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It is demonstrated experimentally that the reaction systems on the different side of Businaro-Gallone c
mass asymmetry (aBG) have different characteristics in fusion-fission reactions. Fragment anisotropies re
ing from the reactions with the entrance-channel mass asymmetrya.aBG are well described by the saddle
point transition-state model. However, the measured fragment anisotropies for the systems witha,aBG are
obviously greater than the predictions of this model at subbarrier and near-barrier energies and gradua
to coincide with the theoretical expectations as the bombarding energy increasing over fusion barrier.
observations have led us to a suggestion of preequilibrium fission for low angular momentum. The pred
of such a preequilibrium fission model are compared with the available experimental data and it is show
they can satisfactorily reproduce the observed trends as a function of the bombarding energy for the r
systems studied.@S0556-2813~96!00507-9#

PACS number~s!: 25.70.Jj
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I. INTRODUCTION

It is well known that the saddle-point transition-sta
~SPTS! model has become the standard theory of fissi
fragment angular distributions and received great succ
since it was proposed. However, in a number of fusio
fission reactions with projectiles heavier thanAP524 @1#, the
fission fragment angular distributions are much more an
tropic than predicted by the SPTS model. It has been s
gested@2# that this deviation from the standard theory is
indication of the failure for the compound-nucleus formati
in the reaction. The suggested reaction mechanisms inc
fast fission@3# and quasifission@4# which result in a fission-
like fragment without going through a well-defined fissio
saddle point. Recently, the anomalous anisotropies@5,6#
have been observed in the angular distributions induced
the reactions with projectiles lighter thanAP520 at near-
and subbarrier energies. To our knowledge, fast fission c
not take place in the low energy cases, because the invo
angular momenta are not high enough to make the fis
barrier vanished. Very recently, Hindeet al. @7# have mea-
sured the fission fragment angular distributions for the re
tion of 16O1 238U at energies around the Coulomb barrie
and found that the fragment anisotropies rise rapidly, th
ultimately seem to saturate, as the bombarding energy
creases through the barrier region. They interpreted this
servation as collisions with the tips of the target nuclei
sulting in quasifission. As an alternative suggestion for
origin of the observed anomaly, Liuet al. @8# have put for-
ward a new version of the preequilibrium fission model.
this paper, we will show further experimental evidence
the assumption of preequilibrium fission.

As pointed out by Ramamurthy and Kapoor@9#, charac-
terized evidence for preequilibrium fission would be
entrance-channel dependence of the fragment anisotro
for target-projectile combination across the Busina
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Gallone~BG! ridge in mass degree of freedom. Ramamurt
et al. @10# recently carried out the measurements of the fr
ment angular distributions for the reactions induced by p
jectiles lighter thanAP520 on the thorium and neptunium
targets at above-barrier energies. Their results show
entrance-channel dependence of the fragment anisotro
However, in their measurements, the observed fission ev
included both fusion-fission~FF! and transfer-induced fissio
~TF! components, making the observed dependence so
what uncertain. In terms of the fragment folding angle tec
nique, we have separated the FF and TF events, and m
sured the fragment angular distributions of the
component for several systems with projectiles lighter th
AP520 at near- and subbarrier energies. Among the m
sured reaction systems, we have specially chosen11B
1237Np and 16O1232Th which both populate the fissionin
nucleus248Cf at the same excitation energies, but on a d
ferent side of the BG critical mass asymmetry point. In
letter @8#, we have compared the fragment anisotropies a
function of excitation energy for the systems of11B1
237Np and 16O1 232Th, and found that there exist distin
guishable differences in the experimental data between th
systems. From the above statements, it may be seen tha
results would give more reliable evidence for the entran
channel dependence of the fragment anisotropies. Bes
we found that the near- and subbarrier data could prov
much clearer evidence of this entrance-channel depend
than the above-barrier data. Actually, at well-above-bar
energies, the experimental fragment anisotropies from
reactions with projectiles lighter thanAP520 are in agree-
ment with the predictions of the SPTS model in which it
assumed that fission is independent of its formation histo

In this paper, we will show our main experimental resu
and demonstrate experimentally that the reaction system
a different side of the Businaro-Gallone critical mass asy
metry have different characteristics in subbarrier fusio
fission reactions. Such a characterized behavior in fus
fission reactions with respect to the entrance-channel m
asymmetry provides further experimental verification of t
preequilibrium fission assumption. So far, the puzzling pro
ni-
761 © 1996 The American Physical Society
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762 54LIU, ZHANG, XU, QIAO, QIAN, AND LIN
lem of the anomalous fragment anisotropies observed in
subbarrier fusion-fission reactions can be understood on
basis of our preequilibrium fission model.

