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Fission fragment angular distributions have been measured®Bispin=3"), 'B(spin=3/2")+2%Th
reactions at projectile energies below and above the Coulomb barrier. The fragment anisotropies#8r the
+232Th system are found to be significantly larger than the statistical saddle point (&#feM predictions
at sub-barrier energies, while for th€8+232Th system the deviations from SSPM predictions are found to be
much less. The present results indicate that the ground state spin of the projectile influences the fragment
anisotropies at sub-barrier energies in a larger way than predicted by the statistical model with the inclusion of
the M-state distributions. Calculations were carried out based on the entrance channel depesiddes
distribution and preequilibrium fission models, with inclusion of ground state spin of the projectiles, which are
found to explain the variation of fission fragment anisotropies as a function of bombarding energy for both the
systems.

PACS numbgs): 25.70.Jj, 24.75t+i, 25.85.Ge

Recently, there has been a lot of interest in the study o&xis), then the entrance chann€lstate distribution will also
fission fragment angular distributions in heavy ion inducedpeak atK = =15 . It is, therefore, of interest to investigate if
fission reactions using actinide targets because of the obsdhe ground state spin of the projectile has any influence on
vation of anomalously large fission fragment anisotropies athe deviations of the fission fragment angular distributions
near- and sub-barrier energies in these systems, as compaife@m the SSPM predictions at the sub-barrier energies. It is
to the calculations based on the statistical saddle point modéh this context that in the present Rapid Communication, we
(SSPM [1,2]. The general conclusion from these studies ishave carried out measurements of the fission fragment angu-
that the large ground state deformation of the actinide targdar distributions in the 10B(1,=3") and 'B(15=3/2")
nuclei influences the fission process at the sub-barrier enet- 232Th systems over a broad energy range both at above and
gies leading to fission events before full equilibration of thebelow barrier energies, to investigate the effect of the projec-
K degree of freedonpreequilibrium fission which ac- tile ground state spin on the fragment anisotropies. The
counts for the large anomalous fragment angular anisotropie¥B,'B induced fission reactions on tHé?Th target have
observed in these systems. The projectile deformation, howseen studied earlier by many auth¢?s2,8 and there have
ever, does not seem to affect the fission fragment anisotrdseen some contradictory results reported in certain cases on
pies, as was evident from tHé€Si+ 2°%Pb reaction, where the the fission fragment anisotropies at the sub-barrier energies.
fission fragment anisotropies were found to be normal aMajumdaret al.[2] have reported a large peaklike structure
near- and sub-barrier energig3J. In a recent study4], it  in the anisotropies in'B+232Th reaction, which was not
was shown that for actinide nuclei, the presence of larggeproduced in the measurements reported by Lestbra.
target ground state spin had an influence on the deviation ¢8]. In order to examine the behavior of the fission fragment
the fission fragment anisotropies from SSPM predictions a&nisotropies in the®B,1B induced fission reactions on the
sub-barrier energies. It was seen that for #f€+2%%U and  2%2Th target, we have carried out a consistent set of measure-
12C + 233y systems having zero ground state spin, the fragments around Coulomb barrier energies. The results are ana-
ment anisotropies exhibit a large anomaly around Coulomltyzed to infer the effect of ground state spin of the projectile
barrier energies, whereas for tHéC+23®U system having on the fragment anisotropies in these systems.
large ground state target spin, the deviations of the observed The measurements were carried out using'flieand '8
fragment anisotropies from SSPM predictions were found tdeams obtained from the 14 MV BARC-TIFR pelletron ac-
be much less. These results were interpreted in the frameelerator at Mumbai. A self supporting 1.8 mgfcr®?Th
work of the entrance channel dependdB€D) K-state dis- target was used and the fission fragments were detected us-
tribution based on the preequilibrium fission mofge] by  ing two silicon surface barrier detectors of thicknessdm
incorporating the ground state spin of the target in the calcuand 12 um. The elastic and inelastic-scattering events of the
lation of the fragment angular distributions. In the case ofprojectile ions were eliminated by taking anticoincidence
nonzero ground state target spiny} the entrance channel with a veto detector mounted behind the A detector.
K-state distribution is not peaked Kt=0 but atK=*1, For the 12vm detector, the veto detector was not required,
which is responsible for lowering the angular anisotropies asince the fission events were very much separated from the
sub-barrier energies. If, however, the target nucleus, has zemastically scattered events. The angular distribution mea-
spin, but the projectile has a splip and it gets transformed surements were carried out over the laboratory angular range
to K of the dinuclear complefthe spin along the symmetry of 80°-170°. The relative solid angles of the two detectors
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FIG. 2. Experimental and calculated fission fragment anisotro-
14 T I pies in SSPM as a function of bombarding energy 168,*'B
12k * -M 1.2 +232Th systems.
. 9
10 ] 170 barrier parameters such as the barrier heihand effective
0.8 : — . . . ! 0.8 moment of inertial .¢s required for the SSPM calculations
80 100 120 140 160 80 100 120 140 160 180 eff. q . .
were taken from the finite range rotating model calculations
6, (deg) 0, m (deg) of Sierk [10]. The compound nucleus distributions were

