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We propose an improved dinuclear system (DNS) model to describe both capture and noncapture transfer
reactions within a unified framework. The main improvements in this work include the introduction of non-
capture transfer processes and dynamic deformation mechanisms. The multinucleon transfer (MNT) reactions
of 364Ni 4 28Pb are used to test the improved model. The results show that the improved DNS model can
successfully calculate the observables including mass distributions, total kinetic energy—mass distributions, and
isotopic cross sections from both capture and noncapture transfer processes. These results indicate that the
present DN'S model is an effective tool for efficiently calculating product cross sections and investigating energy

dissipation mechanisms in MNT reactions.
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I. INTRODUCTION

Transfer reaction in low-energy heavy-ion collisions has
attracted significant interest in both experimental [1-12]
and theoretical [13-36] research. It is widely employed
to investigate the key issues in nuclear physics, including
nucleon-nucleon interactions [37], the correlation between
nuclear reactions and nuclear structure [38], and nuclear spec-
troscopy [39,40]. When multiple nucleons are transferred
between the projectile and the target, this process is termed
a multinucleon transfer (MNT) reaction. Currently, the MNT
reaction is regarded as a highly promising method for syn-
thesizing new neutron-rich nuclei near N = 126 [41-43] and
superheavy nuclei close to the predicted “island of stability”
by the shell model [44,45].

The nucleon transfer between the reaction partners is
governed by multiple degrees of freedom, such as mass
asymmetry, deformation, and excitation energy, as well as
quantum effects. Hence the transfer reaction is an extremely
complex dynamic process. For systems with a pocket in the
nucleus-nucleus interaction potential, transfer reactions can
be classified into two types based on whether the projectile
is captured by the target [46,47]. If the projectile overcomes
the Coulomb barrier and is captured by the target, the reaction
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partners undergo a prolonged nucleon transfer process accom-
panied by significant energy dissipation, finally separating
from each other [48-50]. This type of transfer reaction is
referred to as a capture transfer reaction or quasifission (QF)
reaction. In contrast, if nucleon transfer occurs without cap-
ture, this process is termed a noncapture transfer reaction
or scattering process. It includes quasielastic scattering and
deep-inelastic scattering. The time scale for noncapture trans-
fer reactions is significantly shorter than those for capture
transfer reactions. The capture and noncapture events can be
distinguished from the total kinetic energy—mass (TKE-mass)
distribution of the primary binary products [51].

The noncapture transfer reactions, primarily deep-inelastic
scattering processes, play a crucial role in producing exotic
neutron-rich nuclei. In the reactions, numerous combinations
of projectilelike fragments (PLFs) and targetlike fragments
(TLFs) can be produced. For example, in Ref. [52], deep
sub-barrier collisions between *°Ca and 2°*Pb were performed
by Cook et al. at Legnaro using the PRISMA magnetic
spectrometer. They found that reactions of *°Ca + 2%Pb ex-
perience an “explosion” of mass and charge transfers between
the nuclei before capture, with unexpectedly high probability.
Ninety different combinations of the projectilelike and target-
like nuclei were observed. The noncapture transfer reaction
does not result in complete momentum transfer, leading to less
energy being dissipated into the system. This characteristic is
critical for the survival of primary neutron-rich products.

To calculate the cross sections of products in transfer
reactions, several models have been developed, including
the improved quantum molecular dynamics (ImQMD) model
[27,53,54], the DNS model [33,55-57], the GRAZING model
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[58,59], and the quantal diffusion approach based on stochas-
tic mean-field (SMF) theory [60,61]. The ImQMD model,
a microscopic approach, provides a self-consistent descrip-
tion of heavy-ion collisions in both capture and noncapture
processes. However, its dynamical simulations are com-
putationally intensive. In contrast, the DNS model offers
high computational efficiency for calculating the cross sec-
tions of products and describes few-nucleon transfer cross
sections very well for heavy systems, such as **Xe 4 18Pt
[57] and 23U + 28U [62]. However, it strongly underesti-
mates the cross sections of quasielastic products for light
systems due to the absence of contributions from noncapture
transfer channels.

