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Abstract The complete fusion-fission is separated from the transfer-induced-fission with
the fragment folding angle technique. The cross sections and fragment angular distributions for
the complete fusion-fission reactions of ''B +238U(237Np), 2C +23"Np, '*0+ 22THh(?*8U) and
19 4 232Th at near- and sub-barrier energies have been measured. The present fusion and fission
standard models can reproduce both the excitation functions and the fragment anisotropies for
the systems of !'B +238U(237Np) and '2C+ 23"Np; but fail to explain both the experimental
data for the other 3 systems simultaneously. The evidence of the entrance-channel dependence of
fission-fragment anisotropies is revealed by comparison of the HB4+2¥"Np and **0O+%*2Th data.
Based on the observations, a new version model of preequilibrium fission is put forward to explain

the anomaly.
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1 Introduction

The angular momentum distributions or its
momenta in sub-barrier fusion reactions have
recently been reviewed.!:?] It was found that
the coupled channel theory could give a rea-
sonable self-consistent account for both fusion
excitation functions and angular momentum
for all fusion-evaporation reactions except the
64Ni+ %Mo and 89Se + 80Se. Very rccently, a
good agreement between the experimental data
and theoretical calculations was obtalned for
both excitation function and angular momen-
tum distributions for ®*Ni+ °°Mo.[>4] As for
the fusion-fission reactions, although the exper-
imental fusion excitation function can be repro-
duced with theoretical model, the saddle-point
transition state model (SPTS) fails to predict
the measured mean square angular momnentum
< J? >exp, which have been deduced from
the measured fragment anisotropies.(®~° This
discrepancy has become a great open problem
in sub-barrier fusion study. Actually, in com-
parison between model calculations and mea-
surements, it was assumed on one hand that
compound nucleus formed subsequently decays
only by fission; on the other hand, except

Back’s experiment,’*% the all previous exper-
imental measurements included the complete
fusion-fission (CFF) and the transfer-induced-
fission (TF) at near- and sub-barrier energies.
In order to have a sound basis for the cownpar-
ison and to elucidate the origin of discrepancy,
it is necessary to exclude the TF events and
to obtain the CFF data. Using the fragment
folding angle technique, we have succeeded
in separating CFF aund TF, and measured
CFF cross sections and fragmnent angular dis-
tributions for B + 238U (33"Np), 12C + ?3"Np,
160 + 232Th(?*3%8U) and °F+ ?*?Th at near-
and sub-barrier encrgies. The experimen-
tal CFF cxcitation functions for all 6 sys-
tems can well be reproduced by the coupled-
channel theory (CCDEF codel'?). The SPTS
model can explain the fragment anisotropies for
113 4 2387 (237Np), and *C + 23"Np, but not
for 150 + 232Th(*3®U) and °F +23?Th. In the
latter case, the experiments have provided the
conclusive cvidence of anomalous anisotropies
of fission fragments in sub-barrier CCF rcac-
tions. By comparison of the anisotropy data
of B +2"Np and 160 4 232Th, a strict ev-
idence of the entrance-channel dependence of
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fragment anisotropies is obtained. Based on the
experimental observations and guided by the
model presented by D@ssing and Randrup!'?!,
We have put forward a ncw version model of
preequilibrium fission to explain this anoinaly.

2 Experimental procedures

The cxperiments were performed using the
collimated 1B, !2C, °0, and *°F beams from
HI-13 tandemn accelerator at CIAE, The 232Th,
2387, and P3"Np targets were about 350¢ /cm?
thick. A Si(Au) detector was placed at -20°
relative to the beam direction as a monitor to
detect the elastic scattering. Fission fragments
were detected by two z — y position sensitive
double grid avalanche counters (DGAC) with
an active area of 25cm x 20cm, placed at ei-
ther side of the beam. The distances from the
centers of thesc counters to the target were
15 cm (forward counter) and 16cin (backward
counter) with corresponding angle coverages of
10° < 15 < 90° and -75° < 6y, < -160°, re-
spectively. According to the difference of the
fragment folding angle distributions, the CFF
events were successfully separated from the TF.
The CCF angular distributions for all 6 systeins
at near- and sub-barrier enecrgies have been
measured. In the process of data treatinents,
a cut of a horizontal slice of 4cm was made
in the center region of the forward DGAC, and
the condition of (8F1)c.m. + (8F2)c.m. =180°£2°
for cach event was required. Here, (8r1)c.m.
and (0pa)c.m. are the emitting angles of the de-
tected particles in center-of-mass system. It is
very important to sct rather strict conditions to
rule out the randoin coincidence events between
projectile-like particles and fission fragments.
In previous treatment of our data,[’¥! we did
not unpose this condition so that the randoin
coincidence was not completely excluded and
a conclusion of no existing the entrance chan-
nel dependence of anisotropies in sub-barrier
fusion-fissiou rcactions is incorrecct. Now we
have re-analyzed the experimental data for the
113 42387 and '2C 423 Np systems. The ex-
perimental details were described elsewhere.[14]

