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Effects of nucleus orientation on transfer process and production of unknown neutron-rich isotopes
with Z = 62-75 in ***Hg + ***Th based on the dinuclear system model
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Within the framework of the dinuclear system model, the contributions of the constituent parts of the driving
potentials in different orientation configurations in the %°Kr 4 '®Er reaction are investigated. The Coulomb
potential plays a predominant role in the change of driving potential among different configurations with mass
number A; = 52-200. In the region of A; < 52 and A; > 200, the effects of the nuclear potential increased
significantly. This work also studied the multinucleon transfer process of 2>*Hg 4 2*?Th in tip-to-tip and side-to-
side configurations to produce unknown neutron-rich isotopes with Z = 62—75. In the 2**Hg + ***Th reaction,
the tip-to-tip configuration accounts for the main contribution to produce unknown neutron-rich isotopes with
Z = 62-75 because of the “inverse” quasifission process. The optimal incident energy is 678.1 MeV. Considering
the experimental conditions provided by the experiments, there are 29 unknown isotopes whose production rate
is greater than one count per day. Especially, the production rates per day of '"Ho, '8! 182y, 182,183,184y, 186y,
189y, PL92HE, and '%5Ta are 21, 25, 13, 701, 1217, 29, 94, 29, 102, 29, and 20, respectively. The reaction of
204Hg + 2*2Th at 678.1 MeV is a potential candidate to produce new neutron-rich nuclei with Z = 62-75.
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I. INTRODUCTION

Up to now, the total number of observed nuclides is up to
3310 [1]. There are many undiscovered neutron-rich nuclei
in the rare earth region. At present, the unknown nuclear
properties of some neutron-rich rare earth nuclei are essential
inputs for the theoretical calculations of the prediction of the
r-process, which leads to high uncertainty of the results [2].
Also, the properties of nuclei around the peak with mass
number A = 195 (Z =~ 70) of solar abundance distribution are
still unknown, which is urgently needed to study the evolution
of magic numbers far away from the § stability line [3].

To enrich the nuclear map toward the neutron drip-line
is one of the most primary tasks in current nuclear physics.
But under the current experimental equipment and the technic
conditions, experiments for producing neutron-rich nuclei in
this region are incredibly scarce, because of the extremely low
cross sections provided in the projectile fragmentation process
and the lack of appropriate neutron-rich projectiles and targets
in the fusion process. For producing the neutron-rich rare
earth nuclei, the in-flight fission of 2*®U beam impinged on
°Be target were performed at the RIKEN [4] and GSI [5], the
incident energy are 345 MeV /nucleon and 1 GeV /nucleon,
respectively. Both experiments produced a large number of
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isotopes; however, the production cross sections are at the
level of pb when the charge number is close to 70.

The multinucleon transfer reaction (MNT) has arisen as
one promising method to produce neutron-rich nuclei far
from stability. Many neutron-rich nuclei with the charge
number Z =&~ 70 was produced in MNT reactions many
years ago [6-9]. In recent years, great achievements have
been made in the production of new exotic isotopes ex-
perimentally [3,10-29]. Various models can well describe
the multinucleon transfer process in low-energy heavy-ion
collisions. The models include dinuclear system (DNS)
model [30-35], GRAZING model [36-39], the Langevin
equations [40—42], the time-dependent Hartree-Fock (TDHF)
model [43-50] and improved quantum molecular dynamics
(ImQMD) model [51-53], etc. For a thorough review, see
Refs. [54-60].

In recent years, the quasifission process in MNT reactions
around the Coulomb barrier has aroused great interest among
researchers, especially the “inverse” quasifission process (nu-
cleons mainly transfer from the lighter partner to the heavy
one) [61-64]. As we have known, the proportion of quasi-
fission is considerable when the total mass number is higher
than 230 [65], and the impact of the shell effects on quasifis-
sion is clearly visible [66—68]. For more symmetrical reaction
systems, the shell effects may lead to the inverse quasifission
process, of which the production cross sections of neutron-
rich nuclei may increases obviously [62,64]. Back in 2007,
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Zagrebaev predicted that the '°°Gd + '¢W reaction near the
Coulomb barrier is an “inverse” quasifission process based
on the Langevin-type equations [62]. In 2017, the experiment
confirmed this prediction and found increased yields in the
trans-target fragments [64]. It worth mentioning that the DN'S
model describes the experimental results of the '°Gd + 30w
reaction well [69].

This paper will study the MNT reaction of 2**Hg + 23Th
to produce new neutron-rich isotopes with the charge num-
ber Z ~ 70 by using the DNS model. Many neutron-rich
nuclei have large deformation. They are in various orien-
tations before reaching the contact configuration, and the
orientation effects have a strong influence on the reaction
process [42,64,70]. Therefore, this work will investigate the
contribution of the constituent parts of driving potential in
different orientations and study orientation effects on the
multinucleon transfer process around the Coulomb barrier.

The article is organized as follows. In Sec. II, we briefly
introduce the DNS model. The results and discussion are
presented in Sec. III. Finally, we give a conclusion in Sec. IV.

