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I. In t roduc t ion  

Because of the  importance of gold a s  a s t anda rd  i n  c ross  s e c t i o n  

measurements, and i n  order  t o  update the  evaluated nuclear  d a t a  f i l e s ,  a new 

evaluat ion of t h e  neurron c ross  sec t ions  of gold was undertaken. This 

evaluat ion f o r  ENDFIB-IV d i f f e r s  from t h e  previous (ENDFIB-111)' eva lua t ion  

i n  the  following respec t s :  

(a) the  high energy l i m i t  of resonance region has  been extended 

from 995.4 ev t o  2 keV. 

(b) the  parameters of a bound l e v e l  have been der ived s o  t h a t  it is 

not necessary t o  add i n  a l / v  c r o s s  s e c t i o n  i n  t h e  low energy range. 

(c) t h e  ca lcu la ted  resonance capture  i n t e g r a l ,  I from t h e  p resen t  
Y) 

resonance parameters and from t h e  cap tu re  c ross  s e c t i o n  i n  t h e  

higher  energy reg ion  i s  i n  b e t t e r  agreement with  t h e  recommended 

experimental value,  1560 5 40b. Ca lcu la t ions  of 1 with  t h e  a i d  
Y' 

of RESEND using ENDF/B-111 yie lded  I = 1600b. 
Y 

( d )  In ENDF/B-111, i n e l a s t i c  e x c i t a t i o n  of the 7 7 . 8  keV l e v e l  only 

was suppl ied.  I n  t h e  p resen t  eva lua t ion ,  i n e l a s t i c  s c a t t e r i n g  

d a t a  a r e  extended up t o  an e x c i t a t i o n  energy of 1242 keV. 

(e) The p resen t  capture  c ross  s e c t i o n  d a t a  seem t o  be i n  b e t t e r  shape 

than previously .  For example, i n  the energy range 20-600 keV 

the  uncer ta in ty  in  t h e  cap tu re  cross s e c t i o n  of Au i s  poss ib ly  

a s  low as 4%. 

(f) For t h e  (n, p a r t i c l e )  r e a c t i o n s ,  ve ry  few a d d i t i o n a l  measurements 

are a v a i l a b l e .  The new measurements a r e  mainly f a r  t h e  (n,2n) r e a c t i o n s  

a t  an energy of about 14 MeV. 



11. Resolved Resonance Parameters 

The recommended resonance parameters i n  t h e  energy range 4 . 9  ev - 2 keV, 

which appeared in BNL-325, 3rd edi t ion,")  were adopted with  minor changes and 

addi t ions .  The recent  s p i n  assignments of b o t f i n  and .Jain(') were incorporated,  

and the parameters of a bound l e v e l  were der ived i n  order  t o  f i t  t h e  ex- 

perimental capture and t o t a l  c ross  sec t ions  a t  low neutron energ ies .  The 

capture c ross  sec t ion  a t  E = 0.0253ev was constra ined t o  a value of 98.8 b .  n 

Furthermore, a sp in  assignment of J = 2 f o r  the bound l e v e l  was assumed. This 

sp in  was deduced by Wasson e t  a1(3) from i n t e r f e r e n c e  a n a l i s i s  of neutron 

capture  yrays. Fig. 1 i l l u s t r a t e s  t h e  ca lcu la ted  capture cross  s e c t i o n  i n  

the  energy range 0.0001-100 ev compared w i t h  t h e  experimental d a t a .  The 

calculated curve is based dn the Breit-Wigner s i n g l e  l e v e l  formalism. Doppler 

and reso lu t ion  broadening were n o t  appl ied.  Note t h a t  throughout t h e  energy 

range depicted i n  Fig.  1, and p a r t i c u l a r l y  f o r  En < 10 ev, good agreement is 

achieved with  the da ta  of Haddad e t  a 1  ( 4 ) ,  

Table 1 gives  a summary of t h e  resonance parameters.  I n  those  cases  where 

s p i n  assignments a r e  no t  determined exper imental ly ,  s p i n  va lues  were s e l e c t e d  

randomly i n  such a manner t h a t  t h e  2J+1 law of l e v e l  dens i ty  is  obeyed. The 

resonance parameters of MgeRlin e f  a ~ ( ~ )  and Hacken e t  a1(6' were n o t  ye t  

ava i l ab le  a t  t h e  t i m e  t h e  evaluat ion was completed. 

The capture  resonance i n t e g r a l  ca lcu la ted  with  t h e  a id  of INTER code 

using the  resolved resonance parameters of Table 1 is  1559 b .  The low energy 

cut-off was taken as 0.5 ev. The con t r ibu t ion  from t h e  h igher  energy reg ion ,  

from 2 kev t o  20 MeV, i s  6 b .  T h i s  r e s u l t s  i n  a t o t a l  cap tu re  i n t e g r a l  05 

1565 b which is i n  exce l l en t  agreement w i t h  the  recommended value") of 1560 2 40 b. 

The unresolved region extends from 2-10 keV. Spin independent S-wave and 

p-wave s t r e n g t h  funct ions,  So and S1, r e s p e c t i v e l y  a r e  used. These a r e  as 

follows : 



Tn a d d i t i o n ,  i n  t h i s  energy r eg ion ,  ave rage  level spac ings  f o r  s and p 

wave Levels a r e  desc r ibed  by: 

where Do - 129.6 ev. 

A c o n s t a n t  average r a d i a t i v e  width ,  r y  = 0.125 ev ,  f o r  s- and p- wave resonances  

i s  assumed i n  t h e  c a l c u l a t i o n s .  

