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Production cross sections of heavy neutron-rich isotopes are calculated by employing quantal transport
description in °Cf + 2**Th collisions. This quantal transport description is based on the stochastic mean-field
approach, and it provides a microscopic approach beyond time-dependent Hartree-Fock theory to include mean-
field fluctuations. Deexcitation of primary fragments is determined by employing the statistical GEMINI++ code.
Calculations provide predictions for production cross sections of neutron rich transfermium isotopes without any

adjustable parameters.
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I. INTRODUCTION

In recent years extensive experimental and theoretical in-
vestigations have been carried out for the production of heavy
elements close to the superheavy island with proton numbers
Z > 100 [1-16]. Fusion reactions are a natural mechanism
for the production of very heavy nuclei. Superheavy elements
are identified by following the decay pattern of the primary
heavy fusion product. Thus far super heavy elements have
been synthesized either in cold fusion reactions [17] or in hot
fusion reactions [14,18], using actinide nuclei. Highly excited
compound nuclei deexcite mostly by neutron emission and
secondary fission. As a result, fusion reactions may not be the
most efficient way to produce neutron rich heavy isotopes.

As an alternative mechanism, for the production of neutron
rich heavy isotopes, multinucleon transfer (MNT) processes
have been experimentally investigated with actinide targets
near barrier energies, and more investigations are currently
in progress. Such investigations may provide a more efficient
mechanism for the production of heavy neutron rich isotopes.
The multinucleon transfer mechanism has been investigated
using several phenomenological approaches including the
multidimensional Langevin model [19-25], dinuclear sys-
tem model [26-28], and quantum molecular dynamics model
[29-31]. In order to provide more accurate description of col-
lision dynamics and for the MNT mechanism it is important
to develop microscopic approaches, which also provide a test
for phenomenological models. Time-dependent Hartree-Fock
(TDHF) theory provides a microscopic description for the
mean evolution of collective dynamics at low bombarding
energies [32-41]. However, the TDHF theory has a severe
limitation: it can only describe the most probable dynamical
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path of the collision dynamics with small fluctuations around
it. It describes mean kinetic energy loss due to one body
dissipation rather well, but it cannot describe the large dis-
persions of mass and charge distribution of the fragments. To
remedy this problem one must go beyond TDHF [42-45]. The
time-dependent random phase approximation of Balian and
Vénéroni provides an important improvement of the mean-
field description. This approach has been applied for analysis
of multinucleon transfer in several studies [46—50]. However,
the approach is limited to calculating dispersions of charge
and mass distributions in symmetric collisions.

The stochastic mean-field (SMF) approach provides a fur-
ther improvement of the TDHF theory beyond the mean-field
approximation [45,51], and can be applied to asymmetric
collisions. In Sec. II we present results of TDHF calculations
for the collisions of the >°Cf + 23?Th system at E., = 950
MeV. In Sec. III, we briefly describe the quantal transport de-
scription of multinucleon transfer based on the SMF approach.
We present an analysis of multinucleon transfer mechanism
for the same reaction. This analysis is essentially a comple-
mentary description of the work of Kedziora and Simenel
[52], in which the multinucleon transfer mechanism has been
investigated in the TDHF approximation alone. In Sec. 1V,
we present results of quantal transport description based on
the SMF approach for the 2°Cf + 2**Th reaction. Our calcula-
tions can describe primary and secondary isotope production
cross sections including mean values and fluctuations without
any adjustable parameters except standard parameters of the
Skyrme energy density functional. In Sec. V, conclusions are
given.

II. MEAN-FIELD DESCRIPTION

The microscopic TDHF theory, employing effective
Skyrme type energy density functionals, has been used

©2023 American Physical Society
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FIG. 1. Blue curves show the drift path of Cf-like fragments in the head-on collision of the 20Cf +22Th system at E.,, = 950 MeV in
tip-tip (X X), tip-side (X'Y), side-tip (Y X), and side-side (YY) geometries. Labels A, B, and C indicate intervals used in determining the average

values of the reduced isoscalar curvature parameter § in Egs. (9)—(11).

extensively for describing heavy-ion collisions and nuclear
fusion [32-36,39—41]. The mean-field theory provides a good
description for the most probable dynamical path of the col-
lective motion at low energy heavy-ion collisions, including
the one body dissipation mechanism. The TDHF is a deter-
ministic approach for many body dynamics in the sense that
mean-field evolution starting with a given initial condition
leads to a single, deterministic final state. For example, for a
collision with a given charge and mass asymmetry it leads to a
single exit channel with a certain charge and mass asymmetry.

In the 2°Cf 4 23>Th system, both projectile and target nu-
clei exhibit strong prolate deformation in their ground states.
As a result, the collision dynamics and multinucleon transfer
mechanism strongly depend on the collision geometry. We
consider four different initial collision geometries at the same
bombarding energy E.p, = 950 MeV. In analogy with the
work of Kedziora and Simenel of Ref. [52], we indicate initial
orientation of the target or projectile along the beam direction
with letter X, and perpendicular to the beam direction with
letter Y. Four different collision geometries are represented
as XX, XY, YX, and YY and correspond to tip-tip, tip-side,
side-tip, and side-side geometries, respectively (see Figs. 2
and 3 of Ref. [52]). Based on the work of Ref. [52], it is
expected that the YZ collision geometry will give similar
results as the Y'Y orientation. As a result, we did not include
the YZ geometry in our calculations. As a convention, the
first letter indicates the initially heavy partner of the colliding
system. Table I exhibits results of TDHF calculations for

different values of initial orbital angular momentum ¢;, final
values of mass and charge numbers of Cf-like A{ and Z{

and Th-like Ag and Z{ fragments, final total kinetic energy
(TKE), total excitation energy (E*), and scattering angles
in the center of mass frame 6., and laboratory frame 9}"“’
and 0 for the four different collision geometries. The ta-
ble also includes asymptotic values of neutron dispersion
onn (£), proton dispersion o7z (€), mixed dispersions oyz(£),

