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ABSTRACT 

ENDF/B-v neutron emission spectra induced by 14.6 MeV i n c i d e n t  

neu t rons  a r e  g raph ica l ly  compared w i th  experimental  d a t a .  The elements 

s e l e c t e d  f o r  t h e  comparisons inc lude  N a ,  Mg, Al, S i ,  Ca, Ti, V, Cr, 

Fe,  N i ,  Cu, Nb, W,  and Pb. Partial as w e l l  as t o t a l  s p e c t r a  from t h e  

ENDF/B-V eva lua t ions  a r e  shown i n  each graph, w h i l e  experimental  d a t a  

were a v a i l a b l e  only f o r  t h e  t o t a l .  Energy d i s t r i b u t i o n  laws u t i l i z e d  

f o r  t h e  r e a c t i o n  types i n  each element a r e  explained.  Agreement 

between eva lua ted  and experimental d a t a  i s  d iscussed ,  and recommendations 

fo"r improvements a r e  made. I n  gene ra l ,  eva lua t ions  which u t i l i z e d  

advanced nuclear  model codes,  inc lud ing  precompound effects ,  agree w e l l  

w i t h  measured spectra. 





I. INTRODUCTION 

Graphical  comparisons of ENDF/B-v neut ron  emission spectra wi th  

experimental data induced by I ~ - M ~ V  i nc iden t  neutrons are presented. 

The elements chosen f o r  t h e  comparisons a r e  t hose  considered important 

for f u s i o n  r e a c t o r  a p p l i c a t i o n s .  On each graph, p a r t i a l  and t o t a l  

emission s p e c t r a  from the ENDF/B-V f i l e s  are shown, Thus, disagreement 

wi th  t h e  experimental  d a t a ,  if any, may be attributed t o  specific p a r t i a l  

c ro s s  s e c t i o n s .  Experimental d a t a  a r e  a v a i l a b l e  only f o r  t h e  t o t a l  

emission spectra. 

The elements chosen f o r  the present study include N a ,  Mg, Al, 

S i ,  C a ,  T i ,  V ,  C r ,  Fe, Ni, Cu, Nb, W, and Pb. Energy d i s t r i b u t i o n  laws 

used f o r  cons t ruc t ing  t h e  neutron p r o b a b i l i t y  d i s t r i b u t i o n  i n  each 

element are explained i n  d e t a i l .  

Experimental d a t a  used i n  t h i s  work a te  those  by Hermsdorf e t  al. 1 

We have found from s e v e r a l  of our  eva lua t ions  t h a t  t h e s e  d a t a  are 

gene ra l l y  consistent with i s o l a t e d  r e s u l t s  of  others. For s i m p l i c i t y  

and gene ra l  consistency, w e  show t h i s  s e t  of d a t a  f o r  a l l  comparisons. 

For a f e w  o t h e r s ,  t h e  data of Clayeux and vo ign ie r2  are a l s o  shown. 

Def i c i enc i e s  i n  the ENDF/B-V neutron emission s p e c t r a  f o r  s e v e r a l  

m a t e r i a l s  a r e  uncovered and d iscussed .  

11. EXPERIMENTAL DATA 

Experimental d a t a  g iven  by Herrnsdorf e t  a l . '  and Clayeux and voignier2 

were u t i l i z e d  f o r  t h i s  work- There are numerous o t h e r  data sets a v a i l a b l e ,  

but since they a r e  generally in agreement wi th  data of Hermsdorf et a l .  



they have been l e f t  of f  t h e  p l o t s  f o r  t h e  purpose of c l a r i t y .  However, 

t h e  d a t a  of Clayeux and Voignier have been included s i n c e  they have been 

used f r e q u e n t l y  f o r  eva lua t i on  work, and s i n c e  they  sometimes d i f f e r  

s i g n i f i c a n t l y  f r o m  t h e  d a t a  of Hermsdorf e t  a l .  and o t h e r s ,  we  f e l t  it 

u s e f u l  t o  i n c l u d e  them f o r  comparison. I n  a d d i t i o n ,  t h e  i n t e g r a t e d  c r o s s  

s e c t i o n s  ob t a ined  from d a t a  of Clayeux and Voignier are much l a r g e r  than  

t h e  c a l c u l a t e d  r e s u l t s ,  due t o  t h e  l a r g e  number of low energy neu t rons  

p r e sen t  i n  t h e i r  work. 

