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The decay of the 2*Bk* nucleus, formed in entrance channel reactions ''B+*U and “N+2*2Th at different
incident energies, is studied by using the dynamical cluster-decay model (DCM) extended to include the
deformations and orientations of nuclei. The main decay mode here is fission. The other (weaker) decay channels
are the light particles evaporation (A < 4) and intermediate mass fragments (5 < A < 20). All decay products
are calculated as emissions of preformed clusters through the interaction barriers. The calculated fission cross
sections oy, taken as a sum of the energetically favored symmetric and near symmetric fragments (Acn/2 £ 7
and A = 106-110 plus complementary fragments) show an excellent agreement with experimental data at all
experimental incident c.m. energies for both reactions, except for the top three energies in the case of the
B4235U reaction. The disagreement between the DCM calculations and data at higher incident c.m. energies
for the '"B+2U entrance channel is associated with the presence of additional effects of noncompound,
quasifission (qf) components, in contradiction with the measured anisotropy effects which indicate the other
entrance channel 'YN+2*Th to contain the noncompound nucleus contribution. The prediction of two fission
windows, the symmetric fission (SF) and near symmetric or heavy mass fragments (HMFs), suggests the presence
of a fine structure of fission fragments, which also need an experimental verification. The only parameter of the
model is the neck length parameter A R whose value is shown to depend strongly on limiting angular momentum,
which in turn depends on the use of sticking or nonsticking moment of inertia for angular momentum effects.
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I. INTRODUCTION

A compound nucleus (CN) formed in low energy heavy
ion reactions, in general, decays by emitting multiple light
particles (n, p, «) and y-rays resulting in the evaporation
residue (ER) cross section, and is accompanied by a small
(5—10%) component of so-called intermediate mass fragments
(IMFs) of masses 5< A <20 and charges 2 < Z < 10 for
both the light (Acy ~ 40-80) and medium mass (Acn > 100)
compound systems. The production of IMFs in light compound
nuclei is best understood in the extended Hauser-Feshbach
(EHF) formalism of the BUSCO code [1] or the EHF method
based on scission-point picture [2], and in medium mass
nuclei as binary decay in the statistical fission model of
Moretto [3]. For the lighter compound nuclei (Acn < 80),
another fission model [4], called the saddle-point transition-
state model, has also been successfully used. Apparently, in
the above stated formalisms, the emission of light particles
(LPs) is calculated within the Hauser-Feshbach method [5].
Alternatively, in the dynamical cluster-decay model [6—-14],
one of us (R.K.G.) and collaborators treated both the LPs
and IMFs on an equal footing as the dynamical collective
mass motions of preformed clusters through the barrier. The
model is applied to both the light and medium mass systems,
namely, the ®¥Cr* ’Ni*, '1Ba*, and '®*Yb* nuclei. In heavier
CN (Acy > 200), like the 2*°Bk* nucleus studied here, the
main decay mode is (symmetric and near symmetric) fission
which in DCM can be considered as an extreme case of IMFs,
the heavier mass fragments (HMFs), observed together with
or without the LPs and IMFs. In other words, all the processes
of ER (LPs), IMFs as well as fission, or a combination of
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these, or any one of them alone as a dominant mode, can occur
in different mass regions of the Periodic Table. In addition,
there can be effects of noncompound nucleus decays, like
pre-equilibrium fission, quasifission (qf), or deep inelastic
collisions (DIC), etc., occurring mostly at higher incident
center-of-mass (c.m.) energies.

The compound nucleus >**Bk* formed in '"B+2**U and
1“N+4-232Th reaction channels at sub- and near-barrier energies
[15,16] is highly fissile and decays almost totally by fission.
Thus, fusion cross sections are nearly the same as the measured
fission cross sections, which makes **Bk* an ideal case
to study the compound nucleus fusion-fission process in
heavy mass nuclei formed in low energy heavy ion reactions.
Furthermore, the measured fission fragment anisotropies in
these experiments [15,16] show the entrance channel effects
for the anisotropy values of 'B+23U being consistent, but
that of '“N+4-2%2Th anomalous, with respect to the statistical
saddle-point model [4,17]. In other words, a noncompound
nucleus component seems to be present in the fusion cross
section for the '“N-+232Th reaction. In this paper, we look for
the dynamics of this effect with respect to different entrance
channels of similar mass asymmetry on the basis of the
dynamical cluster-decay model [6—14].

