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An anal y sis of se lected fis sion frag ment an gu lar dis tri bu tion when at least one of the
spins of the pro jec tile or tar get is ap pre cia ble in in duced fis sion was made by us ing the
sta tis ti cal scission model. The re sults of this model pred i cate that the spins of the pro -
jec tile or tar get are af fected on the nu clear level den sity of the com pound nu cleus. The
ex per i men tal data was ana lysed by means of the cou ple chan nel spin ef fect for mal ism.
This for mal ism sug gests that the pro jec tile spin is more ef fec tive on an gu lar
anisotropies within the lim its of en ergy near the fu sion bar rier.
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IN TRO DUC TION

 A large amount of ex per i men tal in for ma tion on
fis sion frag ment an gu lar dis tri bu tion for pro jec tile in -
duced fis sion has been pub lished. In most cases, these
ex per i men tal re sults can be ex plained within the frame -
work of the en trance chan nel de pend ent (ECD)
K-state dis tri bu tion model [1, 2], with the ex clu sion of
tar get pro jec tile ground state spins. For re ac tions in
which the spins of the pro jec tile and tar get are ap pre cia -
ble, it is ex pected that the an gu lar ani so tropy will be af -
fected by the in clu sion of spins. In or der to in ves ti gate
the im por tance of this ef fect on an gu lar anisotropies,
we have em ployed the cou ple chan nel spin for mal ism.
Within this frame work, the par tial prob a bil ity of the
for ma tion of a state (I, M) of the com pound nu cleus
de pends on J value, in spite of the rel a tive an gu lar dis tri -
bu tion l. The quan tum num ber J equals the sum ma tion 
of the pro jec tile spin S with the rel a tive an gu lar dis tri -
bu tion l. We have also an a lyzed the fis sion frag ment an -
gu lar dis tri bu tion by us ing the sta tis ti cal scission model
(SSM). Ver sions of this model have been pub lished by
var i ous au thors [3-5].

In the folowing two sec tions, the the o ret i cal for -
mu las for con sid er ing the cou ple chan nel spin ef fect
and the ba sic SSM for mula are pre sented, re spec tively.
Re sults ob tained from the cou ple chan nel spin ef fect
and SSM are com pared with ex per i men tal data and
dis cussed in the last sec tion.

THE COU PLE CHAN NEL
SPIN FOR MAL ISM

The fissioning-tran si tion nu cleus is wholly
char ac ter ized by the quan tum num bers I (to tal an -
gu lar mo men tum), M (pro jec tion of I on the
space-fixed axis to be des ig nated as the pro jec -
tile-beam di rec tion), and K (pro jec tion of I on the
nu clear-sym me try axis). If it is as sumed that the
frag ments sep a rate along the nu clear sym me try
axis, the an gu lar dis tri bu tion is uniquely de ter -
mined by the above quan tum num bers [6, 7].

If a com pound state (I, M) fis sions through a
tran si tion state K, the an gu lar dis tri bu tion is given
by the square of the ro ta tional part of the col lec tive
wave func tion:
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where the sum runs over x = 0, 1, 2, … and con tains
all terms in which no neg a tive value ap pears in the
de nom i na tor of the sum for any of the quan ti ties in
pa ren the ses. There fore, the fis sion-frag ment an gu -
lar dis tri bu tion of fers a di rect source of in for ma tion
on the spec trum of quan tum states as so ci ated with
the tran si tion nu cleus.

The rel a tive fis sion-frag ment an gu lar cross
sec tion is given by [8]:

W P j J M W J M
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the first term be ing a par tial prob a bil ity of the for -
ma tion of a state (I, M) of the com pound nu cleus
from a par tic u lar J value [9]:
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trans mis sion co ef fi cients T El

J ( ) are de rived from
the op ti cal model with the spin-or bit in ter ac tion,
where J = l + S and S is the pro jec tile spin with pro -
jec tion s on the space-fixed axis, both de noted by I0

and m, re spec tively. The to tal an gu lar mo men tum I
of the com pound nu cleus is given by I =J + I0, and
the pro jec tion of  I  on the space-fixed axis is given
by M. The term C M

J,I I
s m, ,

,0  is a Clebsch-Gordan co ef fi -
cient.

The sec ond term  W I M( , ; )q   in eq. (3) gives
the an gu lar dis tri bu tion of the fis sion frag ments
emit ted from the com pound state (I, M):
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also, ex cited lev els in the tran si tion nu cleus are de -
scribed by sta tis ti cal the ory. The K-dis tri bu tion of
these lev els is pre dicted to be Gaussi an by Halpen et
al. [10]:
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with a vari ance of
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the ef fec tive mo ment of in er tia is J eff = ^J J|| / 
/( )J J|| + ^ where  J^  and  J|| are nu clear mo ments of
in er tia about the axis per pen dic u lar and par al lel to

the sym me try axis, re spec tively, and T is the tem per -
a ture of the nu cleus in the tran si tion state.