II. EXPERIMENTAL PROCEDURE

The experiments were performed using the collima
11B, 12C beams from the HI-13 tandem accelerator at
China Institute of Atomic Energy, Beijing. The238U and
237Np targets were about 350mg/cm2 thick. A Si~Au! detec-
tor was placed at220° relative to the beam direction as
monitor to detect the elastic scattering. Fission fragme
were detected by twoX-Y position sensitive double-grid ava
lanche counters~DGAC’s! with an active area of 25320
cm2, which were placed at either side of the beam. In ter
of the difference of the fragment folding angle distribution
we have successfully separated the fusion-fission
transfer-induced fission events, and measured the FF ang
distributions for the 11B 1 238U, 11B1237Np, and 12C
1237Np systems at near- and subbarrier energies. In the
cess of data treatments, a cut of a horizontal slice of 4
was made in the center region of the forward DGAC det
tor, and the condition (uF1)c.m.1(uF2)c.m5180°62° for
each event was required. Here, (uF1)c.m. and (uF2)c.m. are the
emitting angles of the detected particles in the center-of-m
system. The angular range was set wide enough so that a
the fusion-fission events were within this window. The e
perimental details were described elsewhere@11#. We find
that it is very important to set rather strict conditions to ru
out the events of the accidental coincidence between the
jectilelike particle and fission fragment, because the DG
detectors are sensitive to projectilelike particles. In the p
vious treatment of our data@12#, we had not imposed this
condition, so that these accidental coincidences were
completely ruled out. Therefore, the data published in@12#
are wrong and the relevant conclusions are not correct
order to correct the mistakes, we have reanalyzed the exp
mental data for the11B1 238U and 12C1 237Th systems.

III. EXPERIMENTAL RESULTS

The measured FF angular distributions were extrapola
to 0° in terms of the Legendre polynomial with even term
and the corresponding fragment anisotropies,Aexpt were cal-
culated. The absolute fusion-fission cross sections were
tained by integrating the Legendre polynomial fit of the a
gular distributions and normalizing them to the Rutherfo
scattering cross sections. The experimental errors include
counting statistics, the correction uncertainty of the fragm
folding angle distribution overlap and error of the extrapo
tion of the angular distribution, etc. The total uncertainti
for the fragment anisotropies range between 5% and
while for the fission cross sections between 8% and 15%.
the reactions of11B1 238U, 11B1 237Np, and12C1237Np, the
detected transfer-fission events are in the range 0.15–2 %
the total fission events. Within the experimental error, t
fragment anisotropies before and after correction of the
component are the same for theB and C induced fission
reactions. Our experimental data are summarized in Tab
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A. Fission excitation function

The theoretical fusion excitation functions were calcu
lated in terms of the coupled-channels model@13#. In these
coupled-channel calculations, the effects of the target sta
deformations (b250.224, b450.050 for 238U and
b250.26 for 237Np! were taken into account. The inelasti
channels, the 0.7319 MeV state of238U with b350.084 and
the 0.0759 MeV state of237Np with b250.19, were coupled
to the entrance elastic channel in the calculations, resp
tively. Displayed in Fig. 1 are the excitation functions for th
reaction systems of 11B1238U, 11B1237Np, and
12C1237Np. The solid lines in the figure are the results of th
coupled-channel calculations. It may be seen from Fig. 1 th
the agreement between the experimental and theoretical
citation functions is quite satisfactory for all three system
The angular momentum distributionssF(J) and their second
moment^J2& theory values were extracted from these calcula
tions.

B. Entrance-channel dependence of fragment anisotropies

Displayed in Fig. 2 is the ratio,Aexpt/Atheory versus
Ec.m./VB . HereEc.m. is the center-of-mass energy,VB is the
height of fusion barrier, andAtheory the theoretical fragment
anisotropy of the SPTS model. In the treatment of the SP
model, theK distribution is Gaussian with the variance

K0
25GeffTsad./\2. ~1!

