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MEASUREMENT OF THE FAST NEUTRON CAPTURE CROSS SECTION n 

OF 2 3 8 ~  RELATIVE TO 2 3 5 ~ ( n , f )  

L. R. Fawcett, ~r .* ,  W. P. Poenitz,  and 0. L. Smith 
Argonne Nat ional  Laboratory . 

9700 South Cass Avenue 
Argonne, I l l i n o i s  60439, USA 

The capture cross sec t ion  o f  2 3 8 ~  was measured us ing the  a c t i v a t i o n  technique and 
2 3 s ~ ( n , f )  as a reference cross sect ion. Capture events were measured by d e t e c t i o n  o f  
two prominent Y - t r a n s i t i o n s  i n  the  decay of the  2 3 9 ~  daughter nuc l ide,  2 3 9 ~ p ,  employing 
a h igh  r e s o l u t i o n  Ge(Li) detector.  The system was c a l i b r a t e d  w i t h  samples a c t i v a t e d  i n  
a thermal neutr.on f l u x  r e l a t i v e  t o  the capture cross sec t ion  o f  gold, and w i t h  an abso- 
l u t e l y  c a l i b r a t e d  a-emi t ter ,  243Arn, which decays t o  2 3 9 ~ p .  Cross s e c t i o n  measurements 
were c a r r i e d  o u t  i n  the neutron energy range from 30 keV-to 3 MeV. Emphasis was on 
absolute values between 150 keV and 1 MeV where the  2 3 8 ~ ( n , y )  cross sec t ion  and i t s  
r a t i o  t o  2 3 5 ~ ( n , f )  are n o t  very s e n s i t i v e  t o  energy scale u n c e r t a i n t i e s  and the  - 2 3 8 ~ ( n , f )  
cross sec t ion  i s  small. Background from f i s s i o n  products  was found t o  r e s t r i c t  t h e  ac- 
curacy o f  the measured data a t  energies > 1.5 MeV. 

I n t r o d u c t i o n  

The r a d i a t i v e  capture cross sec t ion  o f  2 3 8 ~  i s  o f  
i n t e r e s t  i n  app l ied  areas due t o  i t s  impor tant  r o l e  as 
a f e r t i l e  mater ia l  i n  var ious breeding cycles. Calcul a- 
t i o n s  o f  breeding gains and c r i t i c a l  i t y  are s e n s i t i v e  
t o  t h i s  cross sec t ion  which i s ,  un fo r tuna te ly ,  s t i l l  
r a t h e r  p o o r l y  known. Ca lcu la t ions  o f  cap tu re - to - f i ss ion  
c e n t r a l  core reac t ion  r a t i o s  f o r  benchmark t e s t 7 a c i l  i- 
t i e s  us ing  c u r r e n t  evaluated data f i l e s  r e s u l t  i n  h igher  
values than exper imenta l ly  determined. This  s i t u a t i o n  
has p r e v a i l e d  f o r  more than 10 years  and has r e s u l t e d  
i n  cont inuous requests t o  lower  evaluated d i f f e r e n t i a l  
data. However, most experimental d i  f f e r e n t i  a1 cross 

. sec t ion  data are h igher  than the  evaluated cross sec- * 

t i o n  data; thus l i t t l e  support can be seen f o r  f u r t h e r  
lower ing  o f  the 2 3 8 1 ~  capture cross sec t ion  which i s  
p r e s e n t l y  on the  ENDF/B-file. Many o f  the problems 
observed i n  the  data base seem t o  be assoc ia ted .w i th  
unfavorable f a c t o r s  r e l a t e d  t o  measuring 2 3 8 ~  capture 
events. The neutron b ind ing energy i s  on ly  4.8 MeV, 
thus t h e  e f f i c i e n c y  f o r  count ing capture events w i t h '  

' a  l a r g e  l i q u i d  s c i n t i l l a t o r  i s  low and must be expected 
t o  be r a t h e r  uncer ta in  and s e n s i t i v e  t o  changes i n  de- 

' t a i l s  o f  t h e  Y-cascades. Low thresholds f o r  i n e l a s t i c  
s c a t t e r i n g ,  and the  open f i s s i o n  channel a t  h igher  
energies, hamper a l l  prompt de tec t ion  techniques. The 
na tu ra l  r a d i o a c t i v i t y  o f  2 3 8 ~  and 2 3 5 ~  and t h e i r  decay 
products  produces add i t i ona l  background which f u r t h e r  
impedes prompt de tec t ion  and a lso  complicates the  use 
o f  t h e  a c t i v a t i o n  technique. A c t i v a t i o n  never the less 
appears t o  be the most promising technique because a 
we l l -de f ined  c a l i b r a t i o n  method e x i s t s  f o r  t h i s  spec i f -  
i c  approach. 