I n  t h e i r  r e p o r t ,  Hermsdorf e t  a l .  presented t h e  center-of-mass 

angula r  d i s t r i b u t i o n s  of secondary neu t rons  i n t e g r a t e d  over 1.0-MeV 

energy i n t e r v a l s .  We have f i t t e d  a  s e r i e s  of Legendre c o e f f i c i e n t s  by 

l e a s t  squa re s  t o  t h e  angula r  d a t a  f o r  elements Na, Mg, A l ,  S i ,  Ca, T i ,  V ,  

C r ,  Fe, N i ,  Cu, Nb, W, and Pb f o r  each energy i n t e r v a l  given. For each 

energy i n i e r v a l ,  t h e  i n t e g r a t e d  c r o s s  s e c t i o n  was computed f o r  d i f f e r e n t  

polynomial o r d e r s  t o  o b t a i n  t h e  t o t a l  d i f f e r e n t i a l  c r o s s  s e c t i o n .  The 

i n t e g r a l  ob t a ined  from the order that gave the best v i s u a l  f i t  ( gene ra l l y  

R = 3) was compared wi th  eva lua t ed  d a t a .  The c a l c u l a t e d  d i f f e r e n t i a l  

c r o s s  s e c t i o n s  r e s u l t i n g  from t h i s  procedure a r e  g iven  i n  Tables  1 - 3 i n  

t h e  Appendix f o r  t h e  above elements.  Graphica l  r e s u l t s  a r e  p resen ted  i n  

Figs .  1 - 17.  The e r r o r  b a r s  shown i n  t h e s e  t a b l e s  and f i g u r e s  correspond 

t o  t h e  e r r o r s  given i n  t h e  r e p o r t  by Hermsdorf e t  a l .  p l u s  t h e i r  e s t ima ted  

10% systematic e r r o r .  

The d a t a  of Clayeux and Voignier  were taken d i r e c t l y  from t a b l e s  i n  

t h e i r  r e p o r t .  Whereas Hermsdorf e t  a l .  ob ta ined  c r o s s  s e c t i o n s  from t h e  

bombardment of t h e  m a t e r i a l s  by 14.6-MeV neut rons ,  Clayeux and v o i g n i e r  ' s 

da t a  were given f o r  14.0-MeV neut rons .  Data of ~ l a y e u x  and ~ o i g n i e r  f o r  

t he  elements Mg, A l ,  S i ,  Ca, Fe, N i ,  Cu, and Pb were used i n  t h i s  paper .  



111. ENDF/B-v FILES 

I n  F igs .  1 - 1 7  t h e  d i f f e r e n t i a l  c r o s s  s ec t i ons  v e r s u s  outgoing 

neut ron  energy a r e  p l o t t e d  f o r  a l l  r e a c t i o n  types t h a t  produce secondary 

neutrons.  I n  a l l  f i g u r e s ,  t h e  i nc iden t  neutron energy was 14 .6  MeV. 

The d i f f e r e n t i a l  cross s e c t i o n  f o r  each r e a c t i o n  type  w a s  ob ta ined  from 

as given i n  Ref. 3 .  

Here a ( E )  i s  t h e  cross s e c t i o n  f o r  i n c i d e n t  energy E as given i n  F i l e  3 

of t h e  ENDF/B-V l i b r a r y ,  m is t h e  neutron m u l t i p l i c i t y ,  and ~(E+E') 

r e p r e s e n t s  t h e  energy d i s t r i b u t i o n  f o r  t h e  secondary p a r t i c l e .  The 

energy d i s t r i b u t i o n  is broken down i n t o  p a r t i a l  energy d i s t r i b u t i o n s ,  

where f (E-~E') r e p r e s e n t s  t h e  d i s t r i b u t i o n s  of t h e  secondary neut ron  k 

ene rg i e s  E' c a l cu l a t ed  from d a t a  given i n  F i l e  5 of t h e  l i b r a r y .  A t  a 

p a r t i c u l a r  i n c i d e n t  neu t ron  energy E, 

where p (E) i s  t h e  f r a c t i o n a l  p r o b a b i l i t y  t h a t  t h e  d i s t r i b u t i o n  f (E+E') 
k k 

a p p l i e s  a t  E. NK is  t h e  number of p a r t i a l  d i s t r i b u t i o n s ,  and,  with the  

except ion of r e a c t i o n  types for t h e  elements Ni, W-182, W-183, W-184, 

and W-186, i s  equal t o  1. 



The energy d i s t r i b u t i o n s  f (E+E#) a r e  described by d i f f e r e n t  a n a l y t i c a l  
k 

formulat ions.  Each formulation, o r  energy d i s t r i b u t i o n  law, has an iden- 

t i f i c a t i o n  number (LF number) assoc ia ted  with i t .  A summary of what 

d i s t r i b u t i o n  law was used i n  the  evaluat ion f o r  each r eac t ion  type, f o r  each 

material, i s  given i n  Sect ion 1 V .  Figures 1-17 d isp lay  t h e  t o t a l  d i f f e ren -  

t i a l  c ros s  s e c t i o n  obtained by summing the  curves from a l l  neutron producing 

r eac t ions  p resen t  i n  t h e  evaluat ion.  This t o t a l  neutron emission c ross  

sec t ion  i s  compared wi th  the  da ta  of Hermsdorf e t  a l .  ' and Clayeux and 

