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Abs t rac t  

The s e n s i t i v i t y  o f  pr imary knock-on atom (PKA) spectra and d i s -  

placement per  atom (DPA) c ross  sec t ions  t o  d i f f e r e n t  secondary neutron 

energy and angular  d i s t r i b u t i o n s  and " in-group" we igh t ing  schemes i s  

i nves t i ga ted .  I t  i s  shown t h a t  t h e  s e n s i t i v i t y  o f  t he  PKA spec t ra  and 

DPA cross sec t ions  f o r  the  (n,nl unresolved) and (n,2n) reac t i ons  i n  

Fe t o  d i f f e r e n t  angular  d i s t r i b u t i o n s  and the  same secondary neut ron  

spectrum i s  reasonably l a r g e  (% 15%) whereas t h e  s e n s i t i v i t y  o f  these 

q u a n t i t i e s  t o  g r o s s l y  d i f f e r e n t  secondary neutron spectra and the  same 

angular  d i s t r i b u t i o n  i s  unexpectedly smal l .  It w i l l  a l s o  be shown 

t h a t  f o r  A l ,  t he  s e n s i t i v i t y  o f  damage energy cross sec t ions  t o  d i f f e r e n t  

" in-group" we igh t ing  schemes i s ,  f o r  t he  most p a r t ,  smal l .  



I. INTRODUCTION 

Displacements pe r  atom (DPA) and gas p roduc t i on  c ross  sec t i ons  a r e  

used t o  determine t h e  e f f e c t i v e  damage ' l e v e l s  t h a t  can be expected i n  

s t r u c t u r a l  meta ls  when t hey  a r e  exposed t o  r a d i a t i o n  environments.  For 

neu t ron  r a d i a t i o n  environments, ENDFBIIV p rov ides  d i r e c t l y , i n  most cases, 
. . 

reasonable da ta  f o r  t he  gas p roduc t i on  'ckoss sec t i ons .  However, DPA 

c ross  sec t i ons  a r e  ob ta ined  f rom p r ima ry  knock-on atom (P'KA) spec t ra  

t h a t  must be deduced f rom ENDFBIIV data.  For e l a s t i c  and i n e l a s t i c  

r e s o l  ved neu t ron  reac t i ons ,  ENDFB/,IVy i n  most cases, p rov ides  t he  

necessary da ta  by which PKA spec t ra  can be ob ta ined  wi. th e s s e n t i a l l y  no 
. , 

approx imat ions o r  assumptions. However, i n  genera l ,  f o r  t h e  remain ing 

reac t i ons ,  (n,nl unresolved) ,  (n,p) , (n,Zn), e tc . ,  t h e r e  a r e  n o t  s u f f i c i e n t  

da ta  g i ven  so t h a t  t o t a l l y  d e f i n i t i v e  PKA spec t ra  can be ob ta i ned  w i t h o u t  

r e s o r t i n g  t o  va r i ous  assumptions and approx imat ions.  For  example, one 

o f  t he  most common assumptions i s  t h a t  t h e  angu la r  d i s t r i b u t i o n  o f  t h e  

secondary neut rons i s  i s o t r o p i c  i n  t he  center-of-mass (C-M) system and 

t h a t  t he  secondary neu t ron  energy d i s t r i b u t i o n  can be ob ta i ned  f rom 

ENDFBIIV o r  from some s o r t . o f  evaporat , ion- type spectrum. 

Presented i n  t h i s  paper i s  a  s e t  o f  c a l c u l a t i o n s  i .n ,which t h e  sens i -  

t i v i t y  o f  PKA spec t ra  and DPA c ross  sec t i ons  f o r  t h e  (n,n' unresolved)  

and (n,2n) r e a c t i o n s  i n  Fe t o  d i f f e r e n t  secondary neu t ron  energy and 

angu la r  d i s t r i b u t i o n s  i s  i n v e s t i g a t e d .  I t  w i l l  be shown t h a t  t h e  sens i -  

t i v i t y  o f  t h e  PKA spectrum and, DPA c ross  sec t i ons  t o  d i f f e r e n t  angu la r  

d i s t r i b u t i o n s  and t h e  same secondary neu t ron  spectrum i s  reasonably  

l a r g e  (Q-J 15%) whereas f o r  g r o s s l y  d i f f e r e n t  secondary neu t ron  spec t ra  

and t h e  same' angu la r  d i s t r i b u t i o n ,  t h e  s e n s i t i v i t y  i s  unexpected ly  sma l l .  



