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Background: In recent years, there has been increasing interest in multinucleon transfer processes in low-energy
deep inelastic (damped) collisions of heavy ions. Partly, it was provoked by a possibility of using them as
a method of production of heavy neutron-enriched nuclei. Possible promising projectile-target combinations
include nuclei deformed in the ground state (e.g., actinides). Mutual orientations of such nuclei in the entrance
channel of a reaction may significantly influence the reaction dynamics.

Purpose: The major aim of the work is to implement a possibility of modeling collisions of statically deformed
heavy nuclei within a multidimensional dynamical model based on the Langevin equations. Another purpose of
the paper is to study the influence of mutual orientations of statically deformed nuclei on their collision dynamics.
Finally, production yields of heavy transuranium nuclei in collisions of actinides are examined.

Method: An analysis has been performed within a multidimensional dynamical model of nucleus-nucleus
collisions based on the Langevin equations [Phys. Rev. C 96 024618 (2017)]. In the present paper, the model has
been improved to describe collisions of statically deformed heavy nuclei with different mutual orientations.
Results: The available experimental data on multinucleon transfer reactions with statically deformed as well
as spherical heavy nuclei "“Sm + Sm, '%*Sm + 13Sm, '°Gd + "W, and 2®Pb 4 2%Pb, 2*U have been
analyzed within the developed model. A good agreement of the calculated quantities with the corresponding
experimental data has been reached. Special attention in the paper is paid to analyzing the possibility of
producing neutron-enriched isotopes of heavy and superheavy elements in multinucleon transfer processes in
B8y 4 28y, 28Cm, »Es collisions.

Conclusions: Mutual orientation of colliding statically deformed nuclei in the entrance channel strongly affects
the energy, angular, mass, and charge characteristics of multinucleon transfer reaction products at near-barrier
energies. These orientational effects disappear with increasing collision energy well above the Coulomb barrier.
An exponential drop in the isotopic distributions of the above-target products formed in the collisions of actinides
with an increasing atomic number does not allow one to synthesize new isotopes of superheavy nuclei with
experimentally reachable cross sections. However, there is a possibility to produce a number of neutron-enriched

isotopes of heavy actinides with cross sections exceeding 1 ub.

DOI: 10.1103/PhysRevC.99.014613

I. MOTIVATION

Intensive nucleon transfer between interacting nuclei may
occur in quasifission and deep inelastic (DI) collisions of
heavy ions. This feature of DI collisions has already been used
to synthesize several light neutron-enriched nuclides shortly
after the discovery of this type of nuclear reactions [1]. Nowa-
days, the possibility of producing neutron-enriched isotopes
of heavy elements in these reactions is widely discussed [2—7].
The recent experiments have confirmed applicability of this
method [8—11] in spite of the fact that proper separation of
heavy nuclides from all multinucleon transfer (MNT) reaction
products in a wide range of masses and kinetic energies still
remains a challenging task.

Investigation of heavy neutron-rich nuclei in the vicinity of
the N = 126 neutron shell closure and study of their proper-

“karpov @jinr.ru

2469-9985/2019/99(1)/014613(13)

014613-1

ties are of great interest, first of all, due to their influence on
the problem of origination of chemical elements heavier than
iron in the r-process of astrophysical nucleosynthesis. The
possibility of synthesizing neutron-rich nuclei with N = 126
has been analyzed in our earlier paper [7], where certain
promising combinations of heavy nuclei were investigated
within a multidimensional dynamical model based on the
Langevin equations. A reasonable agreement with the avail-
able experimental data on angular, energy, mass, and charge
distributions of MNT reaction products has been achieved.
Cross sections for production of nuclei with N = 126 have
been predicted in a wide range of collision energies.

The systems studied in Ref. [7] involved heavy nuclei hav-
ing spherical shapes in the ground state. However, collisions
of heavy statically deformed nuclei are of particular interest
as well. First, mutual orientation of the reaction partners in-
fluences the collision dynamics. There are several indications
that the orientation of colliding nuclei at the contact point
strongly affects the probability of formation of a compound
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nucleus in fusion reactions [12—-15]. This probability signifi-
cantly decreases for nose-to-nose orientations, which leads to
decay of the nuclear system primarily in quasifission chan-
nels. Second, collisions of deformed nuclei can be used for
synthesis of new heavy or even superheavy neutron-enriched
nuclei. For example, a possibility of production of neutron-
rich nuclei in the vicinity of the N = 126 shell closure in the
reaction of two statically deformed nuclei '°°Gd + %W has
been predicted in Ref. [4]. The orientational effects for this
system of nuclei have recently been studied experimentally in
Ref. [11] and theoretically in Ref. [16].

Actinides are a particular example of statically deformed
nuclei. Obviously, formation of a compound nucleus is impos-
sible in reactions between them. However, these reactions may
lead to formation of neutron-enriched heavy and superheavy
nuclei in DI collisions, if the contact time of two nuclei is
sufficient to transfer a large number of nucleons. It may give
one a possibility of producing several new neutron-enriched
isotopes of transuranium elements with rather large cross
sections. The yields of heavy nuclei up to mendelevium have
been measured in the 28U + 28U, 2**Cm reactions by radio-
chemical methods in Refs. [17,18]. Dynamics of U+ B8u
collisions has been studied experimentally in Ref. [19]. Ex-
tensive theoretical investigations of the collisions of actinides
performed in the works of Zagrebaev and Greiner [5,20] have
shown that strong shell effects in the potential energy of the
nuclear system favor the formation of the first fragment in
the region of doubly magic lead and the second one in the
region of superheavy elements. Moreover, the potential en-
ergy structure favors the formation of neutron-enriched nuclei
unreachable in fusion reactions of stable nuclei. Recently, this
problem has also been investigated in Refs. [21,22] within an
improved quantum molecular dynamics model, as well as in
Ref. [23] within a dinuclear system model.

