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Abstract

The dynamics of heavy-ion low-energy damped collisions is studied within
the model based on the Langevin-type equations. Shell effects on the multi-
dimensional potential energy surface play an important role in these reactions.
An enhanced yield of nuclides far from the projectile and target masses
was found in multi-nucleon transfer reactions due to the shell effects. Our
theoretical predictions need experimental confirmation.

1. Introduction

Damped collisions of heavy nuclei were studied extensively about 30 years ago (see, for
example, review [1] and references therein). Among others, there had been great interest in
the use of heavy-ion transfer reactions with actinide targets to produce new nuclear species in
the transactinide region [2—7]. The cross sections were found to decrease very rapidly with
the increasing atomic number of surviving target-like fragments—Fm and Md neutron-rich
isotopes were produced at the level of 0.1 ub. At that time multi-nucleon transfer reactions
were analyzed mainly within the diffusion models [8, 9] in which both fluctuations and shell
effects were ignored. At the same time it was also observed that nuclear structure might
strongly influence the nucleon flow in the low-energy dissipative collisions of heavy ions.
For example, in 2*®U-induced reactions on ''’Pd at about 6 MeV/u bombarding energy an
enhanced proton flow along the neutron shells Ny = 82 and N, = 126 (reached almost
simultaneously in target-like and projectile-like fragments) was observed in the distribution of
binary reaction products [10]. Note that most experimental studies of damped collisions have
been performed at rather high energies (well above the Coulomb barrier) and were not aimed
at revealing the shell effects.

Our interest in damped collisions of heavy nuclei is conditioned by the necessity to clarify
much better than before the dynamics of heavy nuclear systems at low excitation energies
and also by a search for new ways of production of neutron rich superheavy (SH) nuclei and
isotopes. SH elements obtained in ‘cold’ fusion reactions with Pb or Bi target [11] are situated
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along the proton drip line, being very neutron-deficient with a short half-life. In the fusion of
transactinides with **Ca more neutron-rich SH nuclei were produced [12] with a much longer
half-life. But they are still far from the center of the predicted ‘island of stability’ formed
by the neutron shell around N = 184 and proton shells at Z = 114 and/or Z = 120. In
the ‘cold’ fusion, the cross sections for formation of SH nuclei decrease very fast with the
increasing charge of the projectile and become less than 1 pb for Z > 112. On the other hand,
the heaviest transactinide, Cf, which can be used as a target in the second method, leads to the
SH nucleus with Z = 118 being fused with “Ca. Using the next nearest elements instead of
*Ca (e.g., Ti, *Cr, etc) in fusion reactions with actinides is expected to be less encouraging,
although experiments of such a kind are already in progress. In this connection other ways of
production of SH elements in the region of the ‘island of stability” should be searched for.

In [13, 14] low-energy collisions of very heavy nuclei (***U+23%U, 23>Th+2°Cf, and
233U+2%Cm) have been studied and a possibility for the formation of the surviving superheavy
long-lived neutron-rich nuclei has been predicted as a matter of principle. It was found that
charge and mass transfer strongly depends on the shell structure of the multi-dimensional
potential energy surface and also on the values of the fundamental parameters of nuclear
dynamics, such as nuclear viscosity and nucleon transfer rate, which are not well determined
yet. In spite of the rather good agreement of recent experimental data on 233U+233U collisions
[15] with our predictions, more detailed experiments have to be performed in order to study
the shell effects in mass transfer in low-energy damped collisions.

The effect of the ‘inverse’ (antisymmetrizing) quasi-fission process (leading to the
formation of SH elements in collisions of transactinides [13]) may also be studied in
experiments with less heavy nuclei. In this paper we analyze in detail one of such reactions,
namely '°Gd+'8¢W. The choice of the projectile and target nuclei is conditioned by the
fact that these nuclei are located just between the closed shells (Z; = 50, N; = 82) and
(Z, = 82, N, = 126) which, as we expected, should play a significant role in the nucleon
transfer process. Comparison of our predictions with experimental probability for multi-
nucleon transfer (which can be measured for this reaction much easier as compared to U+Cm
collisions, for example) may significantly help us to perform a realistic estimation of a
possibility for the synthesis of long-living neutron-rich SH nuclei in low-energy damped
collisions of heavy ions (also induced by the accelerated neutron-rich fission fragments).