The dynamical cluster-decay model (DCM) for a hot and
rotating nucleus, used here in this work, is described briefly in
Sec. II. The effects of deformations and orientations of decay
fragments are included. Application of the model to fusion-
fission of 2*°Bk* is discussed in Sec. III. This is a positive
Q-value (Q,y) system. Finally, Sec. IV gives a summary of our
results. Interestingly, in contrast to the results of experiments
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mentioned above, at higher incident c.m. energies we find the
contributions of the quasifission process in the decay of 246 Bk*
formed due to ''"B+?¥U rather than due to the '“N+2*>Th
incoming channel. In other words, the calculations on DCM
show the decay of >**Bk* formed via the '*N+232Th reaction
as an almost pure CN decay.

II. THE DYNAMICAL CLUSTER-DECAY MODEL (DCM)

The dynamical cluster-decay model (DCM) is worked
out in terms of the collective coordinates of mass and
charge asymmetries n = (A; — A)/(A; + Ay) and 5z =
(Z1 — Z,)/(Z + Z3), the relative separation R, the multipole
deformations 8;; (A = 2, 3,4, ...; i = 1,2) and orientations
0; of two nuclei or fragments. For the decay of the compound
nucleus, the coordinates n and R refer, respectively, to nucleon
division or exchange between outgoing fragments and the
transfer of kinetic energy of the incoming channel (E. ) to
internal excitation of the outgoing channel [the total kinetic
energy TKE and total excitation energy TXE, related as E¢y +
Oout(T) = TKE(T) + TXE(T), where the compound nucleus
excitationenergy Efy = Ecm. + Oin = (Acn/9T? — T; T in
MeV]. In terms of these coordinates, using partial waves, the
compound nucleus decay cross section

Limax Linax

7 2uEc .
o= o= = > @+ DPP; k= h;“’ . ()
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where the preformation probability Py refers to n-motion and
the penetrability P to R-motion, both depending on ¢, T, B;;
and 6;. The deformations of nuclei are kept to quadrupole
deformations only (A = 2), with their orientations as the
optimal orientations of hot, i.e., compact configurations [18].
In Eq. (1), u =[A1A2/(A1 + Ay)]lm is the reduced mass
with m as the nucleon mass. £y,x is the maximum angular
momentum, which could be used as a free parameter or else
fixed for the vanishing of the fusion barrier of the incoming
channel n; or the light particle cross section op p — 0. Equation
(1) is used for the decay of the compound nucleus to LPs,
complex IMFs, HMFs, and symmetric and/ or near symmetric
fission (SF) fragments. The fission channel of 2*Bk* is taken
to consist of both the HMFs and SF. For the competing,
noncompound quasifission (qf) channel, the entrance channel
is considered to keep its identity, and hence the preformation
factor Py = 1 for gf.

The preformation probability Py[= \/E,m | v(n(4)) |?
(2/Acn)] is obtained by solving the stationary Schrodinger
equation in 7, at a fixed R = R,

L vt D) = EV ).
2By, 0 By on | )}1”’? = Ee v
2

where R, = Ri(«1,T) + Ry(o2,T) + AR(1n,T) = Ry(e;, T) +
AR(n, T), with the radius vectors

Ri(e;, T) = Roi(T) [1 +Y B Yi“ka»} : 3)
r
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Here, Ry;(T) are the temperature dependent nuclear radii for
the equivalent spherical nuclei, given as [19]

Roi(T) = [1.284]7° — 0.76 + 0.8, '°](1 + 0.0007T?). (4)

In the above equations, « is the angle that the nuclear
symmetry axis makes with a radius vector R(«), measured
in the clockwise direction. This is to be distinguished from
the orientation angle 6, in Eq. (5) below, that the nuclear
symmetry axis makes with the collision Z-axis, measured in
the anticlockwise direction (see Fig. 1 in [20]).

