
PHYSICAL REVIEW C VOLUME 51, NUMBER 1 JANUARY 1995

Mass resolved angular distribution in B, 12C, and 180 induced fission of 232Th
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The recoil catcher technique and gamma spectrometric assay of fission products were used to
measure angular distribution of 17 fission products in B, C, and 0 induced fission of Th
at near barrier energies. The observed mass dependence of anisotropies of fission products in these
systems is very different from that of p and n induced fission of Th at similar excitation energies.
It has been suggested that the difference in the rotational energy for the symmetric and asymmet-
ric modes for large compound nucleus spins could be responsible for the observed variation. No
systematic change in the mass dependence of anisotropies across the Bussinaro-Gallone point was
observed. For 0 induced fission of Th, sharp variation in anisotropies has been observed in the
mass region 120—135. This has been attributed to transfer induced fission.

PACS number(s): 25.85.Ge

I. INTRODUCTION

In the statistical theories of fission fragment angular
distributions, one relates the observed anisotropies to the
shape of the fissioning nucleus at the transition state in
the fission process. The earlier studies of the angular dis-
tributions have shown that most of the light ion induced
fission anisotropies can be understood qualitatively as
well as quantitatively when this transition state is iden-
tified with the fission saddle point [1]. For the case of
heavy ion induced fission involving higher excitation en-
ergy and angular momentum, the averaged anisotropies
can be understood in many cases only if this transition
state lies in between the saddle and scission points [2], im-

plying thereby the role of nonequilibrium degrees of &ee-
dom in deciding the mass averaged anisotropies. Since
the early days of fission studies on angular distribution, it
is an open problem to establish whether there is any cor-
relation between angular and mass distributions. Such
a correlation is expected, provided there is some mean-
ingful difference in the distribution of K quantum num-
bers for difFerent modes of mass division. Further, for
high spin systems, if the angular momentum windows
for different modes of mass division are different, the
angular anisotropy, which is governed by the parameter
p = (I )/4K&, can be difFerent for these modes.

The radiochemical recoil catcher technique allows Diea-
surement of the angular anisotropy of individual fission
products, and has been extensively used to study the
mass dependence of angular anisotropy in fission. Co-
hen et al. [3] were the first to observe that asymmetric
products have higher anisotropy than symmetric prod-
ucts in 22 MeV proton induced fission of Th, U,

U, and U. The presence of multiple chance fission
was a complication in analyzing the data. It has there-
fore been suggested to carry out such measurements for
systems where fission occurs &om a single species at a

fixed excitation energy. Kapoor et al. [4] observed an in-
crease in anisotropy with mass asymmetry in 4.2 MeV
neutron induced fission of U but no such increase was
observed by Vandenbosch, Unik, and Huizenga [5] in the

U(d, pf) reaction. Recently Wilke et al. [6] observed
different angular distributions for mass symmetric and
mass asymmetric fragments in photon induced fission of

U with photon end point energy close to the barrier.
Correlation between angular anisotropy and fission prod-
uct mass for light ion induced fission of actinides was also
observed by Kudo et al. [7] in (p+ Th), Goswami et al.
[8] in (cr+ U), and Datta et al. [9] in (n+ s2Th, 2ssU).
All the earlier measurements on proton and alpha in-
duced fission of actinide nuclei show similar trends, that
is increasing anisotropy with increasing mass asymme-
try, although with varying slopes. The observed trend of
larger anisotropy with increasing mass asymmetry, over
and above multichance fission corrections, has been ex-
plained assuming that the effective moment of inertia at
the transition state decreases with increasing mass asym-
metry [9]. Multichance fissions in these cases are ex-
pected to change mass asymmetry or peak to valley ratio
drastically as compared to first chance fissions, and mul-
tichance fission correction of experimental anisotropies
for different masses can be ambiguous. Similar experi-
mental studies on anisotropy versus mass asymmetry in
heavy ion induced fission are very limited [10—14]. An
entrance channel dependence of fragment anisotropies
(mass averaged) consistent with the expectations of the
"preequilibrium" fission model was observed by Rama-
murthy et al. [15] in fission induced by i B, C, and 0
ions on thorium and neptunium targets at above barrier
energies. An entrance channel dependence of fragment
anisotropy versus mass asymmetry in heavy ion induced
fission can provide further evidence for preequilibrium fis-
sion in terms of correlation between Ko and mass asym-
metry.
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In the present work, the mass resolved angular distri-
bution in the fission of Th induced by B, C, and

