
UNCLASSIFIED 

AERE - PR/NP 13 

/ w . D t - ^ r 

cC 
Q. 

Lit 
aC 
LU < 

Much of the information in this document is intended for publication in a journal and it is made available 

on the understanding that extracts or references will not be published, prior to the publication of the original, 

without the consent of the author. Some of the information is of a preliminary nature and should be treoted 

with caution; it must not be quoted in publications nor listed in data compilations. 

United Kingdom Atomic Energy Authority 

RESEARCH GROUP 

NUCLEAR PHYSICS DIVISION PROGRESS REPORT 

For the period Ist May I967 to 3lst October 1967 

Editor : C, F. COLEMAN 

Nuciear Physics Division, 

Atomic Energy Research Establishment, 

Harwell, Berkshire. - i 

C O 0 2 2 2 
1 9 6 8 

NUCLEAR DATA UNIT 

robertsj
Text Box
INDC(UK)-002/G



( c ) - U N I T E D K I N G D O M A T O M I C ENERGY A U T H O R I T Y - 1968 

Enquiries about copyright and reproduction should be addressed t o the 

Scientific Adminis t ra t ion Office, Atomic Energy Research Establishment, 

H a r w e l l , Didcot , Berkshire, England. 

. U . D . C . -

539.1(047.1) 



U N C L A S S I F I E D A E R E - P R / N P 13 

N U C L E A R P H Y S I C S D I V I S I O N 

P R O G R E S S R E P O R T 

For the period 1 s t May 1967 to 3 1 s t October 1967 

Editor: C. F . COLEMAN 

Nuclear P h y s i c s D i v i s i o n , 
U . K . A . E . A . R e s e a r c h Group, 
Atomic Energy R e s e a r c h Es tab l i shment , 
HARWELL. 

February, 1968. 

/HMB 

HL 6 8 / 7 1 4 

(i) 



C O N T E N T S 

Projec t No. P a g e No. 

L i s t of Groups in Nuc lear P h y s i c s D i v i s i o n (v) 

Introduction (vi) 

Editorial Note (v i i ) 

4 - G E N E R A L REACTOR TECHNOLOGIES AND STUDIES 1 

4 / 1 1 GENERAL N U C L E A R DATA FOR REACTORS 1 

F i s s i o n c r o s s s e c t i o n f luctuat ion a n a l y s i s 1 

The direct measurement over the energy range 10 eV to 3 0 keV of 

alpha (E) for 2 3 9 P u 1 

scat ter ing c r o s s s e c t i o n 3 

Tota l c r o s s s e c t i o n measurements : 4 

I. The total c r o s s s e c t i o n of carbon 4 
II. The total c r o s s s e c t i o n of ^Li 4 

Neutron capture c r o s s s e c t i o n s of Cu and Sb 4 

A n a l y s i s of neutron capture c r o s s s e c t i o n s to obtain r e s o n a n c e 
parameters 5 

T r a n s m i s s i o n measurements on ^ ^ A g and *®9Ag 6 

Radiat ive capture of thermal and re sonance neutrons 7 

FUNDAMENTAL AND BASIC RESEARCH 11 

8 / 2 8 NUCLEAR STRUCTURE AND DYNAMICS 11 

The reac t ions 1 7 0 ( 3 H e , n ) 1 9 N e and 1 8 O ( 3 H e , n ) 2 0 N e 11 

The measurement of gamma-rays fo l l owing i n e l a s t i c neutron 

scat ter ing from F e and P 14 

Studies of the 9 B e ( u s n ) 1 2 C and 1 3 C ( a , n ) 1 6 0 reac t ions 16 

Neutron scat ter ing from Cr, F e , Co, A s , Y and Ce at MeV e n e r g i e s 16 

A model for the a n a l y s i s of fine structure observed in proton 
scat ter ing v ia analogue r e s o n a n c e s 16 

Es t imate of the parameters of ana logue re sonance theory for 
r e a l i s t i c nuclear po tent ia l s , with an a n a l y s i s of the 2 " ' P b ( p , p ' ) 
reac t ion 18 

Experiments relat ing to pure Fermi beta d e c a y s and to theor ies of 
weak interact ions 20 

1 
Nuclear spec troscopy of A ^ T e v ia (d,p) reac t ions 22 

Spin of the 1 .52 MeV s ta te in 5 5 C r 22 

Quadrupole and octupole e x c i t a t i o n s in T i , Cr, F e and Ge i s o t o p e s 22 

Nuc lear l i f e t imes by the Doppler sh i f t at tenuat ion method 23 
Loca t ion and character i sa t ions of i someric s t a t e s in the region 
Z = 63 to Z = 83 25 
Nuc lear structure of the tin i s o t o p e s : 26 

I. Determination of occupat ion numbers from quas ipart i c l e 
e n e r g i e s • 26 

II. DWBA a n a l y s i s of "(p,d) angular d is tr ibut ions 28 
III. A n a l y s i s of (p,t) and ( p , p 0 measurements 28 
IV. Measurements with 30 MeV polarized protons 28 

(ii) 



CONTENTS (cont'd) 

Projec t No . P a g e N o . 

3 4 Energy d e p e n d e n c e of e l a s t i c s ca t ter ing of He and He from 

40Ca and 5 8 N i 29 

Total c r o s s s e c t i o n of a l igned holmium nuc le i 29 

C r o s s s e c t i o n and polar izat ion for p-p scat ter ing at 98 MeV 30 

Asymmetry in charged part ic le production for 100 MeV po lar i zed 

neutrons 32 

Studies of v p i n e l a s t i c in teract ions b e t w e e n 3 . 1 and 3 .6 G e v / c 32 

8 / 2 MISCELLANEOUS STUDIES IN PHYSICS 34 

MSssbauer Group: 3 4 

I. l ^ S n in magnet ic s y s t e m s 34 
II. Di lute a l loys : Go l d - I ro n 35 

Copper-Iron 36 

III. Nuc lear quadrupole moment of ^ F e m 35 
IV. B i o l o g i c a l m o l e c u l e s - l eghaemoglob in 37 

haeomoglobin 37 
cytochrome C 38 

Radio p u l s e s from e x t e n s i v e air showers 38 

A search for high-energy y-rays from the Crab nebula 38 

A c o o l e d image in tens i f i er s y s t e m for astronomical s p e c t r o s c o p y 39 

The channe l l ing of protons in thin c r y s t a l s 39 

S i l icon surface-barrier de tec tors 4 0 

Study of the luminescent properties of rocks , meteor i tes and natural 
g l a s s e s under proton bombardment 40 

8 / 2 8 MISCELLANEOUS TECHNIQUES 43 

The s i x gap beta-ray spectrometer 43 

The preparation of l ithium-drifted germanium de tec tors for gamma-rays 4 4 

The preparation of l ithium-drifted germanium particle d e t e c t o r s 4 4 

Preparation of l ithium-drifted germanium detec tors for the 
synchrocyclotron 4 4 

Ion implantation in semiconductors 46 

P o s i t i o n s e n s i t i v e detec tors to f i l l the foca l plane o f a Beuchner 
spectrometer 47 

Aluminis ing 48 

A C C E L E R A T O R OPERATION. MAINTENANCE AND D E V E L O P M E N T 48 

4 / 1 1 Cockcroft-NValton 0 . 5 MV generator 48 

2 / 5 3 MV pul sed Van de Graaff generator IBIS 49 

4 / 1 1 5 MV Van de Graaff generator 50 

8 / 2 8 13 MeV Tandem generator 51 

3 / 1 1 45 MeV e lectron linear acce lerator 52 

Optimisat ion of moderators for p u l s e d neutron targets 54 

8 / 2 8 Synchrocyclotron • 56 

Cyclotron improvement program 56 

(iii) 



CONTENTS (cont'd) 

P r o j e c t N o . P a g e N c . 

Measurements o f spectra from internal neutron producing targets 59 

R E P O R T S , PUBLICATIONS AND C O N F E R E N C E P A P E R S 63 

L i s t o f D i v i s i o n a l Staff 6 8 

L i s t of At tached Staff , F e l l o w s and Temporary R e s e a r c h 
A s s o c i a t e s 69 

(iv) 



N U C L E A R PHYSICS DIVISION 

D i v i s i o n Head: Dr. B . R o s e 

IBIS 3 MV P u l s e d Van de Graaff 
and 5 \1V Van de Graaff 

Dr. A . T. G. Ferguson 

Tandem Generator 

Dr. J . Freeman 

Elec tron Linear Acce lerator 

Dr. E . R. Rae 

Proton P h y s i c s 

Dr. P . E. Cavanagh 

Synchrocyclotron 

Mr. A. E. Taylor 

Ion-Crvstal Interact ions 

Dr. G. Dearnaley 

Mossbauer E f f e c t 

Dr. T . E . Cranshaw 

M i s c e l l a n e o u s R e s e a r c h 

Dr. J . V . J e l l e y 

(v) 



I N T R O D U C T I O N 

D R . B . ROSE 

The t o p i c s to wh ich I s h a l l ca l l at tent ion i n th i s introduction have b e e n c h o s e n with the o b j e c t of 
h ighl ight ing particular a s p e c t s of the work of the D i v i s i o n - work recent ly completed or s t i l l under way 
which i s already in f luenc ing reactor thinking, the l a s t s t a g e s o f one particular program and the f i r s t 
s t a g e s of s e v e r a l new programs, newly d e v e l o p e d techniques and e l e g a n t app l i ca t ions of e s t a b l i s h e d 
t echn iques . 

The r e s u l t s of m o s t importance to the reactor program are undoubtedly those on the Pu a - v a l u e , 
e v e n though they are s t i l l preliminary. The work on p-p sca t t er ing at 98 MeV represents probably the 
l a s t use fu l contribution to this problem until t e chn iques are material ly improved and a good c a s e i s 
made for improved accuracy . The experiment on the total neutron c r o s s s e c t i o n o f a l igned holmium 
provides one o f the m o s t d irec t ind ica t ions that a certain n u c l e u s i s highly prolate . 

The f i r s t nuc lear p h y s i c s experimental work is reported from the variable energy cyc lotron. The 
a n a l y s i s of a co l laborat ive experiment carried out with Univers i ty part ic ipat ion on Nimrod h a s r e v e a l e d a 
new dipion r e s o n a n c e . 

•The technique o f us ing h igh resolut ion germanium gamma-ray counters i s be ing e x t e n s i v e l y 
deve loped . Preliminary r e s u l t s from the appl icat ion o f t h e s e d e v i c e s to the study of nuclear l i f e t i m e s 
(by observing doppler sh i f t s ) , of i n e l a s t i c neutron sca t ter ing (by observ ing (n,n'y) p r o c e s s e s ) and of the 
gamma spectra fo l lowing r e s o n a n c e neutron capture show that they wi l l undoubtedly l ead to important 
re su l t s in the near future. 

F ina l ly , there i s an in teres t ing contribution to lunar p h y s i c s - or i s i t to mineralogy? 

T h i s brief introduction e m p h a s i z e s the breadth of the D i v i s i o n ' s program, but there i s no lack of 
inves t iga t ion in depth, as a cursory g lance at the table o f contents wil l s u g g e s t , and a d e t a i l e d study of 
the report wi l l confirm. 

(vi) 



E D I T O R I A L N O T E 

Since the r e s u l t s obta ined from the various mach ines are not e a s i l y c l a s s i f i e d according to the 
energy of the charged beams , individual research i tems are l a b e l l e d with a s i n g l e let ter ind ica t ing on 
which machine the exper iments were performed. T h e s e l a b e l s are a s f o l l o w s : -

Cockcrof t Walton Generator (A. T . G. Ferguson) A 

3 MV p u l s e d Van de Graaff Generator IBIS (A. T . G. Ferguson) B 

5 MV Van de Graaff Generator (A. T . G. Fergusor.) C 

13 MV Tandem Generator (J. M. Freeman) D 

45 MeV Electron L i n a c (E. R. Rae) E 

50 MeV Proton L i n a c : S .R.C. F 

Variable Energy Cyclotron : Chemistry D i v i s i o n G 

Synchrocyclotron (A. E. Taylor) H 

Nimrod Proton Synchrotron : S .R .C . I 

The running a n a l y s e s for the various machines operated by the d i v i s i o n are presented a s far as 
p o s s i b l e in a uniform format, but some d i f f e r e n c e s e x i s t in the way in which the s chedu l ing i s arranged, 
and machines such a s the Electron L i n a c can accommodate s e v e r a l experiments s imul taneous ly . 

(vii) 



G E N E R A L R E A C T O R T E C H N O L O G I E S A N D S T U D I E S 

G E N E R A L N U C L E A R D A T A F O R R E A C T O R S 

(E) F i s s i o n c r o s s s e c t i o n f luc tuat ion a n a l y s i s (G. D . James and D. A. J . Endacott ) 

Further attempts to ident i fy p o s s i b l e c a u s e s o f the s i g n i f i c a n t l y h igh v a l u e s of the ser ia l correla-
tion c o e f f i c i e n t s r>. found in a n a l y s e s of the low energy fission c r o s s s e c t i o n data^->2) have been 
made by introducing correlat ions among a s e t o f r e s o n a n c e parameters for about 1700 r e s o n a n c e s with 
the average properties o f r e s o n a n c e l e v e l s . The e f f e c t on r^CW) of introducing the f o l l o w i n g 
corre la t ions h a v e been i n v e s t i g a t e d for e a c h sp in s e q u e n c e s epara te ly and a l s o for both sp in s e q u e n c e s : 
(a) the neutron widths were re-arranged s o that d e c r e a s i n g neutron widths corre lated with i n c r e a s i n g 
l e v e l s p a c i n g , (b) the f i s s i o n widths were re-arranged s o that d e c r e a s i n g f i s s i o n widths correlated with 
the i n c r e a s i n g l e v e l s p a c i n g and (c) f i s s i o n widths were re-arranged s o that d e c r e a s i n g f i s s i o n widths 
corre lated with increas ing neutron wid ths . N o s i g n i f i c a n t l y high v a l u e s o f rj.(W) were found for (a) and 
(b) but r e s u l t s from correlat ion (c) did show v a l u e s of rj.(W) which were s i g n i f i c a n t at the 5% l e v e l for 
v a l u e s of W < 1 0 eV. F i n a l l y a per iodic c h a n g e in neutron widths w a s introduced s u c h that neutron wid ths 
for r e s o n a n c e s in a g i v e n sp in s e q u e n c e had a ' s a w tooth* variat ion wi th a period o f 50 e V . N o o b v i o u s 
ind icat ion of this per iod ic i ty appeared in the v a l u e s of r^W). Aga in , some v a l u e s of r^(W) for W < 1 0 eV 
were s i g n i f i c a n t at the 57c l e v e l and two v a l u e s of r^(W), at W = 1 eV and W = 2 eV, were large (0 .6 and 
0 .36 for 1% s i g n i f i c a n c e v a l u e s o f 0 . 2 5 and 0 .2 6 r e s p e c t i v e l y ) . T h e s e r e s u l t s probably r e f l e c t the va lue 
of the l e v e l spac ing D = 1 .3 eV. 

(E) T h e d irect measurement over the energy range 10 eV to 30 keV o f alpha (E) for " 3 9 P u 
(M. G. Schomberg. M. G. Sowerbv and F. W. E v a n s ) 

The work prev ious ly r e p o r t e d ^ has been cont inued and measurements have been made of the 
neutron and gamma-ray y i e l d s for two 2 3 9 p u s a r T 1 pies of t h i c k n e s s 1 .2 x 1 0 ~ 3 and 5 . 7 9 x 1 0 - 4 atoms per 
barn r e s p e c t i v e l y . In addit ion the re la t ive inc ident neutron f lux has b e e n measured and we have made 
runs on Ag , Pt , Au, Ta and 2 3 8 u to c h e c k the e f f i c i e n c y of the gamma-ray detec tor by the "black" 
r e s o n a n c e t e c h n i q u e ^ . 

T h e reactor p h y s i c i s t requires the ratio of the average capture t o fission c r o s s s e c t i o n s 
( < c r n y ( E ) > / < c n f ( E ) > ) rather than the average va lue of alpha (E) ( < a ( E ) > ) . In order to obtain the 
average v a l u e s of t h e s e c r o s s s e c t i o n s iv. i s n e c e s s a r y to make mult iple s c a t t e r i n g correct ions and the 
present experiment i s not far enough advanced for this to be done . T h e v a l u e of < a n ( E ) > / < c r n f ( E ) > in 
the energy range from a few hundred e V to 10 keV i s quite uncertain , s i n c e the K A P L data(5) s u g g e s t 
that the va lue i s ^ 0 .5 , whi l e the v a l u e s deduced***) from the measured total and f i s s i o n c r o s s s e c t i o n s 
via the formula 

< a (E) > = < a n T ( E ) > - < a n f ( E ) > - < a n n ( E ) > 

(1) E g e l s t a f f P . J . N u c . Energy 7, 3 5 (1958) . . 

(2) J a m e s G. D. and Endacot t D. A. J . N u c l e a r P h y s i c s D i v i s i o n P r o g r e s s Report A E R E - P R / N P 10 
2 (1966) . 

(3) Schomberg M. G., Sowerby M. G. and E v a n s F. W. Nuclear P h y s i c s D i v i s i o n Progres s Report 
A E R E - P R / N P 12 (1967) . 

(4) Moxon M. C. and Rae E. R. N u c l . Inst , and Meth._24, 4 4 5 (1963) . 

(5) Sampson J. B. and Molino A. F . K A P L 1793 (1957) . 

(6) Patr ick B. H. , Schomberg M. G. and Sowerby M. G. Nuclear P h y s i c s D i v i s i o n Progres s Report 
A E R E - P R / N P 12 (1967) . 
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are 1 & 7 n j a n d cr n n are the to ta l and s c a t t e r i n g c r o s s s e c t i o n s r e s p e c t i v e l y ) . I t i s there fore important 
to g e t s o m e i d e a o f the v a l u e o b t a i n e d from the p r e s e n t e x p e r i m e n t . T h e d a t a o b t a i n e d from the thinner 
o f the two 2 3 9 p u s a m p l e s h a v e b e e n i n t e g r a t e d o v e r 1 0 0 eV i n t e r v a l s b e l o w 1 k e V , 1 k e V i n t e r v a l s 
b e t w e e n 1 and 1 0 k e V , 5 k e V i n t e r v a l s b e t w e e n 10 and 3 0 k e V and 1 0 k e V i n t e r v a l s from 5 0 to 7 0 k e V . 
T h e quant i ty < c r n y ( E ) > / < a „ f ( E ) > h a s b e e n e s t i m a t e d from the formula (7) 

c 

n f " n f ® 
S = 

N y 
A — - 1 

N n 
N . 

B - C -
N„ 

where n c and nj- are the number o f capture and fission e v e n t s 

N y and N n are the number o f gamma ray and neutron c o u n t s 

A , B and C are c o n s t a n t s w h i c h are f o u n d by n o r m a l i s a t i o n and 

S i s the m u l t i p l e s c a t t e r i n g c o r r e c t i o n fac tor w h i c h in genera l i s c l o s e to u n i t y . 

o PROVISIONAL RESULTS PRESENT 
EXPERIMENT ( N O MULTIPLE 
SCATTERING C O R R E C T I O N ) 

« CALCULATION FROM Ofit I CTnt 

• DE SAUSSURE ET AL 1966 

# HOPKINS & D IVEN 1962 

A IGNATEV * KIRPICHNIKOV I96S 
J O | ~ W WANG Y U N G - C H A N G ET AL 1966 

• SAMPSON AND MOLINO I9S7 

I O r 

I 
u i i • k 1 1 1 1 1 

IO" IO IO 10' 

N E U T R O N ENERGY ( » v ) 

Fig. 1. a(E) for 239Pu. 

T h e v a l u e s of A , B and C h a v e b e e n found by a s s u m i n g , from the d a t a o f Derr ien e t a l . ® , the v a l u e of 
a ( E ) for 13 w e l l r e s o l v e d r e s o n a n c e s in the energy r e g i o n b e l o w 80 e V . T h e e s t i m a t e d v a l u e s of 
< < 7 n y ( E ) > / < £ T n f ( E ) > are p l o t t e d in F i g . 1 a l o n g wi th the other a v a i l a b l e d a t a . It c a n be s e e n that the 
r e s u l t s are in r e a s o n a b l e a g r e e m e n t wi th the v a l u e s o b t a i n e d from o v , t ( E ) and <rnf(E). B e t w e e n 1 0 and 
3 0 keV our v a l u e s are h i g h e r than the v a l u e s o f D e S a u s s u r e e t a l . ( 9 ) but t h i s d i s c r e p a n c y i s n o t 
c o n s i d e r e d s i g n i f i c a n t a t th is s t a g e b e c a u s e u n c e r t a i n t i e s in background are m o s t important in t h i s 
energy range . T h e errors a s s i g n e d in F i g . 1 to the p r e s e n t e x p e r i m e n t h a v e arbitrari ly b e e n a s s u m e d to 
be + 33% b e c a u s e the s y s t e m a t i c errors , w h i c h h a v e not b e e n a s s e s s e d , p r e d o m i n a t e . T h e procedure 

(7 ) Schomberg M. G . , Sowerby M. G. and E v a n s F . W. I A E A S y m p o s i u m on F a s t R e a c t o r P h y s i c s and 
R e l a t e d S a f e t y P r o b l e m s , K a r l s r u h e , S M - 1 0 1 / 4 1 ( 1 9 6 7 ) . 

(8) Derr ien H . , B l o u s J . , Eggermann C . , Michaudon A . , P a y a D. and Ribon P . N u c l e a r D a t a for 
R e a c t o r s 1 I A E A V i e n n a p. 1 9 5 (1967) . 

( 9 ) D e S a u s s u r e G. , W e s t o n L . W„ Gwin R . , I n g l e R . W., T o d d J . H . , Hockenbury R. W., F u l l w o o d R . R. 
and L o t l i n A . 1 9 6 6 C o n f e r e n c e on N u c l e a r D a t a for R e a c t o r s , ( IAEA) , v o l . 2 , p . 2 3 3 ( 1 9 6 7 ) . 
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u s e d to e s t i m a t e the p r e s e n t v a l u e s i s on ly v a l i d i f m u l t i p l e s c a t t e r i n g c o r r e c t i o n s a r e s m a l l and the 
v a r i a t i o n of the i n c i d e n t neutron f l u x o v e r the energy i n t e r v a l u s e d i s n e g l i g i b l e . T h e r e f o r e the r e s u l t s 
s h o u l d b e v i e w e d with extreme c a u t i o n . H o w e v e r , t h e y d o s h o w , part icu lar ly in the e n e r g y range I to 
1 0 k e V , w h e r e the a s s u m p t i o n s are n o t too u n r e a s o n a b l e , that the v a l u e o f a ( E ) i s more l i k e l y to be i n the 
r e g i o n o f 1 than 0 . 5 . 

(E) 1 0 B s c a t t e i i n g c r o s s s e c t i o n (A. Asami and M. C. Moxon) 

T h e s c a t t e r i n g c r o s s s e c t i o n of w a s m e a s u r e d r e l a t i v e to carbon u s i n g a s a m p l e c h a n g e r o n the 
5 0 m s p e c t r o m e t e r , w i t h the two d e t e c t o r s s e t a t a n g l e s o f 6 0 ° and 1 2 0 ° to the i n c i d e n t n e u t r o n s . 
A n a l y s i s of the da ta i n c l u d e s c o r r e c t i o n s d u e to centre o f m a s s mot ion and, in f i r s t order, to mul t ip l e 
s c a t t e r i n g . 

t i 1 1 1 1 r 1 i 1 r 

O g * m % 5 8 • • • T 

I I I I I I 1 1 ' ' I 
•O'l I IO IOO 

ENERGY (kcV) 

F i g . 2 . scattering cross section. 
(•, detector at 60°; x , detector at 120°). 

Pre l iminary r e s u l t s in the energy range from 2 0 0 c V to 8 0 k e V are s h o w n in P i g . 2 . T h e i n d i c a t e d 
errors are on ly s t a t i s t i c a l . T h e c r o s s s e c t i o n s near 3 k e V , 3 5 k e V and 90 k e V are n o t d e t e r m i n e d 
b e c a u s e of the p r e s e n c e o f the r e s o n a n c e s in sod ium (2 .8 k e V ) and in a luminium ( 3 5 , 9 0 k e V ) . T h e 
former w a s u s e d for the n o r m a l i z a t i o n of b a c k g r o u n d s . 

T h e s c a t t e r i n g c r o s s s e c t i o n w a s c a l c u l a t e d from the rat io of the number of neutrons s c a t t e r e d 
by the 1 0 B s a m p l e to the number s c a t t e r e d by a s i m i l a r C s a m p l e , a s s u m i n g that the carbon s c a t t e r i n g 
c r o s s s e c t i o n w a s equa l to the to ta l c r o s s s e c t i o n ( g i v e n by erf = — 4 . 7 6 7 - 4 . 0 0 x E ( M e V ) * 1 0 ) ) , and 
that the s c a t t e r i n g c r o s s s e c t i o n i s i n d e p e n d e n t of a n g l e in the centre of m a s s s y s t e m . 

T h e p r e s e n t r e s u l t s , w h i c h are h o w e v e r s u b j e c t to further minor c o r r e c t i o n s , a g r e e w e l l w i th the 
r e c e n t m e a s u r e m e n t s by Mooring e t a l . * 1 1 ) ( above 10 k e V ) and b y D i m e n t ^ 1 2 ) ( b e l o w 10 k e V ) . 

M e a s u r e m e n t s a t other d e t e c t o r a n g l e s (35° , 145°) are in p r o g r e s s and a n a l y s i s of the da ta i s 
p r o c e e d i n g . 

i n 
z cc < 

vS, 
z 
o 

o a o 

(10) U t t l e y C. A. and D i m e n t K. M. T h i s p r o g r e s s report , p. 4 . 

(11) Mooring F . P . , Monahan J . E . and H u d d l e s t o n C. M. N u c l . P h y s . i l , 16 ( 1 9 6 6 ) . 

(12) D i m e n t K. M. A E R E - R 5 2 2 4 . 
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(E) T o t a l c r o s s s e c t i o n m e a s u r e m e n t s (C. A. U t t l e v and K. M. Diment ) 

I. T h e tota l c r o s s s e c t i o n of carbon 

T h e to ta l c r o s s s e c t i o n of reactor grade graphite b e t w e e n 7 0 eV and 100 k e V h a s b e e n m e a s u r e d , 
primarily to provide compar i son s c a t t e r i n g c r o s s s e c t i o n s for determining the s c a t t e r i n g c r o s s s e c t i o n of 
1 0 g ( 1 3 ) . T h e carbon m e a s u r e m e n t s were made on the 120 metre spec trometer and over lap total c r o s s 
sec t ion , m e a s u r e m e n t s made with the 3 0 0 metre s p e c t r o m e t e r ^ ^ a t e n e r g i e s of up to s e v e r a l MeV. It i s 

commonly a s s u m e d that the tota l c r o s s s e c t i o n of 
carbon i s c o n s t a n t from thermal e n e r g i e s up to at 
l e a s t 1 k e V . T h e a v e r a g e c r o s s s e c t i o n b e t w e e n 
7 0 eV and 1 k e V o b t a i n e d from the data s h o w n in 
F i g . 3, 4 . 7 6 7 ± 0 . 0 1 0 barns , i s about 1% higher than 
the v a l u e of 4 . 7 1 barns recommended in the e v a l u a t i o n 
of S c h m i d t ^ ) , w h i c h appears to a t t a c h surpr i s ing ly 
l i t t l e w e i g h t to more r e c e n t d i r e c t m e a s u r e m e n t s a t 
e n e r g i e s of t ens of eV , part icular ly that of Walton e t 
a l . ( 1 6 ) ( 4 .77 + 0 . 0 5 barns) and t h o s e of T r i f t s h a u s e r 
and F e h s e n f e l d ( 1 7 ) ( 4 . 7 4 3 ± 0 . 0 0 2 and 4 . 7 2 6 4 ± 
0 . 0 0 2 4 b a m s ) . T h e ful l curve in F i g . 3, w h i c h f i t s the 
d a t a to o n e per c e n t over the range from 0 . 1 to 
1 0 0 k e V and would be u s e f u l for m u l t i p l e s c a t t e r i n g 
c a l c u l a t i o n s in t h i s range , i s r e p r e s e n t e d by the 
equat ion 

100 

Fig. 3. ' Total c r o s s section of carbon. 
cr n T = 4 . 7 6 7 - 4 . 0 0 E barns 

where E i s the neutron energy in MeV. Our ear l ier f i t U 4 ) b a s e d on the 3 0 0 metre data , c o v e r s the 
s o m e w h a t h igher e n e r g i e s 10 -> 2 , 0 0 0 k e V , and a g r e e s w i t h i n the s t a t e d l i m i t s in the over lap r e g i o n . 

