PHYSICAL REVIEW C 105, 034610 (2022)

Rare isotope formation in complete fusion and multinucleon transfer reactions in collisions

of Ca + ?*Cm near Coulomb barrier energies

Peng-Hui Chen,"?" Fei Niu,® Xin-Xing Xu,> Zu-Xing Yang,* Xiang-Hua Zeng,? and Zhao-Qing Feng?
1School of Physics Science and Technology, Yangzhou University, Yangzhou 225009, China
2nstitute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
38chool of Physics and Optoelectronics, South China University of Technology, Guangzhou 510641, China
4RIKEN Nishina Center, Wako, Saitama 351-0198, Japan
3College of Electrical, Power and Energy Engineering, Yangzhou University, Yangzhou 225009, China

® (Received 25 January 2022; accepted 2 March 2022; published 11 March 2022)

Within the framework of the dinuclear system model, the reaction mechanisms for synthesizing target-like
isotopes from Bk to compound nuclei Lv are thoroughly investigated in complete and incomplete fusion
reactions of **Ca 4 *8Cm near Coulomb barrier energies. The production cross section of 2>?*Lv as a
function of excitation energy in fusion-evaporation reactions and target-like isotopic yields in multinucleon
transfer reactions are evaluated, and a statistical approach is used to describe the decay process of excited
nuclei. The available experimental data can be reproduced reasonably well with the model. The products of
all possible formed isotopes in the dynamical preequilibrium process for collision partners at incident energy
Ep = 5.5 MeV /nucleon are exported, systematically. It was found that the quasifission fragments are dominant
in the yields. The optimal pathway from the target to compound nuclei shows up along the valley of potential
surface energy. The effective impact parameter of two colliding partners leading to compound nuclei is selected
from head-on collision to semicentral collision with L = 527. The timescale boundary between complete fusion
and multinucleon transfer reactions is about 5.7 x 107! s with effective impact parameters. The synthesis cross
sections of unknown neutron-rich actinides from Bk to Rf have been predicted to be around several nanobarns.
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I. INTRODUCTION

To find the limits of the nuclear landscape, theoretical and
experimental nuclear physicists devote themselves to explor-
ing the synthesis of exotic nuclei and superheavy elements
(SHESs) toward drip lines and islands of stability via heavy-
ion collisions. For producing unknown superheavy elements,
fusion-evaporation reactions have been widely used in differ-
ent laboratories all over the world. In reactions of actinides
with a double magic **Ca beam at the Flerov Laboratory
of Nuclear Reactions (FLNR, Dubna) [1,2], the synthesis of
SHEs with atomic number Z up to 118 has been claimed.
At Gesellschaft fiir Schwerionenforschung (GSI), the pro-
duction of superheavy elements with Z = 107-112, 114-117
has been identified [3,4]. The production of new element
nihonium (Z = 113) in collisions of 7°Zn +2%Bi has been
observed at RIKEN [5]. The element flerovium (Z = 114) has
been synthesized at Lawrence Berkeley National Laboratory
(LBNL, Berkeley) [6]. The group SHE has synthesized super-
heavy isotopes dubnium (Z = 105), bohrium (Z = 107), and
darmstadtium (Z = 110) at the Institute of Modern Physics
(IMP, Lanzhou) [7-9]. To produce exotic transuranium iso-
topes, multinucleon transfer (MNT) reactions are proposed
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to perform experiments with radioactive beams in labora-
tories. They have the advantage that products are formed
with wide mass region owing to broad excitation functions
in the MNT products. The complete fusion reactions between
two heavy partners at energies near the Coulomb barrier are
strongly damped by competing incomplete fusion reactions
(quasifission and deep-inelastic reactions). Therefore, more
insightful theoretical and experimental studies of the reaction
mechanisms are required to make a precise prediction for the
probability of compound nuclei and MNT products in such
reactions.

