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The role of momentum-dependent interactions (MDI) in the nu-
clear stopping at intermediate energies using an isospin-dependent
quantum molecular dynamics model is studied. The calculations
are performed for between 50
1000 MeV /nucleon. Our findings show that the nuclear stopping is
sensitive to the impact parameter, incident energy, and the mass of
the colliding system. The degree of stopping is suppressed by the
inclusion of MDI, whereas the particle production is not affected
by MDI.

incident  energies and

1. Introduction

The study of heavy ion collisions (HIC) at intermediate
energies has been of central interest due to the fact that
this gives us a possibility to understand the behavior of
hot and dense nuclear matter under the extreme condi-
tions of temperature, pressure, densities, and collective
effects appearing in such systems, differing from parti-
cle physics, where one studies the interactions between
the elementary particles [1-4]. The research in last few
years was focused mainly on the origin of fragmentation,
also known as multifragmentation [1,2], as well as on the
movement of particles along different directions, i.e., a
collective directed flow and an elliptic flow [5]. Huge
experimental data for the multifragmentation helps to
answer the fundamental questions like the origin of frag-
ments, mechanism behind the fragmentation, and the
role of dynamical correlations in their formation [6-9].
The nuclear stopping which is also related to
the above-listed various mechanisms happening at
intermediate-energy HIC. It is the transformation of nu-
clear matter from a fused state to the total disassembly
and vaporization. The complete destruction of nuclear
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matter is termed as the global stopping. The nuclear
stopping can be divided into zones of full stopping, par-
tial one, and the transparency of the colliding pair. A
full stopping means the whole of the projectile nucle-
ons are stopped by target nucleons and vice versa. The
partial stopping means that some of the nucleons are
stopped, while the rest of the nucleons are allowed to
cross. Lastly, the transparency of nucleons denotes the
crossing of whole of the projectile nucleons toward the
target and vice versa. The amount of nuclear stopping
determines parameters, such as the energy and the vol-
ume of the interaction region, which govern the reaction
dynamics and the extent, to which conditions might be
favorable for the formation of a highly dense, de-confined
phase matter. At intermediate energies, the mixture
of the attractive mean field and the repulsive nucleon-
nucleon scattering makes this process much more com-
plicated. The degree of stopping also depends on the
incident energy, mass of colliding nuclei, and geometry
of the system. Here, we consider few quantities capable
of estimating the degree of global stopping. We also try
to correlate it with the production of light charged par-
ticles originating from the participant hot dense zone.
One has tried to correlate the light charged particles
(LCPs) with nuclear stopping parameters in HIC using
the quantum molecular dynamics (QMD) and isospin-
dependent quantum molecular dynamics (IQMD) mod-
els. In nucleus-nucleus collisions, the stopping can be
seen as a shift of the rapidity distribution of the inci-
dent nucleons toward the mid-rapidity region. Thus,
the shape of rapidity distributions provides a key infor-
mation in terms of the nuclear stopping power. Bauer
et al. pointed out that, in intermediate-energy HIC,
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the nuclear stopping is determined by both the mean
field and the in-medium nucleon-nucleon cross-section
[9]. They, however, neglected the symmetry potential
in their calculations. Later, Bass, Yennello, Johnston,
and co-workers suggested that the degree of approaching
the isospin equilibration provides a means to probe the
mechanism and the power of nuclear stopping in heavy-
ion collisions [10].

At the same time, it is seen that the momentum-
dependent interactions (MDI) play a very important role
in determining the nuclear dynamics [10]. It is an im-
portant feature for the fundamental understanding of the
nuclear matter properties over a wide range of densities
and temperatures. The initial attempts with MDI have
showed a drastic effect on the collective flow, as well as
the particle production (i.e., it results in a large num-
ber of fragments at peripheral collisions) [11, 12]. The
effect of MDI is strongest during the initial phase of the
reaction. The particles propagating with MDI are accel-
erated in the transverse direction during the early phase
of the reaction. As a result, fewer collisions take place,
and the transverse flow increases considerably. Our main
motive is to study the nuclear stopping by taking the mo-
mentum dependence of the reaction into account. The
present work is done within the IQMD model described
in the next section.

