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SUMMARY ' 

Both t heo re t i c a l  and experimental work on se l f -shie lding i n  a 

s tack of 5 m i l  gold f o i l s  i s  reported.  The t heo re t i c a l  work assumes 

f i r s t  f l i g h t  encounters of neutrons from an i so t rop ic  f lux  i n  a t h i n  

i n f i n i t e  s l ab .  Formulas f o r  t h e  perturbed f l u x  and f o r  t h e  induced 

a c t i v i t y  a r e  derived. Calculated a c t i v i t i e s  are then f i t t e d  t o  t h e  

observed a c t i v i t i e s .  This procedure i s  thus an extension of t h e  
\ 

sandwich f o i l  technique. 

A s i gn i f i c an t  conclusion t o  be drawn from these  r e s u l t s  i s  t h a t  

t h i s  technique provides a means f o r  measuring f l ux  spec t ra  by t h e  use 

of stacks of f o i l s  of r e l a t i v e l y  few absorbers. The technique does not 

depend on t h e  existence of an i so l a t ed ,  high-intensity resonance and 

no correction forbackground cross sect ions  i s  needed. A l a rge  number 

. . of f o i l s  of a small number of absorbers replaces a few f o i l s  of a 

l imi ted  number of su i t ab l e  absorbers. Thus, t h e  number of points  i n  

a spectrum can be increase& beyond t h e  l i m i t  f ixed by t he  a v a i l a b i l i t y  

of su i t ab l e  absorbers. 

This repor t  forms t he  bas ic  reference f o r  addi t ional  work with 

other absorbers and mixtures. of absorbers. . 
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SELF-SHIELDING I N  STACKED FOILS 

R.  G.  Nis le  and Y .  D. Harker 

I. INTRODUCTION 

The problem of flux-spectrum evaluat ion i n  f a s t  breeder r e a c t o r s  

i s  somewhat more complicated than i n  t h e  case of thermal r e a c t o r s .  The 

f l u x  v a r i a t i o n  with energy follows no simple d i v i s i o n  i n t o  Maxwellian 

and 1/E funct ions .  A l a r g e  v a r i e t y  of computer codes have, the re fo re ,  

been devised t o  so lve  t h i s  problem. The experimental confirmation of 

r e s u l t s  ca lcu la ted  by these  codes can be accomplished by two poss ib le  

methods: instrumental  methods, of which t h e  proton-recoil  technique 

i s  one, and a c t i v a t i o n  methods such as  t h e  sandwich f o i l  and threshhold 

detec tor  techniques. Time-of-flight methods, while t h e o r e t i c a l l y  

poss ib le ,  a r e  sub5ec.L t o  p r a c t i c a l  d i f f i c u l t i e s .  

The problem of der iv ing f l u x  spectrum information by unfolding 

i n t e g r a l  da ta  based on a c t i v a t i o n  measurements can be we l l  handled by 
[ 2 I such computer codes a s   INSPECT'^] o r  SAND I1 . 

A t  energies above 1 keV, cross  sec t ions  a r e  genera l ly  smal l  enough 

t h a t  se l f - sh ie ld ing  i s  not usual ly  thought t o  be a problem. Results  

repor ted  here ,  however, show t h a t  se l f -sh ie ld ing does e x i s t  i n  gold 

f o i l s  a s  t h i n  as 5 m i l s  f o r  energies i n  t h e  keV range. Thus, s e l f -  

sh ie ld ing ,  i . e .  sh ie ld ing  of t h e  inner  l aye r s  of  a  f o i l  by su r face  and 

near su r face  l a y e r s ,  can be  used t o  measure t h e  f l u x  a t  these  energies.  

The sanbwich f o i l  technique13] i s  one example i n  which se l f -sh ie ld ing 

i s  used t o  obta in  f l u x  spectrum information. 

The work discussed i n  t h i s  r epor t  i s  a g e ~ ~ e r a l i z a t i o r l  of t h e  

se l f -sh ie ld ing problem a s  it app l i e s  t o  i t s  use i n  t h e  measurement of 

f l u x  spec t ra .  The theory t h a t  i s  developed appl ies  t o  t h e  e n t i r e  

neutron. energy range from thermal t o  f i s s i o n .  Within t h e  l i m i t a t i o n s  

of t h e  theory ,  t h e  se l f - sh ie ld ing  can be ca lcu la ted  f o r  any e n e r a .  