Voignier . 2 

IV. DISTRIBUTION LAWS FOR EACH ELEMENT 

Sodium 

The r e s u l t s  f o r  t h e  element sodium a r e  shown i n  F i g .  1. For t h e  

(n,n') continuum c ross  s e c t i o n  curve (MT = 91 i n  ENDF/B-V l i b r a r y ) ,  t h e  

energy d i s t r i b u t i o n  £(E+E*) was ca l cu la t ed  by using the  evaporat ion 

spectrum (LF = 9 ;  s e e  r e f .  3 ) .  That is ,  the  d i s t r i b u t i o n  was obtained 

by the  formula 

where I i s  the  normalizat ion constant  



8, t h e  e f f e c t i v e  nuclear  temperature, was r e t r i eved  from F i l e  5 where i t  

w a s  t abula ted  as a funct ion  of i nc iden t  neutron energy .E. The cons tant  

U, also obtained from F i l e  5, defined t h e  proper l i m i t  for t h e  

outgoing neutron energy by 

The neutron energ ies  E' i n  Eq. (4) were taken a s  t h e  midpoints of 0.1 

MeV b ins  with t h e  maximum defined by ( 6 ) .  The c ross  s e c t i o n  a ( E )  [ s e e  

Eq. ( I ) ]  was ca lcula ted  for an inc iden t  energy of 14.6 MeV by in terpo-  

l a t i o n .  This c ross  sec t ion ,  along wi th  t h e  energy d i s t r i b u t i o n ,  was 

s u b s t i t u t e d  i n t o  E q .  (1) t o  obta in  the  des i r ed  r e s u l t .  The same method 

was  used i n  t h e  computations f o r  t h e  (n,2n) (M~=16) r eac t ion .  Cross 

s e c t i o n s  f o r  a l l  d i s c r e t e  l e v e l s  except t he  f i r s t  exc i t ed  s t a t e  (MT = 51 

i n  F i l e  3) a t  0.440 MeV were zero i n  t h e  eva lua t ion  f o r  i nc iden t  neutron 

energ ies  g rea t e r  than 1 2  MeV. For t h i s  exc i ted  s t a t e ,  t h e  c r o s s  s e c t i o n  

was ca lcula ted  f o r  an inc ident  energy of 14 .6  MeV by i n t e r p o l a t i o n  and 

t h e  outgoing neutron energy was ca lcula ted  by sub t r ac t ing  t h e  r eac t ion  

Q-value from t h e  inc iden t  energy. The r e s u l t i n g  curve i s  labe led  (n ,n r )  

d i s c r e t e .  Note t h a t  t h i s  curve r e s u l t s  from using a  1.0-MeV bin  f o r  t h e  

ca l cu la t ion .  The above r eac t ion  types  were summed v i a  l i n e a r - l i n e a r  

i n t e r p o l a t i o n  and t h e  r e s u l t i n g  curve is labe led  (TOTAL) i n  t h e  f i g u r e .  

Thus t h e  t o t a l  neutron emission c ross  s e c t i o n  a t  14.6  MeV c o n s i s t s  of 

t h e  (n,2n) p lus  (n,nr)  continuum, p lus  t h e  c ross  s e c t i o n  f o r  the  0.440- 

MeV l e v e l .  



Magnesium 

The r e s u l t s  f o r  magnesium a r e  shown i n  Fig. 2 . The evaporat ion 

spectrum (LF = 9) was used t o  compute the  energy d i s t r i b u t i o n  f o r  

neutrons from t h e  (n,na) (MT = 22) and (n,np) (MT = 28) c ross  sec t ions .  

For t h e  (n,2n) c ross  s e c t i o n  curve, a se t  of inc ident  energy p o i n t s  E 
i 

was given,  and f (E~+E') was tabula ted  a s  a funct ion  of E' i n  File 5 of 

t h e  ENDF/B-V l i b r a r y ;  i. e.,  LF was equal  t o  1 (see  r e f .  3 ) .  The energy 

d i s t r i b u t i o n  f ( ~ ~ 4 3 ' )  and c ross  sec t ion  G(E .) were ca l cu la t ed  f o r  a n  
1 

i n c i d e n t  energy equal  t o  14 .6  MeV by i n t e r p o l a t i o n  and were s u b s t i t u t e d  

i n t o  E q .  (1) t o  ob ta in  t h e  des i r ed  r e s u l t .  The same procedure was used 

f o r  t he  (n,n') continuum c ross  s e c t i o n  curve. Data f o r  t h e  i n e l a s t i c  

level excitation cross sec t ions  were given f o r  40  levels (MT = 51 t h r u  

90) i n  File 3 ,  wi th  a maximum outgoing neutron energy of 14.016 MeV. 