Consideration of orientational degrees of freedom in dy-
namical calculations within any model using the concept of
nuclear shape is quite a complicated problem and has no
straightforward solution yet. Reasonable assumptions should
be made in order to avoid any major difficulties. The main
problem here is to calculate the potential energy correspond-
ing to sequential shapes of the nuclear system, which are
unknown in the absence of the axial symmetry. In particular,
it concerns restoration of the axial symmetry of two arbitrary
oriented nuclei at the contact point.

Thus, the first aim of this work is to advance the model
developed recently in Ref. [7] in order to simulate collisions of
heavy statically deformed nuclei. The second purpose of the
paper is to study the impact of mutual orientations of statically
deformed nuclei on their collision dynamics. Finally, the
production yields of heavy transuranium nuclei in collisions
of actinides are examined.

II. MODEL

The model has been described in detail in Ref. [7]. Here
we provide only its basics. The model has eight degrees of
freedom describing a system of two colliding nuclei. Four of
them originate from the well-known two-center shell model
(TCSM) parametrization [24] and define the nuclear shape:

distance r between the geometrical centers of two nuclei, two
independent ellipsoidal surface deformations §;», and mass
asymmetry 7,4. In addition, charge asymmetry 7  is included
in the model, which allows us to describe independent proton
and neutron transfer and production of nuclei with different
atomic and mass numbers. Two angles ¢; » of rotation of
the projectile and target nuclei and angle 6 between the
internuclear axis and the beam direction are included in the
model as well.

A set of eight coupled Langevin equations is solved numer-
ically:

gi = Zﬂijpj,
J

. aS
pr = T<T> — Y gman+ Y060, (1)
ql Eio J.k j

where qi ={r,81,82,m4, 12,0, 01, v} and p=
{Pr, Pss Psy» Pyu» P> Lo 11, I} are the collective degrees
of freedom and their conjugate momenta, respectively.
S = 2+/aE* is the entropy of an excited system, where a is
the level-density parameter and E* = E\, — V — Eyy, is the
excitation energy. Here E\ is the total energy of the system,
Eyi, is the kinetic energy stored in all collective degrees
of freedom, and V is the potential energy. u;; = [m,vj]‘l
is the inverse inertia tensor, y;; is the friction tensor, 6;;
are the amplitudes of the random forces determined from
the Einstein equation 60;:6;; = y;;T, & are the normalized
random variables with Gaussian distribution (&;(z)) = 0,
(&:(1), &(t")) = 26;;6(t —t'),and T = \/E*/a is the nuclear
temperature. The terms in Eq. (1) represent the driving,
friction, and random forces, respectively.

It is well known [25,26] that for excited nuclear systems
one should use a thermodynamic potential (e.g., the entropy
or free energy) instead of a bare potential in order to deter-
mine the driving force entering the Langevin equations. In
particular, in the present model the driving force is given by
the derivative of the entropy with respect to the collective
coordinates at the constant total energy: T(dS/dq;)g, . It
is easy to see that the driving force consists of the usual
conservative force —0V /dg; — 1/2 Zj pipj Ouij/dg; plus a
term that comes from the thermodynamic properties of the
excited nuclear system, which enters via the derivative of
the level-density parameter a as: T2da/dq;. Note also that
since the entropy S ~ In p, the driving force is related to the
derivative of the density of excited states p.

Potential energy, friction, and inertia coefficients are the
main values that govern the evolution of the nuclear system.
We calculate them on a grid before starting the dynamical
calculations. The multidimensional potential energy takes into
account transition from the diabatic regime of nuclear motion
to the adiabatic one as a relaxation process with the relaxation
time Tpa:

V(r, 81,682, n4,mz51)

t t
= Viiab EXp (-a) + Vadiab[l — exp <—;)} (2)
A
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The diabatic potential is calculated within the double-folding
method with Migdal nucleon-nucleon forces [27]. An ex-
tended macromicroscopic approach [28,29] is used to calcu-
late the adiabatic potential:

Vadiab (7, 81, 82, 14, 12)
= Vinac(r, 81, 82, N4, nz) + SE(r, 81, 62, na, nz),

where the macroscopic term Vi, is calculated within the
finite-range liquid-drop model [30], and 6 E is the shell cor-
rection calculated based on the Strutinsky method [31,32].

We calculate the inertia coefficients for the r, 81, 82, na
degrees of freedom according to the Werner-Wheeler ap-
proach for an incompressible irrotational flow [33]. The
corresponding friction coefficients are evaluated within the
“wall+window” mechanism of one-body dissipation [34].
The inertia and friction coefficients for the charge asymmetry
are calculated in the same manner as in Ref. [35].

There is a number of important peculiarities of treating
nuclear motion for the system of two separated nuclei. The
inertia and the friction tensors are diagonal in this case. The
Werner-Wheeler approach and the model of one-body dissi-
pation can still be used for deformation degrees of freedom
81 and &,. For relative motion, the inertia coefficient m,, is
equal to the reduced mass of the system. All other trans-
port coefficients fiy,n,> Mnsng> Virs Viana» and ¥y, are zero
for separated nuclei calculated within the models mentioned
above. This does not allow one to take into account the fact
that dissipation of angular momentum and energy of relative
motion starts even before contact, when nuclei approach each
other at the distance of nuclear forces range (~2 fm), and their
diffusenesses overlap. There is also a possibility of nucleon
transfer at the approaching stage, which can be modeled
within the Langevin-type approach in the presence of nonzero
transport coefficients only.

