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Abs t r ac t

Recent ly  i t  i s  of ten  sa id  tha t  there  are  some disagreemennts  in  the

c o m p u t a t i o n a l  r e s u l t s  b e t w e e n  spallation  reac t ion  s imula t ion  codes  such  as

NMTC, HETC and the i r  modif ied  vers ions . We examined the difference of

product  y ie lds  in  the  h igh  energy  f i ss ion  reac t ion  ca lcula t ion  be tween

NMTC/JAERI  a n d  HETC/KFA2, which was pointed out by PSI at the first OMEGA

Meeting at 1990. O u r  c a l c u l a t i o n  r e s u l t s  s h o w e d  t h a t  t h e  d i f f e r e n c e  i s

mainly  due  to  the  es t imat ion  of  the  width  of  pos t - f i ss ion  y ie ld  curve .  We

also  d iscussed  the  inf luence  of  the  d i f ference  on  the  number  of  neut rons

genera ted  in  the  h igh  energy reac t ion  procedure , which is the most impor-

tant  fac tor  in  the  des ign  s tudy of  acce lera tor -based  t ransmuta t ion  sys tem.
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I . I n t r o d u c t i o n

According to the OMEGA project JAERI are performing the baisic

research and development for “ Proton Accelera tor-based Transmuta t ion  in

the  fo l lowing i tems,

*(1) development of design code system including the spallation  c a s c a d e

code,

( 2 )  p r o t o n - i n d u c e d  spallation  i n t e g r a l  e x p e r i m e n t ,

(3)  conceptual  des ign  s tudy of  minor  ac t in ide  t ransmuta t ion  sys tem and

(4)  development  of  an  in tense  pro ton  accelera tor .

I t  i s  impor tant  to  use  computer  codes  wi th  h igh  prec is ion  for  analyz-

ing  the  phys ica l  processes in an intense neutron source induced by the

high  energy pro ton  beam and des igning  the  acce lera tor -based  t ransmuta t ion

system. In  th is  repor t  our  s tudy work  i s  res t r ic ted  on  the  development  of

the  s imula t ion  codes ,  especia l ly ,  the  spallation  c a s c a d e  c o d e . I t  has

been recent ly  sa id  tha t  there  are  some disagreemennts  in  the  computa t ional

r e s u l t s  o b t a i n e d  u s i n g  t h e  spallation  cascade  codes  such as  NMTC, HETC a n d

t h e i r  m o d i f i e d  v e r s i o n s  (ORNL version, B N L  Version,  NMTc/JAERI*  HETclKFA2?
HETLAT etc.). In particular there seem some problems between High Energy

F i s s i o n  (HEF) ca lcula t ion  models  which  were  not  involved  in  the  or ig ina l

NMTC and HETC. The discrepancy between the predictions by different HEF

models was pointed out by the PSI researcher at the first OMEGA Meeting at

1990. We s tar ted  the  ca lcula t ion  s tudy to  f ind  out  the  main  cause  for  the

discrepancies  on  f i ss ion  products  predic ted  f rom the  spallation  and cascad

e c o d e s  NMTC/JAERI  and HETC/KFA2 by  changing  the  parameter  va lues  such  as

f i s s i o n  p r o b a b i l i t y  a n d  a o f  G a u s s i a n  d i s t r i b u t i o n  c u r v e  d e t e r m i n i n g

t h e  y i e l d  o f  f i s s i o n  p r o d u c t s .

I n  t h i s  p r o c e e d i n g  p a p e r  a t  f i r s t  w e  w o u l d  l i k e  t o  e x p l a i n  t h e  JAERI

code  sys tem developed for  the  conceptua l  des ign  s tudy of  accelerator-

based  t ransmuta t ion . Next  br ief  descr ip t ions  for  the  calculational  m o d e l

of  h igh  energy f i ss ion  model  a re  g iven . The severa l  mass  y ie ld  curves  of

p r o d u c t s  a r e  s h o w n  f o r  t h e  s o m e  c a s e s  s e t  u p  t o  a  th ick  and  a  th in  237NP

targets  i r radia ted  by  1  GeV and 590 MeV p r o t o n s . By comparing these

