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Abstract: The feasibility of producing superheavy nuclei in proton evaporation channels was systematically studied

within the dinuclear system (DNS) model. Due to the Z=114 proton-shell, one can synthesize FI isotopes in proton

evaporation channels. We only considered the case of evaporating one proton first and then n neutrons in this work,

other cases were ignored due to the small cross-section. The production cross sections of unknown isotopes

290,291 Fl

in 3¥S+23Es reaction are the highest compared with *°Ti+>**Np and >*Cr+>*°Pa reactions, and the maximum cross

sections are 1.1 and 15.1 pb, respectively. **S+>*Es is a promising candidate to approach the island of stability as the

radioactive beam facilities are upgraded in the future, and the production cross sections of 2! ~2°*F] in that reaction are

estimated to be 3.2, 6.0, 4.0, and 0.1 pb, respectively.
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Introduction

The synthesis of superheavy nuclei has always been an
important task and challenge in nuclear physics, which is sig-
nificant to expand the nuclear map, investigate the origin of
heavy elements, and test the shell model. At present, the re-
search on the synthesis of superheavy nuclei can be divided
into two directions. One is to synthesize new elements to ex-
plore the charge limit of superheavy nuclei [, The other
is to move towards to the double magic nuclei ***Fl, which
is the center of the island of stability!*7]. Because the f sta-
bility line bends towards the neutron axis, the currently pro-
duced superheavy nuclei based on fusion-evaporation reac-
tions are neutron-deficient, and very far away from the island
of stability. That requires us to strive towards the develop-
ment of radioactive beam facilities and the search for new
production mechanisms.

Several models have been developed to study the fu-
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sion mechanism and predict the production cross-sections
of superheavy nuclei. The semi-classical models, such as
the multidimensional Langevin-type dynamical equations !,
the nuclear collectivization model ", the fusion-by-diffusion

1-131 have been

model'” and the dinuclear system model!
successfully applied to calculate the evaporation-residue
(ER) cross sections of superheavy nuclei. The microscopic
models like TDHF approach'*'>) and InQMD model !'¢-!7]
can effectively describe the dynamical dissipation during the

fusion process.

In this work, we attempted to produce superheavy nuclei
in proton evaporation channels. To this end, we have devel-
oped the de-excitation part in the DNS model and found the
production of Fl isotopes in proton evaporation channels is

considerable.

1 The DNS model

Within the framework of DNS, the ER cross sections of
superheavy nuclei at the incident energy E, ,, are calculated
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Here, T', Py, and W,

L are the transmission, fusion, and sur-

vival probability, respectively.

It is difficult to obtain an analytical expression for the
transmission probability due to the complexity of the ac-
tual Coulomb barrier, and it can be obtained by using the
WKB method after making a parabolic approximation of the
Coulomb barrier!"”):

T(E..J)= jf(B)

dB.

2 [ _
ha)(J) c.m.
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1+ exp{— T RRD
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Here, hw is the width of the parabolic barrier and Ry de-
fines the position of the barrier. Considering the multi-
dimensional character of the realistic barrier, the barrier dis-
tribution function f(B) should be introduced, which is taken
as the asymmetric Gaussian form[°!.

The interaction potential after considering deformation

can be written as

V(R’ ﬁl? ﬂZ’ 917 02) = VC(Ra ﬂ] ) ﬂ27 915 92)

+Vy (R, By, fyr 0,,0) + %CI By — P + %Cz(ﬂz yie
3)

where V. and V) are Coulomb potential and nuclear poten-
tial, given by Wong’s formula and double folding method, re-
spectively. ﬂ?’z is the static deformation (for nuclei 1 and 2),
usually taken as the quadrupole deformation. f, , is the dy-
namical deformation. Assuming that the deformation energy
is proportional to the mass number, i.e. C; [J’12/C2 ﬁg =A,/A,,
only one deformation parameter f = f; + f, can be used
to represent the dynamical deformation. C, , are the coeffi-
cients that characterize nuclear hardness and given by
3z
27 RyQi+ 1|

Here, Ry is the nuclear radius, 4 is the deformation number,

C=0G-1|[A+2)R0 4)

taking 2 for quadrupole deformation. o is the surface tension
coefficient and given by 47 R*c = a,A*”, where a, is taken
as 18.32 MeV.

