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Multinucleon transfer in the **Xe + 2*®Pb reaction
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The dynamic mechanics in the multinucleon transfer reaction 136X e + 298Py at an incident energy of E ., =
450 MeV is investigated by using the improved quantum molecular dynamics model (ImQMD). The lifetime of
the neck directly influences the nucleon exchange and energy dissipation between the projectile and the target.
The total-kinetic-energy—mass distributions and excitation energy division of primary binary fragments and the
mass distributions of primary fragments at different impact parameters are calculated. The thermal equilibrium
between two reaction partners has been observed at the lifetime of a neck larger than 480 fm/c. By using
the statistical decay code GEMINI to describe the de-excitation process of the primary fragments, the isotope
production cross sections from Pt to At are compared with the prediction by the dinuclear system and GRAZING
model. The calculations indicate that the GRAZING model is suitable for estimating the isotope production
cross sections only for AZ = —1 to +2; the DNS + GEMINI calculations underestimate the cross sections in the
neutron-rich and neutron-deficient regions; and the ImQMD -+ GEMINI calculations give reasonable predictions
of the isotope production cross sections for AZ = —3 to 0.
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I. INTRODUCTION

The multinucleon transfer reaction is a typical mechanism
in heavy-ion collisions at incident energies close to the
Coulomb barrier. Many such experiments were performed
in the late 1970s and 1980s [1-7]. They provided valuable
information on the nucleon-nucleon correlation in nuclei,
neutron flow in the neck, transition from the quasielastic to
the deep-inelastic regime, and interplay of nuclear reactions
and structure, etc. Multinucleon transfer reactions are also
extremely important for producing superheavy nuclei and
neutron-rich heavy nuclei. For example, the production of
neutron-rich trans-target nuclides up to Fm and Md with cross
sections at the 0.1 ub level were synthesized in near-barrier
collisions of 2¥U + 2**Cm [4]. The neutron-rich heavy
isotopes %> Au and 2% Au were discovered with cross sections
362 and 52 ub, respectively, in 1994 by Wennemann et al.
through a deep-inelastic reaction from an 11.4 MeV/u 2*®Pb
beam accelerated by the UNILAC accelerator bombarding
on a natural tungsten target [8]. So far, among the elements
with Z > 100 only neutron-deficient isotopes (located at the
left side of the stability line) have been produced by using
cold fusion [9] and hot fusion [10,11] reactions due to the
limitation of the neutron number of available projectiles and
targets. For the heavy elements located in the “north-east”
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part of the nuclear map, only a few neutron-rich isotopes
have been found and most of them are produced by means of
cold fragmentation of projectile. For example, the neutron-rich
isotopes 20%:203-204pt can be produced by using a 1 GeV/A
208pp beam impinged on a °Be target at GSI [12]. However,
the production cross sections in this reaction are less than
the expected value in the low-energy multinucleon transfer
reactions. Due to the limitations of fragmentation and fusion
reactions the multinucleon transfer reaction has attracted
renewed attention in recent years for the production of new
neutron-rich heavy and superheavy nuclei [13-20]. For a
comprehensive review of multinucleon transfer reactions, one
can see Ref. [21].