Quasifission and deep-inelastic heavy-ion collisions have
been extensively investigated in experiments since the 1970s,
in which MNT reactions had been proposed to synthesize
superheavy elements initially. However, new neutron-rich
projectile-like fragments and proton-rich actinide nuclei were
observed in laboratories [10-16]. In particular, isospin asym-
metric collisions may provide valuable information on the
production mechanism of exotic heavy nuclei. In labora-
tories worldwide, the reactions of 3°Xe+2%Pb [17,18],
136Xe+198Pt [19]’ 156,160Gd+]86w [20]’ and 238U+232Th
[21] have been performed to create unknown neutron-rich
heavy nuclei near the neutron shell N = 126, to understand
the origin of heavy elements in nuclear astrophysics.

Following the motivation for predicting exotic heavy and
superheavy nuclei, several models have been developed, such
as the dynamical model based on multidimensional Langevin
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equations [22,23], the time-dependent Hartree-Fock (TDHF)
approach [24-27], the GRAZING model [28,29], the improved
quantum molecular dynamics (ImQMD) model [30,31], the
Langevin-type dynamical equations [32,33], the dinuclear
system (DNS) model [34-39], etc. Some interesting issues
of synthesis mechanism, total kinetic energy spectra, and
structure effect have been stressed. There are still some open
problems for strongly damped reactions, for example the
mechanism of preequilibrium particles emission, the stiffness
of the nuclear surface during the nucleon transfer process,
the mass limitation of new isotopes with stable heavy targets
nuclides, etc.

The three laboratories FLNR [40], GSI [41], and RIKEN
[42] obtained cross-section excitation functions of 3n, 4n
evaporation channels for production of superheavy element
Z = 116 in *8Ca induced reactions with ***Cm targets, early
or late, respectively. In the experiments of synthesizing super-
heavy nuclei (Z = 116) with **Ca +2*3Cm [43-47], massive
independent yields of target-like fragments have been ob-
served, especially the new heavy isotopes involved. The
production cross section of all formed products brings us an
opportunity to investigate the interplay between equilibrium
and dissipation for low energy heavy-ion collisions as well as
decay properties of excited SHEs. So it attracts our interest to
explore nuclear dynamics of reaction mechanisms in complete
and incomplete fusion in terms of evolution time and dissipa-
tion energy.

In this work, “*Ca induced complete and incomplete fusion
reactions with 2*3Cm are calculated with the DNS model. The
aim of this paper is to study the dynamics of the synthesis
cross sections of nuclides in the complete and incomplete
fusion of 2*Cm with **Ca projectile. The article is organized
as follows: In Sec. II we give a brief description of the DNS
model. Calculated results and discussions are presented in
Sec. III. A summary is given in Sec. IV.

II. MODEL DESCRIPTION

The dynamical complete and incomplete fusion mecha-
nisms are described as a diffusion process, in which the
resulting distribution probability is obtained by solving a
set of master equations numerically in the potential energy
surface of the DNS. The time evolution of the distribution
probability P(Z;, Ny, Ey, B,t) for fragment 1 with proton
number Z;, neutron number N, excitation energy E;, and
quadrupole deformation B is described by the following mas-
ter equations:

dP(Z,,N\,Ey, B,1)
dt

= ZWz],Nl,,s;z;,zv,,,s'(t)[dz,,NIP(Z{, N, EL, B 1)
Z

_dZ{,N]P(Z],N],E], ﬂat)]

+ Z Wy, pzny. (O dz, 5 P(Z1, NJ L EY, B, 1)
Ny

_le’N]/P(Zl,N],El,ﬁ,I)]. (1)

Wz n.gz.n .8 Wz, v, p.z,.N;.p) 18 the mean transition proba-
bility from the channel (Z;, Ny, E,, B) to (Z;, Ny, E{, B) [or
(Z1,Ny, Ey, B) to (Z;, Ny, E{, B)], and dz, 7, denotes the mi-
croscopic dimension corresponding to the macroscopic state
(Z1, Ny, E}). J is the entrance angular momentum. The sum
is taken over all possible proton and neutron numbers that
fragment (Z], N|) may take, but only one nucleon transfer is
considered in the model with the relations Z; = Z; & 1 and
N{ = N, % 1. The excitation energy E, for fragment (Z;, N;)
is evaluated by E; = ¢*(t = ;0 )A1/A, where A; = Z; + N,
and the A is mass number of compound nuclei. The interaction
time i, in the dissipative process of two colliding nuclei is
dependent on the incident energy E. .., B, and J, which are
calculated by the deflection function method [48]. The energy
dissipated into the DNS increases exponentially [49].

