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P R E F A C E 

T h i s document i s prepared at the r e q u e s t of the U.K. Nuc lear Data Committee . It brings together 

progress reports on nuclear reactor data from A E R E , AWRE and N P L . T h i s i s s u e conta ins in addi t ion , 

for the f i r s t t ime, a contribution from the Ke lv in Laboratory of the U n i v e r s i t y of G l a s g o w . 



Nuclear P h y s i c s D i v i s i o n , A . E . R . E . 

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 , A . E . R . E . 

Chemistry D i v i s i o n , A . E . R . E . 

N u c l e a r R e s e a r c h D i v i s i o n , A.W.R.E. 

Radiat ion S c i e n c e D i v i s i o n , N . P . L . 

Kelv in Laboratory, Univers i ty of G l a s g o w 



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

( D i v i s i o n Head; Dr. B. R o s e ) 

EDITORIAL N O T E 

S i n c e the r e s u l t s obta ined from the var ious m a c h i n e s 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 icat ing on 
which mach ine the exper iments were performed. T h e s e l abe l s are as f o l l o w s : 

Cockcrof t Walton Generator (G. D e a r n a l e y ) A 

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

6 MV Van de Graaff Generator (A. T. G. Ferguson) C 

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

45 MeV Electron L inac (E. R. R a e ) 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 var ious m a c h i n e s operated by the d i v i s i o n are p r e s e n t e d a s far a s 
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 c h e d u l i n g is arranged, 
and m a c h i n e s such as the Electron Linac can accommodate s e v e r a l exper iments s i m u l t a n e o u s l y . 



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 

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

E . Angular f l u x e s and energy spectra of neutrons from targets and s h e l l s of reactor materials (A. 
Goddard and J. G. Williams (Imperial Co l l ege ) and H. Lichtblau (University of Birmingham) 

1 1 . 

Fol lowing the measurements of hemisphere integrated leakage spectra from targets of natural uranium 
and lea , energy spectra of angular f l ux es from t h e s e targets and from spherical s h e l l s of natural 
uranium surrounding them have been studied. Spectra have been normalised to hemisphere integrated 
target measurements with the complementary records of integrated target e lectron current and act ivat ion 
from ^ C o f o r m e d by (n,p) reac t ions in several small ^ N i f o i l s , symmetrically distributed over the target 
surface during irradiation. The experimental arrangements and methods used were e s s e n t i a l l y the same 
as those deve loped by Gayther and G o o d e ® and C o a t e s et a l . ^ . 

CALCULATION : 
• S 1 R , SOURCE RADIUS 0 - 8 4 - cm. \ n T P T r 
o S SOURCE RADIUS 3 - O c * . / u , r 

+ s 16. Ps. POINT SOURCE STRAINT 

EXPERIMENT: 
X HORIZONTAL PLANE 
« V E R T I C A L P L A N E 

Ji - cos # T H E A N G L E TO SURFACE N O R M A L 

Fig. J Comparison between calculated target angular flux distributions and experiment. 
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Vector f lux measurements of neutrons emerging at a n g l e s fl with the surfacc normal from the 3 .0 cm 
radius target of natural uranium have been obtained. Neutrons from two s e t s of target surface e lements , 
ly ing both in horizontal and in vert ical p lanes , were observed. The measurements were compared with 
resu l t s of S^g ca lcu la t ions , based on the Imperial Co l l ege vers ion of the D T F IV transport code u s i n g 
FD 2 data and S 1 6 P 5 ca l cu la t ions us ing S T R A I N T ^ . In Fig . 1 the resu l t s of STRA1NT ca l cu la t ions for 
a point source and D T F IV ca lcu la t ions assuming uniform s o u r c e s of radius 3 cm and 0 .84 cm ( i . e . 3 
radiation lengths in ~ U) are shown together with experimental points for two ranges of neutron energy. 
While the point source and the smaller source g ive roughly equal ly good approximations on either s ide of 
the measured v a l u e s , the extended source l eads to considerably larger disagreement with experiment. 

^ N A T U R A L URANIUM SHELL 

I ^ V . - ' " - - ' ) BORON WAX 

NICKEL 

MELINEX WINDOW 

EVACUATED FLIGHT PATH 

s \ 
v 

» ? 

X l ' O ca . THICK SHELL AT 4 5 * (NORMALISATION X l o o ) 
+ ca . THICK SHELL AT AS* [NORMALISATION X IO) 
• 1 1 ca . THICK SHELL AT 2 3 * . 

lOOkaV I MiV 

NEUTRON ENERGY 

Fig. 2 Experimental arrangement for measuring 
neutron spectra from shells. 

Fig. 3 Neutron spectra from natural uranium shell 
with 6 .0 cm diameter uranium target. 

Fig . 2 represents part of the experimental arrangement for the she l l spectra measurements . Table 
I l i s t s she l l t h i c k n e s s e s t and ang les 0 between the normal to the surface element of shel l "seen" by 
the neutron detectors and the direction of the f l ight path, at which spectra from natural uranium s h e l l s of 
outer radius 15.73 cm have been measured. 

Normal ised she l l spectra measured under the condit ions s e t out in Table ( are shown in F i g s . 3 
and 4. T h e -45° measurement, which i s not included in the f igures , was made in order to check source 
symmetry and reproducibility compared with the +45° spectrum andfound to agree with the latter within 
+3% or within random errors, where t h e s e e x c e e d +3%, i . e . be low 40 keV. Measurements extend to a low 
energy l imit of 10 keV, but require correct ions for room return in the range 10 keV - 40 keV. Spectra 
shown here do not include this part of the energy range. Ca lcu la t ions of t h e s e corrections are nearly 
complete . 
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S K? N % 

« 3 O « • THICK SHELL AT » J * (NOAUALI IAT ION X IOO) 
+ » » ca . THICK SHELL AT f NORMALISATION K IOJ, 
• » » <» THICK SHELL AT I2> . 

fOOfcaV r t fey 

NEUTRON EHEROr 

I m l 

Fig. 4 Neutron spectra from natural uranium shell with 7 . 2 cm diameter lead target. 

T A B L E I 

Condit ions under which spectra of neutrons leaking from natural uranium s h e l l s 
of outer diameter 15.73 cm were measured 

shel l 
th ickness 

t cm 

angle between 
normal to surface 
element and fl ight 

path 0° 

target 

3 .0 45 U n a r P b 

9 .9 45 "nat- P b 

9 .9 42 U n a r P b 

9 .9 -45 U n a t o n l y 

Currently we are co-operating with E. D. Pendlebury of AWRE in making data adjustments from the 
experimental spectra by calculat ional techniques^>6), based on the S n transport code S T R A I N T ^ . 
Other adjustment s c h e m e s have been r e p o r t e d ^ b u t these have not been capable of deal ing with 
angular f luxes . The work is s t i l l at an early s tage . 
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or F a s t R e a c t o r Operation and D e s i g n , B . N . E . S . report, p. 149 (1969) . 

(7) B i t e l l i G., C e c c h i n i G., Gandini A. and Sa lvatores M. Proc . of Int. Conf. on the P h y s i c s of Fas t 
Reactor Operation and D e s i g n , B . N . E . S . report, p. 149 (1969) . 

(8) Barre .1. Y . , H e i n d l e r N . , L a p a c e l l e T. and Ravier .1. Proc. of Int. Conf. on the P h y s i c s of F a s t 
Reactor Operation and D e s i g n , B . N . E . S . report, p. 165 (1969) . 

(9) Rowland J . L . and Macdougall J. D. Proc. Int. Conf. on the P h y s i c s of F a s t Reactor Operation and 
D e s i g n , B . N . E . S . report, p. 180 (1969) . 

E . A neutron de tec tor with f l a t energy r e s p o n s e for u s e in t ime-of - f l ight exper iments (M. S. C o a t e s and 
G. J . Hunt) 

The spher ica l ^ B - V a s e l i n e detector descr ibed e a r l i e r ^ has been constructed . Four 10.8 cm 
diameter, 5 cm thick Na-1 c r y s t a l s v i e w the surface of the sphere to de tec t the 478 keV y-rays produced 
in the ^ B ( n , « ) ^ L i * , y ^ L i react ion. T a b l e I g i v e s a l i s t of re levant detector parameters. Measurements 
have been made on the 30G m f l ight path of the neutron booster . A d e t a i l e d descr ipt ion of the re levant 
boos ter construct ion h a s been g i v e n T h e only s i g n i f i c a n t alteration i s that the 2 cm thick water 
moderator und Al conta iners descr ibed in the reference have been rep laced by 2 . 5 cm thick p o l y e t h y l e n e 
s l a b s . T h e neutron beam was co l l imated at the booster end of the f l ight path s o that the detector v i e w e d 
a 1 2 . 5 cm diameter c irc le at the centre of the moderator face . A col l imator of 9 0 cm borated res in and 
20 cm Pb se t ^ 3 metres from the detector l imited the beam to fal l within the diameter of the re-entrant ho l e . 
Al ignment was c h e c k e d by removing the insert from the centre ho le ( s e e Tab le I) and ensuring that the 
beam p a s s e d comple t e ly through without striking the remaining part of the detector . The detector was 
s h i e l d e d with surrounding w a l l s of 5 cm thick Pb i n s i d e 15 cm thick borated wax. The f l ight path had 
two breaks at 6 0 m and 120 m p o s i t i o n s to al low measurements to be made on shorter f l ight paths . The s i x 
vacuum windows through which the neutron beam p a s s e d were each of 0 . 0 1 2 5 cm thick Mel inex . Air g a p s 
in the f l ight path t o t a l l e d ~ 1 0 metres . The r e s p o n s e of the detector h a s been c a l c u l a t e d u s i n g the GEM 4 
Monte Carlo c o d e on the IBM 7090 at R i s l e y ^ ) . A d e t a i l e d study w a s made of the y-rays emerging from the 
f i v e equal areas on the surface of the sphere de f ined in F i g . 1. With the Nal c r y s t a l s v i e w i n g reg ions 
(2 + 3) the e f f i c i e n c y for neutron de tec t ion i s e x p e c t c d to be f la t to within 4 % ^ ' over the energy range 
(100 eV -» 700 keV) . T o t e s t th is predict ion experimental ly requires comparison measurements with 
d e t e c t o r s of accurate ly known r e s p o n s e such as 1 / v de tec tors at low e n e r g i e s and the Harwel l long 
counter1™ at high e n e r g i e s . T h e s e measurements wi l l be made in the near future. However , as a f irs t 
t e s t o f the predic ted r e s p o n s e o f the spherical detector , measurements have been made with the Nal 
c r y s t a l s v i e w i n g two di f ferent reg ions of the sphere surface and the ratio of the r e s p o n s e s as a function 
of neutron energy compared with the ca l cu la ted ratio. The two reg ions measured were (2 + 3) and (3 + 4) 
of F i g . 1. F ig . 2 s h o w s the c a l c u l a t e d ratio together with the experimental r e s u l t s . In order to obtain 
better s t a t i s t i c a l accuracy the timing channel counts have been sui tably grouped. Normal i sa t ion of the 
data to the c a l c u l a t e d ratio was made at MeV. The accuracy at low e n e r g i e s i s l imited by background 
due to cosmic rays and it should be p o s s i b l e to reduce this in future measurements by a n t i - c o i n c i d e n c e 
t e c h n i q u e s . T ime dependent background as determined us ing black re sonance f i l t ers w a s i n s i g n i f i c a n t . 
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T h e agreement b e t w e e n theory and e x p e r i m e n t 
i s e n c o u r a g i n g . In the reg ion a b o v e 'MOO k e V 
where the a c c u r a c y of the exper imenta l po ints i s • 

± 2%, there i s s o m e ind ica t ion of a smal l 
s y s t e m a t i c d i s c r e p a n c y (<2% o v e r a l l ) with theory. 
S i n c e , h o w e v e r , the p o i n t s determing the 
theore t i ca l curve h a v e errors of 1-2% it i s probably 
fair to c o n c l u d e that theory and experiment agree 
within the r e s p e c t i v e errors. T h i s work w a s 
reported in d e t a i l in paper C N - 2 6 / 3 5 p r e s e n t e d 
at the I A E A C o n f e r e n c e on Nuc lear Data for 
R e a c t o r s , H e l s i n k i (June , 1970) . 

Fig. 7 Five equal areas on sphere surface. 
Areas defined by intersection with surface 
of equally spaced planes perpendicular to 

neutron beam direction. 
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0 1 IO 

Fig. 2 Calculated and experimental ratio of detector response under different operating conditions. 
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TABLE II 

Sphere radius 

Re-entrant hole 
depth 

Re-entrant ho le 
diameter 

Containment she l l 

*Boron content 

V a s e l i n e content 

Nal c r y s t a l s 

Experimental Detector Parameters 

12 cm nominal 

Comments 

8 cm nominal 

2 .5 cm nominal 

Aluminium 0 . 1 7 5 cm thick 

1059 gms powder (nominally 90% pure B) with 90% 1 0 B content. 
Impurities C(2%), Fe(0.7%), Ni(0.3%), Si(2.4%), 0 , ( 1 % ) , 
Cr+Al+Co+Cu(1.0%) 

5389 gms 

Four crys ta l s symmetrical ly p l a c e d about the neutron beam 
direct ion and e s s e n t i a l l y in contact with the sphere surface . Each 
crystal 10 .8 cm diameter and 5 cm thick. 

T h e re-entrant hole i s formed by having a thin v a i l e d (0 .0125 cm) s t a i n l e s s s t e e l 
tube c r o s s i n g the sphere on a diameter and insert ing into this a cyl inder of 
^ B - V a s e l i n e contained in aluminium 0 .025 cm thick. The Nal crysta l s h a v e 
lead co l lars 2 .5 cm thick, to ensure that they detec t only y-rays from the 
required area on the sphere surface . 

T h e i s o t o p i c content and the presence of impurities were included in the c a l c u l a t i o n s . 

(1) C o a t e s M. S. and Hart W. 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 1.C, p. 2 (1969) . 

(2) C o a t e s M. S. and Tripp D. J . 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 7, p. 12 
(1964) . 

(3) C o a t e s M. S and Hart W. 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 15, p. 1 (1968)-

(4) A d a m s J. M., Ferguson A. T . G. and McKenzie C. D. 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 14, p. 16 (1967). 

E . Capture measurements with a large l iquid sc in t i l l a t ion counter (M. S. C o a t e s and M. C. Moxon) 

Experiments have been carried out on the 270 l i tre, 76 cm diameter l iquid sc in t i l l a t ion t a n k ^ s e t 
up on a 100 m f l ight path of the neutron booster to determine i t s su i tabi l i ty as a capture detector up to 
high (~1 MeV) neutron energ ies . Background has been cons iderably s u p p r e s s e d by replac ing the l iquid 
sc int i l la tor u s e d for the f irst tr ials with N E 211 containing 10% of methyl borate and lining the c e n u a l 
s t a i n l e s s s tee l tube through which the neutron beam p a s s e s with and po lye thy lene l ayers . T h e c o u n t s 
to background at the 1 keV capture r e s o n a n c e in F e , observed in a channel accept ing p u l s e s due to 
y -rays in the energy range 3 MeV -» 11 MeV, w a s improved by a factor o f 100 to 1 5 / 1 . (The detector w a s 
u n s h i e l d e d apart from the 2 ft thick concrete wal ls of the containment c e l l ) . Background up to 1 MeV 
neutron energy w a s low enough to d i s t ingui sh on !he t ime-of-f l ight distr ibut ions obtained with a Ni 
sample in the beam much of the structure observed by Block e t a l o n the large l iquid sc int i l la tor at 
R e n s s e l a e r P o l y t e c h n i c Institute. Further measurements however, us ing re sonance f i l t er s and a carbon 
scat ter ing sample , showed that part of the structure observed by u s w a s due to scat tered neutrons being 
promptly captured in the s t a i n l e s s s t e e l of the central tube, making accurate (+10%) measurement of 
capture c r o s s s e c t i o n s in the few mil l ibarns range imposs ib l e until the tube has been rep laced with o n e of 
lower capture c r o s s s e c t i o n . T h i s wil l be done as a next s t e p , probably us ing a borated resin s l e e v e 
with a thin Al coat ing to prevent contamination of the sc int i l la t ion liquid. 
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(1) C o l v i n D. W. and B o wen P. H. 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 15, p. 5 
(1967) . 

(2) B l o c k R. C . , Hockenbury R. VV., Bar to lome Z. and Fulwood R. R. I A E A Conf . on N u c l e a r Data for 
R e a c t o r s V o l . 1, p . 565 (Par i s ) ( 1 9 6 6 ) . 

E. Neutron capture c r o s s - s e c t i o n m e a s u r e m e n t s (M. C. Moxon, P . R i e h s (Se ibersdorf ) J . E. J o l l y and 
M. B. H u g h e s ) 

(a) Energy range 5 e V to 1 0 0 keV 

Capture m e a s u r e m e n t s on s e v e r a l s a m p l e s o f V and Ni h a v e b e e n c o m p l e t e d in the neutron energy 
range from 5 e V to 100 keV u s i n g the capture d e t e c t o r at the 32 metre s t a t i o n on the ' b o o s t e r ' target of 
the Harwel l 4 5 MeV l inear a c c e l e r a t o r . T h e data are in the p r o c e s s of b e i n g a n a l y s e d and preliminary 
i n d i c a t i o n s are that the radiat ion widths for the f i r s t three s - w a v e r e s o n a n c e s in vanadium l i e b e t w e e n l a n d 
3 eV . In the c a s e o f n i c k e l , the p r e s e n c e of s e v e r a l i s o t o p e s c o m p l i c a t e s the a n a l y s i s , and corrcc t ion 
of the data for s e l f - s c r e e n i n g and mul t ip le s c a t t e r i n g , but the u s e of s e v e r a l sample t h i c k n e s s e s may 
e n a b l e us to approach the true capture c r o s s s e c t i o n and obta in some i d e a of the r e s o n a n c e parameters . 

P e t e r R i e h s , on a short v i s i t from A u s t r i a in March and April of t h i s year , brought with him s a m p l e s 
of the erbium i s o t o p e s which were on loan to the A . A . E . C . from the U . S . A . E . C . During the period he w a s 
at H a r w e l l , capture m e a s u r e m e n t s were carried out on a l l the s a m p l e s and the data are now being r e d u c e d 
to capture y i e l d and it i s hoped to obta in r e s o n a n c e parameters and a v e r a g e capture c r o s s - s e c t i o n s from 
the da ta a s w e l l a s i s o t o p i c a l l o c a t i o n o f many of the r e s o n a n c e s . 

(b) Energy range 0 . 0 1 eV to 1 k e V 

A 'Moxon-Rae ' capture d e t e c t o r h a s recent ly 
b e e n se t up at 4 .5 m from a natural uranium target 
in C e l l III of the l i n a c . T h i s i s primarily to m e a s u r e 
capture c r o s s s e c t i o n s in the energy range from 
0 . 1 e V to 100 eV . T h e h igh s i g n a l to background 
( ~ 1 0 0 / 1 at 5 e V ( s e e F i g . 1)) w i l l e n a b l e us to 
m e a s u r e capture y i e l d s , i . e . n<r , a s l o w a s 0 .01 with 
r e a s o n a b l e a c c u r a c y . In two s e s s i o n s e a c h l a s t i n g 
about two d a y s capture m e a s u r e m e n t s were carried 
out on s a m p l e s of U, Au, T a , A g , R h , F e and the 
erbium i s o t o p e s . T h e h igh count rate obta ined from 
s o m e of the s a m p l e s required the u s e of the t ime-o f -
f l i g h t ana lyser , d e v e l o p e d by D. V. Morris ( s e c 
contr ibut ion to th is report by B o y c e et a l . ) w h i c h 
f e e d s the information direct ly into the P D P - 4 
computer and can h a n d l e count r a t e s as high as 
1 0 0 , 0 0 0 count s per s e c o n d during the count ing 
per iod . 

Fig. 7 Counts from a Moxon-Rae detector 
using a 0.01 in thick tantalum sample. 

E. T h e d irect measurement of alpha for 2 3 9 P u (M. G. Schomberg, M. G. Sowerbv, D . A. B o v e e , 
K. J. Murray and D. L . Sutton) 

T h e e x p e r i m e n t ^ to m e a s u r e the ratio of the capture and f i s s i o n c r o s s s e c t i o n s (a) for 2 3 < ^Pu in 
the energy range 1 0 0 e V to 30 keV h a s b e e n completed." T h e f inal r e s u l t s , which are showfi in F i g . 1, 
are p r e s e n t e d in a paper with the f o l l o w i n g a b s t r a c t submit ted to the H e l s i n k i C o n f e r e n c e on Nuc lear 
Data for R e a c t o r s . 

C H A N N E L NUMBER 
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Fig. 7 Energy variation of a for yPu. 

"The ratio of the capture to f i s s i o n c r o s s s e c t i o n s (alpha) of *"5VPu in the energy range 100 eV to 
30 k e V h a s b e e n m e a s u r e d u s i n g the Harwel l 4 5 MeV Linear A c c e l e r a t o r t i m e - o f - f l i g h t spec trometer . T h e 
method u s e d h a s b e e n d e s c r i b e d by Schomberg e t al. in F a s t R e a c t o r P h y s i c s 1 , 2 8 9 (1968) together 
with p r o v i s : o n a l r e s u l t s . In t h i s paper the f ina l r e s u l t s are p r e s e n t e d and compared with the other 
a v a i l a b l e data. Most e x p e r i m e n t s to m e a s u r e a lpha in th i s energy range are normal i s ed to the v a l u e s of 
a lpha at the p e a k s o f the low energy r e s o n a n c e s . It w a s r e c o g n i s e d at the m e e t i n g o f s p e c i a l i s t s 
o r g a n i s e d by the Internat ional Working Group o n F a s t R e a c t o r s in July 1969 that some of the 
d i s c r e p a n c i e s b e t w e e n the v a r i o u s e x p e r i m e n t s were due to d i f f e r e n c e s in the v a l u e s u s e d for n o r m a l i s a -
t ion. It w a s therefore recommended that a b e s t s e t of normal i sa t ion v a l u e s should be o b t a i n e d and that , 
for compar i son p u r p o s e s , all e x p e r i m e n t s should be n o r m a l i s e d to t h e s e . An e v a l u a t i o n t o produce a b e s t 
s e t h a s b e e n performed and the r e s u l t s are d i s c u s s e d in t h i s paper". 

