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Within the framework of the dinuclear system model, the influence of mass asymmetry and the isospin effect
on the production of exotic actinides have been investigated systematically. The isotopic yields populate in
multinucleon transfer reactions of 48Ca, 86Kr, 136Xe, 238U bombarding on 248Cm are analyzed and compared
with the available experimental data. Systematics on the production of unknown actinides from Ac to Lr via the
available stable elements on Earth (from Ar to U) as projectiles-induced reactions with 232Th, 238U, and 248Cm are
investigated thoroughly. Potential-energy surface and total kinetic-energy distribution for the reaction system are
calculated and can be used to predict the production cross-section trends. It is found that the heavier projectile
leads to the wider isotopic chain distribution for the same target. The heavier target-based reactions prefer to
produce plenty of exotic actinides through both mechanisms of deep-inelastic and quasifission reactions. Isospin
relaxation plays a crucial role in the colliding process, resulting in an actinide isotopic distribution that tends
to shift to the drip lines. Massive new actinides have been predicted at the level of nanobarn to millibarn. The
optimal projectile-target combinations and beam energies are proposed for the forthcoming experiments.
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I. INTRODUCTION

In past decades, a number of new exotic actinides have
been identified in laboratories all over the world [1]. There
are fifteen elements in the actinide region with the charge
number Z = 89–103. In the actinide range, practically these
nuclides were produced by methods such as [2] heavy-ion
fusion-evaporation reactions (FE), projectile fragmentation
(PF), light-particle reactions (LP), neutron-capture reactions
(NC), heavy-ion transfer reactions (TR), deep-inelastic re-
actions (DI), thermonuclear tests (TNTs), and radioactive
decay (RD). Up to now, the most neutron-deficient isotopes
for each actinide from Ac to Lr are 205Ac, 207Th, 211Pa,
214U, 219Np, 228Pu, 223Am, 233Cm, 233Bk, 237Cf, 240Es, 241Fm,
244Md, 250No, and 253Lr, in order. Among them, 223Am and
233Bk have been produced in multinucleon transfer reac-
tions 48Ca + 248Cm. Apart from that, the rest of them have
been synthesized by heavy-ion fusion-evaporation reactions.
Hitherto, the most neutron-rich isotopes for each actinide
from Ac to Lr are 236Ac, 238Th, 239Pa, 242U, 244Np, 247Pu,
247Am, 251Cm, 251Bk, 256Cf, 257Es, 259Fm, 260Md, 260No, and
266Lr, in order. Among them, 238Th, 239Pa, 244Np, 260Md,
and 260No were produced through multinucleon transfer or
deep-inelastic reactions. 236Ac was produced in projectile
fragmentation (PF) reactions. PF reaction products are still
not so close to the drip line. 242U, 247Am, 256Cf, and 259Fm
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were created via light-particle reactions. 247Pu, 251Cm, and
257Es were produced in neutron-capture reactions. 260No was
identified in alpha decay chain based fusion-evaporation reac-
tions. The synthesis information of the most neutron-rich and
proton-rich actinide isotopes are listed in Table I, including
the based method, laboratory, country, and year [3].

Above all, we can see that FE is still the most promising
method to create new nuclides nearby the proton drip line [4].
Furthermore, multinucleon transfer (MNT) reactions also may
approach the proton drip line, particularly after very proton-
rich actinides 223Am and 233Bk were identified by Devaraja
et al. at GSI. Actually, MNT reactions have been used to syn-
thesize very-neutron-rich actinides, e.g., 238Th in 18O + 238U
with incident energy 60A MeV, 239Pa in 18O + 238U with
incident energy 50A MeV, and 244Np in 136Xe + 244Pu with
incident energy 835 MeV, based on the quasifission mecha-
nism (nucleon transfer from target to projectile). 260Md and
260No were discovered in MNT reactions of 22Ne + 254Es,
18O + 244Pu, respectively, based on the deep-inelastic mech-
anism (nucleon transfer from projectile to target). Compared
with the synthesis of proton-rich actinides, the neutron-rich
actinides are more difficult to produce and identify because
of the β− decay, which is hardly distinguished and identified
by the data capture and detection system state of the art.
There are limitations of available projectile-target material
in mechanisms of FE, LP, and PF reactions. With particle
identification technique development, MNT reactions might
be considered the only method that could be used to produce
very-neutron-rich actinides, especially for the transuranium
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TABLE I. The most proton- and neutron-rich isotopes for each
actinide element are listed in the table, which includes their produc-
tion method, laboratory, country, and year. “FE” stands for heavy-ion
fusion-evaporation reaction, “LP” stands for light-particle reactions,
“NC” stands for neutron capture reactions, “TR” stands for heavy-ion
transfer reactions, “PF” stands for projectile fragmentation, and “DI”
stands for deep-inelastic reactions.

Z Isotope Method Laboratory Country Year

Ac 205Ac FE [8] Lanzhou China 2014
Z = 89 236Ac PF [9] Darmstadt Germany 2010
Z = 90 207Th FE [10] Lanzhou China 2022
Th 238Th TR [11] Lanzhou China 1995
Z = 91 211Pa FE [12] Helsinki Finland 2020
Pa 239Pa TR [13] Lanzhou China 1995
Z = 92 214U FE [14] Lanzhou China 2021
U 242U PL [15] Brookhaven USA 1979
Z = 93 219Np FE [16] Lanzhou China 2018
Np 244Np TR [17] Darmstadt Germany 1987
Z = 94 228Pu FE [18] Dubna Russia 1994
Pu 247Pu NC [19] Dimitrovgrad Russia 1983
Z = 95 223Am TR [20] Darmstadt Germany 2015
Am 247Am LP [21] Los Alamos USA 1967
Z = 96 233Cm FE [22] Darmstadt Germany 2010
Cm 251Cm NC [23] Livermore USA 1978
Z = 97 237Bk TR [20] Darmstadt Germany 2015
Bk 251Bk NC [24] Argonne USA 1967
Z = 98 237Cf FE [25] Dubna Russia 1995
Cf 256Cf LP [26] Los Alamos USA 1980
Z = 99 240Es FE [27] Darmstadt Germany 2017
Es 257Es NC [28] Dimitrovgrad Russia 1987
Z = 100 241Fm FE [29] Darmstadt Germany 2008
Fm 259Fm LP [30] Los Alamos USA 1980
Z = 101 244Md FE [31] Berkeley USA 2020
Md 260Md DI [32] Berkeley USA 1989
Z = 102 250No FE [33] Dubna Russia 2003
No 260No DI [34] Berkeley USA 1985
Lr 253Lr FE [35] Darmstadt Germany 2001
Z = 103 266Lr FE [36] Dubna Russia 2014

elements. It was well known that the MNT reactions have such
advantages that fragment with a wide mass region owing to
broad excitation functions in the transfer process. Therefore,
more insightful theoretical and experimental studies of the
reaction mechanism are required to make precise predictions
for the probability of MNT products in such reactions.

