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The production cross sections of new neutron-rich nuclei **-!>Pt are investigated with multinucleon transfer
reactions by the dinuclear system model. It is found that the '**Sn 4 2**Hg and '*°Xe 4+ 2Pb systems are
advantageous to produce the neutron-rich nuclei, in which the production cross sections are much higher than
those produced in projectile fragmentation reactions. The optimal incident energies for these two systems are
about 1.18 and 1.40 times the Coulomb barrier, respectively. The highest cross sections of unknown isotopes
209-212p¢ ip the " Xe 4 2%Pb reaction are 2.7 nb, 0.4 nb, 8.2 pb, and 2.7 pb, respectively, and those for the
138n 4 2%*Hg reaction are 1.7 nb, 0.4 nb, 23.3 pb, and 4.8 pb, respectively.

DOLI: 10.1103/PhysRevC.98.014613

I. INTRODUCTION

The synthesis of new neutron-rich nuclei located around the
neutron closed shell N = 126 is highly interesting in nuclear
physics. On the one hand, it is very important to extend our
knowledge of the structure and decay properties of extremely
neutron-rich nuclei. On the other hand, the neutron magic
number N = 126 is the last waiting point on the path of the
r process [1,2]. To produce nuclei around the N = 126 shell
is significant for understanding the r process of astrophysical
nucleosynthesis. Many new isotopes around the N = 126 shell
have been produced by means of projectile fragmentation
reactions of 2%U in recent years [3—6]. However, this region
still remains a large blank area in the nuclear chart. For
example, there have been only 11 neutron-rich Pt isotopes
produced successfully up to now.

The production methods of the known neutron-rich Pt
isotopes are summarized in Table I. The abbreviations LP, NC,
and PF in the Table I represent light-particle-induced reaction,
neutron capture reaction, and projectile fragmentation reac-
tion, respectively. '?7199292pt were observed by NC or LP
reactions [7-11]. More neutron-rich Pt isotopes, produced in
PF reactions, have extremely low yields [4,6,12]. For example,
in the reaction of 1 GeV/nucleon >*U with °Be performed
at Gesellschaft fiir Schwerionenforschung (GSI), the cross
sections of 2°208Pt are 2.7 pb, 8 pb, and 3.3 pb, respectively
[6]. Limited by current detection techniques, it is not easy to
obtain Pt isotopes with mass numbers above 208 through the
PF method.

Since the multinucleon transfer (MNT) reaction was pro-
posed to produce new neutron-rich heavy and superheavy
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nuclei by Zagrebaev et al., the MNT reaction has attracted
renewed interest in recent years [13—19]. Both experimental
[20-26] and theoretical [14,27-30] results demonstrate that
the MNT reaction in low-energy heavy-ion collisions may
be a promising path to produce exotic neutron-rich nuclei
around N = 126. Especially for the **Xe + '8Pt reaction
at 7.98 MeV /nucleon performed at GANIL, the experimental
result shows that the production cross sections of nuclei along
the N = 126 shell are significantly greater than those produced
in the PF method [22]. The transfer reaction °Xe + 2%8Pb at
E.m. = 450 MeV performed at Argonne National Laboratory
(ANL) yielded the most neutron-rich Pt isotope reached, 2*?Pt,
at the level of 0.1 mb [23].

Some semiclassical and microscopic models have been
developed to describe the MNT processes in heavy-ion col-
lisions. The dinuclear system (DNS) model [31-33], the
grazing model [34,35], Langevin equations [36,37], and the
complex Wentzel-Kramers-Brillouin (CWKB) model [38,39]
can predict the production cross sections in MNT reactions
very well. On the other hand, microscopic models such as
the time-dependent Hartree-Fock (TDHF) model [40—42] and
the improved quantum molecular dynamics (ImQMD) model
[43,44] have achieved reasonable success in describing the
dissipative dynamics in deep inelastic collisions.

In this work, we present our study of neutron-rich Pt isotope
production through the MNT process using the DNS model.
The article is organized as follows. In Sec. II, we describe
the DNS model. The results and discussion are presented in
Sec. III. Finally, we summarize the main results in Sec. I'V.

II. THE MODEL

In the DNS model, the production cross sections of the
primary products with proton number Z; and neutron number
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TABLE I. A brief summary of the neutron-rich Pt isotopes.

