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Precise fission fragment anisotropies for thet?C+ 232Th reaction:
Supporting the nuclear orientation dependence of quasifission
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Recently measured fission fragment angular anisotropies for the redtfloft 232Th show unusual behav-
ior compared to other reactions HiC, 10, and*°F 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.
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PACS numbegps): 25.70.Jj

Measured angular distributions for fission following value of ~2.1, as the bombarding energy decreases through
heavy-ion bombardment of heavy targets exhibit largeithe fusion barrier region, followed by a rapid decline, pro-
anisotropied 1] than predicted by the transition state modelducing a high narrow peak centeredgt,, =59 MeV. These
(TSM) [2]. This has been attributed to the quasifissiondata are consistent with the previous measurement of Ref.
mechanism, where an elongated nuclédisiucleus is as-  [8], performed at the same laboratory. It was claimed in Ref.
sumed to be formed, rather than a compact compounfB] that the quasifission model of Rd6] cannot explain
nucleus. The dinucleus evolves over the potential energy suthese data in a consistent way. This unexpected result throws
face, approaching mass equilibrium, then undergoes scissiatoubt on the quasifission interpretation, or at least may be
[1,3]. evidence for a new feature in fission anisotropies.

With decreasing bombarding energies, the anisotropies In contrast, a more recent measurement by Lestne
generally decrease. However, it was observed that for reacal. [14] found no peak. Instead the anisotropies maintain a
tions with actinide targets at near-barrier energies, thaear-constant value of 1.5 in the region of the fusion barrier.
anisotropies were not only much larger than TSM predic-The serious conflict between the two data sets consistent
tions, but increased4-10] as the beam energy dropped with a peak, and the single data set consistent with a plateau,
through the fusion barrier region. This anomalous behavionecessitated a further measurement to resolve this disagree-
has been observed clearly in the reactions®, %0, and ment, and clarify the physical processes occurring in sub-
19F with 2%2Th and 2%, in particular. barrier fission reactions.

A number of explanations for this anomalous behavior The experimental techniques available to us allowed the
have been proposed. Assuming that a compact configuratiaieduction or elimination of many possible sources of uncer-
is formed, it has been proposed that the TSM fails for suchainty in the measured anisotropies. All angles in the angular
fissile systems, and that fission occurs before equilibration odlistributions were measured simultaneously. Using pulsed
one or more degrees of freedom. This has been called prédeams, the data could be analyzed using a technique which
equilibrium fission[11-13. allows separation and rejection of transfer fission events at

The observed correlation between the anisotropies and thall angles, using the deduced velocity vector of each fission-
fusion barrier distribution for the reactiolfO+2%® led to a  ing nucleus. This also allows the identification of fission re-
different interpretation of the anomalous anisotrop@&4.0]. sulting from lighter target contaminants; none was observed.
It was proposed that quasifission is in competition with fu-Small statistical uncertainties were obtained, while system-
sion fission, the probability depending on the orientation ofatic errors were checked using?3Cf source. Measurement
the deformed target nucle(8] with respect to the projectile at regular energy intervals allowed determination of the fu-
at the time of the collision. This hypothesis was supported byion barrier distribution, which could indicate any possible
the increasing asymmetry observedld] in the fission mass unusual behavior in this reaction.
distributions as the bombarding energy decreased through The experiment was performed using the 14UD tandem
the fusion barrier region. electrostatic accelerator at the Australian National Univer-

Fission anisotropies for the reactidAC+2%?Th have re- sity. Pulsed beams ofC (1 ns bursts separated by 106 ns
cently been measured at sub-barrier energies by Majumdavere incident on a target *?Th of =80 ug cm™2 thick-
et al. [9]. Their data show an abrupt rise in anisotropy, to aness, deposited on-a30 ug cm™2 carbon foil. Beam ener-
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the deduced fission mass-spiit againstv,,,. The transfer

fission events stand out clearly, having an asymmetric mass

split, and at this energy, a largep, than FMT fission, due

- to the projectilelike nucleus recoiling to backward angles. As

in Ref.[10], FMT fission events were selected by firstly ac-

cepting only the central region iny,, aroundv.r,, then
- projecting the distribution ob e, and fitting the FMT peak

i and a flat(transfer fissiopbackground. This reaction showed

o lower proportions of transfer fission than th&+238 re-

. action[10], with typically less thar=5% of all fission re-

sulting from transfer fission.

