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Transverse collective flow and midrapidity emission of isotopically identified light charged particles
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The transverse flow and relative midrapidity yield of isotopically identified light charged particles (LCPs) has
been examined for the 35 MeV /nucleon °Zn + 7°Zn, %Zn + %Zn, and ®*Ni + *Ni systems. A large enhancement
of the midrapidity yield of the LCPs was observed relative to the yield near the projectile rapidity. In particular,
this enhancement was increased for the more neutron-rich LCPs demonstrating a preference for the production
of neutron-rich fragments in the midrapidity region. Additionally, the transverse flow of the LCPs was extracted,
which provides insight into the average movement of the particles in the midrapidity region. Isotopic and isobaