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Abstract

THE THERMAL NEUTRON CAPTURE CROSS SECTIONS 

OF SOME REACTOR-PRODUCED RADIONUCLIDES

by

Myron F. E lgart 

Advisers: Professor Harmon L. Finston

Professor Evan T . W illiam s

A technique has been developed fo r  the determ ination of 

thermal neutron capture cross sections of rad io active  nuclides. 

The simultaneous production, decay and burnup of a rad io active  

nuclide in the core of a nuclear reactor has been stud ied . The 

W estcott formalism, which is based on the technique of a c tiv a tio n , 

has been applied  to  th is  burnup technique, w ith the fo llow ing  

re s u lts :

.126

S b '2'1

CO58

A
a = 20000 barns

°o = 5960 barns

R1 = ^0600 barns

A
a = 6290 barns

°o
= 2990 barns

Rl = 10200 barns

ACT = kk80  barns

<*0
= 2310 barns

Rl = 6890 barns

l 26Results fo r 1 have not been previously reported. The resu lts
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f o r  Sb have determ ined the  w e s tc o tt parameters fo r  th is  

n u c lid e , which were p re v io u s ly  in  doub t. The re s u lts  fo r
rO

Co show th a t p rev ious  work us ing th is  n u c lid e  as a measure 

the  fa s t  neutron f lu x  a re  in  e r r o r .
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1

I . Introduction

The determ ination of thermal neutron capture cross sections  

(tnccs) is of fundamental importance fo r  nuclear theory , nuclear 

app lications and reactor technology. Although tnccs of s tab le  

nuclei have been in te n s iv e ly  s tud ied , data fo r  the tnccs of rad io ­

a c tiv e  nuclei are ra re ly  found in the l i te r a tu r e .  These data 

have always been d i f f i c u l t  to  obtain experim enta lly . The various  

techniques used, such as a c t iv a tio n , burnup and mass spectrometry, 

do not always y ie ld  consistent values.

A. Reactor considerations

The importance of tnccs fo r the q u a n tita tiv e  evaluation  

of the changes in re a c t iv ity  which occur in a nuclear reactor 

during operation has d irec ted  considerable e f fo r t  towards th e ir  

determ ination. Consequently, most work on the tnccs o f rad io ­

a c tiv e  nuclei has involved the fis s io n  products. Cross sections 

of some of these nuclei are  c ru c ia lly  important in the ca lcu la tio n  

of the e ffe c tiv e  m u ltip lic a tio n  fa c to r , k , which is one of the

major parameters used in reactor design theory^. The parameter

235
k represents the number o f second generation fis s io n s  in U 

235per fis s io n  o f U by a f i r s t  generation neutron.
2

The r e a c t iv ity  of a nuclear reactor is defined as

R e a c tiv ity  = (k -  1) /  k. (1 )

When k = 1, the re a c t iv ity  is zero and the reactor is operating  

in a s teady-s ta te  co n d itio n . However, to  in i t ia t e  the chain
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2

reaction  (" s ta r t  up" of the reac to r) or to  increase the power

outpu t, k must be greater than one to  make the r e a c t iv ity  greater

than ze ro . For a medium of in f in i te  e x te n t, the m u ltip lic a tio n
3

fa c to r  reduces to  the expression

k«,=   (2)
° f Nf  + *  CTc >i Nj

where: v = number of neutrons em itted per fis s io n

CTj. = macroscopic f is s io n  cross section
3

N̂ . = number o f fis s io n a b le  nuclei per cm

CT . = capture cross section o f the i**1 nuclidec , I

N. = number of nuclei o f the i*"*1 nuclide per cm^.i

Equation (2) is v a lid  fo r  monoenergetic thermal neutrons (the

v e lo c ity  of a thermal neutron is 2200 m /  sec ). However, neutrons

in a reacto r are  not monoenergetic. Since capture cross sections  

vary w ith  the energy of the inc ident neutron, the expression fo r  

k<x> (equation (2 ) )  must be averaged over the neutron energy spectrum 

to  c a lc u la te  the number o f neutrons produced per thermal neutron 

absorbed.

B. Xenon-135

The phenomenon known as xenon poisoning c le a r ly  il lu s tra te s

the need fo r  accurate values of the tnccs fo r  c e rta in  fis s io n

135products. The nuclide Xe (tj_ = 9 .2  hr) is formed p r im a rily
2

135by the decay of I ( t x = 6 .7  h r ) .  Xenon-135 is o f in te re s t
2

both th e o re t ic a lly  and p r a c t ic a l ly ,  since i t  is formed in fis s io n  

in r e la t iv e ly  high y ie ld . Its  tnccs approaches the maximum th e o re tic a l
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3

, b vaIue ,

2
CTreaction  ^

where equation (3) is v a lid  fo r  reactions of thermal neutrons
] oc

(j£=0). Since the tnccs of Xe is orders of magnitude greater  

than most cross sections , th is  nuclide is extrem ely important 

in reactor technology.

In s tead y-s ta te  operation of a re a c to r, such as the M ateria ls  

Testing Reactor (MTR) a t  the National Reactor Testing S ta tio n

135in Idaho, k is reduced by about 0.0*f due to  the presence of Xe .

I f  the MTR is shut down fo r  a few minutes a f te r  a period of

135s tead y-s ta te  operatio n , the concentration of Xe increases
lo r 1or Io£

(Xe is no longer consumed by the Xe (n ,y ) Xe reaction

135but is s t i l l  produced by the decay o f I ) to  the po int where,

about twenty minutes a f te r  shutdown, the MTR cannot be s ta rted  

135up again . The Xe concentration reaches a maximum value about

ten hours a f te r  shutdown, reducing k to  a value of about 0 .7 .

The MTR reaches c r i t ic a l  condition again (k = l) a f te r  a w a it of

135about two days, when most of the Xe has decayed.

Petruska e t a l . ' ’ measured both f is s io n  y ie ld  and tnccs of 

135Xe , using mass spectrometr?c techniques. Two samples of 

natural uranium were ir ra d ia te d  in the N.R.X. reactor a t Chalk 

River in d if fe re n t  p o s itio n s , thus exposing the uranium samples 

to  d if fe re n t  thermal neutron flu x e s . The f is s io n  y ie ld s  in both

samples fo r C s ^ ^ , C s^^ and C s^^ were determined w ith  a mass

135 . . 135spectrom eter. The nuclide Xe decays by beta emission to  Cs

135 136or undergoes the Xe (n ,y ) Xe burnup re ac tio n . The decrease
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135in f is s io n  y ie ld  of Cs w ith  increased thermal neutron flu x

135can be a ttr ib u te d  to  the Xe burnup re ac tio n . A knowledge

of the changes in the thermal f lu x  and the fis s io n  y ie ld  fo r

the two uranium samples enabled the authors to  ca lcu la te  a value

fo r  the e f fe c t iv e  cross section o f Xe1^ ,  <j = 3.^7 X 10^ barns,

135assuming th a t the tnccs of Xe fo llow s the 1/v law.

In 1956, S. Bernstein e t a l .^  reported some work done in

19^8 a t  Oak Ridge National Laboratory concerning the v a ria tio n

135o f the capture cross section of Xe w ith  incident neutron 

energy. The v a r ia tio n  of th is  cross section is an important 

parameter in the design of nuclear reactors which could be oper­

ated a t  various neutron temperatures. F ission product iodine 

was separated from irra d ia te d  uranium metal and p rec ip ita ted  as 

palladium  iod ide. A ll  chemical processes were performed in a 

concrete hot c e ll by remote control because the a c t iv i ty  of the 

f is s io n  products amounted to  several thousand cu ries . A crysta l

spectrometer was used to determine neutron energy. Iodine-135,
135in the form o f palladium  iod ide , was allowed to  decay to  Xe 

Neutron transm ission measurements were made on the samples of 

xenon produced. The to ta l cross section fo r  neutrons below an 

energy o f 0 .55 ev (th is  corresponds to  the cadmium c u t-o ff  energy, 

i . e .  neutrons w ith  energy less than 0.6 ev are  e ffe c t iv e ly  ab­

sorbed by cadmium) corresponding to  a neutron temperature of 

520P K, was reported to  be 2 .6  X 10^ barns.

M.S. Freedman e t a l .^  employed two d if fe re n t  techniques to

135determine the tnccs of Xe . The f i r s t  method, proposed by

E. W igner, consisted of the ir ra d ia t io n  of two uranium samples
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5

in d if fe re n t  thermal neutron fluxes to  give d if fe re n t  amounts 

135of Xe . The equation

FY = (X + oc<l>)N , (k )

where: F = fis s io n  ra te

Y = fis s io n  y ie ld

135X = decay constant of Xe

135= capture cross section of Xe

(J = thermal neutron f lu x  

135N = number o f Xe atoms produced,

135was used to  determine the capture cross section of Xe . This

method, w ith its  inherent experimental d i f f ic u l t ie s  in determining

135the thermal f lu x  and in removing Xe from the uranium a f te r

135ir ra d ia tio n  (to  prevent changes in the Xe a c t iv i ty  due to  the

decay o f 1 ^ ) ,  gave the value o f 2.36 ±  0 .59  X 10^ barns fo r

135the capture cross section of Xe .

The second techn ique  used was suggested by N. E l l i o t  and

>leSj

135

135coworkers. A sample of Xe was used to  make two samples, each

sample having a pp ro x im a te ly  o n e -h a lf  o f th e  o r ig in a l Xe

a c t i v i t y .  One o f  the  samples was then ir r a d ia te d  in  a f lu x  o f

135therm al neu tro ns . For the  sample o f Xe which was ir r a d ia te d ,

. = A .e - ( \  + a jO t

135

A ,e- U  + oc VJ* (5 )
o

where: A 1 = i n i t i a l  a c t i v i t y  o f Xeo
1

A 1 = a c t i v i t y  o f  Xe a f t e r  i r r a d ia t io n .