The angular distributions in the back detector were ob-
R : - tained for 5° cuts ind,,. These were transformed into the
center-of-mass reference frame using the Viola systematics
[15] for symmetric fission. The anisotropies were determined
from the fits to the angular distributions using the procedure
of Refs.[1,16], and are defined as the ratio of the yield at
180° to that at 90°, denoted B/(180°/W(90°). The pos-
sible presence of systematic errors was investigated by de-
termining the anisotropy for twé>’Cf source measurements,
which gave a value of 1.0340.011. This shows that the
systematic error in the extracted anisotropies is not signifi-
cant. The large number of fission events collected at each
X energy(~5x10* atE, ,=56 MeV, and=10" at higher en-

' L : ergieg resulted in low statistical uncertainties in the angular
om0l Vem Vom0l distributions.

The fission anisotropies deduced from the angular distri-
butions are shown in Fig.(8). Those for all fission events

FIG. 1. (a) The deduced velocity components of the fissioning are shown by hollow circles, while those for FMT fission are
nuclei, for the reaction*C+*Th at Ei,=67 MeV, for  ganoted by filled circles. Because of the small proportion of
01av=100" (b) vpar @gainst mass-spliM, showing clearly the  yansfer fission, the two data sets are not very different. The
transfer fl_ssmn events, with large valuewgf,, and an asymmetric i1 anisotropies exhibit a broad, low peak centered at an
mass-splitV (see text energy close to the mean fusion barrier height, with a maxi-

mum anisotropy of 1.580.03.
gies E 5, Were varied from 57 to 75 MeV, in 2 MeV steps.  The fusion cross sections;,; were extracted from the
Coincident fission fragments were measured using two largintegration of the angular distributions for FMT fission. The
area multiwire proportional countefMWPC) of the CUBE  fusion barrier distribution17] was determined from the sec-
detector array, giving scattering angle coverages-@71° ond derivative of the functiorE, o5 With respect to
< 6)p<—94° and 4¥6,,,<81° with respect to the beam. E_,, using a point-difference formulgl8] with an energy
The target was located in the center of the CUBE, and twastep of 1.90 MeV, and is shown in Fig(d). It displays the
monitor detectors were placed a23°, above and below the wide asymmetric shape expected for a deformed prolate
beam axis, to enable the determination of absolute cross seaucleus with a positive hexadecapole momentg].
tions. The standard model for the interpretation of fission frag-

The MWPC detectors were position sensitive in two di-ment angular distributions, following fusion fission, is the
mensions, and each event at positiony) was transformed transition state modélTSM). The model requires knowledge
to give the scattering anglé,, and the azimuthal anglé  of three quantities: the effective moment of inertia at the
with respect to the beam axis, for both fragments. The vesaddle-point deformation, and the distribution of angular mo-
locities of each fragment were also determined, allowing rementum and temperature at the saddle point. The effective
construction of the kinematics of each event. moment of inertia at the saddle point was obtained from a

Fission of the target-like nuclei following transfer reac- simple parametrizatiof9] of the rotating finite range model
tions (transfer fission must be separated from full- (RFRM) [20]. The angular momentum distributions of the
momentum transfefFMT) fission, in which the projectile fissioning nuclei were calculated with the approximate
amalgamates completely with the target. This was accomeoupled channels codecmob [21], using the established
plished using the deduced velocity vector technique, detaildleformation parameters f6f2Th. The calculated fusion bar-
of which are given in Ref[10]. Figure 18 shows an ex- rier distribution reproduces reasonably well the measured
ample of the distribution of the deduced velocity componentata, as is shown in Fig.().
of the fissioning nuclei parallel to the bedm),,) against the The distribution of temperatures of the fissioning nuclei at
component perpendicular both to the beam and the scissiadhe saddle point for a given bombarding energy was deter-
axis (vpery - FMT fission events are tightly grouped in the mined from the Monte Carlo codeANNE [22], constrained
center of the plot, while transfer fission events scatter withirby prescission neutron multiplicitieg,,, which were mea-
the kinematic limit indicated by the circle. Figuréol shows sured at three energies in RE23] for the 12C+2%°Th reac-
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FIG. 3. The fission anisotropies for thEC+ 23°Th reaction
showing the FMT fission from this wortsolid circles, compared