0 projectiles has been studied at above barrier ener-
gies. The experimental details are discussed in Sec. II.
Results of angular distribution measurements are pre-
sented in Sec. III. The observed mass dependence of
anisotropies in various systems is discussed in Sec. IV
based on angular momentum effects, entrance channel
efFects, and transfer induced fission effects.

II. EXPERIMENTAL PROCEDURE

Experiments were performed using heavy ion beams
&om the BARC-TIFR 14 UD pelletron accelerator. The
measurements were carried out with 0 beams at 92, 96,
and 100 MeV, a C beam at 84 MeV, and a B beam at
72 MeV on a Th target. Fission product anisotropies
were measured using the recoil catcher technique for col-
lection of fission &agments, followed by assay of fission
product gamma activities. The radiochemical techniques
are better in mass resolution but have a limitation on
charge determination due to beta decay processes. It is
only in the case of shielded nuclei like Sb that
a unique determination of mass and charge is possible.

An irradiation chamber of cylindrical geometry hav-
ing a length of 260 mm and an inner diameter of 146
mm was used. A schematic diagram of the irradiation
chamber is shown in Fig. 1. The self-supporting thorium
metal target having thickness of 1.3 mg/cm was placed
at the center of the chamber at 45 with respect to the
beam direction. The beam was collimated using a tanta-
lum collimator having a diameter of 4 mm, placed at the
entrance of the chamber. A 5 mm diameter Faraday cup
was placed at the chamber exit for current measurement.
The distance between the collimator and the Faraday cup
was 360 mm. The aluminum catcher foils of 25 pm thick-
ness were mounted in the angular range (0~ b) of 90' to

174 . The foils covered azimuthal angles &om 8 to 172
for 90 & O~~b & 102, 0 to 180 for 102 & O~~b & 151,
and 0 to 360' for 162' & 0) b & 174', and were divided
into eight strips with an average angular width of about
9 . The range of the heaviest &agment under investi-
gation in thorium metal is much larger than the maxi-
mum target thickness ofIered to the emergent fragment
at these angles. Measurements in the forward angles were
avoided because of the presence of the other reaction
products resulting in very complex gamma spectra. In
all irradiations the total integrated current was of the or-
der of 0.5—1.0 @Ah (particle). After the irradiation, the
catcher foils were removed and cut into specified strips.
The strips were folded and pressed to the same geometry
to have the same efficiency for gamma counting for dif-
ferent strips. The activity of individual fission products
was assayed in all the strips over a period of 8—12 days
for each irradiation, using an 80 cm HPGe detector cou-
pled to a multichannel analyzer. Energy and photopeak
shape calibration of the counting setup was performed
using a standard Eu source. The resolution of the de-
tector was 2.0 keV at 1332 keV. The strips containing fis-
sion product activities were subjected to eight rounds of
counting with duration varying &om 1 to 15 ksec, start-
ing roughly one hour after the end of the irradiation. The
observed gamma spectra were analyzed using the sAMpo
code updated for use on a PC-AT with graphic display
capabilities. The chosen gamma lines were ascertained to
be &ee &om interference from any other gamma lines by
checking the half-life of each radionuclide. The measured
activities of individual fission products at difFerent time
slots were extrapolated to the end time of the irradiation.
The mean values of end time activity for various individ-
ual products and their standard deviations were used to
obtain the mass resolved fragment angular distribution.
The nuclear spectroscopic data used for the present work
were taken from Ref. [16].