To incorporate the cross sections of both capture and
noncapture transfer products for light systems, Wen et al.
developed a hybrid method [63]. They used the GRAZING
model to describe noncapture transfer reactions and employed
the DNS model to calculate the cross sections of products for
capture processes. However, this hybrid method is based on
two different theoretical frameworks, which results in a lack
of self-consistency. Liao ef al. introduced impact-parameter-
dependent transition probabilities into the DNS-sysu model,
providing a unified description of few-nucleon and many-
nucleon transfer in MNT reactions. As a result, the cross

J

Th?

sections of quasielastic products have been significantly en-
hanced [64]. In this work, we extend the DNS model by
incorporating noncapture transfer mechanisms. This provides
a unified framework for calculating the cross sections of all
transfer reaction products.

The structure of this paper is as follows. In Sec. II, we
describe the theoretical framework in detail. The results and
discussion are presented in Sec. III. Finally the conclusion is
given in Sec. IV.

II. THEORETICAL FRAMEWORK

In this work, we developed an improved version of the
DNS model by incorporating noncapture transfer mecha-
nisms. The production cross section of the primary fragment
with proton number Z; and neutron number N; in transfer
reactions can be expressed as

Upr(Zla Ni, Ecm.) = 01(Zy, Ny, Ecm.) + 02(Z1, Ny, Ecm))-
ey

Here, o) and o, represent the cross sections of primary frag-
ments produced in the capture and noncapture processes,
respectively, given by

@1 N Eem) = 5% D @) 4 DPep(Ee, DPI(Z1, Nyt = T1), )
c.m. J
Th?
02(Z1, N1, Eem) = iE > @7 + DI = Pep(Eem.. DIPy(Z1, N1 t = 1), 3)
c.m. ]

Here, u is the reduced mass of the system. P, (E¢m., J) represents the capture probability of the projectile. P;(Z;, Ny, t) and
P>(Z, N1, t) denote the probability distribution functions for the capture and noncapture processes, respectively. ) and 7, are
the corresponding interaction times of the colliding nuclei, which are obtained by solving the deflection function [65-67]. For
a given angular momentum, the reaction positions for capture and noncapture processes are different, which results in a minor

difference between the interaction times 7; and 7.

The capture probability Peap(Ec.m.,J) is written as follows [68,69]:

1, if Ecm. > VB,
- -1 .
Pcap(Ec.m.a J) = {1 + eXp{ - #(J)[Ec.m. - VB (J)]}} B if Vb < Ec.m. < VB, (4)
O, if Ec.m < Vbs

where iw(J) = h,/ —l.a—zV(R, J)|r=rs () is the width of the

uwar?
potential barrier. Figure 1 shows the nucleus-nucleus interac-
tion potentials of **Ca 4 23U with angular momenta J = 0
and 125/. The Coulomb potential and the nuclear potential
are calculated with Egs. (5) and (6), respectively. Vg and V,
are the Coulomb barrier height and the value of the potential
pocket at the bottom, respectively. As shown in Fig. 1, for
J = O#h, the projectile dissipates its kinetic energy and is cap-
tured by the target. In this case, Py, = 1, and nucleon transfer
occurs at the bottom of the potential pocket. For larger angular
momentum (e.g., J = 1254), the projectile cannot be captured
by the target. Nucleon transfer takes place at an empirical

(

position given by Reont = Relose + 0.8 fm, where Rjose satis-
fies V(Rclosen J) = Ec.m.~
The nucleus-nucleus interaction potential is a key quantity
for calculating the capture probability. The Coulomb interac-
tion is regarded as follows [70-72]:
222(3-%), R<R,

Ve(R) = 5

Z12,é*
%, R > Ry.