2. The Model

The IQMD [13] model treats different charge states
of nucleons, deltas, and pions explicitly, as inherited
from the Vlasov—Uehling—Uhlenbeck (VUU) model. The
IQMD model has been used successfully in analyzing the
large number of observables from low to relativistic en-
ergies. The isospin degree of freedom enters into the cal-
culations via both cross sections and the mean field. In
this model, baryons are represented by Gaussian-shaped
density distributions

1 —(r—r; (t))? —(p—m(z)t))z-?L

filryp, t) = We 2L e n . (1)

Nucleons are initialized in a sphere with the radius
R = 1.12AY3 fm, in accordance with the liquid drop
model. Each nucleon occupies a volume of /2, so that the
phase space is uniformly filled. The initial momenta are
randomly chosen between 0 and the Fermi momentum
pr. The nucleons of the target and the projectile interact
via two- and three-body Skyrme forces and the Yukawa
potential. The isospin degrees of freedom are treated ex-
plicitly by employing a symmetry potential and explicit
Coulomb forces between protons of the colliding target
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and the projectile. This helps in achieving the correct
distribution of protons and neutrons in a nucleus. The
hadrons propagate by the Hamilton equations of motion:

dr, d(H) dp,  d(H) o)
dt - dpz ’ dt B dI‘i
where (H) = (T') + (V) is the Hamiltonian
2
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In the above relation, the baryon-baryon potential V%
reads
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Here, 4 = 1.5 fm, t3 = —6.66 MeV, t4, = 100 MeV. The
values of t; and t5 depend on the values of «, 3, and
[1]. Here, Z; and Z; denote the charges of the i*® and
j*® baryon, and T%, Tg are their respective T3 compo-
nents (i.e., 1/2 for protons and —1/2 for neutrons). The
parameters p and t1, ..., ts are adjusted to the real part
of the nucleonic optical potential.

3. Results and Discussions

Nuclear stopping in HIC has been studied with the help
of different variables. A direct measure of nuclear stop-
ping is the rapidity distribution defined as [14]

1 E@) )
YO = B =) ®)

where F(i) and p,(i) are respectively, the energy and
the longitudinal momentum of the i*" particle. For a
complete stopping, one expects a single peaked Gaus-
sian. Obviously, a narrow Gaussian indicates the better

thermalization (equilibrium) compared to broader ones.
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Another quantity used in the literature [14] is the
anisotropy ratio (R) defined as

2 e ]
R SHPTONE

where the summation runs over all nucleons. The trans-
verse p, (i) and longitudnal pj (i) momenta read, respec-

\/P2(i) + pi(i) and p,(i). Naturally, for the

complete stopping, R should be close to 1. Some studies
use the quadrupole moment @,, to analyze the stop-
ping and the thermalization. Quadrupole moment @,
is defined as

%

(6)

tively, as

Naturally, for the complete stopping, Q.. should be close
to zero.

In the present analysis, thousands of events were sim-
ulated for the neutron-rich reaction of 54Xe131 +54 Xelgl,
at incident energies between 50 and 1000 MeV /nucleon
using the hard momentum dependent equation of state
(HMDE) and Egym = 32 MeV. In Fig. 1, we display the
final phase space of a single event of saXel3 45, Xel3t at
an incident energy of 400 MeV /nucleon for hard momen-
tum dependent interactions (HMD). The top, middle,
and bottom panels are at b= 0, 0.3, and 0.6, respectively.
Here, we display the phase space of free nucleons [A = 1],
light charged particles (LCPs) [(2 < A < 4)], and inter-
mediate mass fragments (IMFs) [(5 < A < A;0/6)]. It is
clear from the figure that the complete spherical distri-
bution of particles is obtained at central collisions indi-
cating the spreading of nucleons in all directions, which
implies that the breaking of the initial correlation is max-
imal in this region. As a result, the randomization in-
creases, and the stopping in the hot compressed nuclear
matter occurs. However, the MDI have a sizable effect
on the charged particle multiplicity.

It is found that, in comparison to the simple static
equation of state, the MDI lead to a large number of
fragments at peripheral collisions, whereas it yields fewer
fragments in central collisions [7]. Since the free parti-
cles and LCPs originate from the mid-rapidity region,
they are better suited for studying the degree of stop-
ping reached in HIC, whereas the IMFs originated from
the target or projectile region are treated as the residue
of the spectator matter [10,16,17].

Figure 2 displays the rapidity distribution dN/dY for
the emission of free nucleons, as well as LCPs and IMFs.
The rapidity distribution gives a large value with MDI.
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Fig. 1. Final phase space of a single event for the reaction of
54Xe3! 454 Xel3! with a symmetry energy of 32 MeV. The top
(a), middle (b), and bottom (c) panels are, respectively, for the
scaled impact parameter b= 0, 0.3, and 0.6. Different symbols are
used for free nucleons, LCPs, and IMFs

The most striking point is that the rapidity is less af-
fected in the central collisions, whereas it leads to en-
tirely different results at peripheral collisions. This is
due to fact that, in central collisions, the nucleonic col-
lisions dominate the reaction, whereas the mean field
governs the reactions in peripheral collisions. It is clear
from the figure that free particles and LCPs emitted
in the central collisions form a single narrow Gaussian
shape, whereas IMFs have a broader Gaussian indicating
the less thermalization. The single Gaussian distribution
splits into two Gaussians (at target and projectile rapidi-
ties), as we shift toward peripheral collisions, indicating
the correlated matter.