1. Assumptions and Limitations 

The theory i s  based on the  following assumptions and i s  subject  t o  

t h e  consequent l imi ta t ions .  

(1) Only f i r s t  f l i g h t  encounters a r e  considered. The theory i s  

thus l imi ted  t o  thicknesses l e s s  than those i n  which second encounters 

can be expected t o  be s i g n i f i c a n t .  

( 2 )  The f l u x  i s  assumed t o  be i so t rop ic  and s c a t t e r i n g  events a r e  

a l s o  assumed t o  be i so t rop ic .  Thus t h e  i ~ o t r o p y  of t h e  f l u x  i s  not 

destroyed by s c a t t e r i n g .  

( 3 )  I n e l a s t i c  s c a t t e r i n g  i s  assumed t o  be negl ig ib le .  This 

assumption l i m i t s  t h e  a p p l i c a b i l i t y  t o  r e l a t i v e l y  heavy elements and 

t o  those with no strong i n e l a s t f c  s c a t t e r i n g  resonances. 

( 4 )  I n f i n i t e  s l a b  geometry i s  assumed. This assumption l i m i t s  

t h e  theory t o  f o i l s  t h a t  a r e  t h i n  r e l a t i v e  t o  t h e i r  o ther  dimensions. 

2. Derivations - of Equations 

The geometry of t h e  problem i s  shown i n  Figure l a .  Consider t h e  

ne i t ron  densi ty,  n, i n  an element of volume, dV and ca lcu la te  t h e  number 

a t  t h e  element of a r e a , d a  i n  t h e  surface  of t h e  slab, '  a r r i v i n g  from 

t h e  d i r e c t i o n  spec i f i ed  by t h e  angles 8 and c p .  The number of neutrons 

i n  t h e  volume dV t h a t  cross t h e  element of a rea  da i s  n d ~ c o s 8 d a / 4 l ~ r ~ .  

.But dV = r2sin0d0d.cp: dr. By s u b s t i t u t i n g  dV and i n t e g r a t i n g  qver t h e  ha l f -  

sphere, one ge t s  t h e  neutron current  cross ing da from one s i d e  i n  time d t .  

nv 
sin0cos0d0= da, (1). 

where r = vdt  i s  t h e  d is tance  a l l  neutrons having t h e  speed, v ,  t r a v e l  

i n  t h e  time d t .  

These neutrons en te r  t h e  f o i l  and some a r e  absorbed. The number 

a r r i v i n g  a t  da'  from t h e  plane source a t  t h e  surface  of t h e  f o i l  i s  

ca lcula ted  i n  a  s imi la r  manner. The geometry i s  shown i n  Figure l b .  

Of t h e  neutron current  given by Eq. 1, those moving i n  t h e  d i r e c t i o n  

0 a r e  given by t h e  s o l i d  angle f r a c t i o n  a s  before,namely, 

da' c o s 0 / 2 1 ~ ( z / c o s 8 ) ~ .  Those absorbed i n  a  s l a b  of thickness dz a r e  

C ~ ~ Z / C O S ~ ,  and t h e  absorption from t h e  surface t o  z  i s  e q ( - ~ ~ z / c o s 0 ) .  
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Figure 1. I n f i n i t e  s l a b  geometry f o r  f o i l s  i n  an i s o t r o p i c  f l u x .  



Thus t h e  neutron absorption r a t e  i n  t h e  s l a b  dz i s  

But da = rd.V.dr, r = z  sin8/cos8, d r  = z  d8/cos28 . 
Hence, t h e  absorption i n  dz i s  

In tegra t ion of Eq.  2 over the  r i g h t  half-sphere and t h e  thickness z2-zl 

may be ca r r i ed  out  thus 

By making t h e  s u b s t i t u t i o n  u = l /cos8,  t h e  two i n t e g r a l s  a r e  converted 

t o  a  form t h a t  i s  recognizable as an exponential i n t e g r a l  of t h e  second 

order .  Hence 

It w i l l  be remembered t h a t  t h e  neutron absorption r a t e  given by Eq.3 

was calcula ted  f o r  neutrons a r r i v i n g  from t h e  r i g h t  half-sphere. The 

to ta1 ,absorp t ion  r a t e  due t o  an i s o t r o p i c  f l u x  w i l l  then be t h e  sum of 

absorption of  neutrons a r r i v i n g  from both r i g h t  and l e f t  half-spheres. 



where b = t h e  t o t a l  thickness of t h e  s t ack  of f o i l s .  