111. Smooth Neutron Cross  Sections 

(1) T o t a l  Cross Sec t ion  

A s  pointed o u t  p rev ious ly ,  t h e  resolved resonance region ex tends  up t o  

about 2 keV and the unresolved r eg ion  from 2 t o  10 key. From 10  keV t o  20 MeV, 

t he  eva lua t ed  t o t a l  c r o s s  section curve was obta-ined by making a s p l i n e  f i t  

t o  t h e  v a r i o u s  s e t s  of a v a i l a b l e  exper imenta l  d a t a .  Thus, from 1 0  kev t o  
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Figure 1. Capture Cross Section of l g 7 ~ u  in energy range 
from thermal to 100 eV. 
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(9) I. 0 MeV (Figs. 2 and 3) the  low energy d a t a  o f  ~ e t h ( ~ )  , Bilpuch(8) , Whalen , 

Day(Lo), and W a l t  and ~ e c l t e r ( l l )  were used. The measurements of Snawdon (12) 

were not Included s i n c e  they were considered too  high. From 1.0 MeV t o  16.0 MeV, 

(13) the  smooth c ross  sec t ion  curve was determined by t h e  d a t a  of Fos te r  , 

Walt and ~ e c k e r  (11) , ~ a l t  ( I4 )  ,  eres son"^) Coon ( I6 )  , and Conner. (17) It 

was f u r t h e r  extended t o  20.0 MeV t o  pass evenly through the d a t a  p o i n t s  of 

Peterson between 17.3 and 28.8 MeV. The spline fits i n  the energy 

ranges 1-5 NeV and 5-20 MeV along with t h e  experimental d a t a  a r e  shown i n  

Figs. 4 and 5 ,  respec t ive ly .  

(2) E l a s t i c  Crass Sect ion 

Because of t h e  pauci ty  of elastic s c a t t e r i n g  measurements, t h i s  c r o s s  

sec t ion  was der ived by sub t rac t ing  t h e  non-e las t i c  c r o s s  s e c t i o n  from t h e  t o t a l  

cross sec t ion .  The non-elas t ic  c ross  s e c t i o n  is  der ived from t h e  experimental 

data  of Ref. 20-27 and i s  shown i n  Fig. 6 .  The sum of t h e  va r ious  r e a c t i o n s  

( n , y ) ,  (n,nl), (n ,2n) ,  (n,3n),  (n ,p) ,  ( n , a ) ,  e tc .  is made equal  t o  t h e  non- 

e l a s  t i c  c ross  s e c t i o n .  

(3) Capture Cross Sect ion 

The cap tu re  c ross  s e c t i o n  below 2 keV is represented by t h e  resonance 

parameters. I n  t h e  energy reg ion ,  2-10 keV, t h e  capture  c r o s s  s e c t i o n  was 

calculated by using the  average resonance parameters s p e c i f i e d  previously  and 

t h e  code AVRAGE-~'~~) which fol lows the  method of Lane and ~ y n n ' ~ ' )  and a p p l i e s  

width f l u c t u a t i o n  cor rec t ions  as discussed i n  t h e i r  paper.  (F ig .  7) (The 

curve between 10 kev and 20 kev is t h e  same as t h a t  of Fig.  10.) 

For neutron energ ies  g r e a t e r  than 25 keV, a reassessment of t h e  gold 

capture  cross s e c t i o n  i s  required because of t h e  a v a i l a b i l i t y  of new measure- 

ments and because of a reeva lua t ion  of t h e  2 3 5 ~  cross  s e c t i o n  f o r  ENDP/B-IV. 

Pig.  8 shows the new 2 3 5 ~  f i s s i o n  c ross  s e c t i o n  between 2 5  and 100 keV. It 

can be immediately seen t h a t  t h e r e  is considerable  s t r u c t u r e  i n  t h i s  c r o s s  











1 I l l ] 1 t l i ~ 1 1 l l ( l r r l  

NON-ELASTIC CROSS SECTION 1 

2.0 

0 BEYSTER et.oL 
a Mac GREGOR el. 
v ALLEN el.u/. 

WALT ef.01. 
GRAVES et. a/. 

A PHILLIPS ef. 01. 

Figure 6 .  Non-Elastic Cross Section 0-20 MeV. 

roo00 DATA NOT BASED ON 2 3 5 ~  NORMALIZATION 
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CZlRR 7 3  

+ KOMPE 69 

A BERGVIST 63 

x ENDF/B-IU 

Figure 7. Capture Cross Sec t ion  1-20 keV. 



section, with fluctuations of as much as 10% o r  more within a kilovolt or so. 

Thus, its use as a standard is quite compromised unless the neutron energy 

and neutron energy spread are well known and accounted for. In Fig. 9 this 

cross section I s  "smeared out" by averaging points In groups of ten (effective 

"resolution" 'l.5 keV) and compared to a similar curve f o r  the 2 3 5 ~  fission 

cross section in ENDF/B-111. This plot i n d i c a t e s  an average change i n  the 

abso lu te  value of the cross section of 5-15%. 

2.2 25 - 100 keV - 
H. ALTER, PRIVATE 

COMMUNICATION, 

2.0 APRIL, 1973 - 

n - 
b 1.8 - 

1.6 - 

0 

F i g u r e  8. 23511 f i s s ion  Cross Section 25-100 keV. 

2.4 

COMMUNICATION, 
2.2 

AVERAGED GROUPS OF T E N  

- 2.0 
P - 
b 

1.8 

1.6 

1.4 
30 40 50 60 70 80 90 100 

En ( k e W  

F i g u r e  9. Averaged 2 3 5 ~  f i s s i o n  Cross Section 
25-100 keV. 