2. The model

We performed a calculation based on the dynamical model proposed in [14, 16]. The distance
between the nuclear centers R (corresponding to the elongation of a mono-nucleus), the
dynamic spheroidal-type surface deformations B, and f,, the mutual in-plane orientations
of deformed nuclei ¢; and ¢,, and the mass asymmetry n = g‘];{:; are the relevant degrees
of freedom for the description of deep inelastic (DI) scattering and fusion—fission dynamics.
The interaction potential of separated nuclei is calculated rather easily within the folding
procedure with effective nucleon—nucleon interaction or parameterized, e.g., by the proximity
potential [17]. Of course, some uncertainty remains here, but the height of the Coulomb barrier
obtained in these models coincides with the empirical Bass parametrization [18] within 1 or
2 MeV. The dynamic deformations of colliding spherical nuclei and the mutual orientation
of statically deformed nuclei significantly affect their interaction changing the height of the
Coulomb barrier by more than 10 MeV. It is caused mainly by a strong dependence of the
distance between nuclear surfaces on the deformations and orientations of nuclei. Geometrical
effects due to a change in the curvature of deformed nuclear surfaces are also important here
and should be taken into account if the phenomenological nucleus—nucleus potential is used.
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After contact the mechanism of interaction between two colliding nuclei becomes more
complicated. For fast collisions (E/A ~ &pem Or higher) the nucleus—nucleus potential, Vyiap,
should reveal a strong repulsion at short distances protecting the ‘frozen’ nuclei to penetrate
each other and form a nuclear matter with double density (diabatic conditions, sudden potential
[19]). For slow collisions (near-barrier energies), when nucleons have enough time to reach
equilibrium distribution (adiabatic conditions), the nucleus—nucleus potential energy, Vagiap, 1S
quite different. Thus, for the nucleus—nucleus collisions at energies above the Coulomb barrier
we need to use a time-dependent potential energy, which, after contact, gradually transforms
from a diabatic potential energy into an adiabatic one: V = Vgip[1 — f(#)] + Vagian f (¢) [16].
Here ¢ is the time of interaction and f(¢) is a smoothing function satisfying the conditions
f(=0)=0and f(f > Trx) = 1.

We found that the shape of this function does not influence the results of calculations.
Only the relaxation time T, is of practical importance. Its value was estimated earlier at the
level of 102! s [20]. Recently even a shorter value of 0.5 x 1072! s has been found for this
parameter [21]. So the fast relaxation of a diabatic potential into an adiabatic one means that
at slow near-barrier collisions just the adiabatic potential mainly regulates the whole reaction
process. Here we used the empirical smoothing function f(t) = %[1 — cos (rr ﬁ)] with

Trelax = 2 X 10721 s. We assume that the difference between diabatic and adiabatic potential
energy transforms into an excitation of the nuclear system. Note that at t > T.,x due to a
strong nuclear viscosity almost all kinetic energy is dissipated and an overdamped regime of
motion takes place (see below).

For the diabatic potential energy we used the proximity potential [17] (with the geometrical
factor depending on nuclear deformations) and the semi-empirical two-core model of nucleon
collectivization [22, 23] based on the two-center shell model idea [24] was used for the
calculation of the adiabatic potential energy. Experimental binding energies of two cores are
used here for the intermediate shapes, thus giving us the ‘true’ values of the shell corrections.
The value of the shell corrections depends also on the dynamic deformation of two fragments
(see details in [14]). This adiabatic potential is used as a bottom value of the potential energy
surface of the nuclear system in a space of collective degrees of freedom. The difference
between the total energy and a sum of this potential energy surface and kinetic energy is treated
as an excitation energy of the nuclear system (its temperature). This excitation (gradually
appearing due to friction forces when nuclei approach each other) leads to fluctuations of the
collective degrees of freedom, which may be taken into account by the random forces within
the Langevin-type equations of motion.

It is important to note that we use the same degrees of freedom, the same potential energy
surface and the same set of equations of motion for the description of all the reaction stages.
In contrast with other models, we need not split artificially the whole reaction process into
several stages when we consider strongly coupled DI, QF and CN formation processes. Initial
conditions are formulated quite unambiguously at a large distance (at a given impact parameter,
randomly chosen orientations of the nuclei and parameters of zero-vibrations in their ground
states) where only the Coulomb interaction determines the motion. Then the evolution of
the nuclear system is traced in the multi-dimensional space of collective variables up to the
formation of CN or re-separation into the new fragments in DI or QF channels.

