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Abstract: The production mechanisms and cross sections for neutron-rich actinide nuclides formed in multinucle-
on transfer reactions with 2*U targets are systematically investigated using the dinuclear system (DNS) model
coupled with the GEMINI++ de-excitation code. The tip-to-tip configurations for the **Ca+***Cm and Z*U+***U re-
actions are in good agreement with experimental data. Calculations of the potential energy surfaces and driving po-
tentials for the three systems "Au+>**U, "W+>*U, and **?Th+?**U indicate that the first two systems exhibit pro-
nounced "inverse" quasifission characteristics due to shell effects. The final isotopic production cross sections of tar-
get-like fragments with Z=93—101 for the three systems are calculated at E., =1.10Vp. The results show that the
production cross sections for the "’Au+**U system are significantly higher than those for the other two systems,
with a particularly pronounced advantage in the Z=93-98 region. Further analysis of the '*’Au+?**U reaction at dif-
ferent incident energies reveals that higher incident energies are favorable in the Z=93—98 region, whereas lower en-
ergies are more advantageous in the Z=99—101 region. Calculations of the interaction time show that higher incident
energies lead to longer contact times between the nuclei. Production cross sections are predicted for 61 previously
unobserved neutron-rich nuclides with values greater than 1 pb, providing a theoretical basis for experimental syn-

thesis.
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I. INTRODUCTION

Synthesizing new nuclides and expanding the nuclear
landscape is one of the core tasks in nuclear physics re-
search. It is of great significance for exploring the limits
of nuclear existence, understanding the rapid neutron cap-
ture process in astrophysics, testing and developing nuc-
lear theory models. Since the 1970s, with the continuous
improvement of detection techniques and accelerator per-
formance, multinucleon transfer reactions have gradually
become a frontier topic in nuclear physics research [1—4].
Compared with fusion-evaporation reactions, multinucle-
on transfer reactions can produce unknown nuclides far
from the f-stability line through deep nucleon exchange
between projectile and target in the near-barrier energy
region, providing a unique experimental means for ex-
panding the nuclide chart, exploring the "island of stabil-
ity", and investigating the evolution of nuclear structure
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under extreme neutron numbers [5—7].

Experimentally, studies on multinucleon transfer re-
actions have evolved from light to heavy targets, and
from symmetric to asymmetric systems. Early experi-
ments mainly focused on light or medium-mass targets.
For example, in the 1970s, the Joint Institute for Nuclear
Research (JINR) research group systematically studied
the synthesis of neutron-rich nuclides from carbon to
thorium using projectiles such as *Ne and *’Ar bombard-
ing targets like »**Th and ***U [8—11]. Research groups at
Orsay in France and Berkeley in the United States ob-
served a large number of new nuclides in reactions such
as “YAr+**U and *Kr+*”Bi [12—16]. Entering the 21st
century, with advancements in detection technology, mul-
tinucleon transfer experiments using projectiles such as
136X e,**Ca,and »**U have been successively carried out at
laboratories including GSI, ANL, and JINR [17-19].
Among them, the **Xe+***Pb system, in which both pro-
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jectile and target possess magic or near-magic structures,
has become a classic system for studying the synthesis of
neutron-rich N=126 isotones [20—25]. Watanabe et al.
demonstrated that the production cross sections of N=126
isotones in the '**Xe+'**Pt reaction are much larger than
those measured in the fragmentation reaction of a ***Pb
beam [26]. Furthermore, studies on symmetric or near-
symmetric heavy systems such as **U+?*U and
28U+*¥Cm have revealed mass drift and shell effects in
deep-inelastic collisions between heavy nuclei [27-29].

Multinucleon transfer reactions with uranium as the
target have gradually become an important route for syn-
thesizing neutron-rich actinide nuclides due to their
unique physical advantages. Uranium, as the heaviest
stable nucleus in nature, possesses a high neutron-to-pro-
ton ratio (N/Z) and significant quadrupole deformation.
As early as 2011, Texas A&M University conducted ex-
ploratory experiments on the '’Au+*Th reaction using
the BigSol spectrometer, first observing indications of
heavy nuclei with atomic numbers exceeding 97, laying
the foundation for subsequent research [30]. Since then,
several internationally renowned laboratories have car-
ried out systematic experimental studies with uranium
targets. The GSI Helmholtz Center for Heavy Ion Re-
search in Germany performed experiments on the
#®Ca+?"U reaction at the SHIP velocity filter, success-
fully observing about 90 nuclides ranging from Tl to Am
(Z=81-95), and identified the products with high preci-
sion through a, y, and spontaneous decay activities [31].
ANL in the United States systematically investigated the
136X e+28U reaction using the AGFA gas-filled separator
combined with the Gammasphere high-purity germani-
um array, observing deep transfer processes with up to
about 27 nucleons transferred from the projectile to the
target, with the heaviest observed product having a mass
number of about 265 u and cross sections on the order of
a few hundred microbarns [32]. JINR in Russia success-
fully synthesized *”’Ds using the *°Ca+>*U reaction, with
an evaporation residue cross section of 0.18 pb [33].
These experiments consistently demonstrate that in the
near-barrier energy region, collisions between a uranium
target and deformed projectiles readily induce deep nuc-
leon transfer, producing target-like fragments with atom-
ic numbers Z lareger than 90. However, due to the com-
plexity of the reaction mechanism and the generally low
cross sections (on the order of microbarns to nanobarns),
as well as limitations in experimental detection effi-
ciency, there is a high demand for theoretical predictions
of unknown nuclide yields and analysis of reaction mech-
anisms.

