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ABSTRACT 

Ef'Sective a c l i v a t i o n  resonance i n t e g r a l s  f o r  
t h i n  and t h i c k  f o i l s  i n  an i s o t r o p i c  r ~ e u t r o n  f l u x  
were measured by a  cadmium r a t i o  method. Gold was 
uocd a s  a s t anda rd .  Values ob ta ined  f o r  d i l u t e  
resonance  i n t e g r a l s  i n  ba rns ,  n o t  i n c l u d i n g  l /v  
c a p t u r e ,  were : A U ~ ~ ~  1390 '40 ( ~ e f e r e n c e ) ;  u~~~ 
c a p t u r e ,  280 t10;  Cub', 3.17 '0.18; CU", 1 - 3 9  t0.22;  
MoS8, 9 .9  '1.1; MolOO, 4.06 '0.23; , 476 t50;  
and ~ a ~ ~ ,  0.075 '0.010. D i l u t e  resonance i n t e g r a l s  
i n c l u d i n g  l / v  c a p t u r e  above 0.60 ev  were: u~~~ 
f i s s i o n ,  263 t 9  and 1n115, 3200 f 100. These resonance 
i n t e g r a l s  and t h e  measured resonance f l u x  s e l f -  
s h i e l d i n g  f a c t o r s  were g e n e r a l l y  i n  good agreement 
wi th  c a l c u l a t i o n s .  However, t h e  two i s o t o p e s  of  
molybdenum appeared t o  have major c o n t r i b u t i o n s  t o  
t h e i r  resonance i n t e g r a l s  from non tabu la t ed  
resonances  . 
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RESONANCE INTEGRALS AND SELF-SHIELDING 
FACTORS FOR DETECTOR FOILS 

INTRODUCTION 

Resonance d e t e c t o r  f o i l s  a r e  an e s s e n t i a l  t o o l  f o r  r e a c t o r  
physics  measurements. However, t h e i r  use fu lness  depends on 
t h e  p r e c i s i o n  wi th  which t h e i r  resonance parameters  a r e  known. 
Such parameters  Include the  resonance energy, resonance width, 
resonance i n t e g r a l ,  and s e l f  - s h i e l d i n g  f a c t o r s .  The resonance 
e n e r g i e s  and r e a c t i o n  widths a r e  g e n e r a l l y  a v a i l a b l e  ( l ) from 
neutron c r o s s  s e c t i o n  measurements f o r  the  energy reg ions  i n  
which resonances f o r  va r ious  i s o t o p e s  can be resolved.  
Reasonably complete summaries o f  resonance  integral^ have 
21so boon p u b l i s l ~ e d '  ' 9 ' ' )  , n11t ressnanoc integi-dl.  measurements 
a r e  s u b J e c t  t n  s i z a b l e  c r r o r s  al-lslrig from s e l f - s h i e l d i n g  
e f f e c t s ,  n o n - 1 / ~  s p e c t r a ,  and o t h e r  sources .  

The p r e s e n t  experiments were undertaken t o  o b t a i n  p r e c i s e  
measurements of  resonance i n t e g r a l s  f o r  some of the  more 
commonly used resonance de t ec to r s .  The oxperlnlents were 
designed t o  g ive  the  d i l u t e ,  o r  unshielded,  resonance i n t e g r a l s  
a s  we l l  a s  t o  g ive  the  v a r i a t i o n  of the  e f f e c t i v e  resonance 
i n t e g r a l  wi th  f o i l  thicknes 's  over commonly used th ickness  
ranges  . 

SUMMARY 

Measurements and c a l c u l a t i o n s  of  resonance i n t e g r a l s  and 
f l u x  depress ion  fa .c tors  have been made f o r  f o i l  a c t i v a t i o n s  
in U235, ~ 2 3 8 ,  W186, In115 , Na2", C U ~ ~ ,  C U ~ ~ . ,  M?", and ~o'''. 
McaauremeiiLy were 111ade by the  "cadmium r a t i o "  method, wl th  
A U ~ ' ~  a s  t h e  r e fe rence  m a t e r i a l .  The i n f i n i t e  d i l u t i o n  
a c t i v a t i o n  i n t e g r a l s  a r e  given i n  Table I. 

The resonance f l u x  depress ion  f a c t o r s  were c a l c u l a t e d  
a s  a  f u n c t i o n  of  f o i l  t h i ckness  f o r  those m a t e r i a l s  whose 
resonance parameters  were a v a i l a b l e .  .The c a l c u l a t i o n s  
Included t h e  e f f e c t  of  Doppler broadening b u t  neglec ted  the  
e f f e c t  of resonance s c a t t e r i n g .  The agreement wi th  experiment 
was extremely good f ~ r  1 ~ ~ ~ ~ ,  l n l l S ,  A U ~ ' ~ ,  MU", and MO.'.". 
A marked d i s p a r i t y  was observed f o r  w l a 6 ,  which i s  q u a l i t a t i v e l y  
expla ined by the  very l a r g e  s c a t t e r i n g  component of the  
tungsten  resonance. Computatioris of s e l f - s h i e l d i n g  e f f e c t s  
f o r  t h e  copper i s o t o p e s  were not  made because s u f f i c i e n t  d a t a  
f o r  t h e  resonances were n o t  a v a i l a b l e .  The resonance s e l f -  
s h i e l d i n g  f o r  ~ a ~ ~  and uZ3' was n e g l i g i b l e  f o r  the  f o l l  
t h i cknesses  used.  



S p e c i a l  methods were dev i sed  t o  t r e a t  t h e  s p e c i a l  
problems imposed by t h e  v a r i o u s  f o i l  m a t e r i a l s .  Fo r  w l e 6 ,  a 
resonance i n  cd l  o v e r l a p s  t h e  18.8-ev resonance . Measure- 
ments of  t h e  r e s u l t a n t  s h i e l d i n g  were made by comparing cadmium 
r a t i o s  of  t h e  tungs t en  a c t i v i t y  w i t h  similar boron r a t i o s .  
The boron measurements gave resonance i n t e g r a l s  f o r  w l e 6  about  
24% g r e a t e r  t han  those  d e r i v e d  from t h e  cadmium measurements. 
For  1n115, neu t ron  c a p t u r e  l e a d s  t o  two modes of  decay; one 
w l t h  a 54-minute h a l f - l i f e ,  t h e  o t h e r  w i th  a ' l 3 - s e c o n d  h a l f -  
l i f e .  The branching  r a t i o  of  t h e  two modes f o r  thermal  
neu t ron  c a p t u r e  h a s  been pub l i shed (  ' I ,  b u t  a r e p o r t  o f  such 
measurements f o r  epicadmium c a p t u r e s  could  n o t  be found. 
T h i s  de t e rmina t ion  was made i n  t h e  p r e s e n t  experiment  by 
comparison o f  cadmium rat l . .os  for the t w ' u  activities. A s p e c i a l  
double coun te r  method was used t o  o b t a i n  p r e c i s e  a c t i v i t y  
r a t l o s  f o r  t h e  13-second a c t i v i t y .  The measured resonance 
i n t e g r a l  o f  MoSe g r e a t l y  exceeded t h a t  c a l c u l a t e d  from t h e  
parameters  of  t h e  s i n g l e  t a b u l a t e d  resonance .  Measurements 
were under taken  w i t h  succes s ive  th ickr iess  of  boron s h i e l d i n g  
t o  t r y  t o  l o c a t e  t h e  d i f f i c u l t y .  These exper iments  showed 
t h a t  a major  p o r t i o n  of  t h e  MoS8 resonance i n t e g r a l  o r i g i n a t e d  
a t  an  energy i n  t h e  v i c i n i t y  o f  100 ev ,  w e l l  below t h e  
t a b u l a t e d  resonance of  480 ev.  They a l s o  i n d i c a t e d  t h a t  
Mo loo has  s i g n i f  i c a n t  resonance i n t e g r a l  c o n t r i b u t i o n s  a t  
e n e r g i e s  much h i g h e r  than  t h e  t a b u l a t e d  resonance a t  367 ev.  
U n t i l  t h e  unknown resonances  a r e  i d e n t i f i e d ,  n e i t h e r  of  t h e s e  
molybdenum i s o t o p e s  appea r s  u s e f u l  a s  a resonance d e t e c t o r . '  

TABLE I 

Dilute Resonance Activation 
In t eg ra l s  f o r  VarLou~ D~kpctor  Maberials 

g ath, barns(a)  Isotope R I ~ ~ ~ ,  ~ a r n s ( b )  

AU'" (Reference) 99.4 1490 i40 

~a~~ 0.52 0.075 *O.Olo 

C U ~ ~  4.5 3.17 k0.18 

cu6= 2.0 1.39 i0.22 

MO' 0.18 9.9 il.l 

MO'OO 0.199 4.06 f0.23 
W l B 6  35 476 i50 

u238 (Capture ) 2.73 280 i10 

u~~~ (Fiss ion)  561 263 *9 

1n115 (54M) 156 2550 *80 
1 ~ 1 1 5  ( 13s) 38.7 650 i30 

( a ) ~ e s o n a n c e  In tegra ls  are d i r ec t ly  
pl-oportional t o  value of g 0 t h  assumed. For 
revisions of thermal cross sect ions,  revised 
resonance in t eg ra l s  should be used. 

( b )  Resonance In tegra ls  do not include epicadmium l/v 
capture except f o r  u~~~ (ECd = 0.600 ev) and III"' 
(Ecd = 0.622 ev ) .  



THEORETICAL 

DEFINITION OF RESONANCE INTEGRAL - 

The resonance absorp t ion  i n t e g r a l  i s  an index of the  
epith'ermal neut ron absorp t ion  by a  m a t e r i a l  i n  a  r e a c t o r  f l u x .  
Since most thermal  r e a c t o r s  have an epi thermal  f l u x  t h a t  
v a r i e s  approximately a s  1/E wi th  the  neut ron energy, E, 
resonance i n t e g r a l s  a r e  u s u a l l y  def ined wi th  r e s p e c t  t o  such 
a  1/E f l u x  d i s t r i b u t i o n .  

I f  the  microscopic absorp t ion  c r o s s  s e c t i o n  of the  
m a t e r i a l  i s  a a ( E ) ,  and i f  t h e r e  a r e  no s e l f - s h i e l d i n g  e f f e c t s ,  
t he  t.nra.1 edll l l trmal rocona.nne i n t e g r a l  i s  glven by . 

a I 

where the  lower energy l i m i t  Eo i s  normally taken t o  be f i v e  
t imes  the  energy kT which c h a r a c t e r i z e s  the  Maxwellian thermal 
f l u x  d i s t r i b u t i o n ( *  ) . The value of kT depends on the  tempera- 
t u r e ;  f o r  a  temperature of 20°c, kT i s  0.0253 ev.  The tempera- 
t u r e  dependence of the  resonance i n t e g r a l  may be e l imina ted  by 
any one of seve~aa l  p r a c t i c a l  devices .  One such device i s  t o  
s p e c i f y  a  lower energy l i m i t  g r e a t e r  than f i v e  times the  
h i g h e s t  va lue  o f  kT encountered.  A va lue  of Eo = 0.5 ev i s  
f r e q u e n t l y  used.  Another device i s  t o  spec i fy  a  lower energy 
l i m i t  determined by the  e f f e c t i v e  cadmium c u t o f f  energy. 
While t h i s  l a t t e r  method removes the  temperature dependence, 
i t  i n t r o d u c e s  a  deper~dence on cndmi~ im lyhickneos and the degree 
of f l u x  an i so t ropy .  In  a d d i t i o n ,  t h i s  method in t roduces  a  
dependence on t h e  manner i n  which the  absorp t ion  c r o s s  s e c t i o n  
v a r i e s  wi th  energy i n  the  v i c i n i t y  of the  cadmium cu to f f  
energy (which i s  a t  apprlcsximately 0.5 e v ) .  For absorbers  
t h a t  have resonances above 3 t o  4 ev,  the  most convenient  
devlce  i s  t o  d e f i n e  R T ~ ~ ~  a s  the  t o t a l  resonance i n t e g r a l  
minus the  l /v  component. This  q u a n t i t y  i s  the11 independent 
of  temperature and of Eo over  a wide range. It may be 
expressed a s  

Tot ( ~ 1 ) ~ ~ ~  = (RI)  - ( R I ) " ~  f ua(E)  E  ( 2  

where u t h  Is the  absorption c r o s s  s e c t i o n  a t  the  thermal 

energy, Eth '  
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f o r  t h i s  e f f e c t  a r e  0.985 f o r  gold and 0.937 f o r  indium a t  
a  cadmium thickness  of 0.030 inch.  Correct ions  f o r  w l e 6  a r e  
d iscussed i n  a  l a t e r  sec t ion .  Sh ie ld ing  by cadmium i s  assumed 
t o  be n e g l i g i b l e  f o r  the  o t h e r  d e t e c t o r  f o i l s  of  the  p resen t  
experiment. 

TECHNIQUE 

F o i l  a c t i v a t i o n s  were made i n  the  Standard P i l e  (SP)  of 
t h e  Savannah River Laboratory ( SRL) . The. SP ( ', " ' i s  a  water-  
cooled, graphite-moderated r e a c t o r ,  fue led  with f u l l y  enr iched 
uranium. The cons t ruc t ion  i s  s i m i l a r  t o  t h a t  of the  Thermal 
T e s t  Reactor (TTR)( ' ' ' .  The i r r a d i a t i o n s  were conducted i n  
t h e  c e n t r a l  thimble, a  3.00-inch-diameter tube along the  a x i s  
of the  r e a c t o r .  So l id  g raph i t e  c y l i n d e r s  3 inche's i n  d iameter  
were loaded i n  one end of  the  c e n t r a l  thimble up t o  3/4 inch 
p a s t  the  r e a c t o r  midplane. The remainder of the  thimble 
contained the  f o i l  ho lde rs  a s  ind ica ted  i n  Figure 1. F o i l s  
were a f f i x e d  t o  the  aluminum sp inner  d i s c s  wi th  a  s i n g l e  
th ickness  of cellophane t ape ,  Four bare  and f o u r  cadmium- 
covered f o i l s  were placed on each d i s c .  The aluminum rod and 
a  s e r i e s  of " ~ e f l o n "  blocks served a s  a  mandrel so  t h a t  the  
spinner  d i s c s  could be r o t a t e d  dur ing t h e  i r r a d i a t i o n s ,  thus  
e l imina t ing  the  e f f e c t  of poss ib le  f l u x  g r a d i e n t s  ac ross  the  
cav i ty .  The endmost spinner  d i s c  served t o  p o s i t i o n  the  
holder .  During the  i r r a d i a t i o n s  j u s t  enough pressure  was 
appl ied  t o  keep t h i s  d i s c  i n  con tac t  wi th  the  g r a p h i t e  end 
face .  This allowed accura te  r e p o s i t i o n i n g  a f t e r  removal of 
t h e  holding appa~matus. 