VOO + 02,0 + 0, (0),
for each orbital angular momentum. These dispersions are de-
fined as o2y (€) = SN*SN*, 02,(£) = §Z*8Z*, and o3, () =
SN*8Z*. In the quantities the bar indicates ensemble averages
of the product of fluctuating neutron SN* and proton 8§Z*
numbers, which are discussed in Sec. IV A. To reduce the
computation time, we have chosen the initial orbital angular
momentum in steps of 40%. The calculations presented in the
rest of the paper employed the TDHF code [53,54] using the
SLy4d Skyrme energy density functional [55], with a box size
of 60 x 60 x 36 fm in the x-y-z directions, respectively.

As seen from Table I, distinct geometries result in different
nucleon transfer mechanisms. The different nucleon transfer
mechanisms for head-on collisions are observed more clearly
from the time evolution of neutron N(¢) and proton Z(t)
numbers of Cf-like fragments or Th-like fragments. In Fig. 8
of the Appendix, we plot the time evolution of neutron and
proton numbers for the Cf-like fragments for the four differ-
ent geometries studied. In standard TDHF calculations, time

and mass dispersion o4 () =
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TABLE 1. Results of the TDHF and SMF calculations for the 2°°Cf 4 2*2Th system at E, ,, = 950 MeV in tip-tip (XX), tip-side (XY),
side-tip (Y X), and side-side (YY) geometries.

Geometry  {; (h)  Z! Al z] Al ¢, (h) TKE E*  oww  0zz Onz  Oun Oem O ok
XX 0 89.9 2307 981 2513 00 6128 3359 86 55 55 136 1800 00 00
40 907 2327 973 2493  27.1 6067 3426 86 56 56 137 1719 37 286
80 929 2384 951 2436 631 6039 3454 87 57 57 139 1632 76 47.6
120 959 2465 921 2355 924 589.0 362.6 88 57 57 140 1540 115 559
160 98.6 2533 894 2287 1233 571.1 3758 89 58 58 141 1445 153 578
200 989 2539  89.1 2281 1479 5643 3814 88 57 57 141 1352 191 56.0
240 98.3 2527  89.7 2293 178.1 563.6 3841 88 57 57 140 1253 233 53.1
280 96.9 2489  91.1 2330 2195 5670 3823 87 56 56 138 1153 278 493
320 972 2497  90.8 2323 2434 5904 3588 84 55 55 134 1069 316 47.1
360 97.5 2500 90.5 2320 2587 6255 3245 80 52 52 127 1009 347 45.38
400 96.6 2475 914 2344 2838 6683 2799 74 48 48 116 958 378 444
440 96.7 2484 913 2336 3309 7187 2295 66 43 43 103 905 410 432
480 972 2491 908 2329 3987 7749 1744 56 37 37 85 857 441 420
XY 0 87.1 2224 1009 2596 00 6274 3163 78 52 58 124 1800 00 00
40 875 2235 1005 2585 307 6247 3227 78 52 58 124 1697 49 313
80 887 2270 993 2550 647 6250 3218 78 52 58 124 159.1 99 477
120 903 2314 977 2506  98.6 6125 3362 78 52 58 125 1484 146 529
160 91.6 2351 964 2469 1416 5922 3580 79 52 58 125 1371 195 527
200 932 239.1 948 2429 1817 5862 3640 79 52 58 125 1259 242 513
240 939 2413 941 2407 2121 5916 359.1 78 52 58 124 1164 282 49.1
280 954 2450 926 237.0 2447 5690 3809 7.7 51 57 122 1076 313  46.0
320 96.3 2474  91.7 2346 2587 607.0 3432 74 49 54 117 1021 341 454
360 96.8 2482 912 2338 2865 6340 3142 71 48 51 112 961 37.0 438
400 973 2496  90.7 2324 3167 667.6 280.1 68 45 48 106 914 394 427
440 973 2497  90.7 2323 3637 7083 2394 63 42 44 98 874 420 417
480 97.8 2513 902 2307 4007 7453 2034 57 38 38 87 835 442 407
YX 0 103.5 2665 845 2155 00 6477 2971 76 51 54 119 1800 00 0.0
40  103.6 2667 844 2153  30.8 6473 2964 7.6 51 54 119 1699 44 70.0
80 1034 2663 846 2157 734 6445 2982 76 51 54 120 1596 89 717
120 1032 2653 848 2167 968 6324 3116 76 51 54 120 1496 131 68.0
160 1025 2634 855 2186 1330 6138 3309 7.6 52 55 120 139.1 175 62.8
200 1014 2605 866 2215 1774 607.1 3366 76 52 55 120 1286 220 58.1
240 1004 2573  87.6 2247 2075 6013 3448 76 51 55 120 1190 261 535
280 99.0 2536 89.0 2284 2389 5975 3482 76 51 54 119 1101 30.1 492
320 972 2499  90.8 2321 2650 6157 3320 74 50 52 116 1031 33.6 464
360 96.5 2486  91.5 2334 2862 6423 3070 7.1 48 50 112 976 364 447
400 96.2 2475 91.8 2345 3151 6682 2829 68 47 47 106 923 393 428
440 96.1 2472 919 2348 3464 7005 2497 64 44 43 99 879 419 415
480 96.1 2472 919 2348 387.8 7405 2097 59 40 38 89 842 443 405
YY 0 974 2500 90.6 232.0 00 6200 3277 93 61 68 147 1800 00 00
40 982 2522  89.8 2298 273 6346 3152 93 61 68 147 1676 55 553
80 97.8 251.5 902 2305 511 6329 3168 92 60 68 146 1550 112 62.1
120 975 251.1 905 2309 909 6270 321.7 92 60 67 145 1428 165 60.6
160 96.8 2489 912 233.1 1357 613.6 3357 91 60 67 144 1307 218 562
200 96.7 2483 913 2337 1770 6169 3313 89 58 65 141 1207 263 529
240 972 2497  90.8 2323 1993 6395 3082 86 57 62 136 1131 298 512
280 97.0 2490 91.0 2330 2368 6380 3113 00 55 60 132 1051 332 477
320 974 2498  90.6 2322 2807 627.6 3201 82 54 58 128 975 361 444
360 97.6 2503 904 2317 3126 6387 3106 78 51 55 121 930 38.1 428
400 97.5 2504 905 231.6 3410 659.1 2909 73 48 51 113 875 408 40.8
440 97.5 250.5 90.5 2315 3784 6879 2608 68 45 46 105 838 429 397
480 974 2503  90.6 2317 4164 7256 2221 63 42 40 94 812 449 392
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FIG. 2. Neutron and proton diffusion coefficient in the head-on collision of the 20Cf +22Th system at E; ,, = 950 MeV in tip-tip (XX),