Here, Ry denotes the sum of radii of two colliding nuclei.
The original DNS model employs the double-folding potential
to compute the nuclear interaction. However, this potential
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FIG. 1. Nucleus-nucleus interaction potentials of the BCa 4238y
system atJ = 0 and 125%. The incident energy is marked by the blue
dashed line.

significantly underestimates the barrier height for many re-
action systems. As shown in Fig. 2, the dashed lines are the
barrier heights extracted from experimental data using the
modified Siwek-Wilczynski (MSW) formula [73]. It can be
seen that the barrier heights from the double-folding poten-
tial are 10-20 MeV lower compared to the results of the
MSW formula. In this work, we replace the double-folding
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FIG. 2. Nucleus-nucleus interaction potentials for five reaction
systems, calculated using the Akyiiz-Winther and the double-folding
potentials. The dashed lines indicate the barrier heights extracted
from experimental data via the MSW formula [73].

potential with the Akyiiz-Winther potential [63,74], which can
be written as

W(®R) = —16 Riky ! (6)
= — aTyVda )
N Y“Ri+ Ry 1+ expl(R — Ry — Ry)/al
where
1
— = L17[1+0.53(4," + A7),
a
Ri =124 —0.09,
Ny — Z)(N> — Z
y=0.95[1—1.8( 1= 200 2)}. 7
AA,

In the above formula, A;, Z;, and N; represent the mass num-
ber, atomic number, and neutron number of the ith nucleus,
respectively. One can see that the barrier heights calculated
with the Akyiiz-Winther potential agree well with the MSW
formula.

In the DNS model, solving a set of master equations on
the potential energy surface yields the distribution probabil-
ity of fragments. For a fragment with excitation energy ¢,
proton number Z;, and neutron number N, its probability dis-
tribution function P(Z;, Ny, €1, t) is predicted by the master
equation [43,75,76]:

dP(Zl,Nl,{;‘l,l) .

7 ZWZI,NI;z;,N,(f)[dz,,NIP(Z{,N1,SQ,I)

“
—dz M P(Z1, Ny, €1, 1)]

+Y Wz mazw (Odz 5 P(Zi, N, 8], 1)
N

—dz,,N{P(Zl,Nl,Sl,t)]. (8)
In the above formula, Wz, v,z n; represents the mean tran-
sition probability from the channel (Z;, Ny, €;) to (Z;, Nj, €})
[77]. Each transition process focuses on the transfer of a single
nucleon, which means that Z; = Z; & 1 or N{ = N, = 1. The
quantity dz, ; represents the microstate dimension associated
with the macrostate (Z;, Ny, ¢}). The transition probability
can be expressed as [78]

Tmem (Z1, N1 Z4, N]/)
R dz, n,dz, N,

X Y WZi, NjL €)1V ()20, Ny, e, i)

i’

Wz Nz N, =

€))

Here, V (¢) denotes the single-particle potential obtained from
mean-field calculations based on density functional theory
[79]. The memory time Tyem satisfies Tmem <K To/A; here
190 =2mh/(1 MeV) ~ 40 x 10722 g [77]. In this work, the
memory time is set as Tyem = To/(6A) for the capture process
and Tmem = To/(12A) for the noncapture process based on
a comparison with the experimental data of 3%%Ni +2%Pb
reactions.
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In the DNS model, the nucleon diffusion process is driven
by the potential energy surface (PES), which is defined as [80]

U(Z1, Ny, Bi(t), J(t), Reont)
= A(Zi, N1) + A(Zioy — Z1, Niot — Ny)
+ Veont(Z1, N1, B1(t), (1), Reont)
+1C18B1) + 1 (88,)%, (10)

where A(Z;, N;) is the mass excess of fragments with pro-
ton number Z; and neutron number N;. In the calculation
of the mass excess, we employ the temperature-independent
pairing correction energy Ep,; and shell correction energy
Egnen, consistent with Refs. [57,81]. V.o 1s the interaction
potential at the position where nucleon transfer takes place.
It includes the Coulomb potential, the nuclear potential, and
the centrifugal potential. The Coulomb and nuclear poten-
tials are computed using Eq. (5) and Eq. (6), respectively.
The centrifugal potential energy V.., can be expressed as
Veent(R) = J(J + 1)712 /(2&e1), Where & denotes the rota-
tional inertia of relative motion in DNS [46]. R ., denotes
the interaction radius at the position where nucleon transfer
occurs. The dissipation of the relative angular momentum J(¢)
is described by the following formula [66]:

J(t) = Jiexp(—t/7j) + Ju[l —exp(=z/77)], (1D

where the limiting value J;, given by the sticking condition
is Jy = Jiir?,l/{t?)t- rel = uR? (;r?;] = /LR(Z)) and {& = PLR% +
%mlR% + %msz, where m; and m, are the masses of the frag-
ments, respectively. J; denotes the initial angular momentum
of system. 7; represents the angular momentum relaxation
time.

In the nucleon diffusion process, the local excitation energy
epns of the dinuclear system is determined by the dissipation
of the kinetic energy of relative motion and the potential
energy surface. It is defined as [82,83]

epns =E(t) — [U(Z1, Ny, Bit), Ba(1), J (1), Reont)
—U(Zp.No. B). B3, Ji. Reomt) | (12)
with
EM(t) = Ecm. — Veont(Zp. Ny BY. B3 J (1), Reont)
= Eraa(Ji, 1). (13)

/3? and ﬂg represent the ground-state deformation of the pro-
jectile nucleus and target nucleus, respectively. The radial
kinetic energy dissipation can be expressed by solving the
Fokker-Planck equation as [55,82]

Erad(‘]ia t) = Ena(, 0) exp (_t/TR)- (14)

Here, tx represents the relaxation time of radial kinetic energy
and E,q(J;, 0) is the radial kinetic energy at the initial mo-
ment, which equals E¢ n —Veon(Zy, Ny, BV, BY, Jiy Reont)- The
dinuclear system is assumed to quickly reach thermodynamic
equilibrium. Therefore, the excitation energy shared by the
primary fragments is proportional to their mass, as given by
& = epnsAi/Awt-

During the evolution of the DNS, the colliding nuclei devi-
ate from their ground-state deformations under the Coulomb

potential, nuclear potential, and centrifugal potential, leading
to a time-dependent PES [84]. We assume that the dynamic
deformations of the two nuclei satisfy the relation §8,C; =
88,C,, where the stiffness parameters C; (i = 1, 2) are calcu-
lated using the droplet model [85,86]. The mean deformation
is defined as 68 = (881 + §B2)/2 and is varied from O to 1 in
steps of 0.01 [64].

The variation of deformation with time can be given by the
following formula [87]:

8B(1) = 8Bs(1 — exp(—t/1p)). s5)

Here, 74 represents the deformation relaxation time, while § 8¢
indicates the average deformation when two atomic nuclei are
in the equilibrium state. The dynamic deformation parameter
8By is determined by minimizing the total “intrinsic” energy
[87],

Enin =Ve(R, B1, B2) + WW(R, B1, B2) + Veent (R)
1
+ ) <GB (16)
2,267

Here, B8 = ,Bio + 6B;. The Coulomb and nuclear potentials
including deformation parameters are given by [72]

7,1Z,e2

1 9
Ve(R, B1, B2) = {1 + = Rlz[ — BiP>(cos 6;)
R R? i;,:Z 207
+ i(ﬁ?Pz(cos 6))’ (17)
T ! ! ’

W, Bi, B2) =— 167 ya

RiR,
I R— SR
Ri+R { +eXp{[ 2.

2 i=1,2

(o Emmen)] )

(18)

Here, 6; is the orientation angle of the deformed nucleus
with respect to the collision axis. In this work, we consider
only tip-tip collision orientations. The relaxation times can
be determined through the experimental energy spectrum and
y multiplicity [66,88]. The values used in our study are as
follows: g =3 x 10722 5,77 = 15 x 107*? s,and 75 = 50 x
10722 5 [66].