Recently, experimental research on the transfer reaction in
the **Xe + 2%Pb system at E. ,, = 450 MeV showed that the
observed projectile-like fragments (PLFs) span the region from
Z =48 to Z = 68 while the observed target-like fragments
(TLFs) range from Z =70 to Z = 88 [14]. However, the
nucleon transfer mechanism between projectile and target is
still not clear. It requires theoretical models to understand some
details in the nucleon transfer process. The neck dynamics
plays a very important role in nucleon exchange and energy
dissipation between the projectile and target at incident energy
near the Coulomb barrier [22-24]. The nucleon exchange
and the dissipation of the relative motion energy of the
colliding nuclei occur in the neck region. Knowing how the
excitation energy is divided between the two reaction partners
is very important to understanding the energy dissipation
mechanisms. Therefore, it is necessary to investigate the
influence of the lifetime of the neck on the nucleon exchange
and energy dissipation between the projectile and target.
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To describe the multinucleon transfer process in low-energy
heavy-ion collisions, some semiclassical and microscopic
models are proposed. The semiclassical models such as the
dinuclear system (DNS) [25-28], GRAZING [29-33], and
complex WKB (CWKB) [34-37] have shown reasonable
success in predicting the production cross sections of neutron-
rich heavy nuclei in multinucleon transfer reactions. The
GRAZING model, for example, incorporates the proper
nuclear structure and dynamics information and describes
the nucleon transfer processes via a multistep exchange of
nucleons by stripping and pickup. It describes quite well
a few nucleon transfer processes in BNi + 2%pp [38],
36Xe + 8Pt [39], and '**Xe + 2%y [40] systems, and
others.

To understand the dynamical mechanism in heavy-ion
collisions, some microscopic dynamics models such as the
time-dependent Hartree-Fock (TDHF) model [41-44] and
the improved quantum molecular dynamics (ImQMD) model
[45-47] have been developed. The ImQMD model is a
semiclassical microscopic dynamics model which includes
the mean-field and nucleon-nucleon collisions as well as
the Pauli principle and is successfully applied to heavy-ion
fusion reactions at energies near the Coulomb barrier [48] and
intermediate-energy heavy-ion collisions [49,50]. To study the
dynamic characters and energy dissipation of multinucleon
transfer reactions, we apply the InQMD model to simulate the
multinucleon transfer process for the reaction of '*¢Xe 4 2®Pb
at E., =450 MeV. The de-excitation process of primary
fragments are treated with the GEMINI code.

The structure of this paper is as follows. In Sec. II,
we briefly introduce the ImQMD model. In Sec. III, the
dynamic characters and energy dissipation of the multinucleon
transfer reaction for '*°Xe +2%Pb at E.,, = 450 MeV have
been studied by using the ImQMD model. And then the
mass distributions of the primary fragments and the isotope
distributions of final fragments from Pt to At are calculated.
The calculation results are compared with the experimental
data as well as the calculations from the DNS and GRAZING
models. Finally the conclusion is given in Sec. IV.

II. MODEL

The ImQMD model is an improved version of the quantum
molecular dynamics (QMD) model [51] which takes into
account the effects of the surface term, the phase-space
density constraint, and the surface-symmetry potential term.
The nuclear interaction potential energy Uj,. is obtained
from the integration of the Skyrme energy density functional
U = [ Vjpc(r)dr without the spin-orbit term, which reads

ocp2+ B P g

Vie=~—+ —— + Vp)?
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+ —[p* — k(Vp)*18% + gr ——. (1
200 Po

Here p = p, + p, is the nucleon density. § = (o, — pp)/
(pn + pp) is the isospin asymmetry. The density distribution
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TABLE I. Model parameters (IQ2) adopted in this work.

o B Y sur & n  GCs & 0o
(MeV) (MeV) (MeV fm?) (MeV) (MeV) (fm?) (fm™)

—356 303 7/6 7.0 125 2/3 32.0 0.08 0.165

function p of a system can be read as

—_ )2
) } .

1

o= Z (270,72 exp[ 20,2
The o, is the wave-packet width of nucleon. The parameters
named 1Q2 (see Table I) adopted in this work are the same
as in Refs. [45,46] which have been tested for describing
the heavy-ion collisions in fusion reactions, strongly damped
reactions, and ternary breakup processes. To describe the
fermionic nature of the N-body system and improve the
stability of an individual nucleus, the Fermi constraint is
adopted. The two-body collision correlations and the Pauli
blocking checking at the next time step are also included.