Reaction E Method  Isotope  Ref.
19p¢(2H, 'H)'"Pt 5 MeV LP 197pt [71
19%8pt(n, )Pt 0-1keV NC 199p¢ [8]
199t (n, y)* Pt - NC 200p¢ [9]
4Hg(n, a)® Pt 1 MeV LP 2W01pg [10]
4Hg(n, 2pn)* Pt 21 MeV LP 202p¢ [11]
208pp 4 °Be 1 GeV /nucleon PF 205204py - [12]
280U 4 °Be 1 GeV /nucleon PF 205pg 4]
283U +°Be 1 GeV/nucleon PF 206208pg (6]

N in transfer processes are calculated by the following
expression [45]:

h?
2J +1
2uEcm. zJ:( h

X P(Z;,Ni,t =tin(J)). (D)

O'pr(Zlv N, Ecn) =

Here, u is the reduced mass of the system and E. ., is the
incident energy in the center-of-mass frame. P is the fragment
distribution probability. T, is the interaction time, which
depends on the angular momentum J. Subsequent deexcitation
processes of the excited fragments are treated with the GEMINI
code [46].

The interaction time 7y, (J) is determined by
AD é‘lot 1 Jf

7 + - In 7 2)
where A@ is the rotational angle of the DNS, ¢ is the total
moment of inertia, « is the fitting parameter, and J; is the final
angular momentum. The detailed description of the interaction
time can be found in Refs. [47,48].

The distribution probability P(Z;, Ny, t) for fragment 1
with proton number Z; and neutron number N; at time ¢ is
obtained by solving the master equation [49,50]

Tint(J) =
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dt
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Here, W, .2 vy (W7, Nz, n) is the mean transition proba-
bility from channel (Z;, N;) to (Z’l, Ny) [or from (Z1, N;) to
(Z,, N 1 ). dz, n, is the microscopic dimension corresponding
to the macroscopic state (Z;, N;). Only one nucleon transfer
process is considered in the DNS model. The sum is taken
over all possible proton numbers and neutron numbers that
the fragment (Z,’, Ni’) may have. Ay and Ag describe the
quasifission and fission rate in the DNS, respectively, which are

calculated by the one-dimensional Kramers equation [50]. The
quasifissionrate A4t is determined by the following expression:
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Here, ®(¢) is the local temperature determined by the Fermi-
gas expression ® = ,/e*/a, with the local excitation energy
¢* and the level-density parameter a = A/12 MeV~!. The
frequency @ of the harmonic oscillator approximates the
interaction potential at the bottom of the pocket, and w5
is the frequency of the harmonic oscillator approximating
the potential at the top of the Coulomb barrier. I' denotes
the double average width of the single-particle states. In this
work, ' = 2.8 MeV, fiwBs = 2.0 MeV, and fiw = 3.0 MeV
are used. By(Z;, Ny)is the quasifission barrier corresponding
to the fragment (Z;, N;).
The fission rate Agg is calculated by the formula

s. r r
As(O(1)) = Z‘U;;Uf[ (ﬁ) + (wp)? — ﬁ}

Bi(Zy, Ny)
o) '

X exp [— )]

where wg s, and wy are the frequencies of the oscillators approx-
imating the fission-path potential at the ground state and on
the top of the fission barrier, respectively. In our calculations,
hwgs, = hwp = 1 MeV and I'g = 2 MeV are used. Br(Z;, Ny)
is the fission barrier of the fragment (Z;, N;), which is taken
to be the sum of a liquid drop part and the shell correction.
The local excitation energy of the DNS is determined by

e* = Egiss — [U(Z1, N1, Z2, N2) — U(Zy, Ny, Zi, Ny)]

s M? M2

- —. 6
2 grel 2 gint ( )

Here, Egiss is the energy dissipating to the DNS system
from the relative kinetic energy. U(Z, Ny, Z», N,) is the
driving potential of the fragment (Z;, N;) with (Z;, N»),
and U(Zp, Ny, Zi, Ny) is the driving potential correspond-
ing to the entrance channel. & and ¢, are relative and
intrinsic moments of inertia of the DNS, respectively.
is obtained by & = MRz. R is the position where nucleon
transfer takes place and is taken as R = R (1 + B1Y20(61)) +
Ry(1 + B2Y20(6)) + 0.7 fm. Here, Ry, = 1.16A}5. B, and
B> are the quadrupole deformation parameters of the two
fragments, which are taken from Ref. [51]. 6; , = O for tip-tip
collision. &y is determined by &y = {1 + &2, where ¢; and
£ are the intrinsic angular momenta of fragments 1 and
2, respectively, which are from Ref. [52]. M describes the
intrinsic angular momentum from the dissipation of the relative
angular momentum, which is obtained from the equation M =
J Cint/ (Gine + Gre)[1 — exp(—2/7;)]. Here, 7; is the angular
momentum relaxation time.
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FIG. 1. (a) Mass distributions in ®Ni+2%Pb at E., =
268 MeV. (b) The isotopic production cross sections of Os, Pt, and Hg.
The dotted and solid lines denote the calculation results for primary

