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The synthesis of superheavy nuclei (SHN) through fusion reactions is a critical area of nuclear physics,
offering insights into nuclear stability and the limits of the periodic table. However, theoretical predictions
of evaporation residue cross sections ogg remain challenging due to large uncertainties arising from complex
reaction mechanisms and sensitive model parameters. In this work, the average production probabilities of SHN
with atomic number Z > 110 are systematically analyzed, based on the barrier tunneling concept. Together
with the empirical barrier distribution method for describing capture, a phenomenological formula, EBD3, is
proposed, which reproduces 58 measured ogg Within one order of magnitude, with a root-mean-square deviation
of 0.369. The formula successfully captures key quantities in the fissionlike process, including fission barrier
height, mass asymmetry, depth of the capture pocket, and the effective fusion barrier height. Predictions for the
synthesis of element 119 are presented, identifying promising projectile-target combinations such as *°Ti + ***Bk

61.3

with a maximum cross section of 54.975;7 fb at the excitation energy of 36.5 MeV. The maximum cross
section falls to 3.2f?:$ fb for 3*Cr 4 2** Am at the optimal incident energy of 244 MeV.

DOI: 10.1103/dyj6-2dfw

I. INTRODUCTION

Synthesis of superheavy nuclei (SHN) through fusion re-
actions is a field of intense studies in nuclear physics [1-28].
Synthesizing SHN and studying their properties (such as
binding energies, decay modes, and half-lives) provides a
stringent test for advanced nuclear models, including the
microscopic shell model [29-31] and relativistic mean-field
theories [32-35]. The synthesis of new elements physically
extends the periodic table and the understanding of the limits
of nuclear stability, with the current frontier at element 118
(oganesson) and efforts underway to create elements 119 and
120 [16-26]. At these extremes, the high nuclear charge accel-
erates inner electrons to relativistic speeds. Furthermore, the
properties of superheavy nuclei, such as their fission barriers,
half-lives, and decay modes, are crucial input parameters for
models that simulate the r process [36] and aim to explain the
cosmic abundance of elements heavier than iron.

In heavy-ion fusion reactions leading to the synthesis of
SHN, the evaporation residue cross section is usually ex-
pressed as a product of three parts: ogr = 0cap X Pon X Weyr
[18]. Here, ocap, Pon, and Wy, denote the capture cross sec-
tion of the colliding nuclei overcoming the entrance-channel
Coulomb barrier, the probability of the compound nucleus
formation after the capture, and the survival probability of
the excited compound nucleus, respectively. It is thought that
the current uncertainty in calculated ogg is at least one to
two orders of magnitude [37-39]. The large uncertainties in
calculating ogr arise because one attempts to use a simplified
theoretical framework to describe a reaction that is a chain
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of multiple, highly complex, and interconnected physical
processes. The models for each step must make approxi-
mations to tackle complex quantum many-body problems
(such as nucleon-nucleon interactions, collective excitation,
and dissipative effects), while also being heavily dependent
on nuclear structure parameters (like deformation [13] and
fission barriers [40,41]) that cannot be determined precisely.
Minor deviations from these approximations and parameters
are propagated and amplified step by step along the reaction
chain, ultimately leading to significant discrepancies in theo-
retical predictions.

For example, Pcn describes whether, after two nuclei come
into contact, they fuse to form a compound nucleus or separate
via quasifission which depends on various factors in the en-
trance channel, such as the mass asymmetry of the two nuclei,
their relative orientation, and angular momentum. Different
theoretical models [e.g., the dinuclear system (DNS) model
[21,22] and transport models [13,42,43]] handle these com-
plex factors differently, leading to large uncertainties of Pcn
[39]. More critically, Pcy itself is difficult to measure directly
and must be extracted from experimental data. However, in
experiments, the mass or angular distributions of quasifission
products often overlap with those from deep inelastic colli-
sions and fusion-fission, making clear separation challenging
[12,44]. In the calculations of the survival probability of the
compound nucleus based on statistical models [45,46], Wy,
strongly depends on the fission barrier height and its tem-
perature angular momentum dependence, in addition to the
level density parameters, nuclear masses, nuclear viscosity,
and other input parameters. An uncertainty of 1 MeV in the
fission barrier height can lead to a difference of about one
order of magnitude in the survival probability for the 4n evap-
oration channel [37-39]. Furthermore, the production cross
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sections of SHN with charge number Z > 110 are typically
smaller than tens of picobarns, which results in the number of
available experimental data of ogg being limited and not large
enough to well constrain all of the model parameters in ocp,
PCN7 and Wsur~

