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Abstract: The multinucleon transfer reaction in the collisions of *’Ca+ '**Sn at E.m. = 128.5MeV is investigated us-
ing the improved quantum molecular dynamics model. The measured angular distributions and isotopic distributions
of the products are reproduced reasonably well by the calculations. The multinucleon transfer reactions of “Ca +
IIZSn’ 58Ni + HZSn, 106Cd + HZSH, and 48Ca + 112

ron-deficient projectile and target are advantageous for the production of exotic neutron-deficient nuclei near N, Z =

Sn are also studied. This demonstrates that the combinations of neut-

50. The charged particles' emission plays an important role at small impact parameters in the de-excitation processes
of the system. The production cross sections of the exotic neutron-deficient nuclei in multinucleon transfer reactions
are much larger than those measured in the fragmentation and fusion-evaporation reactions. Several new neutron-de-
"%cd + 'Sn reaction. The corresponding production cross sections for the new

Sb, 103Te, and ' 107[, are 2.0 nb, 4.1 nb, 6.5 nb, 0.4 ub and 1.0 ub, respectively.

ficient nuclei can be produced in the

. . 101,112
neutron-deficient nuclei,
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1 Introduction

The production of the neutron-deficient nuclei near N,

Z =50 has attracted extensive attention in recent years [1-
6]. On the one hand, the structure and decay properties of
these nuclei play special roles in nuclear physics. For the
nuclei with N = Z around the doubly magic nucleus "%,
the valence neutrons and protons occupy the same orbits.
Therefore, the neutron-proton pairing correlations are
igogeatly enhanced. The level structure of the nuclei below
Sn is well described in the basic shell model space with

a rigid core at N = Z = 50 and valence holes. The core-ex-
cited states have been observed in semimagic nuclei in-
cluding 95Rh, 96Pd, 97Ag, 98Cd, etc. [7-9]. The decay prop-
erties of the neutron-deficient nuclei around ~Sn have
revealed interesting phenomena, such as the Gamow-
Teller transition, proton decay, two-proton decay, a de-
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cay, etc [10-13]. In addition, the clusters (Z > 3) emission
from the excited state of nuclei has been observed in this
region. On the other hand, the rp-process (a sequence of
proton captures followed by B* decays) runs along the N
= Z line, which is believed to be responsible for the pro-
duction of stable isotopes on the neutron-deficient side of
the valley of B stability. The production of these nuclei is
also extremely important to understand the rp-process in
nuclear astrophysics [14-16].

The fragmentation reactions of **U at intermediate
and relativistic energies produce the new neutron-rich
nuclei with a wide range [17-20]. However, the new neut-
ron-deficient nuclei near '“’Sn are obtained through the
fragmentation of the neutron-deficient projectile, such as
"%Cd, "*Sn, and "**Xe. Many such experiments were per-
formed at RIKEN [6], GSI [21], MSU [22], and GANIL
[23]. For example, four new nuclei, 96In, 94Cd, 92Ag, and
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90Pd, were observed with cross sectlons about
10712-10"""mb by using a 345 Mev/A Xe beam
impinging on a Be target at RIKEN [6]. The '"Sn was
also identified in this experiment with the production
cross-section at about 10 mb. Another method to pro-
duce the nuclei near '*’Sn is the fusion- -evaporation reac-
tlon of stable neutron deﬁment partners such as Cu
( C 3n) In [24], *Ni ( Cr ap3n) n [25], *Ni
( *Ni, C3n) *'Sn [25], etc. The cluster and hght charged
particles emissions play an important role in the de-excit-
ation processes of the neutron-deficient compound nucle-
us. In Ref. [26], “Sn was observed in the fusion-evapor-
ation reaction of 255 MeV *’Cr with ’ N1 at GANIL. The
reported production cross- sectron of ' Sn was 107 mb.
Recently, the reaction *'Fe ( *Ni, 4n) *Xe was per-
formed at the ATLAS facility of Argonne National
Laboratory using the Fragment Mass Analyzer (FMA).
The self-conjugate %Xe 5 ""Te - '"Sn o- -decay chain
was observed for the first time [27].

