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The production of neutron-rich transuranium nuclei with Z = 93-98 in multinucleon transfer reactions
induced by radioactive beams °*Kr, *2Sn, and '*Xe with actinide target 2%U is investigated within the
dinuclear system model with decay code GEMINI++. The isotopic distributions for reactions '**Xe +2*Cm
and **Xe +2*Cf are calculated and compared with the available experimental data. Theoretical calculations
can reproduce the experimental results well. Both the N/Z ratio equilibration mechanism and driving potential
dominate the transfer process of nucleons. Reaction '*2Sn 4-23*(J is an optimal projectile-target combination to
obtain large production cross sections of neutron-rich isotopes with Z = 93-98. The corresponding optimal
incident energy is also explored. The production cross sections of 41 unknown neutron-rich transuranium
isotopes with cross sections greater than 1 nb are predicted. The reaction *>Sn 4+ 2%y at E., = 521.3 MeV
shows huge advantages in producing neutron-rich transuranium nuclei with Z = 93-98.
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I. INTRODUCTION

Production of undiscovered neutron-rich nuclei far away
from the g stability line in the heavy mass region is one of the
frontiers in modern nuclear physics. Although 3327 nuclides
have been discovered experimentally up to date [1], they are
still far from the theoretical prediction of about 8000-10000
[2,3]. The vast unexplored area is located on the neutron-rich
side in the northeast region of the nuclide chart. Synthesis
of these unknown nuclides is important for understanding the
nucleosynthesis in nuclear astrophysics and solving the puzzle
of the origin of the heavy elements from iron to uranium in the
universe.

Over the last decade, a large number of medium-mass
neutron-rich nuclides have been produced by fission and pro-
jectile fragmentation reactions [4—12]. For example, at the
RIKEN Nishina Center RI Beam Factory, 29 new neutron-rich
isotopes in the rare-earth region were observed by the fission
of 345 MeV/nucleon 23U [6]. At GSI, 60 new neutron-
rich isotopes in the atomic number range of 60 < Z < 78
have been identified in fragmentation reactions with a 1
GeV /nucleon 2*®U beam impinging on a Be target [8]. How-
ever, it seems that it is inaccessible to reach the region of
transuranium neutron-rich nuclides by such types of reaction.
Alternatively, multinucleon transfer (MNT) reaction becomes
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a promising pathway to generate unknown neutron-rich nu-
clides in this region at present.

In the 1970s to 1990s, heavy-ion transfer reactions with
actinide targets were widely investigated in experiments aim-
ing to produce new neutron-rich actinide nuclides [13-25].
Neutron-rich actinide targets were bombarded with heavy
projectiles, for example, the interactions of %Kr, 13¢Xe, and
281 with 2*8Cm [21,23,24], 2*°Cf [25], and so on. With the
goal to produce neutron-rich nuclei along N = 126 as well as
in the superheavy region, the MNT reactions attract renewed
interest in recent years and much progress has been achieved
[26-38]. Motivated by the attempt to populate neutron-rich
isotopes around N = 126, the experimental research on MNT
reaction '3°Xe + '8Pt was performed at GANIL [30]. A great
advantage of production cross sections is found in the MNT
reaction in comparison to the projectile fragmentation reac-
tion mechanism. At GSI, the deep inelastic MNT reaction of
8BCa +28Cm was carried out and five new neutron-deficient
isotopes with Z > 92 were observed [31].

Note that it is particularly difficult to produce unknown
extremely neutron-rich heavy nuclides in MNT reactions with
stable beams near the Coulomb barrier. Due to the larger neu-
tron excess of neutron-rich radioactive beams, radioactive ion
beams induced MNT reactions provide a possibility of gener-
ating new neutron-rich nuclides. With the development of new
generations of radioactive beams facilities [39-43], several
neutron-rich beams with high intensity would be provided in
the near future. For instance, at the proposed intermediate
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FIG. 1. The final isotopic production cross sections distributions of Pu, Am, Cm, Bk, Cf, and Es in MNT reactions B36Xe +28Cm (Ee . =
533 MeV) and "**Xe + >*Cf (E.,, = 526 MeV). The black solid lines and red dashed lines denote the calculation results of **Xe + 2*%Cm
and '¥Xe 4 2*°Cf, respectively. The experimental data taken from Refs. [24,25] are marked by black solid squares and red solid circles,

respectively.

facility SPIRAL2 at GANIL [39], the intensities of the rare
isotope beams in the mass range of 60-140 are expected
to reach 10°~10'" pps, such as 10" pps for **Kr, 10° pps
for 2Sn and so on. Under this circumstances, MNT reac-
tions induced by neutron-rich radioactive beams are expected
to be a potential option of producing neutron-rich exotic
nuclei.