As wr i t t en ,  Eq. 4 r e f e r s  t o  an element of a rea  d a ' .  Eq. 4 may be 

summed over t h e  e n t i r e  a rea  of a f o i l  of thickness Az = z2-zl. and 

expressed i n  terms of t h e  weight, m of t h e  f o i l ,  

m = pA Az r ( 5 )  

where p = densi ty ,  and.Ar i s  t h e  area  of t h e  f o i l .  By s u b s t i t u t i o n ,  

Eq. 4 becomes 
~ l d t  = ~ m ( n v ) / 4 ~ ~ z ]  {z2-zl) , ( 6 )  

where { z 2 - z l t  has been subs t i tu ted  as  an abbreviat ion f o r  t h e  bracketed 

term i n  Eq. 4. . 

But U / d t  i s  simply t h e  production term, Nlal(nv) i n  t h e  equation 

U / d L  = N ~ O ~ ( ~ V ) - X ~ N ~  . ( 7 )  
Also remember t h a t  N1 = mNo/Awt, where m = weight of f o i l  

N = Avogadro's number 
0 

Awt = atomic weight of t h e  
i so tope i n  quest ion.  

Then l e t  = Awt { z ~ - z ~ ) / ~ N ~ P A ~  

Eq. 7 may the re fo re  be w r i t t e n  

which has t h e  wel l  known so lu t ion  

N~ = N l o  Q (nv) exp [ -anv) t ]  - exp ( - h 2 t )  . 
A A - a (nv) I 

@ i s  of t h e  order of 

nv i s  of t h e  order of 10' 

t i s  of t h e  order of l o 4 ,  
hence, (nv)  t i s  of t h e  order of 10- lo ,  

and exp r-%nv)t] ' 1.0.  



For gold A 2  = 2.967 x sec- l .  

Theref o re ,  

But, s ince  A 2  i s  a l s o  small ,  t h e  exponential  can be approximated by t h e  

f i r s t  two terms i n  i t s  expansion. 

Therefore, 

N2  P ~~~e ( n v ) t  , 

and t h e  a c t i v i t y  a t  t h e  end of  t h e  i r r a d i a t i o n  time, te, is  

which reduces t o  

Eq. 8 expresses t h e  a c t i v i t y  a t  t h e  end of  an i r r a d i a t i o n  of t e  
seconds durat ion f o r  a  neutron dens i ty ,  n  of neutrons having a  speed, 

v. We now def ine  t h e  in teg ra ted  f l u x  i n  a  i n t e r v a l  v2-vl, thus  

The index, i ,  r e f e r s  t o  t h e  i - t h  i n t e r v a l  ( V ~ - V ~ ) ~ .  Although t h e  

de r iva t ion  j u s t  given has been i n  terms of  t h e  va r i ap le ,  v ,  t h e  

a c t u a l  ca lcu la t ions  were made, f o r  p r a c t i c a l  reasons,  by use of .Qi 

i n  terms of le thargy u n i t s .  The conversion i s  w e l l  known and need 

not  be repeated.  

After  making t h e  above s u b s t i t u t i o n s  and summing over a l l  groups 

t h e  ca lcu la ted  a c t i v i t y  of an. i r r a d i a t e d  f o i l  a s  given by Eq. 4 

becomes : 

where D r e f e r s  t o  a  ca lcu la ted  d i s i n t e g r a t i o n  r a t e ,  which i n  t h e  follow- 
C 

i ng  w i l l  be equated t o  a  measured d i s i n t e g r a t i o n  r a t e  Dm t o  f i n d  a  value 

f o r  @ . 
0 



3. Cnlcu.lntional Proced.ure 

The code used to calculate the exponential integrals used a series 

expansion''' as follows : 

For large values of the argument, the series expansion becomes 

unsatisfactory since the value of the function approaches the conver- 
[ 4 1  gence criterion. In such cases, a continued fraction expansion 

gives values to several significant figures with relatively few terms. 