II. T h e total c r o s s s e c t i o n of ^Li 

T r a n s m i s s i o n m e a s u r e m e n t s on s a m p l e s of L i th ium enr iched to 95 .2% in ^Li h a v e been made over 
the energy range 7 0 e V to 7 MeV on the 1 2 0 metre and 3 0 0 metre s p e c t r o m e t e r s . T h e s e m e a s u r e m e n t s 
are i n t e n d e d to de termine the range o v e r wh ich the absorpt ion c r o s s s e c t i o n f o l l o w s a l / \ / E law. When 
the r e s u l t s are combined with a c c u r a t e v a l u e s for the parameters of the 2 5 0 k e V r e s o n a n c e , the ^Li (n ,a ) 
c r o s s s e c t i o n should provide a u s e f u l s tandard for neutron f l u x m e a s u r e m e n t s b e l o w 100 keV. The 
r e s u l t s a lready p r o c e s s e d are s h o w n in F i g . 4 . A prel iminary f i t to the data from 7 0 eV to 10 k e V i s 
c o n s i s t e n t with an absorpt ion c r o s s s e c t i o n which v a r i e s wi th energy a s 0 . 1 5 1 x E ~ ^ and a c o n s t a n t 
component of 0 .7 barn which i s at tr ibuted to po tent ia l s c a t t e r i n g . 

(E) Neutron capture c r o s s s e c t i o n s of Cu and Sb (M. C . Moxon. Mrs. C. Campbel l and F . Horsmann) 

Neutron capture m e a s u r e m e n t s on ant imony and copper in the neutron energy range 5 eV to 100 k e V 
h a v e b e e n carried out on the 3 2 . 5 metre f l i g h t path. T h e data are n e w b e i n g a n a l y s e d . T h e s e e l e m e n t s , 
l ike o t h e r s , s h o w e d s e v e r a l smal l r e s o n a n c e s w h i c h were not o b s e r v e d in t r a n s m i s s i o n m e a s u r e m e n t s 
( s e e F i g . 5 ) . 

(13) A s a m i A . T h i s p r o g r e s s report, p. 3 . 

(14) U t t l e y C. A. and Diment K. M. N u c l e a r P h y s i c s D i v i s i o n P r o g r e s s Report A E R E - P R / N P 9 (1965) . 

(15) Schmidt J . J . K F K 1 2 0 (EANDC-E-35 'U*) (1966) . ' 

(16) Walton R. B . , Wikner N. F . , Wood J . L . and B e y s t e r J . R. B u l l . Am. P h y s . S o c . I , 288 ( 1 9 6 0 ) . 

(17) T r i f t s h a u s e r W. and F e h s e n f e l d P . E A N D C - E - 5 7 ' U ' (1965) . 
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Fig. 4. Total cross section of^Li. 

NEUTRON EN ERGY (keV) 

4 - 5 1 7 - 3 3 0 I 4 2 - 9 5 5 - 7 

NEUTRON TIME OF FLIGHTQJ sec) 

6 8 - 5 

Fig. 5. Neutron capture in natural copper CO.060 ins). The smooth curve is the measured 
background. The resonances marked i have not been observed in transmission 

m e a s u r e m e n t s . 

(E) A n a l v s i s o f neutron capture c r o s s s e c t i o n s to obta in r e s o n a n c e parameters (M. C. Moxon) 

T h e Monte Carlo program or ig ina l ly written by J . E . Lynn h a s n o w b e e n m o d i f i e d to i n c l u d e the 
e f f e c t s of the energy r e s o l u t i o n on the m e a s u r e m e n t s . T h e r e s o l u t i o n f u n c t i o n i s c a l c u l a t e d by f o l d i n g 
together the f o l l o w i n g f a c t o r s : -

(i) the s h a p e of the e l e c t r o n p u l s e 

( i i ) The bui ld up and d e c a y of the neutrons in the b o o s t e r 



( i i i ) the t iming channe l width 

(iv) the a n g l e of the f l i g h t path to the normal of the moderator be ing v i e w e d 

(v) the moderation t ime j i t t e r ^ 1 8 ' 1 9 ' 2 0 ) . 

O 

Fig. 6. 

F i g . 6 s h o w s the fit to a r e s o n a n c e at 
2 5 0 . 8 e V in 1 0 ' ' A g where the natural width of 
the r e s o n a n c e i s smal l compared with the 
reso lu t ion width. 

107 
(E) T r a n s m i s s i o n m e a s u r e m e n t s on A e 

and l w A g (N. J . P a t t e n d e n and 
J. E. J o l l v ) 

T r a n s m i s s i o n measurements h a v e been 
reported p r e v i o u s l y ^ } on a 7 3 9 mg sample of 
1 0 9 A g , u s i n g the smal l sample spectrometer 
(nominal r e s o l u t i o n ~ 16 n s e c / m ) . More 
r e c e n t l y , s a m p l e s of about 10 g of separated 

and * A g metal have become 
a v a i l a b l e . The A g measurements have 
therefore b e e n repeated and e x t e n d e d and 

measurements performed on a 9 4 m 
f l i g h t path (nominal r e s o l u t i o n ~ 3 n s e c / m ) . 
In the energy range from 40 eV upwards 
39 r e s o n a n c e s h a v e b e e n i d e n t i f i e d in 
and 52 in ^ 9 A g . The s a m p l e s were too thin 
to d e t e c t with certa inty r e s o n a n c e s with 
reduced neutron width (2 g T n ° ) v a l u e s of 
^ , 1 . 0 meV. A d e t a i l e d r e s o n a n c e a n a l y s i s 
w i l l be performed as s o o n a s time permits , but 
some po in t s of i n t e r e s t can be o b s e r v e d from 
an examinat ion o f the data. 

(1) T h e 1 6 9 . 8 0 eV r e s o n a n c e should probably be a s s i g n e d to 107 and not 109 . 

(2) There are r e s o n a n c e s in both i s o t o p e s at 1 7 3 . 1 0 , 2 5 1 . 2 9 , 5 5 4 . 5 1 , 9 3 3 . 3 9 , 1 4 1 4 . 5 and 
1586 .0 eV. 

(3) T h e 4 6 9 . 6 1 eV r e s o n a n c e should be a s s i g n e d to 109 and the 4 7 2 . 2 0 e V r e s o n a n c e .to 107. 

The above energy v a l u e s , quoted for ident i f i ca t ion purposes only , are those of Garg e t a l / 2 2 \ 

N E U T R O N ENERGY ( • » ) 

E X P E R I M E N T A L DAT* 
CALCULATED F IT 

RESONANCE E N E R G Y " 3 5 0 » ( t v ) , SPIN 
NEUTRON WIDTH " K) 65(««v) ,RADIATION WOTH-UO-OCmv) 
FLIGHT PATH LENGTH • 39*54 MINI 
WIOTM o r ELECTRON P U L S E " i O O i m c 
TVJ TOR BOOSTCR • IOS n««E 
T I M I N G C H A N N E L WIDTH • 135n»cc 
M E A N FREE PATH USED TO CALCULATE MODERATION TIME 
J ITTER 0 ' 5 « 

(18) Groenewald H. J . and Groendijk H. P h y s i c a J J , 141 (1947) . 

(19) Patr ick B . H . , B o w e y E . M., Moxon M. C. and Rae E. R. P r o c e e d i n g s of the Third Euratom 
Conference on A c c e l e r a t o r Targe t s D e s i g n e d for the Product ion of N e u t t o n s , L i e g e (September 
1967) (to be pub l i shed) . 

(20) Patrick B. H . , B o w e y E . M., Moxon M. C. and Rae E . R. Opt imisa t ion of moderators for pu l sed 
neutron targets , th is progress report, p. 5 4 . 

(21) P a t t e n d e n N. J. N u c l e a r P h y s i c s D i v i s i o n Progres s Report A E R E - P R / N P 8 , p. 12 (1965) . 

(22) Garg J. B . , Rainwater J . and H a v e n s Jr. W. W. P h y s . R e v . 132 , B547 (1965) . 



(H) Radiat ive capture of thermal and resonance neutrons (W. E . Stein*. R. W. Thomas and H. R. R a e ) 

A sys tem for the study of neutron capture gamma rays has been e s t a b l i s h e d at the Harwell l inear 
acce lerator . The boos ted source and moderator provide i n t e n s e bursts of neutrons with a continuous 
spectrum within the energy region (thermal to a f ew keV) of interest in this experiment. The gamma-ray 
spectrometer i s a 30 cm 3 l ithium-drifted germanium detector . The experimental arrangement i s shown in 
F i g . 7 . 

Fig. 7. Experimental arrangement for resonance neutron caputre gamma ray studies. 

Neutrons from the booster are co l l imated onto a sample approximately 10 metres from the source . 
Capture gamma rays are d e t e c t e d by the germanium detector which i s p laced out of the direct beam but 
c l o s e to the capture sample . Neutron energ ies are determined from the time of f l ight over the d i s tance 
be tween the source and sample. The detector and sample are s i tuated in a two-foot thick concrete 
enc losure 12 ft . long, 6 f t . wide and 10 ft . high. For additional sh ie ld ing the detector i s protected by 
about 1 inch of normal lithium carbonate and wax and 3 mm of l ead . In this arrangement the primary 
radiation or gamma f l a s h presents no great d i f f i cu l ty . 

Although a complete two-parameter s y s t e m i s being a s s e m b l e d , data presented here were taken with 
a sys tem which was l imited to ten time intervals which could be arbitrarily s e t to s e l e c t neutron energy 
reg ions of interest . In this manner amplitude spectra for each of the ten s e l e c t e d time in terva l s were 
obta ined s imul taneous ly . The time reso lut ion b a s e d on the neutron burst and f l ight path w a s about 
15 n s / m . The intr ins ic energy reso lut ion of the gamma-ray spectrometer as determined from the width of 
the ful l -energy peak of a thorium source i s about 6 keV. When capture gamma rays were observed in the 
presence of the gamma f l a s h shorter time cons tant s were required, which caused the reso lut ion width to 
i n c r e a s e . Observed l ine widths for 100 eV and 1 keV neutrons were 11 keV and 18 keV r e s p e c t i v e l y . 

T o date capture gamma-ray measurements have been made on tungsten, iron and copper s a m p l e s . 
P r e s e n t tungsten r e s u l t s are in agreement with recent ly publ i shed d a t a ^ 2 " . Although a n a l y s i s of the F e 
and Cu data i s s t i l l incomplete , a few general comments can be made about the r e s u l t s . 

Capture gamma-ray spectra for thermal and 1.167 keV resonance neutrons inc ident on iron are 
shown in F ig . 8 (overleaf) . The peak in the thermal spectrum at 6418 keV is attributed to a strong 
ca lc ium background line from neutrons captured in the concrete sh ie ld . When compared with the thermal 
data, the re sonance spectrum ind ica te s a reduced in tens i ty of the 5920, 6018 and 7277 keV transi t ions 
and a cons iderable enhancement of the 6378 keV l ine . 

(23) Rae E . R . , Moyer W. R . , Fu l lwood R. R. and Andrews J. L. P h y s . Rev . 155, 1301 (1967) . 

*On attachment from L o s Alamos Sc ient i f i c Library. 
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F / g . 8 . Capture gamma ray spectra for ^ Fe. 

Fig. 9 . Time-of-flight spectrum for a natural copper sample. 

A t i m e - o f - f l i g h t spectrum for a natural copper sample i s s h o w n in F i g . 9. B o l d p o i n t s and 
h o r i z o n t a l l i n e s i n d i c a t e the t ime i n t e r v a l s c o v e r e d by the ten t iming g a t e s . T h e s e c o n d g a t e c o v e r s two sr £ 1 
u n r e s o l v e d r e s o n a n c e s in ° C u a t 2 . 5 5 k e V and D J C u a t 2 . 6 6 k e V . T h e J C u r e s o n a n c e c o n t r i b u t e s 
about 75% o f the total count s i n the o b s e r v e d spec trum. T h e o b s e r v e d c o p p e r gamma-ray s p e c t r a for 
r e s o n a n c e and thermal neutrons are s h o w n in F i g s . 10 and 11 ( s e e p a g e 10 for F i g . 11) . B a c k g r o u n d s for 
the r e s o n a n c e da ta w e r e o b t a i n e d by s e t t i n g the t iming g a t e s b e t w e e n r e s o n a n c e s . For the thermal 
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Fig. 10. Gamma ray spectrum for neutrons captured in f/ie 0 , 229 fceV resonance of 65Cu. The 
energy scale and relative intensities of transitions observed by Shera and BolofJ23' for thermal 

neutron capture in Cu are g iven in the insert. 

neutron measurements the detector was sh ie lded by lead in order to reduce the in tens i ty of gamma rays 
from the iron and ca lc ium in the surrounding materials . T o provide comparable s l o w neutron scatter ing in 
t h e s e background measurements , the copper sample w a s replaced by a graphite s h e e t of appropriate 
t h i c k n e s s . 

The dominant feature of these spectra i s the f luctuat ion in intens i ty of the primary trans i t ions . 
The strong ground s ta te transit ion observed in the thermal spectrum i s not s e e n in the 0 .577 keV data. 
Ins tead the s t ronges t transition for this resonance i s to the f irst e x c i t e d s ta te at 160 keV. Another 
striking feature of the 0 .577 keV resonance data i s the appearance of f i v e strong l i n e s b e t w e e n 4540 and 
5150 keV. T h e s e l i n e s represent about 11% of the total gamma-ray in tens i ty or about 70% of the 
strength of the transi t ions to the f irst four e x c i t e d s t a t e s . There i s no known explanat ion at the present 
time for strong transi t ions to particular s t a t e s approximately 3 MeV above the ground s t a t e . 

i r i 
Our present D J C u data have been a n a l y s e d to obtain the combined i n t e n s i t i e s of the transi t ions to 

the ground and to the three l o w e s t e x c i t e d s t a t e s . T h e s e summed i n t e n s i t i e s are 43 , 16 .4 , 2 .2 and 
6 .6 per c e n t for thermal, 0 .577 keV, 2 .06 keV and 2.66 keV neutrons r e s p e c t i v e l y . It i s improbable that 
this dramatic change i s due to resonance -resonance interference at thermal neutron e n e r g i e s , but i t may 
be a mani fes tat ion of intermediate structure e f f e c t s . 



Fig. ] J. Copper capture gamma ray spectra for thermal and resonance neutrons. 
The scales at the top and bottom give the energies of transitions observed by Shera and 

Bolotid ' for thermal neutron capture in ^Cu. 

(24) Shera and B o l o t i n , pr iva te c o m m u n i c a t i o n , L o s A l a m o s S c i e n t i f i c Laboratory . 
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F U N D A M E N T A L A N D P A S I C R E S E A R C H 

N U C L E A R S T R U C T U R E A N D D Y N A M I C S 

B . The react ions 1 7 0 ( 3 H e . n ) 1 9 N e and 1 8 0 ( 3 H e n ) 2 0 N e (B. H. Armitage. K. Gul and B. W. Hooton) 

The neutrons resu l t ing from t h e s e react ions were s tud ied by t ime-of- f l ight t echniques u s i n g a 
o i n 

3.1 MeV He beam. The angular distributions of the neutron groups l ead ing to e x c i t e d s t a t e s in N e 
and were ana lysed us ing the D.W.B.A. method. 

o 
Fig. 12. Angular distribution for the reaction ( He, n) leading to the 2 . 778 and 5 . JO MeV states of 

Ne. 

1 7 Q ( 3 H e , n ) 1 9 N e 

Many of the peaks in the neutron spectra correspond to exc i ta t ion of more than one l e v e l and the 
only angular distribution which gave reasonable agreement with a D.W.B.A. ca lcu la t ion i s shown in 
F i g . 12. The L = 2 distribution w a s ca lcu la ted by putting both protons in the Id orbit, the L = 3 distribu-
t ions , by putting one proton in the Id and the other in the If orbit. T h e L = 2 distribution i s a better f i t 
at forward ang les and i s c o n s i s t e n t with an e x p e c t e d spin of 9 / 2 + . T h i s work c o n c l u d e s a s e r i e s of 
inves t i ga t ions into the m a s s 19 s y s t e m ^ ® . 

(25) Nuclear P h y s i c s D i v i s i o n Progress Report A E R E - P R / N P 12, p. 23 (1967). 
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C H A N N E L N U M B E R 

18 3 20 Fig. 13. Spectrum for the reaction 0( He, n) Ne. 

1 8 O ( 3 H e . n ) 2 0 N e 

A t y p i c a l neutron spectrum i s s h o w n in F i g . 13. S ince the ground s t a t e of 1 8 0 i s 0 + the sp in and 
parity of the f ina l s t a t e i s de t ermined u n i q u e l y by the orbital angular momentum o f the captured diproton 
( a s s u m i n g n o sp in f l i p and therefore S = 0 ) . A s e l e c t i o n o f angular d i s t r i b u t i o n s i s g i v e n in F i g . 14 . 
In genera l for a g i v e n L v a l u e more than o n e angular d i s t r ibut ion i s p o s s i b l e . In part icu lar the 

2 
d i s t r ibut ion to the 1 . 6 3 MeV 2 + s t a t e i s shown t o be due to the ( l d ) . _ - rather than the ( I d , 2 s ) . -

j—z j—i 
c o n f i g u r a t i o n . A summary of the r e s u l t s i s g i v e n in T a b l e I ( s e e p a g e 14)1 In c e r t a i n c a s e s r e l a t i v e 
s p e c t r o s c o p i c f a c t o r s and t w o par t i c l e f r a c t i o n a l p a r e n t a g e c o e f f i c i e n t s h a v e b e e n o b t a i n e d and are b e i n g 
compared with theory. T h e s i g n i f i c a n c e of our fa i lure to o b s e r v e known 0 + s t a t e s ^ ) a t 6 . 7 2 and 7 . 2 0 i s 
under i n v e s t i g a t i o n . 

(26) S i e m s s e n R. H . , L e e Jr. L . L . and C l i n e D . P h y s . R e v . 1 4 0 g . 1 2 5 8 ( 1 9 5 6 ) . 
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ANGLE (CM) ' 

Fig. 14. Angular distributions for the reaction (3He.n) leading to the 0, 1.63, 4.22 and 70 .25 MeV 
levels of Ne. 
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T A B L E I 

P r e s e n t Work P r e v i o u s 
W o r k ( 2 7 , 2 8 , 2 9 ) 

E J E J 

1 . 6 3 2 + 1 . 6 3 2 2 + 

4 . 2 2 4 + 4 . 2 4 8 4 + 

5 . 7 3 1 ~ 
5 . 6 3 

5 . 8 

3 " 

1" 

1 0 . 2 5 2 + 1 0 . 2 7 2 + 

It). 88 

1 1 . 2 7 0 + + , 2 + , 3~ 1 1 . 2 7 6 

1 1 . 5 9 1 1 . 5 6 ± . 0 4 

1 2 . 2 0 2+ 
1 2 . 1 6 

1 2 . 2 4 

1 2 . 4 1 0 + , l ~ 1 2 . 3 9 

1 3 . 1 0 0 + , l " 1 3 . 0 8 6 

(B) T h e m e a s u r e m e n t of gamma-rays f o l l o w i n g i n e l a s t i c neutron s c a t t e r i n g from F e and P 
CB. H. Armi tage . A . T . G. F e r g u s o n . G. C. N e i l s o n * and W. D. N . P r i t c h a r d + ) 

T h e gamma-ray s p e c t r a a r i s i n g from the r e a c t i o n s ^ F e f a . n ' y ^ F e and 3 1 P ( n , n ' y ) 3 1 P i n d u c e d by 
4 .7 MeV and 5 . 5 MeV neutrons h a v e b e e n m e a s u r e d . T h e c o i n c i d e n c e t e c h n i q u e u s e d to r e d u c e the 
e f f e c t of neutron induced backgrounds in the 3 0 c c G e ( L i ) d e t e c t o r h a s a l ready b e e n d e s c r i b e d ^ ® . T h e 
F e s a m p l e w a s a h o l l o w c i rcu lar c y l i n d e r 4 . 8 cm in length wi th inner and outer d i a m e t e r s of 3 . 1 8 and 
3 . 8 cm r e s p e c t i v e l y . T h e 9 0 ° d i f f e r e n t i a l c r o s s s e c t i o n s for product ion o f the var ious gamma-rays were 
o b t a i n e d by u s i n g the v a l u e o f the product ion c r o s s s e c t i o n for the 0 . 8 4 5 k e V gamma-ray p u b l i s h e d by 
B e n j a m i n e t a l . ( 3 2 ) c o m b i n e d w i t h m e a s u r e m e n t s o f the energy d e p e n d e n c e of the d e t e c t i o n e f f i c i e n c y 
o b t a i n e d by the method d e s c r i b e d by Freeman and J e n k i n ^ l ) . 

T h e e f f i c i e n c y c a l i b r a t i o n i s required for a thick s o u r c e d i s t r i b u t e d uniformly through the mater ia l 
of the F e s a m p l e . For t h i s p u r p o s e a r e p l i c a of the s a m p l e w a s d i v i d e d into two e q u a l part s by making 
an o b l i q u e cut through the curved s u r f a c e of the cy l inder . A s u i t a b l y s h a p e d ring o f a b s o r b e n t paper w a s 
l o a d e d a s uniformly a s p o s s i b l e wi th a s o l u t i o n o f one of the ca l ibra t ion s o u r c e s and dried out , and the 
two h a l v e s of the s a m p l e were then r e a s s e m b l e d with the r ing trapped b e t w e e n them. T h e d e t e c t i o n 
e f f i c i e n c y w a s then m e a s u r e d a t the s a m p l e to d e t e c t o r d i s t a n c e u s e d in the s c a t t e r i n g e x p e r i m e n t s , but 

(27) A j z e n b e r g - S e l o v e F . and L a u r i t z e n T . N u c l . P h y s . U , 1 ( 1 9 5 9 ) . 

(28) L a n d o l t - B o r s t e i n ( B e r l i n - G o t t i n g e n , H e i d e l b e r g , Spr inger-Ver lag , 1 9 6 1 ) . 

(29) P e a r s o n J . D. and Spear R. H. N u c l . P h y s . 54 , 4 3 4 ( 1 9 6 4 ) . 

(30) Armitage B . H. , Braid T . , F e r g u s o n A . T . G . . , N e i l s o n G. C. and Pr i tchard W. N u c l e a r P h y s i c s 
D i v i s i o n P r o g r e s s Report A E R E - P R / N P 1 2 , p. 18 ( 1 9 6 7 ) . 

(31) F r e e m a n J . M. and J e n k i n J . G. A E R E R e p o r t - R 5 1 4 2 (1966 ) . 

(32) B e n j a m i n R. W., B u c h a n a n P . S. and Morgan I. L . N u c l e a r P h y s i c s 79 , 2 4 1 ( 1 9 6 6 ) . 

• O n l e a v e from U n i v e r s i t y of A l b e r t a . 
+ O n a t t a c h m e n t from U n i v e r s i t y of E x e t e r . 
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with several different sample orientations. In this way separate corrections for the self-absorption of 
gamma-rays in the sample were avoided. 

A typical (n,n'y) spectrum i s shown in Fig . 15. Additional information on the energy l e v e l s of 
obtained from measurements with the Ge(Li) detector of the gamma-spectrum of ^ C o forms a 

valuable addition to that obtained from the (n.n'y) measurements, s ince the decay from the 4 + ground 
state of 5®Co leads to a s e l e c t i v e population of ^ F e s ta tes which i s quite different to that produced by 
the 5 6 F c ( n , n ' y ) 5 6 F e reaction. The ana lys i s of the data i s not y e t complete. 

-a o >• 
O 

o 

t a u> 
a> 

u. 
g 
E o 

I i 
3 U 
c S; 

« > 
^ e> 
u-, 

g> a 

I J 
o £ 
* £ 

8 S 
1 - g 
— <u 
-C H-

p 

u a> o 

"t> ^ 
S c r 

<O ""J? 

o 
E 
E 
a Dl 

E 2 
u 
u 

H3NNVHD H3d S1NHOD "13NNVH0 H3d SXNnOD cn 
£ 

- 15 -



(B) S tud ie s o f the 9 B e ( g . n ) 1 2 C and 1 3 C f a . n ) 1 ^ 0 r e a c t i o n s (J. M. Adams and C. M c K e n z i e ) 

Prel iminary s t u d i e s h a v e b e e n made o f the a b o v e r e a c t i o n s , which c o u l d u s e f u l l y supp lement 
e x i s t i n g s o u r c e s of monoenerge t i c neutrons . At the e n e r g i e s a v a i l a b l e on IBIS (up to 3 . 5 MeV) the 
l 3 C ( d , n ) react ion g i v e s monoenerge t i c neutrons ( Q 0 = 2 . 2 0 MeV) w h i l e the 9 B e ( a , n ) r e a c t i o n g i v e s two 
groups with an energy separat ion o f 4 . 4 3 MeV. Neutron s p e c t r a have b e e n obta ined and e x c i t a t i o n 
f u n c t i o n s measured from 1 .4 M e V - 3 . 5 MeV with targets of 50 -100 / i g / c m 2 . The neutron s p e c t r a show al l 
groups to be e x c e p t i o n a l l y c l e a n and free from background. Further work mot iva ted both by nuc lear and 
appl ied c o n s i d e r a t i o n s w i l l be pursued. 

(B) Neutron s c a t t e r i n g from Cr, F e . Co. A s . Y and Ce at MeV e n e r g i e s (J. Martin with D . T . Stewart 
and J . Mirza (Univers i ty of G l a s g o w ) ) 

F o l l o w i n g the comple t ion of a program of 6 MeV neutron scat ter ing from Aluminium, S i l i c o n , 
Phosphorus and Sulphur, reported ear l i er^ 3 3 ) , w e h a v e e x t e n d e d the range of our i n v e s t i g a t i o n s to 
heav ier n u c l e i . D i f ferent ia l e l a s t i c and i n e l a s t i c c r o s s s e c t i o n s a t 6 MeV h a v e b e e n m e a s u r e d for 
natural iron and chromium targets , and t h e s e r e s u l t s are now be ing corrected for mult ip le s c a t t e r i n g 
e f f e c t s . We hope to interpret the i n e l a s t i c s c a t t e r i n g to the f i r s t e x c i t e d 2+ s t a t e s in t h e s e n u c l e i by a 
combinat ion of s t a t i s t i c a l model and d i r e c t interact ion pred ic t ions , which w e u s e s u c c e s s f u l l y to 
interpret our r e s u l t s for s i l i c o n and sulphur. T h e shape c l a s t i c s c a t t e r i n g , obta ined by subtract ing a 
s t a t i s t i c a l contribution from the measured e l a s t i c s ca t ter ing c r o s s s e c t i o n , wi l l be compared with the 
predict ions of the P e r e y and Buck non- loca l op t i ca l m o d e l ^ 3 ^ . In order to s u b j e c t th i s model to more 
ex tended t e s t s w e h a v e a l s o measured sca t t er ing c r o s s s e c t i o n s at 6 MeV from targe t s o f A r s e n i c , 
Yttrium, Cobal t and Cerium. In t h e s e n u c l e i the i n e l a s t i c s ca t ter ing i s rather weak ( ind ica t ing that the 
react ion m e c h a n i s m i s predominantly compound nuclear) and only the e l a s t i c s c a t t e r i n g h a s b e e n 
measured re l i ab ly . However , it i s hoped that improvements in our f a s t e l e c t r o n i c s may e n a b l e the 
measurement of the i n e l a s t i c s ca t ter ing c r o s s s e c t i o n s , e i ther at 6 MeV or lower e n e r g i e s . Such data can 
be a powerful s p e c t r o s c o p i c tool for i n v e s t i g a t i n g some of the heav ier e l e m e n t s . 