(1) Schomberg M. G., Sowerby M. G . , B o y c e D. A . , Murray K. J. and Sutton D . L . A E R E - P R / N P 16, 
p. 1 4 (1969) . 

B. Prompt f i s s i o n neutron s p e c t r a from Uranium and Plutonium (J. M. A d a m s and .1. L . R o s e 
Borough P o l y t e c h n i c ) 

F o l l o w i n g the work of B a r n a r d ^ , prel iminary e x p e r i m e n t s h a v e b e e n i n i t i a t e d for a further study of 
the prompt f i s s i o n neutron s p e c t r a wi th particular a t tent ion to the h igher s e c o n d a r y neutron e n e r g i e s 
where the prev ious r e s u l t s are i n a c c u r a t e due to i n t e r f e r e n c e from gamma r a y s . 
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An improved neutron d e t e c t i o n s y s t e m , c o n s i s t i n g of an N E 2 1 3 l iquid sc in t i l l a tor 1 (bubble free 
e n c a p s u l a t i o n ) coup led to a 2 in. diameter low n o i s e photomult ipl ier+, h a s been d e v e l o p e d for use with 
a s t a b i l i s e d v e r s i o n o f the Harwell pu l se shape discr iminat ion s y s t e m . With th i s s y s t e m , neutron-
gamma discr iminat ion is s t i l l e f f e c t i v e at neutron e n e r g i e s of l e s s than 50 keV, which i s we l l b e l o w the 
l o w e s t neutron energy of interes t . 

U s i n g IBIS, the Harwell 3 MeV p u l s e d Van de Oraaff, two complementary methods are being 
e m p l o y e d in order to cal ibrate the r e l a t i v e neutron e f f i c i e n c y of the de tec tor a s a funct ion of neutron 
energy . One method r e l i e s on knowledge of the re la t ive angular d i s tr ibut ions of the standard neutron 

7 7 "1 o i 
producing reac t ions (e .g . L i ( p , n ) ' B e , T ( p , n ) J H e , v B e ( a , n ) 1 - C and T ( d , n r i J e ) w h i l e th e other method 
d e p e n d s on the well known hydrogen c r o s s - s e c t i o n . T h e latter method i n v o l v e s scat ter ing neutrons from 
a s u i t a b l e hydrogenous material ( e . g . po ly thene) and u s i n g the re su l t ing o b s e r v e d angular d i s tr ibut ions 
to determine the re la t ive de tec t i on e f f i c i e n c y . A Monte-Carlo programme ( M a g g i e ) ^ wi l l be used to 
correct for mult iple scat ter ing e v e n t s in the scat ter ing sample . The resul tant neutron e f f i c i e n c y 
ca l ibrat ion wil l be compared with the r e s u l t s from another Monte-Carlo programme, ( L u c i f e r ) ^ , which 
c a l c u l a t e s the theoret ica l neutron d e t e c t i o n e f f i c i e n c y of hydrogenous s c i n t i l l a t o r s . 

Preliminary re su l t s have ind ica ted that the hydrogen scat ter ing method will work from 300 keV to 
6 MeV; at high e n e r g i e s , where the backgrounds invo lved are unpredictable due to the lower hydrogen 
s c a t t e r i n g c r o s s s e c t i o n , further work has to be done to e s t a b l i s h the f e a s a b i l i t y of this approach. 

Work h a s a l s o been started on bui lding a Xenon g a s s c in t i l l a tor f i s s i o n chamber b a s e d on the work 
o f S a y e r s ^ . T h i s , it i s hoped, wi l l rep lace the short- l ived s o l i d s t a t e f i s s i o n d e t e c t o r s now in u s e 
and a l low for higher counting rates in f i s s i o n exper iments . 

+ S u p p l i e d by Nuclear Enterpr ises (G .B . ) Ltd. 

* T y p e C3100D suppl ied by RCA. 

(1) Barnard E . , Ferguson A. T. G., McMurray W. R. and Van Heerden I. J. Nuc lear P h y s i c s , 71, 228 
(1965) . " 

(3) Parker J . B . , T o w l e J. H., Sims D. and J a m e s P. G. Nuc . Instr. & Methods 14 , 1 (1961) . 

(4) Batche lor R., Gilboy W. B. , Parker J. B. and T o w l e J . H. N u c . Instr. & Methods, 76 (1961) . 

(5) Sayers A. and Wu C. S. R e v . Sc i . Ins t . , 28 , 758 (1957) . 

E . Study of y-rays emitted fo l lowing neutron r e s o n a n c e capture in ~ ^ P u , and ^ ^ R l i 
(M. S. C o a t e s and M. C. Moxon) 

Experimental e v i d e n c e h a s recent ly been reported by N i s l e and S t e p a n ^ for the e x i s t e n c e of a 
short l i v e d component in the d e c a y rate of 2 4 1 p u a s deduced from reac t iv i ty measurements . A p o s s i b l e 
e x p l a n a t i o n i s the e x i s t e n c e of a shape isomer in " ^ P u , and, in the hope of observ ing e v i d e n c e for 
t h i s , measurements h a v e been made of the p u l s e he ight spectra produced by y-rays emitted in the 
2 4 0 P u ( n , y ) reac t ion . The p r e s e n c e of a shape isomer might be e x p e c t e d to g ive r i se to two d i s t i n c t 
energy groups in the dis tr ibut ion, corresponding to transi t ions in the f irs t and s e c o n d minima 
r e s p e c t i v e l y of the double humped energy v s . nuclear deformation curve. Two Nal s c i n t i l l a t i o n c o u n t e r s * 
e a c h with c r y s t a l s 15 cm diameter and 10 cm thick were s e t up on a 14 m f l ight path of the neutron 

*We are grateful to Mr. D . Newton of Heal th P h y s i c s and Medical D i v i s i o n for the loan of t h e s e counters . 
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b o o s t e r . T h e c o u n t e r s were o p e r a t e d in c o i n c i d e n c e e a c h with u b i a s s e t t i n g of 251) k e V . A l ime g a t e 
a l l o w e d the s y s t e m to d e t e c t y - r a y s e m i t t e d f o l l o w i n g neutron capture in the large r e s o n a n c e in -**"Pu at 
1 . 0 5 e V . T h e plutoniuni o x i d e s a m p l e (99 .28% 2 ^ ° P u o f Pu c o n t e n t ) , 2 . 5 cm d i a m e t e r , 118 mg w e i g h t , w a s 
p l a c e d b e t w e e n the t w o c o u n t e r s w h i c h lay o u t s i d e the neutron beam. P u l s e h e i g h t d i s t r i b u t i o n s were 
recorded on a 1 0 0 c h a n n e l a n a l y s e r . For c o m p a r i s o n p u r p o s e s s imi lar m e a s u r e m e n t s w e r e made with a 
2 3 8 U s a m p l e at the 6 . 6 7 eV and 3 6 . 7 e V r e s o n a n c e s and with a 1 < ) 3 R h s a m p l e at the 1.1 cV r e s o n a n c e . No 
s h a p e i s o m e r i s m e f f e c t i s e x p e c t e d in t h e s e n u c l e i . T h e s p e c t r a are s h o w n in F i g . 1 n o r m a l i s e d on the 
e n e r g y a x i s to the b i n d i n g energy o f and to equal area under the r e s p e c t i v e c u r v e s . T h e p r e s e n c e 
of a s h a p e i s o m e r in - 4 1 p u W o u l d s h o w us a marked d i s c o n t i n u i t y in the p u l s e h e i g h t d i s t r i b u t i o n near 
2 -3 MeV (near c h a n n e l No . 5 0 ) . T h e r e i s no e v i d e n c e of th i s . 
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10 > 
0£ < 
ec 
H 
m 
o£ < 

t u z z < 
x 
u 
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ui 
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I -
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2 4 1 , 

! 0 4 R h 
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2 3 9 U (36 '7 eV) 
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C H A N N E L N U M B E R ( = P U L S E H E I G H T )• 

Fig. 1 Normalised y-ray pulse height distributions. 

It i s i n t e r e s t i n g that the s p e c t r u m i s s i g n i f i c a n t l y d i f f e r e n t from that of d e s p j t e t i i e 

s i m i l a r i t y of their l e v e l s c h e m e s . T h e s trong t r a n s i t i o n s near the b inding e n e r g y in - ^ U a p p e a r i 0 be 
a b s e n t in 2 4 1 p U - T h e m e a s u r e m e n t s s h o w the r e d u c e d s trength of t h e s e t r a n s i t i o n s for the 36 eV 
r e s o n a n c e in compared to that for the 6 .7 eV r e s o n a n c e . Q u a l i t a t i v e l y t h i s a g r e e s with the h igh 
r e s o l u t i o n m e a s u r e m e n t s of T h o m a s e t a l . ^ u s i n g a G e - L i d e t e c t o r . 

In a d d i t i o n to the p u l s e h e i g h t d i s t r ibut ion m e a s u r e m e n t s an at tempt w a s made to m e a s u r e the 
m u l t i p l i c i t y of the y - r a y s in the c a s c a d e f o l l o w i n g c a p t u r e . It i s e a s i l y s h o w n ^ that the mean v a l u e ~ 
o f the m u l t i p l i c i t y i s g i v e n from c / s = k(i> -1 ) where c i s the c o i n c i d e n c e c o u n t rate in the two Ntil 
d e t e c t o r s , s i s the m e a n s i n g l e c o u n t rate and k is a c o n s t a n t w h o s e v a l u e i s in p r i n c i p l e d e p e n d e n t on 
y-ray e n e r g y . In p r a c t i c e k turns o u t to be i n s e n s i t i v e to y-ray e n e r g y over the r e g i o n of i n t e r e s t . Its 
v a l u e i s d e t e r m i n e d by u s i n g y-ray s o u r c e s w h o s e m u l t i p l i c i t y i s known to b e 2 ( e . g . ^ C o and ^ N a ) . 
T h e o b j e c t of the m u l t i p l i c i t y m e a s u r e m e n t s w a s to s e e if that in 2 4 1 p u w a s a n o m a l o u s l y h igh . T h i s 
wou ld i n d i c a t e the p o s s i b i l i t y of a c o n v e n t i o n a l i s o m e r i c s t a t e wi th a very h igh sp in v a l u e , s i n c e a large 
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number of y-ray t rans i t i ons i s n e e d e d to arrive at such a s t a t e . The e x i s t e n c e of this s t a t e at a s u i t a b l e 
energy l e v e l could g i v e an a l t ernat ive exp lanat ion for the N i s l e and Stepan reac t iv i ty measurement . 
N o anomaly w a s o b s e r v e d however in the 2 4 ^ u mul t ip l i c i ty determinat ion . The mean mul t ip l i c i ty 
v a l u e s were: 

2 4 1 P u (1 .05 cV r e s o n a n c e ) = 2 . 8 0 ± 0 . 1 4 

2 3 9 U (6.67 eV r e s o n a n c e ) = 3 . 0 0 + 0 . 1 5 

1 0 4 R h (1.1 eV r e s o n a n c e ) = 3 . 2 0 ± 0 .16 

An i s o m e r i c s t a t e with a half l i f e ~ / z s ec s i s known to e x i s t ^ at 134 keV in No anomalous ly 
high mul t ip l i c i ty in the y c a s c a d e f o l l o w i n g neutron capture in 

2 3 8 y i s e x p e c t e d in this c a s e s i n c e the 
sp in d i f f e r e n c e b e t w e e n the i somer ic s ta te and the ground s t a t e is only 

(1) N i s l e R. S. and Stepan 1. E. N u c . Sc i . and Eng . 39, 257 (1970) . 

(2) T h o m a s B. W., Ut t l ey C. A. and R a e E. R. N u c l e a r 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 14, P- 23 (1968) . 

(3) Muehlhause C. O. P h y s . Rev . 79 , 277 (1950) . 

(4) T h o m a s B. W., Murray J. and R a e E. R. T h i s report, p. 19. 

B. The production of s p o n t a n e o u s l y f i s s i o n i n p i s o m e r s in the (npy) reac t ion on targe t s of 2 3 3 U , 234(] 
2 3 5 U , 2 3 8 U , and 2 3 9 P u (A. J . Ehvvn* and A. T . G. Ferguson) 

Spontaneous f i s s i o n with an anomalous ly short h a l f - l i f e was f i r s t r e p o r t e d ^ in 1962 . S u b s e q u e n t 
exper iments^ 2 ' 3 ^ e s t a b l i s h e d that the o b s e r v e d ac t iv i ty (14 ms) w a s a s s o c i a t e d with an i s o m e r i c s ta te 
in 2 4 2 A m having r e l a t i v e l y low sp in and r e l a t i v e l y high e x c i t a t i o n energy ( ~ 3 MeV), but y e t no 
o b s e r v a b l e y or a-decaying branch. Further s t u d i e s ^ 4 ' ^ h a v e s i n c e r e v e a l e d the e x i s t e n c e of short-
l i ved s p o n t a n e o u s l y f i s s i o n i n g i s o m e r s in other i s o t o p e s . C a l c u l a t i o n s by S t r u t i n s k y ^ and o t h e r s ^ 
s u g g e s t that the potent ia l - energy sur face a long the f i s s i o n degree of freedom h a s two maxima separa ted 
by a secondary minimum at a v a l u e of prolate deformation larger than that of the ground s t a t e . The 
s p o n t a n e o u s l y f i s s i o n i n g i somer ic s t a t e s are thought to be formed in th i s s e c o n d minimum. T h e p r e s e n t 
report d e s c r i b e s the r e s u l t s of a s earch for short - l ived s p o n t a n e o u s l y f i s s i o n i n g i somers formed in 
neutron- induced r e a c t i o n s . Product ion c r o s s s e c t i o n s , i somer rat ios and h a l f - l i v e s determined in s u c h 
measurements supp lement , with perhaps l e s s ambigui ty , the r e s u l t s b a s e d on some charged-par t i c l e -
induced m e a s u r e m e n t s . 

The current exper iments were carried out us ing IBIS at a neutron energy of 2 . 2 MeV. A 
prel iminary search at 0 . 5 5 MeV w a s a l s o made. T h e f i s s i l e sample s were separated i s o t o p e s of U and 
2 3 9 P u . The time d is tr ibut ion of f i s s i o n fragments d e t e c t e d by a s u r f a c e barrier d e t e c t o r w a s measured 
r e l a t i v e to the t ime of arrival of a burst of protons at the target. A t y p i c a l time d i s tr ibut ion for a 
target of 2 3 9 P u i s shown in F i g . 1 in which the i n t e n s e peak i s the "prompt" f i s s i o n w h i l e the tail i s 
attributed to the w e a k l y e x c i t e d i s o m e r i c branch. A numerical a n a l y s i s of the tail i n d i c a t e d the 
p r e s e n c e of two half l i v e s and g a v e their in tens i ty r e l a t i v e to prompt f i s s i o n . The r e s u l t s obta ined arc 
summarized in T a b l e I. T h e i s o m e r i c half l i v e s , together with data on s p o n t a n e o u s f i s s i o n from the 
ground s t a t e , e n a b l e o n e to s e t l imi ts on the e x c i t a t i o n e n e r g i e s of the i s o m e r i c s t a t e s . T h e r e s u l t s 
of s u c h e s t i m a t e s are shown in T a b l e II. T h e s e e s t i m a t e s are c o n s i s t e n t with t h o s e der ived by other 
m e t h o d s . 

+ On l e a v e from Argonne Nat ional Laboratory. 
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C H A N N E L NUMBER 

Fig. 1 Time distribution of fission fragments fron a target. 

T A B L E I 

E x p e r i m e n t a l r e s u l t s 

E n e r g y 
(MeV) 

T a r g e t 
n u c l e u s 

F i n a l 
n u c l e u s 

r l / 2 

(x 10"9 s e c ) 

R a ) _ d e l a y e d 
prompt 

fx 10'4) 

a ( d c l a y e d ) a ' b ) 

(x 10"27 c m 2 ) 

2.2 239pu 240 P u 29.0 + 3.8 4.1 0.82 
4.1 - 5 . 2 39 7.8 

233u 234y 30.4 + 4.9 4.7 0.96 
234y 235u 19.7 + 4.9 1.2 0.18 
235u 23<Su 66.6 + 8.7 3.1 0.4 
238u 239u No l i f e t i m e o b s e r v e d 

0.55 233 y 234y 34.9 + 4.5 7.4 1.5 

a) Error about ± 50%. 

b) C a l c u l a t e d from the r a t i o s R and the neutron i n d u c e d f i s s i o n c r o s s s e c t i o n s . 
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TABLE II 

Exc i ta t i o n e n e r g i e s of i somer ic s t a t e s 

Final r l / 2 Ej (upper limit) F . a ) 
"i 

n u c l e u s (x 1 0 ' 9 s e c ) (MeV) (MeV) 

2 3 4 y 3 0 . 4 i 4 . 9 2 .97 

2 3 5 U 19.7 i 4 . 9 3 . 3 2 2.7 

2 3 6 u 66 .6 ± 8 .7 2 .96 > 2 . 6 

2 4 0 P u 2 9 . 0 + 3 .8 2 . 4 4 

4 . 1 - 5 . 2 2 . 6 4 2 . 3 - 2 .4 

a) R e s u l t s b a s e d on other f i s s i o n exper iments . See ref . ^ 

T h e c r o s s s e c t i o n for isomer production is s e n s i t i v e to the spin and e x c i t a t i o n of the i someric 
s ta te a s we l l a s to the h e i g h t s of the outer and intermediate barriers. Current work i s aimed at explor ing 
more fu l ly the variat ion of c r o s s s e c t i o n s with neutron energy. 

(1) P o l i k a n o v S. M., Druin V. A . , Karnaukhov V. A. , Mikheev V. L . , P l e v e A. A . , S k o v e l e v N. K., 
Subbotin V. G., Ter-Akop'yan G. M. and F o m i c h e v V. A. Zh. Eksperim. i Teor, F i z . 4 2 , 1 4 6 4 
(1962) ( E n g l i s h transl . : Sov. P h y s . - J E T P 15 ,1016 (1962)) . 

(2) P o l i k a n o v S. M. U s p . F i z . Nauk 9 4 (1968) 43 ( E n g l i s h trans l . : Sov. P h y s . _ Usp . H , ( 1 9 6 8 ) 22); 
F lerov G. N . , P l e v e A. A., P o l i k a n o v S. M., Tre tyakova S. P . , Martalogu N. , Poenaru D. , Sezon M., 
V i l c o v I. and V i l c o v N. Nuc l . P h y s . A 9 7 . 4 4 4 (1967); F lerov G. N. , Gangrskii Yu. P . , Markov B. N . . 
P l e v e A. A . , Po l ikanov S. M. and Y u n g k l a u s s e n Kh. Yad. F i z . 6j 17 (1967) ( E n g l i s h transl . : S o v i e t 
J . Nuc l . P l iys ._6 ,12 (1967); F lerov G. N . , Ivanov E . , Martalogue N . , P l e v e A. A . , Po l ikanov S. M., 
Poenaru D. and Vi l cov N. R e v u e Roumaine Phys . 10 ,217 (1965) . 

(3) F lerov G. N . , P l e v e A. A., Po l ikanov S. M., Tretyakova S. P . , B o c a I., Sezon M., V i l c o v 1. and 
V i l c o v N. N u c l . P h y s . A 1 0 2 . 4 4 3 (1967); B o c a I., Martalogue N . , Sezon M., V i l cov I. , V i l c o v N . , 
F lerov G. N . , P l e v e A. A., Po l ikanov S. M. and Tretyakov S. P. Rev . Roumaine P h y s . 13,181 
(1968) . ~~' 

(4) Borggreen J . , Gangrskii Y. P . , S l e t t en G. and Bjrfrnholrh S. P h y s . L e t t e r s 25B, 402 (1967); 
Bjizfrnholm S . , Borggreen J . , Westgaard L. and Karnaukhov V. A. N u c l . Phys . A95, 513 (1967); 
B o c a I . , Martalogu N. , Sezon M., V i l c o v I . , V i l c o v N. , F lerov G. N. , P l e v e A. A. , P o l i k a n o v S. M. 
and Tretyakova S. P. Nuc l . P h y s . A 1 3 4 . 5 4 1 (1969) . 

(5) Lark N . , S lc t ten G. and Bjdrnholm S. Nuc lear Structure: Dubna Symposium 1968 (IAEA, Vienna , 
1968); Lark N . , S le t ten G. , P e d e r s e n J. and Bjiirnholm S. N u c l . P h y s . (to be publ i shed) . 

(6) Strutinsky V. M. N u c l . P h y s . A 9 5 . 4 2 0 (1967); A122 .1 (1968) . 

(7) N i l s s o n S. G., Nix J. R. , S o b i c z e w s k i A. , Szymanski Z . , Wycech S., G u s t a f s o n C. and Moller P. 
Nuc l . P h y s . A115, S45 (1968); N i l s s o n S. C.., T s a n g C. F. , S o b i c z e w s k i A. , Szymansk i , Z. , 
Wycech S., Gus ta f son C. , Lamm J. L . , Moller P. and N i l s s o n B. Nuc l . P h y s . A 1 3 1 . 1 (1969) . 

(8) V a n d e n b o s c h R. and Wolf K. L. 2nd. IAEA Symposium on P h y s i c s and Chemistry of F i s s i o n , 
Vienna 1969. 
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(9) Metag V. , Repnow R., von Brentano P. and Fox J. D. Z. Phys ik 226 ,1 (1969); Metag V. , 
j Repnow R . , von B r e n l a n o P . and F o x J. D. ref. 8. 

(10) Lynn J . E . 2nd IAEA Symposium on P h y s i c s and Chemistry of F i s s i o n , Vienna 1969. 