II. THE MODEL

A. The potential energy surface

In the DNS model, the potential energy surface
(PES) [71,72] plays a crucial role in the nucleon transfer
process, and it is defined as

U(Z, Ny, 01, 62, Reont ) = A(Z1, N1) + A(Zy, N>)

+ Ven(Zy, Ny, 01, 02, Reont ). (1)

Here, A(Z;,N;) (i =1,2) is mass excess of the two frag-
ments, Z;, N; denotes proton number and neutron number
of the ith fragments, respectively. The sum of Z; and Z, is
the total number of protons of the composite system. The
situation of neutrons is the same. Ven(Z1, Ny, 01, 02, Reont) 1S
the effective nucleus-nucleus interaction potential between the
two fragments, 6; is the angle between the symmetry axis of
fragment i and the collision axis, see Fig. 1(a), this figure is
the schematic diagram of the orientation configuration of two
prolately deformed colliding nuclei. Ropn¢ is the location of
potential pocket when the nucleus-nucleus potential contains
a potential pocket; otherwise, it can be obtained with the
equation Reont = Ri[1 + B3 Y20(61)] + Ral 1 + B57 Y20 (62)] +
0.7fm, ,35” (i = 1, 2) is quadrupole deformation parameters of
fragment i and taken from Ref. [73]. The mass excess can be
shown as

A(Zi,N)) = ZZACH) + N;A(n) — ay(1 — kI)A;
tay(1 — kA 4 a 22 AN — ¢y 72 1A
_Epair(Ziv ]Vt) + Esh(Ziv ]\’l)s (2)

where the liquid drop parameters are a, = 15.677MeV, a; =
18.56MeV, a. = 0.717MeV, k = 1.79, and ¢4 = 1.211MeV.
I = (N — Z)/A denotes the neutron-proton asymmetry of the
fragment. The pair energy E,,;; and the shell correction energy
Eg, of the fragment listed in Ref. [73]. The effective nucleus-
nucleus interaction potential between the two fragments can
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FIG. 1. (a) The schematic diagram of the orientation configu-
rations of two prolately deformed colliding nuclei, ﬁ;i) (i=172)
is quadrupole deformation parameters. (b—e) The schematic dia-
gram of tip-to-tip, side-to-side, tip-to-side, and side-to-tip collisions,
respectively.

be expressed as
Ven(Zy, N1, 601,602, R)
= Vc(Zy, Ny, 01,02, R) + W(Zi, N1, 01,0, R). (3)

The Coulomb potential adopts wong’s formula [74] by which
the influence of deformation and orientation of two fragments
is considered:

Ve(Zy, Ny, 01,02, R)

_ Z122e2 + 9 12 Z]Zz€2
R 207 R

2
; 3\ [ Z1Z,é*
X ZR?,BE )P2(COSQ,')+ (ﬁ)( R3

i=1

2
x 3 R[S Py(cos 6]’ 4)

Here, R denotes the centroid distance between two nuclei, R;
is the nuclear radius of fragment i. The nuclear potential part
using double folding potential [75],

W(Zi, N1, 01,0, R)
Fin - Fex 2
=G T Py ()p2(r — R)dr
0

+ / m(r)p%(r—R)dr}Fex / pl(r)pz<r—R>dr},

(%)
with
Z] N, —
Az
Zl Ny, — 2,
Ay

For the fixed value of constant Cy = 300MeV fm3, the val-
ues of the amplitudes were recommend in Ref. [76]: fi, =

1n _ﬁn +f;n

ex - feX +fex
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FIG. 2. The driving potential of the tip-to-tip (black solid line),
side-to-side (red dashed line), tip-to-side (olive short dotted line), and
side-to-tip (blue dash-dotted line) configurations in the reaction of
86Kr + '%°Er. The arrows indicate the injection points.

0.09, fex =—2.59, f, =042, and f/ =0.5. py denotes
mean nuclear densities in the center of a composite system.
p1(r) and p,(r — R) are the density distribution of two nu-
clei, which are expressed as the Woods-Saxon form. In the
DNS model, the shell corrections are included in the mass
excess formulas to describe the properties of the individual
nucleus. The nucleus-nucleus interaction potential Ven does
not include the additional microscopic shell correction terms,
which still acts on the fragments in the transfer process of the
DNS configuration. The shell effects that include microscopic
terms for the binary configuration have been studied based on
the deformed two-center shell model in Refs. [77,78].

There may be some particular distribution probabilities of
orientations with all possible orientation configurations before
reaching the contact configuration. We need to consider the
distribution probabilities in our calculations for fully describ-
ing various nuclear reactions. Still, it is hard to do like that. In
this paper, we discussed the orientation effects on the multi-
nucleon transfer process based on four typical configurations.
Let us briefly introduce the four particular orientation config-
urations firstly. Figures 1(b)-1(e) is the schematic diagrams
of so-called tip-to-tip, side-to-side, tip-to-side, and side-to-
tip orientation configurations, respectively. The value of 6;
corresponding to different orientations are shown in the left
corner of Fig. 1, if ﬂé’) > 0, then 6; = 0 for tip orientation
and 6; = /2 for side orientation; otherwise, 6; = 7 /2 for tip
orientation and #; = 0 for side orientation.