The multinucleon transfer (MNT) reaction is used to
generate the exotic nuclei far from the 3 stability line, in-
cluding not only the neutron-rich nuclei, but also the
neutron-deficient nuclei. For example, the new neutron-
deficient nuclei, 216U 219Np A Am, 229Am, nd 233Bk
were produced in the MNT reaction of **Ca +
GSI [28]. In Ref. [29], another MNT reaction of "*Xe +
Pt at 7.98 MeV/A showed that the production cross-
sections of the neutron-rich nuclei with N = 126 are much
larg§ T than those measured in the fragmentation reaction

of “Pb + "Be at 1 GeV/A [30]. Beside the experimental
achievements, some models have been developed to de-
scribe MNT processes during the recent years. The Im-
QMD model is a semiclassical microscopic dynamics
model based on effective nucleon-nucleon interaction,
which is successfully applied to heavy-ion collisions at
intermediate and low energies [31-33]. Other models for
describing the MNT reactions include the Complex WKB
(CWKB) theory [34, 35], the isospin-dependent quantum
molecular dynamics model (IQMD) [36-40], the dinuc-
lear system (DNS) model [41-48], etc. For a comprehens-
ive review, please read Ref. [49].

In this study, we attempt to produce the neutron-defi-
cient nuclei near N, Z = 50 with MNT reactions using the
ImQMD model. The structure of this paper is as follows.
In Sec. 2, we briefly introduce the InQMD model. The
results and discussion are presented in Sec. 3. Finally the
conclusion is given in Sec. 4.

2 Theoretical framework

In the ImQMD model, as in the original QMD model
[50], each nucleon is represented by a coherent state of a
Gaussian wave packet

(r=rp® i |
] R vzrpl ()
where r; and p; are the centers of the ith wave packet in
the coordinate and momentum space, respectively. o,
represents the spatial spread of the wave packet in the co-
ordinate space. The time evolution of r; and p; for each
nucleon is governed by Hamiltonian equations of motion

oH OH
.,'= -_—, 'i=——. 2
Ul PRl L S )

The Hamiltonian of the system includes the kinetic en-
2

ergy T = Z 5—;” and effective interaction potential energy

¢i(r) =

H =T+ Ucou + Uloc, (3)

where Ucoy is the Coulomb energy, which is written as
the sum of the direct and the exchange contribution

1 62 / /
Ucoul =5 pp(r)—|r_ r,|pp(r Ydrdr
33
2 13 [ 43
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Here, p, is the density distribution of protons in the sys-
tem. The nuclear interaction potential energy Uy is ob-
tained from the integration of the Skyrme energy density
functional U = f Viee(r)dr without the spin-orbit term,
which reads
2 +1
ap” B P Ssur

Vioe == —
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Here, p=p,+p, is the nucleon density. 6 = (0, —pp)/
(on +pp) is the isospin asymmetry. The first three terms in
the above expression are directly obtained from the
Skyrme interaction. The fourth term denotes the sym-
metry potential energy including the bulk and surface
symmetry potential energies. The last term is a small cor-
rection term. The parameters named 1Q2 (see Table 1)
adopted in this work have been tested for describing the
fusion reactions [51], MNT reactions [31-33, 52], and
fragmentation reactions [53]. The phase space occupa-
tion constraint method proposed by Papa et al. in the con-
strained molecular dynamics (CoMD) model [54] is ad-
opted to describe the fermionic nature of the N-body sys-
tem. This greatly improves the stability of an individual
nucleus.