For each exc i t ed  s t a t e ,  t he  c ross  sec t ion  was ca l cu la t ed  f o r  an inc iden t  

energy of 14.6 MeV by i n t e r p o l a t i o n  and t h e  outgoing neutron energy was 

calculated by sub t r ac t ing  t h e  r eac t ion  Q-value from the  inc ident  energy. 

These r e s u l t s  were combined into 1.0-MeV b ins .  It i s  noted here  t h a t  t h e  

observed s t r u c t u r e  of t h e  (n,nM) d i s c r e t e  curve may be misleading s i n c e  

t h e  peak he igh t  f o r  each b i n  depends on t h e  b i n  width. 

Aluminum 

The energy d i s t r i b u t i o n  f (E+E') f o r  the (n, 2n) c ross  s e c t i o n  f o r  

aluminum ( see  F ig .  3)  was computed by using t h e  LF = 1 formulat ion.  

F i l e  3 of the ENDF/B-V l i b r a r y  included data f o r  31 exc i t ed  s t a t e s  (MT = 

51 th ru  81) ,  and the  maximum outgoing neutron energy f o r  t hese  d i s c r e t e  

levels  was given as 13.757 MeV. The same methods as d iscussed  above 

were used t o  compute t h e  c ross  s e c t i o n  curves f o r  t h i s  element. 



Si l i con  

The r e s u l t s  f o r  the element s i l i c o n  a r e  shown i n  Fig. 4. The energy 

d i s t r i b u t i o n  law with i d e n t i f i c a t i o n  LF = 1 was used to  compute t h e  

d i s t r i b u t i o n s  f o r  outgoing neutrons from t h e  (n,na) , (n,np) , and (n,n') 

continuum reac t ions ,  while  the  evaporation spectrum (LF = 9 )  was used t o  

determine t h e  d i s t r i b u t i o n  f o r  the (n,2n) curve. Data f o r  the i n e l a s t i c  

l e v e l  e x c i t a t i o n  cross sec t ions  were given for 22 l eve ls  (MT = 5 1  thru 72) 

i n  F i l e  3 ,  w i t h  a maximum outgoing neutron energy of 13.327 MeV. The 

same procedure as described above was used t o  c a l c u l a t e  t h e  (n,n') 

d i s c r e t e  c ross  sec t ion  curve. 

Calcium 

The simple f i s s i o n  o r  Maxwellian spectrum was s p e c i f i e d  t o  compute 

the energy d i s t r i b u t i o n  £(E+E') f o r  the (n,2n) cross s e c t i o n  curve for 

calcium (LF = 7 ;  see re f .  3 ) .  These results are shown i n  F i g .  5. The 

d i s t r i b u t i o n  w a s  determined by the formula 

Here, I is  t h e  normalizat ion constant  

A s  f o r  t h e  evaporat ion energy d i s t r i b u t i o n  law LF = 9 ,  0 is t h e  e f f e c t i v e  

nuclear  temperature and U is  a cons tant  t h a t  de f ines  t h e  proper  l i m i t  f o r  

t h e  outgoing neutron energy [ s e e  Eq .  ( 6 ) ] .  The neutron energ ies  E' [Eq.  

(7)  1 were taken a s  t h e  midpoints of 0.2 MeV b i n s  wi th  t h e  l i m i t s  def ined  



by E q .  ( 6 ) .  For neutrons from the (n,na) c ross  sec t ion ,  t h e  (n,np) c ross  

s e c t i o n ,  and t h e  (n,nP) continuum, t h e  energy d i s t r i b u t i o n s  were i n t e r -  

polated from t h e  tabulated d i s t r i b u t i o n  (LF = 1 ) .  F i l e  3 of t h e  ENDF/B-v 
\ 

l i b r a r y  included da ta  f o r  23 exci ted s t a t e s  (MT = 51 t h r u  73) wi th  t h e  

maximum outgoing neutron energy being 13.442 MeV. The (n,n') d i s c r e t e  

curve was determined by the  same procedure a s  discussed previous ly .  

Titanium 

Figure 6 shows the  r e s u l t s  obtained for t i tanium. The L F  = 1 

formulat ion was used t o  c a l c u l a t e  energy d i s t r i b u t i o n s  f o r  t h e  (n,2n) 

and (n,n') continuum cross  s e c t i o n  curves wh i l e  t h e  evaporat ion spectrum 

law (LF = 9 )  w a s  used i n  computing t h e  neutron d i s t r i b u t i o n s  f o r  t h e  

(n,na) and (n,np) r eac t ions .  Data f o r  t h e  i n e l a s t i c  l e v e l  e x c i t a t i o n  c ross  

sec t ions  were given f o r  3 l e v e l s  (MT = 51  th ru  53) with a  maximum outgoing 

neutron energy of 14.441 MeV. The same algori thms a s  discussed above were 

used t o  compute the c ross  section curves f o r  this element. 

