lines mentioned in sec
tion 2. The energies and absolute in te n s i t ie s  o f  the few gamma lines  
a ttr ibu ted  to the ^Ca(n,y)^^Ca reaction  are l i s t e d  in Table IX.
The experimental Q-value i s  5146.6±1.0 keV and is  in  good agreement 
with the Q-value 5144+6 keV obtained from p a r t i c l e  reactions (25 ) .
The decay scheme of  ^9Ca j.g shown in Fig. 13.

Table IX. Thermal neutron gamma rays from the ^ C a (n ,y )^ C a  reaction
No. Ê , (keV) 1̂ , Assignment

(corrected  for  (photons/100
r e c o i l )  captures)

" 1  5146.7 1.0 75 CM) '
2 3123.1 1.0 25 C-2023
3 2023.2 0 .3  25 2023-0

5147 -^57'- 2 ? ''' U2+'"

2 0 2 3 1/2 1

3/2*1

8. Discussion
A common feature o f  the neutron cap

ture in  the calcium isotopes  studied in 
this in vest igat ion  is  strong transitions 
to 2p s ta te s .  In the odd calcium isotopes 
about h a lf  o f  the primary in ten s ity  from 
the capturing state  is  to  a s ing le  2p /̂2 
s ta te ,  in the even calcium isotope studied 
the strongest primary tran sit ion s  go to 
2p levels  at an e x c i ta t io n  energy around
5 MeV.

I t  has previously  been shown by Grup
pelaar e t  a l .  (4) that a good corre la t ion  
e x is t s  between the re la t iv e  (n ,y) t ran s i 
t ion  strengths I .̂/E ,̂3 and the (d ,p) strengths 
(2J + 1)S^ fo r  the same f in a l  states for  
two o f the calcium iso topes .  The corre la 
tion can be expressed with the c o e f f i c i e n t

P
E. (x . -x )  (y . -y )

- v ^ l  1/2

where x  ̂ and ŷ  are the (n ,y ) and (d ,p) strengths fo r  the i th  le v e l .
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..e corre la t ion  c o e f f i c i e n t s  p = 0.59 and 0.91 were found fo r  41сд and 
^Са resp ect ive ly  (4 ) .  Our values fo r  the same reactions are p = 0.61 

and 0.89 in good agreement. The corre la t ion  fo r  43ca is  shown in Fig. 
14 and the corre la t ion  c o e f f i c i e n t  i s  found to be p = 0 .91. The good 
corre la t io n  e sp e c ia l ly  for  ^Ca and 4 5 ^  indicates that d ir e c t  capture 
is  o f  importance fo r  these reactions .

E , (M eV)

A

to a o t 0.0) 0.1

F IG .14 . Com parison o f  the reduced El probability Iy /E  from  the (n, y ) reaction  with the (d ,p )  reduced 
widths (2J + 1) Sn for levels  in ^ C a .
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GAMMA-GAMMA ANGULAR-CORRELATION 
MEASUREMENTS IN THE ^Ca(n, y)^Ca REACTION *
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Abstract

GAM M A-G A M M A ANGULAR-CORRELATION MEASUREMENTS IN THE " C a (n ,y )^ C a  REACTION. 
A n gular-correlation  measurements o f  gam m a radiation follow ing therm al neutron capture in "C a  have been  
perform ed with a com bin ation  o f  G e(L i) and Nal detectors. T h e follow ing spin assignments o f  levels  in ^ C a 
w ered erived : j " ( 0 . 1 7 ) = ( 5 / 2 , 7 / 2 + ) .  J ^ (1 .4 4 )  = 3 / 2 ' ,  J ^ (1 .9 0 )  = 3 /2 " a n d J ^ ( 2 .2 5 )  = l / 2 ' , ( 3 / 2 ) * .  Some 
E2/M 1 m ixing ratios o f  transitions betw een bound states o f  ^'Ca have been  determ ined .
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THE LEVEL SCHEME OF ^ T i  AND ^ T i  
AS STUDIED BY THE NEUTRON 
CAPTURE GAMMA-RAY SPECTRA *
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Abstract

THE LEVEL SCHEME O F ^ T i A N D ^ T i AS STUDIED BY THE NEUTRON CAPTURE GAM M A-RAY 
SPECTRA. Using an enriched ^ T i  target and a natural titanium target, the neutron capture gam m a-ray 
spectrum fo llow ing the ^ Т 1(п ,у у **п  reaction has been  studied by straight spectroscopy using G e(L i) detectors: 
a le v e l schem e o f  ̂ T i  has been  established. Valuable inform ation on the neutron capture gam m a-ray 
spectrum fo llow ing t h e ^ T i (n ,y )^ T i  reaction and on t h e ^ T i  leve l schem e has also been  extracted from 
the experim ental data. The neutron-binding energies o f ^ T i  a n d ^ T i are found to be  11627 .6  ± 1 .3  keV 
and 81 4 3 .3  ± 1 .2  keV , respectively .

*  The fu ll text o f  this paper has been accepted  for publication in Nuclear Physics.

* *  OCD bursary, on leave  from  CEA, Tunis.
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CIRCULAR POLARIZATION 
OF GAMMA RADIATION FOLLOWING 
CAPTURE OF POLARIZED 
THERMAL NEUTRONS IN ^Co

F . STECHER-RASMUSSEN, J. KOPECKY* K. ABRAHAMS 
Reactor Centrum Nederland,
Petten, the Netherlands

Abstract

CIRCULAR POLARIZATION OF GAMMA RADIATION FOLLOWING CAPTURE OF POLARIZED THERMAL 
NEUTRONS IN '^Co. The circular polarization o f  gam m a radiation after capture o f  polarized thermal n&utrons 
in s^Co was studied with a Ge(Li) spectrom eter. The results are in general agreem ent with previous

Som e spin assign m en ts o f  le v e ls  ex cited  by the ^ C o (n ,y )M C o  re a ctio n  
h a v e b e e n  m ade re ce n tly  Í1, 2 ,3 ] .  I n R e f s t l ]  a n d [2 ] m ea su rem en ts  o f  the 
c ir c u la r  p o la riza tion  Py o f gam m a radiation  fo llow in g  captu re  o f  p o la r ize d  
th erm al neutron s a re  g iven , w hile Ref.!_3] trea ts  the m ea su rem en t o f  the 
angular d istribu tion  a fter  capture o f  u n polarized  n eutron s in a lign ed  target 
n u c le i. A lthough the co n c lu s io n s  o f  th ese  p a p ers  a re  in g e n e ra l con s isten t 
with each  o th er, one am bigu ity  rem a in s : the 785-k eV  le v e l in ^°Co is 
show n to have j"̂  = 4  ̂ b y  m eans o f  the alignm ent m ethod , w hile the c ir c u la r  
p o la riza tion  m ethod y ie ld s  J^= 5\  The su ggestion  w as m ade by  M ellem a 
et a l.[3 ] that this c o u ld -p o ss ib ly  be  explained by  an E l (M 2) adm ixtu re in 
the p r im a ry  capture gam m a rad ia tion  to this le v e l.

T o  ch eck  th is su ggestion  the c ir c u la r  p o la riza tion  was re m e a su re d  
w ith an im p ro v e d  m ir r o r  sy stem , a llow ing  a data accu m u la tion  rate  w hich 
w as 2 7 tim es fa s te r  than that o f  the sy stem  d e s cr ib e d  in R e f . [ l ] .  The 
deta ils  o f  the ex p erim en ta l m ethod  and the assu m ption s m ade in the 
a n a lys is  a re  as d e s c r ib e d  in R e fs  [1 , 2]. The d e g re e  o f  neutron  p o la r i
zation  Ц  in the p resen t ex p erim en t was about 90%.

F ig u re  1 show s the re leva n t part o f  the decay  sch em e  o f  ^°Co, w hile 
T ab le  I show s the new R v a lu es  m ea su red  by  m eans o f  the c ir c u la r  p o la r i
zation  m ethod . T h ese  R va lu es w ere  obtained fro m  the d iffe re n ce  sp ectru m  
and s in g le  sp ectru m  show n in F ig .2. The way in w hich R , defin ed  by  
Py = R i s c o s  8, depends on the sp in  o f  the final state and on the m ixin g  
p ercen ta ge  o f Jg= 4 in the capturing  state is  g iven  in F ig .3 , togeth er  with 
the ex p erim en ta l R -v a lu e s  taken ir o m  T ab le  1. It w as assu m ed  that a ll 
tra n sition s  w ere  pure d ipole  tra n s ition s . Any in co n s iste n cy  in sp ins 
a ss ign ed  by  this m ethod  m ight lead  to the n e ce s s ity  o f  a quadrupole 
a d m ix tu re .

The data g iven  ab ove  a re  con s isten t with p re v io u s  R v a lu es  excep t 
m aybe the p r im a ry  tran sition  to the 505-k eV  le v e l w hich  w as in the
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p re v io u s  m ea su rem en ts  o f  R e fs  [1 ,2 ]  not p ro p e r ly  c o r r e c t e d  fo r  the 
in flu en ce  o f  the 6485 ' and the 59 76 -k eV  lin e s .

It should  b e  noted that fo r  the p r im a ry  tran sition  to the 785 -k eV  le v e l 
a pure 4 - ^ 5  E l ch a ra cte r  is  in deed  im p ro b a b le . So one should  either 
a c ce p t  a 4 ^ 4^ c a se  with a m u ltip o le  M2 adm ixtu re  o f  at le a s t  5% o r  
a ss ig n  a sp in  3 to the 785 -k eV  le v e l  with the pure E l tran sition  being  
m a in ly  fed  b y  the 3" com pon en t in the capturin g  state (see  F ig .2). This 
la s t c o n c lu s io n  is  in d isa g re e m e n t with the m ea su rem en ts  o f  P re stw ich  
and C oté [5] and W a sson  et a l .[6 ]  w hich sh ow ed that the 13 2 -eV  re so n a n ce , 

= 4*, con trib u tes stron g ly  to th is tra n sition .

" C o + n

" " Г Т Т П И П П
In te n s ity  3.6 6.9 2.3 1.7 7.3 7.1 6.S 6.5 3.0 1.6 3.0

1626
1746

1564
1514

765
613
565

56
0

heW

5 5

6 1

4 2 9 6 7 3 1 3

1 1

4.(3)
3

3.4
4f3+

1(3)

3*
Ü+

"C o

F IG .l .  S im plified  decay schem e o f  s ° C o .

F in a lly  the R -v a lu e  be lon g in g  to  the p r im a ry  tran sition  to the 505-k eV  
le v e l s e e m s  som eh ow  p u zzlin g . It w ould e a s ily  lea d  to the co n c lu s io n  
that j" (5 0 5  keV ) is  5  ̂ o r ,  i f  the tran sition  is  m ain ly  fed  by  the 3* c o m p o 
nent o f  the capturin g  state , that J" m ay b e  3* o r  2 \  The f i r s t  con c lu sion  
is  im p rob a b le  b e ca u se  the s tron g  tran sition  to the 58 -k eV  2* le v e l w ould 
have M3 c h a ra cte r . The la s t  two co n c lu s io n s  a re  again in con tra d iction  
to the p re v io u s ly  m en tion ed  re so n a n ce  (n, y ) m e a su re m e n ts . A lso  in this 
ca se  th e re fo re  an E l (M2) adm ixtu re  in the p r im a ry  tran sition  m ay not be  
ex clu d ed .



T A B L E  I. ^ С о (п ,у )Я °С о  RE SU LTS

S
(keV)

interpretation
Circular polarization 

[1 ]  [2 ] [3 ]
Present work 

^exp. f
C on clu sion "

7489 C -*  0 2*^.5^ -0 .5 7  ± 0 .0 9 2*^,5^ 5*

7213 C -*  276 4'  1t
7201 C -*  288

3 + + 0.82 ± 0 .0 5

7055 С -* 434 2^, 5 "̂, (3^ ,4^ ) 3^,4*^*, 5^, (2)"^ -0 .9 7  ± 0 .2 7 2 ^ ,5 ^ 5*

6984 C -*  505 ( 2 / .  3 ^ 4 ^ , (5)*" 3 * ,4 * 2^ ,3 ^ -0 .4 5  ± 0 .18 2^,3*^,5^ 2 * ,3 * ,5 * ? )

6876 . C ->  613 з \  (4)*" 3*^,4^ 3 ^ ,(2 )^ . +0.80 ± 0 .0 4 3^ 3"̂

6705 785 2*^,5^ (2^ ,5^ ) 4 + ' - 0 .2 0 ±  0 .0 4 3̂ " 3 * ,4 * ,5 * ? )

6486 1004 (2 / ,3 * ',4 * ', (5 ) " ' 3*^,4^ 3 * ,4 * +0.56 ± 0 .0 6 3^. 4^ 3^

5976 C-^- 1514 3*4**" 3*^,4^ 3*^,4^ .4 0 .3 1  ± 0 .0 4 3*7 4* 4 ^ ,3 ^

5925 С 1564 ' 3*^,4^, (2^, 5^) + 0 .0 2 ±  0 .18 3 ,4 ,  (2 , 5) 3 ,4

5743 C ^ - 1746 + 1 .3 6 ±  0 .2 6 3 . (4 ) 3

5662 1828 3 ,4 + 0 .15  ± 0 .0 5 3 ,4 4, (3)

5617 С -> 1 8 7 3 1[  +0.19 ± 0 .2 1
5605 C ->  1885 J1
5183 C ^ - 2307 ( 2 ) ,3 ,4 ,( 5 ) + 0 .7 0 ±  0.12 3 ,(4 ) 3

a If the data o f  Refs [ 4 ,5 ,6 ]  are included.

?) These transitions cannot be easily explained by means o f  pure El transitions from  the 4 " com ponent in the capturing state.
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F IG .2 . D ifference  and single spectra o f  ^ C o ( n ,  y).
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CIRCULAR POLARIZATION AFTER CAPTURE IN 2 6 5
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F IG .3 . The polarization  function  R as related to the ^  = 3* m ixing percentage and measured R-values 
for ^°Co.
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THERMAL NEUTRON CAPTURE 
GAMMA RAYS FROM ^Ni

R. SAMAMA, J. GIRARD, R. BABINET,
A . AUDIAS, J . J .  GARDIEN 
Com m issariat à l ' énergie atom ique,
CEN de S aclay ,
91 G if-su r-Y v ette , France

Abstract

THERMAL NEUTRON CAPTURE GAMMA RAYS FROM ^ N i. We have investigated the gam m a rays 
fo llow in g  therm al neutron capture by " N i  with a pair and anti-C om pton  spectrom eter using a coa x ia l-ty p e  
G e(L i) detector. We were especia lly  interested in the region from  2 to 5 M eV in w hich we observed 15 
transitions not reported previously.

T he g a m m a -ra y  sp ectru m  fro m  the ^°N i(n ,-y)^N i re a c tio n  has been  
m e a su re d  b y  G rosh ev  et a l . [ l ]  with the aid o f  a m a gn etic  Com pton 
sp e c tro m e te r , by  K in sey  and B arth o lom ew  [2] and by  T re a d o  and Chagnon [3]. 
A n gu lar c o rr e la t io n  m ea su rem en ts  w ere  m ade by  Z a m o r i et a l . [4] and 
Coté et a l . [5 ]. The (d, p), (d, t) and (d,a-) re a ctio n s  leading  to le v e ls  in 
^ N i have been  stud ied by  F u lm e r  et a l . [9 ], Cohen et a l . [10] and 
H jorth  et a l . [11 ]. R ecen tly  V e r v ie r  [12] co m p ile d  the data re la t iv e  to 
6-*-Ni. It ap pears fr o m  this com p ila tion  that b e low  2 M eV and above
5.5 M eV  the g a m m a -ra y  e n e rg ie s  a re  w e ll known, w h ereas in the in te r 
m ed ia te  re g io n  not m any tra n sition s  a re  g iven  and th eir  a c c u r a c y  is  
frequ en tly  w o rs e  than 30 keV .

T o in vestig a te  m o r e  th oroughly  this part o f  the sp ectru m  w e m ea su red  
gam m a ra y s  fo llow in g  th erm a l neutron  capture in 6°Ni at the r e a c to r  
EL3 in S a clay . The neutron  bea m  u sed  (flux = 3X 10^  n cm '^  s e c ' l )  w as 
obta in ed  by  B ra g g  d iffra ctio n  on a lea d  sing le  c ry s ta l. The ta rget was 
10 g o f  ^°Ni e n rich ed  to 99.8% . W e u sed  a p a ir  and an ti-C om pton  s p e c t r o 
m e te r  co n s is t in g  o f  a co a x ia l G e(L i) d e te cto r  su rrou nd ed  by  an annular 
c ry s ta l o f  N al. F ig u re  1 co m p a re s  part o f  the p a ir  sp ectru m  with the 
co rre sp o n d in g  part o f  the d ir e c t  sp e ctru m . The 25-cm ^ se m ico n d u cto r  
d e te cto r  has a re so lu tio n  o f 4 .2 keV  at 1.3 M eV and 12 keV at 7 M eV .
The g a m m a -ra y  sp ectru m  fro m  the G e(L i) d e te cto r  w as s to re d  in one o f 
th ree  m e m o r ie s  a c co rd in g  to w hether the event w as c la s s if ie d  as a s in g le , 
p a ir  o r  an ti-C om p ton  event. T h is  se le ct io n  w as done a fte r  the 4096 -ch an n el 
A D C . The sp e ctra  w ere  a lso  s ta b iliz e d  u sin g  two peaks in the sp ectru m  
it s e lf .  O ur e x p erim en ta l s e t -u p  is  d e s cr ib e d  in R e f .[13 ].

T he gam m a e n e rg ie s  o f the ^ N (n ,y )^^N  re a ctio n  g iven  by M arion  [14] 
en abled  u s  to draw  the c o r r e c t io n  cu rv e  fo r  the lin ea rity  o f  the an a lysis  
sy s te m . The peaks in the sp e ctra  w ere  fitted  by  the G R A P  program ^ run 
on a CDC 6600 com p u ter .

' This program was kindly sent to us by J. A . Harvey (Oak Ridge).
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I. HIGH-ENERGY GAMMA RAYS FROM THE 6°Ni(nth,y)^iNi

Present results 
Ey (keV )A E y(k eV )

Iy per 100
[1] Ê12]

Treado
[3 ]

7819. 7 ± 1 .

75 36 .6  ± 1.

6 7 1 9 .4 ±  1.

6 6 3 3 .9 ± 1 .

5695.6  ± 1.

5 1 7 9 .1 ± 3 .  

5 0 5 4 . 5 ± 1 .5

495 6 .6  ± 1.

475 6 .7  ± 2.

4 6 7 4 .4  ± 1 .5

458 7 .2  ± 1 .5  

4404. l i l .

423 9 .2  ± 3. 

4 1 5 0 .9 ±  1.

410 8 .6  ±1 .  

4 0 4 2 . 1 ±  2. 

3 9 4 9 . 6 ± 1 .5

38 67 .8  ± 3. 

3847

3 7 1 0 .3 ±  1 .5  

364 2 .1  ± 1 . 5  

3 5 8 0 .4 ±  1.

341 4 .6  ± 1.

338 5 .5  ± 1. 

3 1 4 5 .2 ±  1.

31 32 .3  ± 1.

2 8 6 1 . 9 ±  1. 

2703 ± 3.

2640 ± 3.

3 7 .5

2 2 .9

2 .4  

1 . 2

8 .4

0 . 2  

0 . 1  

< 0 . 1

0 .3

1. 
0 .5  

0 .7  

0 .3  

0 .4  

0 .4  

0 . 1  

0 . 2

0 .3

0 . 1

0 . 1

0 . 1

0 .3

0.1
0 . 1

0 . 1

0 . 1

0.1

7814 ± 5 

7535 ± 5

6716 ± 5 

6629

5692 ± 5

7820 ± 2 0  

7530 ± 20

6670 ± 30 

6070 ± 3 0  

5 6 9 0 ± 20

5200

4 6 5 0 ± 30

4400 ± 2 0  

4250 ± 2 0  

4140 ± 2 0

3670 ± 3 0

3400 ± 30

2900

7 8 1 0 ± 20 

7 5 2 0 ± 30 

7 1 8 0 ± 50 

6720 ± 100

5790 ± 100 

5 5 5 0 ± 50 

5 2 8 0 ± 80

4 7 0 0 ± 100

3940 ± 100

3200± 50
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T A B L E  II. L O W -E N E R G Y  G AM M A RAYS FR O M  б°№ (п ^ , y) e i^ i 
R E A C TIO N

No.
Ey(keV) A E y(keV )

ty per 100
[ 6]

^  Cu decay

Schöneberg Béraud
E7] [ 8]

Wapstra
E12]

30 2 1 2 4 .0 ±  1. 6 .3 2119 .8 212 8 .0 2124. 2122.

1977.

31

32

173 0 .6  ± 1. 

168 6 .5  ± 1 .5

0.2
<0.1

173 0 .2 1730.8 1729 .9 1729 .0

33 166 2 .7  ± 1 .5 0.1 1663 .2 1662 .7 1662.7 1661.7

34 ' 1661. 7 ± 1 .5 0.2 1611.8 1610 .6 1609 .9 1609.8

35 154 2 .6  ± 1. 0.2 1544.6 1542 .3 154 2 .2 1542.7

1463

36 144 6 .9  ± 1 .5 0.1 144 6 .9 144 6 .6 1446 .2 1446.8

1395

37 118 4 .7  ± 0 .3 2 .7 1185 .5 1186.8 1185 .5 1185 .7

38 113 3 .6  ± 0 .7 0.2 113 2 .4 1132 .7 1132. 1132.8

39 1 1 1 8 .0  ± 2. 1117.8 1116.8 111 8 .4 1118 .0

40 1 0 9 9 .1 ±  0 .3 1 .9 1100.2 1099.8 1100.6 1100.0
41 107 3 .2  ± 0 .5 0.1 107 5 .0 1 07 5 .4 107 3 .2

42 106 5 .1  ± 0 .5 0.2 1 0 6 5 .4 1064.8 1065 .5

43

44

45

1 0 3 1 .6 ± 0 .3  

1022. 1± 1. 

9 3 7 .7  ± 0 .3

3 .1

0.1
1.

103 2 .5 1033 .0 1032 .7

1019.

46

47

9 0 7 .6  ± 0 .3  

8 9 8 .2  ± 0 .8

0 .5

0.1

908 .8 907 .9 909 .8 90 9 .0

90 3 .7

850

48 a 8 4 1 .2 840 .8 8 4 2 .4 840 .8

49 8 1 5 .9 ±  0 .5 2.2 8 1 7 .5 8 1 6 .5 8 1 6 .4 8 17 .1

50 6 5 5 .3 ±  0 .2 Í .3 65 5 .7 656 .0 65 6 .0 65 6 .3

626

51 5 8 8 .4 5 8 8 .4 588 .7 588 .9

52 529 .2  ± 0 .4 0 .5 529 .6 52 9 .5 529 .2 529 .3

53 3 7 4 .0 ±  0 .7 0 .4 372 .7 37 2 .3 37 3 .1 3 7 3 .4

54 2 8 3 .6  ± 1 .0 2 82 .8

67 .3

2 8 2 .9

6 7 .7

28 3 .0

6 7 .4

28 2 .9

6 7 .3 5

^M ultiple peak ^ N i and background.
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FIG. 2 . Schem e o f  gam m a transitions o f  N i. The energies m entioned for the levels  are those o f  Ref. [1 2 ].

E n e rg ie s  and in ten s itie s  o f  the gam m a ra y s  a re  g iven  in  T ab le  I 
tog e th er  w ith co m p a r is o n  w ith the re su lts  o f  o th er  au th ors. F ifteen  
tra n s ition s  have b een  found w hich  have not been  re p o rte d  p re v io u s ly .

The 7.18 and 5 .5 5 -M e V  lin e s  m en tion ed  by  T re a d o  and the 6 .0 7 -M e V  
lin e  m en tion ed  by  B y s tro v  [12] w e re  not o b s e rv e d . F o r  the h igh est e n e rg ie s  
o u r  r e su lts  a re  in a g reem en t w ith th ose  o f  G ro sh e v  but co n s is te n tly  above 
them .

T ab le  II sh ow s o u r  re su lts  and th ose  obta in ed  by  B o lo tin  [6 ], S ch ön e 
b e r g  [7 ], B érau d  [8] and W apstra. [12] who in vestig a ted  the decay  o f  6iCu. 
O ur e n e rg ie s  a re  in g ood  a g reem en t w ith  th e ir s .
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T he dashed lin es  in d ica ted  in the le v e l d iagram  (F ig .2) a re  to be  co n 
s id e re d  as ten ta tive . They sa tis fy  the R itz  com bin ation  p r in c ip le  and feed  
le v e ls  w hich  have b een  id en tified  in o th er n u c lea r  r e a c t io n s .\

T o c o n firm  th ese  ca s c a d e s  w e a re  about to p e r fo rm  co in c id e n ce  e x 
p e r im e n ts  w ith two G e(L i) d e te c to r s .
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Abstract

SHELL MODEL CONFIGURATIONS IN EVEN SPHERICAL NUCLEI. Latest results o f  thermal neutron 
capture gam m a-ray investigations o f  are reported. Enriched samples o f  92 .11%  were used as 
external targets at the Karlsruhe reactor FR-2. The gam m a radiation has been  studied with a Ge(Li) anti- 
Com pton d ev ice , a 5-crysta l Ge(Li) pair spectrom eter, and both a G e(L i)-N aI co in cid en ce  and a N al-N al 
angular correlation  spectrom eter coupled to an o n -lin e  com puter. On the basis o f  these measurements a ' 
considerably extended le v e l  schem e o f  " N i  is proposed. Several new spins were assigned. The experim ental 
levels and transition rates are com pared with results o f  various sh e ll-m od el calcu lations w hich reproduce the 
low -ly in g  experim ental ^N i states fairly w ell. The com parison is extended to the ^Fe le v e l schem e dis
cussed in m ore detail elsewhere.

1 . In t r o d u c t io n

The even  n u c l e i  n o t  f a r  away from  a c lo s e d  1 f  7/2  s h e l l  
f o r  n e u tro n s  a n d / o r  p ro to n s  h ave  g e n e r a l l y  been c o n s id e re d  to  be 
s p h e r i c a l  and to  te n d  to  s u r f a c e  o s c i l l a t i o n s .  E s p e c i a l l y  th e  
n i c k e l  i s o to p e s  °^ N i  and б 2 щ  h ave  been  c i t e d  by s e v e r a l  a u th o rs  
/ * 1 '  2 , 3^7 Rs good exam p les f o r  c o l l e c t i v e  q u a d ru p o le  v i b r a t i o n s  - 
a t  l e a s t  w i t h  r e s p e c t  to  th e  one- and tw o- phonon s t a t e s .  On th e  
o th e r  h an d , r e c e n t  d e t a i l e d  s h e l l- m o d e l c a l c u l a t i o n s  p e rfo rm ed  by 
A u e rb a ch  / * 4 _ /  and Cohen e t  a l .  / " 5 . 7  re p ro d u c e  th e  lo w - ly in g  
e n e rg y  l e v e l s  o f  e v en  and o d d - n e u tro n  N i  i s o to p e s  q u it e  w e l l  w i t h in  
a b o u t 200 k e V . F o r  n u c l e i  w i t h  20 ^ Z - 27 and N = 30 , 32 th e r e  
e x i s t  a l s o  t h e o r e t i c a l  l e v e l  schem es c a l c u la t e d  by M cG ro ry  ¿ f 6 , 7 .7  
w h ic h  can  be com pared w i t h  th e  r e s u l t s  o f  o u r 58yg m easurem ents 

8 _7 . I n  th e s e  p a p e rs  no t h e o r e t i c a l  t r a n s i t i o n  p r o b a b i l i t i e s  a r e  
g iv e n ,  w h e re as  Cohen e t  a l .  and  A u e rb a ch  h ave  c a l c u l a t e d  some B ( E 2 )-  
t r a n s i t i o n  r a t e s .  The p r e d i c t i o n  o f  t r a n s i t i o n  r a t e s  i s  o f  g r e a t  
i n t e r e s t ,  a l s o  w i t h  r e s p e c t  to  t r a n s i t i o n  r u le s  o f  v i b r a t i o n a l  
m o d e ls .

E x p e r im e n t a l ly  th e  th e rm a l n e u tro n  c a p tu re  y - r a y  method 
i s  a v a lu a b le  t o o l  f o r  c h e c k in g  t r a n s i t i o n  modes and r a t e s  up to  
h ig h  e x c i t a t i o n  s t a t e s .  The d e t e r m in a t io n  o f  l e v e l  p o s i t io n s  m ig h t 
be  som ewhat m ore c o m p lic a te d  th a n  i n  o th e r  r e a c t io n s ,  b u t  in v o l v e s

v e r y  p r e c i s e  v a lu e s .  The r e a c t io n  ^ ^ N i (n ,y )^ ^ N i  has  n o t  been  s tu d ie d  
b e f o r e .  The m echan ism  o f  d e e x c i t a t io n  o f  ° 2 n i  s t a t e s  was t h e r e f o r e  
e s s e n t i a l l y  unknown e x c e p t  f o r  th e  f i r s t  f o u r  l e v e l s  w h ic h  had been  
i n v e s t ig a t e d  by Й " d e ca y  o f  °^ C o  ¿ ^ 9 ,  10_ / ,  ß+ d e ca y  o f  62cu 
/ " 1 1 ,  1 2 _7 , and  th e  ( p , p ' y )  r e a c t io n  / * 1 3 _ / .

*  Visiting scientist from Junta de Energfa N uclear, Ciudad Universitaria, M adrid, Spain.

2 7 3



T a b le  I

Sam p le  u sed  f o r  th e  ^ N i ( n , y ) ^ ^ N i  i n v e s t i g a t i o n

Is o to p e ^ . j .B in d in g  e n e rg y  
o f  th e  n e u tro n  
i n  t h e  p ro d u c t  
n u c le u s

(M eV )

C a p tu re  c r o s s  
s e c t io n * ^  f o r  
th e rm a l n e u tro n s

( b )

. n a t  N1 ^^ N i e n r ic h e d  sam p le

C o n te n t  

( %  )

C a p tu re
c o n t r ib u t io n

( %  )

C o n te n t  

( %  )

C a p tu re
c o n t r ib u t io n

( %  )

5 8 ,,i 9.00 4 .4 67.88 70 1.6 2 3

6° N i 7.8 2 2.6 2 6 .2 3 16 5 .18 6

^ N i  . 10 .59 2 .0 1 .1 9 0.6 92 .11 8 3 .5

^ i 6 .8 4 15 3.66 13 1.08 7 .5

6% i 6 .1 3 1 .5 2 1.08 0 .4 0 .0 5 <  0.03
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CONFIGURATIONS IN EVEN NUCLEI 2 7 5

2 .  E x p e r im e n ta l  P ro c e d u r e

The e x p e r im e n ta l  p ro c e d u re  w i l l  o n ly  be m en tio n ed  b r i e f l y ,  
a s  i t  i s  s i m i l a r  to  t h a t  f o l lo w e d  f o r  th e  5 ? F e ( n , y )  m easu rem en ts 
and e x t e n s i v e l y  d e s c r ib e d  i n  R e f .  /^ 8 _7 .

The is o to p e  ^ N i  h as  a  th e rm a l n e u tro n  c r o s s  s e c t io n  o f  
2 b / * 1 4 _ /  and i s  r e p r e s e n t e d  o n ly  to  1 .2  %  i n  th e  n a t u r a l  e lem en t, 
th u s  y i e l d i n g  a c a p tu re  c o n t r ib u t io n  o f  0 .6  %  ( c f .  T a b le  I ) .  T h is  
c o n t r ib u t io n  i n  ou r sam p les  had been  in c r e a s e d  to  8 3 .5  %  by  an  en 
r ic h m e n t  i n  6 l N i  to  9 2 .11  % . In  s p i t e  o f  t h i s  r e l a t i v e l y  h ig h  en 
r ic h m e n t  c a r e  had to  be ta k e n  i n  th e  is o to p e  a s s ig n m e n ts  o f  l i n e s  
a p p e a r in g  i n  th e  y - r a y  s p e c t r a .  - The m e t a l l i c  pow der sa m p le s  i n  
0 .5  mm t h i n  p o ly th e n e  c o n t a in e r s  w e re  u sed  a s  e x t e r n a l  t a r g e t s  f o r  
t h e r m a l iz e d  n e u tro n s  a t  th e  K a r ls r u h e  r e s e a r c h  r e a c t o r  F R - 2 . The 
у  r a d i a t i o n  f o l l o w in g  th e  c a p tu r e  o f  n e u tro n s  was d e t e c t e d  w i t h  fo u r  
d e v ic e s :  1 ) an  a n t i- C o m p to n  a rra n g e m e n t / * 1 5 .7  w i t h  a  4 .9  cm3 G e ( L i )  
d io d e  f o r  th e  lo w  e n e rg y  p o r t io n  up to  2 .8  MeV, 2 ) a  5 - c r y s t a l  p a i r  
s p e c t ro m e te r  w i t h  a 2 mm x 2 .7  cm G e ( L i )  d e t e c t o r  /^16_7< 3 ) a 
34 cn r G e ( L i ) -  7 .6  x  7 .6  cm N a l ( T l )  c o in c id e n c e  sys tem  /* 1 7 .7 ,  and 
4 )  an  a n g u la r  c o r r e l a t i o n  s p e c t ro m e te r  w i t h  two 10 .2  x 1 2 .7  cm 
N a l ( T l )  c r y s t a l s  /^ 1 8 _7 . The l a t t e r  two were c o u p le d  to  an  o n - l in e  
com p u te r / " 19_7 . The e n e rg y  c a l i b r a t i o n  i s  b ased  on th e  d e ca y  l i n e s  
o f  5 ?C o  / " 20 _7 , 1 9 2 i r ,  1^ 'C s ,  88y ,  60co / *2 1 _ 7  and c a p tu re  y - r a y s  o f  
th e  r e a c t io n  H ( n , y )  ¿T 2 2 _ /  up to  2 .8  MeV and  on c a p tu re  l i n e s  i n  
% F e  / "  2 3 .7 ,  1 °^ D y  / ^ 2 4 _ /  and 1^N / ^ 25_7 i n  t h e  h ig h e r  e n e rg y  r e g io n .

As an  exam p le  f o r  th e  y - r a y  s p e c t r a  t a k e n  w i th  th e  p a i r  
s p e c t r o m e te r  t h e  p o r t io n  from  6 .4  to  8.6  MeV i s  shown in  F i g .  1 . As 
e x p e c te d  from  th e  16.5  %  c a p tu r e  c o n t r ib u t io n  o f  i s o to p e s  o th e r  th a n  
6 l N i ,  s t r o n g  l i n e s  o f  5 9 n i ,  ° ^ N i  and 6 3 N i a ls o  do a p p e a r .  T h ese  l i n e s  
e n a b le  us to  c a l c u l a t e  a b s o lu t e  °^ N i  y r a y  i n t e n s i t i e s  ( p e r  c a p tu r e  
i n  °* * N i)  on th e  b a s is  o f  th e  N i n a t ( n , y )  r e a c t io n  in v e s t ig a t e d  by  , 
G ro s h e v  Z ^ 2 6 _7 , i f  we t a k e  i n t o  a c c o u n t  th e  d i f f e r e n t  c a p tu r e  co n 
t r i b u t i o n s  i n  th e  s a m p le s . As can  be se e n  from  i n t e n s i t y  r a t i o s  
com pared w i t h  th e  m easu rem en ts o f  G ro s h e v , o n ly  w eak "2 ^ ^  l i n e s  may 
be masked by y - r a y s  from  o th e r  i s o t o p e s .

F i g .  2 r e p r e s e n t s  G e(Li)  y - r a y  s p e c t r a  o f  F e  a s  an 
exam p le  f o r  th e  c o in c id e n c e  te c h n iq u e  w h ich  h as  been  a p p l ie d  f o r  
6 2 N i a s  w e l l .  The s p e c t r a  shown a r e  c o in c id e n t  w i th  tw o u n r e s o lv e d  
l i n e s  a t  810 keV  and  864 keV  i n  th e  N a l ( T l )  s p e c t ru m , f o r  w h ic h  th e  
w indow  p o s i t io n s  a r e  m arked i n  th e  i n s e t .  The f i r s t  (u p p e r )  sp e c tru m  
r e p r e s e n t s  th e  c o in c id e n c e s  w i t h  th e  f u l l  p e a k , th e  se co n d  one w ith  
th e  81O keV  l i n e ,  th e  t h i r d  one w i t h  th e  864 keV  l i n e .  The c o in c id e n t  
b ack g ro u n d  has  been  s u b t r a c t e d  i n  a l l  c a s e s .  The c o in c id e n c e s  o f  th e  
810 keV  and  864 keV  l i n e s  c o u ld  be s e p a r a te d  by co m p u tin g  a p p r o p r ia t e  
d i f f e r e n c e s  o f  th e  s p e c t r a .

As a l a s t  exam p le  f o r  t e c h n iq u e s  o f  m easu rem ent and 
e v a lu a t i o n ,  F i g .  3 d e m o n s tra te s  a p a r a m e t r ic  p lo t  o f  A g , A4 c o 
e f f i c i e n t s  o f  th e  a n g u la r  c o r r e l a t i o n  f u n c t io n  W (8) = E A^^ P ^ ^ (c o s ß )
f o r  some 1 - 2 - 0  s p in  s e q u e n c e s .  The c ro s s e s  c o r re s p o n d  to  v a lu e s  
o f  m easured  c a s c a d e s  i n  5оре / ^ 8 _7 , a g a in .



F IG .l .  ^ N i ( n ,  portion o f  the pair spectrum , energy range 6 .4  to 8 .6  M eV .
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g 2 The r e s u l t s  o f  a l l  o u r m easu rem en ts  on th e  r e a c t io n  N i 
( n , y )  N i  s u g g e s t  a l e v e l  schem e a s  r e p r e s e n t e d  i n  F i g .  4 . The i n 
t e n s i t i e s  o f  th e  t r a n s i t i o n s  a r e  e x p re s s e d  by th e  l i n e  w id th s .  W e l l  
e s t a b l is h e d  c o in c id e n c e s  a r e  i n d i c a t e d  by f u l l  c i r c l e s ,  p ro b a b le  
ones by open c i r c l e s .  F i v e  c o in c id e n c e  r e l a t i o n s  b e tw ee n  p r im a ry  and 
g r o u n d s ta t e  t r a n s i t i o n s  h ave  been  e s t a b l is h e d  by  th e  s u m - c o in c id e n c e  
te c h n iq u e  w i t h  th e  sum w indow  p o s i t i o n  a t  th e  b in d in g  e n e rg y .  O n ly  
l i n e s  f i t t i n g  w e l l  i n t o  th e  l e v e l  schem e w i t h in  t h e i r  e x p e r im e n ta l  
e r r o r  h a v e  been  u s e d . The e n e rg y  v a lu e s  o f  t r a n s i t i o n s  and l e v e l s  
a r e  c o n s id e re d  to  be a c c u r a t e  w i t h in  l e s s  th a n  500 eV when g iv e n  to  
tw o d e c im a l  p la c e s .  I n  s p i t e  o f  t h i s  p r e c i s io n  t h e r e  a r e  two 
t r a n s i t i o n s  - m arked by  a s t e r i s k s  - t h a t  f i t  th e  l e v e l  e n e rg y  
d i f f e r e n c e s  t w ic e  i n  t h a t  sch em e. In  th e  c a s e  o f  th e  9 6 8 .1 6  keV  
t r a n s i t i o n  t h i s  m ig h t be f o r t u i t o u s ;  t h i s  i s  s i g n i f i e d  by  a dashed  
l i n e .  B u t  th e  se co n d  p la c e m e n t  o f  th e  1220 .76  keV  Y r a y  i s  p o s t u la t e d  
b y  c o in c id e n c e  r e l a t i o n s ,  and  b o th  t r a n s i t i o n s  s h o u ld  be o f  a b o u t 
th e  same i n t e n s i t y .  S t u d y in g  th e  l i n e  sh ap e  o f  th e  1220 keV  у  r a y  
i n  th e  s i n g le s  s p e c t ru m , one f in d s  t h a t  p eak  w id e r  th a n  n e ig h b o u r in g  
p e a k s , b u t  th e  e n e r g ie s  o f  th e s e  tw o l i n e s  c a n n o t d i f f e r  b y  more 
th a n  a b o u t 400 eV . - As c o u ld  be se e n  i n  F i g .  1 , th e  7077 keV  d o u b le t  
can  be r e s o lv e d ,  th u s  r e v e a l in g  two p r im a ry  t r a n s i t i o n s  f e e d in g  th e  
l e v e l  d o u b le t  a t  3520 k e V . I n  th e  same sp e c tru m  th e r e  a p p e a r  two 
l i n e s  a t  7537 keV  and 7819 keV  w h ic h  h av e  to  be a s s ig n e d  to  ° l N i .
B u t  co m p a r in g  th e  i n t e n s i t y  r a t i o  to  t h a t  m easu red  by  G ro s h e v  e t  a l .
/  26 _ /  i n  n a t u r a l  N i ,  one m ust c o n c lu d e  t h a t  th e  lo w e r  p eak  c o n t a in s  
a w eak l i n e  to  a  f r a c t i o n  o f  13 % . S u ch  a  t r a n s i t i o n  f i t s
e x c e l l e n t l y  i n t o  th e  6 2 ^  l e v e l  sch em e. Due to  th e  w eakn ess  o f  t h i s  
p r im a ry  t r a n s i t i o n ,  th e  g e n e r a l  r u l e  t h a t  s t r o n g h ig h - e n e r g y  d e 
e x c i t a t i o n s  from  th e  c a p tu re  l e v e l  h ave  E1 c h a r a c t e r  c a n n o t be 
a p p l i e d .  T h e r e fo r e  i t  i s  im p o s s ib le  to  d e c id e  th e  p a r i t y  o f  th e  
l e v e l  a t  3 0 5 8 .63  k e V . The same a rg u m e n t h o ld s  f o r  th e  l e v e l  a t  
4627 k eV . - F o r  a  g r e a t  p a r t  o f  l e v e l s  fe d  by  s t r o n g  p r im a ry  t r a n s 
i t i o n s  , th e  p o s s ib le  s p in s  can  be r e s t r i c t e d  to  1 *̂ = 0+, 1 + , 2+, 3* 
due t o  th e  f a c t  t h a t  th e  c a p tu re  s t a t e  i n  6 2 n i has  1 ^  = 1 " ,  2 " .  From  
th e  d e e x c i t a t io n s  o f  t h e s e  l e v e l s  one can  e x c lu d e  e i t h e r  th e  s p in s  
0+ and 3*** i n  th e  c a s e  o f  t r a n s i t i o n s  to  0*  s t a t e s  ( e . g .  to  th e  
g round  s t a t e )  o r  th e  s p in s  0 and 1*  f o r  t r a n s i t i o n s  to  a  4+ s t a t e  
( e . g .  t o  t h a t  known one a t  2336 k e V ) .  T h a t  was th e  p ro c e d u re  f o r  a l l  
l e v e l s  designated  by two s p in  v a lu e s ,  e x c e p t  th e  l e v e l  a t  2891 k eV .
T h is  s t a t e  has  to  be d is c u s s e d  i n  m ore d e t a i l .  F i r s t ,  a  f e e d in g  
p r im a ry  t r a n s i t i o n  was n o t  fo u n d . O n ly  one d e e x c i t a t io n  o f  1718 keV 
t o  th e  f i r s t  2*** s t a t e ,  none to  th e  g round  o r  f i r s t  e x c i t e d  0 s t a t e  
c o u ld  be o b s e r v e d .  T h e r e fo r e  1 ^  = 1+ d o e s n 't  seem l i k e l y ,  a lth o u g h  
th e  s p in  a s s ig n m e n ts  1 ^  = 0***, 1 * , 2 * ,  3 *  f o r  th e  l e v e l  a t  2891 keV  
a r e  a l l  c o m p a t ib le  w i t h  th e  o b s e rv e d  1 = 1  v a lu e  i n  th e  6 l ^ i ( d , p )  
r e a c t io n  27 .7 . O ur m easu red  a n g u la r  d i s t r i b u t i o n  o f  th e  1718 keV  - 
1173 keV  c a s c a d e  r e v e a l i n g  a r a t h e r  s t r o n g  p o s i t i v e  a n i s o t r o p y ,  i s  
c o n s i s t e n t  w i t h  a  2 - 2 - 0 s p in  s e q u e n c e . E a r l i e r  
n o t  q u i t e  c o n v in c in g  i n v e s t i g a t i o n s  o f  th e  62gQ d e ca y  / f 9 _7 
p o s t u la t e d  a 3*** l e v e l  a t  2.89  MeV w h ic h  m ust be i d e n t i f i e d  w i th  
o u r s t a t e  a t  2891 k e V . R e c e n t ly  Mo e t  a l .  /  10_7  r e p e a te d  th o s e  
m easu rem en ts u s in g  G e ( L i )  d e t e c t o r s  and c o n c lu d e d  t h a t  no 3+ s t a t e  
i s  p o p u la te d  by 62co d e c a y .  The б 1 ц ! ( п , у )  a n g u la r  c o r r e l a t i o n  a n a l y s i s  
w h ic h  i s  s t i l l  i n  p r o g r e s s ,  y i e l d s  unam biguous r e s u l t s  f o r  t h e  s t r o n g  
875 keV  - 117З keV  and 2346 keV  — 1173 keV  c a s c a d e s .  Thus th e  s p in  
0 *  f o r  th e  known l e v e l  a t  2048 keV  i s  c o n f ir m e d ,  and a  new s p in

3. Level Scheme of ^Ni
61
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Nal(T!)
spectrum and 
window settings

FIG .2 . Sections o f  the ^Fe germ anium  spectra co in ciden t to dig ita l windows in the N a(I) spectrum.

a s s ig n m e n t  1*̂ * = 2+ f o r  th e  s t a t e  a t  3519 keV  has been  e s t a b l is h e d .  
A n o th e r  r e s u l t  o fa p r e lim in a r y a n a ly s is in th a t in th e u n r e s o lv e d  2097 keV/ 
2084 keV  - 1173 keV  c a s c a d e  a t  l e a s t  a  s p in  0 f o r  th e  l e v e l  d o u b le t  
З 257/ 7 О keV  can  be e x c lu d e d . T h u s , from  a l l  24 e x c i t e d  s t a t e s  
e s t a b l is h e d  i n  t h i s  ( n , y )  i n v e s t i g a t i o n ,  o n ly  s i x  s t a t e s  c o u ld  n o t 
be a s s ig n e d  s p in s .

I f  one com pares th e  d is c u s s e d  ( n , y )  l e v e l  schem e w i t h  th o s e  
fo un d  i n  i n e l a s t i c  s c a t t e r i n g  /  2 ,  28 - 3 0 _/  and s t r i p p in g  r e a c t io n s  
/ " 2 7 ,  29 =7, a s  done i n  F i g .  5 ,  an e x c e l le n t  ag reem en t i s  r e v e a le d  up 
to  an  e x c i t a t i o n  e n e rg y  o f  a b o u t 4 M eV. T h e re  a r e  s i g n i f i c a n t ,  l a r g e  
l e v e l  s p a c in g s  from  1 .2  to  2 .0  M eV, from  2 .3  to  2 .9  MeV, and from
3 .5  t o  3 .8  MeV (e x c e p t  a p ro b a b ly  c o l l e c t i v e  3 *  l e v e l  a t  3 .7  MeV 
n o t  o b s e rv e d  i n  th e  ( n , y )  r e a c t i o n ) .  F o r  h ig h e r  e n e r g ie s  th e  
co m p a r iso n  g e ts  more d i f f i c u l t  due to  th e  in c r e a s in g  l e v e l  d e n s i t y .
I n  t h i s  r e g io n ,  o f  c o u r s e ,  th e  ( n , y )  schem e i s  n o t  c o m p le te . Two 
l e v e l s  (u p  to  3 .5  MeV) a r e  m is s in g  i n  o u r schem e com pared w i t h  th o s e  
o f  th e  ( p , p ' )  and ( d , p )  r e a c t i o n s ,  i . e .  a t  3175 keV  and 3467 k eV *^ . 
P r o b a b ly  one h as  to  a s s ig n  s p in s  h e ig h e r  th a n  3 to  th e s e  s t a t e s .  Due 
to  th e  1 = 3 v a lu e  m easu red  by F u lm e r  and M c C a rth y  2 7 .7  f o r  th e
l e v e l  a t  3175 k e V , th e  s p in  a s s ig n m e n t  o f  4+, 5*** seem s to  be con- ^
s i s t e n t .  A c c o rd in g  to  th e  d e e x c i t a t io n  o f  t h i s  l e v e l  to  th e  f i r s t  2
s t a t e ,  a s  o b s e rv e d  i n  th e  d e ca y  o f  10 _/ , th e  s p in  5 *  can  be
e x c lu d e d . - F o r  th e  s a k e  o f  c o m p le te n e s s  i t  may be n o te d ,  t h a t  two 
a d d i t i o n a l  l e v e l s  a t  3275 keV  and 4051 keV  h ave  been  p ro p o sed  by

*^ H e re  th e  e n e rg y  v a lu e s  o f  th e  M IT  m easurem ents /  2 8 _/  a r e  c i t e d ,  
a s  th e y  m o s t ly  a g re e  b e s t  w i th  ou r v a lu e s .
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FIG.5. Comparison o f  ^Ni levels found by different reactions.
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Mo et al. /^ 1 0 _7. Because of the energy precision and of the spin 
assignment 4, the first of these cannot be identified with our 1 + , 2 *** 
state at 3270 keV. For the level at 4051 keV, too, no analogue can 
be seen in the (n,y) scheme.

4. Comparison of Experimental Schemes with Theory

62
Out of those available data an "experimental" Ni level 

scheme has been constructed for comparison with calculated states 
in Fig. 6 . A similar procedure was done with the 5SFe scheme in 
Fig. 7, also including experiments other than the (n,y) investigation. 
In Fig. 6  there are shown four theoretical level schemes resulting 
from shell-model calculations taking into account effective inter
actions. The common basic assumptions are the following: In all Ni 
isotopes а Збщ core is treated as being inert, i.e. excitations of 
neutrons or protons from the completely filled 1 f 7 / 2  shell ("core 
excitations") are neglected. The low-lying states are due to the 
motion of neutrons around a doubly closed-shell core. These active 
neutrons are restricted to the shells 2  p 3 / 2 , 1 f 5 / 2 , 2 p 1 / 2 .

FIG.6. Experimental and calculated energy levels in ^Ni.
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MeV

4.0

3.5

3.0

2.5

2.0

1.5
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0.5
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Experimental Catcutatcd

2*
1"

0*
м.я. -------------  2̂

2̂  ----------------  о̂
----------------  ^

----------------  2*
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.̂ейи.риб.р) 5̂,6* ----------------  g*
----------------------  4+Q +

----------------  0+ ----------------  3*
----------------------  3+ ----------------------  4+

----------------- 2+

2 +

О" ----------------- 0+

F1G.7. Comparison o f  the experimental and theoretical ^Fe level scheme.

Contributions of the 1 g 9/2 shell (estimated at least 3 MeV above 
the 2 p 3/2 level in 5?Ni) are not included. The single particle 
level spacings are taken from the experimental 57Ni spectrum. Within 
the configurations chosen there exist 3 0  two-body matrix elements 
between the antisymmetric two-particle states. As the number of 
experimental data is too small for a direct parametrization, the 
number of parameters is cut down. The calculations differ - roughly 
spoken - in the procedure of restricting and fitting the parameters 
to the experimental data. Looking at Fig. 6  again, in the right hand 
level scheme surface delta interaction / 31 _/ was applied with an 
attractive strength constant fitted to the odd-even mass difference. 
The agreement of the low-lying levels with experiment is surprisingly 
good. In the scheme of Hsu et al. / 32_/ the nucleon-nucleon potential
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used was an s-state interaction with four radial matrix elements, as 
suggested by a least-squares fit to 27 experimental Ni-energy values. 
In one of the most refined calculations Cohen et al. / 5 - 7  para
metrized a two-body potential with central, tensor and two-body 
spin-orbit parts together with the four (already mentioned) radial 
matrix elements. This procedure yields 12 free parameters to be 
fitted to 24 experimental level energies in Ni. Finally Auerbach /  4 /  
fitted 17 of a total of 30 matrix elements to the body of available 
energy data, using the Kallio-Kolltveit potential for calculating 
the rest of them.

On the whole the agreement between calculations and 
experiment is quite satisfactory up to about 3.2 MeV. Generally the 
first 2+ state is reproduced too high. There is a trend in these 
calculations to predict more 0 * states than will probably ever be 
observed. Particularly 0*** states should be fed strongly in the (n,y) 
reaction, but there is no indication that such an experimental state 
exists between 2.1 and 3.8 MeV. The calculations would prefer the 
level at 3059 keV to be a 3* state, thus leaving the spin 2 for the 
level at 2891 keV. The experimental 3" state, of course, cannot be 
reproduced within the configurations chosen. Taking another nucleus, 
5 8 уе, for a comparison between shell-model calculations and 
experimental states, the agreement seems to be even better (see 
Fig. 7)* For each experimental level there exists a theoretical 
counterpart within about 250 keV (except one 4*** level). The 
assumptions of these calculations performed by McGrory /*7 .7 had 
been ( i ) an inert °Ca core, ( ii ) the last six protons being 
restricted to the 1 f 7 / 2  shell and ( iii ) only ( 2  p 3 /2 , 1 f 5 / 2 ,
2 p 1/2)" configurations for the four active neutrons. The Hamiltonian 
included p-p, n-n, and n-p interactions, the parameters of which 
were fitted to spectroscopic data in 54pe, in the Ni isotopes (as 
done by Cohen et al.) and in the N = 29 isotones from ^9ca to 57Ni 
(as done by Vervier /"33 JO) respectively.

58
In the case of Fe a comparison between experimental and 

theoretical transition rates is impossible because of a lack of such 
calculations. But for °2̂ í there were given some theoretical B(E2) 
ratios by Auerbach and by Cohen et al.,presented in Table II. This 
table is a compilation of B(E2) ratios as predicted by the simple 
vibrational model (Col. l)(with the phonon selection rule = 1 ),
as deduced from our experimental data in 58р§ (Col. 2) and in °2̂ i 
(Col. 3), and as calculated in the shell model with effective inter
actions (Col. 4). The first experimental value has to be considered 
as an upper limit, as the 2 ^ —*-2 ^ transition was assumed to be pure 
E2 radiation which is most probably not true. The same assumption 
holds for the other experimental values; there the deduced ratios 
express limits only if one of the transitions is below the detection 
threshold. One interesting feature should be pointed out that can be 
seen in the first line: The experimental fact of a strong inhibition

of the crossover transition 2 ^ — *- 0 ^ in ^^Ni - as postulated by 
vibrational models - is also reproduced by shell-model calculations. 
This inhibition had been thought to be a good argument for the 
vibrational character of °2 щ. As the position of the first 3 * state 
in °2 м1 has not yet been definitely established, the experimental 
B(E2) value was calculated for both possible candidates, the l e v e H  
at 2 8 9 1  keV (c) and 3059 keV (d). The first one seems to agree better 
with the ahell-model value. The corresponding ratio for 58pe is much
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Table II

Comparison of reduced transition rates

Ratio Vibrational
model experiment

62NÍ
experiment

^^Ni 
shell model

B(E2;2^ —  2^) 

B(E2;2^-^0^)

00 1 0 . 5 á 23 1 3 1 0  

33 ^

B(E2;3^ — 2^) 

B ( E 2 ; 3 ^ 2 ^ )

OQ &  350 ^  1 0  

1 0 0

1 b)

B(E2;2^— 2^) 

B(E2;2^ — 0 ^)

(OO) - ^ 0 . 1 2 9

Ref. /f4_7 Ref. / * 5 j  ^  see text

higher (in the limit). - One cannot say that these few examples 
strongly support the shell-model calculations, but there are no 
serious discrepancies either. It is remarkable that the two shell'^ 
model values given for the cascade-crossover ratio of the second 2  
state differ by a factor of 40. One would like to know how much the 
theoretical values for other transiticne differ from each other. 
Finally, our decay scheme offers many more experimental y-branching 
ratios waiting for a comparison with theory.
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Abstract

RADIATIVE NEUTRON CAPTURE STUDIES OF NUCLEAR EXCITATIONS IN ' " Z n .  Nuclear exci
tations in ^Zn  were investigated via the (n, y) reaction on a highly enriched ^Zn sample. Four 
different spectrometers, a Ge(Li) anti-Compton spectrometer, a Ge(Li)-4 Nal(Tl) pair spectrometer, 
a Ge(Li)-Nal(Tl) coincidence device and an angular correlation system, were used to establish a 
reliable decay scheme.

1. INTRODUCTION

Even nuclei in the m ass region  around A= 70 reveal interesting 
features in their nuclear structure. The occu rren ce  o f low -lying 0+ states 
is  a puzzling problem  and as yet not w ell understood. T herefore  much 
experim ental work has been done in this m ass region during the last few 
yea rs , m ost o f it via particle  reactions and radioactive decay. An additional 
helpful tool fo r  nuclear structure studies is the (n, y) reaction . At the 
present state of the art this allow s not only a very  p rec ise  energy determ i
nation of nuclear leve ls  but also the m easurem ent o f transition probabilities 
and m ixing ratios o f gamma transitions, i .e . quantities very  sensitive to 
nuclear m odels.

The only even nuclei in the above m ass region a ccess ib le  to study by 
the (n ,y ) method are 6^Zn and 74^g^ Results on ^ G e  w ere reported  
ea rlie r  [1]. In this paper we w ill present data which we obtained from  
the reaction  ^Zn(n, y )^ Z n  at thg K arlsruhe research  rea ctor  F R -2 .

2. SOME DATA ON ZINC ISOTOPES TARGET

The abundance o f ^Zn in natural zinc amounts only to 4.11%. We used, 
th erefore , a target enriched to 89.55% in ^ Z n . Unfortunately the con tr i
bution of ^ Zn  to the total contribution o f this sam ple could not be ca lcu 
lated because the c ro s s -s e c t io n s  fo r  both *̂?Zn and ^Zn  are not known.
Our spectra  reveal, how ever, only minute contributions from  the other 
zinc isotopes. N evertheless we tried  to determ ine the previously  unknown 
c ro s s -s e c t io n s  o f ^Zn and ^ Z n  from  their intensity contributions in 
the natural m ixture by assigning prim ary transitions [2] to the corresponding 
isotop es . We assum ed thereby that for  each o f the participating isotopes, 
^ Z n , ^ Z n , 67^  s^Zn, com parable portions o f their total intensity 
have been detected. The contribution o f ^°Zn can be neglected. The
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T A B L E  I. D ATA ON ZIN C  ISOTOPES

^ Z n ^Zn " Z n **Zn 7 0 -Zn

Natural abundance ( % ) 48.89 27.81 4.11 18.56 0.62

о (b)^ 0.17 ± 0.03 ? ) 1.07 ± 0.15 0 .1  ± 0.02

comribution (4b)
34.2 ? ? 18.1 0.6

Contribution derived 
from y -intensity

36.7 20.5 25.1 17.7

о  from
у - intensity (b)

0.85 ± 0 .2 6 .9  ± 1 .4

Вд o f product 
nucleus (keV)

7979.2 7052.3 10197.9 6482.6 5833^

Contribution in
89.55%  " Z n 0.23 0.62 98.4 0.75
enriched sample

R̂efs [3,4] 
^Ref. [5 ]
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assignm ent o f gamma rays in the natural m ixture was considerably fa c ili
tated by the knowledge of a ll ^ Z n  gamma lines originating from  the 
present m easurem ents with the enriched target. The resu lts o f this 
procedure are listed  in Table I.

The agreem ent o f the contributions o f ^ Z n  and ^ Z n  calculated from  
the known cro ss -s e c t io n s  with the contributions derived from  the gamma 
intensities assigned gives confidence that the contributions o f 66Zn and 
^  Zn and hence their c ro ss -s e c t io n s , determ ined from  these contributions 
and the known c ro s s -s e c t io n  fo r  the natural m ixture [4], are co rre c t  
within 20%.

3. EXPERIM ENTAL TECHNIQUES

3.1. S pectrom eters

Four different spectrom eters  w ere used for the (n, y) studies. P rec ise  
energy m easurem ents o f transition energies in the energy region  up to 
3 MeV w ere ca rr ied  out in a C om pton-suppressed system . The m ost 
significant feature o f this system  is the high suppression o f the Compton 
distribution. This is  dem onstrated in F ig .l which shows a portion o f the 
(n ,y ) spectrum  o f ^^Zn. Transitions with intensities 5X 10"^ o f the intensity 
o f the 1077-keV  transition can be detected. F o r  a detailed description  o f 
the system  see R ef. [6].

In the mean energy region from  2 to 6 MeV we record ed  the gamma 
spectra  in a 5 -cry s ta l pair spectrom eter consisting o f a 4-cm^ Ge(Li) 
detector with a coo led  F E T -p ream p lifier  and four bevelled  3X 3 -in .
N al(Tl) detectors . The extrinsic detection probability of a double-escape 
event in the Ge(Li) detector via the se lected  photopeaks o f the annihilation 
radiation amounts to 5%. In F ig .2 a part o f  the pair spectrum  o f ^ Zn  
shown. To p reserve  the good resolution o f 5.9 keV at 6 MeV over a long 
tim e, the spectrom eter is digitally stabilized  with a stable double-pulse 
generator against zero and gain shifts o f the e lectron ics  including the 
4096-channel ADC. In the energy region above 6 MeV the spectra  were 
record ed  as singles spectra .

To establish  a re liab le  decay schem e much work was done in y -y  
coincidence and angular corre la tion  m easurem ents. F or these investi
gations we have two spectrom eters  connected to an on -line com puter, 
thus allowing the sim ultaneous m easurem ents o f all interesting co in c i
dences and angular corre la tion s with the aid o f the double-window 
technique. The coincidence arrangem ent used fo r  these m easurem ents 
com p rised  a 34-crn^ Ge(Li) detector and a 3X 3-in.N al(T l) detector.
Later the Nal(Tl) detector was rep laced  by another large-volu m e Ge(Li) 
detector. The angular corre la tion  spectrom eter and the data p rocessin g  
therefrom  are described  in R ef. [7].

3.2. Calibration

To make full use o f the high resolution o f the anti-Com pton and pair 
sp ectrom eters  with resp ect to p rec ise  energy determ ination, the gamma 
spectra  w ere analysed with a com puter fit program  [6]. An exam ple o f 
the analysis o f the spectra  is given in the inset o f F ig .2 showing a fitted
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T A B L E  II. P O LYN O M IA L F IT  OF NITROG EN  C A LIB R A TIO N  LINES

(keV)
Output data 

(keV)

Marion [10] Measurement 1 Measurement 2 Measurement 3 Mean value

4508.8 ± 0 .3 4508.81 4508.83 4508.82 4508.8

4945.07 4945.14 4945.07 4945.1

5268.5 ± 0.2 5268.90 5268.92 5268.88 5268.9

5297.4 ± 0.3 5297.60 5297.46 5297.62 5297.6

5533.0 ± 0.3 5533.01 5533.01 5532.97 5533.0

5562.0 ± 0.3 5561.91 5561.69 5561.78 5561.7

6322.1 ± 0 .4 6322.12 6322.10 6322.12 6322.1

Greenwood [111 a

4508.8 ± 0 .3 4508.88 4508.86 4508.88 4508.9 ± 0 .3

4945.42 4945.32 4945.32 4945.35^

5269.2 ± 0.35 5269.26 5269.26 5269.21 - . ' 5269.2 ± 0 .3

5297.8 ± 0.35 5297.80 5297.96 5297.95 5297.9 ± 0 .3

5533.2 ± 0.35 5533.29 5533.31 5533.33 5533.3 ± 0 .3

5562.2 ± 0.35 5562.09 5561.98 5561.99 5562.0 ± 0 .3

6322.0 ± 0 .4 6322.0 6322.01 6322.01 6322.0 ± 0 .4

^Used for calibrating the gamma rays in ^Zn.
Ey = 4945.46 ± 0.17 keV. Calibration standard from ^C [1 2 ].
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line group in the pair spectrum . This fitting with m odified Gaussian 
functions, i .e . Gaussian function plus exponential function taking into 
account the low -en ergy  tailing o f the peaks, allows the exact determination 
o f peak location s. The system  non-linearity  was m easured by feeding 
pulses from  a highly stable pulse generator with a linearity  better than 
1 part in lt)S and a resolution  o f  1 part in 10  ̂ [8] into the pream plifier.
The puiser peak locations resulting from  the fitting procedure w ere then 
fitted by the least-squ ares method to a polynom ial o f ord er  up to four.
F or  the calibration  the peak positions o f the calibration lines taken together 
with the spectrum  w ere fitted with a polynom ial of sam e o rd e r . The p o ly 
nom ial best describ ing the system  non-linearity  was then chosen fo r  ca li
bration . To obtain best resu lts the polynom ial som etim es had to be divided 
into two o r  three parts.

In the low -en ergy  region  the well-known calibration  lines w ere used 
[9]. In the h igh-energy region, unfortunately, there is  still a lack of 
p rec ise  calibration  standards. Lately the capture lines o f have been 
com m only used as energy as w ell as intensity standards. H owever, there 
rem ain som e am biguities because the data of different authors do not 
coincide within the e rro rs  indicated. This is especia lly  true fo r  the 
intense lines between 5 and 6 M eV. R ecently M arion [10] has published 
a set o f adopted values. While calibrating different independent m easu re
m ents with different peak channel locations o f the calibration lines we got 
indications that these values are not quite c o rre c t . Table II shows the 
resu lts o f the polynom ial fit o f two different sets o f  nitrogen calibration 
lines between 4.5 and 6.3 MeV: in one we used the adopted values o f Marion 
and in the second  the data of Greenwood [11]. One can see from  the table 
that the calibration  set o f Greenwood reproduces the best known energy in 
this region  — the 4945 .46±0 .17 -k eV  capture line o f 13C [ 1 2 ] — much better 
than that o f  M arion. F or  calibrating our h igh-energy spectra  we used, 
th erefore , the values o f Greenwood fo r  calibration lines above 6 MeV 
together with our slightly different values from  Table II.

4. EXPERIM ENTAL RESULTS

The resu lts o f all m easurem ents are sum m arized in the leve l schem e 
in F ig .3 . A ll transition energies therein are corrected  fo r  re co il . Up to
3 MeV all levels  with spins between 0 and 4, seen in different reactions 
[13-17], are excited  in the (n, y) p rocess  and are now p rec ise ly  fixed. A ll 
leve ls  in the decay schem e are fed by prim ary gamma rays from  the 
capture state except the 0  ̂ leve l at 1655.90 keV and the 2821.54-keV  level. 
A prim ary  transition to the 3281.5-keV  lev e l could be m asked by the in
tense transition to the c lo se -ly in g  3286.93-keV  level. Though the precise  
energy determ ination allow s one to apply the R itz com bination principle 
with con fidence, m ost o f the transitions have been w ell established by 
coincidence m easurem ents. Such w ell-estab lished  coincidences o f tran
sitions are m arked with dots at their arrowheads in the leve l schem e.
O nly  one ambiguity a r ises : thorough investigation o f the spectrum  
coincident to the 1077.36-keV  transition revea ls a line at 1883 keV, 
although the coincident background and the contribution from  the nearly 
1126.08-keV  transition have been subtracted appropriately with the double
window technique. A recent coincidence m easurem ent on natural zinc with
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our new G e(L i)-G e(L i) coincidence arrangem ent supports this resu lt. This 
involves, m ost probably, a cascade 1882.0 keV-1077.36 keV between the 
known leve ls  at 2959.39 keV, 1077.36 keV and the ground state. Not m ore  
th a n l0 % ofth e total intensity of the 1883.09-keV transition is  involved in 
this 1882.0-keV  transition. This latter transition could not be resolved  
from  the intense 1883.12-keV  transition in the singles spectrum .

The resu lts o f our angular corre la tion  analysis done fo r  eight cascades 
are shown in a param etric Ag, A 4 plot in F ig .4. F rom  these resu lts the 
follow ing unambiguous spin and parity assignm ents are derived: 0  ̂ fo r  
the 1655.90-keV  level, 2* fo r  the 1883.12-keV  level, 2̂  for  the 2338.37-keV  
leve l and 4̂  for  the 2417.34-keV  level. These con firm  the resu lts o f  earlier  
m easurem ents. H owever, we get quite different m ixing ratios fo r  the
805.76-keV  transition between the 1883.12 and the 1077.36-keV  levels  and 
fo r  the 1261.01 transition between the 2338.37 and the 1077.36-keV  leve ls .
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FIG. 4. Angular correlation coefficients for transitions in s'Zn from the reaction ^'Zn(n, y / 'Z n .

The resu lts o f the studies in radioactive decay o f ^G a, also shown in 
F ig .4, y ie ld  a ó = -(4  Í 2 ) o r  94% E2 contribution fo r  the 805.76-keV  
transition  [18] w hereas the analysis o f our (n, y) m easurem ent y ields 
a ó = 1.45 ± 0.15 o r  68% E2 contribution fo r  the sam e transition. F or  the
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1261.01-keV  transition T aylor and M cPherson [19] obtained from  ra d io 
active decay o f ^Ga ^ <5 = 2.25± 0.30 or 84% E2 contribution, however, our

5 = 0.21 yields only a sm all amount o f 4% E2 contribution to this

transition . These d iscrepancies may have two reasons: firs t  both tran
sitions appear in the decay o f ^G a with much less  intensity than in the 
(n, y) reaction, on the other hand the spectra obtained from  the radioactive 
decay are ch aracterized  by a high background caused by annihilation 
radiation and brem sstrahlung. This requ ires a large background sub
traction and therefore there rem ains som e uncertainty as to what extent 
this was co rrectly  done. A detailed description of our angular correlation  
analysis o f the 1260.01 transition is given in R ef. [7].

The angular correlation  analysis o f the other cascades shown in F ig .4 
y ie ld s, in conjunction with the excitation and de-excitation behaviour of 
the involved leve ls , spin and parity 2̂  o r  3*̂ for the 3009.27-keV  level and 
1" o r  2* fo r  the 3184.00-keV  leve l. The negative parity assignm ent to 
this leve l was taken from  (d, p) m easurem ents [17] which reveal a negative 
parity level at 3180 keV. This is  com patible with the very weak prim ary 
feeding o f the 3184.00-keV  leve l found in the present investigation. Spin 
and parity assignm ents fo r  the 3286.93-keV  level com e out unambiguously 
to be 1̂  , while the 3495.74-keV level m ost probably has the assignment 
3*. The 4* (3^) assignm ent to the 3725.92-keV level, also taken from  the 
(d, p) m easurem ents [17] where a level with this spin was seen at 3730 keV, 
agrees with its feeding and d e -excitation.

The spin 3" fo r  the 2750.68-keV and 2  ̂ for the 2821.54-keV  levels 
seem  to be w ell established from  other m easurem ents [14, 15, 20]. It is 
astonishing that the latter level is not excited by a possible prim ary E l 
transition from  the 2 ' ,  3" capture state. Hudson et а1.[Д4] assigned from  
(t, p) m easurem ents an unambiguous spin 4 to a level at 2954 ±8  keV. If, 
how ever, the 2959.9-keV  transition represents a ground-state transition 
from  the 2959.39 -keV  leve l found in our investigation and assum ed to be 
identical with the leve l o f Hudson, the spin o f this level should be 2̂  . The 
assignm ents to the rem aining levels in the level schem e represent m ost 
probable values with resp ect to their excitation and de-excitation  behaviour.

5. CONCLUSIONS

Coulomb excitation and various inelastic scattering experim ents leave 
no doubt that m ost o f the low -lying  excitations o f the so-ca lled  ' spherical' 
nuclei have co llective  ch aracter. D iscussing nuclear level patterns one 
enters, how ever, the problem  as to what sort o f collective  motion one 
should ascrib e  to these excitations. It seem s now to be rather certain that 
the m odel m ost applied to these nuclei — the vibrational m odel — does not 
give an adequate description  o f their excitations. Looking at the level 
schem e in F ig .4 with the phonon picture o f this m odel in mind, one might 
con sider the firs t  excited 0* level, the second 2* and the firs t 4* level as 
two-phonon candidates though these three levels are relatively  widely spaced. 
The 2*̂  leve l at 2338 keV can be com pletely ruled out as a phonon-state 
because o f the pure M l character o f its de-excitation  transition.
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A deeper insight in the leve l structure may be obtained by com paring 
the leve l patterns o f neighbouring nuclei. This is done in F ig .5 fo r  even 
nuclei between ^ Z n  and ^ G e . Included in the figure are all the data 
available in literature about the levels up to the 3 octupole state. The 
com parison  shows very  n ice analogies between different isotopes for  the 
firs t  and second 2* levels and for the firs t  4̂  level. While these levels 
vary only slow ly in their energies from  one nucleus to the other, the firs t 
0* leve l com es down very  rapidly in its energy — m ore  than 1.5 M eV. In 

Zn the situation is  com plicated  by the presence o f two 0̂  lev e ls . N ever
theless, the quite different behaviour o f these 0̂  states im plies that they 
represent another type o f excitation than other states in this region .

2*

2l_

0*"
2 *

'Zn

— 3" 

Í *
^ 3 " - 3*

2 ' )21
= .  3*

\  2+
'  ^ 2* \ t *

0* \

68.Zn "Gc 'Ge

FIG. 5. Comparison between level schemes of even nuclei around A = 68 including all experimental data 
available in the literature.

The recently  observed  large quadrupole m om ents o f the firs t  excited 
2  ̂ states [21], also in nuclei com m only believed  to be spherica l, indicate 
that anharm onic effects probably play an im portant ro le . There have been 
em pirica l attempts to treat the vibrational spectra as quasi-rotational 
spectra  [22] and to decom pose them into quasi-rotational bands, beta -like 
bands and gam m a-like bands. The firs t  excited 0̂  state is thus considered 
as a band head o f a quasi-beta band. The num erical calculations recently 
started [23] involving the exactly treated coupling o f these three motions 
yielded prom ising resu lts for  nuclei with m asses around A= 190, i .e . in 
the transition region from  deform ed to spherical shapes. One may hope 
that this w ill a lso be true fo r  the lighter nuclei.
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THE LEVEL STRUCTURE OF ^Ge
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Abstract

THE LEVEL STRUCTURE OF ^ G e. The decay gamma rays o f  ^ Ge have been observed and the neutron 
binding energy deduced from neutron capture in " G e . The levels which are directly populated from the 
capture state were determined. The level structure o f  "Ge below 1 .8-MeV excitation energy has been 
investigated by means o f the ^Ga(p, n)^Ge and the "G a (p ,n y )"G e  reactions.

Interest in the germanium isotopes has been stim ulated by the w ide
spread use o f Ge(Li) detectors in nuclear physics. H igh-resolution  studies, 
including (n, y) m easurem ents, have been made on severa l of the Ge isotopes, 
but the leve l structure o f ^G e has previously  been investigated only by means 
o f the (d, p) reaction  on ^ G e, recently  by Goldman [ 1]. The firs t  two 
excited  leve ls  o f ^Ge are w ell known from  beta-decay studies. In this 
experim ent the lev e l structure o f ^G e was investigated by means o f the 
^°G e(n,y)^G e, th e 4 G a (p ,n y )4 G e  and th e ^ G a ip .n j^ G e  reactions.

The (n, y) experim ent on ^G e was perform ed  at the ORR-type reactor , 
S A F A R I-1, o f the A tom ic Energy Board of South A frica . A beam of sub- 
therm al neutrons is  extracted via a beam tube which extends tangentially 
outwards with respect to the co re  from  a high flux region . This arrange
ment d iscrim inates against fast neutrons and gamma rays from  the co re .
In addition, a bism uth filte r  of 30 cm  is  used. The gamma rays from  the 
sam ple w ere detected in a 30-cm ^ G e(Li) spectrom eter and record ed  on a 
4096-channel analyser in the energy regions 0-8, 0 -2 . 6 and 2. 6 -7 . 8 MeV 
with a system  resolution  o f approxim ately 6 keV at 1.3 M eV. Background 
runs o f equal live  tim e w ere record ed  under identical conditions. The 
detector calibration  and relative e ffic ien cy  determ ination w ere perform ed  
by means o f chlorine (n, y) runs over the full energy range, supplemented 
by runs with standard sou rces up to 2. 6 MeV. The energies o f the chlorine 
lines w ere taken from  the w ork o f Kennett et al. , as published in Ref. [ 2], 
from  which relative intensities w ere also obtained. An independent relative 
e ffic ien cy  determ ination fo r  this detector, using num erous sim ple cascades 
from  (p, y) experim ents, is  in agreem ent with our resu lt. The 1 -g  ^G e 
sam ple, in oxide form , was enriched to 91.4% .

The 7-^Ga(p, n)4G e experim ent (Q = -1017 keV) was perform ed  at the 
3-M eV pulsed Van de Graaff a cce lera tor  of the South A frican  Atom ic 
Energy B oard. Neutron spectra  w ere recorded  with a 4 X 2-in. p lastic 
scin tilla tor and a conventional t im e -o f-flig h t arrangem ent utilizing flight 
paths up to 3 m and various incident proton energies up to 3 M eV. The 
decay gamma rays w ere detected with a 30-cm ^ Ge (L i) detector either 
d irectly  or in coincidence with the neutrons. D irect gamma spectra  were 
observed  by irradiating a target, consisting of natural Ga^Ogevaporated 
to a thickness o f 100 keV onto a 0. 25-m m  Ta backing, in energy intervals

3 0 1



3 0 2 HOFMEYR et aL

of 100 keV from  1. 5 to 3. 0 MeV. Due to the extrem ely low c ro ss -s e c t io n  
fo r  this reaction, the coincidence m easurem ents mentioned w ere used only 
to identify gammas associated  with the neutron flux. A 14-keV  target 
(at Ep = 2 MeV) was used in the tim e-o f-flig h t experim ent.

L evels which are populated d irectly  from  the capture state o f slow 
neutrons and decay d irectly  to the ground state (J^ = ^ ')  are listed  in Table I. 
A com prehensive lis t of gamma rays observed  in the (n, y) experim ent is 
given in Table II. The intensities are relative and norm alized to 100 for 
the 1097-keV transition.

In Fig. 1 the leve ls  of ^G e as deduced from  the (n, y) study on ^°Ge are 
com pared with the leve ls  determ ined from  the (p, ny) and (p, n) studies on 
*̂*Ga. M ore levels  are evident from  the neutron tim e -o f-flig h t spectra, 

although with low er p recis ion . Levels which are not d irectly  populated 
from  the capture state in the (n, y) work, but which can be in ferred  from  the 
gam m a-ray spectra  when considering the (p, ny) resu lts , are shown in 
dotted lines, whereas d irect population is indicated by arrow s. F igure 2 
represents a proposed  leve l and decay schem e fo r  ^^Ge. The spin and 
parity values in brackets are those given by Goldman [ 1]. The decays

TABLE I. SIMPLE CASCADES FROM THE CAPTURE TO THE 
GROUND STATE IN ^Ge

7°Ge (n , Y) ^ G e  

L ev e l (G .S . T r a n s it io n )  

keV

D ir e c t  T r a n s it io n  from  
Capture S ta te  

keV

Sum

keV

0 7420 7420
501 6920 7421
709 6712 7421
832 6588 7420

1097 6324 7421
1140 6281 7421
1300 6121 7421
1379 6041 7420
1599 5819 7418

(1740) 5680 (7420 )
1965 5455 7420
2033 5388 7421

(2146) 5274 (7420)
2223 5197 7420
2351 5070 7421
2459 4959 7418
2534 4886 7420

B in d in g  E nergy = 7420 .5  + 0 .6  keV ( in c lu d in g  r e c o i l )



P recis ion : ± 0. 7 keV for  intense transitions E á 2. 6 MeV 
± 2 .0  keV for intense transitions E ä 2. 6 MeV

T A B L E  II. ^ G e (n ,y )4 G e : RECO RD ED  G A M M A -R A Y  TRANSITIONS

Energy R e la t iv e Energy R e la t iv e Energy R e la t iv e
keV I n t e n s it y * keV I n t e n s it y * keV In ten s  i t y *
7420 35 (3377) 1015 6
6920 54 2534 weak 9 2 1 .3 3
6711 68 2528 weak 869 .5 25**
6588 16 2515 weak 852 weak
6324 37 2459 weak 8 3 1 .9 70
6281 26 2351 13 8 0 8 .6 25
6121 62 2223 .0 15 7 9 8 .6 1
6041 67 (2146) weak 7 8 9 .2 9
5819 45 2033 .0 18 7 4 8 .1 7
5680 1 .5 1965 .3 13 7 0 8 .7 125
5455 43 1777.8 6 671 weak
5388 14 1740 weak 639 weak
5274 10 1598.6 5 6 3 3 .1 10
5197 5 1441.3 weak 596 .5 30***
5164 10 1424 weak 573 20
5070 19 1430 weak 528 weak
4990 11 1397 weak (5 1 1 .6 ) 200
4980 6 1379.0 20 5 0 0 .7 240
4959 6 1300 .2 45 392 40
4886 25 1205.3 25 350 .5 7
4640 10 1139 .6 50 327 .2 105
4516 17 1096 .7 100 3 0 8 .0 13
4393 12 1032 6 2 8 4 .0 25
4340 11 1038 6 2 4 7 .4 20
4312 14 1020 8 1 7 5 .8 310
4038 10

* 10 9 6 .7  t r a n s i t i o n  taken  as 1 0 0 - , ** W ith c o n t r ib u t io n  
from  '^Ge [3 ] *** M ainly from  G e[3 ]
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F1G.2. Proposed level and decay scheme for ^Ge, indicating gamma rays recorded in the " G e (n ,y / 'G e  
experiment (see text).

indicated by solid  lines, with the exception of prim ary transitions from  the 
slow  neutron capture state, have been observed  in both the (n, y) and (p, ny) 
studies. Dotted decay lines between excited  levels indicate transitions 
which w ere observed  only in the (n, y) work. These lines were fitted by 
considering energy d ifferences between leve ls . P rim ary  transitions and 
associated  sim ple cascades to the ground state (energy sum equal to neutron 
binding energy) are indicated in full lines, except where these are uncertain.
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In the (p, ny) w ork decay gammas have been identified from  their threshold 
behaviour, the energy sum in the case o f cascades and from  a neutron- 
gamma coincidence experim ent. These investigations are at present being 
extended and w ill be published in m ore detail elsew here.
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Abstract

HIGH-ENERGY GAMMA RAYS OF "A s  AND i"A u  FOLLOWING THERMAL AND EPITHERMAL NEUTRON 
CAPTURE. Using a Ge(Li) detector, the energies and intensities o f the high-energy gamma transitions o f the 
^As(n,y)?6As and i9?Au(n,y)*^Au reactions have been measured. By comparison between gamma-ray inten
sities in thermal and epithermal neutron capture o f  arsenic, 6 intense transitions are found to be due mainly

yielded 7330 + 4 keV. Contrary to measurement results with As, experiments carried out with gold yielded 
the same gamma-ray intensity ratios for epithermal and thermal neutron capture.

* The full text o f this paper has been published by the same authors in Nuclear Physics (A132 (1969) 
123) under the title "High energy gamma rays o f  ^As following thermal and epithermal neutron capture".
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Abstract

GAMMA DECAY OF ^M o AND ^Mo AFTER THERMAL NEUTRON CAPTURE IN ^Mo AND ¡"Mo. The 
gamma-ray spectra following neutron capture in the odd-mass molybdenum isotopes have been studied with 
Ge(Li) and NaHTl) detectors. The analysis of measured angular distributions yields detailed information on 
the structure of some levels. The results are compared with theoretical predictions.

1. EXPERIM ENTAL PROCEDURE

The m easurem ents w ere perform ed a tth eF R -2  research  reactor in 
K arlsruhe. The targets consisted  of M0 O3 powder (enriched to 96.2% in 
З^Мо, Cg =14 .5  b) and m etallic molybdenum powder (enriched to 92.8% 
in ^M o, = 2 .2  b), enclosed in thin-walled polyethylene capsules. F or 
the energy range up to 2.7 MeV a Ge(Li) diode with anti-Com pton shield [1] 
has been used. C oincidences and angular corre la tion s o f som e gam m a- 
gamma cascades have been m easured with two 4 -in . diam . X 5-in . Nal(Tl) 
crysta ls  in a fa st-s low  coincidence set-up [ 2 ] coupled with the on -line 
com puter system  MIDAS [3].

2. RESULTS FROM 95M o(n, y )9 6 M o

The decay schem e known from  the radioactive beta decay of 96gTc,
96m т е  and 9^Nb [4 ] could be extended considerably by the present investi
gation (F ig. 1). Noteworthy is a new level at 1625. 93 keV. B ecause of the 
good resolution  of the anti-Com pton spectrom eter [1], it could be estab
lished that the known 850-keV  gam m a-ray [ 6 ] de-excitin g  the 4  ̂ level at 
1828 keV is rea lly  a triplet with two intense lines at 847. 67 and 849. 95 keV 
and a weak one at 853. 03 keV (F ig. 2). Com paring the intensities of the 
gamma rays observed  in the Ge(Li) spectrum  with those observed in the 
Nal(Tl) spectrum  coincident with the 7 78-keV transition, one must conclude 
that both intense gamma rays at 850 keV are in coincidence with the 
778-keV  transition . The intensity balance does not allow the strong 
847. 67-keV  line to be fitted between higher energy leve ls . Another fact 
con firm ing this new level is the energy d ifference of 128 keV between,the 
7656 and 7528-keV prim ary transitions, which is too sm all to fit the 
energy d ifferen ce between the known 1498 and 1628-keV lev e ls . The 
1625 .7 -keV  line is  probably a ground-state transition, in which case the 
spin of the new level is lim ited to 1 or 2. F rom  the angular corre la tion  
m easurem ent of the unresolved 848 to 778 and 850 to 778-keV  cascades,
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FIG. 2. Portion of the *M o spectrum, measured with a Ge(Li) detector in the anti-Compton spectrometer [1] . 
The inset shows the triplet at 850 keV with computer fit analysis (solid line).

the spin 1 fo r  the 1626-keV leve l is ruled out (F ig. 3). Assum ing that the 
850-keV  transition d e -excitin g  the 4̂  level is a pure quadrupole radiation, 
the m ixing param eter of the 848-keV line is near 1. This value im plies 
a positive parity fo r  the 1626-keV leve l and should be com pared with the 
quadrupole admixture o f only 15% (6 ^  0.45) found fo r  the 720-keV transi
tion from  the 1498-keV level. This shows that the new level has much 
m ore co llective  character than the second 2+ state. The spin/parity, 
values o f 4+ and 3+ fo r  the levels at 1869.51 and 1978.27 keV, resp ective 
ly, found in beta decay [4, 5], could be confirm ed by angular correlation  
m easurem ents o f the 1091 to 778 and 1200 to 778-keV gamma cascades.
An additional transition  o f 352. 27 keV from  the 3+ level to the 1626-keV 
level could be assigned. P robably this transition  is identical with the 
351. 9-keV  line observed  in the decay of 96Nb and 96mTc, but placed in a 
different position  [4]. The energy of the 2234.63-keV  leve l corresponds 
with the energy value o f the 3* octupole vibrational state at 2. 25 MeV 
found in (d ,d ')  m easurem ents [7]. The negative parity of this level is con 
firm ed by the assum ption of m ultipolarity E l for  the strong prim ary 
6919-keV transition  feeding this level from  the positive parity capture 
state. Between 2. 6 and 3. 6 MeV a large number of leve ls  can easily  be 
obtained by applying R itz 's  com bination prin cip le . Only three leve ls ,
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FIG.3. Angular correlation measurements on %мо cascades with the 2-0 transition 778 keV. The crosses 
show positions o f the measured A^, A  ̂ coefficients with errors in the A^, A  ̂ plane; solid lines are theoretical 
values as functions o f the mixing parameters ó .

nam ely those at 2790.3, 3287.1 and 3441.4 keV, have been taken over in 
the leve l schem e, whose existence was confirm ed either by coincidence 
m easurem ents or by the feeding with intense prim ary gamma rays. The 
spin determ inations o f the leve ls  at 2790.3 and 3287.1 keV are not unique. 
F or  the latter, with the 2509 to 778-keV cascade, spin 2 seem s very  
probable, but spin 4 may also be possib le , as shown in F ig . 3. The 
2668-keV transition is supposed to be a pure E l transition because of its 
high intensity. This w ill give us spin and parity 1" , 2* or 3 ' fo r  the 
3441 .4 -keV  leve l. Because M2 adm ixtures to an E l radiation are usually 
very  weak, one would expect a б-value near 0 fo r  the 2668-keV radiation. 
With this assum ption one can extract from  the angular corre la tion  m eas
urem ent, despite the great e rro rs , a spin sequence of 2 -2 -0  fo r  the 
2668 to 778-keV  cascade. Further coincidence m easurem ents with two 
Ge(Li) detectors are in p rogress  and should be useful in adding to and 
confirm ing this level schem e.

3. RESULTS FROM 97мо(п, y)98Mo

In the 98MQ level schem e (F ig. 4) the first excited leve l at 734.77 keV 
has the sp in /parity  0+ [8]. The existence of this rem arkable level is 
assured by the weak prim ary 7909 .6 -keV  transition (the binding energy of
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2*,3
Mo+n

FIG.4. 98Mo level scheme observed in the reaction ^M o(n,y)^M o. Levels above 2 .5  MeV found only by 
R iz 's combination principle are not shown.

the last neutron is 8642. 5 keV). The follow ing levels (spin and parity in 
parentheses) 787.35 keV (2+), 1432.21 k e V {2 + )a n d l5 0 9 .9 7  keV (4+) are 
w ell known [9] and look like the usual one and two-phonon vibrational 
states, respective ly . The beta decay studies of sspjb (2 .8  sec) give two 
alternative spin and parity assignm ents (I**' and 2^) for  the 1758.44-keV  
level [9]. This d iscrepancy has been rem oved by angular corre la tion  
m easurem ents on the 971 to 787-keV cascade. F rom  this m easurem ent 
the 17 58 .44 -keV  level is unambiguously assigned a spin of 2. Interesting 
is the strong E2 admixture o f 82 + 2% to the 971.08-keV  transition . The 
very  strong prim ary 6624. 8-keV  transition  must be an E l transition from  
the positive-parity  capture state. With a negative parity fo r  the 
2017.48-keV  state the analysis of the angular correla tion  m easurem ent of 
the 1230 to 7 87-keV gamma cascade perm its only a spin o f 3 fo r  this lev e l. 
Indeed Kim  and Cohen [7] have found the co llective  3* octupole state near
2 .04 MeV via the (d ,d ')  reaction . Noteworthy is the strong 2017.4-keV  
ground-state transition, which must be a pure E3 radiation. A sim ilar 
transition to the O'*' level at 734. 77 keV was not found. The spin assign 
ments o f the levels  above the 3" state are only tentative and not confirm ed 
by angular corre la tion  m easurem ents. The presence o f transitions to the
734 .77-keV  0+ level lim its the possib le  spin values fo r  the 2104.76 and 
2206.74-keV  levels to 1 or 2. F or  the 2333.34-keV  level the assignm ent 
o f 2  ̂ w ill be the only one perm itted because of the presence of transitions 
to the 0+ leve l at 734.77 keV as w ell as to the 4+ level at 1509.97 keV.
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4. COMPARISON WITH THEORETICAL CALCULATIONS

When looking at the lev e l schem es of 96j^Q and 9S]\̂ o one finds levels 
which cannot be explained by vibrational m odels, such as one of the two 
2+ states around 1. 5 MeV in 9бм<э and the low -ly in g  O'*' state at 7 35 keV in 
98Mo. As these two nuclei are not too far off the closed  neutron shell 
N = 50 and the se m i-c lo se d  proton shell Z =40, one would expect that the 
level schem e w ill be reproduced by the sh e ll-m od el. Bhatt and Ball [10] 
and V erv ier  [11] have perform ed  sh ell-m odel calculations, based on the 
4oZrgQ co re . F or  nucleons outside this core  they use residual interactions 
em p irica lly  determ ined from  the known level schem es of 4 1 ^ 5 1 ,
and 4(jZr^2 for  the protons and neutrons in the nTgg/ 2  and u2 dg/ 2  orbits, 
resp ective ly . F or  Збмо the results of these calculations are shown in 
F ig . 5, together with the level schem es observed in different reactions 
[4, 7, 12]. The agreem ent is not very good. Again there is only one 
2* leve l in the region  of 1. 5 M eV. The second 4  ̂ and the 3*̂  levels  observed 
between 1 .8  and 2 .0  MeV are reproduced with too high en erg ies . This 
disagreem ent is very  likely due to the increasing number of neutrons out
side the closed  shell. F or  98 Mo with the closed  subshell ¡^2dg/g the theory 
expects a sim ple level schem e with a spin sequence 0 + (ground state),
2 +, 4^, 6 \  8 *, accord ing to a pure proton excitation to higher orb its.
This is in com plete contradiction  to the experim ental results and shows 
that the influence o f the subshell c losu re  cannot be very  significant.

5. FINAL REMARKS

Further investigations o f the (n, y) reaction with the odd -m ass m olyb
denum isotopes are in p rogress  and w ill give reliab le  inform ation of higher 
lev e ls . In addition, attempts should be made to extend sh ell-m odel ca l
culations by involving adm ixtures of further nucleon configurations to im 
prove the reproduction o f experim entally found leve ls .
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Abstract

THE LEVEL STRUCTURE OF In FROM THE In (n, y) REACTION. The gamma spectra resulting 
from thermal neutron capture in natural indium were measured with lithium-drifted germanium defectors. 
The energies and intensities o f  about 320 gamma lines in the ranges from 60 - 1300 and 2100 -  6700 keV 
were determined. The high-energy spectrum was used to identify 19 new levels below 1100 keV. A com 
puter code which applies the Ritz combination method has been used to fit the energies o f  the low-lying 
excited levels.

The dependence on the excitation energy o f the El and Ml reduced widths has been studied. A bump 
has been observed for M l transitions leading to final levels with a neutron configuration o f 1 = 2 orbital 
angular momentum. This has been explained in terms o f  g 7 /2 -+ g 9 /2  spin-flip transitions.

1. INTRODUCTION

The present w ork  rep orts  the resu lts of a study of the reaction  
nsin(n, y)H 6 in and is  a part of a program m e concerning odd-odd nuclei 
p erform ed  by the R C-1 rea ctor  of CNEN.

P revious m easurem ents of the ^ 1 п(п, y) capture gamma rays w ere 
perform ed  by b en t-crysta ls  in the 50 to 450-keV  region  [1] and by Ge(Li) 
detectors in the 200 to 6500-keV region [2]. In the latter study, how ever, 
no M l transitions to the low -lying levels w ere observed . The con version - 
e lectron  lines of the low -en ergy  transitions (Ey§ 400 keV) w ere a lso 
m easured [3].

M oreover, the com plem entary i^Infd, p) reaction  has been recently 
studied by means of a h igh -resolution  magnetic spectrograph [4]. In this 
experim ent a large number of excited  levels in have been identified.

2. EXPERIM ENTAL ARRANGEMENT AND PROCEDURE

A target 0. 2 mm thick of natural In m etal (99. 999% pure), was placed 
in a cy lin d rica l box containing ̂ LiF enriched to 93% and B 4 C. The box was 
then inserted in the neutron beam  of the through tube fa cility  shown in F ig . 1 
With this geom etry, we had a neutron flux of s  4X10^ n cm*2 s e c 'i  over 
an area of 4 cm2

*'* IAEA fellowship, on leave o f  absence from the Institute o f  Atomic Physics, Bucharest, Romania.
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The gamma rays w ere detected with a 30-cm 3 Ge(Li) coaxia l diode. 
The pulses from  the detector w ere am plified in a Tennelec electron ic 
chain. The output of the b iased am plifier was analysed by a 4096-channel 
system . The low -en ergy  spectrum  (60 - 1300 keV) was m easured at a 
gain of -  0 .7  keV /channel. The h igh-energy spectrum  (ë 2100 keV) was 
analysed both by a single Ge(Li) detector and a pair spectrom eter; in 
these m easurem ents the gain was, respective ly , 3 .6  and 2 keV /channel. 
The resolution  in the experim ental condition was -  10 keV at 6 MeV and

4 keV at 1 MeV.
A ll targets used fo r  low -energy  m easurem ents have been irradiated 

fo r  about 10 minutes; in this way the activation of the 54-m in isom er 
is about 8% of its saturation value.

The energy of the transitions in the low -en ergy  region has been ob 
tained by using as calibration  points the gamma lines of the isom er [5] 
and the capture gam m a-lines observed  in the b en t-crysta l experim ent 
[1] ; in the h igh -energy region the lines of the 35 у) reaction  and the 
highest lines o f the isom er have been used; the com parison  with the lines 
o f the 35Cl(n, y) reaction  was perform ed by using a sam ple consisting of 
C l+ In . The non-linearities of the system  have been studied and the 
required correction s  m ade. The accu racy  in the energy sca le  is about 
1 keV in the h igh -energy region , about 0. 2 keV in the 50 to 200-keV 
region  and, finally, about 0 .3  keV in the 400 to 1300-keV region . The 
position  of reso lved  peaks of high intensity has been determ ined to an 
accu racy  of 0. 2 channel. The position  of the lines, obtained by means of 
a decom position , is less  determ inate, the uncertainty being at m ost about
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1 channel. M oreover, the total e r ro r  in the energies ranges from  0. 25 
to 0. 35 keV in the low -energy  region and is  about 1. 5 keV in the high- 
energy region .