The s t r u c t u r a l  m a t e r i a l s ,  of t h e  I r r a d i a t i o n  a p p a ~ > a t u s  
were. s e l e c t e d  f o r  t h e i r  nuc lea r  a s  wel l  a s  t h e i r  mechanical 
p roper t i eo .  Both aluminum'and " ~ e f l o n "  have low slowing down 
powers, small  thermal neutron absorpt ion c r o s s  s e c t i o n s ,  small  
s c a t t e r i n g  c r o s s  s e c t i o n s ,  ,and n e g l i g i b l e  resonance e f f e c t s .  
The f u l l  s e t  of eight 'cadmium covers  was used i n  each 
i r r a d i a t i o n  whether o r  not  t h e  f u l l  e i g h t  s e t s  of f ' o i l s  were 
used. This served t o  s t andard ize  t h e  thermal neutron f l u  
depr>ession i n  the  v i c i n i t y  of  the  c a v i t y  since the  v a r i a t i o n  
i n  t o t a l  neutron absorpt ion i n  t h e  c a v i t y  due t o  the  d i f f e r e n t  
f o i l s  was n e g l i g i b l e  .compared t o  t h e  constant  absorp t ion  of 
the  cadmium and the  s t r u c t u r a l  m a t e r i a l s .  The cadmium covers  
were i n  the  form of c y l i n d r i c a l  p i l l b o x e s  and were 0.030 inch  
t h l c k  on each face a s  wel l  as a t  bhc cdge. 
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GOLD CALIBRATION 

The method of  measuring resonance i n t e g r a l s  by cadmium 
r a t i o s  r e q u i r e s  t h e  use of a  r e f e r e n c e  m a t e r i a l  whose thermal  
c r o s s  s e c t i o n  and resonance i n t e g r a l  a r e  p r e c i s e l y  known. 
I n  p r i n c i p l e ,  a  m a t e r i a l  whose a c t i v a t i o n  c r o s s  s e c t i o n  has  a  
l / v  energy dependence would be an i d e a l  s t andard  excep t  t h a t  
no such m a t e r i a l  e x i s t s ,  and i f  i t  d i d ,  i t s  use would r e q u i r e  
a  knowledge of  t h e  p r e c i s e  e f f e c t i v e  cadmium c u t o f f  energy.  
What i s  a c t u a l l y  done i s  t o  use  an a c t i v a t i n g  r e f e r e n c e  
m a t e r i a l  t h a t  has  i t s e l f  been c a l i b r a t e d  t o  a  boron coun te r  
a s  t h e  l /v  d e t e c t o r .  Recent measurements by J i r low and 
~ o h a n s s o n ' ~ '  of t h e  resonance i n t e g r a l  of gold  now make gold  
a  s u i t a b l e  r e fe rence  m a t e r i a l .  I n  those  measurements a  beam 
f l u x  permi t ted  t h e  comparison t o  be made between t h e  gold 
a c t i v a t i o n s  and boron coun te r s  of  convent ional  s i z e  and 
shape. I n  a d d i t i o n  t h e  e f f e c t i v e  cadmium c u t o f f  energy was 
determined by mean6 of a  neut ron  chopper. They have t h u s  
g iven a c a r c f u l  c a l i b r a t i o n  of gold  i n  terms of  a  l /v  
absorber .  The va lue  obta ined  f o r  t h e  t o t a l  epicadmium 
resonance a c t i v a t i o n  i n t e g r a l  f o r  i n f i n i t e l y  t h i n  gold  f o i l s  
was 1535 '40 barns ,  based on a thermal  c r o s s  s e c t i o n  of  
98.8 ba rns  and a c u t o f f  energy o r  0.49 ev. 

I n  t h e  p resen t  experiment,  ha l f - inch-diameter  gold  f o i l s  
of approximately 10  mg/cm2 were used a s  t h e  b a s i c  r e f e r e n c e  
f o i l s .  F o i l  t h i cknesses  were determined by weighing t h e  
i n d i v i d u a l  f o i l s .  S ince  f o i l  t h i cknesses  v a r i e d  by a s  much 
a s  1% from f o i l  t o  f o i l  and s i n c e  t h i s  d i f f e r e n c e  i n  f o i l  
t h i ckness  i s  s u f f i c i e n t  t o  cause apprec iab le  d i f f e r e n c e  i n  
t h e  amount of resonance self-shielding, i t  was necessary  t o  
make a s e l f - s h i e l d i n g  c o r r e c t i o n  a s  we l l  a s  t h e  normal weight 
c o r r e c t i o n  t o  t h e  i n d i v i d u a l  measured cadmium r a t i o s .  Although 
experimental  d a t a  have been obta ined( ' )  on which t o  base  such 
c o r r e c t i o n s ,  i t  was f e l t  t h a t  c o r r e c t i o n s  based on c a l c u l a t i o n s  
from b a s i c  resonance parameters  would be more accura te .  
The c a l c u l a t l n n s  fol low the  procedure g iven i n  Appendix A 
and inc lude  depress ions  f o r  t h e  n ine  s t r o n g e s t  resonances,  
t h e  epicadmium l / v  component, and t h e  thermal  f lux .  The e f f e c t  
of Doppler broadening i s  a l s o  inc luded.  The r e s u l t s  of the  
c a l c u l a t i o n  a r e  presented  i n  Table 11. 

The resonance f l u x  i s  based on .a cadmium c u t o f f  energy 
of 0.622 ev. The express ion  " f l u x  depress ion  f a c t o r ' '  i s  a  
shorthand n o t a t i o n  t o  d e s c r i b e  the  a c t i v i t y  p e r  u n i t  weight 
of  the  f o i l s  r e l a t i v e  t o  Lhc a c t i v i t y  pc r  u n i t  weight of an 
i n f i n i t e l y  t h i n  f o i l .  



The d a t a  of  Table I1 a r e  shown g r a p h i c a l l y  i n  Figure 2 
where they a r e  compared t o  the  e a r l i e r  experiments( ' )  a t  t h e  
Savannah River Laboratory and t o  some new measurements. 
I n  t h i s  f i g u r e  the  exper imenta l ly  measured q u a n t i t i e s ,  the  
r a t i o s  of [CR - 11' f o r  an i n f i n i t e l y  t h i n  f o i l  p a i r  t o  
[CR - l l X ,  f o r  a  f o i l  p a i r  of f i n i t e  th ickness ,  a r e  compared 
t o  t h e  t h e o r e t i c a l  equ iva len t s ,  t h e  a c t i v a t i o n  r a t i o s  of the  
l a s t  column of  Table 11. The e a r l i e r  experimental  d a t a  have 
been renormalized t o  allow f o r  t h e  f a c t  t h a t  t h e  c a l c u l a t e d  
e x t r a p o l a t i o n  t o  zero f o i l  th ickness  i s  d i f f e r e n t  from the  
e x t r a p o l a t i o n  used i n  the  e a r l i e r  experiment. This renormali- 
z a t i o n  reduces t h e  experimental  r a t i o s  t o  0.980 times the  
e a r l i e r  va lues  . 

The agreement of the  c a l c u l a t e d  value6 with t h e ' e x p e r l -  
mental va:luoo i o  vcry good t x cep l  111 Lhe thickness range 
from 10, t o  30 mg/cm2. I n  o rder  t o  determine whether the  
experiment o r  t h e  c a l c u l a t i o n  i s  i n  e r r o r  i n  ' t h i s  range, a  
i .~~neds.ul~e~ller l .L;  with Both t h i n  and t h i c k  gold f o i l s  (0.22 and 
10 mg/cm2) was made under the  p resen t  experimental  condi t ions .  
Cadmiuli r a t i o s  were taken f i r s t  wi th  the  pai red  f o i l s  
a l t e r n a t e l y  ba re  and cadmium cove~>ed and then w i t h  t h e  
p o s i t i o n s  reversed.  The geometric mean cadmium r a t i o  of the  
normal and reversed p o s i t i o n s  was used a f t e r  making c o r r e c t i o n s  
f o r  the  small  d i f f e r e n c e  of resonance s e l f  - sh ie ld ing  among 
the  t h i c k  f o i l s .  A s  seen from Figure 2, the  p resen t  experiment 
agrees  wi th  t h e  c a l c u l a t e d  curve. The t h r e e  d a t a  p o i n t s  shown 
a c t u a l l y  r e p r e s e n t  the average of a  t o t a l  of 18 cadmium r a t i o  
measurements. The v a l i d i t y  of t h e  c a l c u l a t i o n s  may a l s o  be 
demonstrated by comparing the  zero th ickness  cadmium r a t i o s  
a s  c a l c u l a t e d  from the  10 mg/cm2 f o i l s  t o  those ca1cula.ted 
f r o m ' t h e  ve ry  t h l n  f o i l s .  The t h i c k e r  f o i l s  g ive  zero 
th ickness  cadmium r a t i o s  of 2.005 20.008 f o r  " A "  p o s i t i o n  and 
2.086 k0.008 f o r  "B" p o s i t i o n  compared t o  2.010 +0.010 and 
2.093 .f0.010 f o r  the  corresponding cadmium r a t i o s  from the  
very  t h i n  f o i l s .  The v a l i d i t y  of the  computed depress ion 
f a c t o r s  of Table I1 i s  f u r t h e r  v e r i f i e d  by comparison with 
r e c e n t  measurements by ~ r o w n '  " ' e t  a l .  Our computations 
agree c l o s e l y  wi th  a l l  the  experimental  p o i n t s  bu t  dev ia te  
marlcedly from 'the i n t e r p o l a t i o n  curve drawn by these  auti iors  
through t h e i r  somewhat more l i m i t e d  number of d a t a  po in t s .  

The thermal c r o s s  sec t ion ,  a . o f  gold a t  0.0253 ev i s  
taken t o  be 98.8 b a r n s ( 4 y 7 )  

t h y  , the  value of g i n  Equa.tl.on 7 i s  
1.006 a t  an es t imated neutron temperature of 30°c, and the  
value of t h e  resonance component of the  resonance i n t e g r a l  i s  
1490 '40 b a r n s ( 7 '  t o  which must be added a l /v  component of 
40 ba rns  f o r  a  cadmium cu to f f  energy of 0.622 ev.  The value 
of t h e  resonance s h i e l d i n g  f a c t o r  i s  0.985 f o r  gold covered 
by 0.030-inch-thick cadmium''). It i s  important  t o  note  t h a t  



TABLE I1 

Computed Resonance and Thermal Depression Factors  
f o r  Gold Foi l  Act ivat ions i n  an I so t rop ic  Flux In  a Cavity 

Foil Thickness; Resonance Depression Thermal Depression 

mg/cm2 Factor ,  FReS Factor ,  F~~ F ~ ~ ~ / F ~ ~  

FIG. 2 TI-IICKNESS CORRECTIONS FOR CADMIUM RATIOS OF ~ 1 , ' ~ '  FOILS 
( Isotropic Flux in C a v i t y )  



t h i s  same c o r r e c t i o n  i s  I m p l i c i t l y  made I n  the  r e f e r e n c e  
experiment  ( 7  ) . From t h e s e  c r o s s  s e c t i o n s  and t h e  cadmium 
r a t i o s  d e r i v e d  from t h e  1 0  mg/cm2 f o i l s  one o b t a i n s  t h e  
fo l lowing  c a l i b r a t i o n  r e l a t i o n s  f o r  t h e  p resen t  experiment .  

EFFECTIVE RESONANCE INTEGRALS - 
Cu6 ' AND C U ~ ~  

Copper i s  f r e q u e n t l y  used a s  a  neut ron  poison f o r  
r e a c t o r  experiments .  I t s  u t i l i t y  i n  t h i s  s e r v i c e  depends 
on a prcci,se, ki~owledgt uf ILs L l ~ e ~ ~ m a l  u r o s ~  3ecclon as we l l  
a s  i t s  resonance i n t e g r a l .  Although the  thermal c r o s s  s e c t i o n  
of 3.77 '0.04 barns' ' ') i s  krlowri s u f f i c i e n t l y  a c c ~ ~ r a t e l y ,  t h e  
va lue  o f  t h e  resonance i n t e g r a l  and i t s  dependence on f o i l  
t h i c k n e s s  have n o t  been measured p r e c i s e l y .  An added 
compl ica t ion  i s  t h a t  two i s o t o p e s ,  Cu6' and C U ~ ~ ,  c o n t r i b u t e  
t o  t h e  resonance i n t e g r a l ,  bu t  i n  many r e a c t o r  experiments  
on ly  t h e  12.8-hour a c t i v i t y  from neut ron  cap tu re  by Cu6' can 
be counted convenient ly .  The r e s u l t s  of t h e  p r e s e n t  experiment 
provide t h e  b a s i s  f o r  computing t h e  t o t a l  copper absorp t ion  
from measurements of t h e  12.8-hour a c t i v i t y  a lone .  

F o i l s  were made of m e t a l l i c  copper and ranged i n  th i ckness  
from 0.002 t o  0.020 inch .  F o i l  t h i cknesses  were based on 
measured f o i l  weights  and' - a  copper d e n s i t y  of 8.94 Rm/cm". 
The a c t i v a t e d  f o i l s  were counted on a s c i n t i l l a t i o n  coun te r  
system u s i n g  sodiwn iod ide  ( T I )  c r y s t a l s .  

The 5-minute a c t i v i t y  of Cuh5 was counted a t  an  i n t e g r a l  
b i a s  of 0.6 Mev i n  o r d e r  t o  minimize background from the  
0.51-Mev p o s i t r o n  a n n i h i l a t i o n  r a d i a t i o n  of C U ~ ~ .  Bare and 
cadmium-covered f o i l s  were counted a l t e r n a t e l y  t o  minimize 
e r r o r s  from decay time c o r r e c t i o n s .  Background counts  t o  
determine t h e  c o n t r i b u t i o n  from the  12.8-hour C U ~ ~  a c t i v i t y  
during t h e  count ing  of t h e  C U ~ ~  were made approxlrriately 
50 minutes  a f t e r  the  i n i t i a l  counts  and were e x t r a p o l a t e d  t o  
the  i n i t i a l  count ing  pe r iod .  

