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Light neutron-rich isotopes are populated as products of the multinucleon transfer reaction following the
collisions of ®*Ni beams onto '*°Te, 2%Pb, and *#U targets and “° Ar beams onto '*7 Au, 2%Pb, and 2**U targets at
bombarding energies slightly above the Coulomb barrier. Distribution characteristics of projectile-like fragments
are studied in the framework of dinuclear system concept where dynamic deformation is taken into account. The
odd-even effect in the diffusion process is discussed, and the distribution of final isotopes can be well reproduced
by the effective local excitation energies excluding pairing energies. Compared with the experimental data, it is
found that the heavier (i.e., larger N/Z ratio) the target is, the more likely it is to produce light neutron-rich

isotopes.
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I. INTRODUCTION

The nucleus is a finite quantum many-body system com-
posed of fermions characterized by a shell structure in the
single-particle spectra. Nuclei with some valence particles
around the closed-shell closure provide an ideal laboratory
environment for the understanding of nuclear structure and the
effective nucleon-nucleon interaction [1]. In particular, with
the production of nuclei far from the B-stability line, it is
possible to explore the evolution of the known shell closures
for large range of N/Z ratios and to characterize new regions
of nuclear deformation [2,3]. However, most of these nuclei
predicted to exist lack experimental data, especially those in
the region of very neutron rich in the nuclide chart. There is no
ideal way to fill this area and to reach the neutron drip line [4].
Since binary reactions between stable beams and heavy targets
can produce moderately neutron-rich and neutron-deficient
species and populate them to their high spin states, it is
now feasible to investigate the production characteristics of
these nuclei by multinucleon transfer (MNT) reactions [5,6],
which also provide us with an opportunity to address the
spectroscopy study of nuclei that cannot be accessed in other
reactions [7-10].

The MNT reaction, in which many nucleons are transferred
to (or from) the target nucleus, has been extensively studied
in experiment over the last few decades [11]. In a recent re-
view [12], experimental production cross sections for several
nucleon transfers in '**Xe + '8Pt reaction are found to be
relatively large. The renewed interest in MNT reaction at inci-
dent energies near the Coulomb barrier attracts great attention

“wangnan @szu.edu.cn

2469-9985/2021/103(3)/034613(7)

034613-1

to produce the new neutron-rich nuclei in both experimental
[4,12-16] and theoretical studies [17-34]. The advantage of
the MNT reaction becomes more and more striking when
producing neutron-rich nuclei in the region of the neutron
shell closure N = 126 [12]. Nevertheless, a basic problem of
MNT reactions in producing heavy neutron-rich isotopes is
that higher projectile energies can broaden the distribution
range of isotopes but lead to fission of the heavy excited
target-like fragments [14,35]. Consequently, most experimen-
tal studies of MNT reactions with actinide targets have been
performed near or below the Coulomb barrier. In general, the
experiments using MNT reactions are more likely to provide
light neutron-rich projectile-like fragments and their detail
spectra than fragmentation reactions or intermediate energy
Coulomb excitation reactions [36]. In this respect, the recent
experimental advances in MNT reactions allow us now to
further investigate the production mechanism of very neutron-
rich nuclei in the vicinity of the light partner.

Theoretical study on the mechanism of isotope production
in MNT reactions is of great significance, where one of the
most important purposes is to recommend optimal experi-
mental conditions for the production of neutron-rich nuclei of
interest. From the point of view of the experimental verifica-
tion, the systematic calculation of the production distribution
of neutron-rich projectile-like fragments are investigated. The
main purpose of the present work is that the expected char-
acteristics of production distribution can help evaluate the
optimal conditions for producing light neutron-rich isotopes.

II. THEORETICAL FRAMEWORK

The production cross section of a primary product

o'y, (Ecm.) in the diffusive nucleon transfer reaction based on
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the present DNS model with dynamic deformation taken into
account can be calculated by a sum over all partial waves J,
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where the penetration coefficient T (E. ., J) is estimated to be
1 when the incident energy is higher than the Coulomb barrier
at the injection point. Since the Coulomb barrier of a suffi-
ciently heavy system may disappear, the injection point where
the nucleon transfer process takes places can be assumed
by Reont = Ri[1 + B1Y20(61)] + Ra[1 + B2Y20(62)] + 0.5 fm,
with R; = 1.16A]" [37].