tip-side (XY'), side-tip (Y X), and side-side (YY) collision geometries.

evolutions of macroscopic variables for a dinuclear complex,
such as the charge and mass of targetlike or projectilelike
fragments, are not utilized explicitly. Often just the values
of macroscopic variables at the exit channel are employed in
the analysis of the reaction mechanism. Drift paths, which
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show the evolution of the system in the N-Z plane, carry
more detailed information about the nucleon transfer mech-
anisms. As a result of shell effects on dynamics, drift paths
exhibit different behavior in different collision geometries and
include detailed information of time evolution of the mean
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FIG. 3. Blue curves show the drift path of Cf-like fragments in the head-on collision of the >*°Cf 4 2*Th system at E.,, = 950 MeV in
tip-tip (XX), tip-side (XY'), side-tip (Y X), and side-side (YY) geometries. Labels A and B indicate intervals used in determining the average

values of the reduced isovector curvature parameter « in Egs. (12)—(14).
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values of macroscopic variables. On the other hand, the time
evolution of macroscopic variables becomes very important
for the diffusion mechanism, as we discuss in Sec. IV. The
blue curves in Fig. 1 show drift paths in head-on collisions
of different geometries for Cf-like fragments. In these fig-
ures, thick black lines indicate equilibrium charge asymmetry
with (N — Z)/(N + Z) = 0.22. This line is referred to as the
isoscalar path, which follows nearly parallel to the bottom
of the stability line. The isoscalar path extends all the way
toward the lead valley on one end, and toward the superheavy
valley on the other end, making about a ¢ = 32° angle with
respect to the horizontal neutron axis. We observe that in all
geometries,Cf-like fragments drift nearly along the isoscalar
direction with charge asymmetry approximately equal to 0.22.
Figure 1(a) shows the drift path for the tip-tip collision. As
usually observed in quasifission reactions, Cf-like heavy frag-
ments lose nucleons and the system drifts toward symmetry.
In the side-tip collision, shown in Fig. 1(c), the nucleon
drift mechanism is very different than the tip-tip geometry.
Here, the heavy fragment gains neutrons and protons and
the system drifts along the isoscalar path toward asymme-
try. This kind of drift path is not very common, and it is
referred to as the inverse quasifission reaction. Figure 1(d)
shows the drift path for the side-side collision. The drift path
in side-side collisions is different than other geometries. It
appears that a small number of nucleons transfer, and the
neutron and proton numbers of the final fragments are nearly
the same as those of the initial fragments. This observation
seems to indicate a particular result of shell effects in the
side-side collision geometry. As a result, the dinuclear sys-
tem wanders in the vicinity of a local equilibrium state of
the potential energy surface in the N-Z plane without a no-
ticeable drift in the symmetry or asymmetry directions. As
seen in Fig. 1(b), in the tip-side collision, the nucleon drift
mechanism is very different than those in other geometries.
The dinuclear system drifts along the isoscalar path with the
same charge asymmetry toward symmetry. However, Cf-like
heavy fragments continue to lose neutrons and protons until
they nearly reach thorium at the exit channel. In Ref. [52],
this type of drift was named as the swap inverse quasifission
reaction.