The absolute intensities of transitions have been obtained by a c o m 
parison  with the lines of the isom er; the values 157 ± 4 b and 197 ± 5 b 
have been adopted fo r  activation and capture c ro s s -s e c t io n s . C o r r e c 
tions fo r  se lf-absorp tion  of gamma lines have been introduced. The e f
fic ien cy  curve here em ployed in the 60 to 2600-keV region  has been deter
mined by standard radioactive sou rces; fo r  the h igh-energy region the 
35Cl(n, y) reaction  has been used. The e rro r  in the absolute intensity of 
the resolved  peaks has been estim ated to be about 30%.

3. EXPERIM ENTAL RESULTS

A part of the low -energy  gam m a-ray spectrum  from  the ^°In(n, y) 
reaction  is  shown in F ig . 2; the results are sum m arized in Table I. F or 
com pleteness previous results obtained with (n, y) reactions [1, 2] are 
included in the table. The e rro rs  assigned to the energies and intensities 
have been d iscussed  in the previous section.

In the region of 60-400 keV we have a good agreem ent with the results 
obtained with the b en t-crysta l technique [1].

A part of the h igh -energy spectrum  is shown in F ig .3  and the results 
are reported in Table II. Each of these spectra has been obtained by ad
ding m ore different m easurem ents of about 7 hours each; the sum of the - 
single m easurem ents has been perform ed with the aid of a com puter p ro 
gram  which introduces linear shifts in the channels, reducing the effect of 
the drift in the electron ic b ias. P revious results obtained by (n, y) and 
(d ,p) reactions are a lso  included in Table II.

The energy of the levels in ^^ln deduced from  the energy of the prim ary 
gamma rays is reported in column 4 o f Table II. Because of the large ex 
perim ental uncertainty in the neutron separation energy, the leve l energies 
have been calculated by using the value Q = 6779. 5 ± 1 .5  keV established 
in the present w ork .(see next section). The standard deviation of our 
energies from  those of R asm ussen et al. is about 2.3 keV.

We have studied also the interm ediate energy region of 1300-2100 keV. 
No evident gam m a-ray line has been observed in this energy range. The 
1300 to 2100-keV spectrum  is not shown here.

4. ANALYSIS OF RESULTS

By assum ing as excitation energies the M oorhead values [4] and using 
th e g a m m a -ra y e n e rg ie so fT a b le lL  àm ea n value Q = 6779.5 ± 1 .5 k eV  is ob 
tained fo r  the neutron separation energy, in agreem ent with the result 
Q = 6805±30 keV, obtained in a (d ,p) experim ent [6].

A sim ple inspection of the leve l spins and parities assigned by 
M oorhead et al. allows us to conclude that a ll the transitions of highest 
energy (6655, 6560, 6504, 6470 and 6351 keV) have M l m ultipolarity: 
they w ere not prev iously  observed  because of their low intensities. The 
com parison  with the (d ,p ) experim ent allows us to identify the m ultipolari
ty of about 20 E l and M l transitions in the 6700 to 5300-keV energy range.
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The energies of the m ost intense E l and M l transitions agree with those 
of Rasm ussen et al. M oreover, we observe  an E2 transition to the 505-keV 
level.

Nineteen new levels not observed  in the (d, p) experim ent have been 
identified below  1100 keV; assum ing the populating transitions to be E l or 
M l and the capturing state to be 5*, they are a ll (4, 5, 6)*.

A tentative decay schem e has been constructed fo r  the levels  below  
1 MeV using a com puter program  which applies the Ritz com bination 
method and is  a tr iv ia l m odification  of a prev iously  published program  
[7]. F igure 4 shows the best values obtained fo r  the levels d irectly  ob 
served in the (d ,p ) or (n, y) experim ents. The total e rro r  on the energy 
o f these levels is about 0. 8 keV.

Table III shows the assignm ent of configuration made on the basis of 
deuteron-stripping resu lts [4]. We have essentia lly  proton groups d is 
playing stripping patterns with 1 = 0, 1=2, and 1 = 5, probably corresp on d 
ing to s^, d3 /2 , d5 /2  and h l l / 2  configurations.

The transitions leading to levels of neutron configurations with 1 = 0, 2, 4 
are assum ed to be M l, while m ixtures o f higher m ultipolarity (especia lly  
E2) are neglected. This assum ption is based on the results of average 
reson an ce-captu re experim ents [8] which show that E2 transitions are 
much weaker than M l transitions in Эбмо^ 98мо^ i°6p^  13бвд, iS6go and 
i6SEr. Further, the 1=5 transitions are assum ed to be E l.

Let us now define the average reduced width fo r  E l and M l transitions 
by the relationship

= ' - - s . * "  m

where D¡ is the average spacing of the levels at the energy of the in itial 
leve l i, Tyif is the radiation width (E l or M l) fo r  the transition connecting 
i and f leve ls ; fo r  E l and M l transitions we assum e <r = 5 and a = 3. In 
therm al neutron capture experim ents the average on the in itial states must 
be om itted so that we are confined to estim ate

'f - i

Two different kinds of inform ation on the E l and M l reduced widths 
can be obtained by capture of therm al neutrons. The fir s t  is the ratio

K(E1) _ < ry if /E ^ > E i
K(M1) < ry if /E 3 > M i ^

and the second is  the average absolute intensity of both M l and E l transitions. 
The current estim ate fo r  R, as given by B ollinger [8], is

/ A
-  0 . 0 5 2  ( 4 )
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EU TRON C A P T U R E  G AM M A RAYS
' 1300-keV REGION

Present work

Ey (keV)

Ref. [3 ] Ref. [2 ]

Iy (y/100 cap .)

Present work Ref. [2]

60.7 

72.1 

75.9

85.7

96.3

110.3

113.0
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202.45

272.97

203.9

214.4

219.1
232.3
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285.8

6.31
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6.50
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0.41

0.41
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nt.)

Ey (HeV)

R ef.[3 ] Ref. [2 ]

iy (y/100 cap.)

Present work Ref. [2]

305.1

315.6

321.2

334.8

336.5

365.5

372.0

375.7

385.3

393.3

411.3

417.5 *

422.4

434.0

465.3

473.0

476.9

491.4

493.4

510.5  ̂

513.4

519.0 

522. 9

541.3

547.1 

550. 0

556.9

559.6

568.0

577.4

590.1

335.90

376.30

385.27

434.17

320.4

335.6
356.9

368.2

374.3

385.3

401.8

417.2

434.0
445.1

473.5

491.3

547.2

557.5

578.5

0.32

0.23

0.75

1.02

2.94

0.24

0.28 

1.35 

5. 06 

0.25

0.27

0.74

2.83

0.39 

3.17 

0.92 

1.14 

0.77 

10.23 

4.60 

1.40 

0.91 

0.40 

0.49 

0.54 

2.10 

1.01 

1.01 

1.09 

0.47

0.16

2 .3  
0.11

0.11 
0.16 

0.16 

1. 94

0.06

7.37

1.03
0.09

1.53

0.62

0.34

1.41

0 . 2 1
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65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92
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H

E? (keV)

R ef.[3 ] Réf. [2 ]

ly (y/100 cap .)

Present work Ref. [2 ]

595.7 

601.0

603.3

608.9

622.3

625.3

633.0

635.4

647.5

656.0

658.7

693.5

696.5

700.4

707.7

715.4

718.9

729.0

744.1

750.0

759.9

764.9

772.0

782.4

805.0

819.1 '

843.8

848.7

853.7

875.9

885.8 

926.7

929.9

934.1

608.3

622.8

634.2

645.6

717.8

727.7

761.6

819.5

848.0

875.6

886.0

1.01 
0.80 

1.48 

1.66 

0.42 

0.51 

0.78 

0.80 

0.35 

0.44 

0.33 

0.70 

0.47 

0.29 

0.42 

0.49 

0.61 

0.43 

0.25 

0.81 

0.54 

0.59 

0.46 

0.34 

0.17

0.52

0.73

0.26

0.35

0.44

0.27

3.70

0.29

0.98

0.20

0.51

0.25

0.23 

0.13

0.12

2.77

0.12

0.59



T A B L E  I (con t.)

LEVEL STRUCTURE OF " % 3 2 5

Gamma
transition Present work

Ey (keV) 

R ef.[3 ] Ref. [2 ]

I y (y /I 0 0 c a p . )  

Present work Ref. [2 ]

95 938.3 0.57

96 943.7 0.70

97 963.6 0.64

98 966.0 0.50

99 968.5 0.50

100 973.0 973.6 0.47 0.14

101 990.2 0.42

102 993.6 0.32

103 1008.6 1007.9 0.39 0.14

104 1023.7 0.48

105 1026.7 0.47

106 1029.6
1067.8

0.38
0.16

107 1077.1 1077.2 0.29 0.54

108 1097.1 " - 12.20

109 1173.5
1245.8

1.20
0.15 ..

110 1293.4 3 1293.4 17.97

3 Decay o f *^Sn 
b Annihilation line

It should be pointed out that this relationship may be in e rro r  as much as 
a fa cto r  3 fo r  som e nuclides. The experim ental evaluation of R is 
R = 0 .035 , in reasonable agreem ent with the estim ate of Eq. (4).

The m ost recent resu lts on the absolute intensities can be sum m arized 
by the relationships

Км1= <Tyif E ;3 D ^ >  = 2X 10 '

^E i= < r y i fE ; 'D l '>  = ] ' "  . (3)
6 .1 X 1 0  ^  A ^ ,  from  photonuclear data

3 .2 X 1 0  ^  A ^ ,  from  resonance capture 
data [8]

where Ey is in MeV and both Di and Ty¡f are in eV. The present study
allows us to conclude that in ^ I n  we have

K ^ =  2 . 7 X 1 0 * 8  K g i  = 2 .  9 X 1 0 * ^  A ^ 3
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C H A N N E L
FIG.3. Neutron capture gamma-ray spectrum from "S ln (n ,y )^ In  in the range4400-5500 k e V obtained 
by a pair spectrometer.
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TABLE II. NEUTRON CAPTURE GAMMA RAYS 
IN THE 2100 TO 6700-keV REGION

Gamma Ey ly
(MeV)

Level spin

transition (MeV) (y/100 cap.)
Ref. [4 ] Ref. [4]

'w o rk '

1 6.6555 0.04 0.124 0.125
+

5

2 6.5597 0.03 0.220 0.221 4+

21 6.5370 0.02 0.242

3 6.5037 0.02 0.276 0.273
0.288

4+ 5+ 
8"

4 6.4696 0.03 0.310 0.313
0.349

5+
5* 6" 7* 9 '

5 6.4107 0.18 0.369 0.366
0.373

5" 6" 7* 9"
9" 10"

5* 6*

6 6.3913 0.05 0.388

61 6.3740 0.03 0.405

6Ü 6.3510 0.04 0.428 0.426 4+

7 6.3247 0.14 0.455 0.460 5* 6" 7* 9" 5" 6"

8 6.2754 0.04 0.504 0.508 3+

9 6.2524 0.02 0.527

10 6.2281 0.13 0.552 0.556 3" 4" 5" 4" 5"

11 6.1959 0.04 0.585

12 6.1727 0.04 0.607

13 6.1367 0.11 0.643

14 6.1240 0.05 0.655 0.650
0.666

6+
5 ' 6" 7" 9"

15 6.1005 0.02 0.680

16 6.0796 0.03 0.699

17 6.0534 0.06 0.726 0.729 3" 4" 5* 4" 5*

18 6.0438 0.05 0.736
0. 761 2+ 7+

181 6.0010 0.04 0.778

18 H 5.9860 0. 03 0.793 0.790 2+ 7+ 4+ 5+ 6+

19 5.9482 0.04 0.831

20 5.9272 0.05 0.852

21 5.8913 1.10 0.888

22 5.8687 0.08 0.911 0.913 2+ 7+ 4"*" 5**" 6+

23 5.8368 0.09 0.943
0.951 3 ' 6"
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transition
E?

(MeV) (y/100 cap.)

(MeV)

Present  ̂ , m  
Ref. [4]work

n r r^i Present Ref. [4 ]

24 5.8100 0.08 0.969

25 5.7700 0.30 1.010 1.007 3" 6" 4 ' 5* 6*

26 5.7529 0.03 1.026

27 5.7312 0.09 1. 048

28 5.7114 0.02 1.068 1.062 2" 7" 4* 5* 6"

281 5.7003 0.02 1.079 1.076

29 5.6875 0.03 1.092

291 5.6710 0.04 1.108 1.104 2+ 7^ 4+ 5+ 6+

29 П 5.6580 0.04 1.121

29 Ш 5.6460 0.03 1.133
1.144 2+ 7+

2 9 IV 5.6220 0.03 1.157

30 5.6104 0.06 1.169

31 5.5961 0.04 1.183
1.193 2+ 7**"

32 5.5818 0.16 1.198

33 5.5719 0.15 1.207 1.208 2+ 7+ 4+ 5+ 6+

34 5.5505 0.04 1.229

35 5.5274 0.08 1.252

36 5.4988 0.25 1.281 1.279 g+ a

37 5.4822 0.13 1.297 1.292 2+ 7+ 4+ 5+ 6+

371 5.4740 0.04 1.305
1.323 (2)"

38 5.4411 0.05 1.339 '
1.347
1.364

(1)"
4+ 5+

39 5.4095 0.30 1.370 1.371 4+ 3+

40 5.3574 0.21 1.422

41 5.3476 0.18 1.432

42 5.3337 0.42 1.446 1.444 2+ 7+ 4+ 5+ 6+

43 5.3186 0.20 1.461 1.458 2* 7" 4* 5* 6"

44 5.2990 0.08 1.480
1.497 2+ 7* 4+ 5+ 6+

45 5.2466 0.19 1.533 1.539 2+ T + 4+ 5+ 6^

46 5.2171
_______

0.05 1.562
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T A B L E  II ( с ont.)

Gamma
transition

E/
(MeV) , ^(y/100 cap. )

(MeV)

Present „  , г„т 
Réf. [4 ]work

Level spin

 ̂ Present 
Ref. [4 ] work

47 5.1896 0.07 1.590 1.598

++
48 5.1717 0.48 1.607

49 5.1392 0.62 1.640

50 5.1023 0.81 1.677

51 5.0808 0.09 1. 699

52 5. 0324 0.13 1.747

53 5.0059 0.37 1.773

54 4.9680 0.46 1.811

55 4.9560 0.21 1.823

56 4.9166 0.10 1.863

57 4.9100 0.40 1.869

58 4.8912 0.81 1.898

59 4.8686 0.30 1.911

60 4.8505 0.18

61 4.8198 0.14

62 4.8082 0.23

63 4.7735 0.34

64 4.7660 0.28

65 4.7398 0.34

66 4.6969 0.35

67 4.6791 0.31

68 4.6629 0.20

69 4.5522 0.32

70 4.6240 0.22

71 4.6100 0.14

72 4.5954 0.25

73 4.5871 0.24

74 4.5778 0.29

75 4.5547 0.11

76 4.5338 0.12

77 4.5117 0.08

78 4.4744 0.14

79 4.4577 0.17
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T A B L E  II (con t.)

transition (MeV)
iy

(y/100 cap. ) transition
Ey

(MeV)
î?

(y/100 cap. )

80 4.4402 0.32 114 3.8344 0.10

81 4.4246 0.30 115 3.8092 0.13

82 4.4079 0.12 116 3.7901 0.21

83 4.3891 0.18 117 3.7730 0.17

84 4.3730 0.29 118 3.7675 0.14

85 4.3219 0.31 119 3.7410 0.19

86 4.3122 0.31 120 3.7141 0.12

87 4.3018 0.14 121 3.6944 0.13

88 4.2927 0.09 122 3.6806 0.18

89 4.2645 0.10 123 3.6547 0. i l

90 4.2531 0.21 124 3.6297 0. 09

91 4.2400 0.13 125 3.6143 0.17

92 4.2237 0.55 126 3.6066 0.08

93 4.2059 0.14 127 3.5895 0.12

94 4.1969 0.12 128 3.5428 0. 19

95 4.1887 0.06 129 3.5324 0.07

96 4.1681 0.10 130 3.5009 0.21

97 4.1497 0.10 131 3.4792 0.10

98 4.1340 0.20 132 3.4489 0.11

99 4.1169 0.20 133 3.4426 0.17

100 4.1054 0.15 134 3.4351 0.18

101 4.0866 0.15 135 3.4235 0.13

. 102 4.0715 . 0.33 136 3.4159 0. 07

103 4.0554 0.26 137 3.4006 0. 07

104 4. 0406 0.29 138 3.3942 0.11

105 4.0139 0.13 139 3.3802 0.11

106 4.0050 0.17 140 3.3722 0. 15

107 3.9845 0.09 141 3.3537 0.18

108 3.9749 0.18 142 3.3465 0.24

109 3.9455 0.16 143 3.3283 0.22

110 3.9249 0.23 144 3.3226 0. U

111 3.9150 0. 11 144 1 3.3149 0. 09

112 3.8736 0.20 145 3.3048 0.30

113 3.8548 0.10 146 3.2897 0.31
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T A B L E  II (cont.)

Gamma
transition

Ey
(MeV)

iy
(y/100 cap .)

Gamma
transition

Ey
(MeV) (y/100 ca p .)

147 3.2747 0.17 175 2.8202 0.14

148 3.2641 0.18 176 2.8151 0.16

149 3.2558 0.09 177 2.8056 0.22

150 3.2414 0.21 178 2.7943 0.22

151 - 3.2340 0.17 179 2.7786 0.28

152 3.2087 0.23 180 . 2.7742 0.30

153 3.1905 0.24 181 2.7653 0.28

154 3.1805 0.10 182 2.7532 0.30

155 3.1599 0.15 183 2.7326 0.17

156 3.1487 0.16 184 2.7269 0.22

157 3.1213 0.14 185 2.6802 0.26

158 3.1116 0.11 186 2.6705 0.19

159 3.1021 0.23 187 2.5979 0.30

1591 3.0889 0.10 188 2.5883 0.30

160 3.0739 0.17 189 2.5805 0.29

161 3.0658 0.12 ' . 190 2.5605 0.17

1 6 ll 3.0492 0.12 19] 2.5548 0.30

162 3.0386 0.12 192 2.3264 0.23

163 3.0308 0.13 193 " 2.5207 0.20

164 3.0130 0.-19 - 194 2.4786 0.16

165 3.0022 0.13 195 2.4074 0.19

166 2.9875 0.12 196 2.3414 0.23

167 2.9814 0.24 197 2.3346 0.18

168 2.9646 0.14 198 2.2526 0.34

169 2.9265 0.26 199 ^ 2.2232 -

170 2.9040 0.29 200 2.2161 0.18

171 2.8860 0.19 201 2.1966 0.90

172 2.8817 0.11 202 2.1595 0.23

173 2.8457 0.22 203 2.1489 0.22

174 2.8323 0.28 204 с 2.1116 -

 ̂ The existence o f  the transition is not compatible with the spin assigned in Ref. [5 ] . 
b Background from the H(n, y) reaction.
с  Decay from ^ S n .
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FIG.4. Low-lying levels in *^In.
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TABLE III. NEUTRON ANGULAR MOMENTA [4] 
AND M ULTIPOLARITIES OF GAMMA TRANSITIONS

(MeV)
ß o f  neutron Type o f transition

0 4

0.125 0 M l

0.221 0; 2 Ml

0.273 0 Ml

0.313 2; 0 Ml

0.366 5 El

0.426 0; 2 Ml

0.460 5 El

0.508 2 E2

0.556 5 El

0.650 2 Ml

0.729 5 El

0.790 2 Ml

0.913 2 Ml

1. 007 1 El

1.062 3 El

1.104 2 M l

1.208 2 Ml

1.292 2 Ml

1.371 2 Ml

1.444 2 Ml

1.458 3 El

1.539 2 M l

1.598 2 Ml

these values have been obtained in an obvious way by using the exp eri
mental data Гу= 70 m eV and D¡ = 16 eV. Both our values are in 
agreem ent with the estim ates (5). However, they depend on the absolute 
intensity norm alization of the gamma transitions which is  a possib le  source 
of large e r r o r s .

F igure 5 shows the K d  values fo r  transitions of fixed 1. No c lear  
dependence on 1 can be in ferred  from  the analysis o f this figure; however, 
the M l transitions with 1 = 2 show an evident system atic in crease  with 
the excitation energy E up to about 1. 5 M eV. In the range E = 0. 3 - 1. 5 M eV, 

va ries  by a fa ctor  - 3 0 .  M oreover, around 1. 5 MeV we observe  severa l 
enhanced M l transitions of intensity com parable to that of E l transitions.
A sim ilar situation has been recently  observed  in severa l Sn isotopes [9].
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6570 6170 5570 5170
E y  ( kev)

FIG. 5. Reduced width versus gamma-ray energy for El and M l transitions o f  different 1 (Arbitrary units).

Let us finally  note that the observed  energy dependence is  certainly 
rea l, because the random fluctuations cannot cause the data points to 
deviate from  a constant value as much as they do. Unfortunately there 
are no published theoretica l calcu lations concerning M l radiation that, 
taking into account nuclear structure e ffects , can reproduce the observed 
energy dependence.

This behaviour is probably related to the bump observed  at about 
Ey = 5 .5  MeV in the gam m a-ray spectra  of severa l nuclei in the sam e m ass 
region  (110 á A á 140). A possib le  explanation can be obtained by assum ing 
that the incom ing neutron excites a neutron p a rtic le -h o le  configuration of 
the type (g 9 /2 )* i (g 7 /2 ) ; we then have sp in -flip  M l neutron transitions, 
g 7 /2  to g 9 /2 , fo r  which the splitting is about 5 M eV. The increasing of 
the M l reduced width observed  in ig finally connected to the in 
creasing m ixing of the configuration ( ^ I n  ground state)+  (s^ neutron).
A lso m ore  com plex p a rtic le -h o le  excitations probably contribute to the 
observed  behaviour.
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EXCITED LEVELS IN ^ B a , 140^  д м э  ^ C e  
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Abstract

EXCITED LEVELS IN '^Ba, ""L a  AND " 'C e  THROUGH THERMAL NEUTRON CAPTURE. Levels 
excited through thermal neutron capture in target nuclei o f 'S'Ba, '^La and "°C e have been studied with a 
Ge (Li) diode of 120 cm3 sensitive volume. Decay schemes are presented in which 16, 17 and 10 gamma rays 
from totals o f 20 seen in '^ a ,  45 in "*La and 37 in " 'C e  respectively have been fitted. These level 
schemes take account o f all the primary gamma-ray transitions seen in each o f these nuclei. The present 
results on the spin and parity values o f  various excited levels are compared with those obtained by other authors 
and by other methods. The values of the neutron separation energy S  ̂ for these nuclei are determined with a 
high precision and their significance pointed out. An attempt has been made to explain the various excited

1. INTRODUCTION

This paper presents the results obtained on ^ B a , 140^^ ^ C e  
through the (n, y) reaction  with therm al neutrons studied with a Ge(Li) 
diode o f 120 cm3 sensitive volum e. Each of these nuclei has one neutron 
outside the m agic number of N = 82. In ^ d  ^ C e , where the number
o f protons is even, the radiative capture of neutrons should lead to som e 
pertinent inform ation on the neutron levels up to a fa irly  high excitation 
energy and whether there exist any com plex excitations caused by, fo r  
instance, the coupling between the s in g le -p artic le  states and the co llective  
excitations o f the co re . In addition to the excitation o f neutron levels , one 
would expect excitations in ^°L a due to the odd-neutron and odd-proton  
configurations.

V ery little is  known about the structure o f these nuclei [1].  Some 
data exist on the levels o f these nuclei obtained with the help o f a Compton 
spectrom eter and N al(T l) crysta ls  [2, 3 ], but these can certainly  be 
im proved upon by using present-day h igh -resolution  Ge(Li) system s.
During the cou rse  of present studies M oragues et al. [4] reported  their 
resu lts on the i3SBa(n, y)l3&ga reaction  with therm al neutrons using a 
G e(Li) diode. These show that a strong corre la tion  between the gam m a-ray 
and the (d, p) reduced widths exists, im plying a contribution from  d irect 
neutron capture.

A few studies o f stripping reactions have been ca rr ied  out on these 
nuclei [5-8] and som e inform ation on the orbital angular momentum and 
the spins and parities o f som e levels have been obtained, which is  very  
useful in understanding the ch aracteristics  o f various levels excited in the

3 3 7



3 3 8 IRIGARAY et al.

(n, y) reaction  on these nuclei. Information on 5 levels up to an excitation 
energy o f 580 keV on ^°La has been obtained from  the study o f the beta 
decay of i4°Ba [9, 10] .

2. EXPERIM ENTAL PROCEDURE

2.1.  Targets

Both lanthanum and cerium  w ere in the form  of oxide, each having a 
purity of better than 99.9%. About 2 g of barium as ВаСОз was available 
and was enriched to 99. 8% in i3Sga. Each of these m aterials was contained 
in a cylinder o f graphite with a wall thickness o f 0. 8 mm.

2.2.  D etector

These m easurem ents w ere carried  out at the therm al neutron facility  
o f the rea ctor  EL3 at Saclay with a therm al neutron flux of
2.5 X 106 n cm*2 sec*^ incident on the capture target. The Ge(Li) diode used 
in these m easurem ents had a sensitive volum e o f 120 cm3 with a capacity 
o f 88 pF, when polarized at 1200 V; its energy resolution  varied from
6. 8 keV fo r  1. 3 MeV gamma rays to about 12 keV for  6. 5 MeV gamma rays.

The gam m a-ray energy calibration and gam m a-ray detection e fficiency  
curves as a function o f gam m a-ray energy for the fu ll-en ergy  and double
escape peaks w ere obtained using the well-know n radiative-capture lines in 
Co [11, 12] ; in addition, the lines in the background from  neutron capture in 
argon and hydrogen proved useful for  energy calibration  and fo r  checking the 
system  linearity . To take into account any existing non-linearity in the 
system , the 4096 channels used w ere divided into three groups, each of 
which was shown to be linear in its own range.

The uncertainty in the gam m a-ray energies varies  from  about 1 keV 
fo r  Ey á 2 MeV to about 2 keV fo r  Ey > 2 M eV. The e rro rs  quoted on the 
values of gam m a-ray intensities take into account the statistical e r ro r  on 
the area o f a gam m a-ray peak and the corresponding e rro r  on the 
gam m a-ray detection effic ien cy  calibration.

3. EXPERIM ENTAL RESULTS

Tables I, II and III give the various gam m a-rays seen in the 
138ва(п, у)139ва, *39^a(n, y)^&La and ^°Ce(n, y)^^^Ce reactions. In the case 
o f 139ва and ^^Ce the relative intensities w ere determ ined with respect to 
the strong gam m a-ray  transition seen (in each o f them) between the first 
excited  state and the ground state, but for ^°La, where such a transition 
does not exist, the values of relative intensities w ere evaluated in com 
parison  with the intense prim ary transition of Ey = 5094 keV.

F igures 1, 2 and 3 give the decay schem es o f I39ßa, !4°La and ^ C e  
as deduced from  the present energy and intensity m easurem ents. In 
bulding up these schem es, all the existing data o f stripping reactions w ere 
taken into account.

Table IV gives the various gam m a-ray cascades em ployed to determ ine 
the neutron separation energy, S^, fo r  the nuclei studied. These values of
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TABLE I. GAM M A-RAY LINES IN ^ B a ( n ,y )^ B a

No. Ey(AEy)

(keV)
'y A 'y

Values o f Ref. [5]

Ey Iy
(keV)

1 4095 (2) 79 7 4096.1 60

2 - 3639 (2) 21.5 2 3641.4 20

3 2593 (2) 13.0 2 2594.1 8

4 2567 (3) 2.7 0.5 2567.0 3

5 2538 (3) 5.5 0.8 2537.0 3

6 2528 (3) 5.5 0.8 2522.5 . 8.5

7 2289 (3) 3.3 0.8

8 2244 (2) 7.0 1.0 2242.0 5

9 1853 (1) 5.0 1.5 1854.0 3

10 1752 (1) 3.5 0.7

11 1557 (1) 2.8 0 .6 1558.0 2.5

12 1418 (1) 3.1 0.6 1420.1 5*

13 1399 (1) 2.1 0.5

14 1341 (1) 2.2 0.4

15 1075 (1) 2.0 0.5 1076.0 < 1

16 1064 (1) 2.8 0.6

17 1049 (1) 11.0 2.0 1047.4 3

18 627 (1) 100.0 7.0 627.26 100

19 456 (1) 26.0 3.0 454.67 27

20 296 (2) 1 .6 0.8 295 < 1

are given in Table V, where they are com pared with the existing exp eri
mental values and values calculated using the m ass tables o f M attauchet al. 
[13] .

4. DISCUSSION '

4 . 1 .  L evels in ^ B a

The target nucleus ¡^ s  spin and parity 1̂  = 0* and the capture
state in 139ца after capturing an s-w ave neutron w ill have spin and parity 
J." =  ̂ . A ssum ing that the h igh-energy prim ary gam m a-ray transitions 
from  the capturing state are E l in nature, the levels to which these tran 
sitions decay should have spin and parity  ̂ or  § . As F ig. 1 shows, 
there are six prim ary transitions going to six levels up to 2480 keV. The
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TABLE II. GAM M A-RAY LINES IN

No.
Ey(±AEy)

(keV)
ly A ly

Values of Ref. [4]

Ey I?
(keV)

1 5157 (4) 1.5 0.5 5165 1.5
2 5126 (4) 1.8 0 .4 5130 2 .3
3 5094 (2) 12.5 2 5101 12.5
4 4885 (3) 4 .4 0.8 4890 2 .6
5 4338 (2) 10.& 1.5 4345 12.1
6 4501 (3) 3.5 0.5 4503 3.1
7 4411 (3) 2.6 0.4 4416 4 .3
8 4387 (3) 3.6 0.5 4390 4 .6
9 4045 (4) 4043 0.43

10 3900 (4) 3900 0.75
11 3817 (4) 3820 0.39
12 3726 (4) 3728 1.6
13 3715 (3) 2.0 0 .4 3717 1.2
14 3662 (3) 3.5 0.5 3666 2.8
15 3603 (3) 1.7 0.3 3608 2.1
16 3436 (3) 0.5 0.1 3441 0.82
17 3421 (3) 0.5 0.1 3421 1.4
18 3329 (3) 0.5 0.1
19 3313 (3) 0.8 0.1
20 3281 (3) 0.5 0.1 3285 1.0
21 3260 (3) 0.8 0.1
22 3078 (2) 1.9 0.2 3080 1.9
23 2347 (2) 0.8 0.1
24 1970 (2) 0.7 0.09
25 1749 (2) 0.6 0.08
26 1697 (1) 1.1 0.1
27 1615 (1) 0.6 0.07
28 1493 (1) 0.9 0.09
29 1444 (1) 1.1 0.1
30 ia26 (1) 0 .6 0 .06
31 1258 (1) 1.0 0 .3
32 779 (1) 0.6 0 .2
33 747 (2) 0.2 0.08
34 721 (1) 1.7 0.2 722 23
35 667 (2) 0.5 0.1
36 655 (1) 1.4 0 .2 659 21
37 605 (1) 2.2 0 .4 609 17
38 566 (1) 3.2 0.5 567 32
39 498 (1) 1.4 0.3
40 422 (1) 4 .2 0 .6 423 4
41 319 (2) 317 3
42 289 (1) 3.5 0.5 286 86
43 274 (1) 2.9 0 .6 271 61
44 240 (1) 1.6 0.3 236 58
45 221 (1) 3.0 0 .5 217 100
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T A B L E  III. G A M M A -R A Y  LINES IN ^ ° С е (п ,у )^ 'С е

No.
Ey(t A Ey) 

(keV) 'y
A ly

1 47 64 (2) 78.0 7
2 4336 (2) 15.9 2
3 4319 (4)
4 4289 (2) 32.5 4
5 3718 (4)
6 3666 (3) 3.12 0.5
7 3615 (3) 4 .0 0 .4
8 3607 (3) 4 .0 0 .4
9 3366 (3) 2 .6 0.5

10 3331 (4)
11 3237 (3) 3 .6 0 .6
12 3107 (3) 3 .9 1
13 3087 (3) 3.25 0 .4
14 3016 (2) 6.9 0 .8  -
15 2997 (2) 6 .2 0 .6
16 1809 (2) 2.7 0 .3
17 1747 (2) 7 .5 0 .4
18 1675 (2) 2.0 0 .3
19 1495 (2) 2.6 0 .2
20 1347 (1) 5 .4 0.5
21 1324 (1) 5 .4 0 .5
22 1229 (1) 6.2 0.7
23 1183 (1) 10.3 1.0
24 1169 (2) 3.0 0.6
25 1115 (1) 4 .0 0.8
26 1089 (1) 17.0 3
27 1049 (1) 12.6 2
28 1035 (2) 6.3 1
29 994 (2) 4 .0 1
30 975 (2) 4 .5 0.9
31 942 (1) 10.3 2
32 661 (1) 100.0 10
33 605 (2) 6 .6 0 .7
34 582 (2) 5.9 1
35 475 (1) 26.0 3
36 440 (1) 61.1 5
37 339 (2) 93.0 6

c h a r a c te r is t ic s  o f  th ese  le v e ls  have a lrea d y  been  studied through the (d, p) 
r e a c tio n  and the m ea su rem en ts  o f  e la s tic  and in e la s tic  p ro ton  sca tte r in g  
and p o la r iza t io n  o f  p ro ton s  s ca tte re d  fro m  I38ga w ith  a v iew  to  studying 
the analogue states and th e ir  sp ins and p a rit ie s  in  I38j_,a [1 4 -1 6 ] .  A s is  
c le a r  fro m  F ig . 1, the known c h a r a c te r is t ic s  o f  th ese  6 le v e ls  a re  con s isten t 
w ith  the p re se n t sp in  and p a rity  assign m en ts . The 6 2 7 -k eV  le v e l d e ca y s  to 
the ^ ground state . T he value = § ' is  p r e fe r r e d  fo r  th is le v e l to = ^ , 
b e ca u se  the la tter  w ould m ake th is tran sition  M3, w h ich is  v e ry  un likely .

A s ex p ected , no p r im a ry  tra n sition s  a re  seen  to the ^ ground state 
and the ^ e x cite d  state at 1418 keV . They w ould  have to be E3 and M2 in
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nature w hich  is  m uch le s s  lik e ly  fo r  th ese  h ig h -e n e rg y  tra n s ition s . H ow 
e v e r , the le v e l at 1418 keV  d eca y s  to the ÿ ground state. If one a ssu m es 
that th is tra n s ition  is  e ith er  M l o r  E2, then this le v e l should have  ̂
o r  y .

T he ground state ) and the le v e ls  at 62 7 keV (§ ), 1083 keV  ) and 
1418 keV  (§ ) a re  known to be due to the od d -n eu tron  ou tside the m a g ic  c o r e  
o f  N = 82, w h ich  fin ds it s e lf  r e s p e c t iv e ly  in the 2f 3 p §, 3 p ^ and 2 f  у 
o rb its  [5 -8 ] . The o th er  p -s ta te s  m ay have been  ca u sed  by the ex cita tion  o f 
c o m p le x  con fig u ra tion s  such  as the cou p lin g  betw een  the s in g le -p a r t ic le  
e x cita tion  and the c o lle c t iv e  ex cita tion  o f  the 138ва c o r e ,  fo r  exam ple  the 
tr ip le t  at 2130, 2156 and 2185 keV cou ld  a r is e  fro m  the cou p lin g  o f s in g le 
p a r t ic le  sta tes ( 2 f y ,  3 p ^ , 3 p ^ ) w ith  the 2 -p hon on  v ib ra tion a l tr ip le t that 
should ex ist around th is en erg y  o f  ex cita tion . One hopes that d eta iled  
th e o r e t ic a l ca lcu la tio n s  w ill  help  to understand the w ay th ese  additional 
le v e ls  a re  p rod u ced .



T A B L E  IV . CASCADES USED T O  O B T A IN  TH E V A L U E  OF Sn IN ^ °L a  AND ^ C e

'" ß a  ' 140,La 141.-,Ce

4095 + 627 = 4722 5157 + 0 = 5157 4764 + 661 = 5425

3639 + 456 + 627 = 4722 4885 + 274 = 5159 4336 + 1089 = 5425

2593 + 1049 + 456 + 627 = 4725 4501 + 655 = 5156 4289 + 475 + 661 = 5425

2567 + 1075 + 456 + 627 = 4725 3715 + 1444 = 5159 3615 + 1809 = 5424

2538 + 1557 + 627 = 4722 3662 + 1493 = 5155 3016 + 1747 + 661 = 5424

2244+1853 + 627 = 4724

Mean = 4723.3 ± 1 .5  keV Mean S„ = 5157.2 ± 1.5  keV Mean = 5424. 6 ± 1 .5  keV
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T A B L E  V . NEUTRON SE PAR ATIO N  EN ERGY FO R VARIOUS NUCLEI

Sn (keV)
Nucleus

Mass tables [14] Other authors Present values

4717 ± 10 4723 ± 0 .7  [5] 4723.3 ± 1.5

5000 ± 48 5165 i  5 [4] 5157.2 ± 1.5

" 'C e58 83 5438 ± 9 5424.6 ± 1.5

4 .2 .  L e v e ls  in  ^ °L a

T he odd nucleu s -*4°La should have a m o re  co m p lica te d  le v e l stru ctu re  
than the two o th er  n u cle i studied h e re . Th is is  due to the fa ct that it has a 
neutron  ou tside the N = 82 neutron  m a gic  num ber and an unpaired proton .
T h is  co m p a ra tiv e ly  co m p lica te d  s tru ctu re  should g ive  r is e  to a h igher 
n u m ber o f le v e ls  in th is n ucleu s than in e ith er  o f  the o th er two n u cle i.

T h e ta rget n ucleu s I39]^a has sp in  and p a rity  = § w hich  w ould lead 
to  the cap tu re  state in  ^ °L a  having J"' = 3* o r  4+.

F ig u re  2 show s the le v e l sch e m e  on ^ °L a  obtained from  the p resen t 
cap tu re  data. A gain, i f  w e should assu m e that the p r im a ry  tran sition s  are 
o f  E l  nature, the le v e ls  populated through p r im a ry  tran sition s should have 
J " = 2*, 3 ',  4" o r  5*.

T he ground state and the f ir s t  ex cited  state at 31 keV a re  known to 
have = 3 and 2 re sp e c t iv e ly  [1] and these are  reach ed  by the p r im a ry  
tra n s itio n s . T h ese  two le v e ls  a re  p resu m ed  to be fo rm e d  through the 
cou p lin g  o f  the 2 f  ÿ odd neutron  and the 1 g {  unpaired  proton . T h is can 
g ive  r is e  to  sta tes w ith  sp in  v a lu es  that lie  betw een  0 and 7 and have a 
n egative  pa rity .

T he decay  o f the 6 3 -k e V  le v e l tow ards the 3* ground state is  not o b 
se rv e d . T h is  is  b e ca u se  the low  g a m m a -ra y  en ergy  th resh o ld  in the p resen t 
m ea su rem en ts  w as h igh er  than th is en erg y . Hughes et a l. [17] have seen  
th is lo w -e n e r g y  tra n s itio n . It is  not p o s s ib le  to pin down the sp in  o f  th is 
le v e l; the E l o r  E2 tran sition  le a v e s  it open w hether th is le v e l has = 2 ', 
3 , 4  o r  5 .

A s one can  o b s e rv e  the d eca y  o f  the two le v e ls  at 272 and 319 keV 
tow ards the 2* le v e l at 31 keV but not tow ards the 3* ground state, th is should 
ex clu d e  th ese  two le v e ls  from  b e in g  5 beca u se  th is c h o ic e  w ould dem and 
that each  o f  th ese  qu ite in ten se tra n sition s  should be M 3, w hich  is  not v e ry  
lik e ly . T h ese  tra n sition s  m ay be  e ith er  M l o r  E2 and u nder th ese  con d ition s 
each  o f  th ese  le v e ls  cou ld  have = 2", 3* o r  4".

Stripping  re a c tio n  stud ies [6] have su ggested  that the le v e ls  at 655 and 
746 keV should be lon g  to the con fig u ra tion  o f  (1 g ^)p (З р§)д , h ence  th ese  
le v e ls  can  have sp ins and p a r it ie s  = 2*, 3", 4* and 5*. E ach  o f  th ese  two 
le v e ls  d e -e x c it e s  tow ards the 3* ground state, but not tow ard s the 2* f ir s t  
e x cite d  sta te . H ow ever, the ba la n ce  o f  in ten sities  show s that th ese  le v e ls
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d eca y  tow ards o th er  le v e ls  not populated by  the d ir e c t  p r im a ry  tran sition s 
fro m  the capturin g  state . Again  it is  not p o s s ib le  to n arrow  down the ch o ice  
o f  the va lu es o f  sp ins fo r  these two le v e ls ; the M l o r  E2 tra n sition s  leave  
a c h o ic e  o f  = 2*, 3*, 4* o r  5* fo r  each  o f  th ese  two le v e ls .

U nder the p resen t con d ition s it is  not p o s s ib le  to say m uch about the 
o th er  two le v e ls  at 1443 and 1494 keV b eca u se  no su pporting  in form ation  
e x is ts . S ince th ese  le v e ls  are  fed  by the p r im a ry  tra n sition s , they can 
have = 2 , 3 , 4 o r  5 .

F ig u re  2 show s that the g a m m a -ra y  tra n sition s  from  the captu re  state 
to the known In = 1 le v e ls  do not seem  to  be p r e fe r r e d  o v e r  the tran sition s  
to the known In = 3 le v e ls ; th is la ck  o f  p r e fe re n ce  fo r  the In = 1 le v e ls  should 
im p ly  that in the i39La(n, y )^ °L a  re a ctio n  with th erm a l neutrons the con tr ib u 
tion  from  the com pound nucleu s re a ctio n  p r o c e s s  is  dom inant o v e r  the 
p r o c e s s  o f  d ire c t  captu re , as a lrea dy  pointed out by  Hughes et a l .[1 7 ]  .

4 .3 .  L e v e ls  in -^ C e

T he stru ctu re  o f  th is nucleu s should be c lo s e  to that o f ^39ga beca u se  
the two d if fe r  on ly  in a p a ir  o f  p ro ton s . The sp in  and pa rity  o f  the ta rget 
nucleu s a re  1^ = O^and the captu re  o f  an s -w a v e  neutron  g ives  the capture 
state spin and pa rity  ^ . Again, the h ig h -e n e rg y  E l p r im a ry  tra n 
s ition s  should lead  to le v e ls  w ith spin and parity  ^ o r  § . F ig u re  3 
show s the le v e l sch em e  o f i^ C e  obtained from  the p resen t (n, y ) ex p erim en t. 
F o r  the le v e l at 1810 keV In = (3) has been  su ggested  [5] w hich  w ould g ive  
th is le v e l sp in  and pa rity  J"' = ^ o r   ̂ . The p resen t re su lts  do not support 
th is assign m en t. A s F ig . 3 sh ow s, th is le v e l d eca y s  to the  ̂ ground state 
and it w ould be p re fe ra b le  to a ss ig n  J"' = ^ to  th is le v e l beca u se  a value o f

 ̂ w ould lead  to  th is tra n sition  being  a le s s  lik e ly  M3 tran sition , w hile 
^ w ould m ake it an E2 tra n sition . On s im ila r  grounds the assign m en t 
§ is  p r e fe ra b le  fo r  the le v e ls  at 661 and 1089 keV .

A s in  139ва, the ^ ground state and the § f ir s t  e x cite d  state at 661 keV 
are  due to  the odd neutron  ou tside the N = 8 2  m a gic  num ber being  in  the 
2 f ^  and 3 p §  o rb its  r e s p e c t iv e ly . T h ere  is  a ^ le v e l at 1136 keV due to 
the 3 p  § neutron ; th is state is , perh a ps, s im ila r  to the у state at 1083 keV 
in ^ B a .  The ex cita tion  o f o th er  ?  o r  § le v e ls  cannot be accoun ted  fo r  by 
a s im p le  sh e ll m od e l; to  explain  them , it w ould p erh aps be n e ce s s a r y  to 
invoke som e co m p le x  con fig u ra tion s  such as the cou p lin g  betw een  the 
s in g le -p a r t ic le  states and the c o lle c t iv e  excita tion  o f  the c o r e .

It is  in terestin g  to note that the tr ip le t  (2130, 2156 and 2185 keV) seen  
in  ^39ga (se c t io n  4. 1) is  absent in ^ C e .  It w as su ggested  that th is tr ip le t 
in  ^39ga cou ld  a r is e  fro m  the cou p lin g  o f  the 2 f § ,  3 p ^  and 3 p §  s in g le 
p a rt ic le  states w ith the 2 -p hon on  v ib ra tion a l tr ip le t  that m ay be p resen t 
around th is en erg y  o f  e x cita tion . The ab sen ce  o f  this tr ip le t in  is  not 
c le a r , even  though one ex p ects  to find th is 2 -phon on  v ib ra tion a l tr ip le t 
fro m  the ex cita tion  o f  the !4°Ce c o r e  at about the sam e ex cita tion  en erg y .

4 .4 .  The neutron  sep ara tion  e n e rg ie s  Sn

T ab le  V g iv e s  the neutron  sep ara tion  e n e rg ie s  fo r  the n u cle i studied 
h ere  obtained fro m  the m a ss  ta b les  [13] m ea su red  in o th er la b o ra to r ie s  
and the va lu es determ in ed  from  the p resen t m ea su rem en ts . A s the table 
sh ow s, the va lu es o f  Sn obtained from  the m a ss  ta b les  la ck  the p r e c is io n  o f
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the ex p erim en ta l r e s u lts . The p re se n t va lu es o f  Sn a re  in  good  agreem en t 
w ith  the a lre a d y  ex ist in g  v a lu es  o f  Sn fo r  -^Эца and i4°La.

T he v a lu es  o f  S ^ fo r  the 83rd  neutron  are  known w ith high p r e c is io n  and 
it w ould  be  in te re st in g  to  see  how th is value o f  Sn beh aves as the n um ber o f 
p ro ton s  is  in c r e a s e d . T ab le  V  show s that as the n um ber o f  p ro ton s  in 
c r e a s e s  the va lu e o f  in c r e a s e s  a lso ; th is in c r e a s e  is  due to the d e 
c r e a s e  in the con trib u tion  to  the n u c le a r  m a ss  fro m  the m a ss  a sy m m etry  
term  (N -Z )^ /A . H ig h -p r e c is io n  ex p erim en ta l r e su lts  o f  th is type should 
lead  to a c o rre sp o n d in g  im p rov em en t o f  th is te rm  in the ex ist in g  e m p ir ica l 
m a ss  fo rm u la e .

5. CONCLUSION

A co m p a r is o n  w as m ade o f  the le v e l sch e m e s  o f  139ва and ^ C e  w hich  
d if fe r  on ly  in a p a ir  o f  p ro to n s : 56 and 58 r e s p e c t iv e ly . T he ^ ground 
state , the -§ f ir s t  e x cite d  states at 62 7 keV ( ^ B a )  and 661 keV (-^ C e ) and, 
p erh a p s, a lso  the states at 1083 keV  (^Эца) and 1136 keV  ( ^ C e )  have 
id e n tica l c h a r a c te r is t ic s  and a re  a ll p rod u ced  by  the odd neutron  ou tside 
the N = 8 2  m a gic  n u m ber. It is  p o s s ib le  that the 2 4 8 0 -keV (139ва) and the 
24 0 9 -k eV  (*^C e) le v e ls  m ay be p rod u ced  through id e n tica l con fig u ra tion s  
in  th ese  two n u c le i. H ow ever, the le v e ls  at 1089 and 1810 keV  in ^ C e  are  
not seen  in  *^B a and the tr ip le t  o b s e rv e d  at 2130, 2156 and 2185 keV in  ^ B a  
is  absent in  ^ C e .  ц  w as su ggested  that th is tr ip le t in ^ B a  m ay have been  
p rod u ced  through  the 2 f  3 p §  and 3 p §  s in g le -p a r t ic le  states cou p led  to the 
2 -p h on on  v ib ra tio n a l tr ip le t o f  the ^Sga c o r e  w hich  m ay be ex cited  around 
th is en erg y  o f  e x cita tion . The re a so n  fo r  its ab sen ce  in ^ C e  is  not c le a r  
even  though one ex p ects  to find th is 2 -phon on  v ib ra tio n a l tr ip le t  fro m  the 
^ °C e  c o r e  at about the sam e ex cita tion  en ergy .

T he neutron  sep a ra tion  e n e rg ie s  Sn fo r  the n u cle i studied  h ere  have 
been  deduced  and co m p a re d  w ith  v a lu es  obtained fro m  the m a ss  ta b le s . The 
s ig n ifica n ce  o f  th ese  h ig h -p r e c is io n  ex p erim en ta l va lu es o f  S^to the m a ss 
a sy m m e try  term  in the e m p ir ica l n u c lea r  m a ss  fo rm u la e  is  d is cu ss e d .
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GAMMA RAYS FROM THERMAL 
NEUTRON CAPTURE IN LANTHANUM *

Ь-sírací

J .  SIMIC, I. SLAVIC, V . A JD A ÍIC , B . LALOVIC 

Boris KidriE Institute of N uclear Sciences,
Belgrade, Yugoslavia

Abstract

GAMMA RAYS FROM THERMAL NEUTRON CAPTURE tN LANTHANUM. Gamma rays from the La(n.y)

effective volumes o f 25 and 15 cm^ with resolutions o f 4 and 3 keV at 1.33 MeV and 6 and 5 .5  keV at 5 MeV, 
respectively. The target was 1 g o f  spectroscopically pure lanthanum oxide bombarded with a filtered 
extemai beam with an intensity o f 6 x 10  ̂n cm '^sec'*. The electronic equipment consisted of ORTEC units 
and a 4096-channel Nuclear Data 2200 analyser. The data accumulated were punched on paper tape and 
computed on an IBM 360 by means o f a program that automatically finds the peaks and fits them to 
Gaussian functions.

Energy and intensity measurements were carried out in the gamma-ray interval from 0-5200 keV.
The energy calibration was carried out with ^°Ce gamma rays and the S (n ,y) reaction. The background 
spectrum was taken with a graphite target in a Teflon capsule. The coincidence measurements were mainly 
carried out in such a way that the low-energy spectrum was gated with the stronger high-energy transitions.

From a total o f  117 transitions found 23 were assigned as primaries populating low-lying levels in ^"La 
found from the * ^ L a ( d , p ) ^ ° L a  reaction. A further 59 transitions could be placed in the level scheme of 
i**°La. The separation energy o f the last neutron in ^°La has been calculated as 5160.4 ± 1 .5  keV (based 
on 8641.2 ± 1.0  keV, the separation energy in the reaction ^S(n ,y)^S ).

*  A fuller desctiption o f this work wiil be published elsewhere.
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Abstract

STUDY OF THE REACTION '^Er(n, y Er. Gamma rays from the reaction Er(n, y Er have

Ge(Li) detector. In addition to transitions found in earlier investigations we have found evidence for 
transitions depopulating a К = 1* band.

INTRODUCTION

The re a c tio n  ^^^Er(n,y)^^^Er w as p re v io u s ly  in vestigated  by  K och  [1] 
with a b e n t -c r y s ta l  d iffra c t io n  sp e c tro m e te r . The tran sition  e n e rg ie s  
and in ten s ities  w e re  m ea su red  with high a c c u r a c y  to about 1 M eV . The 
grou n d -sta te  ro ta tion a l band, the g a m m a-v ibra tion a l band and two bands 
with К = 3* and К = 4* w e re  estab lish ed . M easu rem en ts o f  gam m a rays 
and in tern a l c o n v e rs io n  e le c tr o n s  fr o m  th is r e a c t io n  have a lso  been  p e r 
fo rm e d  by  G rosh ev  et a l. [2] . Spin and p a rity  o f  about 20 lo w -e n e r g y  
sta tes w e re  su ggested  by  m eans o f  neutron  re so n a n ce  captu re  by  B o llin g e r  
et a l. [3] .

In (d ,p )  m ea su rem en ts  by H arlan  et al. [4] the bands m entioned  above 
have been  o b s e rv e d , tog eth er  with a num ber o f  unassign ed  states above 
1300 keV . Tjpim et a l. [5] have o b s e rv e d  som e o f  th ose  le v e ls  m entioned 
above  in the i 68E r (dd* ) r e a c tio n  but le a v e  about 10 sta tes unassign ed  o r  
with v e r y  u n certa in  ass ign m en ts . Som e o f the 16&gr igyg ig  have a lso  
been  studied fr o m  the d eca y  o f  ^ T m [ 6 , 7 ] . One m ay exp ect m o re  bands in 
the r e g io n  around 1. 5 M eV  than th ose  m entioned above  to be populated in 
the (n ,y )  r e a c tio n . W e have th e r e fo re  studied the g a m m a -ra y  sp ectru m  
in the re g io n  0 .5 -2  M eV  u sin g  G e(L i) d e te c to r s .

E X P E R IM E N T A L  PRO CE D U RE

The ta rget m a te r ia l w as Ег^Оз en rich ed  to 90% in ^ E r .  The gam m a 
sp e ctra  w ere  m ea su red  with G e(L i) d e te cto rs  u sin g  two d ifferen t e x p e r im e n 
tal a rra n g e m e n ts . D ire c t  m ea su rem en ts  w ere  m ade with 100 m g o f  the 
ta rget m a te r ia l p la ced  in an ex tern a l neutron  beam  with a flux o f  about

3 5 1



3 5 2 FALKSTROM-LUND and BACKLIN

FIG. 2. Part o f the gamma spectrum. Top: direct spectrum, bottom: two spectra measured with the 
combined arrangement together covering the same energy region as above. Energies in keV.
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FIG.3. Preliminary level scheme showing transitions from the proposed K -l band to the groundstate band, 
together with the bands previously reported.

1()6 n cm*2 sec*^ and the g a m m a -ra y  sp ectru m  w as r e g is te r e d  in the usual 
w ay [8] . In the o th er arran gem en t the gam m a ra y s  w ere  d iffra c te d  in a 
f la t -c r y s ta l  m o n o ch ro m a to r  b e fo r e  entering  the G e(L i) d e te cto r . The 
p r in c ip le  o f  th is arran gem en t is  show n in F ig . 1. A flat Ge c ry s ta l u tiliz in g  
the (400) plane is  u sed . The d iffra c tio n  peak is  ra th er  b road  and a llow s an 
en erg y  re g io n  o f about 100 keV at 1 M eV  to rea ch  the Ge d e te cto r . F u rth er 
d eta ils  a re  g iven  in R e f. [9] . The advantage o f  th is com bination  m ethod 
is  the su p p re ss io n  o f  the C om pton  background cau sed  by  h igh er e n e rg ie s . 
The peak to background ratio  is  thus co n s id e ra b ly  im p rov ed  o v e r  a d ire c t  
sp ectru m  w hich  is  illu s tra ted  in  F ig . 2. A disadvantage is  the com p lica ted  
re sp o n se  function  w hich  depends on  the in tensity  v a r ia tion  o f  the d iffra ctio n  
peak, the r e f le c t iv ity  and a b sorp tion  in the Ge c ry s ta l as w ell as the e f 
f ic ie n c y  o f  the G e (L i) d e te c to r . Intensity  ca lib ra tion  w as m ade by  using 
the s tro n g e st gam m a lin e s  in the d ir e c t  sp ectru m , w hich w e re  m ea su red  
with an a ccu ra te ly  ca lib ra te d  25 -cm ^ G e(L i) d e te cto r .

RESULTS AND DISCUSSION

A bout 80 gam m a lin e s  w e re  o b se rv e d  in the en ergy  re g io n  0 .6 -2  M eV , 
m ost o f  w hich  had not been  o b s e rv e d  e a r lie r .  The agreem en t with e a r lie r  
data [1 ,2 ]  is  in g en era l g ood , excep t fo r  in ten sities  in the re g io n  0 .7 -0 .  8 M eV 
w here ou r v a lu es  a re  sy s te m a tica lly  low er  by  a fa c to r  o f  2.
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T j^ m  et a l. [5] o b s e rv e  a s tron g ly  populated le v e l at 1428 keV  w hich  
they su g gest to be the 3* o c to p o le  v ib ra tion  le v e l .  In the (d ,p )  r e a c tio n  
sta tes at 1357, 1393 and 1427 keV  are  populated, w hich  are  su ggested  to 
be the 1 ' ,  2" and 3* m e m b e rs  o f  a К = 1* band [4] .

W e find com bin a tion s o f  fa ir ly  stron g  lin e s  with the le v e ls  o f  the 
g ro u n d -s ta te  band y ie ld in g  le v e l e n e rg ie s  o f 1357 .3  ± 0 . 5  and 1431 .2  + 0.5 keV. 
S ince the p rob a b ility  o f  finding such  a com bin a tion  by  acc id en t w ithin ±  5 keV  
fr o m  a g iven  en erg y  is  as sm a ll as 2% in th is en erg y  re g io n , we m ay iden tify  
th ese  le v e ls  with the 1* and 3* le v e ls  o b s e rv e d  in the c h a rg e d -p a r t ic le  
r e a c t io n s . The 2" le v e l is  defined  by  the 1 3 1 0 .4 -k e V  tra n sition  w hich  
a p p ea rs  quite is o la te d  in the exp ected  en ergy  re g io n . Its in ten sity  a lso  
fits  v e r y  w ell with re g a rd  to the popu lation  sy s te m a tic s  o f  the sta te s . The 
1* band is  show n in F ig .3  togeth er with the bands p re v io u s ly  esta b lish ed .

S ince s e v e r a l o f  the tra n sition s  in volved  have a ltern a tive  p os ition s  in 
the le v e l s ch e m e , no a ccu ra te  ra tio s  o f K = l * - > K  = 0^ tran sition s can  be 
obtained  at the p resen t stage.

S ince som e  o f  ou r in ten s itie s  fo r  tra n sition s  fr o m  the gam m a-v ibra tion a l 
band to  the g rou nd -state  band d iffe r  fr o m  the e a r lie r  data [1] , w e have r e 
ca lcu la ted  the Zg m ixin g  p a ra m eter  to be 0 .0 3 .
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Abstract

LOW-LYING ROTATIONAL BANDS IN ^ S n i. A series of (n, y) and (n, e") experiments were used 
to develop the level scheme o f '-^Sm. Spin and parity assignments were made for 15 o f the 25 levels below 
*700 keV. The gtound state and nine o f these levels below 300 keV are interpreted as members o f three 
К = 3 /2  rotational bands (two of negative parity and one of positive parity). The observed gamma-ray 
branching ratios were compared with the predictions o f  the Nilsson model for an odd neutron coupled to

In ou r w o rk  a s e r ie s  o f  (n, y) and (n, e ") stud ies a re  com bin ed  to 
d ev e lop  the le v e l  s ch e m e  o f  ^ S m .  The I52gm(n, y )i5 3 g ^  sp e ctru m  w as 
m ea su red  w ith  the A rgon n e b e n t -c r y s ta l  sp e c tro m e te r  and w ith  a G e(L i) 
d e te c to r  at the in -p ile  fa c ili ty  at the A rgon n e C P -5  r e s e a r c h  r e a c to r .
The lo w -e n e r g y  b e n t -c r y s ta l  sp e ctru m  co n s is te d  o f  251 gam m a t r a n s i
tion s a s so c ia te d  w ith  th e rm a l-n e u tro n  captu re  in ^ S m  and w ith  en e rg ie s  
betw een  28 and 1041 k eV . T h e g a m m a -r a y  in ten sities  w e re  n o rm a lize d  
to  the p r e v io u s ly  esta b lish ed  in ten sity  o f  the Ю З-k e V  lin e  in -^ E u  fro m  
the beta  d e ca y  o f -^ S m . The h ig h -e n e rg y  (n, y) sp e ctru m , co n s is t in g  o f  
23 lin e s  betw een  4 .5  and 5.9 M eV , w as obtained w ith  a G e(L i) d e te c to r . 
T he v e r y  high re so lu tio n  o f  the b e n t -c r y s ta l  s p e c t ro m e te r  at low  gam m a 
e n e rg ie s  and o f the G e(L i) d e te c to r  at high e n e rg ie s  w e re  e sse n tia l to 
the u n ravelin g  o f th is v e r y  co m p lica te d  le v e l s ch e m e . T he fu ll (n, y) 
sp e ctru m  is  p lotted  in F ig . l .  It is  one o f  the lo g  Iy v e rs u s  lo g  E^ p lots 
that take a lit t le  getting  u sed  to . E ach  gam m a ra y  is  re p re se n te d  as a 
point on the graph  and, as we can  see , the sp ectru m  is  ty p ica l o f  that o b 
tained fo r  n eutron  cap tu re  in  e v e n -Z  even N -n u c le i. The la rg e  num ber 
o f  s tro n g , lo w -e n e r g y  gam m as seen  in  the u pper le ft  a re  the tra n s ition s  
betw een  the m any lo w -ly in g  sta tes in the e v e n -Z  od d -N  ^S3g^ n u cleu s.

The c o n v e r s io n -e le c t r o n  sp e ctru m  w as m e a su re d  w ith  the h igh - 
r e so lu tio n  m a gn etic  s p e c t r o m e te r  at M unich. T h e К and L  c o n v e rs io n  
c o e ffic ie n ts  obtained  by  com bin in g  th ese  data w ith  the b e n t -c r y s ta l  gam m a 
in ten s itie s  w e r e  u sed  to  obtain  m u ltipo le  ass ign m en ts  fo r  37 o f the lo w - 
e n e rg y  tra n s it io n s .

*  The full text o f this paper will be published in The Physical Review under the title "Energy 
levels in grn based on (n, y) (n, e") and beta decay studies" by R.K. Smither et al.
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T he lo w -e n e r g y  le v e l s ch e m e  o f  is  g iven  in F ig .2. The sp in
and p a rity  ass ign m en ts  a re  ba sed  a lm ost e n tire ly  on the p resen t (n, y) 
and (n, e " )  w o rk .
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F IG .l. Log-log plot o f Iy versus Ey for the gamma spectrum from '^Sm (ii, y) '^S n¡. The filled circles 
are the bent-crystal data and the open circles are the Ge(Li) data,- dashed line indicates the minimum
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FIG. 2. The level scheme of Sm, showing the low-energy transitions originating ftom levels below 400 keV. The spin and parity assignments com e from the (n,y), 
and (n, e*) data. The widths o f  the shaded lines suggest the gamma intensities o f the corresponding transitions. When the conversion-electron intensity is appreciable, 
it appears as an unshaded portion of the line. The labels on the transitions give their energies (in keV) and multipole assignments. The vertical arrows on the right-hand 
side o f  the level scheme indicate the presence o f direct (n, y) transitions from the neutron-capture state. The energy levels from the early (d, p) work o f Kenefick and 
Sheline [1 ] appear on the right-hand side o f  the level scheme as solid bars whose vertical heights reflect the uncertainties in their energies. The open bars correspond to 
the levels added in the recent (d, p) and (d, t) work [2 ] . The spin and parity assignments are repeated on the right-hand side o f the level scheme. The parantheses 
around some of the level energies reflect some uncertainty in the method used to determine them.
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Abstract

DIRECTIONAL ANISOTROPY OF CAPTURE GAMMA RAYS FROM ALIGNED " S m  NUCLEI. Neutron 
capture gamma-ray experiments with aligned nuclei are reported. On the basis o f  these experiments
spin values were assigned to many levels o f * s ° S m .

N eutron  captu re  gam m a ra y s  fr o m  aligned n u c le i w ill  in g e n e ra l have 
a n is o tro p ic  d ire c t io n a l d is tr ibu tion s  given  by the e x p re ss io n :

w h ere  f  ̂ a re  orien tation  p a ra m e te rs  o f  the capturing  nucleu s as o r ig in a lly  
defined  by  T o lh oek  and C ox [1 ], the G^' s a re  d iso r ie n ta tio n  p a ra m e te rs  
re la ted  to  the neutron  capture and p reced in g  gam m as and the A ] ¡ 's a re  
p a ra m e te rs  w hich  depend on the c h a ra c te r is t ic s  o f  the gam m a tra n sition . 
T he v a lu es  o f A.¡¡ a re  often  v e r y  m uch d ifferen t fo r  the v a r iou s  p o s s ib le  
sp ins o f  the in itia l and fin a l s ta te s . C onsequently  a m ea su rem en t o f  the 
a n iso tro p y  o f  the g a m m a -ra y  e m iss io n  fr o m  orien ted  n u c le i m ay g ive  
co n c lu s iv e  in form a tion  about sp ins o f  le v e ls , p rov id ed  that the m u lti
p o la r ity  o f  the rad ia tion  is  known. U sually it can be  expected  that the 
o b se rv e d  h ig h -e n e rg y  p r im a ry  gam m a rays have d ip o le  ch a ra cte r . In 
so m e  c a se s  th is is  known fr o m  e le c tro n  c o n v e rs io n  c o e ffic ie n ts . In the 
c a s e  of d ip o le  tra n s ition s  on ly  the te rm  with к = 2 is  d ifferen t fr o m  z e r o . 
S ev era l n u c le i can  be or ien ted  to a su ffic ien t d e g re e  to exp ect ra th er  
la rg e  a n is o tro p ie s . Such ex p erim en ts  have been  done in the past w ith 
the *^ N d (n ,y ) and ^ C o ( n ,y )  r e a c t io n s , see  R efs [ 2 - 4 ] .

R ecen tly  w e have fin ish ed  exp erim en ts co n ce rn in g  the a n iso tro p ie s  
o f  cap tu re  gam m a rays fr o m  aligned  149Sm n u cle i. F o r  th is pu rpose  
s in g le  c ry s ta ls  o f  Ceg M g3 (N03)12  - 2 4 D 2O w ith a tota l w eight o f 20 g , in 
w h ich  a s m a ll fr a c t io n  o f  the ce r iu m  has b een  re p la ce d  by  sa m a riu m , 
w e re  u sed . T h ese  c ry s ta ls  w e re  co o le d  to about 0.01 - 0 .02°K  by the 
m ethod o f ad iabatic  dem agn etization  startin g  fr o m  1°K and an in itia l 
m agn etic  fie ld  o f  12 kO e. It w as not p o s s ib le  to keep the sa m p les  lo n g e r  
than about 10 -15  m in at a su ffic ie n tly  low  tem p era tu re  b e ca u se  o f the 
heat input due to  rad ia tion  e tc . and beca u se  o f  the v e r y  low  s p e c if i c  heat 
o f  the bulk m a te r ia l. H ow ever , a fu lly  autom ated sy stem  w as d evelop ed  
w h ich  m ade it p o s s ib le  to  rep ea t the dem agn etization s and counting p e r io d s . 
E ach  c y c le  la sted  about 35 m in  and contained a m ea su rem en t o f  11 m in at 
0.01 - 0 .02°K  and a m ea su rem en t o f  the sam e length o f  tim e at 1°K; thus

W (9) = 1 + f  ̂ G¡< Ax (co s  6)
к even
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T A B L E  I. AN ISO TRO PIES OF H IG H -EN E RG Y  TRANSITION S AND SPIN 
ASSIGNM ENTS OF ^Ogm

W(0°) -  1 Final level Spin assignment final level

7212.0 keV -0 .3 5  ± 0 .0 1 773.4 keV 4+

6535.9 keV -0 .3 5  ± 0 .0 3 1449.3 keV 4+

6479.9 keV +0.18 ± 0 .0 7 1504.7 keV 3+(5)+

6342.8 keV -0 .3 7  ± 0 .0 8 1642.7 keV 4+

6158 keV -0 .2 0  ± 0 .1 0 1822 keV (3)+4+

6016.3 keV -0 .36  ± 0 .0 9 1971.9 keV 4

5961.7 keV -0 .3 6  ± 0 .0 3 2021.5 keV 4+

5923.6 keV +0.23 ± 0 .0 7 2062.9 keV 3+(5)+

5891.8 keV +0.02 ± 0 .0 7 2093 keV 5+

5833 keV -0 .3 0  ± 0.07 2153.3 keV 4+

5792 keV -0 .3 9  ± 0 .1 5 2191.2 keV 4

5725 keV -0 .3 1  ± 0 .0 7 2260 keV 4

5617.0 keV +0.29 *Q.Q9 2368 keV 3+

5532.5 keV +0.245 ± 0.015 2453 keV 3+

5492 keV +0.17 ± 0 .0 9 2493 keV 3+, 5+

5338 keV +0.14 ± 0 .0 8 2647 keV 3, 5

w ith the n u c le i u n orien ted . T he sp e c tra  w e re  a ccu m u la ted  fo r  one w eek  
at both  te m p e ra tu re s . F o r  the d e tection  o f the gam m a ra y s  tw o G e(L i) 
d e te c to rs  o f  2 and 6 cm 3 have b een  u sed .

V e r y  la r g e  a n is o tr o p ie s  o f  m any p r im a ry  tra n s it io n s  and a lso  s e c o n 
d a ry  tra n s it io n s  w e re  found. In one o f the sa m p le s  n e a r ly  the m axim um  
v a lu e  o f  f2 w as a ch ieved  d ir e c t ly  a fte r  d em agn etization .

T h e ex p erim en t w as c a r r ie d  out w ith 0 .0 4 7 -e V  n eu tron s. The captu re  
c r o s s - s e c t i o n  at th is tem p era tu re  is  m ain ly  due to  a 4 "  re so n a n ce  at
0 .0976 eV . A c co r d in g  to  o th er  authors a sm a ll fr a c t io n  o f  the th erm a l 
n eutron  ca p tu re  is  re la ted  to  a 3* bound state . It has been  show n that 
p r im a ry  gam m a ra y s  o f  the 149 Sm (n, y) re a c tio n  w ith  in ten sities  la rg e r  
than 0.03 gam m as p e r  100 n eutron s captured o r ig in a te  fr o m  the 4* 
r e so n a n ce .

It is  im p o s s ib le  to  show  in  the sco p e  o f  th is con trib u tion  a ll the 
m e a su re d  a n is o tro p ie s  and the a n a lys is  Of the data. H ow ever , the a n is o 
tr o p ie s  o f  s e v e r a l  h igh -en erg y  p r im a ry  tran sition s and the assign m en ts 
o f  the fin e l le v e ls  o f  i^°Sm a re  g iven  in T ab le  I.

T h e p o s it iv e  p a r ity  o f  m any o f  th ese  le v e ls  quoted is  ba sed  on e le c tro n  
c o n v e rs io n  c o e ffic ie n ts  [5 ], w h ich  a lso  ju stify  the assu m ed  d ip o le  ch a ra cte r . 
T h e sp in  a ssign m en ts  in the ta b le  in p a ren th eses cou ld  be  r e je c te d  on the 
b a s is  o f  a n is o tro p ie s  o f  s e co n d a ry  gam m a ra y s . M ore  a ssign m en ts o f 
s e v e r a l  o th er  lo w -e n e r g y  le v e ls  o f  is o g ^  w e re  d e r iv e d  on the b a s is  o f
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a n is o tro p ie s  and e le c tr o n  c o n v e rs io n  c o e ffic ie n ts  o f  lo w -e n e r g y  gam m a 
tra n s it io n s . T he fin al c o n c lu s io n s  on a ssign m en ts  o f  m any le v e ls  o f 
i5°Sm a re  con d en sed  in to the d e ca y  sch e m e  show n in F ig . l .
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Abstract

INVESTIGATION OF THE '^ G d  LEVEL SCHEME BY THERMAL NEUTRON CAPTURE. The '^G d level 
scheme has been investigated through the study o f the '5 'Gd',(n ,y) reaction with a Ge(Li) detector and a 
curved-crystal spectrometer and by measurement o f  the '^G d (n ,e " )  spectrum. Preliminary results on the

T h e in vestig a tion  on the le v e l s ch e m e  o f *^Gd w as p e r fo rm e d  by  th ree  
g rou p s in c o -o p e r a t io n : R .C .  G reen w ood  and C .W . R e ich  m ea su red  the 
neutron  captu re  gam m a sp ectru m  o f ^ G d  with a G e(L i) s p e c tro m e te r ,
A . B ä ck lin  and B . F o g e lb e r g  con trib u ted  the c o n v e r s io n -e le c t r o n  sp ectru m  
and the Risj& grou p  in vestig a ted  the lo w -e n e r g y  part o f the (n, y) sp ectru m  
w ith  an autom ated b e n t -c r y s ta l  sp e c t ro m e te r  [1].

M EASU REM EN TS W ITH TH E G e(L i) SP E C T R O M E TE R  ^

T h e e x p e rim e n ta l s e t -u p  and p ro ce d u re  have b een  d e s c r ib e d  e l s e 
w h ere  [2].

T h e -^ G d  th e rm a l neutron  cap tu re  gam m a sp ectru m  has b een  m ea su red  
in  the en erg y  ran ge  fr o m  70 keV  up to  the com p ou n d -sta te  en erg y . 106 tra n 
s itio n s  w e re  o b s e rv e d  with e n e rg ie s  above  1 .5  M eV . The e r r o r  fo r  s tro n g e r  
lin e s  is  ± 0 .5  keV  at 7 M eV  and 0 .1 6  keV  at 1. 5 M eV . T h e se  data p rov id e  
co n s id e r a b ly  m o r e  in form ation  about the h ig h -e n e rg y  part o f  the le v e l 
sch e m e  than do p re v io u s  data. B e low  1. 5 M eV  m ain ly  the re su lts  fr o m  
the b e n t -c r y s ta l  sp e c t ro m e te r  w ill b e  u sed  b e ca u se  o f the h igh er re so lu tio n .

3 6 3



364 BAADER et at.

I n te rn a l-co n v e rs io n  e le c tr o n s  fr o m  s low  neutron  capture in 157 Qd 
w e re  m ea su red  with the beta  s p e ctro m e te r  at Studsvik [3] under cond ition s 
s im ila r  to  th ose  d e s c r ib e d  in  R e f. [4 ]. T a rg e ts  w e re  p rep a red  fr o m  93. 7% 
en rich ed  ^ G d .^  ^  to ta l o f seven  ta rg e ts  w e re  u sed , w ith th ick n esses
ran gin g  fr o m  0. 02 to  3 .6  m g /c m ^ . E n ergy  ca lib ra tion  w as m ade re la tiv e  
to  the 1173. 23 ± 0 .0 4  keV  tran sition  in 6°Ni [5].

T he re g io n  fr o m  20 to 1630 -k eV  e le c tr o n  en erg y  w as scanned . About 
340 c o n v e rs io n  lin es  be lon g in g  to  about 250 tra n sition s  w ere  d etected .
T h e sp ectru m  w as s im ila r  to  that show n in B ä c k l in 's paper to th is Sym 
pos iu m  [6] .

IN T E R N A L -C O N V E R SIO N  E L E C T R O N  M EASUREM ENTS

F IG .l. Source used for measurements with diffracting spectrometer.

B E N T -C R Y S T A L  SP E C T R O M E T E R  M EASUREM ENTS

T h e s o u r ce  u sed  in th is ex p erim en t contained  13 m g of ^ G d g O g  en 
r ich e d  to  98. 6%.3 The s o u r ce  had the d im en sion s 26X 4 X  0 .0 4 5  m m . It 
w as c la m p ed  betw een  tw o plane ground alum inium  U -p r o f i le s  (F ig . 1) to 
keep the s o u r ce  fla t b e ca u se  the line width (i. e . reso lu tion ) o f the Risj& 
sp e c tro m e te r  is  m a in ly  determ in ed  by  the width d o f the p r o je c t io n  o f the 
s o u r c e . T he lin e  width obtained with the so u r ce  w as 1. 7 - 2. 0 secon d s
o f a r c , c o rre sp o n d in g  to  an e n e rg y  re so lu tio n  of

A E ( F W H M ) _ 3 .3 t o 3 .9  /  E V
keV n *  \ M e V /

in  the n ^  o r d e r  o f r e f le c t io n  (i. e . in the 5 ^  o r d e r  the FW HM  is
0 .6 6 -0 .7 8  keV at 1 M eV ). T he actu a l s tru ctu re  o f  the i^ G d fn , y)i58Gd 
sp ectru m  b e lo w  1. 5 M eV  sh ow s that th is  re so lu tio n  is  u rgen tly  req u ired  
(F ig . 2). In som e  sm a ll en erg y  re g io n s  an even  b e tte r  r e so lv in g  pow er 
w ould b e  d e s ira b le  and the re m ea su rem en t o f  th ese  p a rts  with a th inner

 ̂ Purchased from Union Carbide Nuclear C o . , Oak Ridge.
 ̂ Purchased from Austrian Atomic Research Center, Seibersdorf.
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in  the 2nd, 3rd and 5^  order o f  re fle c tio n .

so u r ce  has b een  planned. Im p rovem en t o f the re so lu tio n  b y  a fa c to r  of
1. 4 s e e m s  to  be  p o s s ib le  [1 ].

F o r ty  gam m a tra n sition s  with a to ta l o f 139 d ifferen t angular p os ition s  
(d iffe ren t o r d e r s  o f r e fle c t io n ) w ere  u sed  to  ca lcu la te  the c o e ffic ie n ts  of 
a 4 ^  d e g re e  p o ly n om ia l f o r  the c o r r e c t io n  o f a ll r e f le c t io n  p os ition s  fo r  
n o n -lin e a r it ie s  o f the c r y s ta l  d r iv e  [1]. T he m ean e r r o r  o f  the r e f le c t io n  
an g les thus c o r r e c t e d  is  0 .1 5  se co n d s  of a r c  fo r  in ten se lin e s . Thus 
the low er lim it o f the en erg y  e r r o r  fo r  stron g  lin es  a fte r  av era g in g  of 
the in form ation  fr o m  d iffe ren t o r d e r s  o f r e f le c t io n  is

dE /  E Ÿ

The high cap tu re  c r o s s - s e c t i o n  of 254 000 b fo r  ^ G d  ca u se s  a r e 
duction  o f the neutron  flu x  to  1% o f the in cident in ten sity  at a depth o f 
15 p m  fr o m  the ta rg et su r fa c e . W ith a th ick n ess  o f  45 p m  the s o u r ce  
w as th e r e fo r e  c o m p le te ly  b la ck  to  n eutrons at the beginning  o f the ir r a d ia 
tion . T w o thin a ctiv e  la y e r s  on both  s id es  o f the fla t s o u r ce  em itted  
the gam m a rad ia tion . At the beginning o f the experim en t the lin e  width 
w as 2 .0  se co n d s  o f a r c .  In the c o u r s e  o f 10 days it d e c re a se d  to 1. 7 s e c  
b e ca u se  the rad ia tin g  la y e r s  m oved  tow ards the m idd le  o f the s o u r ce  
f o i l  due to  b u rn -ou t o f the ^ G d .

T h is  b u rn -ou t co m p lica te s  the determ in ation  o f in te n s itie s . In a d 
d ition , sm a ll angular m ov em en ts  o f  the s o u r ce  around its v e r t ic a l  ax is  
g iv e  r is e  to  d r a s t ic  a ltera tion s  of the gam m a s e lf -a b s o rp t io n  in the 
s o u r ce  at low  e n e rg ie s . On the o th er hand, the high c r o s s - s e c t i o n  o f fe r s
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a con ven ien t m ethod  o f o v e rco m in g  th ese  p r o b le m s . A  23-m m  lon g  a lu 
m inium  tube o f 1 m m  ou ter and 0 .4  m m  in ner d ia m eter  w as f i l le d  with 
the is o to p e  p ow d er, and 20 o f the s tro n g e r  lin es  w e re  m ea su red  with th is 
c y lin d r ic a l  s o u r ce . T he m ea su rem en t w as c a r r ie d  out in one day so  that 
b u rn -o u t did not a ffe c t  the in ten s ities . T h e s e l f -a b s o r p t io n  in a s o u r ce  
o f  th is kind is  in se n sitiv e  to  ro ta tion s and can  b e  ca lcu la ted  w ith high 
a c c u r a c y . The in ten sities  m ea su red  in th is w ay w e re  u sed  as r e fe r e n c e  
va lu es fo r  the m ea su rem en ts  with the thin s o u r ce .

T h e gam m a sp ectru m  w as m ea su red  in 2 runs a n d a to ta lo f  540 gam m a 
tra n sitio n s  b e lo w  1. 7 M eV  w e re  found, m ost o f w hich  w e re  unknown, ow ing 
to  la ck  in re so lu tio n  and sen s itiv ity  in  e a r l ie r  e x p e r im e n ts .

^ G d  le v e l sch em e

T h e c o -o p e r a t iv e  w o rk  on the le v e l sch e m e  o f ^ G d  ig g tm  at an 
e a r ly  stag e . F o r  th is re a so n  w e w ill r e s t r ic t  o u rs e lv e s  to  a p resen ta tion  
and d is cu s s io n  o f p re lim in a ry  re su lts  on the g rou n d -s ta te  ro ta tio n a l band 
(gsb) and the g a m m a -v ib ra t io n a l band (yb).

G rou n d -sta te  ro ta tion a l band

T h e gsb  p re se n te d  in  th is  w ork  (F ig . 3) is  in  g e n e ra l ag reem en t with 
the pu blish ed  data. T he b e n t -c r y s ta l  sp e c tro m e te r  data have d is c lo s e d  
the 27 7 -k eV  re fle c t io n  as a c lo s e  doublet (E i = 277 .818  keV , Eg = 2 7 7 .5 4 0 k e V , 
I i / l 2 * 1 /2 5 ; s e e F i g .4 ) .  A n e s t im a t e o f t h e p o p u la t io n o f t h e 6 * g s b le v e l in ^ G d  
draw n fr o m  a co m p a r is o n  w ith oth er d e fo rm e d  n u cle i 1.7, 8] rega rd in g  the 
sp in s o f the capturin g  sta tes a llow s on ly  the assign m en t o f  the 277. 540 -k eV  
line as the 6***4*^ gsb  tra n s itio n  in -*^Gd. T h is  is  c o n firm e d  by  en erg y  
com bin a tion s  o f tra n s itio n s  depopulating the 4  ̂ and 5*̂  le v e l o f the yb.

G am m a v ib ra t io n a l band

K ern  et a l. [9] have estab lish ed  the 1 = 2  ̂ to  1= 5  ̂ m e m b e rs  o f the yb 
u sin g  (d, p) data m e a su re d  b y  Shelton and Sheline. B loch  et a l. [10] have 
found a 2  ̂ le v e l  at 1187 keV and a 4  ̂ le v e l at 1357 keV in the (d, d ') r e a c 
tion . T he yb esta b lish ed  in the p resen t w ork  (F ig . 3) a g re e s  with both 
o f  the p re v io u s  re su lts  w ithin the ex p erim en ta l e r r o r .

1 1 8 7 .0 7 -k e V  2* state

T h e 1 1 8 7 .0 -k e V  le v e l  fo llo w s  d ir e c t ly  fr o m  the 6 7 5 0 .0 -k e V  p r im a ry  
tra n sitio n  o b s e rv e d  with the Idaho G e(L i) d iod e . It is  obtained independently  
fr o m  the 1 1 8 6 .9 9 , 1 1 0 7 .6 7  and 9 2 5 .4 5 -k e V  lin e s , the gsb  and the en ergy  
com bin a tion  p r in c ip le .

T h e 1186. 9 9 -k eV  g ro u n d -s ta te  tra n sition  co r r e s p o n d s  v e r y  c lo s e ly  
in  e n e rg y  to  the 1185. 8 5 -k e V  tra n sition  fr o m  the 3^ state o f the y b  to  the 
2^ le v e l  in the g sb . H ow ever , the tw o lin e s  a re  c le a r ly  r e s o lv e d  in the 
5 ^  o r d e r  sp ectru m  r e c o r d e d  w ith the Risj& s p e ctro m e te r  (righ t-h an d  
lo w e r  c o r n e r  o f F ig . 2). T h e 4 lin es around 1180 keV  w ere  m e a su re d  in 
a sp e c ia l run w ith a 10 -t im e s  lo n g e r  counting tim e  to  obtain  b e tte r  s ta t is t ic s .
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T A B L E  I. ENERGIES AND M U L T IP O L E  ASSIGNM ENTS OF THE 
TRANSITION S FR O M  TH E y -V IB R A T IO N A L  BAND TO THE LE V E LS 
O F THE G R O U N D -ST A T E  BAND

T h e c o n v e rs io n  c o e ffic ie n ts  w e re  n o rm a liz e d  at the th e o r e t ic a l va lu es 
[12, 13] o f the stron g  897 and 9 7 7 -k eV  E l tra n s itio n s .

Ii If ^ l e r g y " Exp.: Theory: M l E2 Assignment

4 925.45 4 .0  ± 1.3 4.80 2.90 M l or E2

2 2 1107.67 1.97 ± 0.14 3.12 2.01 E2 + < 10% M l

0 1186.99 1.46 ± 0.60 2.60 1.70 E2 + < 30% M l

4 1003.91 3.23 ± 0.30 3.93 2.45 M l + (47 i  20)%E2
3 2 1185.85 1.56 ± 0.60 2.60 1.70 E2 + < 50% Ml

6 819.52 < 4 6.35 3.65 E2 + < 15% M l

4 4 1097.05 2.12 ± 0.14 3.12 2.01 E2 + < 25% Ml

2 1278.77 1.50 ± 0.25 2.20 1.48 E2 + < 45% M l

6 942.45 2 .5  ± 1.3 4 .50 2.75 E2 + < 65% M l
5

4 1219.99 1.56 ± 0.25 2.50 1.65 E2 + < 20% M l

1265. 4 3 -k e V  3^ state

T h is  le v e l is  d is c lo s e d  through  the en erg y  com bin ation  o f the 1185 .85  
and 1003. 9 1 -k eV  lin e s  lead in g  to  the 2* and 4^ m e m b e rs  o f the g sb . It 
is  d ir e c t ly  fe d  fr o m  the com pou nd state : the co rre sp o n d in g  6671. 6 -k eV  
lin e w as d is c lo s e d  in the h ig h -e n e rg y  gam m a data.

B lo ch  et a l. [10] h ave o b s e rv e d  a le v e l at 1263 keV in  th e ir  (d, d ')  data. 
T h ey  state that th is le v e l  cannot b e  the 3^ m e m b e r  o f  the yb, w hich  should 
not b e  popu lated in the (d, d ')  r e a c tio n . K ern  et a l. [9] ca lcu la ted  the 
s p e c t r o s c o p ic  fa c to r s  fo r  (d, p) ex cita tion  o f g a m m a -v ib ra t io n a l states 
in  even  d e fo rm e d  n u cle i on the b a s is  o f  the cu rre n t m ic r o s c o p ic  d e s cr ip tio n . 
T h ey  find  good  a g reem en t betw een  th e o ry  and ex p erim en ta l data f o r  a ll 
s ta tes in the yb o f with ex cep tion  o f the 3* le v e l, w h ere  the e x p e r i
m en ta l v a lu e  is  to o  h igh . O ur data have re v e a le d  the 3* m e m b e r  o f the 
yb at 12 65 .4 3  keV . T h is  r e su lt  and the (d, d ')  and (d, p) data s tron g ly  in 
d ica te  the e x is te n ce  o f c lo s e -ly in g  sta tes  w h ose  sp ins and p a r it ie s  explain  
the c r o s s - s e c t i o n  found in the (d, p) and (d ,d ')  ex p e rim e n ts .

1 3 5 8 .3 9 -k e V  4^ state

T h is  le v e l  w as esta b lish ed  b y  the e n e rg y  com bin a tion  of the 12 78 .7 7 , 
1 0 9 7 .0 5  and 8 1 9 .5 2 -k e V  tra n s itio n s  to the 2+, 4+ and 6^ states in the g sb .
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In addition , the 171. 3 2 -k e V  intraband tra n sition  to  the 2*̂  le v e l o f  the yb 
w as found.

1 4 8 1 .3 3 -k e V  5^ state

T ra n s it io n s  to  the 4* and 6*̂  le v e l o f  the gsb and the intraband t r a n s i
tion s  to  the 4^ and 3* sta tes w e re  o b s e rv e d .

T he 9 4 2 .4 5 -k e V  tra n sition  to  the 6  ̂ le v e l o f the gsb w as not r e s o lv e d  
in the f i r s t  c r y s t a l -s p e c t r o m e te r  run, but is  in d icated  in the lo w -e n e r g y  
ta il o f the stron g  9 4 4 -k eV  tra n sition  in the 3^ o r d e r  (F ig . 2). In the 5 
o r d e r  o f the 2"^ run, h o w ev er , the lin e has b een  c le a r ly  r e s o lv e d .

F u rth er  intraband tra n s itio n s  w e re  not o b s e rv e d . T h is  is  con s isten t 
w ith the ca lcu la ted  tra n s itio n  p r o b a b ilit ie s , w hich  g ive  in ten sitie s  be low  
the se n s itiv ity  lim it o f  the e x p erim en t. The ex p e rim e n ta l bran ch in g  r a tio s  
o f the gam m a tra n sition s  fr o m  the yb to  the gsb  a re  in good  agreem en t 
w ith th e o ry . T h e z -p a ra m e te r  e x p re s s in g  the ro ta t io n -v ib ra t io n  in te r 
a ction  [11] is  about 0 .0 3 .  T h is  va lu e is  b a sed  on  the re su lts  o f  the f ir s t  
run at the R is ^ -s p e c tr o m e te r  on ly , s in ce  the evaluation  o f the se co n d  run 
has not yet been  fin ish ed .

T h e c o n v e rs io n  c o e f fic ie n ts  fo r  the tra n s ition s  fr o m  the yb to  the gsb 
a re  lis te d  in T ab le  I.
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Abstract

ANGULAR CORRELATION MEASUREMENTS ON GAMMA-RAY CASCADES FOLLOWING THERMAL

1. Introduction

Angular correlation measurements are of particular 
interest in experimental nuclear physics, because they supply in
formation on characteristic properties of nuclear states that are 
necessary for the interpretation of nuclear level schemes and often 
constitute the basis for comparison with suggested nuclear models. 
Difficulties encountered in angular correlation measurements on y- 
ray cascades following thermal neutron capture may arise mainly from 
the large number of у rays usually present in the capture spectra 
and the high background coming from Compton scattered high-energy 
у rays. In many cases, the capture cross sections are small and 
only small amounts of target material are available, thus re
quiring long measuring periods. Since the stability of the experi
mental equipment is limited, overly long measuring periods may also 
introduce errors, and one is forced to accumulate as much useful 
information as possible in a preset time. Another problem is the 
elimination of the coincident background underlying the peaks.
This background is the main source of systematic errors in these 
measurements.

2. General Aspects

A difficulty common to all angular correlation measurements 
is the fact that the results can not always be explained unambiguously. 
In general, five unknowns are involved in a two-step cascade, namely 
the spins of the initial, intermediate and final levels and the multi
pole mixtures, of the two y-transitions. However, only the two co
efficients and A4  of the Legendre polynomials Pg, P4  in the corre
lation function

W(6) = 1 + A2P2(cos C) + A^P^(cos 8) ( 1 )

371
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can be determined. In eq. ( 1 )jW(8 ) is normalized so that = 1 . 
Octupole radiation is assumed to be negligible.

In many cases, the number of unknowns can be reduced either 
by using additional information from other experiments or by suitable 
choice of the experimental conditions. In neutron capture spectra 
primary transitions play a special role. If s-wave neutrons are 
captured in a target nucleus with spin It, the two spin states 
Ip = 1̂ . Í 1/2 are formed in the product nucleus. For even target 
nuclei one gets the unique capturing state spin Ip = 1 / 2  and the 
spins of lower levels may be determined from the angular correlation 
of two-step cascades involving primary transitions. If the spin of the 
ground state is known, it is useful to measure the correlation of 
cascades beginning in the capturing state and ending in the ground 
state and to apply the well known sum coincidence technique. For such 
measurements, however, only cascades with intense primary transitions 
can be used. These transitions are of pure dipole, mostly E1, character 
^ 1 _ 7 .  Hence, = 0 and only one measurable parameter remains. An 
unambiguous spin determination is possible if the final state has a 
parity different from that of the intermediate state and if it can 
be assumed from the radiation intensities that the second transition 
also has predominantly dipole character. With odd spin target nuclei 
this method can be applied if the thermal neutron capture is deter
mined mainly by a single resonance or by resonances with the same 
_spins. But, in general, both possible spin states participate in therma-l 
neutron capture. The extent of their contribution to a certain primary 
transition cannot be stated in advance, since the resonance parameters 
and the partial radiation widths required for the calculation are not 
known accurately enough. In the theoretical expression of the angular 
correlation another unknown parameter then occurs which describes the 
branching of the intensity of the primary transition between the two 
spin states. This precludes an unambiguous interpretation in many cases. 
Therefore, in even product nuclei it is often more advantageous to in
vestigate the angular correlation of у rays in cascade with the intense 
ground state transitions from the first or second excited 2 * levels. 
These transitions have pure quadrupole character and the remaining two 
unknown quantities can be determined, in principle, by the measurement 
of one correlation. The price for this advantage is the greater complex
ity of the spectra taken in coincidence with low-energy у rays and the 
higher background compared to the simpler spectra coincident with high- 
energy primary transitions.

The ambiguity of the information can also be removed by 
the measurement of a larger number of correlations, which partially 
involve the same levels and transitions.If, for example, in a 
triple cascade (Fig. 1) the spin of the lowest level is known, the 
six unknown quantities 1 -), 1 ^, 1 ^, о-], <5^' * ^3 be determined
from the three angular distributions:

\ 1 - г 2 ^  = W ( I ^ , I g , I ^ , 6 ^ , ^ ^ ,  0)

" у 2 - у З ^  "  W ( I ^ , I ^ , I ^ , ¿ 2 ' ¿ 3 '  О

" т - К у 2 ) т З ^  * W (I^ ,I ^ ,I^ ,

I I

l2

b

I 4
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The method applied to this simple example can easily be extended 
showing that as many cascades as possible should be investigated. 
Knowledge of their angular distribution also allows for valuable 
checks and permits accurate corrections for perturbing coincidences. 
Furthermore, a redundancy of the results is highly desirable in view 
of the many possible sources of error. Since the measurements re
quire a long time to accumulate meaningful statistics, the maximum 
number of correlations of interest should be measured in one run.
The best way to fulfil this requirement and overcome the diffi
culties is to perform a three parameter experiment with two para
meters available for the energies of the у rays in cascade and one 
parameter for the angle defined by the detector positions.

3. Experimental Details

There were some other factors that determined the arrange
ment of our equipment in the present form. One of these was the 
intention to avoid systematic errors as far as possible and another 
one was the need for the investigation of nuclei with small neutron 
capture cross sections.

The setup of the equipment has been described in detail in 
earlier work /*2_7. Only the main points will be repeated below. Fig. 2 
is a schematic drawing of the arrangement installed at a horizontal 
core channel of the Karlsruhe research reactor FR-2. Thermal neutrons 
are diffracted from a lead single crystal in order to remove fast 
neutrons and у-ray contamination present in the initial beam. Up to now

FIG. 2. Schematic drawing o f experimental arrangement at the Karlsruhe research reactor FR-2.



374 SCHMIDT and HECK

the target was viewed by two gain-stabilized / 3 7  scintillation spectro
meters with 4" dia. x 5" long Nal(Tl) crystals mounted in a plane per
pendicular to the neutron beam, one detector being fixed in the verti
cal direction. This detector can easily be replaced by a Ge(Li) diode. 
The other detector can be rotated around the axis of the beam for a 
range of angles from 6 0 ° to 3 6 0 ° with respect to the stationary de
tector. To avoid systematic errors due to incorrect adjustment of the 
source or of the beam and for purposes of control during the subse
quent evaluation of data the movable detector is cycled through the 
angular range of two quadrants. The electronics include conventional 
coincidence circuits and sum coincidence circuits as well. The usual 
fast-slow technique is applied with an effective time resolution of 2 1 - 
2 5  nsec in the fast coincidence stage.

The entire system operates automatically. It is controlled 
by a neutron monitor located in front of the target in the deflected 
beam. A preselected number of neutron pulses determines the measuring 
time in one angular position. At the end of the interval the control 
counters are punched out, and the next angular position is set 
according to the selected program. The typical measuring time in one 
angular position is 30 minutes. Dead times of the equipment, expecially 
those of the ADC, are taken into account automatically.

4. Data Acquisition

Recording of data is done with the dual ADC coupled to the 
Karlsruhe data acquisition system MIDAS (Multiple Input Data Acqui
sition System)/]^, 5_X

As shown in Fig. 3, the heart of this system consists of 
the coupled CDC 160 A and CDC 8 O 9 O computers, processor 1 and 2, 
respectively. A disk storage is used for on-line totalizing up to 
2 5 6  К channels with a length of 21 bits. A total of 6 8  К channels is 
available for the angular correlation experiment and three subroutines 
are at the disposal of the experimenter. In the first subroutine the 
digital pulse height information is accumulated on the disk in a 
2 5 6  x 2 5 6  channel matrix without any reduction. Whenever the angle 
between the detectors is changed, the data are read out automatically 
on magnetic tape and the disk area is cleared. Further data processing 
is carried out on a large off-line computer. Storage in full reso
lution allows for application of a two-dimensional spectrum stripping 
procedure which has been proved to be most suitable for off-line back
ground elimination Z*6J7. In most cases, a more direct processing is 
preferred which can be achieved by use of the double window technique 
Z*7_7. This method is not as rigorous, but sufficiently accurate re
sults are obtained faster and more easily. Fig. 4 demonstrates the 
application of the method. In order to systematically correct for the 
spectrum coincident with background underlying a peak of interest two 
or even three windows are needed. One window is centered on the peak, 
while the second and third windows, having in total the same width as 
the first one, select pulses of slightly higher or lower energy which 
might come from Compton scattering of higher-energy gamma rays or 
form interfering transitions (cf. below for more details). As shown 
in the figure the contributions of the individual primary Y rays to 
the coincidence spectra are clearly separated. For instance, in the 
coincidence spectrum with the 6 . 9 6  MeV transition none of the lines 
which are in coincidence with the strong 7.26 MeV transition appears 
while in the singles spectrum the 6 . 9 6  MeV transition is only a very 
small bump. The technique requires a second MIDAS subroutine which 
allows digital windows to be set on the energy axes. The coincident 
pul6 es are routed into subsections of the disk according to these
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window settings and according to the angles defined by the detector 
positions. At present, a maximum of 32 windows can be set in each 
energy direction and 1024 channels are available for each spectrum.

