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The multinucleon transfer reactions '’ Au + 23 Th, 86W + 2*2Th, and U + **2Th are investigated within the
framework of dinuclear system (DNS) model with a decay model GEMINI++-. The calculated isotopic production
cross sections in the '*°Xe + *°Cf reaction at E,,, = 567 MeV can reproduce the experimental data well. Due
to the subshell closures, the behavior of “inverse” quasifission process is found in the collisions of '$¢W +2**Th
and 7 Au 4 2*2Th. The reaction *” Au 4+ 2*2Th is more advantageous to produce neutron-rich isotopes with Z =
92-106 than %W + 232Th and **U 4 %> Th, because it has the lowest value of the potential energy that needed to
overcome in the nucleon transfer process. Furthermore, the incident energy dependence of isotopic production
cross sections in the reaction '°”Au + 23?Th is studied. It is found that E,,, = 756.47 MeV is more suitable
for producing new isotopes with Z = 92-98, while E. ,,, = 690.69 MeV is the optimal incident energy for Z =
99-106. The effect of incident energy on the interaction time is also investigated. The production cross sections of
88 unknown neutron-rich transuranium nuclei are predicted with the cross sections at the order of 107 to 10 ub.

DOLI: 10.1103/PhysRevC.107.024604

I. INTRODUCTION

Heavy nuclear collision associated with large mass transfer
between reaction partners is a current frontier topic, which is
crucial for expanding the chart of nuclides and getting on the
“island of stability.” The possible number of bounded nuclides
has been predicted to be around 9000, for which about 3340
have been observed up to now [1,2]. Most of radioactive
nuclides are artificially made by radioactive ion beams (RIBs)
facilities, and the undiscovered nuclides are mainly located on
the neutron-rich regions.

To produce exotic neutron-rich isotopes, a series of ex-
periments were carried out to produce heavy nuclei by
multinucleon transfer (MNT) reactions [3-7]. Since the
1970s, plenty of new neutron-rich isotopes of elements from
carbon to thorium were discovered in MNT reactions at
JINR [8-11], Orsay [12,13], Berkeley [14-16], and GSI
[17-21]. To observe the shell effects around N = 126, a
series of experiments on *®Xe + 2%Pb, 2*Hg + ®Pt, and
136Xe + 98Pt have been performed at Argonne National Lab-
oratory [22-27]. Watanabe et al. demonstrated the production
cross sections of the N = 126 isotones in the **Xe + '8Pt
are extremely larger than those measured in the fragmen-
tation reaction of a 1 GeV/nucleon ®®Pb beam impinged
on a Be target [28]. At GANIL, the long-living components
in the collision of 2*U 4 23U between 6.09 MeV /nucleon
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and 7.35 MeV /nucleon were investigated [29,30]. Thereafter,
Kratz et al. have reexamined experimental data in the re-
actions of 28U +2%y and 2%U+2®Cm at near-barrier
energies, which showed that a considerable broadening of the
fission-fragment mass distributions was observed [31].

Recently, deep-inelastic reactions involving *’Th tar-
get nuclei at energies around the Coulomb barrier have
been studied at Texas A&M [32-35]. In 2011, the reac-
tion '”Au+22Th at 7.50 MeV/nucleon has been studied
using the BigSol spectrometer first. Large mass transfer is
observed in the detected reaction products, giving rise to
some nuclei with atomic numbers larger than 97 [32]. Further
details of this experiment were presented in Majka et al.
[33,34] along with plans to use an “active” catcher setup for
further confirming AZ = +10. In 2018, the production of
a-particle decaying heavy nuclei in reactions of 6.10-7.50
MeV /nucleon 23U +232Th was explored, which suggests
that new activities with Z as high as 116 are being produced
in this experiment [35]. However, the transuranic isotopic
production cross sections in '*’Au 4+ *2Th and >*U + 2*>Th
reactions are still unclear. One possible reason is that the
cross sections of the superheavy nuclei are very low, the
further information is required to make definitive atomic
number and isotope identifications in the experiment. Thus,
it is desirable to investigate the nucleon transfer limit and
interaction mechanism of the reactions with 2*Th target on
the production cross sections of exotic transuranic nuclei in
theory.
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A lot of theoretical works have been devoted to study the
MNT reaction mechanism in low-energy heavy-ion collisions.
The semiclassical models such as the Grazing model [36,37],
Grazing-F model [24], dinuclear system (DNS) model
[38—49], and Langevin-type dynamical equations [50-53]
have successfully described the production cross sections of
heavy and superheavy nuclei. The microscopic dynamics
models, such as the time-dependent Hartree-Fock (TDHF)
model [54-60]and improved quantum molecular dynamics
(ImQMD) model [61-65] have also shown reasonable success
in describing the nucleon transport and energy dissipation in
MNT reactions. Besides, an extension of the TDHF approach
beyond the mean-field description has been proposed recently,
which is referred to as the stochastic mean-field (SMF) ap-
proach [66—68]. In the DNS model, the transfer probability is
calculated by solving a set of master equations numerically in
the potential-energy surface [69,70]. The DNS model can de-
scribe the effects of quasi-elastic and deep-inelastic collisions,
energy dissipation, N/Z equilibration, and shell structure in
heavy-ion collisions. For more comprehensive reviews see
Refs. [71-75].

