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NUCLEAR DATA AND MEASUREMENTS SERIES 

The .Nuc lea r  Data and Measurements S e r i e s  p r e s e n t s  r e s u l t s  o f  s t u d i e s  
. ~ 

i n  t h e  f i e l d  of mic roscop ic  n u c l e a r  d a t a .  The pr imary o b j e c t i v e  i s  

t h e  d i s s e m i n a t i o n  . o f  i n f o r m a t i o n  i n  t h e  comprehensive form r e q u i r e d  

fo . r  n u c l e a r  technology a p p l i c a t i o n s .  Th i s  S e r i e s  .is devoted t o :  a )  

Measured microscop ic  n u c l e a r  pa ramete rs ,  b)  Exper imental  t e c h n i q u e s  

and f a c i l i t i e s  employed i n  d a t a  measurements, c )  The e v a l u a t i o n  

of n u c l e a r  d a t a .  C o n t r i b u t i o n s  t o  t h i s  S e r i e s  a r e  reviewed t o . a s s u r e  

t e c h n i c a l  competence and,  u n l e s s  o t h e r w i s e  s t a t e d ,  t h e  - c o n t e n t s  can  

be  f o r m a l l y  r e f e r e n c e d .  T h i s  S e r i e s  does  n o t  s u p p l a n t  formal  j o u r n a l  

p u b l i c a t i o n  b u t .  i t  does p r o v i d e  t h e  more e x t e n s i v e  i n f o r m a t i o n  r e -  

q u i r e d  f o r  t e c h n o l o g i c a l  a p p l i c a t i o n s  ( e . g . ,  t a b u l a t e d  numer ica l  d a t a )  

i n  a  t i m e l y  manner. 
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EVALUATED ( n ; p )  CROSS SECTIONS OF 46Ti ,  47Ti  and 48Ti* 

C. P h i l i s  and 0. B e r s i l l o n  
Bruyeres- le-Chate l  

and 

D. Smith and' A. Smith 
.Argonne N a t i o n a l  Labora to ry  

Argonne, I l l i n o i s  60559 - .  

ABSTRACT 

M i c r o ~ c o p i c  e v a l u a t e d  n e u t r o n  c r o s s  ~ e c t i o n s  f o r  

t h e  r e a c t i o n s  4 6 ~ i ( n ; p ) 4 6 ~ c ,  4 7 ~ ( n ; p ) 4 7 ~ c  and 

4 8 ~ i ( n ; p ) 4 8 S c  a r e  o b t a i n e d  from t h r e s h o l d  ( o r  z e r o  

energy9 t o  20 MeV. The r e s u l t s  a re '  p r e s e n t e d  i n  graph- 

i c a l  and numer ica l ,  (ENDF format)  form. The microscop ic  

e v a l u a t e d ,  c r o s s  s e c t i o n s  a r e  compared w i t h  measured 

f iss ion-spectrum-averaged v a l u e s .  

* 
. Th,is work i,s suppor ted  by Bruyeres- le-Chate l  (CEA-France) 
and U.S. J?nergy Research and Development A d m i n i s t r a t i o n .  



I. INTRODUCTION , 

1 

These eva lua t ions  d e a l  w i th  t h e  above proces'ses on 
. . 

an i s o t o p i c  b a s i s  and a r e  p r imar i ly  der ived  from the. rea-  

sonably comprehensive experimental  da t a .  In so fa r  a s  . . 

; poss ib l e ,  t h e  experimental  va lues  a r e  normalized t o  a  con- 

s i s t e n t  s e t  of r e f e rence  s tandards  a s  def ined  i n  Ref. 1. 

These normal iza t ion  prdcedures  were not  always c e r t a i n  a s  

some o f  t .he r e l a t i v e  measurements were not  t r a c e a b l e  t o  

t h e  r e f e rence  s t anda rds .  I n  t h e s e  in s t ances  t h e  measured 

valurt: were acceplecl  as ~ e p u ~  Led. l?ui ' tuild~rly,  C ~ I C S C  

normal iza t ion  u n c e r t a i n t i e s  tended t o  he a s soc i a t ed  wi th  

d a t a  s e t s  of l e s s e r  q u a l i t y  and thus  given l i t t l e ,  i f  any, 

weight i n ,  t h e  eva lua t ion .  Radioact ive decay schemes and 

a s soc i a t ed  d a t a  r e l e v a n t  t o  t h e s e  eva lua t ions  were ex- 

p l i c i t l y  taken from t h e  spec t roscop ic  d a t a  given i n  Ref. 2. 

Where necessary ,  t h e  eva lua t ion  e x t r a p o l a t e s  t h e  experi-  

mental va lues  us ing  s t a t i s t i c a l  model ca lcu la t io 'ns  a s  

descr ibed  i n  Ref. 3.  The l i t e r a t u r e  s ea rch  was c losed  

September 1976 and included a1.l r e f e rences  given i n  CINDA,  

t h e  con ten t s  of t h e  NNCSC-BNL compiled d a t a  f i l e s  and t h e  

common p h y s i c a l  j ou rna l s .  These i s o t o p i c  eva lua t ions  a r e  

c o n s i s t e n t  wi th  t h e ' t i t a n i u m  elemental  f i l e  submit ted f o r  

ENDFIB, Version V. . . 

11. ISOTOPIC EVALUATIONS 

4  6 
A. The 4 6 ~ i ( n ; p )  Sc Process ,  0.-1.585 MeV. 

r ,  Lhere t1ppe;tr.s t o  he no experimental. da t a  a v a i l a b l e  

-4- 



from th . reshold  t o  approximately  3 .5  MeV t h u s  t h e  e v a l u a t i o n  
I 

, . i n  t h i s  lower-energy r e i i o n  fo l Iows  t h e o r e t i c a l  c a l c u l a t i o n s  

which a r e  c o n s i s t e n t  w i t h  measured v a l u e s  a t  h i g h e r  e n e r g i e s .  

From 3.5  t o  10.0  MeV t h e  e x p e r i m e n t a l  d a t a  b a s e  c o n s i s t s  of 

t h e  exper imenta l  v a l u e s  r e p o r t e d  by Ghorai  e t  a l .  ( 4 ) ,  ~ u k i c  

and C ' a r r o l l  (5 )  and Smith and Meadows ( 6 ) .  The r e s h t s  of 

. . Refs .  4 and 6 a r e  i n  on ly  f a i r  agreemeit. Those of Ref.  5  

t e n d  t o  .be d i s c r e p a n t  w i t h  t h e  o t h e r  two s e t s  of v a l u e s  and 

t o  f l u c t u a t e ,  p o s s i b l y  due t o  t h e  u s e  of v a r i o u s  r e f e r e n c e -  

s t a n d a r d s .  T h e r e f o r e ,  Ref.  5  was n o t  accep ted  f o r  t h e  evalua-  

t i o n .  From 1 2 . 5  t o  19 .5  MeV t h e  e x p e r i m e n t a l  v a l u e s  of Borman . 

e t  a l . ,  ( 7 ) ,  P a i  (8), Cross and P a i  ( 9 )  and ~ e v k o v s k i i  e t  a l .  
. . 

(10) a r e  i n  go0.d agre-ement and were a c c e p t e d  f o r  t h e  eva lua-  

t i o n .  R e s u l t s  r e p o r t e d  by P o u l a r i k a s  and Fink ( l l ) ,  A l l a n  

(12) and Koehler  and Al ford  (13) appeared d i s c r e p a n t  and were 

n o t  accep ted .  The v a l u e s  of L i s k i e n  and Pau l sen  (14) a p p e a r '  
. . 

h i g h e r  t h a n  t h e  body of t h e  i n f o r m a t i o n  p robab ly  due t o  con- 

t r i b u t i o n s  from t h e  4 7 ~ i ( n ; n '  , p )  p r o c e s s  (15) t h e r e f o r e  t h e  

v a l u e s  of Ref.  14 were n o t  accep ted .  The e v a l u a t i o n  f o l l o w s  

t h e  ~ x p e r i . m e n t a l  data b a s e  abovc 3.5 MeV i n t e r p o l a t l u g  o v e r  , 

'L 
t h e  unmeasured energy r e g i o n  % 1 0 . t o . 1 2  MeV. 