Here, the effective moment of inertiaGeff is equal to
GiG' /(G'2Gi). Gi andG' are the moments of inertia rotat-
ing around the symmetric and perpendicular axes of t
nucleus at saddle point, respectively. They were calculated
terms of the rotating finite-range model~RFRM! @14#. Tsad.is
the nuclear temperature at saddle point,

Tsad.5FEc.m.1Q2Bf~J!2En

ACN/8
G1/2, ~2!

whereQ and Bf(J) are the reactionQ value and fission
barrier height of RFRM, respectively.ACN is the mass num-
ber of the composite system.En is the energy carried away
by prefission neutron emission@15,16#. In the calculations of
the SPTS model, the angular momentum distributio
sF(J) were taken from the coupled-channels model@13# fit
of the measured fusion-fission cross sections. In the figu
a is the entrance-channel mass asymmetry defined
a5(AT2AP)/(AT1AP). The BG critical mass asymmetry
aBG is about 0.9 for the range of nuclei studied. In order
make a comparison, we also displayed in Fig. 2 the resu
@11,17# of the reaction systems16O1232Th, 19F1232Th, and
16O1238U. Some trends in the experimental data are imm
diately obvious and worth noting. First, the systems on t
different side ofaBG show different characters in fusion-
fission reactions. For the reaction systems witha.aBG, the
measured fragment anisotropies are in general agreem
with the predictions of the SPTS model. On the other han
for the systems witha,aBG, the measured fragmen
anisotropies are obviously greater than expected on the b
of the SPTS model. Second, in the latter case, the differen
between the experimental and theoretical values depend
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TABLE I. The experimental results.X and a are the fissility parameter and entrance-channel ma
asymmetry, respectively.

System Compound X a Ec.m. sF Aexpt ^J2&expt
a ^J2&expt

b

nucleus ~MeV! ~mb!

11B1238U 249Bk 0.8134 0.9116 46.53 2.460.5 1.12260.074 80649
47.49 7.261.5 1.13360.066 89644
48.47 25.565.0 1.15160.066 101644
49.45 42.768.0 1.15260.076 103652
50.41 99620 1.22060.070 150648
51.39 147630 1.25560.067 176646
52.35 231646 1.25360.057 176640
53.33 272650 1.28660.073 200651
54.29 350670 1.32360.077 228654
56.23 451690 1.40260.082 287659

11B1237Np 248Cf 0.8258 0.9113 49.88 3.460.8 1.13360.092 98668
51.66 15.363.2 1.11460.070 86653
52.60 30.466.1 1.18160.079 137660
53.53 53610 1.15160.069 115653
55.41 115621 1.29760.075 230658
57.28 167634 1.33560.077 263661
61.16 501695 1.35860.077 290662
68.81 9256167 1.62160.081 533669

16O1232Th 248Cf 0.8258 0.8710 72.61 0.3360.07 1.53560.091 389666 82614
74.49 2.060.3 1.68460.067 505649 127613
75.43 3.660.5 1.71560.067 531650 157616
76.36 7.160.7 1.78560.074 588655 197620
78.24 16.261.4 1.73860.083 560663 231626
80.11 34.862.2 1.70160.056 539630 253619

19F1232Th 251Es 0.8337 0.8486 78.00 0.3660.08
80.80 2.2160.42 1.91360.081 741666 222622
82.70 6.4960.95 2.14560.080 945666 363627
84.50 15.261.9 2.23160.078 1030665 443631
87.40 44.664.6 1.98860.065 846656 431630
92.00 169614 1.79560.063 705660 445634
96.80 349620 1.95360.058 877653 606637

12C1237Np 249Es 0.8361 0.9036 56.90 0.3460.10
57.90 1.3560.36
58.86 4.561.0 1.08960.092 68670
60.72 17.363.6
61.72 25.864.8 1.10560.070 82655
62.68 45.568.4 1.13560.070 107655
63.60 80615 1.17660.056 141645
64.58 103617 1.25360.054 204644
66.48 174634 1.28060.059 228648
71.24 407658 1.37060.059 318651
76.01 617676 1.52360.059 471653

16O1238U 254Fm 0.8415 0.8740 76.49 5.560.9 1.77160.080 639666 155616
78.36 17.661.7 1.68460.058 577649 190616
80.24 35.962.7 1.65360.057 561649 227620
84.09 12267 1.65060.138 5956126 278631

aThe data of̂ J2& expt were extracted in terms of theK0
2 values.

bThe data of̂ J2&expt were extracted in terms of thêsK
2 (J)& values.
-
p-
bombarding energy. At subbarrier and near-barrier energ
the experimental data deviate from the theoretical calcu
tions. As bombarding energy increasing overVB , the mea-
sured anisotropies gradually tend to coincide with the exp
tations of the SPTS model, which is consistent with Bac
observations@18#.
ies,
la-

ec-
k’s

C. The mean-square angular momentum

It is well established that the anisotropy of the fission
fragment angular distribution can be characterized by the a
proximate relation
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A511
^J2&
4K0

2 . ~3!