The aim of this work is to produce unknown neutron-
rich isotopes with Z = 92—-106 by using the DNS model via
197 Ay + 232Th, 186y + 232Th, and 28U + 2*2Th reactions. The
deexcitation process is treated with the GEMINI4++ model.

This paper 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. IV.

II. THE MODEL

The dinuclear system (DNS) is formed at the initial stage
of the reaction when the kinetic energy is transformed into
the excitation energy of nuclei. Nucleon transfer occurs when
the dinuclear system evolves to the minimum of the pocket
of the nucleus-nucleus potential. For the heavy system without
a potential pocket, the position where the nucleon transfer
process takes place is R, which is obtained with Eq. (3).
The DNS model evolves as a diffusion process in the mass
asymmetry degree of freedom n = (A; — A;)/A to the com-
pound nucleus where A; and A, are the mass number of the
nuclei and A = A + A,. In addition, a diffusion process in
the variable R of the relative distance between the interacting
nuclei occurs [76].

A. The potential-energy surface

In the DNS model, the potential-energy surface (PES) is
crucial in the nucleon transfer process, which controls the
evolution of a nuclear system in a multidimensional space.
The driving potential is the PES under the minimum path. The
PES is defined as [77]

U(Zi,N1,2Zy, N2, Reont ) = A(Zy, Ny) + A(Zp, Ny)
+Ven(Zi, Ny, Zy, Na, Reont , 61, 62),
(1

where A(Z;, N;)(i = 1,2) is mass excess of the two frag-
ments. Z; and N; represent the number of protons and neutrons

of the ith fragment, respectively. The mass excess of fragment
(Z;, N;) can be written as

A(Z,N)=ZA, + NA, —ay(1 —kI*)A
+a,(1 — kM)A 4 a 7% JAY? — ¢, 7% /A

+ Epair (Zh ]Vt) + Eshell (Z[, ]vz) (2)

Here, the liquid drop parameters are a, = 15.677 MeV, a; =
18.560 MeV, a. = 0.717 MeV, « = 1.790, and ¢4 = 1.211
MeV. I = (N — Z)/A is the neutron-proton asymmetry of nu-
cleus. The pairing energy Ep (Z;, N;) and shell correction
energy Egnen (Z;, N;) can be found in Ref. [78]. The position
R.ons, where the nucleon transfer process takes place for a
heavy reaction system, is given by the following formula:

Rcont =Rl [1 + ﬂlYZO(Ql )]

+ Ry[1 + BoYo0(62)] + 0.7 fm, 3
where R; », = 1.16A1/23 . B and B, are the quadrupole defor-
mation parameters of two fragments [78]. 6; and 6, are the
angles between the collision axis and the symmetry axis of
the deformed fragments. The interaction potential of the two
fragments Vcy is expressed as

Ven(Zy, N1, Z, N2y R, By, B2)
= VC(le le ZZ? N27 Rv ,317 /32)

+ W(Zi, N1, Zy, N2, R, B1, B), 4)

where Ve and Vy are the Coulomb interaction potential
[79] and the nuclear potential [77], respectively. The
value of potential energy needed to overcome (AU)
influence the nucleon transfer process. A smaller AU
value generally results in a relatively high production cross
section for the primary products. AU is defined as AU =
U(Z\,Ny,Z, N,) —U(Zp,Np, Zr,Nr). U(Z,N1,2,N;)
and U(Zp, Np, Zy, Ny) are the PES corresponding to the
configuration of U(Z;, Ny,Z,,N,) and the entrance point
U(Zp, Np, Zr, Nt), respectively.