The p r e s e n t  e v a l u a t i o n  is  compared w i t h  t h e  d a t a  b a s e  

and t h e  cor responding  ENDFIB-IV (MAT-6421) r e s u l t s  i n  F ig .  1. '  

The two e v a l u a t i o n s  a r e  v e r y  s i m i l a r  b u t  n e a r  t h r e s h o l d  where 

t h e r e . i s  a  s m a l l  energy s h i f t .  From approximately  3  t o  1 2  



M e V  t h e  u n c e r t a i n t i e s  i n  t h e  p r e s e n t  e v a l u a t i o n  a r e  e s t i -  

mated t o  be  i n  t h e  range  5 t o  1 0  p e r c e n t .  Above approx i -  

mate ly  1 2  MeV t h e y  become p r o g r e s s i v e l y  l a r g e r  due to .un-  

c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  ( n ; n l , p )  p r o c e s s .  

. . 
4  7  

B. The 4 7 ~ i ( n ; p )  Sc P r o c e s s ,  Q=+0.181 MeV.  ' . ' , 

The e x p e r i m e n t a l  d a t a  ex tends  t o  r e l a t i v e l y  low 
. . 

e n e r g i e s  and t h e  e v a l u a t i o n  e x t r a p o l a t e s  t o  z e r o  energy 

u s i n g  t h e o r e t i c a l  c a l c u l a t i o n s .  Below 1 0  MeV t h e  d a t a  b a s e  

c o n s i s t s  of t h e  v a l u e s  o f  Smith and ~ e a d o w s  (6 ) ,  Ghorai  et 

a l .  (4) , Armitage (17) .  and Gonzalez e t  a l .  (18) .  The d a t a  

o f  Ref. 6 is  by f a r ' t h e  most comprehensive and r e l a t i v e l y  ' 

precise. The r e s u l t s  of Refs.  4  and 1 7  a r e  g e n e r a l l y  con- 

s i s t e n t  w i t h  t h o s e  o f  Ref.  6. The r e s u l t s  o f  Ref. 1 8  a r e  

i n c o n s i s  t e n t  w i t h  t h e  body of  e x p e r i m e n t a l  in fo rmat ion  and 

were n o t  accep ted .  Above 1 0  MeV t h e  exper imenta l  r e s u l t s  

of Cross and P a i  (9), P a i  ( 8 ) ,  Hil lman (19) and . A l l a n  (12)  . 

a r e  r e a s o n a b l y  c o n s i s t e n t  and were  accep ted  f o r  t h e  evalua-  

Levkovsk i i  e t  a l .  (10) a p p e a r  v e r y  h i g h  and t h e  v a l u e  of 

Tikku et a l .  (20) abnormal ly  low t h e r e f o r e  t h e s e  t h r e e  v a l u e s  

werd . n o t  a c c e p t e d .  The e v a l u a t i o n  is  c o n s t r u c t e d  through t h e  

a c c e p t e d  e x p e r i m e n t a l  d a t a  w i t h  a n  i n t e r p o l a t i o n  o v e r  t h e  un- 

measured i u t e r v a l  10 t o  13.5 McV. P r l n ~ r y  eriiphasid wes. gi.vcn 

t o  t h e  measured v a l u e s  of Smith and Meadows and o f  P a i  a s  

t h e s e  a r e  t h e  m o s t  comprehensive s e t s  of d a t a  and g e n e r a l l y  



have t h e  b e t t e r  precisians. 
. I 

The p r e s e n t  e v a l u a t i o n  is  compared w i t h  t h a t  o f  ENDFIB- 

I V  (MAT-6422) and t h e  e x p e r i m e n t a l  d a t a  b a s e  i n  Fig .  2. 

There  a r e  some d i f f e r e n c e s  between t h e  two e v a l u a t i o n s  : 

p a r t i c u l a r l y  below 10 MeV where t h e  p r e s e n t  e v a l u a t i o n  por- 

t r a y s  t h e  s t r u c t u r e  i n d i c a t e d  by t h e  more r e c e n t  measurements. 

.The u n c e r t a i n t y  i n  t h e  p r e s e n t  e v a l u a t i o n  i s  g e n e r a l l y  e s t i -  

mated t o  b e  5  t o  1 0  p e r c e n t  below 1 0  Me,V and somewhat l a r g e r  

a t  h i g h e r  e n e r g i e s .  