It is therefore necessary to propose a new model or
phenomenological method to systematically analyze the mea-
sured evaporation residue cross sections and give reliable
predictions for the synthesis of new SHN. In nuclear physics,
some phenomenological approaches (e.g., the Bass potential
[47,48] and the Siwek-Wilczynska barrier distribution method
[49]) are also commonly used for guiding experiments, in
addition to microscopic models. In Ref. [50], an analytical
formula (EBD2.2) based on the empirical barrier distribution
(EBD) method [49] is proposed for a systematic description of
the capture cross sections at near-barrier energies from light to
superheavy reaction systems. The uncertainties of EBD2.2 are
within half an order of magnitude at sub-barrier energies and
approximately 21.6% at energies well above the Coulomb bar-
rier for a systematic description of 426 datasets of measured
capture excitation functions [50]. In this work, the systematic
behavior of the production probabilities of SHN will be fur-
ther investigated based on the barrier tunneling concept and
a new version (EBD3) of the formula will be proposed for
calculating not only o, but also ogr of superheavy fusion
systems. Our goal is not to analyze the fusion mechanism from
microscopic or macroscopic dynamics calculations, but rather
to provide a tool with simple computation, and the ability
to systematically describe experimental data, under circum-
stances where the uncertainties of existing theories are large
(one to two orders of magnitude), so as to guide experimental
design.

II. PRODUCTION PROBABILITY
OF SUPERHEAVY NUCLEI

In this work, we focus on the fusion reactions leading to
the synthesis of SHN with Z > 110. The average production
probability of SHN is defined as P = (Pcn X Wyy) and the
total evaporation residue cross section is written as

oer(Ecm.) = O‘cap(Ec.m.) x P(Ecm.)- (D

The capture cross section oy, is calculated with EBD2.2 [50]:

L[Xerfc(—X) + Lex (—X2)}
V2Eem N
()

Here X = % E. .. denotes the center-of-mass incident

energy. Vg and W denote the centroid and the standard devi-
ation of the Gaussian function, respectively. Rp denotes the
barrier radius. The parameters of EBD2.2 are fixed by the
global fit to 426 measured capture excitation functions and
are not adjusted in the present work.

The average production probability is written as

P(Ecm.) = sPmac(Z, )P (Ec.m )P2(Ecm.)- 3)

s is a scale factor introduced for SHN to consider the rel-
ative height of the fission barrier. Py, = (1 — Py)? denotes

O'cap(Ec.m.) = anzg

the macroscopic part of the survival probability of the DNS,
with a smooth fissionlike (i.e., quasifission and fusion-fission)
probability of Py. Because fusion is a chain of multiple, highly
complex, and interconnected physical processes, the survival
probability of DNS is propagated and shrinks step by step
along the reaction chain. The square reflects the fact that the
DNS must survive two distinct stages of the fissionlike pro-
cess: a fast dynamical stage during which the system evolves
toward a compact shape, and a subsequent slow quasistation-
ary stage near the saddle point [22,51,52]. P, and P, denote
the energy-dependent terms for the survival probability of
DNS and that of the compound nucleus, respectively. The
traditional calculations of the production probability depend
heavily on the reaction’s angular momentum. In this work, we
focus on the average production probability.

From Fig. 1(b) in Ref. [18], we note that the quasifis-
sion barrier heights are related to the charge number Z of
the compound nucleus and the mass asymmetry n = |A| —
As|/(A1 + Ay). They systematically decrease with increasing
Z and decreasing 7. Considering that the macroscopic fis-
sionlike probability is closely related to the barrier heights
of quasifission and fusion-fission, it should systematically
increase from a value of zero for light-asymmetric fusion
systems to about 1 for heavy-symmetric reactions such as
Sn + Sn. P, is therefore described by a Fermi function:

1
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50
The borders between fusion-dominant systems after capture
and fission-dominant ones are determined by the parame-
ters Zy = 72(1 + n*) and a = 3(1 + n*). The power n* is
chosen empirically to provide a realistic contour of Py
consistent with the known systematics of quasifission barrier
heights [18].
Based on the barrier penetration concept, the energy de-
pendence of the DNS survival probability is expressed as
1

Pi=l— 5)