Various theoretical models have been developed to
describe the dynamics of multinucleon transfer reactions.
Examples include the improved quantum molecular dy-
namics (ImQMD) model [34—40], the time-dependent
Hartree-Fock (TDHF) method [41—44], the dinuclear sys-

tem (DNS) model [45-65], time-dependent covariant
density functional theory (TD-CDFT) [66, 67], Langevin
equations [68—71], the deep inelastic transfer (DIT) mod-
el [72], the coupled Langevin and master equation
(CLIM) method [73], and the quantum diffusion ap-
proach based on the stochastic mean-field (SMF) theory
[74—78]. These theories have their respective advantages
in dealing with some specific issues in multinucleon
transfer reactions. Among them, the DNS model de-
scribes the diffusion process of nucleon transfer by solv-
ing master equations, and can self-consistently treat mass
and charge relaxation, energy dissipation, and shell ef-
fects between projectile and target. When coupled with
the GEMINI++ de-excitation code to handle the decay of
excited fragments [79, 80], the DNS model has achieved
good agreement with experimental results in describing
the product distribution of heavy-ion multinucleon trans-
fer reactions. In particular, analyzing potential-energy
surfaces and driving potentials can reveal the guiding role
of shell effects on the nucleon transfer path, providing a
theoretical basis for selecting optimal projectile-target
combinations and incident energies.

Based on the DNS model combined with the GEM-
INI++ model, the production mechanism of heavy neut-
ron nuclides near Z=93—101 will be investigated by cal-
culating three projectile-target combinations: '’ Au+>*U,
186W+238U, and ***Th+***U for multinucleon transfer reac-
tions. The orientation effects, optimal reaction system and
incident energy for transuranium nuclides will be determ-
ined.

The structure of this article is organized as follows.
Section II provides a brief introduction of the DNS mod-
el. The results and discussion are presented in Sec. III. Fi-
nally, the main conclusions are summarized in Sec. V.

II. THEORETICAL FRAMEWORK

The dinuclear system (DNS) model has been widely
applied to describe the production of new nuclides in
quasi-fission processes, fusion reactions, and multinucle-
on transfer reactions. After the projectile crosses the Cou-
lomb barrier, it forms a dinuclear system with the target
in the potential pocket. Nucleon transfer occurs at the
bottom of the potential pocket, driving the evolution of
the dinuclear system along the mass-asymmetry coordin-

_(Ar—Ap)
ate 1= 7AT+AP)
[81] plays a pivotal role in nucleon-transfer processes and
is defined as

. The potential energy surface (PES)

U(Zl’Nl,gl’ebRcont) = A(ZI’NI) + A(ZZ’NZ)
+ Ven(Zi, N1, 61,62, Reont). (1)

Here, A(Z;,N;) (i =1,2) denotes the mass excess of frag-
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ment i, where Z; and N; represent the proton and neutron
numbers of the ith fragment, respectively. The sum of Z,
and Z, equals the total number of protons in the compos-
ite system, and likewise for neutrons. Vcn(Z,,Ny,6;,6s,
Reon) 18 the effective nucleus-nucleus interaction poten-
tial between the fragments, where 6; is the angle between
the symmetry axis and the collision axis of the ith frag-
ment. R, denotes the position of the potential pocket in
the nucleus-nucleus potential when potential pockets are
included. In cases without an interaction potential, R.qy 1S
given by: Reon =Ri [1+85 Ya(0)] + R [1+55Yo0(6:)] +
0.7fm. BY (i=1,2) denotesthe quadrupole deforma-
tion parameter of fragment 7 and is taken from Ref. [82].
The mass excess can be expressed as