4  8  
C. The ~ i ( n ; ~ ) ~ ~ S c  P r o c e s s ,  Q=-3. 208 MeV 

From t h r e s h o l d  t o  t h e  f i r s t  measured v a l u e s  a t  abou t  4.7 

MeV t h e  e v a l u a t i o n  r e l i e s  upon t h e o r e t i c a l  c a l c u l a t i o n s .  

From 4 .7  t o  1 0  MeV t h e r e  a r e  t h r e e  sets of  d a t a :  Lukic and 

C a r r o l l  ( 5 ) ,  ' G h o r a i  e t  a l .  ( 4 )  and Smith and Meadows ( 6 ) .  

They a r e  i n  r e a s o n a b l e  agreement b u t  t h e  l a t t e r  i s  by f a r  t h e  

more comprehensive and was used f o r  t h e  e v a l u a t i o n  i n - t h i s  

energy range.  Above 12.5  MeV d a t a  h a s  been r e p o r t e d  by: 

~ i k k u  e t .  a l .  ( 2 0 ) ,  P a i  ( a ) ,  Cross and P a i  ( 9 ) ,  Hil lman ( 1 9 ) ,  

P o u l a r i k a s  and Fink (11) , Gabbard and Kern (211, Borman e t  
a l .  ( .7) ,  Vonach e t  a l .  (22) ,, ~ l l a n  ( 1 2 ) ,  Levkovski i  e t  a l .  

( l o ) ,  Crumpton (23) and Mannhart and Vonach (24) .  The d a t a  

of R e f s . . 2 3 ,  20 and 12 appear  i n c o n s i s t e n t  w i t h  t h e  body of  

i n f o r m a t i o n  and /or  have l a r g e  e x p e r i m e n t a l  e r r o r s  and were  

n o t  a c c e p t e d .  I n  a d d i t i o n ,  the  da ta  of Ref. 22 appears 

s y s t e m a t i c a l l y  h i g h  and i t s  n o r m a l i z a t i o n  is  u n c e r t a i n  t h e r e -  

f o r e  t h i s  s e t  was not '  accep ted .  The e v a l u a t i o n  'was 



c o n s t r u c t e d  th rough  t h e  a c c e p t e d  e x p e r i m e n t a l  v a l u e s ,  i n t e r -  

p o l a t i n g  o v e r  t h e  r e g i o n  1 0  t o  12.5  MeV. 

The p r e s e n t  e v a l u a t i o n  i s  compared w i t h  t h a t  o f  ENDFIB- 

I V  (MAT-6423) and w i t h  t h e  e x p e r i m e n t a l  d a t a  b a s e  in F ig .  3. 

There  i s  a  l a r g e  d i f f e r e n c e  between t h e  p r e s e n t  e v a l u a t i o n  

and t h a t  o f  ENDFIB-IV a t  e n e r g i e s  below a p p r o x i ~ i i a t e l y  1 3  MeV. 

At h i g h e r  e n e r g i e s  t h e  .two e v a l u a t i o n s  a r e  q u a l i t a t i v e l y  

s i m i l a r .  The u n c e r t a i n t y  o f  t h e  p r e s e n t  e v a l u a t i o n  i s  e s t i -  

mated t o  .bc approirimotcly 5  t o  10 percent from 4.5  vnrl  16 
, . 

MeV and somewhat l a r g e r  a t  h i g h e r  e n e r g i e s .  . . 

111. COMPARISON OF MEASURED AND CALCULATED T i  (n ;p )  

CROSS-SECTTON-TNTEGRAT4S OVER 23511 AND 2 5 2 ~ f  

FISSION NEUTRON SPECTRA 

The p r e s e n t  e v a l u a t e d  t i t a n i u m  (n;p)  c r o s s  s e c t i o n s  were 

i n t e g r a t e d  o v e r t h e  2351J and 2 5 2 ~ f  f i s s i o n - n e u t r o n - s p e c t r a  

a s  g iven  by Grundl and E isenhauer  (25) and compared wich 

s i m i l a r  v a l u e s  c a l c u l a t e d  u s i n g  ENDFIB-IV and r e p o r t e d  from 

e x p e r i m e n t a l  measurements (16) .  The r e s u l t s  a r e  summarized 

i n  Tab le  1. The 46Ti  r e s u l t s  o b t a i n e d  w i t h  t h e  p r e s e n t  e v a l -  

u a t i o n  and t h a t  o f  ENDFIB-IV a r e  e s s e n t i a l l y  i d e n t i c a l  and 

b o t h  a r e  r e a s o n a b l y  c o n s i s t e n t  w i t h  t h e  measured "'u v a l u e .  

