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Dynamic description and orientation effects in the near-Coulomb
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Abstract: The orientation dependence of the near-Coulomb-barrier #Ni + 23U reaction at E,,,, =301.05 MeV is in-
vestigated within the Boltzmann—Uehling—Uhlenbeck transport framework. Three representative orientations of the
deformed 28U target are considered, and an event-by-event window analysis is performed to connect final-state ob-
servables with the underlying contact-stage dynamics. The calculated fragment mass distribution, mass—angle distri-
bution, and mass—total-kinetic-energy correlation reproduce the main qualitative features of the available experi-
mental data, including the double-humped mass structure and the weak population near mass symmetry. Within the
present event-identification criterion and evolution time, no fusion events are identified. The x orientation gives the
largest quasifission component and the strongest mass drift toward symmetry, the z orientation is intermediate,
whereas the y orientation is dominated by quasielastic or weakly dissipative events. The analysis of the contact prob-
ability P, (b), contact time T, and fragment Z, N, and N/Z indicates that the orientation dependence originates
from the combined effects of contact formation, contact lifetime, and nucleon-exchange efficiency through the neck
region. An additional reference calculation using an artificially spherical 2**U nucleus shows that, although the con-
tact probability remains comparable to those of the x and z orientations, the contact time is significantly reduced.
This result suggests that the deformation of 2**U primarily enhances the persistence of the dinuclear configuration
rather than simply increasing the probability of initial contact formation. These results provide a dynamical interpret-
ation of how the entrance-channel orientation governs the branching between quasielastic and quasifission trajector-

ies.
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I. INTRODUCTION

Heavy-ion collisions involving massive nuclei at
near-barrier energies exhibit a pronounced competition
among several reaction pathways [1]. After capture, the
dinuclear system may evolve toward compound-nucleus
formation and subsequently undergo fusion—fission [2],
or it may reseparate before reaching statistical equilibri-
um, leading to quasifission (QF) [3]. Systematic studies
have shown that many fission-like events in heavy sys-
tems originate from rapid dynamical reseparation rather
than compound-nucleus fission [4], and that QF can dom-
inate the reaction outcome in systems involving de-
formed actinide targets, strongly suppressing compound-
nucleus formation [5]. Because QF occurs on relatively
short timescales after capture [6], its final-state mass, an-
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gular, and energy distributions often overlap with those of
fusion-related processes [7], making it one of the major
dynamical obstacles to superheavy-element formation
[8—13]. Among the entrance-channel factors governing
this competition, the orientation of a deformed target
plays a particularly important role. Different initial ori-
entations modify the effective barrier, the touching geo-
metry, and the formation of the neck region [14—18],
thereby affecting the degree of post-capture dissipation
and leaving clear imprints on final-state observables such
as fragment mass distributions, mass—angle distributions
(MADs), and mass—total-kinetic-energy (mass—TKE) cor-
relations [19]. Experimental systematics have confirmed
strong orientation effects in heavy systems, indicating
that orientation not only perturbs final observables but
also modifies the underlying dynamical evolution [6, 20].
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Experimentally, QF is mainly identified through cor-
relations among final-state observables [21]. Typical
probes include fragment mass distributions and their
widths [22], as well as MADs and mass—TKE or
mass—energy-loss correlations [23—26]. For example, the
double-peaked mass distribution reflects incomplete mass
equilibration, while the slope of the MAD is related to the
angular deflection accumulated before reseparation and
thus to the dissipation timescale [19]. In the %Ni+2%U
system, experiments have shown a QF-dominated double-
humped mass distribution with weak symmetric-mass
yields [23]. However, when orientation effects are strong,
different dynamical pathways may overlap in the final-
state observables, making it difficult to uniquely infer the
reaction mechanism from final distributions alone [1, 21].

On the theoretical side, a variety of approaches have
been developed to describe dissipation, nucleon transport,
and pathway competition in near-barrier heavy-ion sys-
tems. Microscopic mean-field theories such as time-de-
pendent Hartree—Fock (TDHF) have shown that entrance-
channel orientation can significantly affect multinucleon
transfer, mass equilibration, and final-state correlations
[27-29]. In this framework, the reaction dynamics is self-
consistently determined by the time evolution of single-
particle states in an average mean field, providing a uni-
fied description of collective motion, while event-by-
event fluctuations are not explicitly included. Macroscop-
ic approaches, including Langevin-type models and the
dinuclear-system (DNS) model, have also been widely
employed to investigate the competition between QF and
fusion as a function of entrance-channel properties [9—11,
17, 30—-33]. These frameworks incorporate dissipation
and fluctuations at a phenomenological level and are suit-
able for describing the statistical evolution of collective
degrees of freedom, with certain ingredients, such as
transport coefficients and dynamical trajectories, intro-
duced through model-dependent prescriptions. Semiclas-
sical transport models, such as the Boltzmann—
Uehling—Uhlenbeck (BUU) approach, provide a comple-
mentary description by combining mean-field propaga-
tion with a collision term that accounts for nucleon-nucle-
on scattering and associated stochastic effects. This al-
lows for an event-by-event treatment of reaction dynam-
ics and establishes a direct link between the early-stage
interaction dynamics and final-state observables.

The influence of nuclear deformation and orientation
on heavy-ion observables has also attracted renewed at-
tention in intermediate- and high-energy heavy-ion colli-
sions. Recent transport-model studies have shown that
quadrupole deformation can leave visible imprints on fi-
nal-state particle multiplicities, anisotropic flows, and
other global observables. In parallel, machine-learning
methods have been developed to infer the initial orienta-
tion of deformed collision systems from event-by-event
final-state observables. These studies suggest that orienta-

tion-dependent observables may provide a bridge
between the initial geometric configuration and the meas-
ured final state, and they offer a useful perspective for fu-
ture analyses of near-barrier QF dynamics[34—39].

Building on our previous developments of event-level
window analysis and orientation-dependent studies with-
in the BUU framework [40], the present work focuses on
the heavier ®Ni+¥U system, where Coulomb repulsion
and target deformation effects are more pronounced, and
aims to establish a quantitative and event-resolved con-
nection between contact-stage dynamics and experiment-
ally accessible final-state observables.

Specifically, we employ the BUU transport model to
investigate the orientation-dependent dynamics of the
4Ni + 28U reaction at E.,, = 301.05MeV. For three rep-
resentative initial orientations of *®U, we systematically
compare fragment mass distributions, MADs, and
mass—TKE correlations under a unified analysis frame-
work and assess their consistency with available experi-
mental data. We further introduce the contact probability
P.oi(b) and the contact time T, and correlate them with
fragment (Z,N) and N/Z on an event-by-event basis.
Through this approach, the present study aims to clarify
how orientation-dependent contact configurations and
dissipation histories give rise to the observed final-state
patterns, and to provide a dynamical interpretation of the
branching between quasielastic (QE) and QF pathways.

The remainder of this paper is organized as follows.
Section II introduces the BUU transport model. Section
III presents the results and discussion. Section IV gives
the summary and outlook.

II. THEORETICAL FRAMEWORK

In this work, the near-barrier reaction *Ni+2#¥U is
studied within the Boltzmann—Uehling—Uhlenbeck
(BUU) transport framework. The calculation follows the
event-by-event evolution of the one-body phase-space
distribution and is used to analyze the contact dynamics,
nucleon exchange, dissipation, and final fragment observ-
ables associated with different entrance-channel orienta-
tions.

A. BUU transport equation

The BUU equation can be derived from the BBGKY
hierarchy under the molecular-chaos approximation. In
operator form, the evolution of the one-body density mat-
rix may be written as

ap ia N

— =——[h[pl,p]1+ 1171, 1
o h[ [Pl.p1+1(p] (1)
where p is the one-body density matrix, A[p] is the self-
consistent mean-field Hamiltonian, and 7[p] denotes the
collision term induced by two-body correlations. In the
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semiclassical limit, the one-body dynamics is described
by the phase-space distribution function f(r,p,t), which
satisfies

0
(2425, v upv,) frpn=1). @

The left-hand side describes Vlasov propagation in
the self-consistent mean field, whereas the right-hand
side accounts for two-body scattering with Pauli block-
ing.

The mean field is described using an isospin-depend-
ent parametrization. With the saturation density po =
0.16 fm™, the total density p=p,+p,, and the isospin
asymmetry ¢ = (0, —p,)/p, the neutron and proton mean-
field potentials are written as

p P
U,,( )(p,é) =a— +ﬁ7
! I

C‘g i 1 Yi Yi
+M<£> 521Csp (ﬁ) 5. ()
2 Po Po

where the plus and minus signs correspond to neutrons
and protons, respectively, and the Coulomb potential is
included for protons. In the present calculations, we use
the parameter set corresponding to the incompressibility
K =230 MeV, with a = -209.2 MeV, 8 =156.4 MeV, and
vy =135 for the isoscalar part, and C,, =40.0 MeV and
vi =0.75 for the symmetry-energy part. This parameter
set is consistent with that used in Ref. [40].

For completeness, the Uehling—Uhlenbeck collision
integral is expressed as

1= [ [ a=-na-r=sra-a-rm)

X W(p’p/;pr/’p/r/)dp/ dp// dp//!, (4)

Where f, = f(r,p’7t)’ f,/ = f(r7p//7t)7 and f//’ = f(r7p,//7t)'
The two terms represent the gain and loss contributions,
respectively. The transition rate is expressed as

/ // 177 da— / /! 177 ’ " 11
W(p,p';p".p )=E5(p+p -p'—p")o(e+€ —€" —€"),

)

where €,¢’ and €”,¢” are the single-particle energies be-
fore and after the collision, respectively. The differential
nucleon—nucleon cross section in channel jk is paramet-
rized as

do free pang rmed
<d§2)_/‘k =Tk jkg jk oo (6)

where o, f3®, and f*¢ denote the free-space cross
section, the angular-distribution factor, and the in-medi-
um correction factor, respectively. The parametrizations
of the free-space NN cross sections and angular distribu-
tions are taken from Ref. [41], and the in-medium correc-
tion follows Ref. [42].

In the present near-barrier calculations, Pauli block-
ing strongly suppresses stochastic two-body scattering
during the contact stage. The dynamics is therefore dom-
inated by mean-field propagation, whereas the collision
term provides the formal Uehling—Uhlenbeck structure of
the transport equation. To control spurious local phase-
space overoccupation arising from the test-particle rep-
resentation, a phase-space density constraint (PSDC) is
applied after each mean-field propagation step. This pro-
cedure serves as a fermionic numerical constraint and
should not be regarded as an additional physical source of
dissipation.

B. Near-barrier numerical treatment

Near-barrier reactions of heavy systems involve long
evolution times and are sensitive to the stability of the
nuclear surface. To suppress unphysical surface diffusion
and spurious particle emission during the long-time
mean-field evolution, a surface term is added to the po-
tential,

U(r) = gVp(r), (7)

with g=5MeV fm’. This term effectively mimics sur-
face tension effects and has been widely used in trans-
port calculations to stabilize nuclear density profiles dur-
ing long-time evolution.

The numerical solution is obtained using the test-
particle method, in which the continuous phase-space dis-
tribution f(r, p,7) is represented by a finite number of test
particles. Local densities, mean fields, spatial gradients,
and phase-space occupation probabilities are evaluated on
a three-dimensional grid. In the present work, each nucle-
on is represented by Np = 100 test particles, reducing fi-
nite-test-particle fluctuations while maintaining computa-
tional feasibility for long-time near-barrier evolution.

The PSDC is introduced to restore the fermionic char-
acter of the system in the test-particle representation. The
local phase-space occupation probability is defined as

_ 1
Jawy = 2 / Jupydrdp, (8)
3

where the factor 1/2 accounts for spin degeneracy. In the
test-particle representation, it is evaluated as

3

_ h
frip)= m Zj:(S(Ti,Tj)Pij’ &)
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where V, and V, are the coordinate-space and mo-
mentum-space cells centered at (r;, p;), 7; is the isospin of
the i-th test particle, 6(r;,7;) selects particles with the
same isospin, and p;; denotes the density contribution of
the j-th test particle at r;.

After each mean-field propagation step, the local oc-
cupation is checked for every test particle. If a particle
satisfies f > 1, the corresponding phase-space cell is con-
sidered overoccupied. The code then searches the neigh-
boring phase-space region for a test particle with the
same isospin and a lower occupation probability, prefer-
ably with f<1, and performs a local two-body re-
arrangement. The purpose of this procedure is not to gen-
erate a physical binary collision, but to suppress persist-
ent nonphysical phase-space accumulation through re-
peated local corrections.

The attempted rearrangement is rejected if the final
occupation would generate or enhance local overoccupa-
tion. This blocking condition is implemented through

fm(ri,pi) <1, ff("i,Pi) > 1, (10)

and

Jn(rispd) > 1, Srri,pi) > fu(ri, po), (11)
where f£,, and f; denote the local occupations before and
after the attempted rearrangement, respectively. Thus, the
PSDC suppresses spurious phase-space pileup and im-
proves the stability of finite nuclei during long-time
propagation. It should be emphasized that the PSDC acts
solely as a numerical constraint to enforce the fermionic
character of the system and does not introduce additional

physical dissipation or stochastic scattering processes. To
test the numerical stability of the present treatment, the
deformed target nucleus 2®U is propagated in the mean
field up to ¢ = 5000 fm/c. As shown in Fig. 1, the density
profile and prolate deformation are preserved over the
time scale relevant to the reaction calculation.

C. Initialization and reaction setup

The initial nuclei are generated in coordinate and mo-
mentum spaces. In coordinate space, nucleons are
sampled according to the ground-state density distribu-
tions. For deformed nuclei, the deformation parameters
and initial orientation are specified explicitly. In mo-
mentum space, nucleons are sampled from a local Fermi
distribution at 7 = 0.

The reaction *Ni+2®U is simulated at E., =
301.05MeV. The total evolution time is set to =
5000 fm/c, which is sufficient for most events to reach a
reseparated configuration, allowing the fragment mass,
charge, and relative-motion observables to be extracted.

To examine the effect of target orientation, three rep-
resentative entrance-channel configurations are  con-
sidered, as illustrated in Fig. 2. The deformation paramet-
ers are taken from Ref. [43]. The quadrupole deforma-
tion of ®Ni is small, 8, =0.09, and the projectile is
treated approximately as spherical. The target 23U is pro-
lately deformed, with 8, = 0.23 and B4 = 0.06.

Since 28U is axially symmetric, the initial orientation
is specified by the direction of its symmetry axis in the
reaction coordinate system. The z axis is chosen along the
beam direction, the x axis along the impact-parameter dir-
ection, and the y axis perpendicular to the reaction plane.
The x, y, and z orientations therefore correspond to the
symmetry axis of 2®U being aligned along the x, y, and z
directions, respectively. For each orientation, events are

20
t=0fm/c t = 100 fm/c
10 | 15.0
£ o =
N 125 2
-10 0
10.0 S
20 S
t = 1000 fm/c t = 4000 fm/c 7.5 2
10 . t =
€ 50 ©
E o 03
™ -10 2.5
20
20-10 0 10 20 -10 0 10 20
y (fm) y (fm)

Fig. 1.
ation are preserved up to ¢ = 4000 fm/c.

(color online) Time evolution of the density distribution of 2**U propagated in the mean field. The density profile and deform-
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(a) x-orientation

(b) y-orientation

(c) z-orientation

Fig. 2.
tial orientations adopted for the *Ni+2%U reaction. The sym-
metry axis of 2#U is aligned along the x-, y-, and z-axes.

(color online) Schematic illustration of the three ini-

generated under the same collision conditions, allowing a
direct comparison of the resulting observables.

III. RESULTS AND DISCUSSION

We begin by illustrating the event-classification pro-

cedure based on the time evolution of the window struc-
ture. Figure 3 shows the line density at the window posi-
tion for two representative events. The line density is ob-
tained by integrating the local density over the plane per-
pendicular to the principal axis of the dinuclear system
and therefore provides a direct measure of the formation,
persistence, and rupture of the neck. The same window
definition was used in our previous BUU studies [40, 44].
For the present %Ni+2%U system at E.,, =301.05MeV,
no events are classified as fusion within the present iden-
tification criterion and evolution time; therefore, only
typical QF and QE cases are shown.

For the QF event in Fig. 3(a), the line density begins
to increase at ¢ =~ 50 fm/c, reaches a plateau at approxim-
ately ¢~300fm/c, and then decreases gradually after
t ~ 3000 fm/c. This pattern indicates the formation of a
persistent dinuclear configuration, followed by long-lived
dissipation and nucleon exchange before reseparation. By
contrast, the QE event in Fig. 3(b) exhibits only a short-
lived increase in the line density, which disappears by ap-
proximately 7~ 300 fm/c. This behavior indicates transi-
ent contact followed by rapid reseparation. Accordingly,
events with only a short-lived window signal are classi-
fied as QE, whereas events with a persistent neck and a
clear plateau structure are classified as QF. This classific-
ation provides a process-based basis for connecting the fi-
nal-state observables to the underlying contact-stage dy-
namics.