A lot of theoretical models have been developed to study
the MNT reactions near the Coulomb barrier. The phe-
nomenological models, such as multidimensional Langevin-
type dynamical equations of motion [44-47], dinuclear
system (DNS) model [48—60], are widely used to investi-
gate the dynamics of heavy ion damped collisions and the
production of unknown heavy and superheavy neutron-rich
nuclei. The GRAZING model describes the transfer of a few nu-
cleon well [61-63]. The microscopic dynamics models, such
as the time-dependent Hartree-Fock (TDHF) model [64—-69]

and improved quantum molecular dynamics (ImQMD) model
[70-74], are successfully applied to the MNT reactions in low-
energy heavy-ion collisions. More comprehensive reviews see
Refs. [75-81].

In this work, the transfer reactions induced by neutron-
rich radioactive beams 22Kr, 132Sn, and **Xe with actinide
target 23U are investigated based on the DNS model with
GEMINI++ code. The effects of N/Z ratio equilibration mech-
anism and driving potential on the transfer of nucleons are
analyzed. The incident energy dependence on the produc-
tion of neutron-rich transuranium nuclei is also studied. The
production cross sections of unknown neutron-rich transura-
nium isotopes with Z = 93-98 in reaction '¥2Sn 4 23y are
predicted.

This paper is organized as follows. In Sec. II, a brief
description of the DNS model is given. The optimal
projectile-target combination and incident energy to produce
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FIG. 2. The final isotopic production cross section distributions of Np, Pu, Am, Cm, Bk, and Cf in MNT reactions 92Kr + 23y (black solid
lines), '*2Sn + %7 (red dashed lines), and '**Xe + 23U (blue dash-dotted lines) at E. ,, = 1.10 Vj.

neutron-rich nuclei with Z = 93-98 are discussed in Sec. III.
Finally, a summary is presented in Sec. IV.

II. THEORETICAL MODEL

Within the framework of the DNS model, the nucleon
transfer at the contact configuration of two colliding nuclei
is determined by the potential energy surface (PES). The PES
of a reaction system is defined as [82]

U(Z, N1, Zy, N3, Reont) = A(Zy, N1) + A(Z, M)
+Ven(Zy, Ni, Zo, Nay Reone, 61, 02).
(1)

Here, A(Z;, N;) and A(Z,,N,) are the mass excess of the
fragment (Z;, Ny) and (Z;, N,), respectively, where the shell
correction energy and the pair energy taken in Ref. [2]
are also taken into consideration. Vcn denotes the nucleus-
nucleus interaction potential energy, which is the sum of
Coulomb interaction potential and nuclear potential. R.oy iS
the position where the nucleon transfer process takes place.
We assume Reont = Ri[1 + B1Y20(01)] + Ro[1 + B2Y20(62)] +

0.7 fm for heavy reaction system with no potential pocket.
Ri»= 1.16A}€’ . B1 and B, are the quadrupole deformation
parameters of two fragments which are taken from Ref. [2].
012 is the angle between the collision axis and the symmetry
axis of the deformed fragments.

The calculation of Vi is written as

Ven(Zi, Ni, 2y, N2, R, B, B2)
= Vc(Zi,N1,2,, N>, R, By, B2)

+W(Zi, N1, 2>, N>, R, i, B2), 2

where the Coulomb interaction potential V- adopts Wong’s
formula [83] and the nuclear potential Vi is calculated by
double folding potential [82]. More detailed descriptions see
Ref. [60].

The nucleon transfer process between the DNS is con-
sidered as a diffusion process. The time evolution of the
distribution probability P(Z;, Ny, E;, t) for a fragment with
proton number Z;, neutron number N;, and excitation en-
ergy E, is calculated by solving the following master
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FIG. 3. The values of the driving potential which need to
overcome (AU) during the transfer of nucleons as a function
of the number of transferred nucleons in reactions *?Kr + 238U,
1329n 4+ 28y, and “Xe + 2U. (a) and (b) denote the pure neutron
stripping channel and pure proton stripping channel, respectively.

equation [55,84]:

dP(Z,Ny, Ey, 1)
dt

=Y Wz mzm O]dz 5 P(Z), Ny Ef 1)
Z

—dy N P(Z1, N1, Ey,1)]

+ ZWZI,NI;ZI,N{(t)[dZI,NIP(ZlaN1/7E1/9t)