To take into account these effects and following the sur-
face friction model [25], a phenomenological nuclear friction
force with a Woods-Saxon-type form factor is included in
the model, as suggested in Ref. [36]. This additional form
factor F(r) tends to zero in the mononucleus stage, where
the one-body friction yields a nonzero dissipation. Thus, the
radial friction coefficient y,, is calculated as a weighted sum
of two terms,

Yer = e + 11— we (Y F(r),

-1
F(r) = {l +exp (r — Reontact — ARF)} ’ 3)

ar

where 2% is the friction coefficient according to the model
of one-body dissipation, and the weighting function is

- Rcomacl + ARF - (4)
ar ’

r
wr(r) = {1 +exp<

The friction strength er, the friction distance ARp, and the
friction diffuseness ar coefficients are the model parameters.
Their values were determined in Ref. [7] by fitting calcula-
tions to the experimental data for quasielastic and DI scatter-
ing. The most sensitive quantities to these parameters are the
grazing angle of the collision and the slope and lowest value of

the quasielastic part of the fragment energy distribution. The
following values were determined: y° = 30 x 10722 MeV s
fm™2, ARp = 2.5 fm, and ar = 0.2 fm.

It can be shown that the friction coefficients for the mass
and charge asymmetries for separated nuclei are related to the
corresponding transfer rates as

r1 A Z 5)
Voane = 7550 X =4, 4,
where RS is the dimension factor and the quantity A, can be
calculated as (see Eq. (5) in Ref. [36])

4 4
)\J’]A = )“%Ptr(r)ﬁv )‘ﬂz = )\.%P{r(r)ﬁgZA, (6)

where A% and 1% are the mass and charge transfer rates,
and P, is the probability of nucleon transfer depending on
the distance between the nuclear surfaces. The term AZ/4
appears, because the mass asymmetry is used as a collective
coordinate. The probability P, goes exponentially to zero at
r — oo and is equal to unity for the overlapping nuclei. In the
calculations, we use the semiclassical approximation for P, =
exp (—2x&) proposed in Ref. [37]. Here £ = r — Reontact —
ARy, where ARy >~ ARp,i.e., the radius of nucleon transfer
coincides with the radius of the radial friction, and » =
/244, B, /%, where 1, is the nucleon reduced mass and B,
is its separation energy. Again, for continuity, the friction
coefficients for the mass and charge asymmetries for separated
nuclei and the mononucleus are joined in the vicinity of the
contact point. It is assumed that A% = 1Y, and the ratio gz, =
Ay, /Ay, 1s the same as given by the corresponding window
formulas (close to unity). Thus, we have one free parameter
1% which was determined in Ref. [7] as 1(7T/MeV) x 10%
s~!. The corresponding inverse inertia coefficients p,,,, and
In,n, for separated nuclei are estimated, assuming that the
damping coefficients y,, , i, 5 have the same values as those
calculated with the one-body friction and hydrodynamical
masses in the vicinity of the contact point. The values of p,,,,
and p,,,, are close to each other and equal to approximately
0.005R;2my".

The solution of Eq. (1) starts from the initial distance
between nuclei ~50fm. A projectile with a given impact
parameter b and a certain center-of-mass energy E.p ap-
proaches a target nucleus. The nucleon transfer and energy
dissipation processes start to occur slightly before the nuclei
come into contact. Then the dinuclear system forms and
decays into two excited reaction fragments. The calculations
are terminated when the products are formed and separated
again by the initial distance (=50 fm). The obtained solution
is a trajectory in the multidimensional space of the collective
degrees of freedom that carry complete information about a
single collision.

A large number of trajectories for different impact pa-
rameters are simulated. For each solution of the dynamical
equations, one knows such characteristics of primary frag-
ments, as their masses, atomic numbers, excitation energies,
angular momenta, angles of reseparation, kinetic energies, etc.
Then the statistical model [7,29,38,39] is used to obtain the
characteristics of the final reaction products. The statistical
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model takes into account evaporation of neutrons, protons,
a particles, and y quanta, as well as fission of an excited
nucleus. Decay of each fragment is considered independently.
It is also assumed that particle evaporation does not alter the
fragment emission angles and velocities. Usually the Monte
Carlo method (see Ref. [7] for details) of simulation is used,
but for highly fissile reaction products the method of nested
integrals (see Ref. [40]) is applied under the assumption that
final products are formed in neutron evaporation channels
only (up to four neutrons). The GEF code [41] is employed for
simulation of sequential fission (SeqF) fragment distribution.
The SeqF fragments are assumed to be emitted isotropically
in the center-of-mass system of the fissioning nucleus with the
total kinetic energy calculated according to the systematics of
Ref. [42]. Finally, the cross sections are calculated as

d*o
——— (Z,A,E,0)
dZdAdEdQ
_/”mx AN, Z, A, E,0) bdb o
o Niot(b) AZAAAE sin6Ag’

where AN is the number of trajectories in a given bin and Ny
is the total number of simulated trajectories for each impact
parameter. Integration of Eq. (7) allows one to obtain different
distributions of reaction products.