The multinucleon rearrangement process between the col-
liding projectile and target is described as a diffusion process.
Meanwhile, the dynamic deformation is expected to be con-
sidered in the process from the contacting of the colliding
nuclei to the separation of projectile-like and target-like
products [37,38]. Combinations of the Coulomb, nuclear,
and centrifugal potentials of various DNS configurations de-
fine a four macroscopic variables potential-energy surface,
U(Z,, Ny, B1, B2), whose gradients drive the evolution of the
reaction products during the collision. Probability of the dis-
tribution function P(Z;, Ny, B1, B2;t) to find fragment 1 with
Z1, N1, By and fragment 2 with Z,, N,, 8, at time 7 is described
by the following master equation [37]:

dP(Zy, Ny, B1, B2;t)
dt

= Z Wz, Ni.81.52:Z, O dz.ny.p0.5.P(Z], N1, Br, Bast)
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where WZI’NIaﬂ]q/SZ;Z]/ = WZ},N|,ﬁ1,/32;Z]/,N1,/3|,ﬂz is the mean tran-
sition probability from the macroscopic state (Z;, Ny, Bi, B2)
to the macroscopic state (Z;, Ny, B1, B2). dz, v, p..p, denotes
the number of microscopic states corresponding to the macro-
scopic state (Z;, Ni, B, B2). The B and B, which are consid-
ered as two discrete variables denote quadrupole deformations
of projectile-like and target-like fragments, respectively. Only
the tip-to-tip configuration is considered in present work. The
initial condition of Eq. (2) is P(Zp, Np, Bp, Br;t =0) =1,
with the Zp, Np, Bp, and Br corresponding to the proton

and neutron number and the ground-state quadrupole defor-
mations of projectile and target in the entrance channel. The
interaction time T, in the dissipative process of two colliding
nuclei is calculated by using the deflection function method
[39—41]. The mean transition probability and the number of
microscopic states are mainly determined by the local exci-
tation energy and potential-energy surface. See Ref. [37] for
more details.

To obtain the production cross section of the final iso-
topes ag'le (Ecn.), the statistical model code GEMINI++ is
employed, where subsequent deexcitation cascades of the
excited initial fragments via the emission of light particles
(neutron, proton, and «) and y rays competing with the fis-
sion are taken into account [42—44]. The sharing of the total
excitation energy between the primary projectile-like and the
target-like fragments is assumed to be proportional to their
masses. For a certain primary product, the deexcitation pro-
cess should be simulated many times due to the statistical
nature of GEMINI++. After My, times Monte Carlo simula-
tions (Myia = 1000 is adopted in present work), events with
(Z;, N;) are counted, the number of such events is marked as
M(Z,, Ny; Z{, N{, J'). Then the decay probability from the
primary product (Z;, N{, J) produced at the incident angular
momentum J’ to the final product (Z;, Ny) can be estimated
as P(Z,, Ni; Zj, N{, J')=M(Z,, Ni; Z;, N{, J')/Myia.
Finally, the production cross section of final product (Z;, N;)
can be expressed as [29]

fi i
UZ:N. (Eem.) = Z 0’2.1\/{ (Ecm., J/)
Z| NI’

x P(Zy,Ni;Z;,N{,I). 3)

III. RESULTS AND DISCUSSIONS

To assess the ability of the present model in describing the
MNT reaction, the production cross sections of projectile-like
fragments in the collision of **Ni beams onto the respec-
tive 30Te, 2%Pb, and 2*®U targets at bombarding energies
slightly above the corresponding Coulomb barriers are sys-
tematically calculated. Figure 1 shows the systematics of the
production distribution of various projectile-like fragments in
%Ni + *OTe reaction at a bombardment energy of E.n, =
184.27 MeV. In each panel of the figure, the negative (or
positive) number of transferred proton represents the number
of proton removed from (or added to) the projectiles. For solid
lines, they denote the calculated production cross sections of
final projectile-like fragments by using the local excitation
energy of the DNS configuration corrected by excluding the
pairing energy, while for the dashed lines which have been
calculated in recent work [45], such correction is not carried
out. The experiment data are from the Ref. [36], as shown
with symbols in Fig. 1. As can be seen from Fig. 1, there is
a good overall agreement between experimental data and the
results of the present work. However, if observed carefully,
the calculated distributions of final projectile-like fragments
without excluding the pairing energy from the local excita-
tion energy are obviously staggering. On the one hand, the
calculated isotopic distribution with the odd proton number
are systematically lower than that with the neighboring even
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FIG. 1. Productions of projectile-like fragments in 5Ni + **Te
reaction at bombarding energy E.,, = 184.27 MeV. Solid (dashed)
lines denote the calculations with (without) excluding the pairing
energy in determining the local excitation energy. Measured cross
sections are from Ref. [36].

