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Precise fission fragment anisotropies for the12C1 232Th reaction:
Supporting the nuclear orientation dependence of quasifission

J. C. Mein, D. J. Hinde, M. Dasgupta, J. R. Leigh, J. O. Newton, and H. Timmers
Department of Nuclear Physics, Research School of Physical Sciences and Engineering,

Australian National University, Canberra, ACT 0200, Australia
~Received 25 September 1996!

Recently measured fission fragment angular anisotropies for the reaction12C 1 232Th show unusual behav-
ior compared to other reactions of12C, 16O, and19F on actinide targets at energies below the fusion barrier. As
a result, doubts have been raised about the hypothesis that large sub-barrier anisotropies are due to the
occurrence of quasifission when the projectiles collide with the tips of the deformed actinide target nuclei. To
investigate this inconsistency, fission fragment angular distributions for this reaction were measured to high
precision in the bombarding energy range 57–75 MeV. Fission following transfer reactions was identified and
rejected at all angles using the deduced velocity vector of the fissioning nuclei. Cross sections and anisotropies
for full momentum transfer fission were determined, and the fusion barrier distribution was extracted. These
data support the interpretation that the dependence of the competition between quasifission and fusion fission
on the orientation of the deformed actinide nucleus can explain the large sub-barrier anisotropies.
@S0556-2813~97!50403-1#

PACS number~s!: 25.70.Jj
g
ge
e
on

un
su
si

ie
ea
th
ic
d
io

io
ti
c
n
p

t

fu
o

b

u

d
a

ugh
o-

Ref.
ef.

ows
be

n a
ier.
tent
eau,
ree-
ub-

the
er-
lar
sed
hich
s at
on-
e-
ed.
m-
t
fu-
le

em
er-
s

Measured angular distributions for fission followin
heavy-ion bombardment of heavy targets exhibit lar
anisotropies@1# than predicted by the transition state mod
~TSM! @2#. This has been attributed to the quasifissi
mechanism, where an elongated nucleus~dinucleus! is as-
sumed to be formed, rather than a compact compo
nucleus. The dinucleus evolves over the potential energy
face, approaching mass equilibrium, then undergoes scis
@1,3#.

With decreasing bombarding energies, the anisotrop
generally decrease. However, it was observed that for r
tions with actinide targets at near-barrier energies,
anisotropies were not only much larger than TSM pred
tions, but increased@4–10# as the beam energy droppe
through the fusion barrier region. This anomalous behav
has been observed clearly in the reactions of12C, 16O, and
19F with 232Th and 238U, in particular.
A number of explanations for this anomalous behav

have been proposed. Assuming that a compact configura
is formed, it has been proposed that the TSM fails for su
fissile systems, and that fission occurs before equilibratio
one or more degrees of freedom. This has been called
equilibrium fission@11–13#.

The observed correlation between the anisotropies and
fusion barrier distribution for the reaction16O1238U led to a
different interpretation of the anomalous anisotropies@6,10#.
It was proposed that quasifission is in competition with
sion fission, the probability depending on the orientation
the deformed target nucleus@6# with respect to the projectile
at the time of the collision. This hypothesis was supported
the increasing asymmetry observed@10# in the fission mass
distributions as the bombarding energy decreased thro
the fusion barrier region.

Fission anisotropies for the reaction12C1232Th have re-
cently been measured at sub-barrier energies by Majum
et al. @9#. Their data show an abrupt rise in anisotropy, to
550556-2813/97/55~3!/995~4!/$10.00
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value of;2.1, as the bombarding energy decreases thro
the fusion barrier region, followed by a rapid decline, pr
ducing a high narrow peak centered atEc.m..59 MeV. These
data are consistent with the previous measurement of
@8#, performed at the same laboratory. It was claimed in R
@9# that the quasifission model of Ref.@6# cannot explain
these data in a consistent way. This unexpected result thr
doubt on the quasifission interpretation, or at least may
evidence for a new feature in fission anisotropies.

In contrast, a more recent measurement by Lestoneet
al. @14# found no peak. Instead the anisotropies maintai
near-constant value of 1.5 in the region of the fusion barr
The serious conflict between the two data sets consis
with a peak, and the single data set consistent with a plat
necessitated a further measurement to resolve this disag
ment, and clarify the physical processes occurring in s
barrier fission reactions.

The experimental techniques available to us allowed
reduction or elimination of many possible sources of unc
tainty in the measured anisotropies. All angles in the angu
distributions were measured simultaneously. Using pul
beams, the data could be analyzed using a technique w
allows separation and rejection of transfer fission event
all angles, using the deduced velocity vector of each fissi
ing nucleus. This also allows the identification of fission r
sulting from lighter target contaminants; none was observ
Small statistical uncertainties were obtained, while syste
atic errors were checked using a252Cf source. Measuremen
at regular energy intervals allowed determination of the
sion barrier distribution, which could indicate any possib
unusual behavior in this reaction.