A(Z,N) = ZA, + NA, - a,(1 - kI»)A
+a,(1-kPHA* + a7 A
_C4ZZ/A +Epair(ZivNi)+Eshell(ZivNi)~ (2)

The liquid-drop model parameters are a, =15.677
MeV, a,=18.56 MeV, a.=0.717 MeV, «k=1.79, and
c;=1211 MeV. I=(N-Z)/A denotes the neutron-pro-
ton asymmetry of the fragment. The pairing energy (Epir)
and shell-correction energy (Ey,) of the fragment are giv-
en in Ref. [82]. The effective nucleus-nucleus interaction
potential between the two fragments can be expressed as

VCN(ZI’N1s619925R)
=Vc(Z,N1,6,,0,,R)+ VN(Z|,N,,0,,0,,R). 3)

The Coulomb potential is given by the Wong formula
[83], which accounts for the effects of deformation and
orientation of the two fragments, as follows:

VC(ZI’N13013629R)
_ Z]Z2€2 n ( 9 >1/2 (Z]Zzez)
R 207 R3
2
; 3 7,Z,€*
2 (i) 142
X;Riﬁi P;(cos8;) + (ﬁ) ( g )

2
xS" R [B7Py(cosb)]’. 4)

i=1

Here, R denotes the center-to-center distance between the
two nuclei, R; denotes the nuclear radius of fragment i,
and the nuclear potential term is evaluated using a
double-folding potential [84].

Fin_Fex
VN(Z|’N1$9|’92’R) = CO{ 0 |:/p?(r)p2(r_R)dr
0

+/p1(r)p§(r—R)dr} +Fex/p1(r)pz(r—R)dr},

with
N —-Z  N,-2,
Fin= in T i’ s
S+ i A, A,
, Ni—Z, N,-2,

Fou = fox + fox ®)

A A,

For the constant Cy =300 MeV fm®, the recommended
amplitude values in Ref. [85] are f;, =0.09, f,,=-2.59,
fi, =042, and f =0.5. py denotes the average nuclear
density at the center of the composite system, while p;(r)
and p,(r—R) represent the density distributions of the
two nuclei.

In the DNS model, the state of a dinuclear system can
be described by macroscopic collective variables (such as
the proton number Z; and neutron number N;). The prob-
ability distribution P(Z;,Ny,E1,0,,0,,1) in this macroscop-
ic collective-variable representation is obtained primarily
by solving the two-dimensional master equation, which
characterizes transition probabilities and quasi-fission
throughout the evolution. The master equation is given
by:

dP(Z],N|,E|,9],92,t)
dr

= ZWZI,Nl;z;,Nl(f) [dzl,NlP(Z/,Nl,El,gl,92,0

Z

_le’,NlP(ZlaNhEl,Hlng,t)]

+ZWZ],N];21,NI’(I) [z, 5 P(Z1, N}, E),604,6,,1)

N
—dz, x; P(Z1, N1, Ey,01,0,1)]
~{Ag (O] + Ai[OOIP(Z1, N1, E1,0,,05,1),  (6)

Wz niszg (1) and Wz niszin (1) are the average transition
probabilities at time ¢ for transitions from (Z;,N;) to
(Z;,N,) and from (Z;,N,) to (Z,N;), respectively. The
microscopic dimension dy, y, denotes the number of mi-
croscopic states of the fragments corresponding to the
macroscopic state (Z;, Ny, E;). The dissipation of relative
kinetic energy leads to the local excitation energy E; of
the composite system. Ay and Ag denote the quasi-fis-
sion and fission rates of the dinuclear system, respect-
ively, as detailed in Ref. [84]. As an example, consider
the average proton transition probability Wz, v,z v, (1):
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Wz, m Z)Ny ()
_ Tmem[Z1, N1, E((Z1,N1); Z{,Ny, E{(Z],N))]
dz dz; N i
XY (Zi,Ni, Ei(Z],Ny),

P IVOIZy, Ny, Ef(Z1, Ny, |

(7

It is assumed that only one nucleon is transferred at
each step, namely Z; =Z, =1 or N| = N, = 1. The memory
time Tpen has the following form:

o 1/2

Tmem(z ,N ’E ;Z/,N ,E/;[):h ~ /v e N
1 1 1 1 1 1 ZKK/ (VKK/ VKKr)

®)

Further details on 7, can be found in Ref. [86].
The local excitation energy E; of the DNS is given

by:

MZ
Y2l _[U(ZlaNhgl’eZ)

nt

- U(Zp’Np701902)]5 (9)