calculated using thecper[11] code, which reproduced the
measured fission cross sections for both the systems as
shown in Fig. 3. ThecbeFcalculations were done by taking
into account the static deformation of th&2Th target
nucleus 3,=0.22,8,=0.09). The effective temperature at
were determined by taking data in both detectors at overlapthe saddle point was determined after correcting the excita-
ping angles. The absolute fission cross sections were oltion energy for the energy removed by the pre-scission neu-
tained by normalization to Rutherford scattering with atron (v,.) emissions and using the level density parameter
monitor detector mounted at a forward anglé.(=25°). a=A/10 MeV !. The experimental results on the pre-
The measured fragment angular distributions were transscission neutron multiplicity as a function of fissility and
formed to the center-of-mass system by assuming symmetrigxcitation energy were taken from R¢L2] for estimating
mass division and using the Viola systemafie$ for frag-  this correction[13]. As the experimental(,) number is
ment kinetic energies. For the lighter projectiles'88 and  only available for the*'B+232Th system, we have assumed a
1B, the contribution from transfer induced fission is ex-similar excitation energy dependence af for the *°B
pected to be quite insignificant compared to fusion-fissior+232Th system. Thev, e Numbers are in the range 6f0.6

and hence the fission events are assumed to correspond to tiee~ 1.6 and compound nuclear excitation energies are in the
fission of compound nucleus formed by the complete fusiomange of ~31.0 MeV to ~50.0 MeV for the 'B+2%Th

of the target and the projectile. Figure 1 shows the fragmengystem. Similarly for the'B+23?Th system,v,,, numbers
angular distributions for thé’8,*'B+2%2Th systems at a few are in the range of-0.9 to ~2.0 and compound nuclear
typical bombarding energies. The angular distributions werexcitation energies are in the range-e87.0 MeV to~55.0
fitted by Legendre polynomialshown by continuous lings MeV. The SSPM calculations were carried out by using the
to derive the angular anisotrofyV(180°)/W(90°)] values exact expressionsl4] for fission fragment angular distribu-

at various bombarding energies. Figure 2 shows the fragmetions with proper weighting o, M, andK states to take
angular anisotropies for both the reactions as a function aito account the projectile spin. It is seen from Fig. 2 that at
the bombarding energy. It is seen that at a given bombardingnergies far above the barrier, the SSPM calculations are
energy, the fragment anisotropy is lower for tH8+23*Th  able to explain the experimental results, but fail to reproduce
system as compared to that of th8+232Th system, which the fragment anisotropies at near and below barrier energies.
is ascribable to the difference in the average angular mofhe discrepancy between the calculations and the experiment
menta in the two systems. The results of the SSPM calculas found to be more pronounced for th#8 + 232Th system
tions are also shown as dashed lines in Fig. 2. The fissioat below barrier energies. The present experimental results

FIG. 1. Measured fragment angular distributions f8B,''B
+232Th systems at a few typical bombarding energies. The continu
ous lines are fits to the data points.
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10° : : : distribution is fairly uniform and broad and thus tKestate
ot mB +232Th equilibration has little influence on thé-state distribution of

I i

the fissioning system. However, at sub-barrier energies the
s | —— CCDEFR 1 entrance channé-state distribution is peaked Kt=0, and

2 strongly influences th&-state distribution of the fissioning

I ] system. If the target or projectile has a ground state kpin

the entrance channél-state distribution is taken to peak at

o | | K==l instead ofK=0 at near- and sub-barrier energies
[4]. As a consequence, if the ground state spin of the target

2 107 or projectile is large as in the case #1B(3"), the anisot-
ém 1072 : : : ropy at sub-barrier energies gets reduced and becomes closer
2 11 232 to SSPM predictions, whereas for zero or low ground state
° 1ot p * B+ Th 1 spins in the entrance channel as in the casé'B{3/2 7)),
or L CCDER ] the anisotropy is expected to show deviations from the

) SSPM predictions.