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

a r e  c a r r i e d  o u t . At  las t  we summarize  the  resul t s  obta ined a t  t -he  present

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

I I . Simulation Code System

Figure 1 is the flow chart showing the mutual relations among the
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s i m u l a t i o n  c o d e  s y s t e m s  d e v e l o p e d  a t  JAER1. As Nuclear Reaction Simula-

tion Codes, NMTC/JAERI-NMTA and NUCLEUS codes are prepared for the energy

range  above  15  MeV and MORSE-DD, SP-ACE and TWOTRAN II for the range below

15 MeV. ORIGEN-2 and SPCHAIN ca lcula te  the  t ime evolu t ion  process  of  TRU

transmuta t ion  products  in  the  lower  and upper  energy ranges  respect ive ly .

The High Energy Nuclear Reactions and Nucleon-Meson Transport Code NMTc/JA
ERI i s  the  main  code  in  th is  code  sys tem. The  codes  inc luded  in  the  r ight

par t  of  th is  f igure  can  s imula te  the  h igh  energy nuclear  reac t ions  above

1 5  MeV and ones  in  the  le f t  par t  car ry  out  the  neut ron  t ranspor t

calculation below 15 MeV.

( a )  NMTC/JAERI’)

T h e  NMTC/JAERI  code is used for the Monte Carlo simulations of nuclear

spallation  induced  by  inc ident  particles(  proton,  neut ron,  p ion  )  f rom an

external source in a heterogeneous medium. The subsequent  in ternuclear

t ranspor t  processes  i s  a l so  ca lcula ted  in  the  energy’  range  of  15  MeV to 3

GeV. In the JAERI  v e r s i o n , the fission process (JAERI HEF model)  has  been

incorpora ted  as  a  compet ing  process  wi th  par t ic le  evapora t ion . The range

of  mass  number  A of  nuclides  in the target has been extended from[ A=1;8<

A< 239] to [ A=l:  6< A < 250 1. The major part of NMTC is almost the same

a s  t h e  o l d  v e r s i o n  o f  HETC. The  de ta i l  descr ip t ions  about  NMTC/JAERI  h a d

g i v e n  b y  Nakahara a t  the  former  conference  ICANS-IV.2) This code’s main

p u r p o s e s  a r e  t o  p e r f o r m  t h e  d e s i g n  s t u d y  o f  transuranium nuclides  (TRU)

t ransmuta t ion  ta rget -core  sys tem dr iven by a  proton accelera tor  and

analyze the data measured in spallation  e x p e r i m e n t s . Analyses of the beam

w i n d o w  o n  t h e  spallation  target  and accelera tor  strucutral  m a t e r i a l s

i r radia ted  by  h igh  energy par t ic le  beam wi l l  be  car r ied  out  us ing  th is

code also.

( b )  NMTA/JAERIs)

In the improved version of NMTA, which is named to the routines

analyz ing  s ta t i s t ica l ly  the  Monte  Car lo  events  in  the  NMTC/JAERI c o m p u t -

a t i o n , the new subroutine HEATDP have been installed. HEATDP was

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

d is t r ibut ion  for  each  component  such  as  ioniza t ion  loss  energy and

recioling  e n e r g y  o f  f i s s i o n  a n d  spallation  p r o d u c t s  w i t h o u t  7 -d-ay h e a t i n g

of  exc i ted  res idual  nucle i  in  the  h igh  energy  range .

(c)NUCLEUS’). s). O)

The NUCLEUS code has been developed by modifying and combining the

M o n t e  C a r l o  c o d e s  NMTC/JAERI  and a routine in NMTA/JAERI. This code
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i n c l u d e s  t h e  s t a t i s t i c a l  r o u t i n e  P R O C E S  (poducts, p a r t i c l e  e m i s s i o n )  b u t

t h e  p a r t  c a l c u l a t i n g  t h e  i n t e r n u c l e a r  c a s c a d e  i s  r e j e c t e d . The Uno k

Yamada’s  mass  formula  rout ine  revised  by the  recent  measured data ,  has

newly been equipped as another option. The NUCLEUS simulates the nuclear

spallation  r e a c t i o n  b e t w e e n  a  s i n g l e  t a r g e t  n u c l e u s  a n d  a  p r o j e c t i l e  i n

order  to  make  d i rec t  eva lua t ions  of  phys ica l  and  computa t ional  models

e f f i c i e n t l y . The results obtained with this code can also be compared

di rec t ly  wi th  the  da ta  of  th in  fo i l  spallation  e x p e r i m e n t ,  i n  w h i c h  t h e

i n t e r n u c l e a r  m u l t i p l e  s c a t t e r i n g  h a v e  l i t t l e  e f f e c t s .