N

—dz, v P(Zi, N1, Ey,1)]. 3

The sum is taken over all possible proton and neutron numbers
that fragment (Z{, Nj) may take. Wz, n,.z; v, (OF Wz, Ny, N;)
is the mean transition probability from channel (Z;, Ny, E;)
to (Z;, Ny, E{) [or from channel (Z;, Ny, E;) to (Z;, Nj, E})].
dz, n, denotes the microscopic dimensions corresponding to
the macroscopic state (Z;, Nj, E). For a more detailed intro-
duction of the mean transition probability and microscopic
dimensions see Refs. [85,86]. The interaction time is calcu-
lated by using the deflection function method [87].

The excitation energy of the DNS is defined as

Elns = Edgiss — [U(Z1, N1, Zy, N,)
2

2§int ’

Eg4iss 1s the energy dissipation from the incident energy to
the DNS. U(Z,, N1, 2Z,,N,) and U(Zp, Np, Z7, Nr) are the
PES corresponding to the configuration of (Z;, Ny, Z», N>)
and the entrance point (Zp, Np, Zr, Nr), respectively. M and
Zint denote the intrinsic angular momentum of the DNS and the
intrinsic moment of inertia, respectively. The calculation of
Egiss, M and &, see Ref. [86]. It is assumed that the excitation
energy of primary fragments is proportional to its mass.

The production cross section of a primary fragment with
charge number Z; and neutron number N, are calculated by

—U(Zp, Np, Zr, N7)] —

“

2
DNS mh
Z 7N E) m - 2J 1
Op (Z1, N1, Ecn) SnE. EJ 2/ +1D

X[P(ZI’N17Elat=Tinl)]7 (5)

where u and E., are the reduced mass of the system and
the incident energy at the center of mass frame, respectively.
P(Z,, Ny, E)) is the fragment distribution probability at time
t = Tyy. The code GEMINIH++- is used to treat the de-excitation
process of the primary excited fragments [88,89]. During the
de-excitation process, emission of light particles and y rays is
in competition with the fission of fragments and each fragment
is simulated 1000 times.

III. RESULTS AND DISCUSSION
A. Comparison with experimental data

In order to test the reliability of the theoretical model
described above, the final production cross sections of
transuranium isotopes in MNT reactions '*®Xe 4 2**Cm and
136X e +249Cf at E.,, = 533 MeV and E.,, = 526 MeV are
calculated. The comparison of the calculation results with the
experimental data are shown in Fig. 1. The black solid squares
and red solid circles represent the experimental data which are
taken from Refs. [24,25]. The black solid lines and red dash-
dotted lines denote the calculation results of '**Xe 4 2*¥Cm
and '¥Xe + 2*Cf, respectively. A good agreement between
the experimental data and the calculation results can be ob-
served from Fig. 1, especially for reaction '**Xe + 2*°Cf.

Around the peak position, one can see that the measured
final production cross sections of targetlike fragments (TLFs)
for Z = 94-96 are larger in the reaction '**Xe +2*Cm than
that in reaction '*6Xe +2*Cf. It is the opposite for isotopes
with Z = 97-99. Our calculation results are consistent with
the measured data. On the neutron-rich side, it is noticed
that the predicted production cross sections of all TLFs are
larger in the reaction 136X e + 28Cm, with the exception of
Cf isotopes. The phenomenon is the opposite on the neutron-
deficient side. This is attributed to the different N/Z ratio of
target. The N/Z ratio of **°Cf is 1.541, which is much smaller
than that of >¥Cm (N/Z = 1.583). The detail interpretation is
stated in Ref. [86].
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FIG. 4. The final isotopic production cross section distributions of Np, Pu, Am, Cm, Bk, and Cf in the '*>Sn 4 233( reaction at E, ,, = 1.10
Vg, 1.20 Vi, and 1.30 V, respectively. The dashed, solid, and dash-dotted lines indicate different incident energies.