The present  measurements were c a r r i e d  o u t  betweerr 
30 keV and 3 MeV. This  energy range con t r ibu tes  s ig-  
n i f i c a n t l y  t o  the  t o t a l  capture r a t e  i n  f a s t  reactors. '  
Emphasis was on absolute values i n  the  range from 150 
keV t o  1 MeV where the  cross sec t ion  va r ies  l e s s  w i t h  
energy' than a t  lower o r  h igher  ener ies. The ac t i va -  
t i o n  technique was app l ied  and the  P3sU(n,f) cross sec- 
t i o n  was used as a reference. 

I r r a d i a t i o n s  
. . - . . . . .. - . - - . . . -. . . . - . 

The ' ~ i ( p , n ) ' ~ e  r e a c t i o n  was used as a neutron 
source and protons were accelerated by an 8 MV Tandem- 

I 
t r o n  energy r e s o l u t i o n s  i n  the  range o f  10 t o  100 keV. 

I 
I r r a d i a t i o n s  were made a t  zero degrees t o  t h e  i n c i d e n t  
p ro ton  beam. The diameter of t h e  m e t a l l i c  2 3 8 ~  cap tu re  
samples was 1.27 cm and t h e i r  th i ckness  was -0.025 cm. 
The 2 3 8 ~  m a t e r i a l  was s p e c i f i c a l l y  se lec ted  t o  c o n t a i n  
a low amount o f  2 3 5 ~  ( <  400 ppm). Th6 2 3 8 ~  cap tu re  
samples were mounted on the ou ts ide  o f  a  low mass i o -  
n i z a t i o n * 3 i s s i o n  chamber as shown i n  F ig.  1. The d i -  
ameter o f  . the  2 3 5 ~  sample was 2.54 cm and i t s  th i ckness  
was 210 vg/cm2. The i s o t o  ir composit ion o f  t h i s  sample $ was 98.405% 235U, 1.028% 4U, 0.447% 2 3 6 ~ ,  and 0.122% 
2 3 8 ~  and i t s  mass was r e c e n t l y  e s t a b l i s h e d  r e l a t i v e  t o  
severa l  independent mass scales '  w i t h  an u n c e r t a i n t y  o f  
-0.6%. The spacing between t h e  cap tu re  samples and t h e  - 
2 ? 5 : ~  sample was 0.05 cm, h a l f  o f  t h i s  was due t o  t h e  
w a l l  o f  the  f i s s i o n  counter  -and t h e  o t h e r  h a l f  due t o  
t h e  backing o f  t h e  f i s s i l e  deposi t .  

STAINLESS STEEL 
BACKING ' .  

POLYETHYLENE t 
I 

GAS 
INLET 

Dynami t r o n  accelerator .  Proton beam cur ren ts  were 
-15 u amoeres. Several t a r n e t s  c o n r i s t i n a  of m e t a l l i c  I ~ i g ;  1. Schematic o f  F i s s i o n  Chamber and uranium I 
i f t h i u m  Lvaporated on a 0.055 crn t h i c k  tantalum backing j Samples 
were used. The t a r g e t  thicknesses used prov ided neu- 1 

I * ~ h ~ s i c s  Department, Longwood C o l l  ege, Farmv i l l  e, VA 23901, USA 
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I r r a d i a t i o n s  were c a r r i e d  o u t  a t  13 energies be- 
., tween 0.03 and 3.0 MeV w i t h  i r r a d i a t i o n  times vary ing 

f r a n  45 minutes t o  9 hours. The 2 3 8 ~  samples and the  
ionization chamber were usua l l y  s i t u a t e d  -2.54 cm from 
t h e  t a r g e t ;  however, a t  0.5 MeV samples were i r r a d i a t e d  
a t  vp r ious  d is tances up t o  25 cm. These measurements 