A model for the a n a l y s i s of f ine structure o b s e r v e d in proton sca t ter ing v i a ana logue r e s o n a n c e s 
(A. M. L a n e and S. Ramavataram) 

I n v e s t i g a t i o n of the f ine structure underlying ana logue r e s o n a n c e s i s part icularly r e l e v a n t to a 
theoret ical understanding of l ine-broadening(35) , and to this end a general d e s c r i p t i o n of f i n e structure 
s t a t e s wh ich a l l o w s for a smooth transi t ion from the bound to the unbound region would be very u s e f u l . 

U s i n g the procedure out l ined by L a n e ^ 3 ^ and invok ing the "p icke t - f ence" model we h a v e obtained 
a descr ip t ion of the f ine structure s t a t e s which d o e s h a v e this property. The va l id i ty of the theory has 
been t e s t e d by comparison with the f ine structure d a t a ^ 3 ^ for 40 A. 

The e s s e n t i a l f ea tures o f the theoret ical model may be summarised a s f o l l o w s : we no te that the 
individual r e s o n a n c e s are p o l e s of an jS-matrix g i v e n by 

S - I = I 2 (1 + 2i P ^ R K P f y f i ; R K p i s the Kapur-Pe ier l s R-matrix 

By s p e c i a l i s i n g to the c a s e of no internal mixing and a s i n g l e channe l , we can obta in the condi t ion for 
p o l e s a s 

R W E = ^ 

(33) N u c l e a r P h y s i c s D i v i s i o n P r o g r e s s Report A E R E - P R / N P 11, p. 11 (1967) . 

(34) P e r e y F . G. and Buck B. N u c l . P h y s . 12, 353 (1962) . 

(35) L a n e A. M. (Invited lecture g iven at the Birmingham Conference , 1967 , to be p u b l i s h e d ) . 

(36) Keyworth G. A . e t al . N u c l . P h y s . . 8 9 , 590 (1966) . 



where R ^ g i s the Wigner-Eisenbud R-funct ion def in ing the zeroth-order energ ie s and widths of the fine 
structure s t a t e s and A L i s the boundary condit ion d i f ference be tween R j j p and R ^ g . Separating out 
the s p e c i a l s ta te |0> from the f ine structure (|/i>) s t a t e s we can write the above equat ion a s 

2 2 

s i i _ . J L . J L . 
P E p - E E 0 - E A L 

The "picket - fence" approximation impl ies that: 

Vfi2 , 1 O E - E ) 
S — <Y„ > = IT S l C O t J7 — 

Ep—E f1 ^ E ^ - E b - D 

where S^ = < y ^ 2 ' s t b e background strength function 

and D = average l e v e l spac ing 

'Hence the equation for p o l e s reduces to 

i y 0
z ' c e m - E > 

JT S l C O t IT 

A L E 0 - E b D 

Assuming that P = 0 we obtain for the energy e i g e n v a l u e s E r the formula 

IT A ^ V V 1 ^ 1 D I* 

. where A = sh i f t factor 

E 0 - E r + A 

E o - E r 

I 
r = spreading width a s s o c i a t e d with boundary condit ion mixing. 

The (real) f ine structure reduced widths may be obtained by a Taylor expans ion of Rj^ p around E = E f 

and we obtain 

S b < E 0 - E t ) 2 

0 r 2 1 + Y 2 

+ + 

• CD 

T - r — — 

1 + Y 2 7 (1+Y 2 )2rr (1 + Y 2 ) 2 

where Y 2 = O/ t f^ /A) 2 

Introducing a coupl ing strength parameter x d e f i n e d by 

r 2nD x 2 

we character ise the coupl ing strength as 

(a) strong if x 2 = 2 

(b) intermediate if x 2 = 1 to 1 / 4 

(c) weak if x 2 « 1 / 4 to 1 / 1 6 
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With t h e s e d e f i n i t i o n s , and c h o o s i n g the r a t i o A / T t o b e i n the r a n g e - 3 t o - 6 t h e e n e r g i e s are 
c o m p u t e d from e q u a t i o n @ and for a n y g i v e n v a l u e o f x ~ . T h e e n e r g y e i g e n - v a l u e s a r e s u b s t i t u t e d i n t o 
e q u a t i o n ( § ) to g i v e the r e d u c e d w i d t h s p e c t r u m . A c o m p a r i s o n o f the s p e c t r a t h u s o b t a i n e d w i t h t h e 
™ A d a t a (Keyworth e t a l / 3 6 \ T a b l e D s u g g e s t e d t h a t 

•I 4 -> 
(a ) for t h e 3 / 2 " s t a t e the b e s t fit i s o b t a i n e d w i t h - A / T = 3 , T / D = 1 and x~ = 1 / 6 , 

(•b) for the l / 2 + s t a t e the b e s t fit i s o b t a i n e d w i t h p a r a m e t e r s - A/T 4 " = 3 , r 1 / D = 1 . 6 a n d 
x 2 = 1 / 4 . 

Ee- ISO E 0 - I O O E 0 - SO 

Fig. 16. Differential strength function plot 
for 40 A. 

I n an a t t e m p t t o o b t a i n a more a c c u r a t e fit to t h e 
d a t a for the l / 2 + s t a t e w e c o n s t r u c t e d a d i f f e r e n t i a l 
s t r e n g t h f u n c t i o n p l o t o f the t h e o r e t i c a l ( b e s t fit) 
s p e c t r u m u s i n g an a v e r a g i n g i n t e r v a l o f E ± 1 . 5 D 
( F i g . 1 6 ) . T h e h i s t o g r a m t h u s o b t a i n e d w a s f i t t e d 
w i t h the R o b s o n e n h a n c e m e n t f a c t o r 

| f | 2 = 
E A - E - A 

E A - E - % i r 

the v a l u e s o f the p a r a m e t e r s w h i c h o p t i m i s e the f i t 
are in g o o d a g r e e m e n t w i t h t h o s e u s e d by o ther 
w o r k e r s ( s e e K e y w o r t h e t a l . , F i g . 13) and c o r r e s p o n d 
to D ~ 10 k e V . 

We found o n i n v e s t i g a t i o n t h a t t h i s f o r m a l i s m 
c o u l d b e g e n e r a l i s e d to m u l t i - c h a n n e l c a s e s and 
P > 0 in a r e l a t i v e l y s t r a i g h t f o r w a r d manner . 

E s t i m a t e o f the p a r a m e t e r s o f a n a l o g u e r e s o n a n c e 
theory for r e a l i s t i c n u c l e a r p o t e n t i a l s , w i t h an 
a n a l y s i s of the 2 0 7 P b ( p . p ' ) r e a c t i o n ( A . M. L a n e and 
S. Ramavataram) 

In an e a r l i e r a n a l y s i s ® 7 ^ of the 2 0 7 P b ( p , p O 
d a t a ( 3 8 ) w e f o u n d t h a t c a l c u l a t i o n s u s i n g the " c u t - o f f 

p o t e n t i a l m o d e l d e f i n i t i o n s ^ 3 9 ^ for the s h i f t ( S c ) and the p e n e t r a t i o n ( P c ) f a c t o r s ( 4 0 ) and " s t r o n g 
a b s o r p t i o n m o d e l " e s t i m a t e s for the s t r e n g t h f u n c t i o n , w e r e n o t in s a t i s f a c t o r y a g r e e m e n t w i t h e x p e r i m e n t . 

T h e a n a l y s i s h a s n o w b e e n carr i ed o u t by o b t a i n i n g the r e l e v a n t p a r a m e t e r s from a Saxon-Wood 
p o t e n t i a l . B y d e f i n i t i o n ® 9 ) , § c and P c for o p e n c h a n n e l s are g i v e n by: 

S c + = R e (kr O c
+ ' / O c

+ ) ; P c + = Im (kr O c
+ 7 ( ) c

+ ) 

w h e r e 0 „ + i s the o u t g o i n g w a v e i n c h a n n e l C. We now w r i t e 

(37) N u c l e a r P h y s i c s D i v i s i o n P r o g r e s s R e p o r t A E R E '- P R / N P 12 , p. 2 0 ( 1 9 6 7 ) . 

(38) A n d e r s o n B . L . , Bondorf J . P . and M a d s e n B . S. P h y s . L e t t e r s 71, 6 5 1 ( 1 9 6 6 ) . 

(39) L a n e . A . M. and T h o m a s R . G. R e v . Mod. P h y s . _ 2 , 2 5 7 ( 1 9 5 8 ) . 

(40) L a n e A . M. and R o b s o n D . C o m p r e h e n s i v e theory of n u c l e a r r e a c t i o n s , P a r t II ( to b e p u b l i s h e d ) . 
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where <£->, are the complex , regular and irregular s o l u t i o n s (for a Saxon-Wood potent ia l ) . T h e 
procedure for obta in ing t h e s e func t ions i s br ief ly d e s c r i b e d b e l o w . 

Suppose that a t a g iven energy E there are two s o l u t i o n s to the Schrodinger equat ion , and t/r2-
A t a point (r) in the nuc lear interior w e write 

axbx = ^ (1 + S x ) + iqS2 (1 - S p a s y m P > F l (1 + S t ) + i G j (1 - S t ) 

a n d fixl,2= $1 ( 1 + S 2 ) + (1 - S 2 ) > F x ( 1 + S 2 ) + i G 1 ( 1 - S 2 ) . 

where a , /9 are the normal isat ion c o e f f i c i e n t s and S j , S 2 are the s c a t t e r i n g matrix e l e m e n t s a s s o c i a t e d 
with ^r* and ^r2 r e s p e c t i v e l y . El iminat ing <£>*, and then cySj from the above equat ion w e obtain: 

a(l - S2ty1 /8(1 - Sj)t£2 

and 

2(SX - S 2 ) 2 (Sj - s 2 ) 

i a ( l + S 2 ) i^ i ijSCl + S])tp2 

2{S1 - S , ) 2 (Sj - S 2 ) 

S j ( S 7 ) may be obta ined by e l iminat ing a(j8) from the asymptot ic equat ions for /r2) a t two points (r 2 ) 
and (rj ) . T h e normal isat ion c o e f f i c i e n t s can then be obta ined by subs t i tu t ing for the known quant i t i e s S, 
1fi, G and F a t (r->) or (r^). A u s e f u l c h e c k on the and <£2 func t ions thus obta ined i s the va lue o f the 
Wronskian 

Wc+ = ( O c ' I c - I c ' O c ) + = 2i where I c
+ = ( $ 2 + i ^ ) * 

A programme h a s been written for the I .B.M. 'STRETCH* computer which c a l c u l a t e s S c
+ and P c

+ 

according to the procedure out l ined a b o v e . The real and imaginary parts of the background R - m a t r i x ^ ^ were 
a l s o eva lua ted by u s i n g the equat ion 

! C • 
f c ( E ) - S c

+ - i P c
+ 

where f c ( E ) i s the logarithmic der ivat ive of the so lut ion t/rj. 

The s h i f t factor S n for the |nA> c h a n n e l ^ w a s c a l c u l a t e d by a separate 'STRETCH' program 
which s o l v e s the bound-state problem for a Saxon-Wood potent ia l . The normal i sed wave funct ions U . ( a ) 
obta ined in th i s ca lcu la t ion provide the zeioth-order reduced w i d t h s ^ O ) w e u s e the re la t ions ( 3 / ) : 

A comparison of the radial d e p e n d e n c e of the quant i t i e s ( S c
+ - S n ) and P c

+ for the Saxon-Wood and 
"cut-off" potent ia l mode l s i n d i c a t e s that for R ~ 8 .0 F the latter model appl ied to the 2 0 7 P b n u c l e u s may 
c a u s e the parameters to be underest imated by a s much as 50%. A s y m p t o t i c v a l u e s are r e a c h e d for 
R > 1 0 . 0 Fermi. T h e s e r e s u l t s s u g g e s t that the usual c h o i c e of R = rQ A ^ 3 , where rQ «• 1 . 3 0 to 1 . 4 5 and 
eva luat ion of parameters u s i n g the "cut-off* model would l ead to i n c o n s i s t e n c i e s . 

The radial d e p e n d e n c e of the total width parameter T and of the sum over partial widths 2 c r c , 
were a l s o examined and the b e s t f i t s to the o b s e r v e d v a l u e s 0 8 ) were obta ined for a radius of 9 . 5 0 Fermi. 
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(D) E x p e r i m e n t s r e l a t i n g to pure Fermi b e t a d e c a y s and to t h e o r i e s o f w e a k i n t e r a c t i o n s 
(J. M- F r e e m a n . D . C . R o b i n s o n . G. Murray ( M a n c h e s t e r ) a n d W. E . Bur chain (B irmingham)) 

L a s t y e a r i t w a s p o i n t e d o u t ^ 1 ) tha t , a l t h o u g h the s e v e n a c c u r a t e l y m e a s u r e d f t v a l u e s for pure 
Fermi t r a n s i t i o n s b e t w e e n J = 0 + , T = 1 i s o b a r s w e r e r e a s o n a b l y c o n s i s t e n t , t h e r e w e r e n e v e r t h e l e s s 
d e v i a t i o n s o f the order 1%, i m p l y i n g the e x i s t e n c e o f e f f e c t s w h i c h m i g h t s i g n i f i c a n t l y i n f l u e n c e the 
v a l u e d e d u c e d for the w e a k i n t e r a c t i o n v e c t o r c o u p l i n g c o n s t a n t . S i n c e t h e n a number o f n e w c a l c u l a -
t i o n s h'ave b e e n m a d e o f t h e Fermi f u n c t i o n s and o f the r a d i a t i v e c o r r e c t i o n s . B l i n - S t o y l e a n d N a i r < 4 2 ) 
have , c a l c u l a t e d the Fermi f u n c t i o n s , w h i c h i n v o l v e e l e c t r o n r a d i a l w a v e f u n c t i o n s e v a l u a t e d at the 
n u c l e a r r a d i u s R , by s o l v i n g t h e D i r a c r a d i a l e q u a t i o n s w i t h a p o t e n t i a l c o r r e s p o n d i n g t o a s p h e r i c a l 
n u c l e a r c h a r g e d i s t r i b u t i o n o f r a d i u s R w i t h a l l o w a n c e for the s c r e e n i n g e f f e c t o f the a t o m i c e l e c t r o n s . 
A number o f o t h e r groups h a v e i n d e p e n d e n t l y made s i m i l a r c a l c u l a t i o n s ^ , w i t h g e n e r a l a g r e e m e n t to 
w i t h i n a b o u t 0 .2%. It i s c o n c l u d e d that the f v a l u e s for the h e a v i e r n u c l e i ( m a s s 4 2 to 5 4 ) d e r i v e d 
ear l i er from the Fermi f u n c t i o n t a b l e s o f B h a l l a and R o s e a n d o f D z h e l e p o v and Z y r i a n o v a are in error by 
a m o u n t s i n c r e a s i n g w i t h Z to 1% i n the c a s e of ^ C o . T h e n e w f t v a l u e s are r e p r e s e n t e d in F i g . 1 7 . 
A l s o i n c o r p o r a t e d in t h e s e r e s u l t s a r e the n e w c a l c u l a t i o n s of r a d i a t i v e c o r r e c t i o n s m a d e by KSl l en<44) 
for the s p e c i f i c c a s e o f F e r m i d e c a y s . 

Fig. 17. ft values for Dure Fermi decays. 
The open circle is the 4C result of Bardin et alS ' ' , the closed circles are Harwell results. The 
shaded area about the mean value represents the limits of the systematic u n c e r t a i n t y in the radio-, 
tive correction. 0C represents the presently accepted position of the Cabibbo angle inferred from 

the rate of K+ - n° e+v decay. 

(41 ) F r e e m a n J . M., J e n k i n J . G. , Murray G. and Burcham W. E . P h y s . R e v . L e t t e r s 16 , 9 5 9 ( 1 9 6 6 ) . 

( 4 2 ) B l i n - S t o y l e R. J . and N a i r S. C. K. E . M . R . C o n t r a c t N o . 1 6 6 2 ( to be p u b l i s h e d ) . 

( 4 3 ) S u s l o v Y u . P . J a d e r n a j a F i z i k a _ 4 , 1 1 8 7 (1966); ' M a t e s e J . J . and J o h n s o n W. R . P h y s . R e v . 150, 
8 4 6 (1966) ; B e h r e n s H . and Bi ihr ing W. ( to be p u b l i s h e d ) ; B h a l l a C . P . ( to b e p u b l i s h e d ) . 

( 4 4 ) K3116n G. N u c l e a r P h y s i c s B l , 2 2 5 ( 1 9 6 7 ) . 
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The f t va lues for the higher Z nucle i now being somewhat lower, the resu l t for does not 
appear as anomalous as before, but the poss ib i l i ty of s ign i f i cant f luctuat ions remains particularly amongst 
the f t va lues for lower Z . Work i s therefore continuing on the * 4 0 decay , the decay, and the 
inves t igat ion of pos s ib l e charge-dependent e f f e c t s on the nuclear matrix e lements . 

I. The Fermi decay 1 0 C ( B + ) 1 0 B * * 

The branching ratio for the Fermi decay mode determined from measurements of the relat ive y i e lds of 
1022 and 718 keV gamma-rays fol lowing the decay has been r e a s s e s s e d , taking into account small 
variations in the shapes of the full energy peaks , and co inc idence l o s s e s . After a l lowance for the upper limit 
deduced for a p o s s i b l e beta branch to the third exc i t ed s ta te of B the branching ratio i s found to be 

(1 .499 p e r c e n t " Combining this value with the weighted mean value for the total ha l f - l i f e^ 4 5 ) and 

with the previously deduced va lues for the positron end-point, (888.0 ± 1:9), and applying the appropriate 

radiative correction (2.17c), we obtain the f t value 3079 + ^ s e c . The weighted mean of this resul t and our 

previous measurement^ 4 ^ i s 3033 + s e c . which i s lower than but not s ta t i s t i ca l ly incons i s t en t with 

other f t va lues , as i l lustrated in Fig . 17. 

II. The decay 1 4 Q ( g + ) 1 4 N * 

Our previous measurement of the end point for this decay , made by measuring the * 4 N ( p , n ) * 4 0 
threshold, was rendered somewhat unsat is factory because of d i f f i cu l t i e s with * 4 N targets and weak alpha 
calibration sources . We have now made further measurements us ing melamine targets . Much data remains 
to be analysed , but s o far the resu l t s for the end point confirm our previous measurement^4?) which 
remains some 3 keV lower than the value obtained by Bardin e t 

14 We are now a l so making accurate measurements of the 0 half l i fe . 

III. The decay 4 2 S c f f f + ) 4 2 C a 

This decay , as described in a previous progress report^47) of fers the poss ib i l i ty of detect ing any 
reduction in the Fermi matrix element due to charge-dependent mixing between the s econd exc i ted (0 + ) 
s tate of 4 2 C a (1.84 MeV) and the ground state , and between the corresponding s t a t e s in 4 2 S c . 

We have used a 20 cc Ge(Li) detector to search for a 1.53 MeV gamma-ray, which would indicate the 
presence of a f i branch to the 1 .84 MeV state , and therefore, s i n c e this i s a forbidden transition, the 
presence of some mixing between ground and 1 .84 MeV s t a t e s . 

The 1.53 MeV gamma was not s e e n , and the experiments al low us to put an upper limit on the extent 
of the matrix element reduction aris ing from this mixing. Our preliminary figure for this l imit i s 0.15% 
which is of the order of magnitude of the reduction predicted theoret ical ly^ 4 9 ) . A considerable 
improvement in the sens i t iv i ty of the experiment is des irable , but with our present sys tem this would be 
rather di f f icul t . 

(45) Nuclear P h y s i c s Div i s ion Progress Report AERE - P R / N P 12, p. 23 (1967). 

(46) Nuclear P h y s i c s D iv i s ion Progress Report AERE - P R / N P 10, p. 28 (1966). 

(47) Nuclear P h y s i c s D iv i s i on Progress Report AERE - P R / N P 11,. p. 16 (1967). 

(48) Bardin R. K., Barnes C. A. , Fowler W. A. and Seeger P . A. P h y s . Rev. 1 2 7 , 583 (1962). 

(49) Blin-Stoyle R. J . , Nair S. C. K. and Papageorgiou S. Proc. Phys . Soc. 85, 477 (1965). 



I V . A c c u r a t e a n a l y s i s o f h a l f - l i f e d a t a 

T h e work d e s c r i b e d in the l a s t p r o g r e s s r e p o r t ^ * ' ) h a s b e e n c o n t i n u e d t o e s t a b l i s h the e f f e c t of 
(a) number o f c o u n t s , (b) v a r y i n g c o u n t i n g t i m e s , and (c ) b a c k g r o u n d , o n the r e s u l t s o b t a i n e d by t h e u s u a l 
and b y our r e f i n e d m e t h o d s o f a n a l y s i s . 

T o f a c i l i t a t e the work and t o make c e r t a i n t h a t ra te d e p e n d e n t e f f e c t s w e r e n o t i n f l u e n c i n g the 
r e s u l t s ; a computer program w a s wr i t t en t o g e n e r a t e " i d e a l " a r t i f i c i a l d e c a y c u r v e s w h i c h are b e i n g 
a n a l y s e d i n v a r i o u s w a y s . 

(D) N u c l e a r s p e c t r o s c o p y o f v i a (d .p) r e a c t i o n s (B . W. H o o t o n . R. K . J o l l v and M. K. Zaman) 

N u c l e a r s t ruc ture s t u d i e s in the T e i s o t o p e s u s i n g (d ,p) r e a c t i o n s w e r e made b y o n e o f u s ^ ® w i t h 
~ 4 0 k e V e n e r g y r e s o l u t i o n . A l t h o u g h a l m o s t a l l o f the s t r o n g t r a n s i t i o n s w e r e c o r r e c t l y a n a l y s e d , i t w a s 
o b v i o u s t h a t m a n y d o u b l e t s and e v e n m u l t i p l e t s h a d n o t b e e n r e s o l v e d and that p o s s i b l y s e v e r a l o f the 
w e a k t r a n s i t i o n s h a d b e e n c o m p l e t e l y m i s s e d . I t w a s , t h e r e f o r e , c o n s i d e r e d a d v i s a b l e to r e p e a t s o m e o f 
the p r e v i o u s m e a s u r e m e n t s w i t h an improved e n e r g y r e s o l u t i o n . Some o f t h e s e m e a s u r e m e n t s on A - " T e 
and ^ - ^ T e h a v e b e e n p r e v i o u s l y r e p o r t e d ^ 1 ) . 

An e x p e r i m e n t i n v o l v i n g d e t a i l e d a n g u l a r d i s t r i b u t i o n m e a s u r e m e n t s (from 5 ° to 1 4 5 ° in 5 ° and 7 . 5 ° 
s t e p s ) of p r o t o n s p r o d u c e d i n (d ,p) by 13 MeV d e u t e r o n s from t h e - t a n d e m V a n de Graaff a c c e l e r a t o r 
h a s b e e n s t a r t e d . T h e d a t a w i l l be a c c u r a t e l y n o r m a l i s e d in a s e p a r a t e m e a s u r e m e n t and the c r o s s 
s e c t i o n s a n a l y s e d w i t h d i s t o r t e d w a v e Born a p p r o x i m a t i o n c a l c u l a t i o n s . A p r o p o s e d s t u d y o f s o m e o f the i i 'jrt 

T e ( d , p ) T e 
e n e r g y s p e c t r a u s i n g the e x t r e m e l y g o o d r e s o l u t i o n (3-7 k e V ) o f t h e E n g e s p l i t p o l e 

s p e c t r o g r a p h a t P i t t s b u r g h s h o u l d d e t e r m i n e w h e t h e r our energy r e s o l u t i o n , (10 -• 1 5 k e V ) , i s a d e q u a t e . 

Spin o f the 1 . 5 2 MeV s t a t e in 5 S C r (R. K. J o l l v . F . R. M a x s o n . G. C. N e i l s o n a n d G. A. J o n e s ) 

F o l l o w i n g u p our e a r l i e r w o r k ^ - ^ w e h a v e c a r r i e d out further p o l a r i s a t i o n m e a s u r e m e n t s w i t h the 
r e a c t i o n ^ C r ( p , p 0 ' ) 5 4 c r . A s t r o n g r e s o n a n c e w h i c h a p p e a r s a t E = 3 . 5 8 MeV i n e x c i t a t i o n f u n c t i o n s 
m e a s u r e d at 0 L a b = 1 2 5 ° and 1 5 0 ° i s the a n a l o g u e o f the 1 . 5 2 MeV s t a t e in 5 5 C r . T h i s s t a t e i s 
known (53 ,54) t 0 a r i s e from a s t rong I = 1 t r a n s i t i o n in the r e a c t i o n 5 4 C r ( d , p ) 5 5 c r . S i n c e the ground s t a t e 
of Cr i s k n o \ v n ( 5 5 ) to be P 3 / 2 and there are two o t h e r p s t a t e s ^ 3 ) w i t h i n 6 0 0 k e V of t h e ground s t a t e 
s h e l l m o d e l c o n s i d e r a t i o n s l e a d o n e to e x p e c t that the 1 . 5 2 MeV s t a t e wi l l be P j / 2 -

In F i g . 18 our p o l a r i s a t i o n r e s u l t s are c o m p a r e d w i t h the t h e o r e t i c a l c u r v e s o f A d a m s e t 
A l t h o u g h there i s s o m e u n c e r t a i n t y i n the z e r o for the e x p e r i m e n t a l p o l a r i s a t i o n s the r e s u l t s c l e a r l y s h o w 
that the s t a t e h a s J77 = 1 / 2 " , and support the s a m e a s s i g n m e n t for the i s o b a r i c a n a l o g u e a t 1 . 5 2 MeV i n 
5 5 C r . 

(D) Quadrupo le and o c t u p o l e e x c i t a t i o n s in T i . Cr. F e and Ge i s o t o p e s ( R . K. J o l l v ) 

A programme of s y s t e m a t i c s t u d i e s on the o n e p h o n o n s t a t e s of e v e n - e v e n s p h e r i c a l n u c l e i h a s 
b e e n s t a r t e d ^ 7 ) u s i n g p o s i t i o n s e n s i t i v e d e t e c t o r s in the f o c a l p l a n e o f a B u e c h n e r s p e c U o g r a p h . 

(50) J o l l y , R . K . P h y s . R e v . 1 3 6 , B 6 8 3 ( 1 9 6 4 ) . 

(51) N u c l e a r P h y s i c s D i v i s i o n P r o g r e s s R e p o r t A E R E - P R / N P 11 , p . 17 ( 1 9 6 7 ) . 

(52) N u c l e a r P h y s i c s D i v i s i o n P r o g r e s s R e p o r t A E R E - P R / N P 12 ( 1 9 6 7 ) . 

(53) B o c h i n V . P . , Z h e r e b t s o v a K. I . , Z o l o t a r e v V . S . , Komorov V . A . , K r a s n o v L. V M L i t v i n V . F . , 
N e m i l o v Y u A . , N o v a t s k y B . G. and P i s k o r z h Sh. N u c l e a r P h y s i c s _ 5 1 , 1 6 1 ( 1 9 6 4 ) . 

(54) Bjerregaard J . H . , D a h l P . F . , H a n s e n O. and S i d e n i u m G. N u c l e a r P h y s i c s J i , 6 4 1 ( 1 9 6 4 ) . 

(55) N u c l e a r D a t a S h e e t s , N a t i o n a l A c a d e m y o f S c i e n c e s , W a s h i n g t o n . 