In order to consider the collisions of statically deformed
nuclei, one should take into account that the reaction dynam-
ics is strongly dependent on the mutual orientations of the
nuclei. This happens, first of all, because of the change of
the potential energy. The orientation effects in the potential
energy can be easily considered for separated “frozen” nuclei.
In this case, the potential energy is calculated using the
double-folding procedure [27]. After the contact, the potential
energy depends on the interaction time. In particular, the
axial symmetry should be restored if the interaction time is
long enough. Another difficulty in calculation of the potential
energy of a strongly interacting nuclear system with broken
axial symmetry is connected with appearance of dynamical
deformations. They should develop predominately along the
axis connecting the geometrical centers of the interacting nu-
clei. This destroys the axial symmetry of each of the reaction
partners, which complicates the task even more.

Thus, the sequence of shapes passed by arbitrary oriented
colliding nuclei in the vicinity of the contact point is unknown
and the calculation of the corresponding potential energy for
these shapes with broken axial symmetry is a rather com-
plicated and as yet unsolved problem. It is difficult or even
impossible to solve this problem based on the implication of
any parametrization of nuclear shape without a substantial in-
crease in the number of degrees of freedom. Finally, one may
conclude that a certain approximation should be employed.

Detailed studies within the time-dependent microscopic
approaches may shed more light on the problem of evolution
of nuclear shapes for arbitrary oriented interacting nuclei.
For example, according to time-dependent calculations for the
BCa + 2Bk collisions with berkelium orientation of 45°,
it takes the dinuclear system about 3 x 1072 s to restore its
axial symmetry [43,44]. We suppose that this time should be
close to the period of quadrupole oscillations of an isolated

axially asymmetric shape @,=n/2 axially symmetric shape
Tsym
_—
L\

FIG. 1. Example of evolution of an axially asymmetric nuclear
system to an axially symmetric one.

nucleus. The corresponding value for the **’Bk nucleus is
approximately 6 x 1072!'s, which is in line with this assump-
tion.

It is rather natural to use the exponential factor in order to
simulate the process of restoration of axial symmetry in the
potential energy. The potential energy is thus calculated as

t t
V = Vasymexp | — + Viym| 1l —exp | — , (8
Tsym Tsym

where Viym and Vg are the potentials (2) calculated for axi-
ally symmetric and axially asymmetric configurations, respec-
tively, and 7y, is the relaxation time. We have found that the
value of this relaxation time mainly influences the maximal
value of the kinetic energy loss in deep inelastic collisions
of heavy ions. Larger values of 74, lead to smaller maximal
kinetic energy losses, because the system experiences over a
longer period of time the potential energy for oriented nuclei
having a larger barrier than the one for the axially symmetric
configuration. The value used in the present calculation was
chosen, as described above, to be Ty, = 107! s.

We assume that the relaxation process of an arbitrary
oriented nuclear system to an axially symmetric one starts
when the colliding nuclei approach the distance of strong
interaction (~2 fm between the nuclear surfaces). The re-
laxation process cannot result in an increase in the potential
energy of the system. The potential energy of two heavy nuclei
at the vicinity of the contact point is mainly determined by the
distance between the nuclear surfaces. Thus, we assume that
arbitrary oriented nuclei keep the distance between their sur-
faces (as well as the relative distance r), while the relaxation
process proceeds in the perpendicular direction (see Fig. 1).
This allows us to relate the ellipsoidal deformations §; of an
initially oriented pair of colliding nuclei with the ellipsoidal
deformations §; of final axially symmetric shapes:

§i=+8)8Q2+8)sin’g+117F — 1. (9

It is often assumed that initial mutual orientations of collid-
ing nuclei do not change before the nuclei come into contact.
This assumption is also used in the present model, which
allows us to simplify the consideration of collision dynamics
for separated nuclei substantially. However, time evolution of
the angles ¢; cannot be ignored completely. In the vicinity
of the contact point, sliding friction between nuclear surfaces
leads to the so-called dissipation of the angular momentum
of relative motion until the sticking condition is reached. A
part of the relative angular momentum is thus transferred into
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the angular momenta of the reaction partners, which results
in time evolution of the angles ¢;, which should be therefore
kept in the system of the Langevin equations (1). Such con-
sideration allows us to simulate the nonzero momenta of the
reaction products.

To simplify the calculations, we have considered only the
limit initial orientations of two deformed colliding nuclei: the
so-called tip-to-tip (¢? = ¢ = 0), side-to-side (¢ = ) =
7 /2), tip-to-side (go? =0, gog = m/2), and side-to-tip ((p‘l) =
7/2, 99 = 0) collisions. If the orientation of the ith nucleus
is (pf) = /2, the corresponding deformation of the axially
symmetric shape has a simple form:

§i=+8):—1. (10)

Finally, the cross sections are averaged over the initial
mutual orientations as

(a(Z,A,E,G)):/ff
o Jo

x sinpldp)de), (1)

IR

o(Z,A E.0,¢],¢))sing)

where the cross section o(Z, A, E, 0, <p?, <pg) is calculated
at four limit orientations of colliding nuclei <p? =0,7/2 and
assumed to be linearly dependent on the angles <p? and (p‘z).

III. ANALYSIS OF MULTINUCLEON
TRANSFER REACTIONS

In our previous work [7], the developed model was suc-
cessfully applied to analysis of reaction dynamics and pro-
duction of heavy neutron-enriched nuclei in MNT reactions
with heavy spherical nuclei '**Xe + '®Pt, 2%Pb, 2 Bi. The
present work is devoted to comparison of DI collisions with
deformed and spherical nuclei. All the calculations were done
within a set of the model parameters fixed in Ref. [7].

