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Abstract
The collision centrality (or the impact parameter b) in heavy-ion experiments
is inferred from final state observables, however, usually b is an input to
theoretical calculations. The effects of different methods used for the centrality
selection (i.e. total charged multiplicity M., total transverse Kinetic energy of
light charged particles E 5, and the ratio of transverse-to-longitudinal kinetic
energy ERAT) on the nuclear stopping and the collective flow are studied in
§§9Xe+ g%OSn collisions at INDRA energies (Epeam < 150 MeV /nucleon). The
study is conducted within the framework of the ultra-relativistic quantum
molecular dynamics (UrQMD) model. It is found that the nuclear stopping
power R obtained from events binning with ERAT is larger than the exper-
imental data as well as the results obtained using M., and E ;. At
Epeam = 50 MeV /nucleon, the elliptic flow from events selected with different
methods spreads widely, especially for more central collisions. The elliptic
flow from events sorted by ERAT is weakly dependent on the collision cen-
trality. The difference in elliptic flow at mid-rapidity among different centrality
filters steadily decreases with increasing beam energy and impact parameter.
At 150 MeV /nucleon, the differences in directed and elliptic flows arising
from different centrality filters vanish.
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1. Introduction

Understanding the properties of the dense and hot nuclear matter is one of the main purposes
of heavy-ion collisions (HICs). The compressed nuclear matter formed in HICs exists only for
a brief period of time, and direct experimental measurements of its properties are impossible
to date. By using transport models to simulate the collision processes, one may deduce the
properties of the compressed nuclear matter by comparing to the experimental data [1-7]. For
a reliable result, theoretical calculations should be done with the same condition as in
experiment, such as the collision centrality and the transverse momentum and rapidity
windows.

In HICs, the impact parameter b, which characterizes the initial state of the collision, has a
strong influence on the final state observables [8—13]. However, it can not be directly measured
in experiments, but inferred from final state observables. For example, the total charged-particle
multiplicity M.y, is found to be monotonically correlated to the centrality as in [14-20]. More
central collisions are associated with larger M., as a gauge of the energy deposition. Another
commonly used quantity is the total transverse kinetic energy of light charged particles (LCP)
E 1, [22, 21, 23]. A larger magnitude of E| |, corresponds to a more central collision (see
equation (5)). Another quantity is the ratio of transverse-to-longitudinal kinetic energy ERAT,
adopted by the FOPI Collaboration as a criterion of the centrality [8, 24-27]. Similar to E| |5, a
larger value of ERAT denotes a more central collision. In addition, there are more approaches
that have been applied by different experimental groups to infer the centrality at intermediate
energies, such as the quadrupole momentum tensor along the beam direction Q.. [28], the flow
angle Op,,, [1, 29], and the total kinetic-energy loss TKEL [30, 31].

In most theoretical studies, the impact parameter is the input variable. Recent studies
emphasized that event selection methods used in experimental data analysis mix events with
different impact parameters in a rather broad range [32-35]. Then the question arises: how do
different centrality filters affect final observables, such as the collective flow and the nuclear
stopping in HICs? To address the question, '**Xe + '2Sn collisions were simulated by the
ultra-relativistic quantum molecular dynamics (UrQMD) model [36-38]. The stopping power
and the collective flow from events binning with three commonly used impact parameter
filters (M, Ei 12 and ERAT) are compared to those with the true impact parameter in the
simulations.

The paper is organized as follows. In the next section, the UrQMD model, the obser-
vables, as well as the impact parameter filters are described briefly. The simulated results and
the effects of centrality filters on observables are presented and discussed in section 3. Finally,
a summary is given in section 4.

2. Model description and impact parameter filters

2.1. Model and observables

In the UrQMD model [39-41], each nucleon is represented by a coherent state of a Gaussian
wave packet. The time evolution of the coordinate r; and momentum p; for each nucleon is
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determined by Hamilton’s equation of motion

R )

('3p[ 8r,~
The Hamiltonian H consists of the kinetic energy 7 and the effective interaction potential
energy U. Usually, the potential energy U depends on density (two-body and three-body
Skyrme term), momentum (momentum-dependent term), and isospin asymmetry (Symmetry
energy term). In recent years, for a better description of experimental data at intermediate
energies, the surface and the surface asymmetry energy terms from the Skyrme potential
energy density functional are further introduced into the UrQMD model [39]. It is found, with
a further consideration of a proper parameter set on the in-medium nucleon—nucleon cross
section, that the existing collective flow and nuclear stopping data in HICs at intermediate
energies can be reproduced reasonably well [38—42].

