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ANGULAR DISTRIBUTION AND INERTIA PARAMETERS IN
ALPHA-INDUCED FISSION OF 232Th, 233y, AND 238
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The analysis of the selected fission fragment angular distribution from alpha induced
fission is made by using an exact theoretical expression. Theoretical anisotropies
obtained with transition state modes are compared with their corresponding experi-
mental values. The agreement between the calculated and experimental values is very
good. The values of the statistical parameter K¢ are used for calculation of the inertia
parameters. The results indicate an increase in the moment of inertia.
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INTRODUCTION

There are considerable evidences that the Sta-
tistical Transition Model (TSM) provides a good
representation of experimental fission fragment an-
gular distributions at low spin values and moderate
excitation energies. The fundamental assumption
of this model is the spin projection K, on the
nuclear symmetry axis, which remains unchanged
during the fission process [1]. In heavy reaction
systems, where the angular momentum and excita-
tion energy are large, fission fragment angular
distributions were analyzed by the Statistical Scis-
sion Model (§SM). Rossner et al., [1] and Bond [2]
have published some versions of this model. Al-
though the formal equations in the two models
have the same structure, variances in the distribu-
tions of angular momentum projections on the
fission direction are established at very different
stages of the fission process in the two models.
Various authors studied the properties of complex
transition state [3, 4]. Nuclear moments of inertia
were extracted from the measured fission fragment
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anisotropies in the paper of Huizenga ez al. [5, 6].

In the present work, we have developed a
special computer code to deduce the statistical pa-
rameter K3 (K} =JeﬁcT/h2) from experimental
angular anisotropies using the exact theoretical ex-
pressions.

FORMALISM OF TRANSITION
STATE MODEL AT MODERATE
EXCITATION ENERGY

The excited levels in the transition nucleus are
described by statistical theory. The K-distribution
of these levels is predicted to be Gaussian by Halpen

etal. [7):
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The effective moment of inertia is
Jogp =dpJ L/ (Jy+7 ) whereJ; and J are nuclear
moments of inertia at the axis perpendicular and
parallel to the symmetry axis respectively, and T is the
temperature of the nucleus in the transition state.

Assuming that the fragments separate along
the symmetry axis, and that X is a good quantum
number during the fission process, the angular dis-
tribution of fragments from a state with the quan-
tum numbers K and M (projection of the total spin
I along the space fixed axis) is given by [8]
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The normalized dj; ,(6) functions are de-
fined by [9]:
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5 (=1)* (sin 6/ 2)K~M+2% (cos 9 2y ~K+M-2x =
S (-K-x)/(I+M-x)!(x+k-M)!x! ®
where the sum runs overx = 0, 1, 2, ... and contains all
terms in which no negative value appears in the denomi-
nator of the sum for any of the quantities in parentheses.

If the target and projectile spins are zero and
no particle emission from the initial compound
nucleus occurs before fission (i. e. M = 0), then the
overall angular distribution for fixed energy E is
given by Griffin [10]:
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where the transmission coefficients are written as
T\,(M=0gives I = 1), and
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Equation (5) is an exact theoretical expression
for computation of the fission fragment angular
distribution when both the target and projectile
spins are zero. If the target and projectile spins are
included, an exact expression for the angular distri-
bution of fission fragments is [9, 10]:
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The quantities Iy, s, and J are the target
spin, projectile spin, and channel spin, respec-
tively (J = Iy @ 5). The total angular momentum
1 is given by the sum of the channel spin and orbital
angular momentum I = J & [. The projection of I
on the space-fixed axis is given by u, and the projec-
tion of J (and I) on this axis is M.