Note that the reactions considered in this paper are those
between heavy nuclei. They are characterized by strong
Coulomb interaction. Therefore, a substantial part of the ki-
netic energy of relative motion dissipates on the approaching
stage of the reaction even before nuclei enter into the region
of strong nuclear interaction (~2.5fm between the nuclear
surfaces). According to the calculations, the corresponding
dissipated energy may constitute a value of up to 40 MeV
for central collisions of two uranium nuclei at near-barrier
energies and gradually decreases with an increase in the
impact parameter. In addition, excitation of collective modes,
such as surface vibrations and/or rotations, may occur. This
effect is also taken into account by the present model, since the
ellipsoidal deformations and angles of orientation of both re-
action partners are among the considered collective variables.

The discussion of the studied reactions is ordered by
the mass of the composite systems. We demonstrate how
accurately the developed model is able to describe various
experimental measurable characteristics. The influence of mu-
tual orientation of statically deformed nuclei on these char-
acteristics is also discussed. Finally, we analyze a possibility
of production of neutron-enriched transuranium nuclides in
low-energy collisions of actinides.

10* . . . : :
TKEL > 25 MeV

107

do/d6 (mb/rad)
w

sm+ "*Sm (485 MeV)

{2 ™sm+"sm (500 Mev)
10%4=——5, R , ,
30 40 50 60 70 8 90

FIG. 2. Angular distributions of reaction products with TKEL >
25 MeV obtained in the '**Sm + **Sm and '*Sm + **Sm reactions
at energies E.,, = 500 and 485 MeV, respectively. The histograms
are the calculation results and the symbols show the experimental
data [46]. The dashed histogram and diamonds correspond to the
1449m + ““Sm reaction. The solid histogram and circles illustrate
the '>*Sm + **Sm reaction.

A. Sm + **Sm and *Sm + *Sm systems

The first combination consists of spherical magic nu-
clei [,82(144Sm) = 0], while the second one involves well-
deformed nuclei (B2(***Sm) = 0.27 [30]). These two reac-
tions are of particular interest, because they allow us to study

108 T T T T T T

107] Tsm+ ®'sm, E,, =485 Mev

&’ o/dEdZ (mb/MeV u)

45 50 55 60 65 70 75 80
atomic number
FIG. 3. Charge distributions of final products for different val-
ues of TKEL obtained in the "*Sm + "*Sm reaction at E., =
485 MeV. The energy bins are 25 MeV wide. The midpoints of
each bin are indicated. Both experimental (symbols) and calculated

(histograms) data were multiplied by the factors indicated on the
side. The experimental data are from Ref. [46].
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FIG. 4. TKEL, mass, and angular distributions of primary products of the '°Gd + '36W reaction calculated at three energies E., = 462,
502, and 860 MeV. The histograms show the results for tip-to-tip (1), tip-to-side (2), side-to-tip (3), and side-to-side (4) collisions. The shaded
areas in the angular distributions show the angular ranges covered in the experiment for detecting TLFs [11].

the influence of mutual orientations of colliding nuclei in
absence of SeqF of highly excited reaction products. The
differential cross sections of fragments obtained in both reac-
tions were measured under the same experimental conditions.
The detectors covered the following angular ranges: 15° <
Olap. < 35° and 27° < O, < 47°. The comparable collision
energies E., = 500 and 485 MeV were chosen respectively
for the '**Sm + "**Sm and ’*Sm + %*Sm reactions [45,46].
The experimental charge resolution of 1.6 units (FWHM) was
taken into account in the calculations.

The angular distributions of final products in the Sm +
Sm reactions with total kinetic energy losses (TKEL) larger
than 25 MeV are shown in Fig. 2. It is clear that the model
provides a good description for the shape and position of the
maximum of the distribution for the '“*Sm + '**Sm reaction
with spherical nuclei in their ground states. The angular distri-
bution of the fragments obtained in the reaction between the
deformed nuclei **Sm + *Sm also agrees reasonably with
the data; however, the theoretical width slightly exceeds the
experimental results. The shape of the distribution insignif-
icantly suffers from the method that takes into account the
orientational effects. Different orientations lead to different

angles of grazing collisions. A more compact side-to-side
configuration has a larger grazing angle. The tip-to-side and
side-to-tip orientations for this symmetric system lead to the
same grazing angle in the center-of-mass frame. The model
considers only four different mutual orientations of colliding
nuclei. That is why the calculated curve has three maxima
corresponding to the tip-to-tip, tip-to-side, and side-to-side
collisions. Better results for the angular distribution for the
154Sm + 19*Sm reaction can be achieved by taking into ac-
count additional mutual orientations of nuclei in the averaging
procedure or by complete consideration of evolution of the
orientational degrees of freedom in dynamical calculations.
Another important feature of the reaction dynamics is
an increase in nucleon transfer with increased TKEL. It
can be seen from Fig. 3 where the charge distributions of
the '>*Sm + '3*Sm reaction products are plotted for differ-
ent TKEL values. The experimental data and the calcula-
tion results were both scaled for convenient visualization.
The calculation results have a Gaussian form and fit well
with the experimental data. A certain underestimation of
light products with Z < 62 is due to the experimental back-
ground, which was not completely eliminated during the data
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FIG. 5. TKEL, mass, and angular distributions of primary products obtained in the '°Gd 4 **W reaction at two energies E., = 462 and
502 MeV. The symbols are the experimental data [11], the thin lines are the calculations for tip-to-tip, side-to-tip, tip-to-side, and side-to-side
collisions; the thick lines show the total cross sections averaged over the mutual orientations of the projectile and target nuclei. The angular
distributions, as well as the dashed histograms and triangles for the energy distributions, correspond to the TLFs with A > 200.

analysis [46]. The calculations predict more symmetrical
charge distributions.