B. The master equation

The MNT processes between the interacting projectile and
target are described as a diffusion process by solving a set
of master equations in the corresponding PES. The time evo-
lution of the probability distribution function P(Z;, Ny, E, t)
for fragment 1 with Z;, N, E; and time ¢ is described by the
master equations:

dP(Zi, Ny, Ey, 1)

T > W nizi i (Oldz, 5 P(Z{. Ny Ey . 1)

Z

—dz; ;P(Zy, Ny, Ey, 1)]

+Z Wz, nizi v (Dldz, 5 P(Z1, Ny, Er L 1)
N

—dz, nyP(Zy, Ny, Ey, 1)) 5

Wz, nizj.ny [or Wz, ny.z, nv] is the mean transition probabil-
ity from channel (Z;, Ny) to (Z{, Ny) [or from (Z;, N;) to
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(Zy, N))], which can be described as [80]
Tmem(Zla Nla EI;Z{»NI» E{a t)
dz, n,dz

Wz, nizp N (1) =

x Y 21, Ny, EL T IVOIZy, Ny, Ey, )P

(6)

Here, i represents the remaining quantum numbers. We as-
sume that only one nucleon is transferred every step, namely
Z =Z; £ 1 or N = N; = 1. The memory time Tpem is ex-
pressed as

2 1/2
T (Zl,N1,E1;Z',N1,E/;t):h[—j| :
mem 1 1 ZKK’<VKK(VI?K’>

7
and more details about 7., can be found in Ref. [81].
The excitation energy of the DNS is defined as
Ejns =Ediss — [U(Z1, N\, Z,, Ny)
2
—U(Zp,Np,Zr,N7)] — . (®
2é‘int

Here, M and &, denote the intrinsic angular momentum of
the DNS and the intrinsic moment of inertia, respectively [82].
Eiss 1s the energy dissipating from the relative kinetic energy,
which is given by

Egiss (1) =Ecm, — VCN(Zp’ Np’ Reont)

(J(1))?
2é‘rel

where Ven(Zp, Ny, Reont) is the interaction potential corre-
sponding to the entrance channel. The dissipation of the
relative angular momentum (J(¢)), which can be calculated
by (J(2)) = Jy + (J — Jy) exp[—t/1s)]. Ji is the angular mo-
mentum at the sticking limit. The radial energy at time t is
given by E.q(t) = Erq(t = 0)exp(—t/tr), where 1R is the
relaxation time of the radial kinetic energy.

- Erad (t )a (9)

C. Deexcitation process

In the DNS model, the production cross sections of the
primary products with proton number Z; and neutron num-
ber N; in transfer processes are calculated by the following
expression:

nh?
2J + 1
2pEem. XJ: @+

X [P(ZI7N15E]’I = Tinl)]' (10)

Upr(Zl N1, Eem.) =

Here, 1 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 and 7, is the interaction time [83].
The statistical model GEMINI++ is used to deal with the
subsequent deexcited process of excited fragments [84,85].
The GEMINIH+ code takes into account evaporation of light
charged particles, symmetric fission, and all possible evapora-
tion channels. Furthermore, the Hauser-Feshbach theory was
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FIG. 1. The final isotopic production cross sections of (a) Pu,
(b) Am, (c) Cm, (d) Bk, (e) Cf, and (f) Es in the **Xe 4 2*Cf
reaction (black solid lines). The incident energy is E. ;,, = 567 MeV.
The red solid circles represent the experimental data, which are taken
from the Ref. [86].

used in this code for the evaporation of light particles. For
the emission of heavier fragments and asymmetric fission of a
heavy system, the GEMINI++ model not only adopts Moretto
formalism theory, but also considers the structure evolution
based on the Bohr-Wheeler formalism.