E((Zi,N) = Egis —

In this expression, M and &, denote, respectively, the in-
trinsic angular momentum transferred to the DNS and the
intrinsic moment of inertia. Eg represents the energy
dissipated into the DNS from the kinetic energy of the re-
lative motion, which can be determined by

2

Egiss(1) = Ecpn. — VCN(Zpa Np’Rcont) - <‘;’(i = Ea(1),

grel (10)
The interaction potential corresponding to the entrance
channel is denoted by Ven(Z,, N, Reont)- The dissipation of
the relative angular momentum, (J(z)), can be expressed
as (J(O))=Ju+(J—Jy)exp(-t/t;), where J, represents
the angular momentum in the sticking limit. The radial
energy at time ¢ is given by E,.4(t) = E..q(t = 0)exp(—t/1r),
where tr denotes the relaxation time of the radial kinetic
energy.

The evolution of the mass-distribution probability
ends when the time reaches the interaction time. The in-
teraction time is calculated using the deflection function
method:

A6 1.1
Tim(li, AQ) = ﬁé’ml + ; In Tf

(11)
Here, A8 denotes the rotation angle of the DNS; /; and I,
represent the initial and final angular momenta, respect-
ively; £ is the total rotational inertia; and « is the relaxa-

tion constant.

The production cross section for the initial fragment
with proton number Z; and neutron number N, is given
by the following equation:

mh?
Tpr (Zth’Eam.) = Z(2J+ 1)
J

2uE. .

X[P(Z,N1,E\,t = Tin)]. (12)

In the equation above, i denotes the reduced mass of the
system, and P(Z;,N,,E|,t = 1y, ) represents the probabil-
ity distribution of fragments at time ¢ = 7y, .

The statistical model Gemini++ is used to describe
the subsequent de-excitation of excited fragments [79,
80]. This model fully accounts for the evaporation of
light charged particles, symmetric fission, and all pos-
sible evaporation channels. Furthermore, the Hauser-
Feshbach theory is employed to describe the evaporation
of light particles. For the emission of heavier fragments
and the asymmetric fission of heavy systems, the Gem-
ini++ model not only adopts the Moretto formalism but
also incorporates structural evolution based on the Bohr-
Wheeler formalism.

III. RESULTS AND DISCUSSION

To assess the reliability of the DNS model combined
with the statistical decay model GEMINI++ in describ-
ing the generation mechanism of heavy system frag-
ments, we investigate the production cross sections of
nuclei with Z = 97-100 in the multinucleon transfer reac-
tion ¥Ca+***Cm at E.,, =260 MeV, as shown in Fig. 1.
The black solid lines, blue dashed lines, olive short-dot-
ted lines, and orange dash-dotted lines represent the cal-
culated results for tip-to-tip, side-to-side, tip-to-side, and
side-to-tip configurations, respectively. The red solid
circles denote the experimental values, taken from Ref.
[87]. The tip-to-tip configuration shows the best agree-
ment with the experimental data, closely reproducing the
peak position and width and the declining trend on the
neutron-rich side. This indicates that the tip-to-tip config-
uration is most favorable for nucleon transfer. The side-
to-side configuration significantly underestimates the ex-
perimental yields, with even greater deviations on the
neutron-rich side, suggesting that it leads to a higher po-
tential barrier and a shorter interaction time, thereby
severely suppressing the calculated cross sections. The
tip-to-side and side-to-tip configurations lie between
these extremes but still fall below the experimental data
overall, indicating that asymmetric orientations contrib-
ute to some extent but are insufficient to fully reproduce
the measured cross sections. These comparisons demon-
strate that, in deformed heavy nuclear systems, collision
orientation must be considered to accurately describe
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Fig. 1.  (color online) Isotopic cross sections for secondary
fragments with Z =97 to 100 of the tip-to-tip (black solid
lines),side-to-side (blue dashed lines), tip-to-side (olive short
dotted lines), and side-to-tip (orange dash-dotted lines) config-
urations in the reaction *Ca+**Cm at E.,, =260 MeV. The
red solid circles indicate experimental values, which are de-

rived from Ref. [87].

multinucleon transfer reactions, and that the tip-to-tip
configuration plays a key role in achieving consistency
between theoretical calculations and experimental results.

Because this work focuses on reactions with uranium
targets, the production cross sections of nuclei with Z =
94-97 in the reaction **U+**U at E_,, =825 MeV are
shown in Fig. 2 to further validate the model. The experi-
mental data, taken from Ref. [29] and shown as red solid
circles, agree well with the calculated results (see Fig. 2),
further demonstrating the model's reliability for uranium-
target reactions.

