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The production cross sections for primary and residual fragments produced in two reaction systems 
136Xe + 198Pt and 238U + 198Pt at incident energy 8 MeV/nucleon are calculated by improved quantum 
molecular dynamics (ImQMD) model incorporated with the statistical evaporation model (HIVAP code). 
It is found that the cross sections for n-rich N = 126 residual fragments are several times larger in 
238U+198Pt than in 136Xe+198Pt due to the larger cross sections and lower excitation energies of primary 
fragments in 238U induced reactions. In both systems, N = 126 semi-magic residues are produced via 
neutron emission in the decay of primary fragments, which survive in the semi-central collisions and 
have lower excitation energies.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
The properties of n-rich N = 126 waiting point nuclei have 
the largest impact on the astrophysical r-process abundance peak 
around A = 195 and are extremely important for understanding 
the astrophysical nucleosynthesis [1]. The isotopes with extreme 
neutron-to-proton ratios in this region can be produced neither in 
fission nor in fusion reactions. Initially cold fragmentation of 208Pb 
was used for the production of n-rich N ∼ 126 nuclei below Pb 
by abrasion of protons from the projectile [2,3]. In recent ten years 
further progress was made by using the projectile fragmentation of 
238U beam, tens of heavy neutron-rich nuclei in the atomic num-
ber range of 60 ≤ Z ≤ 87 were identified [4,5].

Multinucleon transfer (MNT) reactions with 208Pb target at 
near-barrier energies were first proposed by Zagrebaev and Greiner 
to produce the n-rich N = 126 nuclei [6–8]. Calculations based on 
multi-dimensional Langevin equations indicated that tens of new 
nuclides could be produced in such reactions. Experimental studies 
of 136Xe + 208Pb reactions were performed at Dubna and Argonne 
to investigate the stabilizing effects of the neutron closed shells 
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at N = 82 for 136Xe and N = 126 for 208Pb [9,10]. The ground 
state Q -value (Q gg ) favors the transfer of protons from lead to 
xenon, favorable for the production of N ∼ 126 isotopes below 
208Pb. Calculations with the Grazing code suggested that the use 
of 198Pt target may have significant advantage over 208Pb because 
of larger transfer probability of neutron compared to proton [11]. 
The experimental measurement of products in 136Xe + 198Pt at ∼
8 MeV/nucleon were carried out at GANIL [12]. The cross sections 
indirectly deduced for N = 126 isotones in 136Xe + 198Pt showed 
huge advantage of MNT reaction over the fragmentation of 208Pb 
beam on Be target in the production of very neutron-rich nuclei 
with proton number Z ≤ 77.

The advantage of the MNT reactions, such as 136Xe + 198Pt, 
208Pb, in the production of neutron-rich nuclei stimulated further 
theoretical studies using different models. The influence of shell 
effects and dynamical deformation on the potential energy sur-
face and the mass distribution were investigated by the dinuclear 
system (DNS) model [13–15]. The angular distributions of neutron-
rich nuclei with N = 126 were found to be strongly sensitive to 
the reaction dynamics and the collision energy in the Langevin-
type approach [16]. By using improved quantum molecular dynam-
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. Q -value of producing fragments with neutron number N = 126 in reactions 
of 136Xe+198Pt and 238U+198Pt. The unmeasured mass of nuclei are calculated from 
Ref. [24].

ics (ImQMD) model, the energy dissipation of the system 136Xe 
+ 198Pt were found strongly associated with the incident energy 
[17]. Employing the quantal diffusion mechanism for multinucleon 
transfer in 136Xe+208Pb, the mass distribution of primary frag-
ments and the production of several isotopes heavier than target 
were well reproduced by the stochastic mean-field (SMF) approach 
[18,19]. The time-dependent Hartree-Fock (TDHF) method with a 
statistical compound-nucleus deexcitation model (GEMINI++) pro-
vided good description of the yields of nuclei near the target. There 
still remained significant discrepancies between TDHF+GEMINI re-
sults and the measured cross sections when going away from the 
target nucleus [20,21]. So theoretical descriptions of multinucleon 
transfer processes beyond the standard self-consistent mean-field 
theory are necessary.