III. RESULTS AND DISCUSSION
A. Comparison with experimental data

Motivated by testing the reliability of using the DNS model
to predict the production of transuranium isotopes, we present
the production cross sections of nuclei with Z = 94-99 in
the reaction '*Xe +2*'Cf at E, ;,, = 567 MeV in Fig. 1. The
black solid lines represent the calculation results of Pu, Am,
Cm, Bk, Cf, and Es in Figs. 1(a)-1(f), respectively. The exper-
imental data were obtained from the Ref. [86]. From Fig. 1,
one can see that the calculated results are in good agreement
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FIG. 2. The potential-energy surface (PES) as a function of
Z and N of the fragments in the reactions of (a) '*’Au+?**Th,
(b) '%*W + >2Th, and (c) 28U + **Th. The black solid lines indicate
the minimum value in the PES. The open stars and circles represent
the injection points and the positions of subshell, respectively.

with the measured data. The peak position of the theoretical
calculated section is near to the experimental one. The de-
creasing of calculated isotopic distribution cross sections is
not obvious with increasing proton number of the target-like
fragments (TLFs). For instance, the peak value of the pro-
duction cross section for Es [see Fig. 1(f)] is still within one
order of magnitude compared with the peak value of Pu [see
Fig. 1(a)]. While the projectile of the '**Xe + 2*Cf system is
lighter than those of the reaction systems studied in this paper,
the nuclides investigated in these reactions are all distributed
in the transuranic region. Therefore, it is reasonable to apply
the DNS model plus GEMINI4-+ code to predict the production
of transuranium isotopes.

B. The “inverse” quasifission process
in the '’ Au + >2Th reaction

For producing the neutron-rich transuranium nuclei with
Z = 92-106, the “inverse” quasifission process is vital, which
leads to nucleons mainly transfer from the light partner to the
heavy one [46]. To search for the optimal projectile-target
combination, we investigate the MNT process induced by
197 Au, %W, and 2**U beams with actinide target *>Th in
this work. The shape of the three-dimensional PES plays
an essential role in the calculation of fragments forma-
tion probabilities in the transfer process. In Fig. 2, we
show the PES as a function of Z and N of the frag-
ments in the reactions of '°7Au + 22Th, 180w + 232Th, and
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FIG. 3. (a) The driving potentials in collisions of 1’ Au+2*?Th
(black solid line), "W +**Th (red dashed line), and >*U +**Th
(blue dash-dotted line). (b) The driving potential in the reaction
of " Au+2*2Th. The upward and downward arrows indicate the
positions of subshell and the incident channels, respectively.

23817 + 232Th, respectively. Here, the black solid lines indicate
the minimum value in the PES. The open stars and circles
represent the injection points and the positions of the subshell,
respectively.

From Fig. 2(a) and Fig. 2(b), it is clear that '’ Au + 2*2Th
and '80W + 2%Th reaction systems are the “inverse” quasi-
fission process, whose PES show two valleys away from the
injection points. This may be due to the subshell closures near
Z = 64,100 and N = 100, 152, 162, which will be discussed
in detail in Fig. 3(b). The subshell effects on the PES around
the injection point are more obvious than those in the reaction
197 Au 4+ 232Th, which could strongly influence the nucleon
transfer at low incident energies. Furthermore, it can be
seen that the PES of injection point '’ Au in Fig. 2(a) is
not located at the valley, which is higher than that valley.
This means that the nucleon transfer process moves in the
direction of increasing mass asymmetry of reaction system.
In contrast, for the reaction 23U + 232Th in Fig. 2(c), the
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incident channel is in the minimum valley, which indicate
that this reaction transfer process is a general quasifission
process.

Motivated by investigating the process of nucleon transfer
direction in the “inverse” quasifission process more deeply,
the driving potential as a function of the mass number of
fragments in collisions of '°7Au + 2*2Th, 80w 4 232Th, and
2817 +2%2Th are shown in Fig. 3. The upward and downward
arrows indicate the positions of subshell and the positions
of entrance channels, respectively. Compared with the other
two reaction systems in Fig. 3(a), the driving potential of
186y + 232Th is rather high. For the reactions of '8W + 232Th
and ' Au + 2*2Th, the nucleon transfer process is supposed
to increase the mass asymmetry of the outgoing fragments.
Moreover, it can be clearly seen that one deep valley ap-
pears around the configuration of 33U + 2*>Th. As mentioned
above, the transfer process in the collision of B8y 4+ B2Th
is a standard quasifission process. The N/Z ratio of 23¥U is
1.58, which is slightly larger than 1.57 ratio of the target
232Th. Due to the N/Z ratio equilibrium, there is a trend to
transfer neutrons from projectile 234U to the target >**Th. In
Fig. 3(b), due to the subshell effects near Z = 64, 100 and
N = 100, 152, 162, there are two deep pockets in the driving
potential corresponding to the '’ Au+ ?3?>Th reaction. This
means that it is easier for the projectile nucleus to transfer
nucleons to target under the driving force. This is consistent
with the conclusions for the '*%1Gd + 86w reactions in
Refs. [87,88].