For all the degrees of freedom, with the exception of the mass asymmetry 1, we used the
usual Langevin equations of motion and for overlapping nuclei the inertia parameters, (g and
g, were calculated within the Werner—Wheeler approach [25]. The same nuclear shapes were
used for the calculation of the potential energy and inertia parameters (see details in [23]).
Note that for the studied reactions (low-energy collisions of very heavy nuclei) the overlapping
of the fragments is rather small (the absence of the noticeable potential pocket) and, thus, the
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inertia parameters are very close to the two-body limits. To simplify the calculations, and
interested mostly in the peripheral collisions, we here ignored the off-diagonal terms of the
inertia tensor.

At the moment we cannot numerically solve a problem with two independent dynamic
deformations of the fragments (four-dimensional potential energy surface). To reduce the
number of the variables we restricted ourselves to the consideration of only one spheroidal
dynamic deformation § instead of two independent deformations f; and B,. We assumed
‘equality of forces’, i.e., C; 1 = Cyf,, where Cj ; are the LDM stiffness parameters of the
fragments. Using this ratio and f; + 8, = 2 the deformations of the fragments can be derived
from the common variable 8. Removing this simplification could be rather important.

Mass asymmetry is a discrete variable by its nature. Thus nucleon transfer may hardly
be described by a Newtonian-type equation. Moreover, the corresponding inertia parameter
Iy, being calculated within the Werner—Wheeler approach, becomes infinite at the contact
(scission) point and for separated nuclei (see also a discussion of this problem within the
fragmentation model [26]). The master equation for the distribution function seems to be
quite good for the description of nucleon transfer [27, 28]. However, this equation defines the
time evolution of the distribution function (not of the variable 5 itself!), and it cannot be used
directly in a common set of coupled differential equations for the coordinates R and .

In [16] the Langevin-type equation for the mass asymmetry

dn 2 2 @
D 2 pOpy+ -/ DPmr 1
&~ Agy P4 €)) ag, VPa () (D

has been derived from the corresponding master equation for the distribution function. Here
I"(¢) is the normalized random variable with Gaussian distribution, (I'(z)) = 0, (I'(z) I'(¢)) =
28(r — 1), and D(l), Df) are the transport coefficients. A is the number of nucleons in one of
the fragments and n = (2A — Acn)/Acn.

Assuming that sequential nucleon transfers play a main role in mass rearrangement, i.e.
A’ = A £+ 1, we have

DV =iA—> A+1)—1(A—> A—1), ()
DY =1nA— A+ D+rA - A- D]
For nuclei in contact the macroscopic transition probability A(A — A’ = A £ 1) is defined
by nuclear level density, A®) = Ag/p(A £ 1)/p(A). The shell correction in the level density
parameter is damped in a usual way with increasing the excitation energy.

Lo is the nucleon transfer rate (~10%2 s~! [27, 28]), which may, in principle, depend on the
excitation energy (the same holds for the diffuseness coefficient Df)). This feature, however,
is not completely clear. In [27] the mass diffusion coefficient was assumed to be independent
of excitation energy, whereas microscopic consideration yields its square root dependence
on nuclear temperature [29]. A linear dependence of the mass diffusion coefficient on the
temperature was also used [30]. Here we treat the nucleon transfer rate Ay as a parameter of
the model chosen from the analysis of available experimental data on DI scattering.

