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We study the behavior of the geometry of vanishing flow (GVF) and its system size dependence
at different incident energies. We find that the geometry of vanishing flow is sensitive to the incident
energy. We also study the role of isospin degree of freedom through Coulomb potential, symmetry
energy and nucleon—nucleon cross sections. Our study reveals that isospin degree of freedom through
nucleon—nucleon cross section plays a dominant role compared to Coulomb potential and symmetry
energy.

I/I3yLI €TCA MOBEACHUE N'€OMETPUU UCYE3 IOLIETO IMOTOK U €ro BEJIMYUHBI IIPU P 3JIMYHBIX H Y JIBHBIX
QHEPrusiax. YCT HOBIEH 3H YHTEIbH 9 3 BUCUMOCTD TE€OMETPUU HUCYE3 IIIECro IMmOoToK OT H 4 JIbBHOU
OHEPIruu. T xxe HUCCIIEeNYETCs pOJib U30CIIMHOBBIX cTeneHen CBO6OI[I>I C NIOMOLIBIO YYET KYJIOHOBCKOI'O
IMOTEHUU JI , DHEPTUU CUMMETPUU U CEUEHUM B3 MUMOJEUCTBUS HYKJIOHOB. ITok 3 HO, YTO HU30CIIMHOBBLIC
CTETICHU CBOGOHBI, Y4YTE€HHBIE C ITOMOLIBIO CEYEHUS B3 UMOJIEUCTBUS HYKJIOHOB, UI'D IOT BEAYILLYIO POJIb
I10 Cp BHEHHUIO C U30CIIMHOBBIMH SquDCKT MU H3-3 H JIMYHUA KYJTOHOBCKOI'O IMOTEHIU JI U YYE€T OHEPrun
CUMMETPUU.

PACS: 25.70.Pq

INTRODUCTION

The collective transverse flow is among the most fundamental observables that has a direct
impact on the understanding of medium effects and evolution of a reaction. The collective
transverse flow has been reported to be sensitive to the entrance channel parameters such as
incident energy of the projectile [1], colliding geometry [2] as well as to the mass of the
reacting nuclei [3]. As noted by many authors, energy dependence of the transverse flow led
to its disappearance at a particular incident energy labelled as the energy of vanishing flow
(EVF) [4]. At EVF, attractive mean field potential balances the repulsive nucleon—nucleon
scattering resulting in net disappearance of the flow. The EVF has been found to be sensitive
to the mass of the colliding nuclei [5,6]. The colliding geometry, on the other hand, also plays
a significant role in the collective flow and its disappearance as well as in various heavy-
ion phenomena like multifragmentation, stopping, etc. [7]. As one moves away from the
perfectly central collisions, the transverse flow first increases, reaching a maximum at semi-
central collisions, then decreases and finally becomes negative at peripheral collisions. This
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trend can be understood based on the binary collisions. The value of the impact parameter
where the collective flow switches from the positive to negative value has been termed as the
geometry of vanishing flow (GVF) [8]. At the same time, with the upcoming and existing
radioactive ion beam (RIB) facilities around the world [9], isospin physics has been studied
extensively during last one decade. The detailed investigations revealed that the isospin
effects noted in the collective flow and EVF are due to the competition between the Coulomb
potential, symmetry energy and nucleon—nucleon cross section [10]. Though good amount of
work has been reported on the isospin effect in transverse momentum and its EVF, no study
is available that investigates the isospin effects on GVF.

We, therefore, aim to find out the role of isospin degree of freedom in the GVF. This
study is carried out within the framework of isospin-dependent quantum molecular dynamics
(IQMD) model [7,11] which is described briefly below.

1. THE MODEL

The IQMD 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 for the analysis of a large number of observables from low to relativistic
energies. The isospin degree of freedom enters into the calculations via symmetry potential,
cross sections and Coulomb interaction.

