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Abstract: Within the dinuclear system (DNS) model, the multinucleon transfer reactions 129,136Xe + 248Cm, 112Sn

+ 238U, and 144Xe + 248Cm are investigated. The production cross sections of primary fragments are calculated with

the DNS model. By using a statistical model, we investigate the influence of charged particle evaporation channels

on production cross sections of exotic nuclei. It is found that for excited neutron-deficient nuclei the charged particle

evaporation competes with neutron emission and plays an important role in the cooling process. The production

cross sections of several exotic actinide nuclei are predicted in the reactions 112Sn + 238U and 136,144Xe + 248Cm.

Considering the beam intensities, the collisions of 136,144Xe projectiles with a 248Cm target for producing neutron-rich

nuclei with Z=92−96 are investigated.
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1 Introduction

Most transuranium isotopes have been produced
through neutron capture, light charged particle induced
reactions, and heavy ion fusion evaporation reactions [1].
Due to the limitations of neutron fluxes in reactors and
available projectile and target combinations, the multin-
ucleon transfer process has arisen as one promising way
to produce exotic actinide nuclei [2–4]. Many experi-
ments based on multinucleon transfer reactions with ac-
tinide targets were performed around thirty years ago to
produce actinide nuclei [5–9], and several Fm and Md
neutron-rich isotopes were produced at the level of 0.1
µb. No new isotope was observed. Due to low separation
and detection efficiency of the available laboratory equip-
ment at the time, few new heavy isotopes were observed
based on multinucleon transfer reactions. However, as
it is a promising approach, the multinucleon transfer
process has been extensively investigated experimentally
[10–21] and theoretically [22–43] in recent years. Re-
cently, five new neutron-deficient isotopes 216U, 219Np,
223Am, 229Am, and 233Bk were observed in the transfer
reaction 48Ca + 248Cm [44]. With the improvement of
laboratory equipment, the prospects are good not only
for production of transuranium and superheavy neutron-
rich nuclei but also for production of nuclei in the region
of astrophysical interest along the closed N =126 neutron
shell. The huge advantages of using the multinucleon
transfer process for the production of very neutron-rich

nuclei with N = 126 were noticed in Ref. [21], which
showed that the advantages became more and more strik-
ing when the atomic number was lower.

In this paper, the transfer reactions 129,136Xe +
248Cm, 112Sn + 238U, and 144Xe + 248Cm are investigated
within the framework of the dinuclear system (DNS)
model. The influence of charged particle emission on the
production of neutron-deficient nuclei is studied. The
production of unknown actinide isotopes in the reactions
112Sn + 238U and 144Xe + 248Cm is predicted.

The article is organized as follows. In Section 2, we
give a detailed description of the DNS model. The re-
sults and discussion are presented in Section 3. Finally,
we summarize the main results in Section 4.

2 Description of the model

The DNS model has been successfully used to de-
scribe the multinucleon transfer process [23–33] and the
synthesis of superheavy nuclei [45–51]. In the DNS
model, the distribution probability P (Z1,N1,t) for frag-
ment 1 with proton number Z1 and neutron number N1

at time t can be calculated by solving the master equa-
tion in the potential energy surface (PES). The master
equation can be written as

dP (Z1,N1,t)

dt
=

∑

Z
′

1

WZ1,N1;Z
′

1
,N1

(t)[dZ1,N1
P (Z

′

1,N1,t)

−dZ
′

1
,N1

P (Z1,N1,t)]
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Here WZ1,N1;Z
′

1
,N1

(WZ1,N1;Z1,N
′

1

) denotes the mean tran-

sition probability from the channel (Z1, N1) to (Z
′

1, N1)
[or (Z1, N1) to (Z1, N

′

1)], and dZ1,N1
is the microscopic

dimension (the number of channels) corresponding to the
macroscopic state (Z1, N1) [52]. The sum is taken over
all possible proton and neutron numbers that fragment
1 may take, but only one nucleon is considered in the
model (Z

′

1=Z1±1; N
′

1=N1±1). The transition probabil-
ity is related to the local excitation energy, and can be
written as
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(2)

Here, E∗

DNS is the local excitation energy. i denotes the
remaining quantum numbers. The detailed descriptions
of τmem and V (t) can be seen in Ref. [53]. The transi-
tion probability expression is similar to that for neutron
transitions.

The local excitation energy of the DNS can be written
as

E∗

DNS(Z1,N1)=Ediss−[U(Z1,N1,Rcont)−U(Zp,Np,Rcont)],
(3)

where Ediss is the energy dissipated into the composite
system from the incident energy, which depends on en-
trance angular momentum J and incident energy. Ediss

strongly influences the fragment distribution. For large
values of Ediss, the barrier can be easily overcome to
produce exotic primary fragments. The subscript “p”
denotes the initial configuration of the DNS.