B. I n e l a s t i c neutron scat ter ing from (B. H. Armitage and \V. Snenccr) 

Work h a s begun on the measurement of i n e l a s t i c neutron scat ter ing from us ing time-of-I'light 
t e c h n i q u e s . T h i s work i s intended to complement the measurements already made in this l a b o r a t o r y ^ 
over the neutron energy range 0 .07 to 1 .6 MeV, and measurements made at AWRE at h igher primary 
neutron e n e r g i e s ^ . The ava i lab i l i ty of low n o i s e RCA C3100D photomult ipl iers e n a b l e s neutrons to be 
d e t e c t e d to b e l o w 50 keV without having recourse to a twin-photomult ipl ier s y s t e m ^ . The pulse shape 
d i scr iminat ion s y s t e m i s being u s e d to suppres s the gamma-ray background, and s o far the e m p h a s i s of 
the work has been on the ach ievement of an optimum geometry for the minimizat ion of the neutron back-
ground in the time spectrum. 

(1) Barnard E . , F e r g u s o n A. T . C.., McMurray W. R. and Van Heerden I. J . Nuc l . P h y s . 80, 46 (1966) . 

(2) Batche lor R. , Gi lboy W. B. and T o w l e . I . H. N u c l . Phys . 65, 236 (1965) . 

(3) Adams J. H. e t a l . Nuc l . Instr. and Meth. 34, 21 (1965) . 

Eva luat ion of the f a s t neutron c r o s s s e c t i o n s o f 2 3 8 U : s e m e theoret ica l c o n s i d e r a t i o n s (.1. E. Lynn) 

Certain b a s i c data on themicrostructure of the c r 0 s s s e c t i o n s have been obta ined from s t u d i e s 
in the r e s o n a n c e and k i l o v o l t region; t h e s e are e s s e n t i a l l y the s - w a v e neutron strength funct ion , the 

J77 = l / 2 + r e s o n a n c e s p a c i n g , the total radiation width of the same 1/2"1' l e v e l s , and the p-wave neutron 
strength funct ion . It i s common to u s e such data together with information of the low- ly ing l e v e l s of the 
target n u c l e u s , to c a l c u l a t e neutron c r o s s s e c t i o n s to cons iderab ly higher e n e r g i e s ( ~ 1 MeV), and it may 
be thought that such c a l c u l a t i o n s may be a u s e f u l gu ide in s e l e c t i n g the most re l iab le of d ivergent data 
when eva luat ing neutron cross s e c t i o n s . 

T o some ex tent this is true, but it i s important to be aware of all the factors that may a f f ec t the 
theoret ica l c a l c u l a t i o n , and of the uncer ta in t i e s in the theoret ica l c o n c e p t s . A typ ica l s e t of c a l c u l a t e d 
cross s e c t i o n s and data are shown in F i g s . 1(a) and (b). In these it has been a s s u m e d that all the odd 
neutron orbital angular momentum w a v e s have s trength- funct ions equal to the measured p -wave va lue 
b e l o w 100 keV, and that the e v e n w a v e s have the s - w a v e s trength- funct ion va lue . T h e radiat ion width of 
all compound n u c l e u s s t a t e s i s a s sumed independent of total angular momentum and parity but the energy 
d e p e n d e n c e is g i v e n by F ig . 2 whi le the l eve l d e n s i t y variat ion is g i v e n by the formula p « exp^/[ 125(U(in 
MeV) — 0 .7) ] . T h e radiat ive capture c r o s s s e c t i o n a s c a l c u l a t e d agrees remarkably we l l with what a 
recent evaluator c o n s i d e r s to be the b e s t data, but in fac t the radiation width behaviour shown in F i g . 2 
i s a rather s p e c i a l one in which the radiat ion m e c h a n i s m rather strongly favours high energy trans i t ions 
(of about 3 MeV in energy) . T h e usual type of s t a t i s t i c a l model g i v e s a radiat ion width behaviour s imilar 
to that shown in F ig . 3 and this would g i v e a much i n c r e a s e d capture c r o s s s e c t i o n towards the higher 
e n e r g i e s in F i g . l a . However , recent b a s i c s t u d i e s on neutron r e s o n a n c e capture spec tra are beg inn ing 

to demonstrate n o n - s t a t i s t i c a l f eatures and encourage us to b e l i e v e that behaviour someth ing l ike F i g . 2 
may be r e a l i s t i c . 

A s far as the c a l c u l a t i o n of i n e l a s t i c scat ter ing is concerned , there are two extreme a l ternat ive 
a s s u m p t i o n s to be c o n s i d e r e d even after the b a s i c s trength- funct ion data are adopted. The usual 
a s sumpt ion i s that there i s no correlat ion from r e s o n a n c e to r e s o n a n c e b e t w e e n e l a s t i c and i n e l a s t i c 
scat ter ing w i d t h s . If th i s assumption i s abandoned in favour of full correlat ion the c a l c u l a t e d c r o s s 
s e c t i o n is i n c r e a s e d as shown in F ig . l b . The p o s s i b i l i t y that the s e c o n d assumpt ion may in fact be the 
correct one i s impl ied by the coupl ing of s i n g l e part ic le and rotational propert ies through the rotating 
deformed nuclear f i e l d a s in the coupled-channe l op t i ca l model . T h i s coup l ing f irst c r e a t e s s p e c i a l 
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1(b) Calculated neutron inelastic scattering cross section to some low lying states in 238^ 
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Fig. 2 Calculated radiative capture width 
behaviour of 238U + n based on a shell 

model level density law. 

Fig. 3 Calculated radiative capture width 
behaviour of 238U + n based on the 

statistical model. 

s t a t e s that are m i x t u r e s of a l p ( s i n g l e p a r t i c l e ) s t a t e in a non-rota t ing n u c l e u s , a l p s t a t e in a n u c l e u s 
ro ta t ing in a 2 + s t a t e , e t c . T h e f i r s t c o m p o n e n t c o r r e s p o n d s to e l a s t i c s c a t t e r i n g , the s e c o n d to 
i n e l a s t i c s c a t t e r i n g to the 2 + ro ta t iona l s t a t e and s o on . T h e s e s p e c i a l s t a t e s are then mixed (by the 
r e s i d u a l p a r t i c l e - p a r t i c l e f o r c e s ) i n t o the f i n e - s t r u c t u r e s t a t e s of the c r o s s s e c t i o n . If the m i x i n g is 
rather l e s s than the s p a c i n g b e t w e e n s p e c i a l s t a t e s the rat io of r e d u c e d w i d t h s in the s p e c i a l s t a t e i s 
carr ied o v e r into the nearby f i n e s tructure s t a t e s i . e . c o r r e l a t i o n of t h e s e r e d u c e d w i d t h s in the 
r e s o n a n c e s o c c u r s . If the f i n e - s t r u c t u r e s t a t e s r e c e i v e a p p r e c i a b l e admixtures from more than o n e 
s p e c i a l s t a t e th i s c o r r e l a t i o n i s o b l i t e r a t e d . T h e contr ibut ion of d i r e c t i n e l a s t i c s c a t t e r i n g to the c r o s s 
s e c t i o n i s a l s o g r e a t l y a f f e c t e d by the d e g r e e of s p r e a d i n g o f the s p e c i a l s t a t e s . Unt i l we u n d e r s t a n d 
the ro le of t h e s e s p e c i a l m o d e s be t t er w e c a n n o t e s t i m a t e c r o s s s e c t i o n s by n u c l e a r theory ( e v e n 
s t a r t i n g w i t h s o m e of the b a s i c parameters ) to better than 20% or e v e n p o s s i b l y 50%. 

A more c o m p l e t e a c c o u n t of t h i s work i s b e i n g wr i t ten for the I A E A H e l s i n k i C o n f e r e n c e on N u c l c a r 
D a t a for R e a c t o r s ^ . 

(1) L y n n J . E. I A E A C o n f e r e n c e on N u r l e a r Data for R e a c t o r s , p. C N - 2 6 / 1 0 5 , H e l s i n k i , 15 -19 J u n e 
1 9 7 0 . 

B . E f f e c t i v e neutron penetra t ion d e p t h into the s tandard Harwe l l long c o u n t e r (J. M. A d a m s ) 

M e a s u r e m e n t s h a v e b e e n carr ied o u t in order to de termine the e f f e c t i v e depth , R„, to w h i c h n e u t r o n s 
p e n e t r a t e into the s tandard Harwel l long c o u n t e r u ' . T h i s work w a s i n i t i a t e d in order that the r e c e n t l y 
r e - c a l i b r a t e d H a r w e l l l ong c o u n t e r s ^ - 2 ' 3 ' c o u l d be u s e d q u a n t i t a t i v e l y at any d i s t a n c e from a s o u r c e 
of m o n o e n e r g e t i c n e u t r o n s . T h e method i n v o l v e d produc ing m o n o e n e r g e t i c neutrons u s i n g the ^ L i ( p , n ) ^ B e 
and T ( p , n ) 3 H e 

r e a c t i o n s in the energy range from 120 keV to 2 . 8 MeV, and recording the number of 
neutrons d e t e c t e d a t v a r i o u s d i s t a n c e s , R , from the neutron s o u r c e b e t w e e n 7 5 cm and 4 0 0 cm. 
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Experimental ly the number of neutrons d e t e c t e d , N, can be written in the form 

N „ N„ , N b g d + N i n - N o m - N a b s 

where N i s the number of neutrons start ing within the cone de f ined by the long counter from the s o u r c e , 
^ b g d ' s l ' l c n u m ^ c r of background neutrons , N j n is the number of neutrons o u t s i d e the de f in ing c o n e that 
are s c a t t e r e d into the long counter and d e t e c t e d , N o u t i s the number of neutrons within the de f in ing cone 
that are sca t tered and not d e t e c t e d and N ^ i s the number of neutrons within the def i ning c o n e that arc 
absorbed . By u s i n g a su i tab ly shaped p i c c e of paraffin w a x , measurements were a l s o carried out at e a c h 
d i s t a n c e with the paraffin between the s o u r c e and the long counter in an attempt to determine N ^ g j ) N j n : 
it w a s not p o s s i b l e however to determine N Q U t and N a b s exper imenta l ly . In addit ion measurements o f 
Njjgcl a ' o n e w e r e made. 

A s s u m i n g that the neutron y i e l d v a r i e s i n v e r s e l y as the square of the d i s t a n c e , R i- R 0 , it is then 
p o s s i b l e to determine R 0 as a funct ion of neutron energy. However although N j n , N Q U l and N ^ are 
smal l by compar i son with NQ it w a s found n e c e s s a r y to take them all into account in the a n a l y s i s . For 
th i s purpose a computer programme w a s written employing Monte Carlo t e c h n i q u e s , in which individual 
neutrons are tracked from the source , u s i n g the known cross s e c t i o n s for o x y g e n and nitrogen, in order to 
compute the quant i t i e s N, N c , N j n , N Q U t and N ^ . From this a n a l y s i s , wh ich is a t p r e s e n t be ing 
c o m p l e t e d , it is apparent that N Q I U is s i g n i f i c a n t l y larger than N j n and N a b s -

In addit ion theore t i ca l e s t i m a t e s of RQ are a l s o be ing undertaken u s i n g the Monte Carlo programme 
Monk at Risley1- '". It i s hoped that a comparison of the exper imental de terminat ions corrected for air 
s c a t t e r i n g with the Monk c a l c u l a t i o n s wi l l r e su l t in a better understanding of the neutron d e t e c t i o n within 
the standard Harwel l long counter. 

The r e s u l t s , together with t h o s e of the recent neutron e f f i c i e n c y r e c a l i b r a t i o n ^ , should provide a 
much better foundat ion for the determinat ion not only of neutron f l u x e s but a l s o of the d e t e c t i o n 
e f f i c i e n c y of any neutron counter u s i n g the standard Harwell long counter . 

(1) A l l e n W. D. A E R E - N P / R 1667. 

(2) Adams J. M., Ferguson A. T . G. and McKenzie C. D. A E R E - P R / N P 14, 15, and 16. 

(3) Adams J. M. A E R E - P R / N P 16. 

(4) Hemmings P. J. and Moore J. G. private communicat ion . 

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. A measurement of the ratio of the ^Li (n ,q) and ^ B ( n , « ) c r o s s s e c t i o n s from 10 eV to 80 keV and 
recommended v a l u e s o f the l u B ( n , q ) c r o s s s e c t i o n up to 200 keV (M. Ci. Sowerby, B. H. Patr ick , 
C. A. Ut t l ey and K. M. Diment) 

Measurements of the neutron spectrum produced by the Harwell 45 McV Linear Acce lera tor have been 
made, us ing t ime-of - f l ight t e c h n i q u e s , with d e t c c t o r s based upon the 6 L i ( n , a ) and 1 0 B ( n , « ) r e a c t i o n s . A 
2 inch diameter ^ B F ^ counter, a "boron plug" detector with 0 . 0 0 3 5 4 7 a t o m s / b a m and a % inch thick 
^Li g l a s s s c i n t i l l a t o r were u s e d in the exper iments and their re la t ive e f f i c i e n c i e s as a funct ion neutron 
energy were c a l c u l a t e d by Monte Carlo methods . S i nce t h e s e de tec tors were "thin" (ivr \ 0 .3 ) the mult ip le 
s ca t t er ing correc t ions are smal l and a lmos t energy independent and hence the exper imental data can be 
u s e d to obtain the ratio of the ^ L i ( n , a ) to ^ B ( n , a ) c r o s s s e c t i o n s in the energy range 10 e V to 8 0 keV. 
The ratio is normal i sed at 10 e V to a va lue of 0 .245- The absorption c r o s s s e c t i o n of ^Li has b e e n obta ined 
from total and sca t ter ing c r o s s s e c t i o n of data . By combining t h e s e v a l u e s with the data from the ratio 
measurement , the i U B ( n , a ) cross s e c t i o n h a s been deduced with e s t imated errors ranging from 2-3rr. The 
resu l t s are compared with other measurements in F ig . 1 and there i s very good agreement over the entire 
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Fig. I The 10B(n,a) cross section relative to 19-8$(/E(keV) from 100 eV to 200 keV. 

energy range . T h e d a t a are a l l c o n s i s t e n t with the ' ® B ( n , a ) c r o s s s e c t i o n f a l l i n g b e l o w the V \ / p l e v e l , 
r e a c h i n g a minimum at ^ 2 5 k e V , where the d e v i a t i o n i s about 4%. A b o v e t h i s energy the c r o s s s e c t i o n 
r e l a t i v e to the l e v e l r i s e s and p a s s e s through a r e s o n a n c e at ^ 1 7 0 k e V . T h e c o m p l e t e s e t of 
data h a s b e e n f i t t e d b y an a n a l y t i c e x p r e s s i o n w h i c h i n c l u d e s the f i r s t three terms o f the S h a p i r o ^ 
e x p a n s i o n d e s c r i b i n g the l o w e n e r g y d e p e n d e n c e of s u c h c r o s s s e c t i o n s t o g e t h e r wi th an s - w a v e 
r e s o n a n c e at 170 k e V . A l e a s t s q u a r e s f i t t ing procedure w a s u s e d wi th f i v e f ree p a r a m e t e r s , t w o o f w h i c h 
are the energy and to ta l w id th of the r e s o n a n c e . It i s c o n c l u d e d that the *®B(n,a) c r o s s s e c t i o n up to 
2 0 0 k e V is g i v e n by 

<rn = I M E - 0 . 3 1 2 - 1 . 0 1 4 x 10" 2 V E + — 2 - 8 0 ? * L ° 5 3- barns 
na \/E v / E [ ( 1 7 0 . 3 - E ) 2 + 2 . 2 4 3 x 1 0 4 . 

where E is in k e V . T h i s e x p r e s s i o n h a s an e s t i m a t e d a c c u r a c y ranging from ^ 1 . 5 % at low e n e r g i e s to 
~ 3 % at the h i g h e n e r g y e n d , t h i s b e i n g a c o n s i d e r a b l e improvement in a c c u r a c y over p r e v i o u s 
d e t e r m i n a t i o n s . A paper on t h i s work h a s b e e n a c c e p t e d for p u b l i c a t i o n in the Journal of N u c l e a r E n e r g y , 
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and a paper was presented at the IAEA Conference on Nuclear Data for Reactors , He l s ink i , June , 1970 
(Paper CN-26 /26) -

(1) Shapiro F. L . Sov ie t P h y s i c s J E P T 7, 1132 (1958) . 

E. Observat ion of an i someric l e v e l in - i J U by means of the 2 3 8 U ( n , y ) 2 3 9 U reaction (B. W. Thomas , 
J . Murray and E. R. Rae) 

A deta i l ed measurement of the low energy gamma-ray spectrum (<1 MeV) produced in thermal neutron 
capture by 2 3 8 U has been publ ished by Maier- The strong gamma-ray observed at 134 keV w a s thought 
to depopulate a leve l in 2 3 9 U a t the same exc i ta t ion energy. Data from (d,p) m e a s u r e m e n t s ^ and high 
energy resonance capture s p e c t r a ^ confirm this assumption and s u g g e s t that the transit ion is of E2 
character. Time-of - f l ight measurements have been made on a 20 metre f l ight path of the Harwell 45 MeV 
e lectron linear acce lerator to study the low energy capture spectra o f - J 0 U as a function of neutron 
energy, us ing a 25 c m 3 Ge(Li ) detector . Data c o l l e c t i o n has been carried out by a two parameter s y s t e m 
us ing a P D P - 4 computer on- l ine to the experiment, for gamma-rays in the range 70 to 900 keV, and for 
neutron energ ies be low 350 e V . Suitable a n a l y s i s of the raw data can y i e ld complete gamma-ray spectra 
for s ing le r e s o n a n c e s or t ime-of - f l ight spectra for individual trans i t ions . The gamma-ray spec tra are 
very s imilar from resonance to r e s o n a n c e , as might be e x p e c t e d , and are in general agreement with the 
thermal data. The t ime-of- f l ight spectrum for the 134 keV transit ion i n d i c a t e s that the corresponding 
l eve l in - 3 9 U is i someric , with an experimental half l i fe of approximately 1 microsecond. T h i s i s 
ev ident from the long ta i l s on the low energy s ide of each resonance . In F ig . 1 some r e s o n a n c e s h a p e s 
for the 134 keV transition are compared with those for a smooth portion of the gamma-ray spectrum to 
demonstrate the e f f e c t . The smooth underlying gamma-ray spectrum in this c a s e i s a compl icated 
summation of the Compton dis tr ibut ions of all higher energy gamma-rays due to the r e s p o n s e funct ion of 
the detector . 

The only process l ike ly to compete with gamma-ray d e c a y of the 134 keV leve l in this c a s e i s 
internal convers ion . Us ing an internal convers ion c o e f f i c i e n t of 3 .5 we obtain an intr insic gamma-ray 
d e c a y ha l f - l i f e for the i someric s ta te of approximately 4 .5 microseconds . T h i s i s to be compared with 
the s i n g l e particle e s t imate for an E2 transition of 60 n a n o s e c o n d s . 

Th i s work is descr ibed in paper C N - 2 6 / 3 6 presented at the IAEA Conference on Nuclear Data 
for Reac tors , Hels inki June 1970. 

(1) Maier B. P. K. Ze i t . Phys . 184, 143 (1965). 

(2) She l ine R. K., Shelton W. N . , Udagawa T . , Jurney E. T. and Motz H. T . Phys . Rev . 151, 1011 
(1966) . 

(3) Price D- L. , Chrien R. E . , Wasson O. A. , Bhat M. R. , B e e r M., Lone M. A. and Graves R. N u c . P h y s . 
_ A 1 2 L . N o . 3, 630 (1968) . 

E . F i s s i o n fragment angular dis tr ibut ions from resonance f i s s i o n with oriented nucle i (N. J . Pattenden 
and J. E . Jo l ly ; H. Pos tma, R. Kuiken and K. Ravcnsberg (F.O.M., Netherlands); J . C. Waldron 
(Chemistry)) 

During the period covered by this report, the a n a l y s i s of the data referred to p r e v i o u s l y ^ 
has cont inued and i s now almost completed . Measurements have a l s o been made on - 3 3 U and - 3 ^ N p . 
On 2 3 3 U the data-taking has f in i shed and the re su l t s are being ana lysed , and for - ^ N p the data-taking 
i s continuing. 
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7 Neutron resonance shapes for the 734 keV capture gamma-ray produced in the reaction 
238U(n,y)239U. 
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In the c a s e o f the A-, v a l u e s ^ of 55 r e s o n a n c e s in the region b e l o w 100 eV are s h o w n in 
F i g . 1, p lot ted in the form of a w e i g h t e d h i s togram, g i v e n by the re la t ion 

Y = — v 
\J 2tt res 

AT . A 2 ? 

2 res 

exp(-JL ( ; ' - r c s )") 
2 AA-, 

/AA- , 2 res 

where A 9 r e g and AA-, r e s refer to the exper imenta l r e s o n a n c e v a l u e s and s t a t i s t i c a l errors of the 
an i so tropy parameter A-, . S y s t e m a t i c errors, c h a n g i n g the p o s i t i o n of the d i s t r ibut ion , h a v e not ye t b e e n 
ful ly e v a l u a t e d . A l s o i n c l u d e d in the f igure are c a l c u l a t e d A ^ v a l u e s for v a r i o u s p o s s i b l e J .K c o m b i n a -
t i o n s . T h e c h a n n e l theory of f i s s i o n , as d e v e l o p e d by Bohr^-' , together wi th the l iquid drop m o d e l , 
predic t s that the predominant K v a l u e s shou ld be 0 and 1 for J = 3 and 1 for J = 4. C l e a r l y our r e s u l t s 
do not agree with this pred ic t ion . 