A1 so presented i s  t he  s e n s i t i v i t y  o f  the  damage energy cross 

sec t ions  t o  d i f f e r e n t  " in-group" weight ing, f o r  example, constant,  1/E, 

l /EoT. I t  i s  shown t h a t  f o r  A l .  the  s e n s i t i v i t y  i s  extremely small f o r  

a l l  weight ings except l /EoT and even t h i s  we igh t ing  produces o n l y  

s l  i g h t l y  d i f f e r e n t  i n t e g r a l  r e s u l t s .  

The methods o f  c a l c u l a t i o n  a r e  presented i n  Sec. I 1  and the  r e s u l t s  

a r e  presented and discussed i n  Sec. 111. 

11. METHODS OF CALCULATION 

The neutron and PKA-energy group s t r u c t u r e s  used i n  the  c a l c u l a t i o n s  

a re  g iven i n  Tables I and 11. The neutron group s t r u c t u r e  up t o  14.91 MeV 

i s  t he  same as the  GAM-11 group s t r u c t u r e .  The PKA group' s t r u c t u r e  used 

i s  based on equai l e t h a r g y  i n t e r v a l s  from 20 eV t o  10 MeV. 

For e l a s t i c ,  i n e l a s t i c ,  (n,Zn), (n,3n), (n,np), etc'. r eac t i ons  

i n v o l v i n g  the emission o f  mass 1  p a r t i c l e s  and excluding absorp t ion  

reac t i ons ,  a  m o d i f i e d  ve rs ion  o f  t he  XLACS module from the  AMPX code 

system1 was used t o  c a l c u l a t e  the  PKA spectra.  For e l a s t i c  and i n e l a s t i c  

reso lved reac t ions ,  where angular d i  s t r i  bu t ibns  a r e  usua l l y '  ava i l ab le ,  
, . 

t h e  PKA s p e c t r a i n  the  form o f  a  neutron 'group (9,) t o  a  PKA group (gR) 

t r a n s f e r  m a t r i x  were 'obta ined from the  f o l l o w i n g  expression: 



Table I 

Neutron Group S t r u c t u r e  (eV) 

Group Energy Range Group Energy Range 



Table I1 

Primary Knock-On Atom Energy Group Structure  (eV) 

Group 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 4 
15 
16 
17 
10  
19 
2 0 
2 1 
2 2 
2 3 
2 4 
2 5  
26 
2 7 
2 8 
2 9 
30 
3 1 
32 
3 3  
3 4 
3 5 
3 6 
3 7 
3 8 
3 9 
40 
4 1 
u 2 
4 3 
4 4 
4 5 
4 6 
4 7 
4 8 
4 9 
50 
5 1 
5 2 