Nucleon transfer for slightly separated nuclei is also rather probable. This intermediate
nucleon exchange plays an important role in sub-barrier fusion processes [31, 32] and has to
be taken into account in equation (1). It can be treated by using the following final expression
for the transition probability:

A& =2 MP[r(R,ﬂ,A — A+1). 3)

p(A)
Here P, (R, B, A — A £ 1) is the probability of one-nucleon transfer, which depends on the
distance between the nuclear surfaces. This probability goes exponentially to zero at R — oo
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and it is equal to unity for overlapping nuclei. In our calculations we used the semiclassical
approximation for Py proposed in [31]. Equation (1) along with (3) defines the continuous
change of mass asymmetry in the whole space (obviously, ‘é—'z — 0 for far separated nuclei).
The uncertainty in the strength of nuclear viscosity (nuclear friction) and in its form-factor
is also very large. Moreover, microscopic analysis shows that nuclear viscosity may strongly
depend on nuclear temperature [33]. Analyzing experimental data on DI scattering of heavy
ions we prefer to treat nuclear friction on a phenomenological base using appropriate strength
parameters [14, 16]. However, there are almost no experimental data on low-energy (near
to the Coulomb barrier) damped collisions with low excitations (low temperatures) of the
fragments which significantly complicates the choice of the nuclear viscosity parameters.
The double differential cross-sections of all the processes are calculated as follows:

d’o, AN, (b, E,0) 1
dQdE Nit(b)  sin(0)AOAE’

Here AN, (b, E, 0) is the number of events at a given impact parameter b in which the system
enters into the channel 5 (definite mass asymmetry value) with kinetic energy in the region
(E, E + AE) and center-of-mass outgoing angle in the region (6, 6 + Af); Ny (D) is the
total number of simulated events for a given value of the impact parameter. Expression (4)
describes the mass, energy and angular distributions of the primary fragments formed in
the binary reaction. Subsequent de-excitation cascades of these fragments via fission and
emission of light particles and gamma-rays were taken into account explicitly for each event
within the statistical model leading to the final mass and energy distributions of the reaction
products. The sharing of the excitation energy between the primary fragments was assumed
to be proportional to their masses. For both excited fragments the multi-step decay cascade
was analyzed taking into account the competition between the evaporation of neutrons and/or
protons and fission. At the final stage of the evaporation cascade (E < E;,qep) the competition
between y-emission and fission was taken into account. All the corresponding widths of decay
were calculated in accordance with [34].

(E,@):/ bdb “)
0

3. Shell effects in mass transfer

In figure 1 the multi-dimensional adiabatic driving potential is shown in the spaces of
‘elongation—mass asymmetry’ and ‘elongation—deformation’ for the axially symmetric nuclear
system formed in the collision of '°Gd+'3¢W. There is no potential pocket for this heavy
nuclear system. However, as can be seen from figure 1, the potential energy at the contact
point is rather flat (particularly along the deformation coordinate), which means that the nuclei
may keep in touch a long time due to fluctuations and nucleon transfer.

We used the same value of o = 1 x 10722 MeV s fm~2 for the nuclear viscosity strength
which was found appropriate for the description of the experimental energy, mass and angular
distributions measured for low-energy DI scattering of '3Xe from 2%’Bi [14]. The values of
the parameters for the nuclear friction form-factor have been taken from [16]. The nucleon
transfer rate was fixed at Ao = 0.06 x 10?? s~!, alittle bit less than for the description of Xe+Bi
experimental data [14] to avoid an overestimation of the shell effects in mass transfer.

One of the ‘trajectories’ corresponding to the evolution of the nuclear system formed in
the collision of '°Gd with '86W at zero impact parameter and 460 MeV center-of mass energy
(corresponding to the Bass barrier [18]) is shown in figure 2. Moving along this trajectory
the nuclear system was in contact during the 0.5 x 102 s, the time from the moment when
colliding nuclei (Gd+W, n = 0.075) came in touch in the entrance channel and up to the
moment of scission (at = 0.013) in the exit one.
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Figure 1. Potential energy surface of the nuclear system formed in the collision of °Gd+!80W.
(a) Dependence on elongation and mass asymmetry (deformation is fixed at B = 0.2);

(b) dependence on elongation and deformation at a fixed value of the mass asymmetry, n = 0.075
(entrance channel).

The interaction time is one of the most important characteristics of nuclear reactions,
although it cannot be measured directly. The reaction time distribution in damped collisions
of '9Gd with '86W calculated at 460 MeV center-of-mass beam energy is shown in figure 3.
An interaction time of several units of 1072! s is quite enough for the kinetic energy to be
totally dissipated and a large amount of mass can be rearranged during this time. Due to
a strong nuclear viscosity, after contact the system creeps along the bottom of the driving
potential and the shell effects have to play a significant role in the process of mass transfer.