(56) A d a m s J . L . , T h o m p s o n W. J . and R o b s o n D . N u c l e a r P h y s i c s 3 7 7 ( 1 9 6 6 ) . 

(57) J o l l y R. K. , G o l d b e r g M. D . and S e n g u p t a A . K . ( to be p u b l i s h e d ) . 
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— Ep CLAB5 MCV 

Fig. 18. Polarisation excitation function for 
54Ci{p,po) 54Cr at a laboratory angle of 150°. 
The theoretical curves shown assume a total 

width ~20 keV. 

T h e o n e phonon quadrupole and oc tupo le s t a t e s were 
e x c i t e d v i a d irec t in teract ion i n e l a s t i c s ca t t er ing of 
11 .8 MeV deuterons from the Tandem Generator. It 
w a s demonstrated that accurate measurement o f 
d i f ferent ia l c r o s s s e c t i o n s s u b s e q u e n t l y a n a l y s e d 
with carefu l , zero range, d is torted w a v e Born 
approximation c a l c u l a t i o n s for a deformable potent ia l , 
u s i n g complex coupl ing and inc luding the e f f e c t s of 
Coulomb exc i ta t ion , would y i e l d very re l iab le v a l u e s 
of BCE2; 0 -* 2) and B(E3; 0 - 3) . T h e present 
s t u d i e s form the s e c o n d s e r i e s of measurements i n 
th is programme. Preliminary work on the i n e l a s t i c 
deuteron spec tra from the n u c l e i 4 6 , 4 8 , 5 0 ^ 
5 0 , 5 2 , 5 4 C r j 5 6 F e a n d 7 2 , 7 4 G e i s u n d e r w a y . I t j s 

planned to measure de ta i l ed di f ferent ia l c r o s s s e c t i o n s 
for the c o l l e c t i v e 2' and 3 - s t a t e s in t h e s e n u c l e i . 
The e l a s t i c sca t ter ing c r o s s s e c t i o n s in Ge and some 
other c a s e s may a l s o be measured if n e c e s s a r y to 
provide opt ica! model parameters for DWBA 
c a l c u l a t i o n s . 

(C) N u c l e a r l i f e t i m e s by the doppler sh i f t at tenuat ion method (W. M. Currie. L . G. Earwaker and 
J. Martin) 

We have further improved the twin target doppler s h i f t technique d e s c r i b e d ear l ier^®) by making u s e 
o f a Ge(Li) detec tor . Most of the early doppler s h i f t measurements made in other laboratories with 
Ge(Li ) de tec tors h a v e suffered from the f a c t that the de tec tors were quite smal l , so that c o i n c i d e n c e 
measurements could not readi ly be carried out . The c o n s e q u e n c e s were that (1) either the react ion had 
to be u s e d near threshold so a s to l imit the d irect ion of r e c o i l , or a s s u m p t i o n s had to be made about the 
distr ibution of react ion products , and (2) that the beam e n e r g i e s had in any c a s e to be kept low to avo id 
populat ion of the s t a t e under observat ion by c a s c a d e y-ray trans i t ions . In v i e w of t h e s e l imitat ions the 
measurements had in general to be made under the worst p o s s i b l e condi t ions ( i . e . with low and partial ly 
undef ined r e c o i l v e l o c i t i e s ) s o that the s l o w i n g down and sca t ter ing of h e a v y ions are not we l l known. 
T h i s may exp la in why two independent s t u d i e s ^ 9 ' ^ ^ ) 0 f l e v e l s in y i e l d e d l i f e t i m e s for the first 
e x c i t e d s ta te which dif fer by a factor of a imost 2. 

T i l l now we h a v e been u s i n g c o i n c i d e n c e t echn iques in conjunct ion with a NaI(Tl) detector , an 
approach which can reduce t h e s e s y s t e m a t i c errors but which , b e c a u s e of the much inferior energy 
reso lut ion , i n c r e a s e s the s t a t i s t i c a l errors. With the advent of larger Ge(Li ) d e t e c t o r s , c o i n c i d e n c e 
measurements with t h e s e d e v i c e s have become f e a s i b l e and thus a number of the earlier drawbacks can 
be partially overcome, whi le at the same time the improvement in energy reso lut ion makes p o s s i b l e the 
d e t a i l e d observat ion of l ine s h a p e s . In this 

s i tuat ion the measurement of l i f e t i m e s by the Doppler s h i f t 
technique no longer requires an a c t of faith. On the Van de Graaff we have been u s i n g a coax ia l 50 c c 
de tec tor with a s p e c i f i e d reso lut ion of 3 . 4 keV (F.W.H.M.) for 1 MeV y-rays . Under experimental 
condi t ions beam i n s t a b i l i t i e s c a u s e d the y-ray count rate to f luc tuate v io l ent ly , so that the observed 
reso lut ion over long runs was degraded even with spectrum s t a b i l i s a t i o n , and ranged in one c a s e , with 
22 MeV gamma rays , from 4 keV to 7 keV, depending on cond i t ions , wh i l e the overal l time reso lu t ion . 
for proton-gamma c o i n c i d e n c e s varied from 7 to 14 ns F.W.H.M. u s i n g pulse he ight compensat ion . 

With th is Ge(Li) detector we have repeated measurements on the f i r s t and s e c o n d e x c i t e d s t a t e s of i n 7i I'i 
Si, J i P and J J P , which were original ly performed with N a l ( T l ) . Through the u s e of var ied backing 

(58) Nuc lear P h y s i c s D i v i s i o n Progres s Report A E R E - N P 12, p. 29 (1967) . 

(59) Broude C. , Smulders P. J . M. and Alexander T. K. N u c . P h y s . A 9 0 . 321 (1967) . 

(60) L i e b , K. P . , Grawe H. and Ropke H. N u c . P h y s . A98 , 145 (1967). 
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m a t e r i a l s , c h o s e n to g i v e a range of s l o w i n g d o w n t i m e s and m a s s numbers , w e h o p e to r e d u c e the 
remain ing s y s t e m a t i c errors and s o t o e x t r a c t a c c u r a t e l i f e t i m e s . F o r the p r e s e n t m e a s u r e m e n t s the 
geometry w a s e s s e n t i a l l y the s a m e a s that d e s c r i b e d in the ear l i er p r o g r e s s repor t s . 
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Fig. 19. Photopeak line shapes for coincidence y-rays detected simultaneously from two targets. 
Those from target 1 have suffered a full Doppler shift, determined by reaction kinematics a l o n e , 
while in the case of target 2 the shift has been attenuated by backing material in which the 

radiating nuclei were slowing down. 

™ i n 
F i g . 19 s h o w s s o m e l ine s h a p e s for the first e x c i t e d s t a t e of Si o b t a i n e d by the A l ( a , p ) Si 

r e a c t i o n i n d u c e d by a s i n g l y c h a r g e d beam with an energy of about 4 . 5 MeV. Similar l ine s h a p e s 
obta ined with a doubly charged 7 MeV beam are shown in F i g . 2 0 . N o d e t a i l e d a n a l y s i s of t h e s e c u r v e s 
h a s y e t b e e n m a d e , but if approximate s l o w i n g down t imes of 3 . 3 , 3 . 7 , 7 . 0 , 8 . 0 and 1 0 . 0 x 1 0 ~ 1 3 s e c are 
a s s u m e d for N i , A u , Sn, SiC>2 and Mg r e s p e c t i v e l y then i t can be s e e n by i n s p e c t i o n ( c f . F i g . 3 5 in 
ref . 6 1 and F i g . 13 in re f . 6 2 ) that the l ine s h a p e s are a l l c o n s i s t e n t wi th a l i f e t i m e l y i n g s o m e w h e r e 
b e t w e e n the v a l u e s 2 .6 and 4 . 6 x 1 0 ~ 1 3 s e c ^ 9 > 6 ® . Furthermore the d e t a i l e d a n a l y s i s of t h e s e l i n e 

(61) L i ther land A . E. in " N u c l e a r Structure and E l e c t r o m a g n e t i c I n t e r a c t i o n s " , O l i v e r and B o y d ( 1 9 6 5 ) . 

(62) Warburton E. K. A v a i l a b l e a s B N L 1 1 4 8 4 . 
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Fig. 20. Photopeak line shapes for coincidence yrays defected simultaneously from two targets. 
Those from target I have suffered a full Doppler shift, determined by reaction kinematics alone, 
while in the case of target 2 the shift has been attenuated by backing material in which the 

radiating nuclei were slowing down. 

s h a p e s should provide quant i tat ive information on the importance of nuclear (as o p p o s e d to e l ec tron ic ) 
scat ter ing and on the accuracy of our ca l cu la ted correct ions , b a s e d on the paper of B l a u g r u n d ( 6 3 ) . 

F i g . 20 s h o w s some resu l t s for l e v e l s in J P and P obta ined under d i f f i c u l t machine condi t ions 
and with high y-ray count rates . The reso lut ion i s poorer and the backgrounds are higher, but with the 
large ratio of (full s h i f t / r e s o l u t i o n ) it should be p o s s i b l e to g ive a fairly de ta i l ed interpretation of the 
l ine s h a p e s . 

(G) L o c a t i o n and character i sa t ions of i someric s t a t e s in the region Z=63-»83 (T. W. Conlon) 

A search for i someric s t a t e s with h a l f - l i v e s in the range 1(T"4 to about s e c o n d s occurring in 
nuc le i in the region Z=62-»83 has been started on the V . E . C . 

(63) Blaugrund A. E . N u c l . P h y s . 88, 501 (1966) . 
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T h e e n e r g i e s o f the gamma rays depopula t ing i s o m e r i c s t a t e s are m e a s u r e d u s i n g a G e ( L i ) 
de tec tor . T h e e n e r g i e s and t imes of arrival of p h o t o n s f o l l o w i n g bombardment o f the target by a p u l s e d 
beam are m e a s u r e d s i m u l t a n e o u s l y by a 4 0 9 6 p u l s e h e i g h t a n a l y s e r operat ing in a two-d imens iona l mode . 
From the s p e c t r a thus produced the Z o f the f ina l n u c l e u s , a ^ for the d e l a y e d trans i t ion , the p r e c i s e 
e n e r g i e s and r e l a t i v e i n t e n s i t i e s of the i s o m e r i c and c a s c a d e photons and the trans i t ion probabil i ty for 
d e c a y of the l o n g - l i v e d s t a t e by E-M p r o c e s s e s can be o b t a i n e d d irec t ly . 

One e x p e c t s to reach i s o m e r i c s t a t e s pr inc ipa l ly by the (p,Xn) and (p,pYn) r e a c t i o n s , where for 
50 MeV protons i n c i d e n t on rare earth targets X and Y are typ ica l ly 7 and 6 . A t f i r s t s i g h t one might 
e x p e c t the e x c i t a t i o n of new i somer ic s t a t e s to be u n l i k e l y , but in f a c t a recen t s u r v e y ^ 4 , 6 5 ) a t a rauch 
lower proton energy , where o n l y the (p.n) and (p,pn) r e a c t i o n s were e n e r g e t i c a l l y p o s s i b l e , r e v e a l e d some 
twenty-three i s o m e r i c s t a t e s , s i x of which had n o t b e e n prev ious ly o b s e r v e d . In that survey c o n s i d e r a b l e 
i n s i g h t into the operat ion of the K - s e l e c t i o n rule of the U n i f i e d Model and the s e l e c t i o n r u l e s on the 
asymptot i c quantum number o f the N i l s s o n s c h e m e w a s obta ined , together with a large amount o f 
s p e c t r o s c o p i c information. S ince a much wider range of final n u c l e i c a n be reached a t V . E . C . 
e n e r g i e s o n e may e x p e c t that the number of s u c h trans i t ions observed and the amount of information 
extracted w i l l be correspondingly i n c r e a s e d . 

A p u l s e d beam s y s t e m su i tab le for th i s work i s under deve lopment . At the time of writ ing the 
filament ion source of the V . E . C . can be p u l s e d . T h e pulser can be triggered ex terna l ly and a p u l s e d 
beam h a s b e e n obta ined with "beam off" in terva l s of from 500 / /s up to 100 ms and an average res idua l 
beam of < 1 x 1 0 ~ 7 o f the "beam on" i n t e n s i t y . 

The i somer s e a r c h programme i s now in p r o g r e s s u s i n g the beam l ine and s c a t t e r i n g chamber 
s y s t e m d e s c r i b e d by B. W. R i d l e y ^ . 

(F) Nuc lear structure of the tin i s o t o p e s (P . E . Cavanagh . C. F . Coleman. A. G. Hardacre and 
J . F . Turner") 

I. Determinat ion of occupat ion numbers from quas ipar t i c l e e n e r g i e s (C. F . Co leman) 

B a r a n g e r ® ^ ) h a s d i s c u s s e d the appl i ca t ion of a pairing model a n a l y s i s to r e s idua l in terac t ions of a 
rather general form. He d e n o t e s the 'j* v a l u e s o f the a c t i v e conf igurat ions by the s y m b o l s j a > the 
appropriate s i n g l e part ic le e n e r g i e s in a n u c l e u s of neutron number N by f a ( N ) and the gap parameters by 
A a ( N ) (for the s i m p l e pairing model t h e s e are the s a m e for all conf igura t ions ) , and f inds that he h a s a l s o 
to introduce a s e l f binding energy N) which i s zero for the s imple pair ing mode l , but for more general 
in teract ions i n c r e a s e s monotonica l ly with N . H e d e f i n e s the q u a n t i t i e s 

r;a(N) = e a ( N ) - / i a (N) - A(N) 

and o b t a i n s the e q u a t i o n s 

(A) 

V*(N) = UI + 77 a (N) /E a (N) ) (B) 

n 
In the p a s t attempts to ex trac t the o c c u p a t i o n numbers V a ( N ) from the experimental quas ipar t i c l e 
e n e r g i e s E a ( N ) h a v e been b a s e d on the u s e of equat ion (C) with the s imple pairing m o d e l . However there 

(64) Conlon T . W. N u c l . P h y s . A 1 0 0 . p. 5 4 5 (1967) . 

(65) Conlon T . W., Naumann R. A. and McCarthy A. L . N u c l . P h y s . A 1 0 4 . p. 2 1 3 (1967) . 

(66) Nuc lear P h y s i c s D i v i s i o n P r o g r e s s Report A E R E P R / N P 12, p. 31 (1967) . 

(67) Baranger M. P h y s . R e v . 120, 957 (1960) . 
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i s no sa t i s fac tory experimental method for f i x ing the A a ( N ) , and the v a l u e s of V a ( N ) computed from this 
equation are cr i t i ca l ly dependent on the d i f f erence E a — A a when th is quantity i s s m a l l , a condi t ion 
which a r i s e s when the configurat ion i s about hal f fu l l . T h e s e f a c t s combined w | th the s i g n ambiguity 
h a v e made i t very d i f f i c u l t to form a c l ear impress ion o f the way in which the V a ( N ) i n c r e a s e with N , and 
this i n c r e a s e i s m o s t rapid j u s t when V~ (N) ~ Vi, in fac t , in the archetype of the pairing model s i tuat ion. 
Unfortunately in t h i s s i tuat ion occupat ion numbers obta ined by comparing the experimental pickup c r o s s 
s e c t i o n s with DWBA c a l c u l a t i o n s are a l s o unre l iable , s i n c e here the transferred nuc l eon i s certainly not 
wel l de scr ibed by a s i n g l e she l l model e igenfunct ion . 

We have therefore attempted for e a c h particular configurat ion to make u s e of the complete s e t of 
v a l u e s o f E a ( N ) s imul taneous ly , i i ach quas ipar t i c l e energy was taken as the mean of the exc i ta t ion 
energ ie s of a l l the l e v e l s be longing to the g iven conf igurat ion, weighted by the corresponding pickup 
c r o s s s e c t i o n s , and the corresponding quas ipart i c l e vacuum energy w a s taken a s the mean of the ground 
s ta te binding e n e r g i e s for the neighbouring e v e n i s o t o p e s . Starting v a l u e s of the gap parameters A a ( N ) 
were taken from the theoret ical c a l c u l a t i o n s of Arvieu^ % and were subst i tuted with the E a ( N ) into 
equat ions (A), which were then s o l v e d for the 7ja(N). T h e A a (N) were then adjus ted empirical ly for each 
configuration until the c a l c u l a t e d 7;a(N) became as nearly a s p o s s i b l e l inear funct ions of N . Quadratic 
curves were then fitted to t h e s e 57a(N) ard smoothed v a l u e s read off the curves a long wish the adjusted 
v a l u e s o f the A a ( N ) were subst i tuted into equat ion (B) to determine the V~(N), a procedure which was 
repeated severa l t imes to opt imise the fit to the m a s s condit ion S (2 j_ + = N — 50 . T h e v a l u e s of a d - a 
j /a(N) and V~(N) s o determined are shown in F i g s . 21 and 22 , together with theoret ical occupat ion 

Fig. 21. Values of the quantities ea~jia-\ Fig. 22. Values of the occupation numbers 
extracted from the mass dependence of the V^ (A) determined from the experimental quasi-
experimental quasi'particle energies for the odd particle energies for the odd tin isotopes, 

tin isotopes. 

(68) Arvieu R. Par i s t h e s i s (1963). 
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numbers c a l c u l a t e d by Kuo e t a l / ^ for 1 1 3 S n and * 7 3 S n , and the agreement i s qui te good. V a l u e s of 
E a ( N ) ca l cu la ted from the smoothed J7a(N) and the adjus ted A a ( N ) agree with the exper imental v a l u e s 
within an R.M.S. error o f 50 keV, the f i t for the d 3 / 2 conf igurat ion be ing much the wors t and the fit for 
the S j y 9 conf igurat ion only moderate ly s a t i s f a c t o r y . The error in N v a r i e s s y s t e m a t i c a l l y b e t w e e n the 
l imi t s ±*0.6. S ince the A a ( N ) are s p e c i f i c a l l y c h o s e n to g ive s a t i s f a c t o r y interpolat ion through the 
neighbourhood of V 2 ~ 1 / 2 , w h i l e when V 2 ~ 0 or 1 i t i s r e la t ive ly i n s e n s i t i v e to the e x a c t va lue of the 
corresponding gap parameter, the v a l u e s of the V~(N) obta ined in this way should be fairly re l iab le , 
e s p e c i a l l y s i n c e they are a l s o s u b j e c t to the m a s s condit ion . Comparison of t h e s e r e s u l t s with the 
occupat ion numbers obtained by taking the rat ios of the experimental pickup c r o s s s e c t i o n s to those 
obta ined from DWBA c a l c u l a t i o n s i n d i c a t e s that the theoret ica l c r o s s s e c t i o n s are too low by a factor 
~ 2 when V ~ ( N ) £ . 1 / 2 , a condi t ion under which the pairing interact ion m u s t s e r i o u s l y d is tort the w a v e -
funct ion of die transferred neutron. 

II. DWBA a n a l y s i s of (p.d) angular distr ibut ions (P. E. Cavanagh) 

Th i s work i s now comple te and i s being prepared for publ ica t ion . 

III. A n a l y s i s of (n.t) and (p.pQ measurements (C. F. Coleman) 

All the tin r e s u l t s to date were read out from the a n a l y s e r onto f i v e ho le punched paper tape. The 

T h e earl ier (p,d) r e s u l t s were subsequent ly converted to punched card form on the A t l a s Laboratory 
A t l a s computer, and further manipulat ion w a s carried on STRETCH u s i n g the card input. For the (p,p') 
and (p,t) measurements programs were written s o that the date on the punched paper tape could be read 
through the P D P 8 computer in B 8 .9 and transferred on magnet ic tape to STRETCH, where i t would 
subsequent ly be read onto a binary magnet ic tape data s tore . T h i s transfer h a s proved extremely s l o w , 
apparently b e c a u s e of faul t s in the paper tape reader, but normal i sed printouts and machine p lot ted 
graphs are now ava i lab le for al l the (p,t) measurements , and a n a l y s i s i s proceed ing . The d i f f erence 
b e t w e e n the l ine widths for odd and e v e n m a s s t a r g e t s ^ ' 0 ' h a s been traced to very smal l s c a l e 

(111 
irregulari t ies in the t h i c k n e s s of the particular odd targets u s e d v / wh ich were much l e s s pronounced 
in the e v e n targets . 

IV. Measurements with 30 MeV polar i sed protons ( P . E . Cavanagh. C. F . Coleman. A. G. Hardacre and 
J . F . Turner) 

An attempt w a s made to measure the po lar i sat ion s e n s i t i v i t y of e l a s t i c s ca t ter ing for 30 MeV 
protons inc ident on targets of some of the e v e n tin i s o t o p e s , u s i n g a spark chamber to determine the 
angle of scat ter ing over the range 35° to 105°, backed by three pyramidal N E 1 0 2 s c i n t i l l a t i o n counters , 
e a c h covering a range of 23°, to determine the energy o f the s ca t t ered p a r t i c l e s . The po lar i sa t ion s t a t e 
w a s swi t ched automat ica l ly at in terva l s of about two minutes , and the two d imens iona l output data p l u s 
an addit ional bit to indicate the polar isat ion s ta te were recorded on a M" four track 18 bit b lock d ig i ta l 
tape recorder. The spark chamber worked e x c e l l e n t l y , but the re so lu t ion of the d e t e c t o r s w a s d i s -
appoint ing, with the oc tupo le 

s t a t e s o f the e v e n i s o t o p e s barely r e s o l v e d , and c o n s i d e r a b l e trouble was 
exper i enced with the recorder, p o s s i b l y a s s o c i a t e d with the rather high rates obtained with the very large 
s o l i d angle de f ined by the spark chamber. D e s p i t e t h e s e d i f f i c u l t i e s i t was e v i d e n t that the technique i s 
potent ia l ly very powerful , s i n c e s y s t e m a t i c d i f f e r e n c e s b e t w e e n the 'up* and 'down' angular spectra were 
c lear ly v i s i b l e after running for only a few minutes . 

The beam emerging from the scat ter ing target w a s transported to the N 1 / 2 spectrometer , which w a s 
s e t up to observe deuterons from the react ion l 1 8 S n ( p , d ) 1 1 7 S n . The reso lut ion in this experiment w a s 
somewhat marginal for the purpose , be ing l imited by the energy spread of the output beam from the 

(69) Kuo T . T . S. , Baranger E. and Baranger M. Nuc lear P h y s i c s £ 1 , 241 (1966) . 

(70) Cavanagh P . E . and Coleman C. F . Nuc lear P h y s i c s D i v i s i o n Progres s Report A E R E - P R / N P 12, 
p. 3 2 (1967) . 

(71) Turner J. F . Private communicat ion (1967) . 



P . L . A . , s i n c e any attempt to reduce th i s spread by magnet ic a n a l y s i s would have produced prohibit ive 
l o s s in in tens i ty . Trouble wi th the coupled swi tch ing o f the po lar i sa t ion s t a t e and the a n a l y s e r s e c t o r s 
v i t i a t e d some of the r e s u l t s , but the m a i n ' d * l ine c l ear ly s h o w e d a s u b s t a n t i a l 20%) po lar i sa t ion 
s e n s i t i v i t y a t the peak of the angular distribution. 

(G) Energy dependence of the e l a s t i c scat ter ing of 3 H e and % e from and ^ N i (T. H. Braid*. 
T . E . Conlon and B. W. R id ley ) 

A s y s t e m a t i c i n v e s t i g a t i o n of the e l a s t i c scat ter ing from 4 ®Ca and of 3 H e and "He h a s b e e n 
carried out on the V . E . C . , u s i n g beams with energ i e s of 5 2 . 3 , 58 .9 , 6 7 . 7 and 85.6 MeV, and 3 H e 
beams of 51 .4 , 7 3 . 2 and 8 3 . 5 MeV. Monitor counters at ± 1 4 ° to the beam line were u s e d to correct for 
the e f f e c t s of beam wandering o n a non-uniform target, and for c h a n g e s in the mean direct ion of the beam, 
and a m a s s gate was employed for the 3 H e measurements . The r e s u l t s , together with data obta ined e l s e -
where at lower e n e r g i e s , are be ing a n a l y s e d by an opt ica l model program u s i n g a uniform geometry wi th 
real potent ial w e l l depths of the order of 180 MeV in an attempt to determine the energy dependence of 
the non-geometric parameters. F i g s . 23 and 24 show some of the 3 H e data with the opt ica l model fits, 
whi le F i g . 25 (overleaf) s h o w s preliminary r e s u l t s for the energy variat ion of the main opt ica l model 
parameters. 

F ig . 23 . Angular distribution o f H e / o n s e /a sH- Fig. 24 . E / a s t / c scattering of He ions from 
cally scattered from Ca at energies of 51.4 and ^Ni. 

7 3 . 2 MeV, with optical model fits. 

(H) Tota l c r o s s s e c t i o n of a l igned holmium nuc le i (H. Marshak (N .B .S . Washington) and A. Langsford) 

T h e holmium nuc leus i s a highly deformed prolate spheroid which can be a l igned by the appl i ca t ion 
of a high magnet ic f i e l d at a s u f f i c i e n t l y low temperature. The purpose of the present experiment w a s to 
measure the change in neutron total c r o s s s e c t i o n over the energy range 2 to 120 MeV when prev ious ly 
unal igned holmium nuc le i were a l i gned with their major a x i s ly ing in the d irect ion of the neutron beam. A 

He cryos ta t and superconduct ing magnet was made for th is purpose at the Nat ional Bureau of Standards 
and then transported to Harwell . Two runs were made, during which a temperature of 0.321C w a s obta ined 
and measurements were made in magnet ic f i e lds of up to 55 kOe. 

F i g . 26 ( s e e page 31) s h o w s r e s u l t s in which the temperature averaged 0.38°K and the magnet i c 
field w a s 50 KOe. The degree of nuclear alignment'under these c o n d i t i o n s i s approximately 0 . 2 7 . More 
accurate v a l u e s of the a l ignment parameters are at present be ing e v a l u a t e d for all the data. Earl ier 

*On attachment from the Argonne National Laboratory, U . S . A . 
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m e a s u r e m e n t s by M a r s h a l ' and by 
S h e l l e y ^ 7 ^ at Stanford are a l s o s h o w n , 
n o r m a l i s e d to the d e g r e e o f n u c l e a r a l i g n m e n t 
a c h i e v e d in the p r e s e n t e x p e r i m e n t . 

T h e m o s t n o t i c e a b l e f e a t u r e of the curve 
i s the pronounced o s c i l l a t i o n s i n the c r o s s 
s e c t i o n d i f f e r e n c e a s a f u n c t i o n o f neutron 
e n e r g y . If the ho lmium n u c l e u s were opaque the 
c r o s s s e c t i o n a l area p r e s e n t e d b y the a l i g n e d 
n u c l e i to the neutron beam w o u l d be l e s s than 
that for u n a l i g n e d n u c l e i . 

T h e v a r i a t i o n s in the c r o s s s e c t i o n 
d i f f e r e n c e with e n e r g y are due to the varying 
i n t e r f e r e n c e b e t w e e n the neutron w a v e p a s s i n g 
through the n u c l e u s and that g o i n g around i t . 
S i n c e the path l ength through the n u c l e u s i s 
greater when i t i s a l i g n e d the m a x i m a and 
minima in the to ta l c r o s s s e c t i o n curve under 
th i s c o n d i t i o n appear at s l i g h t l y h i g h e r 
momenta . T h e energy d e p e n d e n c e of the 
d i f f e r e n c e b e t w e e n t h e s e two c r o s s s e c t i o n s 
y i e l d s the o b s e r v e d e f f e c t . T h e s o l i d curve in 
F i g . 26 i s the r e s u l t o f an e l ementary o p t i c a l 
model c a l c u l a t i o n wi th an approximate treat-
ment of the a b s o r p t i o n o f the neutron w a v e . 
T h i s approx imat ion may a c c o u n t for the poor 
a g r e e m e n t b e t w e e n c a l c u l a t e d a n d m e a s u r e d 
c r o s s s e c t i o n d i f f e r e n c e s a b o v e 4 0 MeV. 