proton number. On the other hand, variations of the distribu-
tion between excluding and not excluding the pairing energy
are very significant in proton transfer channel with odd num-
ber, as shown in channel —3p, —1p, +1p, +3p, +5p, +7p,
+9p, +11p, and +13p, respectively, while for the even-Z
isotopic distribution, these variations are not obvious.

It is worth noting that the mentioned phenomena are not
observed in experiment. The reason resulting in such varia-
tions of the calculation could be that the binding energy of
one participant contains the pairing energy in the calculation
of potential-energy surface of the DNS configuration [46],
leading to the odd-even change of local excitation energy. As
the underlying idea that the paired nucleons must be separated
before each component can be excited individually, the corre-
sponding pairing energy should be excluded for calculating
the level density or the state density in many Fermi-gas type
models [47]. That is the reason in present work for considering
the excluding the pairing energy from the local excitation to
calculate the microscopic number (or state density) of each
DNS configuration. From this point of view, one should ex-
clude the pairing energy when determining the effective local
excitation, so that the calculated isotopic distributions do not
exhibit any large odd-even staggering in almost all cases and
reproduced the experiment excellently, as shown in Fig. 1 with
solid lines.

The good ability of reproducing the experiment in the
above %Ni + *OTe reaction make us more confident to carry
out more systematic research, such as the effect of different
targets on the production distribution of projectile-like frag-
ments. It should be emphasized that our studies are performed
with one set of parameters and with the same assumptions
for all investigations. To analyze the behavior of the same
projectile ®Ni bombarding different targets through MNT
reaction, the production cross sections of projectile-like frag-
ments in collision of ®*Ni+2%Pb at E.,, = 267.64 MeV
and ®*Ni+238y at E.,, = 307.40 MeV are calculated, as
displayed in Figs. 2 and 3, respectively. It can be seen that
the mentioned two MNT reactions are also well reproduced,
sharing the similar distribution characteristics with the former
one.

For the cases in the lighter area of the nuclide chart,
we calculate the production cross sections of projectile-like
fragments around the projectile “°Ar in *°Ar+'"7Au re-
action at E., = 180.37 MeV, in *°Ar + 2%Pb reactions at
E.m = 214.70 MeV and in “°Ar + 28U reactions at E.,, =
226.87 MeV. The comparison of the experimental data with
the calculated cross sections of final projectile-like frag-
ments are displayed in Figs. 4-6. Again the distributions of
projectile-like fragments on the aspects of not only the trends
but also the magnitudes are well reproduced. From Fig. 6, it
can be found that the channel —6p in the *°Ar 4 233U reaction
still has some odd-even change. This may due to the case that,
for the very light fragments, their shared excitation energies
caused by collisions slightly above the barrier may not be very
large, so only a small amount of neutrons can be evaporated
in the process of deexcitation. When the average number of
evaporated neutrons is less than a unit, large statistical differ-
ences may be brought in.
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FIG. 2. Same as the Fig. 1, but for the %Ni 4 2°Pb reaction at
bombarding energy E.., = 267.64 MeV. Measured cross sections
are from Ref. [48].

It should be noted that the main purpose of our estimates of
absolute cross sections is to provide useful guidelines to assess
the optimal conditions for the production of light neutron-rich
isotopes. For evaluating the isotopic distribution of selected
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FIG. 3. Same as the Fig. 1, but for the ®Ni+ 23U reaction at
bombarding energy E.. = 307.40 MeV. Measured cross sections
are from Ref. [49].