In this model, baryons are represented by Gaussian-shaped density distributions

Frp ) = o (<o noPgg Jow (popePi). @)

The nucleons of the target and projectile interact by two- and three-body Skyrme forces,
Yukawa potential and Coulomb interactions. In addition, a symmetry potential between
protons and neutrons corresponding to the Bethe—Weizsicker mass formula has also been
included. The hadrons propagate using the Hamilton equations of motion:
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The baryon potential V¥, in the above relation, reads as
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Here t4 = 4C and C' = 32 MeV, Z; and Z; denote the charges of ith and jth baryon, and 73;
and T3; are their respective T3 components (i.e., 1/2 for protons and —1/2 for neutrons).
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2. RESULTS AND DISCUSSIONS

For the present study, we simulated several thousand events of the symmetric reactions
0Ca 4+ 40Ca, 58Ni+ %8Ni, 93Nb + 93Nb, 118Sn + 118Sn and 31Xe 4 131Xe at incident ener-
gies between 40 and 150 MeV/nucleon. We used a soft equation of state along with standard
energy and isospin-dependent nucleon—nucleon cross section. As noted in [11], the cross
section for the neutron—proton scattering is three times larger compared to neutron—neutron
or proton—proton cross section (labeled as ois,). The reactions are followed till the transverse
flow saturates.

The «directed transverse momentum (pii*)» used in the calculations reads as [12]

A
") = 5 > sien (u()} (1), ©

where y(i) and p, (i) are, respectively, the rapidity and momentum of the ith particle.

In Fig.1, we display the impact parameter dependence of (pdir) at 150 (panel a),
100 (panel b) and 40 (panel ¢) MeV/nucleon for different colliding systems. From the
figure, we see that at 100 and 150 MeV/nucleon, (pdi*) rises as we move away from the
central collisions. After reaching a maximum at semi-central geometries, it decreases and fi-
nally becomes negative at peripheral collisions due to the absence of binary nucleon—nucleon
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Fig. 1. Impact parameter dependence of transverse in-plane flow (pS™) at 150 (a), 100 (b) and 40 (c)
MeV/nucleon for various systems. Lines are only to guide eye
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collisions. The impact parameter at which the transverse flow becomes zero is labeled as the
geometry of vanishing flow (GVF).

On the contrary, at a very low incident energy of 40 MeV/nucleon (Fig. 1, ¢), (p3i*) remains
negative throughout the range of colliding geometry primarily due to the absence of the binary
collisions at such a low incident energy. In this case, the attractive mean field keeps transverse
momentum in the negative domain for the entire span of the impact parameter. As noted,
the transition in the flow from positive to negative values happens at high incident energies
of 100 and 150 MeV/nucleon.
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Fig. 2. a) System size dependence of the geometry of vanishing flow (GVF) at two incident energies
of 100 (circles) and 150 (triangles) MeV/nucleon. Lines represent a power law behavior (oc A7T).
b) The percentage change in <p§“> (total (diamonds) and collision contribution (left triangles)) (labeled
as A(pdi™), %) for *°Ca+ “°Ca and **'Xe + 13 Xe

In Fig.2,a, we display the system size dependence of GVF at incident energies of 100
and 150 MeV/nucleon. From the figure, we see that GVF increases with the increase in
the incident energy. As we move towards higher incident energies, enhanced occurrence
of binary collisions keeps the transverse flow positive longer and pushes GVF. The rise in
the GVF is greater for the lighter systems compared to heavier ones. To see the role of
the incident energy in GVF, we further calculated the total (pd™) and (pd') due to colli-
sions (labeled as (pdi*).on) for the reactions “°Ca+ 4°Ca and 13!Xe + 31 Xe. In Fig.2,b, we
display the percentage change in total (p¢') and in collision contribution at b/byay = 0.2

N (pdir)150 _ (pdiry100 . . o
(A(px”)% = ( (pd) 100 ) . 100> in total flow and due to collision contribution.
From the figure, we see that A(pdi*)% (for both the total flow and collision contribution)
is much larger for lighter nuclei compared to heavier one, although the number of binary
collisions scales with the mass of the system. This may be due to the dominance of the
Coulomb potential in heavier systems. We also see that GVF follows a mass power law
behavior (awA”) at both incident energies. The power law parameter 7 is 0.27 (labeled
as 71°9) and 0.38 (labeled as 7'°°) at 150 and 100 MeV/nucleon, respectively.