III. QUANTAL DIFFUSION DESCRIPTION

A. Langevin equation for nucleon transfer

The ordinary TDHF provides a deterministic description
for collision dynamics. A single-particle density matrix is
calculated with a given initial condition which is characterized
by a single Slater determinant. On the other hand, due to
correlations the actual initial state cannot be a single deter-
minant but should be a superposition of Slater determinants.
In the SMF approach, the correlated initial sate is represented
by an ensemble of single-particle density matrices which are
specified in terms of initial correlations [45,51]. Time evolu-
tion of the single-particle density matrix in each event in the
ensemble is determined by the TDHF equations with the self-
consistent Hamiltonian of that event. In each event of the SMF
approach, fluctuations of the random elements of the initial

density matrices are determined by Gaussian distributions the
variances of which are specified with the requirement that the
ensemble average of dispersions of one body observables in
the initial state matches the quantal expressions in the mean-
field approach.

When a dinuclear structure is maintained in the collision
dynamics, as in the case of heavy-ion collisions at near barrier
energies, we do not need to generate an ensemble of mean-
field events. Instead, it is possible to develop a much easier
transport description by employing the Langevin formalism
for the relevant macroscopic variables. This is accomplished
via a geometric projection of the SMF approach by utiliz-
ing the window dynamics. For the details of the quantal
diffusion description and the window dynamics we refer to
Refs. [56-64]. For the description of the nucleon diffusion
mechanism, we consider neutron number and proton number
of the projectilelike or targetlike fragments as the relevant
macroscopic variables. In this paper, neutron N;(¢) and proton
Zl*(t) numbers of the Cf-like fragments denote these variables.
We can determine neutron and proton numbers of these frag-
ments, for the event A, by integrating the particle density on
the left side or the right side of the dividing window. During
contact, as a result of nucleon flux across the window, neutron
and proton numbers of these fragments fluctuate from one
event to another, and these numbers can be decomposed as
N}(t) = Ni(t) + 8N (t) and Z}(t) = Zi(¢) + 8Z}(¢), where
Ni(t) and Z,(t) are the mean values taken over an ensem-
ble of SMF events. For small amplitude fluctuations, these
mean values are determined by the mean-field description of
the TDHF theory. According to quantal diffusion approach,
small amplitude fluctuations of the neutron N ’1\ (t) and proton
8Z}(t) numbers evolve as a coupled linear quantal Langevin
equation [56-62]:

d (52%@)) :(%’(zlA ~Z) + (N} —N1)>

dr\SN{ (1)) T\ 82(Z} — 24) + 52 (N} — Ny)

Svi(t)

+ (81}50))' @)
Quantities vg(t) = v, (t) + 8v§(t) are the drift coefficients
of neutrons and protons with the mean values and the fluc-
tuating parts denoted by v, (t) and 8v/(¢), respectively, with
index « indicating neutron and proton labels. Drift coefficients
v2(t) represent the rate of neutron and proton flux across
the window for the event A. The linear limit of Langevin
description presented here provides a good approximation
when the driving potential energy is nearly harmonic around
the equilibrium values of the mass and charge asymmetry.
The mean values of the drift coefficients are determined
from the rate of change of neutron and proton numbers
in Cf-like fragments, which are shown in Fig. 8 in the
Appendix. The explicit quantal expressions of the stochas-

tic parts of the drift coefficients Své(z‘) can be found in
Ref. [57].

B. Quantal diffusion coefficients

The stochastic parts of the drift coefficients (Sv;(t) and
Sv}(t) provide the source for generating fluctuations in
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mass and charge asymmetry degrees of freedom. According
to the SMF approach, stochastic parts of drift coefficients
have Gaussian random distributions with zero mean values
8U(t) = 0 and 87, (t) = 0, and the autocorrelation functions
of the stochastic drift coefficient integrated over the history
determine diffusion coefficients D, (¢) for proton and neutron
transfers:

/ dt'SVE()8VE(1') = Dig (1). 2)

0

In general diffusion coefficients involve a complete set
of particle-hole states. It is possible to eliminate the entire
set of particle states by employing closure relations in the
diabatic limit. This results in an important simplification, and
as a result diffusion coefficients are determined entirely in
terms of the occupied single-particle wave functions of TDHF
evolution. Explicit expressions of the diffusion coefficients are
provided in previous publications [56-62] and for the analysis
of these coefficients please see Appendix B in Ref. [57]. The
fact that diffusion coefficients are determined by the mean-
field properties is consistent with the fluctuation dissipation
theorem of nonequilibrium statistical mechanics and it greatly
simplifies calculations of quantal diffusion coefficients. Diffu-
sion coefficients include quantal effects due to shell structure,
Pauli blocking, and the full effect of the collision geometry
without any adjustable parameters. We observe that there
is a close analogy between the quantal expression and the
classical diffusion coefficient for a random walk problem
[65-67]. The direct part is given as the sum of the nucleon
currents across the window from the targetlike fragment to
the projectilelike fragment and from the projectilelike frag-
ment to the targetlike fragment, which is integrated over the
memory. This is analogous to the random walk problem, in
which the diffusion coefficient is given by the sum of the
rate of the forward and backward steps. The second part in
the quantal diffusion expression stands for the Pauli blocking
effects in the nucleon transfer mechanism, which does not
have a classical counterpart. As examples, Fig. 2 shows the
neutron and proton diffusion coefficients in head-on collisions
of the 2°Cf 4- 232Th system at E, ,,, = 950 MeV for different
collision geometries.