Fig. 25. Variation with incident energy o f parameters H o w e v e r a t lower e n e r g i e s the m o d e l d e s c r i b e s 
for 'fixed geometry' optical model fits to elastic scatter- both the p o s i t i o n s and m a g n i t u d e s of the 

ing of He and 4He ions from ^Ni. maxima and minima in c r o s s s e c t i o n d i f f e r e n c e 
f o w e l l that o n e f e e l s that th i s s i m p l e 

d e s c r i p t i o n o f the i n t e r a c t i o n c o n t a i n s the e s s e n t i a l phy»;-, „•, and that good a g r e e m e n t b e t w e e n m o d e l and 
exper iment can be o b t a i n e d from a ful l o p t i c a l model treatment. O p t i c a l mode l c a l c u l a t i o n s are at 
p r e s e n t b e i n g carr ied o u t at Oak R i d g e under the d i r e c t i o n of Tamura. 

T o c h e c k the mode l of the holmium c r y s t a l s tructure u s e d to c a l c u l a t e the n u c l e a r a l i g n m e n t , c r o s s 
s e c t i o n d i f f e r e n c e s w e r e a l s o m e a s u r e d as a f u n c t i o n of the s p e c i m e n temperature , but the r e s u l t s o f 
t h e s e m e a s u r e m e n t s h a v e s t i l l to be a n a l y s e d . 

(H) C r o s s s e c t i o n and p o l a r i z a t i o n in p-p s c a t t e r i n g at 9 8 MeV (M. R. Wigan (Oxford)., 
P . Martin (Grenoble ) . R . B e l l (Oxford). 0 . N . J a r v i s , J . P . Scan lon) 

T h i s e x p e r i m e n t h a s n o w b e e n c o m p l e t e d and i s b e i n g prepared for p u b l i c a t i o n . T h e final v a l u e s o f 
the p o l a r i z a t i o n m e a s u r e m e n t s are s h o w n in F i g . 27 , together wi th v a r i o u s p h a s e - s h i f t a n a l y s i s pred ic -
t i o n s . There i s an o v e r a l l uncer ta in ty of ± 0 .85% in the a b s o l u t e n o r m a l i z a t i o n o f the data , due to the 
uncer ta inty in the beam p o l a r i z a t i o n ^ 4 ^ . T h e r e s u l t s for the c r o s s s e c t i o n m e a s u r e m e n t s are s h o w n in 
F i g . 28 , t oge ther w i t h the pred ic t ion a s b e f o r e . . T h e a b s o l u t e normal i za t ion error i s about ± 1%. An 
i n t e r e s t i n g f ea ture of the c r o s s s e c t i o n r e s u l t s i s that the in tegrated c r o s s s e c t i o n (from 1 2 ° to 9 0 ° cm. ) 

(72) Marshak H . , R i c h a r d s o n A . C. B . and Tamura T . P h y s . R e v . L e t t . 16 , 1 9 4 ( 1 9 6 6 ) . 

(73) S h e l l e y E . G. e t a l . P h y s . L e t t . 19 , 6 8 4 ( 1 % 6 ) . 

(74) J a r v i s 0 . N . , R o s e B . and S c a n l o n J. P . N u c . P h y s . 7 7 . 161 (1966 ) . 
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Fig. 26. Energy dependence of difference between the total neutron cross sections for aligned 
and unaligned holmium nuclei. 

Fig. 27 . Polarization in p-p scattering near Fig. 28. Differential c r o s s section for p-p 
98 MeV. scattering near 98 MeV. 
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PROTON E N E R G V ( M i V ) 

i s a b o u t 8% b e l o w the v a l u e o b t a i n e d by G o l o s k i e and 
P a l m i e r i * 7 ^ iii a d i r e c t m e a s u r e m e n t w i t h a q u o t e d 
a c c u r a c y of ± 1%. T h i s d i s a g r e e m e n t i s the more 
i n t e r e s t i n g i n that G o l o s k i e and P a l m i e r i a l s o 
d e t e r m i n e d the to ta l c r o s s s e c t i o n s t o ~ 1% near 
68 MeV and 1 4 0 M e V , and o b t a i n e d r e s u l t s in 
e x c e l l e n t a g r e e m e n t w i t h the i n t e g r a t e d d i f f e r e n t i a l 
m e a s u r e m e n t s o f Y c u n g and J o h n s t o n ( 7 6 ) and o f C o x 
e t a l / 7 7 ^ r e s p e c t i v e l y . T h e s e d a t a are s h o w n i n 
F i g . 2 9 , in w h i c h the s o l i d c u r v e i s the p r e d i c t i o n for 
the v a r i a t i o n of the " t o t a l * c r o s s s e c t i o n o b t a i n e d from 
the r e c e n t m u l t i - e n e r g y p h a s e - s h i f t a n a l y s i s o f 
MacGregor e t a l . ( 7 8 ) . 

(H) A s v m m e t r v in c h a r g e d p a r t i c l e product ion for 
1 0 0 MeV p o l a r i z e d n e u t r o n s (A . L a n g s f o r d w i t h 
J . G. M c E w a n . G. C. H . Sharman and 
R. F . George (Southampton U n i v e r s i t y ) and 
T . G. Walker ( R . H . E . L . . C h i l t o n ) ) 

Fig. 29. Predicted (fail line) and experimental 
p jp to/a / cross s e c t i o n . 

In order to s e e w h e t h e r c a r b o n or a lumin ium 
spark c h a m b e r p l a t e s w o u l d b e s u i t a b l e a s the ir o w n 
a n a l y s e r s of neutron p o l a r i z a t i o n , t a r g e t s o f t h e s e 
m a t e r i a l s were bombarded by the p o l a r i z e d neutron 

beam< 7 < » ^ c t e e s y d i & w s ? * * Tive s s j m m e t r y in the c h a r g e d p a r t i c l e s s o p r o d u c e d w a s n t s a s u r e d 
u s i n g an a t e j * o f ctegftfefe dSl<$ ^fasfe w h i c h g a v e in format ion o n the d i r e c t i o n o f the o u t g o i n g 
c h a r g e d f M i r farsge as<s& s j ' g f i f i e i o n i z a t i o n . T a r g e t s o f p o l y e t h y l e n e and h e a v y watof w e r e a l s o 
u s e d in outs'! Iff ee!?i?fs<'w fee spsyk .ehatbfeei s y s t e m over a range of e n e r g i e s and a n g l e s w i t h both protons 
and d e u t e r o f i s . 

T h e tpiifte c h a m b e r s were v i e w e d Sjy { t e l e v i s i o n camera . T h e v i d e o s i g n a l w a s d i g i t i s e d and pro-
c e s s e d ott4.i'ffiS fey a F P P 8 computes toirich inftft i toted the q u a l i t y of the d a t a . Spark c o - o r d i n a t e s w e r e 
r e c o r d e d offl/?«%Set3E ,ta'pe for s u b s e q u e n t p s - « e s s i n g , and in a l l 1 1 2 , 0 0 0 e v e n t s w e r e o b t a i n e d in 56 h o u r s 
of u s e f u l d a t a ;t§&iRg, B y p l a c i n g a fteutron c o u n t e r of known e f f i c i e n c y in the beam a b s o l u t e product ion 
c r o s s s e c t k m Wtere m e a s u r e d a s a f u n c t i o n o f neutron e n e r g y . T h e proton e n e r g y r e s o l u t i o n w a s a b o u t 
10 MeV o v e r $Ji6 50 to 1 2 0 MeV e n e r g y r a n g e o f the e x p e r i m e n t . T h e da ta i s a t p r e s e n t b e i n g a n a l y s e d . 

(I) Studies; o f J? p i n e l a s t i c i n t e r a c t i o n s b e t w e e n 3 .1 and 3.6 G e v / c (C. W h i t e h e a d in c o l l a b o r a t i o n w i t h 
S o u t h a m p t o n U n i v e r s i t y . ' U n i v e r s i t y C o H e g e . L o n d o n and the Rutherford L a b o r a t o r y ) 

Analysis feas c o n t i n u e d and Ihe d a t a w e r e p r e s e n t e d a t the H e i d e l b e r g I n t e r n a t i o n a l C o n f e r a n c e o n 
E lementary P a s ' t i c l e s . 

In a d d i t i o n to the f ° e n h a n c e m e n t , w h i c h i s found a t 1 2 7 0 ± 15 M e V / c " w i t h a w i d t h o f 1 6 0 + 
20 MeV/c^,> a 3 . 5 s tandard d e v i a t i o n e f f e c t ©F a narrow e n h a n c e m e n t at 1 0 8 5 M e V / c 2 i s found . We h a v e 
c o n s i d e r e d i h e p o s s i b i l i t i e s Shai: t h i s . e n h a n c e m e n t r e s u l t s from b i a s e s in our e x p e r i m e n t a l c o n f i g u r a t i o n , 
or f o r t u i t o u s l y , from a m b i g u o u s e v e n t s , a n d w e are c o n f i d e n t that the e f f e c t c a n n o t be a s c r i b e d to t h e s e 
c a u s e s . A s e a r c h o f the l ite'raiure r e v e a l e d o t h e r e x p e r i m e n t s ( 8 0 , 8 1 , 8 2 ) i n w h i c h a s l i g h t e n h a n c e m e n t at 
t h i s m a s s i s s e e n . I n d i v i d u a l l y t h e s e e f f e c t s are bare ly s i g n i f i c a n t , but a c o m b i n e d m a s s p l o t s h o w s a 

(75) G o l o s k i e R . and P a i m i e r i 4 . N . N u c . P h y s . . 5 5 , 4 6 3 ( 1 9 6 4 ) . 

(76) Y o u n g D . E . and J o h n s t o n L . tt. P h y s . R e v . 1 1 9 , 3 1 3 ( 1 9 6 0 ) . 

(77) C o x G. F . , E a t o n G. H.» Vars Z y t C . P . , J a t v i s 0 . N . and R o s e B. A E R E -- R 5 5 8 5 . 

( 78 ) MacGregor M. H . , Arndt R. A., and Wright R . M. U C R L - 7 0 0 7 5 . 

(79) B o w e n . P . H . e t a l . N u c . Ins tr . and M e t h o d s JL5, 3 1 ( 1 9 6 2 ) . 

- 32 -



three standard dev ia t ion peak a t approximately 
1090 M e V / c - . In F i g . 30 the upper histogram s h o w s 
the data from the present experiment , and the lower 
histogram the summed data froi< , - ^ r a n e e s 80, 81 
and 82. 

At the He ide lberg Conf • • • • . ' was s u g g e s t e d 
that the peak we o b s e r v e i s -. J ie im decay 
mode of the S* r e s o n a n c e ^ - ' - s o far Only in the 
KJKJ d e c a y mode. However , there e x i s t s 
cons iderab le d i sc ' c p ^ c y in 'Jie widths (F(1085) < 
25 \ l e V / c 2 ; 100 M e V / c ^ < F ( S * ) < 170 M e V / c 2 ) which 
could p o s s i b l e be e x p l a i n e d r>y threshold e f f e c t s in the 
S* KjK^ mode, although the e s t i m a t e s g iven by 
B e u s c h e t a l .^ 8 4 ) have already had a m a s s dependent 
width in their a n a l y s i s of the S*. 

Fig. 30. Upper histogram shows the missing mass distribution for the reaction v + p -» n + + tt~ 
for momenta from 3.1 Gev/c to 3.6 Gev/c showing a 3.5 standard deviation enhancement at 1085 ± 
10 MeV/c2 in addition to the 1270 ± 15 M e V / c 2 f° enhancement with width 160 ± 20 M e V / c 2 . The 

lower histogram is the summed data from freferences 75, 76 and 77 . 

The S h a s been d e s c r i b e d as j P = 0 + , I = 0 ( 8 3 ) . A n a l y s e s of our data and compar i sons with the 
data of r e f e r e n c e s 80, 81 and 82 are c o n s i s t e n t with I = 0 for this mr enhancement , a l though there i s only 
a 90% c o n f i d e n c e l e v e l a g a i n s t the a s s ignment 1 = 1 . I = 2 i s strongly ruled out . Our angular distribution 
in the region of 1090 M e V / c ^ i s adequate ly f i t ted by S and D w a v e s , P wave inter ference e f f e c t s not 
be ing required, thus indicat ing an e v e n spin a s s i g n m e n t , which in turn supports the a s s i g n m e n t 1 = 0. 
However , as long a s the width of the r e s o n a n c e i s not much l e s s than our upper l imit of 25 M e V / c " , 
de ta i l ed c r o s s s e c t i o n arguments together with the assumpt ion of peripheral production and of the 
val id i ty of the O P E Born term model show that the present data , though they do not favour spin zero, do 
not strongly c o n f l i c t with th i s a s s i g n m e n t . On ba lance we b e l i e v e at present that the e v i d e n c e i n d i c a t e s 
that the 1085 MeV peak i s not the im d e c a y mode of the S*. A paper i s be ing prepared for publ icat ion . 

The angular distr ibut ion of e v e n t s in the m a s s range 1 2 0 0 - 1 3 0 0 \ 1 e V / c ~ h a s been a n a l y s e d by 
f i t t ing to the equat ion 

where the p's are the d e n s i t y matrix e l ements and are further related through the condi t ion that their trace 
must be uni ty . 

T a b l e II (over leaf ) g i v e s in column 1 the v a l u e s of the dens i ty matrix e l e m e n t s obta ined in th is 
experiment, in column 2 the r e s u l t s of the A a c h e n - B e r l i n - C e n / 8 5 ) co l laborat ion , in columns 3 and 4 the 
r e s u l t s of the Aachen-Ber l in-Cern co l laborat ion a n a l y s i s of the data o f L e e et a l . ^ ) and of the A a c h e n -
Birmingham-Bonn-Hamburg-London I.C.-Munich co l laborat ion experiment r e s p e c t i v e l y , and in column 5 
our es t imate of the dens i ty matrix e l e m e n t s from the data of de Rosny and Fleming^8"*. In al l c a s e s the 

(80) L e e Y . Y . e t al . P . R . L . 12, 341 (1964) . 

(81) Bonder L . e t al. P h y s . L e t t . _ L 153 (1963) . 

(82) Hagopia V. and S e l o v e W. P . R . L . JO, 533 (1963) . 

(83) Crennel l D. J . et al . P . R . L . J 6 , 1025 (1966) . 

(84) B e u s c h W. e t al . Private communicat ion, to be publ i shed . 

(85) Aachen-Ber l in -Cern co l laborat ion . P h y s . L e t t . 22, 533 (1966) . 

(86) de R o s n y G. and F leming P . Nuovo . Cim. 68, 1137 (1967) . 
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T A B L E II 

D e n s i t y matrix representat ion o f the angular d i s tr ibut ion o f the d e c a y of the f ° 
for the present exper iment and t h o s e a n a l y s e d in r e f e r e n c e s 85 and 86 

P r e s e n t Expt . 
TT"~P -> n f ° 

3 . 1 - 3 . 6 G e v / c 
TT+p - N X + + f ° 

8 G e v / c 
rTp ->n f ° 
4 G e v / c 

JT p n f ° 
3 .7 G e v / c 

rr+d - pp f ° 
6 G e v / c 

Poo 0 . 9 3 ± 0 .07 0 . 8 5 ± 0 . 1 0 1 . 0 1 ± 0 . 2 0 0 . 6 4 + 0 .07 0 . 9 2 ± 0 . 1 0 

Pll 0 .27 + 0 . 0 2 0 . 1 9 + 0 . 0 4 0 . 2 1 ± 0 . 0 9 0 . 2 9 ± 0 . 0 6 0 .27 ± 0 . 0 3 

p 22 - 0 . 2 4 ± 0 . 0 2 - 0 . 1 2 ± 0 . 0 6 - 0 . 2 2 ± 0 . 0 9 - 0 . 1 1 + 0 . 0 6 - 0 . 2 3 ± 0 . 0 4 

data i s for the f ° m a s s reg ion . A pure spin s t a t e res cnance h a s p o s i t i v e v a l u e s of the d e n s i t y matrix 
e l e m e n t s and the n e g a t i v e va lue o f p-, ^ corresponds to in t er f erence e f f e c t s and to the o b s e r v a t i o n a t 
v a l u e s near c o s 0* = 0 o f far fewer e v e n t s than wou ld be e x p e c t e d for a.J = 2 r e s o n a n c e ^ ? ) . i t i s po inted 
o u t that a l though the exper iments quoted above do not g i v e a s imple sp in a s s i g n m e n t , they a l l y i e l d a 
c o n s i s t e n t d e s c r i p t i o n of the r e s o n a n c e in terms of d e n s i t y matrix e l e m e n t s , e v e n though d i f ferent 
product ion m e c h a n i s m s and f inal s t a t e s are i n v o l v e d . 

M I S C E L L A N E O U S S T U D I E S I N P H Y S I C S 

Mflssbauer Group (T. E. Cranshaw. G. L a n g . M. S. R i d o u s . W. Oos terhu i s . C. E. J o h n s o n ( S . S . P . ) and 
B . Window ( F e l l o w . S . S . P . ) ) 

^ 9 S n in m a g n e t i c s y s t e m s (T. E . Cranshaw and A. P . Jain) 

The work on ^ 9 S n in AuMn. AgMn. CuMn, A u F e h a s been p u b l i s h e d ^ ® \ Further work on t h e s e 
s y s t e m s i s be ing carried out by B; Window. 

The preliminary work on Sn in c o b a l t h a s a l s o been p u b l i s h e d ^ 8 9 ) , and a t e n t a t i v e exp lanat ion o f 
the anomalous temperature d e p e n d e n c e g i v e n in terms of a temperature d e p e n d e n t "transferred byperf ine 
f i e l d * . Col laborat ion on N.M.R. measurements o n Sn and H 9 S n in Co, w h i c h should provide a cruc ia l 
t e s t of th i s m e c h a n i s m h a s been s tarted with D. T . Edmonds (Clarendon Laboratory) . It i s a l s o proposed 
to examine the s y s t e m FeMn with the same m e c h a n i s m in mind. 

Measurements on * * 9 S n in Ni h a v e b e e n made for two c o n c e n t r a t i o n s of Sn. T h e f i e l d at Sn i s 
found not to fo l l ow the m a g n e t i s a t i o n of the a l loy , but to be mainly d e p e n d e n t on how many Ni ne ighbours 
i t p o s s e s s e s . T h i s resu l t i s u n e x p e c t e d , s i n c e the r e s u l t s o f d i f f u s e neutron s c a t t e r i n g s h o w a l ong . 
range d i s turbance round the Sn s i t e , and the m a g n e t i s a t i o n m e a s u r e m e n t s are in good agreement wi th a 
"band f i l l i n g " model . 

(87) N u c l e a r P h y s i c s D i v i s i o n P r o g r e s s Repor t A E R E - P R / N P 12 (1967) . 

(88) Ja in A. P . and Cranshaw T. E . P h y s . L e t t . 25A. 421 (1967) . 

(89) Ja in A . P . and Cranshaw T . E . P h y s . L e t t . 25A. 4 2 5 ( 1 9 6 7 ) . 



Di lu te a l l o y s (M. S. Ridout) 

Gold - Iron 

Our room temperature spec tra of g o l d - i r o n a l l o y s with iron concentra t ions b e t w e e n 0.5% and 12.8% 
show structure w h i c h i n c r e a s e s in complex i ty with iron concentrat ion ( F i g . 31) . V i o l e t and B o i g (90) 

GOLD - IRON ALLOYS 3 0 0 ° K 

0.5 PERCENT 

5 . 0 2 

i 1 1 J 1 1 i i , , . 0. O.b 
i i i i l i I I I 

1 .0 I . S 
Velocity (mrtvs) 

Fig. 31. Mossbauer spectra of iron in gold-iron alloys shown as a function of iron concentration. 

obtained similar spec tra which they interpreted a s two double ts with a small s h i f t b e t w e e n them. One 
doublet , with small sp l i t t ing , w a s a s s o c i a t e d with iron atoms with no iron atoms in the n e a r e s t 
neighbour s h e l l , wh i l e the other doublet was a s s o c i a t e d with iron atoms with one or more iron atoms in 
the neares t neighbour s h e l l . In order to f i t the data they had to invoke the Goldanski i e f f e c t ^ ^ , which 
produces unequal i n t e n s i t i e s in the l i n e s of the doublet . In our work the a n a l y s i s h a s b e e n ex tended to 
a l l o w for d i f ferent spectra for iron atoms with 0 , 1 , 2 , 3 and 4 iron atoms in the n e a r e s t neighbour s h e l l . 

(90) V i o l e t C. E . and Borg R. J . T o be publ i shed . 

(91) GoPdansk i i V. I . , Markarov E. F . and Khrapov V. V. Sov ie t P h y s i c s J E P T (Eng. T r a n s . ) H , 508 
(1963) . 
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T h e r e l a t i v e c o n t r i b u t i o n s from e a c h c o n f i g u r a t i o n were c a l c u l a t e d o n the a s s u m p t i o n t h a t the s o l u t e 
a t o m s w e r e r a n d o m l y d i s t r i b u t e d i n the l a t t i c e , and the quadrupo le s p l i t t i n g s and s h i f t s w e r e o b t a i n e d 
from a l e a s t s q u a r e s f i t to t h e d a t a . I t w a s n o t n e c e s s a r y t o i n v o k e the G o l d a n s k i i e f f e c t . T h e r e s u l t s o f 
the f i t t i n g are s h o w n in F i g . 3 1 and the p a r a m e t e r s o b t a i n e d are t a b u l a t e d b e l o w . 

No. of neighbours Q C 

0 0 . 0 5 4 ± 0 . 0 1 7 0 . 6 3 3 ± 0 . 0 1 6 

1 0 . 3 1 8 ± 0 . 0 1 5 0 . 6 1 3 ± 0 . 0 2 2 

2 0 . 2 9 4 ± 0 . 0 4 4 0 . 4 8 0 ± 0 . 0 5 2 

3 0 . 1 1 0 ± 0 . 0 0 7 0 . 6 9 9 ± 0 . 0 7 1 

4 0 . 2 0 7 0 . 3 7 8 

T h e u n i t s are m m / s e c ; the errors for the 4 - n e i g h b o u r c a s e are n o t q u o t e d a s in the m o s t 
c o n c e n t r a t e d a l l o y t h i s c o n f i g u r a t i o n a c c o u n t e d for o n l y 4% of the to ta l a b s o r p t i o n . 

T h e large v a l u e o f Q for 1 and 2 iron n e i g h b o u r s t o g e t h e r w i t h the s m a l l v a l u e for n o iron n e i g h -
bours i s c o n s i s t e n t w i t h the v i e w that the l o c a l symmetry o f the F . C . C . l a t t i c e i s perturbed by the 
s u b s t i t u t i o n of iron for g o l d a t o m s in the n e a r e s t n e i g h b o u r s h e l l . T h e s m a l l but f i n i t e Q for no iron 
n e i g h b o u r s i n d i c a t e s that e f f e c t s due to iron a t o m s in the n e x t n e a r e s t s h e l l are s m a l l but s i g n i f i c a n t . 
T h e r e d u c e d v a l u e o f Q for the 3 n e i g h b o u r c a s e i n d i c a t e s that the symmetry h a s i n c r e a s e d . T h e d a t a 
are n o t g o o d e n o u g h to d e t e r m i n e w h e t h e r or n o t there i s any t e n d e n c y to a non-random a r r a n g e m e n t . 

Copper - Iron 

T h e s p e c t r u m of a s a m p l e c o n t a i n i n g 0 . 1 9 % iron u s u a l l y s h o w s t w o l i n e s , o n e of w h i c h i s a t tr ibuted 
to iron i n s o l u t i o n , and the o t h e r to p r e c i p i t a t e d y - F e . 

M e a s u r e m e n t s h a v e b e e n made from room tempera-
ture to 1 1 5 0 ° K . T h e t empera ture d e p e n d e n c e o f the 
p o s i t i o n s of the two l i n e s i s s h o w n in F i g . 3 2 . T h e 
i n c r e a s e d s l o p e o f c u r v e ( B ) a b o v e 8 0 0 ° K s h o w s that 
the m e a n s q u a r e d v e l o c i t y < v 2 > i n c r e a s e s more rapidly 
wi th temperature than the D e b y e theory of s o l i d s 
p r e d i c t s . S imi lar , but l e s s a c c u r a t e , m e a s u r e m e n t s of 
the temperature d e p e n d e n c e of the l i n e i n t e n s i t y s h o w 
that the m e a n s q u a r e d d i s p l a c e m e n t < x 2 > i n c r e a s e s 
l e s s rapid ly w i t h t emperature than e x p e c t e d . E x p e r i -
m e n t s are p r o c e e d i n g to d e t e r m i n e the s o u r c e o f t h i s 
b e h a v i o u r . 

N u c l e a r quadrupo le m o m e n t o f 5 7 F e m (C. E. J o h n s o n ) 

T h e quadrupo le m o m e n t Q of a ' n u c l e u s i s 
u s u a l l y d e d u c e d from a m e a s u r e of the c o u p l i n g 

3 1 
A E Q = 4 j£2 i~ f ) e Q l e l e c t r i c f i e l d g r a d i e n t q 
p r o d u c e d by the e l e c t r o n s , q i n v o l v e s the e f f e c t i v e 
v a l u e < r - 3 > e f f o f the e l e c t r o n w a v e f u n c t i o n in the 
s o l i d s t a t e , w h i c h i s l e s s than that c a l c u l a t e d for the 
f ree atom b e c a u s e of c o v a l e n c y (D and s c r e e n i n g 
(1-R) e f f e c t s , and c a n be w r i t t e n 

< r " 3 > e f f = f d - R X ^ f r e e a t o m 

H e n c e a l t h o u g h A E 0 may be m e a s u r e d w i t h p r e c i s i o n , the v a l u e o f Q may h a v e large u n c e r t a i n t i e s 
b e c a u s e of the d i f f i c u l t i e s of e s t i m a t i n g < i T 3 > e f f . For 5 7 F e m the u n c o r r e c t e d v a l u e d e d u c e d from 

<00 ' SOO ' 1200 
T E M P E R A T U R E ( ° 0 

Fig. 32. Temperature dependence of line 
positions in copper-iron alloys. 

Curve (A) is the precipitated y-Fe and 
curve (B) is due to iron in solid solution. 
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measurements on ferrous f luos i l i ca t e XFe Si F g , 6 H-,0), which h a s an a lmost pure orbital ground s ta te , 
i s 0 .12 b u s i n g the va lue < r _ 3 > U H p = 5 .1 a .u. (Johnson, Marshall and P e r l o w ) ^ 9 2 \ Es t imates of f and 
(1-R) have increased this va lue up to 0 .3 b. 

The quantity < r ~ a l s o occurs in the express ion for the magnetic hyperfine interaction. 
A'Ursough it i s not obvious that the screening factor (1-R) i s the same for e lec tr ic and magnetic inter-
act ions (in the former i t ar i s e s from Coulomb e f f e c t s , in the latter from inter-atomic exchange) it has 
been ca lculated (Freeman and W a t s o n t h a t for the Fe"1"1" ion they are the same to within 10%, which i s 
considerably better than the uncertaint ies hitherto involved. The anisotropy of the hyperfine f i e ld i s due 
to the orbital and dipolar f i e l d s at the nucleus and for terrous f luos i l i ca t e 

H „ " H 1 = 4 ^ < r - 3 > e f f ( g | ! - g j ) - i 

and 

4 _ 3 

4 = 7 < r eff 

where /S i s the Bohr magneton, and suscept ib i l i ty data h a s shown that g | | = 2 .00, g ^ = 2 .14 . 

The Mossbauer spectrum of a s ing le crystal of ferrous f l u o s i l i c a t e has been measured between 1.7 
and 4.2°K in external magnetic fields of up to 30 kG. T h e va lues found for the parallel and 
perpendicular components of the hyperfine f ie ld were H., = - 550 kG and H . = - 248 kG from which i t i s 
est imated that 

< r ~ 3 > e f f = 3 . 5 a.u. 

and 

Q ( 5 7 F e m ) = + 0.18 b 

Bio log ica l molecules (G. Lang) 

Leghaemoglobin (G. Lang. P . J. Dart (Rothamstead Agricultural Experimental Station) and A. Thomson 
(W.R.E.)) 