Since it would seem t h a t  a f l u c t u a t i n g  c r o s s  s e c t i o n  s u b j e c t  t o  sub- 

s t a n t i a l  r e n o m a l i z a t i o n s ,  does not make a very  r e l i a b l e  s t anda rd ,  i t  was de- 

c ided t o  perform t h e  gold cap tu re  r e -eva lua t ion  wi th  da ta  not involving 
2 3523 

f i s s i o n  s t a n d a r d i z a t i o n .  This fol laws t h e  procedure adopted by Car lson (31) 

and by P o e n i t ~ ' ~ ~ )  i n  eva lua t ions  p resen ted  a t  the 1 9 7 0  EANDC Normalization 

and Standards  Conference held a t  Argonne Na t iona l  Laboratory and fo l lows  t h e  

most recent recornendat ions  of t h e  Normalization and Standards  Subcommittee 

of CSEWG (July  1973).  Due t o  an abundance of e x c e l l e n t  r e c e n t  exper iments ,  

i t  was a l s o  a r b i t r a r i l y  decided t h a t  on ly  d a t a  measured s ince  1960 would 

be considered. 

The cap tu re  c r o s s  between 10-100 keV is shown i n  Fig. 10. The fo l lowing  

d a t a  s e t s  were p l o t t e d :  (1) C z i r r  e t  a1(33) (2 )  LeRigoleur et a1 ( 3 4 )  

1400 10-100 k e V  

DATA 

0 FRICKE 70 
GZlRR 73  

a BERGQVIST 63 

v BELANOVA 65 
x POENITZ 68 

+ KOMPE 69 (EVERY THIRD POINT 
BELOW 50 k e V )  

o Le RIGOLEUR 73  (EVERY THIRD 
POINT) 

Figure 10. Capture Cross Section 10-100 key. 



Ig7nu (n,y) 
100 keV - I MeV 

N O N - ~ ~ ~ U  DATA 

o FRICKE 70 
POENITZ 68 
BARRY 64 

" BERGOVlST 63 
+ KOMPE 69 (EVERY OTHER POINT) 

4 0 0  - o Le RIGOLEUR 73 (EVERY 10 keV, 100-160keV; 
EVERY THIRD POINT, > 190 keV) 

A 

3 0 0  - 

n 
6 200 - 
b 

I00 - 

Figure 11. Capture Cross Section 100 keV-1MeV. 

( 3 )  Fr icke  e t  a1(35) (4) ~ o r n ~ e ' ~ ~ )  (5) Poeni tz  e t  a1(37) (6) Eelanova et  a1 (38) 

(7 )  and Bergv i s t .  (39' The data of S p i t z  e t  al(40) Moxon e t  al(41) and 

Bilpuch e t  211'~~) were not used. 

The capture  c ross  sec t ion  between 100-1000 keV is shown i n  Fig.  11. 

Data s e t s  of Refs. 34-38 were p l o t t e d ,  p lus  t h e  d a t a  s e t s  of Barry. ( 4  3) 

Inspect ion of F igs .  10 and 11 show t h a t  t h e  va r ious  d a t a  s e t s  a r e  i n  

q u i t e  good agreement with each o t h e r  wi th in  t h e  quoted e r r o r s .  There i s  a 

general  tendency f o r  t h e  d a t a  of P r i c k  et, a1(35) (Fig. l o )  and Barry ( 4 3 )  

(F ig .  11) t o  be higher  than o t h e r s  and f o r  t h e  d a t a  of ~ e r g v i s t ( ~ ' )  t o  be 

lower; bu t  a l l  a r e  never more than about two s tandard dev ia t ions  from the  

mean. The one po in t  of  Belanova e t  a1'38) i s  about t h r e e  s tandard deviations 

low. The evaluated eye-guide i n  F igs .  10 and 11 was drawn with  no e x p l i c i t  

weight factors f o r  t h e  var ious  experiments. 

For t h e  region above 1 MeV, t h e r e  is only one s i g n i f i c a n t  new con t r ibu t ion ,  

that of Lindner . (44)  These d a t a  should be considered preliminary until pub- 

l i shed  and were measured r e l a t i v e  t o  2 3 5 ~ ,  b u t  t h e  lack of measured f l u c t u a t i o n s  

i n  t h e  2 3 5 ~  f i s s i o n  cross s e c t i o n  a t  t h e s e  high energ ies  made i t  worthwhile t o  



see what the  new da ta  ind ica ted  f o r  gold capture. Fig. 12  shows two in -  

dependently normalized da ta  s e t s  from ~ i n d n e r ' ~ ~ )  between 0.5 and 3 MeV. 

The curve between 0 .5  and 1 MeV i s  t h a t  of F i g .  11 and above 1 MeV is  t h a t  of 

ENDF/B-111. The data  up to 2 .2  MeV a r e  i n  e x c e l l e n t  agreement with t h e  old  

evaluat ion.  The two higher  energy po in t s  a r e  low by about 15% and 20% 

respec t ive ly .  It w a s  felt t h a t  i t  was  not  worthwhile t o  give these  po in t s  

s u f f i c i e n t  weight t o  s e r i o u s l y  d i s t o r t  the  ENDF/B-111 curve, which  r epresen t s  

the  b e s t  curve through a l l  previous measurements. An added inducement f o r  no t  

t r y i n g  a  se r ious  reassessment of a l l  of t h e  d a t a  above 1 MeV was t h e  im-  

p l i c a t i o n s  of the e f f e c t  noted by Devaney. ( 4 5 )  Devaney po in t s  t o  t h e  importance 

of a mul t ip le  r eac t ions  cor rec t ion  f o r  react. ion c ross  sec t ion  measurements above 

approximately 100 keV. The cor rec t ion  i s  p a r t i c u l a r l y  important f o r  r a d i a t i v e  

capture ,  even with f a i r l y  t h i n  samples. The relevance of t h i s  e f f e c t  t o  

I s p e c i f i c  gold capture  experiments is unknown, bu t  should be determined before  

I 
the higher  energy gold capture  d a t a  a r e  reevaluated again. 