' were used t o  determine the  background produced by neu- 
t r o n s  which were scat tered from the  f l o o r  and o ther  
s t r u c t u r e s  i n  the  bu i ld ing .  The background was found 
t o  be on the  order  o f  1% f o r  both the 23% capture and 
z s 5 ~ . f i s s i o n  processes a t  t h e  standard pos i t i on .  The 
s p a t i a l  v a r i a t i o n  o f  the background was known t o  be 
small over  the  reg ion o f  the experiment from p r i o r  
t i m e - o f - f l i g h t  measurements.with a f i s s i o n  counter. ; 
The absolute number o f  f i s s i o n  events was determined I 
by e x t r a p o l a t i n g  the measured f i s s i o n  fragment energy / 
spectrum t o  zero pulse-height.  A c o r r e c t i o n  f o r  the  
t o t a l  f i s s i o n  fragment absorpt ion was ca lcu la ted  us ing 
a f i s s i o n  fragment range o f  4.1 mg U/cm2. The average. 
cross sec t ion  a t  the average neutron energy was deter-  : 
mined from the  t o t a l  number o f  capture and f i s s i o n  ' 

events. The angular d i s t r i b u t i o n  o f  the source neu- ! 
t rons,  the path through the samples, i s o t o p i c  con- I 

p o s i t i o n s  and a t tenua t ion  i n  the var ious m a t e r i a l s  
were taken I n t o  dc~oufl t . '  i 

I 
Cor rec t ions  were app l ied  f o r  s c a t t e r i n g  o f  neu- 1 

t r o n s  i n  t h e  samples, the f i s s i o n  chamber and the ! 
t a r g e t  s t r u c t u r a l  mater ia l  us ing Monte Car lo  tech- ! niques and data from c u r r e n t  ENDF/B - f i l e s .  A cor-  : 

r e c t i o n  was app l ied  t o  ob ta in  the  average c r o s s j e c -  I 
t i o n  a t  t h e  average energy from the  measured average . 
c ross sect ion.  
I i 
I .  

Determinat ion o f  the Capture Events 

The capture samples were i r r a d i a t e d  i n  the  f a s t  
neutron f l u x ,  $I, f o r  a  per iod  o f  time, T. A f t e r  the  - 
end o f  t h e  i r r a d i a t i o n ,  a  w a i t i n  e r i o d  o f  t > 4h 
permi t ted  a t  l e a s t  99.9% o f  the  q3sU n u c l e i  produced 
w i t h  t h e  capture events t o  decay t o  2 3 9 ~ p .  The samples 
were then counted w i t h  a Ge(L i )  de tec to r  f o r  a  per iod  
o f  time, 8. The t o t a l  number o f  counts observed i n  
t h i s  t ime  i s  g iven by Cy = cy a . n @ F, where 
cy i s  t h e  e f f e c t i v e  count ing e f f i c i e n c y ,  a  i s  the cross 
s e c t i o n  t o  be determined, n  i s  the  number o f  n u c l e i  i n  
t h e  sample, and 4 i s  the neutron f l u x  per cm2 and sec. 
The.t ime f a c t o r ,  F, i s  

The h a l f - l i f e  o f  2 3 9 ~ p  was taken t o  be 2.355 * 0.004d.4 
A c o r r e c t i o n  was requ i red  f o r  the v a r i a t i o n  o f  the f l u x ,  
0, d u r i n g  t h e  i r r a d i a t i o n .  The c o r r e c t i o n  was deter-  
mined by mon i to r ing  the neutron f l u x  w i t h  a Long Counter 
f o r  a  s e r i e s  ( n )  o f  t ime i n t e r v a l s  ( T I .  T was s e t  a t  15 
minutes. The c o r r e c t i o n  i s  g iven by 

- - -- - . . .- . - . - - . . - . . 
probably  caused by the  1 i m i t a t i o n s  o f  t h e  r e p r o d u c i b i l -  
i t y  o f  mounting the uranium samples i n  p r o x i m i t y  t o  t h e  
Ge(L i )  detector .  The r e s o l u t i o n  o f  t h e  coun t ing  system 
was determined us ing  t h e  1.33 MeV Y - t r a n s i t i o n  i n  the  
decay o f  60Co and was found t o  be 2.6 keV FWHM a t  1.33 
MeV. 

The uranium samples were counted a t  a  d is tance  o f  
-1.4 cm from the  Ge diode. At  t h i s  c l o s e  d is tance  t h e  
Y-ray absorpt ion i n  the  sample must be determined by 
i n t e g r a t i n g  over the space angles invo lved ,  w h i l e  con- 
s i d e r i n g  the  e f f e c t  o f  the  Ge(Li ) d e t e c t o r  e f f i c i e n c y  
which i s  i t s e l f  dependent on t h e  d i r e c t i o n  and t h e  
p o s i t i o n  o f  the e n t e r i n g  y-ray. The 228 keV and t h e  
278 keV y-rays are f r e q u e n t l y  i n  co inc idence w i t h  the  
106 keV t r a n s i t i o n  as w e l l  as w i t h  some o t h e r  y- rays 
and x-rays. Thus, sum-coi ncidences must be expected 
f o r  close-geometry counting. The sum-coincidence 
p r o h a b i l i t i e s  are expected t o  depend on t h e  sample 
th ickness because the  absorp t ion  i s  d i f f e r e n t  f o r  t h e  
observed y-rays and those w i t h  which they  a re  i n  co in -  
cidence. Due t o  these compl i ca t ions  t h e  e f f e c t i v e  sam- 
p l e  absorpt ion was n o t  c a l c u l a t e d  b u t  exper imenta l l y  
determined and made p a r t  o f  t h e  c a l i b r a t i o n  procedure. 

