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Abstract: The fusion-evaporation excitation functions in the reactions of !2C/100 + 165Ho, 12C +
198 pt/208 ppy 238y, 16 + 148 §/208 pp/ 238, 20Ne + 208 pb/209Bi, and 3040 Ar + 182W/185Re/187 Os are systematic-
ally investigated using a combined approach of barrier distribution and statistical theory. The production cross sec-
tions of proton-rich nuclides 2!1-214U, 214-218Np, and 2!6-220py are estimated for the pure neutron and charged

particle evaporation. The kinetic energy spectra of neutrons, protons, deuterons, tritons, and alphas from the com-
pound nuclei in the fusion reactions are analyzed. We find that the Coulomb interaction between the charged
particles and daughter nuclei dominates the kinetic energy spectra and leads to the Boltzmann distribution. The a
yields are comparable with the hydrogen isotopes and are of the same order of magnitude. The shell effect is signi-

ficant for fusion-evaporation cross sections and particle energy spectra.
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I. INTRODUCTION

Over the past several decades, fusion reaction dynam-
ics have been extensively investigated both through ex-
periments and theories, particularly on the problems of
"Big-Bang Nucleosynthesis," nuclear reactions in the
stellar evolution, new isotope production, superheavy
nucleus synthesis, and nuclear fission [1]. The fusion of
heavy systems must overcome the Coulomb barrier
formed by binary colliding nuclei and the competition
between quasifission and complete fusion to form a com-
pound nucleus. The synthesis of very heavy (superheavy)
nuclei to reach the "island of stability" predicted theoret-
ically and synthesizing new elements has progressed sig-
nificantly through experiments on the fusion-evaporation
reaction mechanism [2—7]. Superheavy nuclei (SHN)
(Z > 106) exist owing to a strong shell effect against the
large Coulomb repulsion. Fusion dynamics are associ-
ated with quantum tunneling through the coupling of rel-
ative motion and internal degrees of freedom. The initial
configuration of colliding nuclei, nucleon or cluster trans-
fer, deformation, shape evolution, efc., influence the
formation of compound nuclei in the fusion reaction. In
addition to the nuclear structure and proton-rich nuclide
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synthesis close to the drip line, the heavy-ion fusion reac-
tion has been used to produce SHN, i.e., the well-known
cold fusion reactions for element synthesis from Bh
(Z=107) to Nh (Z=113) and the “®Ca induced fusion reac-
tions from F1 (Z=114) to Og (Z=118). The acccurate cal-
culation of the fusion cross section in heavy-ion colli-
sions is favorable for predicting the synthesis of new su-
perheavy elements.

The compound nucleus formed in a fusion reaction is
excited, and the de-excitation of the thermal nucleus pro-
ceeds via y, neutron, and charged particle emissions
against nuclear fission [8], in which the nuclear structure
influences the de-excitation process, i.e., the level dens-
ity, separation energy, fission barrier, shell effect, etc.
The energy spectra of particles manifest the excited com-
pound nucleus properties and are associated with the pro-
duction of new isotopes in fusion reactions or multinucle-
on transfer reactions.

In this work, the production of heavy proton-rich nuc-
lei and cluster kinetic energy spectra in fusion-evapora-
tion reactions is systematically investigated within the
framework of the dinuclear system (DNS) model. The re-
mainder of this article is organized as follows. In Sec. I,
we provide a brief description of the model. Calculated
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results are discussed in Sec. III. A summary and perspect-
ive on the production of new proton-rich isotopes in ex-
periments are presented in Sec. IV.

II. MODEL DESCRIPTION

In the work, the fusion-evaporation reactions with the
charged particle channels and kinetic energy spectra are
investigated systematically. It is well known that the
evaporation residue cross section in fusion reactions is
evaluated as a sum over partial angular momentum J at
centre-of-mass energy E. . in evaporation channel s:
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Here, T(E.,) is the transmission probability of the two
colliding nuclei overcoming the Coulomb barrier, which
is calculated using the empirical coupled channel model
[8, 9]. Pcy is the probability that the heavy system
evolves from a touching configuration into the formation
of compound nucleus in a competition of quasi-fission
and fission of the heavy fragments.

The capture cross section of binary colliding system
is given by
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where T(E...,J) is the penetration probability. For light
and medium systems, T(E.,,J) is calculated using the
well-known Hill-Wheeler formula [10]:
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with fiw(J) being the width of the parabolic barrier at bar-
rierradiusR(J)withtherelationR = rqy * (A} + A}*),where
rop = 1.4~ 1.5 fm.

The barrier distribution function is taken as the Gaus-

sian form [8, 11]:

1
f(B) = - expl-((B~ B,))/AY]. “

The normalization constant satisfies [ f(B)dB=1. The
quantities B,, and A are evaluated using B,, = (B¢ + Bs)/2
and A = (By - Bs)/2, respectively. By is the Coulomb
barrier at waist-to-waist orientation with static quadru-

pole deformation parameters 8p and B for projectile and
target nuclei, respectively. Bs is the minimum barrier
(barrier at saddle point) by varying the quadrupole de-
formation of the colliding partners. The nucleus-nucleus
interaction potential with the dynamical quadrupole de-
formation is given by
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1 1
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Here, symbols P and T denote the projectile and target
nuclei, respectively. R is the center-of-mass distance
between the colliding partners. Bpy denotes the quadru-
pole deformation parameters corresponding to the minim-
um of V(R,Bp.Br.0p,0r)), and B%T denotes the paramet-
ers at the ground states for the projectile and target nuclei,
respectively. The deformation energy is assumed to be
proportional to the mass number, ie.,
CpB%/CrpB2 = Ap/Ar, and stiffness parameter C; (i=P,T) is
calculated using the well-known liquid drop model as
[12]

3 7%
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where Ry; is the spheroidal radius of the nucleus; its for-
mula is Ry; = 1.18A!(i = 1,2). Here, we consider only the
quadrupole deformation (1=2). o is the coefficient of
surface tension that satisfies 47rRl.20'=axAi2/ 3 and a, =
18.32 MeV is the surface energy. The nuclear potential is
calculated using the double-folding method based on the
Skyrme interaction force neglecting the momentum and
spin dependence [13]. The Coulomb potential is obtained
using Wong's formula [14].

To describe the diffusion process along proton and
neutron degrees of freedom in the competition of quasi-
fission and complete fusion processes, we obtain the dis-
tribution probability by solving a set of master equations
numerically on the potential energy surface of the DNS.
The time evolution of the distribution probability
P(Z\,N,,E,t) for fragment 1 with proton number Z,,
neutron number N;, and excitation energy E; is de-
scribed using master equations as follows:
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Here, WZI’NI;Z;,NI(WZI,NI;Z]’N;) is the mean transition prob-
ability from channel (Z;,N,,E,) to (Z,,N,E)) [or from
(Z,,N,,E)) to (Z,,N,,E))], and dz, 5, denotes the micro-
scopic dimension corresponding to the macroscopic state
(Z,,Ny,Ey). The sum is taken over all possible proton and
neutron numbers that fragment Z, and N, may take, but
only one nucleon transfer is considered in the model with
relations Z, =Z,+1 and N, =N, +1. Excitation energy
E, is determined by the dissipation energy from the relat-
ive motion and potential energy surface of the DNS.

To form the compound nucleus, the DNS must over-
come the inner fusion barrier. The fusion probability is
estimated by integrating distribution probability
P(Z,,Ny,E,1) to the Businaro-Gallone (BG) point. The
formation probability of the compound nucleus at barrier
B and angular momentum J is given by

ZG. N.G.

Pex(Eem, ) =Y Y P(Z1, N1,y Tin). ®)

Z=1 N=1

Here, interaction time 7, is obtained by using the deflec-
tion function method [8]. The fusion cross section is cal-
culated by
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However, for light reaction systems or projectile-target
combinations with larger mass asymmetry (Ap/Ar <0.1),
the probability is close to unity, Pcy ~ 1, and fusion cross
section ops(Ecm.) ® Ocap(Ecm.) [15].

The compound nucleus formed in the fusion reac-
tions is excited and is cooled via evaporating y-rays, light
particles (neutrons, protons, a, etc.) in competition with
fission. The survival probability of the thermal nucleus in
the channel of evaporating the x—th neutron, y—th proton,
and z—th alpha is expressed by [16]
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X

XHRMN)ymmn
LB ) 1 T(ES.J)

i=1
Lo(Ep.)) (10)
o Lol B )
Here, E{y and J are the excitation energy evaluated from
the mass table in Ref. [17] and the spin of the excited
nucleus, respectively. Total width T, is the sum of par-
tial widths of particle evaporation, y-emission, and fis-
sion. Excitation energy E: before evaporating the s-th
particle is evaluated as

E§+1=Ej—B?—Bf—Bf—2TS (11)

with the initial condition E} = E}y, and s=i+ j+k. B,
BY, and By are the separation energies of the i-th neutron,
Jj-th proton, and k-th alpha, respectively. Nuclear temper-
ature T; is given by Ef =aT?-T;, where a is the level
density parameter. The fission cross section of com-
pound nucleus is estimated using

. ﬂh2 Jmax
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cem. 7,
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with E{y=Ecm +Qpr and fission width T'((E{y,J), in
which E.,, is the incident energy in the center-of-mass
system. The reaction Q-value is estimated using
Opr = AMp + AMy — AMc, where Mp, Mr, and Mcare the
mass excesses for the projectile, target, and compound
nuclei, respectively.

Assuming the electric dipole radiation (L=1) domin-
ates y—emission, the decay width is calculated using
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Here, k =0.75, and T'; and E; are the width and position
of the electric dipole resonance, respectively. For a heavy
nucleus, I'; =5 MeV [18],

167.23
EG = MeV
A3 N1.959 + 14.074A-1/3

(15)

The particle decay widths are evaluated using the
Weisskopf evaporation theory as [19]

E*—Bv—é—é‘”—i

m
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(E",J)=(2s )7r2h2p(E*,J) /
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Here, s,, m,, and B, are the spin, mass, and binding en-
ergy of the evaporating particle, respectively. Pairing
correction energy 6 is set to 12/ VA,0,—12/ VA MeV for
even-even, even-odd, and odd-odd nuclei, respectively.
The inverse cross section is given by oy, =nR2T(v). The
penetration probability is set to unity for neutrons, and
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T) = (1 +exp(r(Ve(v) —e)/hw))™! for charged particles,
where hiw =35 and 8 MeV for the proton and alpha, re-
spectively. The fission width is calculated with a similar
method as in Refs. [20, 21].

The level density is calculated from the Fermi-gas
model as [22]

2J+1
24 \/50-3a1/4(E* —5)5/4

J+1/2)
X exp {2 \/a(E*—é)—%} > (17)

with 02 = 6/m? Va(E* = 9)/n> and m = 0.24A*3. K, is the
collective enhancement factor, which includes the rota-
tional and vibrational effects [21, 23]. The level density
parameter is related to shell correction energy Eg.(Z,N)
and excitation energy E* of the nucleus as

p(E*’ J) =Kcon -

a(E*,Z,N) = a(A)[1 + Ex(Z,N)f(E* - A)/(E* = A)]. (18)

Here, @(A)=aA+pBA*3b, is the asymptotic Fermi-gas
value of the level density parameter at high excitation en-
ergies. The shell damping factor is given by

J(E") = 1—exp(-yE") (19)

with y = @/(eA**) MeV~'. Parameters a, B, b,, and € are
taken to be 0.114, 0.098, 1., and 0.4, respectively [21].
The shell correction energy is taken from the mass table
of the finite-range droplet model (FRDM2012) [24].

For one particle evaporation, the realization probabil-
ity is given by

(Eiy —B,—2T)> )

2072 20)

P(Eiy,J) =exp (

Width o is taken to fit the experimental width of fusion-
evaporation excitation functions. Realization probability
P(E¢n, x,,2,J) for evaporating x neutrons, y protons, z al-
phas at the excitation energy of Ef, and angular mo-
mentum of J is calculated using the Jackson formula [25]
as

P(E¢y,5,J) = 1(A;,25 = 3) = 1(Ag, 25— 1), 21

where quantities / and A are given as follows:

‘l Z
I(z,m) = %/ u"e "du, (22)

0
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A, =
T;

B! is the separation energy of evaporating the i-th
particle, and s(x,y,z) = x+y+z. The spectrum of the real-
ization probability determines the structure of survival
probability in each evaporation channel.

The kinetic energy of the charged particle evaporated
from the compound nucleus is sampled using a Monte
Carlo procedure within the energy range ¢, € (0,E* — B,—
Ve—E.). Here, V. represents the Coulomb barrier
between the charged particle and daughter nucleus. We
neglect the quantum tunneling effect for penetrating the
barrier at the low excitation energy. The Watt spectrum is
used for the neutron emission [26] and is expressed as

do, €/? €
de, = Cno-fus(Ecm.)W exXp (_Tw) (24)

where T,,=1.7+0.1 MeV, and C, is the normalization
constant. For the charged particles, the Boltzmann distri-
bution is considered as [27, 28]

do,
de,

1/2
m €,
= Sﬂo-fus(Ecm.)Ek (27TTV> exp <_7V> B (25)

where T, = VE*/a, and a=A/8 MeV ™! is the level dens-
ity parameter.