To investigate how collision orientation influences
nucleon transfer in multinucleon transfer reactions, we
calculate the differences in driving potentials for various
orientations. The driving potential as a function of frag-
ment mass number for four orientations in the '*’Au+**U
reaction is shown in Fig. 3. The tip-to-tip configuration
(black solid line) exhibits a pronounced potential valley
in the heavy-mass region (mass numbers around
200—250) and yields the lowest driving potential, indicat-
ing that it is most favorable for nucleon transfer from the
light to the heavy nucleus and provides an efficient path-
way to neutron-rich heavy products. The side-to-side con-
figuration (red dashed line) exhibits the highest driving
potential, rising markedly in the heavy-mass region; char-
acterized by a high Coulomb barrier and weak nuclear at-
traction, it is unfavorable for deep nucleon transfer. The
tip-to-side (olive dotted line) and side-to-tip (blue dash-
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Fig. 2.  (color online) Isotopic cross sections for secondary
fragments with Z =94 to 97 in the reactioin of Z*U+**U at
E.m. =825 MeV. The red solid circles represent experimental
data, which are obtained from Ref. [29].
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Fig. 3. (color online) The driving potential of the tip-to-tip

(black solid line), side-to-side (red dashed line), tip-to-side
(olive short dotted line), and side-to-tip (blue dash-dotted line)
configurations in the reaction of '’ Au+>*U.

dotted line) configurations yield driving potentials that
fall between these extremes and are closer to the tip-to-tip
case, indicating that asymmetric orientations still permit a
non-negligible transfer probability. Overall, the depth and
valley structure of the driving potential are key determin-
ants of the ease of nucleon transfer, making the tip-to-tip
collision the optimal geometric condition in experiments
because of its lowest driving potential.

The standard quasifission process involves the trans-
fer of nucleons from heavier to lighter nuclei. In more
symmetric reaction systems, the "inverse" quasifission
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process enables transfer from lighter to heavier nuclei,
thereby increasing system asymmetry. The "inverse"
quasifission mechanism is closely related to the deforma-
tion, orientation, and shell structure of the entrance chan-
nel. More detailed theoretical calculations will facilitate
the design of experiments on actinide projectile-target
transfer reactions. "Inverse" quasifission processes are
crucial for producing neutron-rich transuranium nuclides
with Z=93—-101. To identify optimal projectile-target
combinations, we investigate multinucleon transfer in-
duced by stable beams of '’Au, W, and ***Th on the
actinide target 2**U. Notably, the three-dimensional po-
tential-energy surface plays a pivotal role in determining
fragment-formation probabilities during nucleon transfer.

The three-dimensional PES critically influences the
calculation of fragment-formation probabilities in the
nucleon-transfer process. Figure 4 illustrates the poten-
tial-energy surface distributions as functions of the pro-
ton number Z and neutron number N of the fragments for
three reaction systems: '7Au+?*U, "SW+2U, and
2Th+*¥U. The black solid lines indicate the minimum-
value paths of the PES, and the open circles denote the
injection points. For the "7Au+**U and "*W+>*U sys-
tems, the injection points do not lie at the bottom of the
potential valley but are located in regions of higher en-
ergy. Moreover, the PES exhibits distinct double-valley
structures around Z=64,100 and N =100,152,162, a
hallmark of the "inverse" quasifission process driven by
shell effects. This implies that nucleons tend to transfer
from the light nuclei (Au and W) to the heavy nucleus
(U), thereby favoring the production of neutron-rich
heavy nuclides. In contrast, the injection points of the
B2Th+*8U system lie precisely on the minimum-value
path, corresponding to a normal quasifission process. The
depth of the valleys in the PES and the relative positions
of the injection points directly determine the ease of nuc-
leon transfer and the distributions of reaction products,
providing a crucial theoretical basis for selecting optimal
projectile-target combinations and predicting the yields of
neutron-rich nuclides.

To further investigate the direction of nucleon trans-
fer in the "inverse" quasifission process, we analyze the
driving potential as a function of the fragment mass num-
ber for collisions of ""Au+**U (black solid line),
186W+233U (red dashed line), and ***Th+**U (blue dash-
dotted line) in Fig. 5. Figure 5 demonstrates that the driv-
ing potential of '"**W+>*U is the highest among the three
reaction systems. It can be observed that the driving po-
tentials of the '’ Au+***U and "**W-+>**U systems exhibit a
decreasing trend in the heavy-mass region, indicating that
nucleons tend to transfer from the lighter to the heavier
nucleus, a typical feature of the "inverse" quasifission
process. In contrast, the driving potential of the
Th+>*U system is relatively flat near the injection
points, corresponding to a normal quasifission process.