The' d i f f e r e n c e s  are w e l l  w i t h i n  t h e  cunbixied u r c e r t a i a t y  

4  7 
e s t i m a t e s .  The comparisons of T i  r e s u l t s  are e s s e n t i a l l y  

i d e n t i c a l  t o  t h o s e  f o r  4 6 ~ i  and,  a g a i n ,  d i s c r e p a n c i e s  a r e  

w i t h i n  u n c e r t a i n t i e s .  It  h a s  been sugges ted  t h a t  u n c e r t a i n -  



47 
t i e s  i n  t h e  B- branch t o  T i  cou ld  redbce  t h e  measured 

'L 
(n ;p )  c r o s s  s e c t i o n s  .by 'L 6 p e r c e n t  (26 ) .  The p r e s e n t  

e v a l u a t i o n  i s  based  upon t h e  v a l u e  g iven  i n  Ref. 2. 6 per- 

c e n t  changes the re f rom a r e  w e l l  w i t h i n  t h e  r e s p e c t i v e  un- 

c e r t a i n t i e s .  The 48Ti r e s u l t  o b t a i n e d  w i t h  t h e  p r e s e n t  

e v a l u a t i o n  is  c o n s i d e r a b l y  l a r g e r  t h a n  t h a t  deduced from 

ENDFIB-IV and e s s e n t i a l l y  i d e n t i c a l  t o  t h e  measured 235u 

va lue .  Apparen t ly  spectrum-averaged v a l u e s  f o r  t h e  2 5 2 ~ f  

spec t rum a r e  n o t  g e n e r a l l y  a v a i l a b l e ,  t h u s  d e t a i l e d ,  compar- 

i s o n s  a r e  n o t  p o s s i b l e .  

Et  was concluded t h a t  t h e  above f i s s ion-spec t rum,  

11 benchmar.ktl comparisons s u p p o r t  t h e  v a l i d i t y  of t h e  p r e s e n t  

e v a l u a t i o n s  of t h e  (n ;p )  c r o s s  s e c t i o n s  o f  t h e  
4 6 , 4 7  and 4BTi 

i s o t o p e s .  
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.Table 1. Comparison of .Spec,trum-Avexaged .Cross Sec t ions  f o r  
<. a 

T$;cn ;p.) ' -Reactions 

v React ion  <o>, mb <o>, mb 
U-285 Spectrum Cf-25.2 'Spectrum . . 

Ti-46 
.ENDF 
This Evatl. 

b: 
E ~ P  

Ti-47 
'ENDF 
This  Evgl.. 
Exp . b 

Ti-48 
ENDF 
This  Eval.. 

' .  Exp. 
b 

a.  Based on f . i s s ion  .neutron spectrum .parameters of . J. Grundl and .C. 
Eisenhauer., Nat iona l  Bur. o.f Stds .  Pub., 438 ('1975). 

b. A.. Fabry e t  a l .  , AS.TM-EURATOM S,ym.. on Reactor  Dos'imetry "(1975). 
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FIGURE CAPTIONS 
# '  

Fig.  1. Comparison of measured and e v a l u a t e d  (n ;p )  c r o s s  s e c t i o n s  
i 

o f  46~ i .  The. symbolism a s s o c i a t e d  w i t h  Che measured v a l u e s  

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

t h e  p r e s e n t  e v a l u a t i o n ,  t h e  dashed curve t h a t  o f  ENDFIB-IV 

(1) .  (ANL Neg. No. 116-76-390) 

' Fig.  2 .  Comparison o f  measured and e v a l u a t e d  (n ;p )  c r o s s  s e c t i o n s  of 

47~ i .  N o t a t i o n  i s  a s  p e r  Fig.  1. (ANL Neg. N0.116-76-392) 

Fig .  3.. Comparison of measured and e v a l u a t e d  (n ;p )  c r o s s  s e c t i o n s  of, 

5 0 i i  . N o t a t i o n  i s  a s  p e r  F ig .  1. ( A N L . N ~ ~ .  NO. 116-76-391) 
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