FORMALISM OF THE STATISTICAL
SCISSION MODEL

According to the SSM, the relative cross-sec-
tion w(@), for fission fragments to be emitted in the
direction 7 forming angle 8 with the beam axis
when the target projectile spins are zero, is given by
Huizenga er al. [11]:
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Again, the distribution of spin projection M
(the projection of the total angular momentum /
along A1) is taken to be a Gaussian with variance
8§ , where 8% for spherical fission fragment is given
by either of the following equations [12]:

T 2[sph + .uRcz

8 =21, ¥ (8)
or
207 +uR? 7;
52 =202 — 3 (9)
MR, 3

with o’ = IsphT/hz = 04MR*T | v . The quanti-
ties Lon, T, M, and R are the moment of inertia,
nuclear temperature, mass, and radius of one of the
symmetric fission fragments, while R, is the distance
between the centers of fragments at scission configu-
ration and is equal to 1.225( A4 + 43°)(c /1 a)*"” (4,
and A; are mass numbers of fission fragments).

For a scission configuration of the two unat-
tached deformed fragments, the variance Sj is
given by either of the two equations [12]:

(10)

or e



F. M. Rahimi, O. N. Ghodsi, A. N. Behkami: Angular Distribution and Inertia Parameters in Alpha-Induced ... 33

T
202 +uR?  {
83 = 20'"2 (11)

: 3
202 +uR? ~ e 20,%

where Iy, 1, anz and o7 are moments of inertia
and spin cutoff parameters of a single fission frag-
ment rotating about an axis parallel and perpendicu-
lar to the symmetry axis, respectively.

The primary fission fragments are assumed to
have nonspheroidal shapes with the principal
one-half axes of magnitude in terms of their
ratio c/a, namely a = 1.225(A4./2)3(c/a)1/?
and ¢ = 1.225 (A4./2)3(c/a)*3, where A, is the
mass number of the composite system. The total
intrinsic excitation energy of two fission fragments
at scission is given by [13]:

E = Ec.m +Q_ECouI _Edef o Erot (12)

where Q represents the difference in energy between
the entrance channel nuclei and the ground state of
the two fission fragments. Here, Ec,y + E e 1s the
sum of the Coulomb and deformation energies
stored in potential energy at the instant scission. The
Coulomb energy is estimated by using the expres-
sion [13]:

2
Ecpu[MeV] =144 L. (13)

2c
where Z is one-half of the charge of the composite
system. The rotational energy E,,, of the system at

the scission configuration for spin I and projection
m on the scission axis is [14]:
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where 4 is the reduced mass of the fission fragments.
The temperature of each fission fragment was as-
sumed to be given by:

g 12]”
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where LDP is the liquid drop parameter, A4 is the
mass number of one fragment, and the total excita-
tion energy E’is divided equally between the two
symmetric fission fragments.

The TSM and SSM are formulated according

to this assumption, by the rules of which the fission
will occur after combination compound nucleus.
Therefore, these models enable the explanation of
the experimental angular distribution of fission frag-

ments for heavy or light nuclei and also for heavy
ion reactions if they provide this assumption.

RESULTS AND DISCUSSIONS

In this paper, the angular distributions of
fission fragments in alpha induced fission of 23?Th,
233U, and 238U are studied by TSM and SSM. Both
of these models depend on the projectile energy and
spins of projectile and target, if the angular distri-
butions of fission fragments are to be explained. To
consider the spin effects and the effects of different
energies in these models, we have studied several
different targets such as 2*2Th(0%), 33U(5/2*) and
238U(0") under alpha induced fission in several
alpha energies.

Variances Kg (or §2) for alpha induced fis-
sion reactions of 22Th and 2**U considering van-
ishing spins of alpha, 23?Th, and 238U, have been
obtained by fitting experimental angular distribu-
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Figure 1. Fission fragment angular distribution for (a)
a + BTh —fatE, = 30 MeV and (b) o + 22Th — fat
E, = 42 MeV
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Figure 2. Fission fragment angular distribution for
(a) a + 28U > fat E, = 37 McV and (b)  + 238U >
fatE, = 43 MeV

Table 1. Calculated parameters for o + 232Th — f,
o + 2330 > f, and a +238U — freactions

