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The production of 243–254No is investigated within the framework of the improved quantum molecular dy-
namical model incorporated with a statistical model. The calculated results of the 48Ca + 208Pb fusion reaction
can reproduce the experimental data well. The impact parameter and the incident energy influence the fusion
probability and the lifetime of the neck in fusion reaction process. Furthermore, the evaporation residue cross
sections of 40,44,48Ca + 208Pb, 20Ne + 233,235,238U, 16O + 242Pu, and 26Mg + 232Th reactions are calculated. From
investigation, the more neutrons there are in the projectile or target for the same projectile-target combination, the
larger evaporation residue cross sections will be. Six unknown isotopes 243–248No are predicted with maximum
evaporation residue cross sections 0.061 pb, 2.250 pb, 0.005 nb, 0.530 nb, 0.432 nb, and 3.518 nb, respectively.
The corresponding fusion reactions are 208Pb(40Ca, 5n) 243No, 208Pb(40Ca, 4n) 244No, 208Pb(40Ca, 3n) 245No,
208Pb(40Ca, 2n) 246No, 233U(20Ne, 6n) 247No, and 233U(20Ne, 5n) 248No, respectively.

DOI: 10.1103/PhysRevC.106.014625

I. INTRODUCTION

Since the discovery of superheavy nuclei [1], great
progress in the synthesis of new heavy and superheavy nuclei
by fusion reactions has been achieved in recent years. 262Bh,
265Hs, 267Mt, 269Ds, and 272Rg have been synthesized by using
208Pb or 209Bi targets [2–6]. Twenty-nine new heavy nuclides
with Z = 112–118 have been produced successfully in the
fusion reactions of actinide targets with 48Ca or 70Zn beams
[7–17]. Currently, although the No isotopes produced in ex-
periments are rather neutron deficient, the predicted position
of the proton drip line still has not been reached. Therefore,
the production of unknown No isotopes, especially in fusion
reactions, has attracted extensive attention both experimen-
tally and theoretically.

The element nobelium (Z = 102) was first discovered
by Donets et al. and Zager et al. with the reactions
243Am(15N, 4n) 254No and 238U(22Ne, 6n) 254No in 1965
[18,19]. Up to now, only 13 nobelium isotopes (249–260,262No)
have been produced [18–30]. The synthesis methods of no-
belium isotopes are summarized in Table I. The abbreviations
FE, MNT, and EC in the Table I represent fusion-evaporation
reaction, multinucleon transfer reaction, and electron cap-
ture, respectively. 249–259No were produced by using the
FE reaction, 260No was the only isotope obtained by using

*Corresponding author: fszhang@bnu.edu.cn

the MNT reaction, and 262No was observed in the β+
decay of 262Lr and identified through its spontaneous fis-
sion. The production cross sections of the isotopes 252–254No
were measured for the FE reactions of 22Ne + 236,238U and
26Mg + 232Th by using the kinematic separator VASSILISSA
[31,32]. The first evidence of at least one high-K isomer
in 256No was obtained by using the highly asymmetric FE
reaction 238U(22Ne, 4n) 256No [33]. Recently, with the re-
action of complete fusion of 48Ca ions with 204Pb, 249No
has been identified in an experiment carried out with the
SHELS separator [20]. 249No was also observed in the α

decay of the new isotope 253Rf [21]. Some semiclassi-
cal and microscopic models are developed to describe the
fusion processes in low-energy heavy-ion collisions. The
semiclassical models such as the two-step model [34], the din-
uclear system (DNS) model [35–39], the fusion-by-diffusion
model [40–42]. and some others [43–46] have successfully
described the production cross sections of heavy and super-
heavy nuclei. For instance, the production of No isotopes
249–263No were studied in FE reactions based on the DNS
model [47]. The new neutron-rich isotopes 261–263No were
calculated using 242Pu(22O, 3n) 261No, 244Pu(22O, 4n) 262No,
and 244Pu(22O, 3n) 263No reactions, and the corresponding
maximum evaporation residue cross sections are 0.628,
4.649, and 1.638 μb, respectively. The microscopic dy-
namics models, such as the time-dependent Hartree-Fock
(TDHF) model [48–51] and improved quantum molecular
dynamics (ImQMD) model [52–54] have also shown rea-
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TABLE I. A brief summary of the No isotopes.