The spectra of a preparation of leghaemoglobin cyanide have been found to be c l o s e l y similar to 
those of rat haemoglobin cyanide. Spectra of whole root nodules indicate the previously unsuspec ted 
presence of non-protein iron. Th i s discovery i s being fo l lowed up by tracer s tudies at Rothamstead. 

Haemoglobin (G. Lang and M. Winter (Inorganic Chem. Lab. Oxford)) 

A comparison of the spectra of ordinary and deuterated acid methaemoglobin s e e m s to indicate that 
the protons of the water ligand are broadening the former through magnetic hyperfine interaction. A 
dependence of low temperature spectra on ionic strength has a l so been observed. However elucidation of 
these e f f ec t s will require the preparation of additional samples because of the diff iculty in achieving 
reproducible resul ts . 

(92) Johnson C. E . , Marshall W. and Perlow G. J. Phys . Rev. 126, 1503 (1962). 

(93) Freeman A. J. and Watson R. E. Phys . Rev . 1 3 L 2566 (1963). 
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Cytochrome C (G. Lang. T . Yonetani (Johnson Foundation) and D. Herbert (Microbiological R e s e a r c h 
Es tab l i shment ) ) 

Measurements h a v e been made on ^ F e enriched cytochrome C obta ined from y e a s t . The spectra 
are s imilar to those of haemoglobin cyanide and cyanate , and agree w e l l wi th a theory u s i n g s imi lar 
crysta l field parameters. 

Radio p u l s e s from e x t e n s i v e air showers (W. N. Charman, J . H. Fruin and J . V. J e l l e y ) 

(a) The ins ta l la t ions a t A E R E and WRL 

The synchronous gate c i rcu i t s descr ibed in the l a s t report, bui l t to suppres s p u l s e s from the 
navigat ional beacon near Wantage and the L i n a c modulator p u l s e s from A E R E , have been modi f ied s o a s 
to i n c r e a s e the fract ional observ ing t ime from 0 .37 to 0 .90 , a factor of ~ 2 .5 . A s e c o n d sc int i l la tor , 
s imi lar in area to the f irs t , h a s been s e t up s o that horizontal muons from s h o w e r s may be d e t e c t e d by 
operating the two units in time c o i n c i d e n c e . T h i s s y s t e m h a s an e f f e c t i v e projected s e n s i t i v e area of 
2 m~ oriented perpendicular to the a x e s of the two 55 MHz antenna b e a m s , and an a c c e p t a n c e cone of 
~ 0 . 1 3 sr. F o l l o w i n g the r e p o r t ^ 4 ) that radio p u l s e s from showers have now been d e t e c t e d at 520 MHz 
i . e . at f requenc ies higher than those for which mutual coherence e f f e c t s are e x p e c t e d from the main d i s c 
of the shower, two further radio c h a n n e l s are in the course of construct ion , one at 200 MHz and cne at 
500 MHz. 

The ins ta l la t ion at Grove i s complete but i t s operation i s at present hampered by an unknown 
source of intermittent pu l se in ter ference . 

(b) Observat ions 

During a s e l e c t e d s i x w e e k period of observat ion , i t w a s found that the co inc ident e v e n t s recorded 
by the 55 MHz sys tem could be d iv ided broadly into three c a t e g o r i e s (a) those in which the recorded 
p u l s e s were sharp, s i n g l e and bandwidth-l imited, (b) those in which the pu l se w a s s i n g l e but had 
structure, and (c) those in which a long s e q u e n c e of narrow p u l s e s f i l l e d the 5 /t s e c o n d t i m e - b a s e s . A 
d e t a i l e d a n a l y s i s of these o b s e r v a t i o n s h a s been presented e l s e w h e r e ^ ^ . It i s b e l i e v e d that some but 
not a l l of the 'a* e v e n t s are random c o i n c i d e n c e s , that the 'b* e v e n t s may be partly or wholly due to 
cosmic-ray showers , and that the 'c* e v e n t s are dominantly due to interference . 

In ~ 160 hours of e l a p s e d running time, two sc int i l la tor p u l s e s only were recorded in c o i n c i d c n c e 
with ~ 1000 t ime-bases fired by the 55 MHz radio c h a n n e l s . However this count i s s t i l l s i g n i f i c a n t , 
s i n c e the random rate for this type of event i s quite n e g l i g i b l e . 

A s e a r c h for high-energy y -rays from the Crab nebula (Under EMR Contract No. 1561) 
(W. N . Charman, J . H. Fruin and J . V. J e l l e y , jo int ly with N. A. Porter and others at U n i v e i s i t y C o l l e g e , 
Dubl in) 

Experiments l a s t winter u s i n g the Harwell ins ta l la t ion of Cherenkov l ight r e c e i v e r s ^ ) at the dark 
s i t e in Glencul len , County Dubl in , g a v e tentat ive e v i d e n c e ^ 7 ) for the de tec t i on of high-energy y-rays 
from the Crab nebula. To e x p l o i t this p o s s i b i l i t y i t was d e c i d e d to improve the e x i s t i n g s y s t e m by 
lowering the energy threshold and by increas ing the discr iminat ion be tween y-ray and proton induced 

(94) F e g a n D. J . , McBreen B. , O'Mongain E . P . , Porter N. A. and S l ev in P . Tenth International 
Conference on C o s m i c - R a y s , Calgary, Canada. July 1967. Paper EAS-69. 

(95) Charman W. N . , Fruin J. H. and J e l l e y J. V . Tenth International Conference on C o s m i c - R a y s , 
Calgary, Canada. July 1967. Paper EAS-60. 

(96) J e l l e y J. V. and Porter N. A . Quarterly J . of the R . A . S . A 275 (1963) . 

(97) F e g a n D. J . , McBreen B . , O'Mongain E . P . , Porter N . A. and S lev in P . Tenth International 
Conference on C o s m i c - R a y s , Calgary, Canada. July 1967. Paper OG-9. 
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s h o w e r s . The fo l lowing improvements to the Glencul len ins ta l l a t ion h a v e now been comple ted: (1) the 
two f / 0 . 5 rear-s i lvered mirrors h a v e b e e n rep laced by four f / 2 . 0 front-a luminised mirrors, (2) the field of 
v i e w of the mirrors h a s been reduced from 1 . 5 ° to 0 .5° , thus lowering the b a c k g r o u n d l i ght and improving 
the angular reso lut ion , (3) the e l e c t r o n i c reso lv ing time h a s been reduced from 15 (is to ~ 3 n s , (4) an 
improved s e r v o - s y s t e m h a s been i n t r o d u c e d ^ ® ) and (5) the random rate i s recorded cont inuous ly . T h e s e 
c h a n g e s should s ign i f i cant ly i n c r e a s e the s e n s i t i v i t y of the i n s t a l l a t i o n for observat ions th is coming 
winter. 

A c o o l e d image in tens i f i er s y s t e m for astronomical spec troscopy (W. N. Charman. J. H. Fruin and 
A. V . Hewit t ) 

The a n a l y s i s of the astronomical observat ions made on the coud£ spectrograph of the 30" t e l e s c o p e 
a t the Roya l Greenwich Observatory, Herstmonceux, i s now comple te . The qual i ty of our o b s e r v a t i o n s 
with a time reso lut ion ~ 1 minute on the variable star VZ Cnc (period ~ 4 hrs) equal led that of the 
photographic observat ions of Danz iger and O k e ^ ® ® at the 200" Palomar t e l e s c o p e , whi le the l inearity of 
the s y s t e m w a s confirmed by comparing the photometered resu l t s o n the Orion a s s o c i a t i o n with those 
obta ined by S h a r p i e s s ^ ^ u s i n g convent iona l photoe lec tr ic photometry at the 84" McDonald t e l e s c o p e , s o 
that the overal l performance of the in tens i f i er is most sa t i s fac tory . T h i s work i s now be ing prepared for 
publ ica t ion . 

The channe l l ing of protons in thin c r y s t a l s (G. Dearnalev . I. V. Mitche l l . R. S. N e l s o n (Met. D i v i s i o n ) . 
M. W. Thompson and B. \V. Farmery (Univ. o f Sus sex ) ) 

The first phase of the work has now been comple ted and i s be ing prepared for publ icat ion . 

5 2 0 0 0 

IOOO 

Fig. 33. Angular distribution of channelled (-o-o-) 
and non-channelled (-x—x-) protons transmitted 
through an Si crystal near the <110> axis, 

measured along the }7I0| plane. 

The idea of a potent ia l barrier around an ax ia l 
channel h a s been further d e v e l o p e d , and an exp lana-
tion of this barrier in terms of the atomic p o t e n t i a l s 
h a s a l s o been provided. T h i s idea i s supported by 
s t u d i e s of the angular distribution of 2 MeV protons 
transmitted through s i l i c o n crys ta l s at a n g l e s s l i gh t ly 
away from an ax ia l d irect ion (F ig . 33). The s p l i t 
peak we o b s e r v e in the angular distribution for the 
channe l l ed beam has one component a long the 
<110> direct ion and another which s h o w s an angular 
d i s p l a c e m e n t of incoming part ic les away from the 
<110> direct ion, s u g g e s t i n g that, for p a r t i c l e s 
inc ident a t an ang le ~ Vi° to the <110> a x i s , capture 
into the <110> d irect ion competes with planar 
channe l l ing . T h e v i e w proposed by Appleton e t 
a l (101)^ a x [ a i channel l ing resu l t s merely from the 
superpositron of channe l l ing a long the various crys ta l 
p l a n e s , would require that the peak for planar 
channe l l ing should be symmetric about the d irect ion 
of the incoming beam.-

A study of the spectrum of p a r t i c l e s emerging within 5° of the beam a x i s r e v e a l e d no e v i d e n c e for a 
high e n e r g y - l o s s c o m p o n e n t ^ 2 ) a s s o c i a t e d with proton channe l l ing near planar d i r e c t i o n s . S ince such a 
component w a s reported in measurements in which protons scat tered at a n g l e s up to 7 0 ° were 
d e t e c t e d ^ 0 1 ) , i t s angular distribution must be very d i f f u s e . 

(98) Fruin J . H. and J e l l e y J. V. Tenth International Conference on C o s m i c - R a y s , Calgary, Canada, 
July 1967, Paper TECH-5 . 

(99) Sharpless S. Ap. J . 136, 767 (1962) . 

( 1 0 0 ) D a n z i g e r I. J. and Oke J. B. Ap. J . 147, 151 (1967). 

( 101 )Apple ton B. R. , Erginsoy C. and Gibson W. M. P h y s . Rev . 161, 3 3 0 (1967) . 

(102) Gibson W. M. e t a l . P h y s . R e v . L e t t e r s .15, 357 (1965) . 
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Further experiments are in preparation in order to i n v e s t i g a t e the e f f e c t s o f temperature on proton 
channe l l ing , i . e . on the angular distr ibution and energy l o s s o f c h a n n e l l e d i o n s . T h i s work wi l l be 
c l o s e l y integrated with similar s t u d i e s for h e a v y i o n s , which form part of the ion implantation programme. 
A theore t i ca l study o f the energy l o s s of fas t -moving i o n s in c r y s t a l s h a s been in i t ia ted . 

S i l i con surface barrier de tec tors (G. Dearna lev ) 

A new theory o f the mechanism of sur face barrier formation in t h e s e d e t e c t o r s h a s been deve loped . 
T h e gold layer i s now e n v i s a g e d as the source of nuc lea t ion centres from which structural c h a n g e s take 
p l a c e in the unsaturated s i l i c o n ox ide on the semiconductor surface . T h e s e c h a n g e s are encouraged by 
the p r e s e n c e of an e l ec tr i c f i e l d . T h u s the work funct ion and nature o f the metal e l ec trode are 
important in determining the rate at w h i c h the surface s t a t e s a t the s i l i c o n - o x i d e interface d e v e l o p , but 
o n c e this deve lopment h a s occurred, the barrier he ight i s governed by the sur face s ta te dens i ty and the 
metal p lays a l e s s e r role. Aluminium i s favourable a s a rear contac t material b e c a u s e i t reduces the rate 
of formation of surface s t a t e s . 

T h e s e i d e a s have ar isen from a study of the behaviour o f certain thin f i lm Au-SiO-Al d e v i c e s which 
h a v e been prepared by STL, Harlow. It appears that the same i d e a s of structural change in the 
unsaturated ox ide leading to e lec tronic conduct ion a long f i laments can expla in the n e g a t i v e r e s i s t a n c e 
and memory charac ter i s t i c s of the SiO d e v i c e s . 

The same theory h a s a l s o been appl ied to the o x i d e - c o a t e d thermionic ca thode , and it i s s u g g e s t e d 
that the ac t iva t ion of such ca thodes re su l t s in the formation o f conduct ing f i l a m e n t s through the 
unsaturated o x i d e . Electron e m i s s i o n then takes p lace from loca l hot s p o t s . Exper iments to t e s t the 
va l id i ty of t h e s e h y p o t h e s e s are now be ing prepared. 

(H) Study of the luminescent propert ies of ro cks , meteor i tes and natural g l a s s e s under proton 
bombardment (I. M. Blair in co l laborat ion with J . A. Edgington (Queen Mary C o l l e g e . London)') 

The background to this project h a s been g iven e a r l i e r ^ 3 ) . The work i s now comple te , and a 
preliminary a c c o u n t has been submitted for publ icat ion . The re su l t s are summarised in T a b l e III, and the 
more s i g n i f i c a n t features are i l lustrated in F i g s . 34-»36 ( s e e page 42) . 

D i s c u s s i n g f i r s t the g e o l o g i c a l s a m p l e s , we observed that the l u m i n e s c e n t i n t e n s i t i e s were in all 
c a s e s s imilar a t + 2 0 ° a n d + 1 0 0 ° , but greatly enhanced a t - 1 8 0 ^ ( s e e F i g . 34) . In s imilar s t u d i e s ^ 4 ) 
N a s h found that the r e s p o n s e of a b a s a l t sample w a s ' u n a f f e c t e d by a temperature change from + 1 2 0 ° to 
—80°C; we too find that a reduction to —80°C d o e s not s e n s i b l y alter the r e s p o n s e of b a s a l t s or grani tes , 
but that a further reduct ion to - 1 8 0 ° C h a s a dramatic e f f e c t . We show in F i g . 36(a) the blue r e s p o n s e of 
a granite s p e c i m e n a s a funct ion of temperature and conc lude that be tween - 8 0 ° and - 1 8 0 ° C the re la t ive 
probabil ity of radiat ive transi t ions i n c r e a s e s sharply for these common minera l s . The granites show this 
low temperature enhancement most s tr ikingly; their total br ightness at - 1 8 0 ° C i s of the same order as 
that of N E 102A p l a s t i c phosphor, corresponding to an energy e f f i c i e n c y of the order of one per cent . 
The granites show a l s o an extremely i n t e n s e red thermoluminescence , with peaks near - 1 4 0 ° and - 3 0 ° C , 
and thermoluminescent energy e f f i c i e n c i e s of the order o f 10~ 3 ; a typica l glow curve i s shown in 
F i g . 36(b). In t h e s e r e s p e c t s the grani tes proved to be the most outs tanding rocks t e s t e d . 

Of meteor i t e s , we s tudied e l e v e n chondr i tes , c o s m o l o g i c a l l y the m o s t abundant c l a s s , and three 
achondr i tes . Our r e s u l t s for irradiation a t + 2 0 ° C agree general ly with those of Geake and Walke r (105) . 
The e n s t a t i t e achondrite Khor Temiki , with an e f f i c i e n c y of about one per cent , was e a s i l y the m o s t 
i n t e n s e l y luminescent . Our spectrum for th i s , together with that of Geake and Walker for comparison, i s 
shown in F i g . 35(a) . The e f f e c t s o f temperature variat ion are in teres t ing . Some c l a s s e s of meteori te 

(103) Nuc lear P h y s i c s D i v i s i o n P r o g r e s s Reports A E R E - P R / N P 11 and 12 (1967) . 

(104) N a s h D. B. Journal of G e o p h y s i c a l R e s e a r c h 71 , 2517 (1966). 

(105) Geake J . E. and Walker G. G e o c h i m i c a e t Cosmochimica Acta . 



T A B L E III 

Summary o f luminescent propert ies o f rocks . natural g l a s s e s 
and meteor i t e s under proton bombardment 

Average l ight output* 
C . E . F . * * 

Therm o -

•>-2Q0C —180°C +100^ 
C . E . F . * * 

l u m i n e s c e n c e 

G e o l o g i c a l Samples 

I B a s i c ferromagnesian rocks 
and minerals (dunite , e n s t a t i t e , 
aug i te , o l i v i n e ) 13 30 11 2.7 N i l 

n Extrus ive rocks and brecc ia 
( f i ve s p e c i m e n s of a s h , pumice 
and b a s a l t i c lava) 2 5 6 8 27 2 . 5 Ni l 

m A n c i e n t v o l c a n i c brecc ia 
(Ordovician a s h and tuff) 57 4 6 0 63 7 . 3 

Weak blue p e a k s 
near - 1 4 0 ° C 

IV P o t a s h f e l s p a r (orthoc lase) 266 4 4 9 3 2 0 1 . 4 In tense blue peak 
near +20°C 

V Granites ( s e v e n s p e c i m e n s ) 238 3 3 5 2 266 1 2 . 6 I n t e n s e red p e a k s 
near - 3 0 ° and 
- 1 4 0 ^ 

Meteoric Samoles 

VI Hypers thene chondrites 
(Sinai , Tenham) 12 2 4 14 1 .7 N i l 

(Via Barwel l 3 0 28 38 0 .7 Strong green-blue ) 
peak above + 1 8 0 ^ 

VII Bronzite chondri tes 
(Cobija, Momans, Ogi, Sindhri) 18 19 28 0 .7 

Strong blue peak 
above +180°C 

vni P i g e o n i t e chondrite (Karoonda) 8 2 5 13 1 .9 Ni l 

IX E n s t a t i t e chondri tes 
( D a n i e l ' s Kui l , Khaipur) 92 97 119 0 .8 

Very strong red 
peak near 0°C 

X Carbonaceous chondrites 
(Cold Bokkeve ld , Orguei l) 8 1 0 5 2 . 0 Ni l 

XI Hypersthene achondrite 
(Johnstown) 11 36 1 0 3 .6 N i l 

xn Ensta t i t e achondrite 
(Khor Temiki) 1778 1730 1997 0 . 9 

In tense red peak 
near 0^C 

XIII P l a g i o c l a s e achondrite 
(Juvinas) 115 132 89 . 1 .5 

Weak red peak near 
0°C 

G l a s s e s 

XIV T e k t i t e s (Austral i te , 
B e d i a s i t e , Indochini te , 
R i z a l i t e ) 11 1 4 10 1 .4 Ni l 

(XlVa Moldavite 48 85 5 4 1 .6 Ni l ) 

XV Natural g l a s s e s (Darwin g l a s s , 
R i e s impact i te ) 15 158 12 1 3 . 2 Ni l 

(XVa Libyan D e s e r t g l a s s 471 1 1345 350 3 . 8 N i l ) 

• T h e s e f igures are the integrated l ight output from 3800 A - 7400 A. 
In th i s T a b l e and on the F i g u r e s , o n e uni t corresponds to the e m i s s i o n of 2 x 10^ photons per 
s e c o n d , which for our proton flux i s equ iva l en t to an energy e f f i c i e n c y o f about 7 x 10~7 
(assuming an opt i ca l depth of 40//) . 

• • R a t i o of l ight output at - 1 8 0 ° to that a t +100°C. 
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Fig. 34. Luminescent spectra of various geological samples. Open circles represent data at -180°C; 
crosses are data at +100°C. 

Fig. 35. Luminescent spectra of various meteoritic and vitreous samples. Open circles represent daia 
at -180°C; c r o s s e s o r e data at +100°C (except where stated otherwise). 

Fig. 3 6 . Luminescent response as a function of temperature (a), and thermoluminescent effects 
(b, c , d), for various samples. 
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(bronzite and enstat i te chondrite, enstat i te achondrite) are brighter at +100° than a t - 1 8 0 ° C , unlike any 
terrestrial rocks we studied. Th i s behaviour, typif ied by a co ld enhancement factor l e s s than unity, i s 
accompanied by thermoluminescence near to or above room temperature. We show in F ig . 36(d) the red 
thermoluminescence of Khor Temiki, with for comparison the glow curve ob ta ined* 1 0 6 ) by Sun and 
Gonzalez for Cumberland F a l l s , another enstat i te achondrite. The recent fa l l , Barwell , appears 
anomalous. In a l l r e spec t s it resembles the bronzites more than the hypersthenes with which it i s 
c l a s s i f i e d * 1 0 ? ) on a mineralogical b a s i s . F i g s . 35(b), (c) and (d) show the spectra a t - 1 8 0 ° and + 1 0 0 t of 
Sinai (a typical hypersthene), Ogi (a bronzite), and Barwell respec t ive ly . T h i s observation appears to u s 
s ign i f i cant and (in view of the clear mineralogical d i s t i n c t i o n s * 1 0 8 ) between the c l a s s e s of chondrites, 
particularly fa l l s ) somewhat surprising. 

Final ly , we studied five spec imens of tektites and three terrestrial g l a s s e s . Four of the tekt i tes 
are very similar; they have feature less spectra of low intensi ty and exhibi t only a small low temperature 
enhancement and no thermoluminescence, as may reasonably be expected of such vitreous, homogeneous 
materials . The Moldavite, on the other hand, has a strong orange-red peak and a total light output about 
five t imes that of the others. F i g . 35(e) compares i t s spectrum at + 2 0 ^ with that of the Austral i te . A l s o 
shown i s the low temperature spectrum of R ies impactite g la s s ; i t s resemblance to that of the Moldavite 
i s intriguing, but the difference in cold enhancement factors would seem to rule out any genet ic relat ion-
ship between these two geographically a s s o c i a t e d g l a s s e s . Our conc lus ion i s that the Moldavite i s not in 
this re spec t a "typical" tektite; further work would be interesting in v iew of the problem of the origin of 
tekt i tes . 

Our observations of the intense thermoluminescence of granites s u g g e s t an explanation of the 
transient red g lows seen repeatedly in regions of the moon which from their distribution are b e l i e v e d (109) 
to be prone to tectonic disturbances . In such act ive regions i t must somet imes happen that co ld sub-
surface material, poss ib ly granitic, i s suddenly disturbed and exposed to surface insolation; having been 
irradiated for mil lenia by high energy solar protons i t glows on heat ing. U s i n g va lues for proton f luxes 
c i t e d * 1 1 0 ) by More and Tiffany, we ca lcu la te , for instance , that lunar material at a depth of about 10 gm 
c m - 2 wil l absorb about 1 0 1 0 MeV gm"1 c m - 2 y e a r - 1 . Such irradiation at - 1 2 0 ^ 0 for about half a mil l ion 
years might then yie ld , on sudden heating, l ight outputs of the same order as that of re f lected sunlight. 

M I S C E L L A N E O U S T E C H N I Q U E S 

The s ix gap beta-rav spectrometer (R. Chapman) 

During September the spectrometer and its a s s o c i a t e d equipment were transferred from the Nuclear 
P h y s i c s Div i s ion , A.W.R.E. 

When finally se t up, the spectrometer should be capable of detect ing e lectrons with energies 
ranging from 5 keV np to at l eas t 5 MeV and with momentum resolut ion se t t ings of 0 .4 , 0 .8 and 1.4% at 
transmission va lues of 1, 5 and 10% respec t ive ly . It will be u s e d mainly t o look at the prompt internal 
conversion electron spectra produced during bombardment of i sotopica l ly enriched nuclear targets by 
beams of charged particles accelerated by the Tandem Van de Graaff. 

(106) Sun K. H. and Gonzalez J. L. Nature 1 1 2 , 23 (1966). 

(107) Jobbins E. A. , Dimes F. G., Binns R. A., Hey M. H. and Reed S. J. B. Mineralogical Magazine 35. 
881 (1966). 

(108) Mason B. Meteorites, Wiley, 1962 (p. 78). 

(109) Middlehurst M. B. and Moore P . A. Sc ience 155. 449 (1966). 

(110) More K. A . and Tiffany O. L. Proceedings of the Symposium of Radiation Hazards in Space, 1962, 
p. 682 (USAEC, TID-7652, 1963). 



B e c a u s e e x t e n s i v e modi f i ca t ions h a v e recent ly b e e n made to the spectrometer magnet a s s e m b l y the 
e x t e n s i v e c h e c k s on the po le p la te prof i l e s carried out some months ago at A.W.R.E. w i l l require to be 
repeated. 

The computer hardware d e v e l o p e d at A .W.R.E . to l ink the var ious spectrometer monitoring and 
control f a c i l i t i e s to the Aldermaston P D P 7 computer wil l require some modi f i ca t ion before b e i n g u s e d in 
conjunct ion wi th the P D P 8 computer a t Harwel l . When t h e s e c h a n g e s h a v e been made the f o l l o w i n g 
p i e c e s o f apparatus w i l l be automat ica l ly control led by computer: 

(1) a d ig i ta l voltmeter - u s e d to monitor spectrometer magne t current, 

(2) a s t epp ing motor - u s e d to increment current through c o i l s , 

(3) relay - u s e d to reverse current through c o i l s , 

(4) Harwell type s c a l e r - u s e d to record number of e l ec trons d e t e c t e d at each spectrometer current 
se t t ing , 

(5) current integrator - u s e d to monitor beam on target. 

The preparation of l i thium-drifted germanium d e t e c t o r s for gamma-ravs (G. D e a m a l e v . D. A . E l l i o t t and 
I. V. Mitchel l ) 

The first two s a m p l e s of 3 in . diameter germanium c r y s t a l s , grown by GEC Wembley under contract 
A E / A / 1 9 4 3 , have now been r e c e i v e d . Planar drift ing of t h e s e s a m p l e s , our contribution to the 
eva luat ion of this material , h a s begun. 

A 7 . 5 cm x 1 cm d i s c of s imilar material h a s been drif ted to a depth o f about 8 mm, but pub l i shed 
techniques for surface s t a b i l i z a t i o n did not reduce the l e a k a g e to a value a c c e p t a b l e for de tec tor u s e . It 
i s c lear that final sur face preparation o f drifted d i o d e s remains the major o b s t a c l e in de tec tor fabricat ion. 

The preparation of l i thium-drifted germanium part ic le de tec tors (G. Dearnalev . A. G. Hardacre and 
B . D . Rogers) 

Our o b j e c t i v e remains the production o f 1 cm germanium part ic le d e t e c t o r s with an energy 
reso lut ion for 50 MeV protons of 25 keV. A thin entrance window to the dep le t ion layer i s to be obtained 
by u s e o f a G a + implanted ion contac t . 

Two detec tors with the required area have now been produced but the dep le t ion layer i s s t i l l only 
about 4 mm thick. An adequate ly low l e a k a g e current 1 0 ~ 9 A at 300 V) h a s been a c h i e v e d , and the 
reso lut ion obta ined for 6 0 c o gamma-rays (5 keV l ine width) i n d i c a t e s that there i s no s e r i o u s trapping. 
T e s t s with 5 MeV a lpha-part ic les ind icate that the window t h i c k n e s s i s about 1 micron, which i s thin 
enough to a l low the Landau spread for 30-50 MeV protons to be n e g l e c t e d . 

The l iquid nitrogen cryostat which h a s been d e s i g n e d for u s e with t h e s e d e t e c t o r s in the V E C 
scat ter ing chamber i s nearing complet ion . 

Some further 
a s s i s t a n c e in the preparation of germanium part ic le de tec tors for u s e with 150 MeV 

protons fr on the 110 in. cyclotron has been provided to "Dr. C. Whitehead's group. A careful f inal ion-
drift appears to be important in a c h i e v i n g high and uniform charge c o l l e c t i o n e f f i c i e n c y in t h e s e d e v i c e s , 
and for this p r o c e s s a refrigerated bath has been built . 