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 active for
nucleon transfer. The transition probability is related to the
local excitation energy, which is microscopically derived from
the interaction potential in valence space as

Wz Ny B:2; N1 B
_ Tmem(Zlle’ ﬂvEl;Ziv le ﬁ/aE{)
dzl,Nldz;,NlFl2

xZ|<z;,N1,E;,i’|V|Zl,N1,E1,i>|2. )
it
The memory time Tpyeyn and interaction element V can be
seen in Ref. [50]. A similar approach is used for the neutron
transition coefficient. The averages on these quantities are
performed in the valence space [51].
The local excitation energy is determined by the dissipa-
tion energy from the relative motion and the potential energy
surface of the DNS as

e*(t) = E™(t) — [U({a}) — U({aen))]- 3)

The entrance channel quantities {ogx} include the proton and
neutron numbers, quadrupole deformation parameters, and
orientation angles, Zp, Np, Zr, N1, R, Bp, Br, 6p, O, for projec-
tile and target nuclei with the subscripts P and T, respectively.
The symbol « denotes the sign of the quantities Z;, N, Z,, N>,
R, B1, B2, 61, 0, for projectile-like fragments and target-like
fragments. Here we set the collision orientations to tip-tip
configuration in the following calculations.
The energy dissipated into the DNS is expressed as

EdiSS(I) — Ec.m. — B — Erad(J’ 0) exp (_t/fr)

2
_ (J(t))[(J;t;)Jrl]h @

with
(@) = Jo + (i = Js) exp(—t/17). %)

Here E. . and B are the center of mass energy and Coulomb
barrier, respectively. The relaxation time of the radial motion
is T,=5 x1072% s and the radial energy at the initial state
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is Eq(J,0)=E.n. — B —J;(J; + l)hz/(2§rel). The angular
momentum at the sticking limit is Jy = J;{ee1/Cior and the
relaxation time of angular momentum is 7; = 15 x 10722 s.
Crel and o are the relative and total moments of inertia of
the DNS, respectively, where the quadrupole deformations are
implemented. The initial angular momentum is J; = J in the
following.

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

Ua(t) = B(Zi, N1) + B(Z2, N2) — B(Z, N)
+V(Zi, N1, Br(t), Za, Na, Bp(t)) + Vaer (t)  (6)

with

1 1
Vet (1) = Ecl [B1 — Br()]* + Ecz[ﬁz — B,

3 726
2
G=0=D0A+DRyo — 27 RNQA+ 1) @
N

The interaction potential V(Zi, N1, Br(t), Zo, N2, Bp(t)) is
composed of Coulomb and nuclear potentials which are calcu-
lated by the Wong formula and the double folding formalism
[50]. C; are the liquid drop model stiffness parameters of
the fragments. Here we only enable quadrupole deformation
(A = 2). o is the coefficient of surface tension which follows
4nR30 = asAf/ 3. and the nuclear radius is R;. B(Z;, N;) (i =
1, 2) and B(Z, N) are the negative binding energies of the frag-
ment (Z;, N;) and the composite system (Z, N), respectively.
Here we adopt binding energy data from Ref. [52], in which
calculations are based on the finite-range droplet macroscopic
and the folded-Yukawa single-particle microscopic nuclear-
structure models.

In the collision process, the evolutions of quadrupole de-
formations of projectile-like fragments (PLFs) and target-like
fragments (TLFs) proceed from the initial configuration as

Br(t) = Brexp(—t/tp) + Pill — exp(—/1p)],
Bp(t) = Brexp (—t/tp) + Poll —exp(—t/Tp)l,  (8)

where the deformation relaxation is 75 = 4 x 102! s. By, >
are the ground-state quadrupole deformations of TLFs and
PLFs. The ground-state quadrupole deformation of projectile
(target) is Bp (Br). Br(t) and Bp(¢) are the quadrupole defor-
mations of TLFs and PLFs at moment 7.