135For the  sample o f Xe which was not i r r a d ia te d ,

A = Aoe 'X t . (6)
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6

D iv is io n  of equation (6 ) by equation (5) gives

A A / - \
-  = —  exp [a  it] ^
A ■ A ;

Equation (7 ) is solved fo r a  to  give0

1 n[A /A1 X A '/A  ]
_ O Oj ,cn

CTc ---------------- ft- - - - -  (8)
135The ra t io  o f Xe a c t iv i ty  in the irra d ia te d  sample to  the 

135Xe a c t iv i ty  in the un irrad ia ted  sample could be varied  by

changing the time of ir ra d ia t io n . An average of four experiments

of th is  type gave a value of ac = 2 .58 ±  0 .2  barns (T = 400°K)

135fo r  Xe . The most serious experimental d i f f ic u l t y  was due to

133the fa c t th a t 50% of the to ta l xenon a c t iv i ty  was due to  Xe

8 135Fickel and Tomlinson determined the tnccs of Xe by mass

135spectrom etric techniques. Since Cs is formed by the decay of

X e ^ ,  the amount of Cs^^ present in the f is s io n  products is

135 235dependent on the tnccs of Xe . Samples of U were ir ra d ia te d ,

using cobalt f lu x  monitors to  determine the thermal neutron f lu x .

The c a lc u la tio n  of the resu lts  followed the procedures o f Petruska
r ^

e t a l .  The values obtained were <j = 3.15 ±  0.06 X 10 barns 

(T = 120PC) and a c = 3 .27  ±  0.11 barns (T = 137°C).

C. Other fis s io n  products

q
An a c tiv a tio n  technique was used by Sugarman to  determine

the tnccs of C s ^ .  Fission product X e ^  was co llec ted  and

135allowed to  decay to  Cs . This sample was then irra d ia te d  w ith

136
thermal neutrons. The re su ltin g  a c t iv i t y  of Cs was measured
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and the tnccs was determined to  be 14.5 ±  4 .4  barns.

Baerg e t a l . ^  separated cesium from the fis s io n  products

135 137of irra d ia te d  uranium m etal. The Cs /Cs ra t io  was measured

w ith  a mass spectrom eter. The cesium sample was then irra d ia te d

136 137w ith  thermal neutrons. The Cs /Cs ra t io  was determined by

beta-counting . The C s ^ /C s ^ ^  ra t io  was redetermined w ith  a

mass spectrom eter. The C s ^ ^ /C s ^  r a t io  could then be deduced

135and a tnccs of 8 .7  ±  0 .5  barns fo r  Cs was c a lc u la ted .

Cross sections fo r  the fis s io n  products in the rare  earth

region were investigated  by Inghram e t a l . ^  A th ic k  uranium

slug was irra d ia te d  fo r  three years to  obtain  the fis s io n  products.

Mass spectrom etric techniques, using isotope d ilu t io n  methods,

were used to  determine the ra tio s  of various nuclides . Comparison

of the measured ra tio s  w ith  ra tio s  calcu lated  on the basis of

th e o re tic a l f is s io n  y ie ld s  enabled the authors to  c a lc u la te  the

157tnccs of these nuc lides . The nuclide Gd was reported to  have
h

a tnccs of 5 .95 X 10 barns. This value d iffe re d  considerably
I 2 1 3  5

from previously reported resu lts  * o f 2 X 10 barns.

14Kennett and Thode investigated the absorption cross sections 

of several fis s io n  products obtained from the ir ra d ia t io n  of 

plutonium. Mass spectrom etric techniques were used to  determine
Oo l o 1 1 ‘2 5

the cross sections fo r  Kr , I and Xe . The absorption
83

cross sections were reported to  be 216 ±  43 barns fo r  Kr (as

compared to  205 ±  10 b a r n s ^ ) ,  51 ±  41 barns fo r  1 ^ *  (as compared

16 133
to  600 ±  300 barns ) ,  and 188 ±  89 barns fo r Xe (as compared

to  an upper l im it  o f 3000 b a rn s ^ ) .

A f in a l  example o f the determ ination of tnccs fo r the fis s io n
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products  is  th e  s tud y  o f the  tnccs  o f  P r ^  by Roy and R o y ^ .

1 2 1 *f3A s h o r t therm al neu tron  i r r a d ia t io n  o f  Ce produced Ce ,

143 143
which decayed to  Pr . The samples o f  Pr were then ir r a d ia te d

144w ith  therm al neutrons to  produce Pr . The decay o f t h is  sample

was fo llo w e d  by b e ta -p a r t ic le  c o u n tin g  w ith  an absorber in te rposed

143which stopped the beta p a rtic le s  from Pr (E = 0.77 MeV) but 

144 ,not those from Pr (E = 3 MeV). The decay curves were then 

144
reso lved  in to  a Pr component and a background component. The

19re s u lts  were re p o rte d , fo l lo w in g  th e  W es tco tt conven tion  ( to

be d iscussed la t e r ) ,  to  be a0 = 89 ±  10 barns and §  = 93 ±  10 

ba rns .

D. Iodine-126

Many ra d io a c t iv e  n u c lid e s  have no re p o rte d  cross s e c tio n s , 

u s u a lly  because s u ita b le  q u a n t i t ie s  cannot be ob ta ined  fo r  ex­

pe rim e n ta l use. For in s ta n c e , th e re  is  no re p o rte d  cross s e c tio n  

f o r  1 ^ ^ ,  even though s u f f ic ie n t  re s e a rc h ^  ^  has been done on 

th is  n u c lid e  to  c h a ra c te r iz e  i t s  h a l f - l i f e  and decay scheme.

E. The burnup techn ique

A lthough  some cross s e c tio n s  f o r  ra d io a c t iv e  n u c lid e s  have

been o b ta ined  by mass s p e c tro m e tr ic  te c h n iq u e s , most a re  ob ta ined

126by a c t iv a t io n  o r burnup te ch n iq u e s . The cross s e c tio n  f o r  I

cou ld  no t be ob ta ined  by a c t iv a t io n  w ith  therm al neutrons because

127th e  p roduct n u c l id e ,  I , is  no t ra d io a c t iv e .  In  a burnup ex­

perim ent a ra d io a c t iv e  n u c lid e  is  destroyed  by re a c tio n  w ith  therm al 

n e u tro n s . The d i f f e r e n t ia l  e q u a tio n  fo r  t h is  process is
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*

-  = *N  +  Oyfj-N , (9 )

where: N = number of rad io active  nuclei

t  = time of ir ra d ia tio n  

\  -  decay constant

CTj = thermal neutron capture cross section

^  = thermal neutron f lu x .

Equation (9 ) can be in tegrated  from N = Nq a t  t  = 0 to  N = N

a t t  = t  and solved fo r  Oy to  give

ctT = f j T  1nt N0/N] “ ^  * (10)

The thermal neutron capture cross section is determined by the

decrease of a c t iv i ty  associated w ith  the burnup re ac tio n .

27 28Roy and Wuschke and Bresesti e t a l .  have measured the

cross section fo r  several isotopes of iodine by means of the

burnup technique. The major experimental problem associated

w ith  these evaluations o f capture cross sections was th a t of

obta in ing  s u ff ic ie n t  q u a n titie s  of the various rad io ac tive  isotopes

12^in reasonably pure form . The capture cross section of Sb was

29 30determined by Eastwood and Brown and by Mur in e t a l .  , w ith

29 30disparate  re su lts  o f less than 20 barns and 2000 barns . The

d iv e rs ity  o f these resu lts  re f le c ts  the experimental d i f f ic u l t ie s

inherent in the burnup technique.

22The tnccs o f Na has been reported vario u s ly  as 90000 barns, 

35900 barns and 6000 barns. These resu lts  have been tabulated  

in reference (3 1 ) .  The cross section fo r  th is  nuclide is an 

important parameter in c a lc u la tin g  the operating c h a ra c te ris tic s  

fo r  sodium-cooled reac to rs . The discrepancy points out the d i f f i -
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c u lty  in  o b ta in in g  these im po rtan t da ta .

F. Cobalt-58

rO rQ

The re a c tio n  Ni (n ,p)C o is  used r o u t in e ly  as a f a s t -

32neutron  f lu x  m o n ito r. However, i t  was found th a t the  fa s t -

neutron f lu x  determ ined by n ic k e l m on ito rs  v a rie d  accord ing  to

the  i r r a d ia t io n  p e r io d . T h is  phenomenon cou ld  by e xp la ined  by

58
a burnup o f th e  71.3 day Co isomer produced by the  re a c tio n s

58
o f fa s t  neutrons w ith  Ni i f  the  tnccs  o f th is  isomer was la rg e . 

Thus, i t  is  necessary to  c a r e fu l ly  measure th is  cross s e c tio n  

so th a t  c o r re c t io n  fa c to rs  f o r  the  i r r a d ia t io n  p e riod  and the  

therm al neutron f lu x  can be determ ined when us ing  n ic k e l as a
rO

f a s t - f l u x  m o n ito r. The cap tu re  cross s e c tio n  o f  71.3 day Co

32 33has been repo rted  to  be 1650 barns and 3750 barns . These

va lues a re  la rg e  enough to  produce th e  observed e f f e c t ,  and the

d iscrepency in  the  re p o rte d  va lues w i l l  s e r io u s ly  a f fe c t  the

c a lc u la t io n  o f  the  c o r re c t io n  fa c to r s .  The tnccs  o f  the  9.3
rOm 70

hour Co isomer was re p o rte d  to  be 140000 barns
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11. Theoretical Considerations

A. Neutron in teractions

Neutrons in te ra c t w ith nuclei in a v a r ie ty  of ways. For 

an e la s t ic  c o llis io n , where only sca tte rin g  of the neutron takes 

place,

n + ZA -* ZA + n , (11)

there  is no net change of to ta l k in e tic  energy. Transfer of 

energy between the incident neutron and the ta rg e t nucleus may 

take p lace , however,

n + ZA -» (ZA) W + n' , (12)

and th is  process is known as in e la s tic  s c a tte r in g . The ta rg e t  

nucleus is l e f t  in an excited s ta te , and the two p a rtic le s  re -  

emerge w ith  to ta l k in e tic  energy lower than its  in i t i a l  value  

by the amount of energy spent to  e xc ite  the nucleus. A thermal 

neutron (w ith  the average energy of 0.025 eV, corresponding to  

a neutron v e lo c ity  o f 2200 m/sec) can be absorbed by the ta rg e t  

nucleus, so that

n + ZA -* ZA+I + v . (13)

This reaction  is known as the ra d ia tiv e  capture process and is 

the predominant nuclear reaction  fo r thermal neutrons.