In HICs, the collective flow is frequently used to investigate the equation of state (EoS)
of the nuclear matter. By expanding the azimuthal distribution of detected particles [43, 27],
one obtain the directed v, and elliptic v, flows

p 2
vlz(cos¢)2<—x>= — ), (@)
P ,[pf -l-pyz
= (eosgy = [ PN [ BB 3
2—<COS( (b))_ 2 - 2 2 ’ ()
P P +p;

where ¢ is the azimuthal angle, p, and p, are the components of the transverse momentum p .
The angular brackets denote an average over all considered particles, summed over all events.

The nuclear stopping power which measures the energy converted from the beam
direction (longitudinal) to the transverse direction is an important observable to characterize
the collision dynamics at low as well as high energies [44, 26, 18, 28, 45, 25]. At INDRA
energies (<150 MeV /nucleon), the quantity Ry, defined as the ratio of transverse to parallel
energy, was introduced by the INDRA collaboration [18]. It reads as

N
) > E;
2N
> _Eji
1

where E| ; (E|;) is the transverse (parallel) kinetic energy of particles i in the center-of-mass
frame [18], and the summation is taken over the total number N of reaction products.

Ry =

; “

2.2. Impact parameter filters

In UrQMD calculations [46, 48, 49, 47, 50], the impact parameter b for each event can be
sampled from by, to by« With bdb weighted distribution. Where b« = (Ry + Rp) fm, Ry
and Rp are the radii of target and projectile nuclei, respectively. For each event, the true
impact is precisely known. In the present work, three different methods in the estimation of
the impact parameter frequently used by experiments, were studied and compared with the
true impact parameter used in model calculations.
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(i) The total charged multiplicity M.,. It is based on the assumption that the multiplicity
dependence of the measured cross section is interpreted as an impact parameter
dependence of the geometrical reaction cross section [15]. One can estimate impact
parameter from a monotonic relation between M, and b [17, 35]:

172

Z a (Mch)
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where o (M.;,) and N(M,;,) are the cross section and the number of events with the charge
multiplicity equal to M, respectively. For a given value of M), the estimated impact
parameter boy with M, > Mc/h can be approximately determined by equation (5). For
example, in [21], My> 55 was used to select central events (b < 1.5 fm) for
97Au 97 Au at 60 MeV /nucleon.

(ii) The transverse kinetic energy (E| ;) of LCP is defined as [22]

pz
Epn= ) —=, (6)
71,2 2m
where m is the mass of considered LCP, and the summation is taken over the particles
with Z = 1 and Z = 2 only. In [22, 23], the spectrum of E| |, was divided into eight bins
to illustrate the relation between E| |, and the impact parameter. This is done by using the
following geometrical prescription:
1/2
[ N
112

best(EJ_l2 = Ejl_lz) = bmax . 0
Jy NED)

- 1
best(EL]2 2 Ei]z) = E[best(Eiu + 00]) + best(Ei]2 - 001)] (7)

Here N (E, |,) is the number of events with E| 1, equal to a certain value. For example, in
[21], the INDRA and ALADIN Collaborations selected central events (b/bp. < 0.1) for
97Au 7 Au at 60 MeV /nucleon by E, 1, > 1.256 GeV.
(iii) The ratio of total transverse to longitudinal kinetic energy in the center-of-mass system
(ERAT), which is frequently adopted by FOPI Collaboration [8, 25-27], defined as
E

SoIpl / (2Zim + E))]
ERAT = = =

CIY /(2z,m +E)l

®)

the definition of £, , E)|, p.,, and m are the same as the above description. And p, Zand E
are the longitudinal momentum, charge number and the total energy of a fragment,
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Figure 1. The impact parameter distributions for events with fixed My, (a), E 12 (b)
and ERAT (c). All results are obtained from '2*Xe+'?°Sn collisions at Epeym =
150 MeV /nucleon with b = 0-13.4 fm.