The cross sections of the surviving fragments produced
in MNT reactions and the fusion-evaporation residue cross
sections are evaluated by

osur(Z1, N1, Ecn)

nhz Jmax
= 27 +1
2UEem. ;( h

X/f(B)T(Ecm,JsB)ZP(Z/,N{,E{,JI,B)

XWSur(Z/’NllvEl/ﬂli’s)dB (9)

and
2 Jmax

> @I+ DT (B, )

J=0
x Pen(Ecm.s NWg (Ee.m., J), (10)

sur

UER (Ecm.) = 2uE
c.m.

respectively. u is the reduced mass of relative motion. The
transmission probability T (E. ., J) is calculated by the Hill-
Wheeler formula in combination with the barrier distribution
function. E; and J; are the excitation energy and the angular
momentum for the fragment (Z;, N;). The maximal angu-
lar momentum Jp,x is taken to be the grazing collision of
two nuclei. The survival probability W, of each fragment is
evaluated with a statistical approach based on the Weisskopf
evaporation theory [53], in which the excited primary frag-
ments are cooled in evaporation channels s(Z;, Ny) by y rays,
light particles (neutrons, protons, «, etc.) in competition with
the binary fission via Z; = Z] — Z; and N; = N| — Ny:

ZpG  Nac

Pex(Eem, )= Y > P(Zi, Ni, T /). (1)

Zi=1N=1

Pen(Ee ., J) is the fusion probability which sums over all the
fragments probability located outside of the BG (Businaro-
Gallone) point. The transfer cross section is smoothed with
the barrier distribution. The total kinetic energy (TKE) of the
primary fragment is evaluated by

TKE(A}) = Ecm, + Qg — ES(A)), (12)

where Qge = Mp + Mt — MpLg — ML and E. . is the inci-
dent energy in the center-of-mass frame. The masses Mp, M,
Mpy g, and My correspond to projectile, target, PLF and TLF,
respectively. Here we apply the nuclear ground-state masses
data from literature [52].

III. RESULTS AND DISCUSSION

In heavy-ion collisions that overcome the Coulomb barrier,
kinetic energy of relative motion transforms rapidly into in-
ternal excitation of the dinuclear system at the contact point.
The interaction potential distribution vs distance, interaction
time vs impact parameter, and internal excitation energy vs
reaction time for the system of **Ca+2*Cm reactions at
incident energy Ej,, = 5.5 MeV /nucleon are shown in Fig. 1.
The interaction potential is calculated as a function of the
surface distance between two heavy partners. From panel (a),
one can see that the Coulomb barrier of the colliding system
is about 185 MeV and the quasifission barrier is several MeV.
The potential pocket is located almost near the contact point.
The reaction time is calculated by deflection function, plotted
as a function of angular momentum, which decreases expo-
nentially with increasing angular momentum. The internal
excitation energy dissipating in the dinuclear system increases
exponentially with increasing evolution time. The existence of
the pocket in the entrance channel is crucial for the compound
nucleus formation in fusion reactions, which is the input phys-
ical quantity in calculating capture cross section. The barrier
is taken as the potential value at the touching configuration
and the nucleus-nucleus potential is calculated with the same
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FIG. 1. Solid black line and red dash-dots line are interaction potential of the tip-tip and side-side collisions as a function of surface
distance in the reaction of **Ca 4 2**Cm in panel (a); In panel (b), Solid black and red dash lines corresponding to the reaction the “boundary”
of timescale between complete fusion and MNT reactions; The internal excitation energy of “*Ca 4 2*Cm collision at E,, = 5.5 MeV /nucleon

with impact parameter L = 50 7 in panel (c).

approach in fusion reactions [54]. According to Fig. 1, it was
found that there are few MeV potential pockets for heavy
systems, because of the strong Coulomb repulsion between
two colliding partners with Z;Z, = 1860. Lighter collision
systems have a deeper potential pocket, relatively. A deeper
potential pocket collision system leads to a correspondingly
longer reaction time. With impact parameter L = 507 for the
#8Ca +2*8Cm reaction, the timescale of reaching almost the
equilibrium state for incident energy dissipating in internal
excitation energy is about 5.7 x 1072!s.