Enerqy Ranqe 
0-2000E 08 .-- 0.1900E 08 
0.1900E 08 - 0.1800E 08 
0,1800E 08 - 0.1700E 08 
0,. 1700E 08 - 0.1600E 08 
0..1600E 08 - 0.1500E 08 
0.1500E 08 - 0.1400E 08 
0.1U00E 08 - 0.130UE 08 
0,1300E 08 - 0.1200E 08 
O,l?OOE 08 - 0.1 100E 08 
0.11 00E 08 - 0.1000E 08 
0..1000E 08 - 0.868UE 07 
0.8684E 07 - 0.754 1E 07 
0.7541E 07 - 0.6549E 07 
0.6549E 07 - 0.5687E 07 
0.5687E 07 - 0.4939E 07 
0.4939E 07 - O.u289E 07 
0.4289E 07 - 0.3724E 07 
0.3724E 07 - 0.3234E 07 
0,3234E 07 - 0.2809E 07 
0.2809E 07 - 0.2439E 07 
012439E 07 - 0.2118E 07 
0.2118E 07 - 0.1839E 07 
0,1839E 07 - 0.1'597E 07 
0.1597E 07 - 0.1387E 07 
0.1387E 07 - 0 . 1 2 0 5 ~  07 
0.1205E 07 - 0.10U6E 07 
0.1046E 07 - 0.9083E 06 
0.9083E 06 - 0.7888E 06 
0.7888E 06 - 0.6850E 06- 
0,6850E 06 - 0.5949E 06 
0.5949E 06 - 0.5166E 06 
0,5166E 06 - 0.4486E 06 
0.4486E 06 - 0.3896E 06 
0,3896E 06 - 0.3383E 06 
0.3383E 06 - 0.2938E 06 
0.2938E 06 - 0.2551E 06 
0.2551E 06 - 0.2215E 06 
0,2215E 06 - 0.19243 06 
0,192UE 06 - 0.167lE 06 
0.1671E 06 - O.lU51E 06 
0.1451E 06  - 0.12GOE 06 
0.1260E 06 - 0.1094E 06 
0.109UE 06 - 0.9501E 05 
019501E 05 - 0.8251E 05 
0,8251E 05 - 0.7165E 05 
0.7165E 05 - 0.6222E 05 
0,6222E 05 - 0.5403E 05 
0.5403E 05 - 0.4692E 05 
O.4692E 05  - 0.U075E 05 
0.4075E 05 - 0.3539E 05 
0.3539E 05 - 0.3073E 05 
0 . 3 0 7 3 ~  05 - 0.2669E 05 



where . ,- 

o(E,pm) = the  neutron energy and angular  dependence 

(pm = cos Om) o f  t he  c ross-sec t ion  data obta ined 

from ENDFB/IV , 

$(E) = the  f l u x  we igh t ing  f a c t o r  taken t o  be one o f  t he  

f o l l o w i n g :  1/E-Maxwell i a n  (s tandard) ,  constant-  

Maxwell i a n  (1  ) ,  f ission-1/E-Maxwel l  i a n  ( 2 ) ,  

1  /EoT-Maxwel 1  i atl ( 3 ) ,  

'm = the  angular  quadrature weights,  and 

o(gn+gR) = the  p r o b a b i l i t y  ( o r  cross sec t i on )  f o r  a  neutron i n  

neutron group gn t o  produce a  PKA i n  gro'up gR. 

Th is  express ion conta ins  no compl icated physics except f o r  t h e  de te r -  

m ina t i on  o f  t h e  l i m i t s  on t h e  dE i n t e g r a l ,  and these, o f  course, a re  

determined through momentum and energy conservat ion.  The c a l c u l a t i o n s  

were c a r r i e d  o u t  i n  the  f o l l o w i n g  way: f o r  an angle pm, t h e  PKA energy 

range of Thigh and Tlow was determined f rom t h e  expressions 
- - 

where 

1  = 1.009/(1.009 + A), 

n2 = A /  ( 1  ,009 + A), 

A = atomic number o f  t h e  t a r g e t ,  

E. = upper neutron energy f o r  neut ron  group j, 
J 



Ej+l  = lower neutron energy for  neutron group j ,  

= r l  ( n  E .+Q .) = recoil neutron energy in the C-M system, E m , j  2 2 j 1 

Qi = excitation energy for  the i t h  level ( fo r  e l a s t i c  

scat ter ing,  Q = 0 ) .  

If  Th  and TI f a l l  within one PKA group,, the averaged neutron cross 

section i s  assigned to tha t  group, and the calculation proceeds to the 

next angle. However, as  i s  usually the case, Th  and TI  will spar1 several 

PKA groups. Therefore, s ta r t ing  with the energy of the f i r s t  PKA group 

T k  above the PKA energy T I ,  the neutron energy E k  (between E . and E : ) 
J J +1 

i s  determined fr.om E q .  ( l b ) .  The average of the neutron cross sections 

between neutron energies of E l  and E k  can then be determined and assigned 

to  PKA group k .  .The above process i s  continued until the PKA energy 

Th  i s  reached. The calculation then proceeds to  the next angle. The 

integration of the angular variable was replaced by a quadrature sum. 