107 1 According to the preequilibrium fission model, the fission
19" L | K distribution is given byP:(K)=Pjnitial (K)Psagaid K),

o whereP;,iiia1 (K) is theK-state distribution of the initial di-
0T 1 nuclear complex an®,qq,d K) is the equilibriated Gauss-
107 L . ian K distribution at the saddle point. In the original paper,

- Ramamurthy and Kapodi5] had applied their preequilib-

10 0 %0 80 70 80 rium fission model to the case of a spherical target and pro-
E__ (MeV) jectile, where the entrance chanrél state distribution was

assumed to peak &=0, since in this case the fission sym-
FIG. 3. Comparison between the measured aader predic- ~ Metry axis developing along the line joining the centers of

tions of fission excitation functions fol’B, B+ 232Th systems. the two nuclei, is always perpendicular3oThis formalism

was extended by Vorkapiet al. [6], to include the target
on the fission fragment anisotropies in th8+232Th reac- deformation in the calculation of the entrance channel
tion, as a function of bombarding energy, do not show theK-state distribution. Following the work ¢#,6], F(J,K,K")
pronounced bump reported by Majumddral.[2], who have  can be defined as the probability of a fissioning system hav-
employed fission fragment folding angle distribution mea-ing the quantum numbedandK, when populated from an
surements for determination of fragment anisotropies. Th&ntrance channé!{-state distribution which peaks Kt', and
present results are, however, in agreement with the resuli§ given by
reported by Lestonet al. [4], who have also carried out
singles measurements for fragment anisotropy determination (K—K’)2 (K#)2
as in the present Rapid Communication. As pointed out  F(J,K,K')=exg — ———— xex;{— ol T}' (1)
above, the target spin effects on the fission fragment 20k eff
anisotropies at sub-barrier energies have been explained ear-
lier in the framework of ECDK-state distribution based on F(J,K,K") is obtained by taking the initiaf-state distri-
the preequilibrium fission hypothesis by considering thebution for eachl value convoluted by a Gaussian with stan-
ground state spin of the targefid]. In the present Rapid dard deviationo, and multiplied by the SSPNK-state dis-
Communication, the target has zero spin but the projectilegyibution at fission saddle. If the target nucleus is oriented by
198 and B have different ground state spins. In order toan anglew with respect to the beam direction, the entrance
compare with the experimental results of fragment anisotchannel K-state distribution peaks at the most probable
ropy as a function of bombarding energy for the above sysvalue,K’=Jsinw. The entrance channklstates population
tems, we have carried out theoretical calculations similar tdor particular angular momentum valdes determined from
the ECD model calculations, with the additional assumptiorfusion cross sectiomr,(J,w) at various target-projectile
that the spin of the projectile gets convertedkidthe spin  orientations. If the target or projectile has ground state spin,
along the symmetry axiof the fissioning nucleus. The main |5, the entrance channd{-state distribution peaks &’
ingredient of the ECD model as applied to a deformed target J sinw=*ls. Figure 4 shows entrandéstate distributions
nucleus with spifd 5 is that immediately following fusion the calculated for a typical case df=104 for various arbitrary
system has th&-state distribution of the entrance channelground state spin values in tH88+2%2Th reaction atE,,,
and that this initial distribution gets broadened with time due=47 MeV (below Coulomb barrigrand E.,,=65 MeV
to coupling between intrinsic and collective rotational de-(above Coulomb barrigr As discussed earlier and in Ref.
grees of freedom. Secondly, the entrance chalirshte dis- [4], the entrance chann&-state distribution is nearly uni-
tribution has a strong dependence on the beam energy duefirm for above barrier case dE.,,=65 MeV, while at
varying transmission coefficients at different contact pointsE. ,=47 MeV theK-state distributions strongly depend on
in sub-barrier fusion. At above-barrier energies where thehe ground state spin of the projectile and peak around the
contact points are equally probable the entrance chaknel value of the ground state spin of the projectile. The equili-
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bration broadening of the entrance chankedtate distribu-
tion is modeled by defining a widthy, , as given by[5] 1.2 1 1
ox=Jo ’ 2 1.0 L 1‘ L
Keeme @ 40 50 80 70
wherea,=q/Tt, T is the temperature at the saddle point, E__ (MeV)
is the time, andj is a constanf4]. We have taken as the . o )
Bohr-Wheeler fission time for the determinationef. Us- FIG. 5. Experimental and calculated fission fragment anisotro-

ina Eas. (1) and (2). an nsidering all th ro- pies in SSPM and ECD models as a function of bombarding energy
g Egs.(1) and(2), and considering all théd states pro for 1%B8+232Th and 'B+22Th systems, respectively.