respectively. In this work, only free protons are considered for simplicity. The impact
parameter b can be estimate from the distribution of the ERAT, using a geometrical sharp-
cut approximation:

[ NERAT))

boo (ERAT > ERAT') = bpay - ERg‘ACT’
J N (ERAT)

best(ERAT > ERAT') = %[besl(ERAT’ + 0.01)

+ best (ERAT' — 0.01)]. ©)

Here N (ERAT) is the number of events with ERAT equal to a certain value. For example, in
[8], ERAT > 0.69 was adopted by FOPI Collaboration to choose central events (b < 3 fm)
for 7Au 97 Au at 150 MeV /nucleon. We note that ERAT selection was usually used by
FOPI Collaboration for studies of HICs at beam energies above 100 MeV /nucleon.
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Figure 2. Top panels: the distributions of the total multiplicity of charged particles M.y,
(a), the total transverse kinetic energy of light charged particles £ 1, (b) and the ratio of
total transverse to longitudinal kinetic energy ERAT (c) for '**Xe+'*"Sn at 150 MeV/
nucleon. The estimated impact parameter begr < 2.6 fm corresponds to M., > 63,
E 1o > 1.58 GeV and ERAT > 1.6, respectively (hatched areas). Lower panels: the
correlations between the reduced impact parameter by = b/b,, and My, (d), E| 15 (e),
as well as ERAT (f).

To reveal the relationship between the true impact parameter (which means the input
impact parameter b for model calculations) and My, E| |, as well as ERAT, figure 1 presents
the distributions of the impact parameter of simulated events sorted by different filters from
129X e+'2°Sn at 150 MeV /nucleon collisions with the true impact parameter varies from 0 to
bmax = 13.4 fm. As shown, the true impact parameter has a wide distribution for each
selection. Thus, there does not exist a strictly one-to-one relationship between the impact
parameter and M, E 15, My, [14, 15]. For example, for the most central events with
M., = 74, the range of the true impact parameter b varies from 0 to 6.5 fm. For
E 1, = 1.5GeV and ERAT = 1.5, the corresponding true impact parameters fall in range of
0<b<6fmand0 < b < 12 fm, respectively. With a larger value of My, E| 1, or ERAT,
the peak of each line is gradually shifted toward smaller impact parameter as expected.

The counts of simulated events (top panels) and the reduced impact parameter
by = b/bpnax (bottom panels) as a function of M, ((a) and (d)), E| 1, ((b) and (e)) and ERAT
[(c) and (f)], respectively, are shown in figure 2. The solid line with error bars in panels (d), (e)
and (f), respectively, indicates the mean value of by, where the error bar indicates are standard
deviation. The dashed line M, = 63, E| 1, = 1.58 GeV and ERAT = 1.6 are obtained with the
geometric prescription defined in equation (5), (7) and (9), corresponding to the estimated
impact parameter beq = 2.6 fm. This means that collision events with M, > 63,
E 1, > 1.58 GeV, or ERAT > 1.6 are selected as the central events corresponding to the same
cross section with b < 2.6 fm for '2°Xe +2°Sn collisions at Epean = 150 MeV /nucleon. The
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Figure 3. Bidimensional distributions of the nuclear stopping power Ry of the events
selected by different impact parameter filters at 50 MeV /nucleon (top panels) and
150 MeV /nucleon (bottom panels). The scatter represent the mean value of Ry of the
events selected by b (black squares), M., (orange diamonds), E| 1, (blue triangles) and
ERAT (olive circles).

corresponding relationship between the true impact parameter and My,, E 1, and ERAT at
several beam energies between 50 to 150 MeV /nucleon are listed in Appendix. In addition, one
can notice that for central collisions, with a certain impact parameter, M, has smaller fluc-
tuation and narrower distribution than those of E| ;; and ERAT. For a fixed value of ERAT, the
distribution of the true impact parameter has the broadest range.