In this work, we set the z axis as the beam direction and the
x axis as the impact parameter direction. The initial distance of
the center of mass between the projectile and target is 30 fm.
We use the parameter sets of IQ2 and set the wave-packet width
o, = 1.3 fm to calculate the collision process of *®Xe + 2®Pb
at incident energy E. ., = 450 MeV. The dynamic simulation
is stopped at 2500 fm/c, then a statistical model (GEMINI code)
is used to deal with the subsequent de-excitation process.
The excitation energy of an excited fragment is obtained as
the total energy of the fragment in the body frame with the
corresponding ground-state binding energy subtracted. The
GEMINI is a Monte Carlo code which follows the decay of
a compound nuclei by a series of sequential binary decays
until the resulting products are unable to undergo any further
decay [52,53]. It allows not just light-particle emission and
symmetric fission, but also the decaying nucleus to emit a
fragment of any mass. The emission of light particles is
described by the Hauser-Feshbach formalism, which explicitly
treats and conserves angular momentum. The production
of heavier fragment is described by Moretto binary decay
formalism while the Bohr-Wheeler formalism is used for more
symmetric fission of a heavy system. Nuclear level densities
are taken as a Fermi-gas form with default parameters in this
work.

III. RESULTS AND DISCUSSION

A. Dynamic characters and energy dissipation
in transfer reactions

For this reaction, the incident energy in the center-of-mass
frame is 450 MeV which is slightly higher than the Coulomb
barrier (421.5 MeV), while the Z,Z; value is 4428 which
is much larger than the critical value (~1600) of fusion
reactions [54-57]. The projectile and target cannot form a
compound nucleus due to strong Coulomb repulsion. The
fusion-fission behavior cannot exist in the evolution process of
systems. The formation of a neck between the projectile and
target is the main character in the collision process. Figure 1
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FIG. 1. Time evolution of density distribution for three typical events of the reaction **Xe 4+ *®Pb at » = 1 (top panels), 5 (middle panels),

and 8 (bottom panels) fm.

shows the time evolution of density distribution for three
typical events of the reaction *Xe+2%Pb at b = 1,5, and
8 fm. We find a formation of a neck between the projectile
and target during the collision. One can estimate the lifetime
of the neck to be about 1000, 700, and 500 fm/c for b = 1,5,
and 8 fm, respectively. The lifetime of the neck decreases with
increasing of impact parameters due to the contribution of the
angular momentum of system. These are typical time scales for
the transfer reactions, which are a 102! s order of magnitude.
In addition, one can also find that there are two cores of density
formed in the TLFs for b = 1 fm at + = 1200 fm/c and for
b =15 fm at t = 900 fm/c. This is because a higher excited
energy is obtained from the dissipation of the relative motion
energy of the colliding nuclei in the central and semicentral
collisions. It implies that the TLFs may be fission in the later
evolution.

Figure 2(a) shows the lifetime of the neck calculated by
the ImQMD model as a function of impact parameters. One
can see that neck lifetime decreases with increasing impact
parameters. Through a number of nucleon exchanges in the
neck, the PLFs and TLFs are formed at the breakpoint.
The nucleons in the PLFs (TLFs) consist of two parts:
residual nucleons of the original projectile (target) and
transferred nucleons from the target (projectile). Here we
define a quantity n = (8N, — 8N;)/(8N,, + 8 N;) to show the
degree of nucleon exchange between two reaction partners,
where 6N, + 8N, is the total nucleon number of PLFs (or
TLFs). N, and 8N; denote the nucleon numbers from the
original projectile and target, respectively. In Fig. 2(b), we
present 7 as a function of impact parameters. One can see that
the n value increases for PLFs and decrease for TLFs with
increasing of impact parameters. For the central collisions, a

great many nucleons are exchanged between the projectile
and target because the neck lifetime is very long. The 7
value for both the PLFs and TLFs is close to —0.21 which
is the value of the nucleon exchange equilibrium between the
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FIG. 2. (a) Lifetime of the neck calculated by the InQMD model
as a function of impact parameters. (b) Nucleon transfer ratio n
as a function of impact parameters. n = (8N, — 8N,)/(8N, + N,),
where N, + 8N, is the total nucleon number of PLFs (or TLFs). § N,
and § N, denote the number of nucleons that come from the original
projectile and target, respectively. The dashed line denotes the value
of the nucleon exchange equilibrium between the projectile and target
which is —0.21.