The driving potential of these four configurations in
86Kr + '°Er are presented in Fig. 2. It is obvious that the driv-
ing potentials of tip-to-tip and side-to-side configurations are
symmetric, and the Coulomb repulsion effects of side-to-side
configuration are stronger than the tip-to-tip configuration.
The arrows in Fig. 2 indicate the injection points, and one can
see that the driving potential in side-to-side configuration has
a smaller fluctuation near the entrance channel compared to
that in the tip-to-tip configuration, this phenomenon caused
an increase in the production cross sections of the nuclei
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FIG. 3. The mass distribution of total kinetic energy of the pri-
mary binary fragments in the reaction of 8Kr + 'Fr at E, ,, = 464
MeV, (a) and (b) denote tip-to-tip and side-to-side configurations,
respectively; dashed and solid lines indicate bombarding energy and
injection points, respectively.

slightly away from the projectile. Also, the injection points
in this reaction are far from the Businaro-Gallone (BG) point,
which is the highest point of the driving potential. So even
in side-to-side configuration, the composite system easy to
reseparate after transfer nucleons from one to another nucleus.

It can be observed very clearly in the mass distribution of
total kinetic energy (TKE) of the primary binary fragments.
The TKE with proton number Z; and neutron number N; can
be calculated by

TKE(Zy, N1, 61,02, Tin) = Ecm. + Qg (Z1, N1)
—EMS(Z,, Ny, 01, 02, Tint). (6)

Here, Q,, is the ground-state reaction energy determined by
the mass of projectile, target, projectilelike fragment (PLF),
and targetlike fragment (TLF).

Figure 3 shows the TKE of the primary binary fragments
in 8Kr + '%°Er, Figs. 3(a) and 3(b) corresponding to tip-to-tip
and side-to-side configurations, respectively; dashed and solid
lines indicate bombarding energy and projectile (or target),
respectively. Both mass-TKE distributions have typical wide
shape, but the fragments form after transferred more nucleons
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FIG. 4. (a) The nuclear potential. (b) The Coulomb potential and
mass excess of four configurations in the reaction of 3Kr + '*°Er.

in side-to-side configuration compared to tip-to-tip config-
uration. The driving potential of tip-to-side and side-to-tip
configurations are between the tip-to-tip and side-to-side con-
figurations, and symmetrical to each other. In the vicinity of
the projectile, the driving potential of the tip-to-side config-
uration is close to that of the side-to-side configuration and
the driving potential of the side-to-tip configuration is close to
that of the tip-to-tip configuration.

The contributions of the constituent parts of the driving
potentials in different orientations in the Kr + '%Er reaction
are studied. The nuclear potential, the Coulomb potential, and
the mass excess (the sum of the mass excesses of PLF and
TLF) of four typical configurations are shown in Figs. 4(a)
and 4(b), respectively. The Coulomb potential and the mass
excess vary widely as the mass number changes, with a range
of about 300 MeV. By contrast, the range of the nuclear
potential is minimal. From Fig. 4(a), we can see that the
differences of the nuclear potential of the four configurations
is pronounced, but the corresponding variation range is rela-
tively small, about 20 MeV. And the Coulomb potential varies
significantly among different orientation configurations with
mass number A; = 52-200 (A; = N; + Z,), where the maxi-
mum difference is nearing 60 MeV. However, the difference
become very small in the region of A| < 52 and A; > 200, it
is less than or equivalent to the change of the nuclear potential.
This is due to the relatively small deformation of nuclei with
mass number less than 52 (PLF or TLF). From Fig. 4(b), we
can see that orientation effects have a small impact on the
mass excess; the slight variation is caused indirectly by the
changes of the Coulomb potential and the nuclear potential. In
conclusion, the Coulomb potential plays a predominant role in

the change of the driving potential among different orientation
configurations with mass number A; = 52-200. But in the
region of A} < 52 and A; > 200, the effects of the nuclear
potential increased significantly.

B. The mass distribution probability

The mass distribution probability P(Z;, Ny, Ey, 01, 6>,1)
for fragment with Z; and N, can be obtained by solving the
master equation [79]:

dP(Z\,Ny,E,01,0,,1)
dt

= ZWZI,NI;Z[,NI ()[dz, 3 P(Z}, N1, E\, 61, 6, 1)
Z

— dz v P(Z1, N1, Ey, 61,62, 1)]

+ ZWZ],M;ZI,NI’(t)[dZI,NIP(Z]7N{v Ey, 61,0,,1)

%
—dz, NjP(Z1, Ny, Ey, 01, 03, f)] — {Ag[O@)]
+Aﬁs [®(t)]}P(Z1aN17E19 91a027t)1 (7)

Wz, Nz N, (t) and Wz, v, Z1.N| (t) is the mean transition prob-
ability from channel (Z;, Ny) to (Z;,N;) and (Z;, Ny) to
(Zi, N{) at time ¢, respectively. dz, n, is the microscopic di-
mension representing the microscopic state number of the
fragment for the macroscopic state (Z;, Ny, E;) [80]. The dis-
sipation of relative kinetic energy provides the local excitation
energy E; of the composite system. Ay and Agg describe the
quasifission rate and fission rate of the DNS, respectively, as
detailed in the Ref. [75]. Taking the calculation of the mean
transition probability of proton transition as an example:

Wz, Nz (1)
Tmem [Z1, N1, E\(Z1, N1); Z{, Ny, E1(Z], N1)]

2
dz, N, dZ{JV] h

< Y NZi. N, E(Z), Ny,

Xi'\V(6)|Zy, Ny, E\(Z1, Ny), i) (8)

It is assumed that only one nucleon is transferred every
step, namely Z; =Z; £ 1 or N{ = N; = 1. For details on
memory time Tmem , See Ref. [81]. The local excitation energy
of the DNS can be written as

2

M
E\(Zi,N1) = Egiss — — — [U(Z1, N1, 61, 63)
2§int
- U(Zp7Np7el,92)], (9)

M = J&n/(Cint + Ge)[1 — exp (—2/7y)] is the internal an-
gular momentum of the DNS, here angular momentum
relaxation time 7y is set to 12 x 10722 s. The internal moment
of inertia marked as iy = ;iit + {iﬁt, CiLt, and {iﬁt denote the
internal moment of inertia of the two fragments, and can
be written as §| = %&DR,-(J_)[R,?(J_) +R(DIG=1,2). M;
is the mass of the fragment i. R;(||) = R?[l + B2Y50(0)] and
Ri(L) = R?[l + B2Ya0(7r /2)] are the radii of the quadrupole
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deformed nucleus along the symmetry axis and perpendicu-
lar to the symmetry axis, respectively. R? = 1.16A;/ 3 is the
radius of the sphere with the same volume as the fragment
i. &l = UR2,,, is the relative motion moment of inertia, u is
the reduced mass of the system, Ron¢ is the position where
nucleon transfer takes place discussed in Sec. Il A. The en-
ergy dissipated, which have a strong and direct impact on the
distribution of the fragments, from the relative kinetic energy
into the composite system can be determined by

Egiss(Z1, N1, 01,0,,1)

O
2§rel(917 92)

The incident energy in the center of mass frame and the
Coulomb barrier are expressed with E. ;,, and V¢, respectively.
J is relative angular momentum. The average dissipation
energy from radial kinetic energy at time t can be cal-
culated by < Epq(J,t) >= E,q(J, 0)exp (—t/1;). Here the
relaxation time of radial kinetic energy z, is 2 x 1072? s, and
EwJ,0)=E.,. —Vc— % is the initial radial energy of
which the quantities correspond to the initial moment r = 0.
The evolution process of the mass distribution probability
is over when the time reaches the interaction time. Using the
deflection function method to get the interaction time Ty, [82]:
AL 1y Iy
h.],' K -,i
where A0 is the rotational angle of the DNS, J; and J; are the
initial angular momentum and the final angular momentum,
respectively, o 1S the total moment of inertia, and « is the
relaxation constant.

=Ecm. —Ve(01,02) - Ea(J,1). (10)

Tin (i) = 11

C. The production cross sections

The following equation gives the production cross section
of the primary fragment with proton number Z; and neutron
number N;:

Upr(Zlv Ni, 61,65, Ecm)

T
= 2J+1)[P(Z,N1,E,01,0,,t =14
e ;( + 1D [P(Z,Ny, EL, 61,6, Tint)
+Y(Z, Ny, E1, 01, 02)], (12)

where Y (Z;, Ny, E1, 01, 6>) is the quasifission yield of the
fragment with Z; and N; and can be expressed as [75]

Tint
Y(Zi, Ny, E\, 61, 02) :/ quf,N,P(ZlleyEl,91792,l)dl.
0

13)

We calculated the charge distributions of the primary
reaction fragments with the four particular orientation config-
urations in the reaction of %Kr + '%Er at E. ,, = 464 MeV,
which corresponds to 1.81 times the Bass interaction bar-
rier [84]. Figure 5 is the charge distribution, solid red circles
represent the experimental data [83]. The quadrupole defor-
mation of projectile and target are ,3;1) = 0.053 and ﬂéb =
0.238, respectively. The tip-to-tip configuration is shown as

104.....,....,....,....,....,....,....,....,..._
F36Kr+166Er (E, . =464 MeV) ° te.;pt.p :
~10° —
e} 0 F : : --.S|de-S|de!5
\E, Ry Y9 ... tip-side 1
o 10°F | - side-tip T
B i ]
3 [ ]
“ 10" 3
[} 3
7] ]
o ]
(@) 10°F ] 3
10-1 E‘..1....1....1....1....1....1....1....::‘...
10 20 30 40 50 60 70 80 90

Charge number

FIG. 5. The charge distributions of the primary reaction frag-
ments in 3Kr + '°Er at E, , = 464 MeV, the experimental data are
taken from Ref. [83] denoted by solid red circles. The quadrupole
deformation of *°Kr and '®Er are g5 = 0.053 and 8i* = 0.238,
respectively.

a black solid line; one can see that the results give a poor
description of the experimental data. The theoretical value
far below the experimental data with Z < 30 and Z > 45,
while the opposite trend is observed with 30 < Z < 45. The
results of side-to-side configuration, shown by the blue dashed
line, give a significantly better description than tip-to-tip
configuration. This phenomenon is consistent with the con-
clusion in Ref. [85], the orientation of the deformed target
at contacting configuration has a very significant influence
on the compound system fission process. We also give the
results of tip-to-side (olive short dotted line) and side-to-tip
(orange dash-dotted line) configurations. In Ref. [41], the
experimental data was reproduced by a model based on the
Langevin-type dynamical equations of motion, the results of
the fragments with Z > 36 are in perfect agreement with
the experimental data. However, the results of the fragments
with Z < 36 are below the experimental data because of the
negative Q values of the corresponding fragments.