The expression used is 

It was found that thirty terms were sufficient to give better than nine- 

place accuracy for arguments as small as one. For arguments larger 

than one, fewer terms are required. For example; ten terms are 

sufficient to give better than nine-place accuracy for arguments of 

fifteen and larger. That is, the exponential integral is calculated 

to nine significant figures though the absolute value is of the order 

of 10-l1 for an argument of twenty. Hence c was set to thirty. 

x' represents all subsequent terms of the form 

x1 = x + X" (n +' c)/(xl' + c + 1). 

To get the program started, x"is taken equal to the argument, x. x' is 

then calculated from the recursion relation above, and c is decremented 

by unity until c = 0. The result is the bracketed term in Eq.. 10. 

A Digital Equipment Corporation PDP-15 was programmed by means of 



the  FOCAL system t o  ca lcu la te  Dc by Eq. 9 .  The input consis ts  of t he  

group averaged cross sect ions  f o r  t he  absorber i n  question, t he  measured 

a c t i v i t i e s ,  a  f i rs t -guess  f l ux  spectrum, f o i l  thickness and number, 

i r r ad i a t i on  exposure time, o ther  absorber parameters such as density and 

atomic weight, and t he  decay constant of t he  r e su l t i ng  radioact ive  

isotope.  The output consis ts  of t h e  calcula ted a c t i v i t i e s  of hal f  of 

the  f o i l s  i n  the  s tack ( i dea l l y  the  a c t i v i t i e s  a r e  symetrical  about t he  

cen t e r ) ,  the  in tegrated f l ux ,  4, i n  each f o i l ,  t h e  average in tegrated 

f l u x  and i t s  standard deviat ion,  and t he  measured t o  ca lcula ted a c t i v i t y  

r a t i o s  f o r  each of the  f o i l s .  The normalized f l u x  spectrum used t o  make 

these  calcula t ions  may be p r in ted  out  i f  desired.  

To get  the  in tegrated f lux ,  +o from Eq. 9, t he  ca lcula ted value of 

all terms on t he  r i g h t  except +,,is equated t o  t he  measured a c t i v i t y  of 

t he  f o i l  i n  question. A value f o r  4, i s  thus obtained f o r  each f o i l .  

These +o ' s  a r e  averaged and t h e  average i s  used t o  ca lcu la te  a D f o r  
C 

each of the f o i l s .  I f  a  good choice of C i l s  has been made and i f  the re  

a r e  no e r r o r s . i n  any of t he  other parameters then a l l  t h e  + ' s  should 
0 

be equal t o  one another. Errors i n  the  parameters and bad choices of 

t h e  C . ' s  show up i n  unequal + ' s  and l a rge  di f ferences  between Dm and 
1 0 

Dc. 
The i n i t i a l  guess i s  then modified i n  any manner t h a t  seems 

appropriate t o  cause the  4 's t o  be equal and t h e  Dm and D 's  t o  be 
0 C 

equal. 

I n  t h i s  work an evaluated composite f l u x  derived from other  

sources 15] was used f o r  energies above 10 keV. The f l u x  below t h i s  

energy was then adjusted u n t i l  an acceptable match was obtained. 



111. RESULTS AND DISCUSSION 
cz9 

Table I contains the experimental data and Table I1 lists the gold 

cross-sections that were'used. Sample numbers 1, 2, 3, 10, and 13 

consisted of stacks of 20 each of 5 mil gold foils, 3/8 inch in diameter. 

These were.irradiated under various conditions in the CFRMF as described 

below. 

TABLE I 

EXPERIMENTAL DATA -- 20 FOIL STACK 

Sample Numbers 

No. - 1 2 3 10 13 

(cts/s/mg> (cts/s/mg) (cts/s/w) (cts/s/mg) (cts/s/mg) 



TABLE I1 

GROUP AVERAGED CROSS SECTIONS FOR GOLD 

Group 
No. o (n  ,y ) barns 

2.261 E-2 
2.726 E-2 
3.306 E-2 
4.010 E-2 
4.917 E-2 
6.026 E-2 
7.355 E-2 
8.607 .E-2 
9.563 E-2 
0.1026 
0.1127 
0.1374 
0.1740 
0.2123 
0.2535 
0.2917 
0.3140 
0.3218 
0.3251 
0.3287 
0.3464 
0.4067 
0.4998 
0.6160 
0.7603 
0.9418 
1.141 
1.368 
1.628 
1.933 
2.315 
2.790 
3.381 
4.114 

Group 
No. 