Here, Efj\g denotes the excitation energy of the DNS. Con-
sidering that a number of nucleons are transferred during
the fissionlike process of DNS, Ef g should be larger than
the excitation energy at capture position EZ,,. In Ref. [53],
EZ,, 1s systematically investigated with the time-dependent
Hartree-Fock (TDHF) theory for 144 fusion systems with
nearly spherical nuclei. It is found that EZ, is about 5.2%
of the compound-nuclei excitation energy E*. We therefore
take Ef\g = 20%E™ as a working assumption in the calcu-
lations. A direct microscopic test of this assumption using
the improved quantum molecular dynamics (ImQMD) model
[43,44] is provided in Sec. III B (see Fig. 9). Uy denotes the
effective tunneling barrier (ETB) [54] for the DNS to break
up, with a value of Uy = 0 for SHN with Z > 110. iw = 1.2
MeV denotes the curvature of the ETB.

Inspired by Bohr-Wheeler decay width in the statistical
model [55], the survival probability of the compound nucleus
is written as

Py =Ye EB0/ED, (6)
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B¢ denotes the fission barrier height predicted with WS4 [56]
and Ep =20 MeV denotes the damping constant which is
close to the default values adopted in the statistical models,
such as HIVAP [45] and KEWPIE2 [46]. Here, Y denotes an
energy-dependent structure factor for the formation of the
compound nucleus. It quantifies the deviation from the macro-
scopic trend due to the specific entrance-channel properties.
For hot fusion, we set

1

Y = e B @

to consider the extra push effects [47,57] caused by the
deformed actinide targets. E.p, and Vp denote the center-
of-mass incident energy and the capture barrier height [50],
respectively. For cold fusion, we set

Y = o Eins— 3 BrtBap)l/o 8)

to effectively consider the stabilizing shell effects associated
with the double-magic 2*®Pb or >*Bi targets. Be,p denotes the
depth of the capture pocket in the entrance-channel nucleus-
nucleus potential calculated by using the Skyrme energy
density functional [58,59].

As a parametrized factor, the scale factor s collectively
absorbs the neglected effects in realistic reactions, such as
angular momentum dependence, dissipation effects, and vis-
cosity. Since the evaporation residue cross sections span
several orders of magnitude, using the base-10 exponential
form allows for a more stable fitting of the experimental data.
For hot fusion, the large mass asymmetry makes the entrance-
channel pocket depth B.,, a decisive quantity and the scale
factor is empirically set as

- Bmax)Bcap/(thw)- &)

Here, By, = min(B.,p, Br) denotes the minimal value be-
tween Be,, and By, and Bpnax = 5.33 MeV denotes the
maximal fission barrier height of known flerovium with al-
most the largest ogg in measured hot fusion reactions [5].

For cold fusion, where both collision partners are near
spherical, the shell effect plays a more prominent role in
stabilizing the compound nucleus against fission, and the scale
factor is set as

10g10 s = (Bf + A — Bimax)/Bmin» (10)

log,o s = (Bmin

with the predicted maximal fission barrier height By,,x = 6.23
MeV from WS4 for SHN around the center of “island of
stability.” A denotes the corresponding shell gap [60] in the
compound nucleus, which is to effectively consider the influ-
ence of barrier width in cold fusion. For systems with B, or
By smaller than a zero-point energy of ~1.0 MeV [61], fusion
is excluded in the present model.

III. RESULTS AND DISCUSSIONS

In this section, we first present the predicted evaporation
residue cross sections for a number of cold and hot fusion
reactions. Then, we will discuss the uncertainties of model
predictions. In addition, we will also present some results
from statistical model and microscopic dynamics simulations
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FIG. 1. Contour plot of the macroscopic part P, of the DNS
survival probability. The red circles and the blue ones denote known
hot and cold fusion reactions producing SHN with Z > 110, respec-
tively. The squares denote the three reactions leading to the synthesis
of element 119: 3*Cr 4+ ¥ Am, °Ti + **Bk, and *Sc + >*Cf.

for comparison. Finally, the limitations of EBD3 will be
discussed.