Present isospin effects come into picture through three channels, namely, Coulomb po-
tential, symmetry energy and nn cross sections; therefore, as a next step, we investigate the
relative importance of all these mechanisms. First, we investigate the role the Coulomb poten-
tial plays in GVF and its mass dependence. We calculated the GVF for all colliding systems at
100 MeV/nucleon by excluding the Coulomb potential from our calculations. The results are
displayed in Fig. 3 (half-filled circles). From the figure, we see that the omission of Coulomb
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Fig. 3. The system size dependence of GVF
without Coulomb potential (half-filled sym-
bols). Here all reactions are performed at an
incident energy of 100 MeV/nucleon. Lines
represent a power law behavior (oc A7)

potential pushes GVF towards smaller impact pa-
rameter. This happens because in the absence of
Coulomb potential, repulsive interactions turn out
to be weaker. One also notices that the Coulomb
potential has a sizeable effect on heavier pair.

Next, we investigate the role of symmetry en-
ergy for GVF by calculating the transverse flow for
the two extreme pairs of “°Ca + 4°Ca (open circles)
and 131 Xe 4 '31Xe (open pentagons) without sym-
metry energy at all colliding geometries. The re-
sults are shown in Fig. 4, a. From Fig.4,a, we see
that the transverse flow decreases at all colliding
geometries when the symmetry energy is excluded
from the calculations. This is because symmetry
energy is repulsive in nature and enhances the in-
plane flow. When we switch off symmetry energy,
the flow naturally diminishes.

In Fig. 4, b, we display the system size dependence of GVF with reference to symmetry
energy. From the figure, we see that GVF still follows a mass dependence power law. The
power law factor 7 now becomes 0.46. From the figure, we see a role of symmetry energy for
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Fig. 5. (Color online) The time evolution of (pi") for “°Ca+ “°Ca reaction for calculations with (a)
and without (b) symmetry energy at 100 MeV/nucleon. Lines are explained in text

40Ca+19Ca (N/Z = 1), although symmetry energy contribution is not expected to be present
in this case. To explore this, we calculated the transverse flow of particles having p/py < 1
(denoted as BIN 1) and particles having p/po > 1 (denoted as BIN 2), respectively, at all the
time steps. The incident energy was taken to be 100 MeV/nucleon. The results are displayed
in Fig. 5. Solid (dashed) lines represent the (pdi*) of particles lying in BIN 1 (BIN 2). Dotted
lines represent the total (pdi*). Panel a (b) is for calculations with (without) symmetry energy.
From the figure, we see that the total (pdi*) is sensitive to the symmetry energy even for
symmetric systems like “°Ca+ 4°Ca with N/Z = 1. This is because during the initial stages
(between about 5-15 fm/c), the (pli¥) due to particles in BIN 1 is positive. The duration for
which it remains positive is enhanced when we include the symmetry energy (compare shaded
area in Figs.5,a and 5, b. This is because in the spectator region (where high-rapidity particles
are present), the repulsive (attractive) symmetry energy for neutrons (protons) will accelerate
the neutrons (protons) away (towards) the overlap zone. Inside the overlap zone, particles
are stopped due to binary collisions. Since these particles belong to the same midrapidity
region, their momenta (due to symmetry potential) will add up to the zero, thus nullifying
the effect of symmetry potential for protons, whereas neutrons will end up in the spectator
rapidity region leading to a net transverse momentum due to the effect of symmetry energy.
After about 15 fm/c, (pd¥) of particles lying in the BIN 1 becomes negative because these
particles will now be attracted towards the central dense zone. These particles will feel the
attractive mean field potential up to about 25 fm/c after which the high-density phase is over.
The decrease in the total (pdi*) due to the attractive mean field potential (between 15-25 fm/c)
is less when we include the symmetry potential in our calculations (compare the slopes of
dotted curves (total (pdi*)) in Figs.5,a and 5,b between the right edge of shaded area and
vertical line). This is because the neutrons due to the effect of symmetry energy lie in the
spectator rapidity region with momenta away from the overlap zone. The attractive mean
field potential will have to decelerate those particles first, make them stop and then accelerate
the particles back towards the overlap zone. After about 30 fm/c, the total (pdi¥) follows the
(pdir) of particles lying in BIN 1 because of the expansion phase of the system. This explains
the effect of symmetry energy in a system with N/Z = 1.