Vanadium 

The Maxwellian spectrum (LF = 7 )  was used t o  c a l c u l a t e  t h e  energy 

d i s t r i b u t i o n  f (E+E') f o r  neutrons from t h e  (n ,  2n) r e a c t i o n  f o r  vanadium 

(see  F i g .  7 ) .  For both t h e  (n,na)  and (n,np) c ross  s e c t i o n s ,  t h e  energy 

d i s t r i b u t i o n s  were computed by t h e  evaporat ion spectrum law (LF = 9), 

while t h e  (n,n') continuum curve was i n t e r p o l a t e d  from t h e  t abu la t ed  

d i s t r i b u t i o n  (LF = 1). F i l e  3 of t h e  ENDF/B-V l i b r a r y  conta ins  d a t a  f o r  

7 exc i ted  s t a t e s  (MT = 51 t h r u  57) with the maximum outgoing neutron 

energy being 14.28 MeV. Again, s e e  the d i scuss ion  under t h e  element mag- 

nesium above f o r  t h e  procedures i n  c a l c u l a t i n g  t h e  (n,n') d i s c r e t e  curve. 



Chromium 

F igure  8 shows r e s u l t s  obtained f o r  chromium. The LF = 1 fonnulation 

was used t o  compute t h e  energy d i s t r i b u t i o n  f o r  t h e  (n,n') continuum, 

while  t h e  evaporat ion spectrum (LF = 9) was used t o  c a l c u l a t e  t h e  energy 

d i s t r i b u t i o n s  f o r  neutrons from t h e  (n,2n),  (n,na) ,  and (n,np) r e a c t i o n s .  

For t h e  d i s c r e t e  l e v e l s ,  F i l e  3 of the  ElWF/B-V l i b r a r y  included d a t a  

f o r  40 exc i t ed  s t a t e s  (MI' = 51 t h r u  90) wi th  t h e  maximum outgoing neutron 

energy being 14.036 MeV. A l l  computations f o r  t h i s  element were c o n s i s t e n t  

wi th  the ca lcu la t ions  described i n  the above d iscuss ions .  

I r o n  

The r e s u l t s  f o r  i r o n  a r e  given i n  Fig. 9. The LF = 1 formulat ion 

was used t o  c a l c u l a t e  t h e  energy d i s t r i b u t i o n s  f o r  t h e  (n,2n) ,  (n,na), 

(n,np) , and (n,n') continuum reac t ions .  F i l e  3 of t h e  ENDF/B-v l i b r a r y  

includes d a t a  f o r  26 exc i t ed  s t a t e s  (MT = 51 th ru  76) ,  and t h e  maximum 

outgoing neutron energy f o r  these  d i s c r e t e  l e v e l s  was g iven  a s  13.754 

MeV. The same methods a s  discussed above were used t o  compute t h e  c r o s s  

s e c t i o n  curves f o r  t h i s  element. 

Nickel 

The evaporat ion spectrum (LF = 9 )  was used t o  compute t h e  energy 

d i s t r i b u t i o n s  fox neutrons from t he  (n ,2n) ,  (n ,na) ,  and (n,np) r e a c t i o n s  

f o r  n i cke l  (see Fig.  10) . It is noted h e r e  t h a t  MC i n  Eq. (2 )  and (3) 

was equal t o  2 i n  the ENDF/B-V l i b r a r y  f o r  t h e  (n,2n) reaction s i n c e  two 

d i f f e r e n t  nuclear  temperatures were used f o r  each i n c i d e n t  energy. For  

t h e  (n,n') continuum c ross  s e c t i o n  curve, t h e  d i s t r i b u t i o n  law with  

i d e n t i t y  LF = 1 was used t o  c a l c u l a t e  t h e  energy d i s t r i b u t i o n .  The 



i n e l a s t i c  l e v e l  e x c i t a t i o n  c r o s s  s e c t i o n s  were g iven  f o r  26 l e v e l s  (MT = 

51  t h r u  76) w i t h  a  maximum outgoing neutron energy of 14.53 MeV. The 

same procedure as d iscussed  for t h e  element magnesium above was used t o  

determine t h e  (n ,nP)  d i s c r e t e  curve shown i n  t h e  f i g u r e .  

Copper 

F igure  I1 shows t h e  r e s u l t s  ob ta ined  f o r  copper.  The energy d i s t r i -  

bu t i ons  f (E+E') f o r  the  (n,n') continuum and (n,2n) c r o s s  s e c t i o n  

curves  were c a l c u l a t e d  by u s ing  t h e  energy d i s t r i b u t i o n  law w i t h  t h e  

i d e n t i f i c a t i o n  LF = 1 (see  above).  For neu t rons  from t h e  (n,np) and 

(n ,na)  r e a c t i o n s ,  t h e  evapora t ion  spectrum law (LF = 9)  was used t o  

o b t a i n  the  energy d i s t r i b u t i o n s .  The i n e l a s t i c  l e v e l  excitation c ros s  

s e c t i o n s  were g iven  f o r  11 l e v e l s  (MT = 51 t h r u  61) wi th  a maximum out- 

going neu t ron  energy of 13 .93  MeV. Again, t h e  same s t e p s  were used f o r  

t he  c a l c u l a t i o n  of t h e  (n ,nF)  d i s c r e t e  curve as d i s cus sed  f o r  t h e  element 

magnesium above. 