M e a s u r e m e n t s on 2 3 3 u 
were done during May, June and October 1969 . T w o R U N ( l > s a m p l e s h a v i n g 

d i f f erent t h i c k n e s s e s o f the i s o t o p e were u s e d , one conta ined 2 2 . 1 mg and the other 2 5 . 3 mg of 2 3 3 U . 
T h e a - a c t i v i t y of 2 3 ^ U ; s rather h igh and th is r e s u l t e d in a much higher s a m p l e temperature ( 0 . 2 7 ° K and 
0 . 3 2 ° K for the l ight and h e a v y c o a t e d s a m p l e s r e s p e c t i v e l y ) , whi le the c o o l i n g - p l a t e w a s c o n s t a n t l y at 
0 . 1 6 ° K . Another c o m p l i c a t i o n r a i s e d by the a - a c t i v i t y w a s a deter iorat ion of the d i f f u s e d junc t ion 
d e t e c t o r s due to radiat ion damage . After c o m p l e t i o n of the data taking on - 3 3 U t ] l e e f f i c i e n c y had 
d e c r e a s e d to l e s s than hal f the original v a l u e and it w a s n e c e s s a r y to r e p l a c e the c o m p l e t e s e t of e i g h t 
d e t e c t o r s . 

A w e i g h t e d h i so togram of the A-, v a l u e s for 67 r e s o n a n c e s of ^33(j f r o m e V is uiven in F i g . 2 
toge ther with the t h e o r e c t i c a l A - , - v a l u e s , in a s imi 

lar way to G e n e r a l l y , - J J U s h o w s a s imi lar 
b e h a v i o u r to -•'•'U but the d i s tr ibut ion appears to be broader. 

T h e 2 3 7 N p 
n u c l e u s can a l s o be or iented in R U N . The hyperf ine s p l i t t i n g in this c a s e i s due to a 

combinat ion o f m a g n e t i c d i p o l e and e l e c t r i c quadrupole c o u p l i n g s . F i s s i o n in 2 3 7 N p r e s o n a n c e s i s a sub-
thresho ld p r o c e s s attributed to coup l ing with c l a s s II s t a t e s ® . During J u n e - J u l y 1969 and January-
February 1970 da ta h a v e b e e n taken but due to the extremly low count ing rate it w i l l be n e c e s s a r y to 
c o n t i n u e for at l e a s t 3 months more. Prel iminary r e s u l t s for the group of r e s o n a n c e s at 40 eV are s h o w n 
in F i g . 3 . Interpretat ion in terms of a d o u b l e humped f i s s i o n barrier s u g g e s t s s i n g l e J and K v a l u e s for 
r e s o n a n c e s i n o n e group. T h e s t a t i s t i c a l a c c u r a c y is not y e t good enough to conf irm t h i s . T h e i n d i c a -
t ion is that the 4 0 eV group h a s (J,K) = (2 ,2 ) but b e c a u s e o f s y s t e m a t i c errors (uncerta inty in f 9 - v a l u c s , 
n o r m a l i s a t i o n of d e t e c t o r s , e t c . ) the v a l u e (3 ,3 ) c a n n o t be e x c l u d e d . 

During September 1969 the c r y o g e n i c equipment w a s improved and part ia l ly s e r v i c e d . 

A2 A2 

Fig. 1 U: frequency distribution of A2-values 
for 5 5 resonances in the region 0-100 eV. 

Fig. 2 233U: frequency distribution of A2~values 
for 67 resonances in the region 0-60 eV. 
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(1) P a t t e n d e n N. J. e t al . A E R E - P R / N P 16 p. 21 (1969) . 

(2) Bohr A . Proc . F i r s t Conf . on P e a c e f u l U s e s of A t o m i c E n e r g y ^ , 151 ( 1 9 5 6 ) . 

(3) Lynn J . E. Proc . of S e c o n d I A E A Symp. on P h y s i c s and Chemis try of F i s s i o n , Vienna , 249 , ( 1 9 6 9 ) . 

E. Gamma-ray spec tra from r e s o n a n c e neutron capture in ^Olf lg (B. W. T h o m a s , J. Murray and E . R. R a e ) 

T h e exper imenta l d e t a i l s concern ing t h e s e m e a s u r e m e n t s h a v e p r e v i o u s l y b e e n d e s c r i b e d in 
c o n n e c t i o n with the r e s o n a n c e s p e c t r a from the reac t ion ^ ^ H g ( n , y ) R e s o n a n c e s p e c t r a were 
n o r m a l i s e d t o the in tegra ted spec trum b e t w e e n 1 . 5 and 2 . 5 MeV, and a b s o l u t e i n t e n s i t i e s were o b t a i n e d 
from a c o m p a r i s o n of our n o r m a l i s e d spec trum for the 34 eV r e s o n a n c e in ^ l l g with the data o f R a e 
et al<2>. 

0 ni 
T h e capture of s - w a v e neutrons by Hg r e s u l t s in compound s t a t e s o f sp in and parity 1" or 2". 

In the p r e s e n t exper iment , data h a v e b e e n obta ined for three 1" and two 2" r e s o n a n c e s up to a neutron 
energy of 5 6 0 e V . T r a n s i t i o n s t rengths for 29 primary gamma-rays a b o v e 4 .7 MeV are s h o w n T a b l e I for 
e a c h o f the f i v e r e s o n a n c e s . Prominent low energy gamma-rays are a l s o c o n s i d e r e d for the three 
s t r o n g e s t r e s o n a n c e s at 4 3 , 71 and 210 eV . 

(1) T h o m a s B. W., Murray J . , R a e E. R. 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 15, 
p. 18 (1968) . 

(2) R a e E . R. , Moyer W., F u l l w o o d R. R. and Andrews J. L . P h y s . R e v . 155 , No . 4 1301 (1967 ) . 
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TABLE II 

Strengths of trans i t ions in react ion - u l l l g ( n , y ) - " - H g 

Energy TRANSITIONS PER HUNDRED C A P T U R E S STANDARD DEVIATIONS 
E y Final 

keV State 43 e V R e s . 71 eV R e s . 210 eV R e s . 4 4 5 e V R e s . 564 e V R e s . 
keV (J = 2) U = 1) (.1 = 1) U « 1) (.1 - 2) 

I Al I Al I Al I Al I Al 

7756 0 -0 .1 0 . 3 - 0 . 2 0 . 8 10.3 0 . 5 6 . 3 0.9 0 . 5 0 .7 
7313 443 1.1 0 . 2 3 1 . 0 1.2 1.6 0 . 4 5 .8 0 . 9 1.8 0 .8 
6 7 9 0 966 0.7 0 .3 6 .6 0 .8 0.1 0 . 3 0 . 3 0 . 9 3 .1 1.0 
6 4 0 3 1353 3 .8 0 .3 0 . 4 0 . 9 1.8 0 . 5 6 .9 1.0 6 .9 1 .4 
6 3 5 2 1404 2 .3 0 . 4 0 . 4 0 . 9 1.5 0 . 5 0 .6 1.2 0 .8 1 .4 
6187 1569 0 .3 0 . 5 0 . 2 0 . 9 1.5 0 . 6 2 .7 1.3 0 .6 1 .5 
6066 1690 1.3 0 . 5 1.0 1.0 3 .6 0 .6 0 . 4 1.3 0 .6 1.5 
6005 1751 0 .5 0 . 5 0 .1 1.0 0 . 2 0 . 6 4 .3 1.3 -0 .4 1.5 
5 9 6 0 1796 1.6 0 .6 2 . 4 1 .0 4.1 0 .7 0 .7 1.3 3.8 1.7 
5925 1831 - 0 . 2 0 .5 13.5 1.1 4 . 2 0 .7 0 . 5 1.4 - 0 . 5 1.5 
5895 1861 10 .4 0 .9 9 .0 1.1 1.2 0 .7 3 .3 1.3 8 .0 1.9 
5 8 4 4 1912 0 . 4 0 .6 - 0 . 5 1 .1 2.6 0 .7 1.6 1 .4 -0 .9 1.6 
5789 1967 0 .6 0 .6 1.7 0 .8 2 .6 0 . 5 2 .0 1.4 - 0 . 2 1.7 
5 6 7 1 2085 -0 .1 0 .6 0.1 1.0 5 . 4 0 .7 0 .5 1 .4 - 1 . 3 1.8 
5 6 1 9 2137 - 0 . 1 0 .6 1.9 1.1 0 .5 0 .7 4 .2 1.4 2 . 2 2 . 0 
5 5 8 4 2172 0 . 0 0 .6 1.3 1.1 5 .3 0 .7 2 .6 1.4 1.6 1.9 
5433 2323 3 . 2 0.7 -0 .2 1.1 1.5 0 .7 1.9 1.4 1.5 1.9 
5372 2 3 8 4 0 . 2 0.7 0 .1 1.1 0 .7 0 .7 - 0 . 2 1.4 11.1 2 .3 
5 3 2 2 2 4 3 4 1 .0 0 .7 4 .3 1.2 -0 .1 0 .7 4 . 5 1.5 - 1 . 3 2 . 0 
5287 2469 0 . 9 0 .7 6.1 1.2 0 . 9 0 .7 - 0 . 2 1.5 0 .5 2 .0 
5201 2555 0 . 2 0 .7 1.6 1.2 2.1 0 .7 2 . 4 1.5 3 .2 2.1 
5091 2665 -0 .1 0 .7 0 .8 1.2 1.0 0 .8 1.5 1.6 7 .0 2 .3 
5066 2690 0 . 0 0 .6 0 . 4 1.2 3 .5 0 .8 0 .8 1.6 3 .0 2 . 2 
5050 2706 5 .9 0 .7 2 .2 1.2 1.2 0 .8 - 0 . 5 1.6 3 .1 2 .2 
5000 2756 4 . 6 0 .8 2 .3 1.2 2 .5 0 .8 1.4 1.6 - 0 . 6 2 .2 
4 9 2 5 2831 2 .0 0 .8 2 . 2 1 .2 0.7 0 .7 1.4 1.6 5 .3 2 .3 
4 9 1 0 2846 -0 .1 0 .8 2 . 3 1.2 2.1 0 .8 1.3 1.6 0 . 0 2 .2 
4 8 3 4 2922 0 . 6 0 .8 - 0 . 4 1 .2 5 .1 0 .8 0 .9 1.7 4 .5 2 . 4 
4726 3030 1 .6 0 .8 1.7 1.3 -0 .1 0 .8 - 1 . 2 1.7 1.3 2 .6 

1959 2 . 1 1.9 0 .1 3 .0 4 . 3 1.9 
1722 0 . 2 1.9 2 . 9 3 .0 7 . 4 1.8 
1632 2 . 2 1.9 1 .2 2 .8 7 .7 1.8 
1411 8 .1 1.8 3 . 4 2 .8 0 . 2 1.7 
1386 0 . 8 1.7 8 .6 2.7 3.9 1.6 
1351 5 . 3 1.7 - 0 . 9 2 .6 9 .7 1.6 
1122 3 . 9 1.6 2 . 2 2.2 6 . 0 1.5 
1102 2 . 5 1.6 2 . 1 2 .1 2.5 1 .4 

961 1.7 1 .2 3 . 0 1.8 1 .2 1 .0 
951 9 . 8 1.4 6 . 9 1.8 0 .7 0 . 9 
906 11 .9 1 .4 5 .3 1.8 6 .3 0 . 9 
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E. R e s o n a n c e capture s tud ie s (J. Murray, P. R iehs (Se ibersdorf) and B. W. Thomas) 

(a) Correlat ion a n a l y s i s of partial widths 

The u s e of correlat ion techniques to search for n o n - s t a t i s t i c a l e f f e c t s in r e s o n a n c e capture has 
c o n t i n u e d ^ . T h e original motivat ion for such a n a l y s i s w a s to demonstrate the e x i s t e n c e of channel 
capture. Although channe l capture, which is due to the long range nature of the e l e c t r o m a g n e t i c inter-
ac t ion , g i v e s a s i n g l e part ic le component in the partial width, the s t a t i s t i c a l descr ip t ion for the re sonance 
wave funct ion is re ta ined . The Brookhaven group observed a s i g n i f i c a n t correlat ion in 1 7 0 T m ( 2 ) 

which 
cannot be exp la ined by channel capture, b e t w e e n the partial widths and the reduced neutron wid ths of the 
r e s o n a n c e s when averaged over f inal s t a t e s . L a n c ^ has s u g g e s t e d an exp lanat ion in terms of a doorway 
s ta te common to the e m i s s i o n of a neutron and of a photon. T h e b a s i s of the theory l i e s in the r e s u l t s of 
a l p - l h d i a g o n a l i s a t i o n for 208pb(3)_ Such a doorway s t a t e for the e m i s s i o n of a photon i s invoked to 
exp la in the pygmy r e s o n a n c e o b s e r v e d in nuc le i b e t w e e n T a and Pb. T h e r e s u l t s of the correlat ion 
a n a l y s i s for the partial widths in 2 3 9 U , l 9 9 l l g , 1 8 7 W , 1 8 5 W , 1 8 4 \V and 1 8 3 W are all c o n s i s t e n t with no 
correlat ion. The Sac lay data for ^ P t and the Brookliaven data for ^ 8 2 T a and ^ E r a r e a l s o c o n s i s t e n t 
with no correlat ion. It would appear that the exp lanat ion of the thulium data on the b a s i s of numerical 
work on 2 ® 8 P b requires s p e c i a l p leading . l o o 

T h e W data were a l s o t e s t e d for the p r e s e n c e of a s i n g l e part ic le component in the partial widths . 
The lack of an o b s e r v a b l e correlat ion d i s a g r e e s with the channe l capture predict ion . 

(b) Direc t Capture 

The capture s p e c t r a for r e s o n a n c e s in coba l t have been obta ined . T h e 20% ground s ta te transi t ion 
in the 4 .3 keV r e s o n a n c e required to e x p l a i n ^ the interference e f f e c t o b s e r v e d for this trans i t ion near 
the 132 eV r e s o n a n c e was not found. Although the qual i ty of the data w a s poor, an upper limit of 6r<-
could be put on the s trength for that trans i t ion. The interference is usua l ly attributed to direct capture . 

(c) Abso lu te partial widths 

The abso lu te v a l u e s for the partial widths obtained by averag ing over s e v e r a l r e s o n a n c e s h a v e been 
compared with the var ious e s t i m a t e s g i v e n by L y n n ^ . For the tungsten i s o t o p e s , * 9 9 H g and 2 3 9 U , the 
b e s t e s t imate i s that from the giant d ipo l e r e s o n a n c e model . U s i n g an empir ica l ly determined l e v e l 
d e n s i t y law, the total capture width was computed on the b a s i s of t h e s e e s t i m a t e s . E v e n the g iant 
d ipole r e s o n a n c e model tends to overes t imate the total width w h i l e underest imat ing the strength of the 
high energy photons . 

(d) Low energy y-rays 

A program to s tudy low energy y-rays in r e s o n a n c e capture is under way . The occupat ion 
probabi l i t i e s for low lying l e v e l s are compared with c a s c a d e model c a l c u l a t i o n s . Data for 
and natural hafnium targets h a v e been obta ined . The erbium data agree r e a s o n a b l y with c a l c u l a t i o n and 
r e s o n a n c e sp ins h a v e b e e n a s s i g n e d on th i s b a s i s . The tantalum data are not in agreement with 
c a l c u l a t i o n . T h e hafnium data should g ive spin a s s i g n m e n t s which can be compared with those 
determined by the mul t ip l i c i ty m e t h o d ^ ' . In addit ion, c o n s i s t e n c y with our high energy y-ray spec tra wi l l 
be sought . 

(1) Murray J . , Thomas B. W. and R i e h s P. A E R E - P R / N P 16, p. 19. 

(2) Beer M., Lone M. A. , Chrien R. E . , Wasson 0 . A. , Bhat M. R. and Muether H. R. P h y s . Rev . Let ters 
20 , 340 (1968) . 

(3) L a n e A. M. Symp. on Neutron Capture Gamma-ray S p e c t r o s c o p y , Studsvik (1969) . 

(4) Broomhall G. J. Private communicat ion (1969) . 
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(5) Lynn J. E. Theory o f Neutron R e s o n a n c e React i o n s , Oxford Univers i ty P r e s s (1968) . 

(6) C o c e v a C . , Corvi F . and Giacobbe P. Nuc. P h y s . A117 , 586 (1968) . 

C o n s i d e r a t i o n s on a p o s s i b l e i someric s ta te in 2 4 ^ P u ( j . E. Lynn) 

R e a c t i v i t y measurements carried out on a sample of over a period of a few years ^ indicated 
the e x i s t e n c e of an isomer with a ha l f - l i f e of about 0 . 3 5 y, th is being a component of the reac t iv i ty d e c a y 
of the sample . P o s s i b l e h y p o t h e s e s of the nature of this s u s p e c t e d isomer h a v e been examined. None 
appear to be subs tant ia ted by all the known f a c t s , and the e x i s t e n c e of such an isomer must s t i l l bo 
c o n s i d e r e d doubtful . One of the most favoured h y p o t h e s e s w a s that the apparent 0 . 3 5 y d e c a y i n g 
"react iv i ty" was in fac t due to a s p o n t a n e o u s l y f i s s i o n i n g isomer. In a f lux of about 10^ n e n f - sec"^ 
s p o n t a n e o u s f i s s i o n d e c a y of an isomer formed in the proportion (re lat ive to the ground s ta te of 2 4 1 p u ) 
that o n e would e x p e c t in thermal neutron absorption by 2 4 0 p u w o u i d exp la in N i s l e and S t e p a n ' s ^ 
react iv i ty measurements . However , H a n n a ^ ) has i n v e s t i g a t e d the history of certain s a m p l e s of 2 4 0 P u 

conta in ing some fresh 2 4 1 p u a n { j f o u n c j that the neutron e m i s s i o n rate d o e s not show the a n o m a l i e s that 
would be e x p e c t e d from the spontaneous f i s s i o n h y p o t h e s i s . Simple nuclear structure c o n s i d e r a t i o n s show 
that a normal high spin 1 3 / 2 + i somer ic s ta te might p o s s i b l y be e x p e c t e d in 2 4 l P u , a n c ] that this could 
c o n c e i v a b l y have a h a l f - l i f e aga ins t e l ec tromagnet ic d c c a y of up to a few months. C a l c u l a t i o n s have 
been made of the l ike ly formation probabil ity of such a s t a t e in the gamma-ray c a s c a d e f o l l o w i n g s low 
neutron absorption by 2 4 ® P u . j j i e b e s t e s t i m a t e of this i somer ic ratio i s in the range 10"^ to 10~ 4 but 
c o n c e i v a b l y could be as h igh as 10 . Such a low i somer ic ratio ( say , 10~->) would imply that the 
thermal f i s s i o n c r o s s s e c t i o n of the i somer would have to be in the 10 ,000 - 100 ,000 b range, and even 
then the sample of 2 4 1 p u u s e d by N i s l e and Stepan in their reac t iv i ty measurements would have had to 
be produced in low burn-up. 

(1) N i s l e R. S. and Stepan I. E. N u c . Sci . and Eng. 39, 257 (1970) . 

(2) Hanna G. C. Private communicat ion. 

E. Thermal and low energy f i s s i o n c r o s s s e c t i o n of Z 4 i P u (G. D. J a m e s and D. A. J . Endacot t ) 

S ign i f i cant d i f f e r e n c e s be tween reported v a l u e s of the ha l f - l i f e of 2 4 1 p u ranging from 13 .0 +_0.2 y ^ 
to 14.98_+ 0 . 3 3 y ^ ) have l ed to a s u g g e s t i o n by R o s e ® that a long l i v e d 2 4 1 p u i S O mer may e x i s t . More 
recent ly in a measurement of the t ime-dependence of the react iv i ty of a sample of 2 4 l p u , ; \ ' i s i c a n j 
Stepan^-' found e v i d e n c e for a short - l ived component ( 0 . 3 4 + 0 . 1 1 y) in the d e c a y of this quantity which 
they attribute to a short - l ived i somer ic s t a t e . Uncertainty about the history of the 2 4 1 p u s a m p l e s u s e d 
in various exper iments m a k e s an interpretation of all the e v i d e n c e very d i f f i c u l t . L y n n ^ h a s c o n s i d e r e d 
the p o s s i b l e e x p l a n a t i o n s and conc luded that a s p o n t a n e o u s l y f i s s i o n i n g i somer with a 0 . 3 4 y h a l f - l i f e 
cannot e x p l a i n the re su l t s but that a normal high sp in i s o m e r ^ with a high f i s s i o n c r o s s s e c t i o n may 
provide an explanat ion . An experiment to compare the f i s s i o n c r o s s s e c t i o n o f freshly prepared 2 4 * P u 
with that of 2 4 1 p u which is severa l years o ld has been carried out. T h e data extend from 0 . 0 0 5 eV to 
20 e V . In this energy range the resonant structure of the two s e t s of data are ident i ca l . By normal i s ing 
the two s e t s of data to e a c h other at the 0 . 2 4 eV r e s o n a n c e , it i s found that the thermal f i s s i o n c r o s s 
s e c t i o n of the two s a m p j e s are equal to to within about VA% at a time when the fresh s a m p l e , prepared 
by irradiating 2 4 0 P u in a f lux of 1 0 1 4 n e u t r o n s / c m 2 s e c for 3 weeks , w a s 2 months o ld . 

(1) Mackenz ie D. R. , Lounsbury M. and Boyd A. W. P h y s . Rev . 90, 327 (1953) . 

(2) S e e Cabe l l M. J. J. Inorg. N u c l . Chem. 30, 2583 (1968) . 

(3) N i s l e R. G. and Stepan I. E. Idaho Nuc . Corp. Progres s Report IN-1317 , 149 (1969) . 

(4) Lynn J. E . Private communicat ion . See previous s e c t i o n . 

(5) N i l s s o n S. G. , Ohlen G. , G u s t a f s o n C. and Moller P. P h y s . Let t . 30B, 437 (1969) . 
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II. A s e a r c h for a long l i fe t ime i somer ic s ta te in - 4 1 P u (B. R o s e . C. Whitehead and A. C, Sherwood) 

A recent measurement of the t ime-dependence of the react iv i ty of a sample of - ^ ' P u by N i s l e and 
S t e p a n ^ indicated the e x i s t e n c e of a d e c a y component of ha l f - l i f e 0 . 3 4 i 0. II y in addit ion to the 
principal d e c a y mode with ~ 1 5 y h a l f - l i f e . It had earl ier been proposed by B. R o s e ^ that a long l ived 
i somer could , in pr inc ip le , exp la in the d i s c r e p a n c i e s in measurements of 2 ^ P u h a l f - l i f e . In that the 
propert ies of such an isomer may be of importance in the reactor f i e ld an experimental i n v e s t i g a t i o n has 
been in i t ia ted to examine in de ta i l the build-up of - ^ A m act iv i ty ( charac ter i sed by the 59 .54 keV v-rav 
from the d e c a y of " H 1 Am) resu l t ing from the d e c a y of freshly produced " 4 1 P u . In addi t ion to the o b s e r v a -
tion of the 5 9 . 5 4 keV y-ray, a search is being made for other gamma-rays ar i s ing from the d c c a y of the 
s u p p o s e d i someric s t a t e . 