200 T T T

1974238

160

120

80

40

160 |

Z 120

80

Fig. 4. (color online) The potential-energy surface (PES) as
a function of Z and N of the fragments in collisions of (a)
7 Au+?8U, (b) "W+, and (c) **Th+>**U. The black solid
lines indicate the minimum value in the PES. The open circles
represent the injection points.

40 T T T T T
197 o 44238
_ _ 186yy4238 o
ol W+238 .
. 23274238 ;
40 _
< 80} 4
=
S
-120 | s
-160 |- » g
\ | \ ! /
' p
-200 F \ ¥ N
1 1 1 1 1 1 1
0 100 200 300 400 500
Mass number
Fig. 5. (color online) The driving potentials in the reactions

of "7Au+?*®U(black solid line), '**W+>*U(red dashed line),
and 2*Th+>%U(blue dash-dotted line).

Figure 6 focuses on the local driving potential of the
YTAu+*8U reaction, where downward arrows mark the
incident points and upward arrows indicate the positions
of subshells (near Z = 64, 100 and N = 100, 152, 162). It
can be seen that distinct potential valleys appear in the
driving potential around these subshell closures. These
valleys, induced by shell effects, allow the reaction sys-
tem to evolve more easily along the valley floor, thereby
enhancing the production yields of neutron-rich heavy
nuclides. Figures 5 and 6 reveal that by selecting an ap-
propriate  projectile-target combination (such as
197 Au+2*¥U) and utilizing the potential valleys induced by
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significantly enhanced, providing theoretical guidance for

°r AU+ _ the experimental synthesis of new nuclides.
ol Multinucleon transfer reactions with uranium targets
have been extensively investigated for many years. As the
0 heaviest naturally occurring element, uranium possesses a
< (79.118)  (92,146) high N/Z ratio and significant quadrupole deformation,
2 12 making it an ideal "neutron-rich reservoir". At near-barri-
=2 \ l er energies, collisions between a uranium target and de-
formed projectiles can readily induce deep nucleon trans-
-160 . s . . .

fer, producing target-like fragments with atomic numbers
200 - \ | Z near 92. However, the cross sections are generally low,
(64,100) (100,152) (100,162) placing stringent demands on the predictive accuracy of
. . . . | theoretical models. Refs. [55, 88] suggest that an incid-
'240120 160 200 240 280 ent energy of 1.10Vy is suitable for studying entrance-
Mass number channel effects in multinucleon transfer reactions. Vj de-
Fig. 6. The local driving potential of the reaction of notes the Bass interaction barrier [89]. Accordingly, this
" Au+**U. The downward arrows indicate the positions of section uses a center-of-mass energy of 1.10V; to ana-
the incident points, while the upward arrows denote the sub- lyze isotope production cross sections in target-like frag-

shell near the incident points. ments with atomic numbers ranging from 93 to 101.

Figure 7 shows the final production cross sections of
target-like fragments with atomic numbers Z=93—101 for
three reaction systems. The black solid lines, red dashed
anism, the production cross sections of neutron-rich  |ipes and blue dash-dotted lines represent the transfer re-

heavy nuclei in multinucleon transfer reactions can be  action ""Au+**U, "W+2"U, and **Th+**U, respect-

shell effects along with the "inverse" quasifission mech-
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Fig. 7. (color online) The final isotopic production cross sections of target-like fragments with Z=93—101 at the incident energy of
Ecm.=1.10Vg. The black solid lines, red dashed lines, and blue dash-dotted lines represent the transfer reactions '’Au+2**U, '6W+38U,
and #*Th+>8U, respectively. V3 denotes the Bass interaction barrier[89].
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ively. The V3 values for the multinucleon transfer reac-
tion systems 'Au+**U, "SW+**U, and #*Th+**U are
671.0, 630.8, and 748.9 MeV, respectively. It can be ob-
served that the cross sections for all three systems de-
crease with increasing proton number, but the extent of
the decrease and the absolute magnitudes differ signific-
antly. Among them, the '’ Au+***U system exhibits high-
er cross sections than the other two for nearly all isotopes.
This is consistent with the conclusion drawn from the
earlier driving potential analysis, where this system
showed the deepest potential valley and the smallest po-
tential need to overcome in the transfer process, confirm-
ing the enhancement effect of the "inverse" quasifission
mechanism on the production of neutron-rich nuclides.
The system '**W+?**U ranks second, while the Z*Th+>*U
system has the lowest cross sections, dropping sharply
below the detectable limit for Z >98. These quantitative
results indicate that, for combinations of a uranium target
with lighter deformed projectiles, the nucleon transfer
path driven by shell effects is more favorable for produ-
cing neutron-rich target-like fragments with high atomic
numbers, providing a clear numerical basis for selecting
optimal projectile-target combinations in experiments.
Compared to the reaction systems 'SSW+%*U and

22Th+238U, the multinucleon transfer reaction '’ Au+***U
is the optimal projectile-target combination for generat-
ing new neutron isotopes with atomic numbers Z =
93-101.