To assess the ability of the BUU model to describe
near-barrier dissipative collisions in this system, we first

30
25

—~
Q
~

RN
&)
P

o € GM

t = 1000 fm/g

t = 5000 fm/c

t =350 fm/c

10 100

1000 10000

t(fm/c)

Fig. 3.

color online) Time evolution of the line density at the window position for the *Ni +2%*U reaction at E. ,, = 301.05MeV: (a) a
Y p

typical quasifission (QF) event and (b) a typical quasielastic (QE) event. The horizontal axis denotes time ¢ (fm/c), and the vertical axis

shows the line density at the window position (fm™").
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compare the calculated fragment mass distribution with
the available experimental data. Among the 8000 simu-
lated events used for the overall comparison, 43.45% are
classified as QF and the remaining events as QE; no fu-
sion events are identified within the present criterion. The
theoretical distribution shown below is therefore ob-
tained after excluding the QE component and is domin-
ated by QF. The comparison is intended primarily to test
the overall shape of the mass distribution, the positions of
the main peaks, and the relative population of the sym-
metric-mass region, rather than to achieve point-by-point
quantitative agreement.

As shown in Fig. 4, the experimental distribution ex-
hibits a pronounced double-peaked structure, with the
main yields concentrated around A ~ 80 and A = 220, and
only a weak population near the nearly symmetric region
A ~ 150. This behavior is characteristic of a QF-domin-
ated reaction, in which the system undergoes nucleon ex-
change and kinetic-energy dissipation during a finite con-
tact time but reseparates before full mass and shape equi-
libration is reached. The BUU result reproduces this over-
all trend reasonably well. It also yields a double-peaked
distribution and a continuous population over a broad
mass range. In particular, around A ~ 150, the calculated
yield is of the same order of magnitude as the experi-
mental value, namely ~ 1073, This indicates that the BUU
model captures the dominant mass-distribution pattern of
the near-barrier ®Ni+2®U reaction and thus provides a
reasonable basis for the subsequent analysis of orienta-
tion-dependent dissipation and nucleon transfer.

It should be noted that the calculated mass distribu-
tion corresponds to primary fragments at the end of the
BUU evolution, whereas the experimental data include

100; S
> E
£ 1 BUU
81071 » Exp. .
o
o
51072
()
N
© -3
£ 10
O
Z 1 L L

L 1 L

150
Mass Number
Fig. 4.  (color online) Mass-yield distribution of captured
events for the ®Ni+ 233U reaction at E,,, = 301.05MeV, after
excluding QE events. The black solid line denotes the BUU
result, and the red circles represent the experimental data from
Ref. [23]. The theoretical and experimental yields are normal-
ized using the same procedure.

=
9

e
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o
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secondary fragments after statistical de-excitation. For
excited QF fragments, neutron evaporation and, to a less-
er extent, light charged-particle emission are expected to
shift the final masses slightly toward lower values and
may also broaden the mass distribution. Therefore, a
point-by-point comparison of the peak positions should
be made with caution. The present comparison is inten-
ded mainly to examine the global mass-yield pattern, in-
cluding the double-humped structure and the weak yield
near mass symmetry. Because these features are primar-
ily determined by the dynamical mass drift before resep-
aration, the omission of the evaporation stage is not ex-
pected to alter the qualitative conclusions regarding the
QF-dominated character of the reaction.

We next compare the mass—angle distribution
(MAD), which probes the correlation between mass re-
laxation and angular deflection and is widely used to dis-
tinguish QE, deep-inelastic, and QF trajectories [6, 19,
45]. Figure 5 presents the MAD for the ®Ni+2*U reac-
tion in a combined form, with the BUU result at
E.n ~301.05MeV shown as a color-density map and the
experimental distribution at E., ~302.62 MeV overlaid
as contour lines. Because the MAD is sensitive to beam
energy and event-selection conditions, we focus primar-
ily on the agreement in the global correlation pattern
rather than on detailed point-by-point correspondence.

Both the BUU result and the experimental distribu-
tion exhibit a clear mass—angle correlation rather than an
approximately isotropic emission pattern around
O..m. = 90°. This indicates that the system retains substan-
tial memory of the entrance channel at reseparation. On
both the light- and heavy-fragment sides, the distribu-
tions display tails extending from the entrance-channel
masses toward the intermediate-mass region, reflecting

180_ L B i P N R 102 c
150F i : ] .
— L - o
§120_— P 2
= of Il 8
€ B b 4+
J 60 —[410° ¢
e ' £
30 ] 2

L 1 1 I‘ |l ‘Ali 1 1 1 ] —_ LIL-

20 80 120160200240280°"

&2

Mass Number

Fig. 5. (color online) Mass-angle distributions (MADs) for
the ®Ni+2#¥U reaction. The color map shows the BUU result
at E.,, ~301.05MeV, whereas the contour lines represent the
experimental distribution for the same system at E.,, ~
302.62 MeV. The horizontal axis denotes the fragment mass
number 4, and the vertical axis denotes the center-of-mass
scattering angle 6., .
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the gradual transition from QE to more strongly dissipat-
ive trajectories. As the contact evolution becomes longer,
nucleon exchange and mass drift accumulate, and the sys-
tem undergoes greater angular deflection before resepara-
tion. The BUU calculation reproduces the main high-
density region near the entrance-channel masses and the
extension toward intermediate masses reasonably well.
However, the calculated distribution is somewhat more
concentrated than the experimental one, particularly in
the angular coverage and low-density tails, indicating that
an average transport description still has limitations in
representing broader event-by-event fluctuations. This
may reflect the limited treatment of fluctuations in the
semiclassical transport approach. Even so, the global
mass—angle correlation is captured satisfactorily.

The mass—TKE distribution provides a complement-
ary probe of dissipative dynamics by correlating mass re-
laxation with kinetic-energy loss [23, 46]. Figure 6 shows
the BUU result for the *Ni+2®U reaction at E,,, ~
301.05MeV. The corresponding experimental distribu-
tion from Ref. [23] is used as a reference for comparison.
The discussion therefore focuses on whether the BUU
calculation reproduces the main global correlations
between fragment mass and total kinetic energy.