and final fragments, respectively. The experimental data are from
Ref. [54].

The diffusion process is driven by the potential energy
surface (PES) [31,32] and is defined as

U(Zy, N1, Zy, N2, R, B1, B2)
= B(Z1, N1) + B(Z>, N»)
+ Ven(Z1, N1, Z>, Na, R, B1, Ba), @)

where B(Z;, Ny) and B(Z;, N,) are the binding energies of
the fragments (Z;, Ny) and (Z,, N,), respectively.

Ven is the interaction potential of the two fragments, shown
as

Ven(Zy, Ny, Zy, No, R, Bi, B)
= Vc(Zi, N1, Z, N2, R, B1, B2)
+VN(Z13N1’ZZ5 N27R7:315 ,32) (8)

Here, V- and Vy are the Coulomb potential [53] and nuclear
potential [33], respectively.

We first test the DNS model for describing the mass
distributions of the MNT reaction in **Ni + 2%Pb at E,,, =
268 MeV.

As shown in Fig. 1(a), the trend of the system evolution
towards symmetric mass distribution can be clearly seen in
the mass transfer from target to projectile. We can see that
this characteristic is described very well by the DNS model. In
addition, we note that the experimental peak value on the target
is significantly lower than that on the projectile. This is because
that the target-like fragments (TLFs) have larger excitation en-
ergy during the collisions. In the deexcitation process, the TLFs
emit more neutrons than the projectile-like fragments (PLFs).
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FIG. 2. AU values in the pure neutron pickup (a) and pure proton
stripping (b) channels in the transfer reactions '**Xe + 28Pb, '3 Sn +
208ph, and 238U + 28pp,

This phenomenon is also found in the DNS calculations (solid
line). Figure 1(b) shows the isotopic production cross sections
of Os, Pt, and Hg. One can see that final yields shift to the left
after the deexcitation process. The final isotopic cross sections
are in good agreement with the experimental data. These results
indicate that the DN'S model is applicable for the study of MNT
reactions at near barrier energies.

III. RESULTS AND DISCUSSION

Considering that the production cross sections at the
maximum of the isotopic distributions decrease rapidly with
increasing proton transfer channel, we choose nuclei in the
vicinity of Pt as targets to study the production of the extremely
neutron-rich nuclei of Pt. The value of the driving potential
needed to overcome (AU) is crucial to drive the nuclear
reactions. A smaller AU value generally results in a relatively
high production cross section for the primary products.

Figure 2 shows the AU value along the pure neutron
pickup (a) and pure proton stripping (b) channels in the trans-
fer reactions 3°Sn + 28Pb, 14 Xe + 298pp, and 28U + 298P,
Stripping channels correspond to nucleon transfer from the
target to the projectile, while pickup channels correspond to
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FIG. 3. (a) Final isotopic production cross sections of Pt with
13380 + 28pp, 45Xe 4 28Pb, and 238U + 2%®Pb reactions at E.,, =
1.10V¢. (b) Final isotopic production cross sections of Pt with *3Sn +
198pt, 133Sn + 2™Hg, and '**Sn + 2%Pb reactions at E., = 1.10V¢.

the opposite. From the Fig. 2(a), one can see that the AU value
increases with increasing number of neutron pickup, and the
value for "®Xe + 2%®Pb system is almost the smallest in the
larger neutron pickup channel. This means that the neutron
pickup in the '*3Xe + 2®Pb reaction is easier than that in
1338n 4 298pb and 228U 4 298Pb reactions.