The distribution probability P(Z,, N,,t) for the frag-

ment (Z,,N;) at time ¢ is determined by solving the master
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equation?%! :
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Here, d, y, discribes the microscopic dimension corre-
sponding to the macroscopic state (Z;, Ny). Ay and Agg
are the quasifission and fission rates, calculated by the one-
dimensional Kramers equation R e@) = \/ﬁ is the local
temperature, obtained from the Fermi gas model, where £*
is the local excitation energy of the dinuclear system, and a
is the level density parameter. W, ., (W7 .7 n/) 18
the transition probability from state (Z,, N;) to (Z ; N)) (or
from (Z,, N)) to (Z,, Nl/ )), which can be written as:

(Z],N],EI,ZI,N],EI;I)
thzl*Nldzl/le
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Here, i represents the remaining quantum numbers. E, de-

notes the local excitation energy. 7., is the memory time

em

and given by??!
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The compound nucleus formed by fusion reaction has
high excitation energy and deexcites by emission of y-rays,
light particles and fission. According to Weisskopf’s evapo-
ration theory!?*¥), the evaporation width of particle v can be

written as:

m\/
@2s, + 1)

L (E*,J) 2N ET)

E*-B,—6-65,—1
a

mv

XJep(E* — B, -6, —¢€)o, (e)de,
0
(®)
where B, m,, and s, are the binding energy, mass, and spin
of the particle, respectively. The pairing correction § is set to
be 12/ \/X, 0, and —12/ \/Z for even-even, odd-A, and odd-
odd nuclei, respectively. §, is the neutron correction energy.



3 1 Lu-Qi Li et al: Production of unknown F1 isotopes in proton evaporation channels -3
45 T T T T T T T T T T T T
40+ 4 10?
35 B 10°
3.0} B 10
Q ] = 10°
@ 20} | &
. 286-297 / —p2n
Nh ¢ — p
o—eo . 10® /-/ - --p3n E
1.5 - \.*.\.\.\.\ E i —-—-p4n €
286-297 i B B Bl °—o 7 [ ® exp forp2n
10F Fl L Bl B .\. i 10" m expforp3n [ 3
B E A exp for p4n
05 1 1 1 1 1 1 1 1 1 -8 L 1 1 1 1
168 170 172 174 176 178 180 182 184 130 140 150 160 170 180
N E_/MeV
c.m.

Fig. 1 (color online) The ratios By/B, of nuclei ***~**'Nh,

286-297), 285-296M\[c, and 2*"Lv are denoted by the cir-

cles, squares, triangles, and pentagrams, respectively.

If the neutron number of the compound nucleus is odd, 6, =
12/4/ A, and 6,, =0 in other cases. p is the energy level density
and calculated by the Fermi-gas model. The level density

parameter a is given by

a(E*,Z,N) =a(A)[1 + Ex(Z, N)f(E* — A/(E* — )] (9)

Here, asymptotic Fermi-gas value of the level density param-
eter G(A) = aA + fAY 3bS. E4(Z,N) is the shell correction
energy, and f(E™) is the shell damping factor. The parame-
ters @, f and b, are taken to be 0.114, 0.098 and 1.0, respec-

tively. The inverse cross section oy,

is given by the follow-

ing formula :
TR -5, >y,
O-inv(e) = € (10)
0, e<V,
where R, can be expressed as:
R, = 1.16[(A— A" + A!7]. (11)

Here, A, is the mass number of the evaporated particle. For
proton evaporation, the Coulomb barrier V,, is parameterized

by the following formula :
V,=1[115Z(Z - Z)I/(R, + 1.6). (12)

The survival probability of a superheavy nucleus can be

expressed as!?l:
W Eén> X, 9, J) = P(E&, %, 9, J)
X L(ESJ) S T(EST)
1 Ftot(Ei*’ J) Ftot(Ef’ J)’