A. Evaporation residue cross sections

We first study the systematic behavior of the survival prob-
ability of DNS for different projectile-target combinations.
In Fig. 1, we show the contour plot of the macroscopic
part of the survival probability Pp,.. One sees that the sur-
vival probability systematically decreases from a value of
1 for light-asymmetric fusion systems to about zero for
heavy nearly-symmetric projectile-target combinations such
as 3¥Ba + 1%*Sm (with a value of about 10~'%). The red and
the blue circles denote known hot and cold fusion reactions
producing SHN with Z > 110, respectively. The predicted
survival probability Py, in hot fusion reaction “*Ca + 2’Np is
larger than that of 7°Zn + 2Bi by a factor of about 2000 due
to larger mass asymmetry 7 and consequently a smaller effec-
tive fissility parameter [47,57]. Very recently, the evaporation
residue cross sections of fusion reactions *°Ti+ >**Pu and
3Cr 4 28y that lead to the same compound nucleus *°*Lv
have been measured and it is found that the cross section of
50Ti 4-242Pu is approximately 15 times higher than that of
34Cr + 28U at close excitation energy [9]. The corresponding
Piac Of 2°Ti + 2*?Pu is about five times higher than that of
34Cr 4 238y, which indicates that the systematic behavior of
Prac proposed in this work is reasonable. For the three reac-
tions leading to the synthesis of element 119 shown in Fig. 1,
the Ppac of ¥Sc 4 2*°Cf is larger than those of *°Ti +2*Bk
and >*Cr + 3 Am by a factor of 7 and 43, respectively.

In Fig. 2, we show the predicted capture excitation function
and the corresponding evaporation residue cross sections with
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FIG. 2. (a) Predicted capture excitation function for

®Ca+2%Am with EBD3. The circles denote the production
probability P of SHN calculated by Eq. (3) (multiplied by
10'). (b) Comparison of the total evaporation residue cross
sections Ogr = Y 0y,. The squares and circles denote the
experimental data of Oganessian et al. [5,62] and the diamonds
denote the data of CAFE2 in Huang et al. [11].

EBD3 for reaction *Ca +2**Am. The arrow in Fig. 2(a) de-
notes the capture barrier height Vz = 196.85 MeV from EBD3
which is very close to the corresponding results from BW91
[63] and the Bass potential [48]. When the incident energy

is lower than Vj the capture cross sections fall exponentially
with decreasing of E.p, due to quantum tunneling effects.
The circles show the energy dependence of the predicted
production probabilities. At energies well above the capture
barrier, the production probability decreases with incident
energy due to the decreasing survival probability of the com-
pound nucleus at higher excitation energy according to Eq.
(6). At sub-barrier energies, the structure factor Y decreases
with decreasing of incident energy according to Eq. (7). From
Fig. 2(b), one sees that the measured total evaporation residue
cross sections ogr = » _, Oy, are remarkably well reproduced
by EBD3. Here, 0., denotes the cross section of the respective
neutron-evaporation channel.

In Fig. 3, we show the predicted oggr for cold fu-
sion reactions *Ni + 2%Pb, *Ni+ 2B, 7°Zn + 2%8Pb, and
0Zn +2%Bi. The measured maximum cross section falls
from 16.5713 pb of ®Ni+2®Pb to about 23 fb of

07n +2%Bi with increasing of charge number Z. The solid
curves with shadows denote the predictions of EBD3 ac-
cording to Eq. (1), which are in good agreement with the
experimental data. The value of Py, for %4Ni + 2%Pp is 19.4
times higher than that of 707n + 29Bj; simultaneously, both By
and Bc,p of the former system are higher than those of the lat-
ter by more than 1 MeV. It results in the production probability
P of the former being 369 times higher than that of the latter
at the incident energy of E., = V. In addition, the capture
Cross section oy of the former is 1.7 times larger than that of
the latter at E. ,,, = V3, due to the relatively larger average bar-
rier radius Rp [64] which is related to the Bass parameter. The
arrows denote the positions at E., = Vp + A. The capture
barrier heights Vg and shell gaps A in the compound nuclei
are listed in Table I. One notes that the positions of arrows
are close to the corresponding peaks of ogr. From Table I,
we note that the predicted shell gaps A are smaller than 3.5
MeV for all 24 reactions under consideration. It means that the
optimal incident energies for cold fusions are slightly higher
than the corresponding capture barrier heights V. Based on
the macroscopic-microscopic calculations, it is also found that
the shell effects in the entrance channel result in fusion-barrier
energies at the touching point that are only a few MeV higher
than the ground state for compound systems near Z = 110 in
cold fusion reactions, and no significant “extra-extra push”
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FIG. 3. Evaporation residue cross sections for cold fusion reactions **Ni + 2%Pb [1,3], *Ni 4+ 2*Bi [2,3], "°Zn 4 2*Pb [2], and "°Zn + *Bi
[4]. The scattered symbols denote the experimental data. The curves denote the predictions of EBD3 and the shadows denote the uncertainties.