The activities in various strips, corrected for their dif-
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FIG. 1. Schematic diagram of the irradiation chamber.
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ference in azimuthal angle, are proportional to the in-
tensity of fission products emitted at 0~ b at which the
strips were located during the bombardment. Prom the
activity data the laboratory angular distribution for the
ith mass was arrived at using the following equation:

W'(8~ b) = A'/vr[cos(gq~ b) —cos(82~ b)],

where A' is the fission product activity of the ith mass
and Oq ~ b and 82 ~ b correspond to two extreme angles
for each strip such that vr[cos(0q~~b) —cos(02~~b)] is the
solid angle of the strip. The laboratory angular distri-
butions were converted to the center of mass system by
assuming full momentum transfer of the incident ion to
the compound nucleus. The average total kinetic en-
ergy (TKE) release for the systems was taken f'rom Vi-
ola, Kwiatowski, and Walker systematics [17]. The vari-
ation of TKE with mass ratio was calculated &om the
Coulomb force between complementary mass fragments.
The average kinetic energy of a particular mass fragment
was obtained using these systematics. A Monte Carlo
simulation study showed that, for any reasonable kinetic
energy distribution of a particular mass split, the trans-
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FIG. 2. Center of mass angular distributions for a few fis-
sion products in the fission of Th induced by projectiles
as indicated. The solid lines are obtained by least squares
fitting.

TABLE I. Angular anisotropies of fission products.

Nuclide
91S

92S

97Z

"Mo

103R

Rh

112Pd

122Sb

126sb

Sb

130l

131(

132T

133/

141C

143C

100 MeV

1.94
(0.13)
1.97

(0.09)
1.99

(0.14)
1.99

(o.o9)
2.08

(0.09)
2.12

(o.o9)
2.04

(0.10)
2.04

(0.10)
2.54

(o.2o)
2.17

(o.2o)
2.34

(o.i9)
2.21

(0.11)
1.98

(o.io)
1.82

(o.i7)
1.90

(0.15)
2.08

(0.07)
2.11

(0.08)

96 MeV

1.99
(0.10)
1.87

(0.03)
1.95

(0.04)
2.02

(0.05)
2.03

(0.08)
2.05

(o.o4)
2.03

(0.09)
2.03

(o.os)
2.14

(0.04)
2.16

(0.09)
2.11

(0.03)
2.12

(0.06)
2.02

(0.08)
1.90

(o.is)
1.84

(0.05)
1.74

(o.i4)
1.96

(0.08)

16O+232 Th
92 MeV

1.40
(o.2o)

1.55
(o.is)
1.60

(o.ii)
1.66

(0.08)
1.71

(o.o6)
1.68

(0.09)
1.61

(0.11)
1.74

(0.15)
1.82

(0.10)
1.90

(0.11)
1.65

(0.10)
1.55

(o.o5)
1.40

(o.io)
1.63

(0.16)
1.59

(o.i7)
1.66

(0.07)

84 MeV

1.97
(0.16)
1.96

(0.12)
1.97

(0.13)
1.99

(o.is)
1.99

(0.12)
2.07

(o.i7)
2.02

(o.i4)
2.00

(0.11)
2.0

(o.is)
1.83

(o.o5)
2.14

(0.11)
2.00

(o.io)
2.05

(0.13)
1.98

(o.i7)
2.03

(0.16)
2.29

(o.2o)
2.20

(0.15)

10B+232

72 MeV

1.51
(0.05)
1.51

(0.09)
1.47

(o.o5)
1.58

(0.05)
1.56

(0.07)
1.54

(0.05)
1.55

(0.02)
1.59

(0.02)
1.62

(0.07)
1.62

(0.07)
1.60

(0.06)
1.59

(o.os)
1.58

(0.04)
1.54

(o.os)
1.53

(0.04)
1.47

(o.os)
1.63

(o.os)
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formation factor is nearly identical to the one obtained
using average kinetic energy alone within 0.5%. However,
this transformation factor depends sensitively on fission
fragment masses and associated average kinetic energies
and, therefore, the derived anisotropies depend on the
systematics of TKE with mass ratio.