Each section or group of sections of the disk can bë dis
played on the CRT, dumped on magnetic tape or punched out by manual 
interrupt so that a full evaluation of the state of the experiment 
is possible at any time. The presence of significant anisotropy is 
identified immediately (Fig. 5).

5. Off-line Data Processing

Off-line computer processing of the raw data-consists of the 
following operations (Fig. 6 ):

1) Sorting out of faulty data.

2) Gain shift control (Corrections for small shifts in gain 
and basé line are made if necessary).
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c h a n n e t  n u m b t r  c h a n n e t  п и т Ь ж г

FIG. 4. S7Fe(^y)58p*e coincidence spectra at 90* and 180°. The coincident background is subtracted in each 
spectrum. Window settings in the spectrum of the fixed detector are shown'above.

FIG. 5. Angular correlation o f the (848 + 850) -  778 keV cascade from ^  Mo (n, у ) 96 M o  displayed on CRT.
N aI(Tl)-detector spectra taken at 90°, 120", 150°, 180°, 210°, 240° and 270°. Digital window settings

3) Channel by channel summing up of all coincidence spectra 
pertaining to the same angles (not necessary if the data 
are totalized on the disk).

4) Normalization of the spectra to the individual counting 
rates of detectors 1 and 2 .

5) Subtraction of accidental coincidences measured separately.

6 ) Two-dimensional spectrum stripping and determination of 
intensities, or correction for coincident background by 
application of double window technique.
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FLOW CHART OF DATA ANALYStS

FROM ON-LINE COMPUTER

T W  DIMENSIONAL 
SPECTRUM STRIPPINS 
AND DETERMINATION 

OF ¡NTESITIES

SUBTRACTION OF 
COINCIDENT BACKGROUND.

BY USE OF *
DOUBLE WINDOW METHOD

я?,, ¿ ,)

DETERMtNAHON OF 

SPtNS AND 

MULHPOLE MiXTURES

FIG. 6. Schematic diagram showing the off-line data handling.

The two-dimensional spectrum stripping procedure requires large 
computer programs and relatively long computing times. It has not 
been used for the evaluation of meaningful measurements up to now.

In order to correct for the coincident background by using 
the double window method the background coincident spectra are multi
plied by appropriate factors and then subtracted from the spectra 
coincident with the selected peaks. The main problem of the. method 
is the determination of these factors. They come to a first approxi
mation from the window widths. Their exact values must be determined 
in a further computing step taking into account the individual shape 
of the spectrum and the nonlinearity of background. A check for the 
correctness of this procedure is the disappearance of a line not in 
coincidence with the selected transition. In order to get an estimate 
of the errors introduced by uncertainties in the background spectrum - 
particularly if there is no other check possible - the subsequent 
analysis is done also with spectra resulting from the application of 
different "subtraction factors" which follow from an upper and lower 
limit of the intensity of the background. These limits are determined
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from the spectrum shape. For further processing of the resulting spectra 
a computer program Z*8J7 is employed which allows the analysis of 
complex structures. An important factor in the analysis is the knowl
edge of the y-ray energies and their relative intensities which is 
obtained from the singles spectra recorded with Ge(Li)-detectors. It 
is only in this way that complex peaks in the Nal-spectra can be de
composed unambiguously and correct estimates of the contributions 
of single lines to a measured angular distribution obtained. A meas
ure of the intensities of the Y transitions is the area below the 
photopeaks. The calculation of this area with the computer program is 
based on the assumptions that the line shapes are Gaussian and the 
energy dependence of the background is a negative exponential function. 
The parameters of the approximation function are automatically deter
mined by the program. Fig. 7 shows, as an example, the analysis of a 
doublet in "°Zn. The intensity errors are compounded from the statis
tical errors of counting, contributions coming from errors in the 
goodness of fit and the uncertainties in determination of background 
underlying the measured peaks. In favourable cases the attainable 
accuracies are between 0.$ %  and 1.0 %. As shown in the flow diagram 
(Fig. 6 ) data analysis is supervised by means of plots which are 
generated after each critical computer step. These plots are of great 

value, particularly for the intensity analysis since it may happen 
that the least squares fitting procedure of unfolding the spectra 
might fail to obtain the absolute minimum of In this case an
iterative procedure is used to repeat the analysis with varied in
put parameters for line shapes and background. As usual the inten
sities are fitted with the angular correlation function W(0) /"eq.(1l7 
using the method of least squares /"9-7- Since the coincidence 
spectra are taken in at least four angular positions, it is possible 
to check the goodness of fit by a %2-test. if there are indications 
of errors beyond the ordinary statistical uncertainties, the errors 
associated with the correlation coefficients Ak are increased accord
ing to the description given by Rose The uncertainty in the
determination of the background is also taken into account. The 
correlation coefficents are corrected for the effects of the finite 
size of the source and the detectors, and the interaction processes 
of the gamma quanta and of the neutrons in the source, using the 
methods of Michaelis 10_/ and White /  11_7* If there are contri
butions of interfering lines, e.g. single or double escape peaks of 
higher-energy у rays which can neither be resolved by the spectrometers 
nor be taken into account by application of the computer programs the 
correlation coefficients obtained have to be corrected for these contri
butions in a final step.

Spins and multipole mixtures are determined from the angular 
correlation coefficients by application of well-known analytical and 
graphical methods. For the analysis of correlations with one mixed 
transition the method recommended by Coleman /*12_7 has proved to be 
most convenient. This method allows the representation of a larger 
number of results in one diagram thereby giving a good idea of the
precision of the measurements. The method is also used for the anal
ysis of correlations with two mixed transitions. With the aid of a
computer and an incremental plotter it is easy to plot the necessary
series of ellipses each of which represents the variation of one mix
ture while the other is fixed at a particular value. In other cases, 
a new procedure ig applied which is developed from the method
described by Poletti and Warburton 13_7.
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FIG. 7. 67Zn(n, y)6szn angular correlation analysis o f  the com plex peak at 1300 keV [18].
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6 . Test Measurements

The equipment was carefully tested for mechanical asymme
tries, e.g. eccentricity of the target position and eccentricity and 
inhomogeneity of the neutron beam. With various y-ray sources the 
change in counting rate at the different angles was in general less 
than - 0.5 %. As a further test, the angular distribution of the
2.38 - 0.84 MeV cascade from the reaction 32s(n,y)33s was investigated.
This cascade goes through an intermediate state with spin 1/2 and hence 
has an isotropic distribution. The correlation measured with a sample 
of 7.13 g of pure sulfur in a sample holder of 1 . 8  cm diameter and
1 . 9  cm length resulted in values of the corrected angular correlation 
coefficient of Ag = 0.002 ± 0.004 and A^ = 0.008 Í 0.012. Thus, the 
distortion of the angular distribution by mechanical asymmetries can 
generally be regarded as small relative to the other sources of error. 
The equipment was tested and the program checked in a further series 
of measurements using 60co sources of various diameters. The corre
lations observed gave the expected results for the correlation func
tion which is known to be W(9) = 1 + 0.102 P 2 (cos9 ) + 0.009 Р̂(совб).
With a source of 2.6 cm diameter and 2.7 cm length the correlation
function obtained was W(9) = 1 + (0.107 Î 0.006) P 2 (cosO) + (0.009 -
0.015) P4(cos9) showing that proper corrections were applied by the 
program.

7. Results

Some of the results obtained from angular correlation 
measurements on y-ray cascades following thermal neutron capture in 
3?Fe, °lNi, 'Zn, 95мо and 97^g are presented in these proceedings 
/"17 - 20_У. From the systematics of even mass nuclei between A = 50 
and A = 100 it is expected that the low energy levels of these nuclei 
are adequately described by the vibrational model. Recently reported 
sh e l l — model calculations ^*14 - 1 6 _^ have also been very successful 
in predicting correct level energies. In order to clarify the level 
structure, knowledge of the multipole mixtures of the transitions is 
of great importance. Therefore, angular correlation measurements are 
particularly valuable in this mass region.

Our investigations /*20^У on y-ray cascades following thermal 
neutron capture in 57yg have been selected as an example to demon
strate the efficiency of the method. In this case, more than 40 corre
lations have been measured, 33 of which have been evaluated. An ex
tensive set of results was obtained which allowed the mutually con
sistent determination of a large number of level spins and multipole 
mixtures. Some of the results are shown in Fig. 8 (Part of the decay 
scheme relevant to the angular correlation measurements under dis
cussion is shown in Fig. 9 ). The upper row in Fig. 8 represents the 
analysis of cascades involving a primary transition. The capturing 
state of 5°Fe is an unknown mixture of 0" and 1" states. P is the 
parameter indicating the relative contribution (in %) of the spin 0  
states to a particular primary у ray. The mixture parameter ^  of the 
second member of these cascades is taken as the abscissa; the angular 
correlation coefficients are the ordinates. In all cases, the spin of 
the final state is 2. It can be concluded from the intensities that 
the primary transitions have an E1 character. Therefore, the following 
three alternative spin sequences are possible 0 - 1  - 2 , 1 - 1  - 2 , 
and 1 - 2 - 2. The sequence 1 - 0 - 2  was ruled out because of the 
nonzero anisotropies observed in these measurements. The middle and 
bottom rows of the diagrams refer to cascades with ground state transi
tions . The first member of each of these cascades is the same у ray
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0,l(OHiO+Q)2

FIG. 8. S7Fe (n, y)S^Fe angular correlation measurements. Hatched bands represent the experimental results. 
Change in the sign o f ó has been taken into account (c f. text).
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as the second member of the cascades in which primary transitions are 
involved. With the definition adopted f o r ^ ^ * 2 1 _ 7  a change in sign of 
^ i s  necessary because of the different у-ray order in these cascades. 
This has been taken into account by reversing the sign of the abscissa 
in the middle and the bottom rows. The observed y -ray intensities and 
the neutron orbital momenta known from (d,p) reactions restrict the 
possible spin sequences in the low-energy cascades to 1 - 2 - 0  and 
2 - 2 - 0 .  The spin 1 assignment of the 2782 keV level and the branch
ing of the 7262 keV transition between the two capture state spins 
is determined from the angular correlation of the 7262-2782 keV two- 
step cascade to the ground state (Fig. 9)- This branching (p = 76Í14) 
and the spin assignment is adopted to determine the multipole mix
tures of the 1 9 7 1  keV and the 1107 keV transitions from the 7262-1971 
keV and the 7262-1107 keV correlations, respectively. The results ob
tained are in excellent agreement with the values found from the anal
ysis of the 1 9 7 1 - 8 1 0  keV and 1107-16?4 keV correlations (Fig. 8a).

It was not possible to determine the branching percentages 
of the 6 5 0 5  KeV, the 5493 keV and the 5042 keV transitions (Fig. 8b) 
and 8 c) directly through a two-step cascade to the ground state. These 
branchings were determined from the angular correlation measurements 
taking into account the mixture parameter ̂  of the second member of 
each cascade and the spin assignments of the intermediate states 
which are known from the analysis o-f the low-energy cascades to 
the ground state. In this way, for about 70 %  of the observed in
tensity, the contributions of the two capture state spins (0**, 1**) 
to the intensities of the primary transitions have been accounted 
for.
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LEVEL STRUCTURE OF LOW-LYING  
EXCITED STATES OF *

H .H . BOLOTIN, D .A . M cC L U R E'"*
Argonne National Laboratory,
Argonne, I I I . , United States of A m erica

Abstract

LEVEL STRUCTURE OF LOW-LYING EXCITED STATES OF *"'W. The low-lying excited states of ""W

investigations. Coincidence investigations between high-energy ( ^  4 - 5 . 5  MeV ) and low-energy 
( $ 1200 keV ) gamma rays, as well as among the low-energy transitions have allowed a total o f 74 low- 
energy transitions to be assigned between states up to an excitation energy of 1217 keV. Several new levels 
have been inferred and the decay properties o f all states observed have been established. The observed 
characteristics o f these states are compared with the most recent (d, p) studies and a rotational model that 
included Coriolis band mixing.

I. In trodu ction

T h e o d d -A  d e fo r m e d  tungsten  is o to p e s  a re  c lo s e  to  the edge o f  the 
d e fo r m e d  r e g io n  w h ere  ro ta t io n a l c h a r a c t e r is t ic s  a re  not ex p ected  to  b e  as 
s tro n g ly  m a n ife st as in n u c le i c lo s e  to  the ce n te r  o f  the d e fo rm e d  re g io n . 
N e v e r th e le s s , the le v e l  s tru c tu re  o f the lo w -ly in g  e x c ite d  sta tes o f 
can  b e  s u c c e s s fu l ly  in te r p r e te d  in te r m s  o f  a r o ta t o r -p lu s -o d d  n u c leon  m o d e l,  
when a ccou n t is  taken  o f C o r io l is  band m ix in g  [ i — 3] . A lth ough  the lo w -ly in g  
le v e ls  o f W *^ an d  W ^ ja ls o  ap pear to  d isp la y  r o ta t io n a l-ty p e  s tru c tu re s  
[ 4 ]  that have b e e n  d e s c r ib e d  b y  th is ro ta tion a l m o d e l,  fe w e r  sta tes at low  
e x c ita t io n  e n e rg y  h ave b e e n  e x p e r im e n ta lly  o b s e r v e d  in  th e se  n u c lid e s  and , 
c o n s e q u e n t ly , the d e g re e  o f c o r r e s p o n d e n c e  w ith  th is m o d e l is  som ew h at 
le s s  c e r ta in . In c o n tra s t  to  and the le v e ls  in a r e  not
popu la ted  b y  be ta  d e c a y  and , as a r e s u lt ,  le s s  e x p e r im e n ta l in fo rm a tio n  is  
a v a ila b le  about the lo w -ly in g  e x c ite d  sta tes and the c h a r a c t e r is t ic  ra d ia tiv e  
d e ca y  o f  the le v e ls  o f  th is n u c lid e .

The lo w -ly in g  e x c ite d  sta tes  o f have b een  the su b je ct  o f
on ly  a few  p r e v io u s  e x p e r im e n ta l in v estig a tion s  [4 ]  . T h e (d ,p )  w o rk  o f 
E rsk in e  [ 1] e s ta b lis h e d  the e x c ita t io n  e n e rg ie s  o f  a n um ber o f le v e ls  up to  
"'-lSOO k eV  and r e su lte d  in o r b ita l  an gu lar m om en tu m  ass ig n m en ts  and 
N ils s o n  o r b ita l  s p e c if ic a t io n s  o f f iv e  le v e ls  up to  an ex cita tion  e n e rg y  of 
0 .4 3 4  k eV . The sp e ctru m  o f  the p r im a r y  ra d ia tiv e  tra n s it io n s  fo llo w in g  
th e r m a l-n e u tr o n -c a p tu r e  in w lS 6  w as stud ied b y  M artin  et a l. [5 ]  who 
s u c ce e d e d  in defin in g  sta tes in  W^8*7 up to  an e n e rg y  o f -^-1150 k e V , som e  
o f w h ich  w e r e  not o b s e r v e d  in the strip p in g  study o f E rsk in e . F in a lly ,
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P r o k e fe v  et a l. [ 6 ]  e m p lo y e d  the th e r m a l-n e u tr o n -c a p tu r e  re a ctio n  in a 
study o f  the in te r n a l-c o n v e r s io n  e le c tr o n  sp e ctru m  o f the se co n d a ry  transitions! 
in  and re p o rte d  the e n e rg ie s  o f  s e v e r a l  lo w -e n e r g y  y -ra y s . D esp ite
th e se  e f f o r t s ,  m any  d e ta ils  o f the le v e l s tru c tu re  a re  s t i l l  unknown o r  a re  
p o o r ly  e sta b lish e d .

T h e p r e s e n t  e x p e r im e n ta l in v e s tig a t io n  o f  the le v e ls  in was
u ndertaken  in  an e f fo r t  to  p r o v id e  ad d ition a l d eta iled  le v e l stru ctu re  
in form a tion  that m igh t p e r m it  a m o r e  c r i t ic a l  evalu ation  of the a p p lica b ility  
o f  the s im p le  ro ta tio n a l m o d e l to  the lo w -ly in g  sta tes in th is n u c lid e  a n d /o r  
po in t up any sy s te m a tic  b e h a v io r  r e f le c t in g  the a p p roa ch  of to  the
edge o f  the d e fo rm e d  re g io n .

T h is  p a p e r  d e s c r ib e s  the re su lts  o f a study of the lo w -ly in g  states 
in  popu la ted  in the th e r m a l-n e u tr o n -c a p tu r e  re a c tio n  W ^ 6 ^ , y ) W ^ ^ .
T h is in ves tig a tion  in cluded  stu d ies o f the p r im a r y  and se co n d a ry  tra n s ition s  
b y  m eans o f  s in g le s  and c o in c id e n c e  y - r a y  tech n iqu es that m ade e x c lu s iv e  
u se  o f  h ig h -r e s o lu t io n  G e (L i) d e te c to r s . C o in c id e n ce  data w e re  r e c o r d e d  
b e tw een  the h ig h -e n e rg y  (-^ 4 — 5. 5 M eV ) and the su bsequ en tly  em itted  
lo w -e n e r g y  tr a n s it io n s , as w e ll  as am ong the lo w -e n e r g y  c a sc a d e  y ra y s .

II. E x p e r im e n ta l F a c i l i t ie s  and T ech n iq u es

A n e x te r n a l-b e a m  fa c i l i t y  w as em p loyed  to  c a r r y  out th ese  
in v e s tig a t io n s . A  h igh ly  c o llim a te d  b e a m  o f th e rm a l n e u tro n s , e f fe c t iv e ly  
fr e e  o f fa s t  n eutron s (C d  ratio^ -5 70 ) and p ile  y r a y s ,  w as e x tra c te d  fr o m  a 
m o d if ie d  th e r m a l-co lu m n  at the A rg on n e  C P -5  r e a c to r .  An e x tre m e ly  
w e ll-d e f in e d  b e a m  (th e rm a l flu x  -  5 X n eutron s cm "^  s e c " ^ ,  height 
-  2 c m , w idth  - 0 . 5  c m ) w as obta in ed  b y  m eans o f  con v en tion a l c o llim a to r s  
fitted  w ith  defin in g  a p e rtu re s  o f L i^ F  d isk s e n rich ed  to  9 5 .5 %  in L i^ . The 
ta rg e ts  c o n s is te d  of p r e s s e d  c y lin d r ic a l  p e lle ts  o f  WOß e n r ich e d  to  97 .2%  
in  w h ich  w e re  con ta in ed  in  th in -w a lle d  (4 . 5 m g /c m ^ )  a lum inum  h o ld e rs .

T w o c o a x ia lly  d r ifte d  G e (L i) d e te c to rs  (a c tiv e  v o lu m e s  -^-20 and 
*^-30 cm ^ ) w e re  m ounted  at 180° to  each  oth er and p o s it io n e d  2 . 5 cm  fr o m  
the b ea m  a x is . B oth  d e te c to r s  d isp la y ed  an e n e rg y  r e so lu tio n  o f ^ 2 . 7  keV  
at 1 .3 3  M eV  d e p o s ite d  e n e rg y . The d e te c to rs  w e re  sh ie ld ed  b y  thin 
(0 .2 5  c m  th ick ) L i^ F  d isk s to  p rev en t s c a tte r e d  n eu tron s fr o m  en tering  the 
d e te c to r s  o r  d e te c to r  h ou s in gs . The c o in c id e n c e  data w e re  r e g is te r e d  on a 
tw o -p a ra m e te r  m a gn etic  tape s to ra g e  unit in a 1024 X 1024 -ch an n el 
p u lse -h e ig h t a r r a y .  D ig ita l gain and z e r o  sh ift s ta b iliza tio n  w as em p loyed  
in  the A D C 's  o f  both  a rm s o f  the c o in c id e n c e  sy s te m . A  fa s t -s lo w  
c o in c id e n c e  r e s o lv in g  tim e  o f  -^-65 n se c  w as em p loyed .

III. R e su lts

F ig u r e  1 d is p la y s  a s in g le s  lo w -e n e r g y  se co n d a ry  y - r a y  sp e ctru m  
obta in ed  fo r  e n e rg ie s  b e lo w  ^-1200 k eV . O ver 100 lo w -e n e r g y  tra n sition s  
w e re  o b s e r v e d  in  th is e n e rg y  ran ge . T h e e n e rg ie s  and re la t iv e  in ten s ities  of 
th ese  y ra y s  a re  l is te d  in T a b le  I.
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FIG. 1. Typicat low-energy Ge(Li) singles puise-height spectrum obtained for the reaction '^W (n, y ) '" w .  
Gamma-ray energies are listed above the appropriate peaks with lines indicating the position o f  the 
gamma ray in the case o f unresolved multiple peaks. The energies and relative intensities are also 
listed in T ab let.

S om e ty p ic a l h ig h -lo w  co in c id e n c e  data a re  show n in  F ig . 2. The 
upper p o rtio n  o f th is f ig u re  d isp la y s  the s in g les  lo w -e n e r g y  sp e ctru m  w h ile  
the lo w e r  se c t io n s  show  v a r io u s  lo w -e n e r g y  sp e ctra  in co in c id e n c e  w ith the 
design ated  p r im a r y  tra n s it io n s . R e p re se n ta tiv e  lo w -lo w  co in c id e n c e  data 
a re  show n in F ig . 3 and a re  d isp la y ed  in  a s im ila r  fo r m a t . The re su lts  of 
th ese  co in c id e n c e  stud ies a re  su m m a r ize d  in T a b les  II and III.

A  p r o p o s e d  le v e l sch e m e  has b een  d e r iv e d  fr o m  the com b in ed  
s in g les  and co in c id e n c e  y - r a y  data and is  show n in F ig . 4 . T h e le v e ls  
design ated  on the r igh t b y  dow nw ard  poin ting  fla g s  a re  th o se  p r e v io u s ly  
o b s e rv e d  in  the (d ,p )  study o f E rsk in e . W ith the ex ce p t io n  of the state  at 
592 k e V , a ll (d ,p )  le v e ls  up to  -" 1200 keV  ex cita tion  en erg y  w e re  found to 
b e  popu la ted  b y  e ith er  p r im a r y  or  s e co n d a ry  y - r a y  tra n s it io n s  in the (n ,y )  
r e a c t io n . In a d d ition , a n u m ber o f le v e ls  have b e e n  id en tified  that w e r e  not 
seen  in the (d ,p )  w o rk . T h e se  c o in c id e n c e  data have a ls o  e sta b lish e d  
s e v e r a l  le v e ls  not o b s e rv e d  to  b e  popu la ted  b y  p r im a r y  t r a n s it io n s , a 
n um ber o f w hich  c o r r e s p o n d  to  states popu la ted  in the (d ,p )  stu d ie s . The 
ex cita tion  e n e rg ie s  of m o s t  sta tes  and the p la ce m e n t o f the bu lk  o f the 
tra n sitio n s  shown to  p r o c e e d  am ong  them  w e re  d ic ta ted  b y  the c o in c id e n c e  
re su lts . The re m a in d e r  o f the tra n s ition s  w e re  in co r p o r a te d  in to  the le v e l 
sch em e  on the b a s is  o f th e ir  sa tis fa c t io n  o f strin g en t e n e rg y  and in ten sity  
c r it e r ia .  A l l  but the w ea k est tra n s ition s  o b s e rv e d  w e re  fou nd  to  be  
a cco m o d a te d  in th is le v e l  s ch e m e .

T he n e c e s s it y  to  in clu d e  C o r io l is  band m ix in g  in a co m p a r is o n  o f 
the ro ta tion a l m o d e l w ith e x p e r im e n ta l fin d in gs in the o d d -A  tungsten 
is o to p e s  w as p r e v io u s ly  d em on stra ted . Such a c o m p a r is o n  w as m ade b y  
E rsk in e  [ 1] w ho sought the b e s t  a g re e m e n t w ith  th is m o d e l fo r  the e x c ita t io n  
e n e rg ie s  and (d ,p )  stren gth s to  th ose  le v e ls  o b s e rv e d  in  h is s tu d ies . T he 
resu lts  o f  the p r e se n t  w o rk  have p r o v id e d  a g re a t dea l o f new  in fo rm a tio n
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T a b le  I. E n e rg ie s  and r e la t iv e  in ten s itie s  o f lo w -e n e r g y  y  ra y s  o b s e rv e d  
in  w f8 7

G a m m a -r a y R e la tiv e G a m m a -r a y R e la tiv e
e n e rg y g a m m a -r a y e n e rg y g a m m a -r a y
(keV ) in ten sity^ (keV ) in ten sity^

101.8 + 0 .2 1.4 500 .0  ± 0.2 8 .6
124.3 + 0 . 4 5 .4 52 8 .0  ± 0.3 5. 7
127. 7 + 0 .2 12.3 531 .3  ± 0. 3 9-2
139.8 + 0 . 6 4 2 533. 3 + 0. 6 3 .5
145. 7 ± 0.1 100 541. 1 ± 0 . 4 3 .5
149.0 ± 0 . 4 4. 1 546. 3 + 0 .7 2. 8
157.4 + 0 .2 3 .6 548. 0 ± 0. 8 3 .8
171.6 + 0 . 2 1 .7 557. 2 + 0. 1 23 .4
175.1 ± 0 .8 0 .8 566 .7  ± 0 .6 2 .2
198.2 ± 0 . 4 3. 0 574 .2  + 0 .9 2 .3
201 .4  ± 0.1 51.6 577. 3 + 0. 1 36 .8
204 .9  ± 0 . 3 23. 0 580. 9 ± 0. 8 1.9
219- 0 ± 0. 5 1.0 588. 8 ± 0 .4 3 .3
225 .9  ± 0.2 13.6 611 .2  ± 0.2 8 .6
227. 4 + 0. 6 2 .6 616. 1 + 0 . 3 9-0
250. 7 + 0. 8 0. 7 628 .9  ± 0.2 3. 0
253 .4  + 0 .2 6. 0 634 .5  ± 0 .4 2. 0
273. 0 + 0. 1 51 .8 635 .9  ± 0 . 4 2. 7
276 .3  + 0 .6 2 .5 640 .5  ± 0 .3 3. 2
287. 0 + 0 .3 1.6 647 .4  ± 0.3 2 .7
289 .9  ± 0.1 11.6 656. 1 ± 0. 3 8 .4
294 .3  + 0 .3 1.0 657. 8 ± 0. 5 12.2
303. 3 + 0. 1 10.4 661. 5 ± 0. 5 4 .3
330. 7 ± 0. 3 3. 1 664 .0  + 0.5 3 .0
337. 7 + 0. 6 1.1 670 .3  ± 0 .2 6 .9
354. 8 + 0 .2 6 .2 676 .9  ± 0 .4 1 .0
376. 7 + 0.1 8 .8 694 .3  + 0 .3 7. 3
390.6 + 0 .4 2. 7 703 .9 ± 0 .8 1.4
423 .9  ± 0 . 2 9 .0 706 .5 ± 0 . 3 6 .2
428.1 ± 0 .2 2 .9 708 .4  ± 0 .9 1.3
466. 0 ± 0. 5 2 .6 726. 1 + 0. 3 2. 5
4 6 9 . 0 + 0 . 6 2 .3 738.9 ± 0 .2 5. 7
474. 0 ± 0.1 12. 0 746. 1 ± 0. 3 6 .9
489-4 + 0 .3 1.9 759.1 ± 0 .7 1.5
495. 0 + 0 .4 2 . 8 762 .9  + 0 .3 7.1
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T a b le  I. (C o n t 'd . )

G a m m a -r a y R e la tiv e G a m m a -r a y R e la tiv e
e n e rg y g a m m a -r a y e n e rg y g a m m a -r a y
(keV ) in ten sity^ (keV ) in ten sity^

77.0. 1 + 0. 9 2 .1 934. 4 + 0. 7 1. 9
775. 1 + 0. 7 6 .2 936. 7 + 0. 7 1. 4
778. 2 + 0. 9 1 .7 941. 3 + 0. 5 1. 7
782. 3 + 0. 2 2 3 .2 979- 2 + 0. 3 2. 1
786. 0 + 0. 5 5 .2 988. 8 + 0. 5 3. 7
789- 0 + 0. 3 11 .1 990. 4 + 0. 6 2. 9
803. 3 + 0. 2 4 .4 1008. 6 + 0. 9 1. 2
808. 8 + 0. 8 1 .2 1012. 3 + 0. 3 6. 9
813. 8 + 0. 4 6 .6 1015. 7 + 1. 0 1. 3
816. 1 ± 0. 4 15 .1 1018. 3 ± 0. 4 4 . 5
832. 0 + 0. 4 1 0 .0 1027. 2 + 0. 4 2. 3
835. 4 + 0. 8 3 .8 1034. 1 + 0. 8 1. 8
840. 1 + 0. 2 23 . 5 1042. 3 + 0. 8 1. 7
852. 3 + 0. 2 4 .6 1050. 5 + 0. 7 1. 3
860. 6 + 0. 5 3 .4 1058. 0 + 0. 3 5.. 5
863. 0 + 0. 5 5 .6 1061. 7 ± 0. 8 1., 8
866. 0 + 0. 3 10. 5 1067. 3 + 0. 3 6..9
872. 7 + 0. 2 6 .5 1071. 2 + 0. 2 10.,6
877. 4 + 0. 2 6 .3 1078. 6 + 0..5 2 . 3
881.. 5 + 0. 2 7. 8 1082. 3 + 0. 2 9..6
889. 1 + 0.. 3 3 .8 1086. 1 + 0.,4 3..4
891.. 8 0. 2 1 3 .8 1094. 3 + 0.,4 2 .7
894. 6 + 0.,4 2 .4 1103. 8 + 0. 8 1 .6
909. . 0 + 0..2 1 5 .2 1107. 4 + 0.. 3 4 .4
912.. 3 + 0.. 5 3 .1 1126. 4 + 2. . 0 0 .9
914.. 7 + 0.. 5 4 .2 1134. 8 + 0. 2 4 .8
931..5 + 0.. 7 1 .9 1139. 6 + 0.,2 4 .8

^The lis te d  in te n s it ie s  o í the g a m m a -r a y s  a re  r e la t iv e  to  that o í the 
145. 7 -k e V  y - r a y  taken  as 100. The e r r o r s  in the r e la t iv e  y - r a y  in te n s it ie s  
a re  5 — 10% o f the l is te d  v a lu e s  fo r  in te n s itie s  10, 10 — 20% io r  the w eak er 
tr a n s it io n s .
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continua underlie a particular high-energy coincidence gate. The contribution of chance events can 
be assessed by noting the relative heights o f the 146, 201 and 273-keV transitions as compared to the 
direct spectrum in the upper curve whose shape is followed by the chance coincidence spectrum. In 
all cases the number o f chance and underlying coincidence events were small compared to the number 
of real coincidence events.



' " w  LEVEL STRUCTURE 3 9 5

LOW ENERGY 
DIRECT SPECTRUM

200

)50

)00

5 0

0

COtNCtOENCE GATED BY В

I5 0 r --------------------------- ----------------------------------------------------'

COtNCIDENCE GATED BY С
100 -

s o -д, ,  ̂  ̂ ;

too 200 300 400 500 600 700 800 900 tOOO И00
Ey(heV)

dence events and for events due to those portions o f  the Compton distributions o f higher energy transitions 
which underlie the respective coincidence gates employed. It should be noted that the direct spectrum 
(upper curve) is plotted on a sem i-log scale while the coincidence spectra (three lower curves) are plotted 
on a linear scale.
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T a b le  II. L o w -e n e r g y  tra n sition s  o b s e rv e d  to  b e  in c o in c id e n c e  
w ith  h ig h -e n e rg y  p r im a ry  y rays in

G a m m a -ra y
e n e rg y
(keV )

C o in c id e n ce  G a m m a -ra y  
e n e rg ie s^

(keV )

5321 146
5262 146, 205
4685 146, 2 0 5 ( ? ) ,  577 , 782
4650 146, 2 0 5 ( ? ) ,  61 1 , 670 , 739, 816
4626 146, 6 9 4 , 763 , 840
4575 146, 746 , 814 , 892
4449 1018
4384 1082
4250 146, 2 0 5 ( ? ) ,  1012, 1071

^ T h ose  y - r a y  e n e rg ie s  fo llo w e d  b y  (?  ) ap pear on ly  fa in tly  in the 
c o in c id e n c e  sp e ctra  and unam biguous e sta b lish m en t of th e ir  p r e s e n c e  
in th ese  sp e c tra  is  not c la im e d .

about the ra d ia tiv e  d e ca y  c h a r a c t e r is t ic s  o f the lo w -ly in g  e x c ite d  states in 
The d e g re e  o f band m ix in g  im p o se d  is  e x p e cte d  to  b e  m o r e  

se n s itiv e  to  e le c tro m a g n e tic  tra n sition  ra tes and bran ch in g  ra tios  than to 
(d ,p )  strip p in g  stren g th s .

O í m o s t  s ig n ifica n ce  is  the id en tifica tion  o f tw o m ain  rota tion a l 
band s tru ctu re s  a low  ex cita tion ; the ground state ban d , a ss ign ed  to  the 
^ ' [ 5 1 2 ]  N ilsso n  o r b ita l ,  and an e x c ite d  state band bu ilt upon the у [5 1 0 ] 
N ilsson  o rb ita l startin g  at an ex cita tion  en erg y  o f 145. 7 k eV . The 
in fo rm a tio n  co n ce rn in g  each  o f th ese  bands has b een  augm ented in the 
p re se n t w o rk  b y  the esta b lish m en t o f  one additiona l band m e m b e r  not 
o b s e rv e d  in  the p re v io u s  (d ,p )  stud ies [ 1] , as w e ll as b y  the determ in a tion  
o f  the rad ia tiv e  d e ca y  bran ch in g  ra tio s  of a ll o b s e rv e d  m e m b e rs  o f these 
ro ta tion a l sta te s . In an a logy  to  the band m ix in g  ca lcu la tion s  [ 2 ,3 ]  fo r  
W ^83, C o r io l is  band m ix in g  has b een  in vok ed  [ 7] , and the e n e rg ie s  of 
the band m e m b e rs  f it  to  the e x p re s s io n

Ец(1) = + A j I ( I  + 1) *  'd

+ BJI(I+ 1) + +
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T a b le  III. C o in c id e n ce  re la t io n sh ip s  o b s e rv e d  am ong the 
lo w -e n e r g y  tra n s ition s  in

G a m m a -ra y
e n e rg y
(keV )

C o in c id e n ce  G a m m a -ra y  
en ergy^

(keV )

57 —  60 146, 2 0 1 , 2 7 3 , 5 5 7 ( ? ) ,  577 , 611
128 577
146 55 7 , 577 , 6 1 1 ( ? ) ,  6 1 6 (? ) ,  658
273 290
290 273
424 474
474 424
500 225
557 146
577 146, 2 0 5 (? )
616 146
658 146

^ T h ose  y - r a y  e n e rg ie s  fo llo w e d  by  (?  ) ap pear  on ly  fa in tly  in  the 
c o in c id e n c e  sp e ctra  and unam biguous esta b lish m en t o f  th e ir  
p r e s e n c e  in th ese  sp e c tra  is  not c la im e d . T he c o in c id e n c e  
re la t io n sh ip s  o f  th ese  tra n s it io n s  a re  c o n s is te n t  w ith  the p r o p o se d  
le v e l s ch e m e  but th e ir  p la ce m e n ts  in the sch e m e  w e re  e sta b lish e d  
on the b a s is  o f  e n e rg y  and in ten sity  f it s .

The en erg y  sp e ctru m  w as ca lcu la te d  u sin g  valu es fo r  m o s t  of 
the p a ra m e te rs  that w e re  in c lo s e  a g re e m e n t w ith  th ose  found fo r  the 
ca se  o f W . The ra d ia tiv e  tra n s itio n  p r o b a b il i t ie s , c o r r e c t e d  fo r  
p a irh ig , w e re  ca lcu la te d , and the re su lts  co m p a re d  w ith the p re se n t 
W fin d in gs . The v a lu es  o f the p a ra m e te rs  w e re  v a r ie d  w ithin  
re a so n a b le  lim its  until a "b e s t  f i t "  to  the data w as obta in ed . The re su lts  
a re  p re se n te d  in  T a b les  IV and V .

A s  e x p e cte d , the p r e d ic te d  e n e rg y  sp e ctru m  and (d ,p )  strengths 
d isp la y ed  v e r y  litt le  se n s it iv ity  to  the v a r io u s  c h o ic e s  o f  the p a ra m e te r  
v a lu e s . H o w e v e r , the ca lcu la te d  y - r a y  bran ch in g  ra tio s  w e re  fa r  m o re  
se n s itiv e  to  the p a ra m e te r iz a tio n  and a c o m p a r is o n  o f th ese  ra tio s  to  
e x p e rim e n ta l data w as u sed  as the c r it e r io n  o f "b e s t  f it . " None o f  the 
fit s  cou ld  b e  c o n s id e re d  e x ce lle n t . The p a ra m e te rs  a s s o c ia te d  w ith  
the "m o s t  s a t is fa c to r y "  f it  a re  p re se n te d  in  T ab le  IV . T h ese  va lu es 
a re  in good  a g re e m e n t w ith  th ose  obta in ed  b y  E r s k i n e [ l ]  fo r  fits  
to  the (d ,p )  s tre n g th s , but obtained  w ith  the o m is s io n  o f the qu ad ratic 
"s tr e tc h in g "  e n e rg y  te r m .
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gâtions of the present work. The excitation energies are expressed in keV. Those levels marked on the right 
by downward-pointing flags are levels associated with reported (d, p) population. The dots at the beginning 
or ending of the arrow representing a gamma-ray transition indicate an observed coincidence between the
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D esp ite  the ap parent sa t is fa c to r y  ch a ra cte r  of the ag reem en t 
be tw een  ex p erim en t and c a lcu la tio n , the c o e f fic ie n t  o f the qu ad ratic  
e n e rg y  te r m , B ,  fo r  the [ 512] band is  d is tu rb in g ly  la rg e  and o f sign  
o p p o s ite  to  that ex p e cte d . The o r ig in  o f  the s iz e a b le  va lu e o f th is 
c o e f f ic ie n t  s tem s fr o m  the ra th er  la rg e  spacing  betw een  the § '  and 
^ '  m e m b e r s  o f the ground state band . A van ish ing  valu e fo r  В 
(e x p e cte d  fo r  g ood  r o ta to rs  in  the ce n te r  o f the d e fo rm e d  reg ion ) 
w ou ld  im p ly  an ex cita tion  en erg y  o f 185 keV fo r  the ^ '  m e m b e r  o f the 
ground state  band . T h e re  is  n o  a p r io r i  rea son  to  e x p e cte d  that a state 
at th is e n e rg y  w ould  not b e  popu lated  in e ith er the (n , y) o r  (d ,p )  r e a c t io n s , 
but th ere  e x ists  no ev id e n ce  that the data can a cco m o d a te  th is state d esp ite  
rep ea ted  attem pts to  fo rm u la te  su ch  a le v e l f r o m  the data obta in ed . A 
s in g la r  s itu ation  is  a ls o  found fo r  the sam e band in O s * ^  (an iso to n e  o f 
W ) in w h ich  the ^ '  m e m b e r  is  a ls o  found to  lie  at an u n ex p ected ly  high 
ex cita tion  e n e rg y .

It is  p o s s ib le  to  en u m erate  s e v e r a l o f the p o s s ib le  e ffe c ts  that 
in d iv id u a lly , o r  in co m b in a tio n , m ay  g iv e  r is e  to  the o b s e rv e d  
d is c r e p a n c ie s  in the m o d e l d e s cr ip tio n s  o f and O s ^ ^ :  (a) both
n u clid es  a re  on the b o r d e r  of the d e fo rm e d  r e g io n  and the pu re 
r o ta to r -p lu s -o d d -n u c le o n  m o d e l m ay  not be ex p e cte d  to  adequ ately  
d e s c r ib e  th e ir  le v e l s t r u c tu r e s , (b) so m e  am ount o f  К + 2 y -v ib ra t io n a l 
m ix in g  m ight b e  an tic ip a ted  that a ffe c ts  th ese  ^ " s ta te s , and is  not taken 
in to  a ccou n t in  th is s im p le  m o d e l, and (c ) the N ilsson  w av e -fu n ction s  
m a y  not b e  su ffic ie n tly  a ccu ra te  to  d e s c r ib e  th ese  " t ra n s it io n a l"  n u c lid e s . 
N one o f th ese  can  b e  c o n s id e r e d  as su ffic ie n tly  s a t is fa c to r y  ca u ses  at 
p r e s e n t , s in ce  a g rea t d ea l of ad d ition a l ex p erim en ta l in form a tion  is 
s t i l l  r e q u ire d  to  p r o p e r ly  evaluate and a s s e s s  th eir  a p p lica b ility . In 
any c a s e ,  the le v e l s tru ctu re  of the lo w -ly in g  bands in and O s ^ ^
do not d isp la y  the w e ll-b e h a v e d  p r e s c r ip t io n  o f the s im p le  r o ta to r -p lu s -  
od d -n u c le o n  m o d e l,  found t o b e  m o r e  s a t is fa c to r ily  a p p lica b le  to

to the level) aie not proposed as confidently as are the states assigned on the basis o f  coincidence results. 
The spins, parities, and rotational band configurations indicated to the left o f  the level diagram are those 
o f Ref. [ 1 ] .



TA B U E  IV . P a r a m e te r s  and e x c ita t io n  e n e rg ie s  o f  N ils s o n  states in W

Е ц = s .  + A [ J(J + 1) + a (- ) ( J +  2 )6 ^ ] + B [J  + 1) + a ( - )^  tJ  + Í)6.r¿. t
2

] cou p lin g  con stan t

= 1,.09 28 .

J К " . A В a E (theo) E (exp)

(keV ) (keV ) (keV ) (keV)
m ix e d (keV)

[510]

12 1
2 140. 8 18.6 -57.0 -0.01566 145.7 145. 7

3
2

1
2 204. 8 204. 9

52
1
2 303. 0 303. 2

7
2

i
2

[512]

432. 6 432.4

3
2

3
2 0. 0 14. 7 182.0 0 . 0 0. 0 0

5
2

3
2 77.6 77. 5

7
2

3
2

[503]

200. 5 201.4

7
2

7
2 345.6 17. 0 0 . 0  0 . 0 350.6 350.6

9
2

7
2 503. 5 not o b s .
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T A B L E  V . B ran ch in g  ra tios  o í the lo w -ly in g  e x c ite d
187states in W

'"w  LEVEL STRUCTURE 401

In itia l
state
(keV)

F in a l
state
(keV)

B ran ch in g  R atio^  

(th e o ry ) (e x p .)

145 0 1. 0 1 .0

145 78 0 .0 0 2 N ot o b s e rv e d

201 0 1.0 1. 0

201 78 0. 12 0. 10

205 0 1 .0 1 .0

205 78 0 .0 056 0 .5 2

205 146 0 .6 1 1. 30^

303 0 1. 0 1 .0

303 78 1.46 1 .4

303 146 0 .6 5 0 .4

303 201 0. 86 0. 1

30 3 205 0 .0 2 N ot o b s e rv e d

351 0 22 N ot o b s e rv e d

351 78 1. 0 1 .0

351 201 0. 019 0 .0 7 7

433 78 1. 0 1 .0

433 201 0. 31 N ot o b s e rv e d

433 205 0. 34 0. 50

433 303 0. 61 Not o b s e rv e d

^The p a ra m e te rs  u sed  to  gen era te  the th e o r e t ic a l va lu es a re  g iven  in 
T a b le  IV . The tra n sitio n  w ith  bran ch in g  ra tio  equal to  1. 0 w as u sed  as 
the c o m p a r is o n  state  fo r  each  le v e l.

^The 59 keV  tra n s itio n  was not w e ll  r e s o lv e d  in the s in g le s  sp e ctru m . 
T he e r r o r  a s s o c ia te d  w ith  this value is  th e r e fo re  -  50%.
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THERMAL NEUTRON CAPTURE 
INVESTIGATION OF THE ^°Os LEVEL 
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Abstract

THERMAL NEUTRON CAPTURE INVESTIGATION OF THE "°Os LEVEL STRUCTURE. The level 
structure of '°°Os was investigated via the reaction *'90s(n,y)'s"0s. High-energy and low-energy singles 
spectra were measured with Ge(Li) detectors. Coincidence measurements were performed with a 
Ge(Li)-NaI combination. A level scheme is proposed. States at 912 and 1113 keV are discussed in 
terms of collective models.

INTRODUCTION

The even Os is o to p e s  situated in a tran sition  re g io n  betw een  stron g ly  
d e form ed  and s p h e r ica l n u c le i have been  u sed  to  test m od e ls  o f  n u c lea r  
c o lle c t iv e  m otion . The m ain  o b je c t  o f  a c o m p a riso n  betw een  ex p erim en t 
and th eory  [ 1] has been  the g rou n d -s ta te  ro ta tion a l band and the on e - 
phonon g a m m a -v ib ra tio n a l band, f o r  w hich  su ffic ien t ex p erim en ta l m a te r ia l 
w as a v a ila b le . F o r  c o l le c t iv e  sta tes o f  b e ta -v ib ra t io n a l o r  tw o-ph onon  
g a m m a -v ib ra t io n a l ch a ra cte r , w hich  a re  expected  to  g ive  m o re  s p e c if i c  
an sw ers as to  the a p p lica b ility  o f ex istin g  c o lle c t iv e  m od e ls  [2 ], the e x 
p er im en ta l in form ation  is  s t il l  u n sa tis fa ctory .

W e th e r e fo re  in vestigated  the nucleus i9°O s -  the la st in the seq u en ce  
o f  O s n u cle i expected  to be a p p re c ia b ly  d e form ed  -  v ia  the re a ctio n  
i^ O s  (n ,-y)i9°O s. F o r  this r e a ctio n  a d ire c t  popu lation  o f 0+ states fr o m  
the capturing state can be ex p ected . W e have m ea su red  the high and lo w - 
en erg y  gam m a rad ia tion  w ith G e(L i) d e te cto rs  and d eterm in ed  the d e 
ex cita tion  o f the populated le v e ls  by co in c id e n ce  m ea su rem en ts .

D uring the c o u r s e  o f  ou r in vestig a tion  w e lea rn t that e sse n tia lly  
equivalent ex p erim en ts  have been  p e r fo rm e d  by M a r isco tt i, Kane and 
E m e ry  [3] w ith s im ila r  ex p erim en ta l re su lts  and th e o re tica l in terp re ta tion s .

E X PE R IM E N TS

T he e x p erim en ts  w e re  p e r fo rm e d  at the F o rsch u n g sre a k to r  F ran k fu rt 
w ith an ex tern a l ta rg e t. The neutron  beam  w as ex tra cted  fr o m  the ce n tra l 
through h o le  by  a M a cro lo n  s c a t te r e r . A co m p o s ite  c o llim a to r  sy ste m  
w as u sed  to  en su re  that on ly  the s c a t te r e r  w as v iew ed  by  the ta rg et. The 
neutron  bea m  d ia m e te r  at the ta rg e t w as 10 m m , the neutron  flux
3 X 10S n cm '2  s e c 'i .  T h e ta rg e t co n s is te d  o f 1.5 g i^ O s ,  en rich ed  to 
87.3% .
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T A B L E  I. RESU LTS OF COINCIDENCE E X P E R IM E N T S

(M eV ) (keV) coincident transitions (M eV ) (keV ) coincident transitions

7 .7 9 1 (3 ) 7 .8 sround state 680 220(160)
558 5 2 0 (1 0 0 )

7 .6 0 4 (3 ) 5 .1 187 371 2 5 0 (1 5 0 )
187 322 200(120)

187 1700(300)
7 .2 3 3 (3 ) 14.1 558

558 2600(180) 6 .2 4 6 (3 ) 8 .8 1545 (<  280)
371 1900(150) 1358 570(290)
187 1200(100) 986 2300(220)

558 1400(250)
7 .035 2 .0 756 371 700(160)

569 770(100) 187 1500(300)
187 1100(150)

6 .1 1 4 (3 ) 7 .0 1677
6 .8 7 9 (3 ) 1 .3 912 ( < 70) 1677 750(500)

725 3 00(100) 1488? 100 (300 )
354 ( < 120) 1119 800(310)
187 400(100) 558 950(250 )

371 3 20(160 )
6 .6 7 8 (3 ) 3 .9 1113 187 1200(250)

1113 290(170)
926 4 70(100 ) 6 .0 5 9 (3 ) 5 .2 1732 ( < 220)
725 100(75) 1546 850(480)
558 530(270) 1174 930(330)
371 220(150) 558 250(180)
187 550(130) 371 310(120)

187 1500(300)
6 .4 1 0 (3 ) 9 .1 1381 ( < 200)

1194 2600(360) 5 .9 3 4 (3 ) 3 0 .5 1857 (<  500)
823? 100(100) 1670 3000(600)
187 1600(200) 1298 2600(600)

1101 1300(550)

6 .3 5 8 (3 ) 5 .8 1432 558 2200(300)
1432? 1 50*250 371 1800(200)
1247 390(250) 187 5100(450)

874 550(210)
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H ig h -e n e rg y  and lo w -e n e r g y  s in g les  sp e c tra  w e re  m ea su red  in the 
e n e rg y  ran ges o f 5 - 8 M eV and o f 100 - 2000 keV w ith  p lanar G e(L i) 
6 -cm 3  d e te c to r  w ith an e n e rg y  re so lu tio n  o f  5 keV  at 1300 keV  and 
14 keV  at 8 M eV . The m ea su rem en ts  d e liv e re d  a le v e l sch e m e  up to 
2.5 M eV.

T o  d e te rm in e  the d e ca y  pattern  o f the le v e ls  fed  by  the h ig h -e n e rg y  
ra d ia tion , c o in c id e n ce  m ea su rem en ts  w e re  p e r fo rm e d  in  w h ich  the h igh - 
en erg y  rad ia tion  w as r e co r d e d  with the 6 -cm ^ G e(L i) d e te c to r  and the 
lo w -e n e r g y  rad ia tion  w ith a 3 X 3 -in . Nal c ry s ta l.  The co in c id e n ce  
p u lses  w e re  an alysed  in a tw o -d im e n s io n a l p u lse -h e ig h t a n a ly ser  o f  
10 000 channels in a 200 X 50 con fig u ra tion . T o  c o v e r  a ran ge  up to  
2 M eV of ex cita tion  en erg y , a s e r ie s  o f  s u c c e s s iv e  runs w ith  d iffe ren t 
e n e rg y  settin gs w e re  p e r fo rm e d .

F o r  the ca lib ra tio n  o f the h ig h -e n e rg y  sp e ctra  w e u sed  the re a c tio n  
I99gg y)200n g  ang e n e rg y  va lu es o f  Schult [4] and the 56 F g  (n, y j^ F e  
re a c tio n  w ith the data o f Ja ck son  et a l. [5].

RE SU LTS AND DISCUSSION

F ig u re  1 sh ow s a ty p ica l h ig h -e n e rg y  sp e ctru m . 29 tra n sition s  in 
the e n e rg y  ran ge o f 5 - 8 M eV w e re  o b se rv e d , o f  w hich  25 go to  new 
le v e ls .  F r o m  the e n e rg y  d if fe r e n c e s  o f  the tra n sition s  fou r  lin es o f 
h igh est e n e rg ie s  can be iden tified  to  go  to the ground state , the f ir s t  
2 "** state and the 2 + and 3+ le v e ls  o f  the g a m m a -v ib ra tio n á l e x cita tion , 
w hich  had p re v io u s ly  been  esta b lish ed  [ 6]. T he neutron  binding en erg y  
is  d eterm in ed  to be  = 7791 ± 3 keV .

T he re su lts  o f the co in c id e n ce  exp erim en ts a re  g iven  in T ab le  I. 
B e ca u se  o f the low  n um ber o f  co in c id en t counts and the high and c o m 
p o s ite  pu lse  back grou n d , the ex p erim en ta l e r r o r s  fo r  the in ten sities  a re  
h igh. In so m e  c a se s  u pper lim its  fo r  tra n sition s  that w e re  not o b se rv e d  
but w e re  estim a ted  fr o m  the pu lse  background a re  g iven  in  b ra ck e ts .

T he re su lts  o f  the co in c id e n ce  m ea su rem en ts  cou ld  be com p lem en ted  by 
ad d ition a l u se  o f  the lo w -e n e r g y  tra n sition s  m ea su red  with the Ge d e te c to r .

F ig u re  2 sh ow s the p ro p o se d  le v e l and d e ca y  sch e m e . L e v e ls  w hich  
had p r e v io u s ly  been  estab lish ed  [ 6 ] a re  entered  on the le ft-h an d  s id e  of 
the fig u re . B e ca u se  o f the d iffe re n t population  co n d itio n s , it is  not un
exp ected  that the le v e ls  o f  h igh er  en erg y  o b se rv e d  in th is experim en t 
do not c o in c id e  w ith  th ose  o f  p re v io u s  in vestig a tion s . T he sp in  and p a rity  
o f  the capturin g  state  is  1*, 2 " . W e assu m e that the h ig h -e n e rg y  t r a n s i
tion s a re  o f  E l  c h a ra cte r . W ith th is assu m ption  the lo w -e n è r g y  le v e ls  
populated by  them  can have sp in  0, 1, 2 o r  3 and p o s itiv e  p arity .

W e have tr ie d  to  lim it  fu rth er  the spin va lu es o f the le v e ls , m aking 
u se  o f  th e ir  d e -e x c ita t io n  to  the lo w e r  le v e ls  o f known sp in  and p r o je c 
tion  n um ber K . T he assign m en ts  depend on an ap prox im a te  v a lid ity  o f 
the A laga  ru le s  and m u st, th e r e fo r e , be co n s id e re d  tentative.

T he tw o le v e ls  at 912 and 1113 keV are  o f  s p e c ia l in te re st . T h e ir  
low  e n e rg y  su g g e sts  that they  a re  o f  c o l le c t iv e  ch a ra cte r . The c o in c i 
d en ce  m ea su rem en ts  show  that the 912-k eV  le v e l d eca y s  to the f ir s t  2+ 
ro ta tion a l sta te . No tra n sitio n  to  the ground state  w as o b s e rv e d . The 
1113 -k eV  state  d eca y s  to  the ground state and the f ir s t  2+ le v e l,  and to



FIG.2. Decay scheme of *^Os(n, y)^°Os.

408 
BÖHM 

and 
STELZER



" °0 s  LEVEL STRUCTURE 4 0 9

T A B L E  II. COM PARISON OF T H E O R E T IC A L  B (E 2) RATIOS AND 
E X P E R IM E N T A L  RATIOS OF REDU CED TRANSITION P R O B A B ILITIE S 
F O R  THE 912 AND 1113 -k eV  STATES

Theory [ 10] Experiment

B(E2, 0"*" (912) -  2+)
< 15B(E2, 0+ (912) - 2+)

B(E2, 2+ (1113) -  0+) 
B(E2. 2+(1113) -  2+) 0.73 0.3  ± 0.2

B(E2, 2^(1113) -  4+) 
B(E2, 2+ (1113) -  2+) 15 14 ± 7 (1 .5 ) 

or*
B(E2, 2+(1113) -  2+) 
B(E2, 2+ (1113) -  2+)

1 8 ± 4

le v e ls  at a p p rox im a te ly  550 kéV o f  excita tion  en erg y  w h ere  the 4*** grou n d - 
state b a n d -ro ta tio n a l le v e l  and the 2 + g a m m a -v ib ra tio n a l state  a re  s itu a 
ted . The d e ca y  pattern  and the en erg y  d iffe r e n c e  o f  200 keV  su ggest that 
the two le v e ls  a re  0"*" and 2*** m e m b e rs  o f  a c o l le c t iv e  К  = 0 excita tion . 
B eca u se  the 91 2 -k eV  le v e l is  situated  at roughly  tw ice  the en erg y  o f the 
on e -ph on on  g a m m a -v ib ra tio n a l en erg y , p red icted  by the ro ta tion - 
v ib ra tion  th e o ry  o f F a e s s le r , G re in e r  and Sheline [ 1] at about 480 k eV , it 
is  p rob a b le  that the tw o states can  be in terp reted  as m e m b e rs  o f  a tw o- 
phonon gam m a v ib ra tion . A 0^ le v e l o f  this ch a ra cte r  has been  o b se rv e d  
in ! 88Qg at 1086 keV [7 ]. O th er tw o-ph onon  g a m m a -v ib ra tio n a l states 
w ith d iffe re n t cou p lin g  o f  the phonons to К = 4 a re  b e lie v e d  to  have been  
iden tified  in iS6Q s at 1352 keV  [ 8 ] and in  i9°O s at 1163 keV [9].

An a ltern a tiv e  p o s s ib ility  is  the in terp reta tion  as a beta  v ib ra tion . 
T h e o re t ica lly  the d eca y  pattern  o f a beta  v ibra tion  is  e n tire ly  d ifferen t 
fr o m  that o f  a tw o-ph on on  gam m a v ib ra tion  i f  the ex cita tion s  can  be 
a ssu m ed  to  be  p u re . The d e ca y  o f  the b e ta -v ib ra t io n a l sta tes should 
p re fe re n t ia lly  p ro ce e d  by  on e-ph on on  tran sition s to  the g rou n d -s ta te  
band, w h ile  a tw o-p h on on  le v e l  should p ro ce e d  by on e-ph on on  tr a n s i
tions to  the on e -p h on on  g a m m a -v ib ra tio n a l band.

The d e -e x c ita t io n  o f the 912 and 1113-keV  le v e ls  as o b se rv e d  in our 
co in c id e n ce  m ea su rem en ts  in d ica tes that, i f  the in terp reta tion  o f  th ese  
le v e ls  as be lon g in g  to. a К = 0 band is  c o r r e c t ,  th e ir  ch a ra cte r  is  in te r 
m ed iate  betw een  a tw o-ph onon  gam m a v ibra tion  and a beta  v ib ra tio n . A  
s im ila r  situ ation  has b een  r e p o rte d  fo r  the 1086-keV  le v e l  i n l 88Qg [ 7 ]

W e have h ith erto  d is cu ss e d  the 912 and 1113 -k eV  le v e ls  w ith in  the 
m od e l o f B ohr and M otte lson , w hich  is  va lid  fo r  d e fo rm e d  n u cle i o f  
a x ia l sy m m e try . M ic r o s c o p ic  ca lcu la tion s  [10 , 11] have show n that the 
tra n sition  n u c le i, even  in the g rou n d -s ta te  w ave function  w ill have p r o 
la te , ob la te , a s y m m e tr ic  and s p h e r ic a l com p on en ts. T h is  in d ica tes that 
the nucleu s 19° O s cannot be adequ ately  trea ted  in te rm s  o f the B o h r - 
M otte lson  m od e l.
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R ecen tly  K um ar and B a ra n g er  [10] have pu blish ed  data on ^OQg 
w h ich  have been  obtained by a m ic r o s c o p ic  ca lcu la tion  o f  the c o lle c t iv e  
fu nction s and a n u m e rica l so lu tion  o f the g e n e ra l B oh r H am iltonian .
T h ey  ca lcu la ted  the e n e rg ie s  and w ave functions o f  the grou n d -sta te  band 
0+, 2**" and 4+ le v e ls , the 2+ and 3+ g a m m a -v ib ra tio n a l sta tes and 0+ 
and 2+ le v e ls  next h igh er  in en erg y  w hich  m ay be  iden tified  w ith  the 
states w hich  w e  d is c u s s . The e n e rg ie s  ca lcu la ted  a re  877 and 1192 keV 
r e s p e c t iv e ly . T h ey  a lso  g ive  the B(E2) va lu es fo r  tra n sition s  w hich  
con n ect th ese  le v e ls  w ith  sta tes o f lo w e r  en ergy . In T ab le  II w e c o m 
p a re  the th e o r e t ic a l B (E2) ra tio s  w ith  the ra tios  o f  red u ced  tran sition  
p ro b a b ilit ie s  estim a ted  fr o m  ou r co in c id e n ce  ex p e rim e n ts . It is  in te r 
estin g  to  note that the th e o ry  p re d ic ts  a stron g  favou rin g  of the t r a n s i
tion  fr o m  the 2+ state to  the 4+ ' ro ta tion a l' state  o f  the g rou n d -sta te  
band, co m p a re d  to  the tra n sition  to the 2+ g a m m a -v ib ra t io n a l le v e l. 
U nfortunately , the tw o tra n sition s  (565 and 555 keV) and the rad ia tion  
d e -e x c it in g  the le v e ls  (361 and 558, 371 keV) cou ld  not be r e so lv e d  in 
ou r co in c id e n ce  m e a su re m e n ts . R efined  ex p erim en ts  should y ie ld  an 
in terestin g  te s t  fo r  the ca lcu la tion s .

At the p resen t stage  o f  ex p erim en ta l in form ation  an attem pt to a ss ig n  
p ro p e r t ie s  to  the new le v e ls  o f h igh er en erg y  w ould  be v e ry  sp ecu la tiv e .
It is ,  h o w e v e r , to  be exp ected  that tw o -q u a s ip a rt ic le  con figu ra tion s 
b e co m e  im p ortan t. F r o m  sta tes  o f  low  en erg y  in  neigh bou rin g  o d d -A  
is o to p e s  o f O s and R e , w h ich  m ay b e  con n ected  w ith  the N ilsso n  neutron  
o rb ita ls  3 /2 *  [51 2 ], 1 /2 *  [510] and 9 /2 *  [505] and the p ro ton  o rb ita ls  
5 /2 +  [402] and 7 /2 +  [40 4 ], tw o -n eu tron  ex cita tion s  w ith  sp in  and p a rity  
2+, 1+ and 3+ and a tw o -p ro to n  state  1+ can  be  p re d ic te d .
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Abstract

NEUTRON CAPTURE INVESTIGATION OF THE *^It AND " ' i t  LEVEL STRUCTURES. The nuclei 
'" i r  and '^Ir have been investigated via the reactions '^Ir(n , у ) ^ 1г am] y)i9^¡.. The high-
energy spectra have been measured with a Ge(Li)-NaI pair spectrometer. 121 transitions in '^Ir and 
102 transitions in '^Ir have been observed in an energy range corresponding to 1700-keV excitation energy. 
The neutron binding energy o f "*Ir is B^ -  6066.1 ± 1 .5  keV. The *^Ir ground-state transition which 
would be M2 cannot be measured. It is assumed that the transition of highest energy observed goes to the 
58-keV 1**" excited state. The neutron binding energy is then B̂  = 6198.7 ± 2 .0  keV. Level schemes 
are proposed.

INTROD U CTION

D oubly  odd ir id iu m  is o to p e s  have found in te re st in re ce n t y e a rs  in 
co n n e ctio n  w ith  the p ro b le m  o f p ro ton -n eu tron  cou p lin g  in the tra n sition  
re g io n  betw een  s tro n g ly  d e fo rm e d  and sp h e r ic a l n u c le i. S ch a r ff- 
G o ldh aber et a l. [1] have poin ted  out that w hile  the g rou n d -s ta te  sp ins 
o f  the n eigh bou rin g  o d d -od d  rhen ium  n u cle i and o f the m ost s tro n g ly  d e 
fo rm e d  n u c le i fo llow  the a sy m p totic  coup ling  ru le s  o f  G a llagh er  and 
M oszk ow sk i [2 ], th ose  o f  the ir id iu m  is o to p e s , ex cep t I94lr, ¿ o  not. 
E x p er im en ta l in form a tion  on ex cited  sta tes o f  the od d -od d  ir id iu m  i s o 
top es is  s c a r c e .  O nly  fo r  and 194^ ^ lo w -e n e r g y  ex cited
sta tes cou ld  be in vestiga ted  v ia  e le c tr o n  captu re  [3] and beta d e ca y  [4]. 
F u rth e r  in form a tion  is  lim ited  to  the study o f  the d e ca y  o f  is o m e r ic  
sta tes [5 -1 1 ] .  P re v io u s  neutron  capture  gam m a and c o n v e rs io n  e le c tro n  
data cou ld  not be u sed  to  extend the le v e l s ch e m e s  [1 2 -1 7 ].

W e have in vestig a ted  the n u c le i 192^ and 194^ neutron  captu re  
in  is i i r  and I93i r  u sin g  h igh ly  en rich ed  sa m p le s . Both ta rget n u c le i have 
sp in  and p a r ity  3 /2 +  lead in g  to  sp in  and p a rity  1+ and 2+ fo r  the capturing  
s ta te s . P r im a r y  gam m a tra n s itio n s  fr o m  the capturin g  state  w il l  p r e 
fe r e n t ia lly  p r o ce e d  w ith  E l o r  M l m u ltipole  o r d e r  popu lating lo w -s p in  
e x cite d  s ta te s . T h is is  o f  s p e c ia l  in te re st fo r  192^ w h ere  low  sp in  states 
o f  n egative p a r ity  a re  p re d ic te d , as fo r  194^^ by  the N ilsso n  m o d e l and 
the s p h e r ic a l sh e ll m o d e l but have not h ith erto  been  o b s e rv e d .

4 1 1
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The h ig h -e n e rg y  g a m m a -ra y  sp e ctra  w e re  m e a su re d  w ith  a p a ir  
s p e c t r o m e te r , co n s is t in g  o f a G e(L i) ce n tra l d e te c to r  and a 4 - s e c t o r  
N a l(T l) annulus o f  5 in . length and 6.5 in. d ia m e te r , w ith  an in ner b o r e  
o f  6 cm  d ia m e te r  fo r  the d e te c to r  c ry o s ta t . T h e G e(L i) d e te c to r  w as 
op era ted  in  tr ip le  c o in c id e n ce  w ith  the 5 1 1 -k eV  ann ih ilation  rad ia tion  r e 
co rd e d  in op p o s ite  Nal s e c t o r s .  A n tico in c id e n ce  w ith  a lo w -e n e r g y  d is 
c r im in a to r  settin g  w as re q u ire d  fo r  ad jacen t s e c to r s .  T h is  com bin ation  
enhances the p e a k -to -b a ck g ro u n d  ra tio  fo r  the d o u b le -e s ca p e -p e a k  by  a 
fa c to r  o f  10 -15  in the Ir s p e c tra  and c o m p le te ly  r e m o v e s  s in g le -e s c a p e  
and to ta l-a b s o rp t io n  p eaks. T h e d o u b le -e s ca p e  peak  e ff ic ie n cy  is  r e 
duced  by  a fa c to r  o f  8. T w o G e(L i) d e te c to rs  w e r e  u sed : a 4 cm  lon g , 
4 -cm ^  tra p e zo id a l c o a x ia lly  d r ifte d  d e te c to r  fa b r ica te d  by the authors 
and e s p e c ia lly  w e ll  su ited  fo r  the p a ir  s p e c tro m e te r  g e om etry ; and a 
p lanar d e te c to r  o f  7 cm^ and 5 m m  d ep letion  depth o f P r in ce to n  G am m a- 
T e ch . The sy s te m  re so lu tio n  fo r  both  d e te c to rs  w as 7.5 keV  at 6 M eV.

T he m ea su rem en ts  w e re  p e r fo rm e d  w ith  an in tern a l ta rget at the 
PD  s id e  o f  the through  h o le  o f  the M unich r e s e a r c h  r e a c to r  ( F ig .l ) .  The 
ta rg e t w as p la ce d  n ear  the c o r e  ce n tre  lin e  at a neutron  flux o f about
8 X 10^2 n c m '2  s e c ' i .  A P b c o llim a to r  o f  6 m m  d ia m eter  and 20 cm  
length w ithin  the b io lo g ic a l  sh ie ld  o f  the r e a c to r  en su red  that on ly  the 
ta rg e t w as v iew ed  by  the G e d e te c to r . T he beam  d ia m eter  at the d e te c to r  
w as 2.5 cm  o r  le s s .

H ighly  en rich ed  ta rg e ts , su pp lied  by  Oak R idge  Nat. L a b ., w ere  u sed . 
T h is  w as e s p e c ia lly  im portan t fo r  the i93ip m e a su re m e n ts , b e ca u se  the 
neutron  cap tu re  c r o s s - s e c t i o n  is  950 b fo r  is i l r ,  as against 130 b fo r  
i93ir. T he is o to p ic  c o m p o s it io n  o f  the ta rg ets  w e re :

E X P E R IM E N T A L  TECHNIQUES AND D ATA AN ALYSIS

T

F IG .l. Experimental set-up at the FRM.
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Pi 
%  1911Г

P2

%1931r int. ra tio  Pi<3i

191 ir  sa m p le 94.7 5.3 130 : 1

I93lr sa m p le 1.3 98.7 1 : 10

N atural ir id iu m 38.5 61.5 9 : 2

T h e I94ir sp e c tra  had to  be c o r r e c t e d  fo r  192 i r  back grou n d .
T h e ta rg e t quantities u sed  w e re  25 m g fo r  I93ir and g m g  fo r  191^ 

T h e en erg y  ca lib ra tio n  w as p e r fo rm e d  by sim u ltaneou s m ea su rem en ts  
o f  the ir id iu m  and n itrogen  sp e ctra . T o  e ffe c t  th is , the n o rm a lly  e v a 
cuated through  channel w as f ille d  w ith  1 -2  atm  o f n itrogen .

T y p ica l s p e c tra  fo r  I92ir and i94ir a re  g iven  in F ig .2. T h e re s id u a l 
back grou n d  o b s e rv e d  is  m a in ly  due to  e le c tr o n  and b re m sstra h lu n g - 
esca p e  and the c h a r g e -c o l le c t in g  p r o p e rt ie s  o f  the G e d e te c to r s .

M easu rem en ts o f  the h ig h -e n e rg y  gam m a rad ia tion  w e re  a lso  p e r 
fo rm e d  at the F o rsch u n g s re a k to r  F ran k fu rt (F R F ) in  an ex tern a l beam  
g e o m e try , w ith  s in g le  G e d e te c to r s  o f  0 .4  and 5 .6 -cm ^  p lanar type 
(Solid  State and R C A  C a n a d a). The neutron  beam  w as ex tra cted  by  a 
s c a t te r e r  fr o m  the ce n tra l through  h o le . An add itiona l m ea su rem en t 
w ith  a c a d m iu m -filte re d  neutron  beam  w as m ade fo r  192^

W e a lso  m e a su re d  the lo w -e n e r g y  gam m a sp e c tra  w ith the sam e 
apparatus at the F R F . The e n e rg y  re so lu tio n  w as lim ited  to  8 keV  fo r  
6°Co and the 5 .6 -cm ^  RCA d e te c to r  and 4 .5  keV fo r  the 0 .4 -cm ^  Solid  
State d e te c to r . S p ectra  w e re  taken fo r  both is o to p e s  in s in g le  m od e and 
in  co in c id e n ce  w ith  a 3 X 3 -in . N a l(T l) c r y s ta l  w h ich  w as set to  r e g is te r  
on ly  rad ia tion  above  4 .5  M eV . E n ergy  and in ten sity  ca lib ra tio n s  w e re  
p e r fo rm e d  b y  v a r io u s  ra d io a c t iv e  stan dards and add itiona l lin es  o r ig in a 
ting fr o m  the d e ca y  o f the Ir  is o to p e s .

T he h ig h -e n e rg y  g a m m a -ra y  sp e ctra  su pp lied  by  the p a ir  s p e c t r o 
m e te r  w e re  an a lysed  by  a le a s t -s q u a r e s - f i t  com p u ter  p ro g ra m . B ecau se  
o f  the co m p le x ity  o f  the s p e c tra , up to  7 ov erla p p in g  lin es  w e re  fitted  
s im u lta n eou sly . The re la t iv e  e n e rg y  p r e c is io n  fo r  iso la ted  peaks w ith  
h igh  in ten sity  w as about ± 200 eV . T he absolu te  e n e rg y  p r e c is io n  is  
estim a ted  to  be  b e tter  than 1.5 k eV . E r r o r s  a re  due to the ca lib ra tio n  
p r o ce d u r e  and the r e fe r e n c e  e n e rg ie s  o f  n itrogen  u sed  [18 ]. T he en erg y  
p r e c is io n  o f the lo w -e n e r g y  lin e s  is  0 .5  to  1 k eV , ow ing to  the h igh pu lse  
back grou n d  and the bad e n e rg y  re so lu tio n  o f the av a ila b le  d e te c to r s .

RE SU LTS AN D DISCUSSION

121 h ig h -e n e rg y  lin e s  lead in g  to  le v e ls  up to  1 .7 -M e V  ex cita tion  
e n e rg y  in I92ir and Ю 2 Unes fo r  the sa m e e n e rg y  range in  I94lr w e re  
o b s e rv e d . F ig u r e s  3 and 4 g iv e  the p ro p o se d  le v e l s ch e m e s . On the 
le ft-h a n d  s id e  the p r e v io u s ly  known le v e ls  a re  in d ica ted  fo r  c o m p a riso n . 
It w as a ssu m ed  that the h ig h -e n e rg y  rad ia tion  p r e ce d e s  fr o m  the 
capturin g  state  and that the m u lt i-p o le  c h a ra cte r  is  e ith e r  E l  o r  M l.
F o r  so m e  v e r y  s tron g  tra n s itio n s  E l  ch a ra cte r  is  v e r y  p ro b a b le . In 
th ese  c a s e s  w e have a ssign ed  n egative  p a rity  to  the populated le v e ls .
T he e x cita tio n  e n e rg ie s  a re  d eterm in ed  by  the d iffe r e n c e  betw een  the
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tra n sition  e n e rg ie s  and the h igh est tra n sition  e n e rg y  o b s e rv e d . The 
standard e r r o r s  o f  the ex cita tion  e n e rg ie s , w hich  a re  determ in ed  by  
addition  o f the r e s p e c t iv e  re la t iv e  e r r o r s ,  l ie  betw een  0.4 and 1.0 k eV , 
w ith on ly  few  e x ce p t io n s .

F o r  I92ir a tra n s ition  o f 6088 keV re p o rte d  in  R efs [1 3 -1 5 ] has been  
a ssu m ed  to  go  to  the 58 -k eV  is o m e r ic  le v e l w ith sp in  1 and then unknown 
p o s it iv e  p a r ity  [19 ]. O ur sp e c tra  g ive  tw o lin es  at 6080.6 and 6092.1 keV 
w hich  cou ld  not be r e so lv e d  in the p rev iou s  e x p e rim e n ts . B eca u se  o f 
th e ir  high in ten sity , both  lin es  a re  v e r y  p rob a b ly  E l tra n s itio n s , going  
to  negative p a rity  le v e ls .  At 6140.7 k eV , h ow ev er, a lo w -in te n s ity  lin e  
is  o b s e rv e d  w hich  w e con clu d e  to  be v e ry  p rob a b ly  the M l tra n sition  to 
the I"*" is o m e r ic  state  at 58 k eV . W ith th is assu m p tion  the neutron  
binding en erg y  in 192ir is  = 6198.7 keV with an estim ated  e r r o r  o f  
2 keV . It w ould  be m ost d e s ira b le  to  c o n firm  th is value b y  co in c id e n ce  
m e a su re m e n ts .
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In I34ir the 1* ground state can  be populated b y  a d ir e c t  E l t r a n s i
tion  fr o m  the capturin g  sta te . W e a ss ig n  the lin e  o f  h igh est en erg y  w ith 
6066.1 ± 1 .5  keV  to  be th is tra n sition  and th e r e fo re  the binding en ergy . 
T h is  a ss ign m en t is  su p ported  by o th er  h ig h -e n e rg y  lin e s , the en erg y  
d if fe r e n c e s  to  6066.1 keV  o f w h ich  a g re e  w ith  the ex cita tion  e n e rg ie s  o f 
known lo w -s p in  n e g a tiv e -p a r ity  le v e ls . The e n e rg y  p r e c is io n  obtained 
is  in su ffic ie n t to  p la ce  the lo w -e n e r g y  lin es  u nam bigu ou sly  in the le v e l 
s ch e m e . T h e r e fo r e , w e on ly  tr ie d  to  p la ce  the lin es  o f h igh er  in ten sity  
be low  3 0 0 -k eV  ex cita tion  e n e rg y  as fa r  as p o s s ib le  w ith in  the e x p e r i 
m en ta l e r r o r s . T ra n sit io n s  w h ich  fit  in m o re  than on ce  a re  m ark ed  by  
an a s te r isk .
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B e ca u se  o f a h igh p ro b a b ility  fo r  a cc id e n ta l p la c in g  and b e ca u se  it 
m u st be  ex p e cte d  that at le a st so m e  o f the tra n sition s  con n ect le v e ls  
w h ich  a r e  not d ir e c t ly  popu lated  fr o m  the capturin g  sta te , w e  c o n s id e r  the 
the p la cem en t as h igh ly  ten ta tive . In the c a se  o f  192^ gom e o f ou r  lo w - 
e n e rg y  lin es  cou ld  be  iden tified  w ith  tran sition s m e a su re d  by  R a sm u ssen  
et a l. [17] w ith  m uch  b e tte r  e n e rg y  re so lu tio n . F o r  th ese  lin es  w e have 
u sed  th e ir  e n e rg y  v a lu e s .

T h e 3 2 -m s e c  is o m e r  o f  194 i r ,  f ir s t  re p o rte d  by C a m pbell and 
F ettw e is  [5 ], has r e ce n t ly  been  stud ied by Lundàn and S iivo la  [7] and by 
H e is e r  et a l. [8 ]. W h ile  Lundàn and S iivo la  assu m ed  a state o f  194.5 k eV  
to  be is o m e r ic  and a ss ig n e d  it 5+, H e is e r  et a l. gave stron g  argum ents 
against this sp in  value and sh ow ed that it is  p rob a b ly  a 3" sta te . O ur 
5 8 7 1 .5 -k eV  tra n s itio n  m o st p ro b a b ly  lea d s to  th is state  and su pports the 
assu m p tion  o f H e is e r  et a l. The seq u en ce  o f the tra n sition s  o b se rv e d  in 
the study o f the is o m e r ic  d e ca y  cou ld  not be  d eterm in ed  s o  that the in te r 
m ed ia te  (2*) state had to  be a ssu m ed  to  lie  at 83.5 o r  111.6 keV  r e s p e c 
t iv e ly . U n fortun ately , our data cannot re m o v e  th is am bigu ity , b e ca u se  
h ig h -e n e rg y  lin e s  o f  5982.8 and 5954.5 keV  in d ica te  the e x is te n ce  o f 
le v e ls  at both e n e rg ie s . W e think, h o w ev er , that a d e ca y  to  the 11 1 .6 -k eV  
le v e l  is  m o r e  p ro b a b le  b e ca u se  the 8 3 .5 -k e V  le v e l should  m ost p rob a b ly  
be  id en tified  w ith  the 82.1 ± 1 -k e V  (O'*, 1") state  o b se rv e d  in the beta 
d e ca y  o f  1940s [4 ]. A d d ition a l 4 tra n sition s  lea d in g  to  le v e ls  betw een
111.6 and 1 9 4 .5 -k e V  ex cita tion  e n e rg y  in d icate  that the situ ation  is  m uch 
m o r e  co m p le x  than h ith erto  an ticipated .

It is  in te re st in g  to  note that the g r o s s  s tru ctu re  o f  i92ir as rev ea led  
b y  the h ig h -e n e rg y  gam m a data and that o f  i94ir a re  quite s im ila r . Both 
n u c le i have a h igh  d en sity  o f  low  sp in  ex cited  s ta tes , w ith  p rob a b ly  
dom inating  n ega tive  p a r ity . T h is is  to  be ex p ected  fr o m  the sp h e r ic a l 
sh e ll  m o d e l and the N ilsso n  m od e l. In the language o f  the N ilsso n  m o d e l, 
p ro to n  le v e ls  3/2"** [402] and 1 /2 ^  [400] î  , o b s e rv e d  as ground states 
and f ir s t  lo w -ly in g  e x c ite d  sta tes  in  the o d d -A  Ir  is o to p e s , and neutron  
le v e ls  3 /2 "  [512] -t- and 1 /2 "  [510] f ,  o b se rv e d  at low  en erg y  in n e igh 
bou rin g  o d d -A  O s n u c le i, a re  ex p ected  to cou p le  to  g iv e  states 3 " (0 " ) ,  l ' ( 2 " ) ,  
1 " ( 2 ')  and 1 " (0 " ) .  E ach  f ir s t  sp in  va lu e co r r e s p o n d s  to  p a ra lle l cou p lin g  
o f a sy m p to tic  sp in s E and is  the one ex p ected  to  be  lo w e r  in en erg y  by  the 
cou p lin g  ru le s  o f  G a llag h er  and M oszk ow sk i [2 ]. T he va lu es in p a ren th eses 
c o r r e sp o n d  to  a n tip a ra lle l cou p lin g  o f  sp in s .

T he apparent v io la t io n  o f  the G a lla g h e r -M o szk o w sk i ru le  fo r  the Ir 
is o to p e s  is  not s u rp r is in g  in v iew  o f  the c lo s e n e s s  o f  p a r t ic le  ex cita tion s  
in  the n e igh bou rin g  o d d -A  n u c le i and the d iffe re n t d e form a tion s  w hich  
a re  to  be ex p ected  in o d d -A  and dou bly  odd n u c le i. Thus the 4 "  ground 
state  o f  I92ir can  e a s ily  be exp la in ed  by  the V icin ity  o f  the 9 /2 *  [615] t 
n eutron  o rb ita l, c o u p lin g w ith th e  1 / 2 + [400] -]* p ro ton  o rb ita l. The 1 + 
state  in I92ir ig  p ro b a b ly  bu ilt by  a com bin ation  o f  the 1 1 /2 "  [505] f 
p ro ton  state and the 9 /2 "  [505] neutron  sta te , both  o f w h ich  a re  o b s e rv e d  
as lo w -ly in g  e x c ite d  states in n eigh bou rin g  o d d -A  n u c le i. In both  c a se s  
p a ra lle l  cou p lin g  o f  sp in s a p p lie s .

C o n clu s io n s  on the v a lid ity  o f the coupling  ru le s  can on ly  be  draw n 
w hen p a irs  o f  sta tes o f  d iffe re n t coup ling  have b een  id en tified .

T h e high  d en sity  o f  sta tes o b s e rv e d  m ak es it p ro b a b le  that c o lle c t iv e  
q u a s i-ro ta t io n a l o r  v ib ra t io n a l ex cita tion s  a re  p re se n t.
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F o r  I92ir we a lso  m ea su red  the ep ith erm a l capture sp ectru m  and 
o b s e rv e d  v e ry  la rg e  in ten sity  v a r ia tion s  co m p a re d  to th erm a l cap tu re . 
T h is  is  p ro b a b ly  cau sed  by the s ta t is t ica l d is tr ibu tion  o f p a rtia l ra d ia 
tion  w idths. 19lir has neutron  re so n a n ce s  at 0 .65 and 5.36 eV  with 
spin 2+. T h e ir  con trib u tion  to the th e rm a l neutron  c r o s s - s e c t i o n  is  
too  low  to exp la in  the high value o f the c r o s s - s e c t i o n .  It m ust, 
th e r e fo r e , be assu m ed  that a bound state co n tr ib u te s . B eca u se  o f  the 
low  e n e rg y  o f the re so n a n ce s , f i lt e r  m ethods a re  su ffic ien t to  p a rtia lly  
sep a ra te  the con trib u tion s . W e have m ea su red  the h ig h -e n e rg y  sp e ctra  
in an ex tern a l beam  se t -u p  w ith  a r e a c to r  neutron  beam  and a beam  
filt e re d  w ith  cadm iu m . The re su lts  a re  d em on stra ted  in F ig .5. T he in 
te n s it ie s  o f  the two g rou ps w e re  se p a ra te ly  n o rm a liz e d  by  the sum  o f 
in ten s ities . S im ila r  m e a su re m e n ts , h ow ev er  w ith  a m uch w o r s e  r e s o lu 
tion  a re  r e p o rte d  by  W a sson  and D ra p er  [20].

 ̂ —— ! — i — — — i —— — I ^
5200 5300 5400 5500 5600 5700 5800 5900 6000 6100

ENER6Y M

T h e m ea su rem en ts  w ith  ep ith erm a l neutron s g ive  add itiona l in fo rm a 
tion  w h ich  is  u se fu l to  iden tify  E l  tra n s itio n s . B eca u se  the ep ith erm a l 
cap tu re  p r o c e e d s  a lm o st e x c lu s iv e ly  by  the 2+ re so n a n ce  at 0.6 eV , the 
m o s t  in ten sive  tra n sition s  - a ssu m ed  to be E l - can  on ly  populate states 
w ith  1 " , 2 " ,  3*.

T h e p re se n t in vestig a tion s  show  that the stru ctu re  o f  the iso to p e s  
I92ir and I94ir ig v e r y  co m p lica te d . T o  get fu rth er  insight into th ese  
n u c le i ad d ition a l data, e s p e c ia lly  fr o m  h ig h -p r e c is io n  lo w -e n e r g y  m e a 
su re m e n ts , a re  n eeded .

A C K N O W L E D G E M E N T S

T he opp ortu n ity  to  do the ex p erim en ts  at the F o rsch u n g sre a k to r  
in  M unich is  g ra te fu lly  a ck n ow led ged . O ur s p e c ia l  thanks g o  to  
D r. O .W .B . Schult.
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Abstract

LOW-LYING EXCITED STATES OF ^*TI AND ^ T 1  POPULATED IN THERMAL NEUTRON CAPTURE.
New level diagrams o f ^ T 1  and ^ T 1  are deduced from thermal neutron capture measurements on isotopi- 
cally enriched samples. The agreement of the ^ T l - le v e l  scheme with theory is poor. This is attributed 
to the attempt o f all computations to reproduce a low-lying 1* state for which no evidence could be found 
experimentally.

When capture of thermal neutrons was first used as a method 
to study the properties of particular nucieides, it proved a powerful 
means to obtain new and most valuable information on nuclear structure, 
and the first data on the odd-odd isotopes of thallium were obtained 
via this reaction almost twenty yeary ago /[*1=7.

Considerable improvement of these early data in both 
accuracy and completeness has been achieved during the past decade by 
the application of a series of other processes the most important of 
which are, fpr the case of ^O+Tl, the reactions 203Ti(d,p) 4fp!L and 
205Tl(d , t ) ^ ^ T l  and, for the case of TI, the reactions
2 °5 T l(d ,p )2 ° °T l  ¿^2 ----- 4 7 .  2°°Pb(d,m )2°6Ti ¿ " 5J7  and the a and B*
decays ¿ 6  ... 10J7 of "*Bi and 206gg, respectively.

Despite these efforts, many details of the level structure 
of the two nucieides have remained either unknown or poorly 
established. For 204т1, a big step forward was achieved by Prestwich 
and collaborators /_11_7 who used a Ge(Li) detector to observe the 
gamma spectrum from capture of thermal neutrons, but, because of the 
natural-isotopic composition of the sample, attributed some у rays to 
204<pi that did not arise from capture in О̂Зт!.

For ^ ^ T l  which,because of its simpler nucleonic structure, 
is of more direct use as a test case for different shell-model type 
calculations, a somewhat controversial situation had arisen whether 
or not a level with spin and parity 1" existed a few keV above the 
ground state. This 1" state, predicted by Sliv, Sogomonova and 
Kharitonov ^*12_7, was tentatively introduced into the measured level

*  Research sponsored by the US Atomic Energy Commission under oontract with the Union Carbide 
Corporation.
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FIG .l. High-energy part o f  the 
gamma spectrum from

FIG. 2. High-energy part o f  the 
gamma spectrum from 
neutron capture in ^ T l .
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diagram of Rusinov et al. and the authors of subsequent theo
retical papers then tried to reproduce that level in their com
putations .

These calculations of systems with two nucleons outside a 
closed shell usually proceed in two steps. On account of the Pauli 
principle only the triplet-odd and singlet-even components of the 
residual nucleon-nucleon interaction contribute to the wave functions 
of those nuclei that are two like nucleons off a doubly magic "core" 
nucleus; so step 1 consists in an attempt to vary the magnitude of 
that haif of the parameters until a best fit of the resulting level 
schemes with experiment is obtained. In step 2 the remaining para
meters are fitted to the level diagrams of the nuclei that differ 
from the core nucleus by two different nucleons; to do this use is 
normally made of the unchanged parameters from step 1.

In the region of ^ ^ P b  this procedure works well if the 
parameters determined for the even-even nuclei ^ Po, 2Юрь, 206p^^ 
and ¿ObHg are used to fit those of the odd-odd nuclei 20°Bi,
and 208т1. It fails, however, to give än adequate description of 
20бт1 .

It was this failure that led us to a reexamination of the 
properties of the odd-odd isotopes of thallium, particularly 206^^^
Our main interest centered on the following questions:

1) Is there a level in ^°^T1 (presumably 1*) 10 keV or less 
above the ground state, or is it possible to establish a 
smaller upper limit for such a hypothetical state?

2) Are there other levels observable in the energy range
0 to 800 keV in addition to the ones previously known?

3) What is the excitation spectrum of ' ^ T l  in the energy 
range between 0.8 and 2 MeV which is not accessible from 
decay measurements?

4) Are gamma transition probabilities and branching ratios 
from the (n,y) reaction compatible with the known spin 
values of the levels?

5) Is the'hnomalous bump", i.e. the unusually intense group 
of gamma rays around 5.5 MeV in the (n,y) and (d,py) 
spectra of nuclei with mass numbers between 180 and 208, 
observa ble for either of thé two isotopes separately?

The experiment was done with Ge(Li) detectors of 6 and 30 cm^ 
and isotopically enriched samples of 2 0 3 ^  (9 6 . 6 9  %) and 2 0 5 ^
(99-^6 %) in an external thermal neutron beam of the ORR reactor.

Let us first look at Fig. 1 and 2 to get the answer to 
question 5 . Fig. 1 shows the high-energy portion of the y-ray 
spectrum from capture in 203T1 which is very similar to the spectrum 
from natural thallium and clearly exhibits the group of intense 
peaks around 4.5 MeV (corresponding to y-ray energies around 5 . 5  MeV), 
with few у rays present between 2 and 4 MeV. The spectrum from capture 
in 205T1 is shown in Fig. 2. Despite the high enrichment of the 
sample, about 30 %  of the counting rate of this spectrum is due to 

capture in ^ ^ T l ,  but an evaluation shows that the gross behaviour of 
2 O0 TI does not differ appreciably from that of 204^^^ in complete 
agreement with the conclusions from Bartholomew's recent explanation 
of the effect /T13_7*
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FIG.3. Transition diagram o f ^ T l .
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204
The transition diagram of TI is given in Fig. 3. Except 

for a state at 553 keV which was not observed in our measurements 
the agreement with the level diagram of Prestwich et al. /^11 _У is 
perfect. No evidence could be found for the existence of a long- 
lived metastable state in 204y^. this is not amazing, however, 
because if such a state existed its excitation energy must be low, 
its spin high compared to the 204<р  ̂ ground state spin ( 2 ) , and the 
probability of feeding it via neutron capture by a spin 1/2 target 
nucleus would be small. Horrock's half life measurement /_ 14J7 is 
therefore a stronger argument against the existence of a long-lived 
isomer in 2 0 4 ^

Fig. 4 shows the level diagram of *^^T1. The presence of a 
low-lying 1 " level in 206<pi should manifest itself by a splitting or 
broadening of at least some of the у rays feeding the ground state. 
This broadening, if present, should be best visible for low-energy 
у lines. To answer question 1 an analysis of the widths of the 
corresponding peaks was therefore done, and no evidence for a level
—  2.3 keV above the ground state was found.

2 Q^ The answer to question 2 and 3 is given by Fig. 5 in which 
the TI level diagram as determined from the present work is 
compared to the results from other nuclear reactions. No new levels 
show up below 900 keV, but above, a series of previously unknown 
states could be found.

For question 4 let us once more look at the transition 
diagram of Fig. 4. As the energy dependence of the 2 0 5 ^ 1  capture cross
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FIG.6. Comparison o f calculated level diagrams o f ^ T l .

section is not well-known, both spin values of the capturing state 
must be admitted, and 0 , 1 * and 2 states can be fed by primary 
electric dipole radiation. Both feeding and deexcitation of the ground 
and first three excited states is consistent with Erskine's assign
ment of spins. The 6 5 0  keV level, however, is strongly populated from 
the capturing state; as it feeds both the 0 ground and 2 266 keV
states the only possible spin value is 1 if dipole transitions are 
assumed. The absence of a primary transition to the 802 keV level, 
on the other hand, and the deexcitation of this state to the 2 266 keV
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level only is strong evidence for the 802 keV state being the 3 
candidate that is expected in this region from theoretical con
siderations. This assignment of spins, although in contrast to 
Erskines interpretation, is but little outside the error bars of his 
data.

Fig. 6 shows a comparison of the results of different 
calculations /1*12, 16, ... 19_7 with experiment. For simplicity 
only the ground and lowest five excited states of 2 0 6 ^  given
which correspond to the proton-hole neutron-hole configurations 

(s - ] / 2  P1 / 2 )' (^3/2 P1 /2 )' snd (s - ] / 2  P5 / 2 )- It follows from Fig. 6  
that there has been no really good agreement so far although a great 
variety of shapes and of range and strength parameters were tried.
This may be due to the fact that all calculations were biased by the 
endeavour to reproduce an almost degenerate 0 **-1 " ground state doublet 
which till now was not established experimentally. It might be pro
mising to try some of the approaches that worked so well in the case 
of other nuclei around 208рь with the newer experimental data now 
available for TI.
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EXCITATION OF LEVELS IN 235и 
BY THE 234щп, y)235u REACTION*
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Los A lam os, N .M e x .,
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Abstract

EXCITATION OF LEVELS IN ^ U  BY THE ^ U (n ,y )^ U  REACTION. The high and low-energy 
gamma-ray spectrum from the thermal neutron capture reaction ^ U (n ,y )^ U  has been studied with 
Ge(Li) and Si(Li) spectrometers. This work is part o f an experiment involving several reactions directed 
toward the investigation o f low-lying levels in ^ U .  Twenty-three rotational bands have been proposed. 
The (n ,y ) data were especially helpful in distinguishing low-spin levels.

T he lo w -ly in g  le v e ls  o f 235^ have p re v io u s ly  b een  stud ied  b y  the 
alpha d eca y  o f 24ipu [ 1 ], b y  the (d, p) stripp in g  re a c t io n  on  234u [2 ] and 
b y  C ou lom b ex cita tion  [3]. R ecen t e x p erim en ts  [4] have been  com p le ted  
at L o s  A la m o s  in w hich  ta rg e ts  w e re  ch o se n  so  that the le v e ls  in  335U 
cou ld  be  stud ied  through  the (d, p ), (d, t), ( t ,p ) ,  (d, d ')  and th e rm a l (n, y) 
r e a c t io n s . T h is  com bin a tion  o f ex p e rim e n ts , each  w ith  its  ow n s e le c t iv e  
e x cita tion  c h a r a c t e r is t ic s ,  has b een  ab le  to  add co n s id e ra b ly  to  the know 
led ge  o f the lo w -ly in g  le v e l  s tru ctu re  o f  235 ĵ T h is  p a p er  w il l  b e  c o n 
ce rn e d  with the (n, y) con trib u tion  to  the ex p erim en ts .

C aptu re o f  an S -w a ve-n eu tron  b y  234 ĵ lea d s to  a com pou nd = 1 /2 *  
state  in  235^j th e r e fo r e  ex p ect that the h ig h -e n e rg y  (n, y) sp ectru m
w il l  la rg e ly  b e  m ade up o f tra n s it io n s  to  states w ith J" = 1 /  2 * and 3 /2 *  
in  335ц^ s in ce  d ip o le  tra n s itio n s  should  g e n e ra lly  p red om in a te  o v e r  h igh er  
m u lt i-p o la r it ie s .  T he lo w -e n e r g y  p a rt o f the sp e ctru m  (E < 2 M eV ) is  
im p ortan t to  the co n s tru c tio n  o f the d eca y  sch e m e  o f the lo w -ly in g  le v e ls  
and can , in  so m e  c a s e s ,  b e  h e lp fu l in  in fe rr in g  sp in  and p a r ity  f o r  a g iven  
le v e l.

T he cap tu re  g a m m a -ra y  sp e ctra  w e re  obtained at the in tern a l ta rget 
fa c i l i ty  bu ilt in to the th e rm a l co lu m n  o f the O m ega W est R e a cto r  at L o s  
A la m o s  [5 l. T h e co llim a te d  e x te rn a l g a m m a -r a y  bea m  w as v iew ed  b y  
a 6 -c m 3  co a x ia l G e(L i) d e te c to r  op era ted  in sid e  a d iv ided  N al annulus.
At h igh e n e rg ie s  the sy ste m  is  u sed  as a t r ip le -c o in c id e n c e  p a ir  s p e c t r o 
m e te r . At low  e n e rg ie s  the sy ste m  o p era tes  as an a n tico in c id e n ce  
C o m p to n -su p p re ss io n  s p e c tro m e te r  by  com bin in g  the s ign a ls  fr o m  the 
tw o h a lv es  o f the N al annulus. That part o f the sp e ctru m  in the low est 
e n e rg y  re g io n  (11 keV < Ey < 130 keV) w as obtained  w ith a h ig h -re so lu tio n  
S i(L i) d e te c to r  p la ce d  in  the e x te rn a l g a m m a -ra y  b ea m . Standard te c h 
n iqu es w e re  u sed  throughout f o r  en erg y  ca lib ra tio n . In ten sities  w ere  
d e term in ed  by  a co m p a r is o n  w ith the known in ten s ities  [5] o f  tra n s ition s

*  Work supported by the US Atom ic Energy Commission.
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in  the i4N(n, y )i3N  sp ectru m  (high e n e rg y ), and with the in ten sity  o f the 
4 1 1 -k e V  ra d io a ct iv e  d eca y  lin e  o f fo llo w in g  neutron  cap tu re  [6]
b y  i97Au (low  e n e rg y ) .

