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Angular distributions of the fission-fragments were measured for a series of
compound nuclei formed in the bombardments of 189Tm, 175Ly, 181Ta, W, Re,
Pt, 197Au, Pb and 209Bi by 12C ions with mica nuciear track detectors and goid
surface barrier silicon detector. All the measured angular distributions can be
fitted satisfactorily by the theoretical formula based on the statistical saddle
point model. The trend of variation for Kg with increasing excitation energy £*
was given at various ranges of fissility parameter Z2/A in this work.

1. INTRODUCTION

It is very important to measure the angular distribution of fission-fragments in the
experiment of fission reaction induced by heavy ions because the experiment of this
type has become an important means for nuclear reaction mechanism research. For
many years the experimental and theoretical investigations of the fission-fragment
angular distribution have been performed extensively [1]. It was shown that most of
the experimental results on the fission-fragment angular distribution in fission reactions
induced by light particles and lighter heavy-ions (A < 20) can be described by the
standard theory of angular distribution of fission-fragments on the basis of statistical
saddle point model when the excitation energy (E* < 100 MeV) and angular momen-
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tum (/ <80 3) of the compound nucleus are not too high. The saddle deformations
derived from the fission anisotropies as a function of the fissility parameter y are found
to be in agreement with the results of calculation given by the liquid drop model.
However, when heavier ions are introduced into the experiment, the measured anguiar
distribution of the fission-fragments exhibits unusual large anisotropies for some
reaction systems such as the system 32S + 244Cm, which cannot be explained by the
transition state theory of the compound nucleus. This unusual large anisotropy relates
possibly to the fast fission process. The final state distribution of the fission-fragments
is determined by the statistical distribution of the reaction intermediate stage (not the
saddle point state). Thus the shape of the fissioning nucleus at this intermediate stage
can be extracted from the measured angular distribution of the fission-fragments. For
the fission reactions induced by '9F, 24Mg, 28Si and 32S ions, the derived value of the
effective moment of inertia denoted by.#/.Z decreases with increasing angular
momentum at low angular momenta. It is consistent qualitatively with the prediction

of the rotating liquid drop model. However the value of #/Zcannot be obtained to
quantitatively fit that given by the statistical saddle point model for any reaction system
and bombardment energy. The heavier the mass of the projectile, the larger the
experimental value of the effective moment of inertia deviates from the theoretical one.
B. Back et al [2,3]. considered that the anomalous behavior of the angular distribution
of fission-fragments reflects the breakdown of the assumption of K-distribution con-
servation from the saddle point to the scission point. The value of K is readjusted
adiabatically from the saddle point to the scission point. Therefore the measured final
K-distribution reflects the thermodynamicai equilibrium at the scission point. It was
shown that if the angular distribution theory based on the statistical scission point
model was used to fit the experimental data of the fission-fragment anguiar distribution,
this model could not reproduce the variation tendency of the value of Ké with the
excitation energy E* of the fissioning nucleus.

It is very interesting to study the relationship between the projection of the total
angular momentum on the nuclear symmetry axis K and the total angular momentum
L. R. Vanderbosch et al.[4] pointed out that the K-distribution was established at the
saddle point in region A of the low angular momentum Z. When the angular momentum
I increases to region B the K-distribution is determined at the place with a larger
deformation than that at the saddle point. And in the region C with larger angular
momentum I the barrier is not sufficiently well developed. The fission-fggments are
emitted in the reaction plane perpendicular to the angular momentum I The fission
fragment angular distribution shows approximately a form of 1/siné. It is essential to
clarify the relationship between the angular momentum I and K-distribution if we want
to have a better understanding of the properties of the static state of the fission saddle
point and the dynamic process from the saddle point to the scission point.

In the present work the angular distributions of the fission-fragments were
measured for a series of the compound nucleus formed in the reactions induced by
72.7, 69.6, 65.4, 64.3, 63.4 and 61.4 MeV '2C ions on 69Tm, 175Ly, 181Ta, W, Re, Pt,
197Au, Pb and 2098j with mica nuclear track detectors and the solid state detector. All
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the measured angular distributions of the fission-fragments can be fitted satisfactorily by
the theoretical saddle point model. The variation tendency of the value K, with the
excitation energy £* of the fissioning nucleus is given. The values of the effective moment

ofinertia, denoted by %,/ .. derived from the fission anisotropy are compared with those
calculated with the rotating liquid drop model. The possibility to reproduce the variation
tendency of the value K, extracted from the fission anisotropy, with the excitation energy
E* is also discussed.