Thin windowed Ge(Li) d e t e c t o r s (made by ion- implantat ion t e c h n i q u e s ) and Si(Li) d e t e c t o r s are 
be ing u s e d in this work and s o far the d e c a y of c h e m i c a l l y separated ~ ^ P u s a m p l e s from two day and 
twenty-one day reactor irradiations of ^ 4 0 p u a r e be ing f o l l o w e d . 

(1) N i s l e R. G. and Stepan I. E. Nuc . Sc i . and Eng. (to be pub l i shed) . See r e f e r e n c e s p. 25-

(2) D i s c u s s e d by Cabe l l M. J. J. Inorg. Nuc. Client. 30, 2583 (1968) . 

E. The d is tr ibut ion of f i s s i o n widths (G. D. J a m e s and D. A. J. Endacott ) 

It has been shown by James and S l a u g h t e r ^ that the f i s s i o n widths of r e s o n a n c e s within the 
narrow intermediate structure l e v e l centred at 6 3 8 . 4 eV in the f i s s i o n c r o s s s e c t i o n of ^ U h 

avc a 
Lorentz ian energy d e p e n d e n c e s u p e r i m p o s e d o n a Porter-Thomas d is tr ibut ion . The intermediate structure 
r e s o n a n c e energy w a s c h o s e n to c o i n c i d e with the energy of the f ine structure l e v e l with the l a r g e s t 
measured f i s s i o n width on the a s s u m p t i o n that this i s a predominantly c l a s s II l e v e l . T h e d e c r e a s e in 
the f i s s i o n c r o s s s e c t i o n data of J a m e s and R a e ^ beyond this energy i n d i c a t e s that the r e s o n a n c e 
energy is unl ike ly to l ie much above 6 3 8 . 4 eV. T h i s argument has recent ly been made more quant i ta t ive 
by an a n a l y s i s of the average f i s s i o n c r o s s s e c t i o n ® to y i e ld an average v a l ue of the f i s s i o n widths 
over 100 c V intervals from 700 e V to 1100 eV. It wi l l be s e e n in F i g . 1 that the Lorentz ian curve 
d e s c r i b i n g the energy d e p e n d e n c e of the mean f i s s i o n width which w a s d e d u c e d from individual f i s s i o n 
widths b e l o w 700 e V a l s o provides a good f it to average v a l u e s of the f i s s i o n width above 700 e V . T h i s 
conf irms the c h o i c e of r e s o n a n c e energy . 

(1) J a m e s G. D. and Slaughter G. G. N u c . P h y s . A139 , 471 (1969) . 

(2) J a m e s G. D. and Rae E. R. N u c . P h y s . A118, 313 (1968) . 

A t e s t for structure in neutron c r o s s s e c t i o n and r e s o n a n c e parameter data (G. D. J a m e s ) 

It i s we l l known that cumulat ive plots of reduced neutron w i d t h s , r n ° , as a funct ion of neutron 
energy show d e v i a t i o n s from the mean value which have the appearance of energy dependent s tructure . It 
has been a s s u m e d that t h e s e d e v i a t i o n s arise from the Porter-Thomas dis tr ibut ion of reduced neutron 
w i d t h s . However , i t i s shown here how a dis tr ibut ion-free s t a t i s t i c d e v e l o p e d by Wald and W o l f o w i t z ^ 
can be u s e d to t e s t this a s sumpt ion and thus t e s t for energy dependent structure in the p r e s e n c e of the 
w e l l known f l u c t u a t i o n s of low energy neutron r e s o n a n c e parameter data . T h e crucia l s t e p in the a n a l y s i s 
i s to r e c a s t the data on an ordinal s c a l e ® (which measures only the property "greater than or l e s s than''). 
T h i s e l i m i n a t e s the unwanted information appertaining to the Porter-Thomas f luc tua t ion of the data wh i l e 
at the same time present ing the data in a form direct ly amenable to a n a l y s i s by the d i s tr ibut ion- free 



Fig. 1 The energy dependence of the observed fission widths of U resonances within the narrow 
intermediate structure resonance centred at 638.4 eV. The solid line' shows a Lorentzian energy 

dependence of the mean fission width deduced from the individual fission widths below 700 eV. It is 
s e e n that a v e r a g e f i s s i o n wic/ths o v e r 700 e V i n t e r v a l s b e t w e e n 7 0 0 eV and 1 1 0 0 e V are also f i t t e d by 
this curve thus confirming the choice of resonance energy at 638.4 eV. The individual fission widths 

fluctuate about the energy dependent mean value with a Porter-Thomas distribution. 
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TIT 
method. The method w i l l b e i l l u s t r a t e d by a n a l y s i s of the r e d u c e d neutron w i d t h s of —-'-Th, s h o w n in 
F i g . 1. In the energy range b e l o w 3 . 6 k e V , 2 7 0 v a l u e s of F 0 are a v a i l a b l e for a n a l y s i s (Stehn e t a l . ^ ) . 
T h e y h a v e a y 2 d i s t r i b u t i o n wi th a number of d e g r e e s of f r eedom v - 0 . 9 4 1 0 . 0 7 w h i c h i s c o n s i s t e n t 
w i t h a P o r t e r - T h o m a s d i s t r i b u t i o n . For s u c h data , ha l f the v a l u e s arc grea ter than ( a p p r o x i m a t e l y ) ha l f 
the m e a n v a l u e and the data can be d i v i d e d into two rough ly equa l s e t s d e p e n d i n g on w h e t h e r they are 
greater or l e s s than ha l f the mean v a l u e . L e t one s e t be marked a s z e r o s and the o ther a s o n e s . Af ter 
wr i t ing down the s e q u e n c e of z e r o s and o n e s for the r e d u c e d neutron w i d t h s taken in the order of the 
r e s o n a n c e e n e r g i e s , the Wald and W o l f o w i t z s t a t i s t i c U i s found by c o u n t i n g the number o f runs in the 
s e q u e n c e , where a run i s an unbroken train of z e r o s or o n e s . (A run can be a s i n g l e z e r o nr o n e ) . If m i s 
the total number of z e r o s and n i s the to ta l number of o n e s , Wald and Wol fowi t z h a v e s h o w n that U i s 
normal ly d i s t r ibuted about an e x p e c t e d v a l u e « ( U ) with a v a r i a n c e rr~(U) g i v e n by the formulae 

£ ( U ) = 1 + 2 mn/ (m + n) 

- ( 1 ) 

ct~(U) = 2 mn(2 mn - m - n)/(m + n)-(m + n - 1). 

T h u s the e x p r e s s i o n X = ( |U - L ( U ) | - l / 2 ) / t r ( U ) i s normal ly d i s t r i b u t e d with z e r o mean and unit v a r i a n c e . 
It i n c l u d e s a h a l f i n t e g e r to correc t for the d i s c r e t e nature of the d i s t r i b u t i o n . For the s e q u e n c e o b t a i n e d 
from the r e d u c e d neutron wi 

d t h s of 2 3 2 T h , i t i s found that U = 137, —(U) — 136 and a = 9 . 2 g i v i n g a 
s i g n i f i c a n c e l e v e l of 52% and s h o w i n g that d e s p i t e a p p e a r a n c e s the da ta h a v e no energy d e p e n d e n t 
s tructure . 

T h i s a n a l y s i s c a n be a p p l i e d to any data that s h o u l d be d i s t r i b u t e d about a m e d i a n v a l u e with no 
energy d e p e n d e n c e for the d i s t r i b u t i o n and i s tantamount to t e s t i n g whether the c o r r e c t energy 
d e p e n d e n c e of the m e d i a n v a l u e l ias b e e n adopted . T h u s , for e x a m p l e , the d i s t r i b u t i o n of f i s s i o n w i d t h s 
for 2 3 9 U , w h i c h 

are d i s c u s s e d e l s e w h e r e in this report^ 4 ' , about a median v a l u e of h a l f the L o r c n t z i a n 
curve s h o w n in the f i g u r e , g i v e s a v a l u e U = 9 at a s i g n i f i c a n c e l e v e l o f 44.87c s h o w i n g that the 
L o r e n t z i a n curve a d e q u a t e l y r e p r e s e n t s the da ta . 

A further a p p l i c a t i o n of the method i s to t e s t for s tructure in the corre lograms o b t a i n e d from s e r i a l 
c o r r e l a t i o n a n a l y s i s of neutron c r o s s s e c t i o n d a t a . T h u s F i g . 2(a) s h o w s the corre logram o b t a i n e d by 
J a m e s and Patri 

ck<5> from an a n a l y s i s of the f i s s i o n c r o s s s e c t i o n of 2 3 9 P u u s i n g an e n e r g y i n d e p e n d e n t 
mean v a l u e of opjE. F i g . 2(b) s h o w s the r e s u l t s o b t a i n e d by a l l o w i n g for fa i r ly o b v i o u s m o d u l a t i o n s o f 
the f i s s i o n c r o s s s e c t i o n wi th an a v e r a g e s p a c i n g o f about 5 0 0 e V . F i g . 2(b) i s c l e a r l y more f e a t u r e l e s s 
than F i g . 2 (a ) . For da ta w h i c h h a v e n o energy d e p e n d e n t s tructure , the c o r r e l a t i o n c o e f f i c i e n t s are 
e q u a l l y l i k e l y to be p o s i t i v e or n e g a t i v e and th i s can be t e s t e d by the Wald and Wol fowi t z s t a t i s t i c w h i c h 
g i v e s U = 15 for F i g . 2(a) (a s i g n i f i c a n c e l e v e l of <0 .003%) and U = 30 for F i g . 2(b) (a s i g n i f i c a n c e l e v e l 
o f 7 .35%). T h i s s h o w s that the s tructure a l l o w e d for by J a m e s and Patr i ck in d e d u c i n g F i g . 2(b) i s a 
good r e p r e s e n t a t i o n of the data a l though it c o u l d be improved to bring the p r o b a b i l i t y nearer to 50%. In 
th i s a p p l i c a t i o n to c o r r e l o g r a m s it m u s t be n o t e d that s t ructure w h i c h g i v e s r i s e to a h igh v a l u e of the 
c o r r e l a t i o n c o e f f i c i e n t r^ at o n e v a l u e of the s p a c i n g k i s l i k e l y to produce h i g h v a l u e s of and r ^ j -
T h e v a l u e s of rj. are t h e r e f o r e not s t r i c t l y i n d e p e n d e n t of o n e another and the v a l u e s of £ ( U ) and a (U) 
s h o u l d not b e taken from e q u a t i o n (1) but de termined by r a n d o m i s i n g the f i s s i o n c r o s s s e c t i o n d a t a . T h i s 
e n t a i l s c a l c u l a t i n g U a large number of t i m e s for d i f f e r e n t permutat ions of the o b s e r v e d v a l u e s of a ^ J E 
a c h i e v e d by e x c h a n g i n g randomly s e l e c t e d pairs of d a t a p o i n t s . T h e s i g n i f i c a n c e l e v e l s quoted a b o v e 
were o b t a i n e d by r a n d o m i s a t i o n . A d i r e c t a p p l i c a t i o n o f e q u a t i o n (1) to the corre logram o f C a o and 
M i g n e c o ^ ) d e r i v e d from the f i s s i o n c r o s s s e c t i o n of 2 3 ^ u g j v e s u = 12 and a s i g n i f i c a n c e l e v e l o f 10% 
w h i c h i s not a s trong i n d i c a t i o n of s tructure d e s p i t e the o b v i o u s p e r i o d i c nature o f the corre logram. 

(1) Wald A. and W o l f o w i t z A. A n n a l s Math. Stat . XI, N o . 2 ( 1 9 4 0 ) , s e e a l s o ref . (2) . 

(2) S i g e l S. Nonparametr i c s t a t i s t i c s for the b e h a v i o u r a l s c i e n c e s (McGraw H i l l , N e w York, 1 9 5 6 ) . 

(3) S tehn J . R. e t a l . Report B N L 3 2 5 , 2nd Ed. Suppl . N o . 2 (1965 ) . 

(4) J a m e s G. D. and E n d a c o t t D . A. J . T h i s report p. 26 . 

(5) J a m e s G. D. and P a t r i c k B. H. P h y s i c s and C h e m i s t r y of F i s s i o n ( I A E A , V i e n n a 1969) 391-

(6) C a o M. G. and M i g n e c o E . P h y s . L e t t . 2 7 B , 4 0 9 ( 1 9 6 8 ) . 
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? 
Fig. 1 The cumulative sum of the reduced neutron wi dths of as a function of neutron energy. 

An application of the Wald and V/olfowitz test to these data shows that, despite appearances, they have 
no energy dependent structure. 

( a ) (b) 

nog 
Fig. 2 Correlograms for the fission cross section of ^yPu over the energy range 716 eV to 5683 eV 

(ref. 5). Here r^ is the serial correlation coefficient, a^ the standard deviation in r^ and k is the spacing 
between regions being tested. In calculating (a) the mean fission cross section is assumed to have a l/\/E 

energy dependence whereas in (b) an additional energy dependent structure of the mean fission width is 
assumed. Correlogram (b) is more featureless than (a) as shown by the Waldand Wolfowitz test thus 

showing that the assumed structure is reasonably correct. 
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E. A n a l y s i s of the to ta l c r o s s s e c t i o n of carbon b e l o w 1.5 MeV (C. A. U t t l e y and K. M. D iment ) 

An i n c r e a s i n g number of m e a s u r e m e n t s on the total and d i f f e r e n t i a l s c a t t e r i n g c r o s s s e c t i o n s o f 
carbon are b e i n g made l arge ly b e c a u s e carbon i s an idea l s c a t t e r i n g n u c l e u s for u s e a s a s tandard in the 
e n e r g y range b e l o w 2 MeV. M e a s u r e m e n t s are u s u a l l y made o n natural carbon s i n c e the on ly r e s o n a n c e s 
b e l o w 2 MeV o c c u r at 0 . 1 5 and 1 . 7 5 MeV in l ^ C , w h i c h i s o n l y 1.1% abundant , and produce a n e g l i g i b l e 
e f f e c t on the data . 

T h e total c r o s s s e c t i o n m e a s u r e m e n t from 7 0 eV to 7 Mev w a s made u s i n g the 3 0 0 metre f l i g h t path 
on the 4 5 MeV e l e c t r o n l inear a c c e l e r a t o r w h i c h a l s o h a s an i n t e r m e d i a t e d e t e c t o r s t a t i o n at 1 2 0 metres 
u s e d to s t u d y the lower end o f the e n e r g y range . T h e p r e s e n t data b e l o w 1 0 0 keV h a s b e e n u s e d by A s a m i 
and Moxon a s a s tandard r e l a t i v e to w h i c h they h a v e m e a s u r e d the neutron s c a t t e r i n g c r o s s s e c t i o n s of 
1 0 B ( 1 > and 6Li<2) . 

T h e smooth ly v a r y i n g c r o s s s e c t i o n b e l o w 1 . 5 MeV c a n c o n v e n i e n t l y be e x p r e s s e d by a p o l y n o m i a l 
0 « 

in e n e r g y w h i c h i s f i t t e d to the e x p e r i m e n t a l data by m i n i m i s i n g y ~ . T h e f i t i s s h o w n in F i g . 1 and i s 
g i v e n by 

<7n T = 4 . 7 4 4 - 3 . 7 0 7 E + 2 . 3 8 9 E 2 - 1 . 1 1 4 E 3 + 0 . 2 4 2 E 4 . . . Q ) 

w h e r e E i s neutron e n e r g y in MeV. If the p h a s e s h i f t s due to h igher part ia l w a v e s are smal l b e l o w 
1 . 5 MeV, a s d i f f e r e n t i a l s c a t t e r i n g m e a s u r e m e n t s ^ ' 4 ) i n d i c a t e , then an e x p r e s s i o n of the form of 
E q u a t i o n (1) i s e x p e c t e d from s - w a v e e f f e c t i v e range theory d e v e l o p e d by B e t h e ( 5 ) and o t h e r s . T h e s h a p e 
d e p e n d e n t e f f e c t i v e range approximat ion e x p r e s s e s the e n e r g y d e p e n d e n c e of the s - w a v e p h a s e s h i f t S 0 

a s f o l l o w s 

k c o t S 0 = - 1 / a + l / 2 r 0 k 2 - P r Q
3 k 4 . . . ( 2 ) 

w h e r e k i s the neutron w a v e number, a i s the s c a t t e r i n g l e n g t h , rQ i s the e f f e c t i v e range of the n u c l e a r 
p o t e n t i a l and P i s a s h a p e fac tor w h i c h r e p r e s e n t s the e f f e c t on s c a t t e r i n g of the radial d e p e n d e n c e of 
the p o t e n t i a l s u r f a c e . If e x p r e s s i o n (2) i s s u b s t i t u t e d into the s - w a v e s c a t t e r i n g c r o s s s e c t i o n a = 
4?7/k 2 s i n 2 § then a c a n be e x p r e s s e d a s a po lynomia l in energy s imi lar to E q u a t i o n ( l ) in w h i c h the c o e f f i -

0 0 0 0 
c i e n t s of E 0 a n d E j a r e 47raz and - 4 7 r a - k 0 - ( a - - arQ) r e s p e c t i v e l y where kQ i s the w a v e number al 1 MeV. 
T h u s the s c a t t e r i n g l ength for carbon i s a = 6 . 1 4 fm and the e f f e c t i v e range rQ = 3 . 0 5 fm. 

Fig. 1 The total cross section of carbon. 
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T h e large v a l u e of the s c a t t e r i n g l e n g t h a, r e l a t i v e to the e x p e c t e d hard s p h e r e s c a t t e r i n g rad ius 
for c a r b o n c a n o n l y be o b t a i n e d if the s - w a v e s c a t t e r i n g c r o s s s e c t i o n i s d e t e r m i n e d by a bound 
s t a t e . S u c h a s t a t e i s known at - 1 . 8 6 MeV (C. of M.) and thus the formal R-matrix e x p r e s s i o n for the s -
w a v e p h a s e s h i f t can be wr i t t en in terms of a r e s o n a n c e and a background hard s p h e r e c o m p o n e n t w h i c h 
can b e e x p a n d e d a s a s e r i e s in e v e n p o w e r s o f k to y i e l d an e x p r e s s i o n e q u i v a l e n t to E q u a t i o n (2) . 
E q u a t i n g c o e f f i c i e n t s o f k ° and k 2 e n a b l e s the s - w a v e s c a t t e r i n g r a d i u s R = 4 . 6 2 5 fm and the r e d u c e d 
neutron w i d t h y n

2 = 0 . 6 1 1 MeV (fl2 = 0 . 1 9 2 ) o f the l / 2 + s t a t e at E ^ = - 1 . 8 6 MeV (C. of M.) to be found 
from the v a l u e s o f the e f f e c t i v e range parameters a and rQ de termined a b o v e . 

T h e s - w a v e c r o s s s e c t i o n r e s u l t i n g from t h e s e parameters g i v e s a g o o d f i t to the tota l c r o s s s e c t i o n 
up t o ~ 0 . 5 MeV but the e x p e r i m e n t a l da ta d i v e r g e i n c r e a s i n g l y towards 1 . 5 McV. A s m a l l p - w a v c 
s c a t t e r i n g c r o s s s e c t i o n can readi ly a c c o u n t for the remain ing c r o s s s e c t i o n . If w e a s s u m e th i s to be p-
w a v e p o t e n t i a l s c a t t e r i n g , w h i c h is d e t e r m i n e d by a radius r, and s u b t r a c t the p - w a v e s c a t t e r i n g for 
v a r i o u s v a l u e s of r, the f i t s to the r e m a i n i n g c r o s s s e c t i o n in terms o f an s - w a v e p o t e n t i a l s c a t t e r i n g 
radius and a r e d u c e d neutron width for the bound s t a t e s h o w s that y ~ rapidly d i v e r g e s from a minimum v a l u e 
as the rad ius r i n c r e a s e s . T h u s the data c a n be f i t t e d by three p a r a m e t e r s , the s - and p - w a v e s c a t t e r i n g 
radii and the r e d u c e d width of the b o u n d s t a t e . T h e v a l u e s found for t h e s e q u a n t i t i e s are 4 . 5 6 fm, 3 . 0 7 fm 
and 0 . 6 4 5 MeV r e s p e c t i v e l y and r e s u l t in the f i t s h o w n in F i g . 2 where the s i z e of the d o t s r e p r e s e n t s the 
s t a t i s t i c a l errors . T h e s - w a v e parameters d e t e r m i n e d from the f i t to the d a t a a t h igher e n e r g i e s are in 
a g r e e m e n t w i t h t h o s e d e t e r m i n e d from the e f f e c t i v e range parameters w h i c h are more c o n c e r n e d w i t h the 
da ta b e l o w ~ 0 . 5 MeV. 

3-5|— 

3-O -

2-5 

2- O 

J I I L J I I I I L 
0-4 O-b O-B l-O t-2 1-4 Energy MeV 

Fig. 2 S-wave fit to the carbon total cross section after subtracting p-wave hard sphere scattering with 
a radius of 3.07 fm. 
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T a k i n g into a c c o u n t the s m a l l d - w a v e s c a t t e r i n g a r i s i n g from a p h a s e s h i f t B-,0/2) - 3 ° at 1 .45 McV 
de termined by Wel l s e t a l . ^ , w h i c h s l i g h t l y c h a n g e s the s - and p - w a v e parameters to 4 . 5 8 fm. 2 . 9 7 fm 
and 0 . 6 3 8 MeV, the p - w a v e s c a t t e r i n g c r o s s s e c t i o n i s s l i g h t l y larger than that a r i s i n g from the p h a s e 
s h i f t s o f Wel l s , but is s m a l l e r than the o n e o b t a i n e d from t h o s e of Ahmed et a l . ^ in a r e c e n t d i f f e r e n t i a l 
s c a t t e r i n g m e a s u r e m e n t o n carbon. T h e work w a s reported in d e t a i l in paper C N - 2 6 / 2 4 p r e s e n t e d at the 
I A E A 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 , H e l s i n k i , J u n e , 1970 . 