For t h e  Cu6= measurements, t he  12.8-hour a c t i v i t y  was 
measured s e v e r a l  hours a f t e r  i r r a d i a t i o n  a t  a  b i a s  of 0 .4  Mev. 
The smal l  d i f f e r e n c e s  i n  f o i l  t h i c k n e s s  were taken i n t o  account 
by simple weight c o r r e c t i o n s  of  the  a c t i v i t i e s .  



The r e s u l t s  of t h e  measurement a r e  t a b u l a t e d  i n  Table I11 
and a r e  shown g r a p h i c a l l y  i n  F igu re  3. I n  Table I11 t h e  column 
l a b e l e d  Fuel  P o s i t i o n  i n d i c a t e s  whether  t h e  f o i l  p a i r s  were 
on Spinner  "A" o r  Spinner  "B" o f  F igu re  1. The thermal  f l u x  
d e p r e s s i o n  f a c t o r s  a r e  de r ived  from t h e  measured subcadmium 
a c t i v i t i e s  o f  t h e  p r e s e n t  experiment ,  i . e . ,  by r a t i o i n g  t h e  
measured a c t i v i t i e s  w i th  t h e  product  of  t h e  r e l a t i v e  thermal  
neu t ron  exposure t imes  the  f o i l  weight .  These f a c t o r s  can  be 
measured t o  a  s u f f i c i e n t  accuracy  f o r  copper ,  and, moreover, 
t h e  c a l c u l a t i o n a l  method g iven  i n  Appendix A may be i n  e r r o r  
f o r  copper because of t h e  h igh  r a t i o  o f  s c a t t e r i n g  t o  a b s o r p t i o n  
c r o s s  s e c t i o n s .  The column R 1 ~ f f  g i v e s  t h e  number ob ta ined  
from Equat ion  8 f o r  t h e  t o t a l  resonance i n t e g r a l  above 
0.622 ev  i n c l u d i n g  t h e  l / v  component. The f i n a l  column, 

Re s 
R I E f f ,  i s  t h e  t o t a l  resonance i n t e g r a l  minus t h e  l / v  component. 
The v a l u e s  a r e  based on thermal  c r o s s  s e c t i o n s  of  2 .0  b a r n s  
f o r  C U ~ ~  and 4.5 b a r n s  f o r  cu6= t o  make them c o n s i s t e n t  w i t h  
v a l u e s  g iven  by ~ a h l b e r g (  l4 ) , e t  a l .  

F igu re  3 shows t h e  v a r i a t i o n  o f  e f f e c t i v e  resonance 
i n t e g r a l  w i th  f o i l  t h i c k n e s s  and compares t h e  p r e s e n t  measure- 
ments t o  t hose  o f  Dahlberg '  14' , e t  a l . ,  and o f   enn nett"^'. 
I n  F igu re  3, B e n n e t t ' s  i n t e g r a l s  have been r e -eva lua t ed  on 
t h e  b a s i s  o f  t h e  c a l c u l a t e d  t h i c k n e s s  c o r r e c t i o n  f o r  go ld  
g iven  i n  Table I1 and on t h e  b a s i s  of t h e  same gold  resonance 
i n t e g r a l  and C U ~ ~  thermal  c r o s s  s e c t i o n  used i n  t h e  p r e s e n t  
r e p o r t .  The v a l u e s  i n i t i a l l y  quoted by Bennet t  a r e  based on 
boron cadmium r a t i o s  and a r e  even lower than  those  shown i n  
F igu re  3. The d iscrepancy  between B e n n e t t ' s  r e s u l t s  and those  
of t h e  p r e s e n t  experiment  i s  p o s s i b l y  due t o  a  d e v i a t i o n  from 
a  1/E f l u x  i n  t he  spectrum of  t h e  PCTR i n  which B e n n e t t ' s  
measurements were made. The resonance s e l f - s h i e l d i n g  f a c t o r s '  
measured by Bennet t  f o r  t h e  ve ry  t h i n  f o i l s  were used t o  
e x t r a p o l a t e  t h e  p r e s e n t  r e s u l t s  t o  ze ro  t h i c k n e s s .  The 
r e s u l t s  of t h e  measurements by Dahlberg, e t  a l . ,  a r e  a l s o  
i n d i c a t e d .  The d a t a  p o i n t s  a t  t h e  o r i g i n  a r e  Dah lbe rg ' s  
c a l c u l a t e d  e x t r a p o l a t i o n  t o  ze ro  t h i c k n e s s .  Because t h e i r  
experiment  was done i n  a  beam f l u x ,  o n l y  t h e  e x t r a p o l a t i o n  
t o  ze ro  t h i c k n e s s  i s  d i r e c t l y  comparable t o  t h e  r e s u l t s  o f  t h e  
p r e s e n t  experiment .  The v a l u e s  f  rom t h e  p r e s e n t  experiment  
of  3.17 k0.18 and 1.39 '0.22 b a r n s  compare c l o s e l y  wi th  t h e  
v a l u e s  of  3.09 '0.15 and 1.38 '0.23 b a r n s  g iven  by 
Dahlberg, e t  a l .  The major  p a r t  o f  t h e  i n d i c a t e d  u n c e r t a i n t i e s  
l i e s  i n  t h e  thermal  c r o s s  s e c t i o n s  f o r  copper  and i n  t h e  va lue  
of  t h e  resonance i n t e g r a l  f o r  go ld ,  u n c e r t a i n t i e s  common t o  
b o t h  exper iments .  I f  . these  a r e  removed, t h e  r e l a t i v e  
u n c e r t a i n t i e s  a r e  42 t o  3% o f  t h e  quoted resonance i n t e g r a l s  
and t h e  comparison i s  seen  t o  be q u i t e  good. 



TABLE I11 

Measured Cadmium Ratios and Resonance In tegra l s  f o r  ~u~~ and Cu6' 

Fo i l  
Isotope Experiment posi t  ion(a) 

Fo 11 
Thickn ss ,  

inchrb)  
.Cadmium 

Rat lo  

Thermal 
Flux Depression 

Factor 

0.993 
0.972 
0.993 
0.972 

0.998 
, 0.998 

0.994 
0.988 
0.998 
0.998 
n. sp4 
0.900 

0.986 
0.973 

0.990 
0.994 

barns") .- 

4.14 
3.43 
4.18 
3.46 

4.55 
4.51 
4.34 
3.90 
4.65 
4.70 
4. e.5 
3.91 

1.98 
1.87 

( a )  See Figure 1 
( b )  Based on densi ty  of 8.94 gm/cm3 
( c )  Based on 0th = 4.5 barns f o r  C U ~ ~  and uth = 2.0 barns f o r  Cu6* (Ref. 14)  

I 

$ - Present Experiment 
x -Bennett (Ref. 15) 

(Re- evaluation) 
e- Dahlberg, et al. (Ref. 14) 

Beam Flux 

Rcfcrcncc Values of "th 

Cu65 - 2.0 barns 
CUC" 4.5 barns 

Resonance Integrals do not '. 
include l/v component 

0 0.005 0.010 0.01 5 0.020 . 0.025 

Foil Thickness, inch 

FIG. 3 EFFECTIVE RESONANCE INTEGRAL F O R  ~u~~ A N D  cu6' AS A 
FUNCTION OF FOIL THICKNESS (Isotropic Flux in Cavity) 
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The molybdenum i s o t o p e s  iVoS8 and MO"' a r e  presumed t o  
be usefu l .  a s  resonance neu t ron  d e t e c t o r s  i n  r e a c t o r  exper iments  
i n  t h a t  bo th  i s o t o p e s  have on ly  a  s i n g l e  t a b u l a t e d  resonance 
a t  an  energy of  s e v e r a l  hundred e l e . c t r o n , v o l t s  and b o t h  have 
a  h i g h  r a t i o  of  resonance t o  l / v  a b s o r p t i o n .  Under t h e  
c o n d i t i o n s  of  t h e  p r e s e n t  experiment ,  t h e s e  a r e  t h e  on ly  two 
i s o t o p e s  o f  n a t u r a l ,  molybdenum which g i v e  d e t e c t a b l e  
a c t i v a t i o n s  . 

F o i l s  were made from s h e e t s  o f  molybdenum me ta l  w i th  a  
nominal t h i c k n e s s  of  0.0005 and 0.001 inch .  F o i l s  , 

thiCKer than 0.001 inoh  were obta.l.ned by s t a c k i n g .  The 
a c t i v a t e d  f o i l s  were counted on t h e  s t a n d a r d  s c i n t i l l a t i o n  
coun te r  system. The coun t ing  procedure was somewhat conlplex 
because of  the. two-step decay schemes of t h e  a c t i v a t e d  
i s o t o p e s .  The Moss formed from neu t ron  c a p t u r e  by Moss 
p r i m a r i l y  decays w i t h  a  67-hour h a l f - l i f e  by B and (B,y)  
emiss ion  t o  an  i somer i c  s t a t e  i n . ~ c ~ ~ .  Th i s  i somer i c  s t a t e  
i n  t u r n  decays w i t h  a  6.0-hour h a l f - l i f e  t o  t h e  ground s t a t e  
of Tcs9 by emiss ion  of  an 0.14-Mev gamma ray .  The MolO1 
formed from neu t ron  c a p t u r e  by MolOO decays  wi th  a  14.6-minute 
h a l f - l i f e  by (B,Y) emiss ion  t o  t h e - g r o u n d  s t a t e  o f  TclO1. , ' 

T h i s  i s o t o p e  i n  t u r n  decays  w i t h  a  15-minute h a l f - l i f e  by 
(B,y)  emiss ion  t o  t h e  ground s t a t e  of  RU"'. 

Because o f  t h e  complicated time behavior  of  t h e  MolOO 
a c t i v a t i o n s ,  a  r e f e r e n c e  f o i l  t echnique  was used t o  measure 
t h e  t ime decay c h a r a c t e r i s t i c s  f o r  each  experiment .  P a i r s  of  
cadmium-covered and b a r e  f o i l s  were counted a l t e r n a t e l y  t o  
minimize t h e  magnitude of t h e  t ime c o r r e c t i o n  f o r  each p a i r .  
111 o r d e r  t o  eimpliPy. t h e  background c o r r e c t i o n  f o r  t h e  
unwanted a c t i v i t y  from t h e  MoSB, i t  was neces sa ry  t o  b i a s  
above t h e  0.14-Mev gamma-ray energy o f  t h e  i somer i c  s t a t e  
o f  TC". A b i a s  of 0.200 Mev 'was determined t o  be s u i t a b l e  
and ' a  s imple exponen t i a l  t ime c o r r e c t i o n  w i t h  a  67-hour 
h a l f - l i f e  then  used f o r  t h e  background c o r r e c t i o n .  

The a c t i v i t y  of . t h e  MoS8 was counted one t o  two days  
a f t e r  t h e  i r r a d i a t i o n  t o  minimize p o s s i b l e  contaminat ion  by 
a c t i v a t i o n  of  MoS2 w i t h  i t s  6-hour  h a l f - l i f e .  A b i a s  o f  
0.100 Mev was used t o  i n c r e a s e  t h e  count  r a t e  by i n c l u d i n g  
t h e  gamma r a y s  from t h e  i somer i c  t r a n s i t i o n  i n  TcS9. 
During the  same i n t e r v a l  t h e  f o i l s  were counted a t  a b i a s  
of  0.200 Mev t o  provide  t h e  background d a t a  f o r  t h e  s h o r t -  
l i v e d  ,act ivj . ty .  



The experimental r e s u l t s  a r e  shown i n  Table I V  and 
Figure  4. Resonance i n t e g r a l s  were computed d i r e c t l y  by 
Equation 8 f o r  thermal c r o ~ i s  s ec t i ons  of 0.18 f0.02 barn f o r  
~ o ~ ~ ( ~ ~ )  and 0.199 f0.005 barn f o r  MoloO( 16'. The computed 
thermal f l u x  depress ion was neg l i g ib l e  f o r  the  range of f o i l  
th icknesses  used. The ind ica ted  u n c e r t a i n t i e s  i n  Figure 4 
a r e  f o r  the  p resen t  experiment and do no t  include e r r o r s  i n  
thermal c ro s s  sec t ions  o r  i n  the  resonance i n t e g r a l  of gold. 
The curves shown on Figure 4 a r e  normalized t o  the experimental 
da t a ,  bu t  t h e i r  shape was ca lcu la ted  from l i s t e d  resonance 
parameters '  l '  f o r  the  s i ng l e  t abu la ted  resonance of each 
i so tope  us ing the  procedure. given i n  Appendix A .  Even though, 
a s  d iscussed l a t e r ,  the  abso lu te  values  of the ca lcu la ted  
resonance i n t e g r a l s  d i d  no t  agree with those measured, the  
ca l cu l a t ed  depress ion f a c t o r s  f i t  t h e . d a t a  q u i t e  wel l .  