( d )  O t h e r  c o d e s  7), u) .9).10).11), IZ,

For the whole energy range less than 3 GeV, a simulation code system,

ACCEL had been developed by connecting NMTC/JAERI  with the neutron

t r a n s p o r t  c o d e  TWOTRAN-11 or MORSE-DD. This code system was often used

for  the  ac tua l  des ign  computa t ion  of  the  t ransmuta t ion  sys tem which

consis t s  of  an  in tense  proton  accelera tor  and a  TRU al loy  fue l  led  core  a t

t h e  s u b c r i t i c a l  s t a t e . The SPCHAIN code, which is being developed on the

b a s e  o f  t h e  d e p l e t i o n  c o d e  DCHAIN2 for  the  decay and bui l t -up  of  f i ss ion

p r o d u c t s  i n  a  n u c l e a r  r e a c t o r , can  ca lcula te  the  t ime evolu t ion  process  of

spallation  products SP. The new nuclear data have been compiled in

SPCHAIN data fi le for about 1100 nucl ides needed for TRU ‘spallation

c a l c u l a t i o n  .

m. Calculational  M o d e l  o f  H i g h  Energy  F i s s i o n  “)” ‘4)” ‘B)’ ‘6 )

Since  the  theory  and calculational  formula t ion  of  High Energy F i s s i o n

model  were  descr ibed in  de ta i l  in  references  (1)  and (13) , t h e  b r i e f

descr ip t ions  i s  g iven in  the  present  repor t  only  for  parameters ,  of  which

the effect on the HEF prediction are examined.

As well known, t h e  f i s s i o n  p r o b a b i l i t y  P f  i s  g i v e n  b a s e d  o n  t h e  s t a t i s -

t ica l  theory  in  the  folowing e q u a t i o n s ,

Pf= 1/(1 +r’n/rf), (1)

r n / r f = 4A(2’3)af(E—Q  n)/KOaf{2af1’2  (E— Ef)l’2—1}

x e x p  { 2  an(l’s)(E–  Qn) 1’2–2an1’z(E  – - E  f)l’2},

(2)

where

A = Mass  of  f i ss ioning nucleus ,

E = Exci ta t ion  energy of  f i ss ioning  nucleus ,
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KO =

Ef =

a n =

a f =
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Neutron binding energy,

hz /(8z2mr, z)- 13 MeV,

F i s s i o n  b a r r i e r  h e i g h t ,

Energy level  dendi ty  parameter  for  neut ron

evapora t ion ,

Energy level  dendi ty  Parameter  for  f i ss ion .

The  Evapora t ion  Probabi l i ty  of  par t ic le  x, which  makes  the  d i rec t

cont r ibu t ion  to  the  HEF p r e d i c t i o n  t h r o u g h  t h e  p a r t i c l e  e v a p o r a t i o n  f r o m

t h e  f i s s o n

P x =

where

S x

mx

&

Qx

Q Cx

E

CO(E)

fragment, was formulated by Weisskopf  as

(2 Sx+l)mx&ocx(  E)  o(E), (3)

.

=

.

.

=

.

.

.

P a r t i c l e  x ’ s  s p i n

Pa r t i c l e  x ’ s  mas s

Par t ic le  X’s  energy

P a r t i c l e  x ’ s  b i n d i n g  e n e r g y

C r o s s  s e c t i o n  f o r  t h e  i n v e r s e  r e a c t i o n

Exci ta t ion  energy of  res idual  nucleus

af ter  x  emiss ion

(Excitation energy of compound nucleus)

—& – Q x

Energy level  dens i ty  of  res idual  nucleus .