Since the 1970s, MNT reactions of actinide-based targets
with projectiles O, Ca, Kr, Xe, U, and Cm have been used to
synthesize massive unknown actinides with available cross-
section, in the laboratories at GSI [5] and Berkeley [6,7].
These experimental data motivate us to explore how mass
asymmetry and isospin affect the production cross section of
exotic actinides in MNT reactions.

In this work, the selection of projectiles as Ar to U induced
MNT reactions with the combination of targets 232Th, 238U,
248Cm are calculated with the dinuclear system (DNS) model.
The aim of this paper is to investigate the entrance channel
effect and isospin relaxation on the production cross sec-

FIG. 1. (a) Solid black, dashed red, and dash-dotted blue
lines stand for the reactions of 48Ca + 232Th, 124Sn + 232Th, and
204Hg + 232Th, respectively. These lines indicate the interaction po-
tential of head-on collisions as a function of surface distance for these
three reactions, respectively. (b) These lines are the sticking time
distribution to angular momentum. (c) These lines are the internal
excitation energy distributions of 48Ca, 124Sn, 204Hg on 232Th to re-
action time at Ec.m. = 1.1VB for the given impact parameter L = 20 h̄.

tions of actinide products in actinides-based MNT reactions.
The article is organized as follows: In Sec. II we give a brief
description of the DNS model. Calculated results and discus-
sions are presented in Sec. III. The summary and conclusion
are in Sec. IV.

II. MODEL DESCRIPTION

The cross sections of the survival fragments produced
in MNT reactions and fusion-evaporation residue cross sec-
tions are evaluated as follows:

σsur (Z1, N1, Ec.m.) =
Jmax∑
J=0

σcap

∫
f (B)

× P(Z1, N1, E1, J1, B)Wsur (E1, J1, s)dB.

(1)

The equation for computing the cross section of primary
fragments is the above formula without Wsur (E1, J1, s).
Jmax is the maximal angular momentum for grazing col-
lisions. The capture cross section is evaluated by σcap =
π h̄2[(2J + 1)/(2μEc.m.)]T (Ec.m., J ). T (Ec.m., J ) is the trans-
mission probability of the projectile-target nuclei overcoming
the Coulomb barrier to form a composite system and cal-
culated by the Hill-Wheeler formula in Refs. [37]. μ is the
reduced mass of relative motion.

The dynamical multinucleon transfer reactions are de-
scribed as a diffusion process in which the resulting dis-
tribution probability is obtained by solving a set of master
equations numerically in the potential-energy surface of the
DNS. Here, we do not include the decay term of quasifis-
sion and fission in the master equation below because the
sticking time is so short and the quasifission barrier vanishes
for very heavy collision partners. The time evolution of the
distribution probability P(Z1, N1, E1, β, t ) for fragment 1 with
proton number Z1, neutron number N1, excitation energy E1,
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FIG. 2. (a), (b) Comparison of the driving potentials of 48Ca,
124Sn, and 204Hg on 248Th, 248Cm, where solid black, dashed red,
and dash-dotted blue lines correspond to 48Ca-, 124Sn-, and 204Hg-
induced reactions. (c), (e), (g) Potential-energy surfaces (PESs) of
48Ca, 124Sn, 204Hg on 248Th. (d), (f), (h) The same but for target 248Th.
The open stars indicate the injection points. The solid black lines
are minimum-value trajectories in two-dimensional potential-energy
surfaces.

and quadrupole deformation β are described by the following
master equations:

dP(Z1, N1, E1, β, t )

dt

=
∑

Z ′
1

WZ1,N1,β;Z ′
1,N1,β (t )[dZ1,N1 P(Z ′

1, N1, E ′
1, β, t )

− dZ ′
1,N1 P(Z1, N1, E1, β, t )]

+
∑
N ′

1

WZ1,N1,β;Z1,N ′
1,β

(t )[dZ1,N1 P(Z1, N ′
1, E ′

1, β, t )

− dZ1,N ′
1
P(Z1, N1, E1, β, t )]. (2)

WZ1,N1,β;Z ′
1,N1,β (WZ1,N1,β,;Z1,N ′

1,β
) is the mean transition prob-

ability from the channel (Z1, N1, E1, β) to (Z ′
1, N1, E ′

1, β)
[(Z1, N1, E1, β) to (Z1, N ′

1, E ′
1, β)], and dZ1,Z1 denotes the mi-

croscopic dimension corresponding to the macroscopic state
(Z1, N1, E1). The sum is taken over all possible proton and
neutron numbers that fragment (Z ′

1, N ′
1) may take, but only

one nucleon transfer is considered in the model with the
relations Z ′

1 = Z1 ± 1 and N ′
1 = N1 ± 1. The transfer proba-

bility is smoothed with the barrier distribution, which is taken
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FIG. 3. Total kinetic energy (TKE) distribution of primary MNT
products in the collisions of 48Ca, 124Sn, 204Hg, and 232Th bombard-
ment on 232Th, 238U, and 248Cm at Ec.m. = 1.1VB.

as the asymmetric Gaussian form of f (B) = 1
N exp{−[(B −

Bm )/�]2} with the normalization constant satisfying the unity
relation

∫
f (B)dB = 1. The quantities Bm and � are evaluated

by Bm = (BC + BS)/2 and � = (BC − BS)/2, respectively.
BC and BS are the Coulomb barrier at waist-to-waist orien-
tation and the minimum barrier upon varying the quadrupole
deformation parameters of colliding partners.

The motion of nucleons in the interacting potential is gov-
erned by the single-particle Hamiltonian. The excited DNS
opens a valence space in which the valence nucleons have a
symmetrical distribution around the Fermi surface. Only the
particles at the states within the valence space are actively
for nucleon transfer. The transition probability is related to
the local excitation energy and nucleon transfer, which is mi-
croscopically derived from the interaction potential in valence
space, as described in Refs. [38,39]:

WZ1,N1,β;Z ′
1,N1,β ′ = τmem(Z1, N1, β, E1; Z ′

1, N1β
′, E ′

1)

dZ1,N1 dZ ′
1,N1 h̄2

×
∑

ii′
|〈Z ′

1, N1, E ′
1, i′|V |Z1, N1, E1, i〉|2.