Figure 4 a l s o  includes  a  comparison of the present  
experiment wi th  o t h e r  measurements. Dahlberg ( l4 ) , e t  a l . ,  
ex t r apo l a t e  t h e i r  measurements .on ~y~~ t o  a. zero thiolcneao 
resonance i n t e g r a l  of 10.7 f2 .5  barns  compared t o  the value 
of 9.9  L 1 . 1  barns  obtained frorn the  p resen t  experiment, 
It seems probable, however, . t h a t  t h e i r  ' ex t rapo la t ion  .to zero 
th ickness  i s  i n  e r r o r .  If the  resonance f l u x  depression 
f a c t o r  f o r  t h e i r  beam experiment i s  ca lcu la ted  from the  same 

TABLE N 

Measured Cadmium Ratios and 
Resonance In t eg ra l s  f o r  Moe8 an3 MolOO 

F o i l  
Isotope Experiment 

100 I A 
A 
A 
A 
B 
B 
B 
B 

A 
A 
A '  
H 
B 

A 
A 
A 
A 
B 
B 
D 
B 

Thickness, 
inch(b)  

Cndmium 
Ratio 

1.757 
1.716 
1.768 
1.743 
1.699 
1.760 
1.769 
1.844 

1.722 
1.729 
1.756 
1.7G3 
1.763 

1.272 
1.282 
1.292 
1 .303 
1.293 
1.300 
1.306 
1.314 

RI:;:,. R I ~ F S ,  
barns ( c )  barns ( C  ) - -- 

3.96 3-87 k0.15 
4.04 3.95 to .15  

'4.01 3.92 i0 .12  
3.88 3.79 20.12 
4.18 4.09 20.15 
4.23 4.14 i0 .15  
4.1.7 4.08 iO.12 
3.94 3.87 10.12 

4.13 4.04 iO.15 
4.10 4.01 i0.15 
3.95 3.86 io .12 
4 . 2  4.14 50.15 
4.23 4.14 i0.15 

9.93 9.85 i0 .12  
9.67 9.59 io .12  
9.25 9.17 20.12 
8.93 8.85 20.10 
9.96 y.88.*0.12 
9.75 g.G5 20.12 
9.54 9.46 i0.12 
9.29 9.21 iO.10 

( a )  See Figure 1 
( b )  Based nn a dens i ty  f o r  molybde~~um dens i ty  of' 10 .2  gm/cm3 
( c )  Based on oth = 0.199 i0.005 barn f o r  MolOO (Ref. 17)  and o t h  = 0.18 

i0.02 barn f o r  Moee ( ~ e f .  1 4 ) .  Indica ted  probable e r r o r s  a r e  f o r  
present  measurements only and do not include thermal cross  s ec t ion  
and gold  resonance i n t e g r a l  unce r t a in t i e s .  



resonance parameters which f i t  the  present  experiment, an 
i n f i n i t e  d i l u t i o n  resonance i n t e g r a l  of 9.8 barns i s  obtained' 
from t h e i r  da ta .  This agrees very c lo se ly  with the  present  
r e s u l t s .  A s  i n  . the  case of copper, the  experimental 
unce r t a in t i e s  f o r  comparison between experiments a r e  much 
smal ler  than the  absolute  unce r t a in t i e s .  

Thermal c ross  sec t ions  and resonance i n t e g r a l s  f o r  MO" 

and MolOO have a l s o  been measured by Cabel l '  161 l7 ) . For MolOO 
he ob.tains(16) a  thermal cross  sec t ion  of 0.199 '0.005 barn 
and a  resonance i n t e g r a l  of 3.73 '0.20 barns.  For MoS8 he 
ob ta ins  ( l7 ) a  thermal c ross  sec t ion  of 0.136 '0.003 barn and 
a resonance i n t e g r a l  of 6.69 20.13 barns.  The 6.69-barn 
value i s  increased t o  8.85 '0.17 barns f o r  a  thermal cross  
s ec t i on  of 0.18 barn. This h igher  value i s  shown i n  Figure 4  
so  t h a t  the d i f f e r e n t  measurements can be compared on a  
common bas i s .  C a b e l l t s  value f o r  the  MoS8 thermal c ross  
s ec t i on  would reduce a l l  resonance i n t e g r a l s  f o r  Moss i n  
Table I V  and Figure 4 by 24.5$. C a b e l l t s  values  of the  
resonance i n t e g r a l s  f o r  both isotopes  a r e  about 10$ lower 
than those of the  present  experiment and those given by 
Dahlberg. The d i f fe rence  i s  believed t o  be due t o  a  dev ia t ion  
from a  1 / ~  spectrum i n  the neutron f l u x  used by Cabell.  

MolybJr~tum Thickness, mg/cm2 

FIG. 4 EFFECTIVE RESONANCE INTEGRAL FOR M~~~ AND M ~ ~ O O  AS A 
FUNCTION OF FOIL THICKNESS (Isotropic Flux in Cavity) 



It i s  of i n t e r e s t  .to compare the  ca l cu l a t i ons  of t h e ' .  
resonance i n t e g r a l  wi th  the measurements. From the  t abu l a t i on  
of Hughes and Schwartz( ' ) ,  MoSa has a  s i ng l e .  resonance a t  an 
energy of 480 ev and MO'OO has  a  s i ng l e  resonance a t  367 ev. 
Under these  condi t ions  the  resonance i n t e g r a l  may be ca lcu la ted  
from the  resonance parameters" I o r  from the  thermal c ross  
s ec t i on '  l8 ) by the  following r e l a t i o n s .  

Here Eth i s  the  energy i n  ev a t  which the thermal c ross  
s ec t i on  ath i s  given, Eo i s  the  resonance energy i n  ev, the  
r ' s  a r e  r e ac t i on  widths i n  ev, and g  i s  a  weighting f a c t o r  
which i s  u n i t y  f o r  both i so topes  of molybdenum. Table V 
compnren measul,ed qua~ i t lL l e s  w l t n  ca l cu l a t i ons  made by the  
above equat ions  and standard values  of  resonance 

' J  l9 ' . The l /v component i s  no t  included.  

TABLE V . . 

Resonance I n t e g r a l s  f o r  Moss and M O ' ~ ~  

Resonance In t eg ra l ,  barns 
Eo, ev Equation 9 Equation 10 Experiment 

 or MO'OO the  measured v a l i ~ ~  l i e s  between the valuco 
ca lcu la ted  by t he  two methods, and appears cons i s t en t  with 
the  accuracy expected by the two methods. For MoS8, however, 
the  measured value i s  about t h r ee  times t h a t  ca lcu la ted  by 
e i t h e r  method and i s  wel l  ou t s ide  the expected uncer ta in ty  
of t he  ca l cu l a t i ons .  This  r e s u l t  i nd i ca t e s  t h a t  a second 
un iden t i f i ed  resonance i s  responsible  f o r  the  major p a r t  of 
the 1-esorlarlce i n t e g r a l  of MO". Because of the s i z e  of 
t h i s  resonance i t  almost c e r t a i n l y  i s  lower i n  energy than 
the  480 ev o f  the  i d e n t i f i e d  resonance. This i n  t u r n  impl ies  
t h a t  one of t he  lower energy resonances", '"I f o r  molybdenum 
i s  mi s iden t i f i ed  o r  t h a t  an acc iden ta l  coincidence of 
resonances by two i so topes  has occurred. 



V e r i f i c a t i o n  o f  t h i s  assumption i s  g iven  by a n  experiment  
d e s c r i b e d  i n  Appendix D i n  which t h e  a t t e n u a t i o n  o f  t h e  
resonance a c t i v a t i o n  by succes s ive  l a y e r s  of  boron a b s o r b e r  
i s  measured. The exper imenta l  r e s u l t s .  sugges t  t h a t  a t  l e a s t  
h a l f  o f  t h e  resonance i n t e g r a l  f o r  Moss l i e s  i n  t h e  energy  
range from 70  t o  200 ev .  The presence  of  a lower energy  
resonance f o r  MoS8 has  a l s o  been observed by ~ u r r '  20 )  i n  a 
beam t r ansmis s ion  measurement. I n  a d d i t i o n ,  t h e  experiment  
d e s c r i b e d  i n  Appendix D sugges t s  t h a t  t h e  e f f e c t i v e  resonance 
energy  f o r  MO'OO i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  367 ev of 
t h e  t a b u l a t e d  resonance.  P o s s i b l e  exp lana t ions .  a r e  i n c o r r e c t  
i s o t o p i c  des ign ,a t ions  o f  t h e  molybdenum resonances  o r  
a c c i d e n t a l  co inc idences  of resonance e n e r g i e s .  I n  e i t h e r  
event , ,  t h e  p r e s e n t  experiment  i n d i c a t e s  t h a t  n e i t h e r  i s o t o p e  
i s  s u i t a b l e  f o r  u se  i n  r e a c t o r  spectrum measuremerits i n  
which a s i n g l e  dominant resonance i s  r e q u i r e d .  

It i s  i n t e r e s t i n g  t o  no te  from F igu re  4 that; t h e  
resonance f l u x  d e p r e s s i o n  c a l c u l a t e d  f o r  MO" f m m  t h e  
resonance parameters  f o r  t h e  i d e n t i f i e d  480-ev resonance 
f i t s  t h e  exper imenta l  d a t a  v e r y  c l o s e l y .  Th i s  i m p l i e s  t h a t  
any second resonance must have approximate ly  t h e  same maximum 
a b s o r p t i o n  c r o s s  s e c t i o n  a s  t h e  480-ev resonance.  I n s t e a d  of  
assuming a second resonance,  one may assume t h a t  t h e  r a d i a t i o n  
width, ry, f o r  t h e  480-ev resonance i s  i n  e r r o r ,  and t h a t  
i n s t e a d  i t  should be ob ta ined  from t h e  measured resonance 
i n t e g r a l  and Equat ion  10 .  The r e s u l t i n g  parameters ,  however, 
g ive  a . c a l c u l a t e d  f l u x  d e p r e s s i o n  w i t h  a s l o p e  abou t  f o u r  
t imes  t h a t  shown i n  F igu re  4, which c l e a r l y  does  n o t  ag ree  . 
w i t h  t h e  experiment .  Th i s  g i v e s  f u r t h e r  ev idence  of t h e  
e x i s t e n c e  o f  a second resonance which has  a maximum a b s o r p t i o n  
c r o s s  s e c t i o n  approximate ly  equa l  t o  t h a t  a t  480 ev.  S i m i l a r  
arguments can a l s o  be advanced f o r  Mo 100. 

Sudl-ull ha3 two i n t c r e ~ t i n g  applic.at.1 nns  f o r  r e a c t o r  
spectrllm measurements. F i r s t ,  i t  approximates  t h e  i d e a l  l / v  
d e t e c t o r  b e t t e r  t han  any o t h e r  a c t i v a t i n g  m a t e r i a l  s i n c e  t h e  
a b s o r p t i o n  from t h e  s i n g l e  s t r o n g  resonance i s  weak compared 
t o  t h e  l / v  a b s o r p t i o n  and s i n c e  t h a t  resonance i s  a t  t h e  
r e l a t i v e l y  h igh  energy  of  2.85 Kev. Second, t h e  presence  of  
a s i n g l e  resonance a t  t h i s  h i g h  energy  makes It a u s e f u l  
d e t e c t o r  f o r . s p e c t r u m  measurements i n  t h e  k i l o v o l t  r e g i o n .  
Unfor tuna te ly ,  t h e  . f e a t u r e s  t h a t  make i t  u s e f u l  f o r  one of  
t h e  two a p p l i c a t i o n s  a r e  u n d e s i r a b l e  f o r  t h e  o t h e r .  I n  o r d e r  
t o  make t h e  neces sa ry  c o r r e c t i o n s  f o r  e i t h e r  a p p l i c a t i o n ,  i t  
i s  neces sa ry  t o  know p r e c i s e l y  t h e  v a l u e  o f  t h e  resonance 
i n t e g r a l .  



For t h i s  experiment, f o i l s  were made by two d i f f e r e n t  
methods. I n  one method small  amounts of sodium bicarbonate  
were mixed wi th  d e n t a l  r e s i n ,  whfch was then c a s t  i n t o  shee t s  
approximately 0.020 inch th ick .  Half-inch-diameter f o i l s  
were punched from these  s h e e t s .  Var ia t ions  i n  sodiuin content  
were taken i n t o  account by revers ing  cadmium and bare  f o i l  
p o s i t i o n s .  A source of e r r o r  with these. f o i l s  i s  the  e f f e c t  
of moderation by the  contained hydrogen. Neutrons a t  
energ ies  j u s t  above the  cadmium cu to f f  energy may e n t e r  the  
cadmium p i l l b o x  and be slowed down i n t o  t h e  thermal energy 
region where t h e  capture  probabi- l i ty  i s  considerably  h igher  
than a t  the  i n i t i a l  epicadmium energy. This e f f e c t  would 
cause an i n c r e a s e  i n  a c t i v i t y  of the  ca.dmiun-covered fo i l 'o .  
I n  o rder  t o  measure i t s  magnitude, the  a c t i v i t i e s  of bare  
copper f o i l s  i n s i d e  cadmium p i l l b o x e s  were compared t o  copper 
a c t i v i t i e s  obta ined when foli,ls of .  d e n t a l  r e g i n  were I.nr.l.t~rled 
With the  copper i n s i d e  the  cadmium p i l lboxes .  With the  
assumption t h a t  the  d i f f e r e n c e  i n  a c t i v i t y  was due e n t i r e l y  
t o  slowing i n t o  the  thermal region,  the  d a t a  f o r  copper 
wcrc used .Lo calc .u la te  the C o r r e c t i o ~ l s  appllc 'able t o  the  
sodium f o i l s .  These c o r r e c t i o n s  a r e  ind ica ted  i n  Table V I .  

A second s e t  of hydrogen-free f o i l s  was made by 
compressing t h i n  cakes of sodium carbonate a g a i n s t  aluminum 
backing f o i l s  0.015 inch t h i c k  and 0 .5  inch  i n  diameter .  
Aluminum f o i l  0.001 inch t h i c k  was wrapped around the  f o i l s  
t o  p r o t e c t  and con ta in  the  compressed cakes. When these  
f o i l s  were used, i t  was necessary t o  i r r a d i a t e  i d e n t i c a l  
aluminum backing p l a t e s  and f o i l  covers t o  make c o r r e c t i o n s  
f o r  a c t i v i t i e s  from impur i t i e s  i n  t h e  aluminum a s  wel l  a s  
f o ~ ~  t h e  ~a~~ a c t i v i t y  r e s u l t i n g  from f a s t  neutron capture  
by aluminum. 

The r e s u l t s  of the  experiment a r e  glven i n  Table V I .  
Resonance i n t e g r a l s  were determined by Equation 8 wi th  a 
value of 0.52 +0.010 barn f o r  the  thermal absorpt ion c ross  
s e c t i o n  of  sodium. No systematic v a r i a t i o n  i n  cadmium r a t i o  
was noted wlth f o i l  th icknesses ;  nor  could a th ickness  
cor ldect ion be simply c a l c u l a t e d  s i n c e  the  extremely high 
r a t i o  of s c a t t e r i n g  t o  absorpt ion i n  the  sodium resonance 
i n v a l i d a t e s  thc  c o n d i t l o i ~ s  for.  which the  c o r r e c t i o n s  giver1 
i n  Appendix A apply.  For these  reasons the  value of the  
resonance i n t e g r a l  f o r  sodium i s  taken t o  be the  average of 
the va lues  given i n  Table V I .  This average g ives  a resonance 
i n t e g r a l  of 0.075 '0.010 barn  compared t o  the  value of 
0.07 '0.01 repor ted  by ~ a h l b e r ~ ( l * ) ,  e t  a l .  