(1) A s a m i A. and Moxon M. C . A E R E - R 5 9 8 0 ( 1 9 6 9 ) . 

(2) A s a m i A . and Moxon M. C . I A E A 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 , paper C N - 2 6 / 2 6 , 
H e l s i n k i , 1 5 - 1 9 J u n e 1 9 7 0 . 

(3) Wel l s J . E . , Bair J. K . , Cohn H. D. and Willard H. B . P h y s . R e v . 109, 8 9 1 ( 1 9 5 8 ) . 

(4) L a n e R. 0 . , L a n g s d o r f A. S. Jnr. , Monahan J . E . and E l w y n A . J. A N L - 6 1 7 2 ( 1 9 6 0 ) . 

(5) B e t h e H. A . P h y s . R e v . 76 , 38 ( 1 9 4 9 ) . 

(6) Ahmed N . , C o p p o l a M. and Knitter H. H. I A E A 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 , H e l s i n k i , 
15 -19 June 1 9 7 0 . 

E . Spin a s s i g n m e n t s of r e s o n a n c e s in ^ f > H o u s i n g a p o l a r i z e d target (H. Marshak ( N . S . B . , W a s h i n g t o n ) , 
C . A. U t t l e y and K. M. Diment ) 

T h 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 both the 2 . 5 cm and the 5 cm th ick s a m p l e s , m e n t i o n e d 
p r e v i o u s l y , were c o m p l e t e d and a p r o v i s i o n a l a n a l y s i s w a s carr ied out to compare the t r a n s m i s s i o n of 
e a c h s a m p l e as a f u n c t i o n of neutron e n e r g y , both p o l a r i z e d and u n p o l a r i z e d , and a l s o to c o m p a r e the 
c r o s s s e c t i o n s b e t w e e n r e s o n a n c e s for both s a m p l e s in the u n p o l a r i z e d s t a t e . 

It w a s found in the l a t t er c a s e that the c r o s s s e c t i o n b e t w e e n r e s o n a n c e s for the 5 cm t h i c k s a m p l e 
w a s ~ 1 . 2 5 barns h igher than the c o r r e s p o n d i n g c r o s s s e c t i o n for the 2 . 5 cm th ick s a m p l e and t h i s w a s 
c o n f i r m e d by s u b s e q u e n t m e a s u r e m e n t s a t room temperature . Furthermore, no s i g n i f i c a n t d i f f e r e n c e in 
t r a n s m i s s i o n b e t w e e n the p o l a r i z e d and u n p o l a r i z e d runs on the 5 cm th ick s a m p l e w a s o b s e r v e d a c r o s s 
the r e s o n a n c e s a l though the p r o v i s i o n a l d a t a on the 2 . 5 cm th ick s a m p l e s h o w e d a s m a l l e f f e c t . 

S i n c e it i s n e c e s s a r y to know the a b s o l u t e u n p o l a r i z e d tota l c r o s s s e c t i o n to d e t e r m i n e r e s o n a n c e 
s p i n s by th i s m e t h o d , an a n a l y s i s of both s a m p l e s w a s carr ied out by Mr. A. Parker o f 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 w h o found that the mater ia l from w h i c h the 5 cm t h i c k s a m p l e w a s made c o n t a i n e d 0 . 0 4 % 
h y d r o g e n by w e i g h t and 0 . 3 % o x y g e n by w e i g h t compared w i t h 0 .008% and 0 . 1 5 % by w e i g h t r e s p e c t i v e l y 
for the 2 . 5 cm th ick m a t e r i a l . T h e d i f f e r e n t h y d r o g e n c o n c e n t r a t i o n s , w h i c h w e r e conf i rmed by an 
a n a l y s i s of the a c t u a l s a m p l e s at the N a t i o n a l Bureau of S t a n d a r d s , a c c o u n t for the o b s e r v e d d i f f e r e n c e 
in the p o t e n t i a l s c a t t e r i n g c r o s s s e c t i o n b e t w e e n the two s a m p l e s . 

If t h e s e p r o v i s i o n a l r e s u l t s are conf i rmed af ter a s tudy of the i n d i v i d u a l runs c o n t a i n e d in the 
t r a n s m i s s i o n da ta o n the 5 c m th ick s a m p l e , t e s t s w i l l be carr ied out to de termine the e f f e c t on the 
p o l a r i z a t i o n due to a h y d r o g e n c o n c e n t r a t i o n of 7 a t o m s per c e n t . 
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F U N D A M E N T A L A N D B 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 . Neutron f i s s i o n c r o s s s e c t i o n of (G. D. J a m e s and J . E- Lynn) 

A s e r i e s of m e a s u r e m e n t s on the neutron- induced f i s s i o n of 2 3 ® T h h a v e b e e n made in the neutron 
energy range 6 8 0 k e V to 1 . 4 MeV. Over th i s range the f i s s i o n c r o s s s e c t i o n h a s b e e n measured with energy 
r e s o l u t i o n of about 5 keV at fairly c l o s e i n t e r v a l s ® . At a number of s e l e c t e d e n e r g i e s the angular 
d i s t r i b u t i o n of the f i s s i o n products with r e s p e c t to the neutron beam h a s a l s o b e e n measured , the neutron 
energy r e s o l u t i o n b e i n g about 18 k e V in th i s c a s e . For both e x p e r i m e n t s the neutron s o u r c e w a s the 
^Li (p .n ) r e a c t i o n , u s i n g m o n o e n g e r g e t i c i n c i d e n t protons from the IBIS a c c e l e r a t o r . In the angular 
d i s t r i b u t i o n m e a s u r e m e n t s , f i s s i o n product tracks were permanently recorded on a strip of po lycarbonate 
fo i l surrounding the 2 3 ® T h target , and w e r e later r e v e a l e d by an e t c h i n g and sparking arrangement 
d e v i s e d by L a r k ® . 

T h e r e s u l t s arc of great i n t e r e s t in the l ight of r e c e n t d e v e l o p m e n t s in our k n o w l e d g e of the f i s s i o n 
phenomenon . S p e c i f i c a l l y , they g i v e us s p e c t r o s c o p i c information about the e x c i t e d s t a t e s ( c l a s s II 
s t a t e s ) a s s o c i a t e d with the q u a s i - s t a b l e h i g h l y e x t e n d e d s h a p e of the n u c l e u s (the s e c o n d a r y minimum in 
the Strut insky double-humped p o t e n t i a l ) . T h e f i s s i o n c r o s s s e c t i o n i s s h o w n in F i g . 1. T h e data po ints 
over the prominent peak a t 7 2 0 k e V are very s m o o t h ® ; th is t e l l s us that the c l a s s II s t a t e s under ly ing 
the peak are not complex in nature. T h e y rule ou l , for e x a m p l e , the e x i s t e n c e of c l a s s II s t a t e s with a 
s p a c i n g of a f e w hundred eV or s o (a s in 2 ^ P u ) , b e c a u s e the Por ter -Thomas f l u c t u a t i o n s in ten or s o 
s u c h l e v e l s averaged in a 5 keV interval would c a u s e rather large s t a t i s t i c a l f l u c t u a t i o n s about a s m o o t h 
curve . We p o s t u l a t e therefore that the 7 2 0 keV _peak i s c a u s e d by a s i m p l e c l a s s II s t a t e that i s e s s e n t i a l l y 
an e x c i t a t i o n of the s i n g l e - o d d neutron of 2 3 * T h combined with a /3-vibration of the s e c o n d a r y s h a p e . 
T h e f a c t that it s e e m s n e c e s s a r y to p o s t u l a t e this s imple type of s t a t e a lready s u g g e s t s that th i s (3-
vibrat ion is j u s t zero point v ibrat ion i . e . the secondary minimum is very s h a l l o w . We s u g g e s t th is 
b e c a u s e the f i r s t phonon of j3-vibration h a s never y e t been i d e n t i f i e d in the normal s p e c t r o s c o p y of odd 
m a s s n u c l e i . 

Wc e x p e c t a rotat ional band to be a s s o c i a t e d 
with this s i n g l e neutron e x c i t a t i o n , and the data 
h a v e been a n a l y s e d under this a s s u m p t i o n . T o 
c a l c u l a t e the f i s s i o n c r o s s s c c t i o n and angular 
d i s tr ibut ion the usua l type of compound n u c l e u s 
average c r o s s s e c t i o n theory, with i n e l a s t i c 
s c a t t e r i n g c o m p e t i t i o n , has been u s e d , but the 
f i s s i o n s t reng th f u n c t i o n has b e e n a s s u m e d to be 
the sum of a L o r e n t z i a n term and a background 
term, both hav ing a Hi l l -Wheeler tunne l l ing factor 
i n c l u d e d . 

T h e f i s s i o n i n g n u c l e u s i s a s s u m e d to d i s t o r t 
a long a c y l i n d r i c a l symmetry a x i s . T h e forward-
p e a k e d angular d i s t r ibut ion of f i s s i o n products in 
the 7 2 0 k e V peak ( s e e F i g . 2) s h o w s the projec t ion 
K o f angular momentum on this symmetry a x i s i s 
1 / 2 . T h e a n a l y s i s ( F i g . 1 and 2: s o m e of the 
angular d i s t r ibut ion arc from ref. (3)) i n d i c a t e s that 
the parity of th is c l a s s II s ta te i s very probably odu , 
and that the e f f e c t i v e moment of inert ia of the 
rotat ional band i s g i v e n by h 2 / 2g = (4 t imes the 
normal ground s t a t e moment of inert ia) . T h i s l a s t 
fact s trongly supports the a u t h e n t i c i t y of the 
Strutinsky theory. 

mo is a theoretical tit based on the 
rotational band structure indicated. 
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Fig. 7 The fission cross section of -^Th 
between 600 keV and 850 keV measured 
with an energy resolution of 5 keV. The 

resonance at 775 keV is attributed to 
a vibrational level in the second fission 
potential barrier minimum and the solid 
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Fig. 2 Fission Fragment angular distributions for 230Th(n,f) b e t w e e n 6 9 2 keV and 950 keV. 
Distributions with four data points are the measurements of Vorotnikov et alPK Th e solid line is a 

theoretical fit for the rotational band structure indicated in Fig. 1. These results provide an estimate of n nrt 
the moment of inertia of the ^uTh + n nucleus at a deformation corresponding to the second fission 

potential barrier minimum. 

T h e m o n o t o n i c a l l y r i s i n g s e q u e n c e o f data above 8 0 0 k e V c a n a l s o be a n a l y s e d as a s e q u e n c e of 
L o r e n t z i a n type f i s s i o n s trength f u n c t i o n s e a c h b e i n g b a s e d on a r e l a t i v e l y s i m p l e c l a s s II e x c i t a t i o n 
and i t s a s s o c i a t e d rotat ional band. T h u s , there appears to be a K77 = 3 / 2 " band at 9 5 0 keV and another 
K = 1/2 band a t about 1100 k e V . 
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11. Sub-threshold f i s s i o n (G. C. Cox, A. Langsford and Miss A. Khatoon (Univers i ty of Surrey)) 

An experiment is in preparation to look for de ta i l ed structure, in the f i s s i o n c r o s s ,.tion of 
heavy e l ement s in the sub-threshold region, a s a funct ion of neutron energy. Preliminary v.'ork has been 
concerned to demonstrate the v iabi l i ty of surface barrier de tec tors , used to d e t e c t f i s s i o n fragments , in 
the p u l s e d neutron beam from the synchrocyclotron. By u s i n g an array of de tec tors the experiment wil l 
a l so y i e l d information on the angular distribution of f i s s i o n fragments from this p r o c e s s . 

Nuclear structure information from the study of i someric s t a t e s (T. W. Conlon) + 

New examples of i somer ic s t a t e s are be ing produced and the occurrence of i somer ism in severa l 
d i s t inct regions of nuc le i s tudied us ing p u l s e d beams of both l ight and heavy ions from the Variable 
Energy Cyclotron. In the region Z = 63-83 information is provided on the s y s t e m a t i c s of N i l s s o n s t a t e s 
and mult i -quas i -part ic le s t a t e s ( i . e . ^ l m R e be low); ident i f i cat ion of N i l s s o n s t a t e s in the new region 

1 
of s t a b l e deformation c l o s e to 1 Z D B a enab le s de f in i t ive s tatements to be made concerning the s ign of the 
equilibrium deformation which i s predicted to be negat ive y ie ld ing oblate shaped nuc le i . The d c c a y 
scheme of an isomeric s ta te in for example , reported be low, provides conv inc ing e v i d e n c e that 
among the low- ly ing s t a t e s of this nuc leus some l e v e l s correspond to oblate deformation and another to 
prolate deformation. F i n a l l y , the new i somer observed in may provide e v i d e n c e for the recent 
s u g g e s t i o n that the double-humped potential barrier, important for the understanding of f i s s i o n i n g i somers , 
a l s o occurs in this n u c l e u s ; in this c a s e , however , gamma-decay through the inner barrier would appear 
to dominate f i s s i o n through the outer barrier. 

I I someric s t a t e s in the region Z = 63-83 

A de ta i l ed account has now been p u b l i s h e d ^ of the observed properties of the 11.4 ;xsec i someric 
transit ion connect ing two three-quasi -part ic le s t a t e s in which w a s d i s c u s s e d briefly in the l a s t 
report. 

Further work is planned on the decay s c h e m e s of other new isomeric s t a t e s observed in this region 
produced by (p, Xn) and ( 4 l l e , Xn) r e a c t i o n s . 

II Shape Isomers 

(1) Isomerism in Ba, Xe and La I so topes (In col laborat ion with A. J. Elwyn)+ - ) 

It is now e s t a b l i s h e d ^ that there e x i s t s a new region of deformation c l o s e to ^ ' ' B a (the region 
Z > 50, N < 82). Many of t h e s e nucle i are e x p e c t e d to be oblate ly deformed in the ground state but may 
conta in low-ly ing s t a t e s a s s o c i a t e d with the oppos i t e s ign of the deformation, that i s prolate s t a t e s . 
Trans i t ions be tween s t a t e s of different shape are e x p e c t e d to be hindered and thus c a u s e isomerism. 
Isomerism moreover should a l s o occur in t h e s e nuclei s i n c e the e x p e c t e d ^ s i n g l e part ic le N i l s s o n 
level -diagram for oblate deformed nucle i s h o w s that s t a t e s should e x i s t with large spin d i f f erence but 
smal l energy d i f f erence . Some of the new i somer ic s t a t e s in Ba, Xe and La nucle i presented in the las t 
report have been shown in our recent p u b l i c a t i o n ^ to be of the latter type and provide e v i d e n c e in support 
of the occurrence of ob la te nuclear s t a t e s in the region Z > 50, N < 82. More recent experimental s t u d i e s 
of i somer ism in Cs i s o t o p e s , d i s c u s s e d be low, s u g g e s t that i somerism of the former type has a l s o been 
observed . 

iOn l eave at United Nat ions Deve lopment Programme, Sant iago, Chi le , 
i iOn l e a v e from Argonne National Laboratory, Argonnc, I l l ino i s , U.S .A. 
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(2) T h e 1 2 7 C s Isomer 

T h e work out l ined in S e c t i o n IICl) a b o v e has been c o n t i n u e d in order to s tudy i s o m e r i s m in the 
neutron d i f f i c i e n t i s o t o p e s of Cs of a t o m i c number 122-129 produced v i a the r e a c t i o n s l l 5 l n ( 1 2 C , Xn) 
1 2 2 , 1 2 3 C s a n d 127j ( 4 H e i X n ) 1 2 6 , 1 2 7 , 1 2 8 , l ? . 9 C s W e h a v e n o t i n v e s t i g a t e d the l 2 4 ' 1 2 5 C s i s o t o p e s . 

In 1 2 2 C s we have o b s e r v e d the known isomer*-3' w h i c h d e c a y s by m e a n s of a s i n g l e M2 trans i t ion 
of energy 9 5 . 1 k e V . 

A n e w i s o m e r i c s t a t e h a s b e e n produced in ^ C s w h i c h d e c a y s wi th a h a l f - l i f e of 55 u s e e . T h e 
energy spec trum of gamma-rays o b s e r v e d from the d e c a y of th i s s t a t e i s s h o w n in F i g . 1. On the b a s i s of 
our a c c u r a t e l y measured t rans i t i on e n e r g i e s and trans i t ion i n t e n s i t i e s , s h o w n in T a b l e I, the d e c a y 
s c h e m e p r e s e n t e d in F i g . 2 i s b e l i e v e d to be w e l l e s t a b l i s h e d . U s i n g the r e l a t i v e i n t e n s i t i e s and the 
i n t e n s i t y b a l a n c e a t e a c h l e v e l , w e have d e d u c e d m u l t i p o l a r i t i e s for s o m e of the t r a n s i t i o n s , a s shown in 
T a b l e I, and w e are able to c o n c l u d e that the 133-7 keV trans i t ion i s Ml , E 2 or a mixture M l t E2 . T h e 
ground s t a t e sp in-par i ty of wh ich h a s b e e n m e a s u r e d to be w a s the only information a v a i l -
able for th i s n u c l e u s prior to the current work. U s i n g the ground s t a t e a s s i g n m e n t and our a s s i g n e d mult i -
p o l a r i t i e s , we are ab le to make unique spin-parity a s s i g n m e n t s for the i s o m e r i c l e v e l and the 2 7 2 . 5 keV and 
6 5 . 9 k e V l e v e l s s h o w n in F i g . 2 . T h e 138 .8 keV l e v e l i s very probably 3/21", but a 5 / 2 1 a s s i g n m e n t c a n n o t 
be p o s i t i v e l y e x c l u d e d . T h u s a l l l e v e l s invo lved in the i s o m e r i c d e c a y h a v e b e e n i d e n f i t i e d and 
b e c o m e s one of the very f e w nuc le i in the reg ion Z > 50, N < 8 2 for which d e t a i l e d information on low-
ly ing e x c i t e d s t a t e s e x i s t s . It i s therefore appropriate to compare the e x p e r i m e n t a l l y a s s i g n e d l e v e l s 
with t h o s e e x p e c t e d on the b a s i s of c a l c u l a t i o n s o f Kumar and B a r a n g e r ^ and A r z e n i e v i-t a l . ^ which 
are in s u b s t a n t i a l agreement wi th e a c h other . In both c a s e s four o f the f i v e l o w e s t - l y i n g e x c i t a t i o n s h a v e 
sp in-par i ty 11 /2" , 7 / 2 + , 5 / 2 + , 3 / 2 + corresponding to the N i l s s o n orb i ta l s [ 5 0 5 ] T , [ 4 1 3 } ? , [ 4 1 3 ] 1 and 
[ 4 1 1 ] ' [ 'which are a v a i l a b l e for n e g a t i v e (oblate ) v a l u e s of the de format ion , /3; the f i f th state, i s predic ted 
in both c a s e s to be Vi+ but may be e i ther [ 4 1 1 ] J. o f r e f e r e n c e 3 or [ 4 2 0 ] ^ a s pred ic ted by A r z e n i e v e t a l . — 
the lat ter be ing the only s t a t e wi th a prolate deformation ( p o s i t i v e /3) they e x p e c t in the odd C s i s o t o p e s . 

ENERGY (keV) 

Fig. 1 Energy spectrum of gamma-rays from 5 5 j t sec 
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T A B L E I 

E n e r g i e s and r e l a i i v c i n t e n s i t i e s of t r a n s i t i o n s from I 2 7 i n ^ s 

(1) 
E x 

(2) 
R e l a t i v e 

I n t e n s i t i e s 

(3) 
A s s i g n e d 

Multipolar! ty 

3 0 . 6 i 0 . 4 
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F / g . 2 Partial energy level diagram of Cs 
showing levels involved in the isomeric decay of 

127mCs. 

T h e f i v e l o w e s t - l y i n g s t a t e s de termined from the 
d e c a y o f the 55 f i s e c i somer ( F i g . 2) h a v e the s a m e 
sp in-par i ty a s the f i v e s t a t e s to w h i c h the c a l c u l a -
t i o n s refer . While the l e v e l order o b s e r v e d i s no t 
the s a m e a s that p r e d i c t e d , (and is not s u r p i s i n g , 
s i n c e the order d e p e n d s on the a c t u a l magn i tude of 
/3) the e x p e r i m e n t a l range of e x c i t a t i o n e n e r g i e s 
over wh ich the l e v e l s o c c u r i s 500 k e V compared 
to their p r e d i c t e d 6 5 0 k e V . It i s f e l t that the 
o v e r a l l a g r e e m e n t i s very g o o d and is an e f f e c t i v e 
c o n f i r m a t i o n not o n l y of the c o r r e c t n e s s of the 
t h e o r e t i c a l p r o c e d u r e s but a l s o of the o c c u r r e n c e 
of o b l a t e n u c l e a r s t a t e s in 1 _ / C s . 

T h e two c a n d i d a t e s for the ground s t a t e , 
w h i c h we d i s c u s s e d a b o v e , are [4111 J. or [ 4 2 0 | t , 
and, s i n c e r e f e r e n c e 7 s h o w s that the lat ter i s 
e x p e c t e d at much lower e x c i t a t i o n e n e r g y than the 
former, w e prefer the [ 4 2 0 ] 'f a s s i g n m e n t . It h a s 
b e e n n o t e d a b o v e that the [420JT s t a t e has a 
pro la te equ i l ibr ium de format ion w h e r e a s the o ther 
four s t a t e s c o r r e s p o n d to an o b l a t e s h a p e . If our 
a s s i g n m e n t to the ground s t a t e i s c o r r e c t then 
i i , C s i s the o n l y known n u c l e u s e x h i b i t i n g w e l l 
de formed pro la te and o b l a t e s t a t e s . On th is b a s i s 
bo th the 6 5 . 9 k e V and the 1 3 8 . 8 k e V t r a n s i t i o n s 
i n v o l v e s h a p e c h a n g e s ; i n d e e d the branch ing ra t io 
from the 1 3 8 . 8 k e V l e v e l i s s u c h that the 1 3 8 . 8 k e V 
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t r a n s i t i o n appears to be retarded by about a factor or 50 (with r e s p e c t to the s i n g l e p a r t i c l c W e i s s k o p f 
e s t i m a t e ) . U n f o r t u n a t e l y there i s no t h e o r e c t i c a l e s t i m a t e of how s t rong ly h indered t'-. '< - s i t i o n s 
i n v o l v e d here shou ld b e . 