(3)

The memory time τmem and interaction element V can be
seen in Ref. [38]. A similar approach is used for the neutron
transition coefficient.
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FIG. 4. Predicted secondary cross sections of actinides in the reaction of 48Ca + 248Cm at Elab = 263 MeV, 86Kr + 248Cm at Elab =
546 MeV, 136Xe + 248Cm at Elab = 790 MeV, and 238U + 248Cm at Elab = 1760 MeV (solid lines) compared with experimental data [5–7]
(solid square symbols with error bars).

The local excitation energy is determined by the dissipa-
tion energy from the relative motion and the potential-energy
surface of the DNS as

ε∗(t ) = Ediss(t ) − [U ({α, t}) − U ({αEN})], (4)

Ediss(t ) = Ec.m. − B − 〈J (t )〉[〈J (t )〉 + 1]h̄2

2ζ

−〈Erad(J, t )〉. (5)

The entrance channel quantities {αEN} include the proton and
neutron numbers, quadrupole deformation parameters, and
orientation angles being ZP, NP, ZT, NT, R, βP, βT, θP, θT for
projectile and target nuclei with the symbols of P and T , re-
spectively. The symbol α denotes the quantities of fragments
of Z1, N1, Z2, N2, R, β1, β2, θ1, θ2. The interaction time τint is
obtained from the deflection function method [40]. The energy
dissipated into the DNS increases exponentially [37].

The potential-energy surface (PES) of the DNS is evaluated
by

Udr (t ) = Qgg + VC(Z1, N1; β1, Z2, N2, β2, t )

+VN (Z1, N1, β1; Z2, N2, β2, t ) + Vdef (t ), (6)

with

Vdef (t ) = 1
2C1[β1 − β ′

T (t )]2 + 1
2C2[β2 − β ′

P(t )]2
, (7)

Ci = (λ − 1)(λ + 2)R2
Nδ − 3

2π

Z2e2

RN (2λ + 1)
, (8)

where the Qgg derived by the negative binding energies of the
fragments (Zi, Ni ) were calculated by the liquid drop model
plus shell correction [41]. θi denotes the angles between the
collision orientations and the symmetry axes of the deformed
nuclei. VC and VN were calculated by the Wong formula
[42] and the double-folding potential [43], respectively. Re-
cently, the driving potential based on Skyrme energy-density
functional theory has been discussed [44]. Vdef (t ) is the defor-
mation energy of the DNS at the reaction time t . The evolution
of quadrupole deformations of projectile-like and target-like
fragments evolves from the initial configuration as

β ′
T(t ) = βT exp (−t/τβ ) + β1[1 − exp (−t/τβ )],

β ′
P(t ) = βP exp (−t/τβ ) + β2[1 − exp (−t/τβ )], (9)

with the deformation relaxation τβ = 4 × 10−21 s.

054601-4



INFLUENCE OF ENTRANCE CHANNEL ON PRODUCTION … PHYSICAL REVIEW C 106, 054601 (2022)

216 224 232 240
10-7
10-5
10-3
10-1
101
103

224 232 240 224 232 240

224 232 240 248
10-7
10-5
10-3
10-1
101

232 240 248 232 240 248

232 240 248 256
10-7
10-5
10-3
10-1
101

240 248 256 240 248 256

240 246 252 258
10-7
10-5
10-3
10-1
101

246 252 258 264 246 252 258 264

252 258 264

10-8

10-6

10-4

252 258 264 270 258 264 270 276

(a)

Ac

(b)

Th

(c)

Pa

(d)

U

(e)

Np

(f)

Pu

Hg+ Cm
Hg+ U
Hg+ Th

(g)

)b
m( noitces ssorc yradnoces

Am

(h)

Cm

(i)

Bk

(j)

Cf

(k)

Es

(l)

Fm

(m)

Md

(n)

mass number

No

(o)

Lr

FIG. 5. Predicted secondary production cross section of target-
like fragments with Z = 89–103 in the collisions of 206Hg bombard-
ment on 232Th, 238U, and 248Cm, indicated by solid black, dashed red,
and dash-dotted lines, respectively. Unknown actinides are shown as
open circles.

The total kinetic energy (TKE) of the primary fragment is
evaluated by

T KE (A1) = Ec.m. + Qgg(A1) − Ediss(A1), (10)

where Qgg = MP + MT − MPLF − MTLF and Ec.m. being the
incident energy in the center-of-mass frame. The mass
MP, MT, MPLF, and MTLF correspond to projectile, target,
projectile-like fragment, and target-like fragment, respec-
tively. E1 and J1 are the excitation energy and the angular
momentum for the fragment (Z1, N1). The survival probability
Wsur of each fragment is evaluated with a statistical approach
based on the Weisskopf evaporation theory [45], in which the
excited primary fragments are cooled in evaporation channels
s(Zs, Ns) by γ rays, light particles (neutrons, protons, α, etc.)
in competition with the binary fission.

III. RESULTS AND DISCUSSION

In heavy-ion damping collisions, colliding partners over-
come the Coulomb barrier, and kinetic energy of relative
motion transforms rapidly dissipates into internal excitation
of a dinuclear system at contact configuration. The interac-
tion potential distribution to distance, sticking time to impact
parameter, and internal excitation energy to reaction time for

three different mass asymmetry systems of 48Ca + 232Th (η =
0.171), 124Sn + 232Th (η = 0.348), and 204Hg + 232Th (η =
0.468) at incident energy Ec.m. = 1.1VB are presented in
Fig. 1. η is the mass asymmetry with respect to η = (AT −
AP)/(AT + AP), where the AT and AP are the mass number
of projectile and target, respectively. The interaction potential
is a combination of Coulomb potential and nuclide-nuclide
potential, which is calculated as a function of the nuclear
surface distance between two heavy partners. In Fig. 1(a),
One can see that Coulomb barriers of head-on collision sys-
tems are about 185, 445, and 650 MeV, corresponding to
48Ca + 232Th (solid black line), 124Sn + 232Th (dashed red
line), and 204Hg + 232Th (dash-dotted blue line), respectively.
The potential pocket locates nearby contact points almost.