TABLE V I  

Measured Cadmium Ratios and Resonance In t eg ra l s  f o r  ~a~~ 

Fo i l  Na Thickness, 
Experiment Pos i t ion  Fo i l  Material mg/cm2 

I A NaHCO, i n  dental  2.7 
A r e s i n  (60 mg/cm2) 2.7 
A 2.7 
A 2.7 
B 2.7 
B 2.7 
B 2.7 

I1 A Na2C03 i n  26.0 
A aluminum envelope 26.o 
A .  26.0 
B 6.5 
B 6.5 
B 6.5 
B 6 .5  

Me an 
Cadmium 

Ratio 

27.9 
27.7' 
27-9 
27.2 
28.4 
28.9 
28.4 

27.7 
2'1.3 
27.7 
30.1 
29.4 
30.1 
29.0 

Corrected 
Me an 

Cadmium 
Rat io(a)  

.I;;;> 
barn 

0.059 
0.061 
0.059 
0.067 
0.076 
0.071 
0.076 

0.081 
0.086 
0.081 
0.079 
0.086 
0.079 
0.090 

( a )  See t e x t  f o r  cor rec t ion  f o r  dental  r e s in .  
( b )  Based on 0th = 0.520 f O . O 1 O  barn. 

The resonance i n t e g r a l  f o r  sodium may be c a l c u l a t e d  from 
Equations 9  and 10.  From t h e  thermal  c r o s s  s e c t i o n  of 
0.520 barn  (Equation g ) ,  a  va lue  of  0.067 barn  i s  obta ined .  
No d i r e c t  measurements of t h e  parameter  ry could be found i n  
o r d e r  t o  c a l c u l a t e  the  resonance i n t e g r a l  from Equation 10. 
The va lue  g iven f o r  ry i n  BNL-J25(') i s  a l s o  obta ined  from 
the  thermal c r o s s  s e c t i o n  by combining Equations 9 and 10. 
The va lue  g iven i n  BNL-325, i n c i d e n t a l l y ,  i s  misp r in ted .  
The va lue  of  ry should be 4 ' ev and no t  j. 4 ev.  

~ 2 3 5  FISSION 

The u~~~ f o i l s  were i n  t h e  form of an a l l o y  of aluminum 
and o r a l l o y  (938 u ~ ~ ~ )  with  a  t o t a l  f o i l  t h i c k n e s s  of  
0.010 i n c h  o r  a  u~~~ . th ickness  of 5.6 mg/cm2. R e l a t i v e  u~~~ 
con ten t s  of the  f o i l s  had been determined by a c t i v a t i o n s  i n  
a  thermal  f l u x  and these  uranium concen t ra t ions  were used t o  
make c o r r e c t i o n s  f o r  t h e  amall v a r i a t i o n s  i n  the  f o i l . w e i g h t s  
A c t i v i t i e s  were obta ined  on t h e  s c i n t i l l a t i o n  coun te r  a t  a  
b i a s  of 0.5 Mev. Blank aluminum f o i l s ,  ba re  and cadmium 
covered, were a l s o  i r r a d i a t e d  i n  o r d e r  t o  make t h e  small  
c o r r e c t i o n  f o r  a c t i v a t i o n s  induced i n  t h e  aluminum. 
Comparlison exyerlrnerits ~rlade w l  L l i  1.1a t u r a l  ul*aniunl f o i l s  
demonstrated t h a t ,  a l though t h e  u * ~ '  caused a  p e r c e p t i b l e  
count i n  the  n a t u r a l  f o i l s ,  no c o r r e c t i o n  f o r  i t s  a c t i v a t i o n  
wao r c q u i r e d  ' fo r  the  o r a l l o y  f o i l s .  



The measured cadmium r a t i o s  f o r  u~~~ f i s s i o n  were 
32.0 f O . 3  f o r  t h e  " A "  p o s i t i o n  and  33.9 '0.3 f o r  t h e  "B" 
p o s i t i o n  i n  t h e  SP. Three s e t s  of  f o i l s  were used f o r  each 
p o s i t i o n  w i t h  two s e p a r a t e  i r r a d i a t i o n s  f o r  each s e t .  
Resonance i n t e g r a l s  were c a l c u l a t e d  by Equation 8 w i t h  t h e  
c r o s s  s e c t i o n s  and c o r r e c t i o n  f a c t o r s  given below. The 
c a l c u l a t i o n s  showed t h a t  f o r  t h e  f o i l  t h i c k n e s s  used, the  
resonance f l u x  depress ion  was n e g l i g i b l e ,  b u t  t h e  thermal  
f l u x  was depressed  by a  f a c t o r  of 0.976. A va lue  of  

Oth = 577.01 b a r n s  and a  g  f a c t o r  of 0 .973(* )  were used, 
wi th  t h e  g  f a c t o r  based on a  neut ron  temperature of 3 0 ' ~ .  
The average resonance i n t e g r a l  f o r  t h e  two p o s i t i o n s  i s  then  
267 ba rns .  A c a l c u l a t e d  c o r r e c t i o n  of  1 barn  must be app l i ed  
t o  t ake  i n t o  account  the  non-l/v c h a r a c t e r  of t h e  ep i the rmal  
subcadmium f i s s j . on  c r o s s  s e c t i o n  i n  Equatio'n 7. TRIO gives  
a f i n a l  va lue  f o r  the u2" fisssi~li resonance i ~ l t e g ~ ~ s l  of 
266 +9 barns  i n c l u d i n g  a l l  u n c e r t a i n t i e s  o t h e r  than  a  
d e v i a t i o n  of t h e  f l u x  from a  1 / ~  energy dependence. The 
e f f e c t i v e  cadlmlurn cutof f '  energy f 'or u"" f i s s i o n s  under 
t h e s e  c o n d i t i o n s  i s  g iven by ~ a r d ~ ' ~ ~ ) ,  e t  a l .  a s  0.60 ev . 

f o r  0.030-inch-thick cadmium. These au thor s  a l s o  r e p o r t  a  
va lue  of 267 +11 barns  f o r  the  yesorlance i n t e g r a l  of  u~~~ 
f i s s i o n  a t  a  c u t o f f  energy of 0.60 ev.  However, a  c o r r e c t i o n  
f o r  t h e  computed d e v i a t i o n  of t h e i r  spectrum from 1 / ~  
reduces  t h e i r  va lue  t o  262 +11 barns .  

Recent measurements( 23 )  i n  t h e  Thermal Tes t  Reactor  
(TTR) a t  Hanford i n d i c a t e  t h a t  t h e  e f f e c t i v e  neut ron  tempera- 
t u r e  a t  t h e  c e n t e r  of t h e  TTR i s  approximately 4 0 ' ~  above t h e  
phys ica l  temperature.  The g  f a c t o r  a t  t h i s  h ighe r  temperature 
g i v e s  a  ,resonance i n t e g r a l  3  ba rns  Lower, o r  263 +9 b a r n s  
f'or t h e  p resen t .  measurement. O f  the. fo i l '  m a t e r i a l s .  i n  the  
p r e s e n t  experiment ,  1 1 ~ " ~  is t h e  on ly  one t h a t  d e v i a t e s  
s u f f i c i e n t l y  from a  l / v  c r o s s  s e c t i o n  so  t h a t  t h e  h ighe r  
temperature would cause a  p e r c e p t i b l e  d i f f e r e n c e  i n  t h e  
measured resonance i n t e g r a l .  

The resonance i n t e g r a l  f o r  u~~~ f i s s i o n  has  a l s o  been 
measured by c l a y t o n (  24 ) by two methods, bo th  employing a  
u235 f i s s i o n  chamber. I n  one case  he compared cadmium r a t i o s  
of t h e  f i s s i o n  chamber w i t h  those  f o r  a  BF3 counter .  From 
t h i s  measurement, he o b t a i n s  a  va lue  of 258 425 ba rns  
c o r r e c t e d  t o  a  cadmium c u t o f f  energy of 0.60 ev. A second 
method, based on the  f i s s i o n  chamber measurements and slowing 
down s t r e n g t h s  measured by indium f o i l s ,  g i v e s  a  va lue  of 
271 +25 ba rns  a t  a  c u t o f f  energy of 0.60 ev .  The r e s u l t s  of 
the  p r e s e n t  experiment  a r e  seen t o  agree  q u i t e  w e l l  w i t h  a l l  
of  t h e  e a r l i e r  measurements. 



A l l  measurements based on f i s s i o n  product  a c t i v a t i o n s  
o f  t h e  u2=* f o i l s  i m p l i c i t l y  assume t h a t  t h e  i s o t o p i c  
d i s t r i b u t i o n  of f i s s i o n  p roduc t s  i s  t h e  same f o r  resonance 
f i s s i o n  a s  f o r  thermal  f i s s i o n .  Those w i t h  a  f i s s i o n  
chamber do n o t .  Although t h e  assumption i s  n o t  s t r i c t l y  
t r u e ( 2 5 ' ,  numer i ca l ly  t h e  e r r o r  t h u s  in t roduced  i s  n o t  
impor tan t .  Th i s  f a c t  i s  demonstrated by t h e  observed 
independence of  t h e  measured cadmium r a t i o  of  u~~~ f i s s i o n  
product  a c t i v i t i e s  on the  t ime a f t e r  i r r a d i a t i o n  a t  which 
t h e  f o i l s  a r e  counted.  

The resonance i n t e g r a l  f o r  u~~~ c a p t u r e  i s  one of  t h e  
most impor tan t  parameters  i n  t h e  d e s i g n  and a n a l y s i s  of  
thermal  r e a c t o r s  u s i n g  n a t u r a l  o r  s l i g h t l y  en r i ched  uranium. 
Many measurements have been made on h i g h l y  s e l f - s h i e l d e d  
uranium r o d s  t y p i c a l  of  t hose  used i n  r e a c t o r  des ign .  
Measurements have a l s o  been made on ex t r eme ly  t h i n  f o i l s .  
Such t h i n  f o i l s  a r e  f r e q u e n t l y  used a s  t h e  s t a n d a r d  whose 
resonance i n t e g r a l  i s  known (281  b a r n s )  i n  o r d e r  t o  make 
f u r t h e r  resonance i n t e g r a l  measurements on t h e  h i g h l y  . ?  

s h i e l d e d  rods .  No p r i o r  measurements have been found f o r  
uranium f o i l s  of  i n t e r m e d i a t e  t h i c k n e s s .  These i n t e r m e d i a t e ,  
t h i c k n e s s e s  a r e  impor tan t  f o r  p rov id ing  resonance i n t e g r a l  
c a l i b r a t i o n s  f o r  f o i l s  of t h e  t y p i c a l  t h i c k n e s s  used i n  
r e a c t o r  l a t t i c e  exper iments .  I n  a d d i t i o n ,  t hey  provide  a  
s e n s i t i v e  check o f  v a r i o u s  methods f o r  c a l c u l a t i o n  
of resonance i n t e g r a l s .  

F o i l s  were rnade o f  uranium d e p l e t e d  t o  190  and 750 ppm - 
~ 2 3 5  . One s e t  o f  ex t remely  t h i n  f o i l s  was made by d e p o s i t i n g  
u rany l  n i t r a t e  d i s s o l v e d  i n  a l c o h o l  on f o i l s  of  f i l t e r  paper  
and a l lowing  t h e  s o l v e n t  t o  evapora t e .  The average  uranium 
t h i c k n e s s  i n  t h e s e  f o i l s  was 0.05 mg/cm2. Microscopic 
e x a n i n a t i o n  showcd t h a t  t h e  deposited c r y s t a l s  were exLr*enlely 
smal l  (about  0.01 o f  t h e  d iameter  o f  t h e  i n d i v i d u a l  paper  
f i b e r s )  and t h a t  t h e  sma l l  c r y s t a l s  were d i s p e r s e d  through 
t h e  i n d i v i d ~ l a l  f i b e r s  r a t h e r  t han  on t h e  s u r f a c e s .  The 
e f f e c t  of  s e l f - s h i e l d i n g  i n  t h e  i n d i v i d u a l  m i c r o c r y s t a l s  was 
judged t o  be n e g l i g i b l e .  A second s e t  o f  f o i l s  was made 
from an  a l l o y  of  16 .0  w t  $ n f  t h e  d e p l e t e d  uranium i n  
aluminum. F o i l s  r ang ing  from n e a r  0.001 t u  0.020 i n c h  t h i c k  
were r o l l e d  from t h i s  m a t e r i a l .  Add i t i ona l  f o i l  t h i c k n e s s e s  
were ob ta ined  by s t a c k i n g  i n d i v i d u a l  f o i l s .  M e t a l l i c  uranium 
f o i l s  made up t h e  t h i r d  s e t  o f  d e p l e t e d  f o i l s .  Nominal f o i l  
t h i c k n e s s e s  of  0.002, 0.006, and 0.010 inch  were a v a i l a b l e .  



The a c t i v a t i o n  measurements were obta ined  by s c i n t i l -  
l a t i o n  coun t ing  of  t h e  103-Kev X-ray i n  t h e  2.3-day decay 
o f  N ~ ~ ~ "  l e a d i n g  t o  puZ3'. A s i n g l e  channel  ana lyze r  was 
used w i t h  an acceptance width of  90 t o  116 Kev. The f o i l s  
were counted dur ing  the  time i n t e r v a l  from 48 t o  96 hours 
a f t e r  t h e  i r r a d i a t i o n  i n  o r d e r  t o  minimize the  f i s s i o n  
product  background. A smal l  c o r r e c t i o n  f o r  t h e  f i s s i o n  
product  a c t i v i t y  was obta ined  by comparing n a t u r a l  uranium 
and dep le t ed  uranium a c t i v i t i e s  f o r  the  uranium metal  f o i l s .  
For  t h e  t h i n  f o i l s  of  u rany l  n i t r a t e  on f i l t e r  paper  and 
t h e  f o i l s  of  uranium i n  aluminum a l l o y ,  cadmium r a t i o s  were 
a l s o  ob ta ined  wi th  t h e  p o s i t i o n  of ba re  and cadmium-covered 
f o i l s  r eve r sed  i n  o r d e r  t o  c o r r e c t  f o r  minor v a r i a t i o n s  i n  
u238 con ten t  o f  the  p a i r e d  f o i l s .  