Niobium 

The r e s u l t s  f o r  t h e  element niobium a r e  g iven  i n  Fig.  12. The LF = 1 

formula t ion  was used t o  c a l c u l a t e  energy d i s t r i b u t i o n s  f o r  neu t rons  from 

t h e  (n,  2n) , (n,na) , and (n,n') continuum r e a c t i o n s .  For each d i s c r e t e  

l e v e l ,  t h e  c r o s s  s e c t i o n  ( F i l e  3)  was zero  f o r  a n  i n c i d e n t  neu t ron  energy 

of 14 .6  MeV. Thus, t h e  (n,n') curve  f o r  niobium i s  t o t a l l y  from t h e  

continuum. The same methods a s  d i s cus sed  above were used t o  compute t h e  

c ro s s  s e c t i o n  curves  f o r  t h i s  m a t e r i a l .  



Tungs ten 

The energy d i s t r i b u t i o n s  f o r  neutrons from the (n ,  2n),  (n, 3n) (MT = 

1 7  i n  ENDF/B-V l i b r a r y )  , (n,np) , and (n,nF) continuum r e a c t i o n s  f o r  

tungsten,  shown f o r  4 i so topes  i n  Figs.  13 - 16, were ca l cu la t ed  by 

using t h e  evaporat ion spectrum (LF = 9 ) .  For an inc iden t  neutron energy 

of 14.6 MeV, the i n e l a s t i c  l e v e l  exc i t a t ion  cross s e c t i o n  was given f o r  

only 1 l e v e l  (MT. = 51) f o r  W-182, W-184, and W-186; t h e  c ross  s e c t i o n s  

were given f o r  2 l e v e l s  (MT = 51 and 52) f o r  W-183. The o t h e r  d i s c r e t e  

l e v e l s  had cross  sec t ions  of zero f o r  an inc ident  energy of 14.6 MeV. 

The  maximum outgoing neutron energy ranged from 14.48 MeV f o r  W-186 t o  

14.55 MeV f o r  W-183. A l l  computations f o r  tungsten were c o n s i s t e n t  

wi th  t h e  ca l cu la t ions  described i n  the  elements above. However, NK 

[ i n  E q s .  (2)  and (3 ) ]  was equal  t o  2 f o r  t he  (n,2n) and (n,np) r e a c t i o n s  

and equal  t o  3 f o r  t h e  (n,3n) r eac t ion  i n  t h e  da ta  f o r  each i s o t o p e  

s ince  var ious  nuclear  temperatures were used f o r  each inc iden t  neutron 

energy. 

Lead 

Figure 17 shows t h e  r e s u l t s  obtained f o r  lead .  The LF = 1 formula- 

t i o n  was used t o  compute the  energy d i s t r i b u t i o n s  f o r  t h e  (n ,2n) ,  (n,3n) ,  

and the  (n,n') continuum reac t ions .  For t h e  d i s c r e t e  l e v e l s ,  F i l e  3 

included da ta  f o r  35 exc i ted  s t a t e s  (MT = 51 th ru  85) wi th  a  maximum 

outgoing neutron energy of 14.03 MeV. A l l  c a l c u l a t i o n s  f o r  l e a d  were 

cons i s t en t  wi th  t h e  computations described i n  t h e  above elements.  



V. DISCUSSIONS AND CONCLUSION 

Sodium (Fig. 1) 

The evalua t ion  i s  i n  reasonable agreement with the  da ta  of Hermsdorf. 

However, outgoing neutrons wi th  energies  g r e a t e r  than 6 .5  MeV a r e  under- 

est imated by about  30%, i nd ica t ing  t h e  l ack  of a precompound component. 

Only one d i s c r e t e  l e v e l ,  a t  0.44 MeV, has a nonzero cross  s e c t i o n  a t  

E = 1 4 . 6  MeV. 
n 

Magnesium (Fig. 2 )  

The d a t a  sets of Clayeux and Hermsdorf a r e  i n  disagreement,  with 

t h e  eva lua t ion  l y i n g  approximately between them. The evalua t ion  somewhat 

underestimates ( see  r e f .  4 )  a 1 4  MeV pulsed sphere measurement performed 

a t  Livermore, i n d i c a t i n g  t h a t  t h e  Hermsdorf d a t a  i s  probably c o r r e c t .  

The evalua t ion  a l s o  underestimated t h i s  da t a  s e t  a t  most neutron energ ies  

by 30% t o  40%, and would b e n e f i t  by t h e  inc lus ion  of a precompound 

component. 