C. Potential energy of the dinuclear system

After colliding nuclei form a dinuclear system, the nu-
cleon drift mechanism is determined via the potential energy
surface in the (N, Z) plane. Potential energy of the din-
uclear system U (N, Z;) primarily consists of the surface
energy, electrostatic energy, symmetry energy, and centrifugal
potential energy. TDHF theory includes different energy con-
tributions microscopically. Furthermore, TDHF calculations
show that the potential energy depends on the collision geom-
etry. To compute the coupled Langevin equations, in addition
to the diffusion coefficients, we need to evaluate derivatives
of the mean drift coefficients with respect to neutron and
proton numbers. The Einstein relations in the overdamped
limit [56-62] provide a convenient approach to determine
these derivatives. In the overdamped limit, drift coefficients

are related to the potential energy surface in the (N, Z) plane
as

D d

un(t) = —”TL*“)a—MU(NI,Zl), (3a)
_ Dzz(1) 9

v (1) = — T+ a_ZlU(Nl,Zl)» (3b)

where T* represents the effective temperature of the system.
In heavy dinuclear systems, the centrifugal potential energy
is not very important. Therefore, we ignore the centrifugal
potential energy and analyze potential energy of dinuclear
systems formed in head-on collisions with £ = 0O relative an-
gular momentum. In four geometries that we consider, the
dinuclear system drifts along the isoscalar path toward a local
equilibrium state. For collisions of actinide nuclei, the lighter
local equilibrium state is located in the vicinity of the lead
valley with neutron and proton numbers around Ny = 128
and Zy = 82 and the heavier local equilibrium state is lo-
cated in the vicinity of the superheavy valley with neutron
and proton numbers around Ny = Ny — Ny = 166 and Z =
Zr — Zy = 106. Here Ny = 152 + 142 is the total neutron
number and Zr = 98 4 90 is the total proton number of the
dinuclear system, respectively. In Figs. 1 and 3 the solid
black line indicates the isoscalar path with a constant charge
asymmetry value (N — Z)/(N + Z) = 0.22. In the collisions
of Cf+ Th, drift in different collision geometries follows
nearly this isoscalar path. The lead isotope with Z = 82 and
N = 128 is located on this isoscalar path. We take this isotope
as the local equilibrium reference state rather than Z = 82 and
N = 126. This does not introduce an appreciable difference
in the calculations of the reduced curvature parameter. As
illustrated in Fig. 1, the dinuclear system formed in collision
of 2°Cf 4 232Th drifts nearly along the isoscalar path, which
is parallel to the equilibrium valley of stable nuclei. To extract
information about potential energy in perpendicular direction
to the stability valley, we need to choose the reaction of a
suitable neighboring system. For this purpose, the head-on
collision of the *°Cf + 2*Th system provides a suitable sys-
tem. Figure 3 shows the drift path of Cf-like fragments in
the head-on collision of the 2*°Cf 4 246Th reaction at tip-tip
(XX), tip-side (XY), side-tip (YX), and side-side (YY) ge-
ometries at E.,, = 950 MeV. In the Appendix, Fig. 9 shows
neutron and proton numbers of Cf fragments as a function
of time in different geometries. In this system, the initial
charge asymmetry of 2*°Cf is (N — Z)/(N +Z) = 0.18 and
that of *This (N — Z)/(N + Z) = 0.27. Initially, the system
rapidly drifts towards the equilibrium valley, until it reaches
equilibrium charge asymmetry value 0.22. The perpendicular
component of this drift line is referred to as the isovector
path. Then, the system continues to drift along the isoscalar
path toward symmetry or asymmetry with the same charge
asymmetry and the same slope angle as the isoscalar path
in the °Cf 4 232Th system. The system separates before
reaching local equilibrium. Combining the drift information
of these two very similar systems, we can provide an ap-
proximate description of the potential energy surface of the
dinuclear system relative to the equilibrium value in terms of
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two parabolic forms [68]:
UNi, Z)) = $aR5(Ny, Z)) + SbRY(Ny, Z)). (4)

Here, Rs(Ny, Z;) and Ry (N, Z,) represent perpendicular dis-
tances of a fragment with neutron and proton numbers
(Ny, Zy) from the isoscalar path and from the local equilibrium
state along the isoscalar path, respectively. Because of the
sharp increase of asymmetry energy, we expect the isovector
curvature parameter a to be much larger than the isoscalar
curvature parameter b. When drift occurs toward symmetry
like in Fig. 3(d), we can express the isoscalar distance from
the local equilibrium state (Ny, Zy) as Ry = (N; — Np)cos¢ +
(Z, — Zy)sing, and the isovector distance from the isoscalar
path as Ry = (Z; — Zy)cosp — (N} — Ny)sing. When drift oc-
curs toward asymmetry like in Fig. 3(c), we can express
isoscalar distance from the local equilibrium state (No, Zo)
as Ry = (Ng — Ny)cos¢ + (Zy — Z;)sing, and the isovector
distance as Ry = (N — N;)sing — (Zy — Z; )cos¢. The angle
¢ is the angle between the isoscalar path and the N axis, which
is about ¢ = 32°. It is possible to derive similar expressions
for other geometries. All have the same isoscalar path which
makes the same angle ¢ = 32° with the N axis. Because of
analytical relations of the potential energy in the Einstein
relations, we can immediately calculate derivatives of drift
coefficients to find