At present, we cannot consider the complex distribution
of all possible orientation configurations in our calculations
for fully describing various nuclear reactions. At the cur-
rent theoretical level, taking the average of certain particular
orientations is a more effective method to optimize the calcu-
lation results. The discussions of various theoretical models
on the advantages of averaging in certain orientations can be
found in Refs. [42,50,86,87], and the references therein. The
average of tip-to-tip and side-to-side configurations and the
average of four configurations (tip-to-tip, side-to-side, tip-to-
side, and side-to-tip) are showed by the magenta solid and
the blue dashed lines in Fig. 6, and marked as avy and avy
for convenient description. It is worth mentioning that the two
averages are similar to each other, and both can describe the
experimental data well. For simplicity, we will take avy as the
results of our calculations, which can improve the reliability
of theoretical prediction to some extent.
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FIG. 6. The same as described in the caption of Fig. 5 but the
average results. The experimental data are taken from Ref. [83]
denoted by solid red circles. av; and avy indicate the average of tip-
to-tip and side-to-side configurations and the average of four typical
configurations (tip-to-tip, side-to-side, tip-to-side, and side-to-tip),
respectively.

In conclusion, the reliability of the DNS model has been
tested from what has been discussed above. The average of
tip-to-tip and side-to-side configurations (avy) and the average
of tip-to-tip, side-to-side, tip-to-side, and side-to-tip config-
urations (avy) are similar to each other. This work will take
avy as the final result to simplify the calculation in the next
section. The statistical model GEMINI is used to deal with
the subsequent de-excited process of excited fragments [88].
Except for evaporating y rays, in principle, the excited frag-
ments can evaporate particles with any mass number during
de-excitation. At the same time, the fission process competes
with the evaporation process during de-excitation.

III. RESULTS AND DISCUSSION

A. Orientation effects on the PES and interaction time in the
24Hg 4 »2Th reaction

To produce new neutron-rich isotopes with Z = 62-75,
this work studied the multinucleon transfer process of
204Hg 4 232Th in tip-to-tip and side-to-side configurations (for
avy) based on the DNS model. The transfer process is de-
termined by the shape of the three-dimensional PES, shown
in Fig. 7. The red line represents the minimum value in the
PES, and the stars indicate the injection points. In the tip-to-
tip configuration [see Fig. 7(a)], the PES shows two valleys
away from the injection points, it is due to closed sub shells
around Z = 64, 100 and N = 100, 152, 162. The nucleon
transfer process should be in the direction of increasing mass
asymmetry under the action of the driving force.

The impact of the shells can be clearly seen in the structure
of the driving potential; see Fig. 8. The downward arrows in-
dicate the projectile and the target, the upward arrows indicate
the subshells that influenced the transfer process. Figure 7(b)
is the three-dimensional PES of side-to-side configura-
tion whose transfer process is a conventional quasifission
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[ Vo~ /4 1000
,///7 ////
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N T y 24 925.0
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0 775.0
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FIG. 7. The potential energy surface (PES) as functions of Z and
N of the fragments in ***Hg 4 ***Th reaction of tip-to-tip (a) and side-
to-side (b) configurations, the red line represents the minimum value
in the PES, and the stars indicate the injection points.

process. It leads to hardly any production of new neutron-rich
isotopes that lighter than the projectile. The corresponding
driving potential is shown as the dashed line in Fig. 8. In
conclusion, the tip-to-tip configuration accounts for the main
contribution to produce new neutron-rich isotopes because
of the “inverse” quasifission process in the ***Hg + 232Th
reaction. Kozulin and Zagrebaev measured cross sections and

750 F i
[ 204Hg+232Th —tip-tip ]
i - - side-side:
700F, 77T T T T T

(100,152) T
(104,162)

140 160 180 200 220 240 260 280
Mass number

FIG. 8. The driving potential in the reaction of 2**Hg 4 2*2Th.
The downward arrows indicate the projectile and the target, the
upward arrows indicate the sub shells which influenced the transfer
process.
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30

204Hg + 232Th (E_ . =678.1 MeV)
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— — side-side
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Impact parameter (fm)

FIG. 9. The interaction time with tip-to-tip (solid line) and side-

to-side (dashed line) orientation configurations as a function of

the impact parameters in the reactions of ***Hg +***Th at E,,, =
1.05Vc, Ve is the Bass interaction barrier [84].

excitation energy in the reactions ®'Gd + 30w, which
exhibit “inverse” quasifission. An enhancement in the yields
of trans-target fragments with mass number 200-215 has been
found for both reactions. Also, they found that the side-to-side
configuration is the “inverse” quasifission process in these two
reactions [64].