The sticking time of the collision system is derived from
the deflection function, shown as a function of angular mo-
mentum (impact parameter), which decreases exponentially
with increasing angular momentum, shown in Fig. 1(b). Gen-
erally, the mass asymmetry of collision systems is smaller and
their sticking time is longer due to the small mass asymmetry
system having smaller potential energy and potential pocket.
The internal excitation energy dissipating in the dinuclear sys-
tem increases exponentially with increasing evolution time, as
shown in Fig. 1(c). The existence of the pocket in the entrance
channel is crucial for the compound nucleus formation in
fusion reactions, which is the input physical quantity in cal-
culating the capture cross section. According to Fig. 1, it was
found that there are few MeV potential pockets for the heavy
systems, because of the strong Coulomb repulsion between
two colliding partners with Z1Z2 = 1860. The lighter collision
systems own the deeper potential pocket relatively. The deeper
potential pocket collision system led to a longer reaction time
relatively.

Nucleons are transferred between the collision partners
resulting in the internal degree of freedom characterizing
the nuclear states encountering a rapid rearrangement along
the valley line in potential-energy surface (PES) as well
as dissipating kinetic energy and angular momentum. The
calculation of multidimensional adiabatic PES for the
heavy nuclear system is a quite complex physical problem,
until now it is still an open problem. PES and driving
potential of head-on collisions of 48Ca, 124Sn, and 204Hg
bombardment on 232Th and 248Cm are calculated by Eq. (6)
as a diabetic type with the fixed surface distance, shown
in Fig. 2. The solid black, dashed red, dash-dotted blue
lines, open circles are the valley lines in the PES of 48Ca-,
124Sn-, and 204Hg-induced reactions with 232Th and 248Cm,
injection points in Figs. 2(a) and 2(b), respectively. The
valley trajectories in PES are shown as a function of proton
number and neutron number in Figs. 2(c)–2(h). To make
a comparison with collision systems with different mass
asymmetry, we use �Udr (Z, N ) = Udr (Z, N ) − Udr (ZT, NT)
to represent the driving potential change trend. For
48Ca + 232Th and 48Ca + 248Cm, the pockets locate
at A1 = 240(Z1 = 94, N1 = 146; Z2 = 42, N2 = 64), at
A1 = 254(Z1 = 100, N1 = 156; Z2 = 16, N2 = 24), targets
pick up four protons and four neutrons. For 124Sn + 232Th,
a pocket locates at A1 = 250(Z1 = 98, N1 = 152; Z2 =
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FIG. 6. Yields-charge distributions of survived fragments for-
mation in the 48Ca-, 86Kr-, 136Xe-, 192,196,200,204Hg-, 208Pb-, and
232Th-induced reactions with 232Th, 238U, and 248Cm at incident ener-
gies Ec.m. = 1.1VB. (a) Solid black, dashed red, dash-dotted blue, and
dash-dot-dotted olive lines are for 48Ca-, 86Kr-, 136Xe-, and 232Th-
induced reactions with 238U, respectively. (b) Solid black, dashed
red, and dash-dotted blue lines stand for 208Pb-induced reactions
on targets 232Th, 238U, and 248Cm, respectively. (c) Solid black,
dashed red, dash-dotted blue, and dash-dot-dotted olive lines repre-
sent 192,196,200,204Hg-induced collisions with 248Cm, respectively.

42, N2 = 64), and the target gets four protons and
four neutrons. For 204Hg + 232Th, the pocket locates at
A1 = 250 − 266(Z1 = 98 − 104, N1 = 152 − 162; Z2 = 72
− 66, N2 = 114 − 104), and the target gets 8–14 protons
and 10–20 neutrons. For 124Sn + 248Cm, two pockets
locate at A1 = 250(Z1 = 98, N1 = 152; Z2 = 42, N2 = 64)
and 266(Z1 = 104, N1 = 162; Z2 = 36, N2 = 54). For
204Hg + 232Cm, the pocket appears around A1 = 266(Z1 =
104, N1 = 162; Z2 = 66, N2 = 104), and the target picks
up 14 protons and 20 neutrons. Neutron subshell numbers
(N = 152, 162) play a crucial role in PES. The DNS
fragments towards mass-asymmetric location release negative
energy, which combined with interaction potential contribute
to nucleons transfer. From a purely Coulomb perspective,
the removal of protons from the target to the projectile is
unfavorable. The spectra exhibit a Gaussian-like distribution
for potential value belonging to each atomic number. The
valley trajectory in the PES is close to the β-stability line.
Therefore, we solve the master equations with the PES to
get the all-formed fragments probability for these collision
systems with different mass asymmetry and dynamical
quadrupole deformations. From these PESs, we can roughly
predict the trend of fragment probability diffusion.

Using the numerical solution to deal with the master
equation, we obtain the primary fragments with production
probability and excitation energy. The total kinetic energy
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cyan, magenta, dark yellow, navy, purple, wine, olive, dark cyan,
royal, orange, and violet lines indicate survived actinium, thorium,
protactinium, uranium, neptunium, plutonium, americium, curium,
berkelium, californium, einsteinium, fermium, mendelevium, no-
belium, lawrencium isotopic cross-section distribution, respectively.
Isotopes yields in panel (a)–(c) correspond to 48Ca-, 124Sn-, and
204Hg-induced reactions with 232Th at incident energy Ec.m. = 1.1VB,
respectively. Open-up triangles stand for unknown actinide isotopes.

(TKE) of the DNS is listed as a function of the mass number
of all formed fragments. Figure 3 shows the calculation of
TKE-mass distributions of the MNT primary products for
48Ca-, 124Sn-, 204Hg-, and 232Th-induced MNTs on targets
232Th, 238U, and 248Cm with different mass asymmetry at
incident energy Ec.m. = 1.1VB. This calculated TKE and mass
of 48Ca + 248Cm agrees roughly with available experimental
data [46]. The TKE-mass distribution is highly dependent on
driving potential and mass asymmetry. Cross sections from
TKE-mass distributions prefer to populate in pockets of driv-
ing potential. For the same target, the projectile is heavier and
the TKE-mass distribution is wider. For the same projectile,
targets with small mass variation have limited influence on
the shape of the TKE distribution. From the TKE-mass dis-
tributions, it was found that the tendency will be for mass to
flow toward the trans-target fragments. The shapes of TKE-
mass show strong relevance with the impact parameter, which
corresponds to the sticking time of the DNS. For damped col-
lisions, the sticking time is quite short (about 10−21 s). These
fast events correspond to grazing collisions with intermediate
impact parameters, which are shown by the areas around in-
jection points. A large amount of kinetic energy is dissipated
very fast at relatively low mass transfer (more than 45 MeV
during several 10−21 s). The other events correspond to much
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FIG. 8. For collisions of 208Pb + 248Cm at Ec.m. = 1.1VB, the calculation cross sections of primary and secondary fragments with and
without dynamical deformation are shown in panels (a)–(d), respectively. Solid triangles stand for projectile-target injection points.

slower collisions with a large overlap of nuclear surface and
significant nucleon rearrangement.