For the resu l t s  given, a modified 96th order Lobatto angular quadrature1 

was used. The ef fec t  of gamma rays emitted a f t e r  nonelastic and in- 

e l a s t i c  col l is ions on the PKA spectra i s  small and was not included in 

the calculations.  

For the remaining reactions given above, the PKA spectra were 

obtained by using a one-neutron emission model and the secondary-neutron 

spectra (assumed to be applicable a t  a l l  angles in the C-M system) given 

in ENDFB/IV. Therefore, 



where 

PI (gn,C-M + gR) = t he  normal ized p r o b a b i l i t y  f o r  t he  C-M emission 

o f  a  n e u t r o n . w i t h  energy i n  group gn,C-M t h a t  can 

be r e l a t e d  t o  a  l a b  PKA energy i n  group gR by us ing 

T = nln2E + (n1/n2)EE' - 2nl (EE '  )\  where E i s  t he  

energy of  t he  i n c i d e n t  neutron and E'  and p are  the  

energy and angle cos ine i n  t he  C-M system o f  t h e  em i t t ed  

neutron, 

P2(pm) = t he  normal ized p r o b a b i l i t y  f o r  t he  C-M emission o f  

a  neutron a t  t h e  angle pm(=cos em), [P2(pm) = 1  

f o r  i s o t r o p i c  emission] , 

o(gn)  = t he  cross sec t i on  f o r  t h e  r e a c t i o n  f o r  i n c i d e n t  

neutrons i n  group gn and the  remaining v a r i a b l e s  a re  

as descr ibed before.  

The unnormalized angular  d i s t r i b u t i o n s  considered here a re  i s o t r o p i c ;  

75% forward (pm>O), 25% backward (pm<O) ; and (l+cos 8 ) .  Note t h a t  no 

coup l ing  o f  t h e  d i s t r i b u t i o n s  has been considered; i .e . ,  i t  i s  assumed 

t h a t  d2u/df2dE = (do/dE) ( d o / d ~ ) .  

For neutron absorp t ion  reac t ions ,  such as (n,p) (n,a), e tc . ,  t he  

methods o f  D ~ r a n , ~  Jenk insY2  and Pa rk in  and Goland4 were used. 

For (n,y) reac t ions ,  a  Monte Car lo  program was w r i t t e n .  The 

secondary gamma-ray energies, a long w i t h  t h e i r  emission p r o b a b i l i t i e s ,  

were obta ined from the  nuc lear  data sheets. I n  c o n t r a s t  t o  prev ious 

ca l cu la t i ons3 ,  t h e  i n c i d e n t  neutron energy i s  used i n  t h e  k inemat ic  

equat ions f o r  t o t a l  energy and momentum balance w i t h  t h e  gamma rays  being 

emi t ted  i s o t r o p i c a l l y  i n  t he  r e s t  system. Even though the  cap tu re - l eve l  



p r o b a b i l i t i e s  used i n  t h e  c a l c u l a t i o n s  are  f o r  thermal-neutron energies, 

i t  was assumed t h a t  they  app ly  f o r  a l l  neutron energies. I t  was a l s o  

assumed t h a t  t h e  gamma rays  are em i t t ed  f a s t  enough so t h a t  no i n t e r -  

a c t i o n  w i t h  o t h e r  . nuc le i  takes p lace  u n t i l  t he  res idua l  nucleus i s  f u l l y  

deexc i t e d  . 
The L indhard  e t  .aZ., theory  as used by Robinson6 i s  employed t o  

determine t h a t ' f r a c t i o n  o f  t h e  energy o f  t h e  PKA t h a t  w i l l  produce 

damage, i .e . ,  f u r t h e r  nuc lea r  displacements. The damage energy cross 

s e c t i o n  can be evaluated f rom the  express ion 

, . 