Isotope Elab (MeV) Method Channel Reaction References

249No 225.4 FE 3n 48Ca + 204Pb [20]
α decay 253Rf [21]

250No 213.5–242.5 FE 4n 48Ca + 206Pb [22]
213.5–242.5 FE 2n 48Ca + 204Pb [22]

251No 78–90 FE 5n 12C + 244Cm [23]
252No 96 FE 5n 18O + 239Pu [24]
253No 102 FE 5n 16O + 242Pu [24]
254No FE 6n 22Ne + 238U [18]

82–84 FE 4n 15N + 243Am [18,19]
255No 177 FE 5n 22Ne + 238U [25]
256No 110–120 FE 4n 22Ne + 238U [26]
257No 63–68 FE 4n 13C + 248Cm [23]
258No 67.6 FE 3n 13C + 248Cm [27]
259No 88–106 FE 3n 18O + 248Cm [28]
260No 99 MNT 18O + 254Es [29]
262No EC 262Lr [30]

sonable success in describing the mechanisms of heavy-ion
reactions.

The aim of this work is to produce unknown neutron-
deficient nobelium isotopes by using the ImQMD model
via 40,44,48Ca + 208Pb, 20Ne + 233,235,238U, 16O + 242Pu, and
26Mg + 232Th reactions. The deexcitation processes are
treated with the statistical model.

This paper is organized as follows. In Sec. II, we describe
the ImQMD model. The results and discussion are presented
in Sec. III. Finally, we summarize the main conclusions in
Sec. IV.

II. THE MODEL

The ImQMD model is an improved version of the quan-
tum molecular dynamics (QMD) model [54,55]. The standard
Skyrme interaction with the omission of the spin-orbit inter-
action is adopted to describe the bulk and surface properties
of nuclei [56]. The stochastic two-body collision process is
added to the time evolution by the Hamilton equation of
motion. In order to improve the stability of an individual
nucleus, the Fermi constraint proposed by Papa et al. is taken
into account in this model [57]. Considering the collision
part, an isospin dependent nucleon-nucleon scattering cross
section and Pauli blocking are used in this model.

A. Brief introduction of the ImQMD model

As in the original QMD model, each nucleon is represented
by a Gaussian wave packet of coherent states in the ImQMD
model:

φi(r) = 1(
2πσ 2

r

)3/4 exp

[
− (r − ri )2

4σ 2
r

+ i

h̄
r · pi

]
, (1)

where ri and pi are the wave packet centers of the ith particle
in the coordinate and momentum space, respectively. σr rep-
resents the spatial spread of the wave packet. By applying the
Winger transform to the wave function, the one-body phase
space distribution function under quantum mechanical condi-

tions can be obtained. Hence, the density distribution function
ρ and momentum distribution function g of a system read:

ρ(r) =
∑

i

1(
2πσ 2

r

)3/2 exp

[
− (r − ri )2

2σ 2
r

]
, (2)

g(p) =
∑

i

1(
2πσ 2

p

)3/2 exp

[
− (p − pi )2

2σ 2
p

]
. (3)

The propagation of nucleons is governed by Hamiltonian
equations of motion under the self-consistently generated
mean field:

ṙi = ∂H

∂pi
, ṗi = −∂H

∂ri
. (4)

The initial conditions of the reaction, such as the prop-
erties of projectile and target nuclei, are of vital importance
for studying low-energy heavy-ion reactions using the micro-
scopic transport model [58]. In Fig. 1, we check the time
evolution of binding energies and root-mean-square charge
radii for 48Ca and 208Pb calculated by the ImQMD model with
parameter set IQ3a. One can see that their binding energies
and root-mean-square charge radii remain constant with a very
small fluctuation and the bound nuclei evolve stably without
spurious emission for a period of time of about 3000 fm/c,
which is essential for applications to fusion reactions of heavy
nuclei.

The Hamiltonian H consists of the kinetic energy T =∑
i

p2
i

2m , the nuclear interaction potential energy, and the
Coulomb interaction potential energy,

H = T + Uloc + UCoul, (5)

where Uloc = ∫
Vloc(r)dr is obtained from the standard

Skyrme energy density functional,

Vloc = α

2

ρ2

ρ0
+ β

γ + 1

ργ+1

ρ
γ

0

+ gsur

2ρ0
(∇ρ)2

+ gτ

ρη+1

ρ
η

0

+ Cs

2ρ0
[ρ2 − ks(∇ρ)2]δ2, (6)
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FIG. 1. The time evolution of binding energies and root-mean-square charge radii for 48Ca and 208Pb calculated by the ImQMD model
with parameter set IQ3a.

where δ = (ρn − ρp)/(ρn + ρp) is the isospin asymmetry.
UCoul is the Coulomb interaction potential energy which in-
cludes the contribution of the direct and exchange terms.