The BUU result exhibits a pronounced double-peaked
mass structure, with dominant yields near the entrance-
channel masses and a weak population near mass sym-
metry. A high-TKE component is concentrated near the
entrance-channel region and is associated mainly with
elastic and weakly dissipative QE trajectories, whereas an
extension toward lower TKE in the intermediate-mass re-
gion reflects increased energy dissipation accompanying
mass drift. This overall pattern is consistent with the ex-

360' ] T A . T T 103
300l : . . o
S 270t
[J)
5240-
UMJ 210r
F 180
150r

114102

10!

P
¥

g b el e

R o ey g g L
s

Fragment counts per bin

50 100 150 200 250
Mass Number

Fig. 6. (color online) Mass—TKE distribution calculated with
the BUU model for the *Ni+2®U reaction at E_, ~
301.05 MeV. The horizontal axis denotes the fragment mass
number 4, and the vertical axis shows the total kinetic energy,
TKE (MeV). The corresponding experimental mass—TKE dis-
tribution for the same system and energy, used for comparis-
on in the present work, was reported in Ref. [23].

perimental trend reported in Ref. [23].

Some discrepancies are nevertheless observed. The
calculated high-TKE component appears somewhat more
concentrated, and the low-TKE spread in portions of the
intermediate-mass region is narrower than in the experi-
mental distribution. In addition, a small number of isol-
ated high-TKE events are present in the BUU result,
which may be related to the fragment-recognition proced-
ure and the reconstruction of Coulomb energy at the sep-
aration stage. These features are not expected to affect the
overall correlation pattern.

Together with the comparisons of the mass-yield dis-
tribution and the MAD, the present results indicate that
the BUU model reproduces the global features of the
near-barrier *Ni+ 23U reaction. In particular, it captures
the QF-dominated double-peaked mass structure and the
main correlations between mass, scattering angle, and
total kinetic energy. This provides a consistent basis for
the subsequent analysis of orientation-dependent dynam-
ics.

We now examine the orientation dependence of the
reaction dynamics. Figure 7 shows the relative fractions
of QE and QF events for the x, y, and z orientations. No
fusion events are identified under the present identifica-
tion criterion and evolution time. For the x orientation,
the QE and QF fractions are 38.93% and 61.07%, respect-
ively. For the z orientation, the corresponding fractions
are 43.65% and 56.35%. In contrast, the y orientation is
strongly dominated by QE events, with 81.53% QE and
only 18.47% QF. These results indicate that the orienta-
tion affects not only the properties of individual dissipat-
ive trajectories but also the overall branching between
weakly and strongly dissipative reaction paths.

100

80
60
40

20

Event fraction (%)

0

X y y4
Orientation

Fig. 7. (color online) Relative fractions of quasielastic (QE)
and quasifission (QF) events for the ®Ni+2®U reaction at
E.m =301.05MeV for the three initial orientations. The clas-
sification is based on the time evolution of the window struc-
ture.
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Figure 8 shows the fragment mass distributions for
the three initial orientations, where all simulated events
are included. Consistent with the event fractions shown in
Fig. 7, the x orientation exhibits the broadest distribution
and the strongest extension toward the central-mass re-
gion, the z orientation shows an intermediate behavior,
whereas the y orientation is dominated by the entrance-
channel peaks. This indicates that the tendency toward
mass relaxation and strongly dissipative QF-like evolu-
tion follows the ordering (x >z > y).

The same orientation dependence is also visible in the
MADs shown in Fig. 9, where the present BUU results
are compared directly with the TDHF mass—angle correl-
ations digitized from Ref. [47] for the same ®Ni +23¥U re-
action. In the BUU results, all three orientations exhibit a
QE band near the entrance channel, with high-yield
ridges around A=~64 and A ~238, corresponding to
weakly dissipative trajectories with only limited nucleon
exchange. Beyond this QE band, all three cases show a
clear mass—angle correlation, which is typical of deep-in-
elastic and QF dynamics and reflects incomplete rotation-
al and mass equilibration before reseparation.

The main differences lie in the relative weight of the
strongly dissipative component and in the extent of its
spread toward the symmetric-mass region and larger rota-
tion angles. The x orientation shows the broadest MAD

and the strongest extension toward symmetry, indicating
the largest fraction of long-lived dissipative trajectories.
The z orientation is intermediate. By contrast, the y ori-
entation is much more strongly dominated by the QE
ridge, while the deep-inelastic and QF component is
clearly weaker and the mass—angle correlation remains
more pronounced. This indicates that, in the y orientation,
more events undergo rapid reseparation after only a short
contact, whereas the x orientation is more favorable for
longer sticking and stronger mass drift.

The direct comparison with TDHF in Fig. 9 provides
a useful microscopic reference for this orientation de-
pendence. TDHF describes the reaction through the self-
consistent microscopic evolution of single-particle wave
functions and has shown that the orientation of the de-
formed 28U target can strongly affect multinucleon trans-
fer, contact evolution, mass drift, and quasifission dy-
namics [15, 20, 47]. The TDHF results likewise show
clear orientation dependence: different initial orienta-
tions lead to different degrees of mass migration away
from the entrance-channel masses and different angular
deflections. This behavior is qualitatively consistent with
the present BUU result, in which the x and z orientations
exhibit stronger evolution toward the QF region, whereas
the y orientation remains dominated by quasielastic or
weakly dissipative trajectories.
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Fig. 8. Fragment mass distributions for the *Ni+2*®U reaction at E_,, ~301.05 MeV for three initial orientations. Unlike Fig. 4, the

present figure includes all simulated events. (a) x orientation, (b) y orientation, and (c) z orientation.
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(color online) Comparison of mass—angle distributions (MADs) for the ®Ni+2%U reaction at a near-barrier energy for three

representative orientations of the deformed 2*¥U target: (a) x-orientation, (b) y-orientation, and (c) z-orientation. In each panel, the
present BUU result at E.,,, ~301.05 MeV is compared directly with the TDHF result digitized from Ref. [47]. The horizontal axis rep-
resents the fragment mass number 4, and the vertical axis represents the center-of-mass scattering angle 6, ,, -
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(color online) Comparison of mass—TKE distributions for the %Ni + 23U reaction at near-barrier energy for three representat-

ive orientations of the deformed U target: (a) x orientation, (b) y orientation, and (¢) z orientation. In each panel, the present BUU
result at E,,, ~301.05MeV is compared directly with the TDHF result digitized from Ref. [47]. The horizontal axis denotes the frag-
ment mass number 4, and the vertical axis denotes the total kinetic energy (TKE).