Hurwitz 8 B e t h e  E x p r e s s i o n ><

@(E) =oOexP( 2(a(E–d))l’2) (4)

< LeCouteur  E x p r e s s i o n  >

a = A/BO* (l+YoA2/A2) (5)

A = A – 2 Z

BO = 8, 14 MeV Y- 1 . 5

The masses  of  f i ss ion f ragment  af ter  f i ss ion is  randamly  s e l e c t e d  f r o m

the  Gauss ian  d is t r ibut ions  wi th  the  mean va lue  Am and the  appropr ia te  c-

value . In JAERI  HEF model the mass number of a frament produced in the

f i s s i o n  o f  t a r g e t  nucleus(mass numnber  Ao) i s  d e t e r m i n e d  f o r  actinides

from the  three  peak Gauss ian  d is t r ibut ion  ( two or  one  peak approximat ion

i n  a c t u a l  c o m p u t a t i o n s )  w i t h  m e a n  v a l u e s  o f  AMI= 0.4Aot  Ams= 0.6Ao),  (Am2=

0.5A0)  and for subactinides  f rom the  one  peak Gauss ian w i t h  A~2= 0.5A0.
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When Ex and Ef denote  the  exc i ta t ion  energy  of  f i ss ioning  nucleus  and

t h e  f i s s i o n  b a r r i e r  h e i g h t  r e s p e c t i v e l y , t h e  U- v a l u e  i s  g i v e n  accordin

g the  fo l lowing Neuzil  and Fairhall’s e q u a t i o n ,

~J =  0.849321(U  +  7 ) , (5)

where U = Ex - Ef. (6)

I t  i s  assumed tha t  every  Gauss ian  curve  has  the  same a-value .

On the other hand in RAL HEF model the mass number of a fragment

produced in the fission of a target nucleus(mass  n u m n b e r  A O )  i s  d e t e r m i n e d

for Z2/AO>35 from the symmetric or asymmetric (two peaks) Gaussian

d i s t r i b u t i o n  w i t h  t h e  m e a n  v a l u e  A~3=140,  a. = 6.5 and the asymmetric

p r o b a b i l i t y  = F/(l+F), whe re  F=4870exp  (-O. 3.6Ex), and for Zz/AD=35 f rom

t h e  s y m m e t r i c  ( o n e  p e a k )  G a u s s i a n  w i t h  A~2= 0.5A0 and the ~-value

calcula ted  by  the  fo l lowing equat ion ,

OR= 3.97+0.  425U -  2 . 1 2  X 1 0- 2  U’ . (7)

T h e  f l o w  c h a r t  f o r  c a l c u l a t i n g  t h e  f i s s i o n  p r o b a b i l i t y  i n  HETC/KFA2 is

shown in Fig. 2 and almost the same to one in NMTC/JAERI. Figures 3 and 4

a r e  c o p i e s  o f  t h e  c a l c u l a t i o n  e x a m p l e s  r e p r e s e n t i n g  t h e  l a r g e  d i f f e r e n c e

in  the  y ie ld  curve  obta ined  f rom the  d i ferent  ca lcula t ion  models  of  h igh

e n e r g y  f i s s i o n , which was presented by the participant from PSI a t  the

OECD/NEA Informat ion Exchane  Meeting held in Mito in 1990. The mass yield

d i s t r i b u t i o n  o f  p r o d u c t s  i n  a  t h i n 2 3 7N P  p e l l e t  f o r  p r o t o n  e n e r g i e s  o f  1

GeV and  590  MeV are  represented  in  Fig .3  and one  in  a  th ick  2 3 7N P t a r g e t

for 1 GeV p r o t o n  e n e r g y  i n  F i g . 4 . Al though compar ing  wi th  JAERI  results

in the original figures we replaced them by the new clear images shown in

the  next  sess ion  s ince  the  copY of  our  d is t r ibut ion  images  was  very  poor .

In  the  present  repor t  our  s tudy work  i s  focused on the  in tercompar ison of

results calculated by JAERI and RA1 models .