III. RESULTS AND DISCUSSION

Fusion-evaporation reactions have been extensively
investigated for synthesizing new isotopes and extracting
the structure effect in nuclear dynamics, i.e., the cluster
configuration, multidimensional coupling of nucleon
transfer, deformation, collective rotation, efc. Charged
particle evaporation is correlated with the excitation en-
ergy and nuclear structure of a compound nucleus. Fig. 1
shows is a comparison of fusion cross sections and evap-
oration residue (ER) excitation functions with the avail-
able experimental data in the reactions of '>C + ' Ho and
160 + 9Ho [29, 30]. For the reaction '2C + ' Ho, the
pure neutron evaporation channels xn correspond to Ta
isotope production. The channels of pxn and axn evapor-
ation are the Hf and Lu isotopes. Correspondingly, the
Re, W, and Ta isotopes are produced via xn, pxn, and
axn evaporation in the reaction of 'O + 'SHo. The max-
imal evaporation cross sections in the 4-6n channels are
close to those of the fusion cross section, in which the
survival probabilities approach the unit. The p3n and p5n
channels are two orders of magnitude lower than the ex-
perimental data for '*Hf production with the cross sec-
tion of 843+112 mb and "' Hf with 145+22 mb [29]. The
unexpected large experimental results are not explained
by the model calculations. Typically, the ER cross sec-
tions with the charged particle channels are much lower
than those of pure neutron evaporation because of the ex-
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istence of Coulomb barrier. A similar case is observed in
the reaction of 'O + '%Ho. Note that the cluster config-
uration of '2C and 'O is not considered in the present
calculation of fusion ER excitation functions.

103 [ T T T T T T T
(a)2C+"Ho
2|
10 £ exp.data
, L o fusion
10 E o "Ta
— o ™Ta
_g 100 L 7214
F § PORIET:
10-1 -_ 171Hf
E < "Lu k
F a9y 1 E
0%t @ "/ £
E fo2n ja3n &
10-3 : H 1 LG
20 30 40 50 60

E'cn(MeV)

Fig. 1. (color online) Fusion and evaporation residue excitation functions in the reactions of (a) '2C + 9SHo and (b) 'O + % Ho, re-

The fusion-evaporation residue excitation functions in
the reactions of 'O + 8Sm, 60 + 208Pb, 2C + 198Ppt,
and '°0 + 233U is calculated as shown in Fig. 2. The cross
sections with the charged particles are lower by at least

Chin. Phys. C 50, 044112 (2026)
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spectively. The available experimental data are taken from Refs. [26, 27].
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Fig. 2. (color online) Fusion and evaporation residue excitation functions in the reactions of (a) 1O + 8Sm, (b) 10O + 208Pb, (¢) 12C
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+ 198Pt, and (d) 160 + 238U, respectively. The experimental data are taken from Refs. [31-33].
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two orders magnitude in comparison with those of pure
neutron channels. The fission of the excited compound
nucleus >*Fm in the reaction 'O + 23U is dominant and
leads to the reduction in ER cross sections. The fission
cross section increases with the excitation energy and is
apparent for the heavy compound nucleus formed in the
fusion reaction. The ER cross sections with the charged
particles are much lower than the pure neutron channels.
The magnitude of reduction and the difference of pxn and
axn rely on the compound nuclei formed in the fusion re-
actions. The fusion-evaporation reactions for producing
the actinide nuclei are influenced by the fission barrier,
energy density, shell effect, etc. Fig. 3 shows the ER ex-
citation functions in the xn, xnla, and xnlp channels for
the reactions *°Ne + 2%Pb, 2°Ne + 2°Bi, '2C + 28Pb, and
12C + 28U, respectively. The optimal channel varies with
the properties of compound nuclei in the pure neutron
evaporation with the cross section from 0.1 mb (3n chan-
nel in **Ne + 2Bi) to 300 mb (4n channel in >C +
28Ph). The maximal cross section with the charged
particle evaporation is rapidly reduced in comparison
with the pure neutron evaporation, e.g., the five-order

Net+*pb ]

o (mb)

magnitude reduction from 4n to 3nla (3n1p) channel in
the reaction of 12C + 2%8Pb.