The ""Au+**U transition reaction exhibits an "in-
verse" quasi-fission process, granting the reaction system
a significant advantage in producing heavy neutron iso-
topes with Z ranging from 93 to 101 as studied above. To
further investigate the optimal incident energy for this re-
action, Figure 8 demonstrates the final isotope produc-
tion cross sections of target-like fragments in the
97 Au+***U transition reaction at different incident ener-
gies. The black solid lines, red dashed lines, and blue
dash-dotted lines represent the incident energies in the
center-of-mass system of 1.05V3,1.10V3, and 1.15V;, re-
spectively. The blank symbols indicate the unknown new
neutron-rich nuclei. It can be observed that the produc-
tion cross sections for all three energies decrease with in-
creasing proton number, but the energy dependence ex-
hibits distinct regional characteristics. In the Z=93—-98 re-
gion, the production cross sections increase with higher
incident energy, with the highest values occurring at
1.15Vp, indicating that a higher energy facilitates over-
coming the potential barrier and drives more nucleon
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Fig. 8.

(color online) The final isotopic production cross sections of target-like fragments with Z=93—101 in the transfer reaction

Y Au+8U at E.p, =1.05Vg(black solid lines), 1.10V (red dashed lines), and 1.15V; (blue dash-dotted lines), respectively. The blank

symbols indicate the unknown neutron-rich nuclei.
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transfer from the projectile to the target. In contrast, in
the Z=99-101 region, the differences in production cross
sections among the three energies become smaller, with
1.05Vp showing a slight advantage. This reflects the ef-
fect of enhanced fission competition at higher excitation
energies, which reduces the survival probability of heavy
nuclei. One can see that a total of 61 unknown neutron-
rich nuclei would expect to be produced with cross sec-
tions greater than 1 pb, filling the gap in the region of
transuranium. The calculated production cross sections of
24524624724824925025122 N are  8.49ub, 1.9ub, 0.52pb,
0.14pb, 0.03ub, 4.16x1073ub, 6.26x10™*ub, and
5.58x 1073 ub, respectively. For 248249.250.251.252253.254pyy
they are 4.18ub, 1.62ub, 0.26pb, 0.07ub, 0.01pub,
1.33x 1072pb, and 2.90x 107> b, respectively. The pre-
dicted production Cross sections of
248,249,250,251,252,253,254,255,256 Am are 101 73 p’b, 2247ub,
7.7ub, 1.91ub, 0.72ub, 0.14pb, 0.02ub, 1.18 x 103 b, and
4.74 % 10—5 I.Lb, respectively. 252,253,254,255,256,257,258,259Cm are
8.82ub, 3.01ub, 0.85ub, 0.16pub, 0.02ub, 9.13x 10 *ub,
1.45x107%pb, and 1.70x 10~*pb, respectively. The pro-
duction cross sections of 234253.256.257.258259260Bk  gre
21.75ub, 4.23ub, 1.63ub, 0.13pub, 0.01pb, 3.66x 10~*ub,
and 1.85x107°pb, respectively. 27:28239.20020122Cf gre
4.91ub, 0.67ub, 0.05ub, 2.14x 103 pub, 1.13x 10~*ub, and
8.59x 1075 ub, respectively. 298299200.261.262 g are 0.07ub,
0.02ub, 4.47x1073ub, 6.49x10*ub, and 3.05x 1073 ub,
respectively. The calculated production cross sections of
260.261.262263264Fm - are  0.21ub, 0.07ub, 9.66x 107> b,
6.9x10™#ub, and 2.25x107°pb, respectively. For
261,262,263.264,265.206 \[d, they are 1.07ub, 0.65ub, 0.08ub,
9.31x1073ub, 1.48x 10~*ub, and 5.79x 10~°ub, respect-
ively. These results quantitatively reveal the dual effect of
incident energy on the production of multinucleon trans-
fer reactions and provide important guidance for select-
ing the optimal energy.