Nucleons can be transferred between the collision partners
resulting in the internal degree of freedom characterizing the
nuclear states encountering a rapid rearrangement along the
potential energy surface (PES) as well as dissipating their
kinetic energy and angular momentum. The calculation of
a multidimensional adiabatic PES for a heavy nuclear sys-
tem is a quite complicated physical problem, and is still an
open problem. In this work, the PES for tip-tip collisions
of ¥Ca+2Cm is calculated by Eq. (6) as a diabatic type
with frozen distance, shown in Fig. 2(b). The solid black
line, solid black circle, and solid red triangle are valley value,
projectile-target position, and compound nuclei, respectively.
The valley value in PES is listed as a function of mass,
shown in Fig. 2(a). The inner fusion barrier of the collision
partners is Bps = 5.24 MeV, which means that it needs to
overcome 5.24 MeV barrier energy to fuse. The DNS frag-
ments towards the mass symmetric valley release positive
energy, which is available for nucleon transfer. The spectra
exhibit a symmetric distribution for each isotopic chain. The
valley in the PES is close to the B-stability line and enables
the diffusion of the fragment probability. Figure 3 shows
the calculation correlation of the total kinetic energy (TKE)

210
(a) -
. 190 Bfys = 5.24 MeV
S _
)
= 170
=3
150
48 248
130 Ca"" Qm tip collision ——
0 50 100 150 200 250
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5 401 tip collision 3| |
=y minimum value L1 160
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& ‘ . _compound nuclei 4 1 140
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FIG. 2. The driver potentials of ¥*Ca +2**Cm at tip-tip collision.

Potential energy surface as a function of mass calculated at two
fixed distances between projectile and target. The arrows and black
solid circles indicate the entrance channel. The solid triangle is the
compound nucleus. The two solid lines are minimum values in two-
dimensional potential energy surfaces.
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FIG. 3. Calculated TKE-mass distribution of primary reac-
tion products in the collision of “*Ca+2®Cm at E,, =5.5
MeV /nucleon. The fragments in square areas overcome the inner
fusion barrier (Businaro-Gallone point).

and mass distributions of the reaction products along with
inclusion mass distribution for the “*Ca + 2*8Cm reaction at a
near-barrier energy of Ej,, = 5.5 MeV /nucleon. These calcu-
lations agree roughly well with experimental data [55]. They
are consistent with calculations by Langevin-type dynamical
equations [56]. In most of the damped collisions the inter-
action time is rather short (several units of 102! s). These
fast events correspond to grazing collisions with intermediate
impact parameters, which are shown by the areas around
projectile-target points. A large amount of kinetic energy is
dissipated here very fast at relatively low mass transfer (more
than 45 MeV during several units of 107! s). The other events
correspond to much slower collisions with a large overlap of
nuclear surface and significant rearrangement of nucleons. In
the TKE-mass plot, these events spread over a wide region of
mass fragments. These fragments in the square areas indicate
overcoming the inner barrier (Businaro-Gallone point), which
means they can lead to compound nuclei, in the framework
of the DNS model. Predicted and experimental excitation
functions of 3n and 4n channels for production of livermorium
(Z = 116) in the *®Ca induced reactions are shown in Fig. 4.
The experimental data have been obtained at FLNR, GSI, and
RIKEN, shown as blue, black, and red symbols, respectively.
Early or late, FLNR [40], GSI [41], and RIKEN [42] obtained
excitation functions of 3n and 4n evaporation channels for
production of superheavy element with Z = 116 in collisions
of ¥8Ca + 2*8Cm, respectively.