To clarify the transfer process more clearly in three sys-
tems, we extract the values of AU in Fig. 4. Figures 4(a)
and 4(b) represent the pure neutron stripping channel and
pure proton stripping channel, respectively. From Fig. 4(a),
one can find that the AU values decrease and then increase
with the increasing number of neutron stripping. Meanwhile,
compared with other reaction systems, the lowest poten-
tial need to overcome in the '°’Au+ 32Th reaction in the
larger neutron stripping channel. For example, in the case
of stripping six neutrons, the values of AU in the reactions
of '7Au+**Th, "W + ***Th, and *¥U + >*?Th are 3.693,
12.243, and 7.110 MeV, respectively. This means that the pure
neutron stripping in the '*’ Au+ ***Th reaction is easier than
that in %W + 2*2Th and 2y + 2**Th reactions.

In Fig. 4(b), it can be noticed that with an increasing
number of stripping protons, the AU values decrease first
and then increase. For the '36W +22Th and 2%U + ***Th
reactions, the AU values in pure proton stripping show an
opposite behavior to the AU values in pure neutron stripping.
This indicates that the proton stripping for %W 4 2*>Th is
easier compared with the 23*U 4 2*2Th reaction, while the
neutron stripping is opposite in Fig. 4(a). The AU values
are the lowest in the '°7Au+2*’Th reaction when one to
six protons are stripped from the projectile. For instance, in
the case of stripping six protons, the values of AU in the
reactions of %7 Au + 232Th, 136w 4 232Th, and 233U + %2Th
are —4.029, 6.997, and 13.203 MeV, respectively. To produce
new neutron-rich transuranium isotopes, it is expected that
the target obtain protons and neutrons in the transfer process.
Thus, %7 Au + 23 Th is a favorable candidate for the experi-
mental research.
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FIG. 4. The AU values in the (a) pure neutron stripping
and (b) pure proton stripping channels in the transfer reactions
197 Au 4 22Th (square symbols), '80W + 232Th (circle symbols), and
2381y 4- 22Th (triangle symbols).

C. The entrance channel and incident energy effects on the
yields of target-like fragments

In some earlier experiments, Wuenchel et al. used the Big-
Sol Spectrometer at Texas A&M to perform several surveys
of projectile-target combinations and bombarding energy for
the collision of '°” Au with 2*2Th in an effort to identify good
candidate reactions for heavy and superheavy element produc-
tion [32-34]. However, these experiments only indicate the
possible production of heavy elements with Z above 97, and
the new neutron-rich isotopic distribution cross sections are
not yet given clearly.

To find the optimal two colliding partners, the produc-
tion cross sections of new neutron-rich isotopes in the
197 Au + 232Th (black solid lines), 3°W + 23?Th (red dashed
lines), and 23¥U 4 2*>Th (blue dash-dotted lines) transfer re-
actions at E.,, = 1.10Vp are presented in Fig. 5. Here, Vjp
is the Bass interaction barrier [89]. The Vp values for the
197 Au + 232Th, 186w + 232Th, and 233U + 2*2Th reactions are
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FIG. 5. The final isotopic production cross sections of TLFs with Z = 92-106 in the transfer reactions '*’ Au 4 ***Th (black solid lines),
186\ 4 232Th (red dashed lines), and **U 4 **2Th (blue dash-dotted lines) at E, ,, = 1.10Vj, respectively. V; is the Bass interaction barrier.

657.8, 619.3, and 748.9 MeV, respectively. One can see that
the production cross sections on the neutron-rich side for
the "7 Au + 2*Th reaction are largest. This is mainly due to
the smallest AU values along the pure neutron stripping and
pure proton stripping channels, as shown in the Figs. 4(a)
and 4(b), respectively.