Predicted and experimental isotopic cross sections of Am,
Cm, Bk, Cf, Es, and Fm in 48Ca-, 136Xe-, 204Hg-, and
232Th-induced reactions on 248Cm are shown in Fig. 4.
The experimental data have been obtained at Lawrence
Berkeley Laboratory (LBL) and Gesellschaft für Schwerio-
nenforschung (GSI) in the 1980s, which correspond to solid
squares with error bars. The solid step lines are calculation
results that were listed with experimental data used to make
a comparison. Our calculations are nicely consistent with
the available experimental data of 48Ca + 248Cm at Elab =
263 MeV [7], of 86Kr + 248Cm at Elab = 546 MeV [7], of
136Xe + 248Cm at Elab = 790 MeV [6], of 238U + 248Cm at
Elab = 1760 MeV [5]. We found that collisions with lighter
heavy ions showed production cross sections for the target-
like actinides which were at least as large as those obtained
using the very heavy projectiles 238U. Strong enhancement
in the production of Cf, Es, and Fm isotopes were produced
when 238U were applied to bombard 248Cm as compared with
136Xe projectiles. Reactions of 238U + 248Cm were used to
explore the probability of synthesis superheavy nuclei. Due
to the limitation of detection technology, only these events
of Md, Fm, Es, Cf, and Bk isotopes have been obtained,
the cross sections have four orders of magnitude higher than
in the 238U + 238U reactions. Targets of 248Cm have been
irradiated by beams of 136Xe and 86Kr at energies around
the Coulomb barrier in the LBL’s SuperHILAC. Production
cross sections and excitation functions of Md, Fm, Es, Cf,
Bk, Cm, Am, Pu, Np, U, and Pa isotopes have been obtained,
in which neutron-rich actinides production and neutron-shell
effects (N = 82 or Z = 50) have been discussed [7].

In reactions of 48Ca + 248Cm near Coulomb barrier ener-
gies, the TLFs and PLFs are dominant in all isotopic yields.
In the 1980s, to explore the effect of neutron-rich 48Ca on
contributing to the yields of neutron-rich heavy actinides and

to determine what effect the eight fewer neutrons in 40Ca have
on the mass distribution, two series of experiments were per-
formed at LBL and GSI [6]. Target-like fragments from Bk to
Fm, and Rn, Ra, Ac, Th, U, and Pu have been observed in the
reactions of 48Ca + 248Cm at incident energies Elab = 223–
239, 248–263, 247–263, 272–288, and 304–318 MeV. In the
year 2000, reactions of 48Ca + 248Cm at Elab = 265.4, 270.2
MeV have been performed in GSI [47]. In the experiment,
MNT reaction products have been measured on SHIP. Due
to the short detection time, a few transtarget isotopes have
been obtained. They are 252,254Cf, 254,256Es, and 254,256Fm
with available cross sections. However, in our calculations,
we could not reproduce the production cross sections of very-
neutron-deficient isotopes.

We calculate production cross sections of actinides iso-
topes with Z = 89–103 systematically in targets 232Th-, 238U-,
and 248Cm-based reactions with projectiles from Ar to U. It
was found that 204,206Hg as projectile is favorable to produce
yet-unknown neutron-rich actinide isotopes. To investigate the
dependence of actinides production on targets, production of
actinides isotopes with Z = 89–103 in reactions of 204,206Hg
bombard on 232Th, 238U, and 248Cm have been calculated
systematically, correspond to solid black, red, and blue lines,
respectively. Production of unknown neutron-rich actinide
isotopes marked by open circles were added in Fig. 5. From
Fig. 5, it was found that all three 232Th-, 238U-, and 248Cm-
based reactions could produce available cross sections of new
actinide isotopes. We denote 232Th-, 238U-, and 248Cm-based
reactions as R1, R2, and R3, respectively. For actinium, R2
prefer to produce yet-unknown 237,238,239,240Ac as 810, 85, 8,
and 0.4 nb. For thorium, R1 prefer to produce yet-unknown
239,240,241,242Th as 4140, 262, 47, and 0.8 nb. For protactinium,
R2 prefer to produce yet-unknown 240,241,242,243,244Pa as 0.2
mb, 4870 nb, 533 nb, 55 nb, and 1.5 nb. For uranium, R1
and R2 prefer to produce yet-unknown 243,244,245,246U as 0.14
mb, 36 770 nb, 2030 nb, and 10 nb in R2, 247,248U as 0.8 and
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FIG. 9. The calculated yields of secondary fragments in collisions of 54Cr, 108Pd, 164Dy, 210Po, 192,198,202,204Hg on 248Cm at Ec.m. = 1.1VB

are shown in panels (a)–(h), respectively. Solid black triangles stand for projectile-target injection points.

0.4 nb for R1. For neptunium, R1 and R2 prefer to produce
yet-unknown 245,246,247Np as 0.4 mb, 17110 nb, and 198 nb
in R2, 249,250,251,252,253Np as 65, 23, 4, 1, and 0.06 nb in R1.
For plutonium, R1 and R2 prefer to produce yet-unknown
248,249,250,251,252,253Pu as 1760, 526, 174, 31, 7, and 0.7 nb
in R1, 254Pu as 0.3 nb in R2. For americium, R3 and R2
prefer to produce yet-unknown 248,249,250Am as 10 mb, 0.1
mb, and 9020 nb in R3, 251,252,253,254,255,256,257Am as 2850,
585, 225, 43, 16, 2, and 0.1 nb in R2. For curium, R2 and
R3 prefer to produce yet-unknown 252,253Cm as 61 450 and
3840 nb in R3, 254,255,256,257,258,259Cm as 1270, 475, 134, 20,
1.5, and 0.04 nb in R2. For berkelium, R2 and R3 prefer
to produce yet-unknown 252,253,254,255Bk as 0.55 mb, 0.16
mb, 24 490 nb, and 5520 nb in R3, 256,257,258,259,260Bk as

0.2 mb, 985 nb, 572 nb, 70 nb, 12 nb, and 0.5 nb in R2.
For californium, R3 and R2 prefer to produce yet-unknown
257,258Cf as 2180 and 245 nb in R3, 259,260,261,262Cf as 114,
21, 1.5, and 0.02 nb in R2. For einsteinium, R3 prefer
to produce yet-unknown 258,259,260,261,262,263,264Es as 2220,
3640, 759, 675, 63, 8, and 0.3 nb. For fermium, R3 pre-
fer to produce yet-unknown 260,261,262,263,264,265Fm as 372,
493, 147, 63, 4.4, and 0.7 nb. For mendelevium, R3 pre-
fer to produce yet-unknown 261,262,263,264,265,266Md as 756,
348, 763, 113, 23, and 0.7 nb. For nobelium, R3 pre-
fer to produce yet-unknown 261,262,263,264,265,266No as 47,
14, 11, 7, 3, 4.5, and 0.6 nb. For lawrencium, R3 pre-
fer to produce yet-unknown 267,268,269,270Lr as 9 nb, 410
pb, 254 pb, 15 pb. It should be noticed that unknown
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actinide products are highly dependent on target mass.
They could not reach the unknown proton-rich actinides
region.