3. Results and discussions

3.1. Nuclear stopping power

The impact parameter dependence of the stopping observable Ry for free protons emitted in
129%e+12%Sn collisions are shown in figure 3. Results obtained with My, E| 15, ERAT are
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Figure 4. Beam energy dependence of the nuclear stopping power R of free protons in
central '?*Xe+'2°Sn collisions (b < 2.6 fm). Simulated with four centrality filters, the
true impact parameter (black line with squares), M., (orange line with diamonds),E| »
(blue line with triangles) and ERAT (olive line with circles), are compared with the
experimental data from the INDRA Collaboration (M., was adopted).

compared with the one with the true impact parameter. As shown in the contour plots, the
distribution of Ry of the events selected by M, or E| , is similar to that of the events with
true impact parameter. However, the stopping of the events selected by ERAT have the
minimal width, and the mean value is larger than that obtained from other filters, especially
for small impact parameter collisions. The difference in Ry obtain with different filters
decreases with increasing b and increasing beam energy. In addition, all results obtained with
different centrality filters showed that the stopping power decreases with increase b, as
expected.

To present more clearly the influence of different centrality filter on nuclear stopping at
INDRA energies, the beam energy dependence of the nuclear stopping power Ry of free
protons produced in central (b < 2.6 fm) '**Xe+-'2°Sn collisions are shown in figure 4. It can
be seen again that Rg obtained from the true impact parameter and M, lie close to each other
and well reproduce the INDRA experimental data (M., was adopted) [19], the result from
E 1, is slightly larger than the data, but those obtained by using ERAT apparently over-
estimate the data. This is because the autocorrelation between Rr and ERAT. From
equations (4) and (9), for a certain event and a certain particle species, Rg = %ERAT in the
non-relativistic limit. In addition, E| 1, and Ry are also partly correlated since both of them
contains the transverse kinetic energy. By using E| |, and ERAT filters, events which have
larger transverse energy (more energy is converted from the longitudinal direction) are more
likely to be selected as central collisions, thus give larger value of Rz To avoid the auto-
correlations, E| ; and ERAT filters ought not to be used to study R, especially for central
collision. In [33], it has been shown that, although the events with high multiplicity have a
broad impact parameter range, it would have a small effect on the observable Rg.
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Figure 5. The directed flow v, ((a)and (b)) and elliptic flow v, ((c) and (d)) of protons as
a function of reduced rapidity y, (=), /V,r,) for '*Xe +12Sn at the beam energies 50

and 150 MeV /nucleon, respectively. The impact parameter b(bey) = 2.5-5.5 fm is
adopted.

3.2. Directed and elliptic flows

Figure 5 displays the collective flow of free protons as a function of the reduced rapidity
Ol = 2./ Vo) for 1PXe 120 Sn collisions at 50 and 150 MeV /nucleon with impact parameter
of 2-5.5 fm. The directed flow parameter v, and elliptic flow parameter v, from events binned
with My, E 1, and ERAT are compared to the results with the true impact parameter
b = 2.5-5.5 fm. At Epeam = 150 MeV /nucleon, both v, and v, values obtained with different
filters lie close to each other, while at Epean, = 50 MeV /nucleon, the discrepancy among the
values with different filters can be clearly observed, especially for the elliptic flow. The value
of v, obtained from ERAT and E |, are larger than that with M., and the true impact
parameter. As we have known, the positive v, means nucleons more likely undergo an in-
plane emission rather than an out-of-plane pattern. A larger transverse energy in the cases of
ERAT and E| |, results in a stronger in-plane emission.

To quantitatively evaluate the influence of impact parameter filters on the elliptic flow,
the v, at mid-rapidity for free protons as a function of impact parameters is shown in figure 6.
Similar to the results shown in figure 5, the differences in v, at 150 MeV /nucleon are minor,
while obvious differences can be observed at 50 MeV /nucleon, especially with smaller
impact parameter. The v, from events selected by both E |, and ERAT show a weak
dependence on impact parameter. This is because events selected by E| 1, or ERAT are highly
mixed over a rather broad range of the true impact parameters, as can be seen in figure 2.