At FLNR, at lower beam energies three irradiations were
performed in Dubna in June—July and November—December
2000 and in January and April-May 2001 [40]. At E* = 30.5
MeV a cross-section limit of 0.9 pb was reached. At E* =
33.0 MeV, three decay chains were measured resulting in a
cross section of (0. 54'0 26) Pb, and were assigned to 23116.
At the same excitation energy, a cross-section limit of 0.3 pb
was obtained for the 4n channel. The highest energy studied
resulted in £* = 38.9 MeV. At this energy, six decay chains
were measured and assigned to 22116 resulting in a cross sec-
tion of (3. 3+2 3 1) pb for the 4n channel. Also at the same energy
two chains from the 3n channel were measured resulting in a

101:'"'|""|""|""|""|""
E4SCa+24BCm_>296LV*
= I .
0 .
e 10°f 3”/,’A
c F ’
.0 o
“— F 1
O L
3 !
-1
[7)] 10 :_II
8 [ - ]
5 - Blue symbols for FLNR  ~< 1
L Black symbols for GSI N
B Y Red symbols for RIKEN
10-2....|....|....|....|....|....

25 30 35 40 45 50 55
excitation energy (MeV)

FIG. 4. The calculated evaporation residues as a function of ex-
citation energy in the reaction “*Ca(**Cm, xn). Cross sections and
cross-section limits of the reaction ®*Ca+#Cm — *°116* mea-
sured at GSI [41], FLNR [40], and RIKEN [42]. The data for
synthesis of 2*116 (3n channel, triangles) and *116 (4n channel,
squares) are shown.

cross section of (1.1J_r(1):;) pb. This experiment was performed
in April-May, 2004 [57]. Four cross-section data marked by
solid blue symbols are shown in Fig. 4.

At GSI, at an energy E* = 40.9 MeV, they detected six
decay chains; four events were assigned to the 4n channel
resulting in a cross section of (3. 4+ ‘¢) pb, and one from the

TABLE 1. Calculated and measured cross sections (in ub) of
isotopes are collected for the reaction **Ca 4 **Cm near Coulomb
barrier energies. The errors are listed in parentheses after the cross-
section values.

Expt. Expt. Expt. Calc.
270 MeV  247-263 MeV  272-288 MeV 264 MeV

Isotope  Ref. [47] Ref. [44] Ref. [44] This work
5Bk 40 (40%) 67 (20%) 35.0
6Bk 360 (10%) 480 (15%) 69.6
243K 2900 (6%) 2680 (15%) 224.0
0Bk 2520 (5%) 2920 (10%) 1061.0
Hocf 1.8 2%) 1 (20%) 2.8
Mer 260 (2%) 210 (6%) 151.0
e 2380 (7%) 1935 (2%) 930.0
220 <58.0 225 (4%) 220 (15%) 81.0
23t 12 (20%) 4 (15%) 2.9
»éce >0.12 1.5 (30%) 1 (25%) 0.5
20gs 6.6 (40%) 5.5
252Es 30 (15%) 24 (5%) 12.0
23Es 10 (10%) 7.8 (15%) 26.0
Z4Es 0.9 (10%) 2 (15%) 1.4 (15%) 1.5
B2Em 0.11 (35%) 0.06 (20%) 0.8
Z4Fm 0.9 (10%) 0.81 (5%) 0.7 (8%) 1.1
25Fm 0.9 (30%) 0.62 (10%) 0.47
ZEm  391nb (36%)  0.24 (20%) 0.14 (15%) 0.07
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FIG. 5. Predicted and measured isotopic distributions for the production of target-like fragments with Z = 97-100 in the collisions of
#8Ca +2*8Cm. The experimental data are taken from Gesellschaft fiir Schwerionenforschung (GSI, Germany) [44] and Lawrence Berkeley

Laboratory (LBL, USA) [45].

other two events was ass1gned to the 3n channel. Therefore
the cross section of (0. 9+ ) pb is presented here, which is

valid for the event deﬁnltely assigned to 23116. No event was
observed in the second part of the experiment at E* = 45.0
MeV, resulting in a one-event cross-section limit of 1.6 pb.
Three cross-section data marked by solid black symbols are
shown in Fig. 4.