Figure 10 gives the corresponding mass—TKE correla-
tions for the three orientations, again in direct comparis-
on with the TDHF results digitized from Ref. [47]. In the
BUU results, all three panels show a high-TKE band near
the entrance-channel masses, associated with elastic and
QE trajectories, and a lower-TKE component extending
into the intermediate-mass region, associated with more
dissipative deep-inelastic and QF events. The main scale
of the TKE for two-body reseparation is governed by the
competition among charge partition, dissipation strength,
and separation geometry, and may be viewed approxim-
ately in terms of the Coulomb scaling TKE o« Z,Z,/R;.
[46].

The orientation dependence again follows the same
trend. The x orientation exhibits the strongest extension
toward the central-mass region together with a more
prominent low-TKE component, indicating longer-lived
contact configurations and stronger dissipation. The y ori-
entation shows the strongest high-TKE entrance-channel
band and the weakest low-TKE symmetric-mass compon-
ent, indicating rapid reseparation and limited dissipation.
The z orientation lies between the two. The TDHF
mass—TKE correlations show a qualitatively similar ori-
entation-dependent pattern, in which the amount of mass
drift and the associated kinetic-energy dissipation depend
strongly on the initial orientation. Thus, the mass distri-
butions, MADs, and mass—TKE correlations consistently
indicate that the x orientation is most favorable for
strongly dissipative QF-like evolution, the z orientation is
somewhat less so, and the y orientation is least favorable.

At the same time, the comparison with TDHF also
highlights the difference between the two descriptions. In
TDHF, each calculation follows a self-consistent mean-
field trajectory for a given initial condition. Therefore,
TDHF provides a microscopic description of the average
evolution associated with each orientation, but event-by-
event fluctuations are not explicitly sampled in the stand-
ard framework. In contrast, the present BUU calculation
follows the event-by-event evolution of the one-body
phase-space distribution and provides direct access to

contact-stage observables such as Py (b), Teont, and the
correlation between nucleon transfer and contact dura-
tion. These process-oriented quantities allow the en-
trance-channel geometry and contact-stage dynamics to
be directly connected with the final fragment mass distri-
bution, mass—angle distribution, and mass—TKE correla-
tion. For example, the weaker mass drift in the y orienta-
tion can be directly related in BUU to its smaller QF frac-
tion and the more rapid reduction of contact probability
and contact time at intermediate impact parameters.

The DNS model provides another complementary
viewpoint. It treats the reaction as the evolution of two in-
teracting fragments on a potential-energy surface and em-
phasizes the influence of entrance-channel deformation
and orientation on capture probability, mass-asymmetry
evolution, fusion probability, and QF competition
[48—50]. A more specific study of the *Ni+2#¥U system
was reported in Ref. [51], where the GRAZING and DNS
models were compared for multinucleon transfer at
E... ~307.5MeV. That work showed that the GRAZ-
ING and DNS components correspond to different trans-
fer mechanisms: the GRAZING contribution mainly de-
scribes transfer in the grazing regime, whereas the DNS
contribution becomes important for more deeply over-
lapped configurations after contact. It was further shown
that, for the ®Ni+2%¥U reaction, the DNS component
makes a more important contribution to channels with
larger proton transfer, while the combined GRAZING+
DNS calculation improves the description of measured
isotopic production cross sections [51].

Although the DNS study focuses mainly on isotopic
production cross sections rather than on the mass—angle
or mass—TKE correlations discussed here, it supports the
same general physical picture that multinucleon transfer
in the *Ni +2*®U reaction contains contributions from dif-
ferent dynamical regimes. In this respect, the present
BUU analysis provides a complementary viewpoint: in-
stead of describing only the average mean-field evolu-
tion as in TDHF, or the post-capture mass-asymmetry
evolution on a potential-energy surface as in DNS, BUU
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gives an event-resolved transport description that directly
links the dynamical process to the final observables.
Therefore, BUU, TDHF, and DNS provide complement-
ary viewpoints, and their qualitative consistency supports
the conclusion that the deformation and orientation of
28U are essential for understanding multinucleon trans-
fer, mass relaxation, and QF competition in the
4Ni + 28U reaction.

Figure 11(a) shows the contact probability P..,(b) as
a function of the impact parameter for the three represent-
ative orientations of the deformed 2®U target, together
with an additional reference calculation using an artifi-
cially spherical 28U density distribution. At small impact
parameters (b <3 fm), all configurations exhibit contact
probabilities close to unity, indicating that central colli-
sions almost always lead to the formation of a contact
configuration.

As the impact parameter increases, a pronounced ori-
entation dependence emerges. The y orientation shows
the earliest and strongest reduction of P..,(b), whereas
the x and z orientations remain significantly larger over a
broad range of impact parameters. Near the grazing re-
gion, the ordering tends to follow y < x < z, although stat-
istical fluctuations remain visible. The spherical refer-
ence calculation exhibits contact probabilities compar-
able to those of the x and z orientations and substantially
larger than those of the y orientation. This behavior indic-
ates that the probability of forming a contact configura-
tion is not determined solely by the presence of deforma-
tion, but is strongly influenced by the orientation-depend-
ent touching geometry and the corresponding interaction
barrier [11, 14—-18, 20].