If the values ofK0
2 is known, then the mean-square angula

momentum^J2&expt of the fissioning nucleus could be in-
ferred from the measured fragment anisotropy. In terms
this approximate relation, the experimental^J2&expt data were
deduced with theK0

2 values of Eq. ~1!. The ratio
^J2&expt/^J

2& theory is shown in Fig. 3 plotted as a function of
Ec.m./VB . Here, the values of̂J2& theory were extracted from
the coupled-channels model@13# fit of the experimental
fusion-fission cross sections. The results shown in Fig.
again illustrate the effects of the entrance-channel ma
asymmetry on fusion-fission processes. For the systems w
a.aBG, the data of̂ J2&expt are in agreement with the ex-
pectations of the coupled-channels model. However, for t
systems witha,aBG, the results of^J2&expt are much
greater than the theoretical values,^J2& theory. It should be

FIG. 1. Fission excitation functions. The solid curves are th
results of the coupled-channels calculations.

FIG. 2. The ratio of the experimental fragment anisotropy to th
value of the SPTS model as a function ofEc.m./VB for the systems
with a.aBG ~a! and the systems witha,a BG ~b!.
r

f

3
ss
ith

e

pointed out here that the data of^J2&expt were extracted on
the basis of theK0

2 values. However, we will show later tha
this basis might not be correct for the fusion-fission react
systems with the entrance-channel mass asymm
a,aBG.

IV. DESCRIPTION OF PREEQUILIBRIUM FISSION

Our experimental results apparently illustrate t
entrance-channel dependence of fragment anisotropies f
target-projectile combination across the Businaro-Gallo
ridge in mass degrees of freedom, therefore provide exp
mental evidence for preequilibrium fission. In the case
low angular momentum for the systems witha,aBG, the
relaxation time ofK degrees of freedom may be longer tha
the fission lifetime. If the relaxation process ofK degrees of
freedom is taken into account, then the variance of theK
distribution,sK

2 can be expressed as

sK
25K0

2F12expS 2
t

tK
D G , ~4!

wheretK is the relaxation time ofK degrees of freedom and
K0
2 is the statistical equilibrium value ofsK

2 , which is given
by Eq. ~1!. Do”ssing and Randrup@19# studied the dynamical
evolution of angular momentum in damping nuclear rea
tions, and derived the coupled equations which governed
evolution of theK distribution. They have the expression fo
the relaxation time ofK degrees of freedom which depend
on the rotational frequencyvR . Under some approximations
@8#, we obtained the following equation for preequilibrium
fission:

sK
2 ~J!5K0

2@12exp~2GJ2!# ~5!

with G52.238Gi
2/(G'

2Geff). We did not adjust any parameter
in the calculations with this equation.

e

e

FIG. 3. The ratio, ^J2& expt/^J
2& theory as a function of

Ec.m./VB for the systems witha.aBG ~a! and the systems with
a,aBG ~b!. Here^J2&expt were extracted on the basis ofK0

2 values
of Eq. ~1!.
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Figure 4 shows the ratiôsK
2 (J)/K0

2& versus the mean
square angular momentum̂J2&. The solid point and open
circles are the results extracted from the measured fragm
anisotropies@11,17# of the reaction system16O1232Th. The
solid curve is the theoretical predictions of the preequil
rium fission model in terms of Eq.~5!. The average value o
sK
2 (J)/K0

2 is defined as

K sK
2

K0
2 L 5

(
`

J50sF~J!@sK
2 ~J!/K0

2#

(
`

J50sF~J!

. ~6!