Aluminum ( F i g .  3)  

For t h i s  m a t e r i a l ,  d a t a  of Clayeux and Hermsdorf are i n  good agree- 

ment. However, t h e r e  a r e  too f e w  neutrons below 2 MeV i n  t h e  eva lua t ion .  

This may be caused by omission of neutrons from t h e  (n,pn) and (n,an)  

r eac t ions .  The evalua t ion  also overest imates t h e  number of neutrons 

wi th  energ ies  g r e a t e r  than 6 MeV. 

S i l i c o n  (Fig. 4)  

The evalua t ion  f o r  s i l i c o n  needs more neutrons from 6 t o  8 MeV, but 

otherwise is  i n  good agreement wi th  both d a t a  s e t s .  



Calcium (F ig .  5 )  

The two d a t a  s e t s  shown a r e  i n  sharp disagreement f o r  Ca. From t h e  

f a c t  t h a t  a precompound component has not been included i n  t h e  eva lua t ion  

( see  r e f .  5 ) ,  i t  may b e  concluded t h a t  the  evaluated spectrum is somewhat 

s h o r t  of high energy neutrons and the  Clayeux da ta  f o r  Ca are i n  s e r i o u s  

e r r o r  , 

I ron  (Fig.  9) 

The evaluated spectrum is  i n  good agreement wi th  t h e  experimental 

da t a .  The evalua t ion  of var ious  p a r t i a l  neutron product ion s p e c t r a  was 

based on an advanced nuclear  model a n a l y s i s 6  of s e v e r a l  measured t o t a l  

neutron production spec t ra .  

Copper ( F i g ,  11) 

The evaluated spectrum needs more high energy neutrons between 8 

and 1 3  MeV. 

Lead (Fig.  17 )  

There is good agreement between t h e  eva lua t ion  and t h e  da ta .  The 

evalua t ion  had adequate d a t a  support ,  and was coupled wi th  a nuclear  

model ana lys i s .  The bump i n  the (n,n') spectrum near  1 MeV r e f l e c t s  

t h e  use of a g i a n t  d ipo le  f o r  t h e  gamma-ray channels i n  the ca lcu la t ion .  



Titanium, Vanadium, Chromium, Nickel ,  Niobium, Tungsten 

These m a t e r i a l s  appear t o  have s i m i l a r  d e f i c i e n c i e s  i n  t h e i r  neu t ron  

s p e c t r a .  F i r s t ,  t h e r e  a r e  too many neu t rons  i n  the (n,n') spectrum above 

t h e  (n,  2n) t h r e s h o l d ,  This i n d i c a t e s  t h a t  compet i t ion between t h e  

neu t ron  channels  i n  t he  (n,2n) r e a c t i o n  and t h e  gamma-ray channels  i n  

t h e  (n,n'y) r e a c t i o n  does n o t  seem t o  have been considered proper ly .  

Second, t h e r e  are too few (o r  too many i n  t h e  c a s e  of Nb) h i g h  energy 

neu t rons ,  i n d i c a t i n g  t h a t  precompound and/or  d i r e c t  i n t e r a c t i o n  e f f e c t s  

have n o t  been t r e a t e d  c o r r e c t l y  i n  model c a l c u l a t i o n s  o r  were based on 

inadequa te  e s t ima te s .  I t  appears  t h a t  both d e f i c i e n c i e s  can be  removed 

by u s ing  one of  t h e  r e c e n t l y  developed nuc lear  model codes,  GNASH' o r  

TNG. An e a r l y  v e r s i o n  of TNG was used f o r  t h e  a n a l y s i s  of neu t ron  

s p e c t r a  f o r  Fe and Pb,  showing reasonable  success  as evidenced i n  t h i s  

r e p o r t ,  

From the d i scus s ions  above w e  conclude that the ENDF/B-V e v a l u a t i o n s  

f o r  t h e  neu t ron  s p e c t r a  r e s u l t i n g  from 14.6-MeV neut ron  i n t e r a c t i o n s  are 

reasonably good f o r  Fe and Pb and f a i r  f o r  Na, Al ,  and S i .  Fu r the r  

eva lua t i on  is r equ i r ed  f o r  Mg, Ca, T i ,  V ,  C r ,  N i ,  Cu, Nb, W-182, W-183, 

W-184, and W-186. From the  n a t u r e  of t h e  d e f i c i e n c i e s  shown we recommend 

t h a t  advanced nuc l ea r  model  code^^^^ employing precompound emission b e  

used i n  f u t u r e  eva lua t i ons  t o  a s s u r e  cons i s tency  arnoung v a r i o u s  p a r t i a l  

c r o s s  s e c t i o n s  and s p e c t r a  and f o r  e x t r a p o l a t i n g  t o  energy ranges  i n  

which measurements have no t  been made. 
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APPENDIX 

This Appendix provides tables giving the  integrated cross sections 

of a l l  energy levels as obtained from Legendre f i t s  t o  the data of  

Hermsdorf e t  al. ' f o r  t h e  elements N a ,  Mg, A l ,  Si, Ca, Ti, V, Cr, 

Fe, Ni, Cu, Nb, W, and Pb. 







