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Abstract. This paper deals with heavy-ion peripheral reactions in the Fermi energy region for the production
of neutron-rich isotopes. Experimental data of projectile fragments from the reactions of an “°Ar beam at 15
MeV/nucleon with %Ni and 3Ni targets, collected with the MARS spectrometer at the Cyclotron Institute of
Texas A&M University, are considered. Momentum distributions, which provide valuable information on the
reaction mechanisms, are extracted and compared with two types of calculations: These are, the Deep Inelastic
Transfer (DIT) model and the microscopic Constrained Molecular Dynamics model (CoMD). For the latter, the
parameters of the original code were systematically varied in order to achieve an overall satisfactory description

of the experimental data. Our results will be discussed.

1 Introduction

The production of neutron-rich isotopes and the path to-
ward the neutron drip line are main subjects for modern
nuclear physics research [1-3]. Nuclei far from the beta
stability line can provide valuable information on the rapid
neutron capture process (r-process), responsible for half
of the abundance of heavier than iron nuclei in the uni-
verse [4, 5]. Therefore it is essential to explore the reac-
tion mechanisms that produce neutron-rich isotopes. The
standard routes to generate neutron-rich nuclides are spal-
lation, fission and projectile fragmentation. Another op-
tion leading to products with high neutron excess is for
the projectile to capture neutrons from the target [2]. This
can take place in multinucleon transfer reactions at ener-
gies from the Coulomb barrier to the Fermi energy. In our
recent work, we studied reactions below the Fermi energy,
since this region combines the advantages of both low- and
high-energy reactions. Specifically, the interaction of the
projectile with the target leads to fragments with enhanced
N/Z ratio, having also high velocities, allowing efficient
in-flight collection and separation [6-8].

The present work deals with the distributions of
projectile-like fragments from the reaction of an *’Ar
beam with ®*Ni and 3 Ni targets at 15 MeV/nucleon. The
experimental data are compared with calculations employ-
ing the DIT and the CoMD models followed by GEMINI.
Mass and momentum distributions are presented. In sec-
tion 2, we present an overview of the experimental ap-
proach and the data collection. In section 3, we give a
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brief description of the theoretical models. In section 4,
we describe the results of our calculations, followed by
our conclusions in section 5.

2 Experimental Set-up and Data

The experimental data on neutron rich nuclide production
presented in this work were obtained at the Cyclotron In-
stitute of Texas A&M University and are presented in de-
tail in [9, 10]. In this work we give a brief description
of the experimental set-up. An 4O0Ar%* (15 MeV/nucleon)
beam, accelerated by the K500 Cyclotron, interacted with
%Ni and **Ni targets with thickness of 2 mg/cm?. The
MARS recoil separator was used to collect and identify the
projectile fragments. The “°Ar beam was sent to the pri-
mary target location of MARS with a 4° angle with respect
to the optical axis of the separator and the projectile frag-
ments were collected in the polar angular range of 2.2°-
5.5% covering a solid angle of AQ=4 msr. The fragments,
after the interaction with the target, traversed a parallel-
plate avalanche counter (PPAC), which provided informa-
tion for the position and the magnetic rigidity, as well
as the START-time, and they were focused at the end of
the separator passing through a second PPAC (for image-
size information and STOP-time) and were collected in a
AE—E Si detector telescope. To identify the fragments and
obtain their atomic number Z, mass number A, velocity
and ionic charge, standard techniques of magnetic rigidity,
energy-loss, residual energy and time-of-flight were used
on an event-by-event basis [8]. Data were obtained in a
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series of successive magnetic rigidity settings of the spec-
trometer in the range of 1.1-1.5 Tm. We note that this
magnetic rigidity range did not fully cover the neutron de-
ficient side of the product distribution which extends down
to 0.8 Tm according to our calculations [10]. The proton-
rich isotopes with incomplete magnetic rigidity coverage
are to the left of the thin solid lines in Fig. 2 and 4.