Iv. Calcula t ion  Resul t s  and  Discuss ion

To search  the  cause  for  the  d i f ference  descr ibed above we se t  up  the

calculational  problems in  the  fo l lowing i tems,

(1)  mass  y ie ld  d is t r ibut ion  of  products  in  a  th ick  cyl inder  ta rge t (  552
cm @ x 500 cm ) and a thin pellet(  10 cm q5 x 2 cm ), which are

made of
3 3 7N p  metal wi th  1 GeV and  590  MeV o f  i n c i d e n t  p r o t o n s ,
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(2) mass Yield d is t r ibut ion  of  Products  and number  of  evapora ted

p a r t i c l e s  f r o m  a “Fe nucleus  wi th  1  GeV and 590 MeV P r o t o n s ,

(3)  mass  y ie ld  d is t r ibut ion  of  Products  f rom a  2’7NP nucleus  wi th  1

GeV and 590 MeV incident protons for some combinations of HEF

parameters ,

( 4 )  n u m b e r  of spallation  neut rons  genera ted  in  the  th ick  cyl inder .

O u r  f i r s t  a p p r o a c h  t o  t h e  p r o b l e m  i s  t o  c e r t i f y  t h e  r e a l  d i f f e r n e c e

between mass  y ie ld  predic t ions  by  reca lcula t ion  us ing  the  NMTC/JAERI  and

HETC/KFA2 codes . The item (2) are calculated and checked as an example of

the  h igh  energy reac t ion  in  a  l ight  nucleus  wi th  few f i ss ion . Next we are

searching  the  cause  by  t ry ing  the  reproduct ion  of  the  HETC/KFA  p r e d i c t i o n s

using the NMTC/JAERI  or NUCLEUS code with the change of some parameter

values such as BO, Pf and a in the HEF model. A t  l a s t  t h e  u n c e r t a i n t y  o f

spallation  neut ron  product ion  are  examined for  es t imat ing  the  inf luence

on the  conceptual  s tudy of  acce lera tor -based  t ransmuta t ion  sys tem.

M a s s  y i e l d  d i s t r i b u t i o n s  o f  p r o d u c t s  i n  t h e  t h i n  2’7NP p e l l e t  i r r a d i a t e d

by 1 GeV and 590 MeV protons  were  reca lcula ted  us ing  the  JAERI c o d e  w i t h

B O = 8  MeV as seen in Figs.  5 and 6 respectively. These  h is tograms repre-

s e n t s  t h e  d i s t r i b u t i o n s  o f  f i s s i o n  p r o d u c t s  w i t h  t h e  r e l a t i v e l y  l o w e r

height over the wide range of mass number, compared with the corresponding

curves  g iven by the PSI code. Converse ly  for  the  mass  y ie lds  of  non-

f i s s i o n  p r o d u c t s  n e a r  t h e  t a r g e t  nuclide  the JAERI c o d e  g i v e s  t h e  v a l u e

larger  than the  PSI  code . In  Fig .7  the  mass  y ie ld  d is t r ibut ion  in  the

t h i c k “7NP targe t  i r radia ted  by  1  GeV p r o t o n s  w a s  c a l c u l a t e d  u s i n g  t h e

NMTC/JAERI  code for the case of BO =  14  MeV. Apparent ly  the  d iscrepancy

of  both  d is t r ibut ion  shapes  near  the  maiximum  height  has  been  reduced

c o n s i d e r a b l y . However  the  BO is not considered to be the main parameter

causinig  the  d iscrepancy because  of  the  la rge  remainig  d i f f e r e n c e . Mass

y i e l d  d i s t r i b u t i o n s  o f  p r o d u c t s  f r o m  t h e  spallation  reac t ion  in  a  “Fe

nucleus were compared among the cases of a) 1 GeV and  590  MeV wi th  HETC/

KFA2 and b) 1 GeV and c) 590 MeV with NUCLEUS. Table 1 summarizes also

the  number  of  par t ic les  emi t ted  f rom the 66Fe reaction for NUCLEUS and

HETC/KFA2(THIN) c a l c u l a t i o n s  w i t h B O-= 8 MeV and proton  energies  of  1 GeV

and 590 MeV. As seen from these results the product yield in t-he high

energy reac t ion  in  a  l ight  nucleus  wi th  few f i ss ions  agrees  each  o ther

w i t h i n  s t a t i s t i c a l  e r r o r s . So  i t  i s  not  neccesary  to  check the  par t

c a l c u l a t i n g  t h e  spallation  r e a c t i o n  w i t h o u t  h i g h  e n e r g y  f i s s i o n  i n  b o t h

codes.
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For the parameter Pf the concrete data used in both codes were c h e c k e d

up. Figure 9 shows the dependence of fission probabili ty on the mass

number  of  some actinide and subactinide  nucle i  wi th  exc i ta t ion  energ ies

of 20, 50 and 100 MeV, which is written on the code manual of HETC/KFA2.