In the ImQMD code, nucleon-nucleon collisions are
determined as follows: first, only nucleon pairs with rel-
ative distance ri j < 3.5 fm and energy s = (pi + pi )2 >

3.556 GeV2, where pi = (Ei, �pi ), are considered in order to
speed up simulations; then, the attempted collisions are deter-
mined by using the transverse and longitudinal distances of
the colliding pairs. More detailed descriptions of the nucleon-
nucleon collisions term can be found in Ref. [54].

To describe the fermionic nature of the N-body system and
to improve the stability of an individual nucleus, the modified
Fermi constraint, which was previously proposed by Papa
et al. [57], is adopted. The phase space occupation probability
f̄i of the ith particle is checked during the propagation of
nucleons. If f̄i > 1, a violation of the Pauli principle, the
momentum of the particle is randomly changed by a series
of two-body elastic scatterings between this particle and its
neighboring particles, together with Pauli blocking condition
being checked after the momentum redistribution.

In this work, we set the z axis as the beam direction and the
x axis as the impact parameter direction. The initial distance
of the center of mass between the projectile and target is 30
fm. The dynamic simulation is stopped at 2000 fm/c and 500
events for each impact parameter simulated in this work. The
range of the impact parameters in the calculations is from 0 to
bmax fm. bmax = Rp + RT , where Rp and RT denote the radii
of the projectile and target, respectively.

Besides, we use the parameter set of IQ3a (see Table II)
and set the wave-packet width σr = 1.3 fm in our calculations.
The binding energy of symmetric nuclear matter at saturation
density ρ0 is −15.92 MeV. The corresponding value of the
incompressibility coefficient of nuclear matter is 225 MeV.

The slope parameter of the symmetry energy parameter is 77
MeV. Additionally, the parameter set IQ3a has been tested for
describing the fusion process in Ref. [59].

B. The calculation on evaporation residue cross sections

In the ImQMD model, we judge whether a fusion event
is formed according to the following conditions: If two inde-
pendent nuclei can overcome the Coulomb barrier and fuse
together (the distance between the two nuclei <3 fm), and the
density of fused monomer can be maintained all the time in
the process of the compound nucleus rotating one to several
times or oscillating several times along the diameter, then such
an event is considered fusion event.

We first create certain reaction events at each incident
energy Ec.m. and impact parameter b, then count the number
of fusion events, and finally we obtain the cross sections by
using this formula:

σfus(Ec.m., b) = 2π

∫ bmax

0
bgfus(Ec.m., b)db

= 2π
∑

bgfus(Ec.m., b)�b, (7)

where gfus(Ec.m., b) is the probability of fusion reactions. For
the production of superheavy nuclei, we need to consider
the effects of fission and neutron evaporation on the cross
sections. For each impact parameter b, angular momentum
J of compound nucleus is calculated by the coordinates and
momentums of all nucleons in the rest frame. Hence, the evap-
oration residue cross section in heavy-ion fusion reactions is
calculated as follows:

σER(Ec.m., J ) = σfus(Ec.m., J ) × Wsur (Ec.m., J ), (8)

TABLE II. Model parameters (IQ3a) adopted in this work.

α β γ gsur gτ η CS ks ρ0

(MeV) (MeV) (MeV f m2) (MeV) (MeV) ( f m2) ( f m−3)

−207 138 7/6 16.5 14.0 5/3 34.0 0.40 0.165
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where Wsur (Ec.m., J ) is the survival probability. In the ImQMD
model, the excitation energy of an excited compound nucleus
is calculated as E∗

CN = Etot − Eb. Here, Etot and Eb denote the
total and binding energies in the ground state, respectively.
The total energy of a compound nucleus is the sum of all
kinetic and potential energy of all nucleons in the body frame.
Based on a statistical model [60–62], the survival probability
under the evaporation of x (x > 1) neutrons is written as
[63]

