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To explore the optimum conditions for producing new neutron-rich isotopes in the range 92 < Z < 100 by
multinucleon transfer reactions, *Kr +2*Cm, '*Xe +2**Cm, *2Xe + 2**Cm, '**Xe + ***Cm and 2*U +***Cm
systems with bombarding energies around their respective Coulomb barriers are investigated within an improved
dinuclear system (DNS) model, combined with the statistical GEMINIH++ model. The calculated production cross
sections are in a good agreement with experimental data. It is found that, compared with projectiles °Kr and
136Xe, the projectile 2**U can produce larger cross sections of neutron-rich nuclei of interest by bombarding
the actinide target >*Cm. Actinide projectile-target combination seems to be encouraging for the production of

neutron-rich isotopes with 92 < Z < 100.

DOI: 10.1103/PhysRevC.105.024610

I. INTRODUCTION

In recent years, much interest has been focused on
heavy-ion induced multinucleon transfer (MNT) reactions for
synthesizing neutron-rich transactinide and nuclides along the
closed N = 126 neutron shell closure [1-4]. However, almost
all known neutron-rich actinides are produced by neutron
capture, the direct reaction with long-lived neutron-rich ac-
tinides, or light charged particle induced reaction [5]. These
methods seem to fail when synthesizing new, more neutron-
rich nuclides [5,6]. In addition, heavy-ion fusion evaporation
reactions based on stable beams produce relatively neutron-
deficient products owing to the bend of the valley of S stability
in the direction of neutron excess with increasing proton num-
ber. Thus, there are no combinations of stable nuclei that may
be used to produce neutron-rich transuranium nuclei in fusion
evaporation reactions.

Up to now, multinucleon transfer processes in near-barrier
collisions seem to be the only possibility allowing us to
produce and explore neutron-rich transuranium nuclei. A pi-
oneering experiment of a multinucleon transfer reaction had
been carried out to synthesize a new neutron-rich ***Np iso-
tope with heavy ion '*Xe bombarding a >**Pu actinide target
[7]. In the experiment [7], the isolation and the identifica-
tion of two new f-decaying neutron-rich isotopes, 2**Np and
244Np, were reported. It was found that multinucleon transfer
reactions could provide a feasible way to produce other un-
known actinides.

Recently, about 100 residual nuclei with proton numbers
between Z = 82 and Z = 100 were observed by using the
multinucleon transfer reaction **Ca + 2*¥Cm which produced
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five new neutron-deficient isotopes: 2'°U, *'Np, *’Am,
229Am, and **Bk [8]. Before the experiment mentioned
above, the fusion evaporation reaction was considered to be
the only feasible method to produce neutron-deficient actinide
isotopes [5,6].

It is worth noting that with the increase of transferred
nucleons, the production cross section of nuclides whose mass
exceeds the target decreases rapidly [9-15]. In addition, al-
though various theoretical approaches have been developed to
explore the multinucleon transfer process [16—47], systematic
studies on estimating the optimum projectile-target combina-
tions for the multinucleon transfer products have not been
well performed so far. Therefore, to study the dependence
of actinide-nuclide production on the projectile and target in
the heavy-ion reaction, we hope to explore the conditions
required to maximize the yield of nuclides of interest and
further understand the transfer process.

Based on the semiphenomenological treatment of the dissi-
pation process of the heavy-ion collision, the production cross
section of new isotopes in the multinucleon transfer reaction
is theoretically estimated in the framework of the improved
dinuclear system model, where the dynamic deformations
of interacting nuclei are taken into account [48]. Our confi-
dence in such estimates is based on the remarkable success
in analyzing dissipative collisions in different projectile-target
combinations and bombarding energies [47-52].

In general, projectiles with higher values of N/Z should
be more favorable in producing neutron-rich primary and
final fragments. The main purpose of this work is to try to
understand the above mentioned aspect, and to evaluate what
combination is more conducive to the production of new
actinide isotopes. The present study is a part of our contin-
uous research, and some efforts are made to systematically
study various projectile-target combinations as in our previ-
ous work, to strengthen the current understanding of transfer
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FIG. 1. Production cross sections of Np isotopes in the
136Xe +2*Pu reaction at E.,, = 536.15 MeV. The calculated pri-
mary and final products are denoted by the dashed and solid lines,
respectively. The measured cross sections are taken from Ref. [7].

reactions, and to shed light on the prospects for the synthesis
of new isotopes with 92 < Z < 100.