The PES can be written as

U(Z1,N1,Rcont)=B(Z1,N1)+B(Z2,N2)

+Vcont(Z1,N1,Rcont), (4)

where B(Zi,Ni) (i = 1, 2) is the ground state binding
energy of the fragment i. The effective nucleus-nucleus
interaction potential Vcont(Z1,N1,Rcont) can be written
as

Vcont(Z1,N1,Rcont)=VN(Z1,N1,Rcont)

+VC(Z1,N1,Rcont). (5)

For reactions with no potential pockets, the position
where the nucleon transfer process takes place can be
found with the equation: Rcont=R1(1+β1Y20(θ1))+R2(1+
β2Y20(θ2))+0.7 fm. Here, R1,2 = 1.16A1/3

1,2 . β1,2 is the

quadrupole deformation parameter of the fragments and
is taken from Ref. [54]. As an example, Figure 1 shows
the driving potentials for the reaction 129Xe + 248Cm in
tip-tip and side-side orientations. The arrow shows the
position of the entrance channel. One valley correspond-
ing to the doubly magic fragment 208Pb can be clearly
seen in the side-side orientation. In this work, we inves-
tigate the dissipation process under the PES with tip-tip
orientation. For tip-tip collisions, we take θi=0.

Fig. 1. (color online) The PES for the reaction
129Xe + 248Cm in tip-tip (solid) and side-side
(dashed) orientations. The arrow indicates the
entrance channel.

The nuclear potential can be written as [55, 56]

VN(r,θ)=C0

{

Fin−Fex

ρ0

[
∫

ρ2
1(r)ρ2(r−R)dr

+

∫

ρ1(r)ρ2
2(r−R)dr

]

+Fex

∫

ρ1(r)ρ2(r−R)dr

}

,

(6)

with

Fin,ex=fin,ex+f ′

in,ex

N1−Z1

A1

N2−Z2

A2

. (7)

Here, C0 = 300 MeV, fin = 0.09, fex =−2.59, f ′

in = 0.42,
and f ′

ex=0.54. Z1 (N1) and Z2 (N2) are the charge (neu-
tron) number of light and heavy fragments, respectively.
The density distributions of two nuclei are expressed as
a Woods-Saxon distribution as

ρ1(r)=
ρ0

1+exp[(r−<1(θ1))/a1]
(8)

and

ρ2(r−R)=
ρ0

1+exp[(|r−R|−<2(θ2))/a2]
. (9)

Here, ρ0=0.16 fm−3. <i=Ri[1+βiY20(θi)] is the surface
radii of the collision nuclei. βi and Ri are the quadrupole
deformation parameter and the spherical radius of the
ith nucleus, respectively. The diffuseness parameter is
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0.6 fm. R is the distance between the centers of two
fragments.

The Coulomb potential is taken as the form in Ref.
[57]

VC(r,θi)=
Z1Z2e

2

r
+

(

9

20π

)1/2(
Z1Z2e

2

r3

)

×
2

∑
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R2
i β

(i)
2 P2(cosθi)

+

(

3

7π

)(

Z1Z2e
2

r3

) 2
∑

i=1

R2
i [β

(i)
2 P2(cosθi)]

2.

(10)

The production cross sections of the primary prod-
ucts in transfer reactions can be calculated as follows:

σpr(Z1,N1)=
π~

2

2µEc.m.

Jmax
∑

J=0

(2J+1)Tcap

×P (Z1,N1,t=τint), (11)

where Tcap is the capture probability. Because there are
no potential pockets for multinucleon transfer reactions
in this work and the incident energies are above the in-
teraction potentials at the contact configurations (there
are no ordinary barriers: the potential energies of these
nuclei are repulsive everywhere), it is reasonable to take
the value of Tcap as 1. The interaction time τint, which
is determined by the deflection function method [58],
is strongly affected by interaction potential at the con-
tact configuration, incident energy, and entrance angular
momentum J . To calculate the cross sections of sec-
ondary products, the deexcitation of primary fragments
produced at each angular momentum is considered.