(13)

i= j=x+1

where I = I + I, + I} The fission width I is given by

Fig.2 (color online) Comparisons of calculated evaporation
residual cross sections with the experimental data in
40 Ar+7PHf reactions. The solid, dashed, and dash-dotted
lines represent the calculated evaporation residual cross
sections in p2n, p3n, and p4n evaporation channels respec-
tively. The circles, squares, and triangles represent the ex-
perimental data with error bars in p2n, p3n, and p4n evap-
oration channels, respectively. The experimental data are
obtained from Ref. !>

the Bohr Wheeler formula,

1
2rxp(E*, J)
E*—bf—a—alf
p(E* —by—¢€,J)de
J 1 + exp[—27(E* — by — €)/hw]

(14)

rf(E*9 J)

Here, P(E(\.x,y,J) is the realization probability,

which is given by the Jackson formula®. E* is the ex-
citation energy before evaporating the i-th particle. B; is
the separation energy of the i-th particle. 7; is nuclear tem-
perature before the i-th particle evaporated, obtained from

T, = +/E//a.

2 Results and discussion

Firstly, in order to find the compound nuclei with the
largest cross section in the proton evaporation channel, we
defined a ratio By/ B, to evaluate the strength of proton evap-
oration of the compound nuclei. Fig. 1 shows the calcu-
lated ratios Bi/B, of nuclei 28=27Nh, 286-297F], 285-2%)\[¢,
and 2%-2Lv which denoted by the circles, squares, trian-
gles, and pentagrams, respectively. It can be seen that the

ratios B/ B, of 285-29Mc are the highest and the fission bar-
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rier is approximately 2-4 times the proton separation energy,
which means that proton evaporation is easier for 28>-*°Mc
during the de-excitation process, resulting in a larger proton
evaporation probability. The ratios By/B, of 286-297F] are the
smallest, which means that 2*=2’F1 is hard to evaporate pro-
tons due to the proton closed-shell at Z = 114. From that, one
can first synthesize compound nuclei with Z=115, and then
obtain the FI isotopes by evaporating one proton and » neu-

trons.

To verify the reliability of the DNS model, we calcu-
lated the ER cross sections in *°Ar+!"Hf reactions as shown
in Fig. 2. The p2n, p3n, and p4n evaporation channels
are denoted by solid, dashed, and dash-dotted lines, respec-
tively. The experimental data in p2n, p3n, and p4n evapo-
ration channels are represented by circles, squares, and tri-
angles, respectively!>>. It can be seen that the calculated
results are in good agreements with the experimental data,
but at low incident energy the calculated results are signif-
icantly lower than the experimental data. This is because
in the de-excitation process, the evaporation of charged par-
ticles is based on classical considerations and the quantum

tunneling effect is not consider.

In order to produce superheavy nuclei in proton evap-
oration channel, firstly it is necessary to consider the num-
ber and order of the evaporated protons. Therefore, in Fig.
3, we calculated the evaporation width of **Ca+>** Am reac-
tion in which the Mc compound nuclei can be produced. It

can be seen that the proton evaporation width is the smallest.
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Fig. 3 (color online) The calculated evaporation width of com-
pound nucleus ?'Mc produced by **Ca+>** Am reaction.
The solid, dashed, and dash-dotted lines represent the

widths of fission, neutron, and proton, respectively.

Compared to neutron evaporation width, the survival proba-
bility decreases by 1-2 orders of magnitude after each proton
evaporated. Therefore, in this work, we only considered the
case of evaporating one proton, and the survival probability
of multiple protons evaporated is too small, which can be ig-
nored. Secondly, as the excitation energy decreases, the pro-
ton evaporation width decreases very quickly, and the ratio
I',/T, decreases. The survival probability will be reduced by
1-2 orders of magnitude after each proton evaporated. In the
end, we only consider the case where one proton is evapo-
rated firstly and then n neutrons are evaporated, and the sur-

vival probability in other cases is ignored.