The i iesl!lts of the  measure~l.~t?r~l::as a re  shown, i n  Table VTX. 
Yor t he  cornputa.Lior~ of resonance i n t e g r a l s  from t h e  measured 
cadmium r a t i o s  by Equation 8, t h e  q u a n t i t y  g  a t , h . f o r  u~~~ 
was talcon t o  be 0.73 barns .  Therlnal f l u x  depress ion  f a c t o r s  
were n e g l i g i b l e  f o r  a l l  b u t  the  m e t a l l i c  uranium f o i l s .  
The c o r r e c t i o n  f a c t o ~ l  f o r  t h e  t h i c k e s t  meta l  f o i l s  was 0.984. 

The r e s u l t s  a r e  shown g r a p h i c a l l y  i n  F igure  5. The 
resonance i n t e g r a l s  a r e  p l o t t e d  a g a i n s t  t h e  parameter  
where S i s  t h e  t o t a l  su r face  a r e a  of  the  f o i l ,  Inc lud ing  
edges,  i n  cm2 and M i s  t h e  t o t a l  mass i n  grams of  uZ3' i n  
the  f o i l .  For  u~~~ t h i s  parameter  has  s e v e r a l  advantagca 
over  the  s imple th i ckness  parameter used f o r  t h e  preceding 
i s o t o p e s .  It g i v e s  a  s c a l e  which convenient ly  s e p a r a t e s  
the  i n d i v i d u a l  measurements f o r  the  t h i n  f o i l o  and shows t h e  
s t r u c t u r e  i n  d e t a i l .  Furthermore, i t  i s  t h e  same parameter  
which i s  used t o  coord ina te  t h e  m~asurementa  f o r  t h i c k  ~ * o d s  
and rod c l u s t e r s .  

I n  Figure  5, t h e  exper imenta l  d a t a  a r e  compared t o  
c a l c u l a t i o n s  made by t h e  procedure given i n  Appendix A .  
The c a l c u l a t i o n s  of t h e  resonance f l u x  depress ion  a r e  based 
on t h e  t a b u l a t e d  resonance pa ramete r s (5 '  f o r  the  n ine  
s t r o n g e s t  resonances,  which a t  zero  t h t c k n e s s  make lip 96% 
of t h e  t o t a l  resonance i n t e g r a l  c a l c u l a t e d  f o r  a l l  r e so lved  
resonances.  The c a l c u l a t i o n s  inc lude  the  e f f e c t  of Doppler 
broadening of  t h e  resonances,  bu t  n e g l e c t  f o i l  edge e f f e c t s  
and energy exchanges r e s u l t i n g  from resonance s c a t t e r i n g .  
Because of the  r e l a t i v e l y  smal l  r a t i o  of s c a t t e r i n g  t o  
absorp t ion  f o r  u ~ " "  and because of t h e  t h i n n e s s  of t h e  f o i l o  
these  e f f e c t s  should be sma l l .  The c a l c u l a t e d  curve f o r  
s l a b  geometry i s  seen t o  f i t  the  exper imenta l  d a t a  very  
c l o s e l y  except  f o r  the  t h i c k e s t  f o i l s  where the  c a l c u l a t e d  
curve i s  lower than  the  measurements. This  i s  j u s t  what i s  
expected,  though, i n  t h a t  the  c a l c u l a t i o n s  n e g l e c t  t h e  



' ' TABLE V I I  

Measured Cadmium Rat ios  and Resonance I n t e g r a l s  f o r  u~~~ Capture 

F o i l  
Experiment ~ o s i t i o n ( ~ )  

I A 
B 

I1 A 
A 
B 
B . 

A 
A 
A 
B 
B 

B 

A 
A 
R 
B 
B 

v . A 
A 
A 
A 
B 
B 
B 
B 

A 
A .  
A 
A 

B. 
B 
B 
B 

F o i l  Mater ia l  

Uranyl N i t r a t e  
On Paper 

Metal u~~~ ' 

Metal u ~ ~ ~ . ,  

Cadmium 
Rat io  

Tot 
R I ~ f f y  Weight of 
ba rns (b )  u~~~ 9 B" 

( a )  See Figure 1. - 
( b )  Based on g a  = 2.73 barns.. , 

t h  
( c )  The f o i l s  i n  t h i s  s e t  were 0.020-inch-thick nominal and were 0.51 inch  i n  

diameter ,  and cons i s t ed  o f  a  s i n g l e  f o i l ,  o r  two o r  t h r e e  i n  a , s t a c k .  
See t e x t  f o r  a  d i scuss ion  of  cadmium covers f o r  t he  f o i l  s t acks .  



unresolved resonances and the nonresonant absorpt ion.  The 
r e l a t i v e l y  small  thermal f l u x  depression f o r  these  cap tures  
becomes important .only  f o r  the  t h i ck  f o i l s  (low S/M va lue s ) .  
A t  t he  lower values  of S/M, i t  i s  of i n t e r e s t  t o  compare the  
p resen t  experimental r e s u l t s  wi th  previous measurements on 
s t r ong ly  absorbing rods.  What a r e  believed t o  be the most 
accura te  measurements on such rods were those made by .  
 ells strand' 26) . For values  of the  t o t a l  resonance i n t e g r a l  
inc lud ing  a  l /v  component of 1.10 barns Hel ls t rand gives  

This express ion i s  shown p lo t t ed  i n  Figure 5. Although based 
on measurements a t  values  below 1.0,  h i s  curve i s  seen 
t o  f i t  the  da t a  of the p resen t  experiment over a  wide range. 
I n  pa r t i cu l a r  the  values f o r  the t h i ckes t  f o i l s  a r e  seen t o  
l i e  p r e c i s e l y  on h i s  curve.  

The ca l cu l a t ed  value of the resonance f l ux  depression 
expecccd for1 oy l l~ ld l . l c a l  g toa~e t ry  io aloo ohown by the  
dashed curve of Figure 5. For r e ac to r  l a t t i c e s  i t  i s  
normally assumed thal; the  resonance i n t e g r a l  a s  given by 
Equation 11 app l i e s  equa l ly  t o  rods, tubes,  and p l a t e s .  
The curves of Figure 5 show t h a t  t h i s  i s  j u s t i f i e d  f o r  
resonance i n t e g r a l s  below 50 barns where the  two curves 
coincide.  The d i s t i n c t i o n  between the  two geometries i s ,  
however, seen t o  be appreciable  f o r  h igher  values  of the  
resonance i n t e g r a l .  

The t h i c k e s t  f o i l s  of t he  uranium aluminum a l l o y  f o i l s  
( ~ x p e r i m e n t  V I  of Table VI)  required s p e c i a l  considera t ion.  
The s t a cks  of th ree  0.020-inch-thick f o i l s ,  the  0.0789-gm 
f o i l s  of Table VT,  were too t h i ck  t o  penni t  normal c lo3ing 
of t he  cadmium p i l lbox .  For these  foiPo an add i t i ona l  shee t  
of 0.010-inch-thick cadmium was wrapped on the edges of the  
p i l lboxes .  The change of shadow sh i e ld ing  due t o  the  
increased s i z e  of the cadmium p i l lboxes  i s  neg l i g ib l e ,  but  
changes i n  the thermal neutron dif ' fuslon depress ions  111 the 
v i c i n i t y  o f  the  cav i t y  may in t roduce small  systematic e r r o r s .  
An es t imate  of  t h i s  e f f e c t  i s  included i n  the experirngrlLa1 
u n c e r t a i n t i e s .  I n  add i t ion ,  for. Lhe t h i cke s t  uranium-cllurninum 
f o i l s ,  a  cor rec t ion  i s  necessary f o r  the  e f f e c t  of ener3gy 
exchange by s c a t t e r i n g  i n  aluminum wi th in  the f o i l .  I n  o rder  
t o  es t imate  t he  magnitude of' t h i s  e f f e c t ,  the narrow 
resonance approximation was used, t h a t  is ,  the e f f e c t i v e  
energy width of the  resonance was taken t o  be small with 
r e spec t  t o  the  maximum energy l o s t  i n  an e lasLlc  s c a t t e r i n g  
of a  neutron from an aluminum atom. The ca lcu la ted  co r r ec t i on  
reduces the  resonance i n t e g r a l  by 0.5% f o r  the  0.0789-gm 
f o i l  s t a ck  and 0.2% f o r  the 0.0526-gm s tack .  The e f f e c t  i s  
the re fore  neg l i g ib l e  f o r  the  th inner  f o i l s .  



FIG. 5 EFFECTIVE RESONANCE CAPTURE INTEGRAL FOR uZ3' AS A 
FUNCTION OF FOIL THICKNESS (Isotropic Flux in Cavity) 

The experimental determination p f  the resonance i n t e g r a l  
of l n l  l5 has been r e  -evaluated ' from the  e a r l i e r  SRL d a t a (  ) 

on the  b a s i s  of the  present formalism and c ro s s  s ec t i on  
values.  Only the  da t a  f o r  the  c e n t r a l  i r r a d i a t i o n  pos i t i on  
of the  e a r l i e r  experiment were used. An inspec t ion  of the  
cadmium r a t i o s  taken a t  the two pos i t i ons  used i n  the  e a r l i e r  
experiment indicated a systematic va r i a t i on  wi th  resonance * ,  

energy a s  one goes from indiiin (1.46 e v ) ,  t o  gold (4.9 ev ) ,  
t o  tungsten (18.8 e v ) .   his systematic v a r i a t i o n  i s  most 
readi1.y explained by assuming t h a t  the  ep i t he rma l ' f l ux  
.devia tes  from a 1 / ~  dependence f o r  the outermost pos i t ion ,  
24 inches.  from the  cen te r  of - the  .SP.  . 

Another. complfcation i n , i n t e r p r e t i n g  the  e a r l i e r  
experiments . a r i s e s  because about .  8% of the  neutron captures  
i n  ~n~~~ lead t o  an Isomeric s t a t e  of 1n116 which decays 
with a 54-minute h a l f - l i f e  by p,y emission t o  the  ground 
s t a t e  of sn116, .and. the  remaining 2% lead t o  the  ground . 

s t a t e  of 1n116 which decays w i t h ' a  13-second h a l f - l i f e  by 
means of a 3-Mev p p a r t i c l e  d i r e c t l y  t o  the  ground s t a t e  . 

of sn116. Although the  branching r a t i o  of the  two a l t e r n a t i v e s  
i s  known(') f o r  thermal neutron capture,  i t  could not  be 
determined from the  l i t e r a t u r e  i f  the  r a t i o  was d i f f e r e n t  
f o r  epicadmium captures .  - To di? tel>mine t h i s  r e l a t i o n  an 



experiment was devised t o  compare cadmimi r a t i o s  of the  
13-second a c t i v i t y  t o  t h a t  of the  54-minute a c t i v i t y  f o r  a  
range of f o i l  th icknesses .  The cadrnim r a t i o s  f o r  the  13-second 
a c t i v i t i e s  were measured w i t h h i g h  p r ec i s i on  by the  method 
given i n  Appendix C.  The r e s u l t s  0.f the  measurement a r e  shown 
i n  Table V I I I .  

TABLE VIII 

Comparison of the Thermal and Resonance Activation 
Cross Sections for the 13-Second and 54-Minute 

. ~ctivities of 1n116 

("13~/'54~ IRes 
Foil Thickness, 

m~/cm'? ('13S/'54M ) Th 

Since no sys temat ic  v a r i a t i o n  with th ickness  was observed, 
the average value of the  ac . t ivat ion r a t i o  was, used. 

The following r e l a t i o n s  were used i n  the  , re-evaluat ion 
of t he  e a r l i e r  measurements on the  1n115 resonance i n t e g r a l s .  

RIAu l3S  (a13S/u54M Fes [ f ( C R )  - 11 Au 
RI13' F ((5 u t h )  

54M (13) 
(a13S/'54M)Th [ ~ ( C R )  - 1 1  

The. fol lowing c ro s s  s ec t i ons  and measured values  e r e  used: 
Au ~ F M  R I * ~ ,  1530 barns;  ($  u t h )  , 99.4 barns;  ( g  ut  ) -  , 156 barns; 

v ~ e f . ,  8) .  
(g a&)13s# 38.7 hnrrk; '  tJU, 0.985; f m ,  0.957 , . J  

( c R ) ~ ~ ,  2.20; (CR)54M, 2.26; a n d  the. a c t i v a t i o n  c ro s s  s ec t i on  
r a t i o s  from Table V I I I .  The f a c t o r  F takes  i n t o  account the  
dev ia t ion . : f rom. l /v  of the  indium absorpt ion c ro s s  sec t ion  i n  
the  epithermal-subcadmium energy i n t e r v a l .  , I t s  value ws 
determined by numerical i n t e g r a t i o n  and was determfned t o  be 
1.017 f o r  t he  experimental  . f lux spectrum. The r e s u l t a n t  
i n t e g r a l s ,  inc lud ing  the  l / v  component, .are 2550 +80 barns 
f o r  t h e  54M a c t i v k t y  and 650 '30 barns f o r  the  13s a c t i v i t y , .  
o r  a  t o t a l  a c t i v a t i o n  i n t e g r a l . o f  3200 3100 barns .  



The exact  c a l cu l a t i on  of the  epicadrnium resonance 
I n t e g r a l  i s  very labor ious  f o r  a ma t e r i a l  such a s  indium 
where the  wing .of. the  resonance extends i n t o  the  subcadmium 
region.  It can q u i t e  r e ad i l y  be approximated, however, by 
calcula t i .ng the  e n t i r e  resonance i n t e g r a l  by means of 
Equatlon 1.0 f o r  each of the  resonances and sub t r ac t i ng  from 
t h i s  quan t i t y  the  excess of the  resonance i n t e g r a l  over the  
l /v  component i n  the  subcadmi.um region.  This l a t t e r  value 
was obtained by numerical i n t e g r a t i o n  t o  give a ca lcu la ted  
value of 3190 barns f o r  a l l  resolved resonances and the  l /v  
component f o r  a cadmium cutoff  energy of 0.622 ev. This 
compares with the  value of 3213 barns given by ~ e l b e r ' ~ ) ,  
and the  measured value of 3200 + lo0  barns.  