I d  
where 

CI i ,damage (E)  = t h e  damage energy cross sec t i on  as a f u n c t i o n  o f  

neutron energy E f o r  t he  i t h  r e a c t i o n  type, 
. .  . 

doi (EST)  

dT = t h e  PKA spectrum f o r  t he  i t h  r e a c t i o n  type  as a 

f u n c t i o n  o f  PKA energy T and o f  neutron energy E, 

Tdamage 
= t h a t  f r a c t i o n  o f  t h e  energy T t h a t  w i l l  produce 

f u r t h e r  nuc lear  displacements, and 

Td = t h e  e f f e c t i v e  th resho ld  energy. 

can be c a l c u l a t e d  as fo l l ows :  . . Tdamage 



where 

AlYZ1 = t he  atomic weight  and number o f  t h e  PKA, r e s p e c t i v e l y ,  and 

A2,Z2 = l i k e  q u a n t i t i e s  f o r  t h e  m a t r i x  atoms. 

For  a1 1  oys 

where 

ni = t he  number d e n s i t y  o f  t ho  i t h  element, and 

Ai,Zi = t he  atomic weight  and number o f  t h e  i t h  element i n  t he  

a l  l o y  , r e s p e c t i v e l y .  

The displacement cross sec t ions  a re  evaluated i n  a  s i m i l a r  way by 

w i t h  Nd, de f i ned  as re~laci ng Tdamage 



where 

p = 0.0 . 
The values used for  Td are  Al, 25 eV; and Fe, 40 eV. 

111. KLSULYS AND DISCUSSION 

Some of the d i f fe rent ia l  secondary neutron energy spectra for  

Fey ( n  , 2 n ) ,  and ( n  , n '  unresolved react ions) ,  used in the calculations 

a re  shown in F i g .  1.  The histograms represent ENDFBIIV data. The ( n , 2 n )  

ENDFBIIV data can be closely approximated by an evaporation-type spectrum. 

In contrast  to  t h i s ,  the ( n , n l  unresolved) ENDFBIIV data cannot. 

The sens i t iv i ty  of the Fe(n,2n) and (n,n '  unresolved) Lab PKA spectra 

resulting from incident neutrons in Group 1 to different  C-M secondary 

neutron energy and angular dis t r ibut ions are  shown in Figs. 2 and 3 ,  

respectively. The symbols o,  x, and . represent midpoint histogram values. 

As can be seen, a rather diverse s e t  of dis t r ibut ions can be obtained 

depending upon the i n i t i a l  conditions. 

The sensi t i v i  tsym of the Fe(n , 2 n )  and. ( n  , n  ' unresolved) DPA cross 

sections as a function of incident neutron energy to  different  secondary 

neutron angular dis t r ibut ions and energy spectra are  given,in Tables 3 

and 4. Rather large (Q 15%) variations a re  evident. Considering that  

ra ther  diverse secondary neutron energy spectra,  b u t  the same angular 

dis t r ibut ions a re  used to obtain the resul ts  in columns 2 and 5 
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Fig. - 1 . Differential , Secondary Neutron Energy Spectra for Fe. 
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F ig .  2 .  S e n s i t i v i t y  o f  the Fe (n,2n) Lab PKA spectrum r e s u l t i n g  
f rom i n c i d e n t  neutrons i n  group 1 t o  d i f f e r e n t  center-of-mass secondary 
neut ron  energy and angular  d i s t r i b u t i o n s .  The symbols o, x, and 
represent  the  m idpo in t  histogram values. The center-of-mass secondary 
neutron energy spectrum, unless otherwise spec i f i ed ,  has been taken 
f rom ENDFB/ I V .  
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Fig.  3. S e n s i t i v i t y  o f  the  Fe(n,nl unreso.1ved) Lab PKA spectrum 
r e s u l t i n g  f rom i n c i d e n t  neutrons i n  group 1 t o  d i f f e r e n t  center-of-mass 
secondary neut ron  energy and angular  d i s t r i b u t i o n s .  The symbols o, x, 
and represent  t he  midpo in t  h is togram values. .The center-of-mass 
secondary neutron energy spectrum, unless o therw i  se spec i f i ed ,  has 
been taken f rom ENDFB/ I V .  