T h e ta rg e t w as 17 m g o f 99. 7% en rich ed  234U as UO2 p ow d er h eld  in 
a g ra ph ite  co n ta in e r . L a r g e r  am ounts o f w e ll-s e p a r a te d  ta rg e t m a te r ia l 
w e re  not a v a ila b le . B e ca u se  o f  the r e la t iv e ly  high captu re  c r o s s - s e c t i o n  
o f  234u go b ), no contam inatin g  lin es  fr o m  ra d io a ct iv e  f is s io n  p rod u cts  
cou ld  b e  detected  in  the p rom p t sp e ctru m . C on firm a tion  o f th is w as m ade 
b y  in sp ectin g  the sp ectru m  fr o m  the ta rg et both  im m ed ia te ly  (15 s e c  to 
10 m in) and fo r  a r e la t iv e ly  long  p e r io d  (15 s e c  to  1000 m in) a fte r  red u cin g  
the neutron  flu x  b y  a fa c to r  o f 1 /7 0 0 .

F ig u r e  1 sh ow s the h ig h -e n e rg y  sp e ctru m . C om puter le a s t -s q u a r e s  
f it s  w e re  m ade to  140 gam m a ra y s  betw een  2. 2 and 5 .3  M eV . Betw een  
2. 2 and 4 .0  M eV  the a v e ra g e  o b s e rv e d  sp acin g  betw een  lin es  is  9. 6 keV 
o r  about 2 .1  t im e s  the a v e ra g e  d e te c to r  FW H M  r e sp o n se . U nder th ese  
c ir c u m sta n ce s  it is  lik e ly  that on ly  the s tro n g e r  tra n s ition s  a re  id en tified . 
G a m m a -ra y  in ten s ities  v a r y  fr o m  0 . 95 to  0 .0 2  y /1 0 0  n, c o rre sp o n d in g  
to  s o u r ce  stren gth s o f  fr o m  6 .4 X 1 0*2  to  1 .2 X 1 0 * 3  m b - m o l f o r  the ta rg et 
s iz e  u se d .

FIG. 1. Double-escape gamma-ray spectrum from ^ U (n ,y )^ U . Peak numbers correspond to those 
in Table 1. The two strong lines from ' 2C (n ,y )^ C  are from the graphite target holder. Time o f run 
was 2800 minutes.

T a b le  I is  a lis t  o f  the p r im a ry  gam m a ra y s  co rre sp o n d in g  to  le v e ls  
up to  1 .5  M eV  in 235u T ra n s it io n s  1, 2 and 3 e x c ite  the 1 /2 * , 3 /2 *  
and 5 /2 *  m e m b e r s  o f the 1 /2 *  [631] band at 80 eV , 1 3 .0  and 5 1 .7  keV , 
r e s p e c t iv e ly .

T a b le  II is  a p r e lim in a ry  lis t  o f  the gam m a ra y s  up to  1. 5 M eV . 
T h o se  up to 129. 3 keV w e re  m e a su re d  w ith the S i(L i) s p e c tro m e te r ; the 
re m a in d e r  w e re  obta in ed  w ith the G e (L i) -  N al sy s te m . F ig u re  2 show s
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T A B L E  I. H IG H -E N E R G Y  G AM M A RAYS FR O M  ^ и ( п , т ) ^ ^ и  
CORRESPONDING TO  EXCITA TIO N S UP TO  1500 keV IN

No.
Ey

(keV)

Eexc 

(keV) b (y/10^ n)

1 5297.7 0 ± 0.7 0.02 ± 0.006

2 5284.4 13.0 ± 0.4 0.03 ± 0.01

3 5245.7 51.7 ± 0.3 0.08 ± 0.02

4 4658.3 639.1 ± 0.8 0.02 ± 0.006

5 4639.0 658.4 ± 0.7 0.03 ± 0.008

6 4593.6 703.8 ± 0.3 0.77 ± 0.15

1 4536.5 760.9 ± 0.3 0.11 ± 0.03

8 4527.4 770.0 i  0.3 0.89 ± 0.18

9 4519.3 778.1 ± 1.0 0.04 ± 0.01

10 4492.0 805.4 ± 0.4 0.09 ± 0.02

11 4432.2 865.2 ± 0.4 0.07 ± 0.02

12 4405.2 892.2 ± 0.3 0.10 ± 0.02

13 4305.0 992.4 ± 0.4 0.21 ± 0.05

14 4294.4 1003.0 ± 0 .5 0.37 ± 0.08

15 4288.1 1009.3 ± 1 .0 0.10 ± 0.04

16 4261.7 1035.7 ± 0 .5 0.15 ± 0.04

17 4223.0 1074.4 ± 0 .5 0.10 ± 0.02

18 4213.8 1083.6 ± 0.6 0.03 ± 0.01

19 4197.0 1100.4 ± 0 .5 0.05 ± 0.02

20 4190.7 1106.7 ± 1 .1 0.02 ± 0.01

21 4167.1 1130.3 ± 0 .4 0.33 ± 0.08

22 4154.0 1143.4 ± 0.4 0.95 ± 0.20

23 4111.3 1186.1 ± 0 .4 0.09 ± 0.03

24 4102.4 1195.0 ± 0 .4 0.58 ± 0.12

25 4070.0 1227.0 ± 0.6 0.05 ± 0.02

26 4030.9 1266.5 ± 0 .6 0.11 ± 0.03

27 4023.7 1273.7 ± 0 .5 0.31 ± 0.08

28 3999.4 1298.0 ± 0 .5 0.16 ± 0.04

29 3994.3 1303.1 ± 0.6 0.16 ± 0.04

30 3980.1 1317.3 ± 1.5 0.02 ± 0.01

31 3937.9 1359.5 ± 0.4 0.21 ± 0.05

32 3913.9 1383.5 ± 0 .4 0.55 ± 0.11



4 3 4 JURNEY

T A B L E  I (con t.)

No.
'У

(keV) (keV) b (y/10^ n)

33 3907.5 1390.0 ± 0.4 0.21 ± 0.05

34 3891.9 1405.5 ± 0.6 0.10 ± 0.03

35 3883.5 1413.9 ± 0.4 0.64 ± 0.13

36 3857.0 1440.4 ± 0.5 0.11 ± 0.03

37 3847.4 1450.0 ± 0 .4 0.31 ± 0.07

38 3833.7 1463.7 ± 0.4 0.12 ± 0.03

39 3812.8 1484.6 ± 0 .9 0.09 ± 0.03

40 3808.6 1488.8 ± 0 .9 0.08 ± 0.03

41 3801.1 1496.3 ± 1.2 0.04 ± 0.02

 ̂ Preliminary results.
b Based on the deduced value o f the neutron separation energy B¡¡ = 5297.4 keV.

Ey (keV)

FIG.2. Gamma-ray spectrum from ^ U (n .y ) ^ U  between 300 and 1500 keV, with the system used as
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T A B L E  II. L O W -E N E R G Y  GAM M A RAYS FR O M  THE 
R E A C T IO N  334ij(n, y)M 5u a

Ey
(keV) b

S'
( y / i o 'n )

By

(keV)
iy *

(y/10^ n)

16.1 ± 0.2 ^ 0 .5  ± 0 .2 323.3 ± 0 .7 0.05 ± 0.02

21.6 ± 0.2 0.09 ± 0.03 332.6 ± 0 .3 0 .50 t 0 .1

38.8 ± 0.2 0.02 ± 0.007 341.5 ± 0.3 0.40 ± 0.1

42.2  ± 0 .1 0.07 ± 0.03 344.9 ± 0 .3 0.35 ± 0.1

46.3  ± 0 .2 0.02 ± 0.006 352.8 ± 0 .5 0.07 ± 0.03

47.6 ± 0.2 0.04 ± 0.01 367.6 ± 0 .5 0.08 ± 0.03

51.7 ± 0 .1 0.06 ± 0 .0 2 374.8 ± 0 .3 0.79 ± 0 .2

68.9 ± 0.2 0.07 ± 0.02 376.3 ± 0.3 0.55 ± 0.2

77.3 ± 0.1 0.52 ± 0.2 380.2 ± 0.2 1.8 ± 0 .4

113.7 ± 0.2 0.11 ± 0.04 393.1 ± 0.2 2 .2  ± 0 .5

115.4 ± 0.2 0.07 ± 0.02 399.4 ± 0.7 0.11 ± 0.04

116.4 ± 0.2 0.23 ± 0.06 408.0 ± 0 .5 0.08 ± 0. 03

129.3 ± 0.2 3 .0  ± 0.7 411.6 ± 0 .5 0.12 ± 0.05

140.1 ± 0.2 0.14 ± 0.05 413.7 ± 0 .3 0.96 ± 0.2

158.6 ± 0.7 0.02 ± 0.01 422.6 ± 0 .3 0.11 ± 0.04

161.4 ± 0 .3 0.12 ± 0.04 431.3 ± 0 .8 0.03 ± 0.02

167.7 ± 0.6 0.04 ± 0.02 434.6 ± 0 .5 0.10 ± 0.03

171.8 ± 0.3 0.10 ± 0.03 445.5 ± 0 .3 0.17 ± 0.04

174.9 ± 0.4 0.14 ± 0.04 478.4 * 0.3 0.43 ± 0 .1

177.5 ± 0.6 0.07 ± 0.03 491.3 ±.2 0.32 ± 0.08

181.5 ± 0.6 0.05 ± 0.02 505.1 ± 0.2 0.35 ± 0.08

195.9 ± 0.3 0.10 ± 0.03 540.3 ± 0.8 0.07 ± 0.03

198.4 ± 0 .3 0.13 ± 0.04 564 8 ± 0.6 0.09 ± 0.04

203.5 ± 0.2 0.51 ± 0 .2 582.4 ± 0 .3 0.26 ± 0.07

211.6 ± 0 .3 0.05 ± 0.02 586.5 ± 0 .3 0.28 ± 0.07

218.7 ± 0.5 0.03 ± 0.02 599.3 ± 0 .3 0.45 ± 0.1

243.8 ± 0.4 0.06 ± 0.02 608.0 ± 0 .6 0 .14 ± 0.08

264.0 ± 0.3 0 .15 ± 0 .04 613.1 ± 0 .3 0.43 ± 0.1

- 297.6 ± 0 .4 0 .09 ± 0.03 618.0 ± 0.2 1.1 ± 0.3

316.2 ± 0 .3 0.26 ± 0.07 624.9 ± 0 .2 0.89 ± 0.2
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T A B L E  II (con t.)

Ey
- (keV)

S'
(y/10^ n)

Ey
(keV) (y /10^  n)

633.1 ± 0.2 1.9  ± 0.4 821.9 ± 0.8 0.15 ± 0.07

638.0 ± 0.2 3 .4  ± 0 .8 829.3 ± 1 .0 0.17 ± 0.08

642.2 ± 1.0 0.2  ± 0 .1 832.6 ± 1.0 0.17 ± 0.08

646.2 ± 0 .3 1 .4  ± 0.3 840.3 ± 0.5 0.21 ± 0.07

652.0 ± 0.3 1 .4  ± 0.3 844.0 ± 0 .3 0.57 ± 0.2

659.0 ± 0.3 0.86 ± 0.2 849.6 ± 0.8 0.15 ± 0.07

664.6 ± 0 .4 0.64 ± 0.2 852.5 ± 0.5 0.29 ± 0.08

670.9 ± 1.0 0.16 ± 0.07 864.6 ± 1.2 0.14 ± 0.06

680.2 ± 0 .7 0.12 ± 0.06 871.0 ± 1.8 0.10 ± 0.05

685.9 ± 0.3 0.46 ± 0 .1 878.9 ± 0.4 0.28 ± 0.1

691.1 ± 0.6 0.24 ± 0.1 889.6 ± 0.6 0.26 ± 0.1

693.8 ± 0.6 0.19 ± 0 .1 892.2 ± 0.8 0.18 ± 0.08

699.1 ± 0.6 0.21 ± 0.08 904.8 ± 0.6 0.13 ± 0.05

703.7 ± 0.3 0.70 ± 0.2 917.5 ± 0.6 0.11 ± 0.05

714.5 ± 0.3 0.40 ± 0.1 927.6 ± 0.5 0.14 ± 0.06

718.5 ± 0.3 0.53 ± 0 .1 944.4 ± 1.0 0.15 ± 0.06

724.0 ± 1 .5 0.03 ± 0. 02 948.9 ± 0 .5 0.72 ± 0 .2

728.2 ± 1.0 0 .04 ± 0.03 951.2 ± 0 .4 0.60 ± 0.2

735.7 ± 0 .4 0.27 ± 0.07 955.8 ± 0 .4 0.54 ± 0 .1

748.2 ± 0.2 1.1  ± 0.3 969.1 ± 0.3 0.59 ± 0.2

756.6 ± 0.6 0.15 ± 0.05 978.9 ± 0.6 0.26 ± 0 .1

762.6 ± 0.6 0.17 ± 0.06 982.9 ± 0 .7 0.18 ± 0.07

769.8 ± 0.2 1 .8  ± 0 .4 987.5 ± 0 .5 0.46 ± 0 .1

779.3 ± 0.6 0.18 ± 0.06 990.9 ± 0 .5 0.67 ± 0.2

737.2 ± 0 .5 0.29 ± 0 .1 995.0 ± 0.6 0.32 ± 0 .1

792.6 ± 0.5 0.26 ± 0.1 1002.4 ± 0.4 0.28 ± 0 .1

799.7 ± 0 .7 0.22 ± 0.07 1028.4 ± 1 .1 0.07 ± 0 .0 4

804.6 ± 1.0 0.26 ± 0 .1 1033.4 ± 0.7 0.13 ± 0.06

807.3 ± 1.2 0.23 ± 0 .1 1046.3 ± 0.5 0.42 ± 0 .1

813.7 ± 0 .4 0.57 ± 0.2 1057.7 ± 0.5 0.25 ± 0.07
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T A B L E  II (con t.)

E?
(keV)

iy
(y /io ^  n)

Ey
(keV)

iy
(y /1 0 i n)

1072.9 * 0 .4 0.34 ± 0 .1 1302.2 ± 0.3 0.34 ± 0.08

1085.2 ± 0.6 0 .14 ± 0.06 1308.1 ± 0 .4 0.22 ± 0.05

1090.6 ± 1 .0 0.13 ± 0.06 1318.8 ± 0.3 0.20 ± 0.05

1096.9 ± 0.5 0.23 ± 0.07 1325.6 ± 0.9 0.11 ± 0.03

1112.0 ± 0.7 0.07 ± 0.02 1331.8 ± 0.5 0.21 ± 0.05

1142.7 ± 0 .3 0.54 ± 0 .1 1337.0 ± 0 .4 0.25 ± 0.07

1173.2 ± 0 .5 0.14 ± 0.05 1345.9 ± 1 .0 0.06 ± 0.03

1185.4 ± 0.4 0.21 ± 0.05 1355.1 ± 0.7 0.13 ± 0.06

1194.8 ± 0.4 0.17 ± 0.05 1358.0 ± 0 .4 0.34 ± 0 .1

1202.3 ± 0 .7 0.07 ± 0.03 1369.5 ± 0.5 0.14 ± 0.05

1221.4 ± 0 .8 0.15 ± 0.06 1383.5 ± 0 .4 0.32 ± 0.09

1225.5 ± 1 .0 0.14 ± 0.06 1392.6 ± 0.5 0.25 ± 0.07

1233.2 ± 0.4 0.32 ± 0.08 1396.8 ± 0 .9 0 .П  ± 0.07

1246.4 ± 0 .5 0.28 ± 0 .1 1400.8 ± 0.5 0.21 ± 0.07

1252.6 ± 0.6 0.27 ± 0 .1 1413.6 ± 0.4 0.18 ± 0.05

1256.7 ± 0 .5 0.29 ± 0 .1 1419.7 ± 1.0 0.06 ± 0.03

1265.3 ± 0.6 0.43 ± 0 .1 1425.2 ± 0 .4 0.23 ± 0.07

1269.9 ± 0.9 0 .24 ± 0.08 1438.6 ± 0.6 0.20 ± 0.07

1283.4 ± 0.5 0.18 ± 0.05 1449.9 ± 0.9 0.15 ± 0 .0 5

1297.2 ± 0.4 0 .18 ± 0.05 1462.6 ± 0 .8 0.11 ± 0.05

1465.4 ± 0 .8  

1478.8 ± 0.6

1495.4 ± 0.5

1503.6 ± 0 .7

1511.7 ± 0.4

0.11 ± 0.05 

0.15 ± 0.05 

0.13 ± 0.05 

0.10 ± 0.03 

0.20 ± 0.05

* Preliminary results.
b Gamma rays from 16.1 through 129.3 keV were measured with the SI(Li) spectrometer, 
с  Questionable line.
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the g a m m a -ra y  sp e ctru m  o v e r  the 300-1500  keV  in te rv a l. A  sign ifican t 
p a rt o f the b a ck grou n d  continuum , p a rt icu la r ly  at lo w e r  e n e rg ie s , a r is e s  
fr o m  sca tte r in g  o f  d egra d ed  th e rm a l colum n  gam m a ra y s  b y  the graph ite  
ta rg e t h o ld e r . A n im p rov em en t in  the ra tio  o f lin e  height to  back grou n d  
cou ld  be  obtained  b y  the u se  o f m o r e  ta rg e t m a te r ia l, o r ,  p o s s ib ly , b y  
b e tte r  packaging.

F ig u re  3 sh ow s the le v e ls  in as d e term in ed  b y  a ll  the re a c tio n s  
u sed  in  th is w ork . T h o se  states w hich  a re  e x cite d  by  d ir e c t  p r im a ry  
tra n sitio n  in the th e rm a l (n, y) re a ctio n , m o s tly  w ith = 1 /2 * ,  3 /2 * , 
a re  in d icated  b y  s m a ll f la g s .
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Although tra n sition s  betw een  le v e ls  have been  om itted  fr o m  F ig . 3 
fo r  the sake of c la r ity , m uch o f the lo w -e n e rg y  in ten sity  rep re se n te d  
by  the gam m a ra y s  o f T a b le  II has been  p la ced  in the le v e l s ch e m e .

T he e x p erim en ta lly  d eterm in ed  le v e ls  have been  o rga n ized  into 
ro ta tion a l band s. T w en ty -th ree  se ts  o f le v e ls  have b een  d eterm in ed  
to  have rota tion a l ch a ra cte r ; tw elve  o f th ese  have been  id en tified  with 
p a rt icu la r  N ilsso n  o r b ita ls , g e n e ra lly  on the b a s is  o f in ten sity  p a ttern s 
in  the ch a rged  p a r t ic le  r e a c t io n s . The J "  = 1 /2 "  band beginning  at 659 keV 
is  o f p a rt icu la r  in te re s t . T he e x iste n ce  o f  the 1 3 /2 *  m e m b e r  su ggests  
AN  = 2 m ixin g , as do the o b s e rv e d  s p e c t r o s c o p ic  in ten sities  when they 
a re  co m p a re d  with a R ost cou p led -ch a n n e l ca lcu la tion  in a W ood s-S a xon  
w e ll. T h e decou p lin g  p a ra m e te r  of + 2. 3 is  not of the sign  expected  fo r  
the 1 /2  [501] + 1 /2  [770] m ix tu re , h ow ev er, and the ev id en ce  f o r  the 
assign m en t is  b y  no m eans se lf-co n s is te n t .

F ou rteen  o f the bands have J = l / 2 o r 3 / 2 ,  with o th e rs  lik e ly , fr o m  
the u nassign ed  grou p  of le v e ls , as ev iden ced  b y  th e ir  ex cita tion  with 
p r im a ry  capture gam m a ra y s . T h is  la rg e  den sity  o f lo w -sp in  states 
is  not exp la inable  in te r m s  of a v a ilab le  N ilsson  o rb ita ls  and v ib ra tion s  
o f  a known c h a ra cte r  bu ilt on them . The data su ggest that o th er  m e ch a n 
is m s  fo r  fragm en tation  m ay p lay  a r o le  in explain ing  the o b s e rv e d  le v e ls .
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Abstract

ANALYSIS AND DESCRIPTION OF NUCLEAR ROTATIONAL SPECTRA. The general properties of 
nuclear rotational spectra are discussed, first for a single nucleon in a static deformed potential, then for 
a real nucleus with a real rotational degree o f freedom and definite total angular momentum, and finally 
as modified by nuclear pairing effects, Coriolis coupling and the crossing of levels of the same spin and 
parity ( AN = 2). Experimental illustrations o f  the predicted effects are given and compared to theory.

T he su b ject  o f the n u clear  rotation a l sp e c tra  o f  w hich  I am speaking 
today  is  not a new  one. Such sp e c tra  have now  been  known fo r  a lm ost twenty 
y e a r s  and m any n u c le a r  p h y s ic is ts , including  m y se lf , have during th is p e r io d  
been  h eld  fa sc in a ted  by  the s im p le  beauty o f the rotation a l sp e ctra .

T o  fo r e s ta ll  p o s s ib le  c r it ic is m  o f the n a rrow n ess  o f m y  su b je ct , I sh a ll 
h u rry  and re la te  the fo llow in g  story : An old  m an was sitting  in a pu b lic  park 
p laying  the v io lin . But all the tim e  he was p laying  ju st a sin g le  note. When 
som eb od y  asked  h im  why he didn 't try  any o f the o th er  p o s s ib il it ie s  o f the 
in stru m en t, he an sw ered : "O th er  p e op le  a re  s t ill se a rch in g  fo r  the right 
ton e , but I have found it. " That is  the way I fe e l  about ro ta tion a l sp ectra .

In m y talk I sh all f ir s t  re ca p itu la te  a few  s im p le  fa c ts  about rotation al 
m otion  and then I sh all p r o ce e d  to show  how a n um ber of e ffe c ts  cau se  d e 
v ia tion s  fr o m  the s im p le s t  p ic tu re . T he m ain  m otiv e  sh all, h o w ev er , be 
the g rea t p r o g r e s s  w hich  in the la st tw o y e a rs  has been  m ade in the e x p e r i
m en ta l and th e o re t ica l an a lys is  o f the cou p lin g  o f rotation a l bands. T he 
re su lt  be in g  that w e today have m o r e  faith  than e v e r  in the b a s ic  soundness 
o f  the rotation a l d e scr ip tio n  fo r  the la rg e  group o f n u cle i (about 30% of all) 
w hich  a re  c la s s if ie d  as de form ed .

In the p resen ta tion  o f the su b ject I shall try  to fo llo w  a sch em e  w here 
the g en era l ideas a re  f ir s t  d e s c r ib e d  in  e lem en tary  te rm s  and then illu s tra ted  
by  ex p erim en ta l data. M ost o f the la tte r  have been  obtained fr o m  stud ies of 
s in g le  n u cleon  tr a n s fe r  re a c tio n s  of (d, p) o r  (d, t), but I hope it w ill b e  c le a r  
that the n u cle i stud ied  that way r e a lly  are  id en tica l to th ose  studied by  neutron 
cap tu re  tech n iques .

T h e s im p le  stru ctu re  o f a ro ta tion a l band is  w ell known to u s a ll. F o r  
any r o to r , the angular m om entum  D and en ergy  E a re  d eterm in ed  by

D = Ju and E =

fr o m  w hich  e lim in ation  o f  the fre q u e n cy  of ro tation  u y ie ld s

D2 -Ц2
E = —  o r  quantized ^  " 2J

4 4 3
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P u re  rota tion a l sp e ctra  o c cu r  if  the fre q u e n cy  o f ro ta tion  is  sm a ll co m p a re d  
to  o th er, e. g. v ib ra tion a l, fre q u e n c ie s  o f the n u cleu s. F o r  a rotatin g  
n ucleu s one has J "" MR^ and thus

Mrot ""
MR^

F o r  a v ibra tin g  n ucleu s -Йм = ^Mu^AR^, that is

й

T he adiabatic con d ition  "rot^ "vib th e r e fo re  im p lie s  a v ib ra tion a l a m p li
tude sm a ll co m p a re d  to  the n u clear  rad iu s.

T h e rotation a l 1(1+1) fo rm u la  is  in m any c a s e s  fo llo w e d  to  su rp r is in g  
a c cu ra cy . I shall show  a s in g le  exam p le  (iSBSm, F ig . 1) w here the ro ta t io n 
a l s tru ctu re  is  perh a p s not so  p e r fe c t  b e ca u se  o f the o c c u r r e n c e  o f lo w - 
ly in g  v ib ra tion a l e x cita tion s . It is  a g rea t ch a llen ge  to  the ingenuity of e x 
p e r im e n te rs  and th e o r is ts  to  an a lyse  such  b o r d e r - l in e  c a s e s  to  r e s c u e  the 
rota tion a l d e scr ip tio n .

К.Г H I ' K . I *  
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0.H+
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1096
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0 .0 +
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FIG. 1. 'sssm levels.
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M any of the to o ls  f o r  such  a r e s c u e  op era tion  have a lrea d y  been  tested  
in  odd n u c le i w hich  in  so m e  w ays a re  e a s ie r  to  trea t b e ca u se  the quantum 
state  o f  the odd n u cleon  in a c h a r a c te r is t ic  w ay a ffe c ts  the rota tion a l sp e ctra . 
T h e im p ro v e d  ex p erim en ta l m ethods f o r  the study o f the s in g le  n u cleon  quan
tum sta tes is  th e r e fo re  the back grou n d  f o r  the s u c c e s s e s  in the a n a lys is  of 
the ro ta tion a l bands.

F o r  a d e s cr ip t io n  o f the s in g le  n ucleon  states in a d e fo rm e d  poten tia l, 
it is  con ven ien t to  expand the d e fo rm e d  w ave fu nction s on s p h e r ica l w ave 
fu n ction s 0Nj%m- T h e d e form a tion  in trod u ces  a sy m m e try  ax is  in the n u cleu s. 
B e ca u se  o f the ax ia l sy m m e try , the p r o je c t io n  SI o f j on th is ax is  is  a c o n 
stant o f  m otion .

T he d e form a tion  o f the n u c lea r  su r fa ce  w ill lift  the d e g e n e ra cy  o f the 
degen era te  sp h e r ica l sh e ll m o d e l state. T h us, i f  the n ucleu s is  a p ro la te  
sp h e ro id  (c ig a r ) ,  the o rb ita ls  with lo w  Я -v a lu e s  a re  e n e rg e tica lly  fa v ou red  
as the n u cleon  m otion  is  then m o s tly  in the lon g  d ire c t io n  o f the sp h ero id  
w h ere  the o s c i l la t o r  quantum, йи , is  sm a lle s t . C o n v e rs e ly , o rb ita ls  with 

c o r r e s p o n d  to  m otion s  in the d ire c t io n s  w h ere  the o s c i l la t o r  quantum 
is  la rg e  and the en erg y  le v e ls  a re  lifte d  co m p a re d  to  the s p h e r ica l v a lu es . 
T h us, the 2 j+ l  fo ld  d eg en era te  sh e ll m o d e l state  is  sp lit into a tota l o f 
j + l / 2  sta tes in the d e fo rm e d  nucleu s having S l-va lu es 1 /2 , 3 /2 , . . . j .  E ach  
o f  th ese  states a re  doubly  degen era te  and can  conta in  tw o n u cleon s c o r r e s 
ponding to  the tw o p o s s ib le  d ire c t io n s  o f  the angular m om entum  with r e s 
p e c t  to  the n u c le a r  sy m m e try  ax is . T h e  g en era l c h a ra c te r  o f the sp littin g  
o f the sh e ll m o d e l sta tes is  illu s tra te d  in F ig . 2.
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F o r  la r g e  d e fo rm a tio n s , the tota l angular m om entum  j is  frequ en tly  not 
even  a p p rox im a te ly  a good  quantum num ber. In the e x tre m e  o f v e r y  la rg e  
d e form a tion s  the num ber o f o s c i l la t o r  quanta, n^, a long  the sy m m etry  axis 
and the com pon ent o f the o rb ita l angular m om entum  A  in th is d ire c t io n  b e 
c o m e  con stan ts o f m otion . T he individual o rb ita ls  a re  th e r e fo re  la b e lle d  by 
th e ir  a sym p totic  quantum n um bers [ Nn^A ] tog e th er  with the tota l angular 
m om entum  p r o je c t io n  Я and the p a rity  7r.

A s a lrea d y  m en tion ed , it is  convenient to  expand the d e fo rm e d  w ave 
fu nction s on the sp h e r ica l w ave fu nction s . T h e expan sion  is  o f the 
fo r m  —

i

w h ere  the d e fo rm e d  w ave fu nction  д is  la b e lle d  by  the o s c i l la t o r  quantum 
n um ber N and the tota l angular m om entum  p r o je c t io n  Í2. U n der ce rta in  c i r 
cu m sta n ce s , sta tes  d iffe r in g  by  two units in N can be  m ix e d  as w ill b e  d is 
cu sse d  la te r . T he s tru ctu re  o f the w ave fu nction  is  s im p lifie d  b e ca u se  the 
p a rity  of Í m ust be  that o f N. F o r  each  Í, the j a ssu m es va lu es i ± l / 2  su b ject 
to  the con d ition  N +  l / 2 > j _ >  Г2. T h u s ,e .g . ,  f o r  N=6, П = 5/2  on ly  te r m s  with 
( j ,  Л) = ( 5 /2 ,2 ) ,  ( 7 /2 ,4 ) ,  ( 9 /2 ,4 ) ,  (1 1 /2 ,6 )  and (1 3 /2 ,  6) o c cu r . T h e expan 
sion  c o e ffic ie n ts  Cjc have been  tabulated f o r  d iffe ren t v a lu es  o f the d e fo r m a 
tion  p a ra m eter .

T h e sq u a re  o f the expan sion  c o e ffic ie n t  e x p r e s s e s  the p ro b a b ility  that 
the p a r t ic le  in a g iven  N ilsson  orb ita l has tota l angular m om entum  j. T h e r e 
f o r e ,  the sum  o v e r  j o f the sq u a res o f the expansion  c o e ffic ie n ts  fo r  a given  
N ilsson  state  is  unity:

(№1) = 1
j

F o r  a g iven  (N, j) value, the 's  e x p re s s  how  the sh e ll m o d e l strength  
has been  d is tr ibu ted  on the v a r iou s  d e fo rm e d  sta tes . Thus the sum  o f the 
sq u a res  t im e s  2 (b e ca u se  o f the f2 -d eg en era cy ) f o r  a ll N ilsson  o rb ita ls  
equals the d e g e n e ra cy , 2 j+ l ,  o f the sh e ll m od e l state:

2 ^  (N f№ ) = 2 j+ l
Я ,a

w h ere  the su m m ation  is  extended o v e r  all sta tes , h e re  la b e lle d  by Я and 
oth er  quantum n u m bers a ,  to  w hich the sh e ll m o d e l state  con trib u tes .

It is  in te re stin g  to  note how w idely  the sh e ll m o d e l stren gth  is  sp rea d  
by  the d e form a tion . F ig u re  3 show s as an exam ple  how  the N = 5, j = l l / 2  
stren gth  is  d is tr ib u ted  f o r  a de form a tion  o f 6=0. 3. In th is c a se  the s ix  d e 
fo rm e d  sta tes w hich  o r ig in a te  in the h i 1 /2  state  it s e lf  get the la rg e s t  c o n t r i
butions (about 87% o f the tota l). T he re s t  o f the stren gth  is  sp rea d  on the 
rem a in in g  15 sta tes. F req u en tly , h ow ev er , the d iffe ren t j-v a lu e s  a re  c o m 
p le te ly  in term ix ed . An exam p le  is  show n in F ig . 4. w hich  illu s tra te s  the 
co m p o s it io n  of a n u c lea r  w ave function  fo r  d iffe ren t d e form a tion s .

T h e  w ave fu n ction s d is cu ss e d  up to  now r e fe r  to  a s in g le  n u cleon  m ov in g  
in a sta tic  d e fo rm e d  potentia l. T h e se  states do not p o s s e s s  a defin ite  j and 
thus not a defin ite  tota l angular m om entum  (= j). T h e r e a l n ucleu s in addition  
has a ro ta tion a l d e g re e  o f fre e d o m  and of c o u r s e  p o s s e s s e s  a defin ite  total 
angular m om entum . T h e tota l w ave fu nction  th e r e fo re  d e s c r ib e s  a situation
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as illu s tra te d  in F ig . 5 w h ere  is  the p r o je c t io n  o f I on the n u c le a r  sy m m e try  
a x is . A s  the n ucleu s does not ro ta te  around the sy m m e try  a x is , the r o ta 
tiona l angular m om entum  R is  p erp en d icu la r  to  the sy m m e try  ax is . T h e j 
is  not a constant o f m otion , but flu ctuates in d ire c tio n  so  as to keep the p r o 
je c t io n  Q constant in the way sp e c if ie d  by  the expan sion  c o e ffic ie n ts  Cjg .
At the sa m e tim e , the rotation a l angular m om entum  Й flu ctu ates so  that 
R + j is  constant (=1). JThe tim e  a v erag e  o f j is_^Q (co n s id e r e d  as a v e cto r ) 
and the tim e  a v era g e  < R  > is  such as to  m ake < R > + Я = I ( c f .  F ig . 5).
T h e sp e c ia l u se fu ln e ss  o f the t r a n s fe r  r e a ctio n s  is  con n ected  to  the fa c t that 
th e ir  c r o s s - s e c t i o n s  a re  p ro p o rt io n a l to the . F o r  t r a n s fe r s  lea d in g  to  
an odd n u cleu s, each  j c o r r e s p o n d s  to a rotation a l state  with I=j and the 

's  a re  thus se p a ra te ly  d isp la yed , thanks to  the en erg y  d iffe r e n c e s  b e 
tw een  the rota tion a l le v e ls .  T h is  'f in g e rp r in t ' m ethod  th e r e fo re  g iv e s  a 
d ire c t  d eterm in ation  o f n u c lea r  w ave fu n ction s.

SINGLE PARTICLE ENERGY IN MeV 

40 ¿5 50 55 60

FIG. 3. Splitting o f in deformed nuclei.
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FIG. 4. j-c o m p o n e n ts in l/2 -[5 2 1 ].

I

Now le t  u s lo o k  at the data. T he nucleu s can be  taken as an e x a m 
p le  o f the d e g re e  o f  c o m p le te n e ss  by w hich  lo w -ly in g  states in a de form ed  
n u cleu s can  b e  stud ied  in a fa v ou ra b le  ca se . B e fo r e  the tra n s fe r  re a ctio n  
stu d ies e ss e n t ia lly  nothing w as known about the states in F ig u re  6
show s a n ex am p le  o f a (d, t) sp ectru m  w hich  can  be  analysed  by the f in g e r 
prin t m ethod  and F ig . 7 show s the resu ltin g  le v e l sch e m e  w h ere  a tota l o f
14 N ilsson  sta tes have been  ra th er  d e fin ite ly  assign ed .
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FIG. 6. *^Gd triton spectrum.

T h e en ergy  span is  ap p rox im a te ly  4 M eV betw een  the deepest h o le  state, 
7 /2 + [4 0 4 ] ,  a n d t h e h ig h e s tp a r t ic le  state, l /2 + [ 6 5 1 ] ,  iden tified  in ^ G d .
T h e m ain  com pon en ts o f  th ese  states stem  fr o m  the lg 7 /2  and the 2 g 9 /2  
sh e ll m o d e l states w hich can be  estim ated  to be  sep arated  by ap p rox im a te ly
15 M eV  in a s p h e r ica l n ucleu s. T h is  illu s tra te s  c le a r ly  the trem en dou s 
change in the s in g le -p a r t ic le  le v e ls  cau sed  by the de form ation . F ig u re  8 
show s a co m p a ris o n  o f  the th e o re tica l N ilsson  sta tes fo r  a d e form ation  of 
¡3=0. 3 andftuQ = 8. 8 M eV co m p a re d  with those o b s e rv e d  in ^ G d .  ^  is  f ir s t  
o f  a ll noted that the o b s e rv e d  le v e l o r d e r  by and la rg e  is  in good  agreem en t 
with the th e o re tica l one. T h e on ly  n o ticea b le  d iffe re n ce  is  f o r  the l l /2 - [5 0 5 j  
state w hich  o c c u r s  co n s id e ra b ly  lo w e r  than expected . A n oth er exam ple is 
175yb(F ig . 9).

L e t u s now turn to  the f ir s t  co m p lica tion , n am ely  the pairing, phenom enon 
w hich m o d ifie s  in se v e r a l w ays the s im p le  p ic tu re  of independent n ucleon  
m otion  in a d e fo rm e d  potential.

T h e d eep est ly in g  states in an even  d e form ed  nucleu s a re  f ille d  with 
n u cleon s w hich  p a irw ise  occu p y  the Я -d eg en era te  o rb ita ls . N ear the F e r m i 
le v e l,  h o w ev er , the o rb ita ls  a re  on ly p a rtia lly  o c cu p ie d  by p a irs  s o  that a 
d iffu se  F e r m i su r fa ce  is  cre a te d . T h e partia l fill in g  of the states n ear the 
F e r m i le v e l is  e x p re s se d  by  m eans o f the quantities w hich g iv es  the 
p ro b a b ility  fo r  state y be in g  occu p ie d  by  a p a ir , and w hich  g ives  the
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p ro b a b ility  fo r  state у being  em pty (F ig . 10). Thus = 1. The s t r ip 
p in g  and p ick -u p  c r o s s - s e c t i o n s  f o r  even  ta rget n u cle i a re  p ro p o rt io n a l to 

and V 2, r e s p e c t iv e ly , and p ro v id e  the m ost d ir e c t  m ethod  f o r  th e ir  
determ in a tion .

In an odd n u cleu s, the odd n ucleon  o ccu p ie s  a d efin ite  o rb ita l y '.  R e la 
t ive  to  the even n u cleu s, th is p a r t ic le  has the p ro p e r t ie s  o f a h o le  to the 
extent V%< and th ose  o f a p a r t ic le  to  the extent U^- . T he te rm  'q u a s ip a r t ic le ' 
has been  in trod u ced  to d e s c r ib e  th is dual ch a ra cte r . F a r  fr o m  the F e r m i 
su r fa c e , the q u a s ip a rtic le  has the p r o p e rt ie s  o f a n orm a l p a r t ic le  o r  h o le .

T he o b s e rv e d  s in g le -p a r t ic le  excita tion  en erg y  in an odd n ucleu s is  the 
d if fe r e n c e  betw een  the g rou n d -s ta te  q u a s ip a rtic le  en ergy  and the qu a s i
p a r t ic le  en ergy  o f the ex cited  n u cleon . T he q u a s ip a rt ic le  en ergy  is  g iven  
by

E „  := V (6 „ -X f  + Л '

w h ere  e„ is  the s in g le -p a r t ic le  en erg y , A. the F e r m i en erg y  and 2 A the 
en erg y  gap. T h us, the ex cita tion  en erg y  o f a q u a s ip a rt ic le , q,. , above the

- J  (ey. -X)^ + J  (ер-X
ground state , y, is :

E
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FIG. 10. Pairing U ,̂ v".

A

FIG. 11. Experimental U^, V^.

A s «  A , the la st te rm  is  ap p rox im a te ly  equal to  A . T h e g en era l e ffe ct
o f the p a ir in g  is  a c o m p r e s s io n  o f the en erg y  le v e ls  around the ground state, 
the h ig h -ly in g  sta tes be in g  lo w e re d  by  ap p rox im a te ly  A .

If w e now  retu rn  to  the data, w e note that the c o m p r e s s io n  o f the e x p e r i 
m en ta l en erg y  s c a le  o f  F ig . 8 r e la t iv e  to  the th e o re t ica l s c a le  is  about 
2 A (*^-2 M eV ) if  the l / 2 - ¡  510l state  is  exclu ded . (T h is  la tte r  state is  p a rtly  
a gam m a v ib ra tion . ) T h is  c o m p r e s s io n  is  an illu s tra tion  o f the im p orta n ce  
o f the in clu s ion  of p a ir in g  e ffe c ts  in the an a lys is . A  se co n d  illu s tra tion  is  
g iven  in F ig . 11 w hich , by  m ean s o f  tra n s fe r  r e a c tio n  c r o s s -s e c t i o n s ,  
d ir e c t ly  illu s tra te s  the d iffu se n e ss  o f  the F e r m i su r fa c e  in n u cle i.
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L e t u s then d is cu ss  the C o r io l is  cou p lin g  w hich  p ro b a b ly  is  the m ost 
im portan t and b e s t  u n d erstood  phenom enon w hich  g iv e s  r is e  to in term ix in g  
o f the o n e -p a r t ic le  w ave fu n ction s. T h e m otion  o f the individual n ucleon s 
in the rotatin g  n ucleu s is  a ffe cted  by  a fo r c e  s im ila r  to  the c la s s ic a l  C o r io l is  
fo r c e ,  - 2m tjX v , a ctin g  on a p a r t ic le  with m a ss  m  m ov in g  with v e lo c ity  v 
in  a c o -o r d in a te  sy s te m  rota tin g  with angular v e lo c ity  м .

If w e substitu te v - )  jñ /m R  and u) = H l/J and turn into a potentia l by 
m u ltip lica tion  with R , the C o r io l is  in te ra ctio n  b e c o m e s  o f the fo r m  
-ñ^/2J I - j ,  w hich  is  c lo s e  to the c o r r e c t  e x p re ss io n

H p R c = * * 2 j "  ( I + j - + I - j + )

w h ere  the o p e ra to rs  1̂ . = I i± Ü 2 and j± = j i ±  H 2 a re  defin ed  as usu al in te rm s 
o f the angular m om entum  p r o je c t io n s  on the p lane p e rp e n d icu la r  to  the n u c lea r  
sy m m e try  ax is . T h e se  o p e ra to rs  have n on -van ish in g  m a tr ix  e lem en ts only 
betw een  rota tion a l bands d iffe r in g  by AK  = ± 1.

If the expan sion  on sp h e r ica l w ave fu n ction s is  in trodu ced , the cou p lin g
te rm  b e c o m e s  ____________________

< IK ] HpRc I IK + 1  > = А к  V (I -  К )  ( 1 + K +  1)

w h ere  А к , w ith the in clu s io n  o f p a ir in g , is  g iven  by
^2

Ак = '  2 Г  < * к )  j -  № к и к + 1+ VxVK+i)

<Х-к]]+]х.(к+1)>= ( j-K )  ( j+ K + 1 )
j

If s e v e r a l bands a re  cou p led , the p ertu rb ed  e n e rg ie s  and m ix in g  a m p li
tu des a re  d eterm in ed  by  d ia gon a liza tion  o f the en erg y  m a trix . C om puter 
p r o g r a m s  have been  w ritten  f o r  a d ir e c t  evaluation  of the strip p in g  and p ic k 
up c r o s s - s e c t i o n s  fo r  m ix e d  bands.

T h e C o r io l is  cou p lin g  is  p ro b a b ly  r e s p o n s ib le  fo r  a la rg e  fr a c t io n  o f the 
o b s e rv e d  d ep a rtu res  fr o m  the s im p le  th e o re t ica l in ten sity  d is tr ib u tion s .
O nly in  a few  c a s e s  has the ex p erim en ta l m a te r ia l ava ilab le  b een  analysed  
fo r  such  e ffe c ts .

F ig u re  12 sh ow s an exam ple  o f a tw o-ba n d  cou p lin g  (K le in h ein z, Casten) 
w hich  has been  c o n s id e re d  in so m e  deta il and w h ere  the in trod u ction  o f the 
cou p lin g  d ra s t ic a lly  im p ro v e s  the agreem en t betw een  th e o ry  and experim en t.

T h e s iz e  of the cou p lin g  m a tr ix  e lem en t, o f c o u r s e , depends on the 
quantum states К  and K + l .  In g e n e ra l la rg e  m a tr ix  e lem en ts a re  exp ected  
betw een  N ilsso n  sta tes  having an overw eig h t o f high angular m om entum  c o m 
ponents. N ilsso n  sta tes or ig in a tin g  in h igh  angular m om entum  sh e ll m od e l 
sta tes often  show  r e m in is c e n ce s  o f th e ir  p aren tage  in th e ir  Cj% v a lu es . T hus, 
e. g . , in the r a r e  earth  n u c le i the N =6 sta tes or ig in a tin g  in  the li^g/g state  
a re  b e in g  f i l le d  as neutron  sta tes. T h e se  sta tes a ll have c o e ffic ie n ts  
C 13/2 6^*1 and a re  con sequ en tly  quite s tron g ly  cou p led  to each  oth er. In sertin g  
ñ ^ /2J  "" 10 k eV , the cou p lin g  m a tr ix  e lem ent A^ fo r  I = 1 3 /2  is  seen  to  be  of 
the o r d e r  o f 300 keV . A s  the s in g le  neutron  states in question  a re  often  
found co n s id e ra b ly  c lo s e r  than this en erg y , v e r y  stron g  cou p lin g  e ffe c ts  a re  
ex p ected  w hich  can  c o m p le te ly  a lter  the rota tion a l band s tru ctu re s  and thus 
the d is tr ibu tion  of c r o s s - s e c t i o n s .  In the lim it  o f stron g  cou p lin g , that is
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when the cou p lin g  m a tr ix  e lem en t is  m uch la r g e r  than the en erg y  sep ara tion  
o f the bands, the am plitudes ад in a tw o-band  c a s e  ap proach  I /V 2 . T h is  has 
the in terestin g  con seq u en ce  that the lo w e r  band gets a p p rox im a te ly  tw ice  
the u nm ixed  in tensity  in a stripp in g  p r o c e s s ,  the u p p er  band a lm ost nothing.

An exam ple  o f the stron g  cou p lin g  type is  found fo r  the 3 /2 + [6 5 1  ] and 
5 /2 + [  642 ] o rb ita ls  w hich  in  the lig h te r  r a r e -e a r th  n u cle i a re  found as lo w -, 
ly in g  sta tes. A s a co n se q u e n ce  o f the n ear d isap p ea ra n ce  o f the c r o s s -  
s e c t io n  f o r  the u pper band, it has been  im p o ss ib le  d ire c t ly  to  lo c a te  this 
band w hich  on ly  m ak es it s e lf  fe lt  through its e ffe ct  on the lo w e r  band. The 
v io len t changes in the rota tion a l en e rg ie s  brought about by  stron g  C o r io lis  
cou p lin g  can  be  seen  in F ig . 13.

T h e C o r io l is  f o r c e  re p re s e n ts  a re a c tio n  o f the n u cleon  o rb ita ls  against 
b e in g  d ragged  around by the rotation . T h e r e fo r e , in  a ce r ta in  se n se , the 
C o r io l is  cou p lin g  tends to  change con d ition s in  the d ire c t io n  o f the sp h e r ica l 
situation . T h e gath erin g  o f Í13/2 strength  in the lo w e st rotation a l band r e 
f e r r e d  to h e re  can  be  c o n s id e re d  as an exam ple o f th is e ffe ct .

L et u s fin a lly  c o n s id e r  another type o f cou p lin g  e ffe ct . The s im p le  
N ilsso n  d ia gra m  sh ow s s e v e r a l exam p les of the c r o s s in g  oí le v e ls  with the 
sa m e  sp in  and p a rity , but be lon g in g  to  d ifferen t o s c i l la t o r  sh e lls . If the in te r 
action  betw een  states o f d ifferen t N is  taken into a ccou n t, such c r o s s in g s  do

'"w(d.t)"sw
Ed= 12.1 MtV ; 6^90° 
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FIG. 13. 3 /2 + } 651 1, 5/2+ I 642 I coupling.

not o c c u r , but the le v e ls  in the N ilsson  d iagram  w ill b e  d e fle c te d  and change 
asym p totic  quantum n um bers (F ig . 14). T h e b e s t stud ied exam p les a re  the 
c r o s s in g s  o f the N=4 and N=6 states in the beginning  of the r a r e -e a r th  region . 
T h e se  c r o s s in g s  a re  e sp e c ia lly  easy  to  study by  neutron  tr a n s fe r  b e ca u se  
they g ive  r i s e  to  a sp littin g  o f the la rg e  ^=0 and ^=2 tra n s fe r  c r o s s -s e c t io n s .  
E xam ples o f th is cou p lin g  a re  illu s tra te d  in F ig . 15 fo r  the 3 /2 +  ] 402 I and 
3 /2 +  ¡651 I bands. B y  the u se  o f the tw o-ban d  m ix in g  e x p re s s io n s , on e fin ds

A E  = J AH3 + 4V3 

and if c (N = 6 )/ß (N = 4 ) r e fe r s  to the ra tio  o f am plitudes,

__________ 2V .
 ̂ АН -(А Н 2 + 4у2 )^ з

w here AH is  the u npertu rbed  en erg y  d iffe re n ce  and V the unknown in teraction . 
S olutions of AH of th ese  equations are  illu s tra ted  in F ig . 16. T h e in teraction  
V is  60 keV , co n s id e ra b ly  s tro n g e r  than obtained fr o m  the N ilsson  w ave 
fu nction s (G rotda l, N ybo).
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FIG. 16. A N=2 energy separation.

It has b een  show n that the u se  o f  a S a xon -W ood s type d e fo rm e d  potentia l 
in  the ca lcu la tion  o f the m a tr ix  e lem en ts y ie ld s  an in te ra ctio n  o f the sam e 
m agnitude as o b se rv e d .

W e have now m en tion ed  and dem on stra ted  the im p o rta n ce  o f th ree  types 
o f  co m p lica tio n s  in the ro ta tion a l sp e ctra : P a ir in g , C o r io l is  cou p lin g  and 
AN =2. In addition , th e re  a re  ex am p les  o f cou p lin g  o f s in g le -p a r t ic le  sta tes 
to  v ib ra tio n a l sta tes , but they a re  le s s  e a sy  to  d is cu ss  without the in tr o 
duction  o f a g ood  deal o f  m ic r o s c o p ic  d e scr ip tio n . T he p r e s e n c e  of such  
cou p lin g s is , o f c o u r s e , a fa m ilia r  situation  in n u c le a r  p h y s ic s , but perh aps 
the d e fo rm e d  n u c le i sep a ra te  th e m se lv e s  out fr o m  the m a jo r ity  o f n u cle i 
b e c a u se  it has b een  p o s s ib le  in m any c a s e s  to  iden tify  and ca lcu la te  the 
cou p lin g s r e s p o n s ib le  f o r  the break dow n  o f the s im p le s t  pa ttern s.

L e t  m e  th e r e fo re  con c lu d e  by  show ing as an exam ple  the ^ G d  sp ectru m  
in w hich  the sim u ltaneou s op era tion  o f  a ll th ree  types o f  cou p lin g  has been  
o b s e rv e d . T h e an a lys is  o f the sp ectru m  o f e v e n -p a r ity  sta tes (F ig . 17) is  
ba sed  on the s im p le  N ilsso n  m o d e l, but with the in clu s io n  o f the a b o v e - 
m en tion ed  e ffe c ts . B y  m eans of ex ten siv e  com p u ter  ca lcu la tio n s  (B o rg g re e n , 
L 0vh 0iden  and W addington), it has been  p o s s ib le  to  a s c r ib e  a ll the lo w -ly in g  
states to 5 o r b ita ls . T h e en erg y  fits  a re  ex ce lle n t , but the im portan t fa c t is  
that the w ave fu n ction s obta in ed  fr o m  the en erg y  fits  in a con v in cin g  m ann er 
r e p ro d u ce  the o b s e rv e d  (d , t) c r o s s - s e c t i o n s  (F ig . 18).
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FIG. 18. ^^Gd (d, t) intensities.
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L e s s  than a y e a r  ago, I thought that th is n ucleu s w as an exam p le  o f the 
breakdow n  o f the N ilsso n  m od e l. Now it is  one o f the m o s t  p e r fe c t  exam ples 
o f  the stren gth  o f  the u n derly in g  v e ry  s im p le  p r in c ip le s  w hich  do not go 
beyond any in trod u ctory  c o u r s e  in quantum m e ch a n ics . N ev e rth e le ss , the 
s u c c e s s e s  o f the d e s cr ip tio n  can  e a s ily  be m atch ed  with th ose  o f m uch  m o r e  
re fin e d  th e o r ie s .

A C K N O W L E D G E M E N T S

T h is  talk is  to  a la rg e  extent b a sed  on a re v ie w  w ritten  in co lla b o ra tio n  
with D r. P . O. T j0 m .
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Abstract

CALCULATION OF ROTATIONAL STATES IN DEFORMED NUCLEI. We consider the nucleus^ as a non 
rigid rotator. When the stretching is taken into account we arrive at the formula E = a {[1+Ы(1+ 1)П  -1 } 
for the rotational energy. The formula can be obtained both from level systematics and from nuclear 
hydrodynamic considerations. A comparison o f experimental and calculated values ts performed fot even- 
even (К = 0 bands) and odd-A(K  ^ 5 /2  bands) nuclei in the mass region 165 sA ^ 1 90 .

As rotational states with high I-values in even-even  nuclei are 
reached, m ainly from  heavy-ion  reactions, it is obvious that the moment 
o f inertia J in the sim ple rotational form ula

E = ^  1(1+1) (1)

is only approxim ately a constant. An im provem ent is obtained when a 
rotation-vibration  interaction is  taken into account [1, 2] o r  stretching 
o f the nucleus is allowed [3] . The im proved form ula now reads

E = A I ( I + l )  +  B l 2 ( I + l ) 2  (2 )

However, not even E q .(2 ) is enough to reproduce rotational states with 
high 1-values. M odels taking into account stretching o f the nucleus were 
later further developed [4-7] . A consequence o f the stretching is that 
the mom ent o f inertia changes as the excitation energy in crea ses . We 
th erefore  plot J -values calculated according to Eq. (1) as a function o f E 
fo r  som e even-even  nuclei. This is  illustrated in F i g . l .  We observe  
that, beyond the first few levels , J in creases linearly  with E. Thus we 
can write

J = Ci + CgE (3)

where c  ̂ and Cg are constants. A substitution o f E q .(3 ) into E q .( l )  yields

E = a { [ l+ b I ( I  + l ) ] * - l }  (4)

This is our energy form ula. The constants a and b are positive and can 
be calculated from  a least-squ ares fit to experim ental data. E quation(4) 
can also be derived from  nuclear hydrodynam ic considerations [7] .

4 6 3
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j(h"xMeV'')

E (MeV)

F IG .l. Moment o f inertia as a function o f excitation energy according to E q.(l).

In Table I we present results fo r  a representative sam ple o f even- 
even nuclei and com pare them to experim ental data.

Rotational states in odd -A  nuclei are described  by the form ula [8]

E = Ек+^1(1+1)+6к_1/2 а(-)'*^(1+1/2)+6ц_з/2 b ( - ) '^ ( I - l / 2 ) ( I + l / 2 ) ( I + 3 / 2 ) . . .

( 5 )

which indicates that the energies o f rotational states are a sum o f an

intrinsic energy E^, the sim ple rotational energy — 1(1+1) and the subsequent

decoupling term s. To obtain a better agreem ent between experim ent and 
theory, the rotational part of E q .(5 ) is  continued as a se r ie s  in 1(1 + 1). 
H ow ever, the many param eters now occu rrin g  are a disadvantage.

The decoupling term s o f E q .(5 ) w ill be o f greatest influence fo r  the 
К = 1 /2  and К = 3 /2  bands. F o r  rotational bands with К ^ 5 /2  the co rrection  
term s w ill be o f still higher ord er  and hence their influence can be 
neglected in the present w ork.

As in the case o f even -even  nuclei, we calculate the moment o f inertia. 
From  E q .(5 ) we drop the decoupling term s, accord ing to our assumption, 
and assum e different E ^-values and solve for J. F or  each 1-value we 
have a corresponding experim ental value fo r  E and we plot J versus E -E ^ .
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TABLE I. CALCULATED ENERGIES OF ROTATIONAL STATES 
COMPARED TO EXPERIM ENTAL DATA FOR SOME EVEN-EVEN 
NUCLEI

*6°Dy Exp.

Calc.

86.7

84.7

284

279

582

577

972

968

1437

1442

1977

1987

2602

2595

'°Yb Exp.

Calc.

84.2

83.4

278

277

572

573

962 1439

1438

1986

1986

'°Hf Exp. 100.0 321 641 1041 1503 2013 2564 3147 3762

Calc. 96.4  313 632 1034 1501 2017 2570 3152 3756

Exp.

Calc.

102.0

104.0

336

339

690 1147

690 1139

1667

1666

2252

2256

<?

100

5 0

FIG.2. Moment of inertia as a function o f  (E-E^) according to Eq.(5) for ^ H f  and ^ R e .  j  ^  given in 
units ofîi^xMeV"^ and E^ is given in units o f keV,

TABLE II. PARAMETERS E ^, a AND b FOR SOME ODD-A NUCLEI 
CALCULATED ACCORDING TO Eq. (7)

Nucleus К a x  103 b x lO '3

'"R e 5 /2 -144.1 11.8 2.8

'"R e 5 /2 -153.9 4.86 7.3

'" H f 7 /2 -200.3 12.2 2 .1

'"H o 7/2 -167.3 15.3 1 .4
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TABLE III. CALCULATED ENERGIES OF ROTATIONAL STATES 
COMPARED TO EXPERIM ENTAL DATA FOR SOME ODD-A NUCLEI

"Re Exp. 0 .0  114.3 259.5 434.5 638.1 869.3 1126.0 1408.0 1712.3

Calc. 0 .1  114.2 259.3 434.4 638.1 869.3 1126.3 1407.7 1712.0

"Re Exp. 0 .0  117.9 266.2 443.3 645.7 871.8 1114.8 1375.3

Calc. -1 .0  118.1 267.3 444.0 645.8 870.1 1114.4 1376.3

"H f Exp. 0 .0  113.0 249.7 409.4 591.3 794.4 1017.7 1260.3

C alc. 0 .0  113.0 249.7 409.5 591.3 794.4 1017.8 1260.4

^Ho Exp. 0 .0  94.7 209.8 345 499 672

Calc. 0 .0  94.8 209.9 344.9 499.1 672.2

This is illustrated in F ig . 2 which shows the J-dependence of E-Ep- fo r  
the nuclei i^ H f and lS3Rg. F or  a certain  value o f E¡( we observe that a 
straight line can be fitted to the calculated J -va lues. This means that 
the expression

J = C3 + C4(E-Ex) (6)

can be used fo r  the mom ent o f inertia . When we substitute Eq. (6) into 
E q .(5 ) we obtain a quadratic equation in (E-E^,) which gives

Е = Е ц + а {[1 + Ы (1 + 1 )]* -1 } (7)

The param eters appearing in E q .(7 ) are calculated from  a least - 
squares fit to experim ental data. In Table II we present the values of 
Ex, a and b giving the best fit to experim ental data fo r  som e nuclei with 
rotational bands o f К  ̂ 5 /2 . In Table III we give the energies as ca lcu 
lated with the param eters o f Table II. The agreem ent between exp eri
m ental and calculated values is  good. In m ost cases the deviation is 
le ss  than ±1 keV. The good agreem ent also justifies the assumption 
that the decoupling term s can be neglected fo r  bands with К  ̂ 5 /2 .

A C K N O W L E D G E M E N T

D iscussions with P .O . Lipas are acknowledged.
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Abstract

BAND MIXING IN DEFORMED ODD-MASS NUCLEI. The level structure o f  several deformed odd- 
mass nuclei has been studied at the Karlsruhe research reactor FR-2 using radiative capture o f  thermal 
neutrons. High-resolution measurements o f the gamma-ray spectrum have been performed with a Ge(Li) 
anti-Compton spectrometer and a Ge(Li) pair spectrometer. The high accuracy o f the data allows the 
application o f  Ritz' combination principle up to energies above 1.5 MeV. Coincidence relationships 
have been obtained by means o f a Ge(Li)-NaI(Tl) coincidence system. Detailed data are given for the 
transition diagram of '^Er. The experiments reveal the occurrence o f considerable band mixing. A 
theoretical treatment is presented within the framework o f the unified model. The calculations take 
into account pair correlation, quasiparticle-phonon interaction, Coriolis coupling and rotation-vibration 
interaction. Various properties o f  the deexcitation mechanism are determined to a large extent by band 
mixing. Examples are given for branching ratios and partial gamma-ray half-lives both in '^Er and '^Yb.

1 . In t r o d u c t io n

The r a p id  d e ve lo p m en t o f  e x p e r im e n ta l  t e c h n iq u e s  i n  gamma- 
r a y  s p e c t r o s c o p y  h as  made f e a s i b l e  d e t a i l e d  in v e s t ig a t io n s  o f  n u c le a r  
s t r u c t u r e  by means o f  th e  r a d i a t i v e  n e u tro n  c a p tu r e  p r o c e s s .  I n  a 
r e c e n t  p a p e r  on th e rm a l n e u tro n  c a p tu re  i n  1 " °Y b  we h ave  p o in te d  o u t 
th e  o c c u r r e n c e  o f  c o n s id e r a b le  band m ix in g  e f f e c t s  i n  1б9уь Z T 1 -7 - 
S i m i l a r  r e s u l t s  h av e  a l s o  been  p u b l is h e d  on 1б5ру 2 _ / . The p u rp o se  
o f  t h i s  p r e s e n t a t io n  i s  t o  p r o v id e  a b r i e f  summary o f  e x p e r im e n ta l  
and t h e o r e t i c a l  d a ta  o b ta in e d  f o r  th e  i s o t o n i c  n u c le u s  1" ? E r  and to  
d is c u s s  some o b v io u s  co n se q u e n ces  o f  band m ix in g  on b ra n c h in g  r a t i o s  
and p a r t i a l  gamma-ray h a l f l i v e s  b o th  i n  1б7Ег and l6 9 Y b .

2 . E x p e r im e n ta l  P ro c e d u r e

H ig h - r e s o lu t io n  m easurem ents o f  th e  gamma-ray sp e c tru m  h ave  
b een  p e rfo rm e d  u s in g  a  G e ( L i )  a n ti- C o m p to n  s p e c t ro m e te r  i n  th e  lo w -  
e n e rg y  r e g io n  / _ 3 ,  4_ /  and a  G e ( L i )  f i v e - c r y s t a l  p a i r  s p e c t ro m e te r  f o r  
th e  h ig h - e n e rg y  t r a n s i t i o n s  ¿"2 _7 <  C o in c id e n c e  r e l a t i o n s h ip s  h av e  been  
s t u d ie d  by  means o f  a  G e ( L i ) - N a l ( T l )  c o in c id e n c e  sy s te m  ¿  5 _7  co u p le d  
to  an  o n - l in e  com p uter / "6 J7 * ^ T h e  e n e rg y  c a l i b r a t i o n  i s  b ased  on th e  
d e ca y  l i n e s  o f  1 9 2 ir^  1 3 7 cs , ° 0go and o S y  and on c a p tu re  l in e s . f r o m  
th e  p ro d u c t  n u c l e i  and 15ц. The p ro c e d u re s  a p p l ie d  i n  sp e c tru m  
s t a b i l i z a t i o n ,  sp e c tru m  a n a l y s i s , c a l i b r a t i o n  and n o n l i n e a r i t y  c o r r e c t io n  
a r e  d e s c r ib e d  i n  d e t a i l  i n  R e f .  /. 4_/*. A b r i e f  d is c u s s io n  o f  th e  
t e c h n iq u e  u sed  f o r  a n a l y s in g  com p lex  c o in c id e n c e  s p e c t r a  may be found  
i n  R e f .  ¿ T 7 _ 7 .

The m easu rem en ts on ^ ^ E r  h ave  been  p e rfo rm ed  w i t h  a sam p le  
o f  e n r ic h e d  to  9 5 .6  %  i n  l 6° E r .  I n  s p i t e  o f  t h i s  r e l a t i v e l y

*  Visiting scientist from Junta de Energfa Nuclear, Ciudad Universitaria, Madrid.
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h ig h  e n r ic h m e n t  c a r e  had t o  be  t a k e n  i n  th e  i s o to p e  a s s ig n m e n t  o f  th e  
gamma-ray l i n e s .  Due to  th e  u n fa v o u r a b le  c r o s s  s e c t i o n ,  th e  c a p tu r e  
c o n t r ib u t io n  o f  1 б °Е г  was o n ly  68.8  % . The m ain  i n t e r f e r e n c e  r e s u l t e d  
from  th e  t a r g e t  n u c le u s  1б7Ег w h ic h  c o n t r ib u t e d  w i t h  31 .1  %  t o  th e  
t o t a l  c a p tu r e  c r o s s  s e c t i o n .  N e u tro n  c a p tu r e  i n  o th e r  e rb iu m  is o to p e s  
was n e g l i g i b l e .  I n  o rd e r  to  o b t a in  a  r e l i a b l e  is o to p e  a s s ig n m e n t  each  
ru n  was r e p e a te d  w i t h  a t a r g e t  o f  n a t u r a l  e rb iu m . M ore th a n  350 gamma- 
r a y  l i n e s  h av e  b een  o b s e rv e d  from  th e  e n r ic h e d  sa m p le .

The d a ta  w e re  a ls o  exam ined  f o r  th e  p o s s i b i l i t y  o f  c o n t r i 
b u t io n s  from  l i k e l y  c h e m ic a l  c o n ta m in a n ts  a n d , i n  f a c t ,  s e v e r a l  l i n e s  
w e re  i d e n t i f i e d  a s  a r i s i n g  from  Sm and Gd.

3 .  T r a n s i t i o n  D iag ram  o f  ^ ^ E r

A s y e t  no e x h a u s t iv e  i n v e s t i g a t i o n  o f  th e  ^ ^ E r  n e u tro n  
c a p tu r e  t r a n s i t i o n  d ia g ra m  h as  been  p e rfo rm ed  and th u s  th e  in f o r m a t io n  
a b o u t  th e  d e e x c i t a t io n  m echan ism  was s t i l l  l im i t e d .  M ost o f  th e  
a v a i l a b l e  d a t a h a v e  come from  s t u d ie s  w i t h  th e  R is %  b e n t  c r y s t a l  
s p e c t ro m e te r  Z . 8 J /  and w i t h  a  G e ( L i )  p u ls e - h e ig h t  s p e c t ro m e te r  / " 9 _ 7 .  
I n  th e  f i r s t  s tu d y  47 l i n e s  o f  th e  lo w - e n e rg y  sp e c tru m  w e re  a s s ig n e d  
to  1 ° ? E r  and  24 t r a n s i t i o n s  w e re  f i t t e d  i n t o  a  l e v e l  schem e. The 
se co n d  w o rk  exam ined  th e  h ig h - e n e rg y  sp e c tru m  u s in g  a  sam p le  o f  v e r y  
h ig h  e n r ic h m e n t  (9 9 .9 7  % ) .  The m ost r e c e n t  i n v e s t ig a t io n s  o f  1б7Ег 
l e v e l s  b y  means o f  c h a r  g ed - p a r t i d e  r e a c t io n s  a r e  th o s e  i n  R e f s .  /.107 
and / T l1 _ 7 *  The d e c a y  o f  1 " 'H o  (3  h ) and 1^7Tm (9 * 6  d ) t o  1 ° ? E r  has 
r e c e n t l y  been  s t u d ie d  w i t h  G e ( L i )  and s c i n t i l l a t i o n  c o u n te rs  b o th  i n  
s i n g l e  and c o in c id e n c e  mode / _ 1 2 7 *

The p r e s e n t  r e s e a r c h  s u g g e s ts  a  c o n s id e r a b ly  ex ten d ed  
t r a n s i t i o n  d ia g ra m  as  r e p r e s e n t e d  i n  F i g .  1 . The i n t e n s i t i e s  o f  th e  
gamma r a y s  a r e  ex p re s s e d  by  t h e  a r ro w  w id th .  M ost o f  th e  l i n e s  w e re  
f i t t e d  i n t o  th e  d ia g ra m  u s in g  th e  R i t z  c o m b in a t io n  p r i n c i p l e .  T r a n s i 
t io n s  m arked w i t h  th e  l e t t e r  " c "  h a v e  been  c l e a r l y  o b s e rv e d  i n  c o 
in c id e n c e  m easu rem en ts and t h e i r  p o s i t io n  i n  th e  d e ca y  schem e i s  w e l l  
e s t a b l i s h e d .  D ashed  a r ro w s  mean t h a t  th e  a v a i l a b l e  d a ta  s u g g e s t  th e  
e x is t e n c e  o f  th e s e  gamma r a y s  and th e  p o s i t i o n  show n , b u t  th e  a s s ig n 
m ent i s  c o n s id e re d  to  be som ewhat t e n t a t i v e .  T r a n s i t io n s  l a b e l l e d  w i th  
an  a s t e r i s k  h a v e  b een  ad o p ted  from  p r e v io u s  i n v e s t i g a t i o n s  p ro v id e d  
t h a t  th e  a s s ig n m e n t  i s  c o n s i s t e n t  w i t h  th e  p r e s e n t  s t u d y .  F o r  th e  
s a k e  o f  c o m p le te n e s s  th e  r e s u l t s  o b ta in e d  from  c h a r g e d - p a r t i c l e  r e 
a c t io n s  h ave  a ls o  b een  in c lu d e d  i n  th e  d e c a y  schem e. L e v e l s  l a b e l l e d  
w i t h  th e  l e t t e r  " a "  h av e  a l s o  b een  o b s e rv e d  i n  ( d , p )  r e a c t io n s  /  10.7 * 
L e t t e r  " b "  i n d i c a t e s  e x c i t e d  s t a t e s  d e te c te d  i n  i n e l a s t i c  s c a t t e r i n g  
o f  d e u te ro n s  ¿  1 1 _7 .

A n a l y s i s  o f  th e  e x p e r im e n ta l  d a ta  and  r e s u l t s  o f  t h e o r e t i c a l  
c a l c u l a t i o n s  d e s c r ib e d  i n  s e c t io n  4 s u g g e s t  th e  f o l l o w in g  s p e c t r o 
s c o p ic  i n t e r p r e t a t i o n  (b an d h ead  e n e r g ie s  and d o m inan t s t r u c t u r e ) :

7/2*" ¿5 3 3 /  + Q;

1 / 2 ' /51 07  

З / 2"  /6 5 1 /

5/2*" /6 4 2 7  + Q

0 keV 7/2+ /5337 90 % ,
208 keV 1 / 2 " /5 2 1 7 92 %
347 keV 5 / 2 "  / 51.27 86 % ,
532 keV 7/2+ /6*337 + 92-2 81 % ,
592 keV 5/2+ /6 4 2 / 79 % ,

3/2+ /55 17 7 .5 %

920 6 %

922 11 %

15 %

920 12 % ,
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668 keV 5/2* ¿5237 81 %, 1/2" ¿5217 + Q22 16 %

7 1 1 keV 7/2+ ¿6337 +
922 94 %, 5/2+ ¿6427 +

^22 5 %

753 keV 1/2* /5217 +
§2-2

61 %. 3/2" ¿5217 37 %

763 keV 5/2" /5127 +
^2-2 56 %, 1/2" ¿5107 38 %

1059 keV 1/2" / 5 2 1 7 + 80 %, 5/2" ¿5237 15 %(?)

1086 keV 3/2" ¿ 5 2 1 7 60 %. 1/2" ¿ 5 2 1 7 +
^2-2 37 %

1179 keV 1/2" ¿52Í7 +
^20

^2-2

93 %, 3/2" ¿ 5 2 1 7 +
92-2

4 %  (?)

1384 keV 3/2"
1/2"

/ 5 1 У 
/51Q7 +

41
16

%.
%.

7/2" ¿51.47 +
92-2

38 %,

A detailed analysis and discussion of the level structure 
will be given elsewhere 7  13._7-

4. Theoretical Considerations

In order to arrive at a better understanding of the level 
structure, theoretical calculations have been performed which take 
into account pair correlation, quasiparticle-phonon interaction, 
rotation-vibration interaction and Coriolis coupling. Since a solution 
with the exact Hamiltonian is beyond the possibilities of present 
theoretical nuclear physics, it is convenient to use a phenomeno
logical approach. Such a procedure is justified, if only few additional 
parameters are introduced and an extensive set of data is predicted 
which can be examined experimentally. The calculations that will be 
outlined here very briefly reveal the energy and structure of indi
vidual levels, absolute transition rates and partial gamma-ray half- 
lives, multipolarity admixtures and branching ratios. They use a 
generally valid set of single-particle energies. The BCS treatment 
is performed with the constant Gn = 0.021 = 26/A MeV =
41 A"1/3 MeV = 7.44$ MeV). The parameter & = ^¡r/Jo is fitted where 
Jo is the undisturbed moment of inertia. Excitation energies for the 
& and у quadrupole vibrations are taken from the neighbouring even 
nuclei.

The Hamiltonian is written as ¿**14, 15=7

with

**0 = + Hoc

Here Нц is the Nilsson Hamiltonian ¿*16_7 and HQg describes the un
disturbed collective motion, i.e. the rotation of the nucleus and the 
ß and у vibrations. The interactions between the various modes of 
motion are taken into account by H'. This term includes the Coriolis 
coupling, the particle-phonon interaction and the rotation-vibration 
interaction.

Neglect of pair correlations leads to unreasonable matrix 
elements and serious disagreement w ith experimental results. Therefore

%  -  2; б,, a^ a^
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has to be replaced by

with the usual notation

Hqp = S at 

E „

и к

í-t/ and E ^  denote the particle and quasiparticle energies, respectively. 
The operators a and a are correlated via tt̂ e Bogolyubov-Valatin trans
formation. The coefficients and (V^ + = 1) are determined
separately for each state from the well-known variational problem. Thus 
the blocking effect is fully taken into account. All quasiparticle 
matrix elements can be reduced to particle matrix elements. In many 
cases the pairing factors reduce the matrix elements considerably.

For calculating the structure of ^ ^ E r  and ^ ^ Y b  eleven 
Nilsson orbits near the Fermi level together with their т+, у" and ß 
vibrational bands have been taken as a basis. The contribution of each 
of these configurations to the structure of the individual levels re
sults from the diagonallzation. More details of the theoretical treat
ment may be found in Refs. Z  1_7 and /Tl3_7.

In Fig. 2 the calculated excitation energies for ^ ^ E r  are 
compared with the experimental level scheme. In general, the agreement 
is surprisingly good. Some obvious consequences of band mixing on other 
nuclear properties are discussed in the following sections.

5. Branching Ratios

The occurrence of strong band mixing is responsible for 
various phenomena which cannot be explained within the framework of 
simple models. It is beyond the scope of this presentation to give 
a detailed discussion here. As an example let us select the deex
citation of the 1/2* rotational band observed at 763 keV in 1"?Er 
(cf. Fig. 1). The only Nilsson state with spin and parity 1/2" near 
the Fermi level is the orbit 1/2" /$2l7* This state, however, is well 
established to occur at 208 keV excitation energy. Thus it is reason
able to assume that the band at 763 keV corresponds to the у vibrational 
band based upón the configuration 5/2 /5^§7 and, in fact, a collective
E2 transition leaving the bandhead is observed. In other respects, 
however, the deexcitation shows clear anomalies. From both the first 
and second member of the band transitions proceed to the 1/2* /3217 
Nilsson band which in intensity considerably exceed the E2 transi
tions to the "own" intrinsic configuration. In addition, the branching 
ratio to the 3/2 and 1/2* levels is exceptional. A reasonable ex
planation for these anomalies is provided by assuming a strong ad
mixture of the 1/2* / 5 1 6 7  N i l s s o n s t a t e  in the 5/2* /512/ + 2
citation. It is true that the 1/2" ¿3l.Q7 orbit is expected at much 
higher energies, but it is connected with the 5/2* /5 1 2/ orbit by 
a strong E2 matrix element. As mentioned above an admixture of 3 8 %  
is predicted by the calculations described in section 4. On the other 
hand, the rotational band at 208 keV consists only to 92 %  of the 
Nilsson state 1/2" /5217.
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T a b le  I  

T r a n s i t i o n s  from  th e  band

5 /2 *  ¿ 51.27 + Qg_2 + 1/2 * ¿5 1 0 7  

1б7Ег

I n t e n s i t y  r a t i o A ssu m in g  a 
p u re  N i ls s o n  
band

A ssum ing  a 
c o l l e c t i v e  n a tu r e

Ex p .H ' = 0 H ' /  0

1 (1 / 2  1/2 -3-3/2 1/2 ) 7 .0 - 1570 3*151 ( 1 /2  1 /2  1/2  1/ 2 )

1 (1 / 2  1/2-*- 3/2 1/2 ) - 0 6 .1 3 .6  1 0 .41 (  1/2  1 /2  -=*. 5 /2  5/ 2)

T a b le  I I

P a r t i a l  gamma-ray h a l f  l i v e s  у

N u c leu s
I n i t i a l
con 
f i g u r a t i o n

F i n a l
co n 
f i g u r a t i o n

M u l t i 
p o la r i 
t y

^theor.
T l/ 2  y  ¿ P s e e 7

H ' = 0 Н ' /  0 Ex p .

l6 ? B r

1/ 2* 1/ 2 /5 2 17 7/2+ 7/2/6337 E3 - 3.6  sec 4 .3  s e c к с b5 .5  s e c

3 /2 *1 /2 /3 2 1 7 1 /2 *1/2/521 7 M1+E2 0 .7 4 13 .5 2З .5 3 9 .4  *

5 /2 *5 /2 /5 1 2 7 7/2+ 7/2/5337 E1 - 0 .0 7 0 .1 1 .4  °

169?Ь 5/2 5/ 2/ 51У

7/2+ 7/2/5337 E1 - 0 .1 0 .3 1 .3  ^ 
4 .2  b

1/ 2* 1/ 2 /5 2 17 E2 C o 21 ООО 630 102 f* 
320 ь

3 /2 *1 /2 /5 2 1 7 M1+E2 3.055 190 ООО 
¡M I : 
K - fo rb J

135 103 ^ 
260 ^

5 /2 *1 /2 /5 2 1 7 M1+E2 ).0 0 9 S30 ООО 
(Н 1 : 
K - fo rb .)

110 84 
220 ^

* Ref. ¿T17_7 b Ref. /_18_7 ° Ref. /?)2У
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The i n f l u e n c e  o f  th e  i n t e r a c t i o n  te rm  H ' i n  th e  H a m il to n ia n  
i s  d e m o n s tra te d  i n  T a b le  I .  B o th  th e  a s s u m p t io n  o f  a  p u re  N i ls s o n  s t a t e  
and a p u re  v i b r a t i o n a l  w ave f u n c t io n  r e v e a l  d is a g re e m e n t  w i th  th e  ex 
p e r im e n ta l  d a ta  w h i l e  th e  band m ix in g  r e s u l t i n g  from  H ' p r o v id e s  a 
r e a s o n a b le  e x p la n a t io n  f o r  th e  o b s e rv e d  a n o m a l ie s .  O b v io u s ly ,  th e  
t r a n s i t i o n  to  th e  1 /2 " s t a t e  i s  s t r o n g ly  r e t a r d e d  com pared to  t h a t  
r e a c h in g  th e  3/2 l e v e l  a n d , i n  f a c t ,  i n  none o f  th e  h i t h e r t o  e x i s t in g  
i n v e s t ig a t io n s  o f  th e  n u c l e i  1 °5 о у ,  '67]Sr and 1б9уь s u ch  a  t r a n s i t i o n  
has  been  d e t e c t e d .  When ju d g in g  th e  t h e o r e t i c a l  b ra n c h in g  r a t i o  i n  th e  
se co n d  l i n e  o f  T a b le  I ,  one s h o u ld  n o t i c e  t h a t  we a r e  n o t  d e a l in g  w i t h  
a  s im p le  p ro c e d u re  s u ch  a s  t h a t  a p p l ie d  i n  th e  A la g a  r u l e ,  b u t  t h a t  
th e  n u c le a r  w ave  f u n c t io n s  o f  th r e e  s t a t e s  d i r e c t l y  e n t e r  i n t o  th e  
r e s u l t .

6 . Partial Gamma-Ray Halflives

I n  g e n e r a l ,  th e  lo w - ly in g  e x c i t e d  s t a t e s  a r e  e x p e c te d  to  be 
e s s e n t i a l l y  c h a r a c t e r iz e d  by p u re  w ave f u n c t io n s  a n d , i n  f a c t ,  o n ly  
s m a l l  a d m ix tu re s  a r e  p r e d ic t e d  f o r  th e s e  s t a t e s  by th e  c a l c u l a t i o n s  
d e s c r ib e d  i n  s e c t io n  4 .  N e v e r t h e le s s  s u c h  s m a l l  a d m ix tu re s  may h ave  
a d e c i s i v e  i n f l u e n c e  on th e  p a r t i a l  gamma-ray h a l f l i v e s .  T h is  i s  
d e m o n s tra te d  i n  T a b le  I I  w h ere  th e  t h e o r e t i c a l  v a lu e s  b o th  f o r  
H' = 0  and H' /  0 a r e  com pared w i t h  e x p e r im e n ta l  d a t a .  In  a l l  e a s e s  
th e  i n c lu s i o n  o f  band  m ix in g  y i e l d s  an  im p rovem en t o f  th e  t h e o r e t i c a l  
p r e d i c t i o n s .  T h is  i s  p a r t i c u l a r l y  c o n s p ic u o u s  f o r  K - fo rb id d e n  M1 
t r a n s i t i o n s .

7 .  C o n c lu s io n s

C o n s id e r a b le  band m ix in g  e f f e c t s  o c c u r  i n  defo rm ed  odd-mass 
n u c l e i .  E x p e r im e n ta l ly  th e s e  phenom ena can  th o ro u g h ly  be s t u d ie d  by 
means o f  th e  r a d i a t i v e  n e u tro n  c a p tu r e  p r o c e s s .  A b e t t e r  u n d e r s ta n d in g  
can  be o b ta in e d  w i t h in  th e  fram e w o rk  o f  th e  u n i f i e d  m o d e l, i f  th e  
i n t e r a c t i o n  b e tw een  a l l  p o s s ib le  modes o f  n u c le a r  m o tio n  i s  ta k e n  
i n t o  a c c o u n t .  The i n c lu s io n  o f  p a i r  c o r r e l a t i o n s  i s  e s s e n t i a l  f o r  
a c h ie v in g  ag ree m e n t w i t h  e x p e r im e n ta l  d a t a .  V a r io u s  p r o p e r t i e s  o f  th e  
d e e x c i t a t io n  m echan ism  a r e  d e te rm in e d  to  a  l a r g e  e x te n t  by band  m ix in g , 
even- f o r  lo w - ly in g  s t a t e s  w h e re  th e  a d m ix tu re s  a r e  s m a l l .
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THE USE OF A NEW 
HIGH-RESOLUTION GAMMA MONOCHROMATOR

R. MOREH, A. WOLF 
Nuclear Research Centre-Negev,
Beer-Sheva, Israel

Abstract

THE USE OF A NEW HIGH-RESOLUTION GAMMA MONOCHROMATOR. A lead target which resonantly 
shatters the 1 . 28-MeV line o f  neutron capture gamma rays o f iron was used as a source o f variable-energy 
gamma ladiation with an energy resolution o f 4 .8  sin 6 eV /deg , where 6 is the scattering angle of the incident 
photon. This amounts to a resolution o f less than one part per m illion. These variable-energy scattered 
photons were used to search for.highly excited bound nuclear levels in several elements. In this method the 
element to be studied is placed in front o f a detector which measures the scattered radiation intensity as a 
function o f 8 .  Any dip in such an absorption curve corresponds to an energy level being excited in the ab
sorber nuclei. The validity o f this method was first established by McIntyre and Randall who measured the 
forward angle resonance absorption in lead, which is itself a resonant scatterer.

In the present work the photon source consisted o f about 10 kg o f iron discs placed near the reactor core 
along a tangential beam tube. The intensity of the resulting beam is about 18  ̂ monoenergetic photons/cm^ sec 
on the target position. A system o f Soller slits was placed between the absorber and the 5 x 5-in . Nal 
detector to reduce the effective angular divergence o f  the scattered radiation to about 1 .6  deg. The number 
o f  counts o f  the detector as a function o f angle was recorded automatically on a multichannel analyser operating 
in a multiscalar mode. The detector count rate was o f the order o f  50 counts/sec. Using this experimental 
arrangement, the angular interval between 90" and 150" corresponding to an energy width o f about 220 eV at 
7. 28 MeV excitation was scanned in about 15 elements. Only cadmium seemed to yield one absorption dip 
at e æ 128*. The absorber thickness used was 35 g/cm^ and the dip was about 3.5% at its minimum point. 
Assuming: (1) that the resonance isotope in Cd is o f  25% abundance with a zero ground-state spin, (2) that 
the resonance excitation is by dipole absorption, then the ground-state radiation width Ц may be found to be 
Гф = 0. 06 eV.

The usefulness of this method as a tool for studying the widths o f dipole resonance levels and their 
spacings was found to be severely limited by the relatively low count rate. It was thus very difficult to detect
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GAMMA-RAY INTENSITY ANOMALY 
IN THE (y ,y ') REACTION

R. MOREH, A. WOLF 
Nuclear Research Centre-Negev.
Beer-She va, Israel

Abstract

GAMMA-RAY INTENSITY ANOMALY IN THE (y, y') REACTION. Anomalous intensity radiation was 
found near Ey -  5 MeV in the resonantly scattered gamma-ray spectra in the mass region 180 < A < 208. 
The origin o f this intensity anomaly seems to be'the same as that suggested for the well-known analogue of 
this effect in (n, y ) and (d, py) spectra.

Anom alous intensity radiation is known to occu r in the gamma spectra  
of (n, у ) and (d, py ) reactions [1 ,2 ]  on nuclei in the m ass region 180 < A 
< 208 and 110 < A < 140. This anomaly was also observed  in the gamma 
spectra  of fast neutron capture [3 ] in Au. In the present work, som e e v i
dence is  presented fo r  the existence of a s im ilar gam m a-intensity anomaly 
in the (y , y ') reaction  on ^ T l ,  20 3^-^ iS6^y **^w. The gamma beam 
was obtained from  neutron capture radiation on F e and Ti.

The experim ental assem bly (F ig. 1) consisted  of an (n, y ) sou rce  con 
taining severa l k ilogram s of iron  or titanium d iscs , placed along a tangen
tial beam tube of the IRR-2 research  reactor at a therm al neutron flux of
2 X lO ^ n cm '^  s e c '^ . The resulting gam m a-ray beam  was collim ated, 
neutron filtered  and allowed to hit 8 -cm  m etallic targets 10 g /cm ^ thick. 
The detecting system  consisted  of a 20-cm3 Ge(Li) detector in conjunction 
with a 1024-channel TMC analyser.

It may be noted that the ch oice  of the target in the present technique 
su ffers from  a severe  lim itation: it is conditioned by the fact that a random 
overlap should exist between the incident capture gamma ray and a leve l in 
the particu lar isotope to be studied. It was therefore  im possib le  to study 
the (y, y ') reaction  on each elem ent in the region of heavy nuclei. F urther
m ore , because of c r o s s -s e c t io n  and beam intensity lim itations, large  quan
tities of the targets (^. 100 g) w ere required fo r  each m easurem ent. It was 
thus im possib le  to make any detailed study of the scattered spectrum  using 
sm all quantities of separated isotopes.

The present study was made feasib le  by the fact that chance resonance 
scattering events [4 ] w ere found to occu r in the interesting m ass region 
when gamma sou rces from  Fe(n , y) and Ti(n, y) reactions w ere used. It 
was found that the iron  capture gamma rays photoexcite a 7. 646-M eV level 
in 2°5т1, the titanium capture gamma rays photoexcite a 6 .418-M eV  level 
in ^ T l ,  a 6. 418-M eV  leve l in and levels  at 6. 760 and 6. 556 MeV 
in -^W . F igure 2 shows the resonantly scattered spectra  from  2MT1, 
203T1, iss* i84^y and ^ B i .  B esides the elastically  scattered peaks, the ano
m alous intensity radiation is  c lea r ly  evident near 5 MeV irresp ective  of the 
initial excitation energies involved. It may also be seen that the intensity 
of the bump is  sm aller in the tungsten isotopes than that of the thallium
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isotopes. One should a lso  note that three resonance levels  contribute in 
dependently to the 5-M eV region  in the tungsten target which explains the 
re latively  stronger bump fo r  this case. These spectra  should be com pared 
with that scattered from  ^°Sm  (not shown) by an incident Ni(n, y) gamma 
sou rce  [5 ] ,where very  weak gamma transitions w ere observed  in the 5-M eV 
range. As another example of a bum pless spectrum , the scattered radiation 
from  209Bi is  a lso shown in F ig. 2 where one resonance at 7. 168 MeV was 
excited.

In the case  of ^ detailed study [6 ] of the scattered radiation was
m ade; the bump is believed  to correspon d  to prim ary transitions from  the 
resonance state. The character of the scattered radiation is thought to be 
m ainly E l as in ferred  from  a m easurem ent o f the radiative width o f the 
resonance level.

In the case  of alm ost all transitions w ere found
to decay to known low -ly in g  leve ls  in these isotopes. This certainly  indi
cates that the transitions form ing the bump in these isotopes are prim ary 
transitions.

-REACTOR THERMAL 
SHtELD

-GRAPHITE REFLECTOR

DpO REFLECTOR 
GAMMA SOURCE

WATER SWITCH

REACTOR

EXPERIMENTAL SCATTERING 
CHAMBER

Г  I WATER 

Г  I CONCRETE 

GRAPHITE 

¡ I BORATED PARAFFIN 

Г * " 1  LEAD

REACTOR e'OLOGiCAL 
SHIELD

TANGENTIAL BEAM TUBE

GE(LI) DETECTOR

FIG . 1 . H o r iz o n ta l s e c t io n  o f  th e  e x p e r im e n ta l a rrangem ent.
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s¿0?)-z

EN ERG Y(M eV)

FIG. 2. Resonantly scattered gamma spectra from TI, W and Bi targets at an angle o f  135". The energy 
scale refers to the energy o f the double-escape peaks. Lines denoted P, F correspond to photopeaks and first - 
escape peaks. Other lines correspond to double-escape peaks where the arrows indicate independent reso
nance lines.

The anomalous bumps in (n, y) and (d, py) are believed  [2 ] to be due to 
E l energy d ifferen ces of the s in g le -p artic le  energies a cross  the shell m odel 
orb its. It was suggested [2 ] that these bumps are obtained by the decay of 
doorway states of the final nucleus. The corresponding configurations are 
form ed  in the (n, y) and (d, py) reactions through a sem i-d ire ct  p rog ress . It 
is  very  likely  that the bump in the present ca se  is also due to E l energy 
d ifferen ces a cross  the shell m odel orbits.
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STUDY OF THE ENERGY LEVELS OF 
USING NUCLEAR PHOTOEXCITATION

R. MOREH, A. NOF
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Abstract

STUDY OF THE ENERGY LEVELS OF '^La USING NUCLEAR PHOTOEXCITATION. Inelastic resonance 

level in '^ L a  were measured and found to be Г= 0.08 ± 0.02 eV, Ц /Г =  0.52 .

The technique o f using neutron capture gamma radiation fo r  studying 
low -ly in g  levels by inelastic scàttering is relatively  new. The energy 
levels  o f only few isotopes w ere investigated using the (y, y ')  reaction  [1 ,2 ] . 
In the present w ork the I39^a energy levels w ere studied; the gamma beam 
was obtained from  neutron capture radiation on Fe. It should be rea lized  
that the choice  o f the target by the present technique is  conditioned by the 
fact that a random overlap should exist between at least one o f the incident 
capture gamma lines and at least one level in  ^ L a .  ^  turned out that m ore 
than one iron  capture gamma line happened to overlap levels in I39^a, of 
which only the 6018-keV  level was strongly excited. It was thus possib le  to 
establish  the spin o f the 6018-keV  resonance state and som e low -lying 
levels populated by its d e -excitation . The total width of the 6018-keV 
leve l was determ ined using se lf-absorp tion  and tem perature radiation 
m easurem ents.

The experim ental assem bly consisted  of a (n,y) source containing 
severa l kg of iron  d iscs  placed along a tangential beam tube o f the IRR-2.-' 
resea rch  rea ctor  at a therm al neutron flux o f 2 X 10-^ n cm*2 sec"^. The 
resulting gamma beam was collim ated, neutron filtered  and allowed to hit 
a 10-cm  diam eter La target, 11 g /cm ^  thick. Angular distribution 
m easurem ents o f the scattered spectrum  was perform ed  by mounting a 
30-cm3 Ge(Li) detector on a rotating arm at a distance o f 50 cm  from  the 
target.

F igure 1 shows the high-energy part o f the spectrum  where 3 independent 
résonance lines, nam ely 6018, 7279 and 7632 keV, which appear in the 
Fe(n, y) spectrum  [3] w ere excited. Another line at 7158 keV does not 
seem  to correspon d  to an inelastic transition to any known,level [4] in

and is  believed to be an independent resonance. However, this line, 
was not reported  in the Fe(n ,y) spectrum . F igure 2 shows another part of 
the scattered spectrum  from  which a  decay schem e (F ig. 3-) was constructed 
by assum ing t h a t  high-energy gamma rays are emitted in prim ary transitions.

, The angular distribution at 7 angles betw een '90° and 155° o f the 
6018-keV resonance line and 5 strong inelastic transitions.w ere m easured..

The polarization  of e lastica lly  scattered radiation was also m easured 
using a Compton polarim eter [5] and found to be M l. T herefore,

4 8 7
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ENERGY (KeV)
F IG .l. High-energy part o f the resonantly scattered gamma spectrum from a La target. Energies with 
subscripts 0 and 1 refer to the photopeak and first-escape peak respectively; other energies refer to double
escape peaks.

ENERGY (KeV)

FIG.2. Lower energy part o f  the resonantly scattered gamma spectrum from a La target. Energies refer to 
double-escape peaks.

E2 adm ixtures are expected to contribute to the transitions; the amount of 
these adm ixtures could be detected from  the angular distributions only fo r  
ca ses  w here the spins o f the final states w ere known. Thus it was found 
that the E2 adm ixture is  less  than 4% in the elastic transition. Using this 
value and the m easured angular distribution, it was possib le  to obtain the
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E2 adm ixture of.the inelastic transition  leading to the firs t  excited state. 
Again.this was found to be less, than 4%. Regarding the rem aining in 
elastic -transitions,, it was not possib le  to make any conclusions about the 
E2* adm ixtures. However,, assum ing reasonable amounts o f  E2 mixing and 
using the resu lts o f Schlesinger [6 ] regarding I39]_,a levels,, it was p oss ib le  
to obtain probable spin values o f these levels (F ig. 3).

7/2

9 /2  - 
< 9 /2 .5 /2 )- 

(7 /2 ) -  
5/2  -

S /2 + -
7 /2 * -

B9

7632

7279

7 )5 8

60! 8

2 )2 3
)956
)9 )8
)820
)785
)683̂
)580
)537
)480
)220

0)66
0

La
DECAY SCHEME

FIG.3. Decay scheme o f  the resonant levels in '^La showing level energies constructed by fitting line energy 
differences to known ^^La energy levels [4 ] . Spin values o f the excited states were assigned in the present 
experiment where values in parentheses indicate an uncertain determination.

The level param eters o f the 6018-keV level w ere determ ined by 
carrying out tem perature variation and self-absorp tion  m easurem ents [2 ]. 
The resu lts indicate that Г= 0. 08 ± 0. 03 eV and Ц / Г= 0. 52 ± 0. 05.

The present resu lts regarding *39]_,a seem to be in much better agree
ment with shell m odel predictions [7] than those obtained from  calculations 
using the unified m odel [8 ].
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Abstract

RECENT RESULTS ON (y, y) AND (y, y ')  REACTIONS FROM NEUTRON CAPTURE GAMMA RAYS.

gamma-rays has been successfully applied to the study o f highly excited levels and low-energy level 
schemes. Results on the (y, y) and (y, y ')  reactions on ^ C d , ^ T 1  and ^Cu are reported.

In the last few years the nuclear resonance scattering o f neutron 
capture gamma rays has been su ccessfu lly  applied in studies o f both the 
highly excited levels near the neutron binding energy and their de
excitation photons [1] . The gam m a-ray source consists of m onochrom atic 
lines, the width being determ ined by the therm al Doppler broadening (a 
few eV at norm al tem perature). Resonance scattering o ccu rs  when the 
energy o f  one o f the incident gamma lines (after correction  fo r  target 
reco il) happens to,overlap , however partially, an individual nuclear level 
in the target nucleus. In this way it is possib le to investigate individual 
leve ls , while nuclear scattering perform ed with continuous gam m a-ray 
spectra  allows one to determ ine only the average strength functions.