- .~ —Duy(asin’ ¢ + feos’ ), s)
g;l = —Dys(wcos® ¢ + fsin’ ), ©)
g;’: = —Dyy (B — o) sinp cos &, ™)
S = ~Daap — w)sincos . ®)

These expressions are valid for different collision geome-
tries with different values of reduced isoscalar, 8 = b/T*,
and isovector, « = a/T*, curvature parameters. By inverting
Egs. (3a) and (3b), it is possible to express the reduced cur-
vature parameters in terms of drift and diffusion coefficients.
Due to microscopic shell structure, transport coefficients de-
pend on time, and as a result the reduced curvature parameters
are time dependent as well. In simple parabolic parametriza-
tion of the potential energy surface, we ignore the time
dependence and use constant curvature parameters. Constant
curvature parameters are determined by averaging over suit-
able time intervals while colliding nuclei have sufficiently
large overlap. When drift occurs toward symmetry, the aver-
aged value of the isoscalar reduced curvature parameter over
a time interval 7; and ¢, is determined as

vp(t)sm(p)dt’ ©)

B12) = —— /lz (""(’)Cosd) n
 Rv(12) J, Dyn(t) Dzz(t)

where the integrated isoscalar distance is given by

Ry(12) = / {[N1(t) — Nolcos¢ + [Z(t) — Zy]sing }dt.
' (10)

We can use these expressions in calculating averaged val-
ues of isoscalar reduced curvature parameters in different
geometries. In the tip-tip collision of the >>°Cf +2¥Th sys-
tem, we take the averaging interval, as shown in Fig. 8(a)
in the Appendix, as t; — t4 = 150 fm/c and t, — 15 = 550
fm/c, and we find the reduced isoscalar curvature parameter
in tip-tip geometry to be S(TT) = 0.005. In tip-side geometry
using the interval as #; — t4 = 200 fm/c and t, — 15 = 500
fm/c, as shown in Fig. 8(b) of the Appendix, we find the
reduced isoscalar curvature parameter in tip-side geometry
to be B(TS) = 0.009. When drift is toward asymmetry, we
can determine the averaged value of the isoscalar reduced
curvature parameter over a time interval #; and #, using the
negative of Eq. (9) and, by taking the integrated isoscalar
distance as Ry (12) — Ry (12),

Ry(12) = / {[No — Ni(t)Icos¢ + [Zo — Z; (1)]sing }dt.
| (1n

In side-tip geometry, using the interval #4 = 200 fm/c
and tg3 = 500 fm/c, as shown in Fig. 8(c) in the Appendix,
we find the reduced isoscalar curvature parameter to be
B(ST) = 0.009. For the side-side geometry, we estimate the
isoscalar curvature parameters in the interval t4 — fz with
ta4 = 200 fm/c and 5 = 300 fm/c, as shown in Fig. 8(d) in the
Appendix, to be 8(SS) = 0.004. In the interval t5 — f¢ with
tg = 300 fm/c and ¢t = 800 fm/c, we estimate the isoscalar
curvature parameter to have the same magnitude, 5(SS) =
0.004.

When drift occurs toward symmetry, we estimate the
isovector reduced curvature parameters in different collision
geometries from the drift paths of 2*°Cf +2*Th by averaging
over time interval #; and 7, as

w(12) 1 /fz (vn(t)sinq) 3 vp(t)cosq&)dt’ (12)
Rs(12) J,, Dyn(1) Dzz(t)

where the integrated isovector distance is given by

Rs(12) =/ {[Z1(t) — Zylcos¢p — [N1(t) — Nolsing}dt.
13)

In side-side geometry, we estimate the isovector curvature
parameter by calculating the average value in the interval
ta — tg with t4 =220 fm/c and 73 = 310 fm/c, as shown
by Fig. 9(d) in the Appendix. We find the reduced isoscalar
curvature parameter to be «(SS) = 0.11. In tip-side geometry,
we estimate the isovector curvature parameter by calculating
the average value in the interval 4 — t5 with 4 = 170 fm/c
and 7z = 280 fm/c, as shown by Fig. 9(b) in the Appendix.
We find the reduced isoscalar curvature parameter to be
a(TS) = 0.15. When drift occurs toward asymmetry, we es-
timate the isovector reduced curvature parameters in different
collision geometries from the drift paths of 2*Cf 4 2*Th
using Eq. (12) in which the integrated isovector distance is
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replaced by Rg(12) — Rs(12):

Rs12) = [ {1Z0 = Z1(0lcoss — [Ny — N lsng |
| (14)

In side-tip geometry, we estimate the isovector curvature
parameter by calculating the average value in the interval
ta — tg with t4 = 150 fm/c and 73 = 260 fm/c, as shown
by Fig. 9(c) in the Appendix. We find the reduced isoscalar
curvature parameter to be «(ST) = 0.12. In tip-tip geometry,
we estimate the isovector curvature parameter by calculating
the average value in the interval 4 — tp with 4 = 150 fm/c
and 3 = 220 fm/c, as shown by Fig. 9(a) in the Appendix. We
find the reduced isoscalar curvature parameter to be a(TT) =
0.16.