II. THEORETICAL FRAMEWORK

The production cross section of a primary product in the
multinucleon transfer reaction is written as a sum over all
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FIG. 2. Calculated primary (dashed) and final (solid) fragments
in the %Kr 4+ 2**Cm reaction at incident energy E. ., = 386.10 MeV.
The red dash-dotted lines denote the distributions of final frag-
ments obtained by taking the pairing energy into account, but not
shell damping effect. The measured cross sections are taken from
Ref. [11].
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FIG. 3. The production cross sections of primary (dashed) and
final (solid) products of the '?Xe + >*Cm reaction at bombarding
energy E. ., = 513.10 (1.05Vp,s). The measured cross sections are
taken from Ref. [64].

partial waves J [50],
ThH?
2pUEcm,

X ZZP(Z];N17/317ﬂ27J7 tint)7 (1)
B B

o8 (Eem) = > @I+ DT (Eem, J)
J

where the penetration coefficient T (E., ,J) is estimated to
be 1 when the incident energy is higher than the interaction
barrier. The interaction time tj,¢ in Eq. (1) determines how far
the system travels along the potential energy surface, and the
interaction time T, in the dissipative process of two colliding
nuclei is determined by using the deflection function method
[53-56].

The rearrangement process of mass and charge between
the projectile-like and target-like fragments is governed by
the potential energy surface of the dinuclear system; the dis-
tributions of primary fragments can be better determined if
the underlying balance between dynamical and static driving
forces of dissipative heavy-ion collisions is understood [49].
On one hand, the DNS should be gradually deformed due to
strong nuclear and Coulomb interactions between its nuclei.
Deformations of the reaction partners are no longer the ground

024610-2



PRODUCTION OF NEW NEUTRON-RICH ISOTOPES WITH ...

PHYSICAL REVIEW C 105, 024610 (2022)

o7 N, (mb)

L

132 138 144 150 156 132 138 144 150 156 162
Neutron number

FIG. 4. Same as the Fig. 3, but for the '*>Xe +>**Cm reaction at
bombarding energy E. ., = 525.36 MeV (1.08Vp,). The measured
cross sections are taken from Ref. [64].

J

state values. On the other hand, the characteristic that the
shape of the nucleus tends to be spherical at high excitation
energy (temperature effects) should be included.

In order to consider consistently the temperature effects
and dynamical deformation on the potential energy surface,
the quadrupole deformations 8; and B, of projectile-like and
target-like fragments are considered as two discrete variables,
respectively [49]. The multinucleon rearrangement processes
between the interacting projectile and target are described as a
diffusion process by numerically solving a set of four-variable
master equations in the corresponding four-variable potential
energy surface. The time evolution of the probability distribu-
tion function P(Z;, Ny, B, Bz, t) for fragment 1 with Z;, Ny,
Bi1, and B, at time ¢ is described by the master equations.

The mean transition probability and microscopic dimen-
sions in the four-variables master equations are related to
the local excitation energy. The local excitation energy &* is
defined as

8*(1) =E.(J,t) = [UN1, Z1, N2, Z3, Reonts ﬂla ﬂZv J)
_U(NP’ZP’NTsvaRCOHI’ /310: ﬁZOvJ)]a (2)

where the first term denotes dissipation energy E,(J, ) which
is converted from the relative kinetic energy loss. The second
term in Eq. (2) is the potential energy surface of the system,
which is

U(va ZI’NZa ZZa Rcomy ,Bla /327 J) = VCN(Nla ZI’NL ZZa Rcomv ﬂla ,32) + Vrot(Nla ZI’NL ZZa Rconta ﬁla /327 J)

+ BN Z1 eD) [ ] (14 5iBE) + Ejpoy (N1, Z1, BY exp(—vpe}) + Bl p(Na. Zo, ) [ | (1 + biy)

k=2

+ E2 (N>, Zo, B) exp(—yped),

where ) and S, represent quadrupole deformations of the two
fragments. The nucleon transfer process is assumed to occur
at Reont = Ri(1 + B1Y20(61)) + Rao(1 + BoY20(62)) + 0.5 fm,
with R; = 1.16A;/ 3. The nucleus-nucleus interaction potential
energy Ven(N1, Zi, N2, Zp, Reont, B1, B2) between two inter-
acting nuclei of the DNS configuration is the sum of the
nuclear interaction potential Vy obtained from the folding
integral of a zero-range nucleon-nucleon interaction and the
Coulomb interaction potential V¢ calculated by Wong’s for-
mula [57-59]. The rotational energy Vi = i*J (J + 1)/ Ly,
where the moment of inertia /o is approximated by its rigid-
body value.