I 

I I n  conclusion, t h e  evaluated curve of ENDF/B-I11 between 1 and 20 MeV, 

which included the  evaluat ion of Vaughn and ~rench'~~) (1.0 - 5 .2  MeV) and 

t h a t  of Bogart (47' above 5 .2  MeV, a r e  adopted f o r  ENDF/B-IV. 

It is  of i n t e r e s t  t o  c a l c u l a t e  t h e  f i s s i o n  spectrum averages of t h e  

capture  and other  r eac t ion  c ross  s e c t i o n s  and compare them with experimental 

197 
Au ( n , y )  

0.5 - 3.0 MeV 

I 0 NAGLE, LlNDNER 1973 I 
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Figure 1 2 .  Capture Cross Section 0.5-3.0 MeV. 



measurements. For this purpose, a Maxwellian 2 5 2 ~ f  f issioo speccrum of 

characteristic temperature 1.39 MeV and represented by 

was used. (C is a normalizing consrant.) The calculated fission spectrum 

average of the ENDF/B-IV (n,y) reaction of gold is 81.8 mb. This number is 

to be compared with an experimental value of 95.5 t 2.3 mb measured by Pauw 

and Atin. ( 4 8 )  Since the capture cross section i n  the whole energy range 

0.100-1.5 MeV is believed to be known to better than 18%, the source of this 

discrepancy could be due to either the measurement and/or the inadequacy of 

representing the fission spectrum by a Maxwellian form at low energies. The 

2 35 U fission spectrum average measurements of ~abry'~~) shed some light on 

the former explanation. Fabry obtains a value of 88.0 f 4.5 rnb for 197~~(n,y) 

198~u reaction. With a characteristic temperature T = 1.29 MeV for 235~, we 

obtain a fission spectrum average of 86.4 mb which is within t h e  stated error 

of Fabry . (49)  

After the completion of the evaluation of the capture cross section of 

Au, it was found that two points had been inadvertently omitted from con- 

sideration. Both were measured with the same technique at the National 

Physical Laboratory in England. At: 25 keV, Ryves et a1(50) measured a value 

of 640 + 25 mb. This is in excellent agreement with the value of 648 mb read 

from Fig. 10. At 966 keV, Robertson et ad5'' measured a value of 96.2 t 2.0 mb. 

This value is approximately 12% higher than the value at this energy from 

Fig. 11. No changes were made as a result of this discrepancy for the reasons 

noted above regarding the ~ e v a n e ~  (") multiple reaction correction ef feet . In 

addition the. following data sets become available at the time of the writing 

of the report: 

(1) ~oentiz'~~) data in the energy range 400 - 3500 keV. This is an absolute 

measurement carried out by a large liquid scintillator for the detection 



of prompt capture  gamma rays .  The Grey Neutron De tec to r ,  t h e  Black 

Neutron Detector  and a  ' l i -glass  de tec to r  were employed t o  measure 

and monitor the  neutron flux. 

( 2 )  Macklin et a1(5) da ta  i n  t h e  energy range from 3 t o  550 keV. In  th i s  

measurement a  s c i n t i l l a t i o n  de tec to r  and a  6 ~ i  neutron monitor were 

used. The e f f i c i ency  of t h e  de tec to r  was  normalized t o  the  4.9 eV 

6 
gold resonance by the s a t u r a t i o n  method. The L i  neutron c r o s s  sec- 

t i o n  of U t t l e y ,  s l i g h t l y  modified, was adopted. 

(3) Rimawi and C h ~ - i e n ( ~ ~ ) ,  us ing t h e  i r o n  f i l t e r e d  beam, measured t h e  neu- 

t ron capture  c r o s s  s e c t i o n  of Gold a t  24.5 keV by t h e  a c t i v a t i o n  method. 

7 Assuming a  l0I3(n,ay) L i  c ross  s e c t i o n  of 3.487 b and a t o t a l  r e a c t i o n  

cross  sec t ion  of 5.9175 b  f o r  "B, a t o t a l  capture  c r o s s  s e c t i o n  f o r  

'*B of 0.630 i 0.006 b i s  obtained. The e r r o r  ind ica ted  i s  only s t a t i s t -  

i c a l  and does no t  inc lude  the  uncer ta in ly  i n  t h e  normal izat ion.  These 

new measurements were p l o t t e d  and compared with  t h e  ENDF/B-IV cap tu re  

c ross  sec t ion  i n  the  p e r t i n e n t  energy regions.  Good agreement is  noted 

between the  new measurements and the evaluated ENDF/B I V  cap tu re  c r o s s  

sec t ion .  

F ina l ly ,  i t  may be noted t h a t  prel iminary r e s u l t s  of the cap tu re  c r o s s  

sec t ion  of gold between 100 keV and 500 keV were reported by ~ o r t e ' ~ ~ )  i n  a  

progress  r epor t .  A 4nBy d e t e c t o r  was used t o  d e t e c t  t h e  induced a c t i v i t i e s .  

The d a t a  is not  ye t  ava i l ab le .  For t  made, however, a  comparison between h i s  

da ta  and those of Rigoleur and s t a t e d  t h a t  t h e r e  i s  reasonable  agreement be- 

tween the  two measurements. These new d a t a  s e t s  w i l l  be  considered i n  t h e  

evaluat ion of the  Au(n,y) cross-sect ion f o r  ENDF/B-V. 

4. I n e l a s t i c  Sca t t e r ing  Cross Sect ion 

The i n e l a s t i c  s c a t t e r i n g  c ross  s e c t i o n  d a t a  of DeVi l l i e r s  e t  ~ 3 1 ' ~ ~ )  and 

Barnard e t  a1(56) were considered. The l a t t e r  authors  r epor ted  d a t a  i n  a 

neutron energy region c l o s e r  t o  threshold than was previously  measured. The 



experimental da ta  extended only to  an energy of 1.6 M e V .  The techniques ,  

normalizations and cor rec t ions  appl ied by both of t h e s e  groups are s i m i l a r .  

