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Near- and sub-barrier 2C+ 232Th fission fragment anisotropies

J. P. Lestone, A. A. Sonzogni, M. P. Kelly, and D. Prindle
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(Received 30 May 1996

Recent measurements of fission fragment anisotropies itf@e 232Th reaction by Majumdaet al.[Phys.
Rev. C53, R544(1996] show a peaklike structure in the sub-barrier energy region. We present new mea-
surements for this reaction at near- and sub-barrier energies. Our results are in dramatic disagreement with the
work of Majumdaret al. We see no peaklike structure in the fragment anisotropy as a function of the projectile
kinetic energy, but instead find an anomalous plateau in the anisotropW(&80°)MW(90°)~1.5.
[S0556-281@7)50501-2

PACS numbegps): 25.70.Jj

A long-standing problem in the study of heavy ion in- find a small but significant skewness in the mass distribution,
duced nuclear fission has been the anomalous high values which increases as the beam energy falls through the distri-
fission fragment anisotropies at near- and sub-barrier enebution of fusion barriers, displaying an energy dependence
gies. Several recent papers have led to a substantial enhansgmilar to the fission fragment anisotropies. This is strong
ment of our understanding of heavy ion induced fission re€vidence in support of the interpretation that collisions with
actions at near- and sub-barrier energies. Mogoal. [1]  the tips of deformed target nuclei can lead to quasifission.
have resolved the problem of the anomalous fission fragment Majumdaret al.[8] have recently performed similar mea-
anisotropies for the'®0+2%%Pb reaction. A combination of surements to those d#4—6] for the ', '°0, and *?C+
new datd 1,2] and improved modeling techniques has led to23?Th reactions. With thé%F and *°O projectiles, Majumdar
an understanding of the'®O+2%pb fission fragment et al. obtain results similar to those ¢#—6]. The fission
anisotropies in terms of the standard transition state model dfagment anisotropies rise with decreasing projectile energy
nuclear fissior{3]. The significance of this work is that, for as one passes through the distribution of fusion barriers. The
projectiles with mass numbers20 at near-barrier energies, °F+232Th anisotropies rise as high as2.5 at the lowest
we are left with only the actinide targets giving a substantialenergies, while thé®0 data seem to saturate-a2.0. If the
disagreement between measured fragment anisotropies andnclusions of Hindeet al. [6] are correct then one might
the transition state model. This implies that it is some prop-€xpect the importance of the quasifission process to decrease
erty specifically associated with actinide targets that is resmoothly with the mass and/or charge of the projectile, due
sponsible for the observed anomalous fission fragmerio both the decreasing size of the projectile and the increas-
anisotropies. ing stability of the composite system formed immediately

Zhanget al.[4] have measured the angular distribution of after the fusion barrier is crossed. One might thus expect the
fission following complete momentum transfer for the reac-1*C+ 22Th anisotropies to behave in a similar fashion to the
tions %0 and 1F + 232Th, and °0+ 238 at near- and sub- °F and %O data, but with the fission fragment anisotropy
barrier energies. They used the fragment folding angle tectsaturating at a value less than 2. THE data of Majumdar
nique to separate fission following complete fusion andet al, behave differently from thé*F and °O data. Their
fission following transfer. Their measurements have removed?C+ 2*Th fission fragment anisotropies rise very sharply as
doubts that the anomalous fission fragment anisotropies wetbe projectile energy decreases into the region of fusion bar-
possibly due to fission following transfer reactions. kival.  riers and reaches a value of more than 2, then decrease
[5] have obtained a reasonable reproduction of the anomaguickly to values comparable to the predictions of the tran-
lous fission fragment anisotropies in terms df alegree of  sition state model. From this peaklike structure one can con-
freedom relaxation time which increases with decreasing arclude that either the quasifission mechanism suggested by
gular momentum. Hindeetal. [6] have studied the Hinde et al.is not responsible for the anomalous fragment
238y(%%0,f) reaction at near- and sub-barrier energies inanisotropies in thé%, 10, and*2C+ 232Th reactions or that
great detail, measuring both the fission fragment anisotropiethe 2C+ 232Th reaction is, for some unknown reason, very
as a function of center-of-mass energy, and the distributiowlifferent from the'F and %0+ 232Th reactions. We decided
of fusion barriers. They observed a rise in the anisotropy ofhat it was important to confirm or negate the peaklike struc-
the fission fragments as the projectile energy drops througture in the 2C+ 232Th fragment anisotropy data of Majum-
the distribution of fusion barriers. The correlation betweendar et al.
the energy dependence of the anisotropies and the distribu- Majumdaret al. [8] show fission fragment folding angle
tion of fusion barriers is striking. This is very suggestive of adistributions for the'®0O-+23°Th reaction and state that, for
relationship between fission fragment anisotropy and thehis reaction, fission following transfer reactiofat near-
height of the fusion barrier, and led Hiné¢ al. [6] to con-  barrier energiesis less than 10% of the total fission yield.
clude that collisions with the tips of deformed target nucleiThey show no such data, nor do they make a similar state-
lead to quasifission. Hindet al.[7] have since measured the ment about the?C+ 23%Th reaction. In order to estimate the
fragment mass distribution in the®U(*°0,f) reaction. They yield associated with fission following transfer reactions,
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FIG. 1. The histogram shows our measured fragment-fragment O C { ]