Flux depression f a c t o r s  were ca lcu la ted  f o r  indium' by 
the  same procedure a s  f o r  gold. Only' the  th ree  lowest 
resonances con t r ibu te  pe rcep t ib ly  t o  the  f l u x  deprqssion 
f a c t o r  f o r  the  f o i l  th icknesses  .used. The epicadmium l /v  
component was not  considered separa te ly  s ince  i t s  resonance 
i n t e g r a l  l i e s  c h i e f l y  under the  1.46-ev res.onance. The 
thermal f l u x  depression f a c t o r s  we're ca lcu la ted  with a 
thermal c ross  s ec t i on  value, Oth, of 191 barns.  The 
r e s u l t s  of the  computations a r e  given i n  Table I X  and a r e  
compared t o  the  e a r l i e r  SRL  measurement^(^) i n  Figure 6 .  
The agreement i s  seen t o  be very good over the e n t i r e  
th ickness  range. The r e s u l t s  of Table I X  a l s o  agree c lo se ly  
with .measurements of the  resonance f l u x  depression f o r  
indium given by  rube^' 28 ) . 

TABLE IX 

Computed Resonance and Thermal Depression Factors 
f o r  ~n~~~ Activations i n  an Isotropic  Flux i n  a Cavity 

Natural Indium 
Foi l  Thickness, 

mg/cm2 

Resonance Depression 

F'actor, F Re s 

Thermal Depression 

Factor, F~~ 

1.000 

1.000 

0.999 

0 998 

0.997 

0.993 

0.987 . 

0.976 

0.956 

0.939 . 
0.924 

0.897 
0.850 

0.800 

0.759 

0.720 
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F I G .  6 T H I C K N E S S  C O R R E C T I O N S  FOR CADMIUM R A T I O S  O F  l n ' l 5  A N D  w ' ' ~  F O I L S  
(Isotropic F lux  in Cavi ty )  

New a c t i v a t i o n  measurements were made on t h i n  tungsten 
f o i l s ,  and t he  e a r l i e r  measurements' were re-evaluated on 
the b a s i s  of t he  present  formalism and c ro s s  sec t ions .  The 
ca l cu l a t ed  curve f o r  the  f l u x  depress ion f a c t o r s  i s  shown 
in Figure 6 where i t  i s  compared t o  the  ear l ier -measurements  
The agreement 1s seen t o  be good f o r  a l l  bu t  the  two i n t e r -  
mediate f o i l  th icknesses .  Although the  discrepancy may be 
due t o  an e r r o r  i n  the experiments, i t  i s  more l i k e l y  due 
t o  the  neg lec t  of resonance s o a t t e r i n g  i n  the  calcula t ior i .  
The r a t i o  of resonance ~ c a t t e r i n g  t o  resonance absorptio'n 
1s .much g r e a t e r  than f o r  indium, gold,  and u ~ ~ ~ ,  f o r  which 
the agreement was found t o  be good.. The inc lus ion  of 
s c a t t e r i n g  would tend t o  lower the  ca l cu l a t ed  curve. 
A s l m i l a r  discrepancy,  bu t  of even r e a t e r  magnitude, has 7 been repor ted by o ther  observers (29  . 

The previously  repor ted resonance i n t e g r a l  ( '  ) of w l e 6  has 
a l s o  been re-evaluated.  The ca lcu la ted  cor rec t ion  curve of 
Figure 2 gives  an average value of 2.53 f o r  the cadmium r a t i o  
of zero th ickness  w l e 6  a t  the c e n t r a l  pos i t i on  a s  determined' 
from the  t h r ee  t h innes t  f o i l  p a i r s .   o or the  reasons 
discussed i n  the  sec t ion  on indium, the  24-inch pos i t i on  was 
ignored.)  Using a  thermal c ross  s ec t i on  f o r  w l a 6  of 



35 +3 barns(  '' and making the  comparison t o  the  gold cadmium 
r a t i o  f o r  t h i s  locat ion,  one ob ta ins  a value f o r  the  measured 
resonance i n t e g r a l  of 410 +40 barns ,  including the  14-barn 
l /v  component. Calcula t ions  from the  resonance parameters ( ' ) 
f o r  the  th ree  s t ronges t  resonances by Equation 10 g ives  a 
corresponding value of 464 +56 barns.  Assuming only the  
18.8-ev resonance, Equation 9 g ives  a value of 486 +54 barns  
which becomes 500 f54 barns when the l /v  component 1 3  

included. 

Although the discrepancy between ca l cu l a t i ons  and the  
measured resonance i n t e g r a l  a r e  wi thin  the  combined e r r o r s ,  
an i nves t i ga t i on  was made of poss ible  sources of experimental 
e r r o r .  This i nves t i ga t i on  d i sc losed  t h a t  sh ie ld ing  by cadmium 
could give an erroneously low value f o r  the measured i n t e g r a l .  
Tabulated resonance parameters ( ' ) show t h a t  cadmium has a 
resonance a t  18.5 +0.2 ev which p a r t i a l l y  over laps  and sh i e ld s  
the tungsten resonance a t  18.8 k0.2 ev. Various methods a r e  
ava i l ab l e  f o r  experimental ly determinigg such sh ie ld ing  
e f f e c t s .  The method of varying the  cadmium thickness( ' )  used 
f o r  gold and indium does not  work f o r  overlapping resonances. 
One method, no t  used i n  the p resen t  work, i s  t o  p a i r  the  
tungsten f o i l s  with f o i l s  of a ma t e r i a l  such a s  copper f o r  
which the re  i s  no sh ie ld ing  by cadmium. Normalizations f o r  
t h i s  method a r e  made by simultaneous a c t i v a t i o n s  obtained f o r  
the  two f o i l  ma t e r i a l s  i n  a completely thermalized f l ux .  
Another method, the one used here,  i s  t o  s u b s t i t u t e  a d i f f e r e n t  
f i l t e r  ma t e r i a l  f o r  the cadmium, one f o r  which the sh ie ld ing  
i s  neg l i g ib l e  o r  r e a d i l y  carculabie .  Gadolinium and 
samarium, which would normally be the  b e s t  replacements f o r  
cadmium, a l s o  have resonances neall 10.0 cv,  30 boron was used. 

The boron f i l t e r s  used were determined t o  have an 
e f f e c t i v e  B~~ th ickness  of 9 . 1  mg/cm2 by means o f  the  
experiment described i n  Appendix D. The tungsten f o i l s  
consis ted  of 5 w t  $ WOs dispersed i n  aluminum a t  an average 
turigs L ~ i i  d ens l t y  .o f  3.0 mg/cm2,. Ca.dmiwn r a t i o s  and analogous 
boron r a t i o s  were obtained by the  usual  I r r a d i a t i o n  i n  the  
SP. The measured geometric mean r a t i o s  (from revers ing  t a r e  
and covered f o i l s )  were 2.49 f o r  cadmium and 2.83 f o r  boron 
a t  ".A" pos i t fon  of Figure 1.. The measured cadmium r a t i o  used 
i n  Equation 8, assuming no resonance sh ie ld ing ,  gave a value 
of 38.0 +40 barns  including the  l /v  component based on 
0 t h  = 35 *3  barns.  The ca lcu la ted  co r r ec t i on  t o  zero thick- 
ness  g ives  a corresponding i n t e g r a l  of 394 +40 barns.  
The boron cadmium r a t i o  was converted t o  an idea , l ized un- 
shie lded cadmium r a t i o  by the  following computed transmission 
f ac to r s :  18.8-ev resonance, 0.76; epicadmium l/v, 0.1; 
thermal, 0.030.. These depression.  f a c t o r s  give an equivalent  
i dea l i z ed  cadmium r a t i o  of 2.20, and by means of Equation 8, 



a value. for the resonance integral of 473 barns'for the . 

actual foil thickness. 'Correcting. to zero thickness gives . 
a value of 490 +50 barns including the 14-barn l/v component. 
Comparison of iaealized cadmium ratio to the measured one 
gives a resonance shielding factor of 0.885.. Use of,this 
shielding factor in the earlier measurements ( l9 ) gives a 
resonance integral of 506.+50 barns including the l/v 
component. This, value agrees reasonably well with the.present 
measurement and with the calculated values. 

NEU.TRON SPECTRUM IN THE SP 

The results of the. present experiment strongly support 
the validity of.the assumption of a 1 / ~  epithermal f lux  at 
the cerl,Ler of' t h e  8P The re~onance integrals d e r i v e d .  undeP 
this assumption show good~agreement with measurements taken. 
at other. facilities.where direct me.asurements.of the spectrum 
were made ( 7  J 14) OT where l'iellable . ~pectlium :calculations could 
be .made ( 22) . The agreement holds from' .1.46 ev .for indium to 
2.85 Kev for sodium and also for u2=' and u~~~~ which have 
many resonances distributed over the entire energy range. 
Such agreement would be most unlike.ly'if there were appreciable 
deviation from a 1 / ~  spectrum in the SP. Measurements at the 
center, of the TTR(~~), a factlit9 nearly identical to the- SP, 
also support the assump tion. 

N. P. Baumann 
Experimental Phyoics Division, 



APPENDIX A 

CAlLCULATlON OF FLUX DEPRESSION FACTOR'S 

Thermal f l u x  depression f a c t o r s  a r e  c a l cu l a t ed  with 
Maxwellian-averaged c ross  aect ions  i n  t he  monoenergetic approx- 
imation. Here f l ux  depression f a c t o r s  a r e  def ined a s  the  r a t i o  
of the  a c t i v i t y  pe r  u n i t  mass of a  t h i c k  f o i l  t o  t h a t  which an 
i n f i n i t e l y  t h i n  f o i l  of the  same mate r ia l  would have had under 
i d e n t i c a l  i r r a d i a t i o n  condit ion.  For a n  i s o t r o p i c  and rnono- 
energe t i c  neutron f l u x  incident  on a  s l a b  absorber wi thin  a  
cav i ty ,  the  average f l u x  depression wi thin  t he  s l ab  i s  given 
by the  following r e l a t i o n .  

Here X = N ua where N i s  t he  atom dens i ty  of t he  f o i l  pe r  u n i t  
a rea  and a, i s  the  microscopic absorption c ro s s  s ec t i on  pe r  
atom. The E, funct ion i s  the  exponential  i n t e g r a l  over t he  
inc iden t  angles discussed i n  Appendix D. Numerical values 
f o r  t h i s  funct ion a r e  t abu la ted  by Case(" ), e t  a l .  Equation 1 
i s  s t r i c t l y  t r u e  only f o r  pure absorption;  howeyer, t h e  e r r o r  
introduced by neglect ing s c a t t e r i n g  i s  appreciable  only i f  t he  
s c a t t e r i n g  c ross  s ec t i on  i s  much l a r g e r  than t he  absorption 
c ross  sec t ion .  A p l o t  i s  given i n  Figure 7 f o r  use i n  calcu- 
l a t i n g  thermal f l u x  depression f a c t o r s .  

EPITHERMAL l /v  

The monoenergetic depres'sion f a c t o r ,  f slab, of Equation 1 
appl ies  a t  each energy i f  ua  va r i e s  with energy. For a  f o i l  of 
given th ickness  t he  . a c t i v i t y  of a de t ec to r  f o i l ,  with an 
ac t i va t i on  c ross  s ec t i on  u,(E) i n  an i s o t r o p i c  f l u x  @ ( E ) ,  
r e l a t i v e  t o  t h a t  f o r  an i n f i n i t e l y  t h i n  f o i l  i n  t he  same f l u x  
l o  given by 

where I (N,E)  i s  given by Equation 1. Equation 2 has been 
evaluated f o r  a  l /v  c ross  s ec t i on  i n  a  1 / ~  f l u x  ,between the  
l i m i t s  of Ec and m. The r e s u l t a n t  curve i s  shown i n  Figure 7, 
where the parameter X = N U ( E ~ ) .  Here N i s  i n  t he  atom density 
pe r  u n i t  a r ea  and u(E,)  i s  the  absorption c ro s s  s ec t i on  value 
a t  the  lower energy l ' i m i t  Ec. The t o t a l  epicadmium depression 
i s  obtained by l e t t i n g  E, be equal t o  t he  e f f e c t i v e  cadmium 
cu tof f  eneygy. The curve of Figure 7 may a l s o  be used t o  



determine t he  depression.  f a c t o r  f o r  a  f i n i t e  energy i n t e r v a l  
such a s  t h e  epithermal subcadmium region.  This i s  accomplished 
by no t ing  t h a t  the  depression f a c t o r s  weighted by t h e i r  
r e spec t i ve  d i l u t e  resonance i n t e g r a l s  a r e  add t t i ve .  

RESONANCE FLUX 

Beam Flux, No Doppler Broadening 

The problem of t he  f l u x  depression i n  &-I absorbing s l ab  
has  been solved a n a l y t i c a l l y  f o r  a  s i ng l e  Breit-Wigner resonance 
i n  t he  absorber  with a  beam f l u x  a t  normal incidence t o  the  
s l a b  su r f ace (27931 ) .  . A f l u x  constant  with energy i s  assumed. 
Consider a  s l a b  of t o t a l  th ickness  X with N ( X )  atoms per  un i t  
a rea .  A t  a  d i s tance  Xo from the  f r o n t  face ,  with N ( X 0 )  atoms 
p e r  11n1 k a r e a  between that po in t  and tho f r o n t  f acc ,  the 
depress ion a t  t h a t  po in t  i s  given by 

max 
X = N ( X o )  da  

0 

rnax 2.6036 x  lo6  'n r~ 
d - - 

a  E 
0 

r2 

where I. i s  a  modified Bessel func t ion  of t h e  first kind. T h i s  
func t ion  i s  f r equen t l y  designated a s  a  ~ e s s e l  funct ion with an 
imaginary a s  ~ ~ ( i x ) .  The average depression over 
t h e  whole f o i l  i s  obta ined by averaging Equation 3 over t he  
t o t a l  f o i l  th ic lmess .  The r cou l t  13  

max 
X = N ( X )  oa 

where I1 i s  a l s o  a  modified Bessel func t ion  of the f i r s t  kind 
and i s  f r equen t l y  des igna ted(32)  as  - i ~ ~ ( i x ) .  The f l u x  
depress ion f a c t o r s  obta ined from Equation 6  a r e  p l o t t e d  i n  
Figures  7 and 8. 

I so t rop i c  Flux, No Doppler Broadening 

The f l u x  depression f o r  i s o t r o p i c  f l u x  incidence i s  
complicated by .the i n t e g r a t i o n  over angles. .  Such computations 
have been performed numerically(  27 ) . Useful approximations 
a r e  a v a i l a b l e ( 2 7 )  i n  terms of t he  e f f e c t i v e  f o i l  th ickness  



FIG. 7 FLUX DEPRESSION FACTORS FOR THIN FOILS WITH NO DOPPLER BROADENING 



FIG. 8 RESONANCE FLUX DEPRESSION FACTORS FOR 
THICK FOILS WITH NO DOPPLER BROADENING 



max 
X = N ua , f o r  very t h i n  o r  very th ick  f o i l s .  