A markedly different behavior is observed for the
contact time T, shown in Fig. 11(b). For the three de-
formed configurations, long-lived contact states with
Teont ~ 10> =4 % 10° fm/c can be sustained over a wide im-
pact-parameter range. At small impact parameters, the y
orientation even exhibits contact times that are slightly
longer than those of the x and z orientations, possibly be-
cause the compact dinuclear configuration formed in this
geometry is more resistant to early neck rupture.
However, in the intermediate impact-parameter region
(b ~3-5fm), the y orientation undergoes the most rapid
reduction of T, whereas the x and z orientations still re-
tain substantial contact durations.

In contrast, the spherical reference calculation exhib-
its much shorter contact times, typically below
5% 10% fm/c, even though its contact probability remains
close to unity over a large impact-parameter interval. This
result demonstrates that the formation of a contact config-
uration alone is not sufficient to generate strong dissipa-
tion and mass transport. Instead, the deformation of 28U
plays a crucial role in stabilizing the dinuclear system and
prolonging the contact stage once contact has been estab-
lished. Similar connections between contact lifetime, an-
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Fig. 11. (color online) Process-oriented observables as func-
tions of the impact parameter b for the *Ni+2*U reaction at
E.n =301.05MeV. Results are shown for three representat-
ive orientations of the deformed U target (x, y, and z), to-
gether with an artificially spherical 2#U density distribution,
denoted by Uy, . (a) Contact probability Pe,.(b); (b) contact
time T,,,. Both quantities are extracted using the same neck
line-density threshold, py, = 14. The quantity T, is averaged
over events satisfying the contact criterion within each b bin,
and the error bars indicate the corresponding statistical uncer-
tainties.

gular deflection, mass relaxation, and QF dynamics have
been emphasized in previous experimental and theoretic-
al studies of heavy-ion reactions [6, 19, 45].

At the same time, contact time alone is not sufficient
to determine the final degree of mass drift, since the ex-
change efficiency through the neck region and the con-
tact geometry also play important roles. The combined
behavior of P, (b) and T, therefore provides a natural
explanation for why the y orientation is less favorable for
strongly dissipative trajectories, whereas the x and z ori-
entations more readily evolve toward the QF region.

The comparison with the spherical reference calcula-
tion further provides a useful baseline for assessing the
role of deformation. Although the spherical system can
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still reach contact with a high probability, its contact life-
time is dramatically reduced. Therefore, the main effect
of the deformation of U in the present near-barrier re-
action is not merely to facilitate contact formation, but
rather to sustain the dinuclear configuration and promote
the development of long-lived dissipative trajectories as-
sociated with QF. This interpretation is also consistent
with previous event-by-event window analyses in BUU
calculations, where process-oriented quantities during the
contact stage were shown to provide a direct link between
the reaction dynamics and the final fragment observables
[40, 44].

Figure 11(a) shows the contact probability P...(b) as
a function of the impact parameter for the three represent-
ative orientations of the deformed 2¥U target together
with an additional reference calculation using an artifi-
cially spherical 2*U density distribution. At small impact
parameters (b < 3 fm), all configurations exhibit contact
probabilities close to unity, indicating that central colli-
sions almost always lead to the formation of a contact
configuration.

As the impact parameter increases, a pronounced ori-
entation dependence emerges. The y orientation shows
the earliest and strongest reduction of P..,(b), whereas
the x and z orientations remain significantly larger over a
broad range of impact parameters. Near the grazing re-
gion, the ordering tends to follow y < x < z, although stat-
istical fluctuations remain visible.

Interestingly, the spherical reference calculation ex-
hibits contact probabilities comparable to those of the x
and z orientations and substantially larger than those of
the y orientation. This behavior indicates that the probab-
ility of forming a contact configuration is not determined
solely by the presence of deformation, but is strongly in-
fluenced by the orientation-dependent touching geometry
and the corresponding interaction barrier.

A markedly different behavior is observed for the
contact time T, shown in Fig. 11(b). For the three de-
formed configurations, long-lived contact states with
Teont ~ 10°—4 % 10° fm/c can be sustained over a wide im-
pact-parameter range. At small impact parameters, the y
orientation even exhibits contact times that are slightly
longer than those of the x and z orientations, possibly be-
cause the compact dinuclear configuration formed in this
geometry is more resistant to early neck rupture.
However, in the intermediate impact-parameter region
(b ~3-5fm), the y orientation undergoes the most rapid
reduction of T..,, Whereas the x and z orientations still re-
tain substantial contact durations.

In contrast, the spherical reference calculation exhib-
its much shorter contact times, typically below
5x10% fm/c, even though its contact probability remains
close to unity over a large impact-parameter interval. This
result demonstrates that the formation of a contact config-
uration alone is not sufficient to generate strong dissipa-

tion and mass transport. Instead, the deformation of 2¥U
plays a crucial role in stabilizing the dinuclear system and
prolonging the contact stage once contact has been estab-
lished.

Similar connections between contact lifetime, angu-
lar deflection, mass relaxation, and QF dynamics have
been emphasized in previous experimental and theoretic-
al studies of heavy-ion reactions [6, 19, 45].

At the same time, the contact time alone is not suffi-
cient to determine the final degree of mass drift, since the
exchange efficiency through the neck region and the con-
tact geometry also play important roles. The combined
behavior of P, (b) and T, therefore provides a natural
explanation for why the y orientation is less favorable for
strongly dissipative trajectories, while the x and z orienta-
tions more readily evolve toward the QF region.

The comparison with the spherical reference calcula-
tion further provides a useful baseline for assessing the
role of deformation. Although the spherical system can
still reach contact with a high probability, its contact life-
time is dramatically reduced. Therefore, the main effect
of the deformation of U in the present near-barrier re-
action is not merely to facilitate contact formation, but
rather to sustain the dinuclear configuration and promote
the development of long-lived dissipative trajectories as-
sociated with QF.

This interpretation is also consistent with previous
event-by-event window analyses in BUU calculations,
where process-oriented quantities during the contact stage
were shown to provide a direct link between the reaction
dynamics and the final fragment observables [40, 44].