The AU value is calculated by the expression
U(Zi,Ni,2Zy,Ny) —U(Zp, Np, Z1, NT), which represents
the potential energy need to be overcome in the transfer
process from the entrance channel to the corresponding
exit channel. Here, U (Zp, Np, Z7, Nt) and U(Z,, N1, Z>, N;)
are the potential energy of the entrance channel and the
corresponding exit channel, respectively. In general, the
smaller the AU value, the larger the production cross sections
of the primary products. Based on the three-dimensional
PES discussed above, the AU values of the tip-to-tip and
side-to-side configurations corresponding to new isotopes in
204Hg + 232Th reaction listed in Table I, marked as AUyp and
AUgige, respectively. The corresponding predicted production
cross sections of new neutron-rich isotopes at E. ,, = 678.1
MeV, which is 1.05 times the Bass interaction barrier [84],
are presented as well. In the tip-to-tip configuration, most
of the AU values are less than 20 MeV, or even negative
values. It means that the primary products have larger
production cross sections in this configuration. The AU
value is —10.63 MeV when the PLF is '32Tm, and the
corresponding production cross section is up to 8.30 ub.
In the side-to-side configuration, the AU values are mostly
higher than 20 MeV, so new isotopes are hardly produced in
this configuration, as shown in Table I.

In Fig. 9, we present the interaction time as a function of
the impact parameters with tip-to-tip (solid line) and side-to-
side (dashed line) orientation configurations in the reaction of
204Hg 4 22Th at E, ;. = 1.05V. One can see that the interac-
tion time decrease with the increasing of impact parameters.
Compared with the side-to-side configuration, the tip-to-tip
configuration has a longer interaction time in this reaction

because the Coulomb repulsion effects of tip-to-tip configu-
ration are weaker than that of side-to-side configuration. The
longer interaction time makes it easier to transfer more nucle-
ons in the tip-to-tip configuration. However, the difference in
interaction time between tip-to-tip and side-to-side configura-
tions is not very significant, but the difference in production
cross sections are very large, the side-to-side configuration
hardly producing any new isotopes. So, compared with the
influence of interaction time, the impact of the PES on the
cross sections is predominant.

B. Production cross sections of isotopes with Z = 62-75 in the
24Hg 4 Th reaction

The 2**Hg + 2*>Th reaction gives a significant advantage
when producing new neutron-rich isotopes with Z = 62-75
due to the “inverse” quasifission process in the tip-to-tip
configuration as discussed in Section A. To find the opti-
mal incident energy, the production cross sections of new
neutron-rich isotopes in the 204Hg + 22Th reaction at E, ,, =
1.05V¢ (black solid line), E.,, = 1.10V¢ (red dashed line),
E.n. = 1.15V¢ (blue dash-dotted line), and E. ., = 1.20V¢
(olive dash-dot-dotted line) are presented in Figs. 10(a)—10(n).
Here, we take avy as the final results and only show the results
of new isotopes with cross sections larger than 1pb. The ex-
perimental data with Z = 62—68 are taken from Ref. [4] and
the others are taken from Ref. [5] denoted by solid circles,
which currently correspond to the most neutron-rich isotopes
of relative nuclides. Both experiments measured by using the
in-flight fission of 2%y beam impinged on the *Be target at
the RIKEN [4] and GSI [5], respectively.

One can see that the production cross sections of most of
the isotopes at E. . = 1.05V( are largest, and of few isotopes
appears maximum at E.;,, = 1.10Vc. The predicted produc-
tion cross sections of the new neutron-rich nuclei '”’Ho,
181y 182-184y 186y 1897 191192 4nd 15Ty at ., =
1.05V¢, are 0.126 ub, 0.150 ub, 4.15 ub, 7.20 ub, 0.170 ub,
0.555 ub, 0.174 ub, 0.601 ub, 0.169 ub, and 0.118 ub, re-
spectively. The production cross sections in this order of
magnitude can be easily detected in MNT reaction experi-
ments. While in the case of E., = 1.10V, only the results
of 17Dy, 182183y, 136Yh and '"'Hf could be produced in
this order of magnitude. And the production cross sections
of 1821837y 186y and 'P'Hf are lower than that of the
case E. . = 1.05Vc. Overall, E. ,,, = 1.05V¢ (678.1 MeV) is
more suitable for producing new neutron-rich isotopes with
Z = 62-75 in the **Hg + **?Th reaction, the corresponding
cross sections presented in Table 1.