An a c c o u n t of t h i s work is b e i n g prepared for p u b l i c a t i o n . 

01 A 
(3) A p o s s i b l e s h a p e i s o m e r i c s t a t e in 

A diagram from an ear l ier p r o g r e s s report s h o w i n g the e x p e c t e d var ia t ion or n u c l e a r b inding energy 
w i t h the de format ion 0 in v a r i o u s r e g i o n s of n u c l e i i s reproduced in F i g . 3- Here F i g . 3(v) a p p l i e s , for 
example^to the r e g i o n Z > 50 , N < 82 d i s c u s s e d in S e c t i o n 2. 

A w i d e v a r i e t y o f f i s s i o n i n g i s o m e r s are now 
known; t h e s e i s o m e r s are a t tr ibuted to the d e c a y of 
s t a t e s in the s e c o n d minium, B , of F igure 3(i) w h i c h 
r e f e r s to the a c t i n i d e r e g i o n . In t h i s c a s e f i s s i o n 
through the outer barrier ( to the right o f B) is 
preferred to t u n n e l l i n g through the inner barrier 
( b e t w e e n B and A) and c o n s e q u e n t g a m m a - d e c a y . 
T h e gamma-ray branch is s o weak that it h a s n o t 
y e t b e e n o b s e r v e d from any known f i s s i o n i n g i s o m e r . 
A c c o r d i n g to r e c e n t c a l c u l a t i o n s ^ o f barrier 
s h a p e s , h o w e v e r , the r e l a t i v e h e i g h t s of the barriers 
in some neutron d e f i c i e n t i s o t o p e s of the e l e m e n t s 
Z = 8 0 to 9 0 i s s u c h that the s h a p e i s o m e r i c s t a t e 
i s p r e d i c t e d to favour t u n n e l l i n g through the inner 
barrier rather than f i s s ion . . For t h e s e n u c l e i the 
e q u i l i b r i u m d e f o r m a t i o n i s z e r o ( i . e . they are 
s p h e r i c a l n u c l e i ) and the s i t u a t i o n is s imi lar to 
that s h o w n in F i g u r e 3( i i ) and ( i i i ) . 

We h a v e i n v e s t i g a t e d t h e s e p r e d i c t i o n s , 
f o l l o w i n g a s u g g e s t i o n by J . E . L y n n ^ , by u s i n g 
r e a c t i o n s of the form (p, Xn) , ( 4 H c , Xn) and 

1 9 
( C, Xn) on s e l e c t e d targe t s in the r e g i o n 
Z = 6 3 - 8 3 to produce a large number of the neutron 
d e f i c i e n t i s o t o p e s of Z = 8 0 - 8 8 n u c l e i ; the thorium 
Z = 9 0 n u c l e i h a v e not y e t b e e n i n v e s t i g a t e d . A 
s e a r c h for i s o m e r i c a c t i v i t y in the range 10"^ s e c o n d 
to 1 s e c o n d h a s b e e n m a d e , but the o n l y i s o m e r s e e n 
very s t rong ly r e s u l t e d from the 88 MeV p u l s e d 
b e a m bombardments of 2 0 6 P b and 2 0 7 P b . T h e f i n a l 
n u c l e u s i s i d e n t i f i e d a s 2 ^ 4 R a produced in the 
2 0 6 P b ( 1 2 C , 4n) 2 1 4 R a a n d 2 0 7 ( 1 2 C ) 5 n ) 2 1 4 R a 

r e a c t i o n s . T h e i s o m e r i c s t a t e h a s a h a l f - l i f e of 
57 / i s e c and a p p e a r s to d e c a y v ia the e m i s s i o n of 
two gamma-rays o f 1 8 0 . 4 k e V and 2 5 6 . 6 k e V in 
c a s c a d e . While the p o s s i b i l i t y of a third h i g h l y 

it c a n be s h o w n by arguments b a s e d on the o b s e r v e d 
s u c h a t rans i t i on that it i s a m o s t u n l i k e l y p o s s i b i l i t y , 
s t a t e i s s h o w n in F i g . 4 in w h i c h the c h a r a c t e r s t i c 
two gamma-rays and the Pb x - r a y s are produced 

K x - r a y s . a J 

D E F O R M A T I O N FT 

Fig. 3 Characteristic variation of nuclear binding 
energy with deformation, fi, for particular 

combinations of N and Z 

c o n v e r t e d t r a n s i t i o n c a n n o t be p o s i t i v e l y e x c l u d e d , i 
h a l f - l i f e and o b s e r v e d upper l imit of the i n t e n s i t y of 
An energy s p e c t r u m of gamma-rays from the i s o m e r i c 
Ra x -rays are p r o d u c e d by internal c o n v e r s i o n of the 
ma in ly in the p r o c e s s of target a l t ernat ion of the R a 
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From Ihe o b s e r v e d r e l a t i v e i n t e n s i t i e s of the 
Ra x - r a y s and the two gamma-rays i t i s p o s s i b l e to 
put l imi t s on the v a l u e s of the K - s h e l l and total 
c o n v e r s i o n c o e f f i c i e n t s of the gamma-rays ; in th is 
way it can be s h o w n that the 1 8 0 . 4 k e V t r a n s i t i o n 
i s E 2 and the o ther t rans i t ion E 2 or E l . One 
t r a n s i t i o n presumably must be the f i r s t e x c i t e d 
s l a t e to ground s t a t e ( 2 + -> o + ) E 2 t rans i t i on in the 

e v e n - e v e n n u c l e u s . On the b a s i s of the 
s y s t e m a t i c s ^ ^ of the e n e r g i e s of the known 2 + 

s t a t e s in other e v e n - e v e n Ra i s o t o p e s of m a s s number 
A = 228 to 2 2 0 , the 1 8 0 . 4 keV t r a n s i t i o n i s the 
more l i k e l y c a n d i a t e for the 2'f -> o + a s s i g n m e n t . 
In F i g . 5 the m o s t l i k e l y d e c a y s c h e m e of the 
i s o m e r i c l e v e l i s p r e s e n t e d . T h e E 2 or E l nature 
of the 2 5 6 . 6 k e V i s o m e r i c t r a n s i t i o n and the lack 
of a c r o s s - o v e r t r a n s i t i o n to the ground s t a l e 
d e m a n d s a sp in -par i ty a s s i g n m e n t of 4 + or 3" for 
the i s o m e r i c l e v e l . ( T h i s a s s i g n m e n t and the 
mul t ipo lar i ty of the i s o m e r i c t r a n s i t i o n i s i n d e p e n d e n t 
of w h i c h of the t w o gamma-rays i s in f a c t the 
i s o m e r i c t rans i t ion and w h i c h the a c t u a l 2'1' o + 

t rans i t i on ) . 

T h e s i n g l e p a r t i c l e e s t i m a t e for an E 2 and E l t rans i t i on of e n e r g y about 200 k e V i s 8 x 10~ 9 s e c 
and 2 x s e c r e s p e c t i v e l y ; the o b s e r v e d h a l f - l i f e of 57 /zs s h o w s therefore that the t r a n s i t i o n i s 
h i n d e r e d by a fac tor of 7 x 1 0 3 i f E 2 and 3 x 10^ if E l . Such a huge i n h i b i t i o n for an E 2 t r a n s i t i o n s i s 
m o s t u n u s u a l and for an E l t rans i t i on h a s no known p a r a l l e l , apart from the K- forb idden i s o m e r s in e v e n 
n u c l e i found in w e l l - d e f o r m e d rare-earth n u c l e i , w h i c h , in any c a s e , c a n o n l y occur a b o v e the pair ing 
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energy gap of 1-2 MeV. It would s e e m p o s s i b l e to expla in the very l ong l i f e t i m e for this E2 or E l 
transit ion if the s ta te r e s p o n s i b l e corresponded to a s t a t e in the s e c o n d minimum, B, of a potent ia l 
s imilar to that shown in F i g . 3( i i ) or ( i i i ) . However the occurrence of the s t a t e at such a low e x c i t a t i o n 
energy, a mere 4 3 7 . 0 keV compared for e x a m p l e to the cxc i ta t ion energy of the known f i s s i o n i n g i s o m e r s , 
which is t yp ica l l y about 3 MeV, may c a s t some doubt on this interpretat ion. On the other hand the 
recent c a l c u l a t i o n s of T s a n g and N i l s s o n ^ not only predict that such gamma-ray s h a p e i somer ism shou ld 
occur but note that the s e c o n d minimum in certain neutron d e f i c i e n t Ra i s o t o p e s should have the s m a l l e s t 
v a l u e s for the energy d i f f erence of the two minima of any nucle i in th i s region. 
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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 , A . E . R . E . 

( D i v i s i o n Head: Dr. A. A. Smales ) 

T h e measurement of h a l f - l i v e s by gamma-ray spectrometry (M. J. Cabe l l and M. NVilkins) 

It h a s been shown recent ly (D. C . Robinson , A E R E Report R 5911 (November, 1968), M. J. Cabe l l 
and M. Wilkins, A E R E Report R 6303 (June , 1969)) that the common method of determining rad ioac t ive 
h a l f - l i v e s by f i t t ing a straight l ine to a p lot of the logarithm of the d e c a y rate versus time by the method 
o f l e a s t squares y i e l d s r e s u l t s which d e p e n d on the period of time during which the d e c a y data were 
accumula ted . It has a l s o been shown that this l inear transfonnation may o f i t s e l f result in b i a s e d 
e s t i m a t e s of the time v a l u e s . T h e s e d i f f i c u l t i e s are overcome if an exponent ia l f i t i s made d irec t ly to 
the untransfo imed decay curve, and if the squares of the re s idua l s are w e i g h t e d proportionally to the 
r e c i p r o c a l s of the var iances of the f i t ted data po in t s . The problem then b e c o m e s non- l inear and the 
c a l c u l a t i o n s can only proceed by i terat ion, so that a d ig i ta l computer may be n e c e s s a r y to obtain the 
d e s i r e d accuracy . Abso lu te r e s u l t s are obta ined when the data a n a l y s e d are taken over three h a l f - l i v e s 
or more. Addit ional data po ints then s e r v e to i n c r e a s e the p r e c i s i o n of the re su l t without a f f e c t i n g i t s 
a b s o l u t e v a l u e . 

T h e s e pr inc ip l e s have been appl ied to the determination of the h a l f - l i v e s of * 9 8 A u and of the ground 
s t a t e of l 4 8 P m by gamma-ray spectrometry . 

Two unb iased e s t i m a t e s g a v e the h a l f - l i f e of 1 9 8 A u a s 2 . 6 9 4 8 ± 0 . 0 0 1 4 d a y s and 2 . 6 9 4 4 i 0 . 0 0 1 3 
days r e s p e c t i v e l y , and corresponding v a l u e s o f 5 .369 ± 0 . 0 1 2 d a y s and 5 .372 + 0 . 0 1 4 days were 
obta ined for l 4 8 P m . Taking the we ighted means of t h e s e pairs it w a s c o n c l u d e d that the h a l f - l i v e s of 
1 9 8 A u and 1 4 8 P m are 2 .6946 + 0 . 0 0 1 0 d a y s and 5 .370 + 0 .009 days r e s p e c t i v e l y . 

T h e a b s o l u t e determination o f ^ 4 8 S P m by gamma-ray spectrometry and a measurement of the e m i s s i o n 
probabi l i ty of i t s 1 .465 MeV gamma-ray (M. J. Cabel l and M. Wilkins) 

The c r o s s s e c t i o n of the reac t ion ^ 4 7 P m ( n , y ) ^ 4 8 ®Pm i s at present uncerta in . For example , v a l u e s 
a s d i f ferent a s 124 + 13 barns, 105 ± 5 barns and 82 + 8 barns have been quoted for 2200 m / s e c 
neutrons . In an attempt to improve th i s s i tuat ion new act ivat ion m e a s u r e m e n t s have been undertaken. 
The cal ibrat ion o f a y -counter for the a b s o l u t e determination of 1 4 8 g P m by count ing the 1 .465 MeV 
y - p h o t o n s emit ted in its d e c a y w a s a n e c e s s a r y preliminary step. 

A sample of ^ 4 7 P m w a s irradiated for f i v e days in a h igh- f lux p o s i t i o n of the P L U T O reactor. 
Af ter pur i f icat ion by cat ion e x c h a n g e chromatography a s tock so lut ion w a s then prepared which c o n s i s t e d 
of a mixture of 1 4 7 P m , 1 4 8 s P m, " 8 r a P m and l 4 9 P m . Al iquots were taken from this s tock and their 
a c t i v i t i e s were determined a s a funct ion o f time by (a) count ing the /3~ p a r t i c l e s emitted, u s i n g a 
4nfi~-y c o i n c i d e n c e counter and by (b) count ing the 1 . 4 6 5 MeV y-photons emitted, u s i n g a y-ray 
spectrometer . 

T h e g r o s s /3" d e c a y curves were a n a l y s e d by the method of w e i g h t e d l e a s t squares (a Fortran 
program for the Harwel l IBM 3 6 0 / 7 5 w a s e s p e c i a l l y written for this purpose) and the a b s o l u t e 
d i s i n t e g r a t i o n rates o f the ^ 4 8 g P m in the s o u r c e s were derived. By combining this data with the r e s u l t s 
of the y -spectrometry , the y-coufiter w a s ca l ibra ted for determining ^ 4 8 g P m a b s o l u t e l y with an accuracy 
of ± 0 .8 per cent . 

With the same geometry a s in the a b o v e , the r e s p o n s e of the y-counter to a known number o f 
1 . 4 6 5 MeV y-photons was a l s o determined by u s i n g a s e t of IAEA standard s o u r c e s . From a comparison 
of the two r e s u l t s it w a s conc luded that the probabil i ty that a 1 .465 MeV y-photon i s emitted in the /3~ 
d e c a y of * 4 8 g P m was 0 . 2 2 2 + 0 . 0 0 5 per d i s in tegra t ion . Prev ious measurements h a v e g iven this 
quantity a s 0 . 2 5 , 0 . 3 5 , 0 .27 ± 0 . 0 5 and 0 . 2 4 + 0 .04 . 
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C H E M I S T R Y D I V I S I O N , A. E. R. E. 

(D iv i s ion Head: Dr. W. Wild) 

V . E . C . Experiments 

Measurements of Coulomb Distort ion by Heavy Ion Scat ter ing (J. G. Cuninghame and A. M. Friedman 
(Argonne Nat ional Laboratory)) 

Various theoret ica l c a l c u l a t i o n s h a v e ind ica ted that in heavy ion r e a c t i o n s the dis tort ion of the 
target and project i l e nucle i by their coulomb f i e l d s may change the e f f e c t i v e nuclear radii by a s much a s 
30%. S ince a change a s large as th i s h a s a c o n s i d e r a b l e e f f e c t on the c r o s s - s e c t i o n for forming super-
heavy nucle i by u s e of heavy- ion r e a c t i o n s , it would be of great value to t e s t t h e s e theoret ica l 
c a l c u l a t i o n s . One s imple method of determining th i s change is to study the e l a s t i c s c a t t e r i n g o f heavy 
ions both by n u c l e i which are e a s i l y deformed and by those that are not. The experiment c o n s i s t s o f 
s tudying the angular distr ibution of e l a s t i c a l l y s ca t t ered C and N ions from the V . E . C . by targets of 
Pb, Nd, Sm and Gd i s o t o p e s . 

Information on coulomb d is tor t ions wi l l be of great va lue in dec id ing the minimum beam energy 
n e e d e d for the production of i s o t o p e s by any h e a v y ion react ion, and it wi l l be extremely use fu l to take 
the e f f e c t into account when d e c i d i n g on any h e a v y ion experiment with the V . E . C . 

F i s s i o n measurements (J. G. Cuninghame and I. F . Croall) 

B e c a u s e of pre-emption of the V . E . C . for meta l lurg ica l s t u d i e s only s i x runs have been p o s s i b l e 
during this period. K ine t i c energy spec tra of pairs of f i s s i o n fragments in c o i n c i d e n c e h a v e been 
measured for f i s s i o n of 2 0 6 P b 

and 2 " 9 B i by protons and 4 H e ions of various e n e r g i e s , in cont inuat ion of 
the work on the e f f e c t s of change in angular momentum on the k inet ic energy and m a s s d i s tr ibut ions of 
f i s s i o n fragments . T h i s work h a s o p e n e d up the p o s s i b i l i t y of measuring m a s s y i e l d s in tai lored neutron 
spectra required for the F a s t Reactor programme, by m e a n s of a low energy neutron source on the V . E . C . 
Mass Spectrometry (E. A. C. Crouch, I. C. McKean and M. Brownsword) 

H a l f - L i f e of 2 4 1 Pu 

Reports from the U .S .A . of the p o s s i b l e e x i s t e n c e of a short- l ived s p e c i e s of 2 4 * P u has prompted 
col laborat ion with Nuc lear P h y s i c s D iv i s i on in the p i l e irradiation of separated 2 4 ® P u and the 
examination of the "young" 2 4 * P u s o formed. P r e v i o u s work (Cabel l , J . Inorg. N u c l . Chem. 3 0 (1968) 
p. 2583) on the ha l f - l i f e o f "old" 2 4 1 P u , and on the prolonged irradiation of 2 3 9 P u ( A E R E - R 6041) , 
provided e v i d e n c e for the e x i s t e n c e of two i somers o f 2 4 ^ P u combining to g i v e an apparent ha l f - l i f e 
depending on the "age" of the 2 4 ^ P u . 

About 5 mgm 2 4 ® P u were irradiated at the maximum obtainable f lux in P L U T O to g i v e ^40% 2 4 1 P u 
in the product, which was then purif ied from f i s s i o n products and other heavy e l ement s for examinat ion 
of i t s y - e m i s s i o n and f i s s i o n c r o s s - s e c t i o n in N u c l e a r P h y s i c s D i v i s i o n . 

The d e c a y of the freshly prepared 2 4 ^ P u h a s been watched by regular m a s s - a n a l y s i s after chemica l 
removal of 2 4 ^ A m . N o o b v i o u s short- l ived i somers o f 2 4 ^ P u have been observed and on the b a s i s of 
r e su l t s to date no more than some 1% or so of such an i somer could e x i s t . The h a l f - l i f e of 2 4 ^ P u 
observed s o far is 14 .2+0 .7 yr. which i s c o n s i s t e n t with the resu l t s obta ined on the s a m e sample by 
Nuc lear P h y s i c s D i v i s i o n by y - e m i s s i o n methods . 

Nat ional I s o t o p i c Compos i t ion of Natural Molybdenum 

Work on the 9 4 M o / 9 8 M o mixtures has cont inued a s machine ava i lab i l i ty a l l o w e d , in an attempt to 
d i s c o v e r whether it i s real ly n e c e s s a r y to purify the separated i s o t o p e s , the c o n s t i t u e n t s of the 
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synthe t i c mixtures . B e c a u s e separated i s o t o p e s are e x p e n s i v e and ava i lab le only in l imited amounts , 
chemical purif ication and preparation in s to ichiometric form presents d i f f icu l t problems, and if it were 
p o s s i b l e to calibrate synthet ic mixtures knowing only the re lat ive proportions of the components this 
purif icat ion would be u n n e c e s s a r y . Formally the appropriate equat ions have s o l u t i o n s , and work i s 
continuing. 

D e l a y e d Neutron Emis s ion from F i s s i o n Product Selenium and Tel lurium (L. Toml inson and 
M. 11. Hurdus) 

The experiments on d e l a y e d neutron e m i s s i o n from se len ium i s o t o p e s are now completed . T h e data 
obtained are being p r o c e s s e d prior to writing up. 

In the final s e r i e s of experiments , the lime for separation of f i s s i o n product se l en ium was reduced 
to 1.0 s e c . By combining this fa s t chemistry with an irradiation time of 0 .5 s e c . , it w a s p o s s i b l e to 
rcducc the contributions of longer- l ived se lenium i s o t o p e s and a l low 8 9 S e to be d e t e c t e d . Th i s i s another 
new se lenium i s o t o p e . It was found to have a ha l f - l i f e of about 0 .5 s e c . and a neutron branching ratio 
of approximately 6%. 

The f i s s i o n rate used in t h e s e experiments has been measured by separat ion of and by 
R7 

coba l t flux monitors. This should a l low the f i s s i o n y i e l d s of '""^Se to be obtained from the experimental 
data. 

Exploratory work is in progress to determine whether f i s s i o n product tellurium can be separated 
by i s o t o p i c e x c h a n g e with hydrogen tel luride gas . 

D e l a y e d Neutrons ( F i s s i o n Product Emiss ion) 

Selenium F i s s i o n Products (L. Toml inson and M. H. Hurdus) 

The data p r o c e s s i n g for this work i s a lmost complete . The work wil l be written up a s soon a s time 
permits. The final resu l t s are a s fo l lows (errors are 1 standard dev iat ion , where they have been 
ca lcu lated) : 

Ha l f - l i f e 
( s e c ) 

D e l a y e d neutron 
branching ratio % 

Cumulative 
f i s s i o n y i e ld % 

Hal f - l i f e 
( s e c ) 

Exp. Theory Exp. Theory 

8 7 S e 5 .41 + 0 . 0 5 0 .16 + 0 .03 1 0 . 6 0 0 .69 

8 8 S c 1 .53 + 0 . 0 5 0.7 5 + 0 .06 2 . 5 0 .37 0 .32 

8 9 S e 0 .41 + 0 .03 5.0 ± 1.5 6 0 .11 0 . 1 0 

For 87 Se and the experimental de layed neutron branching rat ios are smaller than predicted -
indicating that many l e v e l s in the emitter, above the neutron binding energy, are de -exc i t ing by gamma 
rather than neutron emis s ion . The agreement between the measured f i s s i o n y i e l d s and those c a l c u l a t e d 
from the l a t e s t Wahl charge distribution formula (A.C. Wahl e t a l . , 2nd Symposium on the P h y s i c s and 
Chemistry of F i s s i o n , I . A . E . A . (1969) page 813) i s very good indeed, showing that the Zp's and 
Gauss ian width parameters for these chains are about right. 
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N U C L E A R R E S E A R C H D I V I S I O N , A . W . R . E . 