At RIKEN, the fusion reaction **Ca+2*Cm — »°Lv*
was investigated using the gas-filled recoil ion separator
GARIS. The reaction was studied at excitation energies of
41.3 and 38.2 MeV. A total of seven decay chains were ob-
served. Three of the chains were assigned to the decay of
22Lv and three to the decay of **’Lv. The resulting cross
sections are oy, = (3. 1+2 S) pb at E* =41.3 MeV and o3, =
(1.0%53) pb and o3, = (1.8737) pb at E* = 41.3 and 38.2
MeV, respectlvely In the case of unobserved decay chains,
the one-event cross-section limits are 1.9 and 1.6 pb at E* =
41.3 and 38.2 MeV, respectively. Three cross-section data
are marked by solid red symbols in Fig. 4. In theoretical
calculation, Qyaue Of the reactions **Ca +2*¥Cm — 2%°Lv*
is —166.57 MeV and the Vg, potential is 197.12 MeV, which
is indicated by a solid black arrow. The dashed line and solid
line are calculated excitation functions corresponding to 3n

and 4n evaporation channels. One can see from Fig. 4 that
calculated excitation functions have a good agreement with
all the available experimental data [40—42].

In the collision of *Ca+2**Cm at energies near the
Coulomb barrier, the MNT products are dominant in all
isotopic yields. In the 1980s, to study the role of neutron-
rich projectile **Ca in enhancing the yields of neutron-rich
actinides and to determine what effect the eight fewer neu-
trons in *8Ca have on the mass distribution, two series of
experiments were performed at LBL and at GSI using radio-
chemical methods and online gas-jet transport of short-lived
reaction products combined with electronic detection systems
[44]. Above-target isotopes from Bk to Fm and below-target
isotopes of Rn, Ra, Ac, Th, U, and Pu were observed in
the reactions of **Ca+2*Cm at incident energies Epp =
223-239, 248-263, 247-263, 272-288, and 304-318 MeV.
The maximum yields of above-target isotopes were around
Ejp = 248-263 MeV. In this paper, we report on production
of Bk, Cf, Es, and Fm only. The production of below-target
isotopes has been discussed in paper [58].

In the year 2000, experiments of **Ca+2*Cm at inci-
dent energies Ej, = 265.4, 270.2 MeV were performed at
GSI [47]. In the experiment, fusion products and target-like
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FIG. 6. The production cross sections of primary fragments in collisions of “*Ca on >**Cm at the incident energy of 5.5 MeV /nucleon with
the initial angular momentum of L = 25/. Isotope yields in panels (a)—(f) correspond to evolution times 2 x 10722 5,4 x 107225, 1 x 1072 s,

2x107%'s,4 x 102! s, and 5.7 x 102! s, respectively.

transfer reaction products were measured using the SHIP
detector. Due to short dection time (two days) and limited
seperation method, several above target isotopes have been
obtained. They are 2>23*Cf, 23423Eg, 2>425Fm listed in Ta-
ble I.

The cross sections measured in Ref. [46] for the same
isotopes and same collision system are also listed for com-
parison. The results from both experiments are in quite good
agreement despite the different experimental techniques and
systematic uncertainties. For example, cross sections for the
directly populated nuclides »*Cf and >>*Es are in agreement
within factors of ~1.8 and 1.5 compared to the cross sec-
tions presented in paper [46]. For the same reaction system,
different separation methods can result in discrepancies of
several orders of magnitude. Predicted and identified MNT
products from Bk to Fm along with the measured cross sec-
tions are presented in Fig. 5. Compared to the measured cross
section, calculations have a reasonably good agreement. Cal-
culation and experimental data reveal a trend that the cross