In fig. 1, we present the experimental data for the mo-
mentum distributions for the reaction “°Ar with % Ni and
38Ni targets at 15 MeV/nucleon that were extracted as part
of this work employing the original data [10]. We note that
the horizontal axis of the momentum distributions gives
momentum per nucleon, which essentially represents ve-
locity. The resolution of the measured P/A was 0.3%. The
vertical axis gives the measured differential cross sections
with respect to momentum per nucleon, P/A, obtained in
the solid angle window of AQ = 4 msr at a reaction angle
of 4° as measured with the MARS separator. Each panel
represents a different reaction channel. The distributions
consist of two peaks, the narrow quasi-elastic peak that
corresponds to direct reactions and a wide deep inelastic
peak coming from more dissipative collisions.

From the comparison of the momentum distributions for
the reactions with the two targets ®*Ni and **Ni, we ob-
serve, as expected, lower cross sections for 38N, which
has a lower N/Z ratio.

We performed binary kinematics calculations and obtained
the total excitation energy of the quasi-projectile + quasi-
target system. These calculations assume no nucleon evap-
oration. These excitation energies are reported on some
of the peaks of the experimental momentum distributions
and help us appreciate the degree of dissipation that is in-
volved. We note that the experimental mass distributions
have been obtained and presented in our previous work
[10].

3 Description of the Theoretical Models

The theoretical models used to describe the dynamical
stage of the collisions were the Deep Inelastic Transfer
model (DIT) and the Constrained Molecular Dynamics
model (CoMD). Both models follow a Monte-Carlo ap-
proach.

The DIT model [11] is a phenomenological model used
to describe peripheral collisions. This models considers a
di-nuclear configuration of the system allowing stochastic
exchange of nucleons, through a "window" that opens in
the potential.

We have also used the microscopic model CoMD [12, 13].
This model follows the approach of quantum molecular
dynamics [13]. The nucleons are described as Gaussian
wavepackets interacting with a Skyrme-type effective in-
teraction with nuclear matter compressibility K=254. The
fermionic nature of the system is imposed by a phase-
space constraint that enforces the Pauli principle at each
time step of the system’s evolution. The requirement for
the phase space occupation f; is:

i<1 ey
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where s; and 7; are the z component of the spin and isospin
of nucleon i, respectively . The integration is performed in
a hypercube of volume /* in phase space centered around
the point ({(r;),{(p;)), in the r and p space, respectively.
Within the Gaussian wavepacket representation, it is found
necessary to empirically scale the occupation fraction f;
as:
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paulm
employing a mass-dependent Pauli constraint parameter,
paulm, with the value 94 for the mass range of interest
to this work. For each particle i and for each time step,
the phase space occupation f; is checked. If the value is
greater than 1, an ensemble K; of nearest particles within
distances 30, and 30, is determined. Then, for the par-
ticles in the ensemble, the momenta are changed in a way
that the total momentum is conserved. The ensemble is
accepted only if it reduces the value of f;. In the present
work, the Pauli constraint was enforced further in our cal-
culations, by lowering the value of the parameter paulm
from 94 to 87, as will be presented in section 4.

The system is allowed to evolve for time t=600 fm/c (2
zs). The ground state configurations of the nuclei were ob-
tained with a simulated annealing approach. After the an-
nealing, the possible configurations evolve with the model
equations of motion and they are accepted if stability is
achieved for a time interval of 1000 fm/c. Each configu-
ration, representing initial phase space coordinates of the
nucleons, is characterized by a set of model parameters as
K, po, the Pauli constraint parameter (paulm) and a set of
parameters averaged for each configuration ("achieved pa-
rameters"): the binding energy per nucleon BE /A, the root
mean squared radius (R,,;), the average paulm and the av-
erage density p. In the calculations presented in this work,
configurations with optimized parameters were employed.
In table 1, we present the values of the parameters for OAF
and ®Ni. In all calculations presented in this work, the

value of the surface parameter was set at Cy,, = —1 [12—
14].
ZEMeV) | o, | paulm | po(fm™)
OAr 8.68 1.30 94 0.165
O4N;i 8.75 130 | 94 0.165

Table 1. Parameters of optimized configurations for “°Ar and
%Ni with K = 254 MeV.