T h e  Pf-values  was directly c~mpared  with one computed by the NMTC/JAERI

code  for  each  exci ta t ion  energy of  f i ss ioning  nucleus  in  Fig.10. The  so l id

lines with the square symbol and with no symbol denote the variations of

Pf  on  the  mass  number  A of  f i ss ioning nucleus  by  NMTC/JAERI  and HETC/KFA2

r e s p e c t i v e l y . At  the  exci ta t ion  energy - 2 0  MeV P f  f o r  a c t i n i d e s  (  A=225

)  var ies  only  in  the  range  above  0 .1  and both  curves  i s  a lmost  in  agree-

ment. A t  t h e  e x c i t a t i o n  e n e r g y  a b o v e-5 0  MeV the Pf value by NMTC/JAERI

i s  i n  a v a r a g e  l a r g e r  t h a n  o n e  b y  HETC/KFA2 for  ac t in ides  but  HETC/KFA2

gives  some peaks  represent ing  the  h igh  f i ss ion  probabi l i ty  for

subactinides.  The  fo l lowing approximate  condi t ion  has  been  def ined  ins tead

of  HETC/KFA2  c u r v e s  a s

225 2 A 2 215 Ex 2 50 MeV Pf = 0.95,

’211 = A = 209 Ex 2 50 MeV Pf = 0.3,

o t h e r  c a s e s P f  JAERI v a l u e s .

For convenience we call  the condition “ Approximate RAL Fission Probabi-

l i t y  (ARFP)”, which  i s  se t  temporar i ly  in  NMTC/JAERI w h e n  t h e  c a l c u l a t i o n s

a r e  c a r r i e d  o u t  f o r  comparion.

As described above, t h e  m a s s  y i e l d  d i s t r i b u t i o n  o f  p r o d u c t s  i s  d e t e r -

mined through the sampling of Gaussian random number characterized with a ,

w h i c h  i s  g i v e n  i n  Eq.(5) or Eq. (7). In  the  HETC/KFA2 code(RAL m o d e l )  a l l

the  va lue  of  a R a t  t h e  e x c i t a t i o n  e n e r g y  a b o v e  1 0 0  MeV i s  assumed to  be

equal to the value calculated by Eq. (7) at  100 MeV. I n  t h e  NMTC/JAERI  t h e

equat ion  (5)  have  been  used  to  cauculate  the value c J o v e r  1 0 0  M e V .  I n

th is  work  we made the  modif ica t ion  so  tha t  a l l  the  va lue  of  o ‘J at  the

e x c i t a t i o n  e n e r g y  a b o v e  5 0  MeV is assumed to be equal to the value calcul-

ated by Eq. (5) at 50 MeV, taking  in to  account  the  range  where  there  exis t

the  or ig ina l  measured  da ta  to  be  f i t ted .

As shown in Figs. 1 1-1 4  t h e  m a s s  y i e l d  d i s t r i b u t i o n s  o f  produ-cts  p e r

2’7NP nucleus were computed using the NUCLEUS code for following cases to

compare them with the corresponding distributions computed by HETC/KFA2(

THIN),

(1) proton energy : 1 GeV, Pf : ARFP, u : 0. ,
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(2) Proton  energy : 590 MeV, Pf : ARFP, a : u R ,

(3) proton energy : 1 GeV, Pf : JAERI, o : u ,’,

(4) proton energy : 590 MeV, Pf : JAER1,  IJ : cs ,’.