In Eq. (2), the mass parameters B, are the smooth
hydrodynamical masses [21], used for reasons of simplicity,
and the fragmentation potential Vx(#n, T) is defined as

2 2

T2

Ve, T) = =Y [Viom(Ai, Zi, T+ Y _[8U;]exp (— )
i=1 i=1

- - T
+Ve(R, A, Bri, 0, T) + Ve(R, Z;, B, 60;, T)
+ Vi(R, A, Bi, 0;, T), 5)

where V¢, Vp, and V, are, respectively, the temperature
and orientation dependent Coulomb, nuclear proximity, and
angular momentum dependent potentials [18], respectively.
The shell effects U are obtained from the empirical estimates
of Myers and Swiatecki [22], for spherical nuclei. Actually,
the shell effects are also known to be strongly dependent on
the deformation of the nucleus, but the nonavailability of a
similar prescription for deformed nuclei limits our work to the
approximation of spherical nuclei. The temperature dependent
liquid drop energy VLpm(T) in Eq. (5) is that of [23], which has
the following form, based on the semi-empirical mass formula
of Seeger [24]:

2 n(T)
Viom(A, Z,T) = a(T)A + B(T)A® + | v(T) — o

3
(12 + 2|1|) A
X + :
A ro(T)A3

< 0.7636 2.29 )
x[1— — — -
YA [ro(T)A3]?
Z. A
Y S TAT ©)
with
I'=a,Z—-N), a,=1,

and, respectively, for even-even, even-odd, and odd-odd nuclei,
f(Z,A)=(-1,0,1).

Seeger [24] fitted the constants from ground-state (T = 0)
binding energies of some 488 nuclei available at that time (in
1961) and obtained

a(0) = —16.11 MeV, B(0) = 20.21 MeV,
y(0) = 20.65 MeV, 7(0) = 48.00 MeV,

and from Ref. [25], the pairing energy term
8(0) = 33.0 MeV.

However, these constants are now readjusted in view of the
availability of a large amount of data on ground-state binding
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FIG. 1. Scattering potential for 2*Bk* — 23 In+'2Cd at temper-
ature T = 1.45 MeV and different £-values.

energies [26]. A similar job was done in [8] for the 1995
Audi and Waspstra table of ground-state binding energies up
to Z = 56, but we have redone it here for the new data [26]
and now up to Z = 97, by defining the experimental binding
energy Beyp of a nucleus as

Bexpt = Viom(T = 0) 4+ §U(T = 0).

Whenever the data were not available, the theoretical estimates
of Moller et al. [27] were used. Since our aim here was
simply to include the T-dependence on experimental binding
energies, and not to obtain the new parameter set of Vipy,
we have readjusted simply the bulk constant «(0) and the
proton-neutron asymmetry constant g, to obtain Beyp within
<1.5 MeV. The temperature dependences of the constants of
Vipm in Eq. (6) are given in Fig. 1 of [23]. This procedure
is particularly useful for light nuclei (including the neutron-
proton-clusters, xn and xp, x = 1, 2, 3..., defined in [28,29])
where shell corrections U could not be defined on any shell
model basis. Also, the missing deformation effects in spherical
shell effects §U are included to some extent in the Vi py since
we essentially use the experimental binding energies split into
two contributions (V_py and §U), and add the T-dependence
to 1t.