Correct ions  f o r  neutrons  sca t t e red  i n e l a s t i c a l l y  a f t e r  an i n i t i a l  e l a s t i c  

s c a t t e r i n g  event i n  t h e  Au sample were app l i ed  by using t h e  Monte Carlo 

method. Detector e f f i c i e n c y  was determined by normalizing t o  t h e  carbon 

c ross  sec t ions  a s  given by Langsdorf et  a l .  (57) The s c a t t e r e d  neutron energy 

reso lu t ion  of both experiments was about 20 keV, Because of t h i s  l imi ta -  

t i o n ,  many observed i n e l a s t i c  peaks were n o t  r e so lved ,  such a s  the 268 and 

279 keV l e v e l .  Angular d i s t r i b u t i o n s  of i n e l a s t i c  neutrons  were measured 

f o r  the 77 keV and t h e  combined (268 + 279) keV l e v e l s .  These were found t o  

be i s o t r o p i c  wi th in  t h e  s t a t i s t i c a l  and exper imental  e r r o r s ,  which were of 

the order  of 10%. The da ta  of Barnard e t  a1(56) and DeVi l l i e r s  et a1(55) are 

i n  reasonable agreement with each other with in  Che s t a t e d  e r r o r s .  

In add i t ion ,  Nelson e t  a1(58) measured t h e  gamma r a y  d i f f e r e n t i a l  pro- 

duct ion c ross  s e c t i o n s  below 1308 keV e x c i t a t i o n  energ ies  using a GeLi de- 

t e c t o r .  These authors  reported accura te  energ ies  f o r  t h e  observed y rays  

from which they constructed an energy l e v e l  diagram f o r  I g 7 ~ u .  T h i s  was 

usefu l  i n  a ssess ing  t h e  p e r t i n e n t  d a t a  on t h e  l e v e l  diagram of "'Au. 

In  t h e  neutron energy region where experimental informat ion is not  

a v a i l a b l e ,  i.e., near  threshold and above E = 1.6 MeV, t h e  eva lua t ion  is n 

based on a proper ly  normalized s t a t i s t i c a l  model c a l c u l a t i o n s  fol lowing t h e  

formalism of Hauser and Feshbach. I n  o rder  t o  c a r r y  out  these  c a l c u l a t i o n s .  

a  knowledge of the sp ins  and p a r i t i e s  of t h e  "'AU l e v e l s  a r e  requ i red .  The 

model c a l c u l a t i o n s  were c a r r i e d  o u t  wi th  the a i d  of t h e  code COMNUC 1, (591 

using b a s i c a l l y  t h e  l e v e l  diagram scheme of  l g 7 ~ u  as reported by ehe Nuclear 

Data ~ r o u ~ ' ~ ' )  and Barnard et a1(61) (Fig .  13). I n e l a s t i c  s c a t t e r i n g  c r o s s  

sec t ion  t o  t h e  continuum of l e v e l s  and s p e c i f i e d  by a  low energy c u t  o f f  of 

1.25 MeV is obtained by using COMNUC I. The derived values  a r e  normalized 

t o  the  d i f f e r e n c e  between non-elas t ic  and t h e  sum of d i s c r e t e  i n e l a s t i c  and 

(n, p a r t i c l e )  r e a c t i o n  cross s e c t i o n s .  



I Figs.  14 - 22 summarize the experimental i n e l a s t i c  s c a t t e r i n g  c ross  

s e c t i o n  dara  and p resen t s  t h e  evaluated curves i n  t h e  energy range from thresh- 

old t o  3.0 MeV. In  the  evaluated f i l e s ,  the  i n e l a s t i c  cross s e r t i o n s  e x c i t i n g  

t h e  ind iv idua l  l e v e l s  are given. However, f o r  the purpose of comparison with 

the experimental da ta  where l e v e l s  are not  r eso lved ,  t h e  sum of t h e  p e r t i n e n t  

i n e l a s t i c  cross s e c t i o n s ' i s  presented h e r e ,  f o r  example t h e  268 and 279 keV 

leve l s .  

5. (n, p a r t i c l e )  Cross Sect ions  

No s i g n i f i c a n t  d a t a  have been published r e c e n t l y ,  The second supple- 

ment'') t o  the  second e d i t i o n  of BNL-325 provides an adequate summary. Most 

I new measurements of the  (n, p a r t i c l e )  r eac t ions  a r e  concerned with  t h e  emis- 

I 
s ion spec t ra  and explanat ion i n  terms of the  pre-equilibrium model, Only 

t h e  (n, 2n),  (n, 3n),  (n,p) , and (n ,  a) r eac t ions  a r e  described. Other 

1/2+ 77.4 

3/2+ 0 

J"  ' 9 ' n ~  E,/keV) 

Figure 13. Energy Levels of Ig7*u. 



p a r t i c l e  r eac t ions  such a s  (n, t )  r eac t ions  a r e  e n e r g e t i c a l l y  poss ib le  but  

experimental da ta  a r e  scant .  Q values  a r e  based on t h e  Wapstra and Gove (62) 

1 9 7 1  t a b l e s .  