From Fig. 5, it also can be found that the production
cross sections for the most final transuranium fragments

decrease almost exponentially with the increase of the
fragment charge number, especially in the reaction of
238 4 232Th. One important reason is that the fission bar-
rier heights for light uranium-like nuclei are much higher
than those for heavy transuranium nuclei so that most of
light primary uranium-like fragments survive fission and
heavy transuranium nuclei hardly survive fission. Hence,
we consider '”Au+%Th is a favorable candidate to
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FIG. 6. The final isotopic production cross sections of TLFs with Z = 92—106 in the transfer reaction '’ Au+2**Th at E.,, = 1.05V;
(black solid lines), 1.10Vp (red dashed lines), and 1.15V5 (blue dash-dotted lines), respectively. The blank square, circle, and triangle symbols
denote the unknown neutron-rich nuclei produced at E. ,,, = 1.05Vj, 1.10V3, and 1.15Vjp, respectively.
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produce new neutron-rich isotopes with Z = 92-106 in MNT
reaction.

The 7 Au+2**Th reaction gives a significant advantage
when producing new neutron-rich isotopes with Z = 92-106
due to the “inverse” quasifission process as discussed above.
For further investigating the optimal energy, the final isotopic
production cross sections of TLFs in the transfer reaction
97Au+422Th at different incident energies are shown in
Fig. 6. The black solid lines, red dashed lines, and blue
dashed-dotted lines represent the E. ,,, = 1.05Vj, 1.10Vp, and
1.15Vg, respectively. The blank square, triangle, and circle
symbols denote the unknown neutron-rich nuclei produced at
E.m. = 1.05Vg, 1.10Vp, and 1.15V3, respectively.

In Fig. 6, it can be easily found that the final production
cross sections decrease by four orders of the magnitude from
U to Sg and the peak locations shift to the heavier mass
side with more protons transferred. Besides, a weaker en-
ergy dependence is observed at E; ;,, = 1.05Vp—1.15Vp on the
neutron-deficient side. While in the case of the neutron-rich
side, the dependence of production cross-section distributions
for TLFs from U to Cf on incident energy becomes stronger
with the charge number increases. It is found that the pro-
duction cross sections of neutron-rich isotopes at 1.15Vp are
larger than those at 1.05Vp and 1.10Vj. The final cross sec-
tions from Es to Sg on the neutron-rich side are almost the
same at different incident energies with the increase of charge
number. This is attributed to a larger incident energy can
increase the transfer probability of nucleons, which leads to
an increase in the primary cross section on the neutron-rich
side. However, as the excitation energy further increased, the
fission probability becomes larger, resulting in the survival
probability of these heavy nuclei lower. Although the final
production cross sections from Es to Sg on the neutron-rich
side at such energies are fairly close, it can be seen that the
production cross sections appear maximum at E. ,, = 1.05Vj.
For example, five new neutron-rich nuclei 2¢7-268:270.272.273 g9
at 1.05Vp are predicted. While in the case of 1.15Vj, only
predicted three unknown nuclei 2¢7-26%270Sg Overall, the
E.m. = 1.15Vp is more suitable for producing new neutron-
rich isotopes with Z = 92-98, and E.,, = 1.05Vp is the
optimal incident energy for the production of neutron-rich
transuranium isotopes with Z = 99-106 in the '’ Au+ 2*>Th
reaction.

The influence of the incident energy on interaction time
in reaction '°7Au+2¥Th is also investigated. Figure 7 de-
picts the calculated interaction time as a function of the
impact parameter for the system of "’ Au+2%Th at four
different incident energies. The solid, dashed, dotted, and
dash-dotted lines indicate the incident energy at E., =
1.05Vg, 1.10Vp, 1.15Vg, and 1.20Vp, respectively. Here, the
reaction time is calculated by deflection function [90]. From
Fig. 7, it is noticed that the interaction time decrease with
the increasing of impact parameters. Meanwhile, the range
of impact parameters and interaction time increase with the
increase of incident energy. This is because with the inci-
dent energy increases, the internal excitation energy dissipated
in the dinuclear system increases, leading to the interac-
tion distance and evolution time between the two nuclei
increase.
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FIG. 7. The calculated interaction time as a function of the im-
pact parameter for the system of '’ Au+%?Th at four different
incident energies. The solid, dashed, dash-dotted, and dotted lines
indicate the incident energy at E.,, = 1.05Vp, 1.10Vj, 1.15Vp, and
1.20Vj, respectively.

D. Production cross sections of unknown neutron-rich
transuranium nuclei

According to the discussion in the last section, the reac-
tion "7 Au+ 2*>Th is an optimal combination for producing
neutron-rich transuranium isotopes with Z = 92-106. More-
over, the E., = 1.15Vp is more suitable for producing the
new neutron-rich isotopes with Z = 92-98. While E.., =
1.05Vj is the optimal incident energy for the production of
neutron-rich transuranium isotopes with Z = 99-106.