At higher neutron energies, other nuclear reac tio n s , such as

n + ZA -* (Z -1 )A + p , (1*0

n + ZA (Z -2 )A“3 + a  . 05 )

n + ZA ZA-1 + 2n , (16)
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can take  p la c e . These re a c tio n s  tend to  predom inate a t  h ighe r 

in c id e n t neu tron  e n e rg ie s .

The cross s e c tio n  o f  a nucleus is known to  va ry  w ith  the  

energy o f th e  in c id e n t neu tron  ( in  the  low -energy re g io n ) .  T h is  

problem  in  compound-nucleus th e o ry  was f i r s t  so lved  by B re it
■»2i

and W igner . For the  (n ,y )  re a c tio n  ( th e  r a d ia t iv e  cap tu re

p ro c e s s ), th e  B re it-W ig n e r o n e - le v e l fo rm u la  fo r  th e  v a r ia t io n

35o f th e  cross s e c tio n  w ith  neu tron  energy is

2 21c + i rnr
CT( n ,Y) =TI*  2(21A + 1 )  i r i ^ T 2 + ( r / 2 ) 2"

w here: 1_ = sp in  o f th e  compound nucleus
w

1^ = sp in  o f th e  ta rg e t  nucleus

= p a r t ia l  w id th  fo r  neu tron  em iss ion

V  = p a r t ia l  w id th  f o r  gamma em iss ion
Y

eQ = energy a t  w hich resonance occurs 

I 1 = to ta l  w id th  o f  the  le v e l.

(17)

The cross s e c tio n  w i l l  show maxima when e=eQ« Thus, depending 

on the  ta rg e t  n u c lid e , the  ca p tu re  o f neutrons in  the  resonance 

re g ion  may a ls o  be an im p o rta n t re a c tio n .  Resonance cap tu re  

occurs g e n e ra lly  in  the  neu tron  energy range o f  se ve ra l eV to  

seve ra l hundreds o f eV.

S ig n if ic a n t  p ro d u c tio n  o f  ra d io a c t iv e  n u c lid e s  by re a c tio n s  

0 * 0  > (15) and (16) re q u ire s  a h igh  f lu x  o f  s u f f i c i e n t ly  e n e rg e tic  

n e u tro n s . A s u ita b le  f lu x  is  a v a i la b le  in  th e  co re  o f  a re a c to r  

such as th e  h ig h - f lu x  beam re a c to r  (HFBR) a t  Brookhaven N a tiona l 

L a b o ra to ry . Burnup o f p roduc t n u c le i by neutrons in  th e  therm al
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and resonance energy regions w il l  a lso occur to  an appreciable  

extent in the core of th is  reac to r.

B. The basic problem

The d if fe r e n t ia l  equation fo r  the production of a rad io active  

nuclide undergoing these reactions is

$  = a PV p -  ^  -  ° r V  ‘ ,8 )

where: Np = number of ta rg e t nuclei

jp  = cross section fo r the production of the ra d io ­
a c tiv e  product nucleus by reactions (1 *0 ,
(15) or (16)

<J)p = epithreshold flux for production

X = decay constant fo r  the ra d io ac tiv e  product

N = number of rad io ac tive  nuclei produced

subscript T re fe rs  to  burnup by thermal neutron capture

subscript R re fe rs  to  burnup by resonance neutron capture.

of.
An order-of-m agnitude c a lc u la tio n  fo r  the number of ta rg e t 

nuclei consumed by undergoing reaction  during the ir ra d ia t io n  

indicated th a t Np could be assumed constant fo r  the nuclides 

under consideration . Equation (18) can now be in tegrated  from 

N=0 a t t ( ir r a d ia t io n )= 0  to  N=Ng a t t ( i r r a d ia t io n )= t  to  give

t u n -  ' t x  + ° T*T + ° r * r1 S^DT p D( ® ) . .
N_ =   (19)

\  + Ct^T + aR^R

where: subscrip t B re fe rs  to  an unshielded (bare) sample.

I f  the ta rg e t nuclide was placed in a cadmium s h ie ld , the 

thermal neutron burnup would be diminished by a fa c to r  k, where
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j>T inside the cadmium shield 
 ̂ ^  outside the cadmium shield *

The d iffe re n tia l equation for the production of a radioactive 

nuclide inside a cadmium shield is

f  = aptpNp -  \H -  kaT<fTN -  aR* RN . (21)

Equation (21) can be integrated from N=0 at t(irrad ia tio n )= 0

to N=N (̂j at t( ir ra d ia tio n )= t to give

i  « n  " [X + ^  +ffp'PpNp " e )
Np,  -        (22)

&  + + aR^R

where: subscript Cd refers to a cadmium-covered sample.

By dividing equation (22) by equation (19), an expression is 

obtained which is independent of the production rate:

(23)
„ cd ( ,  .  e - [ X  *  fa  ,  a A  .  ^

NB ~ ‘h + aT̂T + CTA ]t\ , . 1 + 77 *
0  “  e  )  ( \  ^CT-fTy ®R* R

The C o ^ (n ,y )C o ^  reaction  is commonly used as a thermal

f lu x  m onitor. The d if fe r e n t ia l  equation representing the fo r -  

60
mat ion of Co in a reactor is

I t  = aA No + ctr V o  -  XN " (burnuP) » W
59where: N = number of Co nuclei,o

I f  the time of irradiation is much less than the h a lf l ife  of Co' 

and (ĵ . + (j^ is small for Co^°, the last two terms of equation (2*f)

60
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can be neglected, and equation (2k )  can be integrated to  give

I f  equation (26) is subtracted from equation (2 5 ) ,  an expression 

fo r  k can be derived:

In the usual case of ir ra d ia tio n  in thermal neutron beams 

or in we11-therm alized  reactor p o s itio n s, resonance absorption  

is neglected and the value fo r k is usually  obtained by d iv id in g  

equation ( 26) by equation (25) to  get

C. The Westcott formalism

Consideration o f equations (27) and (28) indicates th a t ,  

unless the thermal neutron f lu x  is much greater than the resonance 

neutron f lu x ,  resonance absorption cannot be neglected. The 

contribu tion  of th is  term makes determ ination of the thermal 

neutron flu x  by cobalt a c tiv a tio n  more d i f f i c u l t .  Thus, w hile  

cross sections fo r neutrons a t  a s in g le  energy can be determined 

unambiguously, considerable d i f f ic u l t y  can be encountered in the 

d e fin it io n  of e ffe c tiv e  cross sections in various reactors having

(25)

59In a s im ila r  manner, ir ra d ia tio n  of Co inside a cadmium shield

can be described by the expression

NCd -  M l  + °R *R>No‘  • ( 26)

-  k = (27)

( 28)
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d if fe re n t  neutron spectra .

19In 1957 Westcott e t a l .  published a procedure, then in use 

a t Chalk R iver, fo r the determ ination of the thermal f lu x  and the 

tnccs of a nuclide which allowed intercomparison of resu lts  obtained  

in d if fe re n t  nuclear reactors in a c le a r ly  defined manner. This  

convention is now used u n iv e rs a lly  fo r reactor experiments.

The e ffe c t iv e  cross section fo r  a ta rg e t nucleus, * ,  >s 

defined by equating the reaction  ra te  per atom present per second,

R, to  the product of §  w ith  nvQ,

R = onv0 (29)

where: n = the neutron d en s ity , including both thermal
and epitherm al neutrons

v = 2200 m/sec. o

In th is  convention, the q u an tity  nvQ corresponds to  the f lu x .

The term "2200 m/sec f lu x "  is used to  d is tingu ish  nv from othero

q u a n titie s  used as measures of the neutron f lu x .

In the Westcott convention, the neutron spectrum is divided  

in to  two p arts ; the Maxwellian d is tr ib u tio n  of thermal neutrons 

corresponding to  the average temperature T°K, and the epithermal 

1/E f lu x  d is tr ib u t io n , cut o f f  a t a s u itab le  lower l im it  of energy. 

The cross section is corrected fo r  its  d ev ia tio n  from the 1/v  

law. The r e la t iv e  co n trib u tio n  of the epithermal 1/E component 

is a lso  taken in to  account. The e f fe c t iv e  cross section is th e re ­

fo re  defined as

a  = a0 (9 + rs ) (3 °)

where: qq = cross section fo r 2200 m/sec neutrons
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r = epithermal index

g,s = correction  fac to rs  fo r  the devia tion  of the 
cross section from the 1/v  law in the thermal 
and epitherm al regions, re sp e c tive ly .

For a 1/v absorber, such as lith iu m  or boron, the e ffe c t iv e  

absorption cross section is simply the value a t 2200 m/sec, and 

g=l and s=0 fo r  these nuclides.

Since reactor neutron temperatures are not usually  measured, 

i t  is convenient to  use a temperature-independent term fo r  s , 

so th a t

so = s(T0/T)^ . (31)

The epithermal index can now be obtained experim entally  by using 

37the expression

r(T /T  ) *   --------------- !-----------------  (32)
Rcd( So + ' * )  ~ so

where: R_,= r a t io  of the ra te  of the Co^^(n,y)Co^° reaction
of a bare monitor to  the ra te  under a cadmium 
f i I t e r .