Cal i h r a t i n n  w i t h  ?3Am-Samples -. . - . . - . . , - 
The 239Np - decay observed i n  t h e  p resen t  exper i -  

ment a l s o  occurs i n  the  decay cha in  of t h e  a -emi t te r  
243Am. Therefore, very t h i n  243Am samples ( c a l i b r a t e d  
abso lu te ly  by low- eometry a-count ing)  which a r e  i n  9 e q u i l i b r i u m  w i t h  9 ~ p  can be used f o r  t h e  c a l i b r a t i o n  
o f  t h e  y-detect ion e f f i ~ i e n c y . ' - ~ .  Two 2 4 3 ~  samples 
were used i n  the  present  experiment t o  determine t h e  
absorp t ion - f ree  e f f e c t i v e  e f f i c i e n c y  f o r  coun t ing  2 3 9 ~ p  
decays by d e t e c t i n g  t h e  228 keV and t h e  278 keV y-rays. 
These samples conta ined some 241h, 242Cm and 244Cm 
which cou ld  be se a ra ted  i n  an alpha-energy spectrum - ! analys is .  The 24 Am-decay f r a c t i o n  was 90.05%. The 
t o t a l  a-decay r a t e s  o f  the  samples were determined by 
low-geometry a-counting. The va lues ob ta ined  f o r  t h e  
number o f  gammas detected w i t h  the  Ge(L i )  d e t e c t o r  t o  
t h e  number o f  a-decays f o r  t h e  two samples agreed 
w i t h i n  0.4% f o r  the  228.keV t r a n s i t i o n  and w i t h i n  0.3% 
f o r  the  278 keV t r a n s i t i o n .  The two samples d i f f e r e d  
i n  i n t e n s i t y  by about a  f a c t o r  o f  three.  Therefore, 
the  r e s u l t  i n d i c a t e d  t h a t  coun t  r a t e  e f f e c t s  were 
n e g l i g i b l e .  The diameter o f  t h e  243Am samples was 
somewhat small er'. than t h e  cao tu re  s a m ~ l  es. The r a d i a l  

w l t h  a i  be ing  the  r e l a t i v e  moni tor  counts. This  cor-  
r e c t i o n  was found n o t  t o  exceed 0.2%. 

Major  t r a n s i t i o n s  i n  the decay o f  239Np r e s u l t  i n  
y-rays of 106 keV, 228 key, and 278 keV which occur 
w l t h  27.2%, 11.5% and 14.5%5 frequency per decay, re-  
spec t i ve ly .  The 106-keV y - t r a n s i t i o n  cannot be d i s -  
t i ngu ished  from several x-rays o f  2 3 9 ~ u ,  the re fo re ,  the  
228 keV and the  278 keV y-rays were used i n  the present  
measurements. The s t a b f l  i t y  o f  the  count ing system was 
checked f o r  the  per iod o f  the present experiment and 
found t o  be b e t t e r  than 0.4%. This  represents a repro-  

, d u c i b i l  i t y  1  i m i t  f o r  the present  measureme'nts and i s  , 

dependence o f  t h e  e f f i c i e n c y '  was meas;red w i t h  a "po i  ntl' 
source and a c o r r e c t i o n  o f  0.5% was c a l c u l a t e d  by f i t -  
t i n g  the  measured values w i t h  a 2nd-order polynomial 
and subsequently i n t e g r a t i n g  over  t h e  samples o f  d i f -  
f e r e n t  size. 