B. '°Gd + "3W system

This approach was applied to the '°Gd + '86W collisions,
where both reaction partners have prolate deformations in
the ground state 8,('°Gd) = 0.28 and 8, ('%W) = 0.22 [30].
The experimental data for this reaction have recently been
obtained at two near-barrier collision energies E.., = 462
and 502 MeV [11]. It allows one to study the influence of
mutual orientations on the primary TKEL, mass, and angu-
lar distributions of the reaction products calculated for the
above mentioned energies (see Fig. 4). The angular distribu-
tions were calculated for target-like fragments (TLFs) with
A > 200.

The experimental collision energies are in the same energy
range as the calculated Coulomb barriers for different orienta-
tions of this system, which are Vo = 412 MeV for the tip-to-
tip, Ve = 447 MeV for the tip-to-side, Vo = 454 MeV for the
side-to-tip, and Vo = 492 MeV for the side-to-side collisions.
The strongest influence of the nuclear orientations on the
collision dynamics is seen for the lowest energy (E.n,. =
462 MeV) corresponding to the barrier for the tip-to-side
and side-to-tip configurations. Side-to-side collisions are sub-
barrier at this energy. This strongly suppresses the nucleon
transfer, as well as the kinetic energy dissipation. The grazing
angles and, thus, angular distributions are also significantly
affected by the mutual orientations of the colliding nuclei.

The intermediate energy (E.,. = 502 MeV) is just above
the barrier for the side-to-side collisions. The distributions of
the reaction products become less sensitive to the orientations
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FIG. 6. Charge distribution of final products obtained in the
208pp + 298pp reaction at E.,, = 786 MeV. The dashed and solid
histograms represent the calculated distributions of primary and final
fragments, respectively. The symbols correspond to the experimental
data [47] (scaled, since the data in Ref. [47] are given in arbitrary
units). Contributions of DI (1) and SeqF (2) processes to the inclusive
charge distribution are shown.

of nuclei. At energies significantly higher than the Coulomb
barrier (E.n. = 860 MeV or 10 MeV/u in our case), the
orientational effects disappear.

The experiment on the '°Gd + W collisions was
done at the double-arm time-of-flight spectrometer CORSET
(CORrelation SETup) in Flerov Laboratory of Nuclear Reac-
tions, JINR [11]. The angular ranges 25° < 65, < 65° and
29° < B, < 66° were covered in the experiment to detect
binary reaction products in coincidence at E., = 462 and
502 MeV, respectively. The shaded areas in Fig. 4 indicate the
angular ranges set for detecting the TLFs. The TKEL, mass,
and angular distributions of reaction products obtained in the
experiment and the calculated ones are shown in Fig. 5. The
calculations were performed for the experimentally covered
angular ranges. The experimental energy and mass resolutions
(FWHM) of 12 MeV and 3 units were taken into account in the
theoretical calculations. A satisfactory overall agreement with
the data can be mentioned. However, a certain overestimation
of the experimental mass distribution has been observed for
the collision energy E. . = 462 MeV, while a considerably
good description has been achieved for E.,,, = 502 MeV.

It should be mentioned that the visible growth of the TLFs
yields with an increasing energy [Figs. 5(c) and 5(d)] is due
to a strong dependence of the orientational effects on the
collision energy, which is correctly reproduced by the present
model.

C. 2%pp 4 28pp, 28U systems

In collisions of heavy nuclei, the SeqF of highly excited
heavy reaction products may play a significant role. It is
not always possible to completely distinguish SeqF from
the binary products, but it can be done quite reliably for
the 2%Pb 4 2%Pb reaction (see Fig. 6). The products with
Z > 65 form the main component of the charge distribution

of quasielastic and DI collisions with the position of the
maximum at Z = 82. The additional component centered at
Z ~ 40 consists of SeqF fragments having 15 < Z < 65.
The SeqF process hinders the survival of heavy above-target
nuclei, limiting their production in DI collisions.

The 2%Pb + 2%Pb reaction products were measured cov-
ering the 29° < 6}, < 52° angular range at two collision
energies E., = 726 and 786 MeV [47]. The experimental
charge resolution of 2.5 units (FWHM) was taken into account
in the calculations. The histograms were normalized to DI
events and fit the experimental data rather well. The sequential
fission rates were deduced experimentally as a ratio of the
missing cross section (due to the SeqF process) to the one for
primary products, subtracting the quasielastic events having
TKEL < 50 MeV. The found rates for the 2**Pb 4 2%*Pb reac-
tion at collision energies E.,, = 726 and 786 MeV are 11%
and 16%, respectively. The corresponding calculated values
are 10% and 21%. Obviously, the SeqF probability grows with
an increasing collision energy. Therefore, it seems reasonable
to use the near-barrier collision energies in order to reduce
the SeqF component and to increase the yields of above-target
products.

The Coulomb force dominates over the attractive nuclear
force in an interaction of two heavy nuclei, such as lead.
It results in broad angular distribution of the DI reaction
products in contrast to the peaked distribution of the fragments
near the grazing angle obtained in the collisions of lighter
nuclei, such as Sm 4+ Sm (Fig. 2). The emission angles
of the Pb 4+ Pb reaction fragments continuously increase
with increasing TKEL. This behavior is shown in Fig. 7 for
the primary reaction products. The angular distributions of
fragments for different TKEL values should be symmetric
with respect to 90°. The experimental data obtained in the
65° < 0., < 95° angular range for PLFs were doubled and
symmetrically reflected to reproduce the missing component
of TLFs.