B. The suitable projectile-target combination and incident
energy to obtain large production cross sections of neutron-rich
nuclei with Z = 93-98

Experimental and theoretical research have revealed that
the distributions of transfer products in the reaction system
with more neutrons tend to be on the neutron-rich side. The
neutron-rich radioactive beams generally feature larger neu-
tron excess, leading to the production of more neutron-rich
nuclei. In Ref. [39], the author pointed out that the after accel-
eration intensities of radioactive beams ?>Kr, '32Sn, and '**Xe
should reach 10'° pps, 10° pps and 5 x 108 pps, respectively.
In this section, we investigate the production of neutron-rich
transuranium nuclei with Z = 93-98 in MNT reactions in-
duced by neutron-rich radioactive beams 92Kr, 1328, and
144Xe with actinide target 23*U. In order to search for the
optimal projectile-target combination, we first calculate the
production cross section distributions of TLFs in 2Kr, 1328n,
and '"“*Xe induced 2®U-based MNT reactions at E. ,, = 1.10
Vg, as shown in Fig. 2. Here, Vj is the Bass interaction barrier
[90]. The black solid lines, red dashed lines, and blue dash-
dotted lines denote the different reactions. The Vp values for
the three reactions are 324.5 MeV, 434.4 MeV, and 464.8
MeV, respectively. On the neutron-rich side, it is obvious to

observe that the isotopic production cross sections in reactions
1328n 42381 and '**Xe + 238U are much larger than that in
reaction *’Kr +23U. One important reason is the effect of
N/Z ratio equilibration. The N/Z ratios of '*?Sn and '*Xe
are 1.640 and 1.666, which are significantly larger than that
of 28U (1.586). Dominated by the N/Z ratio equilibrium
mechanism, it is easier for target 233U to obtain neutrons from
projectiles. Whereas the N/Z ratio of **Kr is 1.551, which is
much smaller than that of 23¥U, hence it is quite difficult for
92Kr to transfer neutrons to 2%U.

In order to demonstrate the transfer of nucleons quan-
titatively, the value of the driving potential which need to
be overcome (AU) during the transfer of nucleons is ex-
tracted. We defined the AU as AU =U(Zy, Ny, 2Z,,N,) —
U(Zp, Np, Z1, N1). The values of AU as a function of the
number of transferred nucleons in reactions **Kr+ 238(J,
1328n + 28y, and '“Xe +2®U are shown in Fig. 3. Fig-
ure 3(a) denotes the pure neutron stripping channel. It can be
seen that the lower potential needs to be overcome in reaction
144Xe 4+ 238U in the case of stripping one to five neutrons.
Thus 2*¥U more easily gains one to five neutrons from *Xe.
But the values of AU in reaction '*2Sn + 2%y are slightly
lower than that in reaction '**Xe 4 2%y when six neutrons
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FIG. 5. The production cross sections of TLFs with Z = 93-98 for reaction *?Sn 42U at E, ,, = 521.3 MeV. The empty circles denote

the unknown neutron-rich nuclei with cross sections greater than 1 nb.

are stripped from the projectile. The pure proton stripping
channel is displayed in Fig. 3(b). One can find that with an
increasing number of stripping protons, more potential energy
needs to be overcome. The values of AU in '*Xe 4 2%y
are the largest when one to six protons are stripped from the
projectile, which leads to a suppression in the formation prob-
abilities of transuranium nuclei in '**Xe 4 23¥U. Dominated
by a combination of N/Z ratio equilibration mechanism and
driving potential, '**Sn+2*¥U is a preferable combination
for the production of neutron-rich transuranium isotopes with
Z = 93-98.

The transfer cross sections strongly depend on the incident
energy in low energy MNT reactions. Exploring an optimal
incident energy provides important guidance for experiments.
The influence of incident energy on the transfer cross sec-
tions in reaction *2Sn+ 2%y is analyzed. In Fig. 4, the
calculated final isotopic production cross sections of Np, Pu,
Am, Cm, Bk, and Cf in reaction *>Sn + 23U at E.,,, = 1.10
Vg, 1.20 Vg, and 1.30 Vp are displayed. The dashed, solid,
and dash-dotted lines indicate different incident energies. One
can see that the production cross sections are relatively low
at E. . = 1.10 V. A weaker energy dependence is observed
at E.,, = 1.20 V3—1.30 Vi on the neutron-deficient side.

However, on the neutron-rich side, the dependence of produc-
tion cross section distributions for TLFs on incident energy
becomes stronger with the increase of the charge number. It is
found that the production cross sections of neutron-rich iso-
topes at 1.20 Vg are slightly larger than those at 1.30 V. One
important reason is that the fission probability becomes more
significant at higher excitation energy, leading to a depression
of primary fragment survival. For example, at the central col-
lisions, the excitation energy of neutron-rich 2>*Bk is 38.670
MeV at E.,,, = 1.20 Vg, which is lower than that (47.771
MeV) at E. ,,, = 1.30 V. We can conclude that E. ;,, = 1.20
Vg (521.3 MeV) is the optimal incident energy for production
neutron-rich transuranium isotopes with Z = 93-98 in MNT
reaction 132Sn 4 238(.