2. EXPERIMENTAL PROCEDURE

The experimental method of the measurement of fission-fragment angular distribu-
tion with mica nuclear track detectors was described in details in Ref. [5]. The results
to be reported were obtained by using heavy ions beams from the 1.5 m heavy ions
cyclotron at Lanzhou Institute of ModernPhysics. The energy of 12C ions was 72.7 MeV.
The beams passed through an installation to degrade the beam energy to the desired
energies and then entered a scattering chamber with a diameter of 50 cm. Two
apertures with a diameter of 3 mm each were mounted in the collimator 25 cm in length.
The targets used in this experiment were prepared with vacuum evaporation, electron
bombardment and ion spattering. The target thickness was about 200--500 xg/cm?2.
The target was placed at the center of the scattering chamber and at 45° with respect
to the beam direction. Faraday cup placed at the scattering chamber terminal was
connected with a current integrator to measure beam intensities passing through the
target. '2C ion elastic scattering was measured to monitor the beam intensity with an
Au-Si surface barrier detector which was placed at 25° with respect to the beam
direction. The pre-etched mica track detectors with a size of 4 x 12 cm? recorded the
fission-fragments leaving the target at 70°--172° region with respect to the beam
direction. The distance from the mica detectors to the center of the target was 10 cm.
After irradiation, the mica detectors were etched with 40% hydrofluoric acid at 50°C
for 50 minutes. The fission-fragment tracks exhibited the regular diamond shape with
the diagonal length of 15 um. The scanning of the fission-fragment tracks was carried
out with an optical microscope at a total magnification of 40x 12.5. Thus the fission-
fragment angular distributions for the above reactions as a function of the laboratory
angle in degrees were obtained.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 The Experimental Results of the Fission-Fragment Angular
Distribution.

The angular distributions of the fission-fragments as a function of the laboratory
angle in degrees were obtained for the fission reactions induced by 72.7, 69.6, 65.4,
63.4 and 61.4 MeV '2C ions on 169Tm, 175y, 181Ta, W, Re, Pt, 197Au, Pb and 2098,
Because the fission-fragment angular distribution at the center-of-mass system for the
fission reactions induced by low energy heavy ions is symmetric about 90°, the angular
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distributions of the fission-fragments as a function of the laboratory angle in degrees
were only measured at the region of 70°--172° with respect to the beam direction. In
order to analyze these angular distributions by using the theoretical model, they were
transferred into the center-of-mass system with an assumption of full momentum-trans-
fer of heavy ions to the compound nucleus. As an example, the fission-fragment
angular distributions as a function of the center-of-mass angle in degrees for the
reaction induced in the bombardment of'97 Au target with different energy 2C ions are
plotted in Fig.1. The experimental error bars correspond to the statistical error only. it
can be seen from Fig.1 that the fission anisotropy increases with the increase of the
bombardment energy for the same fission reaction.

3.2 The Theoretical Analysis of the Angular Distribution of the
Fission-Fragments According to Various Models

(1) The statistical saddle point model. According to the statistical saddle point
model, i.e. the transition state statistical model of the compound nucleus, the anguiar
distribution depends on two quantities: the total angular momentum 7 brought in by
the projectile and the projection of the total angular momentum I on the nuclear
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FIGURE 1 The angular distributions of the fission fragments as a function

of the center-of-mass angle for the reactions induced by 72.7, 69.6, 67.4,
65.4 and 63.4 MeV '2C ions on ' Au.
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symmetry axis K. Besides, an additional assumption is necessary to give a quantitative

description of the angular distribution of the fission-fragments. The assumption is that

the fission-fragments are emitted along the nuclear symmetry axis. Then the K-distribu-

tion established at the saddle point is not aitered by the Coriolis forces on the path

from the saddle point to the scission point. if the target and projectile spins are
neglected and no particle-emission from the initial compound nucleus occurs before

fission, i.e. the projection of the total angular momenta 7 on the beam direction is zero

(M = 0), the K-distribution based on the statistical model of normal temperature level

density is given by I. Haripern and V. Strutinsky [61,
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where the K-distribution is Gaussian, Ko is the standard deviation of the projection of

the angular momentum of the fissioning nucleus on the nuclear symmetry axis, # et
and t are the effective moment of inertia and the temperature of the fissioning nucleus
at the saddle point respectively, .# , is the moments of inertia about the nuclear sym-
metry axis and .# . is the moment of inertia about the axis perpendicular to the
nuclear symmetry axis.