Considering a larger neutron excess in 238U, the reaction system 
of 198Pt + 238U was proposed for the production of N ∼ 126 n-rich 
nuclei by Zagrebaev and Greiner [8]. The calculated cross sections 
for new neutron-rich heavy nuclei in this reaction system at inci-
dent energy slightly below Bass barrier [22] are on average higher 
than those in the collision of 136Xe or 192Os with a 208Pb target 
[8]. The calculated cross sections for neutron-rich isotopes around 
N = 126 by DNS model also showed advantage of using 238U [23]. 
In terms of the ground state Q -values, 238U has advantage over 
136Xe in reactions with 198Pt target for producing primary frag-
ments with neutron number N = 126 and proton number Z ≥ 74, 
as shown in Fig. 1. The unmeasured mass of nuclei are calculated 
from Ref. [24]. For primary fragments with Z < 74, the Q gg values 
are a little bit lower with 238U than 136Xe.

As the probabilities of multinucleon transfer between two col-
liding nuclei are energy sensitive, reactions at incident energies 
above Bass barrier need to be studied further. The processes of 
multinucleon transfer and production of primary fragments are 
closely related to a variety of degrees of freedom, such as de-
formations of two colliding nuclei, different types of separation 
of the composite system and the emission of light particles, etc. 
It is necessary to apply a microscopic transport model to simu-
late the whole dynamical process from the touching of projectile 
and target to the production of primary fragments. In this pa-
per, the improved quantum molecular dynamics (ImQMD) model 
is used to simulate the reactions of 136Xe, 238U + 198Pt at incident 
energy 8 MeV/nucleon. The cross sections for primary fragments 
with N = 126 in the two systems are calculated and compared. 
By incorporating the statistical evaporation model (HIVAP code), 
we further analyze the production mechanism of the residual frag-
2

Table 1
The model parameters.

α (MeV) β (MeV) γ g0 (MeV fm2)

−356 303 7/6 7.0
gτ (MeV) η cs (MeV) κs (fm2) ρ0 (fm−3)
12.5 2/3 32 0.08 0.165

ments with N = 126. The beam energy of 8 MeV/nucleon is chosen 
for the comparison with the experimental results [12].

In ImQMD model, each nucleon is represented by a coherent 
state of a Gaussian wave packet. The time evolution of the coor-
dinate and momentum of each nucleon in the mean-field part is 
determined by Hamiltonian equations. The Hamiltonian includes 
kinetic energy, nuclear potential energy and the Coulomb energy. 
The nuclear potential energy is an integration of the Skyrme type 
potential energy density functional, which reads

V loc = α

2

ρ2

ρ0
+ β

γ + 1

ργ +1

ρ
γ
0

+ g0

2ρ0
(∇ρ)2

+ cs

2ρ0
[ρ2 − κs(∇ρ)2]δ2 + gτ

ρη+1

ρ
η
0

, (1)

where ρ = ρn +ρp is the nucleon density and δ = (ρn −ρp)/(ρn +
ρp). ρn , ρp are neutron and proton density, respectively. The 
Coulomb energy in the Hamiltonian is written as a sum of the 
direct and the exchange contribution:

UCoul = 1

2

∫ ∫
ρp(r)

e2

|r − r′|ρp(r′)drdr′

−e2 3

4

(
3

π

)1/3 ∫
ρ

4/3
p dr. (2)

In nucleon-nucleon collision part, the isospin-dependent in-medium
nucleon-nucleon scattering cross sections are applied, and the 
Pauli blocking effects are treated as in Ref. [25]. The phase space 
occupation number constraint method [26] is adopted in this 
model. The model parameters as those used in Ref. [27] are listed 
in Table 1. More detailed description of the ImQMD model and its 
applications can be found in Refs. [28–30].

In this work, the binding energy per nucleon and deformation 
of 136Xe, 238U and 198Pt are taken from Ref. [31]. The initial ori-
entations of the projectile and target in all events are sampled 
randomly with an equal probability. The cross section for the pri-
mary fragment with charge number Z , mass number A, excitation 
energy E∗ is calculated by

σ(Z , A, E∗, J ) =
bmax∑
b=0

2πb�b
Nfrag(Z , A,b, E∗, J )

Ntot(b)
. (3)

Here b is the impact parameter, Nfrag(Z , A, b, E∗, J ) is the number 
of events in which a fragment (Z , A, E∗, J ) is formed at a given 
impact parameter b. The excitation energy E∗ for the fragment 
with charge number Z and mass number A is obtained by sub-
tracting the corresponding ground-state energy [31] from the total 
energy of the excited fragment in its rest frame. Angular momen-
tum J of primary fragment is calculated by the coordinates and 
momentums of all nucleons in the rest frame of fragment. Ntot(b)

is the total event number at a given impact parameter b. The max-
imum impact parameter is taken to be bmax = 1.2(A1/3