K = a c o e ff ic ie n t ca lcu lated  from the v a r ia tio n  
of the cadmium cross section  w ith  neutron 
energy and the thickness of cadmium used.

Values of K fo r  various thicknesses of cadmium have been tabulated  

in reference ( 19) .

The cadmium r a t io  and the ra te  of reaction  can be determined 

experim entally  fo r  cobalt f lu x  monitors. Equations (32) and (30) 

are used to  determine § .  The 2200 m/sec f lu x  is now determined 

from equation (2 9 ).

The W estcott convention is used to  determine the various 

nuclear parameters fo r  a nuclide undergoing ir ra d ia t io n  using
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cobalt monitors. The induced a c t iv i t y  is measured in bare and 

cadmium-covered samples to  obtain the cadmium r a t io ,  which is 

defined as

_ R in bare sample____________  /_
°Cd * 'R in cadmium-covered sample

Equation (32) is solved f o r  s q to  give

i l i
so ■ :  [? (r )2  ■ - r 1 •

Cd”

The value of sq fo r  the ta rg e t nuclide can now be obtained from 

equation (3*0. Assuming th a t g = l, a value fo r  can now be 

obtained from equation ( 30) ,  where q has been obtained from  

equation ( 29) .

The resonance in teg ra l (R l) of the ta rg e t nuclide is the 

to ta l capture cross section w ith  a s u ita b le  lower energy l im i t ,  

and is usually  defined as

E (fis s io n )
RI = T CT,.(E)dE/E . (3

'0.6 eV C

The resonance in teg ra l of the ta rg e t nuclide can be experim entally

37determined from the re la tio n s h ip

Rl.. = R I„ . (Rcd —  -  CT°>*- , (3x Co,
sCd ‘ 'x  ao,Co(RfvT D v a r

where: subscript Co re fe rs  to  the cobalt monitors

subscript X re fe rs  to  the ta rg e t nucleus.

D. A p p lica tio n  of the W estcott formalism to  the problem of 

in te re s t
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We now apply the Westcott convention to  the case of any 

n u c lid e , ra d io ac tiv e  or s ta b le , in the core of the HFBR. The 

d if fe r e n t ia l  equation representing the production of a rad io active  

nuclide becomes

f  -  °p*pNp -  X" '  S"voN • (3 7 )

Equation (37) can be in tegrated  from N=0 a t  t ( ir r a d ia t io n )= 0  

to  N=Nd a t t ( i r r a d ia t io n ) = t ,  leading toD
A .

"EX + f f n v j t
crpfrpNp (1 _ e )

nb ■ P P - >   • (3 8 )
X + anvQ

The d i f fe r e n t ia l  equation representing the production of 

a rad io ac tive  nuclide  under a cadmium sh ie ld  is

= ap<>pNp -  XN -  ka"voN . (39)

This equation, when in tegrated  from N=0 a t  t ( ir r a d ia t io n )= 0  to  

N=Ncd a t t ( i r r a d ia t io n ) = t ,  gives

-[X  + kjnv I t  
OptpNp (1 “ e )

X + Kjnv0

Equation (hO) is d iv ided by equation ( 38) to  give

-[X  + kjjnv ] t  A

Ncd (1 -  e , } (X + gnv°
nr -Ex + §nvQ] t  7 "

( I  -  e ) (x + l<anv0)

(*fl)

AEquation (4-1) is a transcendental equation in terms of a ,  the
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e ffe c tiv e  cross section . Therefore, £  is determined by numerical 

so lu tion  of equation (4 1 ).

The Westcott convention is based on resu lts  of an a c tiv a tio n  

experiment, but the previous equations have been concerned w ith  

burnup. The use of the Westcott formalism requires the knowledge 

of the number of nuclei produced from burnup. Thus, the cadmium 

ra t io  can be defined as

N Nd. total 8 m

"total' NCd
where: ^ to ta l = to ta  ̂ number of rad io active  nuclei produced.

Although the to ta l number of product nuclei is not known, 

the r a t io  of the to ta l number of product nuclei in the bare sample 

to  the number of product nuclei found experim entally  in the bare 

sample can be determined from the re la tio n sh ip  —

"total (' ( X + Sn"o>
“ ft--------- -fx + 8n O t   ' W )

B (1 -  a °  ) (x)

In the d e riva tio n  of equation (4 3 ), the to ta l number o f product

n u c le i, fk  ̂ , ,  is the number of nuclei which would have been to ta  I

formed i f  no burnup occurred. This is analagous to  sh ie ld ing  

a sample from a l l  o f the nvQ f lu x ,  i . e .  k=0. The d if fe r e n t ia l  

equation fo r the case when k=0 is

f  = ap+pNp - x« . m

Equation (44) can be integrated from N=0 a t t ( ir r a d ia t io n )= 0

to  N=fT , a t t ( i r r a d ia t io n )= t  to  give to ta l '  3
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,-N . (1 -  e'Xt)
V t a .  '   • (45)

I f  equation (45) is divided by equation (3 8 ) ,  equation (4-3) is 

deduced. Since <j can be obtained from equation (4 1 ), j/Ng

of equation (43) can be evaluated .

In order to  apply the Westcott convention, i t  is necessary 

to  know the number of product nuclei from a c t iv a tio n , N , where3Ct

^B,act *^total * (46)

fo r  the bare sample, and

NCd,act = Nto ta l " NCd

fo r  the cadmium-covered sample. Equations (46) and (47) are

now divided by N„ to  give 
0

NB ,act _ Nto ta l _ ,
N N 'NB Cd

and

N N N
Cd,act _ to ta l _ Cd

nb nb nb

re s p e c tiv e ly . Equation (48) is divided by equation (49) to  give

N„ . N. . , /N -  1B ,act _ to ta l B _  f cn\

NCd,act '  Nt o t a l /NB ‘  NCd'NB ’

which is another form of equation (4 2 ). The ra t io  NCd/N B is

determined experim entally . The ra t io  Nto ta j/Ng is determined

from equation (4 3 ). Thus, equation (50) can be solved to  give

R -, in the sense of the W estcott form alism .Cd
Once R„. has been determined, a  and Rl can be determined 

Cd uo
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fo r  the rad io active  product nuclide by fo llow ing  the procedures 

of the Westcott convention.
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I I I .  Experimental Procedures

A p re lim inary  experiment was performed in th is  laboratory  

several years ago to  determine whether a d iffe re n ce  in a c t iv i ty  

could be measured a f te r  a simultaneous ir ra d ia t io n  of two samples 

of lead iodide in the HFBR, one sample being shielded by cadmium. 

The idea fo r  th is  type of experiment was o r ig in a lly  suggested
n O

by Finston and Y e ll in as a means of determ ining tnccs of many

reactor-produced rad io nuclides. The experiment gave a lower

1 26l im it  fo r  the tnccs of 1 of I 65O barns.

A. Samples and irra d ia tio n s

Seven samples of lead iodide were irra d ia te d  in the HFBR 

in 1969. Three of the samples were shielded by 0.100 inches 

of cadmium. The thermal neutron f lu x  was monitored by Co-Al 

a llo y  w ire . When the aluminum ir ra d ia t io n  thim ble was opened 

in the hot c e ll f a c i l i t y ,  i t  was found th a t the cadmium sh ie ld  

had melted in several spots during the ir ra d ia t io n . Some photo­

graphs of the breakdown of the cadmium sh ie ld  were taken and are  

shown in Figure I .  The f lu x  monitors inside the cadmium sh ield

were lo s t and fo r  only three of the bare samples were f lu x  monitors

1 26found. The decay of 1 was followed and a h a lf  l i f e ,  tjr= 13.1±0.3
2

days, was determined. Reported values are  in the range of 13.1

to  13.3 days. An approximate value fo r the e f fe c t iv e  cross section

was obtained, assuming (as in the previous experiment) th a t k=0 .
11̂. 2 39

The thermal neutron f lu x  was taken to  be 1.65  X 10 n/cm /s e c .

The lower l im it  o f the e ffe c t iv e  cross section fo r  th is  experiment 

was determined to  be 5000 barns.
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The fa i lu r e  o f the cadmium s h ie ld , a f te r  discussions w ith  

Mr. J .J .  Floyd a t the B .N .L. graphite research re ac to r, was 

a ttr ib u te d  to  the fa c t th a t the cadmium sh ield  had made poor 

thermal contact w ith  the aluminum ir ra d ia tio n  th im ble, which 

is cooled by w ater.

The ir ra d ia tio n  thim ble was redesigned to  prevent the buildup  

of heat. The thim ble was o r ig in a lly  designed to  hold four samples 

o f lead iod ide. The cadmium sh ie ld  (thickness = 0.050 inches) 

was fo r c e - f i t  in to  the aluminum thim ble to  ensure good thermal 

contact. Samples of lead iodide (Baker "Analyzed" reagent grade 

Pbl^) were placed in ampoules of high p u rity  quartz glass and 

dried a t 105°C to  constant w eight. The ampoules were then sealed . 

A ll  sealed ampoules were less than one inch in length and less 

than s ix  m illim eters  in diameter because o f space considerations  

in the core irra d ia tio n  p o s itio n . Flux monitors were obtained 

from Brookhaven National Laboratory. The thermal f lu x  monitor 

was 0.015  inch diameter cobalt-aluminum a llo y  w ire , labeled  

"Bar #6 , 0.503% Co-Al". The fa s t f lu x  monitor was 0.015 inch 

diameter nickel w ire , labeled "BNL C 37552, CP N i, Bar #7".

The ampoules were in d iv id u a lly  wrapped in aluminum f o i l .  Each 

f o i l  packet contained a lead iodide ampoule, a thermal f lu x  

m onitor, and a fa s t f lu x  m onitor.