Further, to see the role of isospin dependence of nucleon—nucleon cross section, we make
the cross section isospin-independent by putting o,,;, = 0y, OF 0pp. The results are displayed
in Fig.6 (labeled as onon-iso). In Fig.6,a, we display the impact parameter dependence
of (pdi*) for the two extreme systems “°Ca+“°Ca (open circles) and '*'Xe + ®'Xe (open
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pentagons). From the figure, we see that when we make the cross section isospin-independent,
the flow decreases at all impact parameters. This is because the net magnitude of nucleon—
nucleon cross section decreases when we make the cross section isospin-independent. From
the figure, we also see that the decrease in the flow is more pronounced at semi-central
collisions compared to that at peripheral collisions. This is due to the reduction in binary
collisions at peripheral geometry, so the effect of isospin dependence of cross section also
decreases.
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Fig. 6. a) The impact parameter dependence of (pi") for isospin-independent nucleon-nucleon cross
section for the two extreme systems “°Ca+ 4°Ca (open circles) and '3!Xe + 3! Xe (open pentagons).
b) The system size dependence of GVF for isospin-independent nucleon—nucleon cross section (open
triangles). Lines represent a power law behavior (o< A™)

In Fig.6,b, we display the system size dependence of GVF with isospin-independent
nucleon—nucleon cross section (open triangles). From the figure, we see that GVF fol-
lows a power law behavior for isospin-independent cross section with power law factor
7 = 1.11. GVF decreases by large amount for lighter systems compared to heavier ones,
thereby changing the power law parameter by almost a factor of three.

From Figs.3 and 6,b, we noticed that GVF decreases when we exclude the Coulomb
potential and also for isospin-independent nn cross section. We also see that the change in
the slope of the system size dependence of GVF is greater when we make the cross section
isospin-independent. To see the relative strength of the Coulomb potential and nn collisions,
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we calculate the flow without Coulomb po-
tential and also without collisions at a fixed
incident energy of 100 MeV/nucleon for the
reactions *°Ca+ 4°Ca and ®'Xe + 131 Xe at
b/bmax = 0.2 (central collisions) and 0.8 (pe-
ripheral). The results are displayed in Fig. 7.
From the figure, we see that the flow de-
creases when we exclude the Coulomb poten-
tial (half-filled symbols) and collisions (open
symbols) for both central and peripheral col-
lisions. The reduction in the flow due to the
Coulomb potential is greater pronounced at
peripheral collisions. On the other hand, the
flow decreases more at central collisions in
the absence of nn collisions because of more
relative importance of collisions at central
geometries. We also noted that the decrease
in the flow is greater when we exclude col-
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Fig. 7. The (pd*) for “°Ca+°Ca (circles) and
131Xe +3'Xe (pentagons) without Coulomb po-
tential (half-filled symbols) and without collisions
(open) at b/bmax = 0.2 and 0.8

lisions at both the colliding geometries than that due to exclusion of Coulomb potential. This
indicates that mn collisions have greater role to play compared to the Coulomb potential

towards isospin effects.
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Next, to see the role of symmetry energy in GVF with different neutron contents, we
display in Fig.8 the impact parameter dependence of (pi¥) for the reactions *°Ca+ °Ca
(N/Z = 1), *8Ca+*¥Ca (N/Z = 1.4) and °Ca+%°Ca (N/Z = 2) in panels a, b and c,
respectively. From the figure, we see that the flow decreases on reducing the strength of the
symmetry energy to zero for all N/Z ratios. In Fig.8,d, we display the GVF as a function
of N/Z of the system. From the figure, we see that the decrease in the GVF increases with
the increase in the neutron content of the system due to enhanced role of symmetry energy
for higher N/Z ratios.

3. SUMMARY

We have studied the effect of different incident energies on the geometry of vanishing
flow and its system size dependence. We have studied the role of isospin degree of freedom
by investigating separately the effect of Coulomb potential, symmetry energy and isospin-
dependent nucleon—nucleon cross section on the geometry of vanishing flow and its system
size dependence. We found significant effect of all the above-mentioned mechanisms. Our
calculations predict that the system size dependence of the geometry of vanishing flow is
more sensitive to isospin dependence of nucleon—nucleon cross section compared to Coulomb
potential and symmetry energy, thus indicating that the geometry of vanishing flow can act as
probe to study the role of isospin degree of freedom through nucleon—nucleon cross sections.

This work is supported by Indo-French project No.4104-1, a joint venture funded by the
Indian and French governments.
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