The predicted cross sections of unknown isotopes with
Z = 92-106 via '°” Au+ **?Th reaction at corresponding in-
cident energies with DNS model are given in Table L. It is
found that 88 unknown exotic neutron-rich isotopes of U,
Np, Pu, Am, Cm, Bk, Cf, Es, Fm, Md, No, Lr, Rf, Db, and
Sg would expect to be produced with cross sections greater
than 1 pb. From Table I, it is obvious that the yield becomes
lower with more neutrons transferred at the same incident
energy due to larger AU values. For instance, at the same
energy E.n,. = 1.15Vp (756.47 MeV), the production cross
sections of 2**U (1.87 x 107 ub) is much smaller than >*U
(3.35 wb), while AU value of >**U (17.07 MeV) is rather
large than #U (—3.26 MeV). Also, it is noticed that the
AU values of all predicted new nuclides, both positive and
negative, are less than 20 MeV. This means that the nucleon
transfer in the '°7 Au + 2*2Th reaction would be easier. In these
TLFs of Table I, we can also predict that the upper limit
for the production of the heaviest new nuclide is >’3Sg. It
indicates that 16 protons and 25 neutrons are transferred from
the projectile '’ Au to the target >*>Th for producing the final
fragment 23Sg.

IV. CONCLUSIONS

The reaction '°7Au+2*’Th was investigated at Texas
A&M using the BigSol as a velocity spectrometer for

024604-8



PRODUCTION CROSS SECTIONS OF NEW NEUTRON-RICH ...

PHYSICAL REVIEW C 107, 024604 (2023)

TABLE I. The production cross sections of predicted unknown
isotopes with Z = 92-106 in the 7 Au +2*?Th transfer reaction at
1.15Vp and 1.05Vj.

ISOtOpe Ec.m./VB AU Ocal (Mb)
M3y 1.15 —3.26 3.35

My 1.15 -3.02 0.43

15y 1.15 —0.99 8.66 x 1072
2615 1.15 3.08 1.37 x 102
w7y 1.15 8.07 2.11 x 1073
28y 1.15 12.84 2.38 x 107*
29y 1.15 17.07 1.87 x 1073
5Np 1.15 —9.41 3.90

25Np 1.15 —6.00 0.90

HNp 1.15 —2.38 0.22

28Np 1.15 1.98 3.66 x 1072
2Np 1.15 6.77 5.05 x 1073
ONp 1.15 10.59 6.38 x 1074
BINp 1.15 14.60 4.56 x 1073
INp 1.15 19.69 3.71 x 107°
248py 1.15 —6.77 1.20

249py 1.15 -2.92 0.34

250py 1.15 1.46 6.40 x 1072
Blpy 1.15 5.76 1.20 x 1072
22py 1.15 9.43 9.07 x 1074
23py 1.15 13.90 1.36 x 1074
234py 1.15 17.96 1.13 x 107
28 Am 1.15 —14.81 32.87

29 Am 1.15 —12.15 6.96

20Am 1.15 —8.87 2.18

1 Am 1.15 —5.81 0.36

22Am 1.15 —2.06 7.62 x 1072
23 Am 1.15 1.20 6.90 x 1073
254 Am 1.15 4.40 1.30 x 1073
25Am 1.15 8.95 8.00 x 1077
26 Am 1.15 14.47 3.02 x 107°
22Cm 1.15 —11.70 1.36
23Cm 1.15 —6.40 0.39

24Cm 1.15 —4.44 5.72 x 1072
25Cm 1.15 —0.82 9.88 x 1073
26Cm 1.15 241 6.58 x 1074
37Cm 1.15 7.56 6.34 x 1073
28Cm 1.15 12.31 1.17 x 107
2Bk 1.15 —15.72 8.94

4Bk 1.15 —10.85 0.84

5Bk 1.15 —9.39 0.17

236Bk 1.15 —6.30 3.53 x 1072
2Bk 1.15 —3.41 417 x 1073
28Bk 1.15 1.24 530 x 1074
9Bk 1.15 4.61 1.95 x 107?
e 1.15 —9.39 0.19

e 1.15 —7.53 1.69 x 1072
2ot 1.15 —4.16 2.50 x 1073
20t 1.15 —1.35 1.21 x 1074
wlcf 1.15 4.79 9.34 x 10~
258Es 1.05 —12.86 1.47 x 1072
29Es 1.05 —11.99 1.45 x 1073
260Eg 1.05 —8.08 1.79 x 1074
21Es 1.05 —5.60 1.57 x 1073
262Es 1.05 0.03 1.03 x 107

TABLE 1. (Continued.)