The production of new proton-rich actinide nuclides
lays a foundation for investigating the decay mode and
structure properties of nuclei close to the proton drip-line.
The new magic number, fission barrier, decay mode, and
level density deepen the understanding of SHN proper-
ties. %% Ar induced fusion-evaporation reactions have
been extensively performed to produce proton-rich nuc-
lei around N=126 [34]. We analyzed the fusion-evapora-
tion excitation functions for the pure neutron and charged
particle channels in the reactions of 340Ar +
182W/185Re/!'87Os, as shown Fig. 4. The 2n-4n channels
are dominant for producing the residue nuclei. The 5n-7n
evaporation channels are available for new isotope pro-
duction. Table 1 shows the production of new isotopes
212147 24-218Np, and 2!22°Pu in the fusion-evapora-
tion reactions of 3 Ar + 32W, 3Ar + 8Re, and 3Ar +
1870s, respectively. The production cross section, evapor-
ation channel, excitation energy, and incident energy in
the center-of-mass frame are shown for different systems.
The cross section above nb is feasible in experiments and

107
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Fig. 3.
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(color online) Fusion and evaporation residue cross sections in the xn, xnle, and xnlp chennels for the reactions (a) 2°Ne +

208pb, (b) 2°Ne + 29Bi, (c) 12C + 208Pb, and (d) 2C + 238U, respectively.
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Fig. 4. (color online) Fusion-evaporation excitation functions for the pure neutron and charged particle channels in the reactions of
3640 Ar + 182W/185Re/187 O, respectively.

Table 1. Production of new isotopes 2!1-214U, 214-218Np, and 2!6-220Py in the fusion-evaporation reactions of 3¢ Ar + 182W, 36 Ar +
185Re, and 30 Ar + 187 Os, respectively.

Reaction system Reaction channel Nuclide Cross section Ety/MeV E¢m./MeV
36 Ar + 182y 4n 214y 0.65 pb 54 1543
S5n 213y 40.4 nb 70 170.3
6n 212y 18.8 nb 89 189.3
n 21y 2.2nb 109 209.3
36 Ar + 185Re 3n 218Np 2.36 ub 40 143.5
4n 217Np 124 nb 53 156.5
5n 216 Np 11.1nb 68 171.5
6n 215Np 1.1nb 89 192.5
Tn 214Np 0.37 nb 108 211.5
36 Ar+ 18705 3n 220py 1.37 ub 40 146.6
4n 219py 104 nb 51 157.6
S5n 218py 11.6 nb 68 174.6
6n 217py 0.81 nb 87 193.6
Tn 216 py 0.25 nb 108 214.6
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frequently identified by the cascade a-decay chain.

The kinetic energy spectra of particles manifest the
excited properties of compound nuclei, i.e., the rotational
band, angular momentum, single particle energy, level
density, fission barrier, etc. Fig. 5 shows the kinetic en-
ergy spectra of neutrons, protons, deuterons, tritons, and
a from the compound nuclei formed in the reactions of
160 + 28Pb and '°0 + 28U at an excitation energy of
42 MeV. The proton and a spectra are compared with the
available experimental data and the GEMINI++ calcula-
tion. The solid lines in Fig. 5 (a) are the calculated res-
ults in this work. The energy spectra are primarily de-
termined by the excitation energy of compound nucleus,
separation energy of emitted cluster, and Coulomb barri-
er between the charged particle and daughter nucleus.
The quantum tunneling is neglected in the calculation,
which leads to the underestimation of low-energy particle
production. The maximal position of charged particle en-
ergy spectra relies on the Coulomb energy. The hydro-
gen isotopes manifest a similar distribution because of the
Coulomb interaction. We also compared the excitation
energy dependence of neutrons, protons, deuterons, tri-
tons, and a from the compound nuclei 2°Po and 2“Rn
formed in collisions of 2C+'%8Pt and 'O + !%8Pt, as
shown in Fig. 6. A higher excitation energy leads to a
broader energy tail. However, the maximal yields of the
energy spectra are almost similar, e.g., 10 MeV for the
hydrogen isotopes and 20 MeV for a at the excitation en-
ergies of 61, 84, and 100 MeV, respectively. We observe
that the energy spectra of deuterons are very close to
those of tritons in the '>C+!98Pt reaction but different for
160 + %8Pt, which is caused by the difference in cluster
separation energies, i.e., 10.22 and 10.85 MeV for deuter-
on and triton emissions from 2'°Po, but 8.84 and 7.62

107 T T T T T T T
@ 1%0+*%pb, E'(=42MeV ]
10°F ===~ proton (GEMINI++) neutron
% proton (exp) proton
= 3 =+-=+-- alpha (GEMINI++) deuteron
2 = alpha (exp) triton
§ 107 alpha
] q
=
=)
E o ;
z
o 107t ;
<
] q
10°F ;
] |
108
° 40

E,i,(MeV)
Fig. 5.