014618-3



LI, ZHANG, LI, ZHU, TIAN, WANG, AND ZHANG

550 T T T T T

PHYSICAL REVIEW C 93, 014618 (2016)

500 (a) 0<b<3fm 1 )
450 ]
400
350
300
250
200

35b<5 fm 1

T T T T T 4
5<b<7 fm Im 0
: 3x10
; 1 1x10°
1 3x10°
4 1x10°
1 3x10’
1x10’

500
450
400
350
300
250

TKE (MeV)

3x10°
1x10°

200 L L .
50 100 150 200 250 50

100 150 200 250 50

100 150 200 250 300

Mass (u)

FIG. 3. TKE-mass distributions of primary binary fragments in different impact parameter regions.

projectile and target. The average length of time for reaching
the nucleon exchange equilibrium is about 1200 fm/c. While
for the peripheral collisions, the number of nucleon exchanges
between the projectile and target decreases due to the short
lifetime of the neck.

Figure 3 shows the total-kinetic-energy—mass distributions
of primary binary fragments in different impact parameter
regions. The total kinetic energy (TKE) is calculated in the
center-of-mass system. From Fig. 3 one can see two behaviors:
(1) The TKE has an increased trend with increasing impact
parameters. For 0 < b < 3 fm [Fig. 3(a)], the TKE is located
in the region of 250 ~ 400 MeV. The corresponding energy
dissipation is about 200 ~ 50 MeV, which indicates that
central collisions are deep-inelastic reactions. For 3 < b <
5 fm [Fig. 3(b)] and 5 < b <7 fm [Fig. 3(c)], the TKE
is distributed over a wide range from 250 to 450 MeV.
Both the deep-inelastic and quasielastic collision events
appear in semicentral and semiperipheral collisions. This is
because the dynamical fluctuation causes intense competition
between the quasielastic and deep-inelastic reactions. For
7 < b fm [Figs. 3(d) and 3(e)], the TKE is gradually close
to 450 MeV which indicates peripheral collisions correspond
to quasielastic reactions. (2) The masses distribute in a rather
broad range (80-250) in central to semiperipheral collisions
[Figs. 3(a)-3(c)]. There are a large number of nucleon transfers
between the projectile and target especially for deep-inelastic
reaction events. While in peripheral collisions [Figs. 3(d)
and 3(e)], there are only a few nucleon transfers between
the projectile and target because the reaction mechanism is
dominated by quasielastic collisions.

Figure 4 shows that the distribution of the total kinetic
energy lost (TKEL, ie., E., — TKE) for primary binary
events. The solid circles denote all the binary events; the solid
line denotes the Gaussian fitting for the quasielastic events. In
Fig. 4 one can see that a Gaussian-type distribution appeared
at TKEL values lower than 40 MeV, which correspond to

quasielastic collision events. Most of the deep-inelastic events
are located at TKEL values above 40 MeV. The TKEL
distribution calculated by the InQMD model is very similar to
that measured by experiment [58] from reaction *¥Sr+ 7®Yb
at an incident energy slightly above the Bass barrier. It shows
that the ImQMD model is also applicable for the study of
energy dissipation in transfer reactions.