The survival probability of the excited fragments in
the process of cooling by means of evaporation of x parti-
cles in a certain sequence s, in competition with fission, is
estimated usually within the statistical model of atomic
nuclei and can be written as [59]

W s
sur(E

∗)=P s(E∗)×
x

∏

is=1

[

Γis(E
∗

is
)

Γtot(E∗

is
)

]

, (12)

where E∗ is the excitation energy of one primary frag-
ment. Assuming thermal equilibrium, the sharing of the
excitation energy between primary fragments is assumed
to be proportional to their masses. is is the index of
the evaporation step. E∗

is
is the excitation energy before

evaporation of the isth step, which can be calculated
from the equation E∗

is+1 = E∗

is
−Bis −2Tis . Bis is the

separation energy of a particle at the isth step. Tis is
the nuclear temperature before the isth step evaporation
and is obtained from E∗

is
= aT 2

is
−Tis . The probabili-

ties of evaporating more than one charged particle and
of the emission of deuterons are very small. Therefore,
the evaporation channels with charged particles are 1pxn

and 1αxn with x=0−10 in this work. All the possible
sequences are taken into account, since the alpha particle
or the proton can be emitted at any step of the evapo-
ration sequence. The realization probability P s(E∗) can
be seen in Ref. [60]. Γtot=Γn+Γf+Γp+Γα.

The partial decay widths of the compound nucleus
for the evaporation of the light particle ν=(n, p, α) can
be estimated using the Weisskopf-Ewing theory [61, 62]

Γν(E∗

is
,J)=

2sν+1

2πρ(E∗

is
,J)

2mνR2

~2

×
∫ E∗

is
−Bis

ν
−δ

0

ενTν(εν)ρ(E∗

is
−Bis

ν
−εν,J)dεν.

(13)

Here, sν, R, and mν are the spin of the evaporated light
particle, radius of the daughter nucleus B, and mass of
the light particle, respectively. Tν ={1+exp[− 2π

~ωB

(εν−
Vν)]}−1 is the penetration probability of the Coulomb
barrier for evaporating charged particles. The Coulomb
barrier for charged particle emission is calculated as
shown in Ref. [59]. Rν = 1.16×(A1/3

B +A1/3
ν

). Tν is
unity for evaporation of neutrons.

The fission decay width is usually calculated within
the Bohr-Wheeler (BW) transition-state method [63]:

Γf(E
∗

is
,J)=

1

2πρ(E∗

is
,J)

×
∫ E∗

is
−B

is

f

0

ρ(E∗

is
−Bis

f −εf)dεf

1+exp[2π(εf+Bis
f −E∗

is
)/~ω]

.

(14)

In this work, the fission barrier is obtained by Bf(E
∗)=

Bmac
f −∆Eshelle

−E∗/Ed . ∆Eshell is the shell correction to
the nucleus ground state. The macroscopic part of the
fission barrier Bmac

f is calculated using the liquid drop
model [64]. The damping parameter Ed=18.5 MeV.

The level density is calculated with the Fermi-gas
model [65] as

ρ(E∗,J)=
2J+1

24
√

2σ3a1/4(E∗−δ)5/4

×exp

[

2
√

a(E∗−δ)− (J+1/2)2

2σ2

]

, (15)

where σ2 = 6m̄2
√

a(E∗−δ)/π
2 and m̄ ≈ 0.24A2/3. The

level density parameter a=A/10 MeV−1.

3 Results and discussion

Figure 2 shows a comparison of calculated produc-
tion cross sections and experimental data [9] for actinide
nuclei with Z=93−99 in the reactions 129,136Xe + 248Cm.
The calculated results show very good agreement with
the experimental data, for both the magnitude and the
peak positions.
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Fig. 2. (color online) Comparison of calculated
production cross sections with experimental data
[9] for the various target-like fragments (TLFs)
in the reactions 129,136Xe + 248Cm. The incident
energies (Ec.m.) for the reactions 129Xe + 248Cm
and 136Xe + 248Cm are 513 and 496 MeV, respec-
tively.

Fig. 3. (a) Calculated cross sections for formation
of americium isotopes (Z=95) in 129Xe + 248Cm
(solid lines) and 136Xe + 248Cm (dashed lines)
collisions. The incident energies for the 129Xe +
248Cm and 136Xe + 248Cm reactions are 592 and
602 MeV, respectively. (b) Calculated cross sec-
tions for formation of americium isotopes (Z=95)
in 129Xe + 248Cm collisions with different incident
energies. In (a) and (b), the thin and thick lines
denote the results without and with charged par-
ticle evaporation, respectively.