Wsur (E
∗
CN, x, J ) = P(E∗

CN, x, J )

×
x∏

i=1

[

n(E∗

i , J )


n(E∗
i , J ) + 
 f (E∗

i , J )

]
i

, (9)

where P(E∗
CN, x, J ) is the realization probability of the xn-

evaporation channel with excitation energy E∗
CN and angular

momentum J . 
n and 
 f are the widths of the neutron emis-
sion and fission, which are given by Weisskopf’s evaporation
theory and the formula of Bohr and Wheeler. E∗

i is the excita-
tion energy before the evaporation of the i th neutron, which
satisfies the relation E∗

i+1 = E∗
i − Bn

i − 2Ti. We calculated the
fission barrier of the nucleus before evaporating the i th nu-
cleus using this formula:

B f
i = BLD

f + BM
f (Ei = 0) exp(−E∗

i /Ed ), (10)

where Ed = 5.48A1/3/(1 + 1.3A−1/3) is the shell damping
factor. BLD

f is macroscopic fission barrier, which is calculated
using a droplet model. BM

f is microscopic fission barrier,
which is taken from [64]. For the superheavy nucleus Z >

106, the fission barrier is mainly determined by the shell cor-
rection energy, and the shell damping factor is set as a constant
Ed = 20 MeV. The realization probability of evaporating x
neutrons (x > 1) is written as

P(E∗
CN, x, J ) = I (�x, 2x − 3) − I (�x+1, 2x − 1), (11)

where the functions I and � have the following forms:

I (z, m) = 1

m!

∫ z

0
ume−udu, (12)

�x = 1

T

(
E∗

CN −
x∑

i=1

Bn
i

)
. (13)

The probability of evaporating one neutron is given by the
following formula [65,66]:

P(E∗
CN, 1, J ) = exp

(
− (E∗

CN − Bn − 2T )2

2σ 2

)
, (14)

where σ = 2.2 MeV. For the details of the calculation of E∗
i

and P(E∗
CN, x, J ), see Refs. [65,67,68].

C. The test of the ImQMD model

Attempt to produce new neutron-deficient isotopes of
No, the fusion reaction systems 44,48Ca + 204,206,208Pb were
studied in the experiment [69–71]. It is clearly shown that
neutron excess at incident projectiles leads to higher evap-
oration residue cross sections [71]. Hence, in order to test
the feasibility of using the ImQMD model, we calculated

the capture cross sections and the excitation functions of the
xn-evaporation channels (x = 2–5) of the 48Ca + 208Pb fusion
reaction. Figure 2(a) shows the comparisons between calcu-
lated capture cross sections and the experimental data in the
reaction 48Ca + 208Pb. One can see that the calculated results
of two models (ImQMD and DNS) are in good agreement
with the experimental data [69].

Figure 2(b) shows the excitation functions in the xn-
evaporation channels (x = 2–5) for the 48Ca + 208Pb reaction.
One can see that the experimental data can be reproduced
well. At incident energy above the Coulomb barrier, more
neutrons will be emitted in the deexcitation process. Mean-
while, the fission channel becomes more and more important
at high incident energy states. As a result, the calculated peak
values of the 3n, 4n, and 5n channels are rapidly decreasing
compared to that of the 2n channel.

The evaporation residue cross sections of known 249–254No
isotopes in different FE reactions are given in Table III. One
finds that the experimental data are well reproduced by the
ImQMD model in the reactions of 44,48Ca + 208Pb. The fu-
sions of 40,44,48Ca nuclei with 208Pb at near-barrier incident
energies generate low-excited compound nuclei. The fusions
of these reactions are called cold fusion. The fusions of
20Ne, 16O, and 26Mg nuclei with 233,235,238U, 242Pu, and 232Th
targets lead to the formation of quite-high-excitation-energy
compound nuclei; these reactions are called hot fusion.

From Table III, it is obvious that the known
249–253No isotopes can be synthesized in the hot-fusion
reactions 233U(20Ne, 4n) 249No, 235U(20Ne, 5n) 250No,
235U(20Ne, 4n) 251No, 242Pu(16O, 6n) 252No, and
242Pu(16O, 5n) 253No, respectively, with rather large cross
sections. The corresponding maximum evaporation residue
cross sections are 4.702 nb, 16.543 nb, 19.419 nb, 168.080
nb, and 465.750 nb, respectively. 254No was synthesized
in the cold-fusion reaction 208Pb(48Ca, 2n) 254No, and the
maximum evaporation residue cross section is 4289.070 nb.