IV. PRIMARY AND SECONDARY CROSS SECTIONS
OF REACTION PRODUCTS

A. Probability distributions of primary fragments

The joint probability distribution function P;(N, Z) for
producing binary fragments with N neutrons and Z protons
is determined by generating a large number of solutions of
the Langevin Eq. (1). It is well known that the Langevin
equation is equivalent to the Fokker-Planck equation for the
distribution function of the macroscopic variables [65]. In
the special case, when drift coefficients are linear functions
of macroscopic variables, as we have in Eq. (1), the proton
and neutron distribution function for the initial orbital angular
momentum ¢ is given as a correlated Gaussian function de-
scribed by the mean values and neutron, proton, and mixed
dispersions as

1
2monn(£)ozz(£)

PN, Z) =

exp(=Cy).  (15)
11— pz

Here, the exponent C; for each initial angular momentum is
given by

c 1 (z—z[>2_2 <Z—Zg)<N—Ng)
2= )| \ozz@) T P\ oz ) \omn®
N — N, \?2
, 16
+<GNN(€)>:| (10

with the correlation coefficient defined as p, = Uﬁz(ﬁ)/

[o22()ony (€)]. Quantities Ny = N2 and Z; = Zﬁ denote the
mean neutron and proton numbers of the targetlike or projec-
tilelike fragments. These mean values are determined from the
TDHEF calculations. It is possible to deduce coupled differen-

tial equations for variances UA%N(Z) = SN*SN* and UZZZ &) =

8Z*8Z* and covariances o2,(¢) = SN*8Z* by multiplying
Langevin Eq. (1) with SN* and §Z* and carrying out the
average over the ensemble generated from the solution of the
Langevin equation. These coupled equations were presented

in Refs. [56-62]. For completeness, we provide these differ-
ential equations here [69]:

02 _ oo o0 2 o (17)
—Ouy = 2——0 o ,
ot NN aN, NN 37, NZ NN
0 av
50222:282}7 ZZZ+28 GN2+2DZZ7 (18)
and
ad o2 vy v, , (0v, Ay,
— 4+ —1]. (19
5V = an, oW T oz, %72+ 0z oz Tan, ) 1

Here, Dyy and Dzz indicate the diffusion coefficients for
proton and neutron transfer. Variances and covariances are
determined from the solutions of these coupled differential
equations with initial conditions oy (t =0) =0, o2,(t =
0) =0, and O'Igz(l = 0) = 0, for each orbital angular momen-
tum. As an example, Fig. 4 shows neutron, proton, and mixed
variances, as a function of time, in the head-on collision of
Cf 4 Th at E.,, = 950 MeV for the tip-tip tip-side, side-tip,
and side-side collision geometries.

B. Cross sections of primary reaction products

We calculate the cross sections for production of primary
isotopes using the standard expression:

2 Zmax .
oP(N,Z) = 20 + HPP(N, Z), (20)
2UE;m, KX: ¢
where
PM(N,Z) = L[PP°(N, 2) + P*"(N,2)]. (21

In this expression, P! (N, Z) and P{*"(N, Z) denote the nor-
malized probability of producing projectilelike and targetlike
fragments. These probabilities are given by Eq. (15) us-
ing mean values of projectilelike and targetlike fragments,
respectively. The factor of 1/2 is introduced to make the
total primary fragment distribution normalized to unity. In
summation over ¢, the range of initial orbital angular mo-
menta depends on the detector geometry in the laboratory
frame. There are no nucleon transfer data available for the
20Cf 4 232Th system. In calculations, we carry out summa-
tion over the range from € ,j, = 0% to £;,.x = 480%. The upper
limit corresponds to quasi-elastic-scattering events with a few
nucleon transfer channels. We calculate total double cross
sections for four different tip-tip, tip-side, side-tip, and side-
side collision geometries. Figure 5 shows the double cross
sections in the N-Z plane for the production of primary frag-
ments in tip-tip (a), tip-side (b), side-tip (c), and side-side (d)
geometries. The points shown by crosses indicate colliding
nuclei 2°Cf and >*’Th. Equal values of primary cross sec-
tions form elliptic curves. Large values of mixed dispersions
indicate strong correlations in neutron-proton transfers. The
strong correlations are induced mainly by the symmetry en-
ergy. As a result, the major axes of equal cross-section elliptic
curves are aligned along with the valley of stability. Gross
properties of primary cross sections are similar in different
collision geometries. Due to the drift towards asymmetry di-
rection, magnitude of the cross sections along the isoscalar
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FIG. 4. Neutron, proton, and mixed variances as a function of time in the 2°Cf + 2*2Th system at E,,, = 950 MeV in tip-tip (XX), tip-side

(XY), side-tip (Y X), and side-side (YY) geometries.

direction extends further towards the superheavy island in
side-tip collision geometry as compared to the other collision
geometries. As an example, magnitude of the primary cross
section for production of elements (Z = 118, N = 185) is
about 0.01 mb, which is larger than those in other collision
geometries.