MeV for the deuteron and triton from 2“Rn. The system
dependence of the cluster emission in the reactions of 2C
and '°O on Pb is calculated as shown in Fig. 7. The
neutron emission is dominant with the lower kinetic en-
ergy in comparison with the hydrogen isotopes and «
evaporation. The deuteron and triton energy spectra are
similar in the reaction of 'O + 2%Pb. The energetic
cluster is produced by increasing the excitation energy of
the compound nucleus. The higher Coulomb barrier en-
ables the particle emission to the high-energy tail.

The energy spectra of cluster emission in massive
transfer and fusion reactions are sensitive probes for ex-
tracting the nuclear structure and reaction dynamics of
the intermediate stage. The cluster evaporation from the
compound nucleus is correlated with the excited sate, ex-
citation energy, angular momentum, cluster configura-
tion, separation energy, etc. Fig. 8 shows a comparison of
the kinetic energy spectra of neutrons, protons, deuterons,
tritons, and alphas from the compound nuclei formed in
the reactions of '2C+2¥U (upper panel) and '°O+233U
(down panel) at the excitation energies of 61, 84, and 100
MeV, respectively. The nuclear fission is dominant in the
formation of a compound nucleus in comparison with the
fusion-evaporation reaction. The charged particle yields
are significantly reduced in comparison with the neutron
emission. The mixed channels of the charged particle and
neutron evaporation are available for the new isotope pro-
duction. The evaporation channels with proton and o
emission should be considered in the synthesis of SHN.

IV. CONCLUSIONS

Fusion-evaporation reactions for producing the pro-
ton-rich nuclei around N=126 have been extensively in-

1 02 T T T T T T T
(b) 1604238, E* . =42 MeV
E > Eon E
10° 4 neutron N
- - - -proton
3 deuteron 1
- i triton
10~ o alpha E
107 4 1
3 S . 3
1004 ,"m\.\ N E
1 0*8 1 1 1 \.’\ |\ No 1 1 1
0 5 10 15 20 25 30 35 40
E\in(MeV)

(color online) Kinetic energy spectra of neutrons, protons, deuterons, tritons, and alphas from the compound nuclei formed in

the reactions of (a) 16O+2%Pb and (b) '°O+238U at the excitation energy 42 MeV of compound nuclei. The available experimental data
[35] and results of GEMINI++, indicated by dash-dotted lines [36], are shown for comparison with the results in this work for

160+208 pp (left panel), indicated by solid lines.
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Fig. 6. (color online) Kinetic energy spectra of neutrons, protons, deuterons, tritons, and alphas from the compound nuclei 2'°Po and
214Rn in the reactions of (a) 2C+'8 Pt and (b) 6 O+198Pt at excitation energies of 61, 84, and 100 MeV, respectively.
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Fig. 7. (color online) Same as in Fig. 6, but for the deexcitation of 22°Ra and ?**Th in the reactions of 2C and O on 208Pb.
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Fig. 8.
reactions of 12C and '°O on 238 U.

vestigated. The cross sections of pure neutron and mixed
evaporation channels with charged particles are systemat-
ically calculated using the dinuclear system model. The
production of new proton-rich isotopes 2!!7214U,
214-218Np, and 2'9-220Py with the cross sections of 0.25
nb—2.36 ub is analyzed via the reactions of *Ar +
182W/185Re/187Os. The systems are feasible in experi-
ments, and the decay modes of the new isotopes are still

(color online) Kinetic energy spectra of neutrons, protons, deuterons, tritons, and alphas produced in the fusion-evaporation

of interest in nuclear structure studies. The kinetic en-
ergy spectra of neutrons, protons, deuterons, tritons, and
o from compound nuclei strongly depend on the excita-
tion energy and Coulomb interaction between the charged
particles and daughter nuclei. The shell effect of com-
pound nuclei in the fusion reactions influences the o
yields and energy spectra.
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