In this study, we set the z-axis as the beam direction
and the x-axis as the impact parameter direction. The ini-
tial distance of the center of mass between the projectile
and target is 30 fm. The wave-packet width is set as
o, =12 fm. The dynamic simulation is stopped at 1000
fm/c. Subsequently, the GEMINI code [55, 56] is used to
deal with the subsequent de-excitation process. The evap-

)
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Table 1. Model parameters (IQ2) adopted in this study.
a/MeV B/MeV Y gour/(MeV -fm?) g:/MeV n Cs/MeV Kg/fm? po/fm™
-356 303 7/6 7.0 12.5 2/3 32.0 0.08 0.165

oration of the light particles is treated by the Hauser-
Feshbach theory [57] including n, p, d, ¢, 3He, a, 6He, 6'8Li,
and "'’Be channels. The level density in the GEMINI
code is obtained by the Fermi gas expression

ﬁ exp(2 VaU)
12 vz

hz 3/2

pUT) = @1+ 1) 5=

(6)

where 7 is the moment-of-inertia of the residual nucleus
or saddle-point configuration. The level density paramet-
er was taken as a = A/8 MeV~! as usual.

3 Results and discussion

To test the ImMQMD model in terms of the description
of MNT reactions, we calculate the collisions of “Ca +
S at Ecm. =128.5 MeV. The range of the impact para-
meters in the calculations is from 0 to by fm.
bmax = Rp + R, where Rp and Rt denote the radii of the
projectile and target, respectively. The incident energy is
slightly higher than the Coulomb barrier (120.1 MeV).
For central collisions, most events are fusion reactions.
Fusion and elastic scattering events are not taken into ac-
count in our analysis. Figure 1 shows that the angular dis-
tributions of the final projectile-like-fragments (PLFs)
with different transfer channels in *°Ca + '*'Sn at
Ec.m =128.5 MeV. The grazing angle in the laboratory
frame is 75°. The calculated maximum of the cross-sec-

tions decreases more quickly with increasing neutron
pickup channel than the experimental data [34]. However,
the positions of the maximum are always consistent with
the experimental data, which are locate at the grazing
angle with a small dependence on the channel.

Figure 2 shows the production cross-sections of the
final PLFs in the “’Ca + "*'Sn reaction at E.m =128.5
MeV. The squares and folding lines denote the calcula-
tions of the ImQMD model and CWKB theory [34] fol-
lowing evaporation, respectively. The experimental data
are taken from Ref. [34]. The measured isotopic cross-
sections have been obtained by integrating the angular
distributions by a quasi-Gaussian fit. Fig. 2 shows that the
ImQMD calculations are in reasonable agreement with
the corresponding experimental data. The discrepancies
between the calculated and experimental data are gener-
ally within one order of magnitude. One sees that the
CWKB calculations reproduce the experimental data very
well at the neutron-rich side of the distributions for the
proton stripping channels from Op (Z = 20) to 4p (Z =
16). However, the calculations grossly underestimate the
cross-sections by several orders of magnitude at the neut-
ron-deficient side. We do not show the calculations on
the target-like-fragments (TLFs) because of the absence
of experimental data. These results indicate that the Im-
QMD model is applicable for the study of MNT reac-
tions in intermediate-mass systems.

In order to produce the neutron-deficient nuclei near

#

.r..l. ..1%.1.

e ImQMD
= Exp.data

S I T
10 1 1

90 135 0 45 90 135 0 45 90 135180

0,,(deg.)

Fig. 1. (color online) Angular distributions of the final PLFs with different transfer channels in “Ca+

experimental data are taken from Ref. [34].

%S at Ec.m. =128.5 MeV. The

064105-3



Chinese Physics C

Vol. 43, No. 6 (2019) 064105

£ 7=20  (a)

Z=18  (c)

Z=17  (d)]

16 20 24 28 32

40Ca+1248n
= ImQMD

CWKB
e Exp.data

12162024 2812 16 20 24 2812 16 20 24 28 32
neutron number

Fig. 2.

124

(color online) Production cross sections of the final PLFs in “Ca+'"**Sn at Ecm = 128.5 MeV. The black squares and folding

lines denote the calculations of the ImMQMD model and CWKB theory [34] following evaporation, respectively. The experimental

data are taken from Ref. [34].