To investigate the influence of charged particle evap-
oration channels on cross sections in multinucleon trans-
fer reactions, we show in Fig. 3(a) the production cross

sections of americium isotopes in 129Xe + 248Cm and
136Xe + 248Cm reactions. The incident energies are cho-
sen as 1.3 times Vcont, which are 592 and 602 MeV for
129Xe + 248Cm and 136Xe + 248Cm reactions, respec-
tively. The influence of charged particle evaporation can
only be seen in the neutron-deficient region and the in-
fluence is stronger for more neutron-deficient nuclei. The
competition between charged particle evaporation chan-
nels and neutron emission for excited neutron-deficient
nuclei has been studied in Ref. [59]. Here, we notice that
the cross sections are enhanced in the neutron-deficient
region for both reactions when consider the charged par-
ticle evaporation channels. For neutron-deficient heavy
nuclei, the neutron separation energy is positive and
much larger than the proton and alpha particle separa-
tion energies. For example, the neutron, proton, and al-
pha particle separation energies of the neutron-deficient
nucleus 230Am∗ are 7.251, 1.909, and -7.651 MeV, respec-
tively. The neutron separation energy is positive and
much larger than the others. The alpha particle separa-
tion energy is even negative. Therefore, although proton
or alpha particle emission from a heavy nucleus is sup-
pressed by the Coulomb barrier, survival probabilities in
evaporation channels with proton or alpha particle could
be larger than those in pure neutron emission channels
for neutron-deficient nuclei with large excitation ener-
gies. As shown in Fig. 4, the survival probabilities of
230Am∗ in evaporation channels with charged particles
show great advantages in the cooling process, especially
in the high excitation energy region.

Fig. 4. (color online) The survival probabilities
of 230Am∗ in different evaporation channels with
J=0.

In Fig. 3(a), it is found that the influence of charged
particle evaporation channels on production cross sec-
tions of neutron-deficient nuclei in the reaction 129Xe +
248Cm with lower N/Z value of the projectile is stronger
than that in the reaction 136Xe + 248Cm, although the
incident energy of 129Xe + 248Cm is a little lower. This is
because it is more favorable to produce neutron-deficient
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actinide nuclei in the reaction 129Xe + 248Cm, due to the
lower N/Z value of the projectile 129Xe. Furthermore,
most neutron-deficient actinide nuclei are highly excited
due to positive and large Qgg values in the reaction 129Xe
+ 248Cm. Figure 3(b) shows the production cross sec-
tions of americium isotopes in 129Xe + 248Cm reactions
with incident energies 546 and 592 MeV. It can be seen
that the probability of evaporating charged particles is
larger for higher incident energy.

To produce neutron-deficient actinide nuclei, a
neutron-deficient projectile would be better. Figure 5
shows the predicted cross sections for producing un-
known neutron-deficient nuclei with Z = 93−97 in the
reaction 112Sn + 238U. The incident energy dependence
of cross sections in the neutron-rich region is very weak.
The yields of primary fragments are larger for higher in-
cident energy. However, with increasing excitation ener-
gies of primary fragments, more neutrons could be evap-
orated, which can counteract the increased cross sections
of primary fragments. The influence of incident energy in
the neutron-deficient region is pronounced. We predict
that the unknown neutron-deficient nuclei 220Np, 221Np,
222Np, 223Np, and 224Np can be produced in the reac-
tion 112Sn + 238U at Ec.m.=550 MeV, with cross sections
0.040, 0.041, 1.0, 0.96, and 2.3 µb, respectively. 223Pu,
224Pu, 225Pu, 226Pu, and 227Pu can be produced with
cross sections 0.053, 0.073, 0.30, 0.29, and 1.2 µb, re-
spectively. The predicted cross sections of 228Am, 229Am,
231Cm, 232Cm, 232Bk, and 233Bk are 0.079, 0.088, 0.52,
0.90, 0.022, and 0.066 µb, respectively.

Fig. 5. Predicted cross sections for formation of ac-
tinide nuclei with Z=93−97 in the reaction 112Sn
+ 238U with different incident energies. The cir-
cles denote unknown neutron-deficient nuclei un-
der Ec.m.=550 MeV.

Figure 6 shows cross sections for the production
of neutron-rich actinide nuclei in the radioactive beam
144Xe induced reaction 144Xe + 248Cm and the stable