We were informed, one week before the ir ra d ia t io n  was to  

take p lace , th a t tw ice the space o r ig in a lly  planned fo r  would 

be made a v a ila b le  fo r  th is  experiment. Therefore , four samples 

of sodium carbonate, c e r t if ie d  A .C .S . reagent grade Na^CO^*
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anhydrous (F isher S c ie n t if ic  C o .), were dried  to  constant weight 

a t 180°C, sealed in quartz ampoules, and packaged (as previously  

described) in aluminum f o i l .  These samples are reserved fo r

another in vestig atio n  ( t i=  2 .3  y r ) .
2

The rad io active  nuclides whose tnccs were to  be determined
126 127 ] 26

in th is  experiment were I (tj_= 13-1 d, produced by 1 (n ,2 n )l ) ,
2

S b ^  ( t  1 = 61.3 d, produced by I ^ ( n , a ) S b ^ ) , and Co"^ (t>=71.3  d,
T ~2

rO rO

produced by Ni (n,p)Co ) .

The samples of lead iodide and sodium carbonate were de livered  

to  Mr. J .J .  Floyd a t Brookhaven National Laboratory, where they 

were placed in the aluminum ir ra d ia t io n  th im ble . The m achinist's  

diagram fo r th is  thim ble is shown in Figure I I .  The cadmium 

sleeve was capped a t both ends w ith  cadmium covers, and the thim ble  

was sealed by w elding.

The thim ble was placed in the V -16 ir ra d ia tio n  f a c i l i t y ,  

which is one of the two in-core ir ra d ia t io n  positions of the  

HFBR, on March 28 , 1970. The HFBR was s ta rted  up on March 31 '

a t 2:15 PM and shut down on A p ril 21 a t  1:15 AM. The ir ra d ia tio n  

thim ble was opened in a hot c e ll on May 15. The ampoules and 

f lu x  monitors were found to  be p h ys ica lly  in ta c t , and were 

delivered  to  Brooklyn College a t  the end of June, 1970.

B. Gamma ray spectroscopy

A diagram of the counting system used is shown in Figure I I I .

A l is t in g  of the components fo llow s:

1. G e(L i) d e tecto r: This s o lid -s ta te  detector was 

obtained from Princeton Gamma-Tech, In c . The detector was kept
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a t liq u id  nitrogen temperature a t  a l l  tim es.

2 . P rea m p lifie r: The Canberra model 1408c charge-

s e n s itiv e  (FET input) spectroscopy p re a m p lifie r is an a l l  s ilic o n  

tra n s is to r  device which in tegrates  the charge output s ignals from 

a cooled Ge(Li) detector fo r  p resentation  to  a pulse shaping 

main a m p lif ie r .

3 . A m p lifie r: The a m p lif ie r  used was a Canberra

model 1417 spectroscopy a m p lif ie r ,  which was selected fo r  its  

h ig h ly  s ta b le  lin e a r  design (b e tte r  than ± 0 . 075% l in e a r i t y ) ,  

extrem ely low noise c o n trib u tio n , and near-optimum Gaussian pulse  

shaping.

4 . Baseline re s to re r /P ile u p  re je c to r: This un it

was a Canberra model 1464 baseline  re s to re r /p ile u p  re je c to r .

This module a lle v ia te s  the major problems of high count ra te ,  

high reso lu tio n  spectroscopy, namely base line  f lu c tu a tio n s , low 

frequency noise enhancement (due to  Pole/Zero  compensation), 

and pulse p ileu p .

5 . Pulse height analyzer system: The system used

was manufactured by Northern S c ie n t if ic  Co. I t  consisted of

a NS-627 ADC/Stab?1ize r and NS-63O Memory U n it. The address 

a v a ila b le  in the ADC was th ir te e n  b its  (conversion gain = 8192). 

This u n it a lso  contained a d ig ita l  s ta b il iz e r  which kept zero  

leve l and conversion gain a t  fix e d  p o s itio n s , thereby keeping the 

gain of the e n t ire  system constant a t a l l  tim es. The memory 

u n it is capable o f s to rin g  a tw elve b i t  address (4096 channels).
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There is a maximum of 10 -  1 counts stored per address before

overflow occurs.

6 . Readout device: Three readout systems were

ro u tin e ly  used. Spectra were recorded on magnetic tape using 

a NS-406 readout u n it , NS-406M magnetic tape in te rfa c e , and and 

Ampex TMZ-1 magnetic tape u n it . The spectra were prin ted  out 

on paper using a F ranklin  (series  1200) high-speed d ig ita l  p r in te r .  

Spectra were a lso  recorded on an Omnigraphic (series  2100-3-3)

X-Y recorder, manufactured by Houston Instruments.

An Ortec (model 419) precision pulse generator and a Tetron ix  

(type 453) oscilloscope were used ro u tin e ly  to  check the e le c tro n ­

ics . Wang desk-top calcu lato rs  (Models 360 and 380) were used 

fo r  routine mathematical c a lc u la tio n s . A ll computer analyses 

were done w ith  the IBM 360/40 computer a t Brooklyn College.

An example o f the spectrum of a lead iodide sample from 

0.3  MeV to  0 .7  MeV taken in J u ly , 1970 is shown in Figure IV .

C. Computer analysis  of spectra

An a v a ila b le  lin e a r  least-squares program fo r the analysis  

of gamma ray peaks was modified and used to  determine the peak 

p o s itio n , FWHM, and area of (experim ental) gamma ray peaks. A 

l is t in g  of the program can be found in Appendix I .  The program 

f i t s  the experimental gamma ray peak to  a skewed Gaussian curve 

(which b e tte r  represents the actual peak obtained w ith  a G e(Li) 

detector) by the method of least-squares. The function  used 

fo r  the skewed Gaussian curve was
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y = ci]e
[ - ( x  -  a 2) 2/ a 32]

+ a^x + a 3 (51)

where: a i = peak height 

(X2 = peak centro id  

<x3 = fwhm

= slope of the background

OC5 = y -in te rc e p t of the background.

An example of the re su lts  obtained by th is  method of analysis

is shown in Figure V. The data used were the O.386  MeV peak

of lead iod ide, sample #6 , taken on Ju ly  31, 1970. The d evia tion

( 95% confidence le v e l) of the area was ±  0 . 88%, which was a

ty p ica l value fo r the e rro r in the f i t  of the skewed Gaussian

curve to  the experimental d a ta .

Subsequently, a change in a m p lific a tio n  was made, so th a t

spectra o f the various nuclides could be obtained w ithout having

to  change a m p lif ic a tio n , and to  observe the complete spectrum

fo r each nuc lide . However, the computer program is somewhat

s en s itiv e  to  the number o f channels chosen to  encompass the peak

of in te re s t. Therefore, the e ffe c t of the change in a m p lific a tio n

1 26on the analysis  of the O.386  MeV peak fo r I was obtained by 

comparing the areas of the peak under both a m p lif ic a tio n s . In 

J u ly , fo r ty  points were used to  encompass th is  peak. With the  

change in a m p lif ic a tio n , only twenty-two points were used to  

encompass the peak. As a re s u lt o f these measurements, exper­

imental data obtained under the old conditions of a m p lific a tio n

126were m u ltip lie d  by the fa c to r  I.O 38 fo r I . An example of 

the spectrum obtained under the new conditions is shown in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure VI fo r  lead iod ide . An expanded part of th is  spectrum

is shown in Figure V II fo r  comparison w ith  the spectrum under

the old a m p lif ic a tio n .

A ty p ic a l spectrum fo r  Co^° is shown in Figure V I I I .  The

new a m p lif ic a tio n  se ttin g s  were equivalent to  a value of 0 . 3^1

KeV per channel. The fu l l -w id th  a t half-maximum fo r  the 1.33 

60
MeV peak of Co was ty p ic a lly  about 2 .62 KeV a t th is  a m p lif i ­

c a tio n .
eft eft eft

A ty p ic a l spectrum obtained fo r  Co (from the Ni (n,p)Co

reaction  of the fa s t f lu x  monitor) is shown in Figure IX . The

higher energy portion  of th is  spectrum indicated the presence 

60of Co , which would re s u lt from successive neutron captures 

by C o^  and Co"^.

I t  has o ften  been the p rac tice  in determ ining the a c t iv i t y  

of a given rad ionuclide in an ac tiva ted  sample to  count a broad 

region of the spectrum. Due to  the intense f lu x  of neutrons 

and the long ir ra d ia t io n  tim e, however, a number of other a c t iv i ­

t ie s  may be produced which would in te r fe re . The high reso lv ing  

power of the G e(L i) detector allows one to  count in d iv id u a l gamma 

ray peaks in the spectrum. The decay schemes of each nuclide  

are w ell known and each has a conveniently prominent gamma ray . 

Since the method depends on a re la t iv e  measurement, i t  is nec­

essary to  know n e ith e r the absolute in te n s ity  o f the gamma ray

nor the fra c tio n  of decays g iv ing  r is e  to  the gamma ra y . The

126O.386 MeV gamma ray was used fo r  a l l  analyses of I a c t iv i t y .

The 0.603 MeV gamma ray in the same spectrum was used fo r  the
1 9Zl ^ ft

analys is  of Sb a c t iv i t y .  For Co , the 0.810 MeV gamma ray
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was used, and the 1.33 MeV gamma ray was used fo r  the analysis  
60

of Co a c t iv i ty .

D. Treatment of data 

58
Lead iodide and Co samples were counted fo r  a period of 

60
3000 seconds. The Co samples were counted fo r  various periods 

of tim e, up to  a maximum of 10^ seconds. The change in a c t iv i t y
1 26

over the counting in te rva l was less than 0 . 09% fo r  I , and 

less than 0 . 02% fo r  S b ^ \  Co"^ and C o ^ .

The remarkable s t a b i l i t y  o f the system a m p lif ic a tio n  s im p li­

f ie d  the computer analysis  of the data considerab ly . The centro id  

of a peak was found to  s h if t  no more than ±  0 .5  channels over 

the period of in v e s tig a tio n . Since the p o s itio n  o f a p a r t ic u la r  

peak was e s s e n tia lly  constant, comparisons o f data from day to  

day were v a lid .