C. Cross sections of secondary reaction products

Primary fragments are excited and cooled down by light
particle emission, mostly neutrons, protons, and alpha parti-
cles, or they may decay via binary fission. We analyze the
deexcitation mechanisms of the primary fragments using the
statistical code GEMINI++ [70]. We estimate the total excita-
tion energy of the primary fragments according to E;(Z, N) =
Ecm. — TKE; — Qge(Z, N). In this expression TKE, is the
mean value of total asymptotic kinetic energy in collision with
initial orbital angular momentum ¢, and Qg (Z, N) denotes
the ground state Q value of the primary fragments relative to
the initial value. For collisions with an initial orbital angular
momentum, in the exit channel total spin and total excitation
energy should have distributions around their mean values. In
the present analysis, we ignore the fluctuations in excitation
energy and spin of primary fragments. We share the mean
value of the total excitation energy and the total angular mo-
mentum transfer in proportion to mass ratio of the primary
fragments. The excited parent nucleus decays by a series of
particle emissions and by secondary fission until the decay of
the parent nucleus is energetically forbidden. Starting from
an excited parent nucleus with neutron and proton numbers
(Z, N), excitation energy E*(Z, N), and spin J, statistical code
GEMINI++ determines the probability W(N,Z — N, Z’) of
reaching final nucleus (Z’, N’). The probability distribution of

secondary fragments is specified as
PN, 2y =Y Y PPN.ZW(N.Z > N'.Z). (22)
N2N' 227/

Here, summation (Z, N) covers the pairs of projectilelike
fragments and targetlike fragments of the dinuclear system
according to their probability distributions:

2 lmax
S ! N mh S / ’

Figure 6 shows the double cross sections of secondary frag-
ments in the N-Z plane for different collision geometries.
Again, the gross properties of the secondary cross sections are
very similar for different collision geometries. Below N =
100 and Z = 60, decay products consist of secondary fis-
sion of excited heavy fragments. Above this region the cross
sections are populated by light particle emission including
neutron, proton, and alpha particles. Calculations predict pro-
duction of a broad range of neutron rich isotopes for nuclei
with proton numbers in the range of Z = 70-90, with cross
sections on the order of several hundred microbarns. Figure 7
shows an enlarged view of the secondary cross sections for
heavy neutron rich nuclei for the range of proton numbers Z =
80-90 and the range of neutron numbers N = 130-160. Fur-
thermore, our calculations indicate a number of neutron rich
heavy isotopes with sizable cross sections including >**Cm
with a cross section of 159 nb for the side-side collision,
28(Cm with a cross section of 80 nb for the tip-side collision,
and »*Cm with a cross section of 252 nb for the side-tip
collision. In reality, all collision orientations contribute to
the cross sections and one should weigh each one with an
appropriate geometric factor. As a result, the values provided
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FIG. 5. Primary production cross sections in the N-Z plane for the °Cf 4 232Th system at E, ,,, = 950 MeV in tip-tip (XX), tip-side (XY),

side-tip (Y X), and side-side (YY) geometries.

here should be seen as order of magnitude as well as upper
limits.

V. CONCLUSIONS

We have presented an investigation of the multinucleon
transfer mechanism for the collisions of the 2°Cf 4+ 2*2Th
system at E.p, = 950 MeV employing the quantal trans-
port description based on the SMF approach. The standard
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mean-field description of TDHF determines average evolution
of the most probable path of heavy-ion collision dynamics at
low energies. The SMF provides an extension to the standard
TDHF description by including mean-field fluctuations in a
manner consistent with the fluctuation-dissipation theorem
of nonequilibrium statistical mechanics. When a dinuclear
complex is maintained in collisions, we can extract Langevin
equations for macroscopic variables, such as the mass and
charge asymmetry of colliding ions. In this paper, we take
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FIG. 6. Secondary production cross sections in the N-Z plane for the 2°Cf +23?Th system at E,,, = 950 MeV in tip-tip (XX), tip-side

(XY), side-tip (Y X), and side-side (YY) geometries.
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(XX), tip-side (XY), side-tip (Y X), and side-side (YY) geometries.

neutron and proton numbers of one of the collision part-
ners in the dinuclear complex as the relevant macroscopic
variables. Using the equivalence of Langevin description and
Fokker-Planck descriptions, it is possible to provide nearly an
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analytical description in terms of correlated Gaussian shape
probability distribution of the primary fragments produced
in collisions. The correlated Gaussian distribution for each
orbital angular momentum is determined by the asymptotic
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values of the mean neutron and proton numbers of the primary
fragments, and the neutron, proton, and mixed dispersions. We
determine these dispersions employing the quantal transport
approach. Diffusion coefficients, which provide the source for
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developing fluctuations, are evaluated in terms of the occupied
single-particle wave functions of the TDHF theory. Transport
coefficients include quantal effects due to shell structure and
Pauli blocking, and do not involve any adjustable parameters
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FIG. 10. Diffusion coefficients in the head-on collision of the **Cf 4-**Th system at E.,,, = 950 MeV in tip-tip (XX), tip-side (XY),

side-tip (Y X), and side-side (YY) geometries.
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other than the standard parameters of the effective Skyrme
force used in the TDHF calculations. Highly excited primary
fragments decay by particle emission and secondary fission.
Employing the statistical code GEMINI++-, we can follow
the deexcitation process of primary fragments, and calculate
the production cross sections for the secondary fragments.
Since there are no data available, we are not able to test our
prediction for the multinucleon transfer mechanism for the
230Cf 4 232Th reaction.
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APPENDIX

We can estimate the averaged values of reduced isoscalar
and isovector curvature parameters with the help of Einstein
relations, Eqgs. (3a) and (3b), in the overdamped limit. We
evaluate the average values of the reduced curvature parame-
ters for different geometries by carrying out the time integrals
in Egs. (9) and (12) over suitable time intervals. These time
intervals are indicated in Figs. 8~10 for 2°Cf 4+2**Th and
240Cf 4 24Th reactions.
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