The T-dependent, nuclear proximity potential for de-
formed, oriented nuclei [20],

Ve (so(T)) = 47 R(T)y b(T)P(s0(T)), @)

where b(T) = 0.99(1 4 0.0097°?) is the nuclear surface thick-
ness, y = 0.9517[1 — 1.7826(25%£)*] MeV fm~2, the surface
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FIG. 2. The fragmentation potential as a function of the light
fragment mass A, for the decay of 2**Bk*, formed in the ''B+?*U

reaction at E.,, = 70.6 MeV (equivalently, T = 1.45 MeV), calcu-
lated at two extreme £-values.

energy constant and R(T) is the mean curvature radius (for
details see Ref. [20]). ® in Eq. (7) is the universal function,
independent of the shapes of nuclei or the geometry of nuclear
system, but depends on the minimum separation distance so(7)
(see Fig. 2 in [20]), as

—L(50(T) = 2.54)% — 0.0852(s50(T) — 2.54)°
D(sy) = 5 (so(T) S ()T) (s0(T) ) ®
—3.437 exp (— 075 ) ,

respectively, for so(7)<1.2511 and so(7T)>1.2511. The
Coulomb potential for a multipole-multipole interaction be-
tween two separated nuclei

leze 2
VC R + 321226‘ Z
Ai=1,2
R} (i, T)

Ol g 1 262 y00.
XWYK (9,)|:,3,\,+7ﬂ“YA (91)], 9)

and the angular momentum dependent potential,

R2e + 1)
Vi= ——2 10
fi o0 (10)

with moment-of-inertia in the sticking limit
Is = uR* + 2AymR}ay, T) + 2AymR3(o2, ). (11)

Note that, in general, the experimental numbers for angular
momentum £ are based on the moment of inertia calculated
[30] in the nonsticking limit (Ixs = W R?). However, this use
of the reduced mass alone corresponds to the supposition that
the emission of the fragment is punctual, and there are also
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other possible hypotheses aside from the sticking limit such as
the rolling or sliding conditions. We find that the sticking limit
(I5) used here is more appropriate for the proximity potential
(nuclear surfaces <2 fm apart) which has the consequence that
the limiting £-value is much larger in this case. In the following,
we shall see that the use of a larger £,,,,x-value due to arelatively
larger magnitude of Ig results in a reduction of the nuclear
surface separation distance AR for nuclear collisions [31],
and vice versa for Iys.

Normalizing Vg(n, T) to the channel binding energy, we get
the scattering potential V(R, T), illustrated in Fig. 1 for the
exit channel ' In+'2*Cd. For such a potential, the tunneling
probability P is the WKB integral,

_ _2 o _ 1/2
P=exp{ =2 | 2ulV(R) = Qerll "dR (12)
R,

with
V(Rs) = V(Rp) = Qer = TKE(T).

Here, the potential V (R, ) corresponds to the first turning point
R =R, = R:(n,T)+ AR(T), which can be looked upon as
an effective, positive Q-value, Q.¢, for the decay of the hot
compound nucleus, like the Qq-value in spontaneous cluster
decay [for T =0, R, = R;(n) and TKE(T = 0) = Qoul- Rp
is the second turning point. Since we do not know how to add
the ¢ effects in the binding energies, the {-dependence of R,
is defined by

V(Ra, ) = Qee(T, £ = 0),

i.e., R, is taken to be the same for all £-values, and that
Qei(T, £) = V(R,, £). Note, AR is in fact n-dependent, but
here in the following we have used an average T-dependent
value. For further details, see [11].

III. CALCULATIONS AND DISCUSSIONS

As already mentioned above, fission cross sections for
the decay of 26BK*  formed in 'B+25U and “N+22Th
reactions, have been measured [16] at various E. . , which
represent the sole contribution to the total fusion cross section
(o = o). No contribution due to the emission of LPs
(A <4), IMFs (4 < A <20) or noncompound qf processes are
explicitly recorded.