FIG. 2. (a) Fission anisotropies for tH8C+232Th reaction. The (@ Previously measured anisotropies from R#j (squares Ref.

open circles represent the case where no discrimination again%%:| (triangles, Ref.[12] (diamonds, and Ref[14] (stars, adapted

transfer fission is made. The filled circles represent the anisotropie§°rn figures in those references.

for FMT fission only. The expected anisotropy based on the transi- The pest reproduction of the experimental anisotropies
tion state model is given by the dot-dashed line. The solid anqyas achieved with a critical angle of,=18° (solid line).
dashed lines show the results of the quasifission model described e effect of a range of 2° is also shown in Fig. (@) by the

the text.(b) The second derivative with respect to energy of theshort dashed lines. This critical angle is consistent with those
fusion excitation function, multiplied b¥. ., which is propor- reported by Majumdaet al. [9] for the reactions®0 and
tional to the fusion barrier distribution. The solid line shows the 19¢ 2321,

barrier distribution calculated assuming a permanent deformation Figure 3 compares all the experimental anisotropy data
for the target nuclei. available for the®C+232Th reaction. Our FMT fission

. . .. anisotropies measured at energies above the fusion barrier
tion. The presaddle delay timg,e and the saddle-to-scission o400 are consistent with the previous measurements

delay timersscwere adjusted until the three, data points g9 12 14 shown in the figure. In the region of the barrier it
were fitted. The delay times adopted werg.=10 zs and s clear that the data are divided into two groups, those of
7ssc=20 zs, which are consistent with the prescission, oRef. [8,9], which show a peak anisotropy of2.1 at
transient, delay time as well as the total dynamical delaye,, =59 MeV, and those reported here, and in Hé#]
time of Ref.[23]. showing a peak value of-1.5. The anisotropies all agree
From the inputs described above, TSM calculations of theagain at the lowest energies measured.
anisotropies were performed following the procedure de- The precautions taken in our experimental measurement
tailed in Ref.[16]. The results are shown in Fig(é by the  and analysis to eliminate the contribution from transfer fis-
dot-dashed line. They deviate from the experimental data ation do not make a large difference to the anisotropies, be-
all energies, in a similar manner to that observed for thecause of the low proportions of transfer fission. Our data thus
160+238 reaction[6,10]. agree well with the results of Lestom al, where transfer
This disagreement can be resolved using the model dission was not discriminated against. It would be interesting
Ref.[6], where it was assumed that collisions with the tips ofto compare the anisotropies measured by Majunetaal.
deformed actinide nuclei lead to quasifission, while colli-before and after subtraction of the transfer fission compo-
sions with the sides result in fusion fission. For simplicity anent, to confirm that their technique also results in a small
sharp transition between quasi-fission and fusion fission wasorrection. Unless the transfer fission component had in error
assumed to occur at a critical fusion radius, which correbeen oversubtracted, it is very difficult to explain the dis-
sponded to a critical anglé., between the beam axis and the crepancy between the data presented by Majuratat, and
symmetry axis of the target nucleus. This model was appliedhe lower anisotropies determined both in this work, and in
to the 2C+2%2Th FMT fission anisotropies and the resulting Ref. [14].
calculation is shown in Fig.(@). The anisotropy for quas- The results of the measurement presented here are consis-
ifission was assumed to increase with beam energy, in a wagnt with the measured trends in anisotropies for other reac-
consistent with the anisotropies at the lowest enengieted  tions on actinide targets. They support the interpretation that
line). The assumption of an increasing angular anisotropythe anomalously large fission anisotropies observed at sub-
with beam energy for quasifission is reasonable, based on thgarrier energies arise from the occurrence of quasifission
observation of rapidly increasing anisotropies for reactionavhen the projectiles interact with the tips of the deformed
where quasifission is dominafit,24]. actinide target nuclei.
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