(a)  (n,  2n) Cross Section 

The Q value i s  -8.078 MeV. Data a r e  provided f o r  t h e  formation of t h e  

lg6h 6.2 day ground s t a t e  and the  10 hour metastable  ( the  s i x t h  l e v e l )  

s ta te .  The p a r t i a l  cross  s e c t i o n s  must be  summed t o  y i e l d  t h e  t o t a l  lg78u 

(n, 2n) Ig611u c ross  sec t ion .  Below 12 MeV t h e  d a t a  of Tewes e t  a1(63) a r e  

recommended. From 12 t o  20 MeV, t h e  recommended va lues  a r e  based on the  

(67) da ta  of Prestwood and ~ a y h u r s t ' ~ ~ )  ~ i l g e ' ~ ~ ) .   aim(^^), Hankla et a 1  , 

~ e t h a w a ~  (68) , and Mather. (69) Recent measurements of L i ~ k i e n ( ~ ~ )  have n o t  

been re leased  i n  published £ o m .  Fig. 23 desc r ibes  t h e  exper imental  data 

and p resen t s  t h e  evaluated ENDF/B TV (n, 2n) c ross  s e c t i o n  and compares i t  

with previous evaluat ion.  The evaluat ion proceeded along t h e  fol lowing l i n e s :  

Cross sec t ion  values  were chosen f o r  production of t h e  isomeric s t a t e  

which was about 0.1 of the  ground s t a t e  production c r o s s  s e c t i o n .  This i s  

spec i f i ed  i n  t h e  f i l e s .  (MAT 26.) A peak t o t a l  (n, 27.1) c r o s s  s e c t i o n  of 

2.15 barns  was derived based on a n o n e l a s t i c  c ross  s e c t i o n  of 2.45 t .03 

barns (Fig. 6) and charged pa r t i c l e  emission cross s e c t i o n s  of a few tens  

of mil l iba rns  , 

The ca lcu la ted  (n, 2n) c ross  s e c t i o n  (T = 1.39 MeV) averaged over a 

2 5 2 ~ f  f i s s i o n  spectrum is  5.11 mb. This  i s  i n  good agreement with an ex- 

perimental  value(48) i f  4.93 i 0.14 mb. The o v e r a l l  d a t a  u n c e r t a i n t y  i s  es -  

t imated t o  be 20%. 

(b) (n, 3n) Cross Sect ion 

Only one measurement, a t  14.4 k 0.4  NeV, is  repor ted(67)  i n  t h e  l i t e r a -  

t u r e  f o r  the  (n, 3n) r e a c t i o n  of I g 7 ~ u  (C = 6 1  k 20 mb). The th resho ld  i s  

taken a t  14.747 MeV and t h e  (n, 3n) c ross  s e c t i o n  curve i s  determined es- 

sentially by s u b t r a c t i o n  of the  none las t fc  and t h e  (n, 2n) c ross  sections 
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Figure 23. The (n,2n) and (n,3n) Cross Sections. 



from the  t o t a l  cross  sec t ion .  F ig .  23 shows t h e  evaluated (n, 3n) c ross  sec- 

tion and compares it with previous evaluat ion.  

(c) (n,p) Cross Section 

The Q value i s  -0.036 MeV. The recommended va lues  fol low t h e  d a t a  of 

Bayhurst and Pre~ twood(~ ' )  through t h e  e n t i r e  energy range. Fig. 24 p resen t s  

the  (n, p) c ross  sect ion;  a l s o  included i n  the Fig. is the datum point of 

Coleman e t  a ~ " ~ )  which is i n  l i n e  with  t h e  d a t a  of Bayhursr and Prestwood. 
(7  1) 

These da ta  a r e  ignored and an o v e r a l l  uncer ta in ty  of 25% i s  est imated f o r  

the  evaluat ion.  The ca lcu la ted  2 5 2 ~ f  f i s s i o n  spectrum averaged cross sec- 

tion is 2.37 pb. No experimental d a t a  i s  a v a i l a b l e  t o  compare t h i s  ca lcu la -  

t ion .  

(d) (n, a)  Cross Sect ion 

The Q value is -6.964 NeV. The d a t a  of Bayhurst and ~ r e s t w o o d ' ~ ~ )  de- 

termine the  evaluated c ross  s e c t i o n  which i s  shorn in Fig .  25 .  Note t h a t  

a t  En = 14.5 MeV Bayhurst and Prestwood and Coleman e t  a 1  determined by 

the  a c t i v a t i o n  method an (n, a)  c r o s s  s e c t i o n  of 0.37 ? 0.02 mb, and 

0 . 4 3  + 0.04 mb respec t ive ly .  An o v e r a l l  u n c e r t a i n t y  of 20% is ass igned t o  

t h e  evaluat ion.  It i s  of i n t e r e s t  t o  p o i n t  o u t  t h a t  Marcazzan e t  a1(73) de- 

termined a d i f f e r e n t i a l  (n, a) cross  s e c t i o n  a t  300 of 0.70 f -03 mb/steradisn 

and reported a forward peaking i n  t h e  a p a r t i c l e  emission. S p e c i f i c a l l y ,  

the  r a t i o  of t h e  number of a p a r t i c l e s  emi t t ed  i n  t h e  forward and backward 

d i r e c t i o n s  w a s  found t o  b e  approximately 5. Comparison of rhe  energy 

s p e c t r a  of a par t ic les  measured by Maccarzan et a ~ ( ' ~ )  a t  30° w i t h  those  

of ~ i t a z a w a ' ~ ~ )  a t  00 seem t o  confirm t h i s  forward peaking i n  t h e  a p a r t i c l e  

emission, hence i n d i c a t i n g  d i r e c t  r e a c t i o n  c o n t r i b u t i o n .  Fur the r  exper i -  

mental and t h e o r e t i c a l  s t u d i e s  a r e  r equ i red  t o  f u l l y  understand t h i s  reac-  

t i o n  mechanism. It: seems that t h e  s t a t i s t i c a l  model d e s c r i p t i o n  of t h e  

(n, a)  r e a c t i o n  is not  i n  complete accord w i t h  t h e s e  f i n d i n g s .  

The ca lcu la ted  2 5 2 ~ f  f i s s i o n  spectrum averaged c r o s s  s e c t i o n  is  0.76 pb. 