duced by projectile ground state spin, we obtain the follow-

ing expression for the fission fragment angular distribution: YA 1/2 ) o
X 10 2%s)" Y2 In order to examine the sensitivity of the cal-

lo culations to the value of the ground state spin, we have car-
W( ) >, _2 P(M)2 orus(d,0) ried out calculations for thé’B system using a fictitious spin
7 M==lo © value of 3/2, and the results are shown in Fig. 5 by the
J J 2 , dot-dashed line. The calculations are found to be quite sen-
2J+1) |d 0)|°F(J,K,K e ’ ’ i
( 7 )| M"j( IF( ) ) sitive to the value of spin at the sub-barrier energies. It may
K==J T

E F(,KK) be_ concluded that at the sub-barrier energies, the projectile
K< 5 e spin has a large effect on the fragment anisotropy values.
The enhancements in the fragment anisotropies over the
P(M) in Eq. (3) is the M-state probability distribution. Fol- SSPM predictions in the present systems can be accounted
lowing the prescription given in Ref4], we have made a by incorporating the nonequilibriuniK-state distributions
semiclassical estimation of thigl-state distributions using suggested by the preequilibrium hypothesis.

the projection of the ground state spin on the beam axis at In summary, we have measured the fission fragment

the time of fusion M =1, cosw) as follows: anisotropies for the'®8+23Th (1,=3) and B+2%Th
(Io=23/2) systems at near- and sub-barrier energies. The ex-
P(M)=3 JdeUS(J,w,K,M)dw 4) perimental results show that the presence of projectile
TK do ' ground state spin significantly affects the fission fragment

anisotropies at sub-barrier energies. The BGBtates model

The fission fragment angular distributions were calculatechased on the preequilibrium fission hypothesis, incorporating
using Eq.(3). Figure 5 shows the results of these calculationghe projectile ground state spin, provides a consistent de-
(solid lineg for the fission fragment anisotropies for the scription of the measured fragment anisotropies around Cou-
B(15=3)+2?Th and B(l15=3/2)+2%°Th reactions lomb barrier energies for both the systems.
along with the experimental data. The dashed lines are the
predictions of SSPM as discussed earlier. The ECD based on The authors are thankful to Dr. D. C. Biswas, L. M. Pant,
preequilibrium model gives a good description of the fissionand D. V. Shetty for their helpful contributions to this work.
fragment anisotropies observed experimentally for both th&hanks are also due to the Pelletron staff for their help in
systems with the value ofg taken as ~0.17(MeV  providing the required beams from the accelerator.

[1] S. Kailas, Phys. Re284, 381(1997). [4] J. P. Lestonest al., Phys. Rev. (56, R2907(1997).
[2] N. Majumdaret al., Phys. Rev. Lett77, 5027(1996. [5] V. S. Ramamurthy and S. S. Kapoor, Phys. Rev. %}.178
[3] D. J. Hinde, C. R. Morton, M. Dasgupta, J. R. Leigh, J. C. (1985.

Mein, and H. Timmers, Nucl. Phy#592, 271(1995. [6] D. Vorkapic and B. Ivanisevic, Phys. Rev.32, 1980(1995.

031601-4



RAPID COMMUNICATIONS

EFFECT OF PROJECTILE GROUND STATE SPIN ON ... PHYSICAL REVIEW C 62 031601R)
[7] V. S. Ramamurthet al,, Phys. Rev. Lett65, 25 (1990. [12] A. Saxena, A. Chaterjee, R. K. Choudhury, D. M. Nadkarni,
[8] J. P. Lestone, A. A. Sonzogni, M. P. Kelly, and R. Vanden- and S. S. Kapoor, Phys. Rev.49, 932(1994).

bosch, Phys. Rev. Let81, 4776(1998. [13] A. Saxena, S. Kailas, A. Karnik, and S. S. Kapoor, Phys. Rev.
[9] V. E. Viola et al, Phys. Rev. (31, 1550(1985. C 47, 403(1993.
[10] A. J. Sierk, Phys. Rev. G3, 2039(1986. [14] R. Vandenbosch and J. R. Huizengdéyclear Fission(Aca-

[11] J. Fernandez-Niello, C. H. Dasso, and S. Landowne, Comput.  gemic, New York, 1978
Phys. Commun54, 409 (1989.

031601-5