The ER cross sections in ¥S+>3Es, °Ti+**Np,
H4Cr+2¥Pa, and **S+>*Es reactions for producing Fl iso-
topes are shown in Fig. 4. Solid, dashed, dash-dotted, and
dotted lines represent pln, p2n, p3n, and p4n evaporation
channels, respectively. For these reactions, the ER cross sec-
tions in p2n and p3n channels are relatively larger. One can
find that the ER cross sections in the reaction **S+2>°Es are
the highest among the previous three reactions correspond-
ing to the same compound nucleus. That is because the mass
asymmetry for the *¥S+2>3Es reaction is the largest, leading
to the highest fusion probability. The maximum ER cross
sections of unknown isotopes 2°“*'Fl are 1.1 pb and 15.1 pb
at E{y, = 38.2 MeV and 39.4 MeV, respectively. 383 beam
can be produced by the fragmentation of “’Ar at a projec-
tile fragmentation facility®®!, and the fusion reactions *S +
181Ta and %S + 28 Pb with S beam were conducted success-
fully.

In order to produce more unknown Fl isotopes, the
ER cross sections in the radioactive beam induced reac-
tion, “*S+%Es, are also predicted. Four unknown isotopes
1-294F1 are synthesized with cross sections 3.2, 6.0, 4.0,
and 0.1 pb at E = 42.2,28.6,20.2, and 15.0 MeV, respec-
tively. One can notice that the ER cross sections in **S+2*Es
reaction in p4n channel are comparable to those in p2n and
p3n channels unlike the other three reactions. That is be-
cause the compound nucleus in the reaction “*S+>*Es has
more neutrons than the other three reactions, leading to the
highest survival probability in p4n channel. If the radioac-
tive beam facilities are upgraded and the intensity of the **S
beam is increased to a high quantity in the future, the reac-
tion “*S+>*Es can be a promising candidate to approach the
island of stability.

Considering the sensitivity of the DNS model to certain
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Fig. 4 (color online) The calculated evaporation residual cross sections in *S+°Es, *Ti+***Np, >*Cr+**Pa, and “*S+>*Es reactions.

Solid, dashed, dash-dotted, and dotted lines represent pln, p2n, p3n, and p4n evaporation channels, respectively. Shadow area

represents the calculated error.

parameters, it is necessary to evaluate the inaccuracy of the-
oretical calculations in order to find out the uncertainty of
predictions. Among the parameters in the model, the shell
damping factor E; plays a vital role in the ER cross sec-

tions 271,

The shell damping factor cannot be precisely de-
termined both experimentally and theoretically, and its inac-
curacy is considered based on the experimental data in the
Ref.?®!. The uncertainty of the calculation results is shown
in the shadow in Fig. 4. It can be seen that the uncertain-
ties of the ER cross sections of Fl isotopes are no better than
one order of magnitude, and the uncertainties of the optimal

excitation energy are only in the order of 0.1 MeV.

3 Summary

In summary, the production of Fl isotopes in proton
evaporation channels is investigated within the DNS model.
Among the isotopes around Z = 114, proton evaporation is
the easiest for Mc isotopes but the most difficult for F1 iso-
topes due to the proton closed-shell at Z = 114. Hence,

one can synthesize the Fl isotopes in the proton evapora-
tion channel. The calculated ER cross sections by the DNS
model reproduce the experimental data very well. The syn-
thesis of unknown isotopes 2°*>'Fl is studied via **S+>>Es,
SOTi+2Np, and **Cr+**Pa reactions corresponding to the
same compound nucleus. The ER cross sections of *°Fl and
21F] in the reaction *3S+>33Es are the largest, which are 1.1
pband 15.1 pb at E = 38.2 MeV and 39.4 MeV, respec-
tively. In the radioactive beam induced reaction **S+>*Es,
four new isotopes 2°!"2*4Fl are synthesized with ER cross
sections of 3.2, 6.0, 4.0, and 0.1 pb at EéN = 42.2, 28.6,
20.2, and 15.0 MeV, respectively. The uncertainties of the
predictions from the inaccuracy of the shell damping factor
are calculated, and the uncertainties of the ER cross sections

of Fl isotopes are no better than one order of magnitude.
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