Preparation of l ithium-drifted germanium d e t e c t o r s for the synchrocyclotron (C. Whitehead and 
A. C. Sherwood) 

We have prepared and t e s t e d two more germium de tec tors with d i m e n s i o n s of 5 . 5 cm x 1 cm, the 
material coming from the same b i l l e t a s the counter reported prev ious ly . 
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A FWHM reso lut ion o f 10 k e V w a s obta ined with both counters wi th c o l l e c t i o n v o l t a g e s b e t w e e n 
3 0 0 and 5 0 0 V and l e a k a g e currents from 0 . 5 to 5 n a . 

T h e uniformity o f the d e t e c t o r s w a s i n v e s t i g a t e d a s b e f o r e * 1 1 " by mapping the 4 . 5 cm x 5 . 5 cm 
s u r f a c e s with a 1 mm x 1 mm beam of 1 5 0 MeV protons . F i g . 37 s h o w s a photograph of the r e s p o n s e 
m o d e l s bui l t up from the i n v e s t i g a t i o n s . Model A i s the counter reported previous ly and m o d e l s B and C 
the l a t e s t counters . I t i s c l e a r that e x c e p t for edge e f f e c t s the bulk o f the d e t e c t o r s B and C are 
uniformly s e n s i t i v e with none o f the d e f e c t i v e areas d i s p l a y e d by counter A. 

Fig. 37. Models of the sensitive volumes of three lithium difted germanium counters. 

COUNTER A COUNTER B COUNTER C 

Fig. 38. Variation of sensitive depth across the centre lines of three detectors. Hatched areas 
show the sensitive depth as indicated by the copper staining technique. 

F i g . 38 s h o w s both the s e n s i t i v e depths of the counters obta ined by scanning a long their centre 
l i n e s and the ex tent of drift a s ind icated by the copper s ta in method ( shown by the hatched areas ) . In all 
three c a s e s the copper s ta in technique appears to overes t imate the general drifted depth and it i s 
probable that i t i n d i c a t e s only surface f ea tures . 

( I l l ) Nuc lear P h y s i c s D i v i s i o n Progress Report A E R E - P R / N P 12 ( 1 % 7 ) . 
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The charge c o l l e c t i o n model o f Day e t a l . * 1 1 2 ) s h o w s that for e l ec t ron and h o l e trapping l engths 
very large compared to th.e c o l l e c t i o n d i s t a n c e and for c o l l e c t i o n e f f i c i e n c i e s approaching 100% the 
fract ional r e s o l u t i o n of a detec tor due to i n c o m p l e t e charge c o l l e c t i o n i s g i v e n by ^ = 0 . 2 ( 1 - f ) where 
e = c o l l e c t i o n e f f i c i e n c y . 

U s i n g th i s equat ion and measur ing the var iat ion of mean pu l se h e i g h t from 150 MeV protons a s a 
funct ion o f c o l l e c t i o n v o l t a g e s we e s t imate the contribution to the d i s p e r s i o n from incomple te charge 
c o l l e c t i o n in t h e s e de tec tors to have a maximum v a l ue o f 70 keV FVVHM. 

T h i s e f f e c t appears to be the dominant contribut ion to the intr ins ic r e s o l u t i o n of t h e s e d e t e c t o r s for 
150 MeV protons , the n e x t m o s t s i g n i f i c a n t contribution ar i s ing from s t a t i s t i c s on ion pair production 
which would contribute a FWHM d i s p e r s i o n of 20 k e V . T h e overal l re so lu t ion o f the d e v i c e p lus 
e l e c t r o n i c s i s then e s t i m a t e d to h a v e a maximum va lue of 74 ke"V FWHM. T h i s i s appreciably l e s s than 
the beam energy reso lut ion e x p e c t e d from the converted synchrocyc lo tron . 

It i s now intended to produce greater drifted depths and to prepare smal ler d e t e c t o r s su i tab le for the 
deuteron, % e and alpha particle beams which wil l have a maximum range in germanium of only 8 mm 
compared wi th 45 mm for 150 MeV protons. 

A 5 0 c c l ithium drifted germanium v-ray detec tor , on loan from E l e c t r o n i c s and Appl i ed P h y s i c s 
D i v i s i o n , w a s u s e d to i n v e s t i g a t e the potent ia l and l imitat ions of s u c h a d e v i c e for nuc lear structure' 
exper iments with the synchrocyc lo tron . T h e de tec tor w a s p l a c e d at approximately 90° to a beam of 
150 MeV protons which irradiated a s e r i e s of targe t s . The detec tor had a r e s o l u t i o n of 7 keV FWHM at 
1 .33 MeV and a ful l energy peak : Compton ratio of 6:1. y-rays up to ~ 1 MeV were very e a s i l y s e e n , 
e v e n though they were super imposed on a r i s i n g background due to neutrons generated in the target , a 
background which wi l l e v e n t u a l l y l imit the s e n s i t i v i t y of the detec tor . At h igher e n e r g i e s two further 
l imi ta t ions become apparent. F ir s t ly e a c h y-ray produces three peaks : total energy , s i n g l e e s c a p e and 
double e s c a p e , and s e c o n d l y the 550 M e V / c momentum of the beam produces s u b s t a n t i a l doppler 
broadening in the de -exc : ta t ion of some l e v e l s , e . g . a FWHM of 125 keV for the 4 . 4 3 MeV l e v e l of * 2 C , 
which aga in l imits the s e n s i t i v i t y of the de tec tor . T h i s s e c o n d l imitat ion can be a l l e v i a t e d if counters 
are u s e d to de f ine the reac t ion k i n e m a t i c s , when the doppler e f f e c t wi l l produce a sh i f t rather than a 
broadening. Under such c o n d i t i o n s f ewer y -rays wi l l be observed , s o that the threefo ld mul t ip l i ca t ion of 
p e a k s can probably be to lerated. Such a t echnique demands highly e f f i c i e n t y-ray d e t e c t o r s , and v o l u m e s 
in e x c e s s of 50 c c are d e s i r a b l e . 

Ion implantat ion in s emiconduc tors (G. D e a m a l e v . P . D. Goode and M. A. Wilkins) 

Further concentrat ion p r o f i l e s of " P implanted into s i l i c o n c r y s t a l s h a y e been measured , and a 
fairly comple te picture of the behaviour i s now a v a i l a b l e . F i g . 3 9 s h o w s c h a n n e l l e d prof i l e s a long the 
<110> d irec t ion a t two e n e r g i e s , and i t c a n be s e e n that above about 100 keV a de f in i t e c h a n n e l l e d peak 
i s d e v e l o p e d ; this should! be e v e n more pronounced at the higher e n e r g i e s we wi l l h a v e ava i lab le from the 
modi f i ed 500 kV Cockcroft-Walton. 

The d o s e dependence of c h a n n e l l e d 3 2 P prof i l e s h a s been i n v e s t i g a t e d , u s i n g s imul taneous 
and 3 2 P implantat ions . The o n s e t of radiat ion damage l imits the P + ion d e n s i t y in the p la teau region of 
a 40 keV prof i le to about 4 x i o n s / c m ^ . T h i s v a l ue i s no t great ly a f f e c t e d by implanting at higher 
temperatures, and i t s e e m s that l a t t i c e vibration e f f e c t s on the c h a n n e l l e d ion t ra jec tor ie s are 
pronounced, and that t h e s e counteract the e f f e c t of annea l ing during irradiat ion. P r o f i l e s for implanta-
tion a long the <110> and <111> d i rec t ions have been compared ( F i g . 40): the c h a n n e l l e d range is s trongly 
dependent on the channel d i m e n s i o n s , and the r e a s o n s for this are now be ing c o n s i d e r e d from a 
theore t i ca l s tandpoint . In the c a s e o f <110> c h a n n e l l i n g of 3 2 P the ex trapo la ted range i s found to vary 
with energy E approximately as E 0 - ^ over the range 10-100 keV. 

(112) Day R. B . , Dearnaley G. and P a l m s J. M. I . E . E . E . Trans , in N u c l e a r S c i e n c e NS-14 , No . 1 (1967) . 
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Fig. 41. Concentration profile of electrically 
active donors from P implanted in silicon. 

A target s tage h a s been d e s i g n e d and bui l t 
which wi l l a l l o w the'Mark I E.M. separator to be u s e d 
for implantation a t temperatures down to 77°K, s o that 
the in f luence of temperature on the channe l l ed 
p r o f i l e s and on the e l e c t r i c a l behaviour after 
annea l ing can be further exp lored . 

The e l ec tr i ca l conduct iv i ty of phosphorus 
implanted into s i l i c o n has been measured a s a 
funct ion of depth, u s i n g the Van der P a u w geometry 
(a M a l t e s e - c r o s s s h a p e d mask and peripheral 
c o n t a c t s ) . Ini t ia l contac t problems h a v e been over-
come and the resu l t s ind i ca te that about 50% of 
80 keV i o n s c h a n n e l l e d a t room temperature into 
s i l i c o n which i s subsequent ly a n n e a l e d at 6 5 0 ^ are 
e l e c t r i c a l l y a c t i v e ( s e e F i g . 41) . T h i s i s in strong 
d i sagreement with the r e s u l t s o f Gibson e t a l . O - 1 3 ) 
who reported that with 400 keV i o n s , but o therwi se 
s imilar cond i t ions only about 1% of the implanted 
phosphorus became e l e c t r i c a l l y a c t i v e . 

Many more crys ta l wafers have been oriented to high p r e c i s i o n (+ 0.02°) by the technique of 1 0 MeV 
proton channe l l ing , u s i n g the Tandem Generator. A paper descr ib ing this technique h a s b e e n publ i shed . 

(D) P o s i t i o n s e n s i t i v e d e t e c t o r s to f i l l the f o c a l p lane of a Buechner spectrometer (R. K. Jo l ly and 
G. V. A n s e l l ) 

A projec t i s underway to span 2 / 3 of the foca l p lane of the Buechner spectrometer with be tween 8 
and 12 ident i ca l 1 mm d e e p p o s i t i o n s e n s i t i v e d e t e c t o r s . Whenever a charged part ic le impinges on one of 
t h e s e de tec tors two s i g n a l s can be p i cked up; one of t h e s e i s the E s igna l corresponding to the energy 
l o s s of the charged part ic le in the detector , the other, the E x X s ignal which d e p e n d s both on E and the 
loca t ion X of the point of impact . T h e react ion products are inc ident at an angle of 60° to the detector 
s u r f a c e s which l i e a long the f o c a l plane, doubling the e f f e c t i v e t h i c k n e s s of the d e t e c t o r s and thus 
enabl ing them to stop the m o s t energe t i c products of reac t ions induced by beams from the 13 MeV tandem 
generator. True pos i t ion s i g n a l s X from a given detec tor wi l l be obta ined by an analogue d i v i s i o n of the 
E x X s ignal by the E s ignal and wi l l usual ly be a n a l y s e d in c o i n c i d e n c e with part ic le s e l e c t i o n s i g n a l s . 
T h e latter w i l l be obta ined by pulse h e i g h t s e l e c t i o n - o f the energy range appropriate to the part ic le of 
in teres t for a g iven magnet i c r igidity . The de tec tors wi l l be arranged in two rows in a "square wave 
train" pattern to avo id gaps in coverage between the e n d s of neighbouring de tec tors and e a c h experimental 

(113) Gibson W. e t a l . Proc . Conf . on Appl i ca t ions o f Ion B e a m s to Semiconductor T e c h n o l o g y , Grenoble, 
May 1967 . 
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run wi l l be s p l i t into two wi th e a c h row of d e t e c t o r s in turn centred on the f o c a l p l a n e . The p o s i t i o n 
s i g n a l s X from c o n s e c u t i v e d e t e c t o r s (treating the two runs a s a s i n g l e cont inuous one ) w i l l be mixed , 
d i g i t i z e d and routed into c o n s e c u t i v e equi-part i t ioned s e c t i o n s of a P D P 8 computer memory s o that they 
c a n be d i s p l a y e d or read out a s a s i n g l e cont inuous X-spec trum. I t i s e x p e c t e d that the comple te s y s t e m 
w i l l be capab le of p r o c e s s i n g at l e a s t two thousand c o u n t s / s e c wi thout apprec iable d e a d time l o s s e s . 

S ince a very large quantity of equipment i s i n v o l v e d in th i s s y s t e m , i t h a s b e e n d e c i d e d to c o n n e c t 
a l l the components o f the s y s t e m in i t s U n i v e r s a l mode and then " f r e e z e " i t with the e x c e p t i o n o f the 
freedom to manipulate d i a l s and r e p l a c e faul ty un i t s . T o s impl i fy fau l t tracing, the components handl ing 
t h e s i g n a l s from a de tec tor w i l l b e arranged in a "flow diagram" pattern and colour c o d e d . Graphs wi l l 
be provided to e n a b l e experimenters t o s e t reasonab ly c l o s e v a l u e s for var ious d ia l s e t t i n g s for typica l 
reac t ion s t u d i e s . It i s hoped that with t h e s e a i d s an experimenter with a r e a s o n a b l e amount of prev ious 
preparation wi l l be ab le to take data within t w e l v e hours o f coming on the a c c e l e r a t o r provided everyth ing 
i s operating normally . 

A lumin i s ing (P. G. D a v i e s ) 

Over 5 0 mirrors, ranging in s i z e from 6 i n c h e s square to over five f e e t in diameter have b e e n 
a lumin i sed during the current period for var ious cus tomers , inc lud ing R . H . E . L . , Dr. J . V . J e l l e y , 
Southampton Univers i ty and the R e s e a r c h R e a c t o r s D i v i s i o n . 

A C C E L E R A T O R O P E R A T I O N . M A I N T E N A N C E 
A N D D E V E L O P M E N T 

Cockcroft-Walton 0 . 5 MV generator (A. T. G. Ferguson , F. D. P i l l i n g , K. C. Knox, S. Waring and 
W. E . Sparrow) 

A n a l y s i s of machine running 

Hours Hours 

T o t a l s c h e d u l e d time 123 1 0 0 . 0 

Ins ta l la t ion work 

Scheduled m a i n t e n a n c e and cond i t i on ing 

Sett ing up ion source and beam l ine 12 9 .8 

Scheduled exper imental time H i 9Q.2 

111 1 0 0 . 0 

Time l o s e through breakdowns 7 5 .7 

A v a i l a b l e experimental time 1Q4 8 4 . 5 

1 0 4 1 0 0 . 0 

Experimental u s a g e 

(1) Ana ly t i ca l S c i e n c e s D i v i s i o n 92 88 .5 

(2) Hea l th P h y s i c s and Medical D i v i s i o n 12 11 .5 
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Modification programme for 0 . 5 MV Cockcroft-Walton generator (G. Dearnaley) 

Work on the modif icat ion i s proceeding sat i s factor i ly , and most of the components are now ready for 
instal lat ion. The major item, the analys ing magnet, has been rece ived from AWRE and is being ins ta l l ed . . 

The res is tor column h a s been overhauled. Since it showed s igns of overheating additional cool ing 
h a s been provided. A new s tabi l i sat ion system for the accelerator i s under construction. 

A general purpose target chamber for implantation experiments has been des igned in co-operation 
with Vacuum Generators Ltd. 

3 MV pulsed Van de Graaff generator IBIS (A. T. G. Ferguson. D. R. Porter. F. D. P i l l ing and 
E. A. Gove) 

Ana lys i s of machine running 

Hours Hours % 

Total scheduled time 2132 100.0 

Instal lat ion work 150 7 . 0 

Scheduled maintenance and conditioning 40 1 .9 

Setting up ion source and al igning beam 92 4 . 3 

Scheduled experimental time 1850 86.8 

1850 100.0 

Time los t through breakdown 190 10.3 

Avai lable experimental time 1660 89.7 

1660 100.0 

Experimental usage 

(1) Nuclear P h y s i c s D i v i s i o n 597 36 .0 

(2) Analytical S c i e n c e s Div i s ion 274 

(3) Solid State P h y s i c s D iv i s ion 7 

(4) Metallurgy Div i s ion 66 

Sub total - other AERE D i v i s i o n s 347 20 .9 

(5) Glasgow University 156 

(6) Exeter University 182 

Sub total - University u s e r s 338 20 .4 

(7) AEE Winfrith 130 7 .8 

Machine development 248 14.9 

A working platform has been insta l led to fac i l i tate the u s e of a second beam line for among other 
things preliminary work on the production of small diameter beams. U s i n g suitable def ining apertures 
target currents of 60-80 nanoamps have been focused through a 30 micron diameter hole, and free beams 
down to 10 microns diameter are env i saged in the immediate future. 

A second platform round the original target area i s being des igned. In an attempt to increase the 
maximum voltage obtainable from the machine the normal insulat ing gas was replaced with pure SF* at a 
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p r e s s u r e o f 5 0 p . s . i . g . S t a b i l i s a t i o n d i f f i c u l t i e s appeared , and e v e n when t h e s e were part ia l ly o v e r c o m e 
by i n c r e a s i n g the g a s pres sure to 160 p . s . i . g . and adding N^ and CO-> the maximum m a c h i n e v o l t a g e w a s 
s t i l l l imi ted to 3 . 9 MV. 

5 MV Van de Graaff generator (A. T . G. F e r g u s o n . F . D. P i l l i n g . K. C Knox. S. Waring and W. E . Sparrow' 

A n a l y s i s o f mach ine running 

Hours Hours % 

T o t a l s c h e d u l e d time 2 4 1 4 1 0 0 . 0 

I n s t a l l a t i o n work - -

Scheduled main tenance and cond i t i on ing 94 3 . 9 

Se t t ing up i on source and beam l i n e s 134 5 . 5 

Scheduled experimental time 2186 9 0 . 6 

2186 100 .0 

T i m e l o s t through breakdowns 98 4 . 5 

A v a i l a b l e experimental t ime 2088 9 5 . 5 

2088 1 0 0 . 0 

Exper imenta l u s a g e 

(1) N u c l e a r P h y s i c s D i v i s i o n 1 0 2 2 4 8 . 9 

(2) Hea l th P h y s i c s and Medica l D i v i s i o n 3 5 0 

(3) A n a l y t i c a l S c i e n c e s D i v i s i o n 82 

(4) Metallurgy D i v i s i o n 78 

(5) E l e c t r o n i c s D i v i s i o n 45 

(6) Sol id State P h y s i c s D i v i s i o n 166 

Sub total - A E R E D i v i s i o n s 7 2 1 3 4 . 5 

(7) Oxford U n i v e r s i t y 229 

(8) Manches ter U n i v e r s i t y 41 

(9) S u s s e x Univers i ty 20 

(10) E x e t e r Un ivers i ty 41 

Sub total - Univers i ty U s e r s 3 3 1 15.9 

(11) A E E Winfrith 14 .7 

The machine ran out i t s s c h e d u l e d programme and the m o d i f i c a t i o n began on 3rd November a s 
p lanned . 

Modi f i cat ion (A. T . G. F e r g u s o n . K. C. Knox. F . D. P i l l i n g and S. Waring) 

The s t a c k and top p la te have b e e n a s s e m b l e d and the tank i n t e r s h i e l d and top terminal are on s i t e . 
T h e magnet and acce l era tor tube are the on ly major i t ems not y e t to hand. 
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13 MeV Tandem Generator CP. Humphries') 

Ana lys i s o f machine running 

Hours Hours % 

Total scheduled time 1902 100.0 

Instal lat ion work and conditioning - -

Scheduled maintenance 143 7 .5 

Setting up ion source and beam 111 5 .8 

Not required - 76 4 .0 

Scheduled experimental time 1572 82.7 

1572 100.0 

Time lost through breakdowns 2 0.2 

Available experimental time 1570 99.8 

1570 100.0 

Experimental usage 

(1) High Voltage Laboratory 819 52.2 

(2) H.V.L. Manchester, Birmingham (collab.) 225 14.3 

(3) Ion-crystal Group 40 2.5 

(4) Analytical Sc iences Div is ion 86 5 .5 

(5) Exeter University 94 6 .0 

(6) Oxford University 41 2.6 

(7) Cambridge University 14 0.9 

(8) Manchester University 194 12.4 

(9) Medical Research Council 7 0.4 

(10) Farnborough Space Research 6 0 .4 

Machine T e s t s 44 2.8 

Machine Performance 

The machine has run very steadily s ince the shut-down which terminated at the end of February 
1967. The new "standard" accelerator tubes are behaving in much the same manner as the previous 
similar pair that were in u s e for 20,000 hours. Terminal vo l tages of 6 .5 MV can now readily be achieved. 

Since the installation of the modified foil mechanism ( i .e . the exc lus ion of pos s ib l e outgass ing • 
materials) the stripper foi l l i fetime appears to have increased at all but the h ighest energies . 

The magnetic quadrupole lens situated directly below the lower accelerator tube has functioned 
satisfactori ly up to 12.5 MeV; i t s instal lat ion e a s e s maintenance problems and makes it poss ib le to 
consider simultaneous control of the currents fed to the quadrupole and to the bending magnet, but beam 
handling appears to be practically the same as when the e lectrostat ic quadrupole i s used. 

Although by us ing the ion-pump insta l led in the stripper body the vacuum has been improved from 
approximately 5 x 1 0 - ^ mm to 5 x 1 0 - ^ mm, fairly lengthy tes t s indicate that this change has produced 
no appreciable improvement in foil l ife or in running conditions at extra high energies . Further tes t s will 
be carried out in the near future. 
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Machine F a c i l i t i e s 

T h e target l i n e s are be ing re-arranged to accommodate exper imenta l equipment that i s to be trans-
ferred from AWRE Aldermaston , i . e . the mul f i -gap spectrograph, a be ta spectrometer and an angular 
correlat ion tab le . 

T h e experimental equipment racks in the control room are be ing re-arranged to i n c r e a s e the number 
by 30% and to make more room for the data p r o c e s s i n g computer. 

Ins ta l la t ion of a mercury pool ca thode ion-source (R. H. V . M. Dawton and P . Humphries) 

P r o g r e s s on t h i s h a s been c o n s i d e r a b l y hampered by d e l a y s in the supply and in i t ia l t e s t i n g of 
manufactured i tems and n e w equipment . The ion source i s now be ing a s s e m b l e d on the new pressure 
v e s s e l l id, in Hangar 10 . It i s in tended to t e s t th i s during December and i n s t a l l i t on the Tandem during 
January and February 1958 . During th i s shut-down period preparatory bui ld ing work for the i n s t a l l a t i o n o f 
the multi-gap spectrograph wi l l a l s o b e carried out. In addi t ion an a lpha part ic le t e s t wi l l be carried out 
on the main ana lyser magnet to redetermine the optimum p o s i t i o n o f the f r inge - f i e ld m a g n e t s . 

N e g a t i v e hel ium ion-source d e v e l o p m e n t (R. H. V . M. Dawton) 

A potass ium vapour donor h a s b e e n u s e d with the duoplasmatron source and s t e a d y H e - b e a m s of 
2 fiA obta ined u s i n g a v o l t a g e of 12 kV. N o trouble h a s b e e n e x p e r i e n c e d with the p o t a s s i u m evaporator 
nor h a s the p r e s e n c e of p o t a s s i u m r e s u l t e d in high v o l t a g e troubles , a l though admittedly the s y s t e m h a s 
been operated for on ly about 50 hours with the evaporator at working temperature. A t e s t wi l l later be 
made with l ithium i n s t e a d of p o t a s s i u m vapour, when we are sure that the furnace i s r e l i a b l e a t 600°C. 
In the final hel ium injector the ion s o u r c e extract potent ial wil l be made independent of the charge-
exchange energy s o that the optimum v a l u e s may be u s e d . 

T h e duoplasmatron extract s y s t e m s t i l l has to be improved. The f i l a m e n t s , which l a s t some 
50 hours, h a v e b e e n r e p l a c e d by a mercury pool cathode; i t s d e s i g n h a s not been f i n a l i z e d but a 
s a t i s f a c t o r y ion beam performance h a s been obta ined . 

On the purely experimental s i d e a modi f i ed ion source in H . 1 0 h a s g i v e n a 1 fiA f o c u s s e d beam of 
n e g a t i v e copper ions . 

Ins ta l la t ion o f the n e g a t i v e hel ium ion source on the tandem will h a v e to be d e l a y e d unt i l the 
summer of 1968 to a l l o w a r e a s o n a b l e operat ional time for th£ f i r s t ion source and a s s o c i a t e d 
modi f i ca t ions ( s e e above ) . 

4 5 MeV e lec tron l inear acce l era tor (P . P . Thomas) 

A n a l y s i s o f machine running 

Hours Hours % 

Total s c h e d u l e d time 4 3 9 2 100 .00 

Scheduled maintenance and i n s t a l l a t i o n work 4 0 8 9 . 3 0 

Scheduled experimental time 3 9 8 4 9 0 . 7 0 

3 9 8 4 1 0 0 . 0 0 

Time l o s t through breakdown 2 3 6 5 .93 

Machine o f f at users* r e q u e s t 3 0 0 . 7 5 

A v a i l a b l e experimental time 3718 9 3 . 3 2 

3718 1 0 0 . 0 0 
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A n a l y s i s of machine running (cont'd) 

Hours % 

Experimental usage 

(1) Irradiations for Analytical S c i e n c e s Div is ion 
Dr. C. Baker 

(2) Experimental Runs - Cell I 
Mr. N . J . Pattenden, N . P . 
Dr. C. A. Utt ley , 
Dr. G. D. James , 
Dr. M. G. Sowerby, 
Mr. M. G. Schomberg, " 
Mr. M. C. Moxon, 
Dr. A. Asami, 
Dr. B . H. Patrick, 
Miss E. M. Bowey, " 

(3) Experimental Runs - Cel l II 

Dr. B. H. Patrick, N . P . 
Dr. H. Medicus, 
Miss E. M. Bowey, 

(4) Experimental Runs - Cell II 
Mr. M. C. Moxon, N . P . 

(5) Experimental Runs - Cell III 
Dr. R. Sinclair, A . P . 
Mr. D. Day, 

(6) Experimental Runs - Cell III 
Dr. M. S. Coates , N . P . 

In the above table, Cell III running hours are l e s s than Cell I running hours because either the 
Cel l III users asked that the beam to Cel l III be switched off or because Cell III fault condit ions made i t 
impossible to provide an adequate beam at the Cell III target. The breakdown for Cel l III i s as fo l lows: 

Hours Hours % 

Avai lable Cell III experimental time 3355 100.00 

Experimental Runs - Cell III 2458 73 .30 

Cell III off at users ' request 667 19.90 

Cell III off due to faults and beam transport 
d i f f i cu l t i e s 230 6 .80 

Machine development 

During the current period this has included the des ign and instal lat ion of equipment to enable a 
pre-determined number of pu l ses to be run into a target, the des ign and instal lat ion of a continuously 
indicating pulse posit ion indicator for Cell I, the partial rebuilding of the gun cathode modulator to 
improve reliability and ease rapid fault d iagnos is , the instal lat ion of further s tabi l i sed power units on 
machine and beam handling c ircuits , and minor improvements to the machine vacuum sys tem. 

P D P 4 data processor (E. M. Bowev. G. B. Dean and J. L . Wilbourn) 

The computer was used for 1490 hours and two sys tem modules fa i led during the period of this 
report. 

- 53 -

54 1 .45 

3301 88.80 

198 5.32 

165 4 .43 

2308 ) 

) SEE BELOW 

1 5 0 ) 



A double r e g i s t e r u n i t w a s d e s i g n e d , u s i n g a v a i l a b l e i n t e g r a t e d c i r c u i t s . T h i s u n i t i s n o w 
i n s t a l l e d and ready f o r u s e and w i l l e n a b l e a ' two-parameter ' exper imenter to b e run o n - l i n e , with 8k 
t iming c h a n n e l s and 4 k ampl i tude c h a n n e l s . B o t h r e g i s t e r s can opera te a t 16 MHz c l o c k f r e q u e n c y , bu t 
due to the s i m p l e m e t h o d u s e d for s t a t i c i s i n g the t iming c h a n n e l r e g i s t e r , the minimum c h a n n e l width i s 
l i m i t e d to % p s e c . 