4 

The e f f e c t s  o f  the  y-absorpt ion i n  t h e  sample and 
the  e f f e c t i v e  d e t e c t i o n  e f f i c i e n c y  were analyzed by a 
combinat ion o f  measurements and Monte C a r l o  s i m u l a t i o n  
ca lcu la t ions .  F i r s t ,  t h e  t ransmiss ion,  T, through t h e  
sample was measured i n  the  same geometry as used i n  t h e  
ac tua l  sample counts. The measurements were performed 
as shown i n  B and C o f  Fig. 2  u s i n g  a v i r g i n  uranium 
sample and an 243psn sample. From t h i s  measurement, an 
" e f f e c t i v e "  absorpt ion c o e f f i c i e n t ,  p, was deduced, i n  , . 
t h e  para1 1 e l  -beam approximation, f rom t h e  formul a  T = i ' 

exp (-pa). Th is  va lue o f  p was used t o  c a l c u l a t e  t h e  
e f f e c t i v e  absorpt ion,.  n, f o r  a  u n i f o r m l y  a c t i v a t e d  
uranium sample us ing  the  formula i 
The v a l i d i t y  o f  t h i s  experimental method was t e s t e d  by I 
means o f  t h e  Monte Car lo  'experiments".  C a l c u l a t i o n s  I 
f o r  geometries B and C o f  F ig .  2  y i e l d e d  an e f f e c t i v e  i c a l c u l a t e d  T and hence a p value. S imu la t ion  o f  con- 
f i g u r a t i o n  A y i e l d e d  t h e  absorpt ion.  11. S u b s t i t u t i o n  ' 
o f  the  c a l c u l a t e d  p i n t o  t h e  formula c a l c u l a t i n g  n 



: ~ i g ;  2. Schematic ~ e p r e s e n c a t i o n  o f  the Three Cases ' 

Used i n  the Present Experiment and Monte : 
Car lo  Ca lcu la t ions  

, I 
y i e l d e d  a value which agreed w i t h  the Monte Car lo  
r e s u l t  t o  w i t h i n  0.05%. This good agreement j u s t i f i e s  
t h e  use o f  an experimental ly-determined e f f e c t i v e  ab- 
s o r p t i o n  c o e f f i c i e n t  i n  a paral lel-beam approximation 
t o  c a l c u l  a te  the absorpt ion and e f f i c i e n c y  c o r r e c t i o n  
f o r  the geometry o f  the present  experiment. 

The above considerat ions do n o t  y e t  i nc lude  the  
e f fec t  o f  t h e  sum-coincidences w i t h  a l l  d e t a i l s .  Sum- 
coincidences between the measured 228 keV and 278 keV 
y-rays and o ther  t r a n s i t i o n s  reduce the  e f f e c t i v e  ab- 
s o r p t i o n  o f  the samples and are thus inc luded i n  the 
e f f e c t i v e  th ickness obtained from the t ransmiss ion 
experiment. However, the d i f f e r e n c e  between the  sum- 
coincidences obta ined f o r  the transmission experiment 
and f o r  t h e  homogeneously-activated sample must be 
taken i n t o  account. A lower e f f e c t i v e  a b s o r p t i m  i s  
measured i n  the transmission experiment because the  
t r a n s i t i o n s  which are i n  coincidence w i t h  the 228 keV . 
and ' the 278 keV l i n e s  have lower  energies and are more 
s t r o n g l y  absorbed i n  the t ransmiss ion experiment than 
i n  the  homogeneously a c t i v a t e d  sample. The e f f e c t  was 
c a l c u l a t e d  w i t h  a s i m p l i f i e d  decay scheme and the t o t a l  
d e t e c t i o n  e f f i c i e n c i e s  f o r  the  emi t ted 7-rays which 
were c a l c u l a t e d  by Monte Car lo  techniques. It was found 
t h a t  t h e  ef fect  due t o  coincidences sl i y l l t l j t  over i 

'compensates t h e  increase i n  absorpt ion caused by t h e  j 
e f f e c t i v e  opening angle f o r  t h e  de tec t ion  o f  Y-rays. 
I i 
C a l i b r a t i o n  w i t h  Samples Ac t i va ted  i n  a Thermal ~ e u t r o n  
F l  ux - . - .. - . .  - ................... 

b . The thermal neutron capture cross sec t ion  o f  2 3 8 ~  
i s  w e l l  known. This  suggests an a l t e r n a t e  method t o  
c a l i b r a t e  t h e  de tec t ion  e f f i c i e n c y  o f  the  Ge(Li) 
de tec to r  and t o  ob ta in  the  e f f e c t i v e  absorpt ion o f  the  
sample. Four capsules were placed on a wheel and ro- 
t a t e d  i n  the thermal column o f  a  10 KW r e a c t o r  i n  order  
t o  assure equal exposure f o r  each o f  the capsules. 
Three o f  the  capsules were made from aluminum and one 
was made from cadmium. The cadmium capsule and one o f  
t h e  aluminum capusles conta ined a uranium sample sand- 
wiched by two 0.0025 cm t h i c k  go ld  f o i l s .  One o f  the 
remaining a1 uminum capsules contained a s i n g l e  uranium 
sample and the o ther  a s i n g l e  go ld  f o i l .  The absolute 
a c t i v a t i o n  o f  the  go ld  samples was determined w i t h  the 
4lI6 - y - coincidence method employing c o r r e c t i o n s  which 
have been discussed i n  d e t a i l  prev ious ly  .I0 The uranium 
samples were counted w i t h  t h e  Ge(Li) de tec to r  us ing the  
procedures described above. The e f f i c i e n c y  f o l l o w s  from 