I V .  Angular D i s t r i b u t i o n  of Secondary Neutrons 

The e l a s t i c  s c a t t e r i n g  angular d i s t r i b u t i o n  i n  t h e  energy r ange  up t o  

8.05 MeV are based on t h e  fo l lowing  expe r imen ta l  data: 

(a) Holmqvist and Wiedling (75 )  

(b) Buccino e t  a 1  (76)  

(c) Kuchnir e t  a 1  (77) 

(d) A l l en  et  a1 (27 )  

( e )  Walt and Beysrer  (78) 

( f )  Walt and B a r s h a l l  179) 

(g) D e V i l l i e r s  e t  a 1  (55) 

With t h e  a i d  of t h e  o p t i c a l  model parameters  de r ived  by Holmqvist  and 

~ i e d l i n ~  (75) , o p t i c a l  model c a l c u l a t i o n s  were carried o u t  by u s i n g  ABACUS-2. (80) 

The c a l c u l a t i o n s  were compared wi th  measurements a t  t h e  fo l lowing  neu t ron  en- 

e r g i e s ;  0 .5 ,  1 . 0 ,  2.0,  2.5,  5.0, and 8.05 MeV. The agreement between c a l -  

c u l a t i o n s  and measurements i s  r easonab ly  good, enough t o  warrant  e x t r a p o l a t -  

i n g  the c a l c u l a t i o n s  above 8 . 1  MeV where expe r imen ta l  d a t a  a r e  n o t  a v a i l -  

a b l e .  I n  a d d i t i o n ,  t h e  g raph ic  d i s p l a y  code TIGER ( r e f .  81) was u t i l i z e d  t o  

f i t  t h e  e x p e r h e n t a l  d a t a  w i th  a l e a s t - s q u a r e s  s p l i n e  procedure,  check Wick's 

l i m i t ,  and then e x t r a c t  Legendre c o e f f i c i e n t s  of v a r i o u s  o rde r s  f o r  t h e  

angular  d i s t r i b u t i o n  of s c a t t e r e d  neu t rons .  F igs .  26 - 29 p r e s e n t  t h e  re- 

s u l t s  of t h e  l ea s t - squa re s  f o r  n e u t r o n  e n e r g i e s  0.5, 1 .0 ,  2.0,  and 5.0 MeV 

and compare them w i t h  che expe r imen ta l  d a t a .  

There a r e  no complete s y s t e m a t i c  i n v e s t i g a t i o n  of  the angu la r  d i s t r i b u -  

t i o n  of r e a c t i o n s  i n  lg78u. The forward peaking i n  t h e  (n,  a) emiss ion of 

lg78u was pointed  o u t  previous ly .  Measurements on o t h e r  heavy n u c l e i  a t  

14  MeV i n d i c a t e  non- isot ropic  d i s t r i b u t i o n s  b u t  n o t  a p p r e c i a b l y  s y m m e t r i c  

about  90°. This  r e f l e c t s  t h e  f a c t  t h a t  d i r e c t  r e a c t i o n  c o n t r i b u t i o n  p l a y s  

an impor tant  role.  



Figure 26. Elastic Angular Distribution for En=0.5 MeV. 



Figure 27. Elastic Angular Distribution for En=l ,O MeV. 
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Figure 28. Elastic Angular Distribution for E w 2 . 5  MeV. 



Figure 2 9 .  Elas t ic  Angular D i s t r i b u t i o n  for En=5.0 MeV. 



I n  t h i s  evaluat ion,  t h e  angular  d i s t r i b u t i o n  f o r  t h e  (n, p a r t i c l e )  re- 

ac t ions  have been specif ied a s  i s o t r o p i c .  

V. Energy Dis t r ibu t ion  of Secondary Neutrons 

The energy spectra of t h e  emitted p a r t i c l e s  a r e  considered to c o n s i s t  

of two pa r t s :  an evaporation spectrum peaking a t  a c h a r a c t e r i s t i c  tempera- 

t u r e ,  T ,  and a high energy component r e s u l t i n g  from d i r e c t  o r  pre-equilibrium 

processes.  The s p e c t r a l  d a t a  presented i n  this eva lua t ion  whether presented 

i n  parametr ic  o r  tabulated form were der ived on the  b a s i s  of the forgoing 

models. 

The nuclear  temperatures f o r  t h e  evaporat ion process  were ob ta ined  from 

i n e l a s t i c  s c a t t e r i n g  da ta  of ~ n u f r i e n k o ' ~ ~ )  taken over  a l a r g e  range of  in -  

c iden t  and emerging energies .  For a given inc iden t  energy, d a t a  f o r  h i g h  

energy emergent p a r t i c l e  ( s i n g l e  p a r t i c l e  emission) a r e  ex t rapo la ted  t o  lower 

energies  and sub t rac ted  from t h e  t o t a l  d a t a  t o  determine evaporat ion s p e c t r a  

and nuclear  temperatures. 

For A > 100, T is  genera l ly  constant  except nea r  magic number n u c l e i .  

Nuclear temperatures f o r  tungsf en(84) were adopted he re .  

The pre-equilibrium model(85), with some approximations, was used t o  

represent  t h e  high energy spec t ra .  The f r a c t i o n  of pre-equi l ibr ium c o n t r i -  

but ion t o  t h e  t o t a l  emission s p e c t r a  is approximately l i n e a r  wi th  energy in 

the  ease of Nb. (6) This  assumption roughly holds f o r  o t h e r  cases .  (87) There 

is a slow v a r i a t i o n  with mass, about A " ~ ,  for t h e  pre-equilibrium c r a s s  sec-  

t i o n  t o  be compared with  an A dependence of t h e  evaporat ion c ross  section. 

For Au, the f r a c t i o n  of pre-equilibrium emission t o  t h e  t o t a l  i s  about  

0. ~ 8 ' ~ ' )  a t  an e x c i t a t i o n  energy of 28 MeV. In t h i s  eva lua t ion ,  t h e  s p e c t r a  

were ca lcu la ted  according to t h e  fol lowing p r e s c r i p t i o n .  