Now let us discuss the excitation energy division between
the PLFs and TLFs in the multinucleon transfer reactions. In
this work, we calculate the excitation energy as E* = E; —
E,. The E; and E), denote the total energy and ground-state
energy for the PLFs or TLFs, respectively. In Fig. 5(a), we
present the average excitation energy of the PLFs and TLFs asa
function of neck lifetime by using the ImQMD model. One can
see that the average excitation energy increases with increasing
lifetime of the neck both for PLFs and TLFs. It also implies
that the energy dissipation of the system is closely related to

Counts

1

50

100 150 200 250
TKEL (MeV)

o

FIG. 4. TKEL distributions of primary binary fragments. The
solid circles denote all the binary events; solid line denotes the
Gaussian fitting for the quasielastic events.
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FIG. 5. (a) Average excitation energy of PLFs and TLFs as a
function of neck lifetime. (b) (E5r)/(Efr) as a function of neck
lifetime. The dashed line denotes the value of thermal equilibrium
between the TLFs and PLFs.

nucleon exchange between the projectile and target through
the neck. In addition, one can also find that the excitation
energy of the PLF is higher than the TLF in neck lifetimes
less than 310 fm/c. This may be because lighter projectiles
undergo larger Coulomb excitation in quasielastic collisions.
With increasing neck lifetimes, the excitation energy of the
TLF becomes higher than that of the PLF. The reason is that
the relative motion energy of two colliding nuclei is dissipated
by frequent nucleon exchanges. This will lead to PLFs that
are less affected by the secondary process because the PLFs
emit less neutrons than the TLFs in the deexcitation process.
This phenomenon can be find in Ref. [38]. To better display
the relationship of excitation energy between the TLFs and
PLFs, we show the TLF to PLF excitation energy ratio as a
function of neck lifetime in Fig. 5(b). The dashed line denotes
the value of thermal equilibrium between the TLFs and PLFs
which is approximately equal to the mass ratio of projectile
to target. One can see that thermal equilibrium is reached at a
neck lifetime above 480 fm/c, which is earlier than the nucleon
exchange equilibrium (about 1200 fm/c).

B. Mass distributions and isotopic distributions

The mass distributions of the primary fragments calculated
with the InQMD model in different impact parameter regions
are shown in Fig. 6(a). One can see that for the regions of
3 < b < bpmax fm, the peak values are around the mass of
the entrance channel, which also means that the quasielastic
reaction makes an important contribution in semicentral to
peripheral collisions. This is because the incident energy is
slightly higher than the Coulomb barrier. The cross sections
of A < 128,144 < A < 200, and A > 216 increase gradually
with decreasing impact parameters. It is clear that the deep-
inelastic collisions cause a large number of net nucleon
transfers between the projectile and target. Due to the low-
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FIG. 6. (a) Mass distributions of primary binary fragments at
different impact parameter regions from the InQMD model. (b) Mass
distributions of primary binary fragments calculated with the InQMD
(thick solid line), DNS (thin solid line), and GRAZING (dash-dot
line) model. The experimental data (open circles) are from Ref. [14].

weight impact parameter and the sequential fission of excited
fragments, the cross sections are very low in the whole mass
region for b <3 fm. The sum of cross sections with all
impact parameters are shown in Fig. 6(b) and compared with
the results of DNS and GRAZING [32,33] models. Here
we use the GRAZING model with standard parameters. The
experimental data (secondary fragments), which were derived
from y intensities of a thick target experiment, from Ref. [14]
are also shown in Fig. 6(b). One can see that the DNS and
GRAZING models are only suitable to describe a few nucleon
transfer processes between the projectile and target. For the
ImQMD model, the experimental data can be reproduced very
well in most of the mass regions.