1 26The decay o f I was followed fo r  a period o f f iv e  h a lf l iv e s

( i . e .  about two months). The decay curves fo r  the four samples

are shown in Figure X. The h a lf  l i f e  was obtained in each case

by a least-squares analysis  of the experimental d a ta . The average

of the four determ inations, ti.=  13.1 ±  0 .2  days, was used to
a

determine the decay constant used fo r  a l l  ca lcu la tio n s  involving  

1 ^ ^ .  The a c t iv i ty  of each sample of 1 ^  a t  the end of the  

ir ra d ia t io n  in the HFBR (th e  y - in te rc e p t) was obtained by f i t t in g

each set o f experimental data to  a decay curve of ti.=  13.1 days.
a

The resu lts  o f these ca lcu la tio n s  were used to  obtain the r a t i o  

1 26N _./N d fo r  I , where the re la tio n s h ipLG D
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(5 2 )

was used.

Ratios fo r  S b ^ \  Co"* ,̂ and C o ^  were obtained by averaging

the resu lts  o f individual measurements taken over a period of

f iv e  months. The h a lf liv e s  used fo r  these nuclides were obtained

from the l i te r a tu r e ,  since they are  too long fo r experimental

v e r if ic a t io n  in a period of less than a year.

A spectrum obtained from sodium carbonate is shown in Figure

X I .  The complexity of the spectrum indicated th a t the chemical

used was impure. Since the contaminants were unknown, i t  was

decided to  a llo w  the sodium samples to  decay, in the hope th a t

22the lo n g est-lived  component would be Na (tj_= 2 .3  years ). A
2

spectrum of sodium carbonate taken on January 25, 1971 is shown

in Figure X I I .  Comparison of th is  spectrum w ith  the previous

spectrum (F igure X I) indicates th a t resu lts  may yet be obtained

22fo r  the tnccs of Na from th is  ir ra d ia t io n . The spectrum ob-

22ta ined  from a standard sample of Na is shown in Figure X I I I  

fo r  re ference.

The data obtained from the computer analysis  of the spectra  

were used to  obtain Nr ,/N _, and th is  ra t io  was used fo r  the c a l-UO D

c u la tio n  of the e ffe c tiv e  cross sec tio n . Equation (39) was rearranged 

to  give

1 -  e

(5 3 )
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T r ia l functions fo r  gnvo were used to  evaluate th is  equation 

n u m erica lly . The program used fo r these ca lcu lations is shown 

in Appendix I I .  The value of A - . /A . used fo r  each nuclide wasLa D

the average of a l l  experimental values, a f te r  correction fo r  

decay using the re la tio n s h ip

A = AeX t o m

where: A = a c t iv i ty  a t the end of irra d ia tio n  o 1

A = observed a c t iv i ty

\  = decay constant fo r  the nuclide

t  = time from the end of ir ra d ia tio n  to  time 
of observed a c t iv i ty .
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IV . Results and Discussion

A. Results

The data obtained from the thermal f lu x  monitors (a c t iv i ty

of Co8^) were used to  obtain nvQ by fo llow ing  the Westcott

126 12kformalism. Equation (53) was solved num erically fo r I , Sb
rQ

and Co to  obtain the e ffe c tiv e  cross section (<j) fo r  these 

nuclides. The procedure developed in Chapter I I ,  section D was 

followed to  obtain the Westcott parameters fo r  these nuclides.

The resu lts  o f these ca lcu la tio n s  are shown in Table I .

B. Errors

A ll  f lu x  measurements were based on comparison to  a c a l i ­

brated NBS Standard Co8** source. The weighing of the co b a lt- 

aluminum a llo y  f lu x  wires (4mg) introduced an e rro r o f ±  2.5%

(a l l  errors  are stated fo r  the 95% confidence le v e l) .  The 

deviation  of nine calcu lated  average N ^/Ng ra tio s  fo r  Co8** was 

± 2%.
1 26The e rro r in the determ ination of the a c t iv i t ie s  fo r  I ,

12k 58Sb and Co was taken to  be the d evia tion  o f the skewed Gaussian

curve from the experimental p o in ts . This e rro r  was calcu lated

to  be ±  1.5% fo r  I 126, ±  2% fo r  Sb12**, and ±  3% fo r  Co58.

126The e rro r o f the ra t io  fo r  I was ±  1.5% a ris in g

from the least-squares f i t  of the experimental points to  the

average h a l f l i f e  decay curve. The un certa in ty  o f the ra t io  
1 9h e g

Nr ,/Nd fo r Sb and Co was determined to  be ±  2% fo r  both 
Cd d

nuclides. The uncerta in ty  of the weight of the nickel fa s t flu x  

monitors (20 mg) was 0.5%.
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Table 601. W estcott parameters fo r  Co , i 126, Sb 124 . and O O vn 0
0

•

W estcott parameter Co60 ,,2 6 Sb124 0 O \S
l

CO

R (bare) 8 .7 4  X 10-9 ---- — —

NCd/N B
---- 1.77 1.41 1.30

Rcd 2 .14 1.34 1.68 1.78

r (T /T 0) * 0.347 0.347 0.347 0.347

so 1.736 6 .7 9 3.18 2.72

nvQ (bare) 1.46 X 1014 1.46 X 10lZf 1.46 X ] 0 ] k 1.46 X i o ' *

$ (barns) 59 .8 2 .00  X ] 0 k 6 .2 9  X 103

X0
0•

J- 103

a D (barns) 37.3 5 .96  X 103 2 .99  X 103

X

•
CM 103

Resonance In teg ra l 
(barns)

76.1 4 .06  X 104 1.02 X ]Qk 6 .89  X 103



k8

The to ta l d ev ia tio n  of each nuclide was taken to  be the  

sum of the ind iv idua l e rro rs . The resu lts  are compared to  other 

reported values in Table I I .

C. Discuss ion

Comparison of the values reported in Table I I  shows them to

be in reasonable agreement (when appropriate) w ith  previously

1 26reported values. The resu lts  fo r  1 Indicates th a t th is  method 

can be applied fo r  investigations of many rad io ac tive  nuclides 

fo r  which there are no reported values of Westcott parameters.

The s im p lic ity  o f th is  technique and the fa c t th a t a l l  measurements 

are r e la t iv e  lead us to  be lieve  th a t more re lia b le  resu lts  can 

be obtained than by conventional burnup techniques.
rO

The re su lts  fo r  Co should be studied very c a re fu lly  since
rO rO

the Ni (n,p)Co reaction  is used as a primary standard fo r  the  

determ ination o f the fa s t neutron f lu x .  Thus, the fa s t neutron 

cross sections of many nuclides have been based on th is  reac tio n ,
rO

Although the Westcott fo r Co d if fe rs  somewhat from previously  

reported work, the s ig n if ic a n t d iffe re n ce  fo r the value of the
rg

resonance in teg ra l should be noted. I f  the Co resonance in teg ra l 

was zero , the e f fe c t iv e  cross sec tio n , $ ,  is ju s t  the 2200 m/sec 

cross sec tio n , <j , in any neutron f lu x .  A ll  co rrection  fac to rs
rg

(re ference (3 2 ))  fo r  the burnup of Co (tak in g  in to  account the  

length of ir ra d ia t io n  and the thermal neutron f lu x ) have been 

based on th is  observation. The fa c t th a t ,  in th is  work, there
rg

is a value fo r  the resonance in teg ra l of Co , i . e .  $  =j= means 

th a t ,  unless the thermal neutron flu x  is known (and fo r  cobalt
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NucIide This Work (barns) Other Work (barns)

,126 A
G = 20000 ± 1500 no reported value

° o
= 5960 ± 450 no reported value

Rl = 40600 ± 3050 no reported value

</> cr £ A
G = 6290 ± 540 no reported value

° o
= 2990 ± 260 2029, 200030

Rl = 10200 ± 870 no reported value

Co58 A
G = 4480 ± 450 no reported value

CTo = 2310 ± 230 165032, 375033

Rl = 6890 ± 690 Zero32
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can be deduced), i t  would be impossible to  determine the fa s t  

neutron f lu x  using nickel monitors. Thus, in view of our re s u lts , 

many of the fa s t neutron cross sections reported fo r  nuclides  

are not v a l id .  I t  was assumed in the c a lc u la tio n  of the e ffe c tiv e
rO

cross section th a t the production of Co was independent of

58the thermal neutron f lu x .  Therefore , the production of Co 

in bare and cadmium-covered samples was considered to  be equal.
rO

Previously reported resu lts  fo r  Co indicated th a t th is  assump­

tio n  might not be v a lid  fo r  th is  n u c lid e . The complete scheme 

fo r  the production, burnup and decay o f th is  nuclide is shown 

in Figure X IV . P ertin en t data fo r  th is  nuclide have been taken 

from reference (3 2 ).

The reported values fo r  Co^^m, g  = 140000 barns and the
rO„

Rl = 550000 barns, indicated th a t the burnup of Co would

58
change the re la t iv e  production rates o f Co in the bare and

cadmium-covered samples. The decay o f the metastable s ta te  would

58
produce 33.7% of the f in a l  Co a c t iv i t y  i f  there were no burnup.

rO

Burnup would reduce the amount of Co produced by decay of the 

m etastable s ta te  by a fa c to r  equal to

\  . (55)
JL + 9 nvo

The N *./N 0 ra t io  can now be corrected fo r  the change in production Cd D
58

and a new set of W estcott parameters obtained fo r Co . The resu lts  

fo r  d if fe re n t  values of g  assumed fo r  Co'’^m are shown in Table I I I .