Here  the  Sol id  l ine  denotes  HETC/KFA2 c a l c u l a t i o n s  a n d  t h e  h i s t o g r a m  t h e

NUCLEUS ones. As seen in Figs. 11 and 12 for the cases of 1 GeV and 590

MeV, the  h is tograms ca lcula ted  wi th  ARFP and ~. can reproduce the HETC/

KFA2 curves  re la t ive ly  wel l  and there  are  some disagreements  in  the  y ie ld

d i s t r i b u t i o n  o f  spallation  products  a t  A = 1 6 0-200 and near  the  ta rge t

nucleus . In Figs. 13 and 14 for 1 GeV and 590 MeV p r o t o n s , there remain

small discrepancies of their maximum heights between the histograms with

a ‘J and the HETC/  KFA2 curves . Fo r  spallation  p r o d u c t s  t h e r e  a r e

disagreements  s imi lar  to  the  former  cases .  -

To examine the influence of HEF model in the design study of accelerator

-core  hybride  t y p e  t r a n s m u t a t i o n  s y s t e m , the dependence of number of

neut rons  emi t ted  in  the 287NP th ick  ta rge t  on  the  pro ton  energy was

c a l c u l a t e d  i n  t h e  Fig.15,  u s i n g  b o t h  c o d e s . Although the number increases

l i n e a r l y  ( n o t  s a t u r a t e ) , t h e  l i n e  h a s  t h e  d i f f e r e n t  g r a d i e n t  f o r  e a c h

code. The  l ine  wi th  the  t r iangle  symbol  i s  the  resul t  ca lcula ted  us ing

t h e  NMTC/JAERI  wi th  o “J a n d  ~10 %  m o r e  t h a n  t h e  l i n e  w i t h  t h e  c r o s s

symbol  when the  non-modif ied  o I is used. For calculations using the HETC

/KFA2 t h e  n u m b e r  o f  n e u t r o n  w i t h  BO=8 MeV( c l o s e d  c i r c l e )  i s  a l s o  l a r g e r

by a  fac tor  of  1 .1  than  one  wi th  BO=14 MeV(open  s q u a r e ) . Here  the  HETC/

KFA2calculation  showed tha t  to ta l  neut ron  product ions  wi th  and  wi thout  the

e l a s t i c  s c a t t e r i n g  a g r e e  e a c h  o t h e r  w i t h i n  s t a t i s t i c a l  e r r o r s .

From these  resul t s  we conclude  tha t  the  d iscrepancy i s  mainly  a t t r i -

buted  to  the  es i tamat ion  of  o de termining the  width  of  Gauss ian  curve  on

the  base  of  the  exc i ta t ion  energy  depos i ted  in  compound nucleus  before

f i s s i o n . T h e  FP d is t r ibut ion  in  JAERI model  seems to  cover  the  range  of

mass number wider than one in the RAL model. I t  i s  assumed tha t  the

e q u a t i o n  c a l c u l a t i n g  o can be applied to the excitation energy above 100

MeV in JAERI m o d e l , while the a is set to the value at Ex = 100 MeV for

all  f issioning nuclei wtih Ex >100 MeV in  RAL model . However as apparent

f r o m  c a l c u l a t i o n s  u s i n g  HETC/KFA2, t h e  h i g h  e n e r g y  f i s s i n  rection, in  the

RAL model, is dominant in the medium energy range and the spallation

react ion  minor . The  t rend  i s  forced  us  to  change  the  idea  tha t  the

spallation  reac t ion  wi th  emiss ions  of  many par t ic les  i s  main  one  in  the

range. Presumably  i t  seems for  some par t  of  the  code  to  g ive  a  l i t t le
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over-es t imat ion  to  the  f i ss ion  probabi l i ty  which  has  to  be  examined on  the

comparison with the measured data. A l s o  i s  i t  r e a s o n a b l e  f o r  t h e  p r e s e n t

f i s s i o n  c a l c u l a t i o n  m o d e l s , which were fit ted only to the measured data in

the Ex range below 100 MeV, to  be  used  in  ca lcula t ing  the  nuclear  reac t ion

of  nucleus  wi th  Exof  severa l  hundreds  of  MeV ? Fur ther  d iscuss ions  and

s t u d i e s  a b o u t  t h i s  a p p l i c a b i l i t y  a r e  n e c e s s a r y .

v. Summary

We examined the  d i f ference  of  product  y ie lds  d is t r ibut ion  in  the  h igh

e n e r g y  f i s s i o n  r e a c t i o n  c a l c u l a t i o n  b e t w e e n  NMTC/JAERI and HETC/KFA2 c o d e s .