The arrows denote the positions at E. ,, = Vp + A.
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TABLE I. Barrier heights in EBD3 and the predicted maximum cross sections ogp™ for fusion reactions under consideration. Vz and By
denote the barrier height of capture and fission, respectively. B.,, denotes the depth of the capture pocket in the entrance-channel nucleus-
nucleus potential. A and Q denote the shell gap in the compound nucleus and the Q value for fusion, respectively, which are obtained with

WS4 [56]. E;, denotes the optimal excitation energy for producing SHN.

Reaction Vs (MeV) B: (MeV) A (MeV) Beyy (MeV) 0 (MeV) E}, (MeV) ol (pb)
DAr+28y 173.75 3.76 1.56 7.61 —132.48 48.02 0.2449
OAr4+2*Am 179.14 3.40 1.86 7.04 —141.06 44.44 0.0598
8Ca+22Th 187.60 3.92 2.25 6.16 —157.19 37.31 0.4577
BCa+2%y 191.03 4.20 2.06 5.93 —160.78 37.22 0.7591
BCa+2"Np 193.45 3.94 2.12 5.70 —165.18 35.32 0.2691
BCa+2Pu 195.35 457 2.68 5.55 —167.42 35.58 1.4748
BCa+2pu 195.16 5.04 2.78 5.58 —166.55 36.45 4.3062
BCa+22pu 194.79 5.08 2.81 5.66 —165.32 37.18 4.5436
BCa+2*PpPu 194.44 5.33 3.47 5.71 —163.90 38.60 7.1455
BCa+2Am 196.85 5.24 2.51 5.50 —168.60 35.90 5.0094
BCa+2*Cm 198.74 5.61 2.68 5.36 —171.27 35.73 47515
BCa+22Cm 198.22 5.37 2.23 5.42 —169.63 36.37 4.9547
8BCa+ 2Bk 200.28 5.37 2.04 5.27 —173.27 34.73 3.4685
BCa+29Cf 202.51 5.58 2.25 5.10 —177.08 33.42 1.9778
0T 4 22Py 214.45 5.33 1.74 4.58 —182.72 39.28 0.1549
0T] + 2#py 213.99 5.18 2.87 4.67 —180.52 40.98 0.1417
Ber 428y 228.69 5.28 1.74 3.80 —195.63 40.87 0.0073
BSc 42t 214.07 4.42 2.68 4.75 —176.44 44.56 0.0444
0Tj + 2Bk 220.57 5.45 1.94 4.17 —192.04 36.46 0.0549
#Cr 4% Am 235.84 5.45 2.94 3.29 —207.20 36.30 0.0032
%Ni 4 2%Pb 240.66 5.78 3.40 2.90 —224.32 18.18 13.944
%Ni + 2°Bi 243.45 5.17 2.87 2.69 —228.13 16.87 3.3367
0Zn +2%Ph 256.11 442 1.86 2.04 —243.32 14.68 0.1296
07Zn 4+ 2"Bj 259.11 4.27 1.14 1.87 —246.99 14.01 0.0254

energy is needed to bring the system inside the fission saddle
point [65].

In Figs. 4 and 5, we show the predicted total ogr for
12 hot fusion reactions. The experimental data can also be
well reproduced by EBD3, which indicates that the proposed
empirical production probability in Eq. (3) is reasonable for
these fusion reactions. The arrows in Figs. 4 and 5 denote
the positions at E.;,, = Vg + Bf + A. One sees that the po-
sitions of these arrows are close to the corresponding peaks
of ogr, which implies that the extra push is required to
form compound nuclei in hot fusion reactions. In Table I,
we also list the predicted optimal excitation energies Ej,
for 24 fusion reactions. Here, we define an effective fusion
barrier height as Ve = Vg + 6Br + A with § =0 for cold
fusion and 1 for hot fusion, which represents the total ob-
stacle that must be overcome throughout the entire fusion
process from infinity between two nuclei to the formation
of a compound nucleus. We note that the root-mean-square
deviation (RMSD) between V. and Eg‘pt — Q is only 0.76
MeV for all 24 reactions. This consistency check confirms that
Ver captures the dominant energy scale governing the optimal
incident energy within the EBD3 framework, suggesting it as
a convenient estimator for unmeasured systems. For the reac-
tions *3Ca + 2*Pu, “8Ca +*2Cm, and “®Ca + **BK, the
fission barrier heights By are comparable with the depths of the
capture pocket B, and therefore the scale factor s ~ 1. For
T + 242Pu and **Cr + 233U, the values of B, are obviously

smaller than By, particularly for 3 Cr 4+ 387 with Beop = 3.80
MeV, which results in a significant decrease in the scale factor
s. The value of s is 0.29 for *Ti+2*Pu and s = 0.12 for
34Cr 4 238y according to Eq. (9).