The experiment was performed using the 14UD tand
electrostatic accelerator at the Australian National Univ
sity. Pulsed beams of12C ~1 ns bursts separated by 106 n!
were incident on a target of232Th of .80mg cm22 thick-
ness, deposited on a.30mg cm22 carbon foil. Beam ener-
R995 © 1997 The American Physical Society



s.
rg

.
tw

s

di

ve
re

c-
-

om
a

en

si
e
hi

ass

As
c-

d

b-
e
tics
ed
ure
at

de-
,

ifi-
ach

lar

tri-

re
of
he
an
xi-

e
-

late

g-
e
e
he
o-
tive
a

l
e
te

-
red

at
ter-

ng

R996 55J. C. MEINet al.
giesElab were varied from 57 to 75 MeV, in 2 MeV step
Coincident fission fragments were measured using two la
area multiwire proportional counters~MWPC! of the CUBE
detector array, giving scattering angle coverages of2171°
,u lab,294° and 4°,u lab,81° with respect to the beam
The target was located in the center of the CUBE, and
monitor detectors were placed at623°, above and below the
beam axis, to enable the determination of absolute cross
tions.

The MWPC detectors were position sensitive in two
mensions, and each event at position (x,y) was transformed
to give the scattering angleu lab and the azimuthal anglef
with respect to the beam axis, for both fragments. The
locities of each fragment were also determined, allowing
construction of the kinematics of each event.

Fission of the target-like nuclei following transfer rea
tions ~transfer fission! must be separated from full
momentum transfer~FMT! fission, in which the projectile
amalgamates completely with the target. This was acc
plished using the deduced velocity vector technique, det
of which are given in Ref.@10#. Figure 1~a! shows an ex-
ample of the distribution of the deduced velocity compon
of the fissioning nuclei parallel to the beam~vpar) against the
component perpendicular both to the beam and the scis
axis ~vperp). FMT fission events are tightly grouped in th
center of the plot, while transfer fission events scatter wit
the kinematic limit indicated by the circle. Figure 1~b! shows

FIG. 1. ~a! The deduced velocity components of the fissioni
nuclei, for the reaction 12C1232Th at Elab567 MeV, for
u lab5100°. ~b! vpar against mass-splitM , showing clearly the
transfer fission events, with large values ofvpar, and an asymmetric
mass-splitM ~see text!.
e

o

ec-

-

-
-

-
ils

t

on

n

the deduced fission mass-splitM againstvpar. The transfer
fission events stand out clearly, having an asymmetric m
split, and at this energy, a largervpar than FMT fission, due
to the projectilelike nucleus recoiling to backward angles.
in Ref. @10#, FMT fission events were selected by firstly a
cepting only the central region invpar aroundvc.m., then
projecting the distribution ofvperp and fitting the FMT peak
and a flat~transfer fission! background. This reaction showe
lower proportions of transfer fission than the16O1238U re-
action @10#, with typically less than'5% of all fission re-
sulting from transfer fission.

The angular distributions in the back detector were o
tained for 5° cuts inu lab. These were transformed into th
center-of-mass reference frame using the Viola systema
@15# for symmetric fission. The anisotropies were determin
from the fits to the angular distributions using the proced
of Refs. @1,16#, and are defined as the ratio of the yield
180° to that at 90°, denoted byW~180°!/W~90°!. The pos-
sible presence of systematic errors was investigated by
termining the anisotropy for two252Cf source measurements
which gave a value of 1.03460.011. This shows that the
systematic error in the extracted anisotropies is not sign
cant. The large number of fission events collected at e
energy~'53104 at Ec.m.556 MeV, and>105 at higher en-
ergies! resulted in low statistical uncertainties in the angu
distributions.

The fission anisotropies deduced from the angular dis
butions are shown in Fig. 2~a!. Those for all fission events
are shown by hollow circles, while those for FMT fission a
denoted by filled circles. Because of the small proportion
transfer fission, the two data sets are not very different. T
FMT anisotropies exhibit a broad, low peak centered at
energy close to the mean fusion barrier height, with a ma
mum anisotropy of 1.5360.03.

The fusion cross sectionss fus were extracted from the
integration of the angular distributions for FMT fission. Th
fusion barrier distribution@17# was determined from the sec
ond derivative of the functionEc.m.s fus with respect to
Ec.m., using a point-difference formula@18# with an energy
step of 1.90 MeV, and is shown in Fig. 2~b!. It displays the
wide asymmetric shape expected for a deformed pro
nucleus with a positive hexadecapole moment@6,18#.