Figure 9 presents the interaction time as a function of
the impact parameter for the reaction system '*’Au+***U
at three incident energies. The black solid lines, red
dashed lines, and blue dash-dotted lines represent the in-
cident energies in the center-of-mass system of 1.05Vp,
1.10Vp, and 1.15Vp, respectively. For a given incident
energy, the interaction time decreases monotonically with
increasing impact parameter. When the impact parameter
approaches or exceeds a certain critical value, the interac-
tion time tends to zero, indicating that nucleon transfer
hardly occurs in peripheral collisions. Moreover, the in-
teraction time exhibits a clear positive correlation with
the incident energy: the higher the incident energy, the
longer the interaction time for the same impact parameter,
and the temporal spread in the large impact parameter re-
gion also becomes more pronounced. This is mainly be-
cause a higher incident energy provides the system with
more relative kinetic energy, allowing the two nuclei to
maintain longer contact and evolution time after over-
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Fig. 9. (color online) The calculated interaction time as a

function of the impact parameter for the reaction system
197 Au+**U at three different incident energies. The black sol-
id, red dashed, and blue dotted lines represent the incident en-
ergies at E., =1.05Vg, 1.10Vg, and 1.15Vp, respectively.

coming the potential barrier, thereby facilitating deep
nucleon transfer. These results, from a dynamic perspect-
ive, explain why higher incident energies lead to higher
produciton cross sections in the Z=93-98 region, and, to-
gether with the effect of fission competition, also reveal
the complex energy dependence of production cross sec-
tions in the medium to heavy mass region.

IV. SUMMARY

By combining the DNS model with the GEMINI++
de-excitation code, this work systematically investigates
the theoretical mechanisms for synthesizing neutron-rich
heavy nuclei in multinucleon transfer reactions with
uranium as the target, considering aspects such as colli-
sion orientation, shell effects, projectile-target combina-
tions, and incident energy. Regarding the effect of colli-
sion orientation, based on calculations and experimental
comparisons for the **Ca+***Cm reaction, the tip-to-tip
configuration shows the best agreement with experiment-
al data. It exhibits the lowest driving potential and the
most pronounced potential valley in the heavy mass re-
gion, making it the most favorable for nucleon transfer
from the light nucleus to the heavy nucleus. In contrast,
the side-to-side configuration significantly underestim-
ates the production cross sections, while the tip-to-side
and side-to-tip configurations fall between these ex-
tremes, confirming that collision orientations must be
considered in deformed heavy nuclear systems to accur-
ately describe multinucleon transfer reactions. The mod-
el can also well reproduce the transfer reaction cross sec-
tions of nuclei with Z =94 to 97 in the **U+>*U reaction.
Regarding shell effects and the "inverse" quasifission
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mechanism, potential-energy surface analysis reveals that
the injection points of the '”Au+>*U and "**W+>*U sys-
tems deviate from the potential valley bottom and exhibit
distinct double-valley structures near Z=64, 100 and
N=100, 152, 162, characteristic of the "inverse" quasifis-
sion process, whereas the injection points of the
22Th+¥U system located at the valley bottom, corres-
ponding to a normal quasifission process. Comparisons of
the driving potentials further confirm this classification,
and in the '’ Au+***U reaction, the positions of these sub-
shells correspond to pronounced potential valleys,
thereby enhancing the yields of neutron-rich heavy nuc-
lides.

The final production cross sections of target-like frag-
ments with Z=93-101 for the three systems are calcu-
lated at E. ,, =1.10Vp. It is found that the production cross
sections of the '’ Au+***U system are significantly higher
than those of the "**W+2**U and ***Th+***U systems, espe-
cially in the Z=93—-98 region, confirming that this com-
bination is the optimal choice for synthesizing neutron-
rich actinide nuclei. Further analysis of the incident en-
ergy effect on the reaction 'Au+**U shows that for

Z=93-98, the production cross sections increase with in-
cident energy, peaking at 1.15Vp, while for Z=99-101,
the lower energy yields slightly higher cross sections, re-
flecting the trade-off where higher excitation energies en-
hance fission competition and reduce the survival probab-
ility of heavy nuclei. Concurrently, calculations of the in-
teraction time confirm that higher incident energies lead
to longer contact times between the nuclei, providing a
dynamical explanation for deeper nucleon transfer. Based
on these analyses, this work predicts the production cross
sections for 61 unknown neutron-rich nuclides with cross
sections greater than 1 pb, which are relatively higher at
1.05Vp, indicating that lower incident energies are more
favorable for synthesizing new neutron-rich nuclides in
the superheavy region. This work systematically elucid-
ates the mechanisms by which collision orientation, shell
effects, projectile-target combinations, and incident ener-
gies influence the production cross sections in uranium-
target multinucleon transfer reactions, and predicts the
cross sections for a number of unknown neutron-rich nuc-
lides, providing important theoretical guidance for future
experimental synthesis.
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