The isotopic production cross sections with charge numbers
from Z =78 to 85 are shown in Fig. 7. The thick solid line, thin
solid line, and dash-dot line denote the calculation results from
the combinations of ImQMD + GEMINI and DNS + GEMINI,
and from the GRAZING model with inclusion of evaporation
for secondary fragments. The experiment data (secondary
fragments) are taken from Ref. [14] which are denoted by
solid circles. One can see that GRAZING is a suitable mode to
estimate the production cross sections of the trans-target only
for AZ = —1to 42. It grossly underestimates the production
cross section by orders of magnitude in the case of more proton
transfers. For example, for the Pt (AZ = —4) isotopes, the
estimated production cross sections are lower than 10~> mb.
Hence, it did not appear in the Fig. 7(a). For the combination
of DNS + GEMINI, the height of peaks kept consistent with

014618-5



LI, ZHANG, LI, ZHU, TIAN, WANG, AND ZHANG

10 Fr———r——

PHYSICAL REVIEW C 93, 014618 (2016)

10'E

] \

!

" 110 115 120 125 130 110 115 120 125 130 110 115 120 125 130 135 110 115 120 125 130 135

L (e) -~

Cross section (mb)

T FT T
1 ® expt. [Barrett [14]]
] (h)| —_ pNs+ceEMINI
3 At e | QMD+GEMINI
’g" = « « GRAZING with eva.

0,

1; .I./\ ‘;
.:I....I.’. |....|....|....|...:

10-3 ..|.... N

Al 1 A PTTTIEY AT TR0 VUURTIN FTTUUUTN ST S VOUOTTE AT
115 120 125 130 135 115120 125 130 135 140 115120 125 130 135 140 115 120 125 130 135 140

N

FIG. 7. Isotopic production cross sections from Pt to At. The thick solid line, thin solid line, and dash-dot line denote the calculation results
from the combinations of ImMQMD + GEMINI and DNS + GEMINI, and from the GRAZING model with inclusion of evaporation for secondary
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experimental data at least on the orders of magnitude for
AZ = —4to +2. However, it underestimates the cross section
in the neutron-rich and neutron-deficient regions. In addition,
the production cross sections decreases rapidly with increasing
AZ in the region of charge numbers above 82 (Pb). For the
combination of ImQMD + GEMINI, the height of peaks always
kept consistent with experimental data for AZ = —4 to 43,
but the peak widths are usually greater than experimental data
especially for AZ > 0. There are flaws in describing larger
neutron transfer. This may be because the neutrons are easier
to transfer between the two reaction partners in the framework
of ImQMD model. Even so, it is useful for estimating the
production cross sections for AZ = —3 to 0. In addition, note
that the experimental data in Ref. [14] are derived from y
intensities of a thick target experiment not from direct particle
identification. There are probably some differences between
the two measurement methods for isotope production cross
sections.

IV. CONCLUSIONS

The multinucleon transfer mechanisms for the reaction
136Xe + 28pb at E. ,, = 450 MeV were studied by using the
improved quantum molecular dynamics model. The lifetime of
the neck plays an important role in the nucleon exchange and
energy dissipation between the projectile and target during col-
lisions. The degree of nucleon exchange between the projectile
and target increases with increasing lifetime of the neck. The
time of the nucleon exchange equilibrium is about 1200 fm/c.
The total-kinetic-energy—mass distributions of primary binary

fragments in different impact parameters regions are given.
They show that the central collisions correspond to deep-
inelastic collisions and the peripheral collisions correspond to
quasielastic collisions. The excitation energy division between
the PLFs and TLFs were also studied. We find that the lighter
projectile is easier to excite in quasielastic collisions. The
thermal equilibrium between two reaction partners is reached
earlier than the nucleon exchange equilibrium. The primary
fragment mass distributions are calculated by the ImQMD,
DNS, and GRAZING models. To obtain the final isotope
cross section distributions, GEMINI was employed to describe
the de-excitation process of primary fragments. The result
shows that GRAZING is a suitable mode to estimate the
production cross sections of the trans-target for AZ = —1 to
+2, while the combination of DNS + GEMINI kept consistent
with experimental data at least on the orders of magnitude for
AZ = —4 to +2. The combination of ImQMD -+ GEMINI is
suitable to predict the isotopic production cross sections for
AZ =—-3100.
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