N, Z =50, choosing a favorable projectile-target combin-
ation is very important. Considering that the production
cross sections at the maximum of the isotopic distribu-
tions decrease rapidly with increasing proton transfer
channel, we choose the neutron-deficient nuclei,  Cd
and '"’Sn, as targets. Figure 3 shows the calculated pro-
duction cross-sections of final TLFs w1th charge Dum-
hgrs from Z= ?g to 54 in rlgglctlons I(g Ca+'"Sn, ¥'Ca+
Sn, Ni + Sn, and "Cd + “Sn. The production
cross-sections of the exotlc neutron-deficient nuclei are
the smallest in the **Ca + '°Sn system, hence this system
1s not suitable to roduce such nuclei. For “’Ca + '’Sn n,
Ni + 112Sn and "°Cd + '*Sn reactions, one can see that
the discrepancies of the cross-sections in the neutron-rich
side are very significant. This is because the cross-sec-
tion in the neutron-rich side is very sens1t1ve to the NIZ
X)%lue of the projectile. The N/Z values for “’Ca, **Ni, and
Cd are 1.00, 1.07, and 1.21, respectively. Therefore,
%16e productlon cross-sections of neutron-rich isotopes in
Cd + "*Sn are larger than those in the other two reac-
tions. The isotopic distributions are similar for the three
systems in the neutron-deficient side. This is because the
primary distributions of three systems are almost the
same in the neutron-deficient side.

In MNT reactions, the energy dissipation process is a
complex issue. The excitation energy of the reaction
products plays an important role in their de-excitation
processes. In the ImMQMD model, the excitation energy of
an excited fragment is calculated as E* = Ei — E},. Here,

E« and Ep denote the total and binding energies in the
ground state, respectively. The total energy of a fragment
is the sum of all kinetic and potential energy of a nucleon
in the body frame. Figure 4(a) shows the average excita-
tion energy of the products in blnary events as a function
of the impact parameters in %cd + '?sn at E.m =500
MeV. In the region of b > 6d fm, the total excitation en-
ergy of the system increases rapidly with decreasing im-
pact parameters, until it reaches a saturation value (about
145 MeV) at b <5 fm. The decay properties of the nuclei
near the '’Sn are markedly different with neutron-rich
nuclei. In the experiment, the emissions of proton and «
particles were observed in the decay processes of some
specific nuclei even in their ground state. For the de-ex-
citation processes of these nuclei in excited states, the de-
cay channels would be more complex. Figure 4(b) shows
the yields of n, p, d, ¢, *He, and & particles as a function
of impact parameters in the '°Ccd + '"“Sn system at
E.m. =500 MeV. The charged particles' emission plays an
important role at small impact parameters in the de-excit-
ation processes of the system. The number of emitted
protons are much greater than that of other emitted
charged particles. In the GEMINI simulation, we find that
the protons emission is the main decay channel for exotic
neutron-deficient nuclei. In addition, the yields of the «
and d particles are considerable at small impact paramet-
ers. This results in a decrease of the yield of neutrons
with a decrease in the impact parameter at b <6 fm.
Figure 4(c) illustrates the cross-sections for the forma-
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(color online) Calculated production cross sections of final TLFs with charge number from Z = 50 to 54 in different reactions

(color online) (a) Average excitation energy of the products in binary events as a function of impact parameters in %cd +
Sn at E. . = 500 MeV. (b) Yields of n, p, d, t, 3He, and « particles as a function of impact parameters in the 1%cd +

Sn system at

E.m. =500 MeV. (c¢) Cross-sections for formation of iodine isotopes (Z = 53) in collision of ~Cd + “Sn at E.,, =500 MeV. Solid
circles and squares denote the distribution of primary and final fragments, respectively. Open squares denote the unknown neutron-

deficient isotopes.
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t10n of iodine isotopes (Z = 53) in the collisions of '*°Cd +

"Sn at E.m =500 MeV. The open squares depict the un-
known proton-rich nuclei. The final yields shift to the
neutron-deficient side after the de-excitation process.
More neutrons are evaporated on the neutron-rich side
than on the neutron-deficient side after the de-excitation
process. This is because the neutron emission is the dom-
inant decay channel for neutron-rich nuclei.