The fission barrier height By is a sensitive input parameter
in the calculations. A 1-MeV variation of By can result in
the cross sections changing by about one order of magnitude.
We note that the uncertainties of fission barrier heights from
different models significantly increase for extremely neutron-
deficient nuclei due to isospin effects partly. For example, the
calculated By with FRLDM [40] for 213U is higher than the
prediction of WS4 combining an empirical correction [41] by
4.37 MeV, while the results of the two models are comparable
for 238U. Considering the uncertainty of By due to isospin
effects, we take the minimum B among the WS4 predic-
tions for the compound nucleus (N, Z) and its four isotonic
neighbors (N £ 1, Z) and (N £ 2, Z) as the value of By in the
calculations, i.e. By = B}nin for extremely neutron-deficient
nuclei with N — Z < 60. Here, N and Z denote the neutron
and proton numbers of the compound nucleus, respectively.
The predicted ogr for cold fusion reactions and 40 Ar-induced
systems can be significantly improved by using B™" in the
calculations. In addition, the shell damping effect in the fission
barrier is taken into account for hot fusion reactions with
high excitation energies. If the excitation energy Ej of the
compound nuclei at E. ,, = Vg is larger than 2Ep, the fission
barrier is reduced according to By = BYY>*(2Ep/E};)*/x for
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FIG. 4. Total evaporation residue cross sections for hot fusion reactions “Ca + %>Th [66], *Ca 4 28U [67], *8Ca + 240-24224py [5,67,68],
and *Ca + *Bk [5]. The squares and the curves denote the experimental data and the predictions of EBD3, respectively. The arrows denote
the positions at E.,,, = Vp + Bf + A.
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FIG. 5. The same as Fig. 4, but for **Ca + 2*2¥Cm [5,69], “Ca + 2°Cf [5], °Ti + 2*>?*Pu [9,10,70], and >*Cr + 238U [9].
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FIG. 6. Predicted total evaporation residue cross sections for reactions ** Ar +23%( [8], °Ti 4 2Bk, and *Cr 4 2** Am. The circles denote

the predictions of the DNS model [24].

SHN, where the quadratic scaling follows from the expecta-
tion that the shell corrections are damped at high excitation
energy [23] and x denotes the fissionability parameter [41].

In Fig. 6, we show the predicted ogr for OAr 4238y,
0Ti 4+ 2Bk, and **Cr+2*Am. The square in Fig. 6(a)
denotes the measured evaporation residue cross section of
“0Ar +23U which can be reproduced remarkably well by
EBD3. One sees that the measured ogr of “°Ar+ 238U is
smaller than the maximum cross section of **Ni 4+ 2%Pb by
two orders of magnitude, with EJ, higher than the latter by 30
MeV and Bt lower than the latter by 2 MeV, although the mass
asymmetry is larger. The optimal incident energies to form
SHN with Z = 119 are 228 and 244 MeV for *°Ti + **Bk and
4Cr 4 2% Am, respectively. With a value of 3.2 fb, the pre-
dicted o3& of 3*Cr 4 %** Am is about 17 times lower than that
of 3°Ti +2*Bk, which is generally consistent with the mea-
sured ratio between *Cr 4+ 2**U and *°Ti + 2*’Pu. We note
that the cross sections of these two reactions were calculated
very recently using the DNS model [24]. The results are also
presented in the figure (denoted by circles) for comparison.
One can see that both the maximum cross sections and the op-
timal incident energies are slightly smaller than the results of
EBD3. Given that EBD3 is a phenomenological construction
and the DNS model [24] is based on dynamical equations of
motion, the fact that the two independent approaches yield
cross section predictions within a factor of about 2-3 for
the unmeasured element-119 reactions lends credence to the
general reliability of the estimated production rates.