It can also be found that there are some differences
between two models from Table III. When calculating a
cold-fusion reaction (44,48Ca + 208Pb), the ER cross sec-
tions calculated by the DNS model are higher than those of
the ImQMD model. When calculating hot-fusion reactions
(20Ne + 235,238U, 16O + 242Pu, and 26Mg + 232Th), the evapo-
ration residue cross sections calculated by ImQMD model are
about an order of magnitude higher than the results calculated
by the DNS model.

The reason might be that the DNS model is a semiclassical
model, and it does not take the neck development into account,
while the microscopic dynamics model ImQMD supposes the
formation of a neck between the projectile and target, which is
the main characteristic in the collision process. And it is more
suitable for hot fusion in which the incident energy is above
the Coulomb barrier.

In addition, instead of evolving towards a spherical
compound nucleus, the composite systems have a certain
probability of splitting up after the projectile nucleus is cap-
tured, in the ImQMD model. The number of the events in
which the composite system split up is counted and the cor-
responding split-up probability for fusion reaction is obtained
[72]. With the increase of proton number of the system, the
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FIG. 2. (a) The capture cross sections of the 48Ca + 208Pb reaction. The solid and dashed lines denote the calculation results from the
ImQMD and DNS models, respectively. The experimental data (solid circles) are from Ref. [69]. (b) The excitation functions of the xn-
evaporation channels (x = 2–5) in the reaction 48Ca + 208Pb. The solid, dashed, dotted, and dash-dotted lines indicate calculated results of
the 2n, 3n, 4n, and 5n channels by the ImQMD model, respectively. The open circles, open triangles, open diamonds, and open five-pointed
stars represent calculated results of the 2n, 3n, 4n, and 5n channels by the DNS model, respectively. The solid squares and circles represent
the available experimental data for the 2n and 3n channels [70], respectively. The vertical arrow indicates the position of the corresponding
Coulomb barrier.

TABLE III. The production cross sections of 249–254No isotopes in FE reactions. The isotopes, fusion types, and the corresponding reactions
are tabulated in columns 1–3. The incident energy Ec.m. and the calculated maximal evaporation residue cross sections for different emission
channels via two models (ImQMD and DNS) are listed in columns 4–7. The experimental values of the evaporation residue cross sections σexpt

in column 9 are taken from Refs [70,71]. The parts in bold in the table indicate the maximum evaporation residue cross sections of the optimal
reactions and energies of these isotopes.

ImQMDcalc DNScalc

Isotope Reaction Type Ec.m. (MeV) σ max
calc (nb) Ec.m. (MeV) σ max

calc (nb) Ec.m. (MeV) σexpt (nb)

249No 208Pb(44Ca, 3n) Cold 185.0 0.693 182.0 0.709 178.9 0.668
235U(20Ne, 6n) Hot 132.0 2.535 132.0 0.710
233U(20Ne, 4n) Hot 110.0 4.702 108.0 1.986

250No 208Pb(44Ca, 2n) Cold 177.0 7.824 176.0 7.243 175.1 1.24 ± 0.5
235U(20Ne, 5n) Hot 115.0 16.543 114.0 8.205

251No 208Pb(48Ca, 5n) Cold 210.0 0.186 212.0 0.090
235U(20Ne, 4n) Hot 107.0 19.419 102.0 10.723

252No 208Pb(48Ca, 4n) Cold 197.0 8.020 198.0 4.270
238U(20Ne, 6n) Hot 117.0 104.800 118.0 38.756
242Pu(16O, 6n) Hot 107.0 168.080 107.2 80.556

232Th(26Mg, 6n) Hot 140.0 16.96632 138.0 12.2462
253No 208Pb(48Ca, 3n) Cold 186.0 92.355 186.0 41.458 184.9 109 ± 33

238U(20Ne, 5n) Hot 110.0 137.100 106.0 55.530
242Pu(16O, 5n) Hot 92.0 465.750 93.2 81.690

232Th(26Mg, 5n) Hot 127.0 30.44263 128.0 31.410
254No 208Pb(48Ca, 2n) Cold 177.0 4289.070 176.0 1830.01 175.5 3385 ± 310