folding angle distribution for 60.4 MeV*?’C+22Th. The single © 195 6" g

Gaussian fit shown by the dashed curve has a mean of 164.7° and a g T ]

standard deviation of 2.4°. 100 Bl
relative to the fission following complete fusion for the 50 60 /0 80

12C+ 232Th reaction, we measured the fission fragment fold- E... (MeV)

ing angle distribution for fission events close to 90° in the
center-of-mass frame. These measurements were performedFIG. 2. 12C+ 2%2Th fission cross sections;si,,and fission frag-
with 57.6 MeV to 75.2 MeV*?C beams from the University ment anisotropieBAV/(180°)A(90°)] as a function of the center-of-
of Washington Superconducting Booster Lin@. A 300  mass kinetic energy. The solid circles show the present experimen-
wglen? ThF, target on a 10Qwg/cn? Ni backing was used. tal work. The open triangles, circles, and squares show the measure-
The target was oriented at 45° to the beam direction. Twentynents of Refs[8], [13], and[15], respectively. The three curves in
4 cmx2 cm parallel plate avalanche counters were placed i@ are calculations performed with the codeper[14] (see text
the horizontal plane. Ten of these counters were at angle'Ezhe solid curve in(b) shows the transition state model calculation
from 6,,,=64° to 99° to the beam direction. Each of the from Ref.[8].
detectors was-30 cm from the target and each was sepa-
rated from its neighbors by-4°. The other ten counters dashed line in Fig. 1 shows a single Gaussian fit to our mea-
were in a similar arrangement but on the other side of thesured folding angle distribution for 60.4 MeWC+ 232Th.
beam axis at angles from,,,=—55° to —92°. The ten This shows that the transfer-fission component in this reac-
counters at negative angles were uncollimated and thus eation is only a small fraction of the total yield. If all the events
covered an angular range af2° in the horizontal direction with folding angles less than 158° are attributed to transfer-
and =4° in the vertical direction. The ten counters at posi-fission then the transfer fission &t ,,~90° would still only
tive # were each collimatedyba 1 cmdiameter hole in amount to less than 3% of the total fission yield. We obtain
~0.6 mm thick Ta sheet. Fragment-fragment coincidencesimilar results for all other beam energies in our study. We
between the counters on either side of the beam were olthus see no evidence for a significant transfer-fission yield in
served for'?C+ 2%2Th reactions at a number of beam ener-the °C+ 22Th reaction at near- and sub-barrier energies.
gies from 57.6 MeV to 75.2 MeV. For each coincidenceOur observation that the transfer-fission component is only a
event the folding angle can be deduced with an accuracy amall fraction of the total fission yield if*C+ 232Th is con-
+2°, sistent with the findings of othergl1,12 with B and C
Assuming fission following complete fusion of 60.4 MeV projectiles on various actinide targets. letial.[11] find that
12C on 2%2Th, symmetric fission with center-of-mass veloci- for the reactions™'B+ 23U, B+ 23"Np, and *2C+ 2*'Np,
ties estimated using Viola systematid®], and 6. ,,=90°, the detected transfer-fission events are less than 2% of the
we obtain an expected folding angle of 165.5°. The foldingtotal fission yield and that, within their experimental errors,
angle distribution shown in Fig. 1 is strongly peaked verythe fragment anisotropies are not changed by the transfer-
close to this angle. In this sub-barrier region we would ex-fission component. Meiff12] has concluded that in the
pect any transfer-fission contamination to show as a peak of’C+ 238 reaction, the transfer fission comprises less than
shoulder in our data at a folding angle significantly smaller5% of the total fission, even at his lowest center-of-mass