3 Experimental results

The measured CFF angular distributious
were fitted and extrapolated to 0° in terins of
the Legendre polynomial with even terms up

to Ps(cos @), and the corresponding fragment
anisotropies, Acyp were calculated. The CFF
cross sections were obtained by integrating the
Legendre polynounal and normalizing thein to
the Rutherford scattering cross sectious. The
experimental error sources include the counting
statistics, the correction of the fraginent fold-
ing angle distribution overlap and the extrapo-
lation of the angular distribution. The total rel-
ative uncertainties are 0.04~0.08 for Ay, and
0.07~0.15 for the fission cross sections.
3.1 Fission excitation function

The experimmental CFF excitation functions
for all 6 systems cau be well reproduced by
CCDEF code calculations (sec Fig.1), in which
the cffects of the target static deformations
(B = 0.224, B4=0.050 for *3¥U and £, = 0.26
for 23"Np) arc taken into account. In these
calculatious, the following ineclastic channcls
are included: excitation to 0.7744MecV state
of 22Th with B3 =0.0932, to 0.7319MeV of
238y with B3 = 0.084 and to 0.0759McV of
BTNp with B2 = 0.19 as well as to 0.1976 MeV
of projectile F with 82 = 0.55. The data
for other systems were published in Ref.[14].
For cach bowmbarding encrgy, the transinis-
sion cocthcients and their sccond momentum
< J? >theory Were obtained from these calcu-
latiouns.
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Fig.1 Fission cxcitation functions for the reactions

3.2 Anisotropies of CFF angular distribu-
tions
The anisotropy of fragment angular distri-

bution W(#) is defined as A =W (0°)/W(90°).
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The dependence of the ratio, Aexp/Atncorys Ver-
sus E¢ . /Vp is shown in Fig.2, where E. . 1s
the center-of-mnass cnergy, Vp the height of fu-
sion barrier, and A¢heory the theorctical frag-
ment antsotropy of the SPTS model. In the
calculation of the SPTS model, the K distribu-

tion is Gaussian with the variance,

K2 =ZT.gTeaa/l? (L
wlere K is the projection of angular momentum
on the synumnetric axis of fissioning nucleus; the
effective mowent of inertia Ieg=Z)Z1/ (I —
I”), where Z)) and Z; are the moments of in-
crtia rotating around the symmetric and per-
pendicular axes of thie nucleus at saddle-point,
respectively. They were calculated 1in terms of
the rotating finite-rang model (RFRM).1 T4
is the nuclear temperature at saddle-point,

Ecw +Q -~ Bf(']) - En]l/Z

Tsad = [ Acn/S

(2)

where @ and B¢(J) arc the reaction @ value and
fission barricr lheight of RFRM, respectively;
A, the inass number of the composite system;
E, the cnergy carried away by pre-saddle fis-
sion ncutron emission. In the calculations of the
SPTS model, the transmition cocflicients were
taken from the CCDEF code fit of the measured
CFF cross scctions. In Fig.2, « is the entrance-
channel mass asymmetry defined as @« = (A -
Ap)/(Ar + Ap). Here At and Ap arc the mass
number of target and projectile, respectively.
The Businaro-Gallone critical mass asymmetry,
apg is about 0.9 for the range of nuclel studied.
The results show some trends. The recaction sys-
tems on the different side of agg have different
characters in CFF reactions. For the reaction
systems with a > apg, Acxp 18 In general agree-
ment with Aeory. But for the systems with
a < apg, Aexp 18 obviously greater than Ageory
and there is a trend to coincide with each other
as the bombarding encrgy is above the barrier.
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In the latter case, the present experiment has
provided the conclusive cvidence of anomalous
anisotropies in sub-barrier CFF rcactions.

We have compared the anisotropy data of
1B 4 237Np(a = 0.91) and 0 +232Th(a =
0.87) which both form the same fissioning nu-
cleus 2*8Cf at the same excitation energics, but
a is on the different side of agg. The results
show that the anisotropies exist great differcnce
between the two systems. This experiment pro-
vides a strict evidence of the entrance-channel
dependence of anisotropies in CFF recactions. It
scems thiat non-compound-nucleus fission witl
memory of the entrance channel for the systems
with @ < apg is the origin responsible for the
anomalous anisotropies observed at necar- and
sub-barrier energies.