(Chief of Nuc lear Research: Dr. II. R. Hulme) 

Neutron Scattering by Mo (D. Porter and R. E . C o l e s ) 

The time of f l ight method has been u s e d to study fas t neutron e l a s t i c and i n e l a s t i c scat ter ing in the 
energy range 1.0 to 5 .0 MeV by natural molybdenum. Different ial c r o s s - s e c t i o n s at 10 ang les from 
3 0 - 1 3 5 ° were measured at 0 . 5 MeV intervals for e l a s t i c scattering and i n e l a s t i c scat ter ing to groups of 
l e v e l s up to 1 .6 MeV excitat ion in the target and i n e l a s t i c scattering to a continuum above 1.6 MeV 
exc i ta t ion . Exc i ta t ion funct ions were derived from 125° y i e l d s measured at 0 .2 MeV intervals be tween 
1.0 and 3 .0 MeV. 

The continua spectra in the range 2 . 0 to 5 .0 MeV have been a n a l y s e d in tenns of s ta t i s t i ca l 
evaporation theory and parameters descr ib ing secondary energy distr ibut ions of the continua scat tered 
neutrons are, extracted. 

A report on this work i s a lmost complete . 

Neutron Scattering by Na (D. Porter and R. E . C o l e s ) 

A n a l y s i s of data obtained at 5 . 0 MeV inc ident energy is in progress . Dif ferent ia l c r o s s - s e c t i o n s 
at 10 ang le s be tween 30° and 135° of the e l a s t i c and i n e l a s t i c to groups at 0 . 4 3 9 MeV, 2 .08 , 2 .39 , 2 .68, 
2 .98 , 3 .68 and 3 .88 MeV wil l be obtained. 

Neutron Scattering by 9 3 N b (D. Porter and R. E. C o l e s ) 

Experimental resu l t s similar to those for Mo have been obtained, but the data are await ing a n a l y s i s . 

(n .n 'y ) R e a c t i o n s in 5 1 V and 8 9 Y (D. Porter, R. E. C o l e s and W. B. G i l b o y ^ 

A paper with the fo l lowing abstract wi l l be publ ished as an AWRE report. 

"The AWRE 6MV Van de Graaff generator h a s been used to study (n,n' y) reac t ions in ^ V and 8 9 Y 
for inc ident neutrons in the energy range 0.3 to 4 MeV. A 20 cc Ge(Li) spectrometer w a s used to de tec t 
de -exc i ta t ion y-rays fo l lowing i n e l a s t i c s ca t t er ing from samples in ring geometry. In al l , 33 transi t ions 
in ^ V and 15 in 8 9 Y were observed and production c r o s s - s e c t i o n s for t h e s e y-rays , at a mean angle of 
1 0 0 ° , were derived as funct ions of inc ident neutron energy. 

Improved d e c a y s c h e m e s , branching ratios and l eve l energ ie s are presented and, where knowledge 
of t h e s e and appropriate y-ray angular dis tr ibut ions permit, comparisons with the predict ions of 
Hauser -Feshbach theory modif ied for l eve l width f luctuat ions are made. 

Spin a s s i g n m e n t s of recent work are confirmed and p o s s i b l e a s s i g n m e n t s for other l e v e l s observed 
are d i s c u s s e d . " 

r -measurement of P u 2 3 9 (D. S. Mather, P . F . Bampton, G. James and P . J . Nind) 

Th i s work i s now complete and an AWRE report with the fo l lowing abstract wi l l be i s s u e d shortly. 

"A large liquid sc int i l lator counter lias been u s e d to measure average v a l u e s of prompt V for the 
neutron induced f i s s i o n of P u 2 3 9 over 11 energy bands below 1.2 MeV. The energy bands were 40-115, 
115-285 and 100 keV wide from 300 keV to 1 . 2 MeV. The re lat ive accuracy w a s 

*Now at Univers i ty of Surrey. 
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Measurement of (n,2n) c r o s s - s e c t i o n s (D. S. Mather, G. James and P . J. Nind) 

U s i n g the large liquid sc int i l la tor measurements have been made on thulium, rhodium and niobium 
at 14.1 MeV with a 160 keV energy spread. Preliminary v a l u e s are 2.1, 1.6 and 1.5 b, r e s p e c t i v e l y , the 
error being ±10%. 

Neutron c r o s s - s e c t i o n measurements u s i n g neutrons from nuclear e x p l o s i o n s (A. Moat) 

The 9 0 ° Pu 238 (n,f) data measured by the AWRE team have been sent to LASL for d e t a i l e d 
comparison with their data. One adjustment may s t i l l be required to a routine which removes a smal l 
amplitude ringing e f f e c t . A jo int paper on these resu l t s i s now at an advanced s tage . The 5 5 ° data 
h a v e some problem areas which are g iv ing d i f f i cu l ty , although the overal l picture i s of fair agreement 
with 9 0 ° data. Work on the 5 5 ° problems h a s been hampered by the lack of a working a s s e s s o r machine: 
the Mark II a s s e s s o r has recently been del ivered, but i s not ye t operat ional . 

Evaluat ion of the neutron c r o s s - s e c t i o n s of carbon (D. Porter and K. Wyld) 

An evaluat ion of the c r o s s - s e c t i o n s and angular d is tr ibut ions for total , e l a s t i c and i n e l a s t i c 
scat ter ing of neutrons from natural carbon in the energy region leV to 15 MeV has been made. Data have 
been produced from semi-automatic f i t s to edi ted experimental c r o s s - s e c t i o n s , which for the angular 
dis tr ibut ions of the e l a s t i c s , e y e - f i t s were made to the Legendre polynomial c o e f f i c i e n t s of t h e s e 
distr ibut ions a s funct ions of inc ident energy guided where n e c e s s a r y by theoretical e s t i m a t e s . Compared 
with the e x i s t i n g UKAEA data f i l e , the present total c r o s s - s e c t i o n is s l i gh t ly lower b e l o w 2 MeV and 
there are s i g n i f i c a n t changes in the i n e l a s t i c c r o s s - s e c t i o n to the f irst e x c i t e d s ta te in ^"C be low 9 MeV. 

F i s s i o n Parameter Eva luat ions (D. Mather and P. Bampton) 

Evaluat ion of P (E) v a l u e s for P u 2 3 9 up to 14 MeV i s present ly in progress . A l s o in progress and in 
col laborat ion with Sowerby and Patr ick of AERE, Harwell , i s a s imul taneous evaluat ion of a n f for 
{j235^ u 2 3 8 and P u ~ 3 9 and for U 2 3 8 , all a s funct ions of inc ident neutron energy. 

The SCORE Programme (J. Cameron) 

SCORE has been further deve loped . In particular output i s now ava i lab le in the fonnat of the UK 
nuclear data library. 
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D I V I S I O N O F R A D I A T I O N S C I E N C E , 

N A T I O N A L P H Y S I C A L L A B O R A T O R Y 

(Superintendent: Dr. P. J. Campion) 

Thermal Neutron Capture Cross S e c t i o n s (T. B. R y v e s ) 

T h e ac t iva t ion m e a s u r e m e n t s were made in the known f lux and spectrum of the N P L standard thermal 
neutron f lux. T h e measured 2 2 0 0 ms"' c r o s s - s e c t i o n s and reduced r e s o n a n c e in tegra l s ( l e s s i / v part) 
are g i v e n in the T a b l e , and are r e l a t i v e to Aurr = 9 8 . 8 1 0 . 3 b and i ' = 1514 ' 60b. Random errors h a v e 
been c a l c u l a t e d at a 99% c o n f i d e n c e l imit from the standard errors on the mean, and are added l inearly 
to the e s t imated . sys temat ic errors to g i v e the overal l errors. 

R e a c t i o n H a l f - l i f e a 0 barns i ' barns 

2 3 N a ( n , y ) 2 4 N a 15.Oh 0 .527 ± O.OO45 0 . 0 8 0 + 0 . 0 1 2 

2 7 A l ( n , y ) 2 8 A l 2 .25m 0 . 2 3 0 ± 0 . 0 0 4 0 . 0 6 6 + 0 . 0 0 9 

3 7 C l ( n , y ) 3 8 C l 37 .3m 0 . 4 3 3 + 0 . 0 0 6 0 . 1 2 + 0 .06 

5 1 V ( n , y ) 5 2 V 3.77m 4 . 8 8 + 0 . 0 4 0 . 4 8 + 0 . 0 9 

6 9 G a ( n , y ) 7 0 G a 21.1m 1.68 ± 0 .07 14 .8 + 1 .5 

7 1 G a ( n , y ) 7 2 G a 1 4 . l h 4 .71 + 0 . 2 3 29 .1 + 2 . 9 

7 5 A S ( n , y ) 7 6 A s 26 .5h 4 . 4 8 ± 0 .11 59 ± 6 

8 9 Y ( n , y ) 9 0 Y 64h 1.21 ± 0 . 0 5 0 . 4 4 + 0 . 0 6 

1 0 7 A g ( n , y ) 1 0 8 A g 2 .39m 37 .2 + 1 .2 7 7 + 5 

1 0 9 A g ( n , y ) H 0 m A g 255d 4 . 7 2 + 0 . 2 1 -

1 3 9 L a ( n ^ L a 4 0 . 2 h 9 .03 ± 0 . 3 3 7 . 5 ± 0 . 8 

1 5 1 E u ( n , y ) 1 5 2 m E u 9 .3 h 2620 i 240 -

1 9 6 P t ( n , y ) * 9 7 P t 18h 0 . 7 4 + 0 . 0 8 8 + 2 

1 9 8 P t ( n , y ) 1 9 9 P t 30m 3 .66 ± 0 . 1 9 54 + 6 

— 7 59 Measurement of v for s p o n t a n e o u s f i s s i o n of J A C ( (E. J . Axton, B. N . Audric and A. G. Bardel l ) 

Measurements h a v e now been made with both old and new s a m p l e s o f 2 ^ 2 C f , the latter c o n t a i n i n g 
a higher proportion of 2 ^ 2 C f re la t ive to the other cal i fornium i s o t o p e s . T h e r e s u l t s with the n e w s a m p l e 
appear to l i e up to o n e per c e n t h igher than t h o s e with the o ld s a mp le , g i v i n g a v a l u e for v of about 
3 .72 . It i s p lanned to measure o n e more modern sample and to repeat the measurement o f the o ld sample 
before i s s u i n g a f inal report. 

Attempts to compare f i s s i o n count ing with Argonne Nat ional Laborator ie s , USA f a i l e d b e c a u s e no 
d e s i g n o f source w a s s u i t a b l e for the d i f f erent t e c h n i q u e s u s e d at the two laborator ies . A s imi lar 
e x e r c i s e with the R e s e a r c h Ins t i tu te of N a t i o n a l D e f e n c e , Stockholm fa i l ed b e c a u s e the gat ing s y s t e m 
employed by this laboratory d o e s not permit a b s o l u t e measurement of the f i s s i o n rate of a sample . 
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The o ld sample of californium referred to above, i s now in the cus tody of i t s owners , BCMN 
Euratom. The sample is in the form of a d i lute so lut ion of cal ifornium chloride in hydrochloric ac id . 
Comparison of the f i s s i o n rate per mg of a l iquots of this solut ion are in progress between BCMN and N P L . 

Intermediate Energy Neutron flux Measurements and L o n g Counter Calibration (J. B. Hunt, 
J. C. Robertson and T. B. R y v e s ) 

i 
The r e s p o n s e s of the N P L and the De Panghcr long counters have been compared with that of a 

co l l imated Vanadium Sulphate bath detector over the energy range 150 keV to 650 keV us ing the 0 ° y i e l d 
of neutrons from the 7 L i ( p , n ) 7 B e react ion. The resu l t s indicate that the long counter r e s p o n s e i s 
independant of energy to within + 2% (Standard error) over the indicated energy range. The abso lu te 
e f f i c i e n c y of the long counter has been detennined by means of cal ibrated N a B e - Sb-Be neutron s o u r c e s 
and this wi l l be compared with the e f f i c i e n c y as measured by abso lute counting of the re sidual 7 B c 
target ac t iv i ty . 

Intermediate Energy Neutron React ion Cross -Sec t ions (J. B . Hunt, J . C. Robertson and T . B. Ryves ) 

2*2 0 
Work is in progress to measure the n ,y capture cross s e c t i o n of In, 1 and °U by act ivat ion 

techniques at a number of energy points in the range 150 keV to 650 keV. No resu l t s are ava i lab le a l 
present . 

F a s t Neutron f lux and Cross Sect ion Measurements (J. C. Robertson, B . N. Audric) 

A recoi l proton monitor i s u s e d to measure neutron f lux at energ ie s in the neighbourhood of 14 MeV. 
Subsequently the method wi l l be compared with the a s s o c i a t e d particle counting technique. Work i s in 
progress to measure the c r o s s s e c t i o n for the ^ > F e ( n , P ) ^ M n , 2 7 ^ ^ a n c j 
reac t ions . T h e s e cross s e c t i o n s have been s e l e c t e d a s standards s i n c e the product a c t i v i t i e s can 
readily be measured to high accuracy , and both a n c ] 24jv]a j i a v e been the subject of international 
intercomparisons. The exc i ta t ion funct ions of t h e s e react ions are being measured. 



G L A S G O W U N I V E R S I T Y ( K E L V I N L A B O R A T O R Y ) 

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

(Director: Prof. G. R. Bishop) 

The acce lerator i s powered by three klystrons (TV2011; frequency 2856 MHz; 20 megawatt peak 
power) and de l i ver s a beam of 250 mA peak current at energ ies up to 110 MeV. P u l s e durations from 
3 m i c r o s e c o n d s to 3 . 5 n a n o s e c o n d s are ava i lab l e . At the lower end of this range there is e f f e c t i v e l y no 
beam loading and energ ie s up to 135 MeV are a v a i l a b l e . 

The experimental programme i s devoted to low energy nuclear structure and inc ludes provis ion for 
photoneutron and neutron scat ter ing time of f l ight s tud ie s . Seven f l ight paths , 20 metres long, radiate 
from a neutron target ce l l and cover laboratory a n g l e s from 4 2 ° to 156° with r e s p e c t to the inc ident 
e l ec tron beam. One of t h e s e f l i ght paths (72°) ex tends to 100 metres . 

I n e l a s t i c Neutron Scattering (G. I. Crawford and J . D. Kel l ie ) 

The react ion A l ^ ( n , n ' y ) A l 2 7 has been s tudied over the neutron energy range from 1 to 9 MeV. 
The unique feature of this experiment i s the measurement with high energy resolut ion of the i n e l a s t i c 
c r o s s s e c t i o n s s imul taneous ly over the whole of this energy range. At t h o s e particular e n e r g i e s where 
comparison with other work i s p o s s i b l e the c r o s s s e c t i o n s agree with previous r e s u l t s . 

A 3 ns p u l s e of e l ec trons with p.r.f . of 480 Hz s tr ikes a thick lead target, producing neutrons and 
photons . To min imise background from the prompt gamma rays, a f l ight path at 1 4 2 ° to the e lectron 
direct ion w a s u s e d and the radiation f i l tered with 5 cm of l ead . The Al scat terer w a s 15 cm in diameter, 
5 cm thick and w a s at 25 .9 m from the l ead target. A 10 cm diameter by 10 cm high N a l ( T l ) de tec tor 
w a s p l a c e d at 30 cm from the scat terer and a l iquid sc int i l la tor at 29 m from the lead radiator monitored 
the neutron f lux. The energy of the y ray and the time of f l ight of the neutron were obta ined for e a c h 
e v e n t and the resul t ing information was c o l l e c t e d , sorted and stored by the two parameter a n a l y s i s 
programme deve loped for the P D P - 7 . 

T h e production c r o s s s e c t i o n s for the 0 .84 , 1 .01 and 2.21 MeV de-exc i ta t ion y rays are shown in 
F igures 1 to 4. A l s o inc luded are the measurements of other authors, and in Figure 3 the theoret ical 
determinations of the c r o s s s ec t ion for e x c i t i n g the 0 . 8 4 and 1 .01 MeV l e v e l s . Of the three c a l c u l a t i o n s , 
which are (a) H a u s e r - F e s h b a c h , (b) width f luc tuat ions with l e v e l repuls ion, and (c) width 
f luctuat ion a s suming a Porter-Thomas distribution of reduced widths , it i s s e e n that be tween 2 and 3 MeV 
neutron energy (b) i s in b e s t agreement with the data. 

E s t i m a t e s of < T > , the average total width of the compound nuc leus s t a t e s in Al 0 , have been 
obta ined by c a l c u l a t i n g auto correlat ion funct ions R ( f ) for the 0 . 8 4 and 1.01 MeV l e v e l exc i ta t ion 
funct ions . An average va lue of < T > = 32 .5 ± 5 keV i s found for an inc ident neutron energy of 2 MeV, 
which i s c o n s i s t e n t with E r i c s o n ' s predic t ions . The ratio < r > / D , obtained from a H a u s e r - F e s h b a c h 
ca l cu la t ion , takes v a l u e s of %A ± 0 .3 at 12.7 MeV, of 2 . 9 ± 0 .1 at 13.7 MeV and 5.7 ± 0 . 5 at 14.7 MeV 
in the e x c i t e d compound nuc leus A l 2 8 * . 

From an examination of the c r o s s s e c t i o n it i s apparent that the f ine structure, a n a l y s e d in terms 
of Er icson f luc tuat ions , i s superimposed on a modulated background. T h e 0 . 8 4 and 1 .01 MeV 
exc i ta t ion funct ions , energy-averaged with an interval of 150 keV, are g i v e n in Figures 5 and 6. It i s 
c l e a r that there i s a correspondence in the p o s i t i o n s of the modulat ions b e t w e e n the c r o s s s e c t i o n s for 
t h e s e t w o ' i n e l a s t i c channe l s . Similar structure found in other partial c r o s s s e c t i o n s has been attributed 
to Doorway S ta te s . 



Intermediate Structure in Neutron Scatter ing (S. J . Hal l , J. McKeown and H. R. Siddique) 

Data have been taken on the e l a s t i c s cattering of fas t neutrons by Ca to extend the angular 
range examined, and a n a l y s i s of the r e s u l t s made. Monitoring of the inc ident neutron f lux on the 
scatterer i s the principal problem in re lat ing the runs at various a n g l e s . Cross c h e c k s on background 
condi t ions and timing were obtained by intercomparison of four di f ferent monitors 

(1) The charge in the beam p u l s e from the l inac was measured us ing a f a s t non-intercept ing 
toroid 

(2) The charge d e p o s i t e d on a Lead neutron radiator w a s integrated and stored in the PDP-8 

(3) A thin s h e e t of polythene w a s inserted in the path of the neutrons before they reached the 
ca lc ium scatterer. Neutrons scat tered from the beam were v i e w e d with a p l a s t i c s c in t i l l a tor 

(4) The f inal data were obtained in three runs, three of the de tec tors be ing moved to di f ferent 
ang le s after each , one remaining f i x e d to provide overlap data for each s e t of a n g l e s . 
T h e s e monitors agreed with each other and each showed e x c e l l e n t l inearity. 

The experiment "was performed to study f luctuat ions and demonstrate the e x i s t e n c e of 
Doorway Sta tes in Ca4®. B e l o w the f i r s t e x c i t e d s ta te at 3 . 3 5 MeV, we e x p e c t that the addition of a 
f a s t neutron re su l t s in a compound n u c l e u s with only e l a s t i c and radiat ive capture ex i t c h a n n e l s , the 
latter be ing small enough to be n e g l i g i b l e . Thus the high reso lut ion c r o s s s e c t i o n measurements of 
this study are averaged over su i tab le energy ranges to de tec t the p r e s e n c e of substructures with widths 
of the order of 100 keV. T w o of t h e s e appear at 1 .2 MeV and 1.8 MeV, and the objec t of further a n a l y s i s 
i s to determine the spin and parity of these structures and compare with theoretical expec ta t ions of 
the s h e l l model structure of two part ic le -one ho l e s t a t e s at the exc i ta t ion e n e r g i e s in quest ion . The 
early a n a l y s i s of the raw data into c r o s s s e c t i o n s w a s made with the advanced software package of the 
PDP-7 computer. Some time was spent on enabl ing this s y s t e m but it did not fulf i l all of the 
e x p e c t a t i o n s . T h e energy averaging and angular distribution f i t s are now made on the P D P - 1 0 . 
Comparison with the previously e x i s t i n g data over limited energy ranges is e x c e l l e n t , as shown in 
Figure 7 for angular distributions of s ca t t ered neutrons. 

A n a l y s i s programmes run on the P D P - 1 0 have a l lowed for e f f e c t s of mult iple scat ter ing in the 
calc ium sample, and check that the abso lu te cross s ec t ion f igures obtained are accurate by comparison 
with neutron scat ter ing from carbon, performed with the same apparatus. 

A phase s h i f t a n a l y s i s of the d i f ferent ia l cross s e c t i o n s thus obtained shows that the Doorway 
State interpretation is of only l imited va lue in the interpretation.of the origin o f energy averaged 
(^tlOO keV bin width averaging) c r o s s s ec t ion f luctuat ions . While an a s s i g n m e n t of spin and parity 
could be a c h i e v e d for the lower of the two substructures observed, the upper one proved l e s s 
s u s c e p t i b l e of a n a l y s i s . A de ta i l ed study wi l l appear shortly. 
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