Figure 2 shows the calculated fragmentation potentials for
the decay of 2*°Bk* (formed in the ''B4?*U reaction at
Ecm. =70.6 MeV or T = 1.45 MeV) at two extreme £ = 0
and {yax-values, using quadrupole deformations and optimally
oriented hot configurations according to Table 1 of Ref. [18].
Lmax = 1420 is fixed for o ps — 0 (see Fig. 5 below). We note
that the LPs and IMFs are favored (lower in energy) at £ = 0,
but at higher ¢-values the symmetric and near-symmetric
fragments become more favored. At £ = 142h, a strong
minima is obtained for symmetric fragments A = 116-123,
denoted as the symmetric fission (SF) window of mass
Acn/2 £ 7. Also, another minima is seen in the immediate
neighborhood of the SF window, corresponding to heavy mass
fragments A = 106-110, referred to as the HMFs window.
Thus, a sum of the SF and HMFs windows in Fig. 2 gives
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FIG. 3. Same as for Fig. 2, but for the preformation probability Py.

the (total) fission of the compound nucleus. Since the reported
fission cross sections correspond to assumed symmetric mass
division only [16], without actually identifying the fragments,
the presence of a new HMFs window, in addition to the SF
window, allows us to look for the fine- or substructure of the
fission of 246Bk* (see below, Fig. 8).

The above result of a favored asymmetric to a favored
symmetric division with increase in £-value is also depicted
in Fig. 3 for the preformation factor Py(A;), and in Fig. 4 for
the penetration probability P(A,). In Fig. 4, we notice that, at
higher £-value, P — 1 (its highest value) for the symmetric
fragments. P is very small for the emission of LPs, and also
tends to zero for the "B fragment (so also for '®B) which
occurs as a strong minimum in the fragmentation potential of
Fig. 2 or as a maximum in the preformation probability of Fig.
3. In the following, we shall see that a major contribution to the
fission (equivalently, fusion) cross section arises from the SF
window, and that the HMFs window contributes to a maximum
of ~5% and that too only for the first few higher c.m. (top three)
energies. Furthermore, we shall see that the entrance channel
also plays its role in terms of the quasifission contributing,
at higher c.m. energies, due to the ""B423U reaction and
not due to the *N+232Th reaction. Thus, in our calculations,
respectively, for the case of negligible or zero contributions
from LPs and IMFs, ofggl = OHMFs + OSF + 0gt = 01%;1 + oyt
to be compared with experimentally measured af]i:pt(z afi’;pt).
Apparently, the quasifission component is obtained empir-
ically [32] as the difference between the experimentally

measured and our calculated fission components, i.e., o4t =

Expt Cal
Ofiss o Ofigs * .
Figure 5 presents the calculated cross section as a func-

tion of angular momentum for the LPs (A = 1-4 summed)
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TABLE I. The decay cross sections for LPs, o1ps, the symmetric fission (SF) window (A = Acn/2 £ 7), osg, the heavy mass fragments
(HMFs) window (A = 106-110, and their complementary fragments), ommrs, and the quasifission (qf) component, oy, and their sums
oS(= osg + oumrs) and o5 (= oy + oSY), calculated on DCM for different E. 1, for 2**Bk* formed in the !'B-+2*U reaction, compared with

the experimental fusion (= fission) cross sections [16], op "' (= o4 ™)

DCM DCM (P = 1) Cal Expt
Ecm. Efy T Cnax AR oLp oS (mb) AR oot 08 (= S + o) o (=o P
(MeV)  (MeV) (MeV) (@) (fm) (mb) osF OlivFs Sum (fm) (mb) (mb) (mb)
70.6 559 1449 142 1.2800 9.06 x 1072 1080.11 5046 113057  1.167  310.93 1441.50 1440 + 138
68.7 540 1424 142 1.2800 9.29 x 1072 112576 51.80  1177.56  1.133  214.44 1392.00 1390 + 128
66.8 520 1398 141 1.2800 9.03 x 1072 111545 4623  1161.68  1.000  44.33 1206.01 1200+ 112
64.9 501 1372 140 1.1760 111 x 1072 1017.71 1454 103225 0943 2035 1052.60 1030 +72
63.0 482 1346 140 1.1470 5.62 x 1073 95451  10.62 965.13  0.887 9.64 974.77 960+ 95
61.0 463 1320 140 1.1300 3.82 % 1073 761.18 8.41 769.59  0.828 4.08 773.67 772454
59.1 444 1293 140 11171 2.91 x 1073 621.96 731 62927  0.775 1.81 631.08 630£40.0
57.2 425 1266 140 1.0940 1.75 % 1073 461.40 5.32 46673 0.724 0.85 467.58 465 £33
553 406 1237 139 1.0540 541 %1074 269.36 2.70 27206 0.672 0.36 272.42 270 £ 20.0
534 387 1208 139 1.0130 6.94 x 1075 130.88 1.06 131.94  0.620 0.17 132.11 1324 14.0
515 368 1179 137 0.9940 1.70 x 1075 54.78 0.35 5513 0.572 0.07 55.20 54.6+53
49.0 343 1139 137 0.9470 351 x 1077 7.20 0.03 723 0507 0.03 7.26 7.002.0