III. RESULTS AND DISCUSSION

To test the improved DNS model, we first calculated
the isotopic cross sections of secondary PLFs in the reac-
tions *Ni + 2%®Pb at E,, = 269.8 MeV and *Ni + *®Pb at
E.m. = 268.0 MeV. The deexcitation process of the primary
fragments is treated with the GEMINI 4+ + code [91,92].
As shown in Fig. 3, the magenta and green lines denote
the results for the capture and noncapture processes, respec-
tively. One sees that the cross sections obtained using only
capture transfer mechanisms show significant discrepancies
from the experimental data in describing the quasielastic
peaks of the Op channel for both systems. After incorporating
the noncapture transfer mechanism, the quasielastic peaks
can be described very well by the improved DNS model
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FIG. 3. Isotopic cross sections of secondary PLFs for the reactions **Ni+ 2%Pb (top panels) at E.,, = 269.8 MeV and *Ni 4 2%Pb
(bottom panels) at E.,,, = 268.0 MeV. The magenta and green lines denote the results for the capture and noncapture processes, respectively.
The black lines represent the total cross sections for th e case of capture 4+ noncapture. The solid circles correspond to the experimental data

from Refs. [89,90].

combined with the GEMINI + + code. In addition, we note
that, with the increased proton stripping channels, isotopes in
the ®Ni + 2%8Pb system are produced primarily through the
capture transfer process. The contribution of the noncapture
transfer mechanism becomes increasingly small, particularly
for the —3p and —4p channels. However, for the **Ni + 2%Pb
system, the contribution of the noncapture transfer mecha-
nism to the —1p to —4p channels is obviously overestimated,
leading to a significant overprediction of the isotopic cross
sections compared to the experiment data.

To further test the improved DNS model, Fig. 4 shows
the mass distributions of the reactions *Ni+2%Pb and
%4Ni + 2%8Pb. The dash-dotted and black lines denote the mass
distributions for final fragments from the original and im-
proved DNS models, respectively. It can be seen that the
results from the original DNS model significantly deviate
from the experimental data near the projectile and target
regions. Due to the lack of a noncapture mechanism, the
original DNS model underestimates the cross sections of
quasielastic peaks by at least one order of magnitude for both
the “¥Ni +2%Pb and ®*Ni 4 2®Pb systems. By incorporating
the noncapture mechanism, the improved DNS model suc-
cessfully reproduces the experimental data for both systems.
To distinguish the contributions of different mechanisms, we
analyzed the mass distributions of final fragments from the
capture (magenta lines) and noncapture (green lines) trans-
fer processes within the improved DNS model. One can see

4 58N1: + 208
105“‘“‘b“‘\“‘\“‘\“‘\“‘\“‘\“‘\‘g
F NS Improved DNS E
10%E Final ------- Cap.+Noncap. (Primary) (a),;
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FIG. 4. Mass distributions for the reactions **Ni+2%Pb at
Ecm =269.8 MeV and *Ni+>®Pb at E.,, =268.0 MeV. The
dash-dotted lines denote the results of the original DNS model for
final fragments. The other lines represent the results of the im-
proved DNS model. The solid circles are experimental data from
Refs. [89,90].
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FIG. 5. Calculated production cross sections of primary frag-
ments for the reactions Ni+2%Pb and ®Ni+2%Pb. The top,
middle, and bottom panels correspond to the noncapture, capture,
and capture + noncapture cases. The stars denote the positions of
the projectiles and targets. The arrows indicate the directions of
the proton stripping and neutron pickup channels. The folding lines
are the boundary of the known nuclei. Cross sections are shown in
logarithmic scale in the units of millibarn.