F rom  c ro s s -s e c t io n  m easurem ents the partial radiation width to the 
ground state (Г^о) and the total radiation width (Fy) can be determ ined. 
Both scattering and absorption effective  c ro ss -s e ct io n s  depend on ГуО, 
Гуо/Гу and ó (separation energy between the incident photon and the r e s o 
nance level) fo r  which the determ ination o f the resonancë scattering 
cro ss -s e c t io n , as a function o f both tem perature and thickness of the 
scatterer, and the determ ination o f the self-absorp tion  ratio [2] are 
requ ired . By m easuring the radiative width o f resonance levels it is 
p ossib le  to obtain useful inform ation about absolute values o f transition 
probabilities, such äs those given by resonance neutron capture gamma 
rays. , ' , - -

Furtherm ore, by d irectional correlation  m easurem ents between in c i
dent and scattered gamma rays the .spin o f the resonance leve l can* be 
determ ined. Polarization  studies o f e lastica lly  scattered gamma rays 
have also been perform ed [3] and it has beeñ;dédúced that the radiation 
m ultipolarity is either E l o r  M l. : - .

Evidence o f inelastic gamma rays leading to the low -lying nuclear 
levels  was pointed out by our group in 1965 [4] . E stes and Min [5 ],

4 9 1
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follow ing such a suggestion, observed  low -en ergy  gamma rays in ^^Cd 
and S^Ni in coincidence with the inelastic transitions.

M ore recently , with the in creasing use o f Ge(Li) detectors , the 
resonance scattering technique has been applied to sp ectroscop y  studies 
by relating the inelastica lly  scattered gamma rays to the leve l structure 
o f the resonant nucleus [6] . Such m easurem ents give inform ation sim ilar  
to that obtainable with (n, y) reactions, but with som e advantages. The 
low -ly in g  leve l spins can, in fact, be determ ined by m easuring the d i
rectional corre la tion s o f the prim ary inelastic gamma rays, provided 
that the spin o f the resonant leve l is known. It is also worth noting that 
(y, yi) reactions are the m ost suitable fo r  the study o f those stable is o 
topes which m ay not be reached by (n, y) o r  ch arged -particle  reactions.

H ow ever, som e disadvantages are present in this m ethod. F or 
instance, the choice  o f the target is conditioned by the fact that a random 
overlap  should exist between the incident capture gamma ray and a leve l 
in the particu lar isotope to be studied. Even though such a probability 
might seem  sm all, about 50 cases  o f nuclear flu orescen ce  have been 
observed  [7] . It is interesting to note that alm ost all these cases have 
been observed  near the c lo se d -sh e ll nuclei. A further great problem  is 
caused by the noticeable p ile-up  o f sm all amplitude pulses which make 
it d ifficu lt to detect gamma transitions below  3 M eV. In severa l cases 
these latter d ifficu lties could be overcom e  by coincidence techniques [5] .

The results o f the (y, y ') reaction  in H2Cd (studied independently 
by our group [8] and by Moreh and Nof [9 ]) could be regarded as both 
an exam ple and a test o f the method, considering that the lev e l schem e 
o f  ll^Cd has also been studied by different m ethods. Our sou rce  was 
the gamma rays from  the 7632-keV iron  capture. Our experim ental 
assem bly, set up at the tangential beam hole o f the 1-MW RC-1 rea ctor  
o f the CSN della C asaccia , has already been described  [8] and is shown 
in F i g . l .  The scattered spectra  w ere detected by means o f a 30-cm 3 
G e(Li) (o r  a 12. 7 X 12 .7  cm  Nal) d etector. F or  the angular distribution 
m easurem ents the sam e detector was mounted on a platform  pivoting on 
an axis passing through the centre o f the sca tterer . The beam m onitor 
consisted  o f a 3 0 -cm^ G e(Li) detector arranged in such a way as to select 
a convenient line o f the incident photons. The gamma spectra  were 
recorded  with a 1024 o r  a 4096-channel analyser.

Table I sum m arizes our results on H2 Cd. Those obtained with com 
pletely  different experim ental m ethods are also reported fo r  com parison  
purposes [10-13] . It is c lea r  that this method se lects  levels  with spins
0, 1 o r  2, as can be seen in F ig . 2 where the deduced decay schem e is 
shown. The secondary transitions shown in this figure w ere detected by 
m eans o f coincidence m easurem ents, while the spin values w ere deduced 
from  the analysis o f  the angular distribution o f p rim ary  inelastic gamma 
r a y s . The parity o f the resonant leve l was determ ined by M oreh and 
Friedm an [3] .

With the sam e experim ental arrangem ent the resonance scattering 
o f  the 7646-keV gam m a rays (produced by the Fe(n, y) reaction) in a 
natural TI target was studied [14], the resonant isotope being identified 
as 2°5i4_ At the sam e tim e a s im ilar  isotope was being studied by 
M oreh and W olf [15 ], yielding results in v ery  good agreem ent. M ore 
than 20 gam m a-ray  lines w ere detected in the energy range from  4 to
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TABLE I. SUMMARY OF THE EXPERIM ENTAL RESULTS ON 
THE "B ed  LEVEL SCHEME

[ 9 ] ^  [1 0 ]
(d . p) 
[1 2 ]

(P .P ')
[1 4 ]

(d . d ') 
4 3 ) [1 1 ]

0 0 0 0+ 0 0+ 0+ 0 0+

6 1 7 * 2 2  616 619 2+ 619 2+ 620 6 16 .8 2+

1227 i  2 0 1224 1228 0+ 1190 0+ 1220 1222.9 0+

1 2 9 1 * 6 1270 2+ 1300 1311.3 2+

1380 4+ 1420 1414.2 4+

1435 * 4 1439 1436 0+ 1431.7 0+

1476 i  4 1472 1474 2+ 1470 1468.1 2+

1812 * 8

1873 i  3 0 1877 1876 (0 .1 )+ 1869.5 0+

1964 3- 1973.9 3 -

2009 (2 .3 .4 ) 2010- 2003.3 (2 .3 .4 )

2047 4(+>

2087

2123 (2 .3 + ) 2100+

2151 i  8 2161 2159 (2 .3 )+ 2154.5 (2 .3 )+

2237 2235 (2 .3 .4 ) 2229.2 2+

2302 (0 .1 )+ 2335

2374

2424 ( 0 .1 .2 ) 2464 2420- 2414.6 (1 .2 ) -

2507 (2 .3 )+ 2520+ 2505.9 2+

2573 2570

2637 (2 ,3 )+

2657 2667.3 (1 .2 )

2678 (2 .3 )+ 2673 .2 2+

2686.1 (2)+

2734 i  8 2720 2725 . (2 .3 )+ 2723 2722.8 2+

2768 2770 (2 .3 )+ 2760

2825 i  81  ̂ 2828 2822 (0 .1 )+ 2830+ 2828.1 1+

2839 i  8J 2844 2840. (2 ,3 )+ 2854

2875

2901 2910-

2936 (2 .3 )+

2965 (2 .3 )+

2988

3071 3069 3066.9 (2 .3 .4 )

3115 3113 (2 .3 )+ 3130 .2 2+

3184 (2 .3 )+ 3168.8 2+

3 2 3 9 * 8 3239 3240

3304 (2 .3 )+

* 3348 3344

3367.8 (2+)

3411

3469.1 (1 .2 )

3477.7 (1 .2 .3 )
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FIG. 2. Level scheme of **^Cd.

8 M eV . They have all been explained in term s o f d e -excitation o f the 
7646-keV resonant lev e l.

The justification  o f this assum ption is  extensively d iscussed  in R ef. [14]. 
E nergies and intensities o f all gamma lines are reported in Table II. The 
energies o f the levels  are com pared with those obtained by different ex 
perim ental methods [16-18] . The transitions de-excitin g  the first and 
second levels  w ere detected by means o f coincidence m easurem ents.

A nalysis o f the angular distribution o f the m ost intense lines gives 
j =  ̂ fo r  the resonant leve l spin. A ll the inelastic lines corresponding 
to the prim ary transitions are consequently isotrop ic  and it is thus im 
possib le  to m easure the spin o f the interm ediate leve ls .

The decay schem e is shown in F ig . 3 where the secondary gamma 
rays w ere deduced by coincidence m easurem ents.

Inform ation about the m ultipolarity o f the prim ary gamma transitions 
can be obtained from  the study o f the reduced radiative widths fo r  E l and 
M l transitions:

(1)
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TABLE II. ENERGIES AND INTENSITIES OF ELASTIC AND 
INELASTIC GAMMA RAYS SCATTERED FROM A TI TARGET

'У
(keV)

Iy(rel)

(%) Present work
(keV)

[1 6 ]a  [17]Ь 
(MeV) (MeV)

[18]
(keV)

7646 61.7 9 .2 0 0 0 0
- - 211 5 - 205 2
- - 623 6 - 615 5

6505 3 3.60 0 .5 5 1141 3 1 .1 4 - -
- - - 1.21 -

6309 3 0.80 0.15 1337 3 1.34 - -

6213 3 1.75 0.30 1433 3 1.43 - -
- - - 1.48 - -

6080 3 1.25 0.20 1557 3 - -
6071 5C 0.75 0.15 1575 5 .58 -
5772 4° 0.50 0.15 1874 4 1.86 -
5681 2 7.70 1.20 1965 2 1.96 - -
5645 3 3.35 0.50 2001 3 -

- - - 2.04 - -
5556 3 2.90 0.45 2090 3 -

- - 2 .12 -
5483 3 1.00 0.20 2163 3 - - -

5436 5 ' 0.45 0.15 2210 5' - - -
5424 3 2.00 0.30 2222 3 - - -
5346 3 0.65 0.15 2300 3 - -
5331 3 0.75 0.15 2315 3 - -

- - - 2.43 - -
- - - 2.49 -

5088 3 3.40 0.50 2558 3 - -
- - - - 2.61 -

4977 4 0.30 0.10 2669 4 - -
- - - 2.69 -

4941 5 0.25 0.10 2705 5 - -

4923 3 2.05 0.30 2723 3 - - -

4895 3 1 .05 0.20 2751 3 2.74 - -

4750 3 1.75 0.30 2896 3 - -

4625 3 0.85 0.15 3021 3 - -
4470 5 0.50 0.15 3176 5 - - -

4357 3 0.65 0.15 3289 3

^ ^ P b  { t, a )  ^ T i  r e a c t io n .  T h e  errors a re  ± 20 k e V . 

b  N o error is g iv e n .

с  T h e  e v id e n c e  fo r  this у -tra n s it io n  is  reg a rd ed  as u n ce rta in .
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TABLE III. ENERGIES AND INTENSITIES OF ELASTIC AND 
INELASTIC GAMMA RAYS SCATTERED FROM A Cu TARGET

'У
(keV)

Iy (rel) 

(%")

Energy levels (keV) 

Present work [2 2 ]"

8484.3 ± 1.0^ 98 ± 10 0 0
7714.0 ± 2 .0 2 ± 0 .2 770 ± 2 770 ± 4

7939.3 ± 1 .0 ^ 31.8 ± 4 .5 0 0
6827.0 ± 3 .0 4 .0  ± 0 .8  ; 1114.5 ± 0 .5 1114 i  4
6457.5 ± 2.0 5 .0  ± 0 .8 1481.8 ± 0 .7 1482 i  4
6316.4 ± 1.5 9 .2  ± 1 .4 1622.7 ± 1.1 16231 ± 4
6213.0 ± 2 .0 2.1  ± 0 .3 1724.6 ± 1.5 1725 ± 6
5851.0 ± 5 .0 1 .2 ± 0 .2 2088.0 ± 5 .0 2093 ± 8

.5834.0  ± 4 .0 2 .5  ± 0 .4 2105.0 ± 4 .0 2105 i  8
- - - 2213 ± 8
- - - 2280 ± 8

5616.2 ± 2 .0 4 .8  ± 0 .7 2323.0 ± 2 .0 2329 ± 8
5544.0 ± 3 .0 1.8  ± 0 .3 2 3 9 5 .0 ± 3 .01 .
5532.0 ± 3 .0 2 .3  ± 0 .4 2 4 0 7 .0 ± 3 .0 J 2404 ± 8^

- - - 2531 ± 8
- - 2594 ± 8

5312.0 ± 5 .0 2.1  ± 0 .3 2627.0 ± 5 .0 -
- 2648 ± 8^
- - - .2751 ± 8
- - 2830 ± 8
- - - 2861 ± 8^

5037.0 ± 3 .0 2.6  ± 0 .4 2902.0 ± 3 .0 2874± 8^
- -  - - 2979 ± 8b

4858.0 ± 2 .0 4 .6 ± 0 .7 3081.0 ± 2 .0 3078 ± 10
4522.0 ± 3 .0 4 .6  ± 0 .7 3417.0 ± 3 .0 -
4506.5 ± 2 .5 5 .6 ± 0 .8 3433.5 ± 2 .5 -
4146.0 ± 3 .0 4 . 1 ± 0.6 3793.0 ± 3 .0 -
4095.0 ± 3 .0 1.0  ± 0 .2 3844.0 ± 3 .0 -
3931.0 ± 3.0 3 .8  ± 0 .8 4008.0 ± 3 .0 -
3915.0 ± 3 .0 2 .9  ± 0.5 4024.0 ± 3 .0 -
3897.0 ± 3 .0

2095.0 ± 4 .0  
1 7 2 4 .1 ± 1.5
1622.7 ± 1 .1
1481.8 ± 0 .7  
1114.5 ± 0 .5

4 .0  ± 0.6 4042.0 ± 3 .0
2088.0 
2105.0
1724.6 ± 1.5
1622.7 ± 1 .1
1481.8 ± 0 .7  
1114.5 ± 0 .5

3 T h e  e la s t ic  g a m m a  la y s  w e re  e m p lo y e d  f o t  th e  en erg y  c a lib r a t io n . 

^  Perhaps a  d o u b le t .
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H ere Ty¡ is  the partial radiation width to the i^  leve l, Ey is  the 
energy o f  the transition  and D is the average spacing, at the in itial state 
energy, o f the levels having the same spin and parity as the radiative 
sta te .

The best fit o f E q . ( 1 ) to our data on TI yields a value o f <y -  5. 3.
The average reduced width fo r  E l transitions can be estim ated by 

an extrapolation o f the giant resonance [19], giving an E'S dependence 
fo r  the average radiative widths

The follow ing approxim ate relationship can be deduced fo r  the 205^1 
isotope

K ^ = < r ^ .E ^ D ^ > ^ 9 X 1 0 ^  ^

where and D are in the same units and Ey is  in MeV.
Using the num erical values <y = 5 and D = 1 keV, the average o f Eq. (1 ) 

on all the gamma transitions observed in the present work turns out to 
be Kgi =6X  10*9, which is in very  sa tisfactory  agreem ent with E q .(2 ).

It seem s c lea r  that the transitions observed  are prevalently E l.
The parity o f the resonant leve l is  consequently negative and the spin 
and parity o f the m ost intensely populated levels  are 1/2+ o r  3 /2+ , w here
as levels having spin 5 /2  are probably weakly populated. However, there 
is  a large spread o f the reduced widths around the average value. Groups 
o f transitions, ¿haracterized  by large reduced widths, are observed  at 
about 5 .5  and 4 .5  MeV, corresponding to excitation energies at about 2 
and 3 jvtev. This phenomenon is  probably connected with the bump ob 
served at about 5 MeV in the gam m a-ray spectra  follow ing neutron capture 
in nuclei near the closed  shell, which is known to be prevalently E l.

An attempt to assign the spin to the observed  energy levels can be 
based on a com parison  with theoretical predictions [20, 21] . This com 
parison  is shown in F ig . 4 and seem s to be reasonable up to about 2 M eV. 
The spin value o f j = 7 /2  fo r  the 1 .2 1 -M eV  level, as m easured by Hinds 
et al. [16] in (t, &) reactions, is  in disagreem ent with the theoretica l ca lcu 
lations and with ou r re su lts .

Another case where the prelim inary results seem  to be of som e 
interest is given by the nuclear resonance scattering in Cu o f gamma 
rays from  the Cr(n, y) reaction . F igure 5 shows the scattered spectrum , 
detected by m eans o f a 30-cm^ Ge(Li) detector and recorded  by a 4096- 
channel analyser. The energy resolution was about 13 keV at about 
8 .5  M eV. In the energy range from  1 to 8 .5  MeV m ore than 25 gamma 
lines w ere c lea r ly  observed . Both the 8.,484 and 7 .939 -M eV  gamma 
rays, which w ere also present in the d irect beam, can be explained as 
e lastic transitions, de-excitingtw o different resonant levels o f ^^Cu. 
E nergies and intensities o f all gamma rays detected are reported in 
Table III. The corresponding energy leve ls  are also shown and com 
pared with those prev iously  known [22] . Assum ing that intense high- 
energy gamma rays are prim ary transitions, the decay schem e o f both 
resonant leve ls  was deduced (F ig . 6).

F ro m th e  analysis o f the d irectional corre la tion  o f the 8 .484-M eV  
elastic  gamma line, a m ixture o f Ml and E2 (¿¡2 = 0 .1 ) m ultipolarities was 
deduced and the leve l spin turns out to be 3 /2 " .  The m easurem ent o f 
the angular distribution o f the 7 .939-M eV  gamma ray gives an ambiguous
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result resulting in a spin value o f 5 /2  o r  3 /2 . H ow ever, the fact that the 
lev e l at 1 .48  MeV, which should have spin 7 /2 , is intensely populated 
leads to the conclusion  that the probable spin value o f the 7 .939-M eV  
resonant level is 5 /2 . In the sam e figure the leve l schem e o f &3Cu, as 
obtained by B orchert [23], is also shown fo r  com parison . The sim ilarity  
between the two leve l schem es is  very  rem arkable and, by extension, we 
can tentatively fo resee  the spin values up to about 2 .5  M eV.
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Abstract

(y, y  ')  SPECTROSCOPY OF EVEN-EVEN NUCLEI USING THE (n, y) REACTION. Monoenergetic gamma rays 
obtained in the (n. y) reaction are used for photoexcitation of highly excited single nuclear levels in even-even 
nuclei. The de-excitation o f these levels permits a study o f nuclear levels in stable nuclei. The results 
obtained for the nuclei ^ n ,  ^Se, ^Sr, *^°Sn, '^ T e , '^ T e  and *^°Te are presented and discussed.

Photoexcitation o f nuclei by therm al neutron capture gamma rays has 
been applied by severa l groups [1 -3 ] to the study o f the nuclear leve ls  o f 
stable nuclei. This method gives resu lts analogous to those obtained by 
neutron resonance reactions above the neutron binding energy but extends 
the field  o f resea rch  below the neutron threshold. Inform ation regarding 
the low -lying  levels  in stable nuclei is  also obtained, supplementing the 
data obtained by the (n,*y) reaction  fo r  those stable nuclei which cannot be 
reached by therm al neutron capture.

This paper reports recent photoexcitation studies on even-even  nuclei. 
As the photoexcitation p ro ce ss  is  assum ed to be o f a pure dipole nature, 
it perm its se lective  excitation o f spin 1 levels only, making the analysis o f 
the resu lts much sim p ler than fo r  nuclei having ground-state spin different 
from  ze ro . The dipole character of the excitation was unambiguously 
established in those cases where the intensity o f the resonantly scattered 
radiation perm itted m easurem ent o f the angular distribution.

The nuclei studied w ere ^^Zn, s°Se, 86g^ iBOSn, i^s^g and
I30^g reactions w ere ca rr ied  out using as (n, y) sou rces targets of
n ickel, copper, aluminium and ch lorine. Owing to the large m ass o f the 
scattering targets required fo r  this type o f experim ent, natural abundance 
sam ples w ere used. The identification  o f the particu lar isotope excited 
was established through the inelastic d e -excitation o f the resonant state to 
known low -ly in g  leve ls .

The resu lts are sum m arized in Table I. In each case the ground-state 
branching ratio  was calculated, and calculation of the total radiation widths 
Г  is in p rog ress . In m ost cases  the intensity o f the inelastic transitions 
was too weak to perm it angular distribution m easurem ents for d irect 
determ ination o f the leve l spins. H ow ever, assum ing that fo r  such high- 
energy transitions dipole transitions are the m ost probable, the spins of the 
low -ly in g  states may be taken as either 0, 1 o r  2.

Our resu lts are in good agreem ent with the published values. In 
addition, hitherto unknown levels w ere observed.

B ollinger et al. [4 ], using radiative capture o f neutrons in unbound 
resonance levels , found that the distribution o f partial radiative widths

5 0 7
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follow s the P orter-T h om as distribution law. A s the photoexcitation 
m echanism  is se lective  and biased to levels having large ground-state 
widths, in the present w ork  we could check the distribution only fo r  the 
inelastic transitions. Since in m ost nuclei only one o r  two resonant levels 
have so far been studied, no system atic study o f one particular nucleus can 
be perform ed . Hence we analysed the photoexcitation o f resonance levels 
in the groups o f even -even  nuclei having sim ilar low -en ergy  vibrational 
states and derived the distribution o f the ratio o f intensities o f the tran si
tions to the firs t  two 2+ leve ls . If the assum ption of a P orter-T h om as 
distribution fo r  this group o f nuclei is  valid, this ratio should follow  a 
truncated ^-distribution, known as a F ish e r -z  distribution, with the 
param eter y giving the num ber o f degrees of freedom . F or  the P orter - 
Thom as distribution y = 1. An analysis o f ten nuclei, including published

TABLE I. GAMMA TRANSITIONS OBSERVED

Resonant level Gamma transitions 
Nucleus energy (keV) energy Excited Spin and H

and spin (keV) states parity Г

**Zn 7696 (1) 7696 0 0+ 0.360 ± 0 .0 48

6657 1039 2+

5829 1867 2+

5309 2387 (0 ,1 ,2 )

4910 2786 (0 ,1 .2 )

4742 2954 (0 ,1 ,2 )

4579 3117 (0. 1.2)

4467 3229 (0 ,1 ,2 )

4253 3443 (0 ,1 ,2 )

s°Se 7820 (1) 7820 0 0+ 0.425 i  0.070

6344 1476 0+

5863 1957 (0. 1,2)

5312 2508 (0 .1 .2 )

4999 2821 (0 .1 .2 )

4801 3019 (0 .1 .2 )

4697 3123 (0 .1 .2 )

457 6 3244 (0 .1 ,2 )

4481 3339 (0 .1 ,2 )

3610 4210 (0 .1 .2 )

3491 4329 (0 .1 ,2 )

3417 4403 (0 .1 .2 )

3363 4457 (0 ,1 ,2 )
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TABLE I. (contd.)

Nucleus
Resonant level 
energy (keV) 

and spin

Gamma transitions 
energy
(keV)

Excited
states

Spin and 
parity Г

""Sr 7820 (1) 7820 0 0+ 0.292 i  0.033

6744 1076 2+

5969 1851 2+

5716 2104 (0 .1 .2 )

5619 2201 (0 .1 .2 )

5323 2497 (0 .1 .2 )

5180 2640 (0 .1 .2 )

5034 2786 (0 .1 .2 )

4775 3045 (0 .1 . 2)

4718 3102 (0 .1 .2 )

""Sn 8998 (1) 8998 0 0+ -  + 0.020 0.096 „-  0.045
7823 1175 2+

7287 1711 (0 .1 .2 )

6890 2108 (0 ,1 .2 )

6833 2165 (0 .1 .2 )

6675 2323 (0 .1 .2 )

6634 2364 (0 .1 .2 )

6264 2734 (0 .1 .2 )

5993 3005 (0 .1 .2 )

5443 3555 (0 .1 .2 )

4846 4152 (0 .1 .2 )

7696 (1) 7696 0 0+ „ + 0.043 0.595 - 0.102
6521 1175 2^

5985 1711 (0 .1 .2 )

5332 2364 (0 .1 .2 )

5095 2601 (0 .1 .2 )

4846 2850 (0 .1 ,2 )

4059 3637 (0 .1 .2 )

'" Т е 7791 (1) 7791 0 0+ 0.75 ± 0.09

6369 1422 (0 .2)
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TABLE I. (cont. )

Nucleus
Resonant level 
energy (keV) 

and spin

Gamma transitions 
energy
(keV)

Excited
states parity

5 -
Г

'^ T e 7724 (1) 7724 0 0 0 .5 1 ± 0.07

6207 1523 (0 ,2)

5750 1974 (0 .1 ,2 )

" ° т е 7637 (1) 7637 0 0+ 0 .4 1 i  0.07

6797 840 2+

6049 1588 1+

6012 1625 (0.2)

5749 1888 (0 .1 .2 )

data by other groups, indicates that y is  indeed c lo se  to 1, in good agree 
ment with B ollin ger 's  value.

It is expected that further research  on (y, y ') resonance levels should 
provide m ore detailed inform ation on the distribution o f the partial rad i
ation w idths.
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Abstract

THE PRESENT THEORY OF CAPTURE. Present channel capture theory, based on electric dipole 
operators, suggests, but does not necessarily establish, the existence o f  some o f the correlations observed 
between parameters occurring in thermal and resonance capture. The correlation relationships implicit 
in this theory are discussed, along with possible theoretical generalizations which might improve the 
agreement with difficult data. The question o f  direct capture in the resonance region is examined and 
the theoretical implications o f the anomalous high-energy bump which is found in the photon spectrum o f 
neutron capture in several elements is discussed.

1. CORRELATIONS BETWEEN PARAMETERS OCCURRING IN
THERMAL AND RESONANCE CAPTURE

This has been an exciting area experim entally, due particularly  to the 
work at Brookhaven. In ^ т т ,  corre la tion s have been found between 
neutron resonance widths and partial gamma widths and it is a challenge 
to understand these. Equally, there is  the problem  of understanding the 
many observed  correla tion s between gamma widths and neutron widths of 
the final states observed  in (d, p) w ork.

Let us begin the theory by using the ideas o f Lane and Lynn [1] who 
pointed out that such correla tion s may be expected from  'channel capture'. 
H ow ever, as we w ill see, these ideas are not fully in accord  with the data 
on i69Tm, and so must be im proved. N evertheless, they give a useful 
orientation. F or  other nuclei, 'channel capture' seem s to be qualitatively 
co r re c t .

Channel capture theory

The essen ce  o f the theory is  very  sim ple. The c ro s s -s e c t io n  for 
capture eg (n, -y)f has the form :

a -  I  < Ф. ¡D i Ф )  Pn c„, y f  ¡ \  f ' ' c ,  ^  ¡

Cg represents the target ground state. Excited target states w ill be labelled 
c, which can a lso  be used as the neutron channel label, f is the final bound 
state. The channel y + f  can be denoted sim ply by f. (We w ill suppress

5 1 3
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re feren ce  to spins in future except at one point where it is  vital to mention 
th em .) %  is  the norm alized final state:

1% l^dT = 1

is  the initial state, corresponding to unit flux in the channel eg . The 
operator D is the usual dipole operator and can be written as:

D = d + D,target

where

d = ( -  — e ) z_

D
i -  target 

neutrons
j = target 

protons

The operator z„ does not vanish outside the nuclear region r > R so there 
are contributions to ^ from  the channels. In the entrance
channel:

-  e -U  e

Using standard resonance theory fo r  U:

- 2 ik -a  - 2 ik -a  
U = e " + ie  " -

where X labels resonances and total width =sum of neutron and gamma 

widths = Г + X! Г
У " x f

We obtain cr , in the form : c„ f

°c  f sphere cap tu re)+ a   ̂ (resonances)

where

I /  Г i i . \ ̂ (hard sphere capture) ^  ld ¡s in k ^ (r -a )/l

Г\п r^ f
^cof (resonances)



PRESENT THEORY OF CAPTURE 5 1 5

Lfc, is  the neutron width of the final state f fo r  channel Cg . The quantity
contains contributions from  the external (channel) region as w ell as the

I:

x f  =

E

internal (compound nucleus) region I:

Г

M xf M Xf (A)

where

M xf

<e
-kfr

d e- k̂ r
>

(Note that the channel integral 1̂ . decreases rapidly as the excitation energy 
o f target state in channel с in creases. F or E* = 1 .2  MeV, 1̂  falls by 

13.30 fo r  a = 7f, E f  = - 6 . 5  M eV. Thus only a few channels с in the sum on 
с are im portant.)

C orrelations from  the channel capture theory

The above form  of I\ f im plies joint correlations of a very  specia l 
kind between the 3 observed  quantities

xf

'Xc.

у partial width 

n resonance width

y ^  -  n final state width (as observed by (dp) studies)

It im plies that the corre la tion s , y ^ ,  ) ; and (Г ^  , у ̂  ) ^  x
are o f the sam e general magnitude, i . e .  both are large together, o r  sm all 
together. We can display this explicity .

On defining the corre la tion  function:

S  ^  -a )  (b, -b )
с (a¡, b¡) = ri-

E  ( а ; - а ^ Е  ( b ^ b ) '

where

b = average of b¡ = Z  b;
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we find, using the above form  of :

- i r  'vS \ av. CY?t\
^ ^ X f ' T x c J f i x e d f  < I \ ,  )" ^  ̂av. over \

i p   ̂ S с ^  ^Y. over f
C ^ X f ' T f c ,  'f ix e d X  < Г , ,  >° '  Xf  av. over f

where we have assum ed that (y ^  < T\c  ̂ uncorrelated, (y ^  , )
are uncorrelated and y ^ , have random signs and where we define

6Г с = I Me 
°  X f ¡ x f  ¡

The assum ption of random signs im plies

where the average is over either X o r  f.
Note the follow ing features o f the above specia l corre la tion  type (A)
(1) c (I\ f , y ^  )ftxedf depends on f through the factor yfc„ - Thus the 

corre la tion  is stronger for a final state f with large y ^  ( i .e .  large (dp) 
intensity). Since the m ost probable value of y ^  is zero  if  the P o r te r - 
Thom as distribution applies, we expect that a randomly chosen f w ill give 
sm all correla tion . Averaging over a set of f should in crease  it. (A ll these 
rem arks also apply if f, A. are exchanged.)

(2) The average values of the two correlations are equal:

(3) If we sum с over all final states f sharing out a s in g le -particle  
state, then we may use the fact that 2^ 7 ^  ^  Tt̂  /ma^ to predict

f  °

X/ с (Г. у? ). Note a lso the follow ing features of a rather general classf 'Xc_
o f corre la tion s. A veraging the distributions of before taking the 
correla tion  should in crease the correla tion . This prediction  is not specific  
to the above form  (A) but applies generally  if I\ f is  a sum of a random 
and a correlated  part. In с (21 r ^ f , y ^  ) ^  ^   ̂ , the num eration is  just

"'T у -

quantity

У  Г - V  ( Г  > YX f ^  X f ^ a v .o n y
X f  f

is  m ore  com plicated . If the random part of dominates the mean
and rm s value, then this is  N  ̂ tim es the denom inator quantity in 
c (I\ f, у ) with the result that
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° ( 1 л "  * !?  I  "г*--
f f

-  < ( с ( Г ^ ,  Y b c j f t x e d f  ^ a v .o n f

i . e .  the corre la tion  is increased  by \ÍNf where Nf is  the number of states 
f that are averaged. In the opposite extrem e when the corre la ted  part o f 

dom inates, the correla tion  is unchanged. In the interm ediate 
situation the corre la tion  is increased  but by less  th an V N f.

(4) In an odd target, the question of corre la tion s between (r\ f, )
is  slightly m ore  com plicated . Clement has exposed the position  in term s 
o f reduced widths in the representation with neutron spin coupled to
orbital spin  ̂= 1 to give j = ^ + i = ? o n § .  We may a lso  present this, som e
what m ore  sim ply, in term s of a channel spin representation. In the 
neutral state X there is  only one channel spin S =I + y v iz . S = J, so  that 
6T^°f contains the fa ctor  Yfc,s = j - In contrast, the (ap) c ro s s -s e c t io n  
contains: Y fcos^ j+ Y fc .s t j-

If the two quantities are of equal average value, then, since only the 
fo rm er is  correla ted  with 6Г^", it is easily  shown that the corre la tion  
c ( f \ f ,  a (d , pf)) is reduced by a factor \Í2 relative to the case o f a sp in - 
zero target.

General com m ent on correla tion s from  channel capture theory

It must be said that this theory only suggests certain  corre la tion s but 
does not prove them . The point is  that the use o f the E l operator D, with 
the consequent contribution to from  the channel region, is  arb itrary .
In other, equally valid, approaches such contributions do not o ccu r . F or  
exam ple, we can make a transform ation  of to rep lace  it by
(grad V )> ;f (e¡ -€ f)^ , where V is  the potential. (This displays explicitly  
the fact that radiation o ccu rs  only in the presence of fo rce s , i . e .  o f a c 
celeration . ) This operation is zero  outside the nucleus so has no channel 
contributions. (Incidentally, this shows that it is  quite wrong to speak o f 
'channel capture' as if it w ere a d irect physical p ro ce ss . It is  not, but 
m erely  a result of the m athem atical approach that is u sed .)

T heoretica l pred iction  o f corre la tion  using the channel capture theory

We can calculate 6Г ^  / Г by using observed values o f r^ f, and com 
puted values of 6Г<^.

f  (observed) < Г Х с , ( 1  e V ) ) ó r ^  (ca lc .)

ssMn 15 meV 4 eV 2400 6 ,
f c .

160

169 Tm 0.07 meV 1 meV i - s e L ,

197 Au 1 meV 1 meV о д  4 , o . i e ^
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where

8 fc , is probably in the range 0 .1 - 1  fo r  states in ^M n, but < 0 .1  fo r  ^ T m , 
iSTAu. Thus we predict appreciable corre la tion  in ^^Mn, but very  little 
(c 0. 01) in Au.

O bserved facts on correla tion s in resonance data

Let us con sider 169тт where the m ost com plete analysis has been 
made [2]: 13 leve ls  X, 15 final states f.

с ( Г \ ; , у ^ ) д х е ^  varies  from  - 0 .2 4  to + 0 .7 9  fo r  different f. The 
average value is 0. 27. The sum is  с 4.

f
This sum is rather la rg er  than the channel capture theory preducts, but 

is  in the right area . H owever, there are seriou s d ifficu lties with m ore 
detailed features:

(1) C ontrary to the prediction  that states f with strongest (dp) groups 
should have the strongest correlation , с is  weaker for  states f with strong 
(d, p). (If the strong (dp) groups a rose  from  the wrong channel spin, this 
might rem ove this ob jection , but this is unlikely .)

(2) Inspection o f the data suggests с (Г ^ ,у ^ с „  )fixedx ^  0 .27 , even at 
the 2 states (3. 9, 34 .8  eV) with very  large У ^  ' This con flicts  with the
p r e d i c t i o n t h a t c ( r ^ , y ^ ) - c ( r ^ ,  y ^ „ ) .

F inally, we note that the result o f summing over the distributions 
b e fore  taking the corre la tion  is  to in crease it from  0. 27 to 0. 68, an in
crea se  of 2 .5 . As we saw above,such  an in crease  is expected rather 
generally, and is  not th erefore  evidence fo r  the channel capture theory.

338U has been studied and no correla tion s found (Brookhaven) 
ls iw , I85w have been studied and no correla tion s found (Harwell)
^ M n  has 3 resonances (at 336, 1098 and 2355 eV) and 11 states f.
The corre la tion s c ( r ^ f ,  T fc ,) are + 0 .0 6 , 0 .73  and 0 .7 8 . A verage 
value 0 .5 0 . Value from  superposing distributions: 0 .8 7 .
The values of У\с, are 1 .2 , 0 .4  and 8 .3  eV . As expected, the 

strongest lev e l has the largest c, but the weaker two are reversed . The 
fact that (d, p) data include two channel spins because of the target spin 
may help to explain this.

On balance, it looks as if  55Mn may agree with the channel capture 
theory, both in general magnitude and detailed ch aracter o f the corre la tion s, 
but m ore  data are needed.

O bserved corre la tion  between (d, p) and therm al (n, y) intensities 

A positive corre la tion  has been found in many nuclei:

odd 45Sc, 55Mn, 165Ho
even 24Mg, 50,52Q^ 54pe^ 5 8 ^  138Ba, I40ce, ^ N d , 42Qa

The best case is  (n, y) where a very  strong correla tion  has been
found [3]. .
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In one case , a negative correlation  appears which has been the
subject of som e theoretica l speculation [4]. 59cQ and usin  also show 
s im ilar  effects (but note that the channel spin effect above may be partly 
respon sib le ). It is an open question whether the relevant therm al capture 
is m ostly  due to resonances or d irect capture. The case of S5Mn shows 
that resonances can be responsib le  even in lighter nuclei.

The corre la tion  in -^H o, if  therm al capture is due to resonances, is 
in disagreem ent with the Lane-Lynn m odel. In lighter nuclei, the m odel 
may be consistent with the data.

G eneralization of channel capture m odel (needed for , e .g . ,  1б9тт) ^

A way to generalize the above m odel is suggested by firs t  considering 
a specia l form  o f state f. A fter that we shall consider the general case .

Special case (a)

C onsider expanding the states X and f into product eigenstates o f the 
uncoupled Hamiltonian H target + Hparticie and suppose that f is  a single
product state o f the ground state of the target and an jü= 1 particle
orbita l u i. (This was considered by C lem ent.) f =U iX ^ .

Г  = I M - Pxf ' xf ¡

D

with -yfc„ =h^/m a^. MD is the total dipole m atrix elem ent of the target: 
M p = < (X c jD ^ rg ^  l x ^ ^  and уд_срis the amplitude fo r  the dipole state 
Xp (oc D target X c„) and Ui in X. The firs t term  gives corre la tion s ( I^ f , y^c,)' 
while the second does not unless Ухс^ YXc, are corre la ted .

Special case (b)

We may argue that the second term  does in fact contain a part p ro 
portional to y^co and so contributes to the corre la tion . This may be ex
posed by invoking the co lle ctiv e  dipole coupling between target and particle . 
The m odified approxim ate Hamiltonian is

H =H, , +H , +H ..0 target particle dip. coupling

This has eigenstates like:

"o X c . + O'oUlXD
with <?Q, a*i «  1

" A  + C 1 U0XD

Let us suppose that f is a state of the latter type. We then have

M x f  = T x c  < " l  I d I > + y ^  y ^ M p  + <^y ̂  у ^ < U o  I d I Ui > 

+ " l T f c ^ X c ^ D
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The firs t and last term s give a correla tion  between r\ f and y^co- If 
(< ïilV [p )> (u ]Jd l U()^, then the last term 'dom inates. (This ratio o f these 
quantities determ ines the relative value of co llective  and d irect capture; 
estim ates fo r  A ^  190 suggest that the form er may dom inate.) On con 
sidering the expansion of X into the co llective  eigenstates above, may
be split into a part proportional to y ^  and a random part.

?Х со"<*о7\с,,+Т\ср say

thus:^

M\f = + >)

+ 7 fc . 7 x C p < M D + " l< " o ^ l" l> .,

The firs t part gives the corre la tion  ( I \ f , y ^  ) while the second does not. 
The im portance of the two is determ ined by 0'о')'хс,/'Ухср' i - e .  by the extent 
to which the adm ixture of state u^Xp in X can be accounted fo r  by the co l
lective  coupling acting on the component uoXo o f X. F or  the region  A ^ -190, 
we can estim ate <(X¡u^Xp]>2 a s (l /2 7 r )rD /(E -E ^ )2 ) where Г is the dipole 
state width (̂ - 4 MeV) and (E -E f  ) is  the energy separation of X and 
UiXp^- 8 MeV so : ^X ¡u^Xp ^ 2  — 0.01 D. The co llective  mixing gives 
0 .06  o*oD. Since <?Q <K 1, the co llective  m ixing is probably not the dominant 
part of (x lu iX p ^ B ^  go thg correlated  term  in M^f is  probably not 
dominant. N evertheless reasonable values like 0 .05  would give a s ig 
nificant corre la tion  (c^- 1 /3 ).

G eneral case

We may regard a general final state f as containing a part 
(^ X Q  + auQXp) plus the res t. The rest w ill contribute an extra part to the 
above M ^ f, from  which we can extract a part containing y -^  7fcp so the 
final structure of M^f is : °

M . ,  = y , y, A + y , у'. В\ f  ' f c .  ' \ c ,  ' f c ,  ' X c p

у у ' c + M 'X.C, f c p  X f

A, В are given by the above form : c^ M p  + ̂ Q^U gldlu^)*; y ^  , y L  and 
M ^ a r e  random . The firs t  term  corre la tes  (Г^, y^ .) and (Г^у, y^c.) ^ e  
second corre la tes  (T\f, y?c.) but not (r^ f, y\c,)- The third corre la tes  
(r^ f, y^g) but not (T^f, y ^ )  and the last gives no corre la tion s.

We may regard this form  o f M\f as a reasonable practica l form  for 
the analysis o f the data. Once it has been shown that it is consistent with 
the data, then m ore  attention can be given to the expected magnitudes of 
А, В, С to see if these agree with observed values. F or exam ple, the data 
on Tm  suggest that the term  in С dom inates those in A, В fo r  this nucleus.

On form ing the mean width (over X) with the above form :

, = Уг  < y ' 3 > B 3 + ( A y ,  + c y l  ) 2 < у ?  )  +  < M '> 2
^ \ f ^ a v . o n \  ' f c o  '  XC]-) fco  '  \ M \
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If this fluctuates with f, this w ill be d irect evidence for the corre la tion  
effects (s im ilarly  if  fluctuates with X). If such fluctuations
are strongly corre la ted  with y^_ , this is  evidence fo r  С «  A, B. On 
averaging over f: °

Jeon + [r\f]uncorr

where

[ I \ f  1 e r ,  = < Y f c ,  в '  +  < y ^  > < Y ^  >  л '  +  >  c '

ГГ 1 =^\f^uncotc

In the i69Tm analysis, evidence was found fo r  a corre la tion  с ( Г ^ ,  Г ^ )  of 
^ -0 .0 9 . On the present picture this correlation  appears as:

r - i r  r '  t -  [ T r i c o n  [ r { f ] c o [ [
^  ^  ^

so the observed  value im p lies: [I\ f] ^  in general agreement
with с , y ^  ) ^  0. 27.

General com m ent on th eoretica l position  about correlations

At firs t sight it seem s very  unlikely that there should be correlations 
between T\f and y\c„ in a nucleus like n °T m . The observed values of 
y\c„show that only about one 10*5 part of a resonance X consists of the 
entrance channel com ponent. It follow s that, fo r  an arbitrary final state f 
(where the fraction  o f entrance channel component is a lso  very  sm all,say 
10*3), there cannot be any significant correlation  between I\f and y\co - 
If such w ere observed , it could only mean that the non-entrance channel 
com ponents in in terfere in a system atically  destructive fashion to give 
a contribution to T^f which is much le ss  than expected from  random signs 
(which im plies r \ f /I\ f(c  ) <x the number of channels involved). This would 
be hard to understand since it means that the entrance channel is "sp ec ia l"  
fo r  no obvious reason .

When f is a single product state involving the target state, then, as we 
have seen, it is easy to see that a strong correlation  is im plied (since this 
structure o f the state f means that the entrance channel is indeed specia l). 
F o r  actual final states f, where the entrance channel fraction  is usually 

0 .1 , it is rather surprising that observed correla tion s are so la rge . To 
put this in another way, when 8 ^  is ^ -0 .1 , this means that about 10 
channel states play a com parable ro le  in the states f. Thus the above form  
o f Mxf should rep lace  Co by these states c, and sum over them. F or c o r r e 
lations like , y ^  ) involving Cg quantities, these new elem ents are 
e ffective ly  random, w^ich means in с that they do not contribute to the 
num erator, but they in crease  the denom inator by ^-10, making c ^  0 .1 .
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This is difficult to isolate in practice  because of in terference between 
levels  (including possib le  negative energy levels) which can give sim ilar 
e ffects . The standard method is to look at

cr(n, f-y) 
total a (n, y)

as a function o f neutron energy (e .g . Brookhaven work [5] and Saclay 
work [6]). Near a truly isolated resonance without background this w ill be 
constant. In practice , on norm alizing at the resonance centre deviations 
of up to 50% are som etim es observed in the wings.

2. EXISTENCE OF DIRECT CAPTURE IN THE RESONANCE REGION

Target Ey
(keV) range of deviation

Observed 
direct capture (at 1 eV)

(mb)

59CO 7490 E„ = 0 -100 eV 10

197AU 6245 E  ̂= 0 - 4 eV 1

207 Pb 7 .3  MeV near 43 keV res. 40

238 U 4059 1 0 - 20  eV 1.6

The channel capture theory pred icts typically 40 6 ^  mb for a ( l  eV). 
Potential capture with the Saxon-W oods w ell gives values 2 0 -3 0 0  9̂  mb. 
The observed values agree with these estim ates using reasonable values of 
Ofc, - As an example of uncertainty arising from  negative energy resonan
ces, a fit can be obtained to the Au with zero d irect capture if  such 
resonances are invoked [7].

The channel capture theory predicts that d irect capture should be 
la rger (and so m ore evident) in cro ss -s e c t io n s  fo r  final dates f with large 
values of 9 ^  . It would be nice to see this in the data, but this is rather 
too sophisticated a m atter at the present stage. In future it may be p os
sible to reveal this effect.

3. THE ANOMALOUS BUMP IN THE PHOTON SPECTRUM

This is the excess  of photons of energy 5 - 6  MeV observed in nuclei 
A * '-100 -  140, 1 8 0 - 200, but especia lly  for A *̂  195 -  200, where it is a 
strong bump or group on the background.

While the data w ere only therm al capture, it rem ained an open 
question whether the bump cam e from  resonance capture or from  a 
d irect capture p ro ce ss . It was shown that d irect capture could not 
explain the observed  magnitude [1] by a factor of 0 .1 - 0 .0 0 1 .  
cr (n, y) fluctuated violently with A in a manner suggesting that resonance 
effects are dominant. Recently d irect observation  of resonance capture 
(e .g . ^ A u )  shows that resonances do indeed show the anomalous bump. 
One can then ask whether the channel resonance term  could explain this.
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Lane and Lynn [1] found that the observed  magnitudes w ere too large (by a 
fa ctor  of 5 -1 0 ) .  Further, as we have seen above, this channel capture 
cannot explain the large (I\ f, y \ c ,) correlations which shows that the 
entrance channel ro le  in r^f is  m ore important than channel resonance 
capture can explain. Thus the basic  question is : "Is the bump associated  
with the entrance channel part of À ( i .e .  with the correla ted  part of 
or not?"

At firs t  sight the answer is  yes because capture due to the entrance 
channel component would predict a group at about the co rre ct  energy 
Ey = 5 - 6  MeV, since the single particle  3pi state o ccu rs  at such a binding 
energy. (Note that the 4St state occu rs just below zero energy in this 
m ass region . H owever this fact does^not affect the energy of the bump; 
it may contribute to its s ize  in that is la rger than usual, and possib ly  
the dipole integral is la r g e r .)

Having seen that the entrance channel part of X predicts the co rre ct  
energy o f the anom aly in therm al capture, let us now con sider whether it 
is  su fficiently large, i . e .  whether is the la rger fraction  o f r^ f. In 
i69Tm, we know d irectly  from  the observed corre la tion  that 0. 27
on the average. This fraction  would be rather too sm all. H ow ever, we 
may now argue that there w ill be other channel states in X corresponding 
to low -ly in g  excited target states which predict the co rre c t  energy of the 
anomaly and have <5Г  ̂ of com parable magnitude. Actually no anomaly is 
found in Tm , o r  nuclei of A< 180, except possib ly  in broadened fo rm . This 
is what might be expected qualitatively from  the large deform ation which 
spreads out the final 3p state. We could apply the sam e argument above 
to Au, where a strong anom aly is observed, but we have no observed value 
o f с to guide us. It seem s likely that с is sm all so it rem ains unsettled 
whether the entrance and low -excited  parts of X are sufficient to dominate

This question seem s to be clinched by the observed fact [8] that the 
anomaly p ersists  when the neutron energy is ra ised  to 3 MeV and also that 
its position  rem ains at Ey = 5 - 6  M eV. It would be hard to explain this in 
term s o f entrance and low -ly in g  channel com ponents. At 3 MeV -C = 0, 1, 2 
waves are  im portant. It would seem  a rem arkable coincidence if the
3 MeV  ̂ = 1, 2 capture occu rred  in just such a way as to give an anomaly 
like the therm al ^=0 capture. (In any case, there is no final Í = 1 or 3 state 
at an energy to cause a 5 -  6 MeV group in Í = 2 capture. )

Thus we must reluctantly d ism iss  the fact that entrance channel cap
ture gives a group at the right energy as coincidence, and regard the 
anomaly as arising from  the anomalous behaviour o f ^ as a function
o f f, without any specia l re feren ce  to the low -lying channel com ponents.
The observed lack of dependence o f the anomaly on neutron energy suggests 
that not only does fo r  fixed f, h a v e a b u m p a t ( E x - E f ) = 5 - 6 M e V ,
but that this is the sam e fo r  all f over the first 5 MeV o f excitation energy. 
(The latter is an aspect of the Brink hypothesis, that the photon strength 
function is  independent of the target state.)

Another coincidence seem s to be the verd ict on another hypothesis, 
v iz . that the anomaly is due to an M l giant resonance [9]. If the M l r e s o 
nance energy is taken as the sp in -orb it splitting o f the large j orbits, then 
5 - 6  MeV seem s reasonable. H owever, the M l sum -ru le  predicts a m axi
mum strength of about of the E l sum, while the observed  strength in 
Au is 2%. Further, accord ing to recent theoretical results of W. Hay,
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th ere  is  an upward c o lle c t iv e  re p u ls io n  e ffe c t  that puts m ost o f  the M l 
stren gth  about 1 M eV above  the sp in -o r b it  sp littin g, so  that the p red icted  
en erg y  is  not quite r igh t. The fin a l c lin ch in g  datum  is  that d ir e c t  m e a s 
u rem en t show s so m e  stron g  lin es  in  the an om aly  to be E l [10].

'P y g m y ' E l re so n a n ce  h ypoth esis

T h is  is  now the a ccep ted  in terp re ta tion . T h e o re t ica lly  it is  not un
ex p ected  to  find a sligh t e x c e s s  o f  strength  in the 5 - 6  M eV re g io n . F o r  
exam p le  in a 1 p -  1 h d iagon a liza tion , P a l, S op er  and Stam p (H arw ell R ep ort) 
found that a few  p e r  cent o f  the d ip o le  strength  in 208рь rem ain ed  in the 
re g io n  o f  the s tron g  unm ixed 1 p -  1 h tra n sition s  at around 6 M eV . (T his 
ag reed  with data by  A x e l fr o m  the (y, y) r e a c tio n . ) It is  not u nreasonable  
to  ex p ect th is situ ation  to  p e r s is t  o v e r  a range o f  A .

W hen a le v e l o r  grou p  o c c u r s  sy s te m a tica lly  o v e r  a range o f n u cle i, 
it is  n ice  to be ab le  to  pin a c o l le c t iv e  la b e l on it . In th is ca se , the on ly 
p o s s ib le  candidate is  the sp in  d ip o le  re so n a n ce  a s so c ia te d  with the o p e ra to r  

z ¡cr ¡. In light n u cle i lik e  ^ C a ,  th is is  exp ected  at an en erg y  rough ly  
equal to the usu al d ip o le  en erg y  (s in ce  S and T are  s y m m e tr ica l fea tu res  
o f  su ch  n u c le i). F o r  heavy  n u cle i th is sy m m e try  fa ils  in v iew  o f the la r g e T  
o f  n u c le i and S -m ix in g  due to  sp in  orb it f o r c e s .  A ca lcu la tion  fo r  90z r  
fin ds the s p in -d ip o le  strength  at 11, 13, 17 and 21 M eV, with the usual 
d ip o le  at 16 M eV  and the m ean l p - l h  en erg y  at 11 M eV . It is  in terestin g  
to  se e  that an in cr e a s e  in n orm a l d ip o le  strength  o c c u r s  at each  o f  the 
s p in -d ip o le  g ro u p s .

T h is  su g gests  that the m ixin g  o f  the n o rm a l d ip o le  state into the m u lti
tude o f l p - l h  states o c c u r s  m ain ly  through the o th er  c o lle c t iv e  m o d e s .
Thus it is  quite p o s s ib le  that the pygm y re so n a n ce  at 6 M eV in  2°8рь can be 
iden tified  a s  a bran ch  o f  the sp in -d ip o le  c o l le c t iv e  sta te . T h is is  being  
studied at p re se n t.

P r o b le m  w ith the an om alou s bump

T he bum p is  o b s e rv e d  in the gam m a sp e ctra  o f  (d, py) r e a ctio n s  w here 
E j and Ep a re  fixed  [11 ]. When th ese  e n e rg ie s  c o rre sp o n d  to E^ ^-1 M eV, 
the bum p is  ra th er  w ea k er  (in con tra st to the (n, y) r e su lts , w h ere  it 
rem a in s  s tro n g ). E xcep t fo r  th is , the (d, py )a n d  (n, y) sp e ctra  a g re e .

No bum p is  o b s e rv e d  in the sp ectru m  o f  photons fr o m  the An (n, n 'y )  
re a c t io n  with E^ = 7 .5  M eV  [12 ]. The Au (n, n ') data a g re e  w ell with the 
s ta t is t ica l m od el, and su ggest that m ost n re a ctio n  events lead  to the 
e m is s io n  o f  lo w -e n e r g y  n eutron s lea v in g  the ta rg et nucleu s just above its 
neutron  th re sh o ld . Thus one ex p ects  the photon sp ectru m  to  d isp la y  the 
an om aly , but it d o e s  not. T h is is  e x tre m e ly  stran ge  at f ir s t  sigh t. H ow 
e v e r  the explan ation  m ay be s im p le . B ergq u ist et a l . [12] a ssu m e  (as 
m ost o f  us w ould) that photons fr o m  (n, y) a re  n eg lig ib le  in num ber c o m 
p a red  to  th ose  fr o m  (n, n 'y ) when E^ ^  7. 5 M eV . H ow ever , in a rough 
ca lcu la tion , w ithout s tre tch in g  any n u m bers, I estim a te  that the two 
s o u r c e s  o f  photons cou ld  be com p a ra b le  fo r  photons o f en erg y  ^-4 M eV .
The m ain  'input' o f  the ca lcu la tion  is  the photon a b sorp tion  c r o s s -s e c t i o n  
on any n u c le a r  state  as a fu nction  o f  .photon en erg y  and the le v e l  d e n s it ie s .
I have taken o b s e rv e d  v a lu es o f  the la tte r  (e sse n t ia lly  p(U) ос exp2\ iaU , 
w h ere  a ^  19 fo r  A u). F o r  the fo r m e r , I have u sed  the E l  su m -r u le  fo r
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the in te g ra l va lu e, and have tr ie d  v a r io u s  rea son a b le  m o d e ls  fo r  the actual 
e n e rg y  depen d en ce  ( e .g .  (1) re so n a n ce  fo rm  cen tred  at the d ip o le  peak 
Ey =14 M eV ; (2) constant o v e r  an en erg y  range o f 20 M eV ).

A cce p tin g  that the two s o u r c e s  o f  photons m ay be co m p a ra b le , one 
m o r e  assu m ption  is  n eeded  b e fo r e  we can  say  that th ere  is  no p ro b le m  o v e r  
the a b sen ce  o f  an an om aly , v iz .  that the (n, y) sp ectru m  at E^ = 7 .5  M eV 
has no an om aly  in it . S ince the an om aly  has been  seen  o v e r  the range 
E^ = 0 -  4 M eV , such  an assu m ption  is  not tr iv ia l .

F in a lly , w e note that the p o s s ib ility  o f  the two s o u r c e s  o f photons 
bein g  co m p a ra b le  m eans that a (n, y) is  co m p a ra b le  with a (n, n ') .  T h is 
f l ie s  in the fa ce  o f  trad ition a l b e l ie f  and cou ld  lead  to  so m e  v e r y  startlin g  
im p lica t io n s . T he re a so n  fo r  the new re su lt  is  e sse n tia lly  that the la rg e  
ra tio  o f  fin a l state d e n s it ie s  fo r  (n, y) and (n, n ') can  com p en sa te  the sm a ll 
ra tio  o f  the in tr in s ic  у and n w idths.
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Abstract

SEARCH FOR SIMPLE CONFIGURATIONS IN THE CAPTURE STATE OF (n, y) REACTIONS. The 
in fluence  o f  sim ple configurations contained in the capture state o f  various (n ,y )  reactions is investigated.
A detailed com parison o f  the primary transition probabilities in (d ,p )  and (n ,y )  reactions to the low -ly in g  
levels  o f  the fina l n ucle i shows in a few cases a dominant in fluence o f  the entrance channel on the primary 
gam m a radiation (channel capture). H owever, in the most cases the gam m a-ray transitions cannot be 
explained by the contribution o f  the entrance channel to the capture state. In cases where a dominant 
channel capture is to be  expected  the in fluence o f  potential capture and resonant channel capture is investi
gated . For this purpose estim ations for both terms o f  the channel capture perform ed earlier are used. In 
the rem aining cases a qualitative interpretation o f  the gam m a-spectra  is attem pted by means o f  other sim ple

1. INTRODUCTION

The an om alou s b eh a v iou r  o f  sp e ctra  fo llow in g  the capture o f  th erm al 
n eutron s w as the f ir s t  hint o f  the in flu ence o f  s im p le  con fig u ra tion s  in the 
cap tu re  state on the p r im a ry  g a m m a -ra y  tran sition  p ro b a b ilit ie s  [1 ]. The 
p r e s e n ce  o f  such  con tribu tion s w as c o n firm e d  in m any c a s e s  by  the o b s e r 
vation  o f  co n s id e ra b le  c o r r e la t io n s  betw een  the red u ced  p r im a ry  tra n 
sition  p ro b a b ilit ie s  in the (n ,y ) r e a c tio n  and the (21+ 1)S v a lu es  in the (d, p) 
r e a c t io n  fo r  le v e ls  w ith In = 1. T h is phenom enon is  often  ca lle d  ' d ire c t  
ca p tu re ' . Such a notation  is  in a w ay m islea d in g  b e ca u se  usu ally  we use this 
te rm  on ly  in  con n ection  w ith r e a c tio n s  show ing giant re so n a n ce  stru ctu re . 
H ow ever , neutron  captu re  is  a ty p ica l com pound re a ctio n .

T he w ave function  o f  the captu re  state can b e  expanded in te rm s  o f 
b a s ic  fu nction s and conta in s the en tran ce  channel and b a s ic  sta tes w hich  
a r is e  fr o m  the en tran ce  channel by  a sin g le  tw o -p a rt ic le  in tera ction  
(d oorw a y  sta tes) and a lso  m o r e  co m p lica te d  b a s ic  sta te s . C o rre la t io n s  
betw een  the p r im a ry  tran sition  p ro b a b ilit ie s  in both  r e a c tio n s  can in d icate  
on ly  an e sse n t ia l con tribu tion  o f  the en tran ce channel to the p r im a ry  
g a m m a -ra y  in te n s itie s . T h e re fo r e , the term  ' channel cap tu re ' in trod u ced  
by  L ane and Lynn [2] is  a b e tte r  notation  fo r  th is phenom enon . On the 
o th er hand, stro n g  p r im a ry  g a m m a -ra y  tran sition s w ere  found a lso  to 
le v e ls  with no o r  with on ly  re la t iv e  sm a ll 1^=1 stren gth . T h is beh av iou r  
cannot b e  in te rp re te d  b y  channel cap tu re , h ow ev er , it can b e  exp la ined  
by  the in flu en ce  o f  o th er  s im p le  con fig u ra tion s  contained  in the capture 
sta te .

The p re se n t p aper sh ow s a few  p o s s ib ilit ie s  to deduce in d ication s fo r  
su ch  s im p le  co n fig u ra tion s  fr o m  the ex p erim en ta l re su lts  o f  neutron 
cap tu re .

5 2 7
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2. THE CONTRIBUTION O F THE EN TRAN CE CHANNEL

The channel part cau sed  by  the con figu ra tion  'ta r g e t  ground state + 
n eu tron ' in the captu re  state has b een  in vestigated  in s e v e r a l papers 

[2 -4 ]  with the lim ita tion  on E l transitions'*' to the lo w -ly in g  le v e ls  o f  the 
p rod u ct n u cle i in  the m a ss  re g io n s  40<: A ^ 6 5  and 1 8 0 ^ A ^ .2 1 0 . T h ese 
in vestig a tion s  dem on strate  that at le a s t  in the s -g ia n t re so n a n ce s  the 
channel captu re  o r ig in a te s  m a in ly  fro m  the ' ex tern a l' re g io n  o f the 
n ucleu s [4 , 6]. F ro m  th is fo llo w s  a d ir e c t  re la tion  betw een  the channel 
and the sca tte r in g  c r o s s - s e c t i o n s .  C on sequen tly , the channel c r o s s -  
se c t io n  has a sm ooth  part (potential capture) and a part fo llow in g  the 
com pou nd re so n a n ce s  (reson an t channel captu re) both  o f w hich  in te r fe re  
with each  o th er .

E stim a tion s  o f  the channel c r o s s -s e c t i o n  in the reg ion  o f  the 3 s -g ia n t 
re so n a n ce  (4 0 ^ A ^ ,6 5 ) g ive  fo r  the potentia l c r o s s -s e c t io n  [4]

80 m b ^
°P°t" (E /e V ) i  ( )

that is  fo r  th erm al neutrons

Opot (therm ) = 0 .5 b  (lb )

F o r  the ra tio  o f  the reson an t channel c r o s s -s e c t io n  to the com pound c r o s s -  
se c tio n  we obtain  rough ly  (fo r  1 = 0 re so n a n ce s )

Г°
0.15 ^  (2)

° c a p  Г  у

This show s that a p redom in ant channel capture can b e  ex p ected  on ly  in 
th ose  r e so n a n ce s  w here the sca tte r in g  s tron g ly  p r e v a ils .

S im ila r  v a lu es  w e re  obta in ed  fo r  the m a ss  reg ion  180<¡ A ^  210. H ow 
e v e r , in th is c a se  the assu m ption  o f  the m ain  contribution  to the channel 
part com in g  fr o m  the ex tern a l re g io n  o f  the n ucleu s is  doubtful b e ca u se  
th ere  is  no in flu en ce  o f  a s -g ia n t re so n a n ce .

3. E X P E R IM E N T A L  EVIDEN CE FO R CH ANNEL CA PTU RE

N eutron  capture g a m m a -ra y  sp e ctra  a re  m o stly  known on ly  fo r  th erm al 
neutron  cap tu re . In g en era l, both  capture states with the sp ins I¡ = J g i l / 2  
a r is e  (Jg = ta rg e t spin; 1 = 0  captu re  is  su p p osed ). F o r  e v e n -e v e n  target 
n u c le i the sp in  is  w e ll defin ed  as Ii= 1 /2 .  In th ese  c a se s  p rop ortion a lity  is  
to b e  ex p e cte d  betw een  the re d u ce d  p ro b a b ilit ie s  o f  the p r im a ry  E l 
tra n sition s  B (E 1) and the (21+ 1)S v a lu es o f  the (d, p) r e a ctio n  to ]^= 1 le v e ls . 
T h is stron g  co r r e la t io n  is  u sed  frequ ently  as a c r ite r io n  fo r  channel cap tu re .

'  T h e M l channel capture has not been  investigated in detail so far. Estimations are given  by 
Lynn [ 5 ] .
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T ab le  I g iv e s  a su rvey  o f  the co rre la t io n  c o e ffic ie n ts  found in the m a ss  
re g io n  c o n s id e re d  togeth er  w ith the p ro p o se d  in te rp re ta tio n s .

G en era lly , fo r  odd ta rg e t n u c le i p rop ortion a lity  betw een  (n ,y ) and 
(d, p) stren gth s cannot b e  ex p ected  even  in the c a se  o f  channel cap tu re . 
This can b e  e a s ily  seen  by  an alysin g  the tra n sition  p rob a b ility  fr o m  the 
en tran ce  channel with sp in  I¡ to a fin al le v e l If with the am plitude C^(J¡)If) 
o f  the b a s ic  function  't a r g e t  ground sta te+  j n eu tron ' (1=1 ; j = 3 /2 ,  1 /2 ;
Jg = ta rg et spin)

B ( E l ; I i - I f ) - ( 2 I f + l )
Í1

^  J 2 j + 1 Cj; (Jo If) j
Jo l i  IfJ  J

(3)

H ere the coup ling  sch e m e  ¡s  1; j)> is  u sed .
If both  capture sta tes I¡ = Jo ± 1 /2  con tribu te  (m ixin g  co e ffic ie n ts  

b (I ;))  it fo llo w s  that

B ( E l ; - I f )  = ^ b ( ^ ) . B ( E l ; I ^ I f )  (4)

li

The am plitudes Сд (Jglf) a re  d ire c t ly  re la te d  to the s p e c t r o s c o p ic  fa c to r s  
o f  the (d, p) r e a ctio n  (n denotes the num ber o f  a ctiv e  p a rt ic le s )

S ( l ) = n - ^ ( J . l f )  (5)
j

C om p arison  o f  (2If + l)S , w here S = S(1) is  g iven  by  E q .(5 ), w ith E q .(3 ) 
sh ow s that the p ro p o rtio n a lity  is  d istu rbed  b y  the 6 j -s y m b o l and the 
s ta t is t ica l fa c to r s  and a lso  by  the in te r fe re n ce  o f  the j = 1 /2  and j = 3 /2  
con trib u tion s . F o r  odd  ta rget n u c le i the p r im a ry  tran sition  p ro b a b ilit ie s  
in  both  r e a c tio n s  a re  p ro p o rt io n a l to each  o th er  on ly  in the s p e c ia l ca se  
w h ere  both  p o s s ib le  capture sta tes a re  s ta t is t ica lly  d istr ibu ted  and the 
fo llow in g  con d ition  h olds

H ere , C j ¡(J o ,I ¡ )  is  the am plitude o f  the en tran ce channel. T h e re fo r e , in 
such  n u c le i dev iation s fr o m  p rop ortion a lity  cannot be  u sed  as an argum ent 
aga in st channel captu re  u n le s s  the p r im a ry  g a m m a -ra y  in ten sities  a re  
m u ch  g re a te r  than that ex p ected  a c co rd in g  to the In * 1 stren gth  [2 3 -2 7 ]. 
E v id en ce  fo r  channel captu re  can b e  obtained i f  ca lcu la tion  with E q .(3 ) 
a g re e s  w ith the ex p erim en ta l p r im a ry  tran sition  p ro b a b ilit ie s . T o  do this 
a know ledge o f  the w ave fu nction s o f  the final sta tes is  n e c e s s a r y .

In th is w ay, in form ation  on the capture m ech an ism  o f  the ^ V (n , y )^ V  
re a c t io n  cou ld  b e  obta in ed  [2 8 ]. H ere  the p r im a ry  tran sition s to the lo w - 
ly in g  le v e ls  in ^  V  cou ld  b e  exp la in ed  by  channel captu re , taking into 
a ccou n t a sm a ll con tribu tion  (10%) fro m  the s im p le s t  doorw ay  con figu ra tion  
¡^7/2(5/2) si^ ; ^  -  З / ' .
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T A B L E  I. INDICATIONS O F CHANNEL C A P T U R E  O F TH E R M A L 
NEUTRONS IN THE MASS REGION 4 0 ^ A g 6 5  (E V E N -E V E N  T A R G E T  
NUCLEI)

Target
nucleus

Number o f  
levels  used 
with 1д = 1

Correlation
coe ffic ien t

References °th
(b)

Interpretation

4°Ar 8 63 0 .7 [ 8 ,9 ] 0 .53 Potential capture is probable

<°Ca 5 0 .6 0 [ 10, 11] 0.22 Potential capture, positive 

on

" C a 12 0 .9 1 [ 12] 0 .67 Potential caDture, the positive 
resonances contribute 10% to 

"th

4*Ti 7 0.88 [ 1 3 ,1 4 ] 8 .3
dominant channel capture 
contributes only 10%  to o ^ :  
potential capture is not 
probable

s°Cr 9 0 .9 0 [1 5 ,1 6 ] 13 .5 Resonance at 5 .5  keV with 
dominant channel capture 
contributes only 20% to o ^ ;

" c r 8 0 .96 [1 7 ,1 8 ] 0 .7

on Oth

s<Fe 10 0 .9 7 [1 9 ,2 0 ] 2 .5 Channel capture due to the 
resonances at 7 .2 5  and 8 .0  
keV w hich are responsible 
for Oth

=*Fe [ 21] 2.6 A negative resonance with 
dominant channel capture 
generates o ^ ,  anticorrelations 
can be explained only by 
additional doorway c o n 
figurations [ 21]

^ N i 6 0 .9 9 [ 22] 4 .4 Known resonances contribute 
only 10% to potential 
capture to low -ly in g  levels 
is possible

60^1 7 0 .98 [ 22] 2 .5 Resonance at 1 2 .5  keV with 
dominant channel capture 
contributes only 30% to o ^ ;  
potential capture to low -ly in g  
levels  is probable

^ i 4 - 0 .1 4 [ 22] 15 Resonance at 4.6 keV with 
dominant channel capture 
contributes only 20% to o ^ ;  
potential capture is not 
probable
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H ow ever , in the c a se  o f  odd ta rget n u c le i ev id en ce  fo r  a dom inant 
chann el cap tu re  can a lso  b e  obta in ed  w ithout kn ow ledge o f w ave fu n ction s.
I f  the c o m p a r is o n  with (d, p) stren gth s is  lim ite d  to fin a l le v e ls  with the 
sa m e  sp in s  If=Jo + 3 /2  o r  ]f = J o -3 /2 ,  the p rop ortion a lity  is  p r e s e r v e d  
(E q .(3 )) . In the c a s e  o f  ^ V (n , y ) ^ V  a co m p a riso n  o f  the tra n sition s  to 
tw o le v e ls  w ith 1 {= 2 is  p o s s ib le . No co r r e la t io n  has b een  o b s e rv e d .

C on trary  to the g e n e ra l b eh a v iou r  o f  the odd  ta rg et n u c le i the gam m a 
s p e c tra  o f  ^ M n (n , y ) and ^^Cu(n, y) show  a r e lia b le  c o r r e la t io n  to (d, p) 
stren gth s fo r  lo w -ly in g  le v e ls  [7 , 27]. F o r  ^ C u  this cou ld  b e  exp la ined  
b y  a poten tia l cap tu re  to le v e ls  w ith n o tice a b le  am plitudes o f  the c o n 
fig u ra tion  't a r g e t  g rou nd  state  + pj n eu tron ' [27] b e ca u se  the p a rtia l 
cap tu re  c r o s s -s e c t i o n  o f  0.5 b a rn  to th ese  le v e ls  a g re e s  with the estim a ted  
p oten tia l c r o s s - s e c t i o n .  In the ca se  o f  potentia l captu re  the d istribu tion  
o f  the in itia l sp ins in the captu re  state c o rre sp o n d s  a p p rox im a te ly  to the 
s ta t is t ica l fa c to r s  (2 1 ¡+ l )  and E q .(4 ) is  red u ced  u sin g  the orth ogon a lity  
r e la t io n  o f  the 6j-s y m b o ls  to

B ( E 1 ; - I , ) - ( 2 I ;+ 1 ) .S ( 1 )  (6)

T h is  le a d s  to p ro p o rtio n a lity  betw een  (n, y) and (d, p) tran sition  
p ro b a b ilit ie s .

The captu re  m ech a n ism  o f  ^ M n (n , y) has not y e t b een  c la r if ie d . 
T h e rm a l neutron  captu re  is  ca u sed  on ly  b y  the known neutron  re so n a n ce s  
w hich  have no dom inant channel part with the ex cep tion  o f  the 2 .3 7 5 -k eV  
r e s o n a n ce . P oten tia l cap tu re  can be  n e g le c te d . T h e re fo r e , the c o r r e 
la tion  to (d, p) stren gth s is  an open  qu estion .

F req u en tly , the in terp reta tion  o f th erm al neutron  captu re  sp e ctra  is  
c o m p lica te d  by  the in flu en ce  o f  bound le v e ls .  A  d istin ction  betw een  potentia l 
and reson an t channel capture  is  d ifficu lt  even in c a se s  w h ere  a channel 
cap tu re  is  su g gested . T h ese  d iff icu lt ie s  can b e  o v e r c o m e  by  m ea su rem en ts  
n ea r  the c o rre sp o n d in g  neutron  r e so n a n ce s .

In p r in c ip le , the potentia l c r o s s -s e c t i o n  can b e  p roved  with g rea t 
se n s itiv ity  in the v ic in ity  o f  re so n a n ce s  by  m ean s o f  in te r fe re n ce  e ffe c ts  
o f  the p a rtia l captu re  c r o s s - s e c t i o n s  fo r  final le v e ls  with 1^=1. H ow ever, 
the m utual ph ases betw een  potentia l capture and in te r fe r in g  r e so n a n ce s  
p e rm it , in g e n e ra l, s e v e r a l  in tep reta tion s . R e lia b le  id e n tifica tion s  fo r  a 
potentia l capture have b e e n  found fo r  the ta rg et n u c le i ^ C o , ^ P b  and 
238u [2 9 ]. The p a rtia l p oten tia l c r o s s -s e c t i o n  o b s e rv e d  fo r  the grou n d - 
state tra n sition  in ^°Co (^ 10  m b at 1 eV ) a g r e e s  re a so n a b ly  with the 
e st im a ted  valu e 20 m b at 1 eV ) fo r  a pu re  s in g le -p a r t ic le  le v e l [2 , 4] 
taking into accou n t the s in g le -p a r t ic le  stren gth  o f  th is le v e l .  On the o th er  
hand, the depen den ce o f  the p a rtia l c r o s s - s e c t i o n s  o f  5бмп(г^-у) and 
i^ A u (n , y ) in the n eigh bou rh ood  o f  the low est neutron  r e so n a n ce s  cou ld  be 
exp la in ed  by  the in flu en ces  o f  the n eigh bou rin g  re so n a n ce s , i .e .  without 
a p oten tia l cap tu re  [30 ].

W e w ish  to r e fe r  to the fa c t that a dom inant reson an t channel capture 
can  b e  ex p e cte d  in  so m e  re so n a n ce s  in the keV  re g io n  [4 ]. A cco rd in g  to 
E q .(2 ) th ese  a re  re so n a n ce s  w ith re d u ce d  sca tte r in g  w idths at le a s t  one 
o r d e r  o f  m agnitude la r g e r  than th e ir  gam m a w idth s. The re so n a n ce s  fo r  
n u c le i o f  m a s s e s  40<  A <  65 a re  co m p ile d  in T ab le  II. The la s t colum n  
sh ow s that b e s id e  and ^ F e  an in flu en ce  o f  these r e so n a n ce s  on the 
channel p a rt o f  the th erm al captu re  cannot be  ex p ected .
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The ex p erim en ta l id en tifica tion  o f  a dom inant channel capture exp ected  
fo r  th ese  r e so n a n ce s  is  p o s s ib le  fo r  even  ta rg et n u cle i by  co m p a riso n  with 
(d, p) r e s u lts , w h ereas in odd  ta rget n u cle i a ca lcu la tion  o f  the p rim a ry  
gam m a tra n sition s  by  m eans o f  known w ave fu nction s fo r  the in itia l and 
fin a l sta tes  m u st b e  p e r fo rm e d .

U ntil now neutron  capture  gam m a sp e ctra  a re  v e ry  d ifficu lt  to in v e s t i
gate in the k eV  re so n a n ce s , b e ca u se  the captu re  c r o s s -s e c t io n s  in the 
s ca tte r in g  r e so n a n ce s  lis te d  in T ab le  II a re  v e ry  sm a ll. H ow ever, the 
exam p le  o f  ^M n(n , y) [ 3 1 ] sh ow s that such  ex p erim en ts  can be  c a r r ie d  out. 
(In the sp e c ia l ca se  o f  ^ M n (n , y ) the two re so n a n ce s  at 1 and 2 keV  are  
not y e t su ffic ien tly  sep ara ted  to p e rm it an in terp reta tion  o f  the capture 
m ech a n ism .)

T A B L E  II. NEUTRON S1/2 RESONANCES FO R WHICH A  DOM INANT
CH AN N EL C A P TU R E  IS T O  BE E X P E C T E D
The r e so n a n ce  p a ra m e te rs  a re  taken fro m  R e f. [32]

Target
nucleus

Eres
(k e V ) 4

r °А n
(eV ) Г? a (eV )*

Influence 
on Oth

" T i 17 .3 4 57 0.1

51 у 4 .16 4 7 .9 0 .25

6 .8 4 3 15 .5 0.2

11 .75 3 51 2 .3 0 .5

s°Cr 5 .5 21 0.2

" C r 4 .2 7 0 .3

^ M n 2 .37 3 8.2 0.2

^ F e 7.2 5 13 3 0 .5 5

8.0 11 0 .3 5

s?Fe 3 .9 0 3 .2 1 0.1

6.1 1 5 .3 1 .7 0.2

s 'C o 5 .01 3 9 .2 1 0 .0 3

" N i 1 5 .5 12 0 .05

s°Ni 1 2 .5 23 0 .3

s*Ni 4 .6 19 0.2

not measured then ю 1 eV  can  b e  used.
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4. CONTRIBUTIONS O F FU R T H E R  CONFIGURATIONS IN THE C A P TU R E
ST A T E

The d e s cr ip tio n  o f  the p r im a ry  tra n sition  p ro b a b ilit ie s  by  channel 
cap tu re  is  p o s s ib le  on ly  in a few  sp e c ia l c a s e s . In g e n e ra l s e v e r a l  co n 
fig u ra tion s  in the com pou nd  state con tribu te  to the p r im a ry  gam m a 
tra n s itio n s . C on sequen tly , fu rth er  con fig u ra tion s  in  the fin a l le v e ls  can 
play an e sse n t ia l r o le .

It is  n e c e s s a r y  to con fin e  o u r s e lf  to re la t iv e  s im p le  co n fig u ra tion s  in 
the cap tu re  state b e ca u se  the num ber o f  con fig u ra tion s  r i s e s  v e ry  qu ick ly  
w ith th e ir  com p lex ity  and g en era tes  im m en se  d ifficu ltie s  in in terp re ta tion . 
T h is  lim ita tio n  is  a p p rox im a te ly  v a lid  i f  on ly  p r im a ry  tra n sition s  to low - 
ly in g  le v e ls  o f  the p rod u ct n u cleu s a re  co n s id e re d . In g e n e ra l, th ese  le v e ls  
contain  on ly  a few  im portan t s im p le  con fig u ra tion s  and E l tra n sition s  can 
take p la ce  on ly  fr o m  s im ila r  s im p le  con fig u ra tion s  in the capture sta te .

In s e v e r a l  c a s e s  the in flu en ce  o f  such  con fig u ra tion s  on the p r im a ry  
gam m a sp e c tra  cou ld  b e  v e r if ie d .  A s  in  the p re ce d in g  d is cu ss io n s  the 
m o s t  im portan t m ethod  is  the co m p a riso n  o f  (n, y ) and (d, p) r e a c tio n s  fo r  
the sa m e ta rg et n u c leu s . F o r  the d e scr ip tio n  o f  the tran sition  p ro b a b ilit ie s  
in both  re a c t io n s  we expand the fin a l states in te rm s  o f  paren t sta tes  o f  
( N - l )  n u cleon s cou p led  with a n ucleon  ¡s  1̂ ; [2 3 ,3 3 ]

w h ere  denotes total a n tisy m m etriza tion , and <r and ß a r e  additional 
quantum n u m bers om itted  in the fo llow in g . The c o e ffic ie n ts  C^ (J, If) 
conta in  c f p 's ,  s ta t is t ica l fa c to r s  and 6 j-s y m b o ls  cau sed  b y  the change o f  
the cou p lin g  sch e m e . The com pon en ts in E q .(7 ) w hich  have the target 
ground state  as paren t state con tribu te  to the s p e c t r o s c o p ic  fa c to r s  o f  
the (d, p) r e a ctio n  and w e re  a lre a d y  u se d  in E q .(5 ). If the capture state 
is  expanded in the sa m e w ay as the fin a l sta tes, the re d u ced  p ro b a b ilit ie s  
o f  the p r im a ry  tra n sition s  a re  g iven  by

with the con d ition s % = j3¡ = j3 and Jf = J¡ ± J; (^ f^ (E l)  o p e ra te s  on ly  on  the 
p a r t ic le  with num ber N ).

C on trary  to the (d, p) re a c tio n  a ll con fig u ra tion s  with com m on  parent 
states in the in itia l and in the fin a l state and with a llow ed  E l tran sition s  
betw een  ^  and con tribu te  to the (n ,y ) r e a c tio n . In E q .(7 ) n eutron s and 
p ro ton s  a re  not d istin gu ish ed . Thus n eutrons as w e ll as p roton s contribute 
to the p r im a ry  gam m a tra n s itio n s . F u rth er , the in flu en ce  o f  con figu ra tion  
m ix in g  in the cap tu re  state  as w e ll as in the fin a l state is  v is ib le .  H ence 
it  fo llo w s , that fo r  each  gam m a tran sition  s e v e r a l  s in g le -p a r t ic le  states 
can con tr ib u te . So, fo r  in sta n ce , b e s id e s  the con figu ra tion  o f  the entran ce 
channel ¡ {ßoJo}aj; 1 ^  w ith j = a lso  the con fig u ra tion s  with j = dg^ and 
dg/2  ( if  conta in ed  in  the captu re  state) can con tribu te  to the p r im a ry  gam m a

(?)

B fW f
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T A B L E  III. COM PARISON O F SP E C IA L  P R IM A R Y  TRANSITION 
PR O B A B IL IT IE S F O R  E V E N -E V E N  T A R G E T  NUCLEI

Final
nucleus

Level

Ex
(M eV )

In (i / 4 )  ,у У rel. V ^ A e l .
References

" C a 1 .9 5 1 1 1 [ 11, 12]

3 .9 5 1 1.2 2 .9

4 .7 6 1 0.8 7

" T i 1 .3 8 1 1 1 [ 1 3 ,1 4 ,3 5 ]

1 .7 2 1 0 .8 5 3 .5

4 .6 6 1 0 .3 5 3

5 .1 2 0 .7 0

"C r 0 1 1 1 [1 7 . 36]

2 .3 2 1 1.1 2
2 .7 0 1 0 .5 5 >15

3 .6 1 1 0 .7 5 2
==Fe 0 1 1 1 [1 9 ,3 7 ]

3 .0 2 1 0.2 8
3 .9 1 1 0.1 4

4 .4 9 1 0 .4 2̂0
4 .7 1 1 0 .3 5 4

"F e 0 .0 1 4 1 1 1 [2 1 ,3 8 -4 0 ]

0 1 1 6
1 .6 2 1 0.8 ю20
1 .7 3 1 0.8 a*10
3 .4 2 1 0 .9 1̂0
2 .3 8 0 .4

3 .1 8 0 .1 5

3 .2 4 0 .3 5

3 .7 9 0 .4 5

4 .2 0 1.1
4 .3 6 1
4 .4 5 0 .6 5

4 .68 0 .5 5



SEARCH FOR SIMPLE CONFIGURATIONS 5 3 5

T A B L E  IV . COM PARISO N OF SP E C IA L  P R IM A R Y  TRANSITION 
PR O B A B IL IT IE S F O R  ODD T A R G E T  NUCLEI

Final
Level

Ex
(M eV )

t̂l (Iy/Ey)rel,
/ l y / ÿ  \

References

<°K 2 .0 4 1 [ 4 ,2 3 ,4 1 ]

2 .0 7 1 -=  3 1
2.10 1
2 .2 9 (1) 0 .8 5 > 50

2 .4 1 1 2.2 > 50

2 .8 0 1 0 .9 > 50

3 .5 9 1 0 .7 > 40

2 .3 4 0 .3 5

2 .3 6 0 .3

2 .7 2 0 .7

2 .9 8 0 .3

3 .1 2 0 .3 5

3 .4 3 1.8
3 .6 6 1 .9

0 .0 3 3 0 .4 0 .3 5

0 .8 0 3 0 .5 5 0 .4

* S c 2.86 1 [4 ,  23]

2 .7 0 1 -  = 3 1
2 .4 4 1
1 .9 2 1 1 .5 > 30

2 .4 1 1 0 .9 > 5

0 .58 1 .4

0 .6 3 0 .4

2.20 0 .7

2 .4 1 0 .7 5

0 .2 3 3 0 .7 0 .2 5

0 .4 4 3 0 .3 5 0 .23
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tr a n s it io n s . Such in = 2 con tribu tion s in  the captu re  state can  decay  to  low  
ly in g  p -s ta te s  (1д -  1) as w e ll as to f -s ta te s  (1^= 3). C onsequently, on e can 
find ev id en ce  fo r  the com pon en ts 'ta r g e t  ground sta te +  d -p a r t ic le ' in the 
cap tu re  state fr o m  p r im a ry  tran sition s  to fin a l le v e ls  with In = 3. B eca u se  
w e c o n s id e r  on ly  E l tra n s itio n s , the m ethod  is  lim ite d  to ta rg et n u cle i 
w ith Jg^O , g e n e ra lly , that m eans to o d d -o d d  and e v e n -e v e n  final n u c le i. 
H ow ever, in the sa m e w ay o th er  con fig u ra tion s  lead in g  by  E l tran sition s 
to the sa m e  fin al con fig u ra tion s  a re  co n ce iv a b le  but the p re se n t m ethods 
a re  not y e t ab le to exam ine th e ir  con tribu tion s in  the cap tu re  sta te .

5 . EVIDEN CE F O R  CONFIGURATIONS BESIDE THE EN TRAN CE
CH ANNEL

U ntil now, w e c o n s id e re d  such con fig u ra tion s  in the captu re  state w hich 
can populate lo w -ly in g  le v e ls  (with s im p le  stru ctu re ) by  E l tra n sition s . 
G uided by  the re so n a n ce  s tru ctu re  o f  doorw ay  sta tes , w e can ex p e ct that 
on ly  a few  o f  th ese  con fig u ra tion s  play an e ss e n t ia l r o le  in the capture 
m e ch a n ism .

In s e c t io n  3 w e m en tion ed  an attem pt to r e g a rd  the s im p le s t  doorw ay 
con fig u ra tion  in the ^ V (n , y ) ^ V  re a c tio n . H ow ever, th is m ethod  fa i ls ,  i f  
s e v e r a l  doorw ay  states a re  r e sp o n s ib le  fo r  the gam m a tra n sition s  b e ca u se  
o f  the in cre a s in g  n u m ber o f  f r e e  p a ra m e te rs . In sp ite  o f  th is , qualitative 
h ints to sp e c ia l doorw ay  con figu ra tion s in the capture state can be  obtained 
by  stro n g  p r im a ry  gam m a tra n sition s  to 1̂  = 3 le v e ls  and a lso  to le v e ls  
w hich  a re  not o r  on ly  w eakly  populated in the (d, p) r e a c t io n . In T ab les  
III and IV a few  ex a m p les  a re  g iven  fo r  su ch  c a s e s .  F o r  even  ta rget 
n u c le i (T ab le  III) the v a lu es  Iy/Ey and (Iy /E y )/(2 I+ l)S  a re  g iven  re la t iv e ly  
to a le v e l w ith  ln= 1 e x c ite d  stron g ly  in both  r e a c t io n s . F o r  odd  target 
n u c le i th ese  v a lu es  a re  re la te d  to E(I /E ^ )/E (2 I+ 1 )S  fo r  the le v e ls  m ark ed  
by  } .   ̂ ^

S trong p r im a ry  gam m a tran sition s  to ln= 3 le v e ls  have been  o b s e rv e d  
in the o d d -o d d  p rod u ct n u c le i ^°K, ^ S c  and 6°C o  [23, 24, 26]. In the 
Í7/2 -s tre n g th  o f  the n eutron  grou p  is  con cen tra ted  m ain ly  w ithin the ground- 
state  m u ltip le t w ith the sp ins If = 2* up to У . The le v e ls  with If = 2" and 3' 
can  b e  re a ch e d  b y  E l rad ia tion  fro m  the cap tu re  sta tes (I¡= 1+, 2+) and they 
w ill b e  populated b y  s tron g  p r im a ry  g a m m a -ra y  tra n s itio n s . In 46Sc a lso  
stron g  p r im a ry  gam m a tra n sition s  to the 1^=3 le v e ls  at 228 and 444 keV 
have b e e n  o b s e rv e d , and w eak er  tran sition s to the le v e ls  at 0 and 838 k eV . 
The ln= 1 stren gth s fo r  the c o n s id e re d  le v e ls  in artd 6̂g c  a re  too  
sm a ll and not ab le  to exp la in  the gam m a tra n s it io n s . P o s s ib ly  th ese  
tra n s ition s  a re  ca u sed  b y  con figu ra tion s 't a r g e t  ground s ta te +  f -n e u trcn ' 
in the fin a l sta tes and 't a r g e t  ground s ta te +  d -n eu tron ' in the capture 
sta te . F u rth e r  stron g  tra n sition s  to le v e ls  with In = 3 have b een  found in 
^ M n  and 6°G o. In th ese  c a s e s  the in terp re ta tion  is  m o r e  d ifficu lt  b e ca u se  
o f  the s tro n g  con fig u ra tion  m ix in g  betw een  fg/g and p ^  s in g le -p a r t ic le  
sta te s .

F o r  even  ta rg e t n u c le i the v a r ia tion  o f  ( I y /E y ) /(2 I + l)S  fo r  sta tes with 
In = 1 sh ow s d ir e c t ly  the in flu en ce  o f  con fig u ra tion s  d iffe ren t fro m  the 
en tran ce  channel. In m any c a s e s  v a r ia tion s  o f  a fa c to r  o f  2 ...3  have been  
found (T ab le  III). H ere it should  b e  ex p ected  that th ese  'o t h e r ' con fig u 
ra tion s  con tribu te  w ith about the sam e stren gth  to th ese  p r im a ry  tran sition s
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as the en tran ce channel. On the o th er hand, s tron g  p r im a ry  tra n sition s  
have b een  o b s e rv e d  a lso  to le v e ls  e x cite d  v e r y  w eakly  in the (d, p) r e a ctio n , 
fo r  in stan ce  in the c a s e s  o f  ^ C a (4 .7 6  M eV ), C r(2 .70  M eV ),
^ F e (4 .4 9  M eV) and ^ F e (1 .6 2 ;  1.73; 3.42 M eV ). H ere the p r im a ry  g am m a- 
ra y  tra n sition s  m u st b e  ca u sed  co m p le te ly  by  con fig u ra tion s  d iffe ren t fro m  
the en tran ce  channel. The sa m e shou ld  b e  true a lso  in so m e  c a s e s  w here 
the In v a lu es  a re  not known.

F o r  odd  ta rg et n u c le i the situation  is  m uch  m o r e  co m p lica te d  b e ca u se  
g e n e ra lly  two in itia l sta tes con tribu te  and stron g  m ix in g s  o f  and 
s in g le -p a r t ic le  sta tes  a re  p o s s ib le . But in th ese  c a s e s  such  ex trem e 
v a r ia t io n s  o f  (Iy /E y)/(2 I+ l)S  a lso  o c c u r .  A s  ex am p les  we r e fe r  to the le v e ls  
in with In = 1 and Ex > 2 .2  M eV and a lso  to the le v e l at 1.92 M eV in ^ S c  
(T ab le  IV ). The p r im a ry  tran sition s  to th ese  sta tes m u st o r ig in a te  a lso  
fr o m  con fig u ra tion s  in the capture state w hich  a re  d ifferen t fro m  the 
en tran ce  channel.

Q ualitative  hints to the sp e c ia l con fig u ra tion s  in the captu re  state 
g iv in g  r is e  to th ese  ' a n t ico r re la t io n s ' m ay be  obta in ed  fro m  the s tru ctu re  
o f  the fin al sta tes , but in m o s t  c a s e s  such  in form ation  is  not a v a ila b le .
Only fo r  ^ S c  in form ation  about the le v e l stru ctu re  o f  lo w -ly in g  states 
ex is ts  fr o m  the ^ T i ( d ,  ^He) ^  g c  re a ctio n  [42 ]. H ere a stron g  tran sition  
with Ip = 2 has b een  found to Ex^ 0.6 M eV . In the (d, p) re a c tio n  two states 
at Ex = 0.58 and 0.62 M eV a re  populated w eakly , th e ir  ^ -v a lu e s  a re  not 
known [43 ]. Both le v e ls  a re  e x c ite d  s tron g ly  by  p r im a ry  tra n sition s  in the 
(n, y ) re a c tio n . If in a ll th ree r e a c tio n s  the sam e le v e ls  a re  populated, then 
the gam m a tra n sition s  cou ld  b e  ca u sed  b y  the p ro to n -h o le  con figu ra tion  
(0з/2&7/2) in the fin a l sta te s . But h e re  it shou ld  b e  noted  that in th is ca se  
the p r im a ry  tran sition s have M l ch a ra cte r .

F in a lly  it shou ld  b e  em p h a sized  that doorw ay  con fig u ra tion s  a lso  e x ist  
that show  a s im ila r  b eh av iou r  fo r  gam m a tra n sition s  to lo w -ly in g  le v e ls  as 
the ca se  o f  channel cap tu re . A s an exam ple the re a c tio n  54ре(п, y ^ F e  w ill 
b e  u se d . The ground state o f  the ta rg e t n ucleu s and the lo w -ly in g  le v e ls  o f  
the^final n u cleu s can b e  d e s c r ib e d  b y  the con figu ra tion s ¡ f ^ 2  ! 0^ and 
¡ f 7 /2 ( J ) j 'I f X  r e s p e c t iv e ly , w h e r e J = 0 ,2 ,4 ,6 a n d j  = ^ / 2 - P i/2 < .f5 /2 [4 4 ]. 
I t i s e a s y to s h o w th a td o o r w a y s t a te s  in the con figu ra tion  sp a ce  l(f?/2 )o (ji^ jg h j ;  1 ^  
with j = P3/2 and pi/g  (neutron) and a p a r t ic le -h o le  ex cita tion  ^
( j^ jg )  (proton  o r  neutron) lea d  to the sa m e re la tio n s  fo r  the tran sition  
p ro b a b ilit ie s  as in the c a se  o f  the en tran ce  channel ] (fy/g j * ; 1 ^  i f
w e c o n s id e r  on ly  tran sition s  to fin a l le v e ls  w ith the sam e sp in . B e ca u se  E l 
tra n sition s  can e x c ite  le v e ls  with the two sp ins 1 /2  and 3 /2 ,  d iffe r e n c e s  in 
the re la t io n s  betw een  th ese  two g rou ps o f  fin a l le v e ls  a re  e x p ected . O f 
c o u r s e , the d istin ction  o f v a r io u s  con fig u ra tion s  in the captu re  state should  
b e  v is ib le  at h igh er fin al le v e ls ,  but h e re  an in terp reta tion  is  m o r e  d ifficu lt .

6. CONCLUSIONS

In vestigation s o f  th erm a l neutron  captu re  r e fe r  to the fa c t  that in  som e 
c a s e s  on ly  the en tran ce  channel and a few  d oorw ay  states p lay  an e sse n tia l 
r o le .  The situation  fo r  the channel part o f  the re a ctio n  is  r e la t iv e ly  s im p le . 
H ow ever , the m ethods o f  in terp re tin g  th erm al neutron  capture gam m a 
sp e c tra  a r e , in g e n e ra l, not ab le  to d ecid e  betw een  potential and reson an t 
channel cap tu re . A dd ition a l c r it e r ia , e .g . the va lu e o f  the cap tu re  c r o s s 
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se c tio n  o r  the in flu en ce  o f  the n e igh bou rin g  r e so n a n ce s , a re  u sed  to get 
in form a tion  about th ese  d eta ils  (T ab le  I).

C on trary  to th is , in vestig a tion s  in  the neutron  r e so n a n ce s  se e m  to be  
m o r e  su ita b le . In addition  to the m ethod  o f  the se a rch  fo r  a potentia l 
cap tu re  by  a s y m m e tr ie s  in the re so n a n ce  c r o s s -s e c t i o n s  it  is  p ro p o se d  to 
p ro v e  so m e  s p e c ia l 1 = 0  re so n a n ce s  in the keV  re g io n  fo r  a dom inant 
channel captu re  (T ab le  II).

In d ications o f  o th er  s im p le  con fig u ra tion s  in  the capture sta tes (perhaps 
doorw a y  sta tes) cannot b e  e a s ily  in te rp re te d . W h ile  s p e c t r o s c o p ic  ev id en ce  
f o r  ce rta in  doorw ay  states in so m e  c a se s  have b een  obtained , in g e n e ra l, a 
ca lcu la tion  fa ils  b e ca u se  ph ases and am plitud es o f  such  con fig u ra tion s  in the 
cap tu re  state and a lso  the stru ctu re  o f  the fin a l sta tes a re  unknown.
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STATISTICAL CALCULATIONS OF 
NEUTRON CAPTURE RADIATION*
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Abstract

STATISTICAL CALCULATIONS OF NEUTRON CAPTURE RADIATION. The capture gamma-ray 
spectrum, the multiplicity, the population o f  the levels (isomer ratio) and the line density is calculated 
with a computer program using formulas for the level density and transition probability. With parameters 
for the level density and for the transition probability from other experiments good agreement is achieved 
in many cases. The number o f detected lines in a spectrometer is expected to increase with about the 
square root o f  the sensitivity o f a spectrometer.

1. INTRODUCTION

M easu rem en t o f  th erm a l neutron  captu re  rad iation  is  used in m ost 
c a s e s  to d ev e lop  the lo w e r  part o f  the le v e l sch em e  o f  the fin a l n u cleu s.
But m o re  in form a tion  can  be  gained fro m  neutron  capture rad ia tion . The 
n um erou s lin e s  fro m  the captu re  state to the in term ed iate  le v e ls  and fro m  
the in term ed ia te  le v e ls  to the d is c r e te  low  le v e ls  depend on  the le v e l 
d en sity  and tra n s ition  p ro b a b ility . I w ould like to d is cu ss  the d iff icu lt ie s  
and som e  re su lts  o f  ca lcu la tion s  w hich re la te  the le v e l den sity  and the 
tra n s ition  p ro b a b ility  to the w hole m ea su red  capture rad ia tion .