238U(20Ne, 4n) Hot 101.0 287.300 98.0 245.270
242Pu(16O, 4n) Hot 85.0 1714.630 85.2 740.330

232Th(26Mg, 4n) Hot 115.0 115.9811 122.0 94.130
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FIG. 3. The fusion probability gfus(Ec.m., b) of the different fusion reactions (a) 48Ca + 208Pb, (b) 20Ne + 238U, (c) 16O + 242Pu, and
(d) 26Mg + 232Th at different incident energies with IQ3a parameters as a function of impact parameter b. Vc is the static Coulomb barrier.

split-up probability will increase quickly. The fusion proba-
bility is obtained by solving the master equation numerically
in DNS model. This possibly causes the evaporation residue
cross section calculation to differ from that in the DNS model.

III. RESULTS AND DISCUSSION

A. Fusion probability

Considering that the fusion probability is crucial for pre-
dicting the evaporation residue cross sections of the new
isotopes with Z = 102, the fusion probabilities gfus(Ec.m., b)
of the four systems are shown in Fig. 3. By comparing
Figs. 3(a)–3(d), one can see that the trend of fusion probability
with impact parameter b is consistent for the four fusion
reaction systems. Here, Vc is the static Coulomb barrier. In
the ImQMD simulations, the dynamic barrier is smaller than
that obtained with the static Coulomb barrier.

From Fig. 3(a), we can find that at a certain incident energy
the fusion probability decreases with the increase of impact
parameter. This is because the interaction between two nuclei
decreases gradually from central collisions to peripheral col-
lisions, and the probability for fusion reactions decreases and
that for elastic scattering processes increases.

In addition, it can also be found that the fusion probability
looks like a Fermi distribution at energies above the Coulomb
barrier. This means that the fusion probability gradually be-
comes smaller when the incident energy decreases in Fig. 3.
For instance, the fusion probability falls when the incident
energy decreases from 215 to 165 MeV for 48Ca + 208Pb. Be-
sides, the fusion events occur at central collisions at energies
below Vc, as can also be seen in Figs. 3(a)–3(d).

To understand the formation of a neck between the reaction
partners, we study the time evolution of the nuclear density
profiles of the projectile and target. Figure 4 shows the time
evolution of the density distributions of the projectile and the
target in the fusion reaction 20Ne + 238U at three different in-
cident energies [(a) Ec.m. = 115 MeV, (b) Ec.m. = 125 MeV,
(c) Ec.m. = 135 MeV].

From Fig. 4, one can estimate that the formation of the
neck stopped at 500, 200, and 200 fm/c for Ec.m. = 115 MeV,
Ec.m. = 125 MeV, Ec.m. = 135 MeV, respectively. Comparing
the density distributions of the interacting nuclei at the same
time (t = 200 fm/c) but different incident energies, it can
be found that the neck evolution is energy dependent. With the
incident energy increases, the nucleon exchange between the
reaction partners gets easier, leading to the reduced lifetime of
the neck [73].
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FIG. 4. Time evolution of density profiles for head-on collisions of 20Ne + 238U at three incident energies (a) Ec.m. = 115 MeV, (b) Ec.m. =
125 MeV, and (c) Ec.m. = 135 MeV.

B. The effects of entrance channel on the evaporation residue
cross sections

In order to search for the optimal projectile-target com-
bination to produce new neutron-deficient No isotopes,
we calculate the evaporation residue cross sections of
40,44,48Ca + 208Pb and 20Ne + 233,235,238U systems corre-
spondingly. For further investigating the effect of different
projectile nucleus on the evaporation residue cross sections,
we chose 40,44,48Ca as projectiles and the same 208Pb target.

Figure 5 shows the excitation functions for the (a)
2n-evaporation channel, (b) 3n-evaporation channel, (c) 4n-
evaporation channel and (d) 5n-evaporation channel of the
reactions 40,44,48Ca + 208Pb, respectively. One can find that
more neutrons will be emitted with the increase of incident
energy in the de-excitation process. Meanwhile, the fission
channel becomes more and more important at high excited
energies. Hence, the calculated peak values of the 3n, 4n,
and 5n channels rapidly decrease compared to that of the 2n
channel, especially in the 48Ca + 208Pb reaction.