From the shape of the Gaussian, one sees that free
particles and LCPs are better indicators of the thermal-
ization [15]. At peripheral collisions, the spectator zone
increases, and the participant zone becomes very small.
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Fig. 2. Rapidity distribution dN/dY as a function of the reduced
rapidity for free nucleons (a), LCPs (b), and IMFs (c) at differ-
ent impact parameters, with symmetry energy. The reaction un-
der study is 54Xel31 454 Xel3! at the incident energy F = 400
MeV /nucleon
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Fig. 3. Anisotropic ratio R (a) and the quadrupole moment Q..
(b) as functions of the beam energy using HMDE

Most matter goes without any collision, and, hence, the
rapidity of IMFs increases considerably.

In Fig. 3, we display the variation of the stopping
parameters and the multiplicity of fragments with re-
spect to the incident energy with hard momentum de-
pendent equation of state. One can easily observe that
the stopping decreases with increase in the incident en-
ergy. This is due to the increase in the transparency of

292

—————7—— 0.04
0.90 | FE=50 MeV/nucleon
- 003
0.75 " 10.02
- oot
0.60 d (a-ll) i
1.2 | 0.00
NV_|
0.8 02
>
0.4 >
. (b-ii) 190 2
0.0 1 . f . f . —~
121 | FE=600 MeV/nucleon 0.6 g
' )
0.8 g
3
0.4 N
o
0.0 | . | Nal?
1.2
0.8
L 1 b
04 N |
0.0 (d-) | | ‘
0.0 03 0.6 0.0 0.3 0.6 0.9

scaled impact parameter (5 )

Fig. 4. Anisotropic ratio R () and Q- /nucleon (i) as functions of
the scaled impact parameter with symmetry energy and MDI. The
results obtained with HMDE and hard equation of state (HE), re-
spectively, are represented by solid and dashed lines at the energies
50 (a), 400 (b), 600 (c), and 1000 MeV /nucleon (d)

colliding nuclei. At higher energies, the number of colli-
sions decreases; therefore, R approaches zero. At higher
incident energies, the z component of the momentum
becomes stronger compared to the z and y components,
and, hence, the value of @, also increases. The impact
parameter dependence of the global variables (R and
Q. /nucleon) has been displayed in Fig. 4. One can see
that R and Q). /nucleon behave in opposite fashions. For
R > 1 and Q../nucleon < 0, this can be explained by
the preponderance of the momentum flow perpendicu-
larly to the beam direction [16]. As the energy increases,
P, becomes stronger, than P, and P,.

So, the net value of R decreases, indicating a less
stopping. Whereas, with increase in the energy, the
violence of N — N collisions also increases. The max-
imum stopping is observed around 400 MeV /nucleon,
which is in supportive nature with the findings of Reis-
dorf et al. [17]. In their work, they measured the nu-
clear stopping for the energy range from 0.09 to 1.93
GeV /nucleon, and the maximal stopping was observed
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Fig. 5. Impact parameter dependence of the multiplicity of free
particles and LCPs at energies equal to 50 (a), 400 (b), 600 (c), and
1000 MeV /nucleon (d), respectively, with (solid line) and without
momentum dependence (dotted line)

around 400 MeV /nucleon. At a certain energy, when the
reaction reaches a maximal stopping, the composite mat-
ter reaches a stage of the least transparency, and, thus,
most of the particles are preferentially out of the plane.
The effect of momentum dependent interactions is also
visible in the nuclear stopping at lower incident energies,
which decreases with the incident energy. At the high
incident energy (1000 MeV /nucleon), the anisotropic ra-
tio R is independent of the equation of state (EOS).
At low values of incident energy (50 MeV /nucleon), the
anisotropic ratio with HMDE is less compared to that
with the simple static EOS. This indicates that MDI sup-
press the nuclear stopping [10]. In Fig. 5, we display the
impact parameter dependence of the multiplicity of free
nucleons and LCPs at 200 fm/c. The behavior of all the
curves is in analogy with the nuclear stopping parame-
ters R and 1/(Q../nucleon), as discussed in Fig. 4. We
see that the multiplicity of free nucleons decreases with
increase in the impact parameter due to a decrease in the
participant region. As a result, LCPs also decrease with
increase in the impact parameter. The effect of MDI de-
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Fig. 6. Impact parameter dependence of R (a), 1/(Q-/nucl.) (b),
free nucleons (¢), and LCPs (d) with hard (HMD) and soft (SMD)
equations of state with a symmetry energy of 32 MeV

creases with increase in the incident energy. Looking at
the behavior of LCPs, one can say that the production
of LCPs can act as an indicator of nuclear stopping.