Dependence of charge distribution of surviving actinide
production yields on the projectile mass (isospin) with a given
target and target mass with given projectiles appear in Fig. 6.
In Fig. 6(a), 48Ca, 86Kr, 136Xe, 232Th bombarding on 238U
are represented by solid black, red, blue, and olive lines,
respectively. It was found that two peaks of charge distribution
of MNT products are around the projectile-target positions.
MNT products in lighter-projectile-induced reactions could
cover a wider charge number region. The heaviest-projectile-
induced MNT seems to produce the largest charge distribution
yields for target-like elements. In Fig. 6(b), 208Pb-induced
MNT reactions with 232Th, 238U, and 248Cm are shown by
solid black, red, and blue lines, respectively. It was found
that 248Cm-based reactions prefer to produce actinide isotopes
with Z � 95 at larger cross sections. 238U-based reactions pre-
fer to produce actinide isotopes with 92 � Z < 95 at larger
cross sections. 232Th-based reactions prefer to produce ac-
tinide isotopes with 89 � Z < 92 at larger cross sections. In
Fig. 6(c), 192,196,200,204Hg-induced MNT reactions with 248Cm
are shown by solid black, red, and blue lines. It should be no-
ticed that neutron-deficient projectile 192Hg-induced reactions
do not have an obvious peak around injection points because
the driving potential at its injection point is off the minimum
valley trajectory, however, which is contribute to diffuse far
beyond the target, even the superheavy nuclei region.

Dependence of survived actinide production cross sec-
tion from Z = 89—103 in 48Ca-, 124Sn-, and 204Hg-induced
reactions with 232Th at Ec.m. = 1.1VB are shown in Fig. 7. All
actinide isotopic distributions from Ac to Lr are marked by
solid black, red, green, blue, cyan, magenta, dark yellow, navy,
purple, wine, olive, dark cyan, royal, orange, and violet lines,
in order. It was found that secondary actinide production is
highly dependent on projectile mass, especially for projectile
mass in a great shift. The more heavy projectile-induced MNT
reaction seems to produce more new neutron-rich actinide
isotopes, which consist of products in 206Hg-induced reactions
with 248Cm. The heavier projectiles with excess nucleons
could contribute to the wider target-like isotopic distributions
and a larger production cross section. In our calculation,
sticking time of the heavier collision partners is shorter, as
shown in Fig. 1(b), which is unfavorable to diffuse massive
nucleons. However, isospin relaxation and mass relaxation in
the heavier-projectile-induced MNT reactions are beneficial
to the wider isotopic distributions.

Figure 8 compares calculations for primary and secondary
yields of 208Pb + 248Cm at Ec.m. = 1.1VB within and without
quadrupole deformation. Open black squares stand for exist-
ing isotopes in the nuclide chart, which are added with the
calculation to highlight the unknown isotopes. Solid black
triangles represent the injection points. Compared with the
calculation involving deformation, the calculation without de-
formation tends to the unknown neutron-rich region easily,
which predicts more new isotopes. Yield distribution with-
out deformation is more smooth than that with dynamical
deformation because static deformation plays a crucial role
in the calculation of PES. The yield based on dynamical

deformation prefers to accumulate in the symmetry region.
From Fig. 8, it was found that primary yields cover the whole
actinide region as very large formation cross sections. The
deexcitation process depressed the formation of secondary
cross section at four orders of magnitude level through fission,
evaporating light particles, and γ rays.

Yields distributions in target 248Cm-based reactions with
mass asymmetries and different isospin projectiles are shown
in Fig. 9. From Figs. 9(a) and 9(c) it was found that
projectiles with lighter-mass-induced reactions diffuse more
broadly, compared with heavy-projectile-induced reactions.
In Figs. 9(b), 9(d), 9(f), and 9(h), yields of more-neutron-
rich projectile-induced reactions tend to shift to the un-
known neutron-rich side, especially in the actinide region.
In Figs. 9(a), 9(c), 9(e), and 9(g), yields of heavier-mass
projectile-induced reactions tend to shift to the unknown
neutron-rich side, especially in the actinide region. For
164Dy + 248Cm at Ec.m. = 1.1VB, production cross sections of
neutron-rich fragments with Z = 60–80 have predicted mag-
nitude levels around hundreds of nanobarns. The lighter
projectiles with small atomic number could lead to the broader
atomic number distributions because of the larger charge
asymmetry.

IV. CONCLUSION

In summary, based on the DNS model, we perform sys-
tematic calculations for targets 232Th-, 238U- and 248Cm-based
reactions with projectiles from over the nuclide chart at inci-
dent energies Ec.m. = 1.1VB. The formation probabilities of
MNT fragments diffuse along PES, resulting in the occu-
pation of the whole nuclide chart, especially covering the
nuclei drip lines and unknown superheavy region. How-
ever, highly exciting fragments are rapidly fissile. Survival
probabilities for these fragments in the unknown nuclide
chart are quite low. Our calculations of 48Ca-, 86Kr-, 136Xe-,
and 238U-induced reactions with 248Cm at incident energies
around Coulomb barriers have a good agreement with avail-
able experimental data. In this work, PES and TKE-mass
distributions for selected reactions are exported from our
calculations, which help us to predict the production cross-
section trends. The influence of mass asymmetry and isospin
effect on actinide products in these MNT reactions has been
investigated thoroughly. In our calculations, MNT products
are highly dependent on mass asymmetry. Heavier-projectile-
induced MNT products gave wider isotopic chains and larger
cross sections, showing a greater probability of synthesis of
unknown actinides around the drip line. Dependence of ac-
tinide products on projectiles isospin effect has been studied
by Ca-, Xe-, Sn-, Xe-, and Hg-isotopes induced MNT reac-
tions with targets 232Th, 238U, and 248Cm. It was found that
the neutron-rich projectiles such as 204,206Hg enhanced the
production of the neutron-rich actinides. A projectile-target
combination of an actinide-based target and a heavy neutron-
rich projectile such as 204,206Hg + 248Cm were suggested to
produce new neutron-rich actinide isotopes, and even could
be used to produce new superheavy nuclei. In this work,
formation cross sections of massive unknown actinides with
Z = 89–103 nearby drip lines were predicted as the level
magnitude from nanobarn to millibarn.
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A. Herzáň, U. Jakobsson, R. Julin, S. Juutinen, J. Konki, M.
Leino, A.-P. Leppänen, G. O’Neill, J. Pakarinen, P. Papadakis,
J. Partanen, P. Peura, P. Rahkila, P. Ruotsalainen, M. Sandzelius
et al., Phys. Rev. C 102, 034305 (2020).