that the fragments produced via the transfer of only a few
nucleons are dominated by noncapture mechanisms, whereas
fragments with the transfer of more nucleons are produced
primarily through capture processes. In addition, we note that,
for the “¥Ni 4 2%®Pb system, the fission fragment distribution
in the mass range 80 < A < 130 is well reproduced by the
improved DNS model combined with the GEMINI + + code.
Figure 5 shows the two-dimensional cross section distribu-
tions of primary fragments for the reactions **Ni + 2°Pb and
%Ni +2%Pb. From Figs. 5(a) and 5(b), one sees that the
noncapture case provides quite narrow distributions in both
systems. Only a few nucleons are transferred in noncapture
transfer process due to the shorter interaction time between
the reaction partners. Furthermore, as these collisions happen
in the peripheral region, they result in larger cross sections for
products near the projectile and target nuclei. In addition, we
note that the enhanced proton stripping and neutron pickup
effects can be clearly seen in the neutron-deficient system
38Ni + 208Pb. This phenomenon can also be observed in the
calculations of the InQMD model [93]. Figures 5(c) and 5(d)
present the cross section distributions for the capture transfer
process. It can be seen that the products have broader distribu-
tions in both systems due to longer interaction time. A large
number of primary fragments can be produced in this process.
Figures 5(e) and 5(f) present the distributions for the capture
+ noncapture case. The distributions of the **Ni +2%*Pb and
%Ni + 208Pb systems are in good agreement with the results
of the SMF model [60].

In MNT reactions, the different reaction mechanisms can
be distinguished from the TKE-mass distribution of the pri-
mary products [94]. The total kinetic energy (TKE) of the PLF

and TLF at the exit channel is given by TKE ~ E¢ 1y + Qge —
epns, where Ec ., Qge, and epns are the incident energy,
the reaction Q value under the ground state, and the local
excitation energy of primary binary fragments, respectively.
Figure 6 shows the calculated TKE-mass distributions for the
38Ni + 2%pp system at E. ,, = 269.8 MeV. The fusion-fission
events are not included. From Fig. 6(a), it can be seen that
the original DNS model cannot describe the distributions of
quasielastic events due to the lack of an effective noncapture
transfer mechanism. In addition, the TKE of the intermediate
mass fragments is significantly greater than that predicted
by the Viola systematics [95]. With the inclusion of non-
capture transfer and dynamic deformation mechanisms to the
original DNS model, it can be observed in Fig. 6(b) that
the TKE-mass distribution from the improved DNS model
exhibits clear quasielastic and deep-inelastic collision fea-
tures. This distribution is highly similar to the results of the
ImQMD model [see Fig. 6(e)] and the experimental data for
the ¥*Ca 4 23Th and *¥Ca + 233U systems [96]. The distribu-
tions for the noncapture and capture transfer processes are
shown in Figs. 6(c) and 6(d), respectively. One can see that
the distribution of the capture process exhibits typical QF
features and is largely consistent with the Viola systematics,
while the noncapture case shows a distribution characteristic
of deep-inelastic collisions. For comparison, the TKE-mass
distributions for noncapture (0 < f¢o, < 400 fm/c) and cap-
ture (400 < t.on < 1000 fm/c) events, as calculated by the
ImQMD model, are shown in Figs. 6(f) and 6(g), respectively.

IV. CONCLUSIONS

In this article, an improved version of the DNS model
is developed to describe MNT reactions in both the capture
and noncapture transfer processes within a unified framework.
The noncapture transfer mechanisms have been introduced
to describe nucleon transfer processes in quasielastic and
deep-inelastic collisions. In addition, we have optimized the
calculations of the potential energy surface by introducing
dynamic deformation and adopted a modified memory time
parameter. The mass distributions, TKE-mass distributions,
and isotopic cross sections in MNT reactions of **Ni + 2%Pb
and ®*Ni + 2%8Pb are calculated by the improved DNS model.
The results show that (1) the quasielastic peaks of the mass
distributions of these two systems can be reproduced very
well compared with original DNS model, (2) the TKE-mass
distribution from the improved DNS model exhibits clear
quasielastic and deep-inelastic collision features and is highly
similar to the results of the InQMD model, and (3) the two-
dimensional cross section distributions of primary fragments
for the 33-%*Ni 4 2%8Pb reactions are in good agreement with
those from the SMF model. However, for the *Ni 4 2%Pp
system, the improved DNS model overpredicts the noncapture
transfer cross sections in larger proton stripping channels. We
will further improve our model in the next work.
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