E, W(0)/ W(90) Kg (or Sg) Sg
[MeV] | (Experimental)| (Best fit) (Theory)
a+2Thsf
16.0 1.09 219.04 51.48
16.8 1.13 146.41 52.74
173 1.12 190.44 53.48
18.4 1.34 70.52 55,13
18.7 1.32 82.81 57.00
21 127 108.16 58.97
219 1.29 114.49 60.04
229 1.30 104.04 61.39
24.8 B 68.06 63.84
26.9 1.70 53.29 66.47
30.0 1.63 71.40 70.16
42.0 1.54 82.81 82.86
a+PUsf
18.2 1.10 275.89 112.16
20.0 1.11 272.25 115.33
21.1 1.15 211.70 117.25
22.] 112 295.84 118.94
234 1.80 216.09 121.13
25.2 1.90 218.15 124.24
27.2 124 156.76 127.30
289 1.30 145.68 129.94
a +**U S f
17.3 1.80 139.24 89.42
18.2 1.14 163.84 90.49
19.7 123 123.21 92.22
213 1.21 156.25 93.80
232 1.19 161.29 96.15
25.0 1.32 121.00 98.10
271 1.38 108.78 100.34
289 1.41 104.04 102.23
37.0 1.42 127.46 110.30
43.0 1.54 119.24 116.00
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Figure 3. The plotted ratio of I,,/I. for fissioning
nucleuse (a) 235U (b) 237Pu (c) 242Pu

tions of fragments with eq. (5) or (7), and for
233U(5/27) with eq. (6). The results in the 30 MeV
and 42 MeV alpha induced fission of 232Th and in
the 37 MeV and 43 MeV of 238U are displayed in
figs. 1 and 2. From figs. 1 and 2 it can be seen that
the agreement between our theoretical calculations
and their corresponding experimental values is quite
good. The similar results are shown in the third
column of tab. 1.

With consideration of deformed fragments at
the scission configuration, the variances §F have
also been calculated by using eq. (10). The com-
puted theoretical values of 57 with the assumed
values rp =1.255 fim and E4p = 5 MeV, LDP = A/8
and Egpr = 10 MeV,LDP = A/20 and E sy = 5 MeV,
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LDP = A/10, respectively, for alpha induced fission
reactions of 23?Th, 233U, and 238U are listed in the
last column of tab. 1. From tab. 1 it can be seen that
by increase of alpha energy the difference between
best fitted values and theoretical results of S3 is
decreasing. From this behavior we have concluded
that, in general, the variance §§ produced by the
SSM for experimental angular distribution of fission
fragments in alpha reactions shows a good agreement
with the theoretical calculation in higher energies. This
establishes the applicability of this model in higher
energies and for systems with well-defined deforma-
tions, but the TSM shows higher performance in low
energies for explanation of the angular distributions
of fission fragments in alpha induced fission reactions.

The calculated values of K7 have also been
used to compute the characteristics of a nucleus
undergoing the fission process. The ratios of
Iy / 1y for 236U, 237Py, and 242Pu are plotted
in fig. 3. The examination of these figures shows
monotonic dependence on the characteristics of
the nucleus undergoing the fission process.
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@apxan M. PAXVMM, Omag H. TXOICH, A3ns H. BEXKAMHW

YTAOHA PACIIOJENA ¥ TAPAMETPH MHEPIIMJE ITPH AT®A UHIYKOBAHOJ
GUCHIN 32T, 233y y B8y

AHanu3a yraoHe pacnopee usabpasor ¢pucroHor hparMeHTa HacTaNOr HHAYKOBaHOM (hucHjoM
W3BplIeHa je KOpHIIhemeM er3akTHOT TeOPHjcKOT H3pa3a. MoIOBHMa Npela3HoT cTaka TEOPHjCKH ojjpe-
bene anusoTponuje ynopebene cy ca ogrosapajyhum ekcriepuMeHTaIHMM BpegHOCTHMa. CarnacHoct u3pa-
YyHaTHX ¥ €KCIIEPUMEHTATHUX pe3ynTara je Bp/io fobpa. BpelHOCTH cTaTHCTHYKOr NapaMeTpa KOpHII-
hene cy 3a mspauyHaBame MapaMeTpa WHeplije, a NOOHjEeHM pesynTaTH ynyhyjy Ha HopacT MOMeHTa

HHEepIHja.