T h e re  a re  s e v e r a l  thousand le v e ls  betw een  the com pound state and 
the ground state in h e a v ie r  n u c le i. S ince m ost o f  th ese  le v e ls , th e ir  sp ins 
and p a rit ie s  o r  even  the r e sp e c t iv e  tra n sition  p ro b a b ilit ie s  a re  not known, 
s ta t is t ica l assu m ption s on  le v e l den sity , sp in  d istr ibu tion  and tran sition  
p ro b a b ility  m ust be used  to ca lcu la te  the neutron capture sp e ctru m . It 
is  ob v iou s  that the fo rm u la s  fo r  le v e l den sity  and tra n sition  p roba b ility , 
w hich  a re  a lso  not so  w ell known, a re  a rough s im p lifica tio n . A ll sp e c ia l 
re la tio n s  betw een  le v e ls  a re  n eg lected , such as ex ist , fo r  in stan ce , in 
rota tion a l bands. The К quantum num ber is  not u sed . A n om a lies  in the 
captu re  sp ectru m  cannot be explained by s ta t is t ica l ca lcu la tion s  such  as 
the 'g o ld  bum p' at 5 to  6 M eV , d is cu ss e d  by  B a rth olom ew  [1 ] , o r  the stron g  
tra n sition s  fr o m  the captu re  state in ^ C d  [2] and ^ D y  [3] to le v e ls  
n ear 3 M eV . But it should be p o s s ib le  to get som e  in form ation  on  the 
u se fu ln ess  o f  a s ta t is t ica l m o d e l.

T h e p u blica tion s on  a s ta t is t ica l m o d e l f o r  neutron  capture radiation  
d is cu ss  two q u estion s : (1) is o m e r  ra tios  and (2) ca lcu la tion  o f  the neutron 
captu re  gam m a sp ectru m , e sp e c ia lly  o f  the u n reso lved  part above 2 M eV .

H uizenga and V andenbosch  [4, 5] d e s c r ib e  a s im p le  m od e l to  c a lc u 
la te  is o m e r  r a t io s . T h is  m o d e l has been  used and im p rov ed  by  m any 
authors [6 -9 ] . P ön itz [10] su g gests  a ca sca d e  m od e l fo r  the ca lcu la tion  
o f  is o m e r  r a t io s . S e v e ra l pu b lica tion s apply th is o r  s im ila r  m od e ls  
[1 0 -1 5 ] .

*  Part o f  a H abilitationsschrift, Techn ische H ochschule, M unich, 1968.

5 4 1
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N eutron  capture gam m a sp e c tra  w e re  f ir s t  ca lcu la ted  by  B latt and 
W e issk o p f [16] and la te r  dealt with in m any p a pers [1 7 -2 1 ] . A ll th ese  
ca lcu la tion s  use in teg ra ls  o v e r  line den sity  t im e s  tran sition  p rob a b ility . 
T h ey  c o n s id e r  on ly  d ip o le  tra n sition s  in m o st c a s e s .  By th is m ethod o f  
in teg ra ls  the p ro p e rty  that the sp ectru m  co n s is ts  o f  d is c r e te  lin es  gets 
lo s t .  A ll th ese  ca lcu la tion s  fo r  is o m e r  ra tio s  and gam m a sp e ctra  p rovide  
argum ents fo r  le v e l den sity  fo rm u la s , sp in  c u t -o ff  fa c to r  and tra n sition  
p ro b a b ilit ie s .

2. CALCULATION S

A com p u ter  p ro g ra m  s im ila r  to the ca sca d e  m od e l o f  POnitz [10] 
w as d eveloped  to  ca lcu la te  a ll va lu es w hich have a re la tion  to a s ta t is t ica l 
m o d e l. The p rogra m  re q u ire s  a know ledge o f  the spin and the parity  
o f  the ground state, o f  the known le v e ls  and o f  the com pound state and 
fo rm u la s  fo r  the le v e l d en sity  and fo r  the tra n sition  p rob a b ility . Known 
low  le v e ls  a re  treated  indiv idu ally , but the unknown le v e ls  are  put t o 
geth er in grou p s with sam e sp in  J, sa m e parity  ?r and s im ila r  en erg y  
E ± d E /2 .  The p ro g ra m  ca lcu la tes  step  by  step  the tra n sition s  fro m  the 
com pound state to  a ll grou ps and to the d is c r e te  le v e ls .  T ra n sit ion s  
w ithin one grou p  are  n eg lected . A ll m u ltip o la rit ie s  a re  p o s s ib le , but the 
p ro g ra m  co n s id e r s  on ly  the sm a lle s t  on es  g iven  by sp in  and pa rity  d if 
fe r e n c e . O nly 0*0 tra n sition s  are not a llow ed . C on v ers ion  e le c tro n s  
are  not e s p e c ia lly  c o n s id e re d  beca u se  they  a re  re levant on ly  at sm a ll 
e n e r g ie s .

T h e tra n sition  p rob a b ility  S(A E, A J, Атг) depends on  en ergy , sp in  and 
p a rity  d if fe r e n c e s . The W eissk op f estim a te  [22] was u sed . S ince th is 
is  on ly  an approx im ation , h indrance fa c to r s  fro m  the pu blica tion  o f  
L öb n er  [23] w ere  added. T h ese  h indrance fa c to r s  m ay have d ifferen t 
v a lu es  fo r  lo w -e n e r g y  and h ig h -e n e rg y  tra n sition s  and a re  in terp ola ted . 
T ab le  I l is ts  the h indrance fa c to r s  u sed .

T he le v e l den sity  p(E, J, !r) is  a function  o f  the excita tion  en ergy , the 
sp in  and the p a rity . T h ere  a re  two fo rm u la s  fo r  the en erg y  d epen den ce: 
рос e ^ ^  and рос е ^ т  . A cco rd in g  to G ilb ert and C am eron  [24] the secont 
fo rm u la  fits  b e tte r  fo r  e n e rg ie s  be low  5 M eV . Adding the sp in  d is t r i 
bution  fo rm u la  [24] we get the le v e l den sity  form u la :

The p a rity  depen den ce o f  the le v e l den sity  is  not w e ll known at high 
en e rg ie s  but is  assu m ed  to be the sam e fo r  both p a rit ies  at the neutron 
cap tu re  en erg y  [25] . At low  en erg y  the p a rity  depen den ce is  ev iden t,by  
counting the known le v e ls .  T he known le v e l den sity  at low  e n e rg ie s  and 
at neutron  capture e n e rg ie s  (fro m  neutron re so n a n ce s  [2 5 ]) was u sed  to 
d e term in e  the p a ra m e te rs  T and E g . C on sid erin g  s e v e r a l  p u blica tion s 
[7, 11, 26, 27] a sp in  c u t -o ff  fa c to r  a = 3 (in som e  c a se s  fo r  co m p a riso n  4) 
w as taken. It should be pointed out that the com p u ter  p rogra m  d oes not 
fit p a ra m e te rs , but u se s  p a ra m eters  fr o m  o th er  e x p erim en ts  so  that the

e TM
E-Eo(ir)

2J + 1 2o2
2&3
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T A B L E  I. HINDRANCE FAC TO R S

AJ 1 2 3 ==4

— d state 5000 1 1 1
E {

1000 100 1 1

.g ro u n d  state 200 10 100 1
M J

c o m p o u n d  state 100 10 100 1

re su lt  can  be com p a red  with the neutron  captu re  rad ia tion . T he p a ra m eters  
used  in  the ca lcu la tion s  fo r  **^Eu, ^ D y  and a re  lis te d  in  T ab le  II.
T h e le v e l  g rou p s in the ca lcu la tion  have a d is ta n ce  o f  100 keV .

T h e p a rtia l population  p ro b a b ility  dW o f  a le v e l  (E , J, т) by  a le v e l 
(E ',  J ',  7r') w hich  has the population  W (E ', J ', тт') is  g iven  by:

d w [E ., j . . - E .  j ,  „  = ^

B (E ', J ',  7r') is  the to ta l d eca y  p rob a b ility  o f  a le v e l:

B (E ', J ',7 r ')=  ^  {S (E '-E ,  U '-J t ,  тг'-тг). p(E , J, ?r)}+^T S (E '-E , [ j ' - J I . F ' - y )

E<E\J,TT E<E*

The tota l population  o f  a le v e l W (E, J, ?r) is :

W (E , J ,T )=  )  d W (E ',J ',T r '-E , J, ! r ) p ( E ',J ' ,7 r ) + ^  d W (E ',J ',T '-^ E , J, тг)

E '> E ,J ,T  E '> E

T h e to ta l population  W (E, J, 7r) c o rre sp o n d s  to  the is o m e r  ra tio . The c o m 
pu ter p ro g ra m  ca lcu la te s  the population  fo r  a ll le v e ls .  T he num ber o f  
l in e s  betw een  two le v e l g rou ps is  p (E ', J ',  !r') p(E , J, т ) . T he in ten sity  o f  
th ese  lin e s  is  d W (E ', J ',  ?r' -^E, J, т ) . One can  ca lcu la te  the d en sity  o f  
gam m a lin e s  as a fu nction  o f  the en erg y  and the in ten sity  D (E , I) (num ber 
o f  lin e s  p er  e n e rg y  in terva l and p e r  in ten sity  in te rv a l). T he sum  o v e r  
a ll in ten sities  with the sa m e e n e rg ie s  g iv e s  the gam m a sp ectru m  G (E ):

G (E) = ^ ' l  D (E, I)dl

I
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Nucleus
Parity

!52-Eu
+ -

" 'D y

-
" g

-

Low -energy leve l 

density per M eV

100 100 6 18 12 1

Resonance lev e l 

density per M eV

1 .3 x 1 0 ^ - 10* - - 1 .4  x l o "

T otal lev e l 

for о  = 3

2 .7 X  1 0 ' 2 .7  x 106 10' 10' 7 x l0 < 7 x  10"

Eo (M eV ) - 2 .2 4 -2 .2 4 -0 .4 3 -1 .2 9 0 .1 7 1 .8 1

T  (M eV ) 0 .5 9 8 0 .598 0 .561 0 .633 0 .7 5 6 0 .588

T h is  sum  can be taken on ly  o v e r  in ten sities  le s s  than the sen s itiv ity  
lim it  o f  a s p e c t r o m e te r . Then  on ly  that part o f  the gam m a sp ectru m  is  
ca lcu la ted  w hich  cannot be re so lv e d  by  the sp e c tro m e te r .

T h e m u lt ip lic ity  y (av erag e  n um ber o f  gam m a rays em itted  p er 
n eutron  captu re) is  g iven  by  the fo rm u la :

r*'
y = ^  G (E )d E

E

3. LINE D EN SITY AND IN TE N SITY DISTRIBUTION

With in cre a s in g  se n s itiv ity  and re so lu tio n  o f  sp e c t ro m e te rs  the question  
a r is e s  how m any m o r e  lin es  th ese  new sp e c tro m e te rs  can fin d . If the line 
d en sity  in c r e a s e s  fa s te r  than the re so lu tio n  o f  the sp e c tro m e te r , one cannot 
u se  the im p ro v e d  se n s itiv ity  o f  the s p e c tro m e te r  s in ce  it is  no lo n g e r  p o s 
s ib le  to  sep a ra te  the lin e s . It is  on e o f  the p u rp o se s  o f  th is paper to g ive  
an an sw er to  th is  qu estion .

M any lo w -e n e r g y  capture  g a m m a -ra y  sp e ctra  have been  m ea su red  
with the c r y s ta l  s p e c t ro m e te rs  in A rgon n e and in  R is^ . The num ber o f 
l in e s  p e r  100 keV and p e r  h a lf in ten sity  decade  ( A l o g I = A l / l  = 0 .5 )  w ere  
counted  in 18 s p e c tra . It is  ob v iou s  that n u cle i with d iffe re n t le v e l den sity  
have d iffe re n t lin e  d en sity . T he sp e c tra  w ere  sep ara ted  into e v e n -e v e n  
n u c le i, e v en -od d  and o d d -e v e n  n u cle i and o d d -o d d  n u cle i and av erag ed .
T he re su lt  is  show n in F i g . l  w hich  g ives  in  a double lo g a r ith m ic  s ca le  
the n um ber o f  lin e s  p e r  in ten sity  in te rv a l. T h is  graph  dem on stra tes  that
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F IG .l .  Average lin e  density 

betw een 100 and 700 keV .

И

-2 700 -

Q. 70-

7 70 700
/n/^ns/7y p e r  700 ccp?u/*P3

FIG .2 . C alculated and measured line  density o f ^Dy and ^ E u  betw een 150 and 350 keV .

the lin e  den sity  in c r e a s e s  with about the sam e rate  independently  o f  the 
le v e l  d en sity . T h e re  is  a n e a r ly  lin e a r  re la tion  in  a double lo g a r ith m ic  
s c a le .  O nly  o d d -o d d  n u c le i have too  few  in ten se lin e s  as is  ea sy  to 
u nderstand.

One se e s  in a s im ila r  p resen ta tion  in  F ig . 2 the m ea su red  lin e  d e n s it ie s  
o f  i^&Eu [2 8 ], ^ D y  [29] and ^ H g  [go] tog e th er  with ca lcu la ted  v a lu e s . 
E x ce p t fo r  200ng^ the agreem en t betw een  the e x p erim en ta l va lu es and the 
ca lcu la tion  is  g ood . T he lin e  d en sity  show s a s im ila r  beh av iou r  as in 
F i g . l .  T h e r e fo r e  we con clu d e  fo r  the ch eck ed  n u cle i the fo llow in g  a p p ro x i
m ate  re la tio n  betw een  lin e  d en sity  D and in ten sity  I:

D (E, I) = C(E) - ( I . / l ) '

with a = 0 .6 ± 0 .2 .  C(E) depends on the en erg y  re g io n  and le v e l density ;
Io is  a con stan t. T h is  m eans that when the se n s itiv ity  o f  a sp e c tro m e te r  
is  in cre a s e d  by  a fa c to r  o f  10, the num ber o f  lin es  in c r e a s e s  by  a fa c to r  
o f  4 ± 2 .  The lin e  den sity  g row s  at about the sq u a re  ro o t o f  the se n s itiv ity .
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¿rvrgy

fo r  3 - . ?  ^

for (У=4

ppr /00 cop/urps 
fo r  C=J

FIG. 4 . Measured and ca lcu lated  capture spectrum o f  '^ D y .

_  _  ^

0 ) ?  J 4 5 ^ ^

T he lo w -e n e r g y  lin e  d en sity  g ives  an in d ication  fo r  the lo w -e n e r g y  
le v e l d en sity . The v e r y  high lin e  den sity  in i^ E u  (2600 lin es betw een  
30 and 700 keV  [2 8 ]) can  on ly  be rep rod u ced  by a le v e l d en sity  o f  200 
p e r  M eV at low  e n e rg ie s . T h is is  rea son a b le  s in ce  the h ig h -e n e rg y  ca p 
tu re  g a m m a -ra y  data [31] a lrea d y  in d icate  50 le v e ls  be low  600 keV .

T he lin e  den sity  changes on ly  sligh tly  when the sp in  c u t -o f f  fa c to r  
in  the le v e l d en sity  fo rm u la  is  changed fro m  3 to 4.

4 . G AM M A SP E C TR U M

T he gam m a sp e c tra  o f  ^ E u ,  165 р у  200щу ca lcu la ted  and
co m p a re d  with m e a su re d  sp e ctra  o f  G rosh ev  et a l. [32] and o f  B artholom ew  
[33] (F ig s  3 -5 ) .  T he g e n e ra l fea tu re  o f  the sp e c tra  is  w ell rep rod u ced .
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FIG .5 . Measured and ca lcu lated  

capture spectrum o f  ^°°Hg.

5 ^ 6  7

although so m e  stron g  lin e s  in  165ру and 200щ, ¿¡Q appear in the c a lc u 
lated  sp e ctru m . T he sp ectru m  o f  l^ D y  (F ig . 4) show s that the sp in  cu t
o f f  fa c to r  d oes  not in flu en ce  the ca lcu la ted  gam m a sp ectru m  v e r y  m uch .

T he dotted sp e c tra  co n s is t  on ly  o f  lin es with an in ten sity  le s s  than 
10*3 p er  100 ca p tu re s . T h is  is  the part o f the sp ectru m  that cannot 
be r e s o lv e d . T h is  is  a sm a ll fra c t io n  in I65py and Boo^g N early  all 
lin e s  around 2 M eV o f  15 2^  a re  expected  fro m  th is ca lcu la tion  to have 
too  low  in ten sity  to be d e tecta b le .
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T A B L E  III. M U LTIPLIC ITIES

Muehlhause [34] Groshev et a l. [20] This work

'S'Eu 3 .8 3 .5 4 .9

3 .7 3 .9 4 .2

" " b g 3 .3 3 .3 3 .6

T he m ea su red  and ca lcu la ted  m u lt ip lic it ie s  o f  165ру and 2°°Hg
are  lis te d  in T a b le  III.

T he ca lcu la ted  v a lu es fo r  ^^Eu and I65py a re  too  la rg e  beca u se  the 
co n v e rs io n  e le c tro n  in ten sity  is  not included in the m ea su rem en ts  but it 
is  im p lic it ly  included in the ca lcu la tio n s . T h ere  a re  no stron g  co n v e rs io n  
lin es  in 2°°Hg.

5. P O PU LA TIO N  OF LE V E LS AND ISOM ER RATIO

F ollow in g  the d eca y  o f  the com pound state the le v e ls  a re  populated 
a c co rd in g  to  th e ir  en ergy , sp in  and p a rity . T h is  is  d em on strated  by  the 
ca lcu la ted  cu rv e s  in F ig . 6 fo r  I^ D y . It is  in terestin g  to  se e  that the p o s i
tive  and negative pa rity  le v e ls  a re  populated d iffe ren tly  b eca u se  o f  the 
p o s itiv e  p a rity  o f  the com pound state and the d iffe re n ce  in tran sition  
p rob a b ility  fo r  E l and M l tra n s it io n s . A  d ifferen t sp in  c u t -o ff  fa c to r  
o f  4 d oes not change the population  o f  s in g le  h igh er en erg y  le v e ls  v e ry  
m uch  even  i f  the sp in  is  h igh er . The in ten sity  o f  lin es  depopulating le v e ls  
with ce rta in  en ergy , sp in  and p a rity  can  be estim ated  fro m  th is graph .

T h e ca lcu la ted  is o m e r  ratio  o f  ^ D y  is  0 .6 6 , the m ea su red  value 
is  0 .6 5 4 ± 0 .0 1 7  [35] .

F ig u re  7 illu s tra te s  the to ta l population  o f  known le v e ls  with the sam e 
sp in  in  a s im ila r  graph as in the pu blica tion  o f  Schult et a l. [7] . The 
agreem en t o f  ca lcu la tion  and m ea su rem en t [3, 29] is  v e r y  g ood . The 
sm a ll in flu en ce  o f  the sp in  c u t -o ff  fa c to r  in th is ca se  is  d em on stra ted .

T he population  o f  le v e ls  in 2°°Hg is  lis te d  in T ab le  IV . The a g r e e 
m ent is  not so  good  fo r  a ll le v e ls ,  but rea son a b le  in m any c a s e s . T h is 
ta b le  g iv es  an in d ication  that one can gu ess the sp in  o f  a le v e l fro m  the 
population  o f  a le v e l.

T he in flu en ce  o f  the sp in  c u t -o ff  fa c to r  is  seen  on ly  fo r  v e r y  high 
sp in  s ta te s . The 8* state in  i^ E u  ^g populated a cco rd in g  to Takahashi 
et a l. [36] with 0 .0 2  p e r  100 ca p tu re s . At cr = 4 the population  is  c a lc u 
lated  to  0 .4 ,  w hile at a = 3 one gets 0 .0 6 .

6. CONCLUSION

T h e s ta t is t ica l ca lcu la tion s  show  that without fitting a p a ra m eter  
good  agreem en t betw een  the ca lcu la tion  and the exp erim en t is  ach ieved  
in m any c a s e s .  T he d is c r e p a n c ie s  illu s tra te  the sh o rtco m in g s  o f  a 
s ta t is t ica l m o d e l. It is  evident that the p a ra m e te rs  in the le v e l den sity
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Energy s , , . C alculated population 

o = 3  o = 4

368 2 70 52 52

947 4 2.1 2.8 3 .1

1029 0 6.0 6.6 6 .5

1254 2 5 .4 7 .1 7 .1

1570 1 11.2 6 .9 7 .4

1574 2 3 .5 4 .0 4 .2

1594 ( 2) 2 .9 4 .0 4 .2

1631 1 4 .3 6.0 6 .5

1642 ( 1) 2 .9 6.0 6 .5

1718 1 2 .9 5 .3 5 .8

1731 (2) 2 .3 2.8 3 .0

1776 3 0 .5 1.8 2.0
1846 (3) 0 .3 1 .5 1 .7

1883 (2) 1 .5 2 .4 2.6

FIG. 7 . T otal population o f  levels  in below  750 keV .



5 5 0 von EGtDY

fo rm u la  and tra n s ition  p ro b a b ility  fo rm u la  can  be  ch eck ed  m o re  e ffic ie n tly  
i f  not on ly  the is o m e r  ra tio  but a lso  the gam m a sp ectru m , the m u lti
p lic ity , the lin e  d en sity  and the popu lation  o f  a ll lo w e r  sta tes  are 
co m p a re d .
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Abstract

THE 5 . 5 -M eV  G AM M A-RAY ANOMALY, RECENT STUDiES. The explanation o f  the 5. 5 -M eV

T h is  p aper w ill g o  som ew hat beyond the (n, y) re a ctio n , w hich  is  the 
m ain  in te re st at th is S ym p osiu m , but th is  dep artu re  is  n e ce s s a r y  to gain 
a fu ll p e r s p e c t iv e  on the an om alou s rad ia tion . W e sh a ll d is cu ss  m ain ly  
re ce n t stud ies at Chalk R iv e r  b y  E .D , E a r le , A .J .  F e rg u so n  and m y se lf  
in co lla b o ra tio n  with I. B e rg q v is t  o f the U n ivers ity  o f Lund. In re ce n t 
w ork  w e have b een  jo in ed  a lso  by  M . A . L on e.

B y  the an om alou s rad ia tion  o r  'an om alou s bu m p ' we r e fe r  to  an in 
c r e a s e d  in ten sity  ce n tre d  at 5 .5  M eV  in the s p e c tr a l d is tr ibu tion  o f c e r 
ta in  heavy  e lem en ts . T he e ffe c t  is  s tron g est in e lem en ts n ear  Pb and 
d e c r e a s e s  with A  to  d isa p p ea r  n ear T a . T h is is  illu s tra ted  in F ig . 1 
w hich  show s e a r ly  Chalk R iv e r  r e s u lts . A w eak er  e ffe ct  is  found near 
the 82 neutron  sh e ll. T he bum p is  a g r o s s  stru ctu re  o r  s ta t is t ica l e ffe c t  
in volv in g  m any gam m a ra y s .

T h e  sp e c tra l d is tr ibu tion  (Ey) f o r  the p r im a ry  gam m a ra y s  em itted  
fr o m  Ex is  g iven  in F ig . 2. It is  p ro p o rt io n a l to  the a v era g e  p a rt ia l ra d ia 
tion  width Гву d iv ided  by  the sp acin g , D '(E x  - E y), o f le v e ls  at (Ex - Ey) 
that can  be  fed  fr o m  Ex . T h is  d is tr ibu tion  takes the fo rm  o f the fu ll cu rv e , 
y ',  if Гбу fo llo w s  a p o w e r -la w  en erg y  depen den ce and D ' (Ex - Ey) an e x 
pon entia l en erg y  d ep en den ce . T h e cu r v e , is  the to ta l s p e c t ra l d is 
tribu tion  in cluding  se co n d a ry  ca sca d e  rad ia tion . The p r im a ry  sp ectru m  
can  be  rew ritten  in  te r m s  o f  a stren gth  fu nction  S(Ex, Ey) as show n on the 
righ t in  F ig . 2. H ere  D (E x) is  the sp acin g  o f sta tes of the sam e sp in  and 
p a r ity . C on vertin g  sp acin g  D ' to  D in trod u ces  the fa c to r  3 and the p r o 
p o r tio n a lity  constant b e c o m e s  the to ta l rad iation  width Гу (Ex) when the 
e x p re s s io n  is  n o rm a liz e d  to  unit population  f o r  le v e l E x .

T he an om alou s bum p a p p ears  at 5. 5 M eV as in dicated  by  the brok en  
cu rv e  in F ig . 2. It c le a r ly  re p re s e n ts  a fa ilu re  o f  the p ow er law  fo r  F^y 
o r  the exponen tia l law  fo r  D, o r  both . The fig u re  a lso  show s that if  we 
can unfold  УЕд(Еу) fr o m  the o b s e rv e d  sp ectru m , У т. and if w e adopt a 
r e a lis t ic  le v e l-s p a c in g  fo rm u la , w e can  so lv e  f o r  S/Г у  (E x); and fo r  S, 
it s e lf , if  w e know the to ta l rad ia tion  w idth.
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Therm al (n ,y )  spectra
Pb. TI, Hg. Au. P!. Ir. Re. W, Ta 
Cs, 1, Sb. A g , In W e ^ e r t o Î a ^ L ^ ^

[ 1]
[ 1]

Therm al (n ,y )  co in ciden ces and yy8 Hg -  437" Primary [ 2]

Therm al (n ,y )  polarization correlation Hg & 85% El [3 ]

Resonance (n ,y ) Hg, Au, Pt Present in resonances [4 .  5]

Resonance (n .y ) U, Pb, Er, Ba, Sn, Pd Individual strong M l y-rays [ 6- 11]

Resonance (n ,y ) Au Primary. El [5 ]

Fast (n ,y ) Au, T a , Cs, 1, Sn, Ag
6 .5  < Ex < 1 0 .7  M eV

[1 2 , 13]

(d .p 7 ) Bi, Pb, T I, Au, Pt, Ir, Re, Ta 
Cs, 1, Sb, Ag, In i n ^ r t n ! "  Ï m a r y ' " ^

[1 4 ]

(У .п) Pb Individual strong M l y-rays [1 5 ]

(n .n 'y ) Bi, Pb, Hg, Au, W, T a , 1, Ag Not present [1 6 , 17]
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F IG .l .  Spectral distributions o f  elem ents near lead (Kinsey, B .B ., Bartholomew, G .A . ,  Can. J. Phys. 31
(1953) 927; 1025). The anomalous radiation is strongest in TI and Hg and decreases with A until it dis
appears below  T a . The spectra o f  In and Sm are exam ples o f  essentially normal spectra.

MeV

( Ey )  = /D'  ( E ,  - E , )

3 S ( E , , E ^ )  D ( E , )

I ^ ( E ,  ) D( E , -Ey )

T he an om alou s bum p has b een  a m atter o f  c u r io s ity  fo r  m any y e a r s .
In T a b le  I w e attem pt to  su m m a rize  the m ain  p r o p e r t ie s  as d e term in ed  in 
v a r io u s  e x p e r im e n ts . T o  th is w e should  now add the ev id en ce  fr o m  ga m m a - 
ra y  sca tte r in g  p resen ted  b y  M o re h  at th is S ym p osiu m . T h e f i r s t  item  
r e c o r d s  the e lem en ts  in w hich  the e ffe c t  is  seen  in th erm a l cap tu re .
T h e se co n d  and th ird  ite m s r e fe r  to  c o in c id e n ce , angular co r r e la t io n , 
and p o la r iza t io n  c o r r e la t io n  m ea su rem en ts  on soogg at Chalk R iv e r  w hich  
se t low er  lim its  f o r  the am ount o f the bum p that is  p r im a ry  rad ia tion  and 
the am ount that is  E l in th is p a rt icu la r  n u cleu s. T h e fou rth  item  r e c o r d s
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that the bum p is  a re so n a n ce  e ffe c t . W e w ill re tu rn  to  th is  point la te r .
T h e fifth  en try  r e c o r d s  s e v e r a l  e x p erim en ts  in w hich  ind iv idu al stron g  
M l gam m a ra y s  w e re  detected  n ear  the h ig h -e n e rg y  end o f the sp ectru m ; 
the secon d  la st en try  r e c o r d s  the sa m e co n c lu s io n  fr o m  th resh o ld  p h oto - 
n u c le a r  e x p erim en ts  on P b . T h is  lis t  o f M l data is  not exhaustive; a 
m o r e  co m p le te  su m m ary  is  g iven  by  B o llin g e r  [18]. T he sixth  item  r e 
c o r d s  the co n c lu s io n  of A llen  and B ird  that bum p gam m a ra y s  in Au a re  
m o s t ly  p r im a ry  and E l . T h e next item  r e fe r s  to  the im portan t o b se rv a tio n  
o f  L undberg  and S tarfe lt and o f B e rg q v is t  and Starfe lt that the bum p r e 
m a in s at 5. 5 M eV  fo r  a ll ex cita tion  e n e rg ie s  up to that rea ch ed  by  4 . 2 -M eV  
n eutron  b om b a rd in g  en erg y , w hich  fo r  go ld  is  about 10. 7 M eV . T he next 
en try  r e fe r s  to  the (d, py) w ork  b y  B e rg q v is t , E a r le , F e rg u so n  and m y 
s e l f  in w hich  it w as show n that the bum p has v e r y  n e a r ly  the sa m e en erg y , 
w idth, and А -d ep en d en ce  as in the (n, y) r e a c tio n , that it is  independent 
o f ex cita tion  en erg y , and that it is  m o s t ly  p r im a ry  rad ia tion . T he last 
item  c a lls  attention  to  the ob se rv a t io n  o f P erk in  and S tarfe lt and of 
B e rg q v is t  et a l. that th e re  is  lit t le , if  any, ev id en ce  fo r  the 5. 5 -M eV  
bum p in  the (n, n 'y ) r e a ctio n .

L et m e m ake the point now  that, s in ce  the bum p is  independent o f 
e x cita tion  e n e rg y  and s in ce  it is  m o s tly  p r im a ry  rad ia tion  as show n by  
s e v e r a l  ex p erim en ts  lis te d  in th is  ta b le , it cannot b e  accou n ted  f o r  as

F IG .3 . Com parison o f  spectra o f  T a , Pt, and Au in the region o f  the bump Г4] ; therm al capture (low er) 
and summing over the resonance range 1 -  1000 eV  (upper).
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a p e c u lia r ity  o f  the d e ca y  o f c e r ta in  fa v ou red  le v e ls  at a p a rt icu la r  
e n e rg y  o r  as an e f fe c t  o f lo c a l  d ep a rtu res  fr o m  the expon en tia l le v e l 
sp acin g  ru le . It m u st th e r e fo r e  b e  cau sed  b y  ir r e g u la r it ie s  in the en erg y  
dep en den ce  o f the p a rt ia l rad ia tion  w idth o r  stren gth  fu nction  [12].

Ey (MeV)

T hat the bum p is  a p ro p e rty  o f ind iv idu al r e so n a n ce s , w as brought 
out in re ce n t m e a su re m e n ts  b y  E a r le , Lone and m y s e lf  [4 ]. In F ig . 3 the 
lo w e r  cu r v e s  a re  sp e ctra  o f  T a , Pt and Au fr o m  th e rm a l cap tu re  and 
the u pp er cu r v e s  a re  sp e ctra  o f  the sa m e e lem en ts in tegra ted  betw een  
1 and 1000 eV  n eutron  e n e rg y . T h e tw o se ts  o f sp e c tra  a r e  m u ch  alike 
in g r o s s  shape although th ere  a re  d if fe r e n c e s  in  d eta il. In T a  the bum p 
is  e s s e n t ia lly  absen t w hile  Pt and Au show  the e ffe c t  s tro n g ly . The 
sp e ctra  o f s e v e r a l  P t re so n a n ce s  a re  shown se p a ra te ly  in F ig . 4. A gain , 
in d iv idu al lin e s  show  P o r te r -T h o m a s  flu ctu ation s but the g r o s s  shapes 
a re  v e r y  m uch  a lik e  fr o m  re so n a n ce  to  r e so n a n ce . T h e re  a re  ex cep tion s  
to  th is  u n ifo rm ity  in the r e ce n tly  re p o rte d  re su lts  o f  T h om as et a l. [19] 
in 198Hg. T h e ir  data show  stron g  gam m a ra y s  ab ove  6 M eV  and le s s  in 
te n s ity  n ea r  5. 5 M eV  in sp e ctra  fr o m  the 90 and 3 0 2 -e V  re so n a n ce s  w hile 
oth er  re so n a n ce s  ap p ear m o r e  n o rm a l. N e v e rth e le ss  the bum p, when it 
o c c u r s ,  is  p re se n t in in d iv idu al r e so n a n ce s .

Now in  in terp re tin g  th ese  r e su lts  w e sh a ll con cen tra te  on the 
180 < A  < 208 re g io n  w h ere  the e ffe c t  is  s tro n g e st. W e have been  led  to  
fa v o u r  a m ech a n ism  in w hich  the 5. 5 -M eV  rad ia tion  is  em itted  in p a r t ic le -  
h o le  E l tra n s itio n s  a c r o s s  the 12 6 -n eu tron  sh e ll  [14]. T he u npertu rbed  
e n e rg ie s  f o r  such  tra n s itio n s  tend to  c lu s te r  n ea r  5. 5 M eV. T he u n p er
tu rbed  e n e rg ie s  f o r  p ro ton  p a r t ic le -h o le  E l  tra n s itio n s , h ow ev er , a re  
sp rea d  o v e r  the ran ge  7 -1 2  M eV  ap p rox im a te ly  so  that in the a p p ro x im a 
tion  w h ere  r e s id u a l in te ra ctio n s  a re  ig n ored  th ese  co n fig u ra tion s  w ould
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E p (M e V )

MeV
FIG .6. Elastic photoexcitation  relative y ie ld  for gold [ 2 6 ] .  The data points have been corrected  for 
the variation o f  inci-dent intensity shown by the broken curve.



5. 5-MeV y-RAY ANOMALY 559

b e  ex p ected  to  p lay  on ly  a sm a ll part at 5. 5 M eV  and not to  g ive  r i s e  to  
a lo c a liz e d  bum p at h igh er  e n e rg ie s . T h ere  is  a lso  the p o s s ib ility  [12] 
o f M l s p in -f l ip  tra n sition s  w hich , f o r  both n eutron s and p ro ton s , have 
about the sam e u npertu rbed  en erg y  of 5. 5 M eV  fo r  la rg e  angular m o 
m entum  o r b it s .  T h ese  w ill g ive  r is e  to  enhanced M l e ffe c ts  [20, 21].
W h ile  taking note of th is  fa ct we sh all, to s im p lify  d is cu ss io n , con cen tra te  
on the E l con trib u tion s w hich  appear to  dom inate the e ffe c t  at lea st in 
198 Au and 2°°Hg. The c r u c ia l  o b se rv a tio n  fr o m  the fast neutron  capture 
w o rk  [12, 13], back ed  up by  the (d ,p y ) re su lts  [4], that the 5. 5 -M eV  ra d ia 
tion  is  em itted  fr o m  states o v e r  a w ide range o f  excita tion  en erg y  m eans 
that w e cannot have s im p ly  a p a r t ic le -h o le  excita tion , but th is p a r t ic le -  
h o le  m u st b e  cou p led  to  o th er  ex cita tion s , i . e .  to  another q u a s ip a rtic le  
o r  to  a c o l le c t iv e  v ib ra tion , f o r  ex am p le . F o r  s im p lic ity , w e sh a ll 
a ssu m e  th r e e -q u a s ip a r t ic le  e x cita tion s , bea rin g  in m ind, h ow ev er, that 
the w eak cou p lin g  c o lle c t iv e  m o d e l [22] has been  used  with m uch s u c c e s s  
in  th is m a ss  re g io n  [23]. In th is sp ir it  w e m ight think o f the bum p gam m a 
e m is s io n  as a s e m id ir e c t  p r o c e s s  o r  gam m a d eca y  fr o m  a doorw ay  state 
[24, 25]. T h is  is  an a ttra ctiv e  p ic tu re  b e ca u se  it a llo ca te s  the bum p to 
a captu re  p r o c e s s  betw een  d ir e c t  cap tu re  and com pound n ucleu s cap tu re .
It rem a in s  to b e  d em on strated  (a) that th ese  3 -q u a s ip a rt ic le  ex cita tion s  are  
r e a lly  the types o f con fig u ra tion  re sp o n s ib le  fo r  the bum p and (b) how the 
con cen tra tion  o f strength  at 5. 5 M eV  fits  with the E l giant d ip ole  th eory . 
T he ex p e rim e n ta l r e su lts  to  b e  d e s c r ib e d  w ill b e  con cern ed  m ain ly  with 
ou r attem pts to  shed light on th ese  qu estion s.

A  th ird  question  is : why is  th is radiation  not evident at o th er m a ss  
n u m bers?  A con tr ib u tory  re a so n  w ould appear to  be  that the radiation  
d oes not rem ain  lo c a liz e d  n ear  5. 5 M eV  b eca u se  sh e ll sp a cin g s  a re  not 
w e ll-p r e s e r v e d  fa r  fr o m  c lo s e d  sh e lls . A m e a su re  of the range w here 
sh e ll e ffe c ts  a re  p r e s e r v e d  is  p rov id ed  by the beh av iou r o f ' s in g le 
p a r t ic le ' p roton  g rou p s in the (d ,p ) re a ctio n  as one m o v e s  away fro m  
Pb tow ard  the d is torted  n u c le i [14]. T h is  is  d em on strated  in  F ig . 5 w hich  
show s that the stron g  s in g le -p a r t ic le  grou ps (a sso c ia te d  with tra n sition s  
to  dg/2 < Si/2 and dg/g sta tes in 3°*7pb) b e co m e  w eak er and fin a lly  d isappear 
b e low  T a , p r e c is e ly  w h ere  the g am m a-ray  bum p d isa p p e a rs .

Let us now turn to  the qu estion  o f re la tin g  the 5. 5-M eV rad ia tion  to 
the giant d ip ole  re so n a n ce . F r o m  the p a r t ic le -h o le  p ic tu re  we w ould e x 
p e c t to  s e e  a peaking o f the p h otoexcita tion  c r o s s -s e c t i o n  at 5. 5 M eV  and 
indeed, if  one cou ld  do ph oton u clea r  re a ctio n s  on ex cited  states as ta rg e ts , 
one w ould exp ect to  se e  a peaking at 5. 5 M eV in that c r o s s -s e c t i o n  a lso . 
T h e g a m m a -ra y  e la s tic  sca tte r in g  excita tion  fu nction  in Au r e ce n tly  o b 
tained by  K now les [26] is  shown in F ig . 6. A lthough the counting s ta t is t ics  
a re  low , th ere  is  an unm istakable  reson a n ce  n ear the expected  en erg y .
It m ust be  re m e m b e re d  that th is e ffe c t  is  not a p r e c is e  p a ra lle l  o f the 
bum p e ffe c t  in the (n, y) and (d, py) re a c tio n s  b e ca u se , f o r  exam ple, d i f 
fe re n t n u c le i a re  in vo lved  and d iffe ren t angular m om entum  ch an ges m ay, 
in g e n e ra l, b e  in vo lved .

An im portan t b r id g e  to  the p h oton u clear re a c tio n  w as m ade b y  S tarfelt 
[27] who dem on stra ted  that the (n, y) sp e ctra  can  be  fitted  with an e m p ir ica l 
stren gth  fu nction  to  r e p ro d u ce  the 5. 5 -M eV  g a m m a -ra y  bum p and, fo l lo w 
ing a su g gestion  o f A x e l [28], th is strength  fu nction  can  b e  re la ted  to  the 
giant d ip o le  re so n a n ce  by  m aking the assu m ption  that ex cited  states have 
a s so c ia te d  with them  giant r e so n a n ce s  s im ila r  to  that bu ilt on the ground
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F IG .7. Strength functions deduced from  (d ,p y ) reaction [1 4 ] by procedure o f  Ferguson [2 9 ]  (fu ll circles) 
com pared with that deduced from the Lorentzian line shape.

state . T he net e ffe ct  n ear  5. 5 M eV  is  a giant reson a n ce  ta il with a sm a lle r  
re so n a n ce  su p er im p osed  on it w ith, in the c a se  of Au, an in tegrated  p h oto- 
n u c lea r  c r o s s -s e c t i o n  o f 1% o f that of the E l giant reson a n ce .

An a n a lys is  o f the Chalk R iv e r  (d, py) g a m m a -ra y  sp e ctra  fr o m  a 
s e r ie s  o f ad jacen t in terva ls  o f ex cita tion  en ergy  in the p rodu ct nucleu s 
w as c a r r ie d  out by  F e rg u so n  [29]. He w as ab le  to  ex tra ct the p r im a ry  
sp e ctra , ¡/¿д (Ey) by  an unfold ing p ro ce d u re  and h en ce  dedu ce a strength  
fu nction  with the aid of the e x p re s s io n  in F ig . 2. F o r  th is p u rp ose  G ilb ert 
and C am eron  [30] le v e l sp a cin g s  w ere  adopted. A  b a s ic  assu m ption  of 
that a n a lys is  w as that the population  o f le v e ls  rea ch ed  b y  the (d, p) r e a c 
tion  in any in terva l o f ex cita tion  en ergy  w as, on the a v era g e , the sam e 
as that rea ch ed  by  gam m a ca sca d e  fr o m  h igh er in te rv a ls . T h is  is  su p 
p orted  b y  paren tage  o v e rla p  co n s id e ra tio n s  [31] in so  fa r  as the ground 
state o f  the ta rget is  the ch ie f com m on  parent of states fo rm e d  in  stripp in g  
and it s e e m s  p la u s ib le  to  assu m e  that th is paren tage o v e rla p  w ould tend 
t o b e  p r e s e r v e d  in gam m a d eca y  at le a st fo r  one o r  tw o ca sca d e  step s .
T h e stren gth  fu nction s found in  th is w ay fo r  Au and T a , evaluated at the 
neutron  sep ara tion  en erg y , a re  show n in F ig . 7. It w as found that the 
p r im a ry  sp e ctra  fr o m  a ll  in terva ls  of ex cita tion  in a g iven  elem ent 
fo llo w e d  the sa m e o v e r a ll  en erg y  d istr ibu tion  and h en ce  obeyed  the sam e 
stren gth  fu n ction  to  w ithin a constant m u lt ip lie r . T h is  r e su lt  is  c o n 
s isten t with the idea  that ex cited  states have bu ilt on them  giant r e s o n 
a n ces  s im ila r  to  the ground state . T h e la tter  con cep t w as invoked  to 
ca lcu la te  a stren gth  fu nction  fr o m  the L oren tz ian  lin e  shape fo r  c o m 
p a r iso n  with the c u rv e s  deduced  fr o m  the (d, py) data (F ig . 7). The a g r e e 
m ent is  on ly  fa ir .  T h is  m ay  b e  b e ca u se  the L ören tz ian  is  a p o o r  a p p ro x i
m ation  to  the giant re so n a n ce  in the ta il re g io n  o r  b e ca u se  the fa m ilie s  
o f sta tes  p ick ed  out fr o m  the sea  of a ll states by  the (d, py) and p h oto- 
n u c le a r  re a ctio n s  a re  not id en tica l, although they no doubt have com m on  
m e m b e rs .
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It is  im portan t to  note that the en erg y  depen den ce , sm ooth ed  through 
the re so n a n ce  in Au (F ig . 7) is  s im ila r  to that in T a  and, betw een  5 and 
6 M eV , the cu rv e s  have about the sa m e stren gth . T h is  c o n fir m s  the 
ob se rv a t io n  [32, 33l fr o m  in sp ection  o f the re d u ced  rad ia tion  w idths of 
in d iv idu al lin e s  in the (n, y) r e a c tio n  that the stren gth s o f gam m a ra y s  in 
the bum p a re  lit t le , if  anything, stro n g e r  on the a v era g e  than the n e ig h 
b ou rin g  e lem en ts w ithout the bum p. Thus it is  not ex cep tion a l stren gth , 
but the shape o f the stren gth  fu n ction  that g iv e s  r i s e  to  the bum p.
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F IG .8. Energy diagram showing unperturbed energies o f  on e-particle  tw o-h ole  configurations in ^"Pb.

T h e fo re g o in g  has rev iew ed  the ev id en ce  fo r  a peak in  the g a m m a -ra y  
stren gth  fu nction  govern in g  d eca y  in (n, y) and (d, py) r e a c t io n s . R ecen t 
ca lcu la tio n s  of Kuo and B row n  [341 a re  not in con s isten t w ith th is  re q u ire m e n t .

W e sh a ll now  turn Our attention  to  attem pts at Chalk R iv e r  [35] to  
show  that a d e s cr ip t io n  in te r m s  of 3 -q u a s ip a rt ic le  ex cita tion s  has a 
ce rta in  v a lid ity . A  good  n ucleu s to study in th is r e g a rd  is  з^ Р Ь  b e ca u se  
it exh ib its a stron g  bum p e ffe c t  and yet is  c lo s e  enough to  the c lo s e d  sh e ll 
to  p e rm it  a s t r ic t  sh e ll m o d e l d e s cr ip tio n . T h e 3 -q u a s ip a rt ic le  neutron  
con fig u ra tion s  at low  e n e rg ie s  a re  o n e -p a r t ic le  tw o -h o le  sta tes  (1P2H ) 
with r e s p e c t  to  the sospb c lo s e d  sh e ll, th ose  o f low est en erg y  a re  s im p ly  
p a r t ic le -h o le  e x cita tion s  o f  ^°^Pb. T w o fa m ilie s  o f 1P2H co n fig u ra tio n s , 
one b a se d  on an e x cite d  gg /2  neutron  and the o th er an ex cited  s i /2  neutron , 
a re  show n in  F ig .  8 . T h e se  a r e  show n at th e ir  u npertu rbed  en erg y  v a lu es  
ca lcu la ted  fr o m  the e n e rg ie s  o f the states o f з°*?РЬ contain ing  the m a jo r  part 
o f  the s in g le -p a r t ic le  and h o le  stren gth , show n on the le ft o f the f ig u r e .
E ach  con fig u ra tion  but the low est r e p re s e n ts  m any states o f d iffe re n t J .
T h e lo w e st c o n fig u ra tio n  in  each  s e r ie s ,  w hich  a c ts  as a so r t  o f  band 
head, is  ju st the p a r t ic le  state , gg/g o r  S i/2  as the c a se  m a y b e .  T h ese  
con fig u ra tion s  (o th er  than the s in g le -p a r t ic le  sta tes w hich  a re  lit t le  f r a g 
m ented) w ill  b e  m ixed  into the r e a l  sta tes o f З^РЬ in  the n eigh bou rhood
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et at. [4 0 ]  and for the corresponding isobaric anaiogue resonances.
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o f th e ir  unpertu rbed  e n e rg ie s . T h e se  s e r ie s  a re  a r b itr a r ily  cut off 
(th ere a re  h igh er m e m b e rs ) and th e re  a re  m any oth er s e r ie s  b a sed  on 
o th er  e x cite d  n eu tron s.

F o r  m ost sta tes in the gg/g s e r ie s  E l tra n sition s  a re  forb id d en  
b e ca u se  the angular m om entum  change fo r  the jum ping neutron  is  too  
la rg e . An ex cep tion  is  the top m ost con figu ra tion  show n, w here the g 9/2 
neutron  can  jum p into the f  ^  h ole  leavin g  the nucleu s in the p ^  ground

2°7pb(p,p'y)2°7pb Ep44.7IMeV 
y - RAYS
E y  MeV

'N E L A S H C  PROTONS

,,7io<n ^" ""1"' 1 -- r""
Л t !  m

1
4 t .

^  r

FIG. 11. T y p ica l gam m a-ray spectra in co in cid en ce  with windows on the inelastic proton spectrum 
(shown in the upper right) from 2°?pb(p,p'y)2°7pb at the [ g 9/2 P i/zJ  5* isobaric analogue resonance. 
Expected positions o f  gam m a rays em itted in transitions to low *lying hole states are indicated by open 
airow heads. Examples o f  detailed  decay schemes are shown.
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state . If w e can  s e le c t iv e ly  e x c ite  th is s e r ie s  w e w ould exp ect to  find 
tra n sitio n s  to  the lo w -ly in g  lo w -sp in  h ole  sta tes w eak o r  absen t. On the 
o th er  hand, in the S1/2 s e r ie s  m any E l tra n sition s  to  lo w -ly in g  h o le  states 
a re  p o s s ib le . T h e se  w ill  a ll have e n e rg ie s  n ea r  5. 5 M eV . T h e re  a re  
o th er s e r ie s  f o r  w hich  the sa m e is  tru e , n otab ly  the dg/g s e r ie s .  Since 
th ese  con fig u ra tion s  w ill  b e  m ixed  into the n u c le a r  states o v e r  a w ide

2 °7P b (p .p 'y )207  Pb

PROTONS 
CO tNC. E y  * 2  MeV

FIG. 12. G am m a-ray spectra in co in cid en ce  with eight-proton windows at bom barding energy exciting 
the da/2 p ' / z  isobaric analogue resonance in 2"?Pb(p, p'y)2Mpb. The windows are identified  on the proton 
spectrum on the right wherein the energies o f  several groups feeding particle and c o lle c t iv e -ty p e  states 
are m arked. The open arrow heads indicate positions o f  ground-state gam m a rays.

ran ge one can  ex p ect to  se e  5. 5 M eV  a fav ou red  en erg y  o v e r  a w ide ran ge  
o f ex cita tion  e n e rg ie s . At h igh er  ex cita tion s  one can  fo rm  con fig u ra tion s  
in w hich  the p a r t ic le -h o le  is  cou p led  to  h igh er  e x cite d  sta tes . T h ese  would 
b e  2P3H con fig u ra tion s  in th is  notation . T h ese  w ould extend the re g io n  
o v e r  w hich  5. 5 -M e V  tra n s itio n s  a re  p o s s ib le  to  s t il l  h igh er ex cita tion  
e n e rg ie s . T h e se  v a r io u s  co n fig u ra tion s  in cluding  the 2P3H type can , in 
g e n e ra l, be  rea ch ed  by  a s in g le  tw o -b o d y  (d oorw ay) in tera ction  fo llow in g  
neutron  cap tu re  o r  (d, p) r e a c tio n s  on the ground state o f  зобрь w hich  is  
a m ix tu re  o f s e v e r a l  tw o -n e u tro n -h o le  con fig u ra tion s  p ^  , f ^ g ,  P 3/ 2 ' 
e tc .
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FIG. 13. G am ma rays in co in cid en ce  with protons from the s w 2P i / :  isobaric analogue
the им p b ( p ,p 'y ) ^ P b  reaction (top ) and from  the ^ P b ( d , py) Pb reaction (bottom ) for identical proton 
window energy intervals as in d ica ted . The window interval is also shown cross hatched on the le v e l schem e.

M any o f the 1P2H co n fig u ra tion s  o f in te re st can  be  e x cite d  s e le c t iv e ly  
in the ^ P b f p ,  p 'y )2M p b r e a c tio n . T h e p ro ce d u re , illu s tra te d  in F ig . 9, 
is  to  fo r m  is o b a r ic  analogue r e so n a n ce s  in 208;gi o f neutron  p a r t ic le -h o le  
sta tes iden tified  in sospb m  pu blish ed  (d, p) [361 and (p* , p) [37] w ork . T h e 
4" and 5* m e m b e r s  o f  the g g /g P i^  is o b a r ic  analogue re so n a n ce  have a l 
rea d y  b e e n  re p o rte d  by  G r o s s e  et a l. [38, 39]. In ou r  ex p erim en t we lo ca ted  
the d s /2 P i/2 ' S i /2P i/2 and dg/gPjys is o b a r ic  analogue r e so n a n ce s  at 1 6 .6 ,
16. 85 and 17. 5 M eV  r e s p e c t iv e ly . In e la s tic  d eca y  o f th e se  re so n a n ce s  
fe e d s  sta tes  o f the r e s p e c t iv e  1Р2Н s e r ie s  as su ggested  in  F ig . 9; the 
lo ca t io n s  o f on ly  the 'band h e a d s ' a re  m ark ed  on  the зотрЬ le v e l  s ch e m e .
T h e m ech a n ism  can  b e  u n d erstood  fr o m  F ig . 10 w hich  p re se n ts  s ch e m a tica lly
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the w ave fu nction  of the [g9 /2P i/2 ]5 ' state in 208р ь  fro m  th e o ry  o fG ille t ,  
G reen  and Sanderson  [40] at the top  and the w ave fu nction  of the c o r r e s 
ponding is o b a r ic  analogue reson a n ce  at the bottom . T he f ir s t  te rm  of 
the p a re n t-s ta te  w ave fu nction  is  the gg/2Pi/2 te rm . T h is is  the predom inant 
term  but th ere  a re  m any o th ers  including  ex cited  proton  con fig u ra tion s .
O ne can  se e  fr o m  the is o b a r ic  analogue w ave fu nction  that in e la s tic  p roton  
sca tter in g  w ill lea ve  the 2Mpb n ucleu s in ex cited  gg/g neutron  con fig u ra tion s  
o f p r e c is e ly  the re q u ire d  1P2H type .

T h e g a m m a -ra y  sp e ctra  in co in c id e n ce  with s e v e r a l w indow s on the 
in e la s tic  p roton  sp ectru m  fr o m  the g 9/ 2P i}2 is o b a r ic  analogue re so n a n ce  
a re  illu stra ted  by  fiv e  ty p ica l ex am p les  in  F ig . 11. T he p lot at top  right 
show s the in e la s tic  p roton  sp ectru m  plotted  as a fu nction  o f the e x c ita 
tion  en ergy , E¡¡, in BMpb and id en tifie s  the w indow s u sed  with r e fe r e n c e  
to  the re g io n  o f the u npertu rbed  1Р2Н states e n e rg ie s . The gp sin g le  
p a rt ic le  group and se v e r a l w e a k ly -fe d  h o le -s ta te  grou ps a re  a lso  shown.
T he gam m a ra y s  feed in g  the lo w -e n e r g y  h o le  states should appear at 
p o s itio n s  in d icated  by  the open  a rro w  heads on the g a m m a -ra y  sp e ctra .
S ince th ere  a re  m any le v e ls  in  the 1Р2Н re g io n  [39] and a n um ber o f 
th ese  should have low  sp in , the a b sen ce  of stron g  tra n sition s  to  the low - 
ly in g  lo w -sp in  h o le -s ta te s  is  con firm a tion  of the inh ib ition  p re d ic te d  on 
the s im p le  sh e ll th eory . It is  p o s s ib le  to  m ake deta iled  g a m m a -ra y  a s 
sign m en ts as e x em p lified  by  tw o decay  sch e m e s  on the righ t and m uch 
a n a lys is  o f that so r t  rem ain s  to  b e  done on th ese  data.

T he g a m m a -ra y  sp e ctra  in co in c id e n ce  with the dg/g is o b a r ic  ana
logue re so n a n ce  a re  show n in F ig . 12. H ere  a stron g  bum p is  found n ear 
the h ig h -e n e rg y  end o f  each  sp e ctru m . A  sp ectru m  unfold ing an a lys is  
show s that at low  ex cita tion s , e .g .  n ear  5 M eV  (window 8), the grou n d - 
state tra n sition  is  p rom in en t in the bum p w hile at h igh er  ex cita tion s ,
5. 5 M eV  (window 6) and above , bum p gam m a ra y s  fe e d  the f ir s t  and secon d  
ex cited  sta tes s tron g ly , the bum p en erg y  rem ain in g  n ear 5. 5 M eV . T h is 
ten den cy  is  in a c c o r d  with ex p ecta tion s  o f  the m o d e l d is cu sse d  e a r lie r  
and d em on stra tes  the pattern  o f 5. 5 -M eV  gam m a d eca y  that p e r s is t s  to  
m uch h igh er excita tion  e n e rg ie s  in the (n, y) re a ctio n .

A s im ila r  pattern  is  fo llo w e d  at the s^g is o b a r ic  analogue reson a n ce  
as show n in the top  part o f F ig . 13. H ere  on ly  one b roa d  w indow  extending 
fr o m  ju st above the dg/g p a r t ic le  state to the neutron  sep aration  en erg y  
w as u se d . T he bum p rad ia tion  c lo s e ly  re s e m b le s  that fr o m  the (d, py) 
r e a c tio n  fo r  the sam e r e g io n  o f  excita tion  en erg y  shown in the low er  
part o f the fig u re .

A l l  o f the above is  con s isten t with ou r p ic tu re  o f the anom alous ra d ia 
tion  as E l gam m a d eca y  o f 3 -q ú a s ip a rt ic le  co n fig u ra tion s . T h ese  m ay 
p lay  the part of d oorw a ys in the (n, y) and (d, py) r e a c t io n s . T h e M l spin 
flip  tra n sition s  can  be  ex cited  in the sa m e w ay and the p ic tu re  can  no 
doubt be  g e n e ra lize d  to  in clude coup ling  o f the p a r t ic le -h o le  to v ib ra tion s  
o r  o th er m otion s . A s  one m o v e s  away fr o m  the c lo s e d  sh e ll the s in g le 
p a r t ic le  sta tes get in cre a s in g ly  m ixed  o v e r  w id er  ran ges o f ex cita tion  
en erg y  and the c h a ra c te r is t ic  tra n sition  en erg y  no lo n g e r  rem a in s  c o n 
cen tra ted  n ear ,5. 5 M eV .

In c lo s in g  I w ould lik e  to  m ention  that re ce n t ex p erim en ts  [41] with 
p * -m e s o n  cap tu re  have b een  c a r r ie d  out to  co n firm  the im p lica tion  o f the 
(n, n 'y ) r e a c tio n  that th ere  a re  fa m ilie s  o f sta tes in the re g io n  o f the 
neutron  th resh o ld  that do not in g e n e ra l d eca y  with in tense 5. 5 -M eV  ra d ia -
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tion . The captu re  o f a p" -m e s o n  co n v e rts  a p roton  into a neutron  leavin g  
a h o le  in the p roton  sh e ll . T h e p ro b a b ility  o f  subsequent e m iss io n  of x 
n eutron s is  37, 45, 12 and 6% r e s p e c t iv e ly  fo r  x = 0, 1, 2, and > 2  [4 2 ]. 
T he fin a l nucleu s m ay  b e  ex cited  to  any en erg y  up to  (o r  s ligh tly  beyond) 
the neutron  th resh o ld  p r io r  to gam m a e m iss io n . T he g a m m a -ra y  sp e ctra  
fr o m  ta rg e ts  n ear  Pb, F ig . 14, show  abrupt on set o f rad ia tion  as the 
neutron  binding en erg y  is  ap p roa ch ed  fr o m  ab ove . T h e re  is  so m e  e v i 
den ce  o f stru ctu re  n ear  4 M eV , but no p rom in en t rad ia tion  at 5. 5 M eV . 
T hus th ese  sta tes , p re su m a b ly  in volv in g  p ro to n -h o le  con fig u ra tion s , a re  
fu rth e r  ex am p les  show ing that 5. 5 -M e V  d eca y  is  not the g e n e ra l ru le .
T h e m eaning  o f the 4 -M e V  bum p is  cu rre n tly  u nder study [41].
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Abstract

HIGH-ENERGY GAM M A-RAY TRANSITIONS FROM MeV NEUTRON CAPTURE IN 2°spb. G am m a-ray 
spectra from  neutron capture In ^ P b  (radiogen ic lead) in the energy range 1. 5 to 8. 5 MeV were recorded 
using t im e -o f -f lig h t  techniques. The gam m a-ray spectrometer was a N al(Tl) crystal, 2 0 .8  cm  long and 
22. 6 cm  in diam eter. The energy variation o f  the cross-section for h igh-energy gam m a-ray transitions

to explain the magnitude o f  the cross-section  in the region o f  the giant d ipole resonance.

Introduction

A semi-direct reaction process was proposed several years ago by Brown
[l], by Clement et al. [2] and by Lushnikov and Zaretskii [3] to explain 
the results of nucleon capture experiments in the MeV region. The capture 
cross sections for h e a w  nuclei are much larger than can be accounted for 
by either the compound-nucleus or the direct reaction theories as 
discussed in connection with experiments by Daly and Shaw , Csikai 
et al. [5J and Menlove et al. [б]. The gamma-ray spectra following the 
capture of MeV neutrons show strong intensity of high-energy gamma rays 
to low-lying levels with large single-particle strength. These experi
ments have been carried out by Cvelbar et al. [7] using 14 MeV neutrons 
and by our group [8,9] with neutrons in the range 1.0 to 8.5 MeV.

In the semi-direct theory the nucleon capture is proposed to proceed via 
an intermediate stage involving the excitation of the giant electric 
dipole resonance and the cross section enhancement is due to the collec
tive nature of this excitation. The intermediate excitation of the giant 
dipole resonance favours gamma-ray deexcitation directly to low-lying 
levels - in qualitative agreement with experimental results.

In the present work preliminary results on neutron capture in ^ ^ P b  are 
given. Cross sections for (n,y) transitions to individual single-particle 
orbits of the residual nucleus as functions of the neutron energy are com
pared with predictions from the direct and semi-direct capture theories.

Experimental procedure

Since most of the experimental details have been published elsewhere [9], 
only a brief outline of the experiment will be given together with a 
description of modifications introduced in connection with the 206pb(n,y) 
experiment.

5 6 9
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The measurements were performed at the 5.5 HeV van de Graaff a cce lera tor  
at Studsvik using t im e -o f - f l ig h t  techniques and a large (22.6 cm diameter 
and 20.8 cm long) Nal s c in t i l la t io n  c r y s ta l .  Neutrons were produced in 
gas targets by means o f  the ^H(p,n)^He and ^H(d,n)*^He re a ctio n s . The same 
target-sam p le-detector  arrangement as in  r e f .  [9] was used except that 
the sa m ple-to-detector d istance was reduced to 0 .9  m, in order to improve 
the d e tection  e f f ic ie n c y  ( f i g .  1 ).

1 . . . Ч  BORON PARAFFIN 
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A two-parameter multi-channel analyser was used throughout the experiment. 
One parameter, the flight time, was divided into 16 equal groups. The 
other, the gamma-ray energy was ranged over 256 channels. A block diagram 
of the electronic equipment is shown in fig. 2. The long counter monitor 
used in earlier measurements was exchanged for a time-of-flight monitor 
using a plastic scintillation detector placed at 140o to the incident ion 
beam. This monitor was calibrated against a polythene counter of Los 
Alamos design [lo] .

It was found convenient to use a Bi sample of the same size as the 
sample to obtain a suitable background in the upper part of the 206pb(n,y) 
spectra. The neutron binding energy in 20?рь exceeds the 2Юв1 value by 
more than 2 MeV, whereas the scattering properties of the two samples 
should be about the same. The results from the runs at Ед = 6.5 MeV are 
shown in fig. 3.

The measurements at the same energy for each sample were compared to check 
the internal consistency. The background was subtracted and the resulting 
spectra grouped into 0.2 MeV intervals. The pulse-height spectra were un
folded by means of the detector response functions which were determined 
as described in ref. [9]. In this way it is possible to obtain (n,y) 
cross sections to single low-lying levels or groups of levels in the 
residual nucleus.

600

400

200

à
n  I

f И"РЬ(п,у) 

E„ =6.50MeV

80 100 120 140

CHANNEL NUMBER

FIG. 3. H igh-energy part o f  the gam m a-ray spectrum o f  the ^ P b ( n ,  y) reaction at 6. 5 M eV (closed  
c irc les ). Statistical uncertainties are given  by error bars through the data points. The corresponding 
spectrum from  the Bi(n, y) reaction  is represented by the dashed curve. Pulse heights corresponding to 
gam m a-ray transitions directly  from  the capturing lev e l to low -ly in g  levels are indicated by vertical 
bars and the dominant s in g le-partic le  configurations o f  the iow -ly in g  levels.



5 7 2 BERGQV1ST et aï.

Theoretical calculations

Cross sections based on semi-direct capture theories by Brown [l] and 
Clement et al. [2] were calculated. Also direct capture cross sections 
according to a theory of Lane [llj were evaluated. The scattering wave 

functions and bound state wave functions necessary to calculate the 
matrix elements were obtained using the ABACUS code [l2j. For the optical 
potential Rosen parameters [l3j including spin-orbit interaction were 
used. In the calculations of the bound state wave functions the poten
tial depth was adjusted to match the binding energy of the bound particle. 
Also here spin-orbit interaction was included. The potential shape para
meters were chosen in accordance with "normal Oak Ridge procedure" [14].

Results and discussion

The ^^Pb(n,y) reaction is suitable for investigating the semi-direct 
capture process in the neutron energy range easily achievable by the 
^H(d,n)^He reaction at a 5.5 MeV van de Graaff accelerator. The neutron 
binding energy of 207pb is 6 . 7  MeV, which gives with the maximum neutron 
energy 8.5 MeV a maximum gamma-ray energy of about 15 MeV, i.e. well above 
the peak of the giant dipole resonance at 13.5 MeV. Preliminary experimen
tal cross sections for 206pb(n,YQ) at various energies are given in fig. 4 
together with predictions of the semi-direct capture theories. The experi
mental cross section decreases smoothly with increasing neutron energy.

FÍG .4. Preliminary cross-sections for the 2°6pb(n, y ) reaction (open circles) with estim ated errors. The
full and dashed curves are based on the sem i-d irect capture theories o f  Brown [ 1] and Clem ent et a l. [2 ]
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The semi-direct process, however, accounts for only about 10 X of the cross 
section at the peak of the giant dipole resonance (see fig. 4). The direct
capture theory gives cross sections which are about a factor of 10 smaller
than the predictions of the semi-direct theory.

From fig. 3 it can be seen that also the first and second excited states 
in 207pb arg populated in 206pb(n,y). These states have been found to be 
fairly pure neutron hole states ( f ß / 2 ) and (P3 /2 ) r e s p e c t i v e l y ,  and 
are therefore not expected to be populated in the direct or semi-direct 
neutron capture process within a pure single-particle frame-work. However, 
experimental and theoretical evidence shows that there is configuration 
mixing in the 206рь ground state and its wave function may be written

ф(̂ РЬ) = (0,65 i 0.13) P ^ / 2 + (0-25 - 0.07) ^ / 2'^

+ (0.20 i 0.08) Рз/2 '^

The coefficients given here are those obtained by Richard et al. [l5j from 
proton elastic and inelastic scattering from the isobaric analogues of low- 
lying 207рь states. Coefficients of similar magnitude have been obtained by 
True [l6j in shell-model calculations based on two interacting neutron 
holes. Also studies of the 206pb(¿,p) reaction [17^ and the 207pb(d,t) 
reaction [l8] have given coefficients of this magnitude. One purpose of 
this paper is to investigate if the three lowest states in 207рь are popu
lated in the 206рь(п,у) process in proportions which are in agreement with 
the configuration mixing of the 206рь ground state given above. Another 
purpose of the paper is to evaluate cross sections to the gQ/2 state at 
2.7 MeV and make comparisons with cross sections to the corresponding 
state in 210gi <phe background subtraction in this case is somewhat more 
complicated and has not yet been performed.

At the present preliminary stage of the data analysis, it seems as if 
neither direct capture nor semi-direct capture are responsible for the 
major part of the 206рь(п,уд) cross section in the region of the giant 
dipole resonance. Further treatment of the data will show if this con
clusion is applicable also to other final levels. The shape of the 
gamma-ray spectrum (fig. 3) shows that the process responsible for the 
cross section selects low-lying levels with large single-particle strength. 
Such a selection is not expected for processes involving the formation of 
a compound nucleus.
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Abstract

RADIATIVE CAPTURE OF NUCLEONS IN THE GIANT RESONANCE REGION. Suggestions are m ade 
for measurements to throw light on the trend o f  nucleon radiative capture cross-sections in the giant resonance 
region . The d ifference between the relative contribution o f  direct and c o lle c t iv e  m echanisms for (p ,y  ) and

An analysis of the radiative capture data for 10-20-MeV energy neutrons 
has shown that the "direct" and "collective" capture mechanisms can reason
ably explain the experimental (n,y) cross sections of the heavy nuclei (A>40) 
with magic or near-magic neutron number [l]. On the other hand, these models 
do not appear to account for the large increase (about one order of magnitude) 
in cross sections between closed shells. In the paper mentioned, calculations 
were^carried out for nuclei with far-from-magic neutron numbers, as for exam
ple gyHOgg. For these nuclei the neutron capture cross section was calcu
lated by using wave functions of particles in a spherical potential. The 
(n,y) cross sections thus calculated were about a factor 10 lower than the 
experimental ones, and it is not clear why the use of wave functions of par
ticles in a deformed potential should give systematically different results 
from the spherical case. Work is in progress to evaluate the difference be
tween the radial integrals calculated in these two ways.

Since many (n,y) data (available especially at 14-15 MeV) have not yet 
been explained theoretically, an attempt was made to find regularities, which 
might lead to an empirical expression relating the (n,y) cross section to 
some fundamental nuclear characteristic [2]. Unfortunately, there are few 
experimental data available, but an examination of these seems to indicate 
some regular behaviour, which may suggest new indicative measurements. This 
behaviour can be seen in fig. 1, where the experimental data at 14vl5 MeV 
for nuclei with proton numbers Z>28 (for which the neutron^excess becomes 
appreciable) are plotted versus the nuclear parameter (N-Z) /A. Nuclei with 
neutrons in the same shells are^indicated with the same symbol. The family 
of straight lines Rnc = -(N-Z) /A , drawn in the figure, seems to suggest 
that for a given neutron shell the (n,y) crogs sections decrease exponential
ly with the increase of the parameter (N-Z) /A.

Experimental cross sections for the radiative capture of 10-20 MeV pro
tons by nuclei with Z>28 are available for only a few nuclei [3] and it is 

impossible to detect any particular trend from such limited data. The mea
surements give peak values of (p,y) cross sections in the giant resonance re
gion equal to (li0.3)mb , both for near-magic target proton numbers (Z=52,83) 
and for nuclei with far-from-magic proton numbers (Z=34,42,58). Calculations 
[3,4], carried out with direct and collective models, are in satisfactory 
agreement with the proton experimental data, regardless of the target proton 
or neutron number.

575
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It is worth while noting that the relative contributions of direct and 
collective capture are different for (p,y) and (n,y) reactions (see calcula
tions for Pb in ref. [4]). This is mainly due to the different behaviour of 
the proton and neutron continuum wave functions in the external and internal 
regions of the nucleus. As can be seen in figs. 2a) and 3a), the relative 
amplitude of the real part of the proton continuum wave function diminishes 
in the interior of the nucleus, while for the neutron the difference is less 
pronounced. So the exterior contribution to the real part of the direct ra
dial integral is usually greater for proton capture than for neutron capture, 
as can be seen from the example shown in figs. 2b) and 3b). The opposite is 
true for the collective matrix element, which is mainly determined by the 
particle-vibration coupling operating on the wave functions in a thin shell 
around the nuclear radius. A more detailed analysis [5] shows that the dif
ference between proton and neutron capture is reduced by the fact that the 
imaginary parts of the wave functions behave similarly in each case. The 
different contribution of the real part is probably a reflection of the Cou
lomb barrier influence. In the case of the proton, this barrier opposes the 
penetration of the nucleon into the nucleus, thus increasing the contribution 
from the exterior of the nucleus to direct capture; moreover this reduces 
the collective excitations of the nuclear surface, thus decreasing the col
lective capture.

In spite of the difference between the relative contributions of direct 
and collective capture for (p,v) and (n,y) reactions, these models taken to
gether can account for cross section values of the order of 1 millibarn, in 
agreement with the proton experimental data available and with part of the 
neutron data. For neutron radiative capture cross sections between closed 
shells (-10 mbarns) new theoretical developments are probably required. An 
examination of fig. 1 suggests that we might regard the (N-Z) "excess" 
neutrons, which affect the fraction (N-Z)/A of the nuclear volume, as ac
tive participants in the capture process. On this hypothesis, it seems that 
the (N-Z) neutrons, which occupy the highest energy states, influence the 
(n,y) reaction more directly in some way.

Clearly, further data are needed to enable us to check the o(n,y) trend 
indicated in fig. 1, and to investigate the possibility of relating (p,y)
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FIG. 2. (a) The Зр^д proton bound-state wave function and the real part o f  the dg^ continuum  function ,
(b ) Real part o f  the direct (D) and co lle c t iv e  (C ) integrals as function o f  the radius for the d ^  -* р^д 
proton transition.

F IG .3 . (a ) The 3d neutron bound-state w ave function and the real part o f  the р^д continuum function.
(b) Real part o f  the d irect (D) and co lle c t iv e  (C ) integrals as function o f  the radius for the р^д -* d ^  neutron
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cross sections to nuclear characteristics. Hence, it would be interesting 
to have measurements, made under the same experimental conditions, for neu
tron capture by nuclei with neutron numbers slightly greater than magic num
bers. The experimental cross sections for different isotopes of the same 
element would also be indicative for studying the influence of the parameter 
(N-Z) /A on the probability of neutron and proton radiative capture at this 
energy. A knowledge of (p,y) cross sections for nuclei with the correspond
ing (n,y) cross sections of the order of 10 mbarn would make it possible to 
establish whether there is a difference between the dependence on N, Z, A 
in neutron and proton radiative capture cross sections.

Thanks are due to prof. V. Benzi for valuable discussions and to dr. F. 
Fabbri for performing the required calculations.
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Abstract

SOME STATISTICAL PROPERTIES OF PARTIAL RADIATION WIDTHS IN TUNGSTEN. H igh-resolution

been com pared with those expected  from  a random distribution. There is no convincin g discrepancy betw een 
the data and that expected  from a random distribution.

It has been su ggested  [1] that th erm al capture sp e ctra  in  the m a ss  
re g io n  A ^ 180 have sy ste m a tic  fe a tu re s . T h is  d is a g re e s  with the s ta t is t ica l 
m o d e l fo r  neutron  cap tu re . In an ex p erim en t to tes t  the v a lid ity  o f  the 
s ta t is t ica l m o d e l as a d e s cr ip tio n  o f reson an t capture in tungsten, the b o o s te r  
ta rget o f the 4 5 -M e V  L in ac at H arw ell was u sed  as a neutron  so u r ce . The 
gam m a ra y s  em itted  fr o m  a natural tungsten ta rget w ere  studied with a 
30 -cm 3 germ an ium  d e te c to r . A 32 -ch an n el tim e s e le c t o r  w as used  to s e le c t  
s p e c if i c  r e so n a n ce s .

The tim e -o f-flig h t sp ectru m  and the tim e gates u sed  are  shown in F ig . 1, 
w hile F ig . 2 show s the sp e ctra  obtained fo r  ^ W .

T a b le s  I, II and III l is t  the re la tiv e  in ten sities  o f the p r im a ry  gam m a 
r a y s . The in ten sitie s  w ere  n o rm a liz e d  by d iv id ing  by the tota l count o f events 
d ep os itin g  m o re  than 1. 5 M eV  in  the c r y s ta l .  The e r r o r s  quoted are  the 
s ta t is t ica l e r r o r s  and do not in clude  e r r o r s  o f n orm a liza tion  (< 10%) and 
e r r o r s  in the e f f ic ie n c y  cu rve  f o r  the d e te cto r  (< 3%).

A ll the tra n s ition s  with an e n e rg y  within 2 M eV  o f the binding en erg y  
o f the p rod u ct n ucleu s w e re  assu m ed  to be p r im a ry  tra n sition s  and E l in 
c h a ra cte r .

T he m ethod o f m axim u m  lik e lih ood  w as u sed  to co m p a re  the d istribu tion  
o f  the red u ced  rad ia tion  w idths with that obtained fr o m  sa m p les  draw n at 
random  fr o m  a ch i-s q u a r e d  d is tr ibu tion  fo r  v a r iou s  va lu es o f y, w here у 
is  the num ber o f d e g re e s  o f  fr e e d o m . F o r  each  iso to p e  the m axim um  
lik e lih ood  e s t im a to r  E , defined  as

E = In Гу^ -  N In r y k i / N ) j / N
k = l  i = l i  = l

w here Nr is  the num ber o f  re so n a n ce s  studied, N  ̂ is  the num ber o f fin a l 
sta tes ex cite d , N * N , X N% and Гу[^ is  the red u ced  rad ia tion  width fr o m  
re so n a n ce  к to fin a l state i, w as obtained.
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FIG. 1. T im e -o f - f l ig h t  for capture in natural tungsten.
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F IG .2. Capture spectra for 511, 288, 219, 111, 1 8 .8 -e V  resonances i n '^ W .

The negative o f  Fy],¡, w hich resu lt  fr o m  the s ta t is t ica l e r r o r s  o f the 
in ten sity  m ea su rem en ts , w e re  r e m o v e d  by a c u t -o ff  p ro ce d u re  s im ila r  
to that o f P r ic e  et al. [2 ] .  In the sam ple  sim u lation  the e r r o r s  o f the 
Гу]ц and the p o s s ib ility  o f  m isse d  le v e ls  w as taken into accoun t. The 
re su lts  o f  the an a lys is  a re  show n in T ab le  IV . In the g ian t-d ip o le  reson a n ce  
m o d e l the red u ced  w idths have an E^ dependence [3 ] .  T h e re fo r e  the d is 
tribution  o f the Гу)ц /E ^ ¡ was analysed  in the sam e w ay. T ab le  IV  a lso  
in clu d es  the re su lts  o f a s im ila r  an alysis o f ^  , the sum  o f the w idths, 
to  g iven  fin a l sta te s . The ex p ected  value o f у in th is ca se  is  equal to the 
num ber o f  re so n a n ce s  stud ied . In the sam ple sim u lation  у cou ld  on ly  be 
an in teg er  and the va lu es quoted w ere  obtained by in terpo la tion .

The p o s s ib ility  o f  a c o r r e la t io n  betw een the rad iation  w idths and the 
red u ced  neutron  w idths as seen  fo r  capture by  thulium  [4] o r  betw een  the 
rad ia tiv e  w idths th e m se lv e s  w as in vestiga ted . The re su lts  are  shown in 
T a b le s  V, VI and VII. The co r r e la t io n  c o e ffic ie n t  t betw een  widths to 
fin a l sta tes i and j is  defin ed  as
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and the c o r r e la t io n  c o e ffic ie n t  r  betw een  the red u ced  neutron  w idths and 
the w idths to fin a l state i is s im ila r ly  g iven  by
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T A B L E  I. TRANSITIONS P E R  100 NEUTRON CA PTU RE S IN iS2w

5 8 2

E
486 377 249 114 21.2 4 .1

3.866 - 0 .3 ( 1 .  5) - 0. 8( 1. 0) 0 .4 (0 .  5) 0 .0 (0 .  5) 0 .0 ( 0 .3 ) 1.0 (0 .3 )

4 .0 1 4 0 .5 ( 1 .  5) -1 .1 (0 .  9) - 0 .4 (0 .5 ) 0.6 (0 .3 ) 1 .7  (0. 2) 0 .5 (0 .3 )

4. 063 0 .8 (1 .  5) 0.6 (0 .9 ) 0 .2 (0 .  5) 0.1 (0 .3 ) 0 . 9 ( 0 .2) 0 .4 (0 .2 )

4. 094 -1 .0 (1 .  5) 1 .3  (0 .9 ) 0 .6 (0 .  5) 1.1 (0 .3 ) - 0. 2(0. 2) 0 .9  (0 .3 )

4 .197 -0 .9  (1 .4 ) 2. 5 (0 . 9) 0. 0( 0.5 ) - 0 .2 (0 .  3) 0. 9 (0 .2 ) - 0 .4  (0. 2)

4 .2 1 1 1.6 (1 .4 ) 0 .2 (0 .  9) -0 . 5 (0 .5 ) -0 .7  (0 .3 ) 0.6 (0. 2) 0. 0(0. 2)

4 .2 4 6 - 0.6 (1 .4 ) -0 .7 (0 .  9) 1.2 (0 .5 ) - 0 .4 ( 0 .  3) 0. 1(0. 2) 2. 8(0. 2)

4 .2 7 3 - 0 .9  (1 .4 ) 3 .0  (0 .9 ) 0 .4 ( 0 .5 ) 3 .6  (0 .3 ) 0.4 (0 .2 ) 0.1 (0. 2)

4 .3 0 4 - 0 .9  (1 .4 ) 1 .3  (0 .9 ) 0.6 (0 .4 ) 0 .7  (0 .3 ) 3 .0 (0 .2 ) 3 .0  (0 .2 )

4 .3 2 5 - 0.1 (1 .4 ) 4 . 0 (0. 9) 0 .8 ( 0 .4 ) 1 .3  (0 .3 ) 1 .5  (0. 2) 0.6 (0. 2)

4 .3 5 3 0 .5 (1 .4 ) - 0 .4  (0. 8) 0.2 (0 .4 ) 1.4 (0 .3 ) 0.2 (0. 2) 0 .4  (0. 2)

4 .3 9 1 - 0.8 (1 .3 ) 0.8 (0. 8) 0 .4  (0 .4 ) 3 .4  (0 .3 ) 0 .4  (0. 2) - 0.2 (0. 2)

4 .4 6 3 1.8 (1 .3 ) 1 .4 (0 .  8) 3 .5  (0 .4 ) - 0 .5 (0 .  3) 0 .5  (0. 2) 0.0 (0. 2)

4 .5 1 9 5. 8 (1 .3 ) 1 .1  (0. 9) 3 .4 ( 0 .4 ) 3 .4  (0 .3 ) 1.3 (0 .2 ) 1 .9  (0. 2)

4. 557 2. 3 ( 1 .3 ) 0.2 (0. 8) 0.0 (0 .4 ) 1.1 (0 .3 ) 0. 1(0. 1) 0.8 (0. 2)

4 .6 3 3 2.2 (1. 2) 0. 0(0. 8) 3 .6  (0 .4 ) 3 .6  (0 .3 ) 5 .0 (0 .2 ) 0. 0(0. 2)

4 .7 1 9 1 .9  ( 1. 2) 2 .4 ( 0 .  8) 1. 9 (0 .4 ) 2.1 (0 .3 ) 0 . 9 ( 0 .1) - 0 .5  (0. 2)

4. 898 - 0 .5  ( 1. 0) -0 .4 (0 .7 ) 0 .3  (0 .4 ) 2. 5 (0 .2 ) 0. 1(0. 1) - 0. 1(0. 2)

5 .1 6 4 5 .6 (1 .1 ) 0.6 (0. 6) 1.8 (0 .3 ) 2. 5 (0 .2 )  . 0. 6(0. 1) 1 9 .4 (0 .2 )

5 .230 1.6 (1. 0) 0 .4  (0. 6) 0. 5 (0 .3 ) 0.0 (0. 2) 0 . 3 ( 0 .1) 0. 1(0. 1)

5 .258 8. 1(1. 0) 0.8 (0 .5 ) 0.2 (0 .3 ) 2.6 (0. 2) 1.1 (0 .4 ) 0 .9  (0. 2)

5. 320 1.1 (0 .9 ) 0. 2(0. 6) 0. 0 (0 .3 ) - 0.2 (0. 2) 0.8 (0 .3 ) 0.0 (0. 2)

5 .658 - 0.2 (0 .7 ) 0 .0 ( 0 .  5) 2. 1 ( 0 .3 ) 0. 0( 0. 2) - 0. 1(0. 1) 0 . 3 ( 0 .1)

5. 983 0 .7  (0. 6) 0. 8(0.4 ) 1 .3  (0. 2) 9. 5 (0 .2 ) 1 .9 (0 .0 8 ) 0 . 5 ( 0 .1)

6 .1 4 5 3 .6  (0 .6 ) 3 .0  (0 .4 ) 2.2 (0. 2) 0 . 5 ( 0 .1) 6 . 9 ( 0 .1) 3 .1 (0 .1 )

6 .1 9 0 1 .5  (0. 6) 11. 1(0. 6) 0.5 (0 .2 ) 8. 3 ( 0 . 2) 4 .4 ( 0 .1 ) 9 .7  (0 .5 )



T A B L E  II. TRANSITIONS P E R  100 NEUTRON C A PT U R E S IN

PARTIAL RADIATION WIDTHS IN W 5 8 3

425 311 184

3 .9 1 4 - 0. 8(0.7 ) 2. 8( 1. 1) 3 .6  (0 .5 )

4 .2 1 8 - 0. 2(0.7 ) - 0 .8 ( 0 .  9) 1 .4 (0 .4 )

4 .2 5 6 0 .7  (0 .7 ) 4 .8 (0 .9 ) 1.2 (0 .4 )

4 .5 3 6 - 0. 6(0. 6) 0 .5  (0. 8) 3 .3  (0 .4 )

4 .6 0 8 0. 6( 0. 6) 0.1 (0 .7 ) 3 .1 ( 0 .4 )

4 .6 5 3 1 .5 (0 .5 ) 1. 1 ( 0 .7 ) 7 .3 ( 0 .4 )

4 .7 5 0 0 .3  (0 .5 ) 3 .1  (0 .7 ) 0.5 (0 .3 )

4 .7 8 4 0. 1(0. 6) 0 .4 (0 .7 ) 1 .3 (0 .3 )

4 .9 3 0 7. 5 (0 .5 ) 5. 0 (0 . 8) 6 .7 (0 .  5)

4 .9 8 8 1.1 (0 .5 ) 5. 0 (0 . 7) 0 .5 (0 .  3)

5 .092 1. 8 (0 .4 ) - 0 .5  (0. 6) 1 .4 (0 .3 )

5 .662 3 .9  (0 .4 ) 1.2 (0 .5 ) 0 .5  (0. 2)

5 .755 0.6 (0 .3 ) 1 .5  (0 .4 ) 1 1 .8 (0 .3 )

T ab le  V  g ives  the va lu es obtained fo r  the average  t¿ j,

T  = 2 S B t i j / N ( N - l )

the a v erag e  r¡ , R = ^ ) 'r ¡ /N  and the p ro b a b ility , P ,  that th e ir

va lu es w ill be e x ce e d e d  in a ran dom  sam ple draw n fr o m  a population  with 
one d e g re e  o f fr e e d o m . The p r im ed  p a ra m e te rs  are  th ose  obtained when 
on ly  th ose  fin a l states seen  in (d, p) stu d ies [5] are  co n s id e re d .

T he data d is a g re e  with the p re d ic t io n s  o f  the s ta t is t ica l m o d e l fo r  
s e v e r a l o f  the p a ra m e te rs . The value o f y f o r  the Гу^  fo r  has on ly
a p ro b a b ility  o f  3% o f be in g  1. The value o f  у f o r  the fo r  iS2\y has a 
p ro b a b ility  o f  m uch le s s  than 0 .1 %  o f be in g  6. T h is is  due to the p re se n ce  
o f fo u r  la rg e  v a lu es  o f  r.,¡ and sev en  sm a ll v a lu es o f Ty¡ . S ince the p o s s i 
b ility  o f  M l tra n sition s  in  the sam ple cannot be ru led  out, th is is  not 
co n v in cin g  ev id en ce  fo r  the p re se n ce  o f n o n -s ta t is t ic a l e f fe c t s . T he fo u r  
s tro n g ly  e x c ite d  le v e ls  se e m  to  have no n u c le a r  s tru ctu re  c h a r a c te r is t ic s  
in  co m m o n . W hile none o f the av erag ed  c o r r e la t io n  co e ffic ie n ts  in T ab le  V 
are  s ign ifica n t, s e v e r a l  o f  the in div idu al c o e ffic ie n ts  a re . In p a rticu la r
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T A B L E  III. TRANSITIONS P E R  100 NEUTRON C A PTU R E S IN ^ 6 ^

E., (M eV)
511 288 219 171 18 .8

4 .0 8 3 2. 1(1.4 ) 2 .4 (0 .5 ) 2. 8(0. 6) 0.8 (0. 6) 0 .4  (0 .3 )

4 .1 2 1 5 .7 (1 .4 ) 0 .5 (0 .7 ) 3 .8  (0 .5 ) 0.2 (0. 6) 0 . 4 ( 0 .2)

4 .156 4 .2  (1 .4 ) 2. 6(0.7 ) 0 .4 (0 .  5) 0. 1(0. 6) 0 .5  (0. 2)

4 .2 4 9 0. 3 2 (1 .3 ) 0 .9 (0 .7 ) 0 .5 (0 .  5) 2. 1(0. 6) 3 .9 ( 0 .2 )

4 .3 3 2 3 .1  (1 .3 ) - 0.1 (0 .7 ) 0 .4 (0 .  5) 0. 1 ( 0 .5 ) 1.0 (0. 2)

4 .3 8 4 7 .2  (1 .3 ) 0 .4 (0 .7 ) - 1 .3 (0 .  5) 1 .5  (0 .5 ) 0 .9  (0. 2)

4 .4 4 9 0 .7  ( 1, 2) 2.6 (0. 6) -0 .8 (0 .  5) - 0.2 (0 .5 ) 0.6 (0. 2)

4 .487 0 .3 6 (1 .2 ) 0 .5  (0. 6) 8 .3 (0 .  5) - 0 .3 ( 0 .  5) 0 .3 (0 .  3)

4 .5 7 4 5 .5 (1 .  3) 4 .2  (0 .6 ) 8 .9 (0 .  5) 1 .3  (0 .5 ) 1.8 (0. 2)

4 .5 9 8 3 .7  (1 .2 ) 2.7  (0. 6) 0 .3  (0 .5 ) 3 .7  (0 .5 ) 0.6 (0. 2)

4 .6 2 6 4 .7 ( 1 .  3) 0 . 9 ( 0 .6) 3 .3 (0 .  5) 2.8 (0. 6) 4 . 0 (0 .2 )

4 .6 5 0 0.6 ( 1. 2) 3 . 9 ( 0 .6) 1 .5  (0 .5 ) 5 .3 (0 .  5) 0.2 (0. 2)

4 .6 8 4 1.2 (1. 1) 2.8 (0. 6) 0 .5  (0 .4 ) 3 .5  (0 .5 ) 2.2 (0. 2)

5 .261 1 5 .1 (1 .2 ) 0. 5 (0 .4 ) 6.8 (0 .4 ) 9 .7  (0 .5 ) 1 5 .2  (0 .2 )

5 .320 11. 8(1. 1) 1 .5  (0 .4 ) 5. 0 (0 .4 ) 1 9 .2 (0 .6 ) 9 .1 (0 .2 )

5 .468 0 .1 4 (0 .9 ) 3 .9  (0 .5 ) 4.6 (0 .4 ) 1 .9  (0 .4 ) 0.8 (0. 2)

T A B L E  IV . VALUES FO R y

!.MW 0 .8  (0 .4 )  0 .9 (0 .3 )  2 .0 ( 1 .0 )  2 .5  (1 .0 )  6

'" W  1 .3 (0 .5 )  0 .9 (0 .5 )  2 .5 ( 1 .0 )  2 .5 ( 1 .0 )  3

'""W 1 .5 (0 .3 ) 1.7 (0.3) 6 .5 (2 .0 ) 5 (2) 5



T A B L E  V. A V E R A G E  VALU ES O F TH E C O R R E LA T IO N  C O EFFICIEN T S

PARTIAL R A D IA T IO N  W IDTH S IN W 5 8 5

T A B L E  VI. VALUES OF C O R R E LA T IO N  CO E FFIC IE N TS USING THE 
NILSSON M O D EL

i j tij
P(tij)

6 ")

§ '[5 1 0 ] i* [5 1 0 ] -0 .2 1 8 65

'K W § "[5 1 0 ] § 1 5 1 2 ] -0 .5 4 8 90

i* [5 1 0 ] f [512] 0 .2 0 3 30

§ '[5 1 0 ] i '[ 5 1 0 ] 0 .580 17

§*[510] § '[5 1 2 ] -0 .8 6 8 98

^-[510 ] §*[512] -0 .6 1 2 90

T A B L E  VII. C O R R E L A T IO N  WITH TH E REDU CED NEU TRO N  WIDTH
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T a b le  VI g ives  the c o r r e la t io n  co e ffic ie n ts  in vo lv in g  the le v e ls  w hich  have 
been  in terp re ted  u sin g  the N ilsson  m o d e l [5 ] .  It can  be seen  that th ere 
is  a la rg e  a n t i-c o r re la t io n  betw een  the 3 /2 '[ 5 1 2 ]  and the 3 /2 " [5 1 0 ]  fo r  
l86\y and that th ere  is  a m a rk ed  a n t i-c o r re la t io n  fo r  the sam e le v e ls  in
i82w .

P re stw ich  and C oté [6] have p ro p o se d  that tra n sition s  to the [512] band 
should  be h in d ered  by a s e le c t io n  ru le  on Л . E ven  when av erag ed  o v e r  
on ly  s ix  re so n a n ce s  in  I82^y ^nd five  re so n a n ce s  in 1S6W, the sum  o f  the 
tra n s itio n s  to the 3 / 2 '[5 1 2 ]  is  not a n om a lou sly  low . The e ffe c t  o f  se le ct io n  
ru le s  o f th is nature cou ld , h ow ever, be g iv in g  the a n t i-c o r re la t io n  betw een  
tra n s itio n s  to the two bands. T h ey  w ould a lso  be lik e ly  to g ive a positive  
c o r r e la t io n  fo r  tra n s ition s  going to the sam e band but th is c o r r e la t io n  is  
not o b s e rv e d .

T a b le  VII g iv es  the c o r r e la t io n  with the red u ced  neutron  width, r i ,  
f o r  the above le v e ls .

W e have started  fr o m  the assu m ption  that we a re  in each  n ucleu s dea lin g  
w ith a sin g le  population  o f red u ced  rad ia tion  w idths, w hose d istr ibu tion  
be lon gs to  the x2 fa m ily  (w ith a p o s s ib le  sy ste m a tic  E^ e n e rg y  depen den ce).
W e have found a n um ber o f p a ra m e te rs  w here the p re d ic t io n s  o f  the s ta t is t ica l 
m o d e l are  s ig n ifica n tly  v io la ted , but the num ber of v io la tion s  is  not u n rea 
son ab le  in  v iew  o f the la rg e  num ber o f s ta t is t ics  obtained . E ven  fo r  s im ila r  
n u cle i lik e  182^ and 18б\у th ere  is  no p a ra m e te r  w hich  is  s ig n ifica n tly  at 
v a r ia n ce  w ith the s ta t is t ica l m o d e l f o r  both n u c le i. G iven  that ou r  in itia l 
assu m ption s are  va lid , we are fo r c e d  to con clu d e  that the s ta t is t ica l m od e l 
g ives  an a ccep ta b le  explan ation  of the data.
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Abstract

keV NEUTRON CAPTURE IN THE MASS REGION A = 40-70. Data are presented from kilovolt neutron

INTRODUCTION

The dependence of both s and p wave neutron strength functions on 
mass number has been widely studied both with experimental measurements 
and with optical model calculations. The s-wave strength function peaks 
in the regions of mass near 60 and 160 so that neutron resonances in these 
regions are dominated by s-wave effects. Similarly, p-wave effects are 
important in the regions of mass number near 30, 100 and 230. Much less is 
known about the d-wave strength function but peaks are expected in the 
mass regions near 55 and 160. In this paper we present results for the 
mass region A = 40 - 70 and these are used to study these effects.

The differences in binding energy of neutrons in, for example, the 
2p and 3s or the 3p and 4s shells are such as to be approximately equal to 
the neutron separation energy. Thus capture gamma ray spectra for nuclei 
in the regions near 60 and 160 are dominated by electric dipole
transitions which take place between p and s states. This effect is
illustrated schematically in Figure 1 in which the change in single 
neutron energies with mass number is used to show the regions of
importance of s - p transitions. It is also now clear that when p-wave
resonances are important at relatively low neutron energies, resonance 
neutron capture is dominated by electric dipole transitions from p to s 
states. These facts have made the measurement of resonance capture 
spectra a useful technique for 1-wave assignments of resonances.

The positions of other single neutron states are shown in Figure 1 
and it can be seen that electric dipole transitions are possible between 
d-wave resonances and either p or f states for nuclei in the mass regions 
near 55 and 160. By analogy with s and p wave effects, these 
transitions may be expected to dominate d-wave capture spectra.

keV CAPTURE RESULTS

Techniques have been developed for using a Ge(Li) detector to 
measure gamma ray spectra from the capture of neutrons in the energy range 
from approximately 10 to 100 kevH. A schematic diagram of the experiment 

is shown in Figure 2. Simultaneous measurements of neutron time of 
flight and gamma ray pulse height allow capture spectra to be determined

5 8 7
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FIG. 1. Schematic illustration o f dependence o f  single neutron level energies on mass number (a) s and p 
states, (b) d states. Ground-state shell model assignments and strength function peaks are joined by lines 
representing the change in energy o f particular shell model states. Arrows represent electric dipole transitions.

either for individual, well-spaced resonances-or as an average over a 
number of resonances. In all cases the gamma ray energy for a transition 
to a particular final state increases with neutron energy and provides 
an additional measurement of the dependence of gamma ray intensity on 
neutron energy.

Measurements have been made for ail elements from calcium to zinc 
using targets varying in mass from a few kilograms to 30 kilograms.
Count rates were very low, requiring run times of from 40 to 100 hours. 
Nevertheless a great deal of information was obtained on transitions 
with intensities greater than approximately 10 per 100 captures and on 
their variation with neutron energy.

The results can be divided into two groups according to whether 
the target nuclei had either odd or even atomic number. For odd Z 
targets both initial and final states are relatively closely spaced and 
a considerable range of spin values is involved. For even Z targets, and 
particularly for even-even target nuclei, the gamma ray spectra and their 
interpretation are much simpler.