FOR MAL ISM OF THE STA TIS TI CAL
SCISSION MODEL

Ac cord ing to the SSM, the rel a tive cross-sec -
tion, W( )q , for fis sion frag ments to be emit ted in  di -
rec tion $n form ing an an gle   q with the beam axis,
when the tar get pro jec tile spins are zero, is given by
Huizenga et al. [11]:
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Here again the dis tri bu tion of spin pro jec tion
M (the pro jec tion of the to tal an gu lar mo men tum I
along $n) is taken to be a Gaussi an with a vari ance of 
S0

2, where S0
2 for spher i cal fis sion frag ment is given

by ei ther of the fol low ing equa tions [12]:
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with s2 2 22 5= =I T MR T2
sph / ( ) /} } . The quan ti -

ties Isph, T, M, and R are the mo ments of in er tia, nu -
clear tem per a ture, mass and ra dius of one of the sym -
met ric fis sion frag ments, while Rc is the dis tance
be tween the cen ters of frag ments at scission con fig u -
ra tion and equals 1225 1

1 3
1
1 3 2 3. ( )( / )/ / /A A c a+ (A1

and A2 are mass  num bers of fis sion frag ments).
For a scission con fig u ra tion of two un at tached 

de formed frag ments, the vari ance S0
2  is given by ei -

ther of the two equa tions [12]:
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where I I|| ||, ,^ s2, and s^
2 are mo ments of in er tia

and spin cut off pa ram e ters of a sin gle fis sion frag -
ment ro tat ing about an axis par al lel and per pen dic u -
lar to the sym me try axis, re spec tively.

The pri mary fis sion frag ments are as sumed to 
have non-spher oid shapes, with the prin ci pal
one-half axes of mag ni tude, in terms of their ra tio
c/a, namely a = 1.225(Ac/2)1/3(c/a)-1/3 and c =
=1.225(Ac/2)1/3(c/a)2/3 where Ac is the mass
num ber of a com pos ite sys tem. The to tal in trin sic
ex ci ta tion en ergy of the two fis sion frag ments at
scission is given by [13]:

E E Q E E Ec m
*

.= + - - -Coul def rot (14)

where Q rep re sents the dif fer ence in en ergy be tween 
the en trance chan nel nu clei and the ground state of
the two fis sion frag ments. Here, ECoul  + Edef is the
sum of the Cou lomb and de for ma tion en er gies
stored in the po ten tial en ergy at the in stant scission.
The Cou lomb en ergy is es ti mated by means of the
ex pres sion [13]:
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where Z is one-half of the charge of the com pos ite
sys tem. The ro ta tional en ergy Erot of the sys tem at
the scission con fig u ra tion for spin I and pro jec tion
m on the scission axis is [14]:
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where m is the re duced mass of the fis sion frag -
ments. The tem per a ture of each fis sion frag ment is
as sumed to be given by:
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where LDP is the liq uid drop parameter, A is the
mass num ber of one frag ment, and the to tal ex ci ta -

tion en ergy E* is di vided equally be tween the two
sym met ric fis sion frag ments.

RE SULTS AND DIS CUS SION

In or der to in ves ti gate the ef fect of spin on the
an gu lar dis tri bu tion of frag ments in in duced fis -
sion, we have con sid ered the re ac tions in which the
pro jec tile or tar get spins, or both, are con sid er able.
These re ac tions are shown in tab. 1. The ex per i men -
tal data are ob tained form ref er ences [15] and [ 16].
Since the en ergy of the pro jec tile in these re ac tions
is an ap prox i ma tion of the or der of a fu sion bar rier,
the SSM is a suit able model for cal cu lat ing the an gu -
lar dis tri bu tion of fis sion frag ments [17]. The fu sion 
bar rier it self has been cal cu lated by means of
semi-clas si cal for mal ism [18]. The re sults of SSM
with Ed = 20 and tow dif fer ent choices for LDP
equal to A/8 and A/20 (shown in tab. 1). The ex ci ta -
tion en ergy and tem per a ture of the nu cleus un der -
go ing the fis sion pro cess are also set in this ta ble.
The SSM pred i ca tions for the an gu lar dis tri bu tion
of fis sion frag ments for dif fer ent LDP tow choices
are il lus trated in figs. 1-6. These fig ures show that
the re sults of SSM with LDP = A/20 are in good
agree ment with ex per i men tal re sults, con trary to
the re sults ob tained with LDP = A/8. Ac tu ally, an -
gu lar anisotropies of such re ac tions de pend on the
suit able rate of the LDP pa ram e ter. Since this pa -
ram e ter is re lated to the den sity lev els of the com -
pound nu cleus in fis sion point, SSM sug gests that
anisotropies in re ac tions in which the value of the
tar get and pro jec tile spins are con sid er able, de pend
on the level of the den sity of the nu cleus in fis sion
point. It is im por tant to note that such a con sid er -
ation can not de scribe the ef fect of pro jec tile and tar -
get spins on level den sity. For this rea son, we have
em ployed the cou ple chan nel spin ef fect for mal ism.
This for mal ism is based on the cou pling of the spin
of the pro jec tile S and the rel a tive an gu lar mo men -
tum l. Also, this for mal ism al lows us to in ves ti gate
the ef fect of pro jec tile and tar get spins on an gu lar
anisotropies, since pa ram e ter  is re lated to the level
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Ta ble 1. Vari ances ob tained from the o ret i cal calculation