The standard model for the interpretation of fission fra
ment angular distributions, following fusion fission, is th
transition state model~TSM!. The model requires knowledg
of three quantities: the effective moment of inertia at t
saddle-point deformation, and the distribution of angular m
mentum and temperature at the saddle point. The effec
moment of inertia at the saddle point was obtained from
simple parametrization@19# of the rotating finite range mode
~RFRM! @20#. The angular momentum distributions of th
fissioning nuclei were calculated with the approxima
coupled channels codeCCMOD @21#, using the established
deformation parameters for232Th. The calculated fusion bar
rier distribution reproduces reasonably well the measu
data, as is shown in Fig. 2~b!.

The distribution of temperatures of the fissioning nuclei
the saddle point for a given bombarding energy was de
mined from the Monte Carlo codeJOANNE @22#, constrained
by prescission neutron multiplicitiesnpre, which were mea-
sured at three energies in Ref.@23# for the 12C1232Th reac-
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tion. The presaddle delay timetpre and the saddle-to-scissio
delay timetsscwere adjusted until the threenpre data points
were fitted. The delay times adopted weretpre510 zs and
tssc520 zs, which are consistent with the prescission,
transient, delay time as well as the total dynamical de
time of Ref.@23#.

From the inputs described above, TSM calculations of
anisotropies were performed following the procedure
tailed in Ref.@16#. The results are shown in Fig. 2~a! by the
dot-dashed line. They deviate from the experimental dat
all energies, in a similar manner to that observed for
16O1238U reaction@6,10#.
This disagreement can be resolved using the mode

Ref. @6#, where it was assumed that collisions with the tips
deformed actinide nuclei lead to quasifission, while co
sions with the sides result in fusion fission. For simplicity
sharp transition between quasi-fission and fusion fission
assumed to occur at a critical fusion radius, which cor
sponded to a critical angleucr between the beam axis and th
symmetry axis of the target nucleus. This model was app
to the 12C1232Th FMT fission anisotropies and the resultin
calculation is shown in Fig. 2~a!. The anisotropy for quas
ifission was assumed to increase with beam energy, in a
consistent with the anisotropies at the lowest energies~dotted
line!. The assumption of an increasing angular anisotro
with beam energy for quasifission is reasonable, based on
observation of rapidly increasing anisotropies for reactio
where quasifission is dominant@1,24#.

FIG. 2. ~a! Fission anisotropies for the12C1232Th reaction. The
open circles represent the case where no discrimination ag
transfer fission is made. The filled circles represent the anisotro
for FMT fission only. The expected anisotropy based on the tra
tion state model is given by the dot-dashed line. The solid
dashed lines show the results of the quasifission model describ
the text. ~b! The second derivative with respect to energy of t
fusion excitation function, multiplied byEc.m., which is propor-
tional to the fusion barrier distribution. The solid line shows t
barrier distribution calculated assuming a permanent deforma
for the target nuclei.
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The best reproduction of the experimental anisotrop
was achieved with a critical angle ofucr518° ~solid line!.
The effect of a range of62° is also shown in Fig. 2~a! by the
short dashed lines. This critical angle is consistent with th
reported by Majumdaret al. @9# for the reactions16O and
19F1232Th.
Figure 3 compares all the experimental anisotropy d

available for the 12C1232Th reaction. Our FMT fission
anisotropies measured at energies above the fusion ba
region are consistent with the previous measureme
@8,9,12,14# shown in the figure. In the region of the barrier
is clear that the data are divided into two groups, those
Ref. @8,9#, which show a peak anisotropy of;2.1 at
Ec.m..59 MeV, and those reported here, and in Ref.@14#
showing a peak value of;1.5. The anisotropies all agre
again at the lowest energies measured.

The precautions taken in our experimental measurem
and analysis to eliminate the contribution from transfer fi
sion do not make a large difference to the anisotropies,
cause of the low proportions of transfer fission. Our data t
agree well with the results of Lestoneet al., where transfer
fission was not discriminated against. It would be interest
to compare the anisotropies measured by Majumdaret al.
before and after subtraction of the transfer fission com
nent, to confirm that their technique also results in a sm
correction. Unless the transfer fission component had in e
been oversubtracted, it is very difficult to explain the d
crepancy between the data presented by Majumdaret al., and
the lower anisotropies determined both in this work, and
Ref. @14#.

The results of the measurement presented here are co
tent with the measured trends in anisotropies for other re
tions on actinide targets. They support the interpretation
the anomalously large fission anisotropies observed at
barrier energies arise from the occurrence of quasifiss
when the projectiles interact with the tips of the deform
actinide target nuclei.
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FIG. 3. The fission anisotropies for the12C1232Th reaction
showing the FMT fission from this work~solid circles!, compared
to previously measured anisotropies from Ref.@8# ~squares!, Ref.
@9# ~triangles!, Ref. @12# ~diamonds!, and Ref.@14# ~stars!, adapted
from figures in those references.
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