FtC.2. Dual-parameter system for the study o f  keV neutron capture. Gamma-ray and time-of-flight pulses are analysed in coincidence 
and proposed by an on-line computer.
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FIG.3. Partial gamma-ray spectra for keV capture in **°Ca, ^Cr and ^Fe showing transitions to final states 
with spins 5 /2* and 7 /2 " . The corresponding thermal spectra are included.

A common feature, not observed in thermal capture, is the occurrence 
of transitions proceeding to final states with spins of 5/2 and 7/2 .
Some typical examples are shown in Figure 3. In each case the appropriate 
region of a thermal capture spectrum is shown with the calculated 
positions of possible 'high spin state transitions'. Also shown are 
the keV capture spectra in which these high spin state transitions 
appear, shifted by an amount equal to the neutron energy. In most cases 
particular neutron energies are important - indicating the role of 
individual resonances, even though these are not always completely 
resolved.
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A list of the high spin state transitions that have been observed 
is given in Table I. The keV intensities are given as 'per cent 
captures' but the normalisation used depends on the rather crude 
assumption that the sum of all gamma rays observed is equal to that in the 
same energy region for thermal capture. The normalisation factors are 
unlikely to be in error by more than 307.. However, most of the 
measurements, especially those labelled average in Table I have an s-wave 
contribution to the capture spectrum. The measured intensities of the 
high spin state transitions are therefore lower limits to the 
intensities which they must have for the particular resonances in which 
they occur.

TABLE I

HIGH SPIN STATE TRANSITIONS IN EVEN-ODD MEDIUM WEICHT NUCLEI

Compound < D ^ > Í ? 1 . Ef k (E !) k (M l)
N ucleus 2

keV eV keV % keV x  10*^
-3

x 10

49 1 .0 Av 1 .1 0 3 7 /2 * 0 .1

29 1 .0 Av 2 .9 0 3 7 /2 * 0 . 5

4. 5 373 3 5 /2* 0 .9 7 .2

2 0 " 30 1 .0 Av 3 .2 0 3 5 /2 * , 0 .4 3 .1
7 /2

17 1 .0 44 6 .4 0 3 7 /2 * 1. 5

2 4 ^ 33 1 .0 30 18 1007 3 5 /2 " ,
7 /2

3 .6 34

20 0 .3 Av 9 933 . 3 5 /2* 0 . 5 4 .6

4 1322 (3 ) 0 .2 2 .4

2 14L3 ISO 7 /2 * 0 .1 1 .2

17 0 .6 1 .1 5 7 706 3 5 /2 * 15

( 1 .3 ) 26 3 .3 706 5 /2 * 1 .6 15
1 .0 36 7 .7 706 5 /2* 2 .8 27

1. 0 52 8 .4 135 3 5 /2 * 2 .4 23

5 .4 706 5 /2 * 2 .0 19

1 .0 72 1 2 .6 135 3 .5/2* 3 .6 35

3 .3 706 5 /2 * 1 .2 12

59^,.
2 8 ^ 33 0 .6 Av 4 341 3 0 .2 2 .0

14 0 .4 Av 12 69 3 5 /2 * 1 .4 14

2. 5 0 .3 Av 2 0 3 5 /2* 0 .9 9 .4

с 4 . 5 0 .2 Av 1 .1 0 3 5 /2 * 0 .3 2 .6
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TABLE I I

MULTIPOLARITY OF GAMMA RAY TRANSITIONS

C apture
R esonance

F in a l S ta te s

1 /2 * 3 /2 * 5 /2 * 7 /2 *

0 1 /2 + Di
2

El El M2 E3

1

1 /2 * Di
2

Ml Ml E2 M3

3 /2 Ml Ml Mi E2

2

3 /2 + Dl El El EL M2

3 /2+
% 32 '

M2 El El El

DISCUSSION

Estimated values of gamma ray reduced widths are included in Table
I assuming that either El or Ml transitions are involved. The total 
radiative widths and average level spacings used in deriving these 
estimates are also given. The types of transitions that would be 
involved for s, p or d wave neutron capture in even-even target nuclei 
are listed in Table II.

It is usually assumed that only dipole transitions play a 
significant role in the high energy gamma ray spectra from neutron 
capture. This assumption would rule out s-wave capture as a possible 
source of high spin state transitions and would also rule out p-wave 
capture as a possible source of transitions to 7/2 states. The evidence 
available concerning the possibility that p or d wave capture is responsible 
for the observed high spin state transitions can be summarized as 
follows :

(a) If all the transitions listed in Table I are assumed to arise 
from d-wave resonances, an average k(El) of 1.3 x 10*3 is obtained. This 
will be a lower limit and is close to the value (3 x 10*3) given by 
Bartholomew^) in his survey of thermal capture gamma rays.

(b) If we exclude the possibility of M3 transitions from 1/2 
resonances to 7/2 final states, the value of E2 reduced widths obtained 
assuming 3/2 resonances are of the order of 100 times the Weisskopf 
estimates. Since the observed results are effectively lower limits, they 
could only be explained by a major enhancement of E2 transitions.

(c) The transitions to 5/2 states are even stronger than to 7/2 
states. If we exclude E2 transitions the average value of Ml reduced 
widths is 14 x 10*3. This is comparable with the result reported by 
Bollinger^) and others. However, two factors must be taken into account
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in this comparison. Firstly, the particular resonances which give rise 
to 5/2 transitions may also account for most of the observed strength to 
1/2 and 3/2 states. If this is the case the latter transitions, being 
also Ml, will raise the average reduced width considerably.

Alternatively, if the resonances under consideration have weaker
transitions to 1/2 and 3/2 states (e.g. comparable to the 5/2
transitions) then because of the overlap with s-wave resonances the values 
of Iy and hence k(Ml) given in Table I are underestimated. In either 
case, if p-wave resonances are responsible for the 5/2 transitions, the 
number of cases and the strengths observed require that strong Ml 
transitions be important in this mass region. There is no simple shell 
model explanation for such an effect.

(d) Positive parity states are known in some of the nuclei studied
and some evidence is found in the experimental data from calcium and
zinc for transitions to these states. However these transitions do not
dominate the capture spectra as they do in the mass regions near 30 and
100 where p-wave resonances are known to be important.

(e) The resonance at 1.15 keV in *^Fe target nucleus has been
assigned as p-wave on the basis of the measured neutron width^) and the 
measurement of interference in differential scattering cross sections 
The estimate of transition strength to a 5/2 state used in Table I is 
that given by Moore, Palevsky and Chrien^). The value of k(Ml) is 
close to the average value given by Bollinger and hence is consistent 
with the p-wave assignment. This result is subject to considerable 
uncertainty since the Nal spectrum shows only broad features.
Nevertheless it emphasizes the need for more detailed information on 
specific resonance assignments for high spin state transitions and the 
measurement of parameters for these resonances.

CONCLUSION

The most satisfactory explanation of the results reported here is 
both p and d-wave capture play an important role for neutron energies 
below 100 keV and for nuclei in the mass region 40 - 70. It is 
difficult to explain the stronger transitions solely in terms of p-wave 
capture. The appearance of many d-wave resonances would undoubtedly 
give rise to high values of the d-wave strength function and this is 
found in a more detailed analysis of results for zinc^). Further 
measurements are needed of both neutron widths and partial radiation 
widths in order to clarify the respective roles of p and d wave 
resonances.

A C K N O W L E D G E M E N T S

W e w ish  to  ack n ow led ge  the a ss is ta n ce  o f  m e m b e rs  o f  the 3 M eV 
A c c e le r a to r  G roup at L u ca s H eigh ts. Som e o f  the data w as supplied  
by  D . Chan and G . J. B room h a ll o f  the U n iversity  o f  M elbou rn e from  
unpublished r e s u lt s .
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Abstract

GAMMA DECAY, INCLUDING INTENSE M I'S , IN "4 n (n , /) '^ In . The gamma-ray spectra above
4 .5  MeV following resonance neutron capture in six '^ in  resonances are reported. The correlation coefficient 
between gamma-ray intensities and (d, p) spectroscopic factors is zero. M l transitions are prominent and 
an average value for K ^ i  o f 1. 5 X 10-2 eV/MeV* is found. Several levels strongly populated in the (n, y ) 
reaction were not seen in the (d, p) experiment.

Enhanced M l tra n s ition s  have been  o b se rv e d  fo llo w in g  neutron  capture 
in  s e v e r a l  Sn is o to p e s  by  H arv ey  et a l. [1] and Bhat et a l. [2 ] . S tron g  M l 
tra n sition s  have been  p re d ic te d  [3 ,4 ]  to o c cu r  at an e n e rg y  som ew hat h igh er 
than the s p in -o r b it  sp littin g  e n e rg y  w hich , fo rg 9 /2 -g 7 /2  in S n , is  about 
5 .3  M eV  [5 ] .  It is  o f  in te re s t  to  a s ce r ta in  i f  n u cle i ad jacen t to Sn a lso  
exhib it s tro n g  M l tra n s itio n s .

R e ce n tly  M oorh ead  et a l. [6] have done h ig h -re so lu tio n  (d, p) stud ies 
on  ^ I n  and have been  able to r e s o lv e  m any o f  the n^In le v e ls  be low  1 .6  M eV . 
T h e ir  angular d is tr ib u tion  data have enabled them  to m e a su re  ^ -va lu es and 
h ence  to  assign  p a r it ie s  to th ese  le v e ls .  Thus the m u ltip o la rity  o f gam m a 
ra y s  popu lating th ese  le v e ls  fo llo w in g  S -w ave neutron  capture  in u sin  can  
be d eterm in ed . In addition, a co m p a ris o n  o f the (n, y) and (d, p) redu ced  
w idths can  p rov id e  in form a tion  on the im p ortan ce  o f the d ir e c t  capture 
m ech a n ism  in the ( n , r e a c t i o n .

The g a m m a -ra y  sp e c tra  fo llo w in g  reson a n ce  neutron  capture in a natural 
In ta rg et w ere  studied with the Chalk R iv e r  ch op p er  fa c ility . The ch opper 
w heel is  id e n tica l to  that in use at the High F lux B eam  R e a cto r  at B rookhaven
[7 ] .  The neutron  s o u r ce  is  a D gO -filled  sca tte r in g  can  situated in a through 
tube o f the NRU r e a c to r  and p ro v id e s  an ep ith erm a l beam  la rg e ly  fr e e  of 
r e a c to r  gam m a ra y s  and fa s t n eu tron s. The w heel is  design ed  to rotate 
at 15 000 r e v /m in . At th is sp eed  the ch op p er  re so lu tio n  is  0 .2 5  u s e c /m  
at ou r  2 0 -m  d e te cto r  station  and y ie ld s  an in ten sity  o f  about 
2 X  103/E n c m ' 2  s e c ' i  e V 'i .

F ig u re  1 sh ow s the In tim e  sp ectru m  o f n eutron s in  co in c id e n ce  with 
gam m a ra y s  g re a te r  than 3 M eV . T h ese  data w ere  obta in ed  at a t im e -o f -  
fligh t re so lu tio n  o f  0. 65 <usec/m . Not a ll o f  the neutron  r e so n a n ce s  seen  
h e re  are  in  The th ree  re so n a n ce s  at 4 .7 1 ,  14 .7  and 31 e V  are  in  ^^In.
P r o p e r t ie s  o f  the gam m a ra y s  fr o m  ^ I n  re so n a n ce s  on ly  w ill be d is cu ss e d . 
B y  p la cin g  su itab le  gates on  the re so n a n ce  peaks, the g a m m a -ra y  sp e ctra  
a s so c ia te d  with each  réson a n ce  w ere  ex tra cte d . E x am p les  o f th ese  sp e ctra  
a ré  show n in  F ig . 2. O nly the e n e rg y  range fr o m  4 .3  to  7 .5  M eV  is  shown 
and conta in s a ll the data u sed  in  the p resen t a n a lys is . F ig u re  2 show s 
g a m m a -ra y  s p e c tra  fr o m  th ree  i^ I n  r e so n a n ce s  and fr o m  th erm a l neutron
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FIG. 1. Block diagram o f the data collection system.

FIG. 2. Gamma-ray pulse height spectra from *^In resonances and the thermal region.
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T A B L E  I. C O R R E C T E D  R E L A T IV E  INTENSITIES O F G A M M A -R A Y S 
FRO M  RESONANCES IN

E y Ex ТГ h  ^  1 1 . 4 8  e V 3 . 8 6  eV 9 . 1 2  e V
1

У
1 2 . 1  e V

i y .
23 e V

4 ^ У

6 5 0 3 ( 2 ) 2 7 2 0 . 3 ( . 2 ) 0 . 4  ( . 3 )
6 4 7 1 ( 5 ) 3 0 4 0 . 2 ( . l ) 0 . 5  ( . 3 ) 2 . 5  ( . 4 )
6 4 1 1 ( 7 ) 3 6 4 2 . 5  ( . 3 ) 1 . 4 ( . 2 ) 4 . 8  ( . 6 ) 2 . 6  ( . 8 ) 5 . 4 ( 1 . 3 )
6 3 2 6 ( 4 ) 4 4 9 2 . 2  ( . 2 ) 1 . 3 ( . 2 ) 1 . 6  ( . 3 ) 1 . 1  ( . 4 ) 3 . 8  ( . 9 ) . 8  ( . 6 )
6 2 3 0 ( 3 ) 5 4 5 1 . 5  ( . 2 ) 1 . K . 2 ) 0 . 6  ( . 4 ) 4 . 0  ( . 5 ) 9 . 4 ( 1 . 0 ) 1 . 4  ( . 6 ) 1 6 . 1 ( 1 . 2 )
6 1 3 6 ( 4 ) 6 3 9 1 . 0  ( . 3 ) 1 . 3 ( . 2 ) 1 . 5  ( . 4 ) 2 . 3  ( . 5 ) 1 . 5  ( . 7 )
6 0 4 8 ( 2 ) 7 27 ( - ) 0 . 7  ( . 4 ) 1 . 0 ( . 3 ) 7 . 1  ( . 6 ) 6 . 2 ( 1 . 5 ) 2 . 6 ( 1 . 0 )
6 0 1 3 ( 7 ) 7 6 2 ( + ) 0 . 4 ( . 2 ) 0 . 7  ( . 4 ) 1 . 3 ( 1 . 0 ) 1 . 8 - ( . 7 )
5 9 8 1 ( 5 ) 7 9 4 2 . 0  ( . 6 )
5 9 8 4 ( 1 ) 8 8 1 2 4 . 7  ( . 4 ) 1 5 . K . 3 ) 4 . 2  ( . 5 ) 4 . 0  ( . 6 ) 2 . 4 ( 1 . 1 ) 5 . 3  ( . 8 ) 1 6 . 6 ( 1 . 3 )
5 8 3 6 ( 3 ) 9 3 9 0 . 5  ( . 4 ) 1 . 0 ( . 2 ) 0 . 9  ( . 5 ) 1 3 . 3  ( . 7 ) 9 . 0 ( 1 . 3 ) 0 . 8  ( . 8 ) 8 . 0 ( 1 . 3 )
5 7 7 1 ( 2 ) 1 0 0 4 ( - ) 3 . 6  ( . 4 ) 1 . 5 ( . 3 ) 3 . 8  ( . 6 ) 5 . 0  ( . 7 ) 2 . 4 ( 1 . 2 ) 3 . 8 ( 1 . 3 )
5 7 1 6 ( 5 ) 1 0 5 9 ( - ) 0 . 9  ( . 6 ) 4 . 4  ( . 7 ) ; 4 . 1 ( 1 . 3 ) 3 . 2  ( 9 ) 3 . 6 ( 1 . 3 )
5 7 0 3 ( 5 ) 1 0 7 2 4 . 7  ( . 7 ) 3 . 7 ( 1 . 3 ) 1 . 3  ( . 9 ) 1 . 4 ( 1 . 3 )
5 6 8 7 ( 5 ) 1 0 8 8 2 . 7  ( . 6 ) 1 . 8  ( . 7 ) 1 . 4 ( 1 . 3 ) 1 . 8  ( . 9 )
5 5 8 2 ( 2 ) 1 1 9 3 2 . 3  ( . 5 ) 0 . 6  ( . 5 )
5 5 7 5 ( 2 ) 1 2 0 0 1 . 5  ( . 4 ) 1 . 1 ( . 3 ) 2 . 0  ( . 6 ) 1 . 9 ( 1 . 3 )
5 5 0 2 ( 2 ) 1 2 7 3 4 . 0  ( . 5 ) 3 . 7 ( . 3 ) 6 . 0  ( . 7 ) 7 . 7  ( . 8 ) 1 . 4 ( 1 . 4 ) 1 ^ 9 ( 1 . 0 ) 4 . 8 ( 1 . 4 )
5 4 8 5 ( 2 ) 1 2 9 0 2 . 6  ( . 5 ) 1 . И . З ) 2 . 2  ( . 8 ) 3 . 4 ( 1 . 5 )
5 4 4 5 ( 4 ) 1 3 3 0 2 . 4  ( . 5 ) 1 . 0 ( . 3 ) 2 . 0  ( . 7 ) 2 . 3  ( . 8 ) 2 . 3 ( 1 . 5 ) 1 . 0 ( 1 . 0 ) 1 . 3 ( 1 . 4 )
5 4 1 2 ( 2 ) 1 3 6 3 9 . 9  ( . 7 ) 6 . 1 ( . 5 ) 8 . 0 ( 1 . 0 ) 1 . 7 ( 1 . 1 ) 7 . 2 ( 2 . 1 ) 5 . 5 ( 1 . 5 ) 3 . 6 ( 2 . 0 )
5 3 8 7 ( 2 ) 1 3 8 8 2 . 6  ( . 7 ) 6 . 0 ( 1 . 0 ) 1 . 8 ( 1 . 5 ) 2 . 2 ( 1 . 1 )
5 3 6 1 ( 2 ) 1 4 1 4 6 . 9  ( . 5 ) 3 . 4 ( . 3 ) 1 . 4  ( . 7 ) 1 . 7 ( 1 . 5 ) 1 . 9 ( 1 . 1 ) 1 . 8 ( 1 . 5 )
5 3 4 9 ( 2 ) 1 4 2 6 6 . 6  ( . 5 ) 3 . 6 ( . 3 ) 1 . 1  ( . 6 ) 1 . 2  ( . 7 ) 2 . 5 ( 1 . 4 ) 2 . 8 ( 1 . 0 ) 2 . 1 ( 1 . 3 )
5 3 3 6 ( 2 ) 1 4 3 9 1 2 . 5  ( . 5 ) 7 . И . З ) 1 . 2  ( . 7 ) 1 . 2  ( . 8 ) 4 . 0 ( 1 . 1 ) 1 . 8 ( 1 . 5 )
5 3 2 1 ( 2 ) 1 4 5 4 ( - ) 3 . 6  ( . 5 ) 2 . 4 ( . 3 ) 7 . 5  ( . 8 ) 4 . 2 ( 1 . 6 ) 2 . 2 ( 1 . 1 ) 2 . 6 ( 1 . 5 )
5 2 8 3 ( 2 ) 1 4 9 2 ( + ) 3 . 4  ( . 8 ) 8 . 4 ( 1 . 7 )
5 2 4 9 ( 2 ) 1 5 2 6 5 . 0  ( . 5 ) 2 . 9 ( . 4 ) 3 . 1  ( . 8 ) 1 . 6 ( 1 . 6 ) 2 . 1 ( 1 . 2 ) 3 . 0 ( 1 . 5 )
5 1 7 5 ( 2 ) 1 6 0 0 1 3 . 1  ( . 6 ) 4 . 9 ( . 4 ) 3 . 8  ( . 9 ) 4 . 5 ( 1 . 7 ) 1 . 7 ( 1 . 2 ) 4 . 5 ( 1 . 6 )
5 1 4 3 ( 2 ) 1 6 3 2 1 6 . 8  ( . 6 ) 8 . 9 1 . 4 ) 2 . 0  ( . 8 ) 1 . 5  ( . 9 ) 1 . 9 ( 1 . 1 ) 3 . 4 ( 1 . 2 ) 2 . 1 ( 1 . 6 )
5 1 2 0 ( 2 ) 1 6 5 5 4 . 7  ( . 6 ) 2 . 3 ( . 4 ) 2 . 2 ( 1 . 0 ) 8 . 0 ( 1 . 3 ) 2 . 9 ( 1 . 6 )
5 1 0 6 ( 2 ) 1 6 6 9 2 2 . 5  ( . 6 ) 1 1 . 8 ( . 4 ) 2 . 9  ( . 8 ) 3 . 4 ( 1 . 0 ) 4 . 6 ( 1 . 3 ) 2 . 1 ( 1 . 6 )
5 0 8 7  ( 2 ) 1 6 8 8 6 . 0  ( . 6 ) 2 . 8 ( . 4 ) 6 . 0  ( . 9 ) 1 . 2 ( 1 . 0 ) 3 . 2 ( 1 . 7 ) 2 . 7 ( 1 . 3 ) 2 . 6 ( 1 . 7 )
5 0 3 5 ( 2 ) 1 7 4 0 4 . 4  ( . 6 ) 2 . 2 ( . 4 ) 5 . 5 ( 1 . 2 ) 4 i 7 ( 1 . 8 ) 1 . 9 ( 1 . 3 ) 6 . 2 ( 1 . 7 )
5 0 1 7 ( 4 ) 1 7 5 8 3 . 3  ( . 8 ) 5 .  4 ( 1 . 3 )  ; 5 . 2 ( 1 . 4 ) 6 . 9 ( 2 . 0 ) 2 . 1 ( 1 . 7 )
5 0 0 8 ( 4 ) 1 7 6 7 9 . 8  ( . 8 ) 6 . 6 ( . 5 ) 5 . 2 ( 1 . 4 ) 2 . 1 ( 1 . 7 )
4 9 7 2 ( 4 ) 1 8 0 3 1 6 . 7 ( 1 . 0 ) 8 . 6 ( . 6 ) 4 . 2 ( 1 . 2 ) 1 . 3 ( 1 . 2 ) 4 . 9 ( 1 . 9 )
4 9 5 9 ( 4 ) 1 8 1 6 9 . 6 ( 1 . 0 ) 5 . 3 ( . 6 ) 2 . 1  ( . 5 ) 1 . 0 ( 1 . 0 ) 4 . 3 ( 2 . 5 )
4 9 1 5 ( 2 ) 1 8 6 0 1 1 . 9  ( . 7 ) 8 . 0 ( . 4 ) 3 . 2  ( . 9 ) 1 . 6 ( 1 . 1 ) 4 . 2 ( 1 . 9 ) 2 . 6 ( 1 . 4 ) 2 . 1 ( 1 . 8 )
4 9 0 2 ( 2 ) 1 8 7 3 6 . 2  ( . 7 ) 4 . 2 ( . 4 ) 4 . 0  ( . 9 ) 4 . 3 ( 1 . 4 )

cap tu re . The la tter  sp ectru m  w as obtained in a sep ara te  run at a t im e - 
o f - f l ig h t  r e so lu tio n  o f 3 .2 5  ^ s e c /m .  A ll o f th ese  g a m m a -rä y  sp e c tra  w ere  
taken with a 23 -cm ^  G e(L i) d e te c to r  and with a re so lu tio n  o f  7. 5 k eV  at 
6 M eV .

T he re la tiv e  in ten s ities  o f  a ll o b s e rv e d  gam m a ra y s  w ere  d eterm in ed  
by  obta in in g  the a rea s  o f  the s e c o n d -e s c a p e  peaks, c o r r e c t in g  fo r  any 
f i r s t -e s c a p e  o r  fu ll -e n e r g y  peaks su p er im p osed  on the s e c o n d -e s c a p e  peaks, 
and c o r r e c t in g  fo r  d e te cto r  e f f ic ie n cy . . .

The in form a tion  obta in ed  fr o m  th is an a lysis  is  su m m a rized  in T ab le  I. 
The g a m m a -ra y  e n e rg ie s  are  lis te d  in  the f ir s t  co lu m n . T h ese  e n e rg ie s  
w ere  d e term in ed  fr o m  ca lib ra tio n  c u rv e s  obta in ed  fr o m  th erm a l capture 
g a m m a -ra y  sp e c tra  o f  ch rom iu m  and coba lt o x id e -ta rg e ts . The e n e rg ie s  
and re la t iv e  in te n s itie s  o f  the gam m a ra y s  se e n  in  th e rm a l capture  co m p a re  
w e ll with the th erm a l capture w ork  o f R a sm u ssen  et a l. [8] . . The e n e rg ie s  
o f  le v e ls  popu lated by  th ese  gam m a ra y s  (a ssu m in g  they  are  p r im a ry ) 
are  g iven  in  the secon d  co lu m n .. T h ese  w ere  d e r iv ed  by  adopting the ^ I n  
neutron  sep a ra tion  e n e rg y  o f  6775 k eV  d eterm in ed  in the (d , p) w ork  of 
M oorh ead  et a l. (В . L . Cohen, p r iv a te  com m u n ica tion ). L e v e ls  o b s e rv e d  
in the p re se n t e x p erim en t w hich  o v e r la p  to w ithin 5 -k eV . le v e ls  o b se rv e d  
by  M oorh ead  et a l. w ere  assu m ed  to be the sam e le v e l .  P a r ity  assign m en ts
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FÍG. 3. Comparison between the averaged relative intensities and the (d, p) spectroscopic factors.

w ere  m ade to th ese  le v e ls  fr o m  the (d, p) angular d is tr ibu tion  data and these 
are  lis te d  in  the th ird  colum n  o f th is ta b le . The p a ren th eses  in dicate  le v e ls  
about w hich  M oorh ead  et a l. e x p re s se d  som e  u ncerta in ty .

The rem ain in g  co lu m n s o f the table lis t  the re la tiv e  in ten s ities  o f  the 
gam m a ra y s  fo r  each  o f the neutron  e n e rg ie s  in d ica ted . T he n orm a liza tion  
o f peak a rea s  to  obtain  re la t iv e  in te n s itie s  in volved  c o r r e c t in g  fo r  the 
d e te c to r  e f f ic ie n c y  and d iv id in g  by the re la t iv e  a rea s  o f the neutron  r e 
son an ces or ,, in  o th er  w ord s , the tota l num ber o f  counts in the re leva n t 
g a m m a -ra y  sp e ctru m . The e r r o r s  are  due to  the s ta t is t ica l e r r o r s  in the 
peak and back grou n d  cou n ts .

I sh a ll not d is cu ss  deta iled  a sp e cts  o f  th ese in ten s ities  but m e r e ly  show 
a c o m p a r is o n  o f  the av era g e  in ten sities  o f  the gam m a ra y s  and the (d, p) 
s p e c t r o s c o p ic  fa c to r s  [6 ] .  T he average  re la t iv e  in ten sities  o f each  gam m a 
ra y  obtained  by su m m in g  o v e r  the seven  sp e c tra  lis te d  h ere  are  show n in 
F ig . 3 w here they  a re  co m p a re d  with the (d , p) s p e c t r o s c o p ic  fa c to r s .
H ere  S' is  the m o s t  u se fu l quantity to p lot b eca u se  o f  the u n certa in ty  in the 
sp in  o f the fin a l state, I f .  The a b s c is s a  is  ex cita tion  en erg y  in H6ln fr o m  
0 to 1 .9  M eV . T he (d, p) data do not extend beyond 1. 6 M eV .

The (d, p) r e a c tio n  fa v o u rs  le v e ls  betw een  0. 3 and 0. 7 M eV  o v e r  le v e ls  
betw een  1 .2  and 1 .6  M eV , w h erea s  in the (n, y )  r e a c tio n  the r e v e r s e  is  tru e . 
T h is  a n tico r re la tio n  is  obv iou s  fr o m  th is f ig u re . H ow ew er ,w e  need not 
attach a g rea t s ig n ifica n ce  to it b eca u se  the (d, p.) grou ps in clude  m any with 
la rg e  -<!„ 'v a lu e s  and the sp in  change to re a ch  th ese  le v e ls  in  the (n, y) 
re a c t io n  m ay  be too  la r g e . The c o r r e la t io n  c o e ffic ie n t , when the le v e ls  
popu lated  in  the (n, y )  re a c tio n  on ly  are  co n s id e re d , is  z e r o  w hich  su ggests  
that d ir e c t  captu re  is  not im portan t in the In(n, y ) re a c tio n .

L e v e ls  f o r  w hich  p a rity  sign s are  show n in F ig . 3 are  populated in  both 
the (n, y) and (d, p) r e a c t io n s . A s m en tioned  e a r lie r ,  th ese  are  the le v e ls  
w h ich  o v e r la p  to w ithin 5 k eV . F ifty ,p e r  cen t o f the le v e ls  seen  in the 
(n, y ) r e a c t io n  w ere  not, o b s e rv e d  in (d, p) and s e v e r a l  o f  th ese  are stron g ly  
populated in the (n, y) re a c tio n , f o r  ex am p le , the 881 and 939 keV  sta tes.
A  p o s s ib le  explan ation  fo r  th ese  le v e ls  is  that they have la rg e  ad m ixtu res
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o f  p ro ton  q u a s ip a rtic le  sta tes w hich  are  not e x cite d  in  the (d, p) r e a ctio n . 
S im ila r  le v e ls  have been  o b s e rv e d  in  thulium  by Lone et a l. at 
B rookhaven  [9 ,1 0 ] .

A  fin a l ob se rv a t io n  fr o m  F ig . 3 is  the p rom in en ce  o f M l (E2) tra n s ition s . 
S ince the cap tu rin g  state in H6ln hag pos itiv e  parity  the negative signs in 
th is f ig u re  c o r r e sp o n d  to E l  tra n sition s  w hile the p os itiv e  sign s co rre sp o n d  
to M l (E2) tra n s itio n s . The strength  o f the M l tra n sition s  re la tiv e  to the 
E l 's  is  im m e d ia te ly  obv iou s fr o m  this figu re  w hich  show s th ree  M l 's  to be 
s tro n g e r  than any o f the E l 's  o b s e rv e d  in this e x p erim en t. The absolute 
in ten sitie s  o f  th ese  M l lin es , i . e .  th e ir  red u ced  w idths, d eterm in ed  by 
n o rm a liz in g  ou r th erm a l sp ectru m  to the th erm a l sp ectru m  o f R asm u ssen  
et a l . , are  not e x ce p tio n a l when co m p a re d  to  th ose  in  o th er n u c le i. An 
average  value fo r  K ^ i  o f  1. 5 X 10 '3  eV /M eV ^  w as ca lcu la ted  fo r  th ese  
M l gam m a ra y s  and is  about a fa c to r  o f 10 le s s  than that ca lcu la ted  fo r  the 
s tro n g e r  M l gam m a ra y s  o b s e rv e d  in Sn but com p a ra b le  to that ca lcu la ted  
fo r  Cd.
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USE OF AVERAGE RESONANCE CAPTURE 
MEASUREMENTS FOR NUCLEAR SPECTROSCOPY

R .K . SMITHER, L .M . BOLLINGER 
Argonne National Laboratory,
Argonne, 111.,
United States of A m erica

Abstract

USE OF AVERAGE RESONANCE CAPTURE MEASUREMENTS FOR NUCLEAR SPECTROSCOPY. The 
use o f the average capture gamma-ray spectrum as a spectroscopic too! is discussed in the light o f  Argonne 
experience.

A v e ra g e  reson a n ce  captu re  m ea su rem en ts  have p roved  to  be a 
va lu ab le  w ay to study the s ta t is t ica l p ro p e rt ie s  o f  the neutron  capture 
p r o c e s s .  T h ey  a re  a lso  a pow erfu l s p e c t r o s c o p ic  to o l .  In favou ra b le  
c a s e s  it is  p o s s ib le  to  d e term in e  the pa rity  and r e s t r ic t  the c h o ic e  o f  the 
sp in  to tw o valu es fo r  20 to 30 le v e ls  o f  the n u cleu s . T he b a s ic  ap proach  
is  quite s im p le . T he neutron  capture p r o c e s s  is  sp rea d  out o v e r  m any 
neutron  re so n a n ce s  so  that no one reson a n ce  con trib u tes m o re  than a 
few  p er  cent o f  the rad ia tiv e  cap tu re . T h is  a v e ra g e s  out the P o r te r -  
T h om as flu ctuation s o f  the rad ia tion  widths o f  individual gam m a rays 
a s so c ia te d  with a s in g le  reson a n ce  and a llow s one to  iden tify  the m u lt i
p o le  o f  the tra n s ition  by its c h a r a c te r is t ic  gam m a in ten sity .

F ig u re  1 illu s tra te s  th is a p p roa ch . On the le ft is  show n the neutron 
cap tu re  into m any le v e ls  fo llow ed  by  the e m iss io n  o f  p r im a ry  gam m a r a y s . 
On the right is  the p re d ic tio n s  fo r  the d is tr ibu tion  o f  rad ia tion  w idths 
based  on the P o r te r -T h o m a s  th e o ry . When the gam m a stren gth  is  a v e r 
aged o v e r  m any re so n a n ce s , the a v e ra g e  fra c tio n a l dev ia tion  А Г /Г  is  
g iven  by  the e x p re s s io n

A l '/F  ^

w here У is  the num ber o f  re so n a n ce s  used  in the a v e ra g e . In ou r  e x p e r i
m en ts y ^ 2 0 0  so  that А Г /Г - 0 .1 0 ,  o r  10% o f  the*average v a lu e . The 
av era g in g  p r o c e s s  is  done by  su rrou n d in g  the neutron  capturing  sam ple  
by  enough b o ro n  (1 /1 6  - 1 /8  in . ) to  stro n g ly  a b so rb  a ll the in cident neutrons 
with e n e rg ie s  be low  100 eV . T h is  e lim in ates the stron g  lo w -e n e r g y  
neutron  re so n a n ce  fr o m  the captu re  p r o c e s s  and le a v e s  on ly  the neutron  
cap tu re  in the n u m erou s w eak re so n a n ce s  above, 100  eV  to be a v e ra g e d .
A ty p ica l sa m p le  is  show n in F ig . 2. The sam ple  is  p laced  in the h igh - 
flu x  re g io n  o f  the A rgon n e r e s e a r c h  r e a c to r  in the ce n tre  o f  a 5 - in . 
d ia m e te r  through tube (show n in  F ig .3 ) .  The gam m a ra y s  a re  brought 
out through  a set o f  c o llim a to r s  and d etected  b y  a G e(L i) d e te c to r . The 
G e(L i) d e te c to r  is  in co rp o ra te d  in a la rg e  p a ir  s p e c tro m e te r  (sp lit  ring  
o f  Nal, 1 2 -in . d ia m .)  to su p p re ss  Com pton, s in g le  e sca p e  and fu ll en erg y  
p e a k s .

601



6 0 2 SM ITHER and BOLLINGER

s - W A V E
CA P T URE

a*

<

-J---о
A + <

FIG .l. (Left) Neutron capture into many levels followed by primary gamma rays. (Right) Predictions for 
the distribution o f radiation widths.

G r a p h i t e

0  ' 2 ' 4
cm

FIG.2. Graphite holder with a typical sample.
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FIG.3. The 5-in . diam. through tube.
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RADtATtON 
MULTtPOLARUY
2 J-H

J^OF THE S-WAVE 
CAPTURE STAÍE

F¡NAL STATE 
SPIN a  PARtTY

:FR EOUENCY

FÏG.5. Spectrum from an enriched cadmium sample showing the enhancement o f  2 ' lines over 0+ lines.

In g en era l, the a v era g e  E l rad ia tion  is  a fa c to r  o f  8 to  12 s tro n g e r  
than the M l radiation , w hich  re su lts  in two e a s ily  sep ara ted  g ro u p s . T h ese  
a v e ra g e  in ten sities  a re  fu rth er  sp lit  into su bgroups a c co rd in g  to  the sp in  
o f  the fin al sta te . T h is is  show n in F i g . 4, w h ere  we c o n s id e r  the ca se  
o f  n eu tron .cap tu re  in ^ C d .a n d  ^ O d ,  where, the capturin g  state is  ^  .
F o r  d ip o lë  rad ia tion  the strength  to the J = 1 le v e ls  is  tw ice  as stron g  as 
it is  fo r  the J = 0 o r  J = 2 o n e s . F u rth e rm o re , the p re se n ce  o f  E2 r a d i
a tion  enhances the stren gth  to  the 1̂  and 2  ̂ sta tes o v e r  that to  the 0* states 
and g en era tes  so m e  tra n sition  stren gth  to the 3  ̂ sta tes , p -w a v e  cap tu re , 
fo llow ed  by  E l tra n s ition s , re su lts  in m uch the sa m e type o f  enhancem ents 
and in the re g io n  o f  A = 85 -135  the p -w ave  con tribu tion s w ill o ften  be 
s tro n g e r  than the E2 com pon ent.

F ig u re  5 is  an exam p le  o f  the data taken by Sm ith er and B uss with 
an en rich ed  sa m p le  o f  l^ C d . T he p red icted  enhancem ent o f  the 2̂  lin es  
o v e r  the 0+ lin es  is  quite o b v io u s .
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Ey(M eV)

FIG. 7. Experimental results for the"^Cd(n, y)!*'*Cd reaction;
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W hen the p -w av e  strength  is  a p p re c ia b le , it w ill o f  c o u r s e  be p resen t 
in  a ll the tra n sition s  w here it is  p o s s ib le  and can  be d e tected  by  the change 
in  the lin e  shape o f the peak in the G e -L i  d e te c to r . T h is  is  illu s tra ted  in 
F ig .  6 . T h is  d if fe r e n c e  in shape can be used to d istin gu ish  E l tra n sition s  
fr o m  M l o r  E2 tra n sition s  and is  used as a ch eck  on the m u ltip o le  a s s ig n 
m en ts o f  the lin e s .

T h e e x p erim en ta l re su lts  fo r  the H 3cd(n , у)И4СЯ re a ctio n  a re  shown 
in  F i g . 7. T he fille d  sq u a res  and c i r c le s  a re  known 2* and 0+ le v e ls  r e 
s p e c t iv e ly . T he re la t iv e  in ten sity  plotted is  the o b s e rv e d  gam m a in ten sity  
d iv ided  by  the cube o f  the gam m a en erg y  (1 ^  = Iy /E ^ ). The sep ara tion  
o f  the in ten sitie s  into g rou ps a s so c ia te d  with a sin g le  sp in  value is  due 
to  the a p p re c ia b le  am ounts o f  s -w a v e  capture plus E2 and p -w a v e  capture 
plus E l com pon en ts in the sp e ctru m .

T a b le  I g iv e s  a l is t  o f  the is o to p e s  studied to date. O f a ll the c a se s  
stud ied  on ly  n o ^ m  did not fo llo w  the g e n e ra l pattern .

T A B L E  I. A V E R A G E  RESONANCE C A P T U R E  D ATA RELATIO N SH IP 
TO  ST A T IST IC A L  M OD EL

Agreement Disagreement Not analysed

"2  Cd '6'Er "°T m "G e ^6 Ba

'" C d " 'H f 9'Zr 13Sg

Те '*°Hf 9<Nb '6'Dy

Sm ts!Ta "6 Mo "*Dy

Sm '"O s "M o " 'Y b

'S'Gd "°Os ' '°°Ru '" Y b

'S'Gd 196pt ""Ru ""W

'S'Ho '"6pd "*Au

"ssn '°°Hg

n°Sn ?0!Hg
'3*Cs кии





NEUTRON CAPTURE GAMMA-RAY  
MEASUREMENTS WITH A REACTOR-PRODUCED 
2-keV NEUTRON BEAM*
R .C . GREENWOOD, R. A. HARLAN, R .G . HELMER, C . W. REICH 
National R eactor Testing Station,
Idaho N uclear Corporation,
Idaho Falls, Idaho,
United States of A m erica

Abstract

NEUTRON CAPTURE GAMMA-RAY MEASUREMENTS WITH A REACTOR-PRODUCED 2-keV NEUTRON 
BEAM. Neutron capture gamma-ray measurments with a 2-keV neutron beam obtained from the Materials Testing 
Reactor are discussed. The utility o f this beam for neutron capture gamma-ray spectroscopy is illustrated 
by considering the following three reactions: '^Ta(n, y ), ^ ° H f ( n ,  y )  and ^ Mn(n, y ).

A beam of 2-keV neutrons has been extracted from the Materials Testing 
Reactor using a thick scandium filter. Scandium has the interesting 
property that its total neutron cross section approaches zero at 1.95 
keV [1,2]. Because of this, 2-keV neutrons have excellent transmission 
through even a thick scandium filter. Actually, because of the exact 
shape of this "hole" in the total neutron cross section, the energy dis
tribution of neutrons in a beam obtained through a thick scandium filter 
is approximately Gaussian, centered at 1.95 keV, with a full-width-at- 
half-maximum of about 700 eV. A detailed description of this beam 
facility is given by Simpson and Miller [2,3].

In this paper we will discuss the utility of this 2-keV neutron beam 
as a tool in neutron capture gamma-ray spectroscopy. In addition to the 
fact that this is an external beam and hence readily accessible, two 
features of the beam which make it attractive for neutron capture gamma- 
ray measurements are the following:

the high flux of 2-keV neutrons obtained in the external beam.
In this present facility a 2-keV neutron flux of approximately
2 x 10^ neutrons/cm^/sec is obtained at the sample position using
a 42-in. scandium filter.

the low gamma-ray background which is present in this beam because 
of the thick filter (< 2 mR/hr).

In order to explore the utility of this 2-keV neutron beam facility 
for neutron capture gamma-ray spectroscopy we will discuss as illustrative 
examples the data obtained with the following three reactions: ^^Ta(n,y),
l^^Hf(n,y) and ^Мп(п,у). These three reactions have been chosen because 
they include the following three types of neutron capture reaction: (1) with
a high Z, odd-A target nucleus (where the neutron resonance spacing is a 
few eV), (2) with a high Z, even-even target nucleus (where the resonance 
spacing is not small, typically ranging from a few tens of eV upward), and
(3) with a low-Z target nucleus (where the resonance spacing is typically
a few keV).

Work performed under the auspices of the US Atomic Energy Commission.
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Before discussing these data we will briefly comment on the distribution 
of intensities (partial radiation widths) which are observed for primary 
capture gamma rays. Wide statistical fluctuations are expected in the dis
tribution of partial radiation widths of transitions from individual neutron 
resonance states to a lower energy state. Porter and Thomas [4] have 
suggested that this distribution of partial radiation widths can be de
scribed.by a chi-squared distribution with one degree of freedom. That is, 
the distribution function is of the form

This distribution is illustrated in Fig. 1. Experimental data on the 
distributions of partial radiation widths tend to support this hypothesis [5], 
although Chrien [6] has suggested that the distribution of partial radiation 
widths for at least some nuclei is better fitted with a chi-squared distri
bution with greater than one degree of freedom. In the following discussion 
we will assume for simplicity that the distribution of partial radiation 
widths is described by a chi-squared distribution with one degree of free
dom. (The conclusions we will reach, however, are not critically dependent 
on this assumption.) Then, if the neutron capture is an average over v

P (x) dx = (r̂ ) ^ (Jp ?  e *%* dx

where P(x) is the probability at amplitude x, Г(-̂ ) is the gamma function 
and where x is defined as

Г .

Av

2.0

).5

CL̂
 <

0

25 3.0

F IG .l. Chi-squared probability distributions with 1, 5 and 25 degrees o f freedom.
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resonances, instead of merely resulting from one resonance, the total partial 
radiation width to a particular final state is given by

Г . = г 

j= i
7 1  Y1J

For this case it is reasonable to suggest that this averaged partial 
radiation width has a chi-squared distribution with v degrees of freedom [4]. 
That is a distribution with the following form:

P(x) dx = (^)чх

Additional chi-squared distributions with 5 and 25 degrees of freedom are 
illustrated for purposes of comparison in Fig. 1.

We now consider the three specific cases mentioned above.

^ Т а ( п ,у )

The ^^Ta(n,y) spectrum obtained using the 2-keV neutron beam provides 
an example of a capture gamma-ray spectrum which is averaged over many 
resonances. This spectrum is shown in Fig. 2. For comparison, the corre
sponding portion of the thermal-neutron capture gamma-ray spectrum is 
included in Fig. 2. Figure 3 shows a plot of IyEy"^ versus the energy, Ey, 
of the primary capture gamma-rays observed from 2-keV neutron capture in 
tantalum. It is seen from Fig. 3 that values of IyEy"^ are significantly 
different for El and Ml transitions. Also, as expected [7], there is 
approximately a factor of two between the intensities of primary transi
tions to spin 3 or 4 and spin 2 or 5 states. (If only s-wave neutron 
capture is considered, the compound states in ^ 2 ^  will have spins of 3 
or 4.) The J = 2,5 lines in Fig. 3 are drawn in at one-half the intensity 
of the J = 3,4 lines. Each of these lines is drawn with an Ey*^ energy 
dependence. As noted by Bollinger [5,8] this Ey"^ energy dependence often 
seems to represent a better fit to the averaged intensity data than does 
the Ey"3 function. This also appears to be the case for Ta(n,y), at 
least for the El transitions.

If we assume an average resonance spacing of 5 eV for the ^^Ta(n,y) 
reaction [9] we would estimate that the 2-keV neutron capture gamma-ray 
spectrum is an average over approximately 170 resonances (with both J = 3 
and 4). An estimate of the number of resonances that this spectrum is an 
average over can also be obtained from the distribution of primary capture 
gamma-ray intensities. Figure 4 shows a plot of the experimental distri
bution of the El transitions, grouped into intervals Ax = 0.1, plotted 
against x. The parallel lines drawn for J = 3,4—  and J = 2,5^* in Fig. 3 
are used to define x = 1.0 and x = 0.5, respectively. For comparison, 
the expected probability distributions for a spectrum averaged over 50,
100 and 200 total (both J = 3 and 4 resonances) are also shown in Fig. 4.
The variance computed from the transition intensities to final states 
assigned as 3** or 4—  suggests that we are averaging over approximately 140 
resonances. This is in rather good agreement with the approximately 170 
resonances which we would expect to average over. The transition inten
sities to final states assigned as 2— or 5^ show considerably more statistical
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FIG. 2. Comparison o f the high-energy portions o f  the prompt gamma-ray spectra resulting from 2-keV 
and thermal neutron capture in tantalum. The energies associated with the peaks are the double-escape 
peak energies measured for thermal neutron capture. The 2-keV capture gamma-ray spectrum was obtained 
with an 80-h run using a 15-g tantalum sample.

GAMMA-RAf ENERGY (MEV)
5.0 55  6.0

FIG.3. A plot o f Iy / Ey against the energy o f the prompt gamma-ray transitions observed from 2-keV 
neutron capture in tantalum. The Iy represents the relative intensity o f  the prompt gamma-ray transitions.
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FIG.4. The observed distribution o f  the El transition intensities from 2-keV neutron capture in tantalum.
For comparison, expected probability distributions for a spectrum averaged over 50, 100 and 200 total 
neutron resonances are also shown.

spread, and the computed variance in these experimental data suggests that 
we are only averaging over approximately 40 resonances, compared to an 
expected 85 resonances. However, it should be noted that the transition 
intensities to 2—  or 5—  final states, being weaker, would be affected 
proportionately more by unresolved Ml transitions within these peaks.
Also, a pair of unresolved Ml transitions could be incorrectly assigned 
as an El transition to a final 2—  or 5—  state. Thus it is not surprising 
that we have an apparently poorer averaging of the El transition intensities 
to final states with spins 2— or 5— .

, . Actually, because the density of states in ^ ^ T a  is becoming so high,
any spin assignments based solely on the 2-keV neutron capture data must 
be considered as tentative above about 700 keV.

180Hf(n.y)

The I3°Hf(n,y) spectrum obtained with the 2-keV neutron beam contains 
features of interest to this discussion. In this spectrum we observe
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strong transitions to the 1/2—  and 3/2— members of the 1/2— [510] ground- 
state band of iS^Hf but the primary transition intensity to the 3/2— [512] 
state at 255 keV is very weak. This fluctuation in primary El transition 
intensities may be explained by the wide resonance spacing for the 
180Hf(n,y) reaction. Resonances in the ^°Hf(n,y) reaction have spacings 
> 100 eV [9] so that our 2-keV neutron capture spectrum represents an 
average over about 5 resonances. As we note from Fig. 1, wide fluctua
tions in primary gamma-ray transition intensities are to be expected if 
the averaging is over so few resonances. In fact, in such a case it will 
be impossible to reliably distinguish primary El transitions from primary 
Ml transitions. This example perhaps serves to point up a limitation on 
an averaging technique using the 2-keV neutrons; namely that, even for the 
deformed rare-earth nuclei, many of the even-even stable isotopes will not 
have a sufficiently small neutron resonance spacing to permit good averaging 
In these cases then the best that can be hoped for is that one gets a 
spectrum which is somewhat different than the thermal neutron capture 
spectrum,and which reveals some added features of the level scheme.

SSMn(n.Y)

For the low-Z nuclei, the neutron resonance spacing is generally too 
wide to permit any kind of an averaging. In some cases though the 2-keV 
neutron capture spectrum is dominated by a different resonance than that 
which dominates the thermal neutron capture. Such is the case for ^^Mn(n,y) 
The prompt gamma-ray spectra resulting from thermal and 2-keV neutron 
capture in manganese are shown in Fig. 5. Here the 2-keV neutron capture 
spectrum is principally contributed by the 2.375-keV resonance in the 
5̂Мп(п,у) reaction.

FIG. 5. Comparison o f  the high-energy portions o f  the prompt gamma-ray spectra resulting from 2-keV 
and thermal neutron capture in manganese. The 2-keV neutron capture gamma-ray spectrum was obtained 
with a 15-h run using a 25-g manganese sample.
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However, a more important use of a 2-keV neutron capture gamma-ray 
spectrum obtained from a low-Z target nucleus should be that, when used 
in conjunction with the corresponding thermal neutron capture gamma-ray 
spectrum, it should allow primary capture gamma rays (those decaying 
from the capturing state) to be unambiguously distinguished from secondary 
capture gamma rays (which are emitted in the de-excitation of the lower 
energy states). This is because the primary capture gamma rays will have 
energies which are 2 keV greater than those measured from the corresponding 
thermal neutron capture spectrum, while the energies of the secondary 
prompt gamma rays will remain unchanged. We have demonstrated this effect 
with the 181та(п̂у) spectra shown in Fig. 1. The 2-keV neutron capture 
gamma-ray line energies were measured relative to the ^ 0  line (which 
resulted from the decay of 7-sec ^N) and were found to have energies 
of 1.8 + 0.3 keV greater than the corresponding line energies in the * 
thermal spectrum.
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LEVELS IN ^ T a *

R .G . HELMER, R .C . GREENWOOD, C . W .  REICH 
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Abstract

LEVELS IN M'Ta. The level structure o f *'^Ta has been studied from measurements o f  the prompt 
gamma rays following neutron capture in ^ 'T a , from the beta decay o f '^H f, and from the decay o f the 16-min 
isomeric state in '^T a. The capture gamma-ray measurements were made using both thermal and 2-keV 
neutron beams obtained from the Materials Testing Reactor. A consistent level scheme has been constructed 
for M'Ta using these data and configuration and band assignments have been made.

In th is p a p er  w e w ish  to  d is cu ss  the le v e l stru ctu re  o f the o d d -o d d  d e 
fo r m e d  n u clide  ^ T a  w hich  we have deduced fr o m  a study o f the *^ H f decay  
sch e m e , the d eca y  sch e m e  o f the 1 6 -m in  is o m e r ic  state  of ^ T a  and the 
p rom p t gam m a ra y s  em itted  as a resu lt  o f  neutron  cap tu re  in ^ T a.

T h e d eca y  sch e m e s  w hich  have been  obtained f o r  ^ H f  and -^ ^ T a  a re  
show n in F ig . 1. T h e se  data have been  re p o rte d  p re v io u s ly  [1 ] and w ill not 
b e  d is cu ss e d  fu rth e r  in th is p a p er , excep t to note that the en erg y  w e have

To ( )6 min)
5 )9 .7

"^H f (9*10* yr)
334.8

172.54

156.08 

270.4!

-270.41

114.33
97.89

- J —

¡63.2

4 )4.33 " 6.78
' 979 M)+E2

?  16.7ПТ2- 0 3 -------

FIG. 1. Levels populated in ^ T a  from the beta decay o f *^Hf and the 16-min isomeric state o f  *^Ta.

Work performed under the auspices of the US Atomic Energy Commission.
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FIG. 2. A plot o f IyEy'3 versus primary capture gamma-ray energy for the 2-keV neutron capture gamma- 
ray spectrum o f tantalum. The Iy represents the relative intensities o f  the prompt gamma-ray transition.
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a ssign ed  to  the 5+ state is  b a sed  on ou r study of the neutron  cap tu re  gam m a- 
ra y  data. T h e e x is te n ce  of th is state , tog eth er  with the fa ct that tra n sition  
fr o m  it to  the ground state  is  M 2, w as estab lish ed  by  C la rk  and Stabenau [2 ] 
in  stu d ies o f the I82mrp^ decay  sch em e . T h ese  au th ors, h ow ev er , w ere  
unable to  obtain  a va lu e f o r  the en erg y  o f the state but m e r e ly  p la ce d  a lim it  
o f 11. 7 to  18 keV  on it.

E x ten sive  m ea su rem en ts  o f both low  and h ig h -e n e rg y  neutron  captu re  
gam m a ra y s  w e re  m ade in  th is p re se n t w ork . T h e  lo w -e n e r g y  p o rtio n  
(be low  1. 5 M eV ) of the cap tu re  g a m m a -ra y  sp e ctra  w as m e a su re d  p r in c i 
p a lly  u sin g  a 6 cm 2 y  g m m  planar G e(L i) d e te cto r . T h is  d e te c to r  has an 
en erg y  re so lu tio n  of 0. 9 keV  (FW H M ) at 100 keV  and 1. 7 keV  at 1 M eV. 
F ig u re  2 show s a ty p ica l sp ectru m  o f tantalum  cap tu re  gam m a ra y s  obtained 
with th is sy stem . S om e m ea su rem en ts  w ere  a lso  m a de u sin g  a sm a lle r  th in - 
w indow  G e(L i) d e te c to r  to  p ro v id e  im p rov ed  se n s itiv ity  b e lo w  100 keV .
E n ergy  ca lib ra tio n  o f th ese  sp e ctra  w as a cco m p lish e d  by  s im u ltan eou sly  
r e co r d in g  cap tu re  g a m m a -ra y  sp e c tra  and s e le c te d  en erg y  ca lib ra tio n  lin e s  
obtained fr o m  ra d io a ct iv e  decay  s o u r c e s . G ain s c a le s  ran gin g  fr o m  0. 1 to  
0. 7 keV  p e r  channel w e re  u sed  in th ese  m ea su rem en ts . A  m o r e  co m p le te  
d is cu ss io n  o f the g a m m a -ra y  lin e s  w hich  are  ava ilab le  f o r  u se  as en ergy  
standards and the tech n iqu es w hich  can  be u sed  to  obtain  the high p r e c is io n  
with G e(L i) d e te cto rs  is  g iven  by G reen w ood  et al. [3 ] .  E n e rg ie s  and in ten 
s it ie s  (re la t iv e ) o f the p rom pt gam m a rays (be low  1 M eV ) fr o m  the 
i6 iT a (n , y ) r e a c tio n  a re  g iven  in T a b le  I.

S p ectra  of the p r im a ry  gam m a ra y s  resu ltin g  fr o m  neutron  cap tu re  in 
tantalum  w e re  obtained  u sin g  both  an ex tern a l th erm al neutron  beam  and an 
ex tern a l 2 -k e V  neutron  beam  fr o m  the M ateria ls  T e s t in g  R e a cto r . T h e se  
sp e ctra  a re  show n in F ig . 2 o f R ef. [ 4 ] .  E nergy  ca lib ra tio n  of the th erm a l - 
neutron  cap tu re  sp ectru m  w as a cco m p lish e d  u sin g  the m ix e d -s o u r c e  te ch n i
que, with cap tu re  g a m m a -ra y  lin e s  fr o m  h ydrogen  and sod ium  u sed  as 
en ergy  stan dards. T he p rom p t g a m m a -ra y  data obtained fr o m  the ^ T a ( n ,  y) 
r e a c tio n  u sin g  the 2 -k e V  neutron  beam  is  d is cu ss e d  ex ten siv e ly  in a 
sep a ra te  con tribu tion  to  th is Sym posiu m  [4 ] .  S in ce  the neutron  en erg y  d is 
tr ib u tion  in  the 2 -k eV  bea m  is  ap prox im a te ly  G aussian  with 7 0 0 -eV  FW H M , 
the resu ltant cap tu re  g a m m a -ra y  sp ectru m  o f tantalum  is  an a v erag e  o v e r  
m any neutron  re so n a n ce s  with sp ins and p a r it ie s  o f 3+ and 4+ (the ground 
state  o f ^ T a  bein g  7 /2 + ) . T h e sta t is t ica l flu ctu ation s in the p a rt ia l r a d ia 
tion  w idths a re  thus av erag ed  out. T he p r im a ry  E l tra n sition s  in  th is s p e c t 
rum  a re  o b s e rv e d  to  be  about a fa c to r  o f 8 s tro n g e r  than the co rre sp o n d in g  
M l tra n sition s . F u rth e rm o re , tra n sition s  to  fin a l sta tes witH sp ins of 3 o r
4 a re  a p p rox im a te ly  tw ice  as s tron g  as tran sition s to  th ose  with sp ins of
2 o r  3. F ig u re  3 of the o th er p a p er  [4 ] a llow s a d ifferen tia tion  betw een  p r im a ry  
cap tu re  g a m m a -ra y  tra n sition s  w hich  populate fin a l sta tes with sp ins and 
p a r it ie s  o f 3 -  o r  4 - ,  2 -  o r  5 - ,  3+ o r  4 + , and 2+ o r  5+.

T h e lo w -e n e r g y  cap tu re  g a m m a -ra y  data have been  com bin ed  with the 
p r im a ry  cap tu re  g a m m a -ra y  data to  fo r m  a con s is ten t le v e l sch e m e  fo r  
^ T a .  A  p re lim in a ry  v e rs io n  of th is le v e l sch e m e  is  show n s ch e m a tica lly  
in  F ig . 3. Thus fa r  w e have b een  ab le  to  a rran ge  24 le v e ls  into 11 rotation a l 
bands. U n assign ed  i^ T a  le v e ls  a re  show n on the r igh t-h an d  s id e  of F ig . 3. 
F o r  c la r ity  o f p resen ta tion , tra n sition s  betw een  le v e ls  in th is s ch e m e  a re  
om itted  fr o m  th is fig u re . Instead, th e se  tran sition  assign m en ts a re  noted 
in  co lu m n  3 o f T a b le  I. T h e m ost con s isten t set o f ex cita tion  e n e rg ie s  o b 
ta ined fr o m  th ese  data f o r  ^ T a  is  show n in T a b le  II.
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Gamma-ray
energy
(beV)

Intensity
(relative) assignment

47. 816 (30) 9 .9
74.136 (45) 3.7
79. 425 (80) 0.5
90.104 (40) 0 .9 360-> 270
92. 420 (35) 0 .9
94. 200 (20) 2.5
95.117 (70) 1.0
97. 791 (10) 9 .4 9 7 ^  0
99. 881 (10) 9 .3 250-3-150

104.028(15) 2.1
105. 868 (30) 0.9
107. 867 (10) 2 .7
114. 396 (10)^ 24 114-* 0
117. 000 (40) 0.7
118. 888 (20) 5 .3 479 360
119. 594 (40) 1 .4 292->173
122. 742 (15) 4. 7 (237-*114), (360-*237)
125.070 (25) 1 .7
133. 871 (10) 33 150-* 16
139.474 (10) 4 .0 2 37 ^  97
141.222(15) 3. 2
142. 259 (20) 2.3 (292->150)
143. 255 (15) 2 .4
146. 770 (10) 6 .7 163-* 16
154. 082 (10) 3.1
156. 100 (10) 11.0 270-*114
159. 047 (10) 2 .8
171. 681 (40) 3. 0 334->163
173.193 (15) 53
177. 223 (60) 1 .3
178.665 (15) 3 .3 292-3-114
180. 825 (80) 1.1 331 -* 150
182. 783 (15) 1 .4
190. 318 (15) 7 .8
193.135 ( 60) 0 .6
195.138 (15) 2. 8 292-> 97
204.00^(50) 1 .1
210.490 (15) 3 .3
214.185 (15) 2. 2
222.151 (30) 1 .7
228. 777 (20) 1. 3
231.447 (170) 0.3
233. 747 (15) 2.5 250-> 16
237. 268 (40) 1 .9 237-* 0
242.368 (55) 1 .0 479 -> 237

^ doublet
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TABLE I (cont. )

Gamma ray Intensity Transition
energy (relative) assignment
(keV)

244.790 (50) 1 .5
246.162 (35) 1 .2  360-<114
251. 069 (85) 1. 3
252.605 (85) 1 .3
258.927 (40) 1.5
259. 808 (180) 1. 6
268.569 (200) 1 .9
270.409 (15) 100 270 ^ 0
274. 800 (40) 0.9
276.791 (70) 1.1 (2 92 -^ 1 6)
284.103 (60) 0.8
286.935 (30) 1.9
297.131 (20) 23
308.450(40) 1.0
315.139 (160) 0 .3  331 -* 16
317.560 (120) 0.5
322.438 (70) 1.4
325.535 (20) 1.0
346.448 (20) 3.4
349. 887 (60) 1. 0
360.539 (20) 6 .4  360-> 0
373.917 (30) 1 .7
377. 240 (20) 4 .1
382.137 (20) 2 .4  479->97
390.616 (110) 0 .7
396.910 (25) 1 .9
399.068 (180) 0.4
402. 645 (20) 40 4 0 2 0
406. 308 (30) 2. 3
416.84 (13) 0. 7
420. 36 (6) 1. 2
423.34 ( 7) 1.5
4 4 3 .4 5  (12) 1. 2
449. 00 (13) 0. 8
473.65 (9) 1 .0
477. 89 (9) 1. 9
479.86 (6) 2 .7  479-* 0
489.43 (14) 1. 2
499.38 (15) 1.5 .
501.43 (8) 1 .3
523. 96 (14) 0. 6
530.48 (7) 1.1
553.36 (20) 0.8
567.47 (13) 1.1
583.78 (14) 1 .0
602.86 (11) 1. 0
629.69 (10) 1.5
646.36 (18) 1.1
651.12 (20) 0. 8
675.51 (18) 1 .2
759.60 (30) 2.4
870.95 (35) 2.8
887.48 (22) . 2.1
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FIG. 3. Level scheme o f ^ Т а . Heavy arrows into a level indicate that the level is populated by primary 
neutron capture gamma-ray transitions while an inverted triangle below and on the left-hand side o f  a level 
indicates that it is populated in the *^Ta(d, p) reaction.

T A B L E  II. ENERGIES OF ^ T a  LE V E L S

Levels in ^ T a  (keV)

16.4 ± 0 .4  
97. 80 ± 0. 02

114. 33 ± 0. 02
150.7 ± 0 .4
163.2 ± 0 .4  
173. 3 ± 0. 2 
237. 27 ± 0.10 
250.5 ± 0 .3  
270. 41 ± 0. 01 
292. 97 ± 0. 03
331.2 ± 0 .4  
334. 8 ± 0.4
360.52 ± 0.02 
402. 65 ± 0. 02 
479. 70 ± 0. 20
505.4 ± 0 .2
519.7 ± 0 .4
628.5 ± 0 .2
659.6 ± 0 .4  
702. 0 ± 0. 2 
782. 0 ± 0. 2
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W e now  c o n s id e r  p o s s ib le  co n fig u ra tion  assign m en ts  f o r  bands in ^ T a .  
W e f ir s t  note that the lo w e st ly in g  o d d -p ro to n  sta tes  in ^ T a  a re  7 /2 + [4 0 4  ] 
(the ground state), 9 /2 - [5 1 4 ]  and 5 /2 + [4 0 2 ] ,  and the lo w e st  ly in g  od d - 
n eutron  sta tes in ^ W  (w hich  lik e  ^ T a  h as 109 n eutron s) a r e  l /2 - [ 5 1 0 ]
(the ground sta te ), 3 /2 - [5 1 2 ] ,  7 /2 -[5 0 3  ], l l / 2 + [ 6 1 5 ] a n d 9 /2 + [ 6 2 4 ] .  C o m b i
nations o f  th ese  o d d -p ro to n  and od d -n eu tron  states a re  thus ex p ected  to  c o n 
stitu te  the lo w e s t -e n e r g y  states i n ^ T a .  T h e ^ T a ( d ,  p)iS2Ta data of 
E rsk in e  and B u ech n er  [5 ] have been  o f p a rt icu la r  va lu e  in h elp in g  u s m ake 
co n fig u ra tion  assign m en ts  to  states in ^ T a  b e ca u se  the on ly  sta tes  w hich 
a re  ex p ected  to  be  e x cite d  d ir e c t ly  in th is (d ,p )  r e a c tio n  a re  th o se  con ta in 
ing the p ro ton  o rb ita l 7 /2 + [4 0 4 ] .  F u rth e rm o re , the n egative  p a rity  neutron  
o rb ita ls  noted  above  w ill be  e x cite d  m o s t  stro n g ly  and the p o s it iv e  p a rity  
n eutron  o rb ita ls  w ill on ly  be  w eak ly  ex cited . T h e odd p ro to n -o d d  neutron  
con fig u ra tion  assign m en ts  to  the bands show n in F ig . 3 a re  as fo llo w s :

{7 /2 + [4 0 4 ] ,  l / 2 - [ 5 1 0 ] }  bands

B ands with K " = 3 "  and = 4* w ill be  fo r m e d  fr o m  the tw o p o s s ib le  
cou p lin g s (that is ,  К  = [ Qp + f2nl and I Яр -  Uni ) o f  th ese  o rb ita ls . T he 
182та ground state  h as I" = 3" and c o r r e s p o n d s  to  the band head o f the 
K " = 3 " band. T h e d eca y  sch e m e , tog e th er  with the 2 -k e V  neutron
cap tu re  g a m m a -ra y  data, su g g ests  that the tw o states at 97 and 114 keV  
have 1̂  = 4*. (T h is  is  in co n tra st to  the an a lysis  o f  the ^ T a ( d ,  p) data by  
E rsk in e  and B u ech n er  [5 ] who su g gested  that the 9 7 -k eV  state had П  = 5*. )
It is  re a so n a b le  to  assu m e  that th e se  tw o 4 -  sta tes a re  a s so c ia te d  with the 
band head o f the K" = 4* band and the s p in -4  m e m b e r  o f the K"̂  = 3* band.
T h e gam m a bran ch in g  ra tio s  to  th e se  tw o sta tes fr o m  the 2 7 0 -k eV  state , as 
o b s e rv e d  in the d eca y , s tro n g ly  su ggest that the 9 7 -k eV  state  c a r r ie s
m o s t  o f the = 4 " stren gth . T h e sta tes  o f  237 and 292 keV  a re  the sp in -5  
m e m b e r s  o f th e se  tw o bands.

{7 /2 + [4 0 4 ] ,  3 /2 - [5 1 2 ] }  bands

T h e  cou p lin g  o f the 7 /2 + [4 0 4 ]  p ro ton  and 3 /2 - [5 1 2 ]  neutron  g iv e s  r is e  
to  tw o bands having K " = 2* and 5*. T h e 2 -k e V  neutron  cap tu re  g a m m a -ra y  
data re q u ire  that the 1 7 3 -k eV  state  have I "  = 2* o r  5*. S in ce  it is  not p op u 
la ted  in the d eca y , the 5 - assign m en t is  fa v ou red . T h e m o s t  r e a s o n 
ab le  assign m en t fo r  th is le v e l is  as the band head o f the K " = 5" band. A l 
though no in form a tion  has been  obta in ed  in the p re se n t w ork  about the 315 -k eV  
state , ou r  a n a lys is  o f  the *^ T a (d , p) data su g gests  that it is  the sp in -6  
m e m b e r  o f  th is band. T h e ^ H f  d eca y  data when com b in ed  with the 2 -k e V  
neutron  cap tu re  g a m m a -ra y  data re q u ire  that the 2 7 0 -k eV  state has a sp in  
and p a rity  o f 2 - ,  T h is  le v e l is  a ss ign ed  h e re  as the band head of the

= 2 " band. A dd ition a l m e m b e r s  o f th is band a re  o b s e rv e d  at 360, 479 and 
628 keV .

f9 /2 - [5 1 4 ] ,  l / 2 - [ 5 1 0 ] }  bands

T h e cou p lin g  o f  the 9 /2 - [5 1 4 ]  p ro ton  and l / 2 - [ 5 1 0 ]  neutron  g iv e s  r i s e  to 
tw o bands having K " = 5+ and 4+. S in ce  the 7 /2 + [4 0 4 ]  and 9 /2 - [5 1 4 ]  bands a re  
c lo s e ly  sp a ced  in  -^ T a  w e exp ect th is con fig u ra tion  to  l ie  ra th er  low  i n ^ T a .  
T h e 2 -k e V  neutron  cap tu re  data su g gest that the state  at 16 keV has a spin
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and p a rity  o f  2+ o r  5+ . C lark  and Stabenau [2 ]  have estab lish ed  the ex isten ce  
o f  a state in i^ T a  w hich  has an en ergy  o f fr o m  11. 7 to  18 keV  and w hich decays 
to  the ground state  o f ^ T a  by an M2 tran sition . It s e e m s  re a so n a b le  then to 
su ggest that th ese  tw o sta tes a re  the sa m e and that the 16 -k eV  state is  K^ = 5̂  
band head. In form ation  about h ig h e r -sp in  m e m b e rs  o f th is band, at 163 and 
334 keV , is  obtained fr o m  d e ca y  of the 1 6 -m in  ^ T a  is o m e r . T h e 2 -k eV  
neutron  cap tu re  g a m m a -ra y  data su ggest that the 15 0 -k eV  state  has I'" = 3^or 
4+. F u rth e rm o re , d eca y  fr o m  th is le v e l is  on ly  to  the 16 -k eV  le v e l,  and when 
the is iT a(n , e ") data o f G oúdsm it and B u rson  [6 ] a re  com b in ed  with ou r  p rom pt 
g a m m a -ra y  data we con clu d e  that the 13 3 -k eV  tra n sition  is  M l.  Thus w e 
con c lu d e  that the 15 0 -k eV  state is  the band head o f the K "  = 4 + band. T he 
3 3 1 -k eV  le v e l w hich  w e have assign ed  as the 5+ m e m b e r  o f  th is band m ust 
b e  c o n s id e re d  ten tative b e ca u se  o f the sm a ll m om en t o f in e rtia  w hich  is  
im p lie d  b y  th is en erg y  sp acin g .

(9 /2 - [5 1 4 ] ,  3 /2 - [ 5 1 2 ] }  bands

B ands w ith K" = 3* and 6* w ill b e  fo r m e d  fr o m  the cou p lin g  of th e se  tw o 
o rb ita ls . T h e 2 -k e V  neutron  cap tu re  g a m m a -ra y  data su ggest that the 
2 5 0 -k eV  le v e l  h as I" = 3+ o r  4+. D eca y  fr o m  th is le v e l  o c c u r s  on ly  to  the 
16 - and 15 0 -k eV  sta tes . Thus assign m en t o f  th is le v e l as the band head of 
the K " = 3+ band se e m s  rea son a b le . S in ce  the 2 -k e V  neutron  cap tu re  gam m a- 
ra y  data su g gest that the 5 0 5 -k eV  le v e l is  2+ o r  5 + , w e have ten ta tive ly  
a ss ign ed  th is state  as the 5+ m e m b e r  o f th is band.

O th er band assign m en ts

T h e 1 6 -m in  is o m e r ic  state  at 519 keV  in has a sp in  and p a rity  of
10 -. T h e on ly  re a so n a b le  assign m en t fo r  th is state is  that it is  a band head 
o f a K " = 10* band. T h e con fig u ra tion  assign m en t, then, m ust be  
{9 /2 - [ 5 1 4 ] ,  l l / 2 + [ 6 1 5 ] } ,  s in ce  no o th er com bin ation  o f o rb ita ls  can g ive  
such  a la rg e  К -v a lu e  at th is re la t iv e ly  low  ex cita tion  en ergy .

T h e 2 -k e V  neutron  cap tu re  g a m m a -ra y  data su ggest that the 4 0 2 -k eV  
state  has I" = 2+ o r  5\ T h e p ro b a b le  d eca y  m od e  o f th is state  is  by  a stron g  
4 0 2 -k e V  tra n s itio n  d ir e c t ly  to  the ground state  o f  ^ T a .  W hen the 
is iT a(n , e*) data [6 ] a re  com b in ed  with ou r p rom p t g a m m a -ra y  data w e con c lu d e  
that the 4 0 2 -k e V  tra n s itio n  is  E l .  T h e se  data then su ggest that th is  4 0 2 -k eV  
le v e l  is  2 + , and it s e e m s  re a so n a b le  to  su ggest that it is  the band head of 
t h e K " = 2 + b a n d { 7 /2 + [ 4 0 4 ] ,  l l / 2 + [ 6 1 5 ] } .

T h e sta te  at 771 keV  seen  in  the ^ T a ( d ,  p) r e a c tio n  data is  
e sta b lish ed  as the band head o f the K " = 7* band with the con fig u ra tion  
{7 /2 + [4 0 4 ] ,  7 /2 - [ 5 0 3 ] } .  T h e band with K ^ = 0 * ,  fo rm e d  by  the o th er  co u p 
lin g  o f th e se  tw o o rb ita ls  shou ld  a lso  b e  e x cite d  in the ^ T a ( d ,  p) re a ctio n .
B y  com b in in g  the (d , p) data with the 2 -k e V  neutron  cap tu re  data w e can  te n 
ta tiv e ly  iden tify  the 1 - , 2 -  and 3 - m e m b e rs  o f  th is band at 660, 702 and 781 keV .

W h ile  o u r  a n a lys is  and in terp reta tion  of the p ro p e r t ie s  o f th ese  le v e ls  
in  ^ T a  a re  on ly  in  an e a r ly  stage, w e fe e l  that the fo llo w in g  w e ll-e s ta b lis h e d  
fe a tu re s  n eed  to  b e  poin ted  out.

(1) A t the p re se n t t im e  s o m e  qu estion  e x is ts  co n ce rn in g  the d ir e c t  popu 
la tion  o f p ro ton  sta tes (that is ,  states in  w hich  the odd p ro ton  d oes  not have 
its  g rou n d -s ta te  con fig u ra tion ) by  p r im a ry  cap tu re  g a m m a -ra y  tra n sition s .
It h as b een  su g gested  [7 -9  ] that p ro ton  sta tes a re  not popu lated  by  p r im a ry
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neutron  cap tu re  g a m m a -ra y  tra n sition s  in the ^ T m ( n ,  y) and ^ H o ( n ,  y) r e 
a ction s . W e fin d  ab so lu te ly  no ev id en ce  fo r  su ch  an e ffe ct . H ere  w e find 
that the p roton  sta tes w hich  we have defin ite ly  id en tified  a re  in deed  popu lated 
b y  p r im a ry  cap tu re  g a m m a -ra y  tra n sition s . T h e se  p ro ton  sta tes  have p o s i 
tive  pa rity . H ow ever, M l tra n sition  in ten sities  to  th ese  sta tes a re  the sam e 
as the tra n sition  in ten sity  to  the one p o s it iv e  p a rity  neutron  state  w hich  we 
have id en tified . F u rth e rm o re , the M l tra n sition  in ten s itie s  a re  about o n e - 
eighth of the E l tra n sition  in ten sitie s  to  neutron  sta tes. T h is  M l to E l 
tra n sition  in ten sity  ra tio  is  quite s im ila r  to  that o b s e rv e d  f o r  e v e n -e v e n  
n u cle i in th is r e g io n  [9 ].

(2) In a ll c a s e s  w h ere  w e have been  able to  iden tify  the tw o bands w hich  
a r is e  fr o m  the d iffe re n t r e la t iv e  cou p lin gs o f a g iven  p a ir  o f o rb ita ls  (that 
is ,  К  = f2p+ Hn and I Яр- Яп ¡), that band co rre sp o n d in g  to  the p a ra lle l  o r ie n 
tation  (E  = 1) o f the in tr in s ic  sp ins o f the odd p roton  and odd neutron  l ie s  
lo w e r  in en ergy . T a b le  III show s the sep aration  en erg y  o f  the tw o p o s s ib le  
bands fo r  the v a r io u s  orb ita l p a irs  (E  = 1 o r  0) o b s e rv e d  in ^ T a .

T A B L E  III. EN ERG Y D IFFER EN CE S B E TW EEN  STATES OF TH E SAM E 
CONFIG URATIO N WHICH CO RRESPON D  TO P A R A L L E L  (E  = 1) AND A N T I
P A R A L L E L  (E = 0) ORIEN TATIO N S OF THE O D D -P R O T O N  AND O D D - 
NEUTRON O R B ITA LS

t - 1 iïp - t] 

(keV)

{7 /2 + [404], l /2 - [5 1 0 ] } 97.8
{7 /2 + [4 0 4 ], 3 /2 -[5 1 2 ]} 97.1
{9 /2 - [5 1 4 ] , l /2 - [5 1 0 ] } 134. 3

(3) A s  poin ted  out by  E rsk in e  and B u ech n er [5 ]  the -^ iT a(d , p) c r o s s -  
s e c t io n s  fo r  e x citin g  the fo u r  bands a r is in g  fr o m  the con fig u ra tion s  
{7 /2 + [4 0 4 ] ,  l / 2 - [ 5 1 0 ] }  a n d {7 /2 + [4 0 4 ] ,  3 /2 - [5 1 2 ] }  r e q u ire  a ba n d -m ix in g  
p ic tu re  f o r  th e ir  understanding. W e a re  cu rren tly  c a r ry in g  out a deta iled  
C o r io l is -c o u p lin g  an a lysis  o f th ese  le v e ls . T h is  a n a lys is  is  co m p lica te d  
by  the fa c t  that w e are  dea lin g  h e re  with the l /2 - [ 5 1 0 ]  and 3 /2 - [5 1 2 ]  o r b i 
ta ls . A s is  w e ll known in the o d d -A  n u cle i, C o r io l is  cou p lin g  o f th ese  
o rb ita ls  is  not w ell u n d erstood  at the p resen t tim e  [10 , 11 ]. T h e se  c a lc u 
la tion s a re  continu ing , h o w ev er , and p r o m is e  to  g iv e  in form ation  o f a funda
m ental nature co n ce rn in g  the cou p lin g  of th ese  bands.
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Abstract

EXPERIMENTAL STUDIES OF RESONANCE NEUTRON CAPTURE GAMMA RAYS. The nature o f  the

techniques in contributing to the knowledge o f the parameters o f  both the initial and final states o f  the 
(n, y )  reaction is illustrated by examples drawn from the work o f the Brookhaven fast chopper group. Devi
ations from the purely statistical decay o f  the highly excited neutron unbound states are reported and their 
relation to the nature o f  the capture reaction mechanism is explored. -

N eutron  captu re  g a m m a -ra y  s p e c tr o s c o p y  has been  a fru itfu l s o u rce  
o f  in form ation  re la tin g  to n u clea r  s tru ctu re  fo r  about 35 y e a r s . The f ir s t  
d ir e c t  o b se rv a t io n  o f  a capture  gam m a ra y , the d e -e x c ita t io n  fo llow in g  
the. captu re  o f  a neutron  by  a p roton , w as m ade by  L ea  [1] at C am bridge  
in the c o u r s e  o f  in vestiga tion s o f  neutron  s ca tte r in g  fro m  h ydrogen ou s 
m a te r ia ls . L ea  iden tified  the nature o f  th is rad ia tion  by  its appearan ce  
at ba ck w ard  an g les in the la b o r a to r y  r e fe r e n c e  fram e and by  its s p e c if ic  
ion iza tion  in ch a m b e rs  fille d  with argon  and h yd rogen . B y  using lead  
a b s o r b e r s , the en erg y  o f  the h ydrogen  capture gam m a ra y  w as estim a ted  
to l ie  betw een  2 and 4 M eV . The tech n ica l p r o g r e s s  w hich  has been  ach ieved  
in th is fie ld  in the in terven in g  y e a rs  sin ce  th is f ir s t  cru d e  m ea su rem en t 
m ay  be gauged fr o m  the fa ct that th is sam e gam m a ra y  has been  m ea su red
[2] with an en erg y  p r e c is io n  o f  20 ppm , o r  70 eV  out o f  2223. 29 ke\f.

Up to now m ost neutron  capture g a m m a -r a y  e x p erim en ts  have been  
c a r r ie d  out w ith th e rm a lize d  neutron s fr o m  r e a c to r s  and the w idesp rea d  
develop m en t o f  r e s e a r c h  r e a c to r s  a fter  the secon d  W orld  W ar led  to a 
g rea t in c r e a s e  o f  a ctiv ity  in th is a re a  [3 ,4 ]  . T h erm a l neutron  capture 
has inherent lim ita tio n s , h o w e v e r . The excita tion  en erg y  resu ltin g  fro m  
the captu re  o f  a r e la t iv e ly  s lo w ly  m ovin g  neutron  by  a target n ucleu s does 
not, in g e n e ra l, c o in c id e  with any one o f  the m etastab le  states o f  the c o m 
pound sy s te m , hence th erm al captu re  u su a lly  o c c u r s  in an in determ in ate  
m ixtu re  o f  ta ils  fr o m  n earby  bound and unbound sta tes .

The advantages o f  studying tran sition s fr o m  w e ll-d e fin e d  in itia l sta tes 
a re  s e lf -e v id e n t . Y et co m p a ra tiv e ly  litt le  e ffo r t  has been  expended on 
re so n a n ce  captu re  stu d ies b eca u se  o f  the v e r y  s e v e r e  lim ita tion s  on the 
s iz e  o f  the a v a ilab le  neutron  flu x . The f ir s t  such m ea su rem en ts  w e re  
c a r r ie d  out with the aid o f  photoneutrons p rod u ced  by  e le c tro n  lin ea r  
a c c e le r a to r s  at Y a le  and at H arw ell about th irteen  y e a rs  ago . The Y ale

*  Part o f  this work was supported by the US Atom ic Energy Commission.
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FÏC.1. (a) The spectrum from the 3 .9 -e V  resonance from *^ T m (n ,y )^ °T m ; peak 1 represents che 
transition to the 1* ground state o f  ^ T m ; (b) the thermal neutron capture gamma-ray spectrum. The 
ground-state gamma ray is extremely weak.
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grou p  [5] studied lo w -e n e r g y  gam m a r a y s , w hile at H arw ell Landon and 
R ae [ 6 ] studied h ig h -e n e rg y  tra n sition s  in m e r c u r y . T h ese  au th ors pointed 
out the u se fu ln ess  o f  reson a n ce  captu re  sp e ctra  in m aking is o to p ic  a s s ig n 
m ents and in sp in  d eterm in ation s o f  neutron  reson an t sta tes. S ince that 
tim e the develop m en t o f  s tro n g e r  s o u r ce s  and p a rt icu la r ly  the c re a tio n  o f 
h ig h -re so lu tio n  h ig h -e ff ic ie n c y  d e te c to rs  has m ade re so n a n ce  sp e ctra l 
stu d ies fe a s ib le  fo r  m any n u clides o v e r  a fa ir ly  w ide range o f  neutron 
en erg y .

L et us exam ine the u se fu ln ess  o f  reson a n ce  g a m m a -ra y  s p e c tro s co p y  
fr o m  se v e r a l poin ts o f  v iew . F ro m  the standpoint o f  n u clear  stru ctu re  
s tu d ies , re so n a n ce  capture is  u sefu l as a w ay o f  populating lo w -ly in g  states 
o f  the re s id u a l n ucleu s w hich  cannot be  rea ch ed  fro m  th erm al cap tu re .
T h is  m ay o c c u r  s im p ly  beca u se  o f  the s e le c t io n  ru le s  w hich  determ in e  
the m u ltipole  o r d e r  o f  the em itted  rad ia tion . The o b se rv e d  neutron  capture 
gam m a ra y s  a re  predom in an tly  d ip ole  in ch a ra cte r , and m o s tly  e le c t r ic  
d ip o le . E2 rad ia tion  is  r a r e ly  o b s e rv e d , and h igh er m u ltip o les  a re  too 
w eak to be o b s e rv a b le . The g re a te r  range o f  sp in  and p a rit ie s  ava ilab le  
in re so n a n ce  capture thus in c r e a s e s  the num ber o f  final sta tes populated 
o v e r  that o b s e rv e d  fo r  th erm al cap tu re . Capture into p -w ave  re so n a n ce s  
is  p a r t icu la r ly  e ffe ct iv e  in populating states not seen , o r  w eak ly  seen , in 
th erm al cap tu re . Even i f  s e le c t io n  ru le s  a re  favou ra b le  fo r  th erm al c a p 
tu re , the w id e ly -v a ry in g  d is tr ibu tion  o f  tran sition  p ro b a b ilit ie s  m ay accoun t 
fo r  the ab sen ce  o f  an a llow ed  tra n sition . F in a lly , s in ce  th erm a l capture 
is  in h eren tly  n on -reson a n t in c h a ra cte r , it is  so m e tim e s  s tron g ly  in flu enced  
by  the in te r fe re n ce  te rm s  betw een  reson an t rad ia tive  am plitu d es. S ince this 
e ffe c t  is  often  n eg lected , it is  perhaps u sefu l to point to a s p e c if ic  exam ple 
o f  th is e f fe c t  in ^ T m ( n ,  y )^ °T m  [ 7 ] F ig u re  1 show s the g a m m a -ra y  
sp ectru m  at the 3. 9 -e V  re so n a n ce , w hich  accou n ts fo r  about h a lf o f  the 
th erm al capture c r o s s - s e c t i o n .  The g rou n d -sta te  gam m a ra y , peak 1, 
is  seen  to have a s ize a b le  strength , resu ltin g  fr o m  the I'*' reson a n ce  
d ecay in g  to the 1 ground state . The th erm al sp e ctru m , h ow ev er, show s 
lit t le  o r  no ev id en ce  o f  th is tran sition  in sp ite o f  the s iz e a b le  ta il o f  the
3. 9 -e V  re so n a n ce  at th erm al neutron  e n e rg ie s . T h is can  be u n derstood  
in te rm s  o f  d e s tru ctiv e  in te r fe re n ce  o f  the am plitude o f  the 3 .9 -e V  re so n a n ce  
with that fro m  a bound state about 8 eV  aw ay. A s im ila r  e ffe c t  is  seen  in 
^ U ( n ,* y ) ^ U  [ 8 ] . Such e ffe c ts  should be co n s id e re d  c a re fu lly  w hen, fo r  
exam p le , one d is cu s s e s  ( n ,y ) - (d ,p )  c o rr e la t io n s  in th erm al neutron  capture. 
R eson a n ce  captu re  sp e ctra  can  a lso  p lay an im portan t r o le  in determ in in g  
the p a ra m e te rs  o f  the in itia l state , o r  neutron re so n a n ce s , and can  th e r e 
fo r e  be an im portant adjunct to tota l neutron c r o s s - s e c t i o n ,  sca tter in g  and 
tota l captu re  m ea su rem en ts in the assign m en t o f  re so n a n ce  sp ins and pari
t ie s . Spin determ in a tion s can be ba sed  on se v e ra l m eth od s: the o b s e r v a 
tion  o f  p r im a ry  tran sition s to lo w -ly in g  states o f  known spin, on the d i f 
fe r e n c e s  in the population  o f  lo w -ly in g  states by ca sca d e s  o f  gam m a ra y s  
orig in a tin g  fr o m  the in itia l sta te , o r  by  r e so n a n ce -re so n a n ce  in te r fe re n ce  
a n a ly se s . In the c a se  o f  p -w av e  cap tu re , the angular d is tr ibu tion  fo r  d ip ole  
rad ia tion  is  g iven  by  the e x p re ss io n

W (6 ) = ag + agPg (c o s  6 )

and ob se rv a t io n  o f  the re la tiv e  s iz e  o f  the a n iso tro p ic  com pon ent P g tcosi? ) 
m ay be used to d e term in e  the p a rity  o f  the re so n a n ce  as w e ll as the in itia l
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and final state sp in s . E xam p les o f  th ese  v a r ie d  m ethod s o f  sp in  d e te rm in a 
tion s w ill be d is cu ss e d . It is  c le a r  that th ese  m ethods o f  g a m m a -ra y  
s p e c t r o s c o p y  v e r y  d ir e c t ly  and e a s ily  d e term in e  p a ra m e te rs  w hich  a re  
obtained  in d ire c t ly , and with g rea t d ifficu lty , in the m o re  convention al 
m ethods o f  total c r o s s - s e c t i o n  ex p e rim e n ts .

W h ile  sp e c tra l m ea su rem en ts  can  be a u se fu l to o l in s p e c t r o s c o p ic  
a p p lica tio n s , even  m o re  in terestin g  a re  the a sp e cts  w hich  b e a r  on the 
fundam ental p ro b le m s  o f  the stru ctu re  o f  h igh ly  e x cite d  n u clear  states 
and on the nature o f  the neutron  capture re a c tio n  m ech a n ism . The g ro s s  
shape o f the p r im a ry  g a m m a -ra y  sp ectru m  and the s ta t is t ica l p ro p e rt ie s  
o f  the ra d ia tiv e  w idths m ay  be exam ined  to y ie ld  such fundam ental in fo rm a 
tion . The point o f  dep a rtu re  fo r  th ese  stud ies is  u su a lly  taken to be the 
' s ta t is t ica l n u c leu s ' , i. e . (1) one w hich  exh ib its  a sm ooth  p r im a ry  decay  
sp e ctru m  o f the fo rm

_ S ( E e , E y )  Р(Ев)
^  D (E -E y )

w here S is  the photon stren gth  function ; Ев is  the neutron  binding en erg y ;
Гу is  the tota l rad ia tion  width; and D is  the a p p lica b le  le v e l sp acin g ; (2) one 
w hich  d isp la ys  the s o - c a l le d  P o r te r -T h o m a s  d is tr ibu tion  fo r  both neutron  
and ra d ia tiv e  w idths,

P (X ) = con st. ( х /2 П  e '* /2  dx 

x ^

and (3) one w hich  exh ib its no c o r r e la t io n  am ong the v a r iou s  d eca y  w idths. 
D ep a rtu res  fr o m  th ese  con d ition s m ay  be in terp re ted  as re v e a lin g  s tru ctu re  
in the in itia l o r  fin al sta tes con n ected  by  the rad ia tiv e  tra n s itio n s . W e can 
hope to re la te  such s tru ctu re  to the re a c tio n  m ech an ism  by  a v isu a liza tion  
o f  the com pou nd n ucleu s w ave fu nction  in te rm s  o f  a s u c c e s s io n  o f  s im p le  
com p on en ts , startin g  w ith a neutron  s in g le -p a r t ic le  m otion , a tw o -p a rt ic le  
o n e -h o le  o r  d oorw a y  state ex cita tion , and continuing into h igh er o rd e r  
e x cita tio n s  in volv in g  m o re  n u cleon s con s isten t with a s ta t is t ica l d is t r i 
bution o f  the ex cita tion  en erg y . The h ig h -e n e rg y  p r im a ry  gam m a rays 
con n ect th ese  h igh ly  e x cite d  n u c lea r  sta tes with the r e la t iv e ly  s im p le  lo w - 
ly in g  states o f  the re s id u a l n u cleu s , m any o f  w hich  can be d e s c r ib e d  in 
te rm s  o f  s in g le -p a r t ic le  o r  c o l le c t iv e  m otion s . It m ay w e ll be p ro fita b le  
then to in te rp re t th ese  h ig h -e n e rg y  tra n sition s  as orig in a tin g  in s im p le  
s tru ctu ra l com pon en ts o f  the capturin g  sta te , such as s in g le -p a r t ic le  o r  
tw o -p a r t ic le  o n e -h o le  ex c ita t io n s , o r  a lte rn a tiv e ly  in te rm s  o f  som e  c o l 
le c t iv e  m ötion  such  as d e s c r ib e d  by  the h ydrodyn a m ica l m od el o f  the giant 
d ip o le  r e so n a n ce . Indeed, som e  o f  the ex p erim en ts  w hich  I sh all sh ortly  
d e s c r ib e  se e m  to su ggest the u se fu ln ess  o f  th is v iew p oint.

T h e se  in tro d u cto ry  re m a rk s  have se rv e d  to in d icate  som e  o f  the in te r 
estin g  a p p lica tion s  o f  r e so n a n ce  sp e c tra . F o r  r e a so n s  o f con v en ien ce  the 
to p ics  w ill be illu s tra te d  la r g e ly  by  ex a m p les  draw n fro m  data accum ula ted  
b y  the B rook h aven  High F lux B eam  R e a cto r  fast ch op p er  g rou p . M any 
g rou p s have b e co m e  a ctiv e  in  th is and re la te d  fie ld s  and it is  ap p rop ria te



RESONANCE NEUTRON CAPTURE GAMMA RAYS 6 3 1

to ack n ow ledge  the ex ten sive  con tribu tion s o f  g rou ps at the H arw ell, Saclay , 
and G ee l lin e a r  a c c e le r a to r s  in E u rop e , as w e ll a s  the Dubna pu lsed r e a c to r  
ex p erim en ts  c a r r ie d  out by  U rbanec and h is c o -w o r k e r s .  In the United 
S tates, re so n a n ce  captu re  gam m a sp e ctra  have been  co m p ile d  at the R P I, , 
L iv e r m o r e ,  G ulf G en era l A to m ic , and N aval R e s e a rch  L a b o ra to ry  L in e a r  
A c c e le r a t o r s ,  a s  w e ll as the A rgon n e fast ch o p p e r . At the Chalk R iv e r  
NRU r e a c to r ,  B a r th o lo m e w 's  g rou p  has been  r e co r d in g  re so n a n ce  sp ectra  
w ith a fa st ch op p er  o f  the BN L design . In addition  to these pu lsed  neutron  
t im e -o f - f l ig h t  ex p erim en ts  m entioned  a b ov e , S p en cer and F a le r  at the M TR 
r e a c to r  and Kane and h is c o -w o r k e r s  at B rook h aven  have u sed  a neutron 
d iffra c t io n  m o n o ch ro m a to r  to s e le c t  neutron  e n e rg ie s , p rod u cin g  h igh - 
qu ality  sp e ctra  in the lo w e r  ep ith erm a l en erg y  re g io n . T h ere  a re  a lso  
s e v e r a l ex a m p les  o f  a co m p le m e n ta ry  type o f  exp erim en t w hich  in vo lves  
the captu re  o f  n eutron s o v e r  a b road  ran ge o f  e n e rg ie s , thus averag in g  
o v e r  the p r o p e rt ie s  o f  the in itia l s ta tes . In A u stra lia , B ird  and h is grou p  
at L u ca s  H eights have done a co n s id e ra b le  am ount o f  w ork  in the, keV  neu 
tron  e n e rg y  re g io n , u sing  b roa d  en erg y  cu ts . An ex ten sive  p rog ra m m e o f 
r e a c to r  neutron  m ea su rem en ts  has been  c a r r ie d  out at the C P -5  re a c to r  
at A rgon n e by B o llin g e r  and h is c o -w o r k e r s  [9] and by  G reen w ood , H arlan, 
H e lm e r  and R eich  at the M TR r e a c to r . The A rgon n e ex p erim en ts  have been  
c a r r ie d  out with a b o ro n -s h ie ld e d  in tern a l ta rg e t, w hile the M TR w ork  
u t iliz e s  an ex tern a l beam  w ith a scandium  filt e r  to p rod u ce  a b road  en ergy  
range beam  700 eV  w ide) cen tred  at 2 keV . The A rgon n e w ork  has been  
e x te n s iv e ly  su m m a rized  by  B o llin g e r  [9] . The ex p erim en ts  have em p h asized  
the r o le  o f  the giant d ip ole  re so n a n ce  in m od ify in g  the en erg y  dependence 
o f  the rad ia tiv e  m a tr ix  e lem en ts fo r  e le c t r ic  d ip o le  tran sition s fr o m  states 
n ear the neutron  binding en erg y  and have shown that in s e v e r a l n u c le i, the 
photon strength  function  is  b e tter  d e s c r ib e d  by an ra th er  than the usual 
E  ̂ e n e rg y  d ep en den ce .