The calculated depression fac tors  are  shown i n  Figures 7 and 8. 

Isotropic  Flux with Doppler Broadening 

Tabulated resonance parameters are  given i n  terms of the 
r e l a t ive  motion of the neutron and t a rge t  atom. When it is  
desired t o  make calculat ions i n  terms of the  neutron energy 
alone, some corrections must be introduced f o r  any motion of 
the t a rge t  atoms. Ordinarily this '  i s  thermal motion with a 
Maxwellian veloci ty  d i s t r lbu t ion  i so t ropic  i n  direction. Here 
the correct ion serves t o  broaden the width and reduce the 
maximum cross section of the Breit-Wigner resonance. Solutions 
sf the Doppler broadening problem have been obtained i n  various 
approximations ( 5 '  I .  For the present purpose, the r e s u l t s  of 
computations performed by Roe(S") as  presented by Stewart and 
 wei if el'^ ) appear the most su i tab le .  They express these r e s u l t s  
i n  terms of the parameter z, where 

2V 
T = -  

max 
s Na 'a 

Here V i s  the volume, and S i s  the t o t a l  surface area of the  
absorbing material, Na i s  the volume density ur absorber atoms, 
and nza the peak resonance absorption cross  section. For an 
i n f i n i t e  s lab,  z = X as  defined i n  the preceding section. For 
f o i l s  with a non-negligible edge surface, the more general form 
i s  used. With Doppler broadcning, the  depression f ac to r  cannot 
be calculated from T alone. The added complexity may be 
expressed i n  terms of the s ingle  parameter 8 ,  

where Eth i s  the  temperature of the absorber i n  un i t s  of 
e lec t ron  vol t s ,  E, i s  the  resonance energy, A i s  the r a t i o  of 
absorber t o  neutron masses, and r i s  the t o t a l  react ion width 
of the resonance. The r e s u l t s  f o r  s l ab  geometries are  
reproduced i n  Figures g and 10. Note t h a t  f o r  8 = 0, these 
curves coincide with the appropriate curves i n  Figures 7 and 8. 
Curves have a lso  been computed f o r  resonance f l u x  depressions 
i n  cylinders and spheres with Doppler broadening included( 399 ) . 



FIG. 9 RESONANCE FLUX DEPRESSION FACTORS FOR THIN FOILS 
WlTH DOPPLER BROADENING INCLUDED 
(From Roe, Ref. 33, and Stewart and Zweifel, Ref. 6) 

FIG. 10 RESONANCE FLUX DEPRESSION FACTORS FOR THICK FOILS 
WITH DOPPLER BRCADENING INCLUDED 
(From Roe, Ref. 33, and Stewart and Zweifcl, Ref. 6) 
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When the product of the  r a t i o s  of measured a c t i v i t i e s  i s  taken, 
the  time f ac to r s ,  f ,  and the  e f f i c i e n c i e s  cancel  out  exac t l y  
and one has the  following expression f o r  the  cadmium r a t i o .  

This method has the  advantage t h a t  n e i t h e r  the times, 
nor the  time i n t e r v a l s  need be known p rec i s e ly .  Simultaneity 
of time i s  a l l  t h a t  i s  required.  



APPENDlX D 

DETERMINATION OF THE EFFECTIVE RESONANCE ENERGY FOR ~0~~ AND Moloo 

F o r  resonance  d e t e c t o r s  w i t h  one o r . t w o  s t r o n g  resonances ,  
t h e  e n e r g i e s  of t h e  resonances  may be deterniined by i r r a d i a t i n g  
a s e t  o f  uniform f o i l s  o f  t h e  d e t e c t o r  m a t e r i a l  i n  a  beam of  
e'picadmium n e u t r o n s  w i t h  va ry ing  t h i c k n e s s e s  o f  B1° a b s o r b e r  
m a t e r i a l  i n t e r p o s e d  between t h e  f o i l s  and t h e  neu t ron  sou rce .  
F o r  a l / v  a b s o r b e r  such a s  B l O ,  t h e  e f f e c t i v e  a 'bsorber  t h i c k -  
nes s ,  Y = [ N  aa ( I I ) ] ,  depends on t h e  a b s o r b e r  atom d e n s i t y  p e r  
u n i t  a r e a ,  N, and yn t h e  a b s o r p t i o n  c r o s s  s e c t i o n ,  o a ( E ) ,  
which v a r i e s  a s  E-Z. For  a  ~ i n ~ l e ' r e s o n a n c e  t h e  measured f o i l  
a c t i v a t i o n s  v a r y  w i t h  abso rbe r  t h i c k n e s s  a s  exp ( -Y) .  S ince  
t h e  amount o f  boron and i t s  thermal  c r o s s  s e c t i o n  a r e  known, 
measurement o f  Y un ique ly  de te rmines  t h e  l -e80n~noe c i ~ e ~ ~ g y .  
Under i d a a l  oondl  l i o n s  o f  rcsunance s t r e ~ f i t h  and spac ing ,  
measurements: ca.n a l o o  be ana lyzed  t o  o b t a i n  t h e  e n e r g i e s  o f  
two o r  more resonances  f o r  a  g iven  d e t e c t o ~ .  

Ep l the rma l  beam f l u x e s  o f  a u f f i c l e n t  s t r e n g t h  t o  de te rmine  
t h e  resonance  energy  o f  MO" were n o t  a v a i l a b l e  from t h e  SP 
so  a  method was dev i sed  f o r  making a s i m i l a r  a n a l y s i s  i n  a n  
l o o t r o p i c  f l u x .  Cons ider  a  d e t e c t o r  f o l l  whose e f f e c t i v e  
a b s o r p t i o n  t h i c k n e s s  i s  X = N oa, where N and aa  now r e f e r  t o  
t h e  d e t e c t o r  f o i l .  The f o i l s  a r e  encased i n  a  p i l l b o x  o f  
B1° a b s o r b e r  whose t h i c k n e s s  on each  f a c e  i s  Y, d e f i n e d  a s  f o r  
t h e  beam f l u x .  A t  a  g iven  a n g l e  8  t o  t h e  normal,  t h e  i n c i d e n t  
f l u x  i s  a t t e n u a t e d  by a f a c t o r  exp ( - ~ / c o s  8 )  a t  t h e  d e t e c t o r  
f o l l  s u r f a c e  and t h e  s o l i d  a n g l e  of  t h e  i n c i d e n t  f l u x  i s  
g iven  by 27T s i n  8  d8. The e f f e c t i v e  s u r f a c e  a r e a  normal t o  
t h e  d i r e c t i o n  of  i nc idence  i s  reduced by a f a c t o r  of  cos  8. 
The f r a c t i o n  of  t h e  neu t rons  r each ing  t h e  d e t e c t o r  f o i l  which 
are absorbed  i n  t h e  f o i l  1 3  g iven  hy [ l  - exp ( - ~ / c o s  @ ) I .  
Combin.ing t h e  terrns and c a n c e l l i n g  o u t  t h e  c o n s t a n t  f a c t o r ,  
27r, one o b t a i n s  t h e  fo l lowing  r e l a t i o n  f o r  t h e  r e l a t i v e  
a c t i v i t y  o f  an  a r b i t r a r y  t h i c k n e s s  f o i l  i n s i d e  a v a r i a b l e  
t h i c k n e s s  cover .  

Y n - -  
cos  8  f e -  - 

c o s  8 
c o s  8  s i n  8  (1 - e  1 do 

A 

"" 
- -  

c o s  8  
cos  8  s i n  8  (1 - e  d@ 

0 



The E  f u n c t i o n s  a r e  t h e  exponen t i a l  i n t e g r a l s  which a r e  
t a b u l a t e d  by Case ( 30 ) , e t  a 1  . They a r e  g i v e n  a n a l y t i c a l l y  a s  

X 
c o s  8  cosn-2 

E n  ( x )  E I""~-- 8 s i n  8  do ( 2  

For  resonances,  Equat ion 1 depends s e n s i t i v e l y  on energy  s i n c e  
X i s  p r o p o ~ t i o n a l  t o  t h e  f o i l  c r o s s  s e c t i o n  which v a r i e s  
s t r o n g l y  w i t h  energy  a t  a  resonance.  The energy  average o v e r  
a  resonance i s  i n  g e n e r a l  a  d i f f i c u l t  problem. I n  t h e  l i m i t i n g  
c a s e  of  an ex t remely  t h i n  f o i l ,  Equat ion 1 becomes ~ ( x , Y )  = 

E,(Y) and i n  t h e  l i m i t  o f  a  t h i c k  (opaque).  f o i l  it becomes 
~ ( x , Y )  = 2 E 3 ( ~ ) .  Fo r  a  d e t e c t o r  f o i l  o f  i n t e r m e d i a t e  t h i c k n e s s ,  
a  c l o s e  approximation t o  t h e  energy average of  X i s  g iven  by 
t h e  c o n s t a n t  va lue  o f  X which would g i v e  t h e  same resonance 
se l f ' - sh i e ld ing  f o r  a  b a r e  f o i l .  Th i s  va lue  i s  o b t a i n e d  from 
Equat ion 1 of Appendix A and t h e  measured s e l f - s h i e l d i n g  f a c t o r .  

Fo r  t h e  measurement of  t h e  e f f e c t i v e  resonance energy  
f o r  t h e  molybdenum i s o t o p e s ,  abso ' rbers  were i n  t h e  form of  
18 w t  $ B ~ O  i n  aluminum i n , s h e e t s  w i t h  a  nominal t h i c k n e s s  of  
0.010 inch .  The boron was i n  t h e  form of  f i n e l y  ground boron 
powder g r a n u l e s  d i s p e r s e d  i n  t h e  aluminum ma t r ix .  The 
heterogeneous n a t u r e  of  t h e  abso rbe r  f o i l s  n e c e s s i t a t e d  t h e  
de t e rmina t ion  of  t h e  e f f e c t i v e  abso rbe r  t h i c k n e s s  f o r  each  
f o i l  packet .  For  t h i s  purpose, go ld  f o i l s  o f  t h i c k n e s s  
10 rng/cm2 and t u n g s t e n  f o i l s  of  t h i c k n e s s  52 mg/cm2 were 
p l aced  a d j a c e n t  t o  t h e  molybdenum f o i l s  i n s i d e  t h e  abso rbe r  
p i l l b o x .  The n a t u r a l  molybdenum f o i l s  had a  t h i c k n e s s  of  
13.5 mg/cm2 (0.0005 i n c h ) .  The p i l l b o x e s  were made from 
l amina t ions  of 0.625-inch D f o i l s .  A c a v i t y  f o r  t h e  s t a c k .  of  
d e t e c t o r  f o i l s  w a s  formed by removing an 0.500-inch D d i s c  
from t h e  c e n t e r  of  one of  t h e  l a r g e r  boron-aluminum f o i l s .  
Four, three., two, one, o r  no boron-aluminum f o i l s  were then  
p l aced  on e i t h e r  s i d e  o r  t h e  d e t e c t o r  f o i l s .  Cadmium d i s c s  
0.020 i n c h  t h i c k  on bo th  f a c e s  completed t h e  cove r  packet .  The 
i r r a d i a t i o n s  were performed i n  t h e  a i r - f i l l e d  c e n t r a l  c a v i t y  of 
t h e  SP.  The f i v e  f o i l  packs were e q u a l l y  spaced on t h e  r o t a t i n g  
aluminum d i s c  d e s c r i b e d  e a r l i e r .  

The a c t i v i t i e s  o f  t h e  d e t e c t o r  f o i l s  were counted  on 
sodium i o d i d e  s c i n t i l l a t i o n  c o u n t e r s .  A f t e r  c o r r e c t i n g  f o r  
minor v a r i a t i o n s  i n  f o i l  weights ,  t h e  a c t i v i t y  of  each  f o i l  
r e l a t i v e  t o  t h e  f o i l  covered on ly  by cadmium was determined.  
These a c t i v i t y  r a t i o s  a r e  shown i n  F igu re  1 2 .  The g o l d  f o i l  
a c t i v i t i e s  were used t o  determine t h e  e f f e c t i v e  t h i c k n e s s  of  
t h e  boron cove r s .  The curve f o r  t h e  g o l d  f o i l s  was c a l c u l a t e d  
from Equat ion 1 w i t h  X = 0.30. Addi t iona l  cu rves  f o r  g o l d  a r e  



shown i n  Figure 1 2  f o r  t he  l i m i t i n g  cases  of very t h i n  and 
opaque f o i l s  t o  i nd i ca t e  the  in termediate  th ickness  of bkie' 
f o i l s  used. The measured gold a c t i v i t i e s  were p l o t t e d  on the  
ca l cu l a t ed  curve t o  g ive  the  e f f e c t i v e  boron cover th ickness .  
A s  a  check of t h e  method, the  measured w l S 6  a c t i v i t i e s  were 
c.ompared t o  c a l cu l a t i ons .  From Figure 12, t he  agreement i s  
seen t o  be wel l  wi th in  t he  experimental e r r o r s .  The .measured 
molybdenum a c t i v i t i e s  do not agree f o r  e i t h e r  i so tope .  The 
most l i k e l y  explanat ion of t he  discrepancy i s  t h a t  each isotope 
has add i t i ona l  s t rong resonances o t h e r  thah t he  s i ng l e  s t rong 
resonance t abu l a t ed  f o r  each( 279'1 ) . For MolOO the  experiment 
i n d i c a t e s  f u r t h e r  high energy resonances a t  e n e r g i e s  above those  
of the'  resolved resonances. For MO." a n  add i t iona l  resonance i n  
t h e  energy range from 70 t o  200 ev i s  ind ica ted .  A n  acc iden ta l  
colncldence 'o f  such a  'resknlulce with t h e  ~ 0 " ~  rcaonance a t  75 ev 
o r  t h e  MoS7 resonance a t  1.33 ev seems most l ike ly . ,  The presence 
of such a  low energy resonance f o r  MoS8 has a l so  been ind ica ted  
by exgerimcnto performed by ~ u r r '  20 ) from the  . method of boron 
absorpt ion i n  beam geometry. 

Effective B" Thickes:, mg/cm2. 

FIG. 12 SHIELDING OF RESONANCE DETECTOR FOILS BY BORON COVERS 
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