In addition, we also note that both the predicted max-
imum cross sections and the optimal incident energies for
S0Ti 4- 2Bk by using another version of the DNS model [23]
are close to the results of EBD3. In Ref. [18], the evaporation
residue cross sections of reactions °Ti + 4Bk, *°Ti + 24°Cf,
S4Cr +28Cm, and *®Fe 4 2**Pu were predicted with the HIVAP
code [45] together with an empirical formula for Pcy. The
predicted ogg™ are about 35, 20, and 5 fb for S0 + 4Bk,
30T 4+ 249Cf, and **Cr + 2*8Cm, respectively, which are com-
parable with the results of EBD3. However, for S8Fe + 24Py,
the result of EBD3 (0.2 fb) is smaller than that of HIVAP by one

order of magnitude. In addition, from Table I, one sees that the
more asymmetric fusion system *Sc 4 **Cf has a maximum
cross section of o = 44.4730-1 fb at an excitation energy
of 44.56 MeV, which could be another promising projectile-
target combination for synthesizing element 119 considering
the comparable cross section and longer half-life of the target

comparing with *°Ti + **’Bk (o1&* = 5497503 fb).

B. Uncertainties of model predictions and comparison
with other models

Simultaneously, we investigate the uncertainty of the pre-
dicted evaporation residue cross sections with EBD3. On one
hand, the uncertainties of ogg can be estimated with the un-
certainties of oc,p and those of P, since ogr = 0cap X P. In
EBD3, the calculations of o, are completely the same as
those in EBD2.2, in which the RMSDs with respect to 426
datasets of measured capture excitation functions converge to
approximately 0.085, corresponding to a relative uncertainty
of about 21.6% at energies well above the barrier. The uncer-
tainties of the production probability mainly come from the
uncertainties of fission barrier heights. The influence of the
uncertainty of Bc,, on ogg is relatively small. For example, we
note that ogg™ will decrease by about 10% for Cr+ 2 Am,
if the value of By, is reduced by 10%. In this work, By is
calculated with WS4 based on the macroscopic-microscopic
framework. For SHN, the macroscopic fission barrier disap-
pears and By is mainly determined by the ground state shell
correction. Considering that 1-MeV uncertainty in the fission
barrier height can lead to a difference of about one order of
magnitude in the survival probability and the rms error of
WS4 is about 0.3 MeV with respect to known masses, an
uncertainty of about 0.3 for P could be suitable for estimating
the uncertainty of ogr (see the shadows in Fig. 2). On the other
hand, the deviations between the predicted cross sections oy,
and 58 measured data oeyp, [71] are systematically calculated
and shown in Fig. 7. The solid circles denote the results of
EBD3 for the 58 measured data. One sees that the deviations
for all data are within one order of magnitude and the RMSD
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FIG. 7. Deviations between the predicted evaporation residue
cross sections and 58 measured data as a function of fission barrier
height. The solid circles denote the results of EBD3. The crosses
denote the results of HIVAP for hot fusion reactions.

is 0.369, which is comparable with the estimation based on the
uncertainties of o¢,, and P. Here, the corresponding results of
the HIVAP code [ 18] for hot fusion reactions are also presented
for comparison. We note that for the reactions leading to the
synthesis of SHN with relatively higher fission barriers (By >
5 MeV), the two approaches yield comparable deviations. At
lower By, however, EBD3 systematically outperforms HIVAP.
For instance, for *°Ar + 238Q (Bf = 3.76 MeV), the deviation
of HIVAP exceeds two orders of magnitude whereas EBD3
stays within a factor of 2. The overall RMSD of 0.369 for
EBD3 is well within the intrinsic scatter of the experimental
data (RMSD ~0.4), indicating that further refinement within
the phenomenological framework would be limited by mea-
surement uncertainties rather than model deficiencies.

To see the energy dependence of P proposed in EBD3, we
compare in Fig. 8 the predicted evaporation residue excita-
tion functions from EBD3 and HIVAP for “*Ca + 2**Pu. For
this reaction the scale factor s = 1. The curves denote the

100 E T T T T T
480.424py,
10 E E
o)
o
~ 1E
o E
& E
o)
0.1k [ 1eEBD3
3n (HIVAP)
4n (HIVAP)
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0.01 ! . 1 A N
190 200 210 220

E... (MeV)

FIG. 8. Predicted evaporation residue excitation functions for
48 Ca + 2*Pu. The shadows denote the results of EBD3 and the curves
denote the results of HIVAP.
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FIG. 9. Predicted excitation energy of the reaction system for
#Cr+2%Am at different impact parameters with the ImQMD
simulations.

predicted respective neutron-evaporation cross sections from
HIVAP and the shadows denote the predictions of EBD3 for
total evaporation residue cross sections. One sees that both
the predicted maximum cross section and the optimal incident
energy from the two approaches are in good agreement with
each other, which indicates that the energy dependence of P
in EBD3 is comparable with that in the statistical model.