than that expected for fission events following complete fu-energy of 56 MeV. With the'?C+ 232Th transfer-fission
sion. The %0+ 232Th fission fragment folding angle distri- yield being so small, it is possible to obtain reliable measure-
butions of Majumdaret al. imply a momentum transfer in ments of the angular distribution for fusion-fission by simply
the sub-barrier transfer reactions that lead to fission oftudying the inclusivéi.e., single$ fission fragment yields.
~1.8 times that associated with complete fusion. Assumingo do this we placed twenty 4 ca2 cm parallel plate ava-
this same factor of 1.8 in the 60.4 Me¥\C+ 2%2Th reaction,  lanche counters at angles frof,=90° to 170° to the beam
we obtain an expected folding angle of 154° for the fissiondirection. Each of the detectors was30 cm from the target
events nearf.,,=90°, following transfer reactions. The and each covered an angular rangetd®® in the horizontal
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direction and=4° in the vertical direction. Singles fission the folding angle transfer fission corrected analysis of Ma-
fragments were identified using time-of-flight and energy-jumdar et al. The curves in Fig. @) show various calcula-
loss signals. Fission fragment yields were converted into théions of the 2C+ 232Th fusion cross section as a function of
center-of-mass reference frame assuming symmetric mass @enter-of-mass kinetic energy, performed using the code
vision following complete fusion. The center-of-mass kinetic ccper[14]. The dotted curve is obtained assuming spherical
energy of the symmetric fission fragments was estimated Usgnd inert>C and2%Th nuclei. Taking into account the static
ing Viola systematic{10]. Simultaneous measurement of geformation of2%2Th gives the dashed curve. Including the
elastically scattered?C projectiles into a collimated Si sur- effects of the first excited 2 and 3~ states in2C along
face barrier detector al,,=27.5° to the beam direction en- i he 232Th deformation yields the solid curve. Our
abled the determlnat!on of the fission cross se_zctlons_relatlvechr 23211 data show an anomalous plateau in the anisot-
to Rutherford scattering. In order to obtain anisotropies and

total fission cross sections, we fitted our measured fissiorr1Opy of the fission fragments aW/(180°)M(90°)~1.5 but

fragment angular distributions with the transition stategive no indication of either the peaklike structure reported by
Majumdaret al. or the sharp increase in the anisotropy as the

model, with the mean square of the fusion spin distributionb q h h the fusion barri -
treated as an adjustable parameter at é&€hbeam energy. 2€aM energy decreases through the fusion barrier region as

Our anisotropyW( 6, =180°)W( 8, ,=90°)] and cross seen by .Ka_rniket al. Further study of the angular Qistribu-
section measurements are compared with the data of othef@n ©f fission fragments in near- and sup-barr&?CJr
in Fig. 2. Our fission cross section measurements are in good Th reactions is needed to resolve the disagreement be-
agreement with the corresponding measurements of Karnikveen the results presented here and those of Karni.
et al. [13]. Our anisotropies are, however, in dramatic dis-and Majumdaret al.
agreement with the work of both Karné al. and Majumdar
et al. It is important to realize that this disagreement cannot We would like to thank J. F. Liang, D. W. Storm, and R.
be due to some subtle influence of the transfer fission, sincéandenbosch for their assistance in collecting the experi-
we disagree with both the singles data of Karmikal. and  mental data.
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