Furthermore, the influence of impact parameter filters on v, at higher beam energies (i.e.
250 and 400 MeV /nucleon) are studied as well. The excitation function of the v, at mid-
rapidity for free protons from Xe 20 Sn collisions with various impact parameter regions
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Figure 7. The v of free protons at mid-rapidity (|y,/¥,,| < 0.1) as a function of the

beam energy (40-400 MeV /nucleon) from 2Xe +20Sn collisions at impact parameter
b(bes) = 0-2.6 fm (left), 2.6-3.4 fm (middle), 3.4—4.7 fm (right).

are presented in figure 7. As expected, no matter which filter being used, the elliptic flow v,
decreases with increasing beam energy and changes sign at a particular beam energy, which is
called transition energy [26, 53-55]. The change of sign of v, reflects the transition from an
enhanced in-plane (v, > 0) to a preferential out-of-plane (v, < 0) emission. This phenom-
enon can be attributed to a change from a collective rotating motion governed by the attractive
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mean field at low energies, to the collective expansion (squeeze-out scenario) resulting from
the repulsive pressure at high density stage at high energies [56]. It is further found that the
transition energy is not very sensitive to the chosen of the impact parameter filter, as the v, is
approaching zero at the transition energy. At the energies below the transition energy, the
difference in v, among different centrality filters decreases with increasing beam energy, and
distinct difference can be observed at Epe,, < 100 MeV /nucleon. While above the transition
energy, the absolute value of v, increases with increasing beam energy, the effect of impact
parameter filters on v, emerges again. At higher energies, other methods (such as the forward
energy Er [51] and the number of participating nucleons Nj, [52]) are also used to determine
centrality, the influence of these methods on various observables deserves further detailed
investigation. In addition, the observed effect of centrality filters on v, is more pronounced at
small centrality than that at large impact parameter, which is similar as observed in figure 6.

4. Summary

We evaluate the influence of impact parameter filters, the total charged multiplicity M.y, the
total transverse kinetic energy of light charged particles E| |, and the ratio of transverse-to-
longitudinal kinetic energy (ERAT), on the collective flow and the nuclear stopping power.
These observables are obtained from '**Xe + '2°Sn collisions within the UrQMD model. It is
found that there is not a strictly one-to-one relationship between impact parameter and M.,
E| 1, or ERAT. The distribution of the true impact parameters of events selected by a fixed
ERAT has the broadest range, while that by M, covers a relatively narrow range. Both the
collective flow and the nuclear stopping power obtained from events sorted by M, lie closely
to that by the true impact parameter. Due to the autocorrelation between ERAT and R, the Ry
of central collision events selected by ERAT is overestimated, compared to the experimental
data. At 50 MeV /nucleon, the elliptic flow from events selected by different methods spread
widely, especially for more central impact parameters. The elliptic flow from events sorted by
ERAT is found to be weakly sensitive to the collision centrality. Further, it is interesting to see
that at beam energies below the transition energy (here, ~200 MeV /nucleon), the difference
in elliptic flow at mid-rapidity among different centrality filters steadily decreases with
increasing beam energy and impact parameter. While at beam energies above the transition
energy, the absolute value of v, increases with increasing beam energy, the influence of
impact parameter filters on v, can be observed again.
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Appendix. The impact parameter estimated with filters M., E, 1o or ERAT

The estimated impact parameter b, versus the observables My, E| |, and ERAT in the beam
energy range of 50-150 MeV /nucleon are tabulated in tables A1-A3, respectively. The
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Table A1. The estimated impact parameter from the total charged multiplicity M, by

equation (5).