The expression for the angular distribution of the fragments is
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The rotation wave function af, x(8) in Eq.(3) is approximated by the following relation{7],
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Thus the fission-fragment angular distribution in the approximation (whenM = 0) is given
by [8],

W(o) = Z“: (21+1)T exp (—I*sin®6/ 4K3) Bo(i I’sin’0/ 4K3) (5)
I=g erf[1/(2K3)**] g
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where erf[I/(2K3) 1/2] is the error function defined by erf(x) = 2/z!/2 ( exp(-t2)dt,
By is the zero order Bessel function with imaginary argument. 2

The solid lines in Fig.1 are the theoretical fission-fragment angular distributions
calculated with Eq.(5), which give the best fit to the measured anguiar distributions. in
the calculations of the theoretical fission-fragment angular distributions with £q.(5) for
the above fission reactions, a parabolic approximation to the real part of the optical
model potential is made to calculate the transmission coefficient T,

The change of the value of Kg derived from the measured fission anisotropy,
denoted by W(180°)/W(90°), with the excitation energy E£* of the fissioning nucleus is
given in Fig.2. The indicated error bars are attributed to the fission anisotropy error. It
includes mainly that (a) the statistical error is about =1--3%; (b) the error of the angle
of the fission-fragment leaving the target with respect to the beam direction is about
* 2%; (c) the error induced from the conversion of the coordinate system is about =
3%. The other uncertainties produced in the data analysis, originating from the
uncertainties of the parameters chosen for caiculation are not shown. The solid lines
in Fig.2 are calculated with Eq.(2). The nuclear temperature t is determined in terms
of the effective excitation energy EZ%; through an equation of the state: at2-t = EJ; .
The effective excitation energy at the saddle point is given by Ed = E* —E!—E}
where £* is the excitation energy of the fissioning nucleus, E; is the effective fission
potential barrier height given by the formula E£; = £; + A, where A¢is the energy gap
of the fissioning nucleus at the saddle point configuration, Af = 0.7 and 0 MeV for
even-even and even-odd fissioning nuclei respectively. E% is the rotating energy of the

fissioning nucleus at the saddle point calculated by the formula Ef=#1?/2 4 412522

B2 F | ~ w12 Z,, Where F, ~ 2.7,, Here .#, is the moment of inertia of rigid
body for the spherical nucleus and is given by .7, = (2/5)mroA5/3, where m is one

12¢ 4+ 81Tz ' 2C+Re
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FIGURE 2 The variation of the Kg value with the excitation energy £* of

the fissioning nuclei for the reactions 12C + 181Ta, W, Re and 197Au. The

dot-dashed lines are calculated with Eq.(9). The dashed lines are based

on the statistical scission point model developed by H. Rossner et al..
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atomic mass unit and 1o = 1.2249 fm is the nuclear radius parameter. For the sake of
these calculations, 7° was estimated with the optical model. The value of the level
density parameter is given by a =A/8 MeV-!, with A being the mass number of the
compound nucleus. The effective moment of inertia at the saddle point is taken from
Ref.[9], the fissility parameter y is given as foilows,

1 zZ?

= - 6
* T 50.833(1 — 1.782603) A ©)

where [y = (N — 2)/A is an isotopic spin factor of the compound nucleus. It can be seen
from Fig.2 that for the fission reactions induced by lighter heavy ions (A < 20) the change
of the value of Ko extracted from the measured fission anisotropy W(180°)/W(90°) with the
excitation energy E* can be reproduced satisfactorily by the standard theory of the
fission-fragment angular dlstnbutlon onthe basis of the statistical saddle point model. The
various tendency of the value for Ko with the excitation energy £* for arbitrary given region
of fissility parameter Z2/A is given in Fig.3. As a comparison, some results of the analys:s
of Ref.[1] are also plotted in Fig.3. Sometimes it is conventional to plot the value of Ko as
a function of the square root of the excitation energy £*. For the Fermi gas the value of
the nuclear temperature t is proportional to E; 1/2 At low angular momentum it is assumed
that the fission barrier and the effective moment of inertia do not change with the angular
momentum /, the variation of the vaiue of Ko with the effective excitation energy Eeff is
expected to be a straight line.
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FIGURE 3 The chan nge of Kg value with the excitation energy £* for given
fissility parameter Z</A. o- this work. A— data taken from Ref.[1].
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However the value of Koz can probably be considered to be a smooth function of the ex-
citation energy and the fissility parameter Z2/A from the overall pattern of Fig.3. In some
region of Z2/A there may be some deviation due to the specific structure effects and the
reaction mechanism, the information of the fission reaction mechanism can probably
be extracted from these deviations. But the variation of the value for K g with the excita-
tion energy given in Fig.3 does not reveal the angular momentum effect.