From Fig. 10, the production cross sections at E., =
1.05Vc are 2 to 5 orders of magnitude higher than the ex-
perimental data in the projectile fission (PF) reaction. But
it should be noted that when comparing the feasibility of
experiments, the yields depend not only on the value of the
cross sections, but also on the experimental conditions, such
as beam intensity, target thickness, and detection efficiency.
The significant difference between the two kinds of reaction
is the thickness of the target. The target of the PF reaction
is about 10 000 times thicker than the MNT reaction [17],
which leads to the yields of the former are about 10 000 times

024608-7



ZHANG, ZHANG, LI, CHENG, LIU, AND ZHANG PHYSICAL REVIEW C 103, 024608 (2021)

TABLE L. The AU values for the tip-to-tip and side-to-side configurations in ***Hg + 2*>Th. The predicted production cross sections are
listed as well. The incident energy takes 1.05 times the Coulomb barrier which is 678.1 MeV.

A Ulip A Uside Otip-tip Ofside-side Oavi

Isotopes (MeV) (MeV) (ub) (ub) (ub)
18Sm 5.61 41.84 1.19 x 1072 - 5.93 x 1073
169§ m 18.80 46.27 1.53 x 107° - 7.66 x 107°
10Ey 6.08 41.76 435 % 1073 - 2.17 x 1073
o 8.16 43.82 1.72 x 10~* - 8.60 x 1073
172Ey 12.74 48.38 1.52 x 107° - 7.61 x 107°©
12Gd 0.78 37.07 5.98 x 1072 - 2.99 x 1072
1B3Gd 5.03 4131 1.16 x 1073 - 5.82 x 1074
174Gd 6.84 43.11 523 x 1074 - 2.61 x 1074
15Gd 10.34 48.17 1.42 x 1073 - 7.08 x 107°
5Tp 2.19 38.90 1.57 x 1072 - 7.83 x 1073
176Th 4.83 43.47 3.03 x 1073 - 1.52 x 1073
171Tb 6.77 45.39 2.39 x 1074 — 1.20 x 10~*
7Dy -2.35 37.05 5.90 x 1072 - 2.95 x 1072
Dy —0.19 37.59 6.08 x 1073 - 3.04 x 1073
Dy 4.03 41.64 2.01 x 1073 - 1.01 x 1073
180Dy 6.49 42.63 3.52 x 107° - 1.76 x 1076
"Ho —5.26 34.52 0.251 - 0.126
139Ho —0.77 37.39 1.38 x 1072 - 6.90 x 1073
81Ho 0.46 38.58 3.26 x 1073 - 1.63 x 1073
2Ho 7.80 41.24 1.98 x 1073 - 9.93 x 10°°
18lgy —7.29 31.38 0.300 — 0.150
1825y —6.73 31.91 0.157 - 7.87 x 1072
183y 0.39 34.31 1.31 x 1073 - 6.55 x 1074
184y 4.30 34.92 5.76 x 1073 - 2.88 x 1073
I8SEr 11.19 38.49 9.63 x 1073 - 4.81 x 1073
182Tm —10.63 28.71 8.30 - 4.15

183 Tm —10.17 28.97 14.4 — 7.20
184Tm —4.89 31.11 0.340 - 0.170
185Tm —1.07 31.49 5.13 x 1072 - 2.57 x 1072
180T 5.17 34.37 454 x 1074 — 227 x 1074
87Tm 11.52 34.35 453 x 1074 - 2.27 x 1074
186y —6.46 24.84 1.11 - 0.555
37yp —0.56 27.37 6.89 x 1072 - 3.44 x 1072
188yp 5.02 26.69 1.05 x 1072 - 5.27 x 1073
19yp 17.01 44.94 0.117 - 5.83 x 1072
190y 18.93 45.13 1.22 x 1074 — 6.09 x 1073
1391 u 1.48 23.30 0.347 - 0.174
1901 y 12.89 41.19 5.42 x 1072 - 2.71 x 1072
911y 14.52 41.09 7.23 x 1073 — 3.61 x 1073
1921 u 19.67 41.93 2.63 x 1073 - 1.32x 1073
1931 u 24.25 40.12 7.24 x 107° — 3.62 x 107°¢
It 7.62 34.55 1.20 — 0.601
192§ 8.46 33.99 0.337 - 0.169
1934 13.34 34.34 1.97 x 1072 - 9.85 x 1073
1944 £ 17.53 30.69 1.30 x 1072 — 6.5 x 1073
195 22.72 31.26 4.16 x 1075 - 2.08 x 107°
195Ta 13.71 27.12 0.236 - 0.118
196 18.24 26.99 6.53 x 1072 - 3.27 x 1072
197Ta 21.62 25.44 7.29 x 1074 — 3.64 x 1074
198y 15.05 17.61 7.06 x 1072 9.72 x 1076 3.53 x 1072
199yy 21.36 14.50 3.17 x 1073 1.62 x 1073 1.59 x 1073
200y 22.78 14.04 2.26 x 1074 - 1.13 x 1074
200Re 16.53 12.86 5.76 x 1072 5.57 x 1074 2.91 x 1072
W1Re 17.50 10.66 8.23 x 1073 1.56 x 107° 412 x 1073
202Re 21.36 16.28 4.96 x 1073 — 2.48 x 1073
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FIG. 10. Final isotopic production cross sections of isotopes with Z = 6275 in the **Hg + 2**Th reaction at E, ,, = 1.05V, (black solid

line), E.,, = 1.10V (red dashed line), E., = 1.15V (blue dash-dotted line), and E.,, = 1.20V¢ (olive dash-dot-dotted line). The blank
symbols denote the new nuclei. The experimental data are taken from Refs. [4] and [5], denoted by solid circles.