In Fig. 6, we check the sensitivity of the nuclear
stopping, as well as the multiplicity of free particles
and LCPs for two different nuclear equations of states
with MDI. For this purpose, the hard and soft mo-
mentum dependent equations of state with the com-
pressibility K = 380 and 200 MeV are employed, re-
spectively. As we know, the repulsive interactions are
stronger with HMDE compared to SMDE at higher en-
ergies. Since the participant zone is more at lower
impact parameters, one can clearly see a more stop-
ping in the presence of HMDE. This difference keeps
on decreasing, as we move from central to peripheral
collisions. The production of LCPs and free parti-
cles follows the same trend as the stopping parame-
ter R. This simply implies that the fragment produc-
tion can act as a global indicator for the nuclear stop-
ping.

Now we investigate the effect of isospin on the nu-
clear stopping. The results are displayed in Fig. 7
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Fig. 7. N/Z dependence of R (a), 1/(Qz=/nucl.) (b), free particles
(¢), and LCPs (d) in the presence of symmetry energy with HMDE
and HE

for the reactions of 99Ca®*+499Ca%* (N/Z = 0.7),
20Cat0+4,Cal (N/Z = 1), 20Ca*®450Calt® (N/Z =
1.4), 20Ca®"+40Ca’" (N/Z = 1.85) having the same Z
and different A in the presence of a symmetry energy of
32 MeV and the isospin-dependent cross-section. With
increase in the N/Z ratio, the number of neutrons in-
creases, and, hence, the number of collisions increases.
This, in turn, increases the stopping parameters (R and
1/Q..). From the above displayed results, one may con-
clude that the nuclear stopping and LCPs can also be
used as a tool to investigate the stopping nature of nu-
cleons in the presence of MDI.

At last, the comparison of theoretical results with
INDRA experimental data [18] is made for the reactions
of Au+Au and Ni+Ni. These simulations are carried
out at b = 0.3 with a soft momentum-dependent equa-
tion of state (SMDE) at different energies. Our results
show the overestimation of the results compared to data,
because we do not have access to filters. Moreover, the
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Fig. 8. Comparison of the theoretical results with experimental
data for Au+Au and Ni+Ni at different beam energies

trend of the results is similar to experimental observa-
tions.

4. Summary

We studied the nuclear stopping with the momentum-
dependent interaction in heavy ion collisions. The anal-
ysis of the phase space, rapidity distribution, dependence
of the incident energy, impact parameter, mass, and
N/Z shows different pictures and sensitivities toward the
stopping of nuclear matter in heavy ion collisions. The
nuclear stopping increases with the number of neutrons,
and it decreases with increase in the incident energy and
the impact parameter. In nutshell, we can say that the
momentum-dependent interactions suppress the nuclear

stopping.
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BILJINB B3AEMO/III, 3AJIEYKHUX BLI IMIIYJILCY,
HA TAJIBMYBAHHS SIJIEP Y CUMETPUYHUX
BITKHEHHSIX BAYKKIX IOHIB

M. Kayp, C. Kymap
Pezowme

Busueno posb B3aemogiit, 3anexkuux Big immynascy (B3I), y rans-
MyBaHHI fAep IIPU CePEeSHIX eHepriax y paMKaX 130CHiH-3aJIe2KHO1L
MOZIesIl KBAHTOBOI MOJIEKYJISIpHOT Junamiku. O6uncIeHHsl BUKOHA~
HO 77151 eHepril HaJsiTatounx actuHok Big 50 1o 1000 MeB /Hykii0H.
Pesynbraru 1nokasyoTb, 10 TaJIbMyBaHHS siJiep YyTJIHBE JI0 Be-
JIMYUHY [IPUILIJIBHOIO I1apaMeTpa, eHepril HaJiTa4dol YacTUHKHU i
MacH 3imToBXyBaJbHEX JacTUHOK. B3I 3MenmIyoTs cTymins raan-
MyBaHHs, ajle He BIUIMBAIOTh Ha HAPOJKEHHS YACTHUHOK.
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