compared with the same for the symmetric fragment A =
Acn/2 = 123 alone, up to £y = 1421 where the opps(£)
goes to zero. We note that the contribution of light-particles
cross section o ps, summed up to £, (given in the braces of
the legend), is almost zero compared to the cross section of
symmetric fragment alone.

Figure 6 gives a comparison of our DCM -calculated
fission cross sections aﬁssl( osF + onmrs, hollow squares)
at different center-of-mass energies, with the experimental
data [16] on o EXpt(_ th:épl filled circles) for the ''B+23°U

| 11B+235 246Bk A +A

10°
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> |
I
3
o 10°- ——(=0nh
o —— V(=142 1
p .
0
..é .
®© 107+
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) AR=1.280 fm
10™" B, Optimum 6, (i=1, 2)
|"'l"|"'|"'|"'|"'|"'|'
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Fragment mass no. A,
FIG. 4. Same as for Fig. 2, but for the penetration probability P.

reaction channel. The same result is also presented in Table I
along with other calculated quantities and fitted parameters.
Within one parameter fit, the comparison is clearly very
good, except at the highest three energies. This discrepancy
is associated with the presence of a significant noncompound,
quasifission contribution at these three energies. This is
explicitly calculated on DCM (Py = 1) for the best fit to

the empirically estimated og¢(= op""

al
. C’ms) also shown in

235 246 12310412
. "B+2%y —2%BK" P In+"2cd
i Ec_m_=70.6 MeV T=1.45 MeV
1o AR=1280fm £ =1427 !
og
2
- | ;
o f
= H
5 H
3 :
o Summed over ¢ :
8 4 1 max E
S :
o | . Gung,(=153.96 mb) :
2] ——o, (= 9.06x10°mb)
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/
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FIG. 5. Variation of 04123, the cross section for symmetric
fission fragment of mass A = 123, and the summed up cross section
for LPs (A = 1-4), the o1 ps, as a function of the angular momentum
¢ for the decay of 2*°Bk* (formed in '"B+23U reaction at T =
1.45 MeV) up to a point where o p; — 0.
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TABLE II. Same as for Table I, but for the reaction '“N+4-2*2Th, and without the quasifission (qf) component.

DCM Expt
Eem, Egy T b AR orp o (mb) o (= o)
MeV) (MeV) (MeV) ) (fm) (mb) OsF OHMFs Sum (mb)
86.4 60.9 1.511 142 1.2360 3.45 x 1072 782.04 41.24  823.29 823 4+40
82.5 57.0 1.463 142 1.1410 5.05 x 1073 641.49 10.73 652.21 650126
79.9 54.4 1.429 142 1.1255 3.65 x 1073 510.35 9.79  520.14 518+£24
78.0 52.5 1.404 141 1.1110 2.58 x 1073 369.47 7.48  376.95 380+£53
76.1 50.6 1.379 141 1.0860 1.41 x 1073 285.02 5.45 290.48 290+27
74.2 48.7 1.353 140 1.0640 7.57 x 107* 211.12 346  214.58 214 £ 11
72.2 46.8 1.327 140 1.0200 1.51 x 107* 108.27 1.47 109.74 1114+07
70.4 44.9 1.300 140 0.9950 3.20 x 107 54.35 0.64 55.00 54+04
68.5 43.0 1.273 139 0.9700 5.77 x 107° 19.69 0.17 19.85 20.3+2