. . . . . . . . . .  - - - - .. .  . . -- - . .- . 
w e l l  moderated and a minor c o r r e c t i o n  (6:5%) was c a l z -  
l a t e d  f o r  the a c t i v a t i o n  by epi thermal  neutrons w i n g  
the  Westcott  formal ism and the  measured Cd-rat io .  A 
value o f  98.65 + 0.09b was used f o r  the  thermal cap tu re  
cross sec t ion  o f  go1d.l3 A weighted average o f  2.712 2 
.006b was obta ined from an updated l i s t i n g  o f  a1 1 exper i -  
mental values14 o f  the  thermal cap tu re  c ross  s e c t i o n  o f  
23eu. 

One o f  the  f i s s i o n  products. 1 3 2 ~ e ,  has a h a l f - l i f e  
of 78.2h and decays w i t h  a h igh  frequency (96.9%) by 
e m i t t i n g  a 228 keV y-ray.15 Th is  gamma cannot  be sepa- 
r a t e d  from the  228 keV y-ray i n  t h e  decay o f  2 3 9 ~ p  which 
i s  used i n  the  present  measurements. F i s s i o n  events o f  
2 3 5 ~  occur - i n  the thennal neutron a c t i v a t i o n  o f  t h e  2 3 8 ~  
samples and are n o t  n e g l i g i b l e .  Cor rec t ions  were ca1 .c~-  
l a t e d  and found t o  be i n  the  range.3.2 - 4.5% f o r  the  
228 keV photopeak. The 228 keV y-ray o f  132Te i s  i n  
coincidence w i t h  a 49.7 keV t r a n s i t i o n  (100%). l5 thus 
sumcoincidences a re  p o s s i b l e  which f a l l  i n t o  t h e  278 keV 
photopeak o f  t h e  239Np - decay. A c o r r e c t i o n  was c a l -  
cu la ted  and found t o  be 0.3%. 

Resu l t s  

The agreement between the  va lues ob ta ined  w i t h  t h e  
two d i f f e r e n t  techniques i s  w i t h i n  t h e i r  r e s p e c t i v e  
u n c e r t a i n t i e s .  The e f f i c i e n c y  appears t o  be a l i n e a r  
f u n c t i o n  o f  t h e  sample weight  and a fi-t was used t o  
determine the e f f i c i e n c y  i n  the  range o f  t h e  weights  
o f  t h e  samples used i n  the  c ross  s e c t i o n  experiment. 

Table I conta ins  t h e  d i f f e r e n t  c o n t r i b u t i o n s  
t o  the  u n c e r t a i n t i e s  o f  t h e  p resen t  values. With t h e  
except ion o f  the  values above 1 MeV, t h e  l i m i t i n g  f a c t o r  
appears t o  be the  u n c e r t a i n t y  o f  t h e  re fe rence  c ross  
s e c t i o n  which was assumed. t o  be 2%.16 

 able I. U n c e r t a i n t i e s  o f  t h e  Present  c ross  Sect ions. 

Source . Range, % . Comment 

Gamma Detec t ion  E f f i c i e n c y  1.0 I 
23% Sample Mass 0.6 1 
To ta l  ' ~ i  ssion  Fragment 0.5 

Absorpt ion 
Common t o  
a l l  va lues 

Hal f -1  i f e  o f  239Np 0.2 

238U Sample Mass 

235u(n,f) Cross Sect ion 2.0 J 
S t a t i s t i c s  and 0.9-23.1 Values a re  0.9-3.0% 

Reproducib i l  i t y  below 1 MeV 
/ 

Neutron Background 0.3-4.0 0.3% f o r  most va lues 
except  a t  h i g h e r  en- . 
e r g i e s  and l a r g e r  ' 
d is tances  f rom the  

. . .  t a r g e t  

Second Neutron Group 0.1-1.2 Does n o t  app ly  below 
I 800 keV 

where C i s  the number of counts, A i s  the  atomic weight, S c a t t e r i n g  o f  Neutrons 0.8-1.7 
F i s  t h e  t ime f a c t o r  def ined above, and G i s  the  mass of i n  t h e  Counter, Samples 
t h e  sample i n  gms. The. f a c t o r  S accounts f o r  s e l f  s h i e l d  and Neutron Source 