Figure 5 shows the calculated isotopic distributions of
final TLFs with charge number from Z = 50 to 54 by the
ImQMD model in the reactions of *Ccd+'"’sn at
E.m. =300, 500, and 780 MeV. The isotopic production
cross-sections in the neutron-rich side become lower with
increasing incident energies. The neutron evaporation is
the main decay channel for the primary neutron-rich
products. In the case of larger incident energy, this causes
a larger shift of final distributions to the neutron-defi-
cient side. While in the neutron-deficient side, isotopic
distributions are almost the same for these three incident
energies. Generally, larger incident energy improves the
transfer probability of nucleons, which leads to a larger
production cross-section for the primary neutron-defi-
cient nuclei. However, the survival probability of these
nuclei is lower due to higher excitation energies. If the in-
cident energy continues to increase, the production cross-
sections of the exotic neutron-deficient nuclei should be

reduced, because the reactions are dominated by frag-
mentation mechanisms.

Table 2 shows the comparison of calculated produc-
tion cross-sections for exotic neutron-deficient nuclei
from the MNT reactions with measured values from the
fragmentation and fusion-evaporation reactions. The
measured cross-sections from the fragmentatlon method
are obtained in the reaction of 345 MeV/A '**Xe + Be [2,
6]. For the fus10n -evaporation method, the cross sections
of "“In and '"'Sn are measured in the **Ni + N1 system
[25] at Ejp = 348 MeV; Sn Is measured [n *Cr + *Ni
[26] at Elab = 255 MeV; Xe and '""Xe are meas-
ured in **Ni + **Fe [58] at Elab =255, 200, and 215 MeV,
respectively. The cross-sections of these isotopes from
the MNT method are calculated with '*Cd + '’Sn at
Ecm. =500 MeV using the ImQMD model. For the fu-
sion-evaporation reactions, the production cross sections
of the residual nucleus are one or two orders of mag-
nitude lower than those from the multinucleon transfer re-
actions. For the projectile fragmentation, the production
cross-sections of these nuclei are much lower. For ex-
ample, the cross-sections of '“Sn by projectile fragment-
ation is only on the order of 10" millibarn. Therefore,
the MNT reactions have advantages in comparison to fu-
sion-evaporation and projectile fragmentation reactions.
Figure 6 shows the neutron-deficient nuclei region around

10°F@)  gmy  Z=50 §(0) | gt Z=51 ]
oF 1P g i, 1
107 ¢ i, ) '&:: 1
> 3 : *: 1 N | ; + [ N _;
10 : ¢ M.. ” te !
10 r # " ' + et ‘
E t o
10'6Eefl:¢| +— I‘%iH}%II# ::+!'H } }++*'I#¢f
E ] | 3
10%k(c) Z=52 £(d) Z=53 1
o | | 1:
~10°p |, W,
e R T A = T
E 10 z_ 1 & ?;l: |" '?:!’o. E
| + .
E T‘ E
Ot +f ) W
. .r A | +
106: f—— } :}T*:::' . S
102k (e) | 7z=54 { 105 115 125 135
!
10° E E g,m::::.’ 1 106 4+11250
102k . ‘1' " ] ¢ E,,=300Mev
E | . 3
af . W 1 = E_ =500 MeV
107 r I %Wt1 . E_=780MeV
10-6 E— . 14 T B !A o
95 105 115 125 135

Mass number

Fig. 5.