The & in Eq. (3) is allocated from the local energy of
the DNS, according to the mass number A;, and the damping
factor means the speed of washing out the shell correction
against the excitation energy. In the present work 1'=20
MeV is adopted in accordance with the general range 18-25
MeV. The pairing energy term is included in the liquid-drop
energy of a spherical nucleus, BiLD(Ni,Z,-, e}) [60]. As the

k=2

3

(

underlying idea is that the paired nucleons must be separated
to excite each component, the corresponding pairing energy
should be excluded for calculating the level density or the state
density in many Fermi-gas type models.

The total excitation energy of primary fragments can be
expressed as Ei; = Ecm. — TKE + Q,o, where the total ki-
netic energy (TKE) is the sum of the Coulomb energy, nuclear
energy, and radial kinetic energy at the exit channel. The Q,,
value corresponds to the reaction energy of the exit channel of
interest.

The deexcitation process of the present work is simulated
by the statistical model GEMINI4+, and the calculation is
carried out by using the default parameters of that model
[61,62]. The production cross section of final fragments can
be given as

op Bem) = 0pi(Z}. N[, J') x P(Z), N Z{, N{. T,
Z;,NjJ'

“
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FIG. 5. Same as the Fig. 3, but for the **Xe + >*Cm reaction at
bombarding energy E. ., = 519.89 MeV (1.07Vp,). The measured
cross sections are taken from Refs. [64,65].

where P(Z;, Ni;Z;, Nj,J') represents the decay probability.
It is assumed that the sharing of the total excitation energy
between the projectile-like fragments (PLFs) and target-like
fragments (TLFs) are proportional to their masses, E; y =
Ef x A1/(A| + Ay), where A;, A, are the corresponding mass
numbers. A pioneering experiment of multinucleon transfer
reaction has been carried out. The reaction '*Xe +2**Pu at
E.m = 536.15 MeV (1.11Vp, [63]) was used to study the
production mechanism and decay properties of the neutron-
rich isotopes 2**Np and >**Np. In Fig. 1 we show the measured
production cross section of Np isotopes compared to the pre-
dictions of improved DNS plus GEMINI++ calculations. A
good agreement between the calculated results and the exper-
imental data [7] is shown.

III. NUMERICAL RESULTS AND DISCUSSIONS

The production cross sections of actinide isotopes in the
multinucleon transfer reaction *Kr +2*8Cm at bombarding
energy E.,. = 386.10 MeV (1.15Vp, [63]) are calculated by
taking into account the damping shell energy but not pairing
energy in the potential energy surface calculation, with the
results shown by black solid lines in Fig. 2. It can be seen
that the calculated production cross sections of Am, Cm, Bk,
Cf, Es, and Fm isotopes are consistent with the experimental
data. In addition, one can also see from Fig. 2 that the max-
imum cross sections of proton pickup channels from +1p to
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FIG. 6. The comparison of calculated (measured) production
cross section of final fragments in 129%e +28Cm, 3?Xe 4+ 2Cm,
and *°*Xe 4 2*Cm reactions, with black dashed lines (squares), red
solid lines (cycles), and blue dash-dotted lines (stars), respectively.

+4p calculated by our model are in good agreement with the
maximum observed experimentally.

The cross sections of primary fragments are shown by
black dashed lines in Fig. 2. By comparing the yield distri-
bution of primary fragments and final fragments, one can find
that the branching ratio for neutron evaporation versus fission
becomes very small with the increase of the number of trans-
ferred protons. Thus, the survival probability for superheavy
nuclei might be suppressed.