' 

I n g  o f  t h e  samples and the a c t i v a t i o n  due t o  neutrons S t r u c t u r a l  M a t c r i a l  
sca t te red  i n  the  sample.lO,ll S i s  an average over a 
Maxwell ian spectrum and becomes i d e n t i c a l  t o  the Westcott  F i s s i o n  Product Decay 0.2-4.0 Does n o t  app ly  below 
g- factor12 f o r  very t h i n  samples. The neutron f i e l d  was 1 MeV 

I - - - - . - . - 
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The cross sect ions obtained i n  the present  exper i -  
ment a r e  compared i n  Fig. 3 w i t h  an evaluated cross sec- 
t i on .  l7 The new experimental data do n o t  support the 
recen t  t r e n d  t o  lower values obta ined i n  o ther  measure- 

which in f luenced  the evaluated cross sect ion. 

j ;; 

i -  .02 .I0 1.0 '4.0 

ENERGY, M E V  - 
I 
I Fig. 3. Comparison o f  the  Present Resul ts  

I w i t h  ENDF/B-V 

The present  data a re  compared i n  Figs. 4, 5, and 6 
. w i t h  o ther  experimental data. Only the  more recent  data 

.were se lec ted  f o r  comparison. A d e t a i l e d  d iscuss ion o f  
a l l  a v a i l a b l e  data through 1977 i s  g iven elsewhere.l7 
The present  r e s u l t  i s  i n  good agreement w i t h  t h a t  ob- 
ta ined  w i t h  the  prompt de tec t ion  technique by Poenitz21 
r e l a t i v e  t o  the gold standard capture cross sect ion. 
Agreement w i t h  data by Lindner e t  a1 . I 8  i s  reasonable, 
though t h e  present  data a re  s o m m h i g h e r  between 

I I 

I F ig .  5. Comparison o f  t h e  Presen't Re_sults w i t h  Other , 
Recent Experimental Data 

I 
100 and 250 keV and around 1 MeV. The p resen t  da ta  
agree we1 1 w i t h  those by Ryves e t  a1. 22 i n  the  former 
and w i t h  the  data by ~ a v l e t s h i n m . ~ ~  i n  the l a t t e r  
energy region. The data by Q ~ a n m . ~ ~  and LeRigoleur  
e t  a1. l9 agree b e t t e r  w i t h  tho.se I j j T G i d n e r  e t  a1 . be- 

!- 

i tween 100 and 250 key. : .  . I 
: . , . 

~ c k n o w l  edgments - . .. . ,-- 
Useful d iscuss ions w i t h  J. ~eadows '  and G. D i  I o r i o  

were appreciated. This'work has been supported by t h e  
U. S. Department o f  Energy. 

L O  

'% 0 .  
e 

I 1 1 1 1  1 1 1 1  1 I -  a '  I * - - 
- +- - 
- 

: rb 
- * 

BS,,Q 9% - 
1 

Q - 
- 

- 
- 

- - 
- 

w-KG 
C$ - 

e PRESENT RESUTS 
a 

0 - - 
DAVLETCHIN - Q X L BLDW 1 HONER 

. .. f- 
- t - 

1 1 1 1 1  1 1 1  I 1 1 1 1 1 1 1 1  I 1  

I 1 1  1 1 1 1  I 1 1  1 1 1 1 1 1  1 I 

E N E R G Y ,  M E V  E N E R G Y ,  M E V  
.02. .10 . 1.0 - 

: m  
' - 
G 

. U 

'. ',, W 2 

V) 

. w  
':O 
. K  
' 0 
c' 

~ i ~ .  4. comparison o f  the Present Resul ts  w i t h  Other 
Recent Experimental Data 

.Fig. 6. Comparison o f  the  Present  Resu l t s  w i t h  Other 
Recent Experimental Data 

--e+ - 4 - 
- a0 - 
- - 

$6 

+ e 
- * % %$$P - - = -  - - - e - - 
L e - U-8 (N. G) 

8 PRCKUI RCSUCTS 
0 LE RIGOLEWI - X R l K S  

- 
Page 

' rn - 
c' 
0 
W 
* P _  
V) 
V) 
0 
a 
0 

c' 

.$ 
I 

s-. 
'4.0 

IL +I' a 
U 

- 
0 

- - 

1 1 1 1  1 1 1 1  I 1 1  1 1 1 1 1 1  I- I 
.02 .lo 1.0 



f,l..!()g: ;':.,!':-!'{ -. - - 7 1.'R~<'Y15.111;F'IiIN:'SOitFA(.:C 10138 l i 2 ~  1 1  F'AGF TQ 7':.: ,  cn!'y .. . . . . . . . . .  . 
' "(', ,a r--...-.. . . . . ..---- -----... 