Table I11 

S e n s i t i v i t y  o f  t he  ~e (n ,2n )  DPA Cross Sect ions 
t o  D i f f e r e n t  Secondary Neutron AnguJar 

D i s t r i b u t i o n s  and Energy Spectra 

Neutron 

Grouu 

Number 

. DPA Cross Sect ions (barns) 

a ~ a l c u i l a t e d  us ing  the  one-neutron emission model approximation. 

bl = constant;  2 = 75% f o r i a r d ,  25% backward; 
3 = 1 + cos 0. 
A = ENDFBIIV; B = Ee where T(eV) = 3.22x103 J m  , A i s  the  atomic 

number o f  t he  t a r g e t ,  E '  i s  t he  i n c i d e n t  neutron energy i n  eV, and 
. .  E i s  the energy o f  the  emi t ted  neutron. 

A l l  energy and angular  d i s t r i b u t i o n s  a re  f o r  t he  center  of 
mass system. 
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Table I V  

S e n s i t i v i t y  o f  t he  Fe(n ,n' unresol ved) DPA Cross Sect ions 
t o  D i f f e r e n t  Neutron Angular 

D i s t r i b u t i o n s  and Energy Spectra 

Neutron & = la 

Group dR 

do = A Number 

DPA Cross Sect ions (barns)  

al = constant ;  2 = 75% forward, 25% backward; 3 = 1 + cos 0. 

A = ENDFBIIV; B = ~ e - ~ ' ~ ,  where T(eV) = 3.22x103 fiv, 
A i s  t h e  atomic number o f  t h e  t a r g e t ,  
E' i s  t h e  i n c i d e n t  neutron energy i n  eV, and 
E i s  t h e  energy o f  t h e  em i t t ed  neutron. 

A l l  energy and angular  d i s t r i b u t i o n s  are f o r  t he  cen te r  o f  mass system. 
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i n  Table 4, the  r e s u l t s  a r e  remarkably s i m i l a r .  The reason f o r  t h i s  
. . 

i s  due t o  the non l i nea r  dependence o f  the damage energy, t h a t  i s ,  as the 

PKA energy increases t h e  f r a c t i o n  o f  deposited energy t h a t  con t r i bu tes  

t o  damage decreases. 

Given i n  Tables 5-8 a r e  the  percent  changes i n  the t o t a l  and 

var ious  p a r t i a l  groups averaged damage energy cross sec t ions  f o r  A1 due 

t o  d i f f e r ' e n t  in-group we igh t ing  schemes. The type o f  we igh t ing  has been 

de f i ned  i n  Sec. 11. Overa l l ,  except f o r  we igh t ing  3, there  i s  l i t t l e  

e f f e c t .  The damage energy cross sec t ions  g iven i n  the  tab les  can, t o  a  

good approximation, be converted t o  DPA cross sec t ions  by mu1 t i p l y i n g  

b.y 0.8 and d i v i d i n g  by two t imes the e f f e c t i v e  displacement threshold.  

I n  Table 9 the  changes a re  i n v e s t i g a t e d  by averaging over several types 

o f  " t y p i c a l ' "  neutron environments. 

Even though A1 and Fe have been used t o  demonstrate the  s e n s i t i v i t y  

o f  var ious  neut ron ic  parameters, the  e f f e c t s  seen here can be expected 

f o r  o t h e r  elements. 