The observed angular distributions W(0, ) for a few
fragment masses are plotted against cos 0, as shown
in Fig. 2. As seen from the figure, the observed angu-
lar distributions can be well represented by the standard
expression W(0) = u + 6 cos 0. Using the method of
weighted least squares regression, the experimental data
were fitted by the above expression and values of the
anisotropy were obtained. It was observed that the in-
clusion of higher order terms did not give a better fit.
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FIG. 3. Plot of angular anisotropy versus fission product
mass for 84 MeV C and 72 MeV B induced 6ssion of

Th. The solid lines are merely to guide the eye.

The anisotropy values for 17 fission product masses
measured in this work are given in Table I for all the
systems. The statistical errors on the anisotropy values
are shown in the parentheses.

Figure 3 shows the plot of anisotropy versus fission
product mass for the C+ Th system at Ei~b ——84
MeV and the xoB+23 Th system at E~~b ——72 MeV. An-
gular anisotropies for these systems do not appear to de-
pend on the mass asymmetry significantly as can be seen
from the figure. The solid lines are drawn through the
points to guide the eye.

Figure 4 shows the plot of anisotropy versus fission
product mass for the O+ Th system at E~~b ——92,
96, and 100 MeV. As can be seen from the figure, the
increase in the average anisotropy from 92 to 96 MeV is
rather large as compared to its change from 96 to 100

FIG. 4. Plot of angular anisotropy versus fission product
mass for 0 induced fission of Th at Ei~b ——92, 96, and
100 MeV. The solid curves are merely to guide the eye.

MeV for all the product masses. It is also seen that
there is a sharp variation in anisotropy in the mass region
120—135 at all three energies. If this local variation is
averaged, then there seems to be a mass dependence of
anisotropy with the symmetric products tending to have
higher anisotropy than the asymmetric products.

Because of the large error bars on the anisotropy, par-
ticularly at 92 and 100 MeV, we thought that a better
picture of overall mass dependence of anisotropy would
emerge if normalized angular distributions of individual
fission products are grouped together into different mass
bins representing varying mass asymmetry and angular
anisotropies extracted for these mass bins. Such averag-
ing would also smooth the local Huctuation in anisotropy.
Such plots of angular distribution are shown in Fig. 5
for the 100 MeV O+ Th and 72 MeV oB+ Th
systems where a bin of 8 mass units was chosen. Prod-
ucts that are equal mass units away &om symmetric
masses on either side were grouped together. Approx-
imate values of symmetric masses, expected &om the
systematics of prefission and postfission neutron multi-
plicities [18], were used. The symmetric masses thus
calculated were in agreement with the experimental fis-
sion product yield data [19,20]. The anisotropies corre-
sponding to each mass grouping were obtained by fitting
the data to the standard expression using the method of
least squares regression and the values are given in Ta-
ble II. The statistical errors on the anisotropy values are
shown in the parentheses. The corresponding nuclides in
each group are also given in this table. It is seen that,
for the C+ Th and B+ Th systems, there is no
variation of anisotropy, while for the 0+ Th system,
anisotropy decreases with mass asymmetry at all three
energies. A similar trend has also been observed for the

0+ U system at 101 MeV [10].
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2.57

Th

(0.18
2.19 1.79

e 84 MeV

2.18

2.12
(0.08) (0.07

2.11
0.07 (0.06)