P +A1/3
T ) fm, 

where A P and AT are the mass number of projectile and target 
respectively. The impact parameter step is �b = 0.1 fm. The ini-
tial distance between the centers of mass of projectile and target 
is taken to be 30 fm. 10,000 events for each impact parameter are 
simulated in this work.
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Fig. 2. Cross sections for N = 126 isotones as a function of atomic number. In panel 
(a), the squares and circles represent the calculation results in 136Xe+198Pt and 
238U+198Pt at 8 MeV/nucleon. The stars are from the experimentally deduced re-
sults of 136Xe+198Pt at ∼8 MeV/nucleon in Ref. [12]. Open and solid shapes denote 
primary and residual fragments, respectively. For the reactions of 238U with 198Pt 
at ∼6.5 MeV/nucleon in panel (b), the results of ImQMD model, Langevin-type 
equations and DNS model are compared with diamond, triangles and crosses re-
spectively. The calculation results of Langevin-type equations and DNS model are 
taken from Ref. [8] and Ref. [23].

At 1000 fm/c after the re-separation of the composite system, 
ImQMD simulation is terminated and primary fragments are recog-
nized at this time as done in Ref. [32]. The de-excitation process, 
including the evaporation of γ , neutron, proton, α particle and fis-
sion, for each excited primary fragment is performed by using the 
statistical evaporation model (HIVAP code) [33,34].

The calculated cross sections for N = 126 primary and resid-
ual isotones of Z ≤ 78 produced in 136Xe, 238U+198Pt at inci-
dent energy 8 MeV/nucleon are shown in Fig. 2 (a). The re-
sults of the two reaction systems are represented by squares and 
circles, respectively. Primary and residual fragments are denoted 
by open and solid symbols, respectively. Stars are experimental 
data for the 136Xe+198Pt reaction at ∼8 MeV/nucleon deduced 
in Ref. [12]. The calculated cross sections for primary and resid-
ual fragments along N = 126 decrease approximately exponentially 
with decreasing atomic number. For primary fragments produced 
in 238U+198Pt, the cross sections are generally larger than those in 
136Xe+198Pt. Compared with primary fragments, the cross sections 
for residues decrease by about one order of magnitude in both sys-
tems. The calculated cross sections for residual N = 126 isotones in 
136Xe+198Pt reaction are in good agreement with the experimen-
tally deduced results. The cross sections for N = 126 residues in 
238U+198Pt are higher than those in 136Xe+198Pt. Their difference 
increases with decreasing atomic number, up to a factor of about 
seven at Z = 73. To investigate the influence of incident energy on 
the production of N = 126 neutron-rich nuclei in 238U+198Pt, the 
cross sections for these residual nuclei are calculated by ImQMD 
model at 6.5 MeV/nucleon (around Bass barrier) and presented 
with diamond symbols in Fig. 2 (b). It shows that the incident 
energies above the barrier provide several times higher cross sec-
tions for these neutron-rich nuclei. The cross sections calculated by 
Langevin-type equations [8] and DNS [23] for the reactions of 198Pt 
with 238U at ∼6.5 MeV/nucleon are also shown in panel (b) for 
comparison. The difference between the results of three methods 
increases gradually with the decrease of atomic number. The cross 
sections for the neutron-rich nuclei by Langevin-type equations are 
smaller than those of ImQMD and the difference is within one 
magnitude. But The results of DNS are smaller by several orders 
of magnitude than those of ImQMD and Langevin-type equations, 
especially for neutron-rich nuclei with smaller atomic number.
3

Fig. 3. Cross sections for primary fragment with neutron number N ≥ 126. The 
meaning of symbols is the same as Fig. 2.

Fig. 4. Cross sections (left panels) and average excitation energies (right panels) of 
primary fragments with N ≥ 126 of three elements Os, Ir and Pt as a function of 
impact parameters. The meaning of symbols is the same as Fig. 2.

In the following, we focus on the difference between 136Xe+
198Pt and 238U+198Pt at 8 MeV/nucleon for the production mech-
anisms of N = 126 neutron-rich nuclei. Fig. 3 shows the calculated 
cross sections for primary isotopes of Pt, Ir and Os with neutron 
number N ≥ 126. For each isotopic chain, the cross sections de-
crease roughly exponentially and the difference between these two 
systems increases gradually with increasing mass number. It indi-
cates that the 238U induced reactions are more favorable for the 
production of heavier n-rich nuclei.