Table  V 

Changes i n  t h e  T o t a l  Group Averaged Damage Energy Cross S e c t i o n s  
f o r  A1 Due t o  D i f f e r e n t  In-Group Weighting Schemes 

S t a n d a r d  Type o f  Weighting 
Neutron Damage 1 2 3 

Group Energy a(b-eV) % Change 

S t a n d a r d  Type o f  Weight ing 
Neutron Damage 1 2 3 

Group Energy a(b-eV) % Change 



Table V I  

Changes i n  t he  E l a s t i c  Group Averaged Damage Energy Cross Sect ions 
f o r  A1 Due t o  D i f f e r e n t  In-Group Weight ing Schemes 

Standard Type o f  Weighting Standard Type o f  Weighting 
Neutron Damage 1 2 3 Neutron Damage 1 2 3 
Group Energy ~ ( b - e V )  % Change Group Energy ~ ( b - e V )  % Change 



Table V I I  

Changes i n Various P a r t i a l  Group Averaged Damage Energy Cross Sect ions 
f o r  A1 Due t o  D i f f e r e n t  In-Group Weighting Schemes 

Standard Type 3f Wei gh ti ng 
Neutron Damage 1 2 3 

Group Energy a(b-eV) % Change 

- . . . . . . . . . .  - .. INELASTIC. RESOLVED . . . . . .  - . - ................ - ... -- . . . . . .  " , b- 
6 7 9 1 6 €7 5 7 B ' r " Q  

2 0.7224hE 0 5  -0.1 0.4 0.0 

Standard Type o f  Weight ing 
Neutron Damage 1 2 3 

G r o u ~  Enerq .~  a (  b-eV) % Change 
.....  PI . . . .  

-(j0;-179c;sE7547-6r 1 1 y  2-3- 
2 0.57282E 04  ' -0.1 0.9 -0. 1 
3 0.hhC)fiSF. 0 4  -0.1 0.8 -0.1 
4 O . ~ ' - ~ I ~ S F .  (14 -11.1 0 . 7  n.o 

-r6;92r?7'3E-" - 0  . 1 0 9.7 h.. 1- 
h 0.91b35E 0 4  -0.2 1.9 -0  I 0 
7'  IJ*  1 O I O ~ ~ E  0 5  -0.1 0.7 -0 . @ 
B I). 107r);.~-: 0 5  -0,. go .-o-o....,-..-. 1 n.5 - 0  . !- 

()',I 1.1 IJ c( c-1; s-- -9- . . 0 9 0 
10 . ( I .  1 0 7 3 5 5  ,05 0.0 -0.3 -0.0 
11  0 ~ 9 U 9 5 0 t  04  0. 1 -0.5 .O e 0  
1 2  0 9 7 Q 7 0 l E  04  0.1 - 0  I 6 0. 1 

3.3-i)' ; 6 J 9 9 5 E-n.4- -1.- 0.; 7-0 .' 2- 
1 4  o . u n 7 2 b ~  0 4  0.2 -0.n 0.1 
15 ij.3S44HE 0 4  01.2 -0.4 -0 . 2 
16 0e25622E 0 4  O v A  - 1  . O  9.4 

U l ' 1 4 0 3 8 E  u4 - 0.i-1- 0; C - 0 .'04 
l a  n.aSv91E 03 i1.8 . - 1  ,u 1.0 

0 19 O ~ b 5 0 3 6 E  03 -0  9 3 0.3 -0.2 



Table V I I I  

Changes i n  the  (n,y) Group Averaged Damage Energy Cross Sect ions 
f o r  A1 Due t o  D i f f e r e n t  In-Group Weighting Schemes 

Standard Type o f  Weighting Standard Type o f  Weighting 
Neutron Damage 1 2 3 Neutron Damage 1 2 3 

Group Energy ~ ( b - e V )  % Change Group Energy a(b-eV) % Change 



Table I X  - 

Changes i n  Deposited Damage Energy i n  A1 Due t o  t he  
D i f f e r e n t  In-Group Weighting. Schemes 

Type o f  Neutron 
Environment 

Type o f  Weight ing 
1 2 3 

% change r e l a t i v e  t o  deposi ted 
damage energy obta ined us ing  
standard cross sec t i on  s e t  

F i r s t  Wall CTR 0.0 0.0 -2.6 

HFIR PTP ( z  = 0.)  

HFIR PTP ( z  = 20. cm) 

Fast  Reactor 0.0 0.0 -6.5 
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