2.01
(0.08) 0.08

1.57 2.16
0.08

0.10) (0.26) (0.13)
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72 MeV
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1.59
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where oI is the partial cross section for the formation
of comPound nucleus with sPin I and ry, (I, K) and
I'y, (I,K) are the relative fission widths for symmetric
and asymmetric modes, respectively, calculated using the
following equations:
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FIG. 6. Plot of anisotropy parameter p = (I )/4(K ) ver-
sus I.~, , The closed symbols are for symmetric mode and
open symbols are for asymmetric mode of mass division. The
symbols used for difFerent systems are 92, 96, and 100 MeV

0+ Th (circle), 30 MeV n+ Th (inverted triangle), 72
MeV B+ Th (triangle), 84 MeV C+ Th (square),
120 MeV C+ U (diamond), and 135 MeV 0+ U
(hexagon). The lines are merely to guide the eye.

I'y(E' —By —ER,„(I,K))
I y(E* By E~sr~(I) K)) + I y(E+ By Ed~sr~(I K))

I'y(E' —By —EIt,r (I, K))=
ry(E' —By —E,„(I,K))+I'y(E' By —E—,„(I,K)) ' (7)

where E* is the excitation energy of the compound nu-
cleus, Bf is the fission barrier calculated using the liq-
uid drop model, and E+Sym and E+~sy~ are the rota-
tional energies calculated for symmetric (AH/AL, = 1)
and asyminetric (A~/AL, = 1.4) saddle point shapes us-
ing (c, li, cr) parametrization [21]. We have used a single
set of (c, h, n) parameters suitable for actinides, for all
the nuclei considered. Figure 6 shows the plot of the
anisotropy parameter p for symmetric and asymmetric
modes versus fusion Ig, , parameter. For light ion in-
duced fission, where the magnitude of rotational energy
is small, the anisotropy parameters for the two modes
are nearly same. Experimentally observed anisotropy for
the two modes can be explained only by the variation of
Ko with mass asymmetry, originating &om shell effects
as shown by [9]. For heavy ion induced fission, where
there is a reduction in shell effects and an increase in
rotational energy, the anisotropy parameter for the sym-
metric mode is larger than for the asymmetric mode, as
can be seen &om Fig. 6. The resultant anisotropy for
symmetric mass division will increase with Ig, , more
rapidly than for asymmetric mass division. For B, C,
and 0 induced fission of thorium in the present energy
range, the relative increase in anisotropy for symmetric
fission is about 5—7%%uo. Multichance fission corrections for
these cases could not be performed because of the lack
of knowledge of the prescission neutron multiplicity as a
function of &agment mass.

B. Entrance channel dependence

The compound nucleus fissility and entrance channel
mass asymmetry parameter n = (Az —A~)/(AT + A~)
where Az and A~ are target and projectile mass num-
bers for the systems studied are listed in Table III. For

B+ Th and C+ Th systems, the mass asymme-
try parameter is greater than o.BG, the Businaro-Gallone
critical asymmetry value [22], whereas for the 0+ Th
system o; is less than o.BG. Table III also lists mass
averaged anisotropy values at various bombarding ener-
gies calculated using the standard saddle point model
(SSM) and the measured values for these systems. The
measured values given are average values over all masses
without any weight factor for mass yields. For the case of
the 0+ Th system, the measured value of anisotropy
is significantly higher than the statistical model value, as
also seen earlier [15,23].

The observed high anisotropy for the 160+ Th sys-
tem cannot be explained by the transfer induced fission
mechanism alone, as shown by Lestone et al. [24]. The

0+ Th system has higher prescission neutron multi-
plicity compared to other systems, as shown by Saxena
et al. [25]. This means fission is more delayed in this case.
This dynamical delay can also be responsible for an evo-
lution of K distribution beyond the saddle point thus
increasing the value of the anisotropy compared to the
standard saddle point model [2]. If the dynamical delay
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TABLE III. Relevant parameters for the systems studied.