On the other hand, for the pure proton stripping channel
[Fig. 2(b)], the increase of proton transfer leads to more and
more difference of AU for these three systems. The AU value
becomes larger with increasing number of proton stripping in
the 33Sn + 2%8Pb and 23¥U + 2%8Pb reactions, but the ' Xe +
208ph reaction shows an opposite trend. This indicates that the
proton stripping for '*°Xe + 2®Pb is easier compared to the
13381 + 2%8Pb and 2*¥U + 2%8Pb reactions. In order to produce
new neutron-rich Pt isotopes, it is expected that the target
loses protons and obtains neutrons during the reactions. Hence,
145Xe + 2%8Pb should be a favorable candidate.

Figure 3(a) presents the final isotopic production cross sec-
tions of Pt in '33Sn + 2%8Pb, ¥ Xe + 298Pb, and 28U + 2%Pp
reactions at E.,, = 1.10Vc. These reactions have the same
target, 2°8Pb, only the projectiles are different. One can see that
the production cross sections on the neutron-rich side for the
145Xe + 2%8Pb reaction are largest. This is due to smallest AU

values along the neutron pickup and proton stripping channels,
as shown in the Figs. 2(a) and 2(b), respectively. In fact, the
AU values are influenced by the nuclear symmetry energy. The
production of neutron-rich nuclei is closely related to the N/Z
ratio equilibration process between the projectile and target
during the collisions. The N/Z ratio of 2381 is 1.587, which
is smaller compared to '*3Sn (1.685) and '*°Xe (1.660). The
N/Z ratio of 2®Pb is 1.538. Hence, the isotopic production
cross sections of Pt from the 233U 4 2%8Pb reaction on the
neutron-rich side are lowest.

Figure 3(b) shows the final isotopic production cross sec-
tions of Pt in the reactions of '*3Sn with %8P, 204Hg, and
208py, targets at E.p, = 1.10Vc. The N/Z ratios of 198pg,
204Hg, and 2%Pb are almost the same, i.e., 1.537, 1.55 and
1.538, respectively. However the proton stripping channels
from the target to Pt are Op, —2p, and —4p, respectively.
One can see that the '**Sn + '?®Pt reaction is nonideal for
producing the extremely neutron-rich nuclei of Pt. This is
because the larger pure neutron pickup is very difficult in the
reaction. In the N /Z ratio equilibration processes, the neutron
pickup channel is usually accompanied with a proton stripping
channel. The '¥Sn + 2**Hg and !**Sn + 2°®Pb reactions have
larger advantage for producing the neutron-rich nuclei of Pt,
because ***Hg just needs the stripping of two protons to reach
Pt. Although 2%Pb needs to lose four protons to reach the Pt,
it requires a smaller number of neutron pickup to generate the
extremely neutron-rich Pt than 2**Hg.

The final isotopic production cross sections of Pt for the
reactions '®Xe + 2%®Pb and '3*Sn + 2**Hg at different inci-
dent energies are shown in Fig. 4. The solid circles denote the
experimental data of 1 GeV/A 238U + °Be performed at GSI
[6]. The blank circle, square, and triangle symbols denote the
unknown neutron-rich isotopes produced at E.,, = 1.10V¢,
1.14Ve, 1.18Vc, respectively. From Figs. 4(a) and 4(b) one
can see that, on the neutron-rich side, the production cross
sections are not sensitive to the incident energy compared
to the neutron-deficient side, because larger incident energy
improves the transfer probability of nucleons. However, larger
incident energy will result in a higher excitation energy for
primary fragments. More neutrons evaporating causes a shift
of final yields to the neutron-deficient side. In addition, we find
that the production cross sections of Pt on the neutron-rich side
are extremely higher than those produced in the PF method.
There are serval new neutron-rich isotopes, 209-212p¢ that could
be produced by these two systems.

In order to find the optimal incident energy, the production
cross sections of 2%-2!2Pt in the reaction **Sn + 2**Hg and
5Xe +2%Pb at Ecm = 1.10Vc, 1.14Vc, 1.18Vc, 1.30V¢,
1.40Vc, and 1.50Vc are shown in Table II. It is obvious
that the yield becomes lower with more neutrons transferred
at the same incident energy for these two reactions due to
larger and larger AU value. The largest production cross
sections of 2%7212Pt in the reaction '*3Sn + 2**Hg locate at
E.n = 1.18 V¢, in which the values are 1.7 nb, 0.4 nb, 23.3
pb, and 4.8 pb, respectively. However, the optimal incident
energy for ' Xe + 2%Pb is larger than that for '33Sn + 2**Hg.
The highest cross sections of 22!2Pt are 2.7 nb, 0.4 nb, 8.2
pb,and2.7pbat E., = 1.30V, 1.40V(, 1.50V(, and 1.40V¢,
respectively.
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FIG. 4. Final isotopic production cross sections of Pt in **Xe +
28ph (a) and '3Sn 4 2%Hg (b) at E., = 1.10Vc, 1.14V, and
1.18V¢. The solid circles are experimental data of 1 GeV/A 33U +
9Be from Ref. [6]. The blank circle, square, and triangle symbols de-
note the unknown neutron-rich isotopes produced at E.,, = 1.10V¢,
1.14V¢, 1.18Vc, respectively. The production cross sections of the
unknown isotopes can be found in Table II.