elements, we compared the cross sections of specific isotopes
obtained by different target-based collisions with correspond-
ing experimental results. Figure 7 shows a comparison of the
final isotopic distributions of the projectile-like fragments in
reactions of **Ni + *0Te, 208Pb, and 238(. Here take the Fe
(—2p channel) isotopic distribution for example, which are
formed by transferring two protons and various neutrons from
projectile to target. As can be seen from the figure, the dis-
tribution of the transfer cross sections is very narrow, but the
neutron-rich Fe isotopes from A = 62 to 66 have competitive
formations at the microbarn level, which can be studied by
selective gamma coincidence analysis [36]. The production
of neutron-rich isotopes observed in the 64N + 238(J reaction,
as shown in Fig. 7 is one to two orders of magnitude higher
than that of the other two reactions, especially in the case of
very-rich-neutron regions, indicating that heavier targets are
quite encouraging for production of light neutron-rich nuclei.
The explanation could be that because the N/Z value of the
populated fragments naturally come close to that of the com-
posite system, the more intense flow of protons from the small
N/Z valued projectile **Ni (1.286) to the large N/Z valued
target *°Te (1.500), 2°®Pb (1.537), or 238U (1.587) can pop-
ulate target-like fragments with higher Z and projectile-like
fragments with lower Z. It is worth noting that the use of the
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FIG. 4. Same as the Fig. 1, but for the “*Ar + '’ Au reaction at
bombarding energy E., = 180.37 MeV. Measured cross sections

are from Ref. [50].
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FIG. 5. Same as the Fig. 1, but for the “°Ar 4-2Pb reaction at
bombarding energy E. ., = 214.70 MeV. Measured cross sections

are from Ref. [51].
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FIG. 6. Same as the Fig. 1, but for the *°Ar +23%( reaction at
bombarding energy E.. = 226.87 MeV. Measured cross sections
are from Ref. [50].

238 target with the largest N/Z value provides the best way to
study neutron-rich nuclei located in the vicinity of projectile.
Similar behavior, in the systems WAr +1Au, Ar + 208Pb,
and “°Ar + 238, also can be found in Fig. 8. At first glance,
in Figs. 7(a) and 8(a), most of the experimental data are
quite overlapped near the peak position of isotopic distribu-
tion, but for the neutron-rich isotopes relatively far from the
peak position, the advantage of heavier (i.e., larger N/Z ratio)
targets to produce very neutron-rich (light) isotopes becomes

Oz N, (mb)

Neutron number

FIG. 7. The comparison of production cross sections of
projectile-like fragments in MNT reactions with the beam 5*Ni bom-
barding the targets '*°Te, 28Pb, and 23U at E,.,,, = 187.27, 267.64,
and 307.40 MeV, respectively. Measured cross sections are from
Refs. [36,48,49].
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FIG. 8. The comparison of production cross sections of
projectile-like fragments in MNT reactions with the beam “° Ar bom-
barding the targets '’ Au, *®Pb, and >*U at E. ,, = 180.37, 214.70,
and 226.87 MeV, respectively. Measured cross sections are from
Refs. [50,51].

obvious. For the large deviation of Pb with experimental data,
especially in Figs. 8(c) and 8(d), we propose a rather simple
explanation. On the one hand, the inflexible Pb target cor-
responds to a higher barrier, thus the lower local excitation
near the incident channel caused by near barrier collision may
result in the slower diffusion rate and the smaller transfer cross
section, while for the calculation in present work, employed
barrier distribution will increase the local excitation energy

and thus overestimate the experimental results. On the other
hand, as stated in the experimental reference, the detection
angle is quite close to the grazing angle, so it is difficult to
distinguish the quasi-elastic collision from the deep-inelastic
component. The conclusion drawn from the systematic trend
of calculation and the comparison with experiment shows that
the heavier targets with larger N/Z ratio are preferable for the
production of light neutron-rich nuclei.

IV. SUMMARY

The distribution characteristics of projectile-like fragments
have been studied in reactions of ®*Ni+ 39Te, 298pPp, and
28, and “°Ar+ """ Au, 2®Pb, and P8U with bombarding
energies slightly above the Coulomb barriers. Experimental
production cross section of projectile-like isotopes are well
reproduced with the consideration of dynamic deformation.
Taking into account the effect of pair breaking of neutron and
proton in transfer process, the effective local excitation ener-
gies of various DNS configurations are corrected by excluding
the corresponding pairing energies which can well describe
the observed smooth distribution of the isotopes. Systematic
calculations show that the heavier (i.e., larger N/Z ratio) target
is, the more likely it is to produce light neutron-rich isotopes.
Such behavior could indicate again that MNT reaction can be
used as a competitive tool for the production of neutron-rich
nuclei in the vicinity of a light partner.
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