L et us now turn to som e illu s tra tio n s  o f  the ap p lica tion  o f  reson a n ce  
g a m m a -r a y  s p e c tr o s c o p y . I sh all beg in  b y  exhib iting  som e exam p les 
o f  P -w a v e  capture angular d is tr ib u tio n s . M easu rem en ts o f  the angular 
c o r r e la t io n s  have been  c a r r ie d  out at B rook haven  fo r  captu re  in the 12. 1 -e V  
re so n a n ce  o f  ^ M o  as w e ll as the 1200-eV  re so n a n ce  o f  ^ F e  and the 4 5 -e V  
re so n a n ce  in ^ S n .  The sp e ctra  r e c o r d e d  fo r  the 12. 1 -e V  re so n a n ce  o f  
S^Mo at 135° and 90° to the in cident beam  a re  show n in F ig . 2, with a sligh t 
la te ra l d isp la cem en t o f  the 90° cu rve  fo r  c la r ity . The f ir s t  featu re  to be 
noted is  that th ere  a re  d if fe r e n c e s  in re la t iv e  in ten sities  fo r  th ese  lin e s ;

ANGULAR DISTRIBUTION OF y RAYS FROM CAPTURE IN 
12.1 eV RESONANCE OF Mo^
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FIG. 2. A comparison o f spectra at 90° and 135" resulting from p-wave capture in ^ M o, 1 2 .1-eV  resonance. 
Note, for example, the enhanced strength o f  the transition to the 1/2+ ground state at 90°.
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hence the 12. 1 -e V  reson a n ce  m ust have spin and pa rity  3 /2 * ,  s in ce  the 
a ltern a tive  p o s s ib ilit ie s  1/2*^ o r  1/2* lead  to is o tr o p ic  d is tr ibu tion s . 
H aving estab lish ed  the 12. 1 -e V  re so n a n ce  as a P -w a v e  re so n a n ce  we 
can  exam ine the ra tio s  o f  in ten sities  at 90° and 135° to iden tify  sp ins fo r  
the lo w -ly in g  state con n ected  to the reson a n ce  by d ipole  tra n sition s . Nine 
fin a l sta tes have been  so  id en tified  and have been  com p a red  to (d ,p ) data 
o f  M oorh ead  and M oy er  [10] . A s im ila r  experim en t was c a r r ie d  out in 
the c a se  o f  the 1 1 67 -eV  re so n a n ce  in ^ F e ;  the f ir s t  reson an ce  in iron . 
T h is  re so n a n ce  is  a good  exam p le  o f  the com bin ation  o f  v a r iou s  technique 
fo r  estab lish in g  le v e l p a ra m e te rs . T ota l c r o s s -s e c t io n  data taken som e 
y e a r s  ago in d icated  that th is reson a n ce  w as not an S -w ave reson a n ce  on 
the b a s is  o f  the la ck  o f  the c h a ra c te r is t ic  a sy m m e try  resu ltin g  from  
re so n a n ce -p o te n t ia l sca tter in g  in te r fe re n ce . R ecen t w ork  on the d if 
fe re n tia l sca tter in g  c r o s s -s e c t i o n  at H arw ell [11] , h ow ev er, in d icates 
a shape a sy m m e try  in the d iffe ren tia l c r o s s -s e c t i o n  and the beh av iou r o f  
th is a sy m m e try  esta b lish es  the state as p o s se ss in g  odd parity . The spec 
trum  o f  th is re so n a n ce  is  shown in F ig .3 .  Strong tran sition s to final 
1 /2 "  and 3 /2 "  states a re  seen  lim itin g  the in itia l state spin to 3 /2  o r  le s s  
A s ize a b le  tra n sition  to 5 /2 "  le v e l at 135 keV in ^  Fe is  a lso  seen . The 
angular d is tr ibu tion  o f  the d ip ole  tra n sition s  to  the 1 /2 "  and 3 /2 "  final 
sta tes is  g iven  in  F ig . 4 . The re la tiv e  population  is  iden tica l at the two

CHANNEL NUM BER

FIG. 3. Gamma rays in ^Fe after neutron capture at three energy regions. Note the appearance o f the 
6507-keV transition to the 135-keV 5 /2 " state in the 1167-eV resonance spectrum.
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FIG.4. The ^Fe(n,y)^^Fe ground-state doublet at 90" and 135" in the resonance.

an gles 135° and 90°, hence a 3 /2 *  assign m en t is  ru led  out and the reson a n ce  
m ust be a P 1/2 sta te . The w eak tran sition  to the 135 keV  5 /2 *  le v e l is  
th e r e fo re  an E2 gam m a ra y . A con seq u en ce  o f  this assign m en t is  that 
m ost o f  the rad ia tion  depopu lating th is re so n a n ce  m ust be m agn etic  d ip o le , 
and the stren gth s a re  w ithin  a fa c to r  o f  two o f the E l tran sition  strengths 
o b s e rv e d  in the th erm a l neutron  sp e ctru m . The E2 strength  re p re s e n ts  an 
enhancem ent o f  about 200 o v e r  the m od ified  W e issk o p f estim a te  quoted by  
B a rth o lom ew  [3] .

Гу(Е2) = ( 1 .2 X  1 0 ^ ) A4/3E3D (E g)/D Q  

w hile  the M l 's  a re  found to be a fa c to r  o f  17 o v e r  the M l est im a te :

Гу(М 1) = (6 X  10 -2 ) E 3 D (E g ) /D c

L o w -e n e r g y  gam m a ra y s  a re  a lso  u sefu l in estab lish in g  capturing  
state sp in s . It has lon g  been  known that the population  o f  the lo w -ly in g  
le v e ls  by  gam m a ca s c a d e s  ought to be dependent on the in itia l sp in  va lu e . 
About ten y e a r s  ago H uizenga and V andenbosch  [12] pointed th is out in 
con n ection  w ith a study o f  is o m e r ic  c r o s s - s e c t i o n  r a t io s . States with 
sp in s  c lo s e r  to the in itia l va lu e a re  exp ected  to be  m o re  s tron g ly  populated
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and a s im p le  m o d e l o f  g a m m a -ra y  c a s c a d e s , taking into accoun t the spin 
c u t -o f f  fa c to r  a in the le v e l den sity  fo rm u la :

P (J) <?(2 J + 1) e x p [ - (J  + ^ f/2 a ^ ]

su pp orts  th is exp ecta tion . F ig u re  5 illu s tra te s  the population  o f  final 
sta tes  o f  sp in  3 and 5 fr o m  tw o-step  gam m a c a sca d e s  fr o m  capturing  
states o f  sp in  3 and 4 . T h is  s im p le  m od e l has been  re fin ed  by  P ön itz  [13] 
who in clu d es  the e ffe c ts  o f  h igh er  m u lt ip o le s , h igh er m u lt ip lic it ie s  and 
n u clea r  stru ctu re  e f fe c t s . A lthough the s im p le  m od el p re d ic tio n s  a re  
on ly  qu a lita tiv e ly  s u c ce s s fu l,  ex p erim en t c o n fir m s  the p re d icte d  d iffe r e n c e s  
in le v e l popu lation  in a ra th er  con v in cin g  w ay. F ig u re  6 show s the lo w - 
e n e rg y  captu re  sp e ctru m  fro m  two r e so n a n ce s  in thulium , the C' 1 4 -eV  
and the I'*' 34. 8 -e V  le v e ls .  N ote f ir s t  that the v e r y  la rg e  v a r ia tion s  o f  
tra n s ition  in ten sities  c h a ra c te r is t ic  o f  h ig h -e n e rg y  sp e ctra  a re  la ck in g  
h e re . E ach  re so n a n ce  has quite a s im ila r  sp e ctru m , in d icating  a good  
a v era g e  o v e r  m any in term ed ia te  sta tes in the m u lt i-s te p  gam m a ca sca d e .
T he d e -e x c ita t io n  o f  the З'*' state at 183. 2 keV  and the 0* 149. 7-keV  state 
o c c u r s  with d iffe re n t in ten sities  at the two re so n a n ce s , h ow ev er . Note 
that in the 0* re so n a n ce  the 3  ̂ d e -e x c ita t io n  is  r e la t iv e ly  w eak. T h is 
is  c o n s is te n t with the s im p le  m otion  that the З'*' state cannot be rea ch ed  
in a s im p le  tw o -s te p  d ip ole  c a s c a d e , w hile the 0* can . F ig u re  7 show s 
the e ffe c t  in -*^Ho. H ere the decay  o f  a 5* le v e l (1 4 9 .3 -k e V  gam m a ray ) 
is  co m p a re d  to that o f  a 3 state in  r e so n a n ce s  o f  sp ins 3 and 4* (1 1 6 .8 -k e V  
gam m a ra y ), and in a c c o r d  w ith ex p ecta tion s , the 5* final state is  m o re  
s tron g ly  populated in the 4 r e so n a n ce s . F ig u re  8 show s a su m m a ry  o f

P(J)

FIG. 5. A calculation o f the relative population o f low-lying states by two-step dipole cascades from 
J = 3 and J = 4 capturing states. At the top о = °° (Dj <x 2J + 1) is assumed and at the bottom о  = 3.5  is 
assumed.
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FIG.6. A portion of the low-energy spectrum from ^^Tm (n,y)*^Tm . The relative strengths o f the 3*

FIG.7. A portion o f  the low-energy spectrum from *^ H o (n ,y )^ H o . Again, the ratio (3 decay to 5'
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FIG. 8. A comparison o f the 3* to 5* decay ratio for resonances in holmium. The assigned spin values 
are from BNL-325.

3 to 5 d eca y  r a t io s , co m p a re d  to spin a ssign m en ts o f  B N L -3 2 5 . The 
two grou ps o f  d eca y  ra t io s  a re  ra th er  c le a r ly  seen  and in good  a g reem en t 
w ith p re v io u s  sp in  a ss ig n m en ts . W eigm ann [141 and his c o lle a g u e s  at 
G ee l have applied  th is technique to the nucleu s U with con v in cin g  r e su lts .

L et us now turn to s e v e r a l to p ics  co n ce rn e d  with the capture re a ctio n  
m ech a n ism . Lane and Lynn [15] have fo rm u la ted  the m ech an ism  o f slow  
neutron  cap tu re . T h ey  start by d iv id ing  the captu re  c r o s s - s e c t i o n  to a 
p a rt icu la r  final state into a reson an t and a n on -reson a n t part; to be id e n ti
fied  w ith the com pound n ucleu s and d ir e c t  r e a c tio n  com p on en ts , r e s p e c t iv e ly :

< 7 (n ,y H  T i X t / j A .  + ^ ( Г ^ ) М ^ / ( Е - Е к )  + 1Г/ 21'

X

T h is d is tin ction  is  not quite so  c le a r  cut as it m ight su p e r fic ia lly  
ap pear to be s in ce  ' lo c a l ' re so n a n ce  ta ils  can  con tribu te  to the sm ooth ly  
v a ry in g  c r o s s -s e c t io n 'b e t w e e n  r e so n a n ce s  and m ust be su btra cted  out.

T he m ost sa tis fy in g  m ethod o f  iden tify in g  the d ir e c t  com pon ent is  by 
evaluating  the in te r fe re n ce  te rm  betw een  d ir e c t  and re so n a n ce  sca tter in g . 
T h ese  in te r fe re n c e  e ffe c ts  can  be quite n o ticea b le  in m any n u c lid e s , as 
is  ev iden t in the fo llow in g  set o f  f ig u re s  draw n fro m  an exp erim en t in 
cap tu re  on [8 ]. T h e re  a re  two stron g  doublets in uranium  n ear 4059 
and 3990 M eV  r e s p e c t iv e ly , and the 4 0 5 9 -M e V  tra n sition  show s an e x 
t r e m e ly  p ron ou n ced  in te r fe re n ce  m axim um  at th erm al e n e rg ie s . The 
beh av iou r o f  the dou b lets is  show n in F ig s  9 and 10. The in te r fe re n ce  
betw een  the sm ooth ly  v ary in g  tra n sition  am plitude and the reson a n ce  te rm  
is  d e s tru ctiv e  ab ove  the 6 .7 -e V  re so n a n ce  and co n s tru ctiv e  below  it as 
show n. T h ere  is  another fea tu re  o f  the re so n a n ce  captu re  data in uranium  
that is  p erhaps w orth  rem a rk in g  on in F ig . 10. The 4068 tra n sition , quite
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gamma rays in ^ U ( n . y u.  The 4059-keV gamma ray is seen to display 
i Ehe background amplitude below the 6 .7-eV  resonance and destructive inter-
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stron g  in the 3 7 -e V  re so n a n ce , is  not seen  at a ll in th erm al. T h is can 
be in terp re ted  in te rm s o f  d e s tru ctiv e  in te r fe re n ce  and illu s tra te s  as in 
the c a se  o f  thulium  that reson a n ce  captu re  can supplem ent in form ation  
d e r iv ed  fr o m  th erm al n eutrons co n ce rn in g  the le v e l sch em e o f  the product 
n u cleu s.

A  le s s  o b v io u s , but n on eth e less quite id en tifia b le , in te r fe re n ce  e ffe c t  
o c c u r s  in ^ C o  [16] , w h ere  a d eta iled  co m p a riso n  o f  the th erm al and 
re so n a n ce  cap tu re  sp e ctru m  at 130 eV  show s som e  s m a llb u t  defin ite  
d if fe r e n c e s , e s p e c ia lly  in the stren gth  o f  the g rou n d -s ta te  tran sition  
(F ig . 11). The enhancem ent o f  the g rou n d -s ta te  gam m a is  perhaps m o re  
strik in g  i f  w e re m e m b e r  that about 1 /5  o f  th erm al capture is  accou n tab le  
in te rm s  o f  one o r  m o re  bound le v e ls  with 3 a ss ign m en ts , w hich  a re  un
ab le  to con tribu te  by  E l rad ia tion  to .th e  ground state , with 5^ sp in  and 
p a rity . F ig u re  12 show s the fit to the o b s e rv e d  p artia l c r o s s - s e c t i o n  fo r  
th is tra n s ition  and the co n s tru ctiv e  in te r fe re n ce  can  be seen  ra is in g  the
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c r o s s - s e c t i o n  above the value p re d ic te d  fr o m  the re so n a n ce  con trib u tion  
a b ov e . T he re q u ire d  d ir e c t  am plitude c o rre sp o n d s  to a c r o s s - s e c t i o n  o f
9. 2 m b at 1 eV , co m p a re d  to a hard  sp h ere  sca tter in g  va lu e o f  1 2 .6  mb 
fo r  a pure s in g le -p a r t ic le  final state . W ith cu rre n tly  a v a ila b le  s o u r ce  
stren gth s th ese  deta iled  m ea su rem en ts  in the o ff -r e s o n a n c e  r e g io n  can 
on ly  be c a r r ie d  out at fa ir ly  low  neutron  e n e rg ie s , thus lim itin g  th eir  
a p p lica tion  to a few  fa v ou ra b le  n u c lid es .

GAMMA RAY ENERGY. keV

FIG. 11. Thermal capture and resonance capture in cobalt. The ground-state gamma ray, peak 1, is 
relatively stronger near thermal energy.

Lane and Lynn [15] have d is cu ss e d  in deta il the re so n a n ce  neutron  
cap tu re  m ech a n ism  and have show n that s in g le -p a r t ic le  e ffe c ts  can  be 
p resen t in the re so n a n ce  ' channel ca p tu re ' re g io n  as w e ll as in  the o f f -  
re so n a n ce  re g io n . B y  m aking the u su al, but som ew hat a r t i f ic ia l ,  d is t in c 
tion  betw een  the ex tern a l and in tern a l parts o f  the d ip o le  in teg ra l, sep arated  
by  the n u c lea r  bou n dary  at r  = R , th ey  show that in  the channel re g io n  
stron g  con trib u tion s  to s in g le -p a r t ic le  final states m ight a r is e .  The 
o b s e rv e d  'ch a n n e l ca p tu re ' con trib u tion s m ay be w ritten  as the fo llow in g :

ж  '"p (-  ̂ " " ' ' " . . '{ м ! ! , }

w h ere  a re  d im e n s io n le ss  re d u ced  width am plitud es fo r  the in itia l
and fin al sta te s ; ky, kf a re  the w ave n u m bers co rre sp o n d in g  to  the photon 
and bound n eutron , r e s p e c t iv e ly ; J¡ ,  Jf,  S¡, Sf a re  the in itia l and final 
v a lu es  o f  the total angular m om entum  and the channel spin; and { }  d e 
n otes the 6 j  c o e ffic ie n t .

The p a rtia l width is  then w ritten  as
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FIG. 12. Interference fits for cobalt. The ground-state gamma ray fit is consistent with a capture cross- 
section o f 9 .2  mb at 1 eV.
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T he channel capture con trib u tion  is  p rop ortion a l to the neutron 
red u ced  w idths o f  both in itia l and final sta tes, h ence the exp ected  stron g  
tra n sition s  to s in g le -p a r t ic le  final sta tes. Such enhanced tra n sition s  have 
been  re p o rte d  fo r  m any y e a r s  in the ca se  o f  th erm al cap tu re , p a rt icu la r ly  
by  G rosh ev  [17] and his c o lla b o r a to r s , and have been  id en tified  as s in g le 
p a rt ic le  tra n s ition s . E v iden ce  fo r  th is in terp reta tion  is  ba sed  on the 
o b s e rv e d  c o r r e la t io n  o f  (n ,y )  stren gth s with the (d ,p )  c r o s s - s e c t i o n s ,  w hich  
depend on the s p e c t r o s c o p ic  fa c to r , and th e re fo re  the s in g le -p a r t ic le  nature 
o f  the final state . S ince th erm al capture re p re se n ts  an in determ inate m ix 
ture o f  re so n a n ce  and d ir e c t  con trib u tion s at th erm al e n e rg ie s , it is  not 
p o s s ib le  to sep ara te  channel capture and d ir e c t  cap tu re . In re so n a n ce s , 
the channel capture cou ld  be re co g n iz e d  by studying the c o r r e la t io n  betw een  
partia l w idths and the p rodu ct o f  in itia l and final state red u ced  w idths.

The B rook haven  grou p  has m ade a sy stem a tic  attem pt to study width 
c o rr e la t io n s  in re so n a n ce s . The d istribu tion  o f  c o r r e la t io n  c o e ffic ie n ts  
fo r  a lim ited  sam ple  s iz e  is  indeed a v e r y  b roa d  on e , and ca re fu l a n a lys is  
is  re q u ire d  to estab lish  the s ig n ifica n ce  o f  a sam ple co r r e la t io n . To 
illu s tra te  th is poin t, the re su lts  o f  a M onte C a rlo  sim u lation  o f  the sam ple 
c o r r e la t io n  co e ffic ie n t  betw een  two independent v a r ia b le s  draw n fro m  P o r te r -  
T h om as d istr ibu tion s a re  shown in F ig . 13. F o r  a la rg e  sam ple  s iz e  the 
d is tr ibu tion  is  a p p rox im a te ly  G aussian  in fo rm  cen tred  a p p rox im a te ly  on 
z e r o .  F o r  such a sam p le  s iz e  the usual 'd is t r ib u t io n - fr e e ' s ta t is t ica l 
te s ts  m ay be ap p lied . C o n sid e r , h ow ev er, F ig . 13, the d istr ibu tion  fo r  
n = 5. The nature o f  the P o r te r -T h o m a s  d istr ibu tion  is  such as to p rod u ce  
a skew ed d istr ibu tion  o f p with a s ize a b le  ta il to v a lu es n ear plus on e . Thus, 
even  h igh ly  p os itiv e  co r r e la t io n  c o e ffic ie n ts  fo r  sm a ll sa m p les  m ay not be 
sign ifican t.

FIG. 13. The sample size is n -  5. Note the asymmetry and the long positive tail to the maximum value

 ̂ ° x °y  ( n  )
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N e v e rth e le ss  it has d e fin ite ly  been  estab lish ed  that c o r r e la t io n s  are  
p resen t in reson a n ce  as w e ll as in th erm a l cap tu re . In thulium , fo r  e x 
am p le , a s ign ifican t p os itiv e  c o r r e la t io n  has been  estab lish ed  betw een  the 
av era g e  p a rtia l w idths to lo w -ly in g  states o f  the res id u a l n ucleu s and the 
re d u ced  neutron  width o f  the reson a n ce  [18] . On the o th er hand, c o r r e la 
tions betw een  the a v erag e  p artia l w idths and the final state red u ced  neutron 
w idths (o r  m o re  p r o p e r ly  the d ,p  re a c tio n  c r o s s -s e c t io n s )  have been  e s ta b 
lish ed  fo r  -^ H o  and 1ббЕг, and p rob a b ly  fo r  s e v e r a l o th ers  (T ab le  I). T h ese  
c o r r e la t io n s  a r e , fo r  the m ost p art, sm a ll, but se v e r a l a re  s ta t is t ica lly  
s ig n ifica n t. R e ce n tly  the p -w av e  re so n a n ce s  in n iob ium  have been  analysed  
and show a s ign ifican t c o r r e la t io n  with fin al state w idths, w hile the s -w a v e  
re so n a n ce s  show no sign ifican t e ffe c t  [19] .

T A B L E  I. SUM M ARY OF ( n ,y ) - (d ,p )  CO R R E LA TIO N  CO EFFICIEN TS 
M EASURED AS OF JAN U ARY 1969

Target
No. ñnal 

states r P (x^r)

Mn55 10 +  0.364 0.846
Fe56, thermal 20 +  0.141 0.721
FeS6, resonance 20 +  0.461 0.980
Co59 12 +  0.253 0.782

*Lai39 8 +  0.493 0.889
*Hoi65 18 +  0.480 0.978
Tmi69 13 +  0.276 0.816

*Eri66 25 +  0.694 0.999
*Taisi 22 +  0.279 0.895
*\yi82 18 +0.100 0.652
*W186 17 -0 .084 0.377
U238 18 +  0.363 0.930

An attem pt has been  m ade to in terp re t th ese  co rr e la t io n s  as a m a n i
festa tion  o f  channel cap tu re  o f  m an gan ese , a nucleu s show ing a s ign ifican t 
c o r r e la t io n  betw een  n ,y  and d, p stren gth s fo r  th erm al cap tu re . M any o f 
the sp ins and s p e c t r o s c o p ic  fa c to r  fo r  sta tes in ^ M n  a re  known [20] and 
the sp e ctra  fo r  fou r re so n a n ce s  in m angan ese have been  m ea su red . The 
channel cap tu re  w idths have been  evaluated and com p a red  to the o b se rv e d  
w idths [21] . S om e o f  the re su lts  a re  show n in F ig . 14. E xact co rre sp o n d e n ce  
betw een  the p re d ic te d  and m ea su red  w idths is  o b scu re d  by  the p re se n ce  o f  
the in tern a l p ortion  o f the width am plitude w hich  m ay in te r fe re  with the 
channel p ortion  to p rod u ce  w id e ly  v ary in g  p artia l w idth s. N ev e rth e le ss , 
th ere  is  a s ign ifican t c o r r e la t io n  c o e ffic ie n t  betw een  the p red icted  channel 
w idths and o b s e rv e d  w idths in  the m anganese re so n a n ce s , its value being 
+ 0 .4 .  It is  p o s s ib le , by  M onte C a rlo  tech n iq u es , to estim a te  the ra tio
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o f in te rn a l/e x te rn a l captu re  in m anganese by  assu m in g  that the fo r m e r  
quantity is  ran d om ly  d istr ibu ted  w hile the la tter  is  ca lcu la ted  fro m  L y n n 's  
fo rm u la . The re su lt  is  that in tern a l captu re  is  5 tim es la r g e r  than e x 
tern a l cap tu re  fo r  m an gan ese ; on the a v erag e

< r ¡ n t > / < ó r > ^ 5

F o r  h ea v ier  n u cle i we have not been  able to estab lish  a channel capture 
e f fe c t ,  that is ,  no c o r r e la t io n  has been  o b s e rv e d  w ith  the p rodu ct o f  in itia l 
and final state red u ced  width am p litu d es. The o b se rv e d  c o r r e la t io n s  m ust 
th e r e fo re  be a s c r ib e d  to o th er e f fe c t s . B arth olom ew  has su ggested  the im 
p orta n ce  o f  p a r t ic le -h o le  states in the d e -e x c ita t io n  fo llow in g  neutron  c a p 
ture [22] . The departu re  o f  the shape o f  the captu re  g a m m a -ra y  sp ectru m  
fro m  the sm ooth  fo rm  ex p ected  fr o m  the s ta t is t ica l m od el lea d s  to s p e cu la 
tion  that the d oorw a y  states o r  tw o -p a r t ic le  o n e -h o le  states m ay p lay  an 
im portan t r o le  in the neutron  captu re  p r o c e s s ,  w ith stron g  d ip ole  t r a n s i
tion s resu ltin g  fro m  the annih ilation  o f  the p a rt ic le  and the h o le . The decay  
o f  a 2 p - lh  state to a s in g le -p a r t ic le  state would p resu m a b ly  p rov id e  the 
o b s e rv e d  c o r r e la t io n  o f  tra n sition  strength  w ith fin a l-s ta te  red u ced  width, 
s in ce  the in com in g  neutron  can  be p ictu red  as dropping  into a p p rop ria te  
o rb ita l upon produ cin g  the p a r t ic le -h o le  excita tion .

The lo w -ly in g  co n fig u ra tion s  fo r  states o f  ^ N b  have been  assign ed  in 
so m e  d eta il b y  Jurney  et a l. [23] and the population  o f  th ese  states fro m
S and P -w a v e  capture  in r e so n a n ce s  o f  n iobium  p rov id e  us with som e  
in terestin g  re su lts  re leva n t to th is d is cu ss io n . F ig u re  15 show s som e  
P -w a v e  cap tu re  sp e ctra  fr o m  n iob ium  — note p a rt icu la r ly  the h igh ly 
in ten se  tra n sition s  w hich  p r o ce e d  to lo w -ly in g  p o s itiv e  p a rity  states in 
^ N b . T h ese  sta tes have co n fig u ra tion s  o r  Trgg/a^d^/g)^ P i/2 -
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FIG. 15. P-wave capture spectra in ^  N b(n ,y )"N b . The transitions at high energies are extremely strong 
E l's.
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and a re  s tro n g ly  populated in the (d, p) r e a ctio n  with í  = 2 and  ̂ = 0 stripp in g  
pa ttern s . It is  s ign ifica n t to note that th ere  a re  a num ber o f  n egative p a rity  
sta tes w hich  a re  b e lie v e d  to be p r o to n -e x c ite d  states with тгр-Jg (g9/ 2 ^  ^(^5/ 2 ^ 2  
and 7Г Р 1/2  (gg/2 ^  У( ¿ ¡ 5/2) 9/2 - T h ese  a re  populated fr o m  the S -w ave re so n a n ce s  
w ith in ten sities  o f  av era g e  stren gth . The red u ced  in ten sity  p lots  o f  F ig . 16 
illu s tra te  the an om alou s stren gth s o f  th ese  E l tra n s ition s  in the P -w a v e  
r e so n a n ce s , and the n o n -s ta t is t ica l shape o f  the g r o s s  g a m m a -r a y  sp ectru m  
is  c le a r ly  in d ica ted . On the o th er hand, the S -w a ve  r e so n a n ce s  ap pear to 
conta in  no such en hancem en ts.

FIG. 16. The averaged gamma-ray spectra for P- and S-wave Nb resonances. A il gamma-rays regardless 
o f  multipolarity are included, averaged over 300-keV intervals, and plotted against excitation energy.

The (n ,y )  in ten s ities  have been  av erag ed  o v e r  re so n a n ce s  and the c o r 
r e la t io n  c o e ffic ie n ts  betw een  th ese  (n,*y) and (d ,p )  stren gth s a re  -0 .0 9  and 
+ 0 .5 8  fo r  S and P -w a v e  r e so n a n ce s , r e s p e c t iv e ly . T h ese  enhanced t r a n s i
tion s fr o m  P -w a v e  re so n a n ce s  a re  thus c o r r e la te d  w ith d ,p  c r o s s - s e c t i o n s ,  
w h ile  no such c o r r e la t io n  o c c u r s  in S -w ave cap tu re . It is  tem pting to in te r 
p re t th is in te rm s  o f  a s in g le -p a r t ic le  neutron  tra n s ition  P  D o r  P -*  S. 
T h ere  is ,  h o w ev er , no s ign ifica n t c o r r e la t io n  betw een  the neutron  red u ced  
w idths and the ra d ia tiv e  w idth , as w ould  be expected  in that p ic tu re . On 
the o th er  hand, th ere  a re  in ^N b s e v e r a l p o s s ib le  p a r t ic le -h o le  sta tes w hose 
ann ih ilation  w ould  p rod u ce  gam m a ra y s  o f  the ap p rop r ia te  en erg y  [24] .
T h ese  E l tra n sition s  (3 s i/2  2p ^ 2 , 3s i/2  ^  2pg/2- 2dg/g 2pg/g and
2^5/2 1 5̂/ 2) cou ld  re su lt  fr o m  the ex cita tion  o f  p roton s fr o m  the fille d
P l/2 ' P3/2 ^5/2 sh e lls , w hile the neutron  d rop s  down to d o r  s sta tes .
Such tra n s itio n s  can  be in itiated  by  n eutron s, but not b y  S -w ave n eutron s, 
s in ce  no su itab le  sh e ll m od e l sta tes  e x ist o f the ap p rop r ia te  p a rity . The 
enhanced E l tra n s ition s  p rod u ced  by  this m ech an ism  a re  a lso  evident in 
a c o m p a r is o n  o f  the E l to M l stren gth s av erag ed  o v e r  S -w a ve  and P -w a v e  
r e s o n a n ce s . F o r  S -w a ve  w e find that ( (r ^ E i )> /*\(Гу)м1^ ^ w hile fo r  
P -w a v e  we f in d ((I^ ,)E i> /< (r y )M i) ' = 1 0 .5 .
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These marked d ifferen ces occu rrin g  in the spectra o f resonances of 
opposite parity in ^ N b  thus find a plausible interpretation in term s of the 
shell m odel structure o f that nucleus and indicate the important ro le  of 
doorway states in the capture p rocess . A sim ilar explanation may prevail 
for the (n ,y ) - (d ,p )  corre la tion s occu rrin g  for  other nuclei.

Our final topic for  d iscussion  is  the distribution function for partial 
radiative widths, a subject o f  intense study since the first m easurem ents 
o f resonance capture spectra .

The sim ple statistical assum ptions o f the com plexity  o f the initial 
state leads to the expectation that these widths are distributed according 
to the ch i-squared  distribution o f one degree o f freedom  — the P o rte r - 
Thom as [25] distribution. Indeed, m ost nuclei which have been investigated 
follow  such a distribution. The m ost easily  interpreted experim ental situ 
ation involves the m easurem ent o f the resonance partial widths for decay 
to a single final state. Experim ental lim itations are forced  in general to 
include severa l final states in the analysis and to cover  only a lim ited  region 
o f incident neutron energy. Jackson et a l. [26] have m easured the partial 
widths for 3 final states in i95pt(n,y)M6pt and find y sa tisfactorily  near 1 
for  a sam ple o f 66 widths (22 J = 1 resonances). Other m easurem ents have 
been made involving few er resonances but including m ore final states.
Among these are the experim ents o f Rae et al. [27] in m ercu ry  and P r ice  et al.
[8] in ^ considerable amount o f prelim inary data has been accumulated
by the Brookhaven fast chopper group and severa l apparent deviations from  
the P orter-T h om a s distribution have been noted. These results are given 
in Table II and have been analysed in term s o f the ch i-squared  distribution 
with y d eg reeä 'ö f;freedom . The m ost notable departures are those for 
l°3Rh, 142pr-and 238 Each of these is very  difficu lt to recon cile  with 
 ̂ = 1. R ecently B ecvár and co -w ork ers  [28] at Dubna have also reported 

the unusual behaviour for  the З'*' resonances of praesodym ium . On the other 
hand, the Harwell group o f M urray et al. [29] report a value o f y consistent 
with one for and a value considerably  low er than the BNL p re 
lim inary value.

In view of the fact that a ll these data are drawn from  a lim ited set of 
neutron resonances and include a large set of final states, the interpretation 
o f the apparent departures from  the P orter-T h om a s distribution must be 
treated with caution. It is nevertheless interesting to speculate on the 
departure from  the P orter-T h om as distribution due to som e sp ecific  feature 
o f nuclear structure. Both R osenzw eig [30] and m ore recently  B eer [31] 
have proposed theories for  treating the anomalous width distribution. B e e r 's  
theory is based on the decom position  o f the initial state wave function into 
two com ponents o f w idely different dim ensionality. The departure from  the 
P orter-T h om a s distribution is  dictated by the sm all number o f basis states 
in the second com ponent. This theory, how ever, does not provide a m odel 
for the nuclear structure effect involved. It may w ell be that these apparent 
d iscrepan cies  with the statistical picture o f random ly distributed width am pli
tudes are indicative o f structural e ffects . The resolution  o f this question 
depends on the continuing accum ulation o f accurately  m easured widths for 
each nuclide.

In c losin g , I would like to suggest that the next few years w ill see 
significant p rogress  in the m easurem ents o r  radiative transitions in fiss ile  
nuclides. The problem  o f separating fiss ion  and capture gamma rays, and 
perform ing h igh -resolution  spectroscopy  on the latter is being attacked in
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TABLE II. SUMMARY OF RADIATIVE WIDTH DISTRIBUTIONS 
ANALYSED AT BROOKHAVEN AND INCLUDING DATA FROM BNL, 
SACLAY AND DUBNA

Residual + 90% limit
^ . v m°y i- CommentsNucleus - 10% limit

59 ,104 ? 74 *** 0.51 Mean value of spin 1 and spin
45 * - 0.35 0" resonances (3 res. per spin)

2 . 3 8 ^  о 23 final states - entire set

110 184 + 0 . 2 9
74" - 0.27

113,,187 . , - + 1 . 6 5
74" 2-2° _ Q

118-196 . .. + 0.15 ^
ygPt 0.93 _ Q ^g (Saclay Data)

101 170 i + 0.77
69^"" ^ ' ^ - 0 . 4 5

143 233 + 0.44
9 0 ^  . 0. 34

147 239 - an 1-45 Data norm, to E^, 72 widths,
92 * - 1.00 4 resonances

119, 198 i + 0.48 ,
ypAu 1.40 Q 57 final states

109^182 Q + 0.23 Res. spins 3 & 4 mixed, 0's added
73 * - 0.13 to math, samples according to

selection rules

0 . 9 3 ^  ° j2(4l

0.78 + Q*^(4^) ^  normalization

0 . 8 3 +  ° j° (5l

^ 3.25 + ^ 2ß Spin 3 only, norm.^^

C s ^  1.35 +  (Dubna Data)*
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severa l la b ora tories . The lev e l schem es o f the compound nuclei in these 
ca ses  are very  poorly  known and the gamma spectra may also shed light 
on the nature o f the double-peaked fission  b a rr ier  [32, 33] .

Further experim ents on the corre la tion s and statistical properties 
o f radiative widths and on the shape o f the gam m a-ray  energy spectrum  
w ill, it is hoped, c la r ify  the ro le  o f s in g le -p artic le  and doorway states 
in neutron capture. Further and better determ inations of the potential 
capture c ro s s -s e c t io n  are needed to com pare with the existing theory. 
F inally, the extension o f resonance m easurem ents to higher neutron 
energies to encom pass m ore neutron resonances is  needed to study width 
distributions and to uncover evidence fo r  short-range interm ediate stru c
ture. The range o f problem s and the technical challenges should provide 
the stim uli to make resonance capture spectroscopy  a continuingly fruitful 
and interesting field  for many years to com e.
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Abstract

FLUCTUATION OF PARTIAL WIDTHS FROM RESONANCE NEUTRON CAPTURE IN THE ч'Рг NUCLEUS.

analysed. Unambiguous spin assignments for five neutron resonances in Pr have been made. The analysis 
o f 27 partial radiation widths has led to a value of м = 3. 56 for 3+ resonances and the value obtained for them 
in 2+ resonances is compatible with the expected value of i/ = 1.

The prelim inary results of our m easurem ents of the gamma spectra  in the 
transitions follow ing neutron resonance capture on i4ipy at the pulsed fast 
rea ctor  of the Joint Institute fo r  N uclear R esearch , Dubna,have been given 
elsew here [1 ]. As an example of the gamma spectra  obtained, F ig. 1 shows 
the 84. 8 -eV  resonance spectrum . In the sam e paper the relative intensities 
w ere determ ined of som e prim ary  h igh-energy transitions and low -ly in g  
transition energies and the firs t  low -lying leve l schem e of I42p^ was given.

Kern et al. [2 ] gave a m ore  p re c ise  schem e of low -ly in g  leve ls  i n ^ P r  
and determ ined unambiguous spin and parity assignm ents of the levels  up 
to **" 200 keV based on p re c ise  m easurem ents of low -en ergy  transitions 
follow ing therm al neutron capture and on an interpretation o f the resu lts of 
(d -p) experim ents. The detailed knowledge of the energies, spins and p a r i
ties of low -ly in g  levels  given in Ref. [2 ] made it possib le  to reinterpret the 
experim ental data obtained in our work. The spins of som e resonances in 
the I42pp nucleus could be checked or assigned and thus the basic conditions 
fo r  a statistical analysis of the fluctuations of partial widths w ere obtained.

The spins of the levels in the P r  nucleus can have the values 2+, У in 
neutron capture. A s the low -ly in g  levels are predom inantly form ed by the 
configuration of states of the last odd neutron and the last odd proton (the 
ground state has the ch aracteristics  f^/g, dg/^< the parity, of these states is 
negative and h igh-energy transitions can be E l, M2 etc. A s M2 transitions 
cannot com pete with E l transitions as regards the observable intensity, only 
prim ary E l transitions appear in the com pound-state decay of ^ P r .

On the basis of these considerations spins could be assigned to the 
states follow ing capture in the resonances observed. The capture spin 2 + 
m ay be recogn ized  in the spectra  by an intense prim ary  transition to the 
1" 85. 0-keV  level. This transition would be M2 in the case  of the 3  ̂ spin.

651
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FIG. 1. Ge(Li) detector pulse height spectrum from neutron capture in '^'Pr. Energies and spin assignments 
given at different peaks belong to the final states o f '"P r  as given in Ref. [2 ] .

The state with 3+spin and parity  assignment is seen in transitions to the 
4" spin states (723, 144. 8 and 637. 2 keV). T ransitions to low -ly in g  2* and 
.3" leve ls  m ay appear in capture states with both possib le  spin values. It 
must be added that the 3+ spin resonance gamma spectra  suggest that the 
intensity of the ground-state transition  and of the transition to the 17. 7-keV  
leve l with spin 2" or 3* is  probably suppressed by the structural effects.

In this way the 84. 8 -eV  resonance spin was found fo r  the firs t  tim e and 
the spins of the 231. 7, 215. 6 eV (3+), 231. 7 eV (3"), 519. 2 eV (2+) and 
635. 7 eV (3+) resonances w ere determ ined unambiguously. The energy 
values w ere taken from  Ref. [3 ]. The spin assignm ent fo r  the 231. 7-eV  
resonance agrees with Ref. [3 ] and that fo r  215. 6, 519. 2 and 835. 7 eV 
agrees with the values given in the two latest papers [3, 4 ].

At the sam e tim e an unambiguous spin value fo r  the low -ly in g  703. 6-keV  
leve l could be determ ined. In R ef. [2 ] it was found that either 3" or 4" spin 
values could be assigned to this level. Our experim ent, how ever, shows 
that only 3* is p oss ib le  because d irect transition to this lev e l is p oss ib le  in 
resonances with both spins.

The spectra  obtained by us w ere reanalysed recently , using a m odified 
non-linear lea st-sq u a res  fitting program  and thus m ore  p re c ise  energy 
values and relative intensities w ere obtained fo r  ten h igh -energy transitions 
in five  resonances to which unambiguous spin values could be ascribed . Of 
these gam m a-ray transitions 9 could be observed  fo r  3* spin resonances 
and 7 fo r  2+ spin resonances.

The partial widths w ere reduced to the energy dependence in E3 and to 
the relative leve l density spin dependence. The sum of 5 intense low -lying 
transitions was used to m easure the capture p rocess  in individual r e s o 
nances. T o check these resu lts the reduction fo r  the dependence on the 
fifth pow er of energy was used, which showed that it exhibited only a sm all 
effect on the determ ination of the resultant range of P orter-T h om a s d is tr i
bution due to the narrow  range of the gam m a-ray energies concerned. The
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relative partial reduced widths obtained by this procedu re  and the e rro rs  
involved are given in Table I.

The num ber of degrees of freedom  in the P orter-T h om a s distribution 
was estim ated fo r  a statistical sam ple of experim ental values of th e  relative 
partial reduced widths by the m axim um -likelihood method. Since this method 
may yield  a b iased estim ation due to considerable statistical e rro rs  in the 
experim ental values, a m ore  detailed analysis was ca rried  out using the 
Monte C arlo  method. A large  num ber of sam ples of the sam e s ize  as the 
experim ental sam ple with fixed  param eter y^ of the P orter-T h om a s d is tr i
bution was generated by this method. A  norm al distribution with the d isp er 
sions corresponding to experim ental e rro rs  was used to sm ooth the ind iv i
dual widths. F o r  each sam ple obtained in this way the number Ур of the 
degrees o f freedom  in the P orter-T h om as distribution was estim ated by the 
maxim um  likelihood method. By com paring the distribution of the quantity 
Ур with the values Ур exp fo r  individual y^ it was p oss ib le  to estim ate the 
degrees of freedom  in the P orter-T h om as distribution and the confidence 
interval.

F o r  the whole sam ple of 41 values an estim ated value of y = 1. 65 was 
obtained. A s the 3  ̂ spin resonances have a high value of the reduced neutron 
width in the region up to 1 keV and show low  fluctuations around this value, 
a sam ple of 27 values corresponding to 9 transitions in three 3*̂  spin resonan
ces  was treated. This treatm ent yielded the resultant estim ated value of 
у = 3 .6 0 ^ - ^  . An independent analysis o f 14 width values for  the 
2  ̂ spin resonance yielded the value у = 1. 25 1^*^ - The depen
dence of the probability  P (yp > Ур exp) that the generated sam ple y ields a 
Ур greater than Ур exp by a given value y^ is shown in F ig. 2 fo r  both spin 
ca ses  and a com parison  of the integral distribution of experim ental widths 
with those from  the P orter-T h om a s fo r  various y^ values is given in F ig. 3 
fo r  both spins. A  h istogram  of the distribution of Ур generated by the Monte 
C arlo  method fo r  %t=l is  shown in F ig . 4. In 5000 sam ples none was found 
with higher values than Ц) exp = 3. 31 (for 3  ̂resonances) (see  Table I).

The high value of у obtained fo r  3*̂  resonances suggests that pronounced 
effects of nuclear structure appear in the I42pp nucleus and that the app lica 
tion of the statistical m odel is not fully co rre ct  in this case . It appears 
furtherm ore that the 3* spin resonance d iffers considerably  in its behaviour 
from  that with 2̂  spin, which m ay be due to a num ber of sim ple adm ixtures 
appearing in each resonance type. It is interesting that the mean value of
< Tyi> in the 3* spin resonances is  substantially sm aller than the m ean value
of < > in the 2+ spin resonances. The ratio of the two quantities yields
< T y ¡ < Гу;>д+ = 3. 56.

The strong effects of structure in th e -^ p p  nucleus with one extra 
neutron over the c losed  stable shell with 82 neutrons m ay be expected. The 
58-proton  subshell appears to be relatively  stable in som e cases  and the odd 
proton  and neutron in the i42pr nucleus, th erefore , can probably form  
strong adm ixtures of sim ple structure even at rela tively  high excitation 
energies.

Both the value of у in the P orter-T h om as distribution and the shape of 
the spectra  of the prim ary  gam m a-rays d iffer considerably  from  the sta tis
tica l m odel predictions. It w ill be possib le  to con firm  the assum ption of 
the influence of the structure effect definitely after an analysis of a la rg er  
num ber of resonances with both spin values follow ing neutron capture in the 
I4 ipr nucleus.



TABLE I. RELATIVE REDUCED PARTIAL RADIATION WIDTHS
Values are reduced to E^. A ll values are norm alized  to the mean value of all relative widths of 3*̂ resonances.

Final state 
energy ^
(keV) 84. 8 (2+) 519. 2 (2^)

(eV)
2 15 .6 (3 + ) 2 31 .7 (3 + ) 635. 7 ( 3 1

0 (2-) 2. 47 ± 0.17 17. 90 ± 0. 94 0.21 ± 0.15 0.16 ± 0.10 0.79 ± 0. 21

17. 7 (3 1 0. 46 ± 0.12 5,16 ± 0.60 0.24 ± 0.15 0.17 ± 0.10 0.48 ± 0.19

72. 3 (4") — . . . 0.45 ± 0.17 1. 95 ± 0.15 0. 09 ± 0.18

85. 0 (1*) 6. 65 ± 0.25 5. 20 ± 0. 63 — — —

144. 6 (4") — — 0. 98 ± 0. 20 0. 92 ± 0.13 0. 53 ± 0. 22

176. 9 (3 1 2.35 ± 0.18 0. 64 ± 0. 45 1.23 ± 0.21 0. 35 ± 0.11 3. 78 ± 0. 35

200. 5 (2 1 3. 30 ± 0.20 0. 00 ± 0. 40 2.12 ± 0.24 1.12 ± 0.14 0. 90 ± 0. 24

637. 2 (4 1 . . . . . . 1.01 ± 0.26 0. 67 ± 0.16 1.13 ± 0. 30

703. 6 (3 1 3. 91 ± 0.25 0. 34 ± 0. 56 1.07 ± 0.28 1. 25 ± 0.19 2. 05 ± 0. 35

747. 0 (2", 3 1 1,14 ± 0.19 0. 66 ± 0. 60 0.70 ± 0.28 1.17 ± 0.19 1.47 ± 0. 34

R Values are taken from Ref. [2 ] .  For 3" assignment of the 703. 6-keV level see text, 
b Values o f the energies are taken from Ref. [3 ] .  For the spin assignments see text.
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FIG. 2. Probability P (^  > fp exp ) expressing that the value o f  Ур o f generated widths 
by the Monte Carlo method is higher than Ур exp for both spin values and for both

/Ю . 4  7*/ t /f  Р4Я 71/1L tt'/ O 7W

FIG. 3. Distribution of experimental values o f  relative partial radiation 

widths for 3+ and 2+ resonances. For comparison Porter-Thomas 
distributions for different values are shown.
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FIG. 4. Distribution Ур for 5000 cases o f 27 widths generated by the Monte Cario method for Ущ = 1.

With a higher num ber o f observed  resonances it w ill a lso be p oss ib le  to 
check the corre la tion s between the reduced neutron widths F ° and partial 
radiation widths Ty¡.
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Abstract

GAMMA-RAY SPECTRA FROM RADIATIVE CAPTURE OF RESONANCE NEUTRONS IN ANTIMONY.

INTRODUCTION

The availability of h igh -resolution  gam m a-ray spectrom eters and 
intense neutron sources has made possib le the study of the radiative de- 
excitation o f states form ed in resonance neutron capture. These states 
are pure spin states and due to P orter-T h om as fluctuations do not 
exhibit the intensity pattern found in the therm al spectrum .

EXPERIMENTAL METHOD

This w ork was done at the Saclay 45-M eV  electron  linear acce lera tor  
facility . A sam ple o f 660 gram s o f m etallic natural antimony 10 X 10X 1 cm , 
was placed at an angle o f 45° to the neutron beam on a 13-m flight path.
The flight tube itse lf made an angle o f 45° with the m oderator so that the 
tim e resolution  was principally  due to the uncertainty on the flight length.

To prevent overloading the am plifier during the a cce lera tor  burst 
which causes a big gamma flash in the uranium target used to produce 
the neutrons, a shadow shield was placed in the target room . This con 
sisted o f a 24-cm  thick lead brick  whose height was greater than that o f 
the target which gives the gamma flash but sm aller than that o f the p o ly 
ethylene slab which is  the source of m oderated neutrons. The lo ss  in 
neutron flux was 30% but the gamma flash was reduced in such a way 
that the resolution  of the gam m a-ray spectrom eter was not affected.

An 8-cm 3 planar Ge(Li) detector with a resolution  o f 7 keV at 6 MeV 
was used for gamma detection in connection with standard low -n oise  p r e 
am plifier and am plifier. The crysta l pulses were am plified and passed 
through 80 m o f 50-П dou ble-screened  coaxial cable to the analyser system . 
Here the pulse-height and tim e-o f-fligh t inform ation were separately 
encoded and written on magnetic tape; 4096 pulse-height channels w ere 
used for each o f the 4096 tim e-o f-flig h t channels. By reading the tape 
afterw ards it was possib le  to obtain the pulse-height spectrum  corresponding

6 5 7
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to any tim e-o f-flig h t region  or v ice  versa . During the accum ulation time 
a gain control was used which ensured that pulses delivered by two pulsers 
w ere stored in preset pulse-height channels. The results presented in 
this paper w ere co llected  in a three-w eek run during which the linear a c 
ce lera tor  was operated at 500 p u lse s /se c  with a burst width of 50 nsec.

RESULTS

The background spectra between the resonances have been subtracted 
from  the pu lse-height spectra in the reson an ces. The background c o r r e c 
tion varied  from  7 to 15%. The areas under the peaks w ere norm alized 
to the total area above an energy o f 2 MeV deposited in the detector, then 
co rrected  for detector e ffic ien cy  as obtained from  an independent ex p eri
ment with therm al neutrons on a CCl^ sam ple.

A flight tim e spectrum  is shown in F ig. 1. T im e resolution  is good 
enough to separate resonances up to an energy o f 300 eV. So far the 
analysis has been perform ed up to 170 eV which made it possib le  to 
obtain the pulse-height spectra of 12 resonances o f ^ s b  and 4 resonances 
o f I23gb A part o f the spectra , between 5500 and 7000 keV, is shown in 
F igs 2 and 3 for som e resonances o f ^ S b  and in F ig. 4 for the resonances 
o f I23gb, The m ost striking d ifferences between the spectra are the strong 
variations in individual gam m a-ray intensities due to different spins of 
capturing states and large fluctuations in partial radiation widths. M ore

CHAMNEL NUM6&R

FIG. 1. Flight time spectrum for > 1 MeV, where E¿ represents the energy deposited in the Ge(Li) 
detector.
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FIG.4. Gamma-ray spectra for the indicated resonances o f for 5 .5  < Ey < 7  MeV.

than 35 lines with a gamma energy higher than 4900 keV w ere detected in 
the de-excitation  o f i2 2 Sb against 9 in i^ S b . Half o f them have been ob 
served by R asm ussen [1] in therm al capture. Of course the easiest in 
form ation to obtain is the isotop ic assignm ent o f the line from  a knowledge 
o f the isotope respon sib le  for the resonance. Some prelim inary results 
on the intensities are given in Tables I and II. But the analysis is still in 
p rogress  in order to obtain a better gam m a-energy determ ination. F urther
m ore , som e m ore data collected  recently  w ill give us better statistics and, 
possib ly , som e indication on the spins of the capturing states.
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TABLE I. GAM M A-RAY ENERGIES AND INTENSITIES IN THE 
RESONANCES OF ^ îsb
Column 1 identifies the gamma ray. Column 2 lists  the energy.
The rem aining colum ns list the observed  gam m a-ray intensities for 
three different resonances.

No. E?
(keV)

6. 24 eV 15.4 eV 29.7 eV

1 6808 3.43 ± 0 .4

2 6746 0.49 ± 0.1

3 6731 7.72 ± 0.8 1.80 ± 0 .3

5 6616 0.62 ± 0.1 0.48 ± 0.1

6 6599 0.46 ± 0 .1

7 6524 4. 93 ± 0 .6 2.75 ± 0 .3 0.52 ± 0 .1

10 6401 0.55 ± 0 .1

16 6164 0.26 ± 0 .1 1.75 ± 0.3

17 6114 0.21 ± 0 .1

21 6012 1.05 ± 0.3 3.15 ± 0 .4 0.53 ± 0.1

23 5889 4.56 i  0 .5 2 .88  ± 0 .4

25 5802 0.86 ± 0 .2

26 5789 1.18 ± 0 .2 1.60 ± 0.3

27 5779 0.40 ± 0.1 0.60 ± 0 .1

28 5689 0.33 ± 0 .1 0.74 ± 0 .2

29 5679 0.41 ± 0.1 0.72 ± 0 .2

30 5649 0.47 ± 0.1

31 5621 0.63 ± 0 .2 0.30 ± 0 .1 1.01 ± 0. 2

33 5576 0.76 ± 0.2

34 5559 1.79 ± 1 .3 2.45 ± 0 .3

35 5536 1.27 ± 0.3

36 5511 0.84 ± 0 .2

38 5349 0.37 ± 0 .1

39 5253 0.69 ± 0 .2

40 5238 0.75 ± 0 .2

41 5208 0.54 ± 0 .1 1.13 ± 0.3 0.99 ± 0 .2

42 5161 0.52 ± 0.1

43 5128 0.35 ± 0 .1

44 5045 0.92 ± 0 .3

45 5025 0.95 ± 0 .3

46 5003 1.36 ± 0 .3 0.35 ± 0.1

47 4973 0 .42 ± 0 .1

48 4928 0.18 ± 0.1
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T A B L E  I I .  G A M M A - R A Y  E N E R G I E S  A N D  I N T E N S I T I E S  I N  T H E  

R E S O N A N C E S  O F  ^ 3 g b

Column 1 identifies the gamma ray. Column 2 lists  the energy.
The rem aining colum ns list the observed  gam m a-ray intensities for 
three different resonances.

No.
(keV) 21.6 eV

1
50.5 eV 76.7 eV

9 6469 5.50 ± 0 .6

11 6381 8.65 ± 0 .9 0.39 ± 0 .1

13 6339 3.40 ± 0.4

14 6256 0.86 ± 0.2

18 6087 0.22 ± 0 .1 0.21 ± 0 .1

19 6054 0.08 ± 0.05 0.08 ± 0.05

20 6032 0.77 ± 0 .2

24 5874 0.32 ± 0.1

32 5611 1.33 ± 0 .3 0.28 ± 0 .1 1.28 ± 0 .3

37 5416 0.41 ± 0 .1

CONCLUSION

This firs t attempt made in our group to use a good resolution  gam m a- 
ray  detector with neutron tim e -o f-flig h t spectrom etry  looks very  en
couraging because it shows that a Linac is a good instrument for this 
kind o f w ork and that it can com pete with a chopper when good resolution  
is  needed.

R E F E R E N C E
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Abstract

STUDY OF GAMMA-RAY SPECTRA FROM THE ""Dyfn, y) "*Dy REACTION ON NEUTRON RESONANCE 
CAPTURE. With the use of an anticoincidence scintillation gamma spectrometer the partial radiation transitions 
to the rotational band levels from the *"Dy(n, y) resonance energies up to 150 eV were determined. The spins 
o f neutron levels and the average value o f the partial transitions were evaluated.

Neutrons w ere produced by the linear electron  acce lera tor  of the 
Kurchatov Institute, M oscow . The gamma spectra  of the neutron resonances 
w ere m easured by the tim e-o f-fligh t technique. The flight path from  the 
acce lera tor  target to the dysprosium  sample was 7 m and the num ber of 
163 Dy nuclei was equivalent to 100g.

The capture gamma rays w ere detected by an anticoincidence scin tilla 
tion spectrom eter with a central analysing, 70 X 100 mm N al(Tl) crysta l 
and a protecting annular, 200 X 380 mm crystal. Between the crysta ls  of the 
spectrom eter and the sam ple a 5-cm  lead shield with an aperture in front of 
the analysing crysta l and a full 3. 5 -cm  ^LiH shield w ere mounted. The 
gam m a-ray spectra  w ere recorded  by a 2048-channel m ulti-dim ensional 
analyser divided into 16 tim e intervals, each with 128 amplitude channels.
The am plifier chain of the central analysing detector, including the input 
b lock  of the m ultidim ensional analyser, was covered  by stabilization system s. 
An oxide sam ple enriched to 93% in ^^3Qy usect. The gam m a-ray spectra  
w ere m easured in the energy interval Ey = 6-8. 5 MeV on ten 1бЗру resonan 
ces  up to a neutron energy of 150 eV and also in the therm al range (0. 08 eV). 
The other tim e intervals of the analyser were set between resonances to 
re co rd  the background spectra . The proper operation of the apparatus and 
the energy calibration w ere checked by the spectrum  of the Fe(n, у ) reaction. 
The background spectra  m easured in the intervals betweenthe resonances were 
interpolated to the range of the resonances studied. The background spectrum  
was evaluated by norm alization to the total number of captures recorded  in 
the range of gam m a-ray energies from  5 to 7 MeV. The absolute intensity 
values w ere obtained by com parison  with known intensities in the capture 
spectrum  of therm al neutrons [1 ] (with this type of calibration  a system atic 
e r ro r  m ay be introduced).
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The relevant part of the -^ D y  leve l schem e is given in F ig. 1. The 
gamma transition  intensities are shown in Table I. Assum ing the E l 
transition  to be dominant in the observed transition  to the 4*̂  level 
(K = 0, Egxc¡t = 242. 2 keV), spin 3" was assigned to the resonances at the 
energies of 16. 18, 19. 7, 35. 0, 55. 8, 65. 8, 106, 126 and 142 eV. Spin
2* can be assigned with a probability of 90% to the resonance at 78. 8 eV 
and with a probability  of 75% to that at 50. 1 eV.

The com parison  of the transition intensities to the rotational band levels 
at the resonances with spin 3" shows that the average transition intensity to 
le v e l 4* (7411 keV) is  greater by a ia cto r  oí 3 than the average intensity to 
lev e l 2  ̂ (7580 keV). The total issOy radiation width is  100 M eV, thus the 
average h igh -energy partial transition intensity is of the order of 1 M eV, 
which exceeds by severa l fa ctors  the predictions o f different nuclear m odels 
of radiative transition [2 ]. The scintillation detector and p rocess in g  method 
used did not perm it a detailed evaluation of the transition intensities to the 
vibrational band leve ls . At present the ^^^Dy(n, y ) spectra  are m easured 
with a Ge(Li) detector.

R E SU LTS

2*,3*

- 939 3*

Ю39.3

976.9
-916.0 К = 2*

- 629.2 

76!.9

- 242.3

73.39

K = 0*

FIG. 1. The level scheme o f *"Dy.



TABLE I. GAMMA TRANSITION INTENSITIES

SPECTRA FROM THE '"D y  (n, y) "*Dy REACTION 6 6 5

No.

resonance 
energy (eV)

Partial transition intensities 
(per 100 captures)

7580 keV 7411 keV Sum of trans.

6892 keV 
6826 keV 
6737 keV

'resonance

1 therm. 0. 08 0. 45 0. 49 0. 95

2 16.18 -0. 07 ± 0.06 1. 33 ± 0. 08 1.45 ± 0. 30 3"

3 19.7 -0. 04 ± 0.12 0. 43 ± 0.15 1.8 ± 0 .9 3"

4 35. 0 0 .6 ± 0 .1 0.73 ± 0.13 4. 85 ± 0 .5 3"

5 50.1 0.3 * 0. 22 0.4 ± 0. 3 1.8 ± 0. 7

6 55.8 0.02 ± 0 .1 2 .4 ± 0. 2 4.1 ± 0 .6 3"

7 65.8 0.4 ± 0.22 1.6 ± 0 .3 4 .2 ± 0 .6 3 '

8 78. 8 0. 38 ± 0. 22 0.17 ± 0. 25 2. 3 ± 0 .5

9 106 -0. 2 ± 0.1 3.5 ± 0. 2 5.4 ± 0. 7 3*

10 126 0.9 ± 0 .2 2.1 ± 0 .3 3.1 ± 0 .8 3"

11 142 2.5 ± 0 .2 2.5 ± 0. 24 3.7 ± 0 .7 3 '

Iy average 
only 3" spin 

levels

0. 5 1.55 1 (for one 
transition)

R E F E R E N C E S
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Abstract

GAMMA RAYS FROM NEUTRON RESONANCE CAPTURE IN Mg, Si, P AND S. The gamma-ray 
spectra from neutron resonance capture in Mg, Si. P and S were measured using a Nal(TI) scintillation 
spectrometer, 22.6  cm in diameter and 20.8 cm long. The resonances at 47 keV in "M g  and 30 keV in sss 
had previously been studied. A weak resonance in ^S was observed at 42 keV which predominantly decays 
through the 3/2 level at 3.22 MeV in ^S. A new resonance was also found in ^P at 27 keV and for Si 
com plex resonance structure was observed in the neutron energy range 20-80 keV. The gamma-ray spectra 
were found to be dominated by a few intense gamma-ray lines through low-lying levels in agreement with 
previous observations.

INTRODUCTION

The aim of the experim ent was to study gam m a-ray spectra  from  
resonance neutron capture in 2s Id shell nuclei. This region  represents 
the transition between s in g le -p a rtic le -lik e  capture o f lighter nuclei and the 
much m ore com plicated heavy nucleus case. The gam m a-ray spectra  from  
therm al neutron capture [1] are dominated by high-energy gam m a-ray lines 
(E l o r  M l) and experim ents on resonance capture by B ird et al. [2, 3] and 
B ergqvist et al. [4, 5] a lso show prominent h igh-energy gam m a-rays.

N uclei in this m ass range, 20 ä A § 40, have w ell-separated  re s o 
nances in the energy range En = 1 0 - 100 keV, fo r  which spins, parities 
and radiation widths are known o r  can be determ ined. Spins and parities 
o f low -lying levels are also known, at least below an excitation energy o f
3.-4 M eV. Hence these nuclei are suitable to study in neutron resonance 
capture experim ents.

The gam m a-ray spectra  emitted from  resonance capture w ere m easured 
fo r  the follow ing nuclei at the resonances indicated by their en erg ies: ^M g 
at 47 keV, ^Se at 68 keV, 3lp at 27 keV and 32s at 30 keV. In an additional 
experim ent the capture c ro ss -s e ct io n s  w erem easured  near these resonances.

RESULTS

The results o f the m easurem ents o f the capture cro ss -s e c t io n s  are 
shown in F igs 1, 3, 5, 7 and the gam m a-ray spectra  are given in F igs 2,
4, 6, 8. The gam m a-ray spectra  are represented by the solid  lines which 
are drawn through the experim ental points. The spectra  show intense 
gamma rays to low -lying levels in agreem ent with previous observations 
[1 -4 ].

A first attempt to decom pose the spectra  into individual gam m a-ray 
lines has been made and the results are indicated in F igs 2, 4, 6, 8 as 
dashed curves. M ore analysis is  required to determ ine the decay schem es 
and to deduce partial radiation widths.
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F IG .l. Gamma yield from neutron capture in Mg.

FIG.2. Gamma spectra from Mg (n ,y), Ê  = 47 keV. The solid curve was calculated using the known detector
response matrix. Some response line shapes are indicated as dashed curves.
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NEUTRON ENERGY (keV)

FIG.5. Gamma yield from neutron capture'in P.

ENERGY (MeV)

FIG.6. Gamma spectra from P(n,y), Ê  = 27 keV. The solid curve was calculated using the known detector
response matrix. Some response line shapes are indicated as dashed curves.
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NEUTRON ENERGY (keV)

FIG.7. Gamma yield from neutron capture in S.

FIG.8. Gamma spectra from S (n,y), Ê  = 30 keV. The solid curve was calculated using the known detector
response matrix. Some response line shapes are indicated as dashed curves.
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2 4 M g ,  = 4 7  k e V

In addition to the w ell-estab lished  resonance at 84 keV a relatively 
weak resonance around 50 keV had previously  been observed  [5 ]. The 
capture c ro s s -s e c t io n  fo r  this resonance is  shown in F ig . 1. The gam m a-ray 
spectrum  from  this resonance (F ig. 2) is  dominated by the transitions to the 
ground state (5 /2*) and to the first excited state at 0. 58 MeV (1/2*), in 
agreem ent with previous experim ents [5 ]. The intensities o f other 
gam m a-rays are low ; som e intensity can be assigned to the prim ary 
transition  to the 3 /2  level at 3.41 MeV (Ey = 3.97 MeV).

The spin and parity o f the resonance is  not known. From  (d, p) 
stripping angular distributions Middleton and Hinds [6] suggest 1„ = 2 which 
would im ply 3/2* o r  5/2*. A ssum ing dipole transitions the observed 
gam m a-ray spectrum  gives J = 3 /2 .

^Si, E , = 68 keV

A narrow neutron resonance at 55 keV had previously  been observed  
in a tran sm ission  experim ent by Newson et al. [7 ] .  It was interpreted as 
a weak s-w ave resonance from  area analysis. The present results (F ig . 3) 
show resonance structure at E  ̂ = 68 keV. The experim ental points below 
50 keV indicate the presen ce  o f severa l resonances in the range 20-40 keV. 
The gam m a-rays to the ground state (1/2*) and to the firs t  excited level 
(3/2*) have about the same intensity and these two transitions dominate the 
spectrum  (F ig. 4). The gam m a-ray line at 3 .6  MeV is  identified as a 
prim ary transition to the 3/2" leve l at 4. 9 MeV which is strongly fed in 
therm al neutron capture. The leve l is known to decay predominantly to 
the ground state and the line at 4. 9 MeV has roughly the same intensity as 
the line at 3. 6 M eV. Based on the assumption that the capture state has 
J^= 1/2*, the transition  to the ground state and the first excited state are 
M l and transition  to the 4 .9 -M eV  level (3 /2  ) is E l .  The strength (Iy /E p  
o f the E l transition  is  found to be 3-4 tim es la rger than that o f M l.

3ip, E =27 keV
'  r

The c r o s s -s e c t io n  curve, F ig . 5, shows a resonance at 27 keV which has 
not prev iously  been reported . The prom inent gam m a-ray line near 8. 0 in 
the gam m a-ray spectrum  (F ig . 6) MeV represents transitions to the ground 
state (1*) and to the 78-keV  level (2*). U nresolved structure is  observed 
between 5 and 7 MeV, im plying the presence o f severa l weak lines. The 
peak at 4 .7  MeV might be assigned to the decay o f the 2 ' level at 4 .66  MeV 
fed by 3. З-M eV  gam m a-rays from  the capturing state. Further analysis, 
in particu lar o f the low -en ergy  part of the spectrum , is  n ecessary  to be 
able to construct a detailed decay schem e.

^S, E = 3 0  keV

P reviou s experim ents [5, 8] suggest = 3 /2  fo r  the resonance at 
30 keV. Using a thick sam ple a second, previously  unreported, resonance 
at 42 keV is  observed  (F ig . 7). By studying the gam m a-ray spectra  at
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different tim e channels (corresponding to different neutron energies) it 
appears that the 5 .5 , 3 .2  and 2. 4 -M eV  peaks (F ig. 8) resonate with the 
42-keV  resonance and the 7 .9 -M eV  peak with the 30-keV  resonance. The
5. 5-M eV  line is  assigned to the transition from  the capturing state to the 
3 /2  leve l at 3.22 MeV and the 3 .2  and 2. 4 -M eV  lines are from  the decay 
o f this level. The gam m a-ray transitions from  the 30-keV  resonance to 
the ground state (3/2*) and the first excited leve l (1/2*) at 0 .84 MeV are 
E l, provided the 3 /2  assignm ent of the resonance is co rre c t . We would 
suggest that the gam m a-ray transition from  the 42-keV  resonance to the 
3/2* leve l at 3. 22 MeV also is  E l, in which case this resonance has 
J" = 1/2*, 3 /2 " o r  5/2*.
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Abstract

RADIATIVE TRANSITIONS FROM NEUTRON RESONANCES OF '°^Pd. The intensities o f high- 
energy gamma rays following neutron capture in ^ P d  were determined for 15 s-wave resonances selected 
by tim e-of-flight. Eighteen transitions to low -lying levels o f '°6pd were observed up to an excitation 
energy o f 3 .15 MeV. Knowledge o f spin and parity o f all the initial states and o f many final states a l
lowed the identification of El and M l transitions. The values o f electric and magnetic dipole transition

1. INTRODUCTION

l°5pd was chosen fo r  the m easurem ent o f resonance neutron capture 
gamma rays because the s-w ave neutron resonance spins had already ' 
been determ ined [1] and the low -ly in g  states has been investigated in 
many studies, in particu lar by radioactive decay methods [ 2 - 8 ] ,  by 
sp ectroscop y  of gamma rays from  capture of therm al neutrons [9 - 14], 
and from  resonance averaged neutrons [15]. The gam m a-ray spectra 
obtained here w ere in m ost cases  interpreted making use of the results 
o f these previous studies. Thus, the estim ates o f the average E l and 
M l radiation widths, which is the m ajor achievem ent o f this w ork , depend 
on the available inform ation about the energies of the involved states and 
their spin and parity. This experim ent also contributes to the nuclear 
sp ectroscop y  of i°6pd; ^  fact our results re str ic t  the choice of the spins 
o f many leve ls . In addition, two new levels of i°6pd with excitations 
above 2.5 MeV w ere observed .

2. EXPERIMENT

The m easurem ents w ere  perform ed  at the pulsed 90-M eV  Linac of 
CBNM Euratom , G eel (B elgium ). The experim ental set-up is shown in 
F ig .l .  Neutrons produced by brem sstrahlung radiation in a uranium 
target and m oderated by a 2 -cm -th ick  polyethylene slab strike a 4 -m m  
thick palladium  sam ple placed at about 13 m from  the neutron sou rce .

*  CNEN, Ispra, Italy.
**  CBNM. EURATOM, Geel, Belgium.
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The neutron beam  at the sam ple is  7 X 10 cm . Capture gamma rays are 
detected by a 30-cm ^ active volum e Ge(Li) crysta l. To reduce the gamma 
Rash due to brem sstrahlung in the target and the fast neutron flux viewed 
by the detector, a lead and polyethylene shadow shielding with 4 X 4  cm 
c ro s s -s e c t io n  was placed on the axis of the neutron beam in order to 
partially  shield the uranium target. M oreover, a 2.5 cm slab of lithiated 
polyethylene and a 1-m m  thick lead fo il w ere inserted between sam ple 
and detector. In this way the pulse due to the gamma flash in the crysta l 
was equivalent to about 50-M eV  gam m a-ray  energy and the fast neutron 
dose was reduced by a fa ctor  15, while the reduction of the epitherm al 
neutron flux was only 20%.

The follow ing Linac param eters w ere used in the m easurem ent:

E lectron  energy 60 MeV 
Peak current 2.3 A 
Neutron burst FWHM 50 nsec 
Repetition frequency 600 p u ls e s /s e c  
A verage beam  power 4.1 kW.

The spectra  w ere reg istered  in a 4096-channel Laben analyser whose 
m em ory  was divided into 16 groups of 512 channels with 999 maximum 
capacity. In this way it was possib le  to reg ister  16 amplitude spectra  of 
512 channels, relating to 16 different tim e -o f-flig h t intervals. Such 
intervals w ere  chosen to correspond  to 15 i°Spd resonances and one 
background region  through the use o f a tim e program m er. The total 
m easuring tim e was 360 hours.
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The energy resolution  of the detector was about 15 keV for gamma 
rays o f 6-7 MeV energy; the effective resolution  of the m easurem ent was 
at least 50% larger due to instability of the e lectron ic chain. To lim it 
this e ffect, data w ere punched out every  24 hours and the partial spectra 
w ere added together with an appropriate shift in order to com pensate for 
gain variation .

G am m a-ray spectra  in the energy range from  6.30 to 9.16 MeV w ere 
m easured for 15 lOSpd resonances of known spin (seven with J = 2 and 
eight with J = 3) below 360-eV neutron energy. D ouble-escape peaks 
corresponding to 18 gam m a-energies w ere unambiguously identified. It 
was assum ed that gamma lines belonging to different resonances c o r r e 
spond to the sam e transition when their peaks coincide within ± one 
channel (± 5.6 keV). Energy calibration  of gamma rays was perform ed 
in a separate run in which a sam ple of NaCl was added to Pd and the Cl 
gamma rays from  therm al neutron capture w ere com pared to the main 
transitions in the 13.21-eV  resonance o f ^°^Pd. A p recis ion  pulse generator 
was used to interpolate in between. The e rro r  in the given energies is 
estim ated to be ± 8 keV. The relative intensity of gamma transitions in 
each resonance was obtained by evaluating the areas of the double escape 
peaks. These intensities w ere norm alized to the sam e num ber of cap
tures by dividing the areas by the total capture yield  of the corresponding 
resonance. Such yields w ere assum ed to be proportional to the total 
counts, in the sam e tim e-o f-flig h t interval, obtained in an independent 
m easurem ent with a threshold set at 2-M eV  gamma energy.

T o obtain the transition probability  from  the m easured intensities 
the follow ing calibration  procedure was carried  out. Therm al neutron 
capture gamma rays w ere m easured for sam ples of NaCl, HgO and Cr 
in the sam e geom etry  as fo r  palladium. Knowing the behaviour o f the 
neutron flux against energy and calculating from  the known cro ss -s e ct io n s  
the capture rates of Cl and Hg in the therm al region and of Pd in the r e 
sonance at 13.21 eV , it was possib le  to com pare the transition intensities 
in such a resonance with the known transition intensities in Cl and Hg.

As intensity standards we used 22.1 photons per 100 captures fo r  the 
6.115-M eV  transition in Cl [10] and 13.4 photons per 100 captures for  the 
5 95-M eV  line in Hg [11]. The agreem ent between the two calibrations 
was excellent and their average was taken as a standard. The Cl and Cr 
data a lso  allowed the relative detector effic ien cy  against energy to be 
determ ined: a linear fit of the data gave for the relative e ffic ien cy ,

, norm alized  to unity at 6 MeV, the expression:

= 1.88 - 0.148 Ey (MeV)

The e ffic ien cy  drops about a factor two from  6 to 9 MeV and therefore 
the correction  involved is  by no means negligible in our case.

3. DATA REDUCTION AND RESULTS

A bsolute intensities, given as the number of photons per 10  ̂ neutron 
captures, are listed  in T ables I and 11, where column entry is the energy 
En of the resonances and row entry the energy Ey o f gamma transitions.



T A B L E  I. G A .M M A -R A Y  INTENSITIES I¡j IN R E A C T IO N  ^ P d  (n, y) (photons p e r  IP* cap tu res)

(eV)
Ey

13.2 77.7 141.2 150.1 202.6 260.1 305.4

9042 < 2 13 ± 2 < 6 37 ± 3 < 7 18 i  5 5 ± 2

8426 26 ± 2 49 i  3 < 9 < 6 < 10 8 ± 3 20 ± 5

8325 < 4 < 6 < 10 < 5 < 10 < 7 < 7

7994 17 ± 3 13 ± 2 < 10 35 ± 4 50 ± 9 < 10 14 ± 4

7622 < 4 9 ± 4 20 ± 7 22 ± 6 60 i  18 17 ± 10 < 12

7477 < 4 15 ± 4 20 ± 6 24 ± 3 < 18 < 13 < 14

7313 < 6 9 ± 5 < 15 10 ± 2 < 20 < 14 < 31

7249 < 6 < 9 < 13 < 9 36 ± 9 < 14 < 15

7160 34 ± 3 < 9 86 ± 15 11 ± 3 < 35 93 ± 9 < 17

7060 76 i  3 54 * 4 < 17 13 ± 3 51 ± 10 < 15 133 ± 7

6979 < 6 < 10 18 ± 5 < 10 < 24 < 16 < 18

6810 19 i  6 < 10 < 17 12 ± 4 43 i  9 43 ± 8 30 ± 6

6699 < 6 < 11 < 16 < 12 < 25 < 18 < 21

6662 49 ± 3 < 11 < 17 8 ± 3 236 ± 24 48 ± 12 38 ± 6

6594 57 i  4 32 ± 5 16 ± 7 9 ± 4 < 30 < 18 < 22

6490 78 t  5 < 14 < 18 < 13 157 ± 17 86 ± 14 98 ± 10

6432 < 8 59 ± 12 35 ¿ 7 21 i  4 < 31 16 ± 6 < 25

6395 7 ± 5 15 ± 5 19 ± 6 70 ± 4 < 31 < 20 < 25
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TABLE II. G AM M A-R AY INTENSITIES I¡j IN REACTION i°Sp(j (n, у)1°бр^ (photons p e r  10^ cap tu res)

(eV)
Ey(keV)

11.8 25.3 55.2 68.3 86.7 126.3 227.0 354.4

9042 < 7 < 3 9 ± 2 < 6 < 3 < 8 < 11 50 ± 6

8426 14 ± 2 6 i  3 14 ± 2 12 i  4 < 5 < 11 < 15 < 11

8325 8 ± 2 14 ± 1 < 4 36 ± 6 < 5 < 11 < 17 < 11

7994 < 9 23 i  2 12 ± 3 22 ± 7 < 12 17 ± 6 72 ± 14 19 ± 9

7622 72 ± 7 3 ± 2 21 ± 6 < 14 46 ± 8 48 ± 13 56 ± 18 ± 15

7477 38 ± 4 < 7 36 ± 3 < 14 33 ± 6 59 ± 11 < 24 18 ± 10

7313 < 23 29 ± 3 < 8 < 14 < 9 < 20 < 26 < 17

7249 29 ± 5 < 6 29 ± 6 42 i  7 31 ± 5 < 20 < 26 22 ± 8

7160 23 ± 5 < 11 24 ± 8 23 ± 9 < 13 < 20 < 28 < 18

7060 13 ± 4 < 8 13 ± 3 24 ± 6 < 9 < 22 < 29 < 20

6979 24 ± 5 < 8 43 ± 8 < 18 145 ± 5 < 22 < 30 34 ± 10

6810 < 12 9 ± 3 10 ± 3 36 ± 12 < 10 < 24 .75 ± 12 < 19

6699 77 ± 7 30 ± 7 < 10 79 ± 11 < 14 < 26 < 36 < 20

6662 25 ± 6 106 ± 12 24 ± 4 35 ± 11 135 ± 13 < 26 < 36 93 ± 13

6594 14 ± 6 50 i  7 43 ± 7 22 ± 11 23 ± 7 22 ± 11 < 31 <22

6490 50 ± 11 29 ± 6 ' 59 ± 7 20 ± 8 19 ± 5 < 28 < 37 32 ± 7

6432 < 14 < 10 11 ± 4 21 ± 8 22 ± 5 37 ± 10 < 41 < 23

6395 18 ± 4 < 10 < 14 < 21 < 13 < 30 <42 < 23
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The e rro rs  quoted include the statistical e rro r  and the uncertainty in the 
evaluation of the base -lin e  of the peaks; no system atic e rro r  due to the 
intensity calibration  is included. In general, not all the peaks are observed 
in all resonances since the intensities often fall below the threshold of 
observability . The yalues of such thresholds quoted in Tables I and II are 
three tim es the e rro r  evaluated at the transition energies.

F o r  each transition the intensities averaged over the initial states 
w ere estim ated separately for the two groups of resonances with spin 2 
and 3. In the evaluation of these averages we took into account the in
form ation com ing from  unobserved peaks by means o f the estimated 
observability  th resh olds.

It was assum ed that the intensities of those transitions which can 
be assigned to a single final state follow  a P orter-T h om as distribution. 
W here we knew from  other sou rces that the observed peaks w ere the 
superposition  o f two or three unresolved transitions of the sam e m ulti
polarity , we assum ed a -distribution  with two or three degrees of 
freedom , respectively . The m axim um -likelihood estim ate T¡ of the 
intensity of a single transition  corresponding to the gamma line labelled 
with the index i, is found to satisfy  the following equation:

N

M + 1 1

w here N is the total number of resonances; in the first M resonances 
the intensities fall Delow the threshold pj . I¡¡ are  the intensities ob 
served in the rem aining N -M  resonances, ¡/j are the m ultip licities of 
the transitions and the function (3 (x, y) is

: (x, y) = -у

y/2  -x /2
x e

v/2  -t /2
dt t e

(2)

The function ß (п /Т , у) d ecreases from  1 to 0 when the threshold r; 
goes from  0 to °°; it has the meaning of a weight connected with the r e 
duced content o f inform ation when one has an upper lim it instead of an 
actual value. Having tabulated ß (x, y), Eq. (1) was easily  solved by 
iteration. The e rro rs  are roughly estim ated by calculating 67.4% con 
fidence lim its with the assum ption that the obtained averages follow a 

-d istribution  with

N M

M + l 1

degrees of freedom .
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Knowledge of the excited states of from  the literature [ 2 - 9 ,
14, 15] allowed us to establish  that o f the eighteen gamma lines observed 
one is a trip let, seven are doublets and eight are singlets. Of the two 
rem aining transitions that at Ey = 6490 keV was a lso  observed  by 
R asm ussen [14], but we interpreted it as a doublet on the basis of its 
intensity; the other at Ey = 6395 keV corresponds to a leve l not p re 
viously  observed .

In our m easurem ent a doublet or a triplet correspon ds to the sum of 
two o r  three transitions which are le ss  than about 20 keV apart; in fact 
this was our e ffective resolution .

F rom  the work of Thom as and B ollinger [15], which gives the m ost 
com plete p icture of the excited states of ^ P d ,  we see that below 7.51 MeV 
we begin to m iss  the weakest M l transitions and below 6.94 MeV no Ml 
transition  is v is ib le  any longer. In fact our lim it of observability  is a 
decreasing  function of the gam m a-ray  energy.

In Table III we list the average intensity I¡ o f each observed  gamma 
line, in units of photons per 10^ captures, i .e . the I¡ are the T¡ of 
Eq. (1) m ultiplied by the number o f transitions adding up in the gamma 
line. Separate averages for spin 2 and spin 3 resonances are given in 
colum ns 2 and 3 respectively . F or  those gamma lines which are given in 
have the sam e num ber o f transitions o f the sam e kind in either in itial 
spin, a com m on value is given in column 4. This com m on value is ca l
culated in the sam e way, but starting from  the quantities

2J + 1 
21 + 1 Ü

w here J is the spin (I + § o r  I - o f the resonance corresponding to the 
index j .  The fa ctor  (2J + l) /(2 1  + 1) was introduced to elim inate the de
pendence of the intensities on the spacing of the resonances. This spacing 
is assum ed to be in versely  proportional to the factor 2J + 1.

Columns 5 and 6 of Table III show, for  each initial spin state, the 
character of the transitions and their num ber in the unresolved peaks.
Most of this inform ation has been taken from  Ref. [15].

In the case  of gamma lines with pure E l or M l transitions, the 
average reduced strengths, listed in columns 7 and 8 of Table III, w ere 
deduced from  the expression

10*4 T г Г <r -  t У _ У'
i Ej¡ D E ^ D

w here T¡ are the transition  intensities obtained by inserting in Eq. (1) 
the I¡) o f Tables I and II and the yj accord ing to colum ns 5 and 6 of 
Table III; Fy¡ and 1̂ , are the partial and total radiation widths respective ly  
and D the average spacing of the resonances o f the appropriate spin.

П, = 0.155 eV, D = 28.2 eV w ere taken fo r  spin 2 resonances and 
D = 20.2 eV fo r  spin 3 resonances, in agreem ent with the (2J + 1) d e 
pendence of the lev e l d en s itie s . When a gamma line is  a doublet o r  a 
trip let, this procedure yields the reduced strength averaged over the 
m ultip let.
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TABLE III. AVERAGE INTENSITIES AND STRENGTHS OF E l AND 
M l TRANSITIONS IN i °5 p d  (n , y )

E /
(k e V )

r / ( D  x  E^ ) 
( 1 0 'S  M eV *3 )

F ina! states

J = 2 ) = 3 b e g i n s from  J = 2 f r o m J  = 3 El M l E e x c  <b eV ) J

9042 1 1 .1
23

8 . 8  ^  
6

9 . 9  ^  
7

1 x  M l 1 x  M l 8 .8
14

6
512 2 +

8426 1 5 .8 35
10 - 1 0 .7  4 1 x  M l 1 x  M l 1 1 .7

19

8
1128 2 +

8325 4 . 4 - 1 x  M l 1 1 .9
24

8
1229 4 +

7994 1 9 .3
39 
13 ' - s  :

1 x  M l 2 x  M l . 1 7 .8
25
14

1557
1562

(3 + )4  + 
2 +

7622 1 9 .4
32
14

52
3 2 .4

23
2 7 .7  ^  

22
2 x  M l 2 x  M l 2 0 .6

28
16

19 10  * 
1932

( 2 .3 )  + 
3 +

7477 1 0 .3
23

6
2 4 .8  ^ 1 x  El E l + M l

36
3 2 - '  16

20 77
20 84

4  + 
3 *

7313 5 .2
15

3 -
1 x  M l 1 x  M l 1 0 .8

21
14

22 41 ( 2 .3 ) +

7249 7 . 9
19

5
1 x  M l 1 x  E l 4 2 .4  ^ 1 1 .4

28
7

2 3 0 5
2 3 0 9

4  *
( 1 .2 ) +

7160 3 4 .7
77
22

H . 6  ^ 1 x  El 1 x  E l 3 7 .5  ^ 23 94 ( 2 . 3 ) "

7060 4 9 .0
80
35 -

2  x  E l 1 x  E l
-

2 4 8 5 *  
2 5 0 0  a

1 * 
( 2 . 3 ) '

6 9 7 9 4 . 8
13

3

69
3 3 .6  ^ 1 x  M l E l + M l

- i
2 5 7 9  * 
2 5 9 0  ^

4  *
( 1 . 2 . 3 )  +

6 8 1 0 2 2 .2
45
14 i s - 6  ^ M

1 x  E l 1 x  E l **3 '2  3 i 27 44 ( 2 . 3 ) *

66 99 9 .0
^ ' 3  18

- E l + M l M . ' 36
2 8 4 8  a 
2 8 6 1  *

( 1 . 2 . 3 . 4 )  + 
4  "

66 62 5 6 .2
91
40 M ' "  ! з

2 x  E l 3 x  E l 5 0 .1
4 0

28 8 6  * 
28 9 9  * 
29 0 8  a

6594 1 9 .1
42
12 16

1 X E l 1 x  E l
83

5 1 .1 37
29 61 ( 2 . 3 ) *

64 90 6 3 .2
102

45 S " - '  2 !
59

" ' °  34
2 x  E l 2 x  E l

-  : i
30 60
30 70

( 2 .3 ) *
( 2 .3 ) *

64 32 1 8 .9
42
12 -  1

28
12

1 x  E l 1 x  E l
69

4 2 .3
30

31 22 ( 2 . 3 ) '

63 95 1 8 .9
42
12

, 6  ' ° 1 X E l
87

3 9 ^  26
31 59 ( 1 . 2 . 3 ) "
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Е д (MeV)

The average reduced strengths S¡ in units of 10"^ MeV*^ are plotted 
against energy in F ig .2. Full c ir c le s  re fe r  to E l and open c ir c le s  to Ml 
transitions. The e r ro r  bars correspond  to the 67.4% probability of en
com passing the true values. The data plotted in F ig .2 are consistent 
with the statistica l assum ption that the average reduced M l and E l 
strengths do not depend on the final sta tes .

A veraging over a ll the pure E l and M l transitions, we obtained the 
average reduced strengths:

 ̂ ^  ^

S(M1) .  = 14.9 ¡ ^ x  10-s ^ - 3

Such values are shown by dotted lines in F ig .2. The ratio between the 
two strengths is 3.0 ± 0.6, in agreem ent with the value 3.5 found by 
B ollinger [16] with the average resonance capture method.

The e r ro rs  quoted above and in Table III re fe r  only to the statistics 
of the lim ited sam ples used in the averages. H ow ever, a reliable estim ate 
o f the absolute strengths should take into account also the system atic 
e rro rs  inherent in the intensity calibration.

We estim ate that the overa ll e r ro r  associated  with the intensity c a li 
bration should not exceed 20%.

It is interesting to com pare our d irect m easurem ents of E l and M l 
transition  strengths with those previously  given in the literature. F or
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this purpose we introduce our experim ental estim ates of Bartholom ew ' s[12] 
reduced widths, which assum e the c la ss ica l s in g le -p artic le  treatment [17]

A
^3 = (2.0 ± 0.6) X 10*' M e V ''

У ^'El

Ml
/
\ E ^  D /M i = (15 ± 5) X 10"3 MeV*3

The quoted e r ro rs  include both statistical and system atic uncertainties.
The average value given by Bartholomew [12] from  a review  of the 

intensities o f gamma rays emitted in both resonance and therm al neutron 
capture is : ^  3 X 10*^; the value deduced by Carpenter [13] from
resonance neutron capture m easurem ents in 12 nuclides, is kgi = 4 .OX 10*

2 , 3 ----- 9554
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When interpreted in term s of the e le ctr ic  dipole g iant-resonance m odel [18], 
our data give

Carpenter. C learly  the agreem ent between the two sets of data is  much 
m ore sa tisfa ctory  in the fram ew ork of this m odel than when using the 
s in g le -p a rtic le  m odel. T herefore  the results o f our w ork are in favour 
o f the giant-dipole ' resonance assumption.

Our value of К Mi is  in good agreem ent with the values of 
к M l = 17 X 10*9 = 18 x  10*  ̂ deduced by B ollinger [16] from
G ro s h e v 's  therm al capture and from  average resonance experim ents.

In the last but one colum n of Table III we quote the energies o f the 
excited states populated by the corresponding prim ary  transitions. With 
the exception of the two levels  at 1910 and 2241 keV, the values Egxc 
quoted up to 2309 keV excitation energy are taken from  radioactive decay 
studies [ 2 - 8 ] .  Such values, together with the energies of the corresp on d 
ing gamma lines, can be used to determ ine the neutron separation energy: 
a fit to the data gives a value o f 9554 ± 8 keV. The values not taken from  
Ref. [15] w ere obtained from  the expression  Eg^c * 9554 - Ey.

The nature of our data allow in m ost cases  a ch oice  of three spin 
assignm ents: J = 2, J = (2,3) ,  J = 4. This se lection  was applied to the 
previous spin inform ation contained in Refs [ 2 - 8 ,  15] and the results 
are listed in the last column o f Table III. These results are entirely 
consistent with the previous spin assignm ents.

In Fig.3 we give the schem e o f the excited states and the associated  
prim ary  gamma lines involved in the present m easurem ent.
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MEASUREMENTS OF PROMPT GAMMA RAYS 
FROM NEUTRON INTERACTION 
IN 335u RESONANCES

H. WEIGMANN, J. WINTER 

Central Bureau for Nuclear Measurements, 

EURATOM, 

Geel, Belgium

Abstract

MEASUREMENTS OF PROMPT GAMMA RAYS FROM NEUTRON INTERACTION IN ^ U  RESONANCES.
A two-parameter system for measurements o f  capture gamma-tay spectia from individual neutron resonances 
has been set up at the CBNM linear accelerator. As an example, measurements o f  prompt gamma-ray spectra 
from neutron interaction (capture as v e i l  as fission) in resonances are discussed, A resonance spin classi
fication is attempted on the basis o f  the capture data.

1. EXPERIM ENTAL LAY-OUT

A tw o-param eter system  fo r  m easurem ents of gam m a-ray  spectra 
from  neutron capture in individual resonances has been  installed at the 
CBNM linear a cce le ra to r . The details of the e lectron ic system  have 
been described  elsew here [1] and w ill only be sum m arized here.

The bursts of neutrons delivered by the linear a cce lera tor  bom bard 
a sam ple which is  p laced 8 .5  m from  the a cce lera tor  target. The resu lt
ing gamma spectra  are m easured by means of a G e(Li) detector. The 
signals of the detector are analysed fo r  their tim es of occu ren ce  and am pli
tude, thus yielding sim ultaneous inform ation on neutron energy and gamma 
spectra . T im e -o f-flig h t analysis is  perform ed  by means of a tim e coder 
with 256 channels, while amplitudes are analysed by an ana log -to -d ig ita l 
con verter with 4096 channels. Special care has been taken to obtain rapid 
re co v e ry  of the system  after the very  strong gamma flash of the linear 
a cce le ra to r . The inform ation obtained from  the tim e and amplitude 
cod ers  is  stored , event by event, on magnetic tape. To obtain the gam m a- 
ray  spectrum  of a definite neutron resonance the amplitude inform ation is 
played back from  the tape into a 4096-channel m em ory with an appropriate 
condition im posed on the tim e -o f-flig h t with the aid of a digital window 
com parator.

Up to now m easurem ents have been perform ed  on gam m a-ray spectra  
from  neutron interaction  in individual resonances of 9SMo and 335-ц

2. RESULTS ON

The spectra  observed  show very  little structure, especia lly  at high 
( > 1 . 5  MeV) gam m a-ray en erg ies. In particu lar, when searching fo r  a 
possib le  d irect transition  from  the capturing state to the 2*-m em ber (at 
4 5 .3 -k eV  excitation energy) of the ground-state rotational band in ^ U  
(this transition  would be E l fo r  3" resonan ces), a slight evidence of its 
existence was found only fo r  the 7 . 1 - eV resonance.

6 8 7
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TAB LE  I. RELATIVE INTENSITIES OF GAMMA RAYS PER NEUTRON 
CAPTURE EVENT IN THE 6 . 4 - e V  RESONANCE OF 235^

Ey (keV) Iy Ey (keV) Iy (10*')

401 1.2 ± 0.3 909 1.15 ± 0 .4

423 1.1 ± 0.3 941 1.1  ± 0.4

642 6.5  ± 1.0 955 1.75 ± 0.45

687 1.8 ± 0.4

TABLE 11. RELATIVE INTENSITIES OF FISSION GAMMA RAYS 
PER FISSION EVENT IN THE 8. 8 -eV  RESONANCE OF

Ey (keV) Iy (10*') Ey (keV) Iy ( lC )

297 1.1 ± 0.35 706 3 .4  ± 0.65

330 1.25 ± 0.25 769 1.15 ± 0.3

353* 1.75 ± 0.35 814 1.05 ± 0.25

457 0 .6  ± 0 .2 835 2 .4  ± 0.45

483 2.25 ± 0.45 951 1. 05 ± 0.25

495 1.15 ± 0.25 974 1.25 ± 0.3

571* 0. 95 ± 0.25 1178 0 .9  ± 0.35

586* 1.55 ± 0.35 1217 1.75 ± 0 .4

615 1. 75 ± 0.35 1278 1.9 ± 0 .4

693 5 .5  ± 1 .0

*  See text.

H ow ever, at low er gam m a-ray en erg ies, i . e .  between 250 keV and 
1. 5 MeV (below 250 keV no m easurem ents w ere possib le  due to the strong 
natural activity of the sam ple), a num ber o f individual gam m a-ray lines 
are observed , the spectra  depending m ainly on the ca p tu re -to -fiss ion  ratio,
a , of the resonance in question. By suitable handling of the spectra  ob 
tained from  resonances which d iffer strongly in c  ( i . e .  by subtracting 
one from  another after application of an appropriate norm alization fa ctor), 
it is  possib le  to obtain gam m a-ray  spectra  which represent ' capture 
on ly ' and 'f is s io n  o n ly ', i. e. to decide whether a certain  gam m a-ray 
line o ccu rs  in the capture cascade or is associated  with fission .

E nergies and intensities o f severa l 'ca p tu re ' and 'f is s io n ' gamma 
rays are shown in T ables I and II, respectively . M ore p rec ise ly , the 
num bers listed  represent the percentage with which the gamma ray in 
question o ccu rs  p er capture event in the 6 . 4 - e V  resonance and per fiss ion  
event in the 8. 8 -eV  resonance. The uncertainties given in the tables include 
the com m on e rro r  on absolute values of detector e ffic ien cy , solid  angle, 
neutron flux, etc . Some of the gam m a-ray energies listed  in Table II 
(m arked *) coin cide  with energies of prom pt gamma rays from  spontaneous 
fiss ion  of 352çf reported  by Bowman et a l. [2] .
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In the 'ca p tu re ' gam m a-ray spectrum  the strongest lines are those 
with 642 and 687-keV  energy. They correspond to the deexcitation of the 
2* leve l at 687 keV in 236-ц to th e fir s t  excited state (2*, 45-keV  excitation 
energy) and to the ground state. In F ig . 1 is plotted the relative intensity 
per capture event, R, of the 642-keV  gamma ray as a function of reson 
ance energy. R has been determ ined as the ratio of the area under the 
642-keV line to the integral

A = У n(E) dE
E.

over the observed  gam m a-ray spectrum  n(E) above a threshold Ер, where 
A still has to be corrected  fo r  the fiss ion  gam m a-ray contribution which 
is known from  the above-m entioned determ ination of ' capture only ' and 
'f is s io n  on ly ' spectra  (in fact, three different threshold energies Eg have 
been used which gave the sam e resu lts).

R

6 0 -

6.4 7.1 6 8 9.2 4  7 12.4 15.4 16.1 16 7 19.4 2)1 22.9 2 3 4  276 30.9 32.1 33 5 34 4  3 52  39.4

FIG. 1. Relative intensity o f 642-keV gamma ray as a function o f resonance energy.

F rom  F ig . 1 it is  seen that, with the exception of the resonances at 
8. 8 and 11. 65-eV  neutron energy, the values of R fa ll into two groups.
One may suspect that it is the spin of the capturing resonance which 
causes this grouping. In fact calculations on the basis of the gam m a-ray 
cascade m odel of Pönitz [3] have shown that the relative population of 
the 2* (687-keV) lev e l should be about 40% la rger fo r  3" resonances than 
fo r  4" ones, although one has to be carefu l with this result fo r  two reasons: 
(1) the gam m a-ray cascade m odel is  a rather crude approxim ation in that 
it is  not capable of treating, e . g .  к -se lection  ru les; (2) the properties
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of the 2" (687-keV) leve l in 236 tj are  not fu lly understood, especia lly  as 
regards its very  slow  E l decay to the 2* (45-keV) state [4]. This could 
suggest that it might be fed in also from  3* and eventually 4* rotational 
states [5].

If, despite these uncertainties, the grouping of the quantity R of F ig . 1 
is  attributed to the resonance spin, the spin values quoted in Table III to 
gether with values obtained by A sghar et al. [6], W einstein et al. [7],
Cowan et al. [8] and Melkonian and Mehta [9] m ay be in ferred . In general, 
the agreem ent is  sa tisfactory .

TABLE III. COMPARISON OF ( ^ u  + n) RESONANCE SPINS AS 
OBTAINED BY SEVERAL AUTHORS

Res. energy 
(eV)

Present data [6 ] [7 ] [8] [9]

6.39 4 4 4

7.08 3 3 3

8.79 3 3 (A) L

9.29 3 3

10.20 3

11.65 4 4

12.39 4 4 4

15.40 3 3 (4) A H

16.08 3 (4) 4 A H

16.69 3 3 4 A

18. 07 3 4 (A)

19.31 4 4 4 A H

21.08 3 3 A H

22.94 3 3 3 A

23.42 4 (4) A H

27.82 4 3 (A) H

30.86 3

32. 07 4 (4) (A) H

33.53 4 4 (A) L

. 34.39 3 4 (S) L

.3 5 .2 0 4 4 S L

39.41 4 4 s L
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