TABLE 3. Integrated Cross Sections for the Elements Ni, Cu, Nb, W, and Pb. 

Energy 
Interval (MeV) Integrated Cross Section ( M ~ / M ~ v )  

Ni CU Nb W Pb 
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Fig. 1. Partial and Total Neutron Emission Spectra from the ENDF/B-V 
Files Compared with the Experimental Data of Hermsdorf et al. for t he  
Element Sodium. 
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Fig. 2. Partial and Total Neutron Emission Spectra from the ENDFIB-V 
Files Compared with the Experimental Data of Hermsdorf et al. and Clayeux 
and Voignier for the Element Magnesium. 



0 2 a 0 0  4 -00 6 -00 8 -00 10 -0 12 .o 
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Fig. 3 .  Par t i a l  and Total Neutron Emission Spectra from the ENDF/B-v 
Files Compared with the Experimental Data of Hermsdorf et al. and Clayeux 
and Voignier for the  Element Aluminum. 
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Fig.  4 .  P a r t i a l  and T o t a l  Neutron Emission S p e c t r a  from the ENDF/B-v 
Files Compared with t h e  Exper imental  Data  of Hermsdorf e t  a l .  and Clayeux 
and Voignier  f o r  the Element S i l i c o n .  
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Fig .  5 .  P a r t i a l  and Total Neutron Emission S p e c t r a  from the ENDF/B-v 
F i l e s  Compared w i t h  the Experimental  Data of Hermsdorf e t  a l .  and Clayeux 
and Voignier  f o r  the Element Calcium. 
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Fig. 6 .  Partial and Total Neutron Emission Spectra from the ENDF/B-v 
Files Compared with the Experimental Data of Hermsdorf et al. for the 
Element Titanium. 
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Fig.  7 .  P a r t i a l  and T o t a l  Neutron Emission Spect ra  from t h e  ENDFIB-V 
F i l e s  Compared with the  Experimental D a t a  of Hermsdorf e t  al .  f o r  the  
Element Vanadium. 
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Fig. 8. Partial and Total Neutron Emission Spectra from the ENDF/B-v 
Files Compared with the Experimental Data of Hermsdorf et al. for the 
Element Chromium. 
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Fig .  9. P a r t i a l  and To ta l  Neutron Emission Spec t r a  from the ENDF/B-V 
F i l e s  Compared with t h e  Experimental Data of Hermsdorf e t  a l .  and Clayeux 
and Voignier  f o r  t h e  Element I ron .  
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Fig. 10, P a r t i a l  and T o t a l  Neutron Emission Spectra from the ENDF/B-V 
Files Compared wi th  t h e  Experimental Data of Hermsdorf e t  a l .  and Clayeux 
and Voignier f o r  t h e  Element Nickel.  
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Fig. 11. P a r t i a l  and  Total Neutron Emission S p e c t r a  from t h e  ENDF/B-V 
Files Compared wi th  the Experimental Data of Ermsdorf e t  a l .  and Clayeux 
and Voignier f o r  the Element Copper. 
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Fig. 12 .  Partial and Total Neutron Emission Spect ra  from the ENDF/B-V 
Files Compared with the Experimental Data of Hermsdorf e t  ale for the 
Element Niobium. 
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F i g .  13. Pa r t i a l  and Total Neutron Emission Spectra from the ENDF/B-v 
Files for W-182 Compared with the Experimental Data of Hermsdorf et al. 
for the Element Tungsten. 
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Fig. 1 4 .  P a r t i a l  and Total Neutron Emission Spectra from the ENDF/B-V 
F i l e s  f o r  W-183 Compared with the  Experimental  Data of Hermsdorf et al .  
f o r  the Element Tungsten. 
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Fig .  15 .  P a r t i a l  and To ta l  Neutron Emission Spectra from the ENDF/B-V 
F i l e s  f o r  W-184 Compared with the  Experimental Data of Hemsdorf et a l .  
f o r  t h e  Element Tungsten. 
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Fig .  16. P a r t i a l  and To ta l  Neutron Emission Spectra from t h e  ENDF/B-v 
F i l e s  f o r  W-186 Compared with t h e  Experimental Data of Hermsdorf e t  al. 
f o r  the Element Tungsten. 
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Fig .  1 7 .  P a r t i a l  and T o t a l  Neutron Emission S p e c t r a  from t h e  ENDF/,B-V 
Files Compared with t h e  Experimental Data of Hermsdorf et al. and Clayeux 
and Voign ie r  f o r  t h e  Element Lead. 
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