[13] S. G. Yuan, W. Yang, W. T. Mou, X. Zhang, Z. Li, X. Yu, J. F.
Gu, Y. Guo, Z. Gan, H. Liu, and J. S. Guo, Z. Phys. A: Hadrons
Nucl. 352, 235 (1995).

[14] Z. Y. Zhang, H. B. Yang, M. H. Huang, Z. G. Gan, C. X. Yuan,
C. Qi, A. N. Andreyev, M. L. Liu, L. Ma, M. M. Zhang, Y. L.
Tian, Y. S. Wang, J. G. Wang, C. L. Yang, G. S. Li, Y. H. Qiang,
W. Q. Yang, R. F. Chen, H. B. Zhang, Z. W. Lu et al., Phys. Rev.
Lett. 126, 152502 (2021).

[15] P. E. Haustein, H. C. Hseuh, R. L. Klobuchar, E. M. Franz, S.
Katcoff, and L. K. Peker, Phys. Rev. C 19, 2332 (1979).

[16] H. Yang, L. Ma, Z. Zhang, C. Yang, Z. Gan, M. Zhang, M.
Huang, L. Yu, J. Jiang, Y. Tian, Y. Wang, J. Wang, Z. Liu, M.
Liu, L. Duan, S. Zhou, Z. Ren, X. Zhou, H. Xu, and G. Xiao,
Phys. Lett. B 777, 212 (2018).

[17] K. Moody, W. Brüchle, M. Brügger, H. Gäggeler, B. Haefner,
M. Schädel, K. Sümmerer, H. Tetzlaff, G. Herrmann, N.
Kaffrell, J. Kratz, J. Rogowski, N. Trautmann, M. Skålberg,
G. Skarnemark, J. Alstad, and M. Fowler, Z. Phys. A 328, 417
(1987).

[18] A. N. Andreyev, D. D. Bogdanov, V. I. Chepigin, A. P.
Kabachenko, O. N. Malyshev, A. G. Popeko, R. N. Sagaidak,
G. M. Ter-Akopian, M. Veselsky, and A. V. Yeremin, Z. Phys.
A: Hadrons Nucl. 347, 225 (1994).

[19] C. Fry and M. Thoennessen, At. Data Nucl. Data Tables 99, 96
(2013).

[20] H. Devaraja, S. Heinz, O. Beliuskina, V. Comas, S. Hofmann,
C. Hornung, G. MAnzenberg, K. Nishio, D. Ackermann,
Y. Gambhir, M. Gupta, R. Henderson, F. Heßberger, J.
Khuyagbaatar, B. Kindler, B. Lommel, K. Moody, J. Maurer,
R. Mann, A. Popeko et al., Phys. Lett. B 748, 199 (2015).

[21] C. J. Orth, W. R. Daniels, B. H. Erkkila, F. O. Lawrence, and
D. C. Hoffman, Phys. Rev. Lett. 19, 128 (1967).

[22] J. Khuyagbaatar, F. P. Heßberger, S. Hofmann, D. Ackermann,
V. S. Comas, S. Heinz, J. A. Heredia, B. Kindler, I. K. Lommel
et al., Eur. Phys. J. A 46, 59 (2010)..

[23] R. Lougheed, J. Wild, E. Hulet, R. Hoff, and J. Landrum, J.
Inorg. Nucl. Chem. 40, 1865 (1978).

[24] H. Diamond, R. Sjoblom, R. Barnes, J. Lerner, D. Henderson,
and P. Fields, J. Inorg. Nucl. Chem. 29, 601 (1967).

[25] Y. Lazarev, I. Shirokovsky, V. Utyonkov, S. Tretyakova, and V.
Kutner, Nucl. Phys. A 588, 501 (1995).

[26] D. C. Hoffman, J. B. Wilhelmy, J. Weber, W. R. Daniels, E. K.
Hulet, R. W. Lougheed, J. H. Landrum, J. F. Wild, and R. J.
Dupzyk, Phys. Rev. C 21, 972 (1980).

[27] J. Konki, J. Khuyagbaatar, J. Uusitalo, P. Greenlees, K.
Auranen, H. Badran, M. Block, R. Briselet, D. Cox, M.
Dasgupta, A. D. Nitto, C. DAllmann, T. Grahn, K. Hauschild,
A. Herzán, R.-D. Herzberg, F. Heßberger, D. Hinde, R. Julin, S.
Juutinen et al., Phys. Lett. B 764, 265 (2017).

[28] R. Lougheed, E. Hulet, J. Wild, B. Qualheim, J. Evans, and R.
Dupzyk, J. Inorg. Nucl. Chem. 43, 2239 (1981).

[29] J. Khuyagbaatar, S. Hofmann, F. P. Heßberger, D. Ackermann,
H. G. Burkhard, S. Heinz, B. Kindler, I. Kojouharov, B.
Lommel, R. Mann, J. Maurer, K. Nishio, and Yu. Novikov, Eur.
Phys. J. A 37, 177 (2008).

[30] E. K. Hulet, R. W. Lougheed, J. H. Landrum, J. F. Wild, D. C.
Hoffman, J. Weber, and J. B. Wilhelmy, Phys. Rev. C 21, 966
(1980).