Examination of Table I I I  indicates th a t neglect of the e ffe c t  

on production ra te  o f burnup resu lts  in values of g  which are  

too h igh . However, i t  should be noted th a t the cross section
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Co58*

(n,p)
^ 31 mb

crnvm o

I.T. 
9.3 hr

58Nl 59Co

61 mb

)8+,EC
71.3 d

I

Figure X IV . The reaction  scheme fo r N i”*® (n,p)C o'^.
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Table  I I I .  E f f e c t  o f  £  f ° r  Co38m on th e  W e s tco tt  parameters f o r  Co"*8 .

W e s tco tt  parameter T r i a l  A T r i a l  B T r i a l  C

ao (b a rn s ) ,  Co58m 1 .4  X 105 1.4  X 10^ 1 .4  X 103

Rl (b a rn s ) ,  Co38m 5 .5  X 105 ^32* 5 .5  X 10^ 5 .5  X 103

(b a rn s ) ,  Co^8m 4 .5  X 105 4 .5  X 10^ 4 .5  X 103
pO

N„ p ro d u c t io n ,  Co 
□

1.12 1.39 (a)
58p ro d u c t io n ,  Co 1.20 1.44 (a)

NCd/NB' C° 58 1.21 1.25 (1 .3 0 )

Rcd- c° 58 1.28 1.57 (1 .7 8 )

v c°58 8 .24 3.86 (2 .7 2 )

£  ( b a r n s ) , Co^8 3.06  X 103 3 .6 4  X 103 (4 .48  X 103)

/ x 58 cjo ( b a rn s ) ,  Co 8 .0 0  X 102 1.56 X 103 ( 2.31 X 103)

Rl ( b a r n s ) , Co38 6 . 5 0  x 103 6 .3 0  X 103 (6 .8 9  X 103)

58m
(a ) The r e s u l t s  f o r  t h i s  t r i a l  f u n c t io n  in d ic a te d  th a t  the  e f f e c t  o f  Co 

burnup on the  p ro d u c t io n  o f  th e  ground s ta te  isomer was n e g l i g ib le .  
T h e re fo re ,  the  expe rim en ta l r e s u l t s  ( f rom  Table  I )  have been l i s t e d ,  
in  paren theses , f o r  purposes o f  comparison.
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fo r  the metastable s ta te  must be a very large value fo r  th is  

e ffe c t  to  be seen.

Proper use o f th is  new a n a ly tic a l technique would enable 

one to  solve fo r the Westcott parameters of the Co^m-  C o "^  

problem. An ir ra d ia t io n  under two d if fe re n t  thicknesses of 

cadmium should provide s u ff ic ie n t  inform ation to  determine the 

two cross sections i f  the approximate value fo r  one o f the  

e ffe c t iv e  cross sections is known. This type of ir ra d ia t io n  

would a lso  provide an e xc e lle n t method of determining the r e l i a ­

b i l i t y  of the Westcott form alism .

I t  would be o f some in te re s t to  ir ra d ia te  ta rg e t nuclides  

under sh ields of elements other than cadmium, i . e .  indium, which 

would screen out other portions of the neutron spectrum. These 

ir ra d ia tio n s  might provide inform ation on the resonance portion  

of the cross section which is not d ir e c t ly  obtained when using 

cadmi urn.

The method described provides a simple experimental technique 

fo r  obtain ing many cross sections previously  considered too d i f f ­

ic u lt  (experim enta lly ) to  obtain and fo r  v e r ify in g  values reported  

using other techniques. The method may prove to  be re a d ily  

adaptable to  other neutron sources, such as Cockroft-W alton

a cc e le ra to rs . I t  would be in te re s tin g  to  see whether or not

58m 18
re su lts  fo r  cross sections could be obtained fo r  Co or F 

by applying th is  technique to  irra d ia tio n s  w ith  Cockroft-W alton  

acce lera to rs  or s im ila r  neutron sources.
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MAIN PROGRAM

C LEAST SQUARES IN N LINEAR UNKNOWNS 
DIMENSION ERR(10)
DIMENSION WT( 100) ,ALP( 1 0 ) ,FUNT(1 0 0 ) ,FMT(1 0 0 ),Z(10),BM AT(10,21) 
DIMENSION AALP(IO),ERR0R(10),XXC(10,12),DUM1(1 0 0 0 ),X (1 0 0 ), 

1Y(100)
DIMENSION Q.(96)
COMMON XXC,DUM1, X,Y,WT,ALP,FUNT,FMT,Z,DETPP,BMAT 
EXTRA=EXP(1 .0 )

9898 READ (1 ,798 ) MUNK,NITER,KB,KE,KRUN 
IF(MUNK)802,803,802  

803 STOP 
802 FKB=KB

NPTS=KE-KB+1
READ (1 ,7 9 9 )(ALP( I ) ,  1=1,MUNK)
READ (1 ,799 ) (E R R (I), 1=1,MUNK)
READ (1 ,1002) ( Y ( I ) ,  1=1,NPTS)

1002 F0RMAT(7F!0.0)
WRITE(3»1001) ( Y( I ) ,  1=1,NPTS)

1001 F0RMAT(1H ,1 OF10.1)
X(1)=FKB 
DO 809 I= 2 ,NPTS

809 X ( l ) = X ( l - l ) + 1 .0
WRITE (3 ,810 ) KRUN,NPTS

810 F0RMAT(1H1,1X,6HRUN NO,I7,3X,6HN0 PTS,I7)
798 F0R M A T(2I3 ,2I4 ,I3 )
799 FORMAT(7F10.0)

FNPTS=NPTS
FMUNK=MUNK
NIT=0

559 CALL ALPTT(NPTS,NIT,MUNK)
CALL COET(MUNK,NPTS,1)
CALL DETTR(0,MUNK,0)
DEL=DETPP
IF(DEL)555*f,5555,555*f 

555^  DO 551+ 1 = 1 ,MUNK 
55*f A A L P (l)=A L P (l)+Z (l)

DO 555 1=1,MUNK
IF(ABS(AALP( I ) -ALP( I ) ) -ERR( I ))555 ,555 ,557  

555 CONTINUE 
GO TO 588 

557 NIT=NIT+1
WRITE (3 ,7 5 ) NIT 

75 FORMAT(IX,7HI TER NO,1*0 
DO ^58 1=1,MUNK 
ALP( I )=AALP(l) 

hs8  WRITE (3 ,795) 1,ALP( I )
IF (N IT-N !TER)559,559,560  

588 DO *f6l 1=1,MUNK 
A61 ALP(I)=AALP(l)
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CALL ALPTT(NPTS,NIT,MUNK)
STAN=0.0 
DO 589 1=1,NPTS 

589 STAN=WT(l)*FMT(l)*FMT(l)+STAN 
STAND=ABS(STAN/(FNPTS-FMUNK))
IF(STAND-1.0)591,592,592

591 STAND=1.0
592 AREA=ALP(1)*ALP(3)*1.7724539 

CALL COET(MUNK, NPTS,1 )
CALL PETTR(0,MUNK,1)
DO 1 1=1,MUNK
DO 2 J=1,MUNK
Bm T(l ,j)=BMAT(l ,J)*STAND
1 F (I-J )2 ,4 ,2

4 ERR0R(I)=SQRT(ABS(BMAT(I,1)))
2 CONTINUE
1 CONTINUE

FWHM=ALP (3)*2.0*SdRT(AL0G (2 .0 ) )
FWHE=ABS(ERROR(3) * 2 . 0*SQRT (A LOG( 2 .0 ) ) )
ARER=(ALP(1 )*ERROR(3 ) )**2+(ALP(3)*ERR0R(l) ) * * 2
ARER=1,7724539*SdRT(ABS(ARER+2.*ALP(l)*ALP(3)*BMAT(l,3 ) ) )
DO 695 1=1,MUNK 

695 WRITE(3,692) l,ALP(l),ERROR(l)
IF(MUNK-6)6,5,8

5 WR1TE(3,699)((BMAT(I ,J ) ,J=1 ,MUN$,I=1 ,MUNK)
699 F0RMAT(//1H ,6E20.8)

GO TO 705
6 WRITE(3 ,7 0 0 )((B M A T (I,J ),1=1 ,MUNK),J=1,MUNK)

700 FORMAT(//lH ,5E20.8)
GO TO 705

8 WRITE(3 ,7 1 1 )((B M A T (I,J ),1=1 ,MUNK),J=1,MUNK)
711 F0RMAT(//1H ,7E17.8)
705 WRITE(3 ,7 0 2 )STAN
702 F0RMAT(1H ,7HCHI SQ#,E18.8)

WRITE (3,698)AREA,ARER,FWHM,FWHE 
698 F0RMAT(6H AREA#E18.8,5X,3HSD#E18.8,5X,5HFWHM#E18.8,5X,3HSD#E18.8) 

WRITE(3 ,797 )
797 F0RMAT(1H ,5X,1HX,19X,4HYFIT,16X,2HYD,18X,14HABS%Y-YFIT</YD)

DO 796 J=1,NPTS 
yd=sq,r t ( y (j ) )
SD=ABS(FMT(J)/YD)
W RITE(3,498)J,X(J),Y (J),FUN T(J),YD ,SD  

498 F0RMAT(1H ,I3 ,5 (E 1 6 .8 ,4 X ))
796 CONTINUE 

GO TO 9898 
5555 WRITE( 3 , HO)

110 F0RmT(l4H DEPENDENT EQS/12H DATA SKIPPD)
DO 691 1=1,NPTS

691 WRITE (3 ,692 ) I , X ( I ) ,Y ( I )
692 F0RMAT(1XI4,2E18.8)

GO TO 9898
560 WRITE(3 ,693 )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

693 F0RMAT(20H TOO MANY ITERATIONS) 
DO 63k  1=1,MUNK 

63k  WRITE (3 ,7 9 5 ) I,A L P (l)
795 F0RMAT(1XI3,E18.8)