The influence of the incident energy on production cross
sections of TLFs with Z = 93-98 in reactions *’Kr + 2%y
and '*Xe + 23U is also studied. The general trends are simi-
lar. In the '**Xe 4 233U collision, the optimal incident energy
is 1.20 Vg (557.8 MeV), which is the same with the reaction
1328n + 238y, But the corresponding optimal incident energy
is 1.30 Vj for reaction ?Kr+ 238U, which is 421.7 MeV.
This is attributed to the differences of interaction barriers.
The Bass interaction barriers in reactions '*?Sn+ 2**U and
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44Xe + 238U are 434.4 MeV and 464.8 MeV, respectively.
However, the Bass interaction barrier is much lower in reac-
tion ?Kr + 23U, which is 324.5 MeV.

C. Production cross sections of unknown neutron-rich
transuranium isotopes with Z = 93-98

Prediction the production cross sections of new nuclei
provides important guidance for performing future experi-
ment. According to the discussion in the last subsection,
reaction '32Sn 4 238(J is an optimal combination for producing
neutron-rich transuranium isotopes with Z = 93-98, and the
corresponding optimal incident energy is 521.3 MeV. Figure 5
shows the production cross sections of final TLFs with Z =
93-98 in the MNT reaction '**Sn+2%¥U at E.,, = 521.3
MeV. The empty circles denote the unknown neutron-rich nu-
clei with cross sections greater than 1 nb. It can be found that
with the increasing charge number of TLFs, the production
cross sections of transuranium isotopes decrease rapidly. The
reason is that higher potential energy needs to be overcome
when more protons are transferred from *>Sn to 2*U, leading
to the suppression of cross sections.

From Fig. 5, one can see that a total of 41 unknown
neutron-rich nuclei would expect to be produced with cross
sections greater than 1 nb, filling the gap in the region
of transuranium. The predicted production cross sections of
245.246.247.248.299Np are 8.03 ub, 1.12 ub, 0.33 ub, 0.11 ub,
and 0.02 ub, respectively. For 248:249:250.251.252.253py; - they
are 2.15 ub, 0.59 ub, 0.16 wb, 0.09 ub, 0.06 ub, and
0.02 wb, respectively. The calculated production cross sec-
tions of 248:249.250.251,252.253.254 Ay are 2.47 ub, 0.65 ub,
0.18 ub, 0.12 ub, 0.08 ub, 0.06 ub, and 0.02 ub, respec-
tively, 292253.254255.26Cm are 0.59 ub, 0.37 ub, 0.26 ub,
0.12 ub, and 0.04 ub, respectively. 252,254,255,256. 257K are
0.15 ub, 0.12 wub, 0.09 ub, 0.06 ub, and 0.03 ub, re-
spectively. The production cross sections of 22728259Cf are
0.06 ub, 0.03 ub, and 0.01 ub, respectively. We can conclude

that reaction 1¥2Sn 4+ 2%y at E, ,, = 521.3 MeV is a promis-
ing candidate to produce neutron-rich transuranium isotopes
with Z = 93-98.

IV. SUMMARY

The MNT reactions %Xe+2¥Cm, °Xe+2*Cf,
2Kr + 28y, 1328n 4+ 28y, and *Xe + 28U are investigated
by using the DNS model combined with the GEMINI4-+
code. Our calculation results can reproduce the available
experimental data well for reactions **Xe+2*Cm and
136Xe +24Cf. The distributions of TLFs in MNT reactions
induced by radioactive beams 2K, 132Sn, and *Xe with
actinide target 28U are analyzed. It is found that the transfer
of nucleons are dominated by the N/Z ratio equilibration and
driving potential. The effect of incident energy on production
cross sections in these three reactions is also studied. Due to
the influence of the interaction barrier, 1.20 V3 is the optimal
incident energy to produce neutron-rich transuranium isotopes
with Z = 93-98 for reactions '32Sn 4 23¥(J and '*Xe + 2*U.
But the optimal incident energy is around 1.30 Vp for
reaction **Kr + 233U. The combination of '3>Sn with 233y
is a suitable reaction partner to gain large production cross
sections of neutron-rich transuranium nuclei. The production
cross sections of 41 new neutron-rich transuranium isotopes
with Z = 93-98 are predicted in reaction '3?Sn + 2. This
study indicates that reaction '32Sn+ 2%y at E.,, = 521.3
MeV shows great advantages in producing neutron-rich
transuranium isotopes with Z = 93-98.
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