Isotope Ecn./Vs AU Oca (Ub)
20Em 1.05 —14.25 1.68 x 1072
261 Fm 1.05 —10.90 2.58 x 1073
202Fm 1.05 —8.95 5.80 x 1074
263Fm 1.05 —4.67 1.99 x 1073
26IMd 1.05 —15.86 4.57 x 1072
22Md 1.05 —13.06 9.44 x 1073
263Md 1.05 —11.57 1.36 x 1073
264Md 1.05 —7.77 1.10 x 1074
255Md 1.05 —5.38 413 x 107°
21No 1.05 —16.63 0.43

263No 1.05 —14.05 0.10

24No 1.05 —14.06 9.61 x 1073
265No 1.05 —9.90 1.21 x 1073
266No 1.05 —8.79 5.79 x 1073
27No 1.05 —2.63 2.79 x 107°
203 p 1.05 —16.38 0.36

205 r 1.05 —15.21 5.37 x 1072
267 ¢ 1.05 —10.88 4.02 x 1073
208 ¢ 1.05 —5.28 1.86 x 1073
204RSE 1.05 —15.08 0.49

200Rf 1.05 —16.10 8.94 x 1072
28R 1.05 —11.83 1.07 x 1074
2R 1.05 —6.72 7.73 x 1074
20Rf 1.05 —4.81 2.10 x 107°®
24Db 1.05 —13.42 0.17

25Dp 1.05 —15.56 0.27

Db 1.05 —12.34 2.60 x 1073
21Db 1.05 —6.42 1.02 x 1073
#78g 1.05 —12.48 0.11

20880 1.05 —13.77 5.57 x 1072
2708 1.05 —11.53 2.47 x 1073
25g 1.05 —6.48 1.54 x 1073
MSg 1.05 —1.69 1.57 x 107°

superheavy elements production. A large mass transfer is ob-
served in the detected reaction products with Z above 97, but
a precise identification of these nuclei, such as isotopic cross
section, has not been given yet [32-34]. Thus, the correspond-
ing theoretical calculations are expected to be able to describe
the transfer limit and dynamical mechanisms in the reactions
with 232Th target.

The synthesis of neutron-rich isotopes in the range of
Z = 92-106 is studied in MNT reactions based on the DNS
model with GEMINI++ code. This work compares the cal-
culation results with the experimental data of the reaction
136X e +249Cf at E,,,, = 567 MeV, and the results show that
the DNS model with GEMINI++ code is suitable to describe
the MNT reactions of the heavy-mass systems.

To produce the exotic neutron-rich transuranium nuclei,
the MNT reactions of 36w +22Th, "7Au+ 2*’Th, and
28U +22Th are investigated. Due to subshell effects of
Z =64,100 and N = 100, 152, 162, the “inverse” quasi-
fission process is found in the collisions of '3¢W +232Th
and '7Au+2*Th, which enhances the cross sections of
neutron-rich transuranium nuclei. Along the pure neutron
stripping and proton stripping channels, the AU values
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in the transfer reactions '’Au+%*Th are smallest. The
production cross sections of neutron-rich nuclei in the reac-
tion '°7 Au+ 2*>Th are larger than that in '¢W + 232Th and
28y + 22Th. Hence, '’ Au+ **Th is a promising candidate
for producing neutron-rich nuclei.

The effect of the incident energy on the yields of TLFs
in the "7 Au +2%Th reaction is also studied. For producing
neutron-rich isotopes with Z = 92-98, E., = 756.47 MeV
is more suitable. While for the production of TLFs with
Z =99-106, E. . = 690.69 MeV is the optimal incident
energy. The effect of energy on the interaction time is in-
vestigated. The interaction time increases with the increase of
energy in the interval from E. ;,, = 1.05Vp to E. ., = 1.20Vj.
We predict that 88 unknown heavy neutron-rich nuclei around

Z = 92 — 106 can be produced with cross sections at the order
of 107 to 10 ub. This also confirms the possibility of produc-
ing nuclei with Z above 97 in the collision of '’ Au+ 2**Th
in Ref. [32].
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