The change of the vaiue for the effective moment of inertia denoted by .7,/ # .
with the square of the angular momentum for certain given bins of Z2/A is shown in
Fig.4 and some resuits from Ref.[1] are also plotted in this figure. The solid lines are
drawn on the basis of rotating liquid drop model [10]. Our experimental resuits are laid
in the region of the low angular momentum. In the range of the Z2/A=~ 33.0--34.0 the
results of the present work are lower than those predicted by the rotating liquid drop
model, but most of the experimental results are found to be in agreement with the
theoretical values given by the rotating liquid drop model. It can be seen from Fig.4
that the value of .7,/ # . does not change essentially with the angular momentum 7
in the region of 7° < 800. It is well known that the value of £,/ #.; is a good
expression for the shape of the fissioning nucleus at the saddle point.

(2) The statistical scission point model. Recently, the statistical scission point
model has been developed independently by P Bond [11] and by H. Rossner et al.[12]
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FIGURE 4 The variation of the value #+/#«: with the angular momentum

I2 for given fissility parameter Z2/A. o- this work, A— data taken from

Ref.[1].
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to explain the fission-fragment angular distribution. The assumption of this model is
that the K-distribution established at the saddle point is readjusted adiabatically during
the descent from the saddle point to the scission point thus the fission-fragment
angular distribution reflects a statistical distribution of K values at the scission point.
Assuming that the system at the scission point rotates like a rigid body, one finds that
the distribution of K values is still a Gaussian distribution with a variance,

K= Lie gfm 53— AT, )
where ts is the nuclear temperature at the scission point. It is necessary to calculate the
shape and the temperature of the fissioning nucleus at the scission point when the variation
of the value of Kg with the excitation energy E* is investigated under the statistical scission
point model. It is assumed that the fission has experienced a completely damping motion
from the saddle point to the scission point. The observed kinetic energy arises solely from
the Coulomb repulsion between the fragments at the scission point, which limits the extent
of compression of the nucleus. The total kinetic energy of the fission system is accurately
reproduced by assuming that it represents the Coulomb repuision between two coaxial
ellipsoids of equal volume which separate each other by a distance of d = 2 fm and have
a ratio of minor to major of a/c = 0.58, thus,

=, ®

2¢ +d

where Zis the charge number of the fissioning nucleus. If the fission-fragments are emitted
along the nuclear symmetry axis, the parallel and perpendicular components, with respect
to the nuclear symmetry axis, of the sum of the rotation moments of inertia of two fragments
are #, = (1/5)A(a+c)2and £ = (2/5)Aa?, respectively.

The nuclear temperature at the scission point is given by [2],

g BEen+ 0= Ex—Es—Ef ©)

a

where E.r, is the center-of-mass energy of the system of the reaction. Qs is defined as the
reaction Q value when the nucleus splits into two symmetric mass fragments. Eq is the
energy bound in the fragment deformation taken from Ref. [2]. Ek is estimated on the basis
of the systematology of the total kinetic energy release in fission given by V. Viola etai.[13].

The theoretical angular distribution of the fission-fragments given by H. Rossner
et al. on the basis of the statistical scission point model assumed that the initial angular
momentum / of the fission nucleus takes partitions into orbital momentum and channel
spin of two primary fragments statistically, i.e. 7 = ] +3. The quantities ¢ and a are
the principal semi-axis of an ellipsoid, which represents the shape of each primary
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fission-fragment. A constant ratio of c/a = 1.85 is chosen. The nuclear temperature at
the scission point is given by

:§=O.S(E,,,,+Q,—-E;<—E4—E(g\)‘ (10)
- a

The variation of the value of K gwith the excitation energy E* was also calculated
on the basis of the statistical scission point model. The resuits of the calculation are
plotted in Fig.2. The dashed lines are based on the statistical scission point model
given by H. Rossner et al.. The dot-dashed lines are caiculated with Eq.(9). It can be
seen from Fig.2 that the change of the value of K(z) with the excitation energy E* of the
fissioning nucleus cannot be reproduced quantitatively by the statistical scission point
model. The experimental results obtained by B. Back et al. also show that the same
statement holds even for heavy reaction systems formed in the bombardment of target
with projectiles heavier than 2ONe ions. Therefor we consider that the theory of the
fission-fragment angular distribution based on the statistical scission point model
should be improved.
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