The variation of the cross sections and excitation energies of 
the N ≥ 126 primary fragments of Pt, Ir and Os with the im-
pact parameter are shown in Fig. 4. In both reaction systems, 
the cross sections for these primary fragments peak around the 
reduced impact parameters corresponding to semi-central colli-
sions, at a smaller value of b/bmax = 0.3–0.5 for the 238U+198Pt 
reaction, while for 136Xe+198Pt, b/bmax = 0.5–0.6. The difference 
originates mainly from the different ratios between the incident 
energy and the reaction barrier for the two reactions. The incident 
energy 8 MeV/nucleon corresponds to 1.2V B for 238U+198Pt and 
1.5V B for 136Xe+198Pt, where V B is Bass barrier [22]. At smaller 
relative incident energy, the multinucleon transfer mainly occurs 
at lower impact parameters because relative collective kinetic en-
ergy between projectile and target is needed to penetrate the bar-
rier. The influence of different relative incident energies between 
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Fig. 5. Left panels: Cross sections for residual fragments 202Os, 203Ir and 204Pt as a 
function of impact parameters. Right panels: The contributions to the cross sections 
of residual fragments 202Os, 203Ir and 204Pt from the primary fragments of three 
elements.

two systems on the average excitation energies < E∗ >(Z , b) =
[∑

A
E∗σ(Z , A, E∗, b)]/[∑

A
σ(Z , A, E∗, b)] of the same primary frag-

ments is also shown in the right panels of Fig. 4. The aver-
age excitation energies in 238U+198Pt are generally smaller than 
those in 136Xe+198Pt, especially for the semi-central collisions. In 
238U+198Pt, the incident energy is smaller relative to the barrier, 
the cross sections are generally larger than those in 136Xe+198Pt, 
mainly due to the larger neutron excess in 238U than 136Xe.

The productions of residual fragments 204Pt, 203Ir and 202Os are 
shown in Fig. 5. In the left panels, the cross sections for these 
N = 126 residues produced in 238U+198Pt are generally larger than 
in 136Xe+198Pt, especially for lower impact parameters. Most of 
them are produced in the semi-central collisions with reduced 
impact parameters b/bmax = 0.4–0.7. Compared with the cross sec-
tions for primary fragments in Fig. 4, a shift of the peak cross 
section to larger reduced impact parameters can be seen. Most of 
the primary fragments are produced with lower excitation energies 
in collisions at b/bmax = 0.3–0.6. The contributions of the N ≥ 126
primary fragments of Pt, Ir and Os to the productions of their re-
spective N = 126 residues 204Pt, 203Ir and 202Os are shown in right 
panels of Fig. 5. Over 99% of these N = 126 isotones are produced 
in the decay of primary fragments of the same element via neutron 
emission. The contributions to the cross sections for their N = 126
isotones decrease with the mass number of fragments. The high-
est portion are from primary fragments of 204Pt, 203Ir and 202Os at 
lower excitation energies respectively.

Multi-nucleon transfer reactions 136Xe, 238U + 198Pt at incident 
energy 8 MeV/nucleon are simulated by improved quantum molec-
ular dynamics model incorporated with the statistical evaporation 
model (HIVAP code). The use of 238U shows an obvious advantage 
in producing more neutron-rich primary and residual fragments 
over 136Xe. The reaction system 238U+198Pt has larger neutron-to-
proton ratio and larger Q -value for producing fragments of Z ≥ 74 
with N = 126. At lower relative incident energy to the barrier, it 
provides larger cross sections for primary fragments with neutron 
number N ≥ 126 and smaller excitation energies. The enhanced 
production of primary fragments with neutron number N = 126 in 
238U + 198Pt should be related to the effect of Q -value, isospin 
diffusion and the fluctuation of multi-nucleon transfer, etc. Al-
though the Q -value is almost the same for the fragments of the 
N = 126 residues with Z = 73,74 in the two systems, the cross sec-
tions is still significantly larger in 238U + 198Pt than 136Xe + 198Pt. 
It shows the important roles of neutron excess in two colliding nu-
4

clei and the dynamical effect in multi-nucleon transfer in the pro-
duction of neutron-rich exotic nuclei. The dependence of incident 
energy on the production of N = 126 neutron-rich nuclei are found 
in the reaction of 238U + 198Pt in the comparison between the re-
sults of near (6.5 MeV/nuclon) and above (8 MeV/nucleon) Bass 
barrier. It shows the advantage for producing N = 126 neutron-
rich nuclei above (8 MeV/nucleon) Bass barrier. Near Bass barrier, 
the calculated cross sections for N = 126 neutron-rich nuclei by 
using ImQMD model and Langevin-type equations are closer. Both 
are several orders of magnitude larger than those in DNS model, 
especially for the nuclei of Z = 73,74. The mechanisms of multin-
ucleon transfer in 238U + 198Pt is found to be more complicated 
than 136Xe + 198Pt. And more details can be revealed by further 
investigations.
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