System
Bombarding

energy (MeV)
Entrance

channel mass
asymmetry n

Compound
nucleus
fissility

Excitation
energy (MeV)

L ps~@ (}i)
Anisotropy

(calculated)
Anisotropy

(experiment)

16O+232Th

100

0.871

0.8254

57.1

40
1.80

2.1

16~+232Th
96

0.871

0.8254

53.3

32
1.66

2.0

92

0.871

0.8254

49.5

22
1.53

1.6

84

0.902

0.8073

56.9

37
1.90

2.0

xoB+z3z

72

0.971

0.798

61.2

32
1.67

1.56

is more for symmetric masses compared to asymmetric
masses [26], correspondingly symmetric masses will show
higher anisotropy compared to asymmetric ones.

The observed mass dependence of anisotropy for
0+ Th is similar to that for 0+ U within the ex-

perimental errors [10],but the latter system shows agree-
ment when the average value is compared with the statis-
tical model value [23]. The 8+ Th and i2C+ s2Th
systems show no mass dependence of anisotropy within
the experimental errors.

C. Effect of transfer induced fission

The sharp variation in anisotropy in the mass region
120—135 and its absence on the lighter side of the sym-
metric mass in the 0+ Th system show that the ra-
diochemically determined value of anisotropy of a 6ssion
product can deviate &om the average value for that mass
number. This can happen when the yield of the 6ssion
product in question is the true independent yield, not the
cumulative yield following the beta decay of the precur-
sors. Many isotopes of antimony, tellurium, and iodine
fall in this category. Recently [27], variation of yields of
these isotopes as a function of their neutron to proton
ratio in C induced fission of ' ' U has been con-
veniently used to identify whether a given fission product
originates from fission following complete fusion (CF} or
&om fission following transfer of a nucleon or a cluster of
nucleons from projectile to target. Using charge distri-
bution systematics, it has been shown that, for a given
fission product charge, as one goes from neutron de6-
cient isotope to progressively more neutron rich isotope
their source of formation changes &om CF to transfer in-
duced fission. This is expected as transfer induced 6ssion
will occur &om an intermediate nucleus with lower exci-
tation energy, and hence 6nal products will form with
lesser number of evaporated neutrons [28]. On the same
grounds, it can be expected that angular anisotropies of
neutron rich products formed from transfer induced 6s-
sion should carry the signature of the process. This has

already been revealed in the work of Todd et al. [12],
where a plot of angular anisotropies of Sb, Te, and I iso-
topes versus 1V'/Z ratio shows lower anisotropy for neu-
tron rich products which are likely to originate from an
intermediate nucleus with lower excitation energy.

It is to be noticed &om the present data that the sharp
variation in anisotropy in this mass region is typical of
the 60+ Th system and is absent in the B+ 3 Th
and i2C+ Th systems. In Fig. 7 we have plotted the
angular anisotropies of ' 2 Sb Te, an
as a function of their A/Z ratio for all the systexns
studied in the present work. A trend of decreasing
anisotropy with the increase in A/Z ratio is clearly seen
for the 0+ Th system and this trend is absent in
the 2C+ Th and B+2 Th systems. This suggests
that transfer induced fission is significant for the former
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FIG. 7. Plot of angular anisotropy versus A/Z ratio for the
fission products ' Sb Te and ' ' I for various
systems as indicated. The solid lines are obtained by least
squares fitting.
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system and is insignificant for the latter two systems.
The assumption of full momentum transfer while trans-

forming the laboratory angular distribution to the center
of mass system is not strictly valid for these fission prod-
ucts originating in transfer induced fission. However, this
assumption can lead only to an underestimation of the
isotopic variation.

catcher technique followed by assay of their gamma ac-
tivities. The observed mass dependence of anisotropy is
different &om that for light ion induced fission of tho-
rium. It has been suggested that this could arise due to
difference in rotational energy for symmetric and asym-
metric modes of mass division of fissioning nuclei.
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