For the 48Ca + 208Pb reaction, the maximum values of 2n,
3n, 4n and 5n are 4289.070 nb, 92.355 nb, 8.020 nb, and 0.186
nb, respectively, which are the largest among these systems.
This is mainly because the addition of 2 neutrons to the projec-
tile increases the chance of survival of the compound nuclei.
This is consistent with the results for the 62,64Ni + 208Pb reac-
tions by Hofmann et al . [74].

It is also found from Fig. 5(a)–5(d) that the optimum
energy of the three reaction systems are quite similar for
the same number of evaporating neutrons. Especially in the
5n evaporation channel, the optimal incident energy of three
reaction systems are around 210 MeV.

Figure 6 shows the excitation functions in the (a) 4n-
evaporation channel, (b) 5n-evaporation channel and (c)
6n-evaporation channel of the reactions 20Ne + 233,235,238U.
One can see that the production cross sections in the 4n chan-
nel for the 20Ne + 238U reaction are the largest. The optimal
energy of the 238U(20Ne, 4n) 254No is 101.0 MeV and the
corresponding cross sections are around 287.300 nb. Because
each neutron emission takes away about 8 MeV energy, it also
can be seen that the interval of peaks is about 8 MeV for
20Ne + 238U reaction system among the different evaporation
channels.

From Fig. 6, the peak values decrease rapidly with the
increasing emitted neutron numbers, which is because the
fission becomes more and more important at higher excitation
energy. By comparing Fig. 6(a)–6(c), we can see that the peak
values of the 20Ne + 238U system are significantly larger than
those of 20Ne + 233U and 20Ne + 235U systems in the corre-
sponding neutron evaporation channel. This is because the
fusion barrier decreases when the neutron number increases.
Neutrons do not contribute to the Coulomb potential energy,
but have an enhanced effect on the nuclear potential energy
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FIG. 5. The calculated excitation functions in the (a) 2n-evaporation channel, (b) 3n-evaporation channel, (c) 4n-evaporation channel, and
(d) 5n-evaporation channel of the reactions 40,44,48Ca + 208Pb, respectively. The solid, dashed, and dash-dotted lines indicate the calculated re-
sults for the reactions 48Ca + 208Pb, 44Ca + 208Pb, and 40Ca + 208Pb, respectively. The vertical arrows indicate the positions of the corresponding
Coulomb barriers. The statistical errors in the calculations are given by the shaded areas.

FIG. 6. The calculated excitation functions in the (a) 4n-evaporation channel, (b) 5n-evaporation channel, and (c) 6n-evaporation channel
of the reactions 20Ne + 233,235,238U, respectively. The solid, dashed, and dash-dotted lines indicate the calculated results for the reactions
20Ne + 238U, 20Ne + 235U, and 20Ne + 233U, respectively. The vertical arrows indicate the positions of the corresponding Coulomb barriers.
The statistical errors in the calculations are given by the shaded areas.
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in ImQMD model. The another reason is that the compound
nucleus 253No is more neutron deficient and has a lower fission
barrier compared to 258No and 255No.

Motivated by studying the effects of different projectile-
target combinations on the static barrier, we calculated the
static barriers in collisions of 44Ca + 208Pb and 20Ne + 233U
for the production of nuclei 248No at the optimal incident
energy. In Figs. 7(a) and 7(b), one can see that the barriers are
185.33 MeV and 100.80 MeV for the systems 44Ca + 208Pb
and 20Ne + 233U, respectively. Besides, the potential pocket
depth of 20Ne + 233U fusion reaction system is larger than that
in 44Ca + 208Pb reaction system.

It is found that the 20Ne + 233U is a promising candidate
to produce 248No. This is mainly because the height of the
static barrier gradually decrease with the increase of the mass
asymmetry of projectile and target. The deeper potential val-
ley of the barrier indicates the higher mass asymmetry of the
projectile-target, and the easier for the nucleus to be captured
[75].

C. Production cross sections of unknown
neutron-deficient 243–248No isotopes

The evaporation residue cross sections of unknown
243–248No isotopes via different reactions at corresponding in-
cident energies with ImQMD model and DNS model are given
in Table IV. From Table IV, the neutron-deficient 243–246No
can be synthesized within the cold-fusion mechanism, while
the rest of unknown isotopes 247,248No are synthesized
within the hot-fusion mechanism by 233U(20Ne, 6n) 247No and
233U(20Ne, 5n) 248No.