(color online) Calculated isotopic distributions of final fragments by the InQMD model in reactions of ~Cd +

106 112

Sn at

Ec.m. =300, 500, and 780 MeV. Dashed lines indicate the boundaries of known isotopes.
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Fig. 6.

(color online) Neutron-deficient nuclei region around "Sn on the nuclear map. Filled and open squares denote known and

predicted nuclei, respectively. Yellow, red, and olive colors indicate the a decay, g* decay, and proton decay, respectively. The pro-

. . . . 106 112
duction cross-sections in the reaction of ~ Cd +

Table 2.
exotic neutron-deficient nuclei from MNT reactions with measured

Comparison of calculated production cross-sections for

values from fragmentation and fusion-evaporation reactions.

isotope g’?:a[; /mb g';);:l/mb orihee. /mb
"In 1.3x10719[6] _ 7.2x107°
*In 1.4x 1078[6] _ 3.5%1073
“In 22x1077[2] - 2.0%1072
"I 8.6x 1076[2] 1.7 x 1073[25] 3.8x1072
'%Sn 7.4x1071912] 4.0%x107526] 1.1x1073
"%'3n 4.0x1078[2] 1.3x1075[25] 5.0x1073
"%Sn 2.2x1079[2] - 3.9%1072
"®Sn 77x1079[2] - 1.8x107!
'™p 3.5%1077[2] - 1.9%1073
"%Te 12x1079[2] _ 6.6x1073
1%Te 1.3x1077[2] - 1.2x1072
1% _ 8.6x 1074[58] 1.6x1073
"Xe _ 1.0x 1075[58] 2.0x 1073
"Xe _ 1.0x 1073[58] 3.0x1073

'Sn on the nuclear map. The filled and open squares de-
note the known and the predicted nuclei, respectively.
Yellow, red, and olive colors indicate a decay, 8* decay,
and proton decay, respectively. The production cross-sec-
tions with the ImQMD model in the reaction of %cd +
"Sn at Ecm =500 MeV are signed in the graph. Several
new neutron-deficient nuclei are produced in the "%cd +

Sn reaction. The corresponding production cross-sec-
tions for the new neutron-deficient nuclei, 1o, Sb, 103Te,

Sn at E.,. = 500 MeV are depicted in the graph.

106, 107
and

I, are 2.0 nb, 4.1 nb, 6.5 nb, 0.4 ub and 1.0 ub,
respectively.

4 Conclusions

The production cross-sections and angular distribu-
tions of PLFs in the reaction of “Ca + '"'Sn at
Ec.m. =128.5 MeV are calculated by the ImQMD model.
The results show that the ImQMD model is suitable to
describe the MNT reactions of the intermediate-mass sys-
tems. To produce the exotic neutron-deficient nuclei
?Sround 1]1\27, Z ” 50, tl}% mul;cgnucle?lrzl tralnsfer1 0rf’eactiorllls2 of

Ca+ "Sn, Ca+ "Sn, Ni+ "Sn,and Cd+ “Sn
are studied. We find that combinations of neutron-defi-
cient projectile and target are advantageous for the pro-
duction of the exotic neutron-deficient nuclei. The distri-
bution of the final production cross-section of exotic
%fgutron—ldlez:ﬁcient nuclei is similar in the reactions of

Cd + “Sn at E., =300, 500, and 780 MeV. The de-
excitation processes of the %cd + "sn system at
Ecm. =500 MeV are analysed. The charged particles'
emission plays an important role for the highly excited
system. Proton emission is the main decay channel in the
de-excitation processes of exotic neutron-deficient nuclei.
Compared to the fragmentation and fusion-evaporation
reactions, the MNT reaction is highly advantageous for
the production of the neutron-deficient nuclei around N,
Z=50. "11"31161 é:zross}&ections olf0 6l.nllolglown neutron-deficient
isotopes ~ Sb, Te,and — 'Iare2.0nb,4.1nb,6.5
nb, 0.4 b and 1.0 wb in the '*Cd + '"°Sn reaction, re-
spectively.
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