GO TO 9898 
END

SUBROUTINE ALPTT

SUBROUTINE ALPTT(KPTS,KT1ME,MUNK)
DIMENSION DUM 2(10,12),A(100,10),XC(100),YC(100),W W (100),ALPH(10) 
DIMENSION FUN(10 0 ) ,FM(100)
COMMON DUM2,A,XC, YC,WW,ALPH, FUN, FM 
IF (KTIME)1,2,1

2 DO 3 1=1,KPTS 
IF(MUNK-6)5,6,9

5 A (I,4 )= X C (1 )
A ( l ,5 )= 1 .0  
GO TO 3

6 A ( 1 ,5 )= X C (l)
A (1 ,6 )= 1 .0
A ( l,4 )= X C (l) * *2  
GO TO 3

9 A( I,6 )= X C (l)
A (1 ,4 )= X C (I)**3
A ( I ,5 )= X C (I) * *2
A ( l ,7 )= 1 .0

3 W W (I)=1.0/YC (I)
1 ALP3=ALPH(3)*ALPH(3)

DO k  1=1,KPTS 
XMAL2=XC( I ) -ALPH(2)
A( 1,1 )=EXP( -XMAL2*XMAL2/A LP3)
A (l ,2 )= 2 .0 *A L P H (1 )*A (I,1 )*XMAL2/ALP3 
A C1,3)=A(1,2)*XMAL2/ALPH(3)
IF(MUNK-6)7,8,10

7 FUN(l)=ALPH(l)*A(l,1)+ALPH(^)*XC(I)+ALPH(5)
GO TO k

8 FU N (l)=A LP H (l)M (l,l)+A LPH (4)-tt(l,4)+A LPH (5)*X C (l)+A LP H (6)
GO TO k

10 F U N ( l )= A L P H ( l )M ( l , l )+ A L P H (* f )M ( l ,4 )+ A L P H (5 )M ( l ,5 )+ A L P H (6 ) *x c ( l )  
FUN(l)=FUN(l)+ALPH(7)

k  FM (l)=Y C (l) —FUN( I )
RETURN
END
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SUBROUTINE COET

SUBROUTINE COET(NUNK,NOPTS,KBRN)
DI MENS I ON XCOEF(l0 ,1 2 ) ,AA (1 0 0 ,1 0 ),D (200),W (100 ),D 2 (10) 
DIMENSION FUNK(IOO),FMM(100)
COMMON XC0EF,AA,D,W,D2,FUNK,FMM 
KUNK1=NUNK+1 
DO 12 L=I,NUNK 
DO 11 M=1,KUNKl

11 XCOEF(L,M)=O.0
12 CONTINUE

DO 1 3 .L=1,NUNK 
DO 14 M=1,NUNK 
1F(L-M )15,15,16

16 XCOEF(L,M)=XCOEF(M,L)
GO TO 14

15 DO 17 1=1,NOPTS 
GO TO (1 8 ,1 9 ) ,KBRN

18 IF(ABS(AA( I ,L ) ) - 1 .E - 6 5 ) 17,17,221  
221 IF (A B S (A A (I,L ))-1 .E -32)219 ,219 ,220
219 IF (A B S (A A (I,M ))-1 .E -32 )17 ,17 ,218
220 IF (A B S(A A (1,M ))-1 .E -65)17,17,218
218 XCO EF(L,M )=XCO EF(L,M )^(!)*AA(l,L)*AA(l,M )

GO TO 17
19 XCOEF(L,M)=XCOEF(L,M)+AA(l,M)*AA(l,L)/(-FUNK(l))
17 CONTINUE 
14 CONTINUE
13 CONTINUE

GO TO (2 1 ,2 4 ) ,KBRN
21 DO 22 1=1,NUNK 

DO 23 1=1,NOPTS
IF(ABS(AA( I , L )) - 1 . E -70 )23,23,25  

25 XCOE F( L,KUNK1)=XCOEF( L,KUNK1) +W( I ) *AA( I , L)*FMM( I )
23 CONTINUE
22 CONTINUE
24 RETURN 

END

SUBROUTINE DETTR

SUBROUTINE DETTR(KMIN,LUNK,KERR)
DIMENSION TEM P(1,21),XC0F(I0,12),DUM 22(1510),DETM (10),Y(10,21)
COMMON XC0F,DUM22,DETM,DETMP,Y
MATC=LUNK
J=0
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DO 72 L=1,LUNK 
M=0
IF (L-K M IN)73,72,73  

73 J=J+1
DO 7b K=1,LUNK 
IF(K-KM IN)76,7^,76

76 M=M+1 
Y(J,M)=XCOF(L,K)

7k  CONTINUE 
72 CONTINUE

IF(KM IN )77,78,77
77 M/\TR=LUNK-1 

MATC=LUNK 
GO TO 79

78 MATR=LUNK 
MATC=LUNK+2+KERR*(LUNK-l)
IF (K ER R )80,8 l,80

81 DO 82 l= l,m T R
82 Y(1,MATC-1)=XC0F(I,MATC-1)

GO TO 79
80 MATC1=MATC-1 

MATC2=MATC-mTR 
DO 83 L=1,MATR 
DO 8k  M=MATC2,mTCl 

8 k  Y( L, M)=0.0
83 CONTINUE

DO 85 L=1,MATR 
MMAM=MATR+L

85 Y(L,MMAM)=1.0
79 DO 86 1=1,HATR
86 Y(I,MATC)=1.0  

DO 212 l= l,m T R  
M=l+1
J=1

885 IF ( Y ( I , I ) ) 2 1 3 ,2 l * f ,213 
21*t 1F(J-MATR)215,226,215
215 J=J+1

DO 216 L=1,MATC 
TEM P(1,L)=Y(I,L )
Y (I,L )= Y (J ,L )

216 Y(J,L)=TEMP(1 ,L)
GO TO 885

213 1F(I-MATR)281,282,281 
281 YD IV=1#0 /Y ( I , I )

DO 220 K=M,MATC 
220 Y( I,K )= Y (l,K )*Y D IV  

Y ( l ,1 )= 1 .0  
DO 221 L=M,MATR 
mTCI=MftTC-l 
DO 222 K=M,MATCl 
Y (L ,K )= Y (l,K )* ( -Y (L ,l) )+ Y (L ,K )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

222 CONTINUE 
221 CONTINUE

DO 224 L=M,MATR 
224 Y (L ,l )= 0 .0  
212 CONTINUE 
282 MMM=MATR+1

YDIV=1.0/Y(MATR,MATR)
DO 899 KK=MMM,MATC 

899 Y(MATR,KK)=Y(mTR,KK)*YDIV 
Y(mTR,MATR)=1.0 
DETMP=1.0
IF(KERR)851,851,852

851 DO 825 1=1,MATR
825 DETMP=DETMP*Y(l,MATC)

DETMP=1,0/DETMP 
IF(KM IN )46,45,46  

46 RETURN
45 DETM(mTR)=Y(mTR,MATR+1)

J 0=5*0 
875 J0=J0+1 

J1P=MATR-J0 
IF (J IP )8 9 1 ,46,891  

891 KIP=JIP+l
DETM (JIP)=Y(JIP,m TR+l)
DO 999 L=KIP,MATR 

999 DETM(JIP)=DETM(J1P)-DETM(L)*y (J IP , L) 
GO TO 875

852 MATC=MATC-1
DO 8111 I=2,MATR 
1 1 = 1 - 1
DO 8112 K=1, 1 I 
1 1 1 = 1 + 1
DO 8113 J = II I,MATC 

8113 y (k , j ) = - y (k , i ) * y ( i ,j )+ y (k ,j )
8112 Y (K ,I)= 0 .0  
8111 CONTINUE

DO 853 L=1,MATR 
DO 854 M=1,MATR 
MMATR=M+MATR 

854 Y(L,M)=Y(L,MMATR)
853 CONTINUE 

RETURN
226 DETMP=0.0 

RETURN 
END
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Appendix I I . Wang program fo r  the numerical so lu tion  

of equation (5 3 ) .
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STEP COMMAND CODE STEP COMMAND CODE

00 Mark 07 31 Rec A. 55
01 1 61 32 X= L 46
02 Cl A. 54 33 Ch Sign 77
03 Cl a r 50 34 Ae 43
04 stop1' 01 35 Cl A. 54
05 Cont 06 36 ”a l 57
06 St D ir 26 37 Rec D i r 27
07 4 64 38 1 61
08 +A, 56 39 Enter 41
09 Enter 41 40 Rec A„ 51
10 Rec D ir 27 41 X= R 46
11 3 63 42 Ch Sign 77
12 X= 46 43 ex 43
13 +a r 52 44 C1 Ar 50
14 ReS D ir 27 45 -A0 53
15 2 62 46 1 R 61
16 +A. 56 47 +a r

Enter
52

17 Rec D ir 27 48 41
18 2 62 49 1 61
19 +A_ 52 50 +A, 56
20 Enter 41 51

«_L.
• 47

21 Rec D ir 27 52 Cl A, 54
22 0 60 53 “a l 57
23 Enter 41 54 Rec D ir 27
24 Rec A, 55 55 5 65
25

. L • 47 56 +a l
56

26 St D ir 26 57 Search 02
27 5 65 58 1 61
28 Rec D ir 27 The program now
29 1 61 loops to  step 00
30 Enter 41 and rese ts .

COMMENTS

a) Store Nc ./Nr in memory 0.
b) Store time of ir ra d ia tio n  in memory 1.
c) Store \  in memory 2.
d) Store k in memory 3.
e) Clear a l l  and Search 1.
f )  Punch out a t r i a l  numerical value fo r  a nvQ on t *ie keyboard.
g) Press continue.

The value fo r  the expression in equation (53) is displayed  
a t the end of the program. I f  the sign is p o s itiv e , the t r i a l  
function  chosen was too g re a t. Steps f  and g are repeated 
u n til  a minimal value fo r  the expression is obtained. The 
t r i a l  function is stored in memory 4 fo r  reference.
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