T = nuclear  temperature 

- 
n = & T  

n 

a = nuclear  l e v e l  dens i ty  

E = inc iden t  energy 
n 

B = binding energy ( i n  l ab )  

f = f r a c t i o n  pre-equilibrium 

P (E) = coulomb b a r r i e r  p e n e t r a b i l i t y  

The use of P(E) is  an approximation t o  t h e  usua l  s t a t i s t i c a l  formula 

t h a t  would o r d i n a r i l y  inc lude  t h e  inverse  c ross  s e c t i o n  f o r  cap tu re  of t h e  

emerging p a r t i c l e .  For s i m p l i c i t y ,  the  same T and f energy dependence was 

assumed fo r  a l l  r eac t ions  w i t h  final s p e c t r a  g r e a t l y  inf luenced by t h e  

coulomb b a r r i e r  and Q values .  

V I .  Summary and Conclusion 

The t o t a i ,  capture ,  and s c a t t e r i n g  c ross  s e c t i o n s  of gold below 2 keV 

a r e  represented by s ing le - l eve l  Breit-Wigner parameters.  Because of t h e  

presence of s t rong  resonances, which r e s u l t e d  i n  s t r o n g  i n t e r f e r e n c e  e f f e c t s ,  

the  s c a t t e r i n g  and t o t a l  c ross  sec t ions  became n e g a t i v e  a t  a few energy 

points .  To remedy t h i s  unacceptable behavior ,  a background c ross  s e c t i o n  

was included i n  t h e  f i l e .  Therefore, i t  i s  recommended t h a t  i n  f u t u r e  

eva lua t ions ,  a  m u l t i l e v e l  formalism be u t i l i z e d .  Since t h e  parameters 

of a  bound l e v e l  were der ived,  t h e  need t o  add a 1 / ~  term t o  desc r ibe  the 

cross  s e c t i o n  a t  low energ ies  was e l tminated.  The absorp t ion  resonance fn te -  

g r a l  ca lcu la ted  from t h e  resonance parameters and from t h e  unresolved and 



high energy region i s  i n  e x c e l l e n t  agreement with  the recommended value 

which i s  based on the  experimental data .  

The capture  cross  sec t ion  a t  2200 m/sec (c 98.8 + 0.3b) i s  one of 
Y 

the  bes t  known capture  c ross  sec t ions  and a s  a r e s u l t  provides  an e x c e l l e n t  

standard f o r  o t h e r  capture c ross  sec t ion  measurements. Recent determina- 

t i o n  by D i l g e  e t  a1(88) provides f u r t h e r  confirmation of t h i s  f a c t .  An ab- 

sorpt ion c ross  sec t ion  of  98.68 k 0.12b was obtained by Dilge e t  a1'88' by 

a p rec i s ion  t o t a l  cross sec t ion  measurement i n  t h e  40 p e V  - 5 meV energy 

range. Because of the presence of s t r u c t u r e  i n  t h e  capture c r o s s  s e c t i o n  of 

gold i n  t h e  unresolved energy range, ca re  musr be exerc ized  i n  t h e  use  of gold 

a s  a s tandard,  as polnted out  by Macklin e t  a1.(5) A t  higher  energ ies  and 

below about 500 keV, the  capture  cross  s e c t i o n  is presently known t o  an ac- 

curacy of b e t t e r  than 5%. 

The t o t a l  c ross  sec t ion  above 2 keV is represented by a s p l i n e  f i t  t o  

t h e  experimental data. In the  energy range above 100 keV and neg lec t ing  t h e  

Snowdon daca(l2) ,  the re  i s  a spread of 10% - 15% i n  t h e  exper imental  da ta .  

Because of the  s impl ic i ty  of t o t a l  c ross  s e c t i o n  measurements and i n  o rder  

t o  understand o the r  c ross  s e c t i o n s  t o  b e t t e r  accuracy, such a s  s c a t t e r i n g  

cross s e c t i o n s ,  a precis ion measurement of t h e  t o t a l  c ross  s e c t i o n  of  gold 

is des i rab le .  

The i n e l a s t i c  c ross  s e c t i o n s  e x c i t i n g  d i s c r e t e  l e v e l s  of lg71\u up t o  

energies  of 1242 keV a r e  descr ibed.  Experimental d a t a  a r e  available only 

for a l imi ted  neutron energy region; ie . ;  below 1 .6  MeV. At h igher  energ ies  

and very c lose  t o  thresholds ,  t h e  i n e l a s t i c  c ross  s e c t i o n s  a r e  represented 

by normalized Hauser-Feshbach c a l c u l a t i o n s  v i a  COMNUC-1- 

The (n, particle) reac t ion  c ross  s e c t i o n s ,  (n, 2n) , (n,p) , ( n , ~ )  are 

evaluated wi th  emphasis placed on t h e  experimental da ta .  It w i l l  be u s e f u l  

t o  include o t h e r  p a r t i c l e  r e a c t i o n s  such as (n, t), (n, np) i n  future eval- 

uations. Because of the  presence of forward peaking i n  s t u d i e s  such as 



(n, a) r e a c t i o n s , . i t  is e s s e n t i a l  t o  abandon t h e  use  o f  i s o t r o p i c  angu la r  

d i s t r i b u t i o n s  and rep lace  them by t h e  proper  form. If exper imental  d a t a  is 

e i t h e r  sca rce  o r  n o t  a v a i l a b l e  on t h e  p e r t i n e n t  nucleus, studies of neighbor- 

ing nuclei may shed l i g h t  on thls  aspect .  Fur the r  exper imental  and t h e o r e t i -  

cal s t u d i e s  o f  t h e  systemat ics  of t h i s  e f f e c t  a r e  r equ i red .  
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