Reaction Elab [MeV]
E

B
lab

fus

E*

[MeV]
T

[MeV]
S

a)
0
2(

S
b)

0
2(

K
c)

0
2(

10B(s = 3) + 237Np(S = 5/2) 64 1.167 86.39 2.644 137.90 194.88 141.24

10B(s = 3) + 232Th(S = 0) 60 1.126 73.12 2.4 125.33 177.15 136.29

11B(s = 3/2) + 209Bi(S = 9/2) 55 1.112 33.1 1.73 77.85 110.04 80.56

14N(s = 1) + 209Bi(S = 9/2) 78 1.136 43.8 1.98 90.10 127.23 95.11

12C(s = 0) + 237Np(S = 5/2) 72 1.107 81.14 2.55 134.41 189.88 224

12C(s = 0) + 209Bi(S = 9/2) 66 1.110 33.87 1.75 78.78 111.30 121.54

(a) The o ret i cal vari ances from SSM cal cu la tion LDP = A/10 and Ed = 10
(b) The o ret i cal vari ances from SSM cal cu la tion LDP = A/20 and Ed = 10
(c) The o ret i cal vari ances from best fit by using cou ple-chan nel spin ef fect



den sity of the nu clei in fis sion point ( equa tion 7 ). 
The val ues ob tained for  by fit ting the re la tion 3

with ex per i men tal data are listed in the last col umn
of tab. 1. Re sults show that in re ac tions in which the 
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Fig ure 1. Ex per i men tal fis sion frag ment an gu lar dis -
tri bu tions for 10B + 237Np. Dashed and dot ted curves
rep re sent SSM cal cu la tions with  LDP = A/8, and
A/20, re spec tively. Solid curves rep re sent the cou ple
chan nel spin ef fect (CCSE)

Fig ure 2. Ex per i men tal fis sion frag ment an gu lar dis -
tri bu tions for 10B + 232Th. The dashed and dot ted
curves rep re sent SSM cal cu la tion with LDP = A/8,
and A/20, re spec tively. Solid curves rep re sent the
couple channel spin effect (CCSE)

Fig ure 3. Ex per i men tal fis sion frag ment an gu lar dis -
tri bu tions for 11B + 209Bi. The dashed and dot ted
curves rep re sent SSM cal cu la tions with LDP = A/8,
and  A/20, re spec tively. Solid curves rep re sent the cou -
ple chan nel spin ef fect (CCSE)

Fig ure 4. Ex per i men tal fis sion frag ment an gu lar dis tri -
bu tions for 14N + 209Bi. The dashed and dot ted curves
rep re sent the SSM cal cu la tion with LDP = A/8, and
A/20, re spec tively. Solid curves rep re sent the cou ple
chan nel spin ef fect (CCSE)

Fig ure 5. Ex per i men tal fis sion frag ment an gu lar dis -
tri bu tions for 12C + 237Np. The dashed and dot ted
curves rep re sent SSM cal cu la tions with LDP = A/8,
and A/20, re spec tively. Solid curves rep re sent the
couple channel spin effect (CCSE)

Figure 6. Ex per i men tal fis sion frag ment an gu lar dis -
tri bu tions for 12C + 209Bi. The dashed and dot ted
curves rep re sent  SSM cal cu la tions with LDP = A/8,
and A/20, re spec tively. Solid curves rep re sent the
couple channel spin effect (CCSE)



spin of the pro jec tile is con sid er able, the vari ances
of  K 0

2jare around 20% smaller than the vari ances of  
S0

2jin SSM, ac cord ing to the LDP = A/20. But, in
re ac tions such as 12C + 237Np, al though the value of 
the tar get spin is con sid er able, there are no sig nif i -
cant dif fer ences be tween K 0

2 and S0
2. There fore,

couple channel spin formalism sug gests that the ef -
fect of the pro jec tile spin is more ef fec tive on an gu -
lar ani so tropy within the lim its of en er gies near fu -
sion bar rier. 
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UTICAJ  SPINA  NA  ANIZOTROPIJU  FISIONIH  FRAGMENATA

Kori{}ewem modela statisti~kog reza izvr{ena je analiza ugaone raspodele odabranog
fisionog fragmenta, kada je u indukovanoj fisiji procewen bar jedan od spinova projektila ili
mete. Rezultati ovog modela predvi|aju da spinovi projektila ili mete uti~u na gustinu
nuklearnog nivoa slo`enog jezgra. Eksperimentalni podaci analizirani su formalizmom
uparenog spinskog efekta. Ovaj formalizam ukazuje da spin projektila vi{e uti~e na ugaonu
anizotropiju u energetskim granicama bliskim fuzionoj barijeri.

Kqu~ne re~i:  upareni spinski efekt, fisiono-fuziona reakcija, anizotropija ugaone
jjjjjjjjjjjjjjjjjjjjjjjjjraspodele