In EBD3 calculations, we assume the excitation energy
of the DNS with a value of Efjyq = 20%E*. To verify this
hypothesis, we calculate the excitation energy of the reaction
system >*Cr+2*Am at an incident energy of E., =244
MeV by using the ImQMD model [43,44]. Figure 9 shows
the time evolution of the excitation energy of the reaction
system. The curves denote the results with different impact
parameters b. Considering the effective barrier radius Rp =
7.57 fm in the calculations of oc,,, we set b= 1-7 fm in
the ImQMD simulations for calculating the excitation energy.
One sees that the excitation energy of the reaction system
quickly increases around contact between the projectile and
target nuclei (at about t = 285 fm/c), due to the transfer of
nucleons. At about t = 350 fm/c, the excitation energy of the
DNS reaches its maximum at a given impact parameter. Then
the excitation energy decreases slowly due to breakup of the

DNS and particle evaporation in the deexcitation process. The

squares in Fig. 9 denote the average value (E*) = %

of the predicted excitation energy. The corresponding exci-
tation energy of the compound nuclei at E., = 244 MeV
is E* = 244 — 207.2 = 36.8 MeV according to the predicted
0O value from WS4 [56]. We note that the maximum of the
average excitation energy is 6.8 MeV, and the corresponding
ratio is 18.5% which is close to the assumed value 20%.
In addition, from the mass-total kinetic energy distributions
of fragments in the ImQMD simulations, we note that the
quasielastic and deep-inelastic scattering plays a dominant
role during # < 1000 fm/c. The corresponding capture cross
sections from the ImQMD simulations are about 77 mb, which

is consistent with the EBD3 prediction of o¢,p = 64.41“%; mb.
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C. Limitations of the formula

Despite its satisfactory performance for the 24 reactions
studied here, EBD3 has several limitations that should be kept
in mind when interpreting its predictions.

(1) The present formulation employs an average production
probability and does not explicitly track the angular momen-
tum dependence of Pcy and Wyy,. This is a tolerable simpli-
fication for the cross section magnitudes discussed here, but
may become inadequate for detailed partial-wave analyses.

(ii)) The value Efjyg =20%E* has been verified by
ImQMD only for the specific system **Cr 4+ 2**Am (Fig. 9).
Its applicability to other projectile-target combinations with
significantly different mass asymmetries or deformations re-
mains to be tested.

(iii)) Although s is determined from independently cal-
culated quantities (B, Bcap, and A), its functional form is
empirical and has been calibrated on systems with Z > 110.
Extrapolation to higher Z (e.g., elements 119 and 120) should
therefore be regarded as phenomenologically guided esti-
mates rather than rigid predictions.

(iv) For fusion-fission reactions with Z < 110, the relative
contributions of quasifission and fusion-fission differ from
those in the superheavy regime, requiring reoptimization of
the scale factor s before the formula can be reliably applied.

IV. SUMMARY

In this work, we have developed a phenomenological for-
mula, EBD3, for the systematic prediction of evaporation
residue cross sections in fusion reactions leading to super-
heavy nuclei with Z > 110. The formula adopts the empirical
barrier distribution method for capture and introduces a factor-
ized expression for the production probability, which includes
macroscopic and energy-dependent components. By incorpo-
rating fission barrier height, mass asymmetry, capture pocket
depth, and the effective fusion barrier height, EBD3 suc-
cessfully reproduces 58 experimental data from both hot and

cold fusion reactions with high accuracy. The formula also
provides a phenomenologically guided estimate of optimal
excitation energies and cross section magnitudes, with un-
certainties typically within one order of magnitude. From the
systematic comparison of the optimal excitation energies, we
note that the extra push energies with values close to the
sums of the corresponding fission barrier heights and shell
gaps of SHN are required to form compound nuclei in hot
fusion reactions. Predictions for the synthesis of element 119
suggest that highly asymmetric systems such as **Sc 4+ 2*Cf
and °Ti + 2*Bk may offer favorable conditions, with maxi-
mum cross sections of about 44 and 55 fb, respectively. For
the reactions with heavier projectile nuclei, **Cr 4 >**Am,
the predicted maximum cross sections fall to 3.2 fb. EBD3
thus serves as a practical and validated tool for guiding fu-
ture experiments and exploring the limits of nuclear stability.
Although with a phenomenological production probability
of SHN, the high accuracy and simplicity of EBD3 provide
an alternative for further machine-learning analysis. System-
atic comparisons with independent microscopic calculations
(e.g., TDHF and ImQMD) across a wider range of systems
would help further constrain the empirical components of the
formula.
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