35 
3 6 
37 
3 8 
39 
4 0 
4 1 
42 
43 
44 
4 5 
46 
47 
4 8 
4 9 
50 
51 
52 
53 
54 
5 5 
5 6 
5 6 
5 8 
5 9 
6 o 
61  . 
6 2 
6 3 
6 4 
6 5 
66 
67 
68 

Sample densi ty  = 19.32 g/cc 

Atomic weight = 196.957 

Decay constant  = 2.9757 x sec-' 

~ ( n , ~ )  barns 

5.020 
6.134 
9-9-24 

11.52 
15.79 
14.23 
16.89 
16.58 
14.69 
66.36 
22.34 
7.249 
0.9047 

16.96 
131.6 

0.8222 
0.3257 
0.3388 
0.5858 
1.067 
2.338 
6.417 

26.24 
723.4 

5004.00 
102.8 
46.44 
32.33 
26.99 
24.87 
24.24 
24.60 
25.78 
27.55 

Group s t r u c t u r e  i s  t h a t  of t h e  PHROGreactor code, and t h e  group- 

averaged cross  sec t ions  a r e  those obtained by use of tha t  code w i t h  

ENDFIB cross sec t ions .  



Sample 1. During the  i r r a d i a t i o n  of t h i s  sample, t h e  ends of the  

experiment hole were closed with b o r a l  and U-238 t o  e l iminate  any thermal 

f l u x  t h a t  might en te r  from an a x i a l  d i r ec t ion .  The f o i l s  were o r i en ted  

perpendicular  t o  t h e  r eac to r  v e r t i c a l  a x i s .  

Sample 2. The i r r a d i a t i o n  condit ions were s imi la r  t o  those f o r  

Sample 1, except t h a t  a  bora l  and l e a d  plug was used i n  t h e  ends of t h e  
/ 

experiment hole.  

Sample 3. This s t ack  of  f o i l s  was i r r a d i a t e d  i n  t h e  CFRMF with 

t h e  ends of t h e  experiment hole  open. I n  each of these  f i r s t  t h r e e  

i r r a d i a t i o n s ,  t h e  s t acks  were placed i n  an aluminum holder .  

Sample 10. This sample was a l s o  i r r a d i a t e d  i n  a  hor i zon ta l  

pos i t ion ,  bu t  was mounted i n  a  paper holder  r a t h e r  than i n  an aluminum 

one. 

Sample 13. This sample was o r i en ted  p a r a l l e l  t o  t h e  v e r t i c a l  ax i s  

of t h e  r eac to r  during i r r a d i a t i o n ,  and t h e  ends of t h e  experiment hole  

were closed with a  b o r a l  and U-238 plug.  

Figures 2  t h o u g h  6 show a  comparison between measured a c t i v i t i e s  

and those  ca lcula ted  as  described above. The average $,'s f o r  each 

s t ack  of f o i l s  a r e  given i n  Table 111. The e r r o r  l i m i t s  a r e  s tandard 

deviat ions of twenty values about the  averages. 

TABLE I11 

INTEGRATED FLUXES 

Sample No. 

1 
2 
3  

10 
13 . 

The average cross  sec t ion  f o r  t h i s  f l u x  d i s t r i b u t i o n  was found t o  

be 0.252 b.  The r e s u l t i n g  normalized f l u x  i s  shown i n  Figure 7. It 

w i l l  be noted t h a t  the  f l u x  l e v e l  drops o f f  sharply below 10 keV. 
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Figure 3. Comparison of calculated .with experimental activities for 
Sample 2. 



Figure 4. Comparison of ca lcu la ted  wi th  experimental a c t i v i t i e s  f o r  
Sample 3 .  

Figure 5. Comparison of ca lcu la ted  wi th  experimental a c t i v i t i e s  f o r  
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Figure  7. .Flux spectrum der ived  from pro ton- recoi l  d a t a ,  t h re sho ld  
f o i l  data, r e a c t o r  code c a l c u l a t i o n s ,  and s tacked  f o i l  
da t a .  