higher than that of the latter. Anyway, it is undeniable that ~ The production rate, which indicates the counts per day, is the
the MNT reaction of ***Hg+ ***Th is very competitive to crucial standard for comparing the feasibility of experiments.
the PF reactions for producing new neutron-rich nuclei with The production rate of the final fragment can be expressed as
Z = 62-75 when considering the advantages of the produc- N’ = g0 INs. Here, ¢ is the efficiency of the detection equip-
tion cross sections. ment, o is the production cross section, / is the beam intensity,
and N is the atom number per area of the target. The MNT

reaction around the Coulomb barrier of 2**Hg + '8Pt [24]

C. Production rza(::es of i:soztopes with Z = 62-75 in the was performed at the ATLAS facility of the Argonne National

Hg +™"Th reaction Laboratory. The beam intensity is 1.3 x 10° particle/s. In the

We studied the production rate to show the experiment fea- ~ MNT reaction of 7 Au +2**Th, the thickness of Th target is
sibility of the 2**Hg + 2 Th reaction at E.,, = 678.1 MeV. 6.3 mg/cm? [89]. Hence, it is reasonable to assume that the
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FIG. 11. The nuclei with Z = 62-75 on the nuclear map. The filled and open squares denote the known and new nuclei, respectively.
Blue, red, black, yellow colors show the 8~ decay, BT decay, stable, and « decay, respectively. The production rate of new isotopes in the
204Hg + 2*’Th reaction at 678.1 MeV are indicated in open squares of the figure, <1 means the counts per day is less than 1. The beam
intensity took 1.3 x 10° particle/s produced at the ATLAS facility of the Argonne National Laboratory [24]. The thickness of Th target took

6.3 mg/cm? refer to Ref. [89].

beam intensity of 2**Hg ions is 1.3 x 10° particle/s and the
Th target thickness is 6.3 mg/cm?. The detection efficiency &
adopts 10%, and o takes avy in our calculation. Figure 11 is
a nuclear chart with Z = 62-75, the filled and open squares
denote the known and new nuclei produced in the present
work, respectively. Blue, red, black, yellow colors show the
B~ decay, B* decay, stable, and « decay, respectively. The
production rate of new isotopes in the 2**Hg + ?*>Th reaction
at 678.1 MeV are indicated in open squares of the figure, the
symbol <1 represents the counts per day is less than 1. The
results are rounded off during the calculation. One can see
that 29 new nuclei were produced with production rates more
than one count per day. Especially, there are 11 new isotopes
whose production rate per day is greater than 10, they are
"Ho (21), BL182Er (25, 13), 1821831841 (701, 1217, 29),
186y (94), 139Lu (29), °V192HS (102, 29), and '*>Ta (20). In
conclusion, a lot of new neutron-rich nuclei with Z = 62-75
could be produced in the **Hg+ 2*’Th reaction at 678.1
MeV.

IV. CONCLUSIONS

The calculated production cross sections in the
8Kr 4 !Er reaction using the DNS model reproduce
the available experimental data well. In the region of

A; = 52-200, the Coulomb potential is the main factor
responsible for the differences in the driving potential
between different orientation configurations in 8¢Kr + '%°Er.
The contribution of the nuclear potential to these differences
increases when A; < 52 and A; > 200. It can improve the
reliability of the prediction to some extent by averaging the
results of tip-to-tip and side-to-side orientation configurations
as the final results.

The orientation effects on the potential energy surface
(PES) and the interaction time in the reaction of >**Hg + 23 Th
at E.,, = 1.05V are studied. The tip-to-tip configuration has
a longer interaction time than that of the side-to-side config-
uration. The production cross sections are influenced both by
the interaction time and by the PES simultaneously, and the
influence of the PES on the cross sections is predominant. In
this reaction, the tip-to-tip configuration accounts for the main
contribution to produce new neutron-rich isotopes because of
the “inverse” quasifission process.

This work predicted the production cross sections of new
neutron-rich isotopes with Z = 62-75 in the reaction of
204Hg 4 22Th. E. ., = 1.05V¢ (i.e., 678.1 MeV) is the suit-
able energy. Most of the calculated cross sections predicted
here are two to five orders of magnitude higher than the
cross sections of the most neutron-rich isotopes of relative
nuclides measured in the projectile fission (PF) experiments.

024608-10



EFFECTS OF NUCLEUS ORIENTATION ON TRANSFER ...

PHYSICAL REVIEW C 103, 024608 (2021)

Considering the experimental conditions (beam intensity,
target thickness, and detection efficiency) provided by the
experiments, the production rates for the synthesis of the
new isotopes "Ho, '81182py 182183184y~ 180y p 1897 )
LI92HE, and '°Ta are 21, 25, 13, 701, 1217, 29, 94, 29, 102,
29, and 20, respectively. It is very promising to produce new
neutron-rich isotopes with Z = 62-75 in the 2**Hg + >*>Th
reaction at 678.1 MeV in the future.
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