It is recognized that the beam intensity plays an important
role in the experiment to produce unknown isotopes. The factor
“cross section x beam intensity” (o X ¢) can be a criterion to
judge if the projectile-target combination is suitable. Figure 5
shows the values of & x ¢ for the '*Xe + 2Pb and '**Sn +
204Hg reactions for producing the nuclei 2**~2!2Pt at the optimal
incident energy. The estimated beam intensities proposed in the
SPIRAL2 project for **Sn and *3Xe are taken from Ref. [55].
It is found that the advantage of '*3Xe + 2°®Pb reaction gets
more apparent for producing the neutron-rich nuclei of Pt,
mainly due to the more obvious advantage of production cross
section and beam intensity.

IV. CONCLUSIONS

In conclusion, the multinucleon transfer reaction ®*Ni +
208pp at E.., = 268 MeV is investigated by the DNS model.
The results show that the mass distributions and the isotopic

TABLE II. The production cross sections of 2%-2!2Pt isotopes.
AUX and AUS™M2 are the AU values of '*Xe 4 2®Pb and
1338n 4 2%Hg reactions, respectively. X" and 5™z are the
production cross sections of these two systems, respectively.

Isotope AUXe+Pb AUSn+Hg Ec.m./ VC O_Xe+Pb (pb) O,Sn+Hg (Pb)
Mpy 7.62MeV 16.42MeV  1.10 123.1 813.4
1.14 657.1 1471
1.18 1066.0 1690
1.30 2684.8 779.9
1.40 2641.7 501.8
1.50 965.8 165.1
20p 10.73 MeV 17.37 MeV  1.10 142 131.4
1.14 31.1 254.7
1.18 227.6 389.5
1.30 1133 176.5
1.40 418.2 97.2
1.50 52.0 77.9
2lpt 21.20 MeV 20.14 MeV  1.10 2.6
1.14 17.7
1.18 1.0 233
1.30 5.1 14.3
1.40 7.6 7.7
1.50 8.2 4.9
22pt 21.47 MeV 23.85MeV  1.10
1.14 2.1
1.18 4.8
1.30 2.2 34
1.40 2.7 2.1
1.50 1.9

distributions agree with the experimental data very well. The
AU value increases with increasing the number of neutron
pickup and the value for thee '**Xe + 2%Pb system is almost
the smallest in the larger neutron pickup channel. For the pure
proton stripping channel, the AU value becomes larger with

c (nb) x ¢ (pps)

131 132 133 134
N

FIG. 5. “Cross section x beam intensity” factor (o X ¢) in

collisions of '**Sn + ?**Hg and '**Xe + 2®Pt for production of nuclei

209-212p¢ gt the optimal incident energy. The estimated beam intensities
are proposed in SPIRAL2 [55].
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increasing number of proton stripping in the '33Sn 4 2%8Pb and
2381 + 208pp reactions, but the *Xe + 298Pb reaction shows
an opposite trend. This indicates that '*3Xe + 2%8Pb system is
a good combination to produce extremely neutron-rich nuclei
of Pt. The optimal incident energy to obtain 2**~2!2Pt isotopes
in the reaction '**Sn + ?**Hg is 1.18Vc. The corresponding
production cross sections are 2.7 nb, 0.4 nb, 8.2 pb, and 2.7 pb,
respectively. The optimal incident energy for the **Xe + 2%8Pb
system is about 1.40V¢, and the highest cross sections of
unknown isotopes 209-212p¢ are 1.7 nb, 0.4 nb, 23.3 pb, and
4.8 pb, respectively. By analyzing the beam intensity factor, we

find that the ' Xe + 2%®Pb system is advantageous to produce
209-212p¢
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