We note that the experimental values of the binding en-
ergy per nucleon of the projectile and target are 8.60 MeV
and 8.78 MeV, respectively, very close to the achieved val-
ues as reported in table 1.

The de-excitation of the hot projectile-like fragments
produced in the dynamical stage was realized by the
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Figure 1. (Color online) Experimental momentum distributions of projectile fragments from the reaction “’Ar (15 MeV/nucleon) with
%4Ni, *®Ni. Black points show the data for the reaction with ®*Ni target and red points the reaction with >Ni target.

binary-decay code GEMINI. This statistical de-excitation
code [16] uses Monte Carlo techniques and the Hauser-
Feshbach formalism to calculate the probabilities for frag-
ment emission with Z < 2. Heavier fragment emission
probabilities are calculated via a transition state formal-
ism. Within this model, the final partition of products is
generated by a succession of fragment emission in binary
decays.

4 Calculations and Comparisons

In this section, we present comparisons of DIT and CoMD
calculations with the experimental data. Furthermore, we
analyze the effect of some parameters of the CoMD model
on the calculations. We chose to focus on a systematic
attempt to describe the experimental data with the CoMD
model due to its many-body approach, which contains
no assumptions on the dynamics, and therefore, provides
a microscopically-based description of the process. We
present calculations only for the reaction of “°Ar with
the neutron-rich target *Ni, since our goal is to study
the production of neutron-rich isotopes. We note that the
results with the ¥Ni target have similar characteristics as
those presented here for the **Ni target.

4.1 Comparison of the models

For the DIT calculations, after extensive tests and follow-
ing our previous experience, we scaled the excitation en-
ergy of the primary quasi-projectiles to 75% of the orig-
inal value produced by DIT. For the CoMD calculation
we chose to run with the optimized configurations and en-
hanced Pauli constrained (paulm=87). The effect of the
Pauli constraint will be discussed below.

In fig. 2, we present the mass distributions for the
reaction “°Ar (15 MeV/nucleon) with ®*Ni. The exper-
imental data [10] are shown with the full black points.
The region of isotopes to the left of the thin solid lines
corresponds to incomplete data coverage as explained
in section 2. The vertical dashed green line shows the
beginning of neutron pick-up. Each panel represents a
specific element. The DIT calculation is shown with
the dashed red line and the CoMD calculation with the
full green line. By comparing the two calculations, we
observe that the DIT model describes reasonably well the
neutron rich part of the yield, especially the tails. The
CoMD code achieves a rather detailed description of the
distributions, however slightly overestimating the n-rich
tails.

Regarding the momentum distributions, before comparing
the calculations to the experimental data, we had to
filter the theoretical distributions for the angular and the
momentum acceptance of the experimental setup. We
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Figure 2. (Color online) Mass distributions of projectile fragments from the reaction of “°Ar (15 MeV/nucleon) with *Ni. The
experimental data are shown by solid black points. The DIT calculation (0.75E*) is shown with the dashed red line and the CoMD
calculation (optimum configuration, enhanced Pauli constraint) with the full green line. The region of isotopes to the left of the thin
solid lines corresponds to incomplete data coverage. The vertical dashed green line shows the beginning of neutron pick-up.
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Figure 3. (Color online) Momentum distributions of projectile fragments from the reaction of “°Ar (15 MeV/nucleon) with ®Ni. The
experimental data are shown by solid black points. The DIT calculation (0.75E*) is shown with the dashed red line and the CoMD
calculation (optimum configuration, enhanced Pauli constraint) with the full green line.