In figure 4 the potential energy is shown at a contact configuration depending on
mass asymmetry (mass transfer).
strongly depends on the deformations of touching fragments. However, even for rather large
deformations the shell effects are still quite visible. This was already recognized within an
early version of the two-center shell model [24]. In particular, the configuration of '*¥Ba+2%Pb
has much lower potential energy compared with the nearest ones due to the influence of the

neutron (N = 82 and N = 126) and proton (Z = 82) shells.

As can be seen from figure 1(b) the potential energy
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Figure 2. Typical trajectory shown evolution of the nuclear system formed in the collision of
160Gd+186W at 460 MeV center-of mass energy (zero impact parameter) in the space of ‘elongation—
deformation—mass asymmetry’.
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Figure 3. Reaction time distribution for the '°Gd+!3°W collisions at 460 MeV center-of mass
energy.

The mass distributions of the primary fragments in the '°°Gd+'3°W reaction calculated
with and without the shell corrections to the potential energy are shown in figure 5. Only the
events with energy loss higher than 15 MeV were taken into account to exclude the contribution
from the quasi-elastic scattering. As can be seen at near barrier collision energies, the shell
effects really play a very important role and may increase by two orders of magnitude the
yield of reaction products even for a transfer of 20 nucleons.

For more asymmetric combinations (such as Ca+Cm and so on) the shell effects, caused by
the magic nuclei located between the colliding partners (!*2Sn and 2°*Pb in the case of Ca+Cm
collision), reveal themselves as the quasi-fission process—an unusual mass distribution of
the fission-like fragments of compound nucleus (CN) with an increased yield of nuclei with
closed shells (see, for example, [35]). The process we discuss here is rather similar. However,
there are two important distinctions. First, CN is not formed at all in a collision of very
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Figure 4. Potential energy at contact configuration of different fragments formed from '%Gd and
186W. The deformation is fixed at 8 = 0.1 (upper curves) and B = 0.3 (lower curve). The dashed
curve shows the potential energy without shell corrections at 8 = 0.1.
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Figure 5. Primary fragment mass distribution in the ©°Gd+'8¢W reaction at 460 MeV center-of
mass energy calculated with (solid) and without (dashed histogram) shell corrections in potential
energy.

heavy nuclei. This is not a fusion—fission process, as in the case of Ca+Cm collision, but a DI
(damped) reaction. Second, the magic nuclei (Z = 50, N = 82) and (Z = 82, N = 126) are
located here from the outside of the colliding partners. Thus the shell effects drive to increase
the initial mass asymmetry—that is why we name this process ‘inverse (antisymmetrizing)
quasi-fission’.

This process is very interesting and it has not yet been studied experimentally. A choice
of the initial nuclear combination is very important here. Colliding partners should be rather
far from the closed shell nuclei and the initial energy should be rather low to prevent the shell
effects of smearing. If the shell effects for the mass transfer in low-energy damped collisions
of heavy ions will be found as high as we predict, then such reactions can be used also for the
production of SH nuclei [13, 14]. In collisions of transactinides (such as U+Cm, for example)
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Figure 6. (a) Total kinetic energy distribution of primary (thin) and final (thick histogram) products
of the '°Gd+'80W reaction at 460 MeV center-of mass energy. (b) Excitation energy of primary
fragments.

one of the fragments (donor) may decrease its mass slipping into the lead valley whereas the
other (acceptor) will increase its mass transforming into a SH nucleus. It is important that a
SH nucleus obtained in such a way will be more neutron rich than those obtained in complete
fusion reactions (just due to conservation of proton and neutron numbers). Reactions with
transactinides are rather difficult to be performed (though quite possible), whereas low-energy
damped collisions of intermediate mass nuclei (such as Gd+W and others) are less difficult
for experimental study. One may expect that the antisymmetrizing shell effect will be similar
in both cases.