3.3 Mean-square angular momentum

It is well established that A can be charac-

terized by the approximate relation,

A=1+<J? > J4K] (3)
If K¢ is known, then < J? > could be in-
ferred from the mecasured fragment anisotropy
of the fissioning nucleus. In terms of Eq.(3)
< J? >cxp data were deduced with the Kg
values taken from RFRM, and the values of
< J? >theory Were cxtracted from fitting experi-
mental CFF cross sections by the CCDEF code.
The results shown in Fig.3 again illustrate the
cffects of the entrance-channels mass asymme-
try on CFF processes. It should be pointed out
that the data of < J? >exp Were cxtracted on
the basis of the K2 values. We will show later
that this basis might not be correct for CFF
reaction systems with the a < apc.

4 Preequilibrium fission model for
low angular momentum

As pointed out by Ramamurthy et all18] a
characterized evidence of precquilibrium fission
would be an entrance-channel dependence of
fragment anisotropies for target-projectile com-
bination across the Businaro-Gallone ridge in
mass degrec of freedom, which was clearly veri-
fied by our experiments. We have mentioned in
Refs.[16,17] that in some cascs, the relaxation
time of K degree of freedom may be larger than
fission life time. If the relaxation process of K
is taken into account, then the variance of K
distribution, 6% can be cxpressed as,

ok = Kg[l - cxp(—t/’rx)]

(4)

s s p—m————h 7 <nr e

where T is the relaxation time of K degree
of frecedom and K2 the statistical cquilibrium
value of o}, assuming equilibrium at saddle
point. D@ssing and Randrupl'? studied the
dynamical cvolution of angular momentum in
damping nuclear recactions and derived the cou-
pled equations which governed the evolution of
K distribution. They have got the cxpression
of 7 depending on the rotational frequency
wr. Under some approximations,['®] the vari-
ance cquation for precquilibrium fission was ob-
tained as

ok (J) = K[1 — exp(—GJ?)] (5)
where g:2.2381ﬁ/(IiIeff). The constant
2.238MeV~! was obtained by using Back’s
expcrimental fragment anisotropy and mean

squarc angular momentum datal] at Eepm. =
94.1 McV for the 0+232Th reaction.

By using this formula, A¢peory for the three
reaction systems with ¢ < apg was re-
calculated and compared with the cxperimen-
tal data. The results of the other three sys-
teins with « > apg were calculated by SPTS
model. All the results are displayed in Fig.4.
It is cvident that the theoretical predictions of
the fragment anisotropics are in general agree-
ment with the measured results. Therefore, the
anornalous fragment anisotropies in sub-barrier
CFF reaction systems with ¢ < agg are rather
successfully explained by mecans of our preequi-
librium fission model.

For the reaction systems with @ < apg, we
also re-extracted < J? >exp from the measured
fragment anisotropies in terms of the average
values of 6% (J) that was defined as

2 _ )300:0‘5"1'“(J)C"2 (J)
<o (J) >= L ?:OJF(JK)

(6)

where op(J) is the angular momentum distri-
bution taken from the coupled channel theoret-
ical calculation to reproduce the fusion excita-
tion function. In Fig.5, the data of < J? > exp
were cxtracted in terms of < 0% (J) > instead
of K3 valuc in Eq.(3). The results show that
the coupled channcl theory gives a rcasonable
self-consistent account of both fusion excitation
functions and angular momentum data for CFF
reactions at ncar- and sub-barrier encrgies.
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5 Summary

In the present work, we have success-
fully separated the CFF and TF components
in terms of the fragment folding angle tech-
nique, and measured the CFF cross sections
and fragment angular distributions for 6 re-
action systems at near- and sub-barrier en-
ergies. All the experimental fusion-fission
excitation functions can be well reproduced
by the couple -channels theory. As for the
fragment anisotropies, the experimental data
clearly show the entrance-channel dependence
for target-projectile combination across the
Businaro-Gallone ridge. Based on the obser-
vation and guided by D@ssing and Randrup’s
theoretical framework, we put forward a new
version model of preequilibrium fission to solve
the anomalous anisotropy problem. It is con-
cluded that the couple channel calculations can
give a self-consistent account of both fusion ex-
citation functions and angular monientum data

simultaneously.
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