For comparison, theoretical production cross sections con-
sidering the pairing energy but not the damping shell energy
in the potential energy surface calculation are shown in Fig. 2
by red dash-dotted lines, and they are systematically underes-
timated, especially in odd proton transfer channels (Am, Bk,
and Es isotopes).

From the perspective of transport models, the primary-
fragment distribution is thought to be strongly influenced by
the underlying potential energy surfaces. The shell and pairing
effects of the nuclei affect the calculation of the potential
energy surface. The primary yields are related to the local
excitation energy or the potential energy surface. The most
likely neutron and proton arrangement of products should
occur when the density of states in the dinuclear system is
the largest, which corresponds to a minimum of the potential
energy in the dinuclear system. We find that the inclusion
of ground state shell corrections and pairing energies of

024610-4
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FIG. 7. Same as the Fig. 3, but for the 2%U +2*Cm reaction
at bombarding energy E., = 898.7 MeV. The measured cross sec-
tions are taken from Ref. [10].

projectile-like and target-like fragments to estimate the bind-
ing energies can affect the position of the minimum of the
potential energy for a given Z.

Production cross sections of actinide nuclides in the re-
actions using different '2%132:136Xe projectiles bombarding
the same 2**Cm target are also calculated by the improved
DNSplus GEMINI4++ model. Figures 3-5 show the com-
parison between the experimental data (squares) and the
calculated results of primary (dashed lines) and final (solid
lines) products. It is found that the final product distribution
changes greatly with the increase of the number of transferred
protons, and the branching ratio of neutron evaporation versus
fission decreases gradually. From the each panel of Figs. 3-5,
it is found that the calculated results are relatively consistent
with the experimental data. The peak position of the pro-
duction distribution for a given Z is reasonably predicted.
Therefore, the improved DNS model plus GEMINI4+ can be
used to predict quantitatively the evolution of the proton and
neutron distributions when the steep gradient in the potential
energy surface for the projectiles 2132 Xe is involved.

Generally, projectiles with higher N/Z value should be
more beneficial to produce neutron-rich primary and final
fragments when bombarding the same target. In order to study
the effect of the N/Z on the yield distribution of actinide
nuclei, the production cross sections with three different pro-
jectiles bombarding the same 2**Cm target are shown in Fig. 6
for comparison. The production cross sections of below-target
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FIG. 8. Comparison of calculated production cross section of
primary products in reactions S°Kr+42®¥Cm (black dashed),
136Xe +**Cm (blue dash-dotted) and *3U 4 ***Cm (red solid).

Np, Pu, and Am isotopes with ?*Xe bombarding a **Cm
target are about two orders of magnitude smaller than the ones
with 1**Xe bombarding the same target. Meanwhile, the distri-
bution of production cross section for a given Z seems to move
towards smaller mass by using the more neutron-deficient pro-
jectiles. Therefore, the reaction with 129% e is more favorable
for producing neutron-deficient isotopes, while '*¢Xe is more
favorable for neutron-rich ones.

It can be seen from Fig. 6 that the production of above-
target nuclides is favored by using '?*!**Xe projectiles. The
measured data of four isotopes (Bk, Cf, Es, and Fm) also
show the increasing production cross section with the more
neutron-deficient '>*!32Xe projectiles. The theoretical results
of above-target isotopes seem to confirm the presence of
a strong isospin driving force. This is consistent with the
experimental study, showing that, due to the use of more
neutron-deficient projectiles, the production of Z > Zge in-
creases, while the production of Z < Zgeer decreases. The
calculated production cross sections of three different projec-
tiles '2%132.136Xe bombarding the same target >*3Cm can be
explained by the gradient difference of the potential energy
surface at the injection point. This is because the location of
the injection point on the potential energy surface directly
affects the next transfer process. The most probable mass
arrangement should occur when the density of states in the
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FIG. 9. Same as the Fig. 6, but for the respective **Kr +2*¥Cm,
136Xe 4+ 24Cm, and 224U + 2*¥Cm reactions.

dinuclear system is the largest, which corresponds to a min-
imum of the potential energy in the system. We found that
in the experiment with '*®Xe, the maximum of isotope dis-
tribution corresponds to the minimum of the potential energy
surface, whereas in the experiment with 129%e and 13%2Xe, the
transfer of 2 to 3 protons is required to reach the minimum of
the potential energy surface.