I V .  CONCLUSION 

The r e s u l t s  i n d i c a t e  t h a t  se l f -sh ie ld ing i n  a  s t ack  of absorber 

f o i l s  can be used t o  der ive  f l u x  spectrum information from a c t i v a t i o n  

da ta .  The computer program used i n  t h i s  work t o  c a l c u l a t e  t h e  f i t s  t o  

t h e  measured a c t i v i t i e s  d id  not  inc lude  a  systematic convergence 

rou t ine ,  s ince  t h e  PDP-15 has an inadequate memory f o r  t h i s  purpose. 

The bracketed term i n  Eq. 6 can be used, however, t o  c a l c u l a t e  a s e t  

of psuedo-cross sec t ions  as f o r  e. These l a t t e r  can then be used i n  

a  more powerful program such a s  INSPECT o r  SAND I1 t o  der ive  a  spectrum. 

A cursory examination of t h e  measured a c t i v i t i e s  might l ead  one t o  

conclude, i n t u i t i v e l y ,  t h a t  a  s i g n i f i c a n t  por t ion  of  t h e  a c t i v i t y  was 

due t o  f l u x  i n  t h e  energy range below one keV. Such a  conclusion might 

be  based on t h e  f a c t  t h a t  c ross  sec t ions  i n  t h i s  energy range a r e  s o  

much l a r g e r  than those above t h i s  energy. The r e s u l t s  i n d i c a t e  t h a t  

q u i t e  t h e  contrary i s  t h e  case;  namely, t h a t  s i g n i f i c a n t  se l f -sh ie ld ing 

e x i s t s  a t  a l l  energies i n  s tacks  of  two o r  more f o i l s  of thicknesses 

of 0.005 inch.  

That i s ,  a  l a r g e  number of f o i l s  of a  s i n g l e ,  o r  a  few absorbers 

i n  an a l loy  f o i l ,  replaces  sandwich s e t s  of a  l imi ted  number of s u i t a b l e  

absorbers.  For example, i f  t e n  s u i t a b l e  absorbers a r e  ava i l ab le ,  t e n  

da ta  points  r e s u l t .  Whereas, i n  t h e  case of  gold,  a  s t a c k  of twenty 

f o i l s  y i e l d s  t e n  da ta  po in t s  (assuming symmetrical r e s u l t s  i n  t h e  s t a c k )  

wi th  a  s i n g l e  absorber,  o r  twenty po in t s  i n  a  binary a l l o y  such as 

Au - Cu. Thus, t h e  number of d a t a  po in t s  i s  not  l imi ted  by t h e  ava i l -  

a b i l i t y  of s u i t a b l e  absorbers.  



[l] R. E.  arum, "INSPECT - Interactive Computer code 'for Unfolding ' 

Neutron Spectra from Activations Measurements", ANCR-1035, 
( February 1972 ) . 

[2] W. N. McElroy, S. Berg, and R. G. Hawkins, "A Computer-Automated 
Interactive Method for Neutron Flux Spectra Determinations by 
Foil Activation", AFWL-TR-~~-~~, Vol. I-IVY Air Force Weapons 
Laboratory (1967). See also, subsequent modifications by S. Berg, . 
BNWL-855 (1968); W. N .  McFlroy et al, Nucl. Sci. Eng. 36, 15 / 

- 
(1969); W. N. McElroy et al, Proc. Conf.. Neutron Cross Sections 
and Tech. CONF-710301, p. 120, USAEC (1971). 

[3] M. MUller, "Measurement of Neutron Spectra Within the 1 eV-lOeV 
Energy Range by Means of the Sandwich ~echnique", KFK-1233 
(~uly 1970) .' Also designated ELTRFNR-842. 

[b] M. Abramowitz and L. A. Stegun, Handbook of Mathematical Functions, 
Eqs . . 5.1.12 and 5.1.22, p . 229. . National Bureau of Standards , 
AMS 55  (~ecember 1965). 

[5] D. A. Pearson et al, "Comparison of Spectrum Determinations in 
the CFRMF", Nuclear Technology Division Annual Progress Report 
for the Period Ending June 30, 1971, p. 383, ANCR-1016 
(~ctober 1971). 