beam 136Xe induced reaction 136Xe + 248Cm. The advan-
tages of the cross sections in the reaction 144Xe + 248Cm
become more obvious for the production of neutron-rich
nuclei with lower charge. For producing neutron-rich
americium and curium isotopes, the cross sections of the
two reactions are very close. The predicted production
cross sections of the unknown neutron-rich nuclei 244U,
245U, 246U, 247U, and 248U in the reaction 144Xe + 248Cm
(136Xe + 248Cm) are 3423 µb (0.35 µb), 43.7 µb (0.046
µb), 2.1 µb, 0.040 µb, and 0.013 µb, respectively. 245Np,
246Np, 247Np, 248Np, and 249Np can be produced in the
reaction 144Xe + 248Cm (136Xe + 248Cm) with cross sec-
tions 3654 µb (1.04 µb), 26.7 µb (0.17 µb), 1.9 µb, 0.11
µb, and 0.036 µb, respectively. 248Pu, 249Pu, 250Pu, and
251Pu can be produced in the reaction 144Xe + 248Cm
(136Xe + 248Cm) with cross sections 10.3 µb (0.15 µb),
0.58 µb (0.046 µb), 0.13 µb, and 0.014 µb, respectively.
249Am, 250Am, 251Am, 252Am, and 253Cm can be pro-
duced in the reaction 144Xe + 248Cm (136Xe + 248Cm)
with cross sections 7.3 µb (0.34 µb), 0.27 µb (0.19 µb),
0.073 µb (0.14 µb), 0.018 µb (0.024 µb), and 0.045 µb
(0.13 µb), respectively.

Fig. 6. (color online) Predicted cross sections for
formation of actinide nuclei with Z = 92−96 in
the reactions 136Xe + 248Cm and 144Xe + 248Cm.
The incident energies for the reactions 136Xe +
248Cm and 144Xe + 248Cm are 510 and 500 MeV,
respectively. The circles and squares denote un-
known neutron-rich nuclei.

We show the values of “cross section×beam inten-
sity” for the production of several unknown neutron-rich
nuclei with Z = 92−96 in the reactions 136Xe + 248Cm
and 144Xe + 248Cm in Fig. 7. The beam intensities are
obtained from Ref. [66]. It can be seen that the colli-
sions of target 248Cm with stable beam 136Xe show great
advantages for producing unknown neutron-rich nuclei
with Z = 93−96, in comparison with the radioactive
beam 144Xe induced reaction. Although the production
cross sections are enhanced in the radioactive beam 144Xe
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Fig. 7. (color online) “Cross section×beam inten-
sity” (σ×φ) factor in 136Xe + 248Cm and 144Xe +
248Cm reactions for production of unknown nuclei
as shown in Fig 6.

induced reaction as shown in Fig. 6, due to very low
beam intensity the values of σ×φ factor are lower than
those in the stable beam 136Xe induced reaction. How-
ever, with decreasing charge number of the objective
nucleus (increasing number of protons picked up from
target to projectile), the discrepancy of the σ×φ value
between the 136Xe + 248Cm and 144Xe + 248Cm reac-
tions becomes smaller and smaller. The advantages of
a radioactive beam for production of several uranium
neutron-rich isotopes can be seen. The same behavior is
also shown in Ref. [25]. We can expect that for produc-
ing neutron-rich nuclei with Z < 92, higher production
rates can be shown in the reaction 144Xe + 248Cm than
those in the reaction 136Xe + 248Cm. This is mainly due

to the more obvious advantages of production cross sec-
tions for producing nuclei with lower charge number in
the 144Xe induced reaction, as shown in Fig. 6.

4 Conclusions

The production cross sections of neutron-deficient
and neutron-rich actinide nuclei in multinucleon transfer
reactions have been investigated within the framework
of the DNS model. The influence of charged particle
evaporation channels on production cross sections have
been studied in 129,136Xe + 248Cm reactions. For the
more neutron-deficient system, 129Xe + 248Cm, the in-
fluence of charged particle channels on production cross
sections of neutron-deficient actinide nuclei is stronger.
For producing neutron-deficient actinide nuclei, charged
particle evaporation channels play an important role in
the process of deexcitation. In the neutron deficient re-
gion, the charged particle evaporation channels compete
with neutron emission, and the probability of evaporat-
ing charged particles increases with increasing incident
energy. The unknown neutron-deficient actinide nuclei
produced in the reaction 112Sn + 238U are predicted. We
have also predicted the production cross sections of sev-
eral neutron-rich actinide nuclei in the reaction 136,144Xe
+ 248Cm. It is found that many unknown nuclei can
be produced at the level of µb to mb. The production
of neutron-rich nuclei with Z = 92−96 in collisions of
136,144Xe projectiles with a 248Cm target has been inves-
tigated, considering the beam intensities as well. It is
found that the stable beam 136Xe induced reaction 136Xe
+ 248Cm is better for producing neutron-rich nuclei with
Z=93−96, in comparison to the reaction 144Xe + 248Cm.
However, the radioactive beam 144Xe is expected to be
better for producing neutron-rich nuclei with a much
lower charge number than the target.
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