Fig. 6 as open down-triangles. The sum of our calculated fis-
sion component oﬁCSaS' and quasifission oy is plotted here as ofgsl

(open up-triangles) which shows an excellent comparison with

. . . Expt,___Expt

experimental fusion cross sections oy, (= oy ). Apparently,
the quasifission cross section contributes only for the top three
energies, and is negligibly small at all lower energies. We have
also listed in Table I, and plotted in Fig. 6, our calculated oy ps
contribution which is also negligibly small at all energies, and
decreases with decreasing c.m. energies in agreement with an
earlier study [33].

For the incident channel *N+22Th, our results on DCM
are presented in Fig. 7 and Table II, compared with the
experimental data of Ref. [16]. The important result is that
“N+232Th is a pure CN reaction, showing no quasifission

23 2 *
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e 1 —2A— Fission+Quasi-fission (DCM)
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c.m.

FIG. 6. The calculated 05", 05 (= osk + ouwmrs), empirical oy

fus *
and o1 p; on DCM for the decay of compound nucleus >**Bk* formed
inthe "B+2*U reaction at various E, ,, , compared with experimental

data [16] on o (= o)

contribution, in disagreement with the anisotropy results of
Behera et al. [16]. Hence, a further experimental check of this
result is called for. For the calculated fission cross section,
however, the two contributing windows (SF and HMFs) show
nearly the same fine- or substructure effect, depicted in
Fig. 8 for both incoming channels. Here, peak 2 corresponds
to fragment mass A = 108 for the first three highest energies
of channel !'B+2*°U and for only the first highest energy of
channel '*N+4-232Th, and to fragment mass A = 109 for the rest
of the energies in both channels since the peak shifts between
A =108 and A = 109. Peak 1 corresponds to fragment mass
A = 122. The peaks for the two windows are marked, for
example, in Fig. 3. An experimental verification of such a
substructure of fission yields would also be interesting.
Finally, we look at the only free parameter of the model, the
length parameter AR and its connection to the £,,-value due
to the use of the sticking or nonsticking moment of inertia. All

UN+Th "Bk A +A,
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S 10
g
[e]
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2 —— Fission+LPs (DCM)
2 10~ —o— LPs (DCM)
S
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107
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FIG. 7. Same as for Fig. 6, but for the N+2*2Th reaction.
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FIG. 8. The ratios of the peak values of HMFs window and SF
window as a function of the incident E. p, .

the calculations presented above are for the sticking moment
of inertia I5 where £, is fixed for oy p; — 0, and is found to
decrease slowly with decreasing E. . (see Tables I, II, and Fig.
9). Figure 9 gives the variation of AR with E_, for fission
(dotted line with solid squares) and quasifission (dotted line
with hollow circles) in the case of entrance channel 'B+23U,
and for fission alone for the entrance channel “N+23Th
since the quasifission component is zero in this later case.
We observe that AR increases with increasing E. p, for both
processes, showing a similar behavior in the case of fission for
the two entrance channels (the two straight line fits have nearly
the same slope). The interesting result is that fission occurs
earlier (AR larger) than quasifission, and that gf is simply an
additional contribution to fusion cross section rather than a
competing process of the type observed in, for example, *Ca
induced reactions on deformed actinides for the synthesis of
superheavy nuclei [34].