section of certain MNT products decreases on average by
one order of magnitude with the transfer of each proton from
the projectile to the target nucleus, because of the heavier
above-target isotopes and the smaller fission barriers. Here
predictions have been made for unknown isotopes Bk,
257Cf, 259ES, 260Fm, 263Md, 264’265NO, 266Lr, and 268Rf, which
are 0.4, 0.2, 0.1, 0.2, 0.2, 0.9, 0.6, 0.2, and 1 nb respec-
tively. Collisions of atomic nuclei are ideal to investigate
equilibration and dissipative process in quantum many-body
systems [59,60]. Exploring nuclear dynamics in complete and
incomplete fusion for heavy-ion collisions can be used to
understand the interplay between equilibrium and dissipa-
tion in a quantum system. In the collision process, nucleons
can diffuse from target to compound nuclei, where proba-
bilities of all formed fragments will be exported at every
moment. Then, the dynamical process of isotopic yields from
preequilibrium to equilibrium can reveal a boundary line be-
tween complete fusion and multinucleon transfer reactions.
The timescale for mass equilibrium (1072 s) is found to
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be larger than the timescale for kinetic energy dissipations,
which is on the order of 107! s. In our approach, collisions of
BCa +28Cm at Ej, = 5.5 MeV /nucleon with impact param-
eter L = 25h, dynamical nucleon transfer between projectile
and target is exhibited by plotting graphs for all fragments’
productions in different timescales, 2 x 1072% s, 4 x 1072% s,
1x107%2 5, 2x 107 5, 4 x 102! s, and 5.7 x 1072! s,
shown in Figs. 6(a)-6(f), respectively. One can see that the
composite system starts to fuse compound nuclei from 5.7 x
102! s. We consider the timescale as a boundary between
complete and incomplete fusion. The moments of collision
partners fusing to compound nuclei are found in the diffusion
process. We calculate and find all these moments correspond-
ing to all impact parameters. We plotted all these moments
as a red dashed line shown in Fig. 1(b). It was found that
the upper limit of impact parameter for the synthesis of a
superheavy element Z = 116 is L = 56/, mainly because the
dissipating energy of colliding system almost reached equi-
librium. The boundary line between CF and MNT has been
found to be around 5.7 x 1072! s. It is worth mentioning
that our calculations for equilibrium timescales of fragment
mass asymmetry and kinetic dissipation are consistent with
calculations from time-dependent Hartree-Fock (TDHF) and
time-dependent random-pahse approximation (TDRPA) ap-
proaches [61].

IV. CONCLUSIONS

In summary, production of above-target isotopes and com-
pound nuclei has been investigated within the DNS model
through complete fusion-evaporation and multinucleon trans-
fer reactions, for the MNT products of Bk, Cf, Es, Fm
and for the fusion-evaporation products of 2*>>*Lyv. In the
collision process, kinetic energy dissipates in internal exci-
tation energy to heat up the composite system. The nucleon
transfer takes place at the touching configuration of two col-
liding nuclei under the PES. The valley shape of the PES
influences the formation of primary fragments and leads to
the production of quasifission isotopes. The PES enabled
here is a diabatic type, which is derived by Q,, value,
double-folding nuclear potential, and Coulomb potential.
The TKE-mass distribution of multinucleon transfer products
reveals some quantities, namely, reaction mechanisms, dissi-
pating energy, and shell and structure effects. The calculation

can reasonably explain both experimental results of complete
fusion-evaporation products and multinucleon transfer frag-
ments for *8Ca +2*8Cm. The available experiment data are
obtained from laboratories all over the world. In our calcu-
lation, the diffusion pathway from the target to compound
nuclei has been indicated, derived by dynamic competition
with deep-inelastic reactions and quasifission for two heavy
systems. The excitation functions of producing superheavy
isotopes 2°>2%Ly are composed of experimental data from
three different laboratories, GSI, FLNR, and RIKEN.

We compare their experimental data obtained from
two groups, for target-like fragments in the collision of
8Ca+2*Cm: those from GSI and LBL in the years 1986
and 2010, respectively. It is found that the obtained isotopic
cross section is highly dependent on the identification method.
In particular, for below-target isotopes (Z < 96), the cross
section obtained by radiochemical method is three orders of
magnitude larger than that obtained by decay spectroscopy.
However, the cross section of above-target nuclei (Z > 96)
from both experiments are quite consistent despite the dif-
ferent experimental techniques and systematic uncertainties.
The effective impact parameter of these two colliding part-
ners leading to compound nuclei is from central collison to
L = 52h. The timescale between complete and incomplete
reactions is about 5.7 x 1072 s with effective impact param-
eters. We predict that synthesis cross sections of unknown
rare isotopes 4Bk, 2'Cf, %Es, 20Fm, 2Md, 20+2%No,
266] - and 298Rf are around nanobarn scale in collisions of
#Ca 4 2*Cm near Coulomb barrier energies.
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