Figures 12 and 13 show the event-by-event correla-
tions between the contact time 7., and the composition
of the heavier fragment, including its proton number Z,
neutron number Ny, and isospin ratio N/Z, for the z and y
orientations, respectively. These observables provide dir-
ect information on the extent of nucleon exchange and
isospin transport during the contact stage. Similar rela-
tionships among contact dynamics, nucleon exchange,
and QF evolution have been discussed in microscopic
transport and TDHF studies of near-barrier heavy-ion re-
actions [52, 53].

A comparison of the two figures shows that, for simil-
ar contact durations, the extent of nucleon transfer differs
between the two orientations. As T, increases, the
heavier fragment tends, on average, to lose both protons
and neutrons, as reflected by the deviations of Z; and Ny
from the entrance-channel reference values. Meanwhile,
the fragment N/Z ratio approaches intermediate values,
indicating the development of isospin equilibration dur-
ing the contact stage. The relationship among contact
time, mass relaxation, and QF dynamics has also been
emphasized in experimental analyses of QF time scales
and mass equilibration [6, 54].

At short contact times (7con < 100 fm/c), both the y
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Fig. 12.  (color online) Event-by-event correlations between
the composition of the heavier fragment and the contact time
Teon for the ®Ni+ 233U reaction at a center-of-mass energy of
E.m =301.05MeV for the z orientation. The three panels
show (a) the proton number of the heavier fragment Z, (b)
the neutron number of the heavier fragment Ny, and (c) the
isospin ratio N/Z of the heavier fragment. Each point corres-
ponds to a single simulated event, while the dashed lines in-
dicate the entrance-channel reference values.

and z orientations exhibit transient inverse-transfer beha-
vior, in which the early nucleon flow is opposite to the
long-time trend toward mass equilibration. This suggests
that the initial exchange process is influenced by transi-
ent neck formation and local single-particle dynamics,
rather than by the monotonic mass drift associated with
long-lived dissipative QF trajectories. Such sensitivity of
nucleon transfer to the instantaneous contact geometry
and single-particle dynamics is consistent with micro-
scopic descriptions of multinucleon transfer and QF [15].
These results indicate that the amount of matter ex-
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Fig. 13. (color online) Same as Fig. 12, but for the y-orienta-

tion of the reaction.

changed is controlled not only by the contact time, but
also by the orientation-dependent contact geometry and
the associated exchange efficiency through the neck re-
gion. Similar conclusions regarding the importance of
nucleon transfer, mass drift, and angular distributions in
near-barrier multinucleon-transfer dynamics have also
been obtained in DNS-based studies [24—26, 55]. Even
for relatively long T, the deviations of Zy and Ny may
remain limited if exchange through the neck is inefficient.
In addition, the N/Z ratio approaches its equilibrium
value on a shorter timescale than full mass equilibration,
suggesting a separation between isospin and mass relaxa-
tion time scales [56, 57].

IV. CONCLUSION

The dynamical evolution and orientation dependence
of the near-barrier *Ni+2®U reaction at E., =
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301.05 MeV have been investigated within the BUU
transport framework. Final-state observables, including
fragment mass distributions, MADs, and mass—TKE cor-
relations, have been analyzed together with process-ori-
ented quantities such as the contact probability P, (b)
and the contact time T, in order to establish a direct
connection between contact-stage dynamics and the ob-
served reaction outcomes.

The calculations reproduce the main experimental
features characteristic of QF-dominated dynamics, in-
cluding the double-peaked mass distribution, the weak
population near mass symmetry, and the principal correl-
ations among mass, scattering angle, and total kinetic en-
ergy. Within the present identification scheme, the reac-
tion is governed by the competition between QE and QF
processes, and no fusion events are identified.

A pronounced dependence on the entrance-channel
orientation is observed. The x orientation favors strongly
dissipative trajectories with significant mass drift, the z
orientation exhibits intermediate behavior, and the y ori-
entation is dominated by QE processes. This ordering is
consistently reflected in both the fragment distributions
and the relative contributions of the different reaction
mechanisms.

The analysis of process-oriented observables indic-
ates that the orientation dependence originates from the
coupled effects of the contact formation probability, con-
tact lifetime, and nucleon-exchange efficiency through
the neck region. While longer contact times generally
promote nucleon transfer and mass relaxation, the extent
of equilibration is also influenced by the contact geo-
metry and the efficiency of matter transport across the
window.

To further assess the role of deformation, an addition-
al reference calculation using an artificially spherical *%U
nucleus was performed. The spherical system exhibits

contact probabilities comparable to those of the x and z
orientations over a broad impact-parameter range, but its
contact times are significantly shorter. This result indic-
ates that the deformation of 2¥U does not simply en-
hance the probability of initial contact formation. Instead,
its primary effect is to stabilize the dinuclear configura-
tion, prolong the contact stage, and facilitate the develop-
ment of strongly dissipative QF trajectories.

A comparison with previous TDHF and DNS studies
shows that, despite the different theoretical frameworks,
all approaches consistently emphasize the crucial role of
entrance-channel structure, deformation, and orientation
in determining fusion probability, nucleon transfer, mass
equilibration, and QF evolution [9—-12, 17, 55]. The
present BUU analysis complements these studies by
providing direct access to event-by-event contact-stage
observables and their correlations with final-state frag-
ment properties.

These results demonstrate that the entrance-channel
orientation governs the branching between QE and QF
pathways through its influence on the formation and evol-
ution of the contact configuration. They provide a con-
sistent dynamical interpretation of the observed final-
state patterns in terms of the underlying contact-stage
processes.

The present work highlights the importance of pro-
cess-oriented observables, such as the contact probability
and contact time, for understanding the microscopic ori-
gin of orientation-dependent QF dynamics in near-barrier
heavy-ion reactions.

Further improvements, including enhanced fluctu-
ation treatments, the incorporation of statistical decay,
and more systematic investigations of deformation ef-
fects, are expected to refine the quantitative description of
the reaction dynamics.
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