Next, as an illustrative case, we use for quasifission the
nonsticking moment of inertia Iys and find that for a similar
fit as above for I, 1.« decreases considerably (€,,x = 31 and
23h, respectively, for E., = 70.6 and 49.0 MeV, instead of
142 and 137h) but then AR increases significantly [see solid
line with crosses in Fig. 9(a)], approaching almost the value
for fission for use of Iy [the dashed line with solid squares in
Fig. 9(a)]. The interesting result is that for gf, nearly the same
AR(E. ) variation is obtained for I at £,,,x = 66h [solid line
with open circles in Fig. 9(a)] as is obtained above (solid line
with crosses) for Iys at about half the £,,,x-value. The £,,,x =
66/ matches exactly the value given by the finite-range liquid
drop model (FRLDM) for mass A = 246 compound nucleus
(see Fig. 1 in [35]). For heavy ion collisions, however, we
consider the sticking moment of inertia as more appropriate,

PHYSICAL REVIEW C 77, 054613 (2008)

1.6
1@ "B+*U _m
1.4
] o Lo E DT DI, £, =667] f
121
§ 1.0-
[ O
< 084 [, ¢, (B )] o % Fission (DCM)
| .o Straight line fit
06 o (o) --0--qf [DCM, IS,ZIW(EU"_)]
= Lo ——qf [DCM, 1/, (B )]
1 © —o—qf [DCM, I,/ =661]
0.4"'I'"I"'I"'I"'I"'I"'I'
44 48 52 56 60 64 68 72
L)
1.2 (b)
£
< 11
[a4
<
-- @ Fission (DCM)
1.0 Straight line fit
o9+
68 72 76 80 84
E_(MeV)

FIG. 9. (a) The fitted parameter AR for fission (dotted line with
solid squares) and quasifission (dotted line with hollow circles)
decays of the CN formed in the "B4?*U reaction as a function
of E. .. (b) The same for fission decay in the case of the reaction
“N+232Th. Straight line fits AR = 0.162 + 0.016E,,, and AR =
0.018 4+ 0.014E_ ,,,, respectively, for 'B4-?*U and '“N+232Th are
also shown as solid lines.

which involves a larger limiting value for £ and hence a smaller
neck length parameter AR. Also, the data on TKE favors the
use of Ig, as compared to Iys (see Fig. 7 in [7]).

IV. SUMMARY

In this paper, we have studied the decay of >**Bk* formed
in reaction channels ''"B+2U and '“N+2*?Th at different
center-of-mass energies. The results of the DCM calculations,
using hot (compact) configurations for quadrupole deformed
nuclei, are compared with the experimental data [16]. Our
calculations clearly demonstrate that, independent of the
entrance channel, the decay of >**Bk* into symmetric and
near-symmetric fragments are highly favored over the light
particles (LPs) and intermediate mass fragments (IMFs), in
particular at higher angular momentum £-values. At £ = £ax,
the preformation factor Py is large and penetration probability
P approaches unity for all the symmetric and near-symmetric
fragments. Thus, the main contribution to the decay cross
section comes from the fusion-fission fragments which consist
of the symmetric fission (SF) window of mass Acn/2 £ 7and a
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heavy mass fragments (HMFs) window of A = 106110 (and
complementary fragments) in the immediate neighborhood of
the SF window. Interestingly, the prediction of two windows
suggests a fine- or substructure of observed fission fragments,
not yet analyzed experimentally.

For the entrance channel 'B+23U, the DCM calculations
are in good agreement with the experimental data for all c.m.
energies, except for the highest three energies. Allowing a
contribution from the noncompound quasifission (qf) process
makes the comparison very good at all experimental energies.
The cross section for gf, oy, is significant for only the top
three energies. For the 14N 4+232Th entrance channel, however,
contrary to the experimental observations (of anisotropy),
the noncompound nucleus (quasifission) contribution is zero,
.., the DCM calculated a&il(z Oosr + opmEs) matches the
measured fission cross section op (= op ™) almost exactly
without invoking any quasifission contribution. Note, however,

PHYSICAL REVIEW C 77, 054613 (2008)

that there is a parameter (the length parameter A R) to be fitted
in this model, which shows a simple linear dependence on the
incident c.m. energy, with an almost constant slope for both
the entrance channels. The role of sticking versus nonsticking
moment of inertia for the limiting angular momentum £« is
also studied, which results in an increase of AR for the lower
Lmax-value of Iys used in experiments.
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