It is obvious that yield becomes lower with more neu-
trons evaporating in the same projectile-target combination
due to the fission channels becomes more important in the
high energy deexcitation process. The largest corresponding
evaporation residue cross sections (the incident energy) of
the 243–248No calculated by the ImQMD model are 0.061 pb
(Ec.m. = 210.0 MeV), 2.250 pb (Ec.m. = 193.0 MeV), 0.005
nb (Ec.m. = 185.0 MeV), 0.530 nb (Ec.m. = 165.0 MeV),
0.432 nb (Ec.m. = 145.0 MeV), and 3.518 nb (Ec.m. = 122.0
MeV), respectively.

FIG. 7. The static barriers in collisions of 44Ca + 208Pb and
20Ne + 233U for the production of nuclei 248No at the optimal incident
energy.

In Fig. 8, the heavy nuclei region near No (Z = 102) on
the nuclear map is shown. The filled and open squares denote
the known and unknown nuclei, respectively. Olive, yellow,
and red colors show the spontaneous fission, α decay, and β+

TABLE IV. The production cross sections of 243–248No isotopes in FE reactions. The isotopes, fusion types, and the corresponding reactions
are tabulated in columns 1–3. The incident energy Ec.m. and the calculated maximal evaporation residue cross sections for different emission
channels via two models (ImQMD and DNS) are listed in columns 4–7. The parts in bold in the table indicate the maximum evaporation
residue cross sections of the optimal reactions and energies of these isotopes.

ImQMDcalc DNScalc

Isotope Reaction Type Ec.m. (MeV) σ max
calc (nb) Ec.m. (MeV) σ max

calc (nb)

243No 208Pb(40Ca, 5n) Cold 210.0 6.080 × 10−05 207.0 1.495 × 10−04

244No 208Pb(40Ca, 4n) Cold 193.0 2.250 × 10−03 197.0 6.510 × 10−03

245No 208Pb(40Ca, 3n) Cold 185.0 0.005 179.0 0.010
246No 208Pb(40Ca, 2n) Cold 165.0 0.530 167.0 0.414
247No 208Pb(44Ca, 5n) Cold 210.0 0.002 216.0 0.002

233U(20Ne, 6n) Hot 145.0 0.432 126.0 0.016
248No 208Pb(44Ca, 4n) Cold 195.0 0.089 198.0 0.076

233U(20Ne, 5n) Hot 122.0 3.518 122.0 1.193
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FIG. 8. Heavy nuclei region near No (Z = 102) on the nuclear map. The filled and open squares denote the known and unknown nuclei,
respectively. Olive, yellow, and red colors show the spontaneous fission, α decay, and β+ decay, respectively. The production cross sections of
unknown No isotopes are indicated in the figure.

decay, respectively. The production cross sections of unknown
No isotopes are indicated in the figure. One can find clearly
from the nuclear map that six unknown neutron-deficient
243–248No isotopes, with maximum evaporation residue cross
sections 0.061 pb, 2.250 pb, 0.005 nb, 0.530 nb, 0.432 nb, and
3.518 nb, can be produced respectively.

IV. CONCLUSIONS

The synthesis of No isotopes (243–248No) is studied in fu-
sion reactions based on the ImQMD model with a statistical
model. This work compares the calculation results of capture
cross sections and evaporation residue cross sections with the
experimental data of the reaction 48Ca + 208Pb. The calculated
results are in good agreement with the experimental data. The
effects of the impact parameter and incident energy on fusion
probability are studied. At a certain incident energy, the fusion
probability decreases with the increase of impact parameter.
Besides, the fusion probability falls when the incident energy
decreases for the same fusion reactions. The lifetime of the

neck plays an important role in fusion process, and the time
of neck formation is energy dependent. By comparing the
production cross sections of the reactions 40,44,48Ca + 208Pb
and 20Ne + 233,235,238U, it is found that an increase of the
neutron number of the projectile or target would lead to an
increase of the evaporation residue cross sections. The ef-
fects of different projectile-target combinations have also been
studied in the reactions 44Ca + 208Pb and 20Ne + 233U, and
we find that 20Ne + 233U is a good combination to produce
the 248No isotope. Six unknown neutron-deficient isotopes
243–248No are predicted with maximum evaporation residue
cross sections 0.061 pb, 2.250 pb, 0.005 nb, 0.530 nb, 0.432
nb, and 3.518 nb, respectively.
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