In order to further test our model, the theoretical
cross sections of actinide production in damped collisions
28U 4+28Cm at E.,,, = 898.7 MeV are shown in Fig. 7.
The experimental data denoted by squares are taken from the
Ref. [10], while the theoretical primary and final products
are denoted by dashed and solid lines, respectively. A good
agreement between the theoretical and experimental cross
sections of the isotopes of Bk and Cf can be shown in Fig. 7.
However, the maximum values of Es, Fm, and Md isotopic
distributions are systematically overestimated.

To study the influence of projectiles with different mass on
the production cross section, we first compared the calculated
isotope distribution of primary fragments in %Kr +2*3Cm,
136Xe +248Cm, and 23U +2**Cm reactions, as shown in
Fig. 8. We found that the distribution of the 28U (W/Z =
1.58) induced reaction appeared to extend out to larger neu-
tron numbers as compared to the **Kr (N/Z = 1.39) and
136Xe (N/Z = 1.51) induced reactions. Figure 9 shows the
corresponding production distribution of final fragments in
reactions discussed above. In Figs. 8 and 9, it is found that
the width of the isotope distribution of primary and final

1

1

Gz . (Mb)

. . \
1ht ) 1\
132138144 150156 162132138144 150156 162132 138 144 150 156 162
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FIG. 10. Predicted production cross section of final isotopes
in 28Cm+2*Cf (black solid), *Cf +2*Cf (red dashed), and
23817 + 2381 (blue dash-dotted) reactions. New isotopes are denoted
by open symbols.

fragments increases with the increase of the projectile mass.
The large gain in production of the primary fragments could
be largely compensated by the concurrent decrease in their
survivability because of the much lower Q,, values for heavier
projectiles. For example, for the peak of the Fm isotope dis-
tribution, we obtain the average number of neutrons emitted
in the respective 3°Kr 4 2**Cm (two neutron), '**Xe 4 2*¥Cm
(three neutron), and *3¥U+2*Cm (five neutron) systems.
Compared with 3¢Kr and '3*Xe projectiles, the neutron-rich
products induced by the 23¥U projectile have a relatively larger
production cross section; this trend is quite encouraging for
production of new neutron-rich isotopes with 92 < Z < 100
using 2*¥U bombarding the actinide target.

The comparison mentioned above can be regarded as a
representative example because the behavior of the production
cross sections is similar to other projectile target combina-
tions in the uranium region. By assuming that this holds
true for all projectiles, we extended our extrapolations to dif-
ferent projectile-target combinations obtained from actinide
nuclei. Figure 10 shows the predicted cross sections of fi-
nal isotopes of 92 < Z < 100 produced by the reactions
of 22Cm + 2Cf, 2YCf +2Cf, and 28U + 238U. For new
neutron-rich transuranium isotopes (open circles) with 92 <
Z < 95, the production of interest in the 2381J 4 2381 reaction
is larger than that in **Cm 4 2*Cf or **Cf +2*Cf reac-
tions, while in the range 97 < Z < 100 the production of
interest in the 2Cm + 2*’Cf reaction is larger than that in the
29Cf 4 29Cf or 28U 4 28U reaction.

IV. SUMMARY

In summary, to search for the optimal conditions for
synthesizing neutron-rich isotopes in the range 92 < Z <
100, the improved DNS model combined with GEMINI++ is

024610-6
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adopted in multinucleon transfer reactions, with different pro-
jectile induced 86Kt + 28Cm, 'Xe + 2*8Cm, 132Xe + 2*Cm,
136Xe + 248Cm, and 233U + 2*Cm reactions, respectively. Our
calculations are in good agreement with the experimen-
tal data. It is reasonable to use the improved DNS model
plus GEMINI++ to study multinucleon transfer reactions.
Larger cross sections of neutron-rich products are found
by using the 2®U projectile, as compared to **Kr and
136Xe projectiles; therefore, using projectile-target combi-
nations with actinide nuclei is quite encouraging for the
production of new neutron-rich isotopes with 92 < Z < 100.

Productions of the final isotopes with 92 < Z < 100 are pre-
dicted in the **8Cm +2¥Cf, *Cf 4 2*Cf, and U + 2¥U
reactions.
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