The angular distributions of fragments with low TKEL
have their maxima near the 6, &~ 90° and 75° grazing angles
for collision energies E.,. = 726 and 786 MeV, respectively.
The part of the angular distribution corresponding to PLFs
shifts to larger angles with increasing TKEL and crosses the
symmetric branch for TLFs at 6, ,,, = 90°.

The 2%®Pb + 238U reaction was investigated under the same
experimental conditions as those of 208pp + 2083pp [47]. The
charge distributions of products of both reactions for different
TKEL bins are compared in Fig. 8. For this comparison, the
experimental data were integrated over the angular ranges
68° < Oem. < 90° in the case of the 2%Pb + 2%8Pb reaction
and 70° < 6., < 102° in the case of the 2°8Pb + 238U reac-
tion.

The calculations agree well with the experimental data
in Fig. 8(a), where the data for a low collision energy are
presented. However, it is seen that the calculated cross section
maxima are slightly shifted toward the lower atomic numbers
for larger TKEL values, while the maxima of the experimental
distributions are almost unchanged. It becomes more evident
at higher collision energies [Figs. 8(b) and 8(c)]. Since evap-
oration of protons from the primary fragments is suppressed,
this effect is mainly due to the SeqF.
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wide; their midpoints and multiplication factors are indicated.

D. 28U + 28y, 28Cm, 2*Es systems

Collisions of heavy actinides are of particular interest
for the developed model. Actinides are deformed in their
ground states and their orientations significantly influence
the collision dynamics. The problem of synthesis of heavy
and superheavy nuclei in DI collisions of actinides has been
studied experimentally since the late 1970s for the 23U +
238, 28Cm reactions [17,18,48]. The fact that the final iso-

topic yields of heavy TLFs obtained in collisions with 233U
and 2Cm drop exponentially with an increasing atomic
number has been established in a series of these and other
works (see, e.g., Ref. [49]). As a rule, the transfer of each
proton toward the heavier reaction partner leads to a decrease
in the corresponding production cross section by an order of
magnitude. The results of our calculations shown in Fig. 9 are
in agreement with this trend.
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FIG. 8. Charge distributions of final products for different TKEL values obtained in the 2°°Pb + 28Pb reaction at E, , = 726 and 786 MeV
[(a), (b)] and the 208pp 4+ 28U reaction at E. . = 830 MeV (c). The energy bins are 40 MeV wide; their midpoints and multiplication factors
are indicated. The following angular ranges were considered both in the experimental data and in the calculations: 68° < 6., < 90° in the
case of 2%Pb 4 2%°Pb and 70° < 6., < 102° in the case of 2°*Pb + 2*¥U. The experimental data (symbols) are taken from Ref. [47].

014613-9



V. V. SAIKO AND A. V. KARPOV

PHYSICAL REVIEW C 99, 014613 (2019)

o)
E
c
Ke]
©
[0}
"
(2]
1))
o
G
10 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 10-
232 240 248 240 248 240 248 242 248 256 248 256 248 256 248 256 248 256 264
236 244 236 244 236 244 252 244 252 244 252 260 252 260 252 260 252 260
mass number
1 —— P+, E=7.5Meviu (b)
0 e 0
104 - it 4T 110
o 1‘1L e N, e 22y +*%cm, E=7.4MeViu (0° <6, <55°)
; _.’I-. Y L"L, 238 254
— 3 A is ‘LL i, —— U+ Es, E=73MeViu E
£ 107 ! i ) 11073
c 1 1
kel
"g 1 Rf E
-6 -6
310 1
1))
(o] 4
G
{1l R S e A Dl -
1 B
1 bl d L
10—12 ’_L i i

252 260 252 260 268 260 268 260 268
256 264 256 264

256 264 256 264 272

To72
268 276

264 272 264 272 264 272

mass number

FIG. 9. Isotopic distributions of final above-target products obtained in collisions of actinides. The thin, dashed, and thick histograms
correspond to the results of the calculations for the reactions B8U 4+ PBU(E = 7.5MeV/u), 28U + 28Cm (E = 7.4 MeV /u), and 24U + »*Es
(E = 7.3 MeV /u), respectively. The experimental data for the 28U 4 28U reaction (triangles) are taken from Ref. [17], and for 28U 4 28Cm
(circles) are from Ref. [18]. For more details, see the text. The heaviest known isotopes of the given chemical elements are indicated by vertical
dotted lines. The thick dashed curves show primary isotopic distributions of Rf and Db.

It should be noted that the experimental data shown in
Fig. 9 were obtained by radiochemical methods, and a thick
target was used in the ***U + 233U experiment. Hence the final
products of the 2*®U + 23U reaction shown by triangles in
Fig. 9 were detected in the whole angular range for collision
energies £ < 7.5 MeV/u. The calculations were performed
for a fixed value of E = 7.5 MeV/u. The 0° < ). < 55°
angular range was covered in the experiment on the 22U +
28Cm collisions at E = 7.4 MeV/u [17,18].