[31] J. L. Pore, J. M. Gates, R. Orford, C. M. Campbell, R. M.
Clark, H. L. Crawford, N. E. Esker, P. Fallon, J. A. Gooding,
J. T. Kwarsick, A. O. Macchiavelli, C. Morse, D. Rudolph,

054601-10

https://doi.org/10.1140/epja/s10050-020-00046-7
https://doi.org/10.1103/PhysRevC.101.044602
https://doi.org/10.1103/PhysRevC.88.054615
https://doi.org/10.1103/PhysRevC.31.1763
https://doi.org/10.1103/PhysRevC.33.1315
https://doi.org/10.1103/PhysRevC.89.014308
https://doi.org/10.1016/j.physletb.2010.05.078
https://doi.org/10.1103/PhysRevC.105.L051302
https://doi.org/10.1103/PhysRevC.59.520
https://doi.org/10.1103/PhysRevC.102.034305
https://doi.org/10.1007/BF01289491
https://doi.org/10.1103/PhysRevLett.126.152502
https://doi.org/10.1103/PhysRevC.19.2332
https://doi.org/10.1016/j.physletb.2017.12.017
https://doi.org/10.1007/BF01289627
https://doi.org/10.1007/BF01292381
https://doi.org/10.1016/j.adt.2012.04.001
https://doi.org/10.1016/j.physletb.2015.07.006
https://doi.org/10.1103/PhysRevLett.19.128
https://doi.org/10.1140/epja/i2010-11026-9
https://doi.org/10.1016/0022-1902(78)80244-9
https://doi.org/10.1016/0022-1902(67)80313-0
https://doi.org/10.1016/0375-9474(95)00002-I
https://doi.org/10.1103/PhysRevC.21.972
https://doi.org/10.1016/j.physletb.2016.11.038
https://doi.org/10.1016/0022-1902(81)80239-4
https://doi.org/10.1140/epja/i2008-10608-4
https://doi.org/10.1103/PhysRevC.21.966


INFLUENCE OF ENTRANCE CHANNEL ON PRODUCTION … PHYSICAL REVIEW C 106, 054601 (2022)

A. Såmark-Roth, C. Santamaria, R. S. Shah, and M. A. Stoyer,
Phys. Rev. Lett. 124, 252502 (2020).

[32] E. K. Hulet, J. F. Wild, R. J. Dougan, R. W. Lougheed, J. H.
Landrum, A. D. Dougan, P. A. Baisden, C. M. Henderson, R. J.
Dupzyk, R. L. Hahn, M. Schädel, K. Sümmerer, and G. R.
Bethune, Phys. Rev. C 40, 770 (1989).

[33] Y. T. Oganessian, V. K. Utyonkov, Y. V. Lobanov, F. S.
Abdullin, A. N. Polyakov, I. V. Shirokovsky, Y. S. Tsyganov,
A. N. Mezentsev, S. Iliev, V. G. Subbotin, A. M. Sukhov, K.
Subotic, O. V. Ivanov, A. N. Voinov, V. I. Zagrebaev, K. J.
Moody, J. F. Wild, N. J. Stoyer, M. A. Stoyer, and R. W.
Lougheed, Phys. Rev. C 64, 054606 (2001).

[34] L. P. Somerville, M. J. Nurmia, J. M. Nitschke, A. Ghiorso,
E. K. Hulet, and R. W. Lougheed, Phys. Rev. C 31, 1801
(1985).

[35] F. P. Heßberger, S. Hofmann, D. Ackermann, V. Ninov, M.
Leino, G. MAnzenberg, S. Saro, A. Lavrentev, A. G. Popeko,
and A. V. a. Yeremin, Eur. Phys. J. A 12, 57 (2001).

[36] J. Khuyagbaatar, A. Yakushev, C. E. Düllmann, D. Ackermann,
L.-L. Andersson, M. Asai, M. Block, R. A. Boll, H. Brand,
D. M. Cox, M. Dasgupta, X. Derkx, A. Di Nitto, K. Eberhardt,
J. Even, M. Evers, C. Fahlander, U. Forsberg, J. M. Gates, N.
Gharibyan et al., Phys. Rev. Lett. 112, 172501 (2014).

[37] Z. Q. Feng, G. M. Jin, J. Q. Li, and W. Scheid, Phys. Rev. C 76,
044606 (2007).

[38] P.-H. Chen, Z.-Q. Feng, F. Niu, Y.-F. Guo, H.-F. Zhang, J.-Q.
Li, and G.-M. Jin, Eur. Phys. J. A 53, 95 (2017).

[39] W. Nörenberg, Z. Phys. A: At. Nucl. 274, 241 (1975).
[40] G. Wolschin and W. Nörenberg, Z. Phys. A: At. Nucl. 284, 209

(1978).
[41] P. Möller, A. Sierk, T. Ichikawa, and H. Sagawa, At. Data Nucl.

Data Tables 109-110, 1 (2016).
[42] C. Y. Wong, Phys. Rev. Lett. 31, 766 (1973).
[43] I. I. Gontchar, D. J. Hinde, M. Dasgupta, and J. O. Newton,

Phys. Rev. C 69, 024610 (2004).
[44] C. Pengand Z.-Q. Feng, Commun. Theor. Phys. 74, 055302

(2022).
[45] P. H. Chen, Z. Q. Feng, J. Q. Li, and H. F. Zhang, Chin. Phys.

C 40, 091002 (2016).
[46] V. Zagrebaevand W. Greiner, J. Phys. G 31, 825 (2005).
[47] H. M. Devaraja, S. Heinz, O. Beliuskina, S. Hofmann, C.

Hornung, G. Münzenberg, D. Ackermann, M. Gupta, Y. K.
Gambhir, R. A. Henderson, F. P. Heßberger, A. V. Yeremin, B.
Kindler, B. Lommel, J. Maurer, K. J. Moody, K. Nishio, A. G.
Popeko, M. A. Stoyer, and D. A. Shaughnessy, Eur. Phys. J. A
55, 25 (2019).

054601-11

https://doi.org/10.1103/PhysRevLett.124.252502
https://doi.org/10.1103/PhysRevC.40.770
https://doi.org/10.1103/PhysRevC.64.054606
https://doi.org/10.1103/PhysRevC.31.1801
https://doi.org/10.1007/s100500170039
https://doi.org/10.1103/PhysRevLett.112.172501
https://doi.org/10.1103/PhysRevC.76.044606
https://doi.org/10.1140/epja/i2017-12281-x
https://doi.org/10.1007/BF01437736
https://doi.org/10.1007/BF01411331
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevC.69.024610
https://doi.org/10.1088/1572-9494/ac6491
https://doi.org/10.1088/1674-1137/40/9/091002
https://doi.org/10.1088/0954-3899/31/7/024
https://doi.org/10.1140/epja/i2019-12696-3