References 
I r------.- 
/ 1. W. P. Poenitz,  J. W. Meadows and R. J. Armani, 

# i Argonne Nat ional  Laboratory Report, ANL/NMO-48, 

j (1979). 

' 2. ' 0. L. h i t h  and J. W. Meadows, Argonne'National . I 
I Laboratory  Reports, ANL-7938, (1972), ANL-7989 

(1973) and ANL/NDM-37 (1977). i 
1 

3, W. P. Poeni t z .  D. Kompe -and H. 0. Men1 ove, i 

'.Journal o f  Nuclear Energy, 22, 505 (1968). ; 

I 4. Evaluated Nuclear S t ruc tu re  Data F i l e ,  ORNL. 

5. 0. I. Starozhokov, Yu. S. Popov and P. A. Pr iva lova,  
Atomnaya Energiya, 2, 4, 319, (1977). 

6. 0. J. Horen e t  al., Nuclear Level Schemes A=45 
Through A=257. A=239 Drawing 4, Academic Press, Inc., 
New York and London, (1973). 

i 
i. 7. J. F. Barry ,  J. Bunce-and P. H. White, Journal of 

Nuclear Energy, Par ts  A/B, 18, 489. (1964). 
I 

1 8. H. Seu fe r t  and D. Stegemann, Nucl. Sci. Eng., 2, 
! 277, (19671. 

/ 9. W. P. Poenitz,  Nucl. Sci. Eng., 40, 383, (1970). I 
10. W. P. Poenitz,  KFK 180, K e r n f o r s c h u n g s z e n t ~ ~  / Ka r l  sruhe, (1963 1. 

i 
I 11. . K. H. Beckurts and K. Wi r t z ,  Neutron Physics, 
1 Springer-Verl  ag, Ber l  i n  and New York, (1964). 
i 

by conltrtw ol ln. U. S. Gaernmml 
un*r c~nuoct No. W . 1 1 ~ 1 0 9 E N C . ~ .  
Auwd8np1,. t h  U. 5. Goresnmanl reta,ns , 
none.~I~lire. rovaltvfrs. Iocene 10 wblm 
w rvroduc. the ~ ~ D t m h L d  f n m  o! thus 
cwlrlhl!80n. U. 3. G a r e m e n 1  O.  low wrmus. othns  to br m. 101 

: 12. C. H. Westcott, AECL 670, Atomic Energy o f  Canada . ,  
L imi ted,  (1958). . I . . 

,. 
1 13. N. E. Holden, Brbokhaven Nat ional  Lahnratory, 

i Personal Communication, (1979). i 
1 14.' E. T. Tomlinson, G. desaussure and C. R. Weisbin, 

EPRI NP-346, E l e c t r i c  Power Research I n s t i t u t e ,  
Oak Ridge Nat ional  Laboratory, (1977 1. 

15. Nuclear Data Sheets, ORNL, 17, 229, (1976). I 
- i 

16. W. P. Poenitz,  Argonne Nat ional  Laboratory Report, ! 
ANL/NDM-45, ( t o  be pub1 i shed), (1979 1. i 

17. W. P. Poenitz,  E. Pennington and A. B. Smith, 
Argonne Nat ional  Laboratory Report, ANL/NOM-32, 
(1977). The eva lua t ion  was updated a t  a l a t e r  
t ime  t o  inc lude  changes i n  the evaluated 2 3 5 ~ ( n . f )  
cross sect ion. 

I 

18. M. Lindner, R. J. Nagle and J. H. Landrum, ' 

Nucl. Sci. Eng., 2, 381, (1976). 

19. C. LeRigoleur, A. Arnaud, and J. Taste, Nat ional  
Bureau o f  Standards Conference Report, NBS 425, 
2, 953, (1975). - 

20. B. L. Quan, R. H. Pendt and R. C. Block, TANSAO, 
23, 498 (1976). 

. - 
21. W. P. Poenitz, Nucl. Sci. Eng., 57, 300, (1975). 

22. T. 8. Ryves, J. B. Hunt and J. C. Robertson, 
Journal  o f  Nuclear Energy, - 27, 519, (1973). 

I 23. A. N. Dav le tsh in  e t ' a l  ., Proceedings o f  Conference I 
on Neutron Physics, Kiev, 4, 109, (1975). . I 