A rather good agreement of the calculated and experimen-
tal isotopic yields was achieved for the absolute cross section
values, and a small shift of the maxima of the calculated dis-
tributions toward lower masses can be seen in Fig. 9(a) for the
heaviest measured nuclides. Irregularities in the results of the
calculations for low cross sections are caused by poor statis-
tics. To improve agreement with the data shown in Fig. 9(a),

one should increase the nucleon transfer rates A% and 1Y
responsible, in our model, for the proton and neutron transfer
probabilities in the vicinity of the contact point [see Egs. (5)
and (6)]. The required increase should be about two times for
the actinide-actinide collisions. Analysis performed for much
lighter systems (e.g., “*Ca + 2®Pb), which are not discussed
here, in contrast requires decreasing the transfer rate coeffi-
cients to describe the existing data for the nucleon transfer
cross sections. Preliminarily, we found that the transfer rates
should depend on the total mass of the system as ~A?/1.2 x
10°. We also found that such a change in the model parameters
will not alter noticeably any result or conclusion made in
this paper. Moreover, changes in the calculated quantities
for lighter (than actinide-actinide) systems studied in this
paper are even smaller and nearly invisible. Therefore, we
decided not to alter the model parameters fixed in Ref. [7]
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and will consider the necessity of any change after a detailed
study of reactions between lighter ions in our forthcoming
works.

The production cross sections of nuclei with Z > 103 do
not exceed 1 pb in the B8 + 28Cm collisions, which makes
synthesis of superheavy elements unreasonable using this
reaction. However, in some cases the yields of as yet unknown
neutron-enriched isotopes of heavy actinides are sufficiently
large for their experimental identification. The vertical dotted
lines in Fig. 9 indicate the heaviest known isotopes for each
chemical element.

The production cross sections of heavy TLFs for the given
Z are approximately four orders of magnitude larger for
the 28U + 2*Cm reaction compared with 23U + 238U, It
certainly motivates one to use the heaviest available target
in order to achieve the largest production cross sections for
heavy and superheavy nuclei in DI collisions. We have per-
formed calculations for the 2*U + 2>*Es reaction as one of
the possible combinations with a heavy target (see Figs. 9 and
10). The collision energy was setto £ = 7.3 MeV/u (Ecm, =
900 MeV), which is slightly above the Coulomb barrier for the
side-to-side mutual orientation (Vo = 874 MeV). The whole
angular range is covered in the calculations, but practically all
above-target products are emitted in the forward angles up to
Brab. = 55°.

The calculations for the 23U + >*Es reaction predict an
additional shoulder for No and Lr isotopic distributions, which
becomes a maximum for Rf, Db, and Sg distributions. This
phenomenon can be explained by the impact of the N = 162
neutron subshell on the formation of final reaction products
from the primary ones during the de-excitation process. Note
that there is no visible effect of this subshell on the formation
of the primary products [compare the primary and final frag-
ments for Rf and Db isotopes in Fig. 9(b)]. The impact of the

N = 162 subshell is also present in Db and Sg distributions
obtained in the 33U + 2*Cm reaction.

As can be seen from Fig. 9, the yields of primary fragments
are rather large. For example, excited Z = 114 nuclei can
be produced with cross sections of about 1 ub (not shown
in Fig. 9). Nevertheless, high excitation energies and angular
momenta lead to rather low probabilities of their survival.

The production cross sections for the 23U 4 2>*Es reaction
products with Z > 91 are shown in Fig. 10. In this reaction,
unknown neutron-enriched isotopes of elements from U to
Md can be produced with cross sections exceeding 1 ub. The
above-discussed decrease in the isotopic distributions with an
increasing atomic number imposes certain restrictions on the
formation of above-target nuclei. In particular, the possibility
of synthesizing unknown superheavy nuclides in DI collisions
of actinides is rather limited.

The initial orientation of statically deformed nuclei also
affects the production yields of heavy above-target nuclei.
Lower excitation energies of primary fragments formed in
more compact side-to-side collisions will increase their sur-
vival probability. On the other hand, the cross sections for
primary products for the side-to-side collisions are smaller
than for other orientations. The final yield is a product of the
survival probability and primary cross section. Determination
of an optimal collision energy is of great importance for
planning experiments on production of heavy nuclei and will
be a topic of future studies.

IV. CONCLUSIONS AND OUTLOOK

In this paper, the multinucleon transfer processes in low-
energy collisions have been analyzed both for spherical and
statically deformed nuclei. The model provided a reasonable
agreement between the calculated and the measured energy,
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angular, charge, and isotopic distributions of reaction products
for a number of MNT reactions with medium-mass and heavy
nuclei.

The mutual orientation of colliding statically deformed
nuclei in the entrance channel strongly affects the reaction
dynamics at near-barrier energies. This applies to the ab-
solute values and widths of the energy, angular, mass, and
charge distributions of reaction products obtained for different
mutual orientations of projectile and target nuclei. These
orientational effects gradually disappear with an increasing
collision energy to the values well above the Coulomb barrier
for all orientations.

The developed approach allows us to calculate the yields
of the above-target nuclei produced in collisions of heavy
actinides at near-barrier collision energies. The calculation
results show a strong exponential drop in the production cross
sections with an increasing atomic number due to high excita-

tion energies and angular momenta of the primary products.
This drop was previously observed experimentally for the
280U + 28U, 28Cm reactions [17,18]. This fact makes the
region of new superheavy nuclides hardly reachable in MNT
reactions. However, there is a real chance to produce a number
of neutron-enriched isotopes of heavy actinides with cross
sections exceeding 1 ub in the MNT reaction with a >*Es
target.

Both theoretical and experimental studies of the energy de-
pendence of the production yields of heavy neutron-enriched
nuclei in MNT reactions with heavy ions is of particular
interest for determining the conditions for their synthesis.
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