It may be seen from Fig. 4 thatK degrees of freedom has no
reached full equilibration for low angular momentum in t
fusion-fission reaction of16O1232Th. The agreement be
tween the experimental and theoretical results gives sup
of the exponential dependence ofsK

2 on J2. As the value of
J2 increases,tK decreases rapidly so thatK degrees of free-
dom achieves its equilibrium distribution at saddle poi
Therefore, the preequilibrium fission only takes place at l
angular momentum. Due to the fact that the contribution
low angular momenta to the total fusion cross section
creases as the bombarding energy increases, the predic
of our preequilibrium fission model gradually tends to co
cide with the expectations of the SPTS model as the b
barding energy increasing overVB . This trend is in agree-
ment with the experimental observations.

To test the availability of our preequilibrium fissio
model, we have recalculated the theoretical fragm
anisotropies in terms of Eq.~5! for the reaction systems with
a,aBG, and compared the calculated results with the
perimental data in Fig. 5. Also displayed in Fig. 5 are t
results of the systems witha.aBG, where the theoretica
fragment anisotropies were calculated by the SPTS mode
is evident that the theoretical predictions are in gene
agreement with the measured results. Therefore, the ano
lous fragment anisotropies from the fusion-fission reacti
in the near- and subbarrier energy regions are rather suc
fully explained by means of our preequilibrium fissio
model. For the reaction systems witha,aBG, we also re-

FIG. 4. ^sK
2 (J)/K0

2& vs mean-square angular momentum^J2&
for the reaction system16O1232Th.
ent
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extracted the mean-square angular momentum^J2&expt from
the measured fragment anisotropies in terms of the aver
values ofsK

2 (J) defined as

^sK
2 ~J!&5

(
`

J50sF~J!sK
2 ~J!

(
`

J50sF~J!

. ~7!

The results of̂ J2&expt/^J
2& theory are displayed in Fig. 6. The

open symbols are the results of the systems witha.aBG.
For these systems, the data of^J2&expt were extracted in
terms ofK0

2 values of Eq.~1!. Figure 7 shows the ratio of the
measured fusion-fission cross section to the calculated c
section of the coupled-channels modelsexpt/s theory as a
function of Ec.m./VB for the reaction systems studied. Th
results shown in Figs. 6 and 7 lead us to the conclusion t
the coupled-channels calculations can give a reasonable

FIG. 5. The ratioAexpt/Atheory as a function ofEc.m./VB . The
values ofAtheory were calculated in terms of the SPTS model a
the preequilibrium fission model for the systems witha.aBG and
a,aBG , respectively.

FIG. 6. The ratiô J2& expt/^J
2& theory as a function ofEc.m./VB .

The datâ J2&expt were extracted from the fragment anisotropies
the basis of theK0

2 values of Eq.~1! and thê sK
2 (J)& values of Eq.

~7! for the systems witha.aBG anda,aBG , respectively.
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consistent account of both fusion excitation functions a
angular momentum data for fusion-fission reactions.

V. SUMMARY

In the present work, we have demonstrated experim
tally that the reaction systems on the different side of
Businaro-Gallone critical mass asymmetry have differe

FIG. 7. The ratio of the experimental fusion-fission cross sect
to the calculated value of the coupled-channels model as a func
of Ec.m./VB .
nd

en-
he
nt

characteristics in fusion-fission reactions. For the syste
with a.aBG, the measured fragment anisotropies are
general agreement with the expectation of the SPTS mod
However, for the systems witha,aBG, the experimental
fragment anisotropies are considerably greater than expe
tions of the SPTS model at sub-barrier and near-barrier
ergies and gradually tend to coincide with the theoretic
predictions as the bombarding energy increasing overVB .
These observations lead us to the suggestion that the c
posite systems with their entrance-channel mass asymm
a,aBG proceed towards fission with some memories of th
entrance-channel plane. It has to be pointed out that the f
ure for the spherical compound-nucleus formation is the p
requisite for preequilbrium fission. Under this prerequisite,
the case of low angular momentum, the relaxation time
K degrees of freedom will be longer than fission lifetime. B
taking the relaxation process ofK degrees of freedom into
account, we have the expression ofsK

2 (J) for preequilibrium
fission. In the framework of our preequilibrium fission
model, the puzzling problem of the anomalous fragme
anisotropies is successfully solved and the discrepancy
tween the experimental mean-square angular mome
^J2&expt and the predictions of the coupled-channels mod
^J2& theory is reasonably removed. Thus, we may conclude th
the coupled-channels calculations can give a self-consist
account of both fusion excitation functions and angular m
mentum data not only for systems leading to nonfissioni
nuclei @20,21# but also for systems leading to fissionable nu
clei.
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