A n e w 3 5 mm a u t o m a t i c camera h a s b e e n mounted on a 5 i n c h o s c i l l o s c o p e run in p a r a l l e l with the 
main computer d i s p l a y , thus l e a v i n g t h i s large o s c i l l o s c o p e a v a i l a b l e for l i g h t p e n operat ion w h e n n e e d e d . 

(E) O p t i m i s a t i o n o f moderators for p u l s e d neutron targe t s (B. H . P a t r i c k . E. M. B o w e v . M. C. Moxon and 
E . R. R a e ) 

T h e spec trum o f neutrons p r o d u c e d by i n j e c t i n g burs t s of c h a r g e d p a r t i c l e s in to a h e a v y e l e m e n t 
target g e n e r a l l y p e a k s a t ~ 5 0 0 k e V and c o n t a i n s very f e w neutrons in the range b e l o w 10 k e V . T o 
i n c r e a s e the number o f neutrons in t h i s e n e r g y range , moderators may be p l a c e d c l o s e to the target , but 
the i n c r e a s e i s u s u a l l y o b t a i n e d at the e x p e n s e o f an i n c r e a s e i n the w i d t h o f the neutron burs t l e a v i n g the 
moderator . M i c h a u d o n ^ 1 ^ in a s e r i e s o f Monte Carlo c a l c u l a t i o n s h a s e s t i m a t e d the e f f e c t of the 
moderator o n the number o f neutrons l e a v i n g the s u r f a c e and a l s o on the b r o a d e n i n g of the neutron p u l s e . 
He s h o w e d that the moderator c a n be c h a r a c t e r i s e d at a n energy E by a "f igure of merit" F g i v e n by 

N *> F = — , where N i s the number of neutrons l e a v i n g the moderator wi th energy E and a " i s the v a r i a n c e of 
<x— 

the t ime d i s tr ibut ion , a s s u m i n g that the contr ibut ion from the i n c i d e n t f a s t neutron p u l s e i s n e g l i g i b l e . 
For a g i v e n r e s o l u t i o n , the h i g h e s t c o u n t rate in a d e t e c t o r w i l l be a c h i e v e d w h e n the t h i c k n e s s o f 
moderator i s c h o s e n to make F a s large a s p o s s i b l e . A d i r e c t e x p e r i m e n t a l m e a s u r e m e n t of N and a~ and 
h e n c e o f F h a s b e e n made at e n e r g i e s i n the r e g i o n of 1 0 0 e V and 1 k e V for a range o f moderator 
t h i c k n e s s e s . T h e r e s u l t s w e r e p r e s e n t e d at the Third Euratom C o n f e r e n c e on A c c e l e r a t o r T a r g e t s 
D e s i g n e d for the Product ion of N e u t r o n s , L i e g e , September S'567. 

a 1 

O S 0 7 5 1 0 

M O D E R A T O R 

t 25 I S I 7 S 

T H I C K N E S S 

T h e exper iment i n v o l v e d m e a s u r i n g the s h a p e 
and area o f neutron r e s o n a n c e s by o b s e r v i n g the 
capture y - rays from a s a m p l e i l l u m i n a t e d with a 
neutron beam l e a v i n g v a r i o u s t h i c k n e s s e s of po ly -
e t h y l e n e moderator, under e x p e r i m e n t a l c o n d i t i o n s 
c h o s e n s o that the w i d t h s of the o b s e r v e d r e s o n a n c e s 
were dominated by the moderator e f f e c t s . A tantalum 
s a m p l e 0-.004 ins t h i c k w a s u s e d to s tudy the 1 0 0 eV 
reg ion and an iron s a m p l e 0 . 0 4 0 in th ick to s tudy the 
1 k e V r e g i o n . A M o x o n - R a e d e t e c t o r on a 3 . 9 9 metre 
f l i g h t path w a s u s e d to m e a s u r e the y-ray y i e l d a s a 
f u n c t i o n of neutron e n e r g y . 

F i g . 41 s h o w s the r e l a t i v e f i g u r e s o f meri t 
p lo t t ed a g a i n s t moderator t h i c k n e s s for the 1 0 0 e V 
reg ion . It c a n be s e e n that the maximum v a l u e of F 
o c c u r s a t ~ 0 . 7 5 in p o l y e t h y l e n e and th i s i s a l s o the 
c a s e for the 1 k e V r e g i o n . T h e s e r e s u l t s are in 
r e a s o n a b l e a g r e e m e n t wi th M i c h a u d o n ' s c a l c u l a t i o n s . 

In the a n a l y s i s of s l o w neutron r e s o n a n c e s by 
the "shape" method , a k n o w l e d g e of the r e s o l u t i o n 
f u n c t i o n of the t i m e - o f - f l i g h t s p e c t r o m e t e r i s required. 
T h i s f u n c t i o n i s , in g e n e r a l , formed by a f o l d i n g 

Fig. 42. Figure of merit plotted against moderator t oge ther of the time p r o f i l e of the f a s t neutron burst , 
thickness for the 100 e V region. the t iming c h a n n e l width and the broaden ing e f f e c t of 

(114) Michaudon A. R e a c t o r S c i e n c e and T e c h n o l o g y (Par t s A / B ) _ 1 7 , 1 6 5 ( 1 9 6 3 ) . 
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the moderator. Groenewold and Groe ndi jk* 1 1 *) have obta ined an ana ly t i ca l e x p r e s s i o n for the shape of 
the s low neutron burst l e a v i n g a semi - in f in i te moderator, a s s u m i n g that a d e l t a funct ion p u l s e o f f a s t 
neutrons i s in j ec t ed a t t ime t = 0 . The e x p r e s s i o n i s 

1 , VA 
P(t) = - x 2 e ~ x , x = — (1) 

2 t 

where P(t ) i s the probabil ity of a neutron l e a v i n g with energy E after time t , and the other quant i t i e s , 
a l s o taken at energy E , are 

the neutron v e l o c i t y V and 

the mean free path A, which for polythene b e l o w 10 keV i s ~ 0 .66 cm. 

The experiment showed that the time spread introduced by the moderator i n c r e a s e d with i n c r e a s i n g 
t h i c k n e s s . The observed shape of the r e s o n a n c e s in the experiment s u g g e s t e d that the above e x p r e s s i o n 
could be u s e d to g ive the shape of the moderation time spread for f in i t e moderators if the mean free path 
was dependent on the t h i c k n e s s of the moderator. 

A X 2 minimis ing programme h a s been d e v e l o p e d to c a l c u l a t e the mean free path for the various 
moderator t h i c k n e s s e s . T h e programme f o l d s together a Monte Carlo ca l cu la t ion of the neutron capture 
y i e l d for the re sonance , the f a s t neutron burst prof i le , the timing channel width and the moderator time 

spread as g iven by equat ion (1). F i g . 43 s h o w s the 
b e s t f i t to the experimental data for the tantalum 
r e s o n a n c e at 105 eV u s i n g a 1 in po lye thy l ene 
moderator. The va lue of A which g i v e s the b e s t f i t i s 
0 .17 in . C a l c u l a t i o n s on other t h i c k n e s s e s are in 
progress and ind ica te that the above e x p r e s s i o n can 
be u s e d to g ive the s h a p e of the moderation j i t t e r i f a 
modi f i ed mean free path i s u s e d . 

eV. 

TANTALUM IOSCV 
EXPERIMENTAL POINTS 

CALCULATED FIT 
TO EXPERIMENTAL 
DATA 

675 l O O 

C H A N N E L N U M B E R 

Fig. 43. Best fit to tantalum resonance at 

(115) Groenewold H. J. and Groendijk H. P h y s i c a 13 , 141 (1947) . 
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Synchrocyclotron (P. G. navies ' ) 

A n a l y s i s of machine running 

Scheduled experimental t ime* 

Time l o s t due to breakdowns 

A v a i l a b l e experimental time 

Experimental u s a g e 

(1) Neutron T ime-o f -F l ight 0 ) 
(A. Langsford, P . Clements ) 

(2) M. Wigan 

(3) Neutron T ime-o f -F l igh t (II) 
(A. Langsford , M. S. C o a t e s ) 

(4) A . E . R . E . / Q u e e n Mary C o l l e g e 
(I. M. Blair , J . Edgington) 

(5) Neutron T ime-o f -F l igh t (HI) 
(A. Langsford, R . H . E . L . , Southampton Univers i ty ) 

(6) Neutron T ime-o f -F l ight (IV) 
(A. Langsford, H. Marshak) 

(7) C. Whitehead 

(8) R . H . E . L . (G. Manning) 

(9) Imperial C o l l e g e , London 

Hours 

3827 

3681 

Hours 

146 

3681 

845 

758 

4 0 5 

3 9 4 

367 

226 

96 

96 

32 

4 6 2 

3681 

7e 

100.0 

3 . 8 

9 6 . 2 

100.0 

2 3 . 0 

20.6 

1 1 . 0 

10 .7 

10.0 

6.1 

2.6 

2.6 

0 . 9 

12 .5 

100.0 

Machine not required 

Cyclotron improvement program 

Ion s o u r c e ' 

T h e ion source mechanism h a s b e e n manufactured, vacuum t e s t e d and handed over for further 
tes t ing . 

Beam tunnels 

Both tunnels have been handed over and the North tunnel h a s ac tua l ly been u s e d for an experiment . 
F a l s e f l oors have been i n s t a l l e d in the E a s t tunnel . Work i s underway to provide cab l ing be tween the 
experimental areas and the count ing room. 

Modulator 

Construct ion and D .C . t e s t i n g of the modulator i s comple te , e x c e p t for some minor modi f i ca t ions 
found n e c e s s a r y during the f inal i n s t a l l a t i o n . 

•During most of this period an intermittent s h i f t rota w a s worked and maintenance , s e t t ing up, e tc . w a s 
carried out during s chedu led re s t d a y s . 
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New R . F . svs tem (P . E. Dol lev . R. E. N. Home and G. Huxtable) 

The programme of measurement (at low power l e v e l s ) and adjustment of the e lectr ical 
characterist ics of the new R.F . resonator h a s been completed, and the indicat ions are that the des ign 
aims wi l l be achieved. High power t e s t s of the resonator, driven by i t s a s s o c i a t e d osc i l lator , wil l start 
early in November. A modulated D.C. power supply h a s been completed and i s now being commissioned. 

The R .F . programme is now running about three months later than expected, owing to production 
de lays , to the low-power measurements and adjustments taking longer than expected , and to some 
modif icat ions which have been found necessary as a result of test ing. As a result the shut-down date has 
been postponed to December. 

Development of assorted e lectronic equipment for control of the machine i s continuing. 

Modifications to the pulsed beam def lect ion svstem (P. H. Bowen) 

Work on the new beam def lect ion sys t em for neutron time-of-flight experiments has been delayed by 
late delivery of the 60 kV, 100 mA E.H.T. power supply. However the thvratron pulse shaping circuit 
has now been tested at full power and after a few minor modifications works sat is factori ly . The next 
s tage , to connect this circuit to the prototype def lect ion system for test ing in vaccuo, i s well advanced. 

Beam accelerat ion s tudies (J. P. Scanlon) 

(a) Radial osc i l lat ion generation 

The e f f ec t of the choice of dee shape on the generation of radial o sc i l l a t i ons in the internal beam 
of the modified synchrocyclotron was d i s c u s s e d in the last Progress Report ( P R / N P 12). Since that time 
calculat ions made e lsewhere have indicated that some additional e f f e c t e x i s t s which would damp out any 
radial motion caused by the dee cut-back by the time the beam had reached a large radius in the machine. 
To test this a new and more accurate orbit code has been written. The resul ts with the new code agree 
well with the original ones; our conc lus ions are unchanged. 

However the exerc ise has shown that to obtain reliable quantative results considerable care must 
be taken, and further work is being carried out to optimize the computing methods and to provide more 
general solut ions for arbitrary dee shapes and dee voltage variation. 

(b) Phase matching in the central region 

The orbit code SPUTNIK has been used to calculate initial orbits of part ic les emitted from a 
calutron ion-source with a puller electrode e lectr ica l ly connected to the dee . The general conclusion i s 
that after several orbits all particles are concentrated in the phase region 0°-45°. Measurements of the 
frequency sweep of the new R.F. system indicate that the initial stable phase will be in the region of 
80°. This figure taken together with the results referred to in (a) above means that all particles will be 
expected to develop considerable radial amplitudes. A range between 1 and 3 inches seems l ikely. This 
i s a far from ideal situation, and though it wi l l be accepted init ial ly , further ca lculat ions are being made 
to study the behaviour of particle orbits from a calutron source at pos i t ive D.C. potential with a negative 
D.C. puller. Resu l t s to date show that with such a source it should be p o s s i b l e to accelerate particles 
over a range of phases which includes the stable phase, without los ing the other inherent properties of 
the calutron system. 

(c) Ion source movement 

This has been built, apart from the central feed tube, and has been vacuum tested. 
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(d) Ion source 

A calutron source h a s b e e n constructed , together wi th a t e s t rig, for u s e in the model magnet . A 
500 amp filament supply and p u l s e d arc power supply are now a v a i l a b l e . An improved pul ler insulator h a s 
been t e s t e d in the V E C . T h i s i s again a 1" long boron nitride insulator , and i t h a s run at 3 5 kV, 
21 M c / s , in a field o f 1 6 . 5 K g a u s s for 1 0 hours without any s ign of deterioration. L i f e t e s t s must awai t 
ins ta l la t ion in the synchrocyc lotron . 

Beam extract ion (D. West) 

The e s s e n t i a l computat ions for the regenerator and for the extractor channel are now f i n i s h e d . The 
d e s i g n h a s been carried through for par t i c l e s of zero amplitude of radial o s c i l l a t i o n . The c a l c u l a t i o n s 
went through the fo l l owing s t a g e s : 

(a) the determination of field strength integra ls v e r s u s radius for regenerators which would g ive a 
constant p h a s e ang le in the induced radial mot ion. A v a i l a b l e radial f i e l d p lo t s in the 110" synchro-
cyclotron are u s e d in th i s ca lcu la t ion , and the regenerator i s a s s u m e d to be l o c a l i s e d at a s i n g l e 
azimuth, 

(b) eva luat ion of s tabi l i ty l imits on ver t i ca l motion through t h e s e cons tant p h a s e regenerators , 

(c) the determination of channel conf igurat ions compat ib le with (a) and (b). In report SCI T P ( 6 7 ) 31 
(July 1967) four p o s s i b l e combinat ions of extractor and regenerator were eva luated . T h i s report a l s o 
h ighl ighted the n e e d for horizontal f o c u s i n g in the channel , 

(d) the computat ions in (c) were r e v i s e d t o a l low for the n e c e s s a r y finite angular s i z e of the 
regenerator. Report SCI T P ( 6 7 ) 3 4 (November 1967) l i s t s s i x p o s s i b l e combinat ions o f extractor and 
regenerator. 

The extractor eng ineer ing d e s i g n , which had to start before these computat ions were completed , i s 
compatible with t h e s e p o s s i b l e a l t ernat ives . The d e c i s i o n as to which i s u s e d wi l l depend on two 
factors unknown at present , namely , how d i f f i c u l t i t i s to shim and to a c h i e v e the s p e c i f i e d field 
conf igurat ions in the regenerator. 

Preliminary measurements of f i e l d conf igurat ions in trial regenerators are to be carried out before 
the machine shut-down occurs . C a l c u l a t i o n s on shimming are be ing carried out by Dr. I. M. Blair . It i s 
a l s o intended to do some measurements before the shut-down. A plan of extractor i n s t a l l a t i o n , making 
a l l owance for t h e s e uncer ta in t i e s , has b e e n drawn up (SCI T P ( 6 7 ) 3 2 , Ju ly 1967) . 

The computer programmes u s e d in the computat ions wil l a l s o be required for a s s i m i l a t i n g the 
r e s u l t s of the f i e ld survey to be taken during the shut-down. T o avoid the cont inu ing u s e of A t l a s I the 
programmes are be ing re-compiled on to the IBM 3 6 0 / 6 5 by a firm of programmers, but cons iderab le 
d i f f i cu l ty i s be ing encountered . 

Magnetic beam extract ion co i l (O. N. Tarvis) 

In previous Progress Reports ( P R / N P 11 and 12) mention w a s made of the s u g g e s t i o n by K i m * 1 1 ^ 
that the performance of a regenerat ive beam extractor could be improved by the u s e o f a smal l time-
dependent f i e l d co i l within the synchrocyclotron. The e x p e c t e d advantages of such a s y s t e m were 

(a) Improved extract ion e f f i c i e n c y . 

(b) Extract ion of par t i c l e s with large radial o s c i l l a t i o n ampl i tudes . 

(116) Kim H. I . E . E . E . Trans . Nuc. Sc i . 1 3 , 4 , p. 58 (1966) . 



(c) Minimal energy spread in the extracted beam. 

(d) A long beam extract ion period (good duty c y c l e ) . 

Computer s tud ie s h a v e been made u s i n g orbir c o d e s written a t C . E . R . N . by V o g t - N i l l s e n . R e s u l t s 
show that for a regenerat ive extractor d e s i g n e d to extract protons from a 48" radius orbit the u s e of a 
"Kim co i l" would a l low extract ion of part ic les with radial o s c i l l a t i o n ampli tudes up to 1 .25". For larger 
a m p l i t u d e s there are s e v e r e vert ica l d e f o c u s s i n g e f f e c t s and s u c h part ic les would b e l o s t . 

It was original ly hoped that such a s y s t e m would rep lace the present e l ec tron ic s low extract ion 
s y s t e m (the "Cee") but i t appears that both are required s imul taneous ly . T h e required strength for the 
coi l i s about 2 0 0 g a u s s over a 4 2 ° s ec tor . 

Numerical s t u d i e s have y e t to be made of the transi t ion between the s ta te in which the part ic le 
orbit motion i s mainly control led by the (decreas ing) field o f ihe Kim coi? to that in which it i s controlled 
by the field of the regenerator. 

Magnet survey (G. C. Cox) 

Mechanica l components for the semi-automatic survey equipment*1 ^ have b t e n a s s e m b l e d by the 
manufacturers. F i n e adjustments to gearing and al ignment w i l l s t i l l be required prior to de l ivery . 
Calibration of the apparatus i s e x p e c t e d to start in November and a t e s t j ig i s be ing built for this 
purpose. 

T h e e lec tronic drive units and control apparatus are 75H complete . E x h a u s t i v e tes t ing o f these 
units w i l l not be p o s s i b l e unti l the mechanica l equipment h a s been de l ivered , but in preliminary t e s t s the 
c ircui ts appear to funct ion sa t i s fac tor i l y . 

Measurements of spectra from internal neutron producing targets (\1. S. C o a t e s . D. A. J. Endacott . 
D. B. Gavther. G. D. James and A. Langsford) 

Measurements have been made o n the 27 metre f l i ght path of the synchrocyclotron of neutron 
spectra from a moderated and an unmoderated target. The data were obtained during the preliminary s t a g e 
of an experiment intended to y i e l d an accurate measurement of the re lat ive f i s s i o n c r o s s s e c t i o n of 2 3 5 u 
over the energy range ^ . 2 0 keV -» 14 MeV. A gas s c i n t i l l a t i o n f i s s i o n fragment de tec tor* 1 1 8 ^ p l a c e d at 
17 metres from the p u l s e d neutron source r e c e i v e d a co l l imated neutron beam from a c irc le 3 cm diameter 
and determined the f i s s i o n y i e l d . The neutron spectrum was measured by a thin 1 0 B p lug (H^) detector 
containing 20 g in the form of a d i s c 7 . 5 cm in diameter. T h i s detector w a s p l a c e d at 27 metres 
on the same f l ight path and co l l imated to v iew the same source pos i t ion and area as the f i s s i o n counter. 
Th i s detector h a s y e t to be c r o s s cal ibrated a g a i n s t a s imilar detector* 1 1 9 ) 0 f known e f f i c i e n c y (which 
could not be u s e d in the experiment b e c a u s e the f lux w a s too high) . However a s u f f i c i e n t l y accurate 
es t imate of the e f f i c i e n c y of the 1 0 B detector for i n v e s t i g a t i n g the general form of the spectra w a s 
obtained from the fission counter data by assuming the fission c r o s s s e c t i o n s g iven in B N L 325*1"®) and 
combining them with a Monte Carlo ca lcu la t ion in the energy range be low ~ 100 keV where the 1 0 B 
neutron absorption c r o s s s e c t i o n i s known to have a ^ dependence and the (smal l ) e f f e c t s of mult iple 
scat ter ing can be rel iably predicted. 

(117) Nuclear P h y s i c s D i v i s i o n Progress Report A E R E - P R / N P 12 (1967). 

(118) James G. D. Argonne National Laboratory Report ANL-7320 , p. 16 (1967). 

(119) Nuclear P h y s i c s D i v i s i o n Progress Report A E R E - P R / N P 12, p. 13 (1967) . 

(120) Hughes D. J. and Schwartz R. B. BNL 325, 2nd Edi t ion (1958) . 



Fig. 44. Comparison of neutron spectra available from the synchrocyclotron and from the 
electron Linac. 

T h e s p e c t r a are s h o w n in F i g . 4 4 , where the c o u n t s are grouped in-A-lethargy i n t e r v a l s ( ~ 25% 
energy r e s o l u t i o n ) n o r m a l i s e d toge ther to an a c c u r a c y of ±10% u s i n g the moni tored v a l u e of the proton 
beam i n t e n s i t y . Error bars s h o w n at r e p r e s e n t a t i v e p o i n t s g i v e the s t a t i s t i c a l s tandard d e v i a t i o n . 
Var ia t ion in the i n t e n s i t y o f the internal proton beam s tr ik ing the target l e a d s to a n o r m a l i s i n g error o f 
±10% in compar ing "moderated" and "unmoderated" s p e c t r a . M e a s u r e m e n t s were m a d e in the backward 
d irec t ion r e l a t i v e to the i n c i d e n t 140 MeV proton beam. T h e moderated target w a s a water f i l l e d copper 
w a l l e d tank ( 0 . 1 6 cm w a l l t h i c k n e s s ; 15 cm w i d e , 4 . 1 cm h igh and 2 . 5 cm thick in the beam d irec t ion ) s e t 
immediate ly in front of a h e a v y a l l o y 90% W) bar (15 cm x 4 . 1 cm x 2 . 5 cm) i . e . on the s i d e downstream 
for neutrons , and the unmoderated target w a s the h e a v y a l l o y bar. In both c a s e s m o s t of the neutrons are 
produced in the h e a v y a l l o y . T h e s p e c t r a d i f fer s i g n i f i c a n t l y from some p r e v i o u s l y p u b l i s h e d target 
s p e c t r a ( 1 2 1 ) made o n the synchrotron u s i n g l e a d and uranium with p o l y e t h y l e n e a s a moderator. In part 
th i s i s due to the d i f f e r e n c e s in target m a t e r i a l s , but a r e a s s e s s m e n t of the d e t e c t o r e f f i c i e n c i e s u s e d in 
the e v a l u a t i o n of t h e s e ear l ier s p e c t r a i n d i c a t e s that the neutron popula t ion b e l o w ^ 7 0 0 k e V had b e e n 
u n d e r e s t i m a t e d and that the spec tra at low e n e r g i e s are s imi lar to the h e a v y a l l o y s p e c t r a . 

It i s a l s o i n t e r e s t i n g to n o t e that the s h a p e s o f the s p e c t r a b e l o w ~ 2 MeV o b t a i n e d here are 
s imi lar to t h o s e of the moderated and unmoderated s p e c t r a on the neutron b o o s t e r target of the 4 5 MeV 
l i n a c . T h e s e m e a s u r e m e n t s h a v e been reported p r e v i o u s l y ^ 1 2 2 ) a n ( j da ta h a v e r e c e n t l y b e e n 

(121) N u c l e a r P h y s i c s D i v i s i o n P r o g r e s s Report A E R E - P R / N P 8, p. 37 (1965 ) . 

(122) N u c l e a r P h y s i c s D i v i s i o n P r o g r e s s Report A E R E - P R / N P 9 , p. 17 (1966) . 
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r e - e v a l u a t e d u s i n g an improved d e t e c t o r e f f i c i e n c y d e t e r m i n a t i o n * 1 1 9 ) . In addi t ion m e a s u r e m e n t s h a v e 
b e e n e x t e n d e d to h i g h e r e n e r g i e s . For compar i son the b o o s t e r r e s u l t s are a l s o s h o w n in F i g . 4 4 , w i th the 
s p e c t r a n o r m a l i s e d together to an a c c u r a c y of ± 10% u s i n g the e l e c t r o n beam i n t e n s i t y . T h e f l u x i n t e n s i t y 
s c a l e w a s derived u s i n g e s t i m a t e d v a l u e s o f the a b s o l u t e e f f i c i e n c i e s of the d e t e c t o r s . It i s d i f f i c u l t to 
a s s e s s the a c c u r a c y o f this procedure , but the error i s c o n s i d e r e d to be ~ 25% for e a c h spectrum s e t . 

Machine operat ing c o n d i t i o n s ( represen ta t ive o f normal running) for the m e a s u r e m e n t s are s h o w n in 
T a b l e IV. T h e parameters appropriate to the e x p e c t e d performance of the c y n c h r o c y c l o t r o n af ter 
c o n v e r s i o n are a l s o g i v e n . 

T A B L E IV 

Machine parameters 

S y n c h r o c y c l o t r o n L i n a c 

(before m o d i f i c a t i o n ) 
( e x p e c t e d 

af ter m o d i f i c a t i o n ) 

L i n a c 

p u l s e l e n g t h 

p u l s e r e p e t i t i o n frequency 

current during p u l s e 

10 n s e c (protons) 

2 0 0 pps 

5 0 0 mA 

10 n s e c (protons) 

1 , 0 0 0 pps 

1 , 0 0 0 mA 

1 0 0 n s e c ( e l e c t r o n s ) 

1 9 2 p p s 

5 0 0 mA 

It should b e noted that the m e a s u r e d f l u x e s correspond to neutrons t rave l l ing backward with r e s p e c t to the 
proton beam. In the forward d i rec t ion the a v a i l a b l e neutron f l u x from the s y n c h r o c y c l o t r o n at e n e r g i e s of 
a few MeV and above great ly e x c e e d s that a v a i l a b l e from the e l e c t r o n l i n a c . 

Good and R a e h a v e made d e t a i l e d c o m p a r i s o n s of v a r i o u s p u l s e d neutron s o u r c e s a l l o w i n g for the 
d i f f e r e n t exper imenta l r e s o l u t i o n s * 1 2 ^ ) . F o l l o w i n g the treatment o f t h e s e authors the outputs o f the 
b o o s t e r and s y n c h r o c y c l o t r o n are shown in F i g . 4 5 for a c o n d i t i o n of c o n s t a n t energy r e s o l u t i o n 

Fig. 45. Comparison of neutron counting rates available from the synchrocyclotron and 
from the electron linac for time of flight measurements at a fixed resolution 

AE/E = 8 . 8 x Z 0 ~ 3 . 

(123) Good W. M. and R a e E . R. A E R E Report N P / G E N 2 1 (1962 ) . 
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- p - = 8 .8 x . The source spectrum in e a c h c a s e has been taken a s the unmoderated spectrum a t 
higR energ ie s and the moderated spectrum at e n e r g i e s be low that at which t h e s e spectra h a v e equal 
in tens i ty , as determined from F i g . 4 4 . For c o n v e n i e n c e the spectra have been smoothed. The e f f e c t s of 
moderation j itter are inc luded in the ca l cu la t ion and neutron overlap at high machine c y c l e rates h a s been 
a l lowed for by a s suming a boron filter i s u s e d which h a s a 1% transmission' of unwanted neutrons at the 
end of a c y c l e . The machine parameters u s e d are those g iven in Table IV, but taking the maximum c y c l e 
rate of 4 0 0 pps for the booster . The required f l ight path length in metres i s shown at s e v e r a l e n e r g i e s . 
The maximum lengths ava i lab le on the booster and synchrocyclotron at present are 300 m and 100 m 
r e s p e c t i v e l y . 
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