The choice of a low beam energy (close to the Coulomb barrier) is important not only
to keep the shell corrections of smearing out but also to obtain heavy reaction fragments
with low excitation energy giving them a chance to survive in the de-excitation process with
evaporation of light particles in competition with fission. The total kinetic energy distribution
and the excitation energies of the primary fragments formed in the '°Gd+!8W reaction at
460 MeV center-of mass energy are shown in figure 6 (we assumed excitation energy sharing
proportional to the masses of reaction products). As can be seen, the excitation energy of
heavy fragments produced in this reaction is not higher than a few tens of MeV. Also there
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Figure 7. Final (thick) and primary (thin histogram) fragment mass distributions in the '0Gd+'8¢W
reaction at 460 MeV center-of mass energy.

are many events in which the heaviest fragments have low excitation energy in spite of about
20 transferred nucleons. For the considered reaction the heaviest fragments are located in the
lead region and have rather high fission barriers preventing them from fission. In collisions
of transactinide nuclei most of the produced SH elements will definitely undergo fission.
However, at excitation energies of a few tens of MeV there is still some chance for these nuclei
to survive due to the cooling process with evaporation of neutrons [13, 14].

Knowing the excitation energies and angular momenta of the primary fragments formed
in the reaction, we then used the statistical model for the analysis of the multi-step evaporation
cascade competing with fission. Only the evaporation of neutrons and protons was taken into
account and all the corresponding decay widths were calculated in accordance with [34]. The
analysis of this evaporation cascade needs the longest computation time and we tested only
10% events, which allowed us to obtain an appropriate estimation of the cross sections for the
formation of primary fragments up to the level of 0.1 mb.

The final fragment mass distribution for the '*°Gd+'3¢W reaction is shown in figure 7.
Rather low excitation energies (result of low bombarding energy) do not very much distort the
primary fragment mass distribution (except for the yield of very heavy nuclei). Pronounced
shoulders of the mass distribution in the regions of A; = 140 and A, = 200 clearly testify for
the strong influence of the shell effects in low-energy damped collisions of heavy ions.

Increasing the beam energy leads, in general, to an increase of the mass transfer cross
sections. At the same time the excitation energy of the primary fragments formed in binary
reaction channels also increases. This leads to a widening of the isotope distribution for a given
element and to a shift of this distribution to lighter masses due to a larger number of evaporated
neutrons. The calculated distributions of the lead isotopes produced in the 'Gd+!30W
reaction at two different beam energies are shown in figure 8.

In contrast to collisions of transactinide nuclei, an experimental study of the low-energy
160Gd+!86W reaction is not difficult to perform. The angular-mass distribution of the final
reaction fragments in the laboratory system is shown in figure 9. As can be seen, the
laboratory angles in the region of 80°-~100° may be chosen to detect the left (light) shoulder
of the mass distribution and to avoid detecting the products of quasi-elastic scattering. Note
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Figure 8. Yield of the lead isotopes in the '%0Gd+'8W reaction at 460 and 500 MeV center-of
mass incident energies. The dashed and solid curves show the yields of primary and final nuclei
(after neutron evaporation cascade), respectively.
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Figure 9. Laboratory-system angular-mass distribution of the final fragments formed in the
160Gd+!80W damped collisions. The landscape is drawn in logarithmic scale (see relative units
near the two contours). Only events with energy loss larger than 15 MeV are shown.

that other combinations of colliding nuclei (e.g., **Sm+!"20s with AA = 16 to reach 2%®Pb,
or ""°Er+70Yb with AA = 32) could also be interesting for experimental study.

4. Conclusion

We found that shell effects are playing a very important role in low-energy damped collisions
of heavy ions. At the beam energies close to the Coulomb barrier (to give a chance for colliding
nuclei to come into contact) in reactions with nuclei far from the closed shells the fragment
mass distribution should strongly deviate from a monotonous decrease with increasing mass
transfer. The yield of the reaction products in the regions of magic nuclei may be enhanced
by two orders of magnitude. Experimental observation of this effect is quite important! First,
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it would give us a better understanding of the low-energy dynamics of heavy nuclear systems
and clarify to what extend the shell effects influence the mass transfer in damped collisions of
heavy ions. Second, the experimentally measured enhancement factor in the yield of closed
shell nuclei might allow us to make more accurate predictions (and simple extrapolations) of
this effect for other nuclear combinations (which are more difficult for experimental study). If
experimental observations confirm our predictions, then the production of long-living neutron-
rich SH nuclei in collisions of transuranium ions will be really possible due to a large mass
and charge rearrangement in the inverse (anti-symmetrizing) quasi-fission process caused by
the Z = 82 and N = 126 nuclear shells.
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