found that this filtering process required the application
of a scaling factor of ~1/20 to the unfiltered calculations,
in order to reproduced the experimental acceptance. (The
above factor corresponds to the combination of 1/3 and
1/7, respectively, for the polar and azimuthal angular
acceptance of the spectrometer.) For the momentum

distributions, shown in Fig. 3, the DIT calculations
result in low cross sections especially for the proton
removal products. The CoMD calculations lead to higher
cross sections and wider distributions with respect to
the experimental data. It appears that while both models
provide a rather reasonable description of the mass distri-
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Figure 4. (Color online) Mass distributions of projectile fragments from the reaction of “°Ar (15 MeV/nucleon) with *Ni. The
experimental data are shown by solid black points. The standard CoMD calculation is shown with the dashed purple line and the
calculation with enhanced Pauli constraint with the full green line. The region of isotopes to the left of the thin solid lines corresponds
to incomplete data coverage. The vertical dashed green line shows the beginning of neutron pick-up.
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Figure 5. (Color online) Momentum distributions of projectile fragments from the reaction of “°Ar (15 MeV/nucleon) with ®Ni. The
experimental data are shown by solid black points. The standard CoMD calculation is shown with the dashed purple line and the

calculation with enhanced Pauli constraint with the full green line.

butions, the CoMD model does a better job in describing
the experimental momentum distributions in the whole
isotope range. Of course, further improvements and tests
are necessary.

4.2 Optimization of the CoMD calculations

As already mentioned, in this work we tried to optimize
the parametrization of the effective nucleon-nucleon inter-
action in the CoMD model. The first step was the gener-
ation and use of optimized configurations that were dis-
cussed in section 3. We applied a more strict enforce-
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ment of the Pauli principle by enhancing the Pauli con-
straint, setting paulm=87, a value lower than the standard
value paulm=94 for this mass range (see also table 1). In
fig. 4 and 5, we present the effect of this enhancement in
the mass and momentum distributions compared with the
standard Pauli constraint. With the black points we present
the experimental data, with the dashed purple line the stan-
dard calculation and with the full green line the calculation
with the enhanced Pauli constraint.

The use of enhanced Pauli constraint in the calcula-
tions resulted in a rather significant overall improvement.
Specifically, for the description of the yields, fig. 4, the
calculation with the lower value describes some points of
the distribution missed by the calculation with the stan-
dard value. For the momentum distributions, fig. 5, we
observe better agreement with the data, with higher cross
sections for the proton removal products and lower cross
sections for the neutron pick-up products. A significant
effect on the momentum distributions, is the difference of
the width of the peaks, especially in proton removal chan-
nels. The calculations with the enhanced Pauli constraint
produce narrower peaks, closer to the experimental quasi-
elastic peak, compared to the standard calculations. This
effect is stronger in the one-proton removal channel. We
think that the present calculation with the enhanced Pauli
constraint is the best that we have achieved in the context
of a systematic variation of CoMD parameters to describe
the yields and the momentum distributions of the projec-
tile fragments from the studied reaction.

5 Summary and Conclusions

In continuation of our previous work on the production
of neutron-rich nuclides in peripheral collisions below the
fermi energy, we studied projectile-like fragments from
the reaction an *°Ar beam with ®Ni, 3Ni targets at 15
MeV/nucleon. In this work we obtained and presented
the experimental momentum distributions of the ejectiles.
Subsequently, we compared both the mass and momen-
tum distributions of projectile fragments from the reac-
tion “*Ar+%*Ni with calculations employing the theoreti-
cal models DIT and CoMD followed by the deexcitation
code GEMINI.

We tried to optimize the parameters of the CoMD
model to improve its ability to describe the experimen-
tal mass and momentum distributions. We found that
the characteristics of the initial configurations used in the
CoMD (most importantly, the saturation density and bind-
ing energy) are crucial for the outcome of the CoMD cal-
culations. However, within this work, we found that a sig-
nificant effect comes from an additional enforcement of
the Pauli principle. Further exploration and possible im-
provements of the CoMD model are in line in order to suf-

ficiently describe peripheral reactions with medium-mass
heavy ions that lead to neutron-rich products.
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