Our  ca lcula t ion  resul t s  showed tha t  the  d i f ference  i s  mainly  due  to  the

e s t i m a t i o n  o f  t h e  w i d t h  o f  p o s t - f i s s i o n  y i e l d  c u r v e ,  a n d  t h e  c o n t r i b u t i o n

of BO a n d  f i s s i o n  p r o b a b i l i t y  m i n o r . It  wa-s found that the discrepancy of

predictions from the JAERI  and RAL HEF models becomes small by adjusting

t h e  p a r a m e t e r  o . The  range  of  exc ia t ion  energy  appl icable  to  the  width

es t imat ion  equat ion  seems to  be  less  than  50  MeV for JAERI m o d e l  a n d  l e s s

than 100 MeV for RAL model respectively. In  the  rea l  computa t ion  us ing

both codes, however, it occures  of ten  for  the  compound nucleus  to  genera te

wi th  the  exc i ta t ion  energy  above  100 MeV in  the  h igh  energy  nuclear

r e a c t i o n . I t  i s  the  unresolved problem whether  the  present  f i ss ion  model

can  represent  exact ly  the  nuclear  reac t ion  of  compounds  wi th  these  h igh

e x c i t a t i o n  e n e r g i e s  o r  n o t . We a lso  d iscussed  about  the  inf luence  of  the

di f ference  on  the  number  of  neut rons  genera ted  in  the  h igh  energy reac t ion

procedure , which  i s  the  most  impor tant  fac tor  in  the  des ign  s tudy of

accelera tor-based t ransmuta t ion  sys tem. The number of spallation  neutrons

in  the  th ick  ta rge t  increses  by  a  fac tor  of  1 .1  uni formly  by  modify ing  the

p a r a m e t e r  o in the JAERI h igh  energy f i ss ion  model .
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from the nuclear reaction in a ‘“NP nucleus bombarded

by a I GeV proton
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Table 1 Comparison on the number of particles emitted from

the *’Fe reaction between NUCLEUS and HETC/KFA2 with

BO = 8 MeV for proton energies of 1 GeV and 590 MeV

BO 8 MeV

BO 14 MeV

Incident proton energy
J

Evaporated particles 1 .  OGe V 590Me\J
A : Mass number NUCLEUS NUCLEUSHETC-KFA2 NUCLEUS HETC-KFA2

11

NUCLEUS
III?TC-KFA2 HETC-KFA2

I - -f -

P(A=l) 1. 389E+O0 1.344E+o0 103. 35% 1.316E+O0 ]. 006E+O0 130.85------------ ---------------- . . . . . . . . . . . . . . . -.-.---.-.-.—-
N(A=l) 1.999E+O0 1. 5olE+oo

---- ------------------------- --------------
133.18 1.661E+O0 1. 085E+O0 153.09------------ ----------------------------- .-. --------------- ------- --------- --------- -------- .-. - .- .-.-.-.-,

D(A=2)A s 4 ._.-. _.-._._ . . . . . . . . . . . . . . . . . -.-.L._.-._.-.-.2.578R-01 2 078E-01 124.06 2. 0301?-01 1. I04E-01 -18388.-. -.-. -.-.-—. . . . . . . . . . . . . . . . ------- .-. . . . . . . . _______ .: ._. _
T(A=3) 5. 1OOE-O2 3. 355E-02 152.01 4. 360E-02 1.815E-02 240.22,------------ . . . . . . . . . . . . . . . . ---------------- —.-. -._. -.-— -------------- . . . . . . . . . . . . . ..- .- — ----------

HE-3 (A=3) 3. 680E-02 3. 41 OE-O2 107.92 2.160E-02 1.610E-021._. _.-. ___ .- ---------------. . . . . . . . . . . . . . . . . -.---. -—------- ---- ------ . . . .
HE-4 (A=4) 1. 478E-01 1. 323E-01

‘-’”--’s

111.72 1. 328E-01 8 18 S1:-02
Total 3. 881E+O0 3. 253E+O0 119. 312/ 3. 378E+O0 2. 318E*O0..-— .