50 64 80 100 150 (MeV /nucleon)
Mch best best best best Eest (ﬁn)
8 134 13.4 13.4 13.4 13.3
10 13.4 13.3 13.3 133 13.1
12 13.3 13.2 13.1 13.0 12.7
14 13.0 12.9 12.8 12.5 12.0
16 12.6 12.5 12.2 119 11.2
18 12.1 11.8 11.5 11.1 10.4
20 114 11.1 10.8 10.4 9.8
22 10.6 10.4 10.1 9.8 9.2
24 9.8 9.7 9.4 9.2 8.7
26 9.1 9.0 8.8 8.6 8.3
28 83 8.3 83 8.1 7.9
30 7.5 7.7 7.7 7.7 7.6
32 6.7 7.1 7.2 7.2 7.2
34 59 6.5 6.7 6.8 6.9
36 5.1 5.9 6.3 6.4 6.6
38 4.2 53 5.8 6.0 6.3
40 34 4.6 5.3 5.7 6.0
42 2.6 4.0 4.8 53 5.7
44 1.9 33 4.3 4.9 5.5
46 1.3 2.7 3.8 4.5 5.2
48 0.8 2.1 33 4.1 4.9
50 0.5 1.5 3.7 3.7 4.6
52 0.3 1.1 2.2 32 4.3
54 0.2 0.7 1.7 2.8 4.0
56 0.1 0.4 1.3 23 3.7
58 0.3 0.9 1.8 34
60 0.1 0.6 1.4 3.1
62 0.4 1.1 2.7
64 0.2 0.7 2.4
66 0.1 0.5 2.0
68 0.3 1.6
70 0.2 1.3

Table A2. The estimated impact parameter from the transverse kinetic energy E| 1, by

equation (7).

50 64 80 100 150 (MeV /nucleon)
EL12 (GCV) l;est Eest Eest Eest besl (ﬁﬂ)
0.10 129 128 127 125 12.1
0.15 11.8 116 114 112 10.9
0.20 102 102 102 10.1 10.1
0.25 8.7 9.0 9.2 9.3 9.5
0.30 7.1 7.9 8.3 8.6 9.0
0.35 5.6 6.8 7.5 8.0 8.6
0.40 43 5.8 6.8 7.4 8.2
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Table A2. (Continued.)

50 64 80 100 150 (MeV /nucleon)
Ei 15 (GeV) besy besy Dest best Des; (fim)
0.45 3.0 4.8 6.1 6.9 7.9
0.50 2.0 3.9 54 6.4 7.5
0.55 1.3 3.0 4.7 5.9 7.2
0.60 0.8 2.3 4.1 5.5 7.0
0.65 04 1.7 3.5 5.0 6.7
0.70 0.2 1.1 2.9 4.6 6.4
0.75 0.1 0.8 2.3 4.1 6.2
0.80 0.5 1.8 3.7 5.9
0.85 0.3 1.4 3.3 5.7
0.90 0.2 1.1 2.9 5.5
0.95 0.1 0.8 2.5 5.2
1.00 0.6 2.1 5.0
1.10 0.3 14 4.6
1.20 0.1 0.9 4.2
1.30 0.5 3.7
1.40 0.3 3.3
1.50 0.1 2.9
1.60 2.5
1.70 2.1

Table A3. The estimated impact parameter from the ratio of transverse-to-longitudinal
kinetic energy ERAT by equation (9).

50 64 80 100 150 (MeV /nucleon)
ERAT b_est Besl b_esl b_esl I;est (fm)
0.1 13.4 13.4 13.4 13.4 13.3
0.2 13.4 13.3 13.3 13.1 12.3
0.3 13.2 13.0 12.7 12.1 10.9
0.4 12.9 12.4 11.8 11.0 9.9
0.5 12.3 11.5 10.7 10.0 9.1
0.6 11.5 10.6 9.7 9.0 8.3
0.7 10.6 9.6 8.8 8.1 7.6
0.8 9.7 8.7 7.9 7.3 6.9
0.9 8.8 7.7 7.0 6.6 6.3
1.0 7.9 6.9 6.2 5.8 5.6
1.1 7.1 6.1 5.5 5.2 5.0
1.2 6.3 5.4 4.9 4.5 44
1.3 5.6 4.8 4.3 4.0 3.9
1.4 5.0 4.2 3.7 3.5 34
1.5 4.5 3.7 33 3.0 2.9
1.6 4.0 33 2.8 2.6 2.5
1.7 3.5 2.9 2.5 2.3 2.2
1.8 3.1 2.5 2.2 1.9 1.9
1.9 2.8 2.2 1.9 1.7 1.6
2.0 2.5 2.0 1.7 1.5 1.4
2.1 2.2 1.7 14 1.3 1.2
2.2 2.0 1.5 1.3 1.1 1.0
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simulations were performed in the full impact parameter range of the '*Xe + '?°Sn reactions,
ie. b = 0—13.4 fm, by utilizing UrQMD model.
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