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Neutrón Activation Resonance Integral of and ^^Ge and Evaluation 
of the “̂̂Ge keV Neutrón Radiative Capture Cross Section 

and Resonance Integral

M . D. R i c a b a r r a ,  R .  T u r j a n s k i ,  a n d  G . H. R i c a b a r r a

C om isión  N a cio n a l de E nerg ía  A tó m ica , B uenos A ires, A rgen tina  

R ece ived  D e ce m b e r 2, 1971'

V alúes o f  the  red u ced  a c tiv a tio n  re so n an ce  in teg ra l re la tiv e  to  th e  th e rm a l c ro ss  sec tion  /'/(Tq o f  '‘G e  a n d  
’^G e w ere d e te rm in a d  re la tiv e  to  go ld  by m e a su rin g  c ad m iu m  ra tio s  in a  re a c to r  sp ec tru m .

A  lith iu m -d rif te d  g e rm a n iu m  y-ray  sp ec tro m e te r  w as used  to  reso lve  the  ac tiv itie s  o f  th e  sam ples.
T h e  re su lts  fo r ’*G e a re  /'/cto =  1-514 ±  0.031 an d  í  =  0.681 ±  0.123 b w ith  an  assu m ed  (Tq =  0.45 ±  0.08 b ; 

fo r ^'’G e  /'/(To =  12.00 +  0.16 a n d  / '  =  1.992 +  0.359 w ith  an  a ssu m ed  Oq =  0 .166 ±  0 .030  b.
T he va lúes o b ta in e d  fo r f  a re  in serio u s  d isag re e m e n t w ith  the  va lúes c a lcu la te d  w ith  n e u tró n  re so n an ce  

p a ra m e te rs  an d  co n firm  p rev io u s  re su lts  o b ta in e d  in s im ila r keV  av erag e  re so n an c e  sp ac in g  iso to p es.
D u e  to  th is  fac t a  carefu l e v a lu a tio n  o f  th e  keV  n e u tró n  ra d ia tiv e  c a p tu re  c ro ss  sec tion  an d  re so n an ce  

in teg ra l fo r “̂*0 6  w as u n d e rta k e n .
T h e  ev a lu a tio n  a n d  c o m p ^ riso n  w ith  the  e x p e r im e n ta l va lué  o f  th e  re so n an c e  in teg ra l show s first th a t  fo r 

n u c lid es  w ith  an  av e rag e  re so n an ce  sp ac in g  o f  keV  th e  u n re so lv ed  re so n an ce  in te g ra l has been  serio u sly  u n d e r- 
e s tim a ted  in m an y  ev a lu a tio n s , a n d  seco n d  th a t  be tw een  10 a n d  100 keV , re so n an ce  in teg rá is  c a lc u la te d  w ith  
sm o o th  low  re so lu tio n  a c tiv a tio n  c ross  sec tio n s  give a b e tte r  c a lc u la tio n  o f  n e u tró n  c ap tu re s  th a n  th a t o b ta in e d  
w ith  n e u tró n  re so n an c e  p a ra m e te rs . __________________

Les v a leu rs  de l’in té g ra le  de ré so n an c e  de l’a c tiv a tio n  réd u ite  re la tiv e  á la sec tion  efficace th e rm iq u e  /'/CTo d u  
"“G e et d u  ’^G e o n t é té  d é te rm in é es  p a r  r a p p o r t  á  l’o r, en m e su ran t les ra p p o r ts  d 'a b o n d a n c e  du  c ad m iu m  
d a n s  un  spec tre  de ré a c teu r .

U n  sp e c tro m é tre  y  g e rm a n iu m - li th iu m  á  é té  u tilisé  p o u r  d é te r ín in e r  l’a ctiv ité  des é ch a n tillo n s .
Les ré su lta ts  p o u r  ’^G e so n t í 'I<Jq =  1.514 +  0.031 e t / '  =  0.681 +  0.123 b avec une  v a le u r su p p o sé e  de 

(To =  0.45 ±  0.08 b ;  p o u r  ’*’G e, /'/cTo =  12.00 +  0.16 e t / ' =  1.992 ±  0.359 b  avec un e  va leu r su p p o sé e  de 
<To =  0.166 +  0 .030  b.

Les va leu rs  o b te n u e s  p o u r / '  so n t en  sérieux  d é sac co rd  avec les v a leu rs  calcu lées  á  l 'a id e  des p a ra m é tre s  de 
ré so n an ce  des n e u tro n s  e t c o n firm e n t des ré su lta ts  o b te n u s  p ré c éd e m m e n t p o u r des iso to p es  d o n t les ré so n an ce s  
p ré sen te n t un e sp a cem en t m oyen  c o m p a ra b le .

P o u r  cette  ra iso n , une  é v a lu a tio n  so ig n eu se  de la sec tion  efficace de c a p tu re  ra d ia tiv e  des n e u tro n s  d a n s  ia  
rég io n  des keV , de m ém e que  la d é te rm in a tio n  de la v a leu r de l’in tég ra le  de ré so n an ce  p o u r  ’^G e o n t é té  
en trep rises.

L ’é v a lu a tio n  de  l’in té g ra le  de ré so n an c e  et sa c o m p a ra iso n  avec la v a leu r ex p érim en ta le  m o n tre n t p rem ié re - 
m en t que  p o u r  les n o y au x  a y a n t un  esp acem en t m oyen  des ré so n an ce s  de l’o rd re  des keV , l’in tég ra le  des 
ré so n an ces  n o n  réso lues  a  é té  sér ieu sem en t so u s-es tim ée  d a n s  p lu s ieu rs  é v a lu a tio n s , et d e u x iém em en t que  
d a n s  l’in te rv a lle  (10 keV , 100 k eV ) les in tég ra le s  de ré so n an ce  calcu lées  avec u n e  sec tion  efficace d ’ac tiv a tio n  
á  b asse  ré so lu tio n  d o n n e n t pour les captures de neutrons une m eilleur ré su lta t q u e  celu i q u ’o n  o b tie n t avec 
les param étres de résonance des neutrons. [T ra d u it p a r  le Jo u rn a l]

Canadian Journal of Physics, 50, 1978 (1972)

Introduction sections in the G e iso topes are particu la rly  im-
Previous results (R icab a rra  et al. 1968, 1969, PO^tant for ste llar nucleosynthesis (F ow ler 1968)

1970) show ed th a t a consisten t serious dis- and  the u n d erstan d m g  o f  keV  n eu tró n  cap tu res
crepancy  existed betw een ca lcu la ted  and  experi- iso topes w ith wide average resonance spacing 
m ental valúes o f  the resonance in tegral for ( ~ k e V )  is al so o fm te re s t in fast reac to r physics.
several iso topes in w hich the p red o m in an t In ad d itio n  one o f  the o u ts tan d in g  prob lem s
resonances were in the keV energy reg ión . n eu tró n  detec tion  has been the de tec tion  o f  

^^Ge an d  ''^Ge are  elem ents w ith these char- keV energy n eu tro n s in the presence o f  strong  
acteristics, and  it is in teresting  to  see if these gam m a rad ia tio n  and  the rm al neutr^on nelds.
elem ents confirm  o u r prev ious results. R ecently  sim ilar iso topes like «°Se an d  ^"Zn 

F u rth e rm o re  keV rad ia tive  cap tu re  cross have been p roposed  (C onnolly  eí a/. 1968) and
used (M üller 1970) to d eterm ine n eu tró n  flux

1978

‘ R ev isió n  received  A p rii 4 ,1 9 7 2 . in the keV energy región o f  a fast critical
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assem bly, bu t ap p a ren tly  the a u th o rs  have n o t 
checked  the rad ia tive  cap tu re  cross sections and  
n eu tró n  resonances pa ram ete rs  o f  these elem ents 
aga in st experim en tal valúes o f  the resonance 
in tegral.

"‘‘G e an d  ^®Ge m ay be conven ien t detec to rs 
fo r this energy range bu t a com parison  o f  the 
experim en tal resonance in tegral w ith  the cal- 
cu la ted  one has to  be m ade in o rd er to  know  if 
resonance p aram ete rs  m ay be tru s ted  to  ca l­
cú la te  keV effective cross sections.

R ecently  a com plete m easu rem en t o f  germ a- 
n ium  n e u tró n  resonance param ete rs  has been 
rep o rted  (M aletzk i et al. 1968), and  this m ea­
su rem ent has been m ade by a high reso lu tion  
transm ission  and  rad ia tive  cap tu re  technique 
app lied  to en riched  germ an ium  sam ples. The 
co m b in a tio n  o f  these techn iques is believed to 
give a  reasonab le  accuracy  for rad ia tive  w idth 
d e te rm in a tio n s in resonances w ith large n eu tró n  
w idths, and  better In fo rm ation  a b o u t w eaker 
/)-w ave resonances.

In a d d itio n  there are, for “̂̂ Ge, a good  num ber 
o f  d iífe ren tia l n eu tró n  ac tiv a tio n  cross section 
m easu rem en ts in the keV and  M eV energy región 
an d  sem i-em pirical sta tistica l m odel ca lcu la tions 
o f  the cross section.

T herefo re , ‘̂‘G e is a su itab le elem ent to  m ake 
critica l co m p ariso n s o f  keV n eu tró n  cap tu res 
ca lcu la ted  by different p ro ced u res  an d  arrive 
at a m eaningfu l u n d ers tan d in g  o f  the cause o f  
d iscrepancies in this energy región.

Som e p rov isional d a ta  ab o u t germ anium  
iso topes toge ther w ith prev iously  published  
valúes w ere rep o rted  in a review o f  o u r w ork in 
th is field in the H elsinki C onference (R icabarra  
et al. 1970). In this pap e r we gave a com plete 
descrip tion  o f  the technique, eva lua tion , and  
resu lts w hich supersedes prev ious prov isional 
valúes.

Method
T he cadm ium  ra tio  techn ique was applied  to 

d eterm ine the ra tio  o f  the reduced  resonance 
in teg ral, / ' ,  to  the the rm al ac tiva tion  cross 
section , (To, as has been discussed in previous 
w ork  (R ic ab a rra  e? a/. 1968).

T he "‘‘G e cadm ium  ra tio  w as determ ined  by 
m easuring  the activ ity  o f  ^^Ge (82 m in). An 
isom er is also p ro d u ced , but it decays entirely  to 
the g ro u n d  sta te  w ith a half-life o f  48 s, so th a t 
for coun ts s ta rtin g  ~  1 h afte r the end o f  the

irra d ia tio n , the ^^Ge activ ity  is p ro p o rtio n a l to 
the to ta l ^'^Ge cross section.

This is no t the case fo r ’*Ge, because the 
m etas tab le  isom er '^Ge™ (54 s) p roduced  by 
n eu tró n  cap tu re  only  partia lly  (24%) decays 
to  the g ro u n d  sta te ^^Ge (1 1 .3 h )  an d  76% o f 
^’ Ge™ decays to ^’ As (38.7 h ) (L ederer et al.
1968) (see Fig. 1).

T he activ ity  o f  ^^As does n o t rep resen t the 
sum  o f the activ ity  o f  the tw o isom ers due to  the 
fact th a t its half-life is o f  the sam e o rd er as the 
^^Ge half-üfe.

If ¿ (m )  and  ó(g)  a re  the effective cross 
sections to  the m etas tab le  an d  g ro u n d  sta te  
isom ers, the sa tu ra tio n  activ ity  o f  ̂ ^Ge an d  ’As 
a t the end o f  the irra d ia tio n , per a to m  o f  ^^Ge 
and  n eu tró n  flux equal to one, can be expressed 
(see A ppend ix  II) by

e (^ ^ G e )  =  á (g )+ /C o < T (m )

e ( ” A s) =  (r(g)-l- fio<í(m)

w here

Bo =
(1 - / ) Q  +  ./ C 3

C,

/  is the isom eric tran sitio n  fraction  an d  Cy, 
C j, C 2 , an d  C 3  a re  te rm s w hich d epend  on  the 
decay co n s tan ts  (Ai, ¿ 2 , Á3 ), the irra d ia tio n  tim e 
(7"), and  the tim e elapsed from  the end o f 
irra d ia tio n  (?).

If one allow s for com plete decay o f  the 54 s 
activity , the coefíicients Q  and  Q  becom e 
co n s tan ts : Q  =  — ^ 2 ) an d  C, =  ÁJ{a^ -  
/I3 ). F igure  2 shows ¿ 2 , C¡, and  ca lcu la ted  as a 
function  o f  tim e.

T he '̂’G e isom eric yield ra tio  is d ifferent for 
the rm al an d  ep icadm ium  cap tu re , henee the 
cadm ium  ratio  o b ta in ed  by m easuring  ” Ge 
gam m a rays will be d ifferent from  th a t ob ta in ed  
by m easuring  ^’A s gam m a rays.

The ra tio s o f  the bare to the cadm ium  covered 
activ ity  ob ta in ed  from  "^Ge, R j,  an d  ’^As, R¡, 
p h o to p e ak s  can be expressed in term s o f  the 
cad m iu m  ra tio , :

[1] /?2 -  1 =  (^ C d  -  1 )

[2] R , - \ = { R c , - l )

1 - g ( i  -  y )
1 - a ( l  -  Y ,)

1 - / í ( l  -  Y) 
1 -/^(l -  r . )

w here a =  1 -  C p /a n d  /i =  1 — Bq.
Y  is the isom eric yield ra tio  below  the cadm ium
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F ig . 2. C a lcu la te d  coeffic ien ts  as  a  fu n c tio n  o f  tim e.

cu to ff an d  equals the the rm al isom eric yield 
ra tio ; Kj is the ep icadm ium  isom eric yield ratio .

F rom  the experim en tal valúes R 2  and  and  
expressions [ 1 ] an d  [2 ], the cad m iu m  ratio , Rq¿. 
can  be o b ta in ed .

A ssum ing  th a t the transm ission  o f  resonance 
n eu tro n s  in cad m iu m  is equal to  one (F  =  1 ) and

is \¡v f e = l ,  W = 0 ) ,  the reduced  resonance 
in teg ral / '  can be deduced  from  the W estco tt 
fo rm alism  (W estco tt el al. 1958):

[3]
I 'G , _  l -  R c A l l K ) ( r ^ / f / T o )  

(To 2  { R c 6 - ^ ) { r ^ W o )

the  cross section  below  the cad m iu m  cutofi' w here G, is the resonance self-shield ing correc-
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tio n ; r ^ T jT fy  is the ep ith erm al n eu tró n  index; 
1 / .^ =  0.462, for £o =  0.025 eV, an d  =  0.60 
eV. T he defin ition  o f  the experim en tal resonance 
in tegral an d  its dependence on  the reac to r 
spectrum  are d iscussed in A ppend ix  I.

Resonance Self-Shielding C onect ion
T he self-shielding co rrec tio n , G^, was calcu- 

la ted  for every resonance using the param ete rs  
o f  M aletzk i et al. 1968. T he D o p p le r effect and  
resonance in teg ral w ere ca lcu la ted  for every 
resonance. T he n arro w  resonance app rox im a- 
tion  (D resner 1960) was used to  ca lcú late  self- 
shielding, because the n eu tró n  w idth  w as con- 
siderab ly  n a rro w er th an  the average decrem ent 
o f  the n eu tró n  energy per collision  in the 
germ an ium  resonances.

An experim en tal d e te rm in a tio n  o f  the reso ­
nance self-shielding co rrec tio n  was m ade by 
m easuring  the cad m iu m  ra tio  fo r tw o different 
sam ple thicknesses an d  I 'G ,  w as derived  from  
them .

T he in fin ite-d ilu tion  resonance in tegral was 
o b ta in ed  by ex trap o la tin g  the experim en tal 
valúes o f  I'G^ to  zero th ickness using the 
ca lcu la ted  G, as a pa ram ete r.

In cases w here the re  is serious d isagreem ent 
betw een ca lcu lated  an d  experim en tal valúes o f 
self-shielding this p ro ced u re  is som ew hat in- 
volved an d  m ay p roduce a  1 % system atic e rro r 
in the experim en tal resonance in tegral.

E xperim enta l  Details
In prev ious w ork (R ic ab a rra  et al. 1968, 1970) 

m ost o f  the experim en tal details and  analysis 
re levan t to  this k ind  o f  m easure  were given.

T he irrad ia tio n  place was the cen tra l g raph ite  
reflector o f  the R eac to r A rgen tino  1 (R A I). 
T he flux d is trib u tio n  an d  slow ing dow n spectra  
in the site o f  irra d ia tio n  w ere given in the papers 
m en tioned  above.

T he W estco tt ep itherm al index, r ^ f / Y o ,  
was 0.0794 ±  0.0003 based on  a g o ld -c a d m iu m  
ra tio  o f  1.674 +  0.003 an d  a valué o f  /'/^o  o f 
15.69.

C ad m iu m  ra tio s  w ere m ade fo r tw o foil th ic k ­
nesses; foils o f  m etallic  germ an ium  406 mg/cm ^ 
th ick  an d  th in  foils o f  25 m g/cm ^ o r 40 mg/cm^ 
o f  germ an ium  oxide deposited  in p lástic paper.

A n ac tiv a tio n  analysis w as m ade o f  the 
irra d ia ted  plástic  p ap e r  to  be sure th a t no un- 
desirab le activ ities were p resen t in the gam m a

energy región o f  in terest. T he rep roducib ility  o f  
o u r germ anium  oxide deposits  was checked and 
was found  to  be b e tte r th an  1 0 %.

To avoid  p rob lem s o f  w eight in te rca lib ra tio n  
each run  was repeated  for each pa ir o f  foils 
reversing the positio n  o f  bare  an d  cadm ium - 
covered  foils.

The foil activities w ere co u n ted  a lte rna te ly  in a 
L i-drifted  G e gam m a-ray  sp ec trom eter to to ta l 
a ro u n d  10* coun ts. D ead  tim e co rrec tio n  in the 
spec trom eter m u ltichannel ana lyzer system  was 
co n tro lled  to  be less th an  0.5%  an d  the m u lti­
channel ana lyzer was o p era ted  in the live-tim e 
m ode.

'-^Ge
M etallic germ anium  foils (406 m g/cm ^) were 

irra d ia ted  in the cen tra l g rap h ite  reflector.
The 190 keV gam m a ray o f  ̂ ^Ge (82 m in ) was 

m easured  2  h  afte r irra d ia tio n  an d  the activity  
follow ed for a b o u t 1 |  h.

T he average resu lt from  th ree experim ents 
w as

/?^^(7'^Ge) =  7.00 ±  0.09 

f G > o =  1.383 ± 0 .0 2 1

T hin  foils (40m g/cm ^) o f  germ an ium  oxide 
w ere irrad ia ted  b are  an d  cad m iu m  covered for 
5 min an d  the 190 keV gam m a-ray  activ ity  
m easured  1 h afte r irra d ia tio n . E ight runs were 
m ade w ith four p a ir  o f  foils, reversing the 
cadm ium  box position  for each pair.

T he average resu lt w as

/?cd r^ G e) =  6.64 ± 0 .1 0  

/ 'G > o =  1.497 ± 0 .0 2 7

By ex tra p o la tio n  o f  I 'G Ja^  as a function  o f 
the  ca lcu la ted  G„  as described  befo re , the valué 
o f  the ra tio  o f  the resonance in teg ral to  the ther- 
m al cross section for infinite d ilu tion  is o b ta in e d :

/7 f fo =  1-514 ± 0 .0 3 1

In T able 1 are  sum m arized  the results o f  the 
experim ents and  the experim en tal resonance 
self-shielding. T he the rm al cross section ad o p ted  
for “̂̂ Ge is the valué recom m ended  by G o ld b erg  
et a/. (1966), (To =  0.45 ±  0.08 b.

F ro m  the experim en tal valué o f  /'/(Tq and  
(7o =  0.45 ±  0.08 b, r  =  0.681 ±  0.123 b is o b ­
ta ined . T he ca lcu la ted  valué is /'¡,ic =  0.217 and  
disagrees by a fac to r o f  three. T his ca lcu la tion
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T a b l e  1. R eso n a n c e  in te g ra l a n d  re so n a n c e  se lf-sh ie ld in g  T a u l e  2 . R eso n a n ce  in teg ra l a n d  re so n an c e  se lf-sh ie ld in g

ó
(m g  G e /cm ^ )

4 0 6
28
O

o f’^Ge

ca lcu la te d
I'GJca

m e a su re d

0 .7 0 4 2
0 .9 6 2 2
1

1 .3 8 3  
1 .4 9 7  
1 .5 1 4

C , S
ex p e r im e n ta l (m g O e /c m ^ )

0 .9 1 3 5
0 .9 8 8 8
1

4 0 6
17
O

o f " '’G e

G,
ca lcu la te d

I'G,¡Oo
m e a su re d

0 .7 8 2
0 .9 8 7
1

9 .5 8 4
1 1 .8 6 0
1 2 .0 0 4

G,
e x p e r im e n ta l

0 .7 9 8
0 .9 8 8
1

w as m ade w ith  th e  resonance p aram ete rs  o f  
M aletzk i et al. (1968) from  2 keV to 60 keV and  
D resn er trea tm e n t o f  the unreso lved  resonance 
in tegral. T his d iscrepancy  is considered  fu rth e r 
in a sep ara te  section.

S im ilarly  the experim en tal G, in T ab le 1 
d isagrees w ith the ca lcu la ted  G^. I f  one assum es 
th a t th is d iscrepancy  is due to  a nonsh ie lded  
co n trib u tio n , P, to the resonance in tegral, then

G,(exp. )  =

an d  P  is a b o u t 0.5 b, w hich gives / '  =  0.72 b, 
in b e tte r ag reem en t w ith o u r experim en tal valué 
o f  the resonance in tegral.

Thick  foils o f  406 mg/cm ^ o f  m etallic germ a- 
nium  were irrad ia ted  for 3 h an d  m easurem ent 
o f  the ^^Ge p h o to p e ak s  s ta rted  24 h afte r 
irra d ia tio n  to  allow  fo r com plete  decay o f  ’^Ge 
(82 m in).

T he bare an d  cadm ium -covered  sam ples were 
co u n ted  a lte rn a te ly  an d  the decay o f  the 2 1 0 , 
215, an d  263 keV o f  ^’ G e p h o to p e ak s  (1 1.3 h) 
was follow ed for a b o u t 2  days.

T hree  irra d ia tio n s  were p erfo rm ed  an d  the 
average resu lt was

/ ? 2  =  1.897 +  0.001

T o o b ta in  the activ ity  o f  the  ̂ As (38.7 h) 
239 keV gam m a ray was co u n ted . This is the 
strongest activ ity  availab le because 97% o f  the 
decays go d irectly  to the g ro u n d  state. This 
activ ity  w as co u n ted  when the '^G e p h o to p eak  
ac tiv ity  had  decayed to  the sam e o rder. T hree 
irra d ia tio n s  were m ade an d  the foil activity  was 
co u n ted  for a b o u t 10 h, from  117 to 127 h afte r 
the end o f  irra d ia tio n . The average result was

« 3  =  2.041 ± 0 .0 1 0

D u rin g  the co u n tin g  tim e, in expression [2]

varies very slowly (0 . 1 2 % in 1 0  h ) an d  can  be 
considered  co n s tan t du rin g  the m easu rem en t, 
fio =  0.7792 a t 122 h.

In expressions [1], [2], an d  [3], Y  =  0.339 
(M an n h a rt an d  V onach  1 9 6 8 ) ,/=  0.24 (Lederer 
et al. 1968). T he results are

( « c d -  1 ) =  1 0 7 6 ± 0 .0 1 3  

/ 'G > o  =  9.58 ± 0 .1 2

T hin  foils o f  25 mg/cm ^ o f  germ an ium  oxide 
were irra d ia ted  for 30 m in. T h ree  p a irs  o f  foils 
were used reversing the cad m iu m  p o sitio n  for 
each p a ir ; six runs in to ta l w ere m ade.

The ^^Ge p h o to p e ak s  w ere co u n ted  24 h 
afte r the end o f  irra d ia tio n  an d  the average was

=  1.731 ± 0 .0 0 7

Self-shielding w hich depends only  on the to ta l 
cross section a t the resonances will equally  affect 
b o th  isom eric states and  R j  -  1 /./?_, — 1 will no t 
depend  on the th ickness. T his ra tio  cou ld  be 
determ ined  w ith b e tte r s ta tistics fo r thick 
sam ples th an  fo r th in  sam ples. T h u s fo r thin 
sam ples only  R 2  was de term in ed  an d  R¡, was 
o b ta in ed  using the ra tio  o f  / ? 2  — 1 / ^ 3  ~  1 

determ ined  for th ick  sam ples.
A d irect m easu rem en t o f  R̂ , m ade on thin 

sam ples only  in one run  ag reed  w ith in  V‘/„ w ith 
the valué o b ta in ed  by this m ethod .

T he valúes o f  R^a and  I 'G Jao  fo r th in  foils are

( R c ¿ -  1) =  0.877 ± 0 .0 1 1

/ 'G > o =  11-860 ± 0 .1 5 8

F ro m  r C J a ^  for tw o th ickness, /'/(To can  be 
ex trap o la ted  as described  in the M eth o d  section 
and  the results are show n in T ab le  2. W e then 
ob ta in

I'l(7ü=  1 2 . 0 0  ± 0 .1 6

U sing the therm al ac tiva tion  cross section  for 
^^Ge"" (54 s) recom m ended  by G o ld b erg  et at.
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T a b l e  3. ^“* 0 6  c ro s s  s e c t io n  a t  2 4 “ k eV

1983

C ro ss  sec tio n  (b )

R eferences C a lcu la te d M easu red

0 .0 5 7
0.020
0 .0 8 9 6

0 .0 4 4

0 .0 5 3

M ac k iin  e t a!. (1957)
C h a u b e y  a n d  S ehgal (1966)
L a k s h m a n a  R a o  e t al. (1970)
B enzi (1969) 0 .0 4 9
M u sg ro v e  (1969) 0 .0 3 3
D o v b e n k o  e t al. (1969) 0 .0 4 4

A v erag e  0 .042

E s tim a te d  c ro ss  sec tio n  a t 
24 keV  w ith  M ale tzk i e t al. (1968) 
p a ra m e te rs ,  w ith  d isp e rs ió n

A E = + l k e V  0 .0 1 6 ‘
A E = ± 5 k e V  0 .0 1 1 '

" N o m in a l  Sb - Be so u rc e  n e u tró n  e n e rg y .
‘ E s t im a te d  c ro s s  se c t io n  v a rie s  10% i f  c a lc u la te d  a t  22  keV .
‘ C a lc u la te d  c ro s s  s e c tio n  d o e s  n o t  v a ry  if  c a lc u la te d  a t  22  keV  in s te a d  o f  24 keV .

(1966), (7 o(m ) =  0 . 1 1  +  0 . 0 2  b, and  the therm al 
isom eric yield ra tio  Y  =  0.339 +  0.020 (M ann- 
h a rt an d  V onach 1968), one o b ta in s  â ¡ = 
0.166 ± 0 .0 3 0  b.

W ith  /'/cTo =  12.00 +  0.16 an d  (To =  0 1 6 6  +  
0.030 b we o b ta in

l ' =  1.992 ± 0 .3 5 9

U sing the n eu tró n  resonance param ete rs  
given by M aletzk i et al. (1968), the calcu lated  
valué is / ' =  1 . 2 0  b w hich seriously d isagrees 
w ith the experim ental valué.

Evaluation o f keV Neutrón Radiative 
Capture Cross Section and Resonance Integral

E arly  m easurem ents o f  ^'^Ge n eu tró n  activa- 
tion  cross sections w ere m ade by M ackiin  et al. 
(1957) an d  L yon an d  M ack iin  (1959) a t 24 and  
197 keV. New ac tiv a tio n  cross section m easu re­
m ents at 24 keV w ere m ade by C haubey  and  
Sehgal (1966) and  L ak sh m an a  R ao  et al. (1970).

T o lstikov  et al. (1967) an d  D ovbenko  et al. 
(1969) m ade a d ifferential ac tiva tion  cross sec­
tio n  m easu rem en t from  10 keV to 3 M eV and  
o b ta in ed  a good fit w ith the ir ca lcu la ted  statis- 
tical m odel curve an d  a reasonab le  agreem ent 
w ith  M ackiin  m easurem ents.

T here  are also m easu rem en ts in the M eV 
energy región by H ughes et al. (1953) and  
P asechnik  et al. (1958).

In ad d itio n  to these low reso lu tion  m easu re­

m ents there are the prev iously  qu o ted  n eu tró n  
resonance an d  resonance p a ra m e te r  m easu re­
m ents from  2 keV to 60 keV, m ade by trans- 
m ission and  cap tu re  techn ique w ith enriched 
'■^Ge sam ples (M aletzk i et al. 1968).

F u rth e rm o re , there are tw o sem i-em pirical 
sta tistica l m odel ca lcu la tio n s fo r ^"^Ge by Benzi 
and  Reflfo (1969) an d  M usgrove (1969).

W e estim ated  from  M aletzk i n eu tró n  reso ­
nance p aram ete rs  the average ac tiva tion  cross 
section a t 24 keV w ith energy d ispersión  o f  
±  1 keV ( A £ '= 2 k e V )  as recom m ended  for 
S b -B e  sources (Pauw  1970) an d  o f  ± 5 k e V  
(Ai: =  lO keV ) as qu o ted  by D ovbenko  et al. 
(1969).

E xam ination  o f  T able 3 show s th a t M aletzki 
n eu tró n  resonance param ete rs  seriously under- 
estim ate n eu tró n  cap tu res  at 24 keV.

This d iscrepancy  m ay be due to  neglect o f  
p-  an d  í/-wave n e u tró n  cap tu res  acco rd ing  to  the 
sta tistica l m odel ca lcu la tions o f  D ovbenko  et al. 
(1969) and  M usgrove (1969).

W e m ay now  proceed  to  eva lúa te  the n eu tró n  
rad ia tive  cap tu re  resonance in teg ral from  the 
"̂‘G e cross sections q u o ted  previously. The 

unreso lved  p a r t o f  the reduced  resonance 
in teg ral from  60 keV to 10 M eV w as eva lua ted  
by D resner trea tm e n t (D resner 1960) using 
M aletzk i et al. (1968) average resonance p a ra m ­
eters; by num erical in teg ra tion  o f  the resonance 
in tegral using the sta tistica l m odel calcu la ted  
cross section (Benzi and  Reffo 1969); and
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T a b l e  4 . C a lc u la tio n  o f ''“‘G e  u n re so lv ed  re so n a n c e  in teg ra l 
(60 k e V < £ ^  l O M e V )

R eferen ces

R eso n a n c e  in te g ra l (b )

XjE  sp e c tru m R e a c to r  sp ec tru m "

D re sn e r  fo rm alism ^ 0 .0 0 2
B enzi (1969) 0 .0 5 8 0 .161
T o ls tik o v  e t at. (1967) an d

D o v b e n k o  et al. (1969) 0 .0 5 5 0 .1 5 0

"54  g r o u p  d iffu s io n  r e a c to r  s p e c tru m  c a lc u la t io n .
'’W ith  M a le tz k i  e t a l. (1 9 6 8 ) p a ra m e te r s .

T a b l e  5. E v a lu a tio n  o f ’“G e  re so n an c e  in te g ra l in  th e  re a c to r  
sp ec tru m "

/ '  ( b )

R eferen ces 2 -1 0  keV  1 0 -60  keV  Ó O k e V -lO M e V

M ale tz k i « a / .  (1 9 6 8 ) '’ 0 .2 3 1  0 .0 1 3  0 .0 0 5  
T o ls tik o v  e í al. (1967) a n d

D o v b e n k o  <?í a/. (1 9 6 9 ) ' 0 .1 1 6  0 .1 5 0
B enzi (1 9 6 9 ) '' 0 .1 2 6  0 .161

E x p e rim en ta l v a lu é  / '  =  0.68 ±  0.12 

" M u lt ig r o u p  d iffu s io n  c a lc u la t io n .
‘’B r e i t - W ig n e r  c a lc u la t io n  a n d  D re s n e r  fo rm a lis m  fo r  u n re s o lv e d  re s o n a n c e  

in te g ra l .
‘ L o w  r e s o lu t io n  d i ffe re n tia l  a c t iv a t io n  c ro s s  se c tio n  m e a s u re m e n t.  
‘‘S e m i-e m p iric a l  s ta t is t ic a l  m o d e l c ro s s  sec tio n .

finally, by using d ifferential ac tiva tion  cross 
sections (T olstikov  et al. 1967; D ov b en k o  et al.
1969). T hese num erical in teg ra tio n s were m ade 
b o th  fo r a 1 ¡E  spectrum  an d  a  reac to r spectrum  
o b ta in ed  from  a 54 group  diffusion code (Boix 
an d  S o lan illa  1967). The resu lts are show n in 
T ab le  4.

O ne m ay observe in th is tab le  th a t the D resner 
fo rm alism  w hich assum es equally  spaced í-w ave 
n e u tró n  resonances underestim ates by a fac to r 
o f  70 the unreso lved  resonance in tegral o f  ‘̂‘Ge. 
T his u n d ere s tim a tio n  is significant fo r iso topes 
w ith w ide average level spacing  ( ~  k eV ), w here 
the unreso lved  resonance in tegral is co m p arab le  
w ith  the co n trib u tio n  o f  the first o r second keV 
m ain  5 -wave resonances; thus som e unresolved 
reso n an ce  in teg ráis m ay have been incorrectly  
ca lcu la ted  in p rev ious eva lua tions (Persiani 
1963; S chm id t 1966; C onno lly  et al. 1968; 
W alker 1969; M üller 1970).

In a d d itio n  it can be observed  th a t a b o u t ha lf 
o f  the unreso lved  resonance in teg ral com es from

the 1 M eV  región w here the slow ing dow n 
spectrum  o f a therm al rea c to r  is n o t \¡E. This 
frac tion  is a b o u t 1 0 % o f  the experim en tal 
resonance in teg ral ( / ' =  0 .6 8 ) an d  m ay be 
enhanced  (by a  fac to r o f  tw o o r th ree ) in p a rtia l 
resonance in tegráis for the p ro d u c tio n  o f  high- 
spin isom ers. This show s th a t h igh-sp in  isom ers 
m ay no t be ad eq u a te  in d ica to rs  o f  keV n eu tró n  
flux.

In T ab le  5 an  ev a lu a tio n  o f  the reduced  
resonance in tegral o f  ^"^Ge is m ade by d ifferent 
p rocedu res.

It can be seen th a t the M aletzk i et al. (1968) 
n eu tró n  resonance p aram ete rs  seriously  under- 
e stim ate  cap tu res  betw een 10 an d  60 keV and  
th is is consisten t w ith o u r ev a lu a tio n  o f  '^Ge 
n eu tró n  cap tu re  cross section  a t 24 keV  an d  the 
unreso lved  resonance in teg ral.

A second observ a tio n  is th a t the d isag reem en t 
betw een the ^"^Ge experim en tal ac tiv a tio n  reso ­
nance in tegral an d  th a t ca lcu la ted  w ith  n eu tró n  
resonance param ete rs  will be reduced  if the d a ta
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from  differential ac tiv a tio n  cross section o f  
D ov b en k o  et al. (1969) are used to  ca lcú late  the 
resonance in tegral from  10 keV  to 10 M eV.

T herefo re , the p resen t eva lua tion  o f  the ''^Ge 
resonance in tegral suggests th a t a b o u t one th ird  
o f  the ac tiv a tio n  resonance in tegral com es from  
n eu tró n  cap tu res  in the m ain  5 -wave n eu tró n  
resonances, an o th e r  one th ird  com es from  ener- 
gies h igher th an  60 keV, an d  the rem ain ing  p art 
can  be ascribed  to  p-  an d  d-wave  n eu tró n  
resonances w hich have no t been resolved be- 
tween 3 keV and  60 keV.

A  co m m en t m ay be ad d ed  a b o u t the dis- 
crepancy  in ^^Ge. T he calcu la ted  resonance 
in teg ral for the 550 eV resonance o f  ’^G e is 
a ro u n d  1 b and  the co n trib u tio n  o f  keV energy 
resonances is 2 0 0  m b.

I f  the d iscrepancy  o f  800 m b betw een experi­
m en tal an d  calcu la ted  '̂ '’G e resonance in tegral 
is assigned to the keV  energy región, the ca l­
cu la ted  co n trib u tio n  o f  2 0 0  m b in th is energy 
región w ould  be in e rro r  by a fac to r o f  four, in 
q ualita tive  ag reem ent w ith the results o f  ’"^Ge.

Final Remarks
This m easurem ent o f  ^'^Ge and ^®Ge ac tiv a­

tio n  resonance in tegráis confirm s prev ious re­
sults w hich show ed th a t n eu tró n  cap tu res  in the 
keV energy región by iso topes w ith w ide average 
resonance spacing w ere seriously underesti- 
m ated  by B re it-W ig n e r resonance in tegral 
ca lcu la tions.

A  critica l analysis an d  eva lua tion  o f  n eu tró n  
rad ia tive  cap tu re  cross sections show ed th a t an 
im p o rta n t fraction  o f  n eu tró n  cap tu res  com es 
from  energies h igher th an  10 keV.

This m akes “̂̂ Ge an d  ^*Ge and  sim ilar de- 
tec to rs like ®°Se an d  stud ied  in o u r prev ious 
w ork  (R icab a rra  et al. 1968, 1969) unsu itab le  
for n eu tró n  de tec tion  in the keV energy región 
because on ly  a m in o r fraction  o f  the activ ity  
com es from  n eu tró n  cap tu res  in the low est keV 
energy resonances, an d  show s th a t there is still 
m uch  w ork  an d  investiga tion  to  be d one  in o rd er 
to  find a conven ien t foil d e tec to r for n eu tró n  
flux in the keV energy región.

F inally , p rev ious eva lua tion  suggests th a t for 
iso topes w ith wide average resonance spacing 
(~ k e V ) ,  diñ 'erential ac tiv a tio n  o r sem i-em piri- 
cal sta tistica l m odel n e u tró n  cross sections m ay

give a b e tte r descrip tion  o f  n eu tró n  cap tu res  in 
the range o f  lO keV  to 100 keV th an  th a t 
ob ta in ed  from  resolved resonance param eters.

Appendix I
W e m ay rem ind the read er th a t the valué o f  

the experim en tal resonance in teg ral given in this 
pap e r m ay be defined as th e  in teg ral reaction  
rate  above the cadm ium  cutofif no rm alized  to the 
slow ing dow n flux at the s ta n d a rd  resonance 
energy.

In prev ious w ork (R icab a rra  et a i ,  1968, 1969,
1970) a co rrec tion  for the sm all dev ia tion  o f  the 
rea c to r spectrum  relative to the I jE  spectrum  
has been app lied  to  ou r experim en tal valué and  
this co rrec tio n  is accu ra te  if it is assum ed th a t 
ac tiva tion  com es m ainly  from  one or tw o low 
energy resonances. In th is case the spectral 
co rrec tion  will n o t be d ependen t on the assum ed 
resonance p aram ete rs .

In this p ap e r ou r experim en tal d a ta  has n o t 
been co rrec ted  as in prev ious ones, because to  do 
th is w ould  im ply know ledge o f  the d is trib u tio n  
o f  n eu tró n  ca p tu res  in function  o f  energy w hich 
was a priori n o t know n an d  is one o f  the results 
o f  this investigation .

H ow ever, only  10% o f the ac tiva tion  experi­
m en tal resonance in tegral o f  ^'^Ge com es from  
n eu tró n  cap tu res  in the M eV región, w here 
the flux in the reac to r is n o t “ n ea rly ” l /E ,  an d  
only this fraction  w ould  signiflcantly  change for 
a cadm ium -covered  sam ple irra d ia ted  in a m ore 
therm alized  spectrum . This fraction  m ay be 
easily estim ated  w ith the know ledge o f  the fast 
flux an d  ac tiva tion  cross section  o f  "̂‘'Ge a t 1 

M eV.

Appendix II
The activ ity  o f  ” G e an d  ^^As per a to m , in a 

g erm anium  sam ple th a t has been exposed to  a 
flux equal to  one, du rin g  a tim e T, an d  m easured  
a t a  tim e t, a fte r the end o f  the irra d ia tio n  is

A C G q) =  a^a(g) + fa ^ d ( m )

/ í ( ^ " A s ) =  (1 -  f ) h o a ( m )  + h^a(g) + jh2á(m)

w here ¿-(g) and  <T(m) are the effective cross 
sections fo r the p ro d u c tio n  o f  the g ro u n d  and  
m e tastab le  isom ers, an d  the coefficients «g, a^, 
ho, by, ¿ 2 , depend  on  the decay constan ts  Xy,
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Aj, A3  o f  ^’ G e"', ^^Ge, and   ̂ A s, the irrad ia tio n  
tim e, an d  the tim e o f  the m easurem ent.

E x trap o la tin g  to the end o f  the irra d ia tio n  and 
div id ing  by (l -  exp ( -A T ) ) ,  we have the 
s a tu ra tio n  activ ities

e r o e )  =

Q C \ s )  =

w hich can  be expressed as

e C ' G e )  =  ( T (g )  + / C o ( T ( m )

2 ( ' ^ A s )  =  (1 -  /  )Ci<T(m) +  C 2 ff(g) +,/iC,(T(m) 

o r

2r^As) = ff(g) + 5off(m)
(1 - / ) Q  + / C 3
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1

/ í r " A s ) e '- ^ '
1

Bo = C,

F ro m  w ell-know n expressions fo r rad io ac tiv e  decay  we have

C„ =
1 — e -A ir - ( 1

Á2 —
( 1  - e -  ^iT\ Á.2 I

Ci has the  sam e form  w ith  ¿ 3  in stead  o f  /-2 , an d  C 2  is s im ilar, rep lacing  Áj w ith  Á3  an d  Áj w ith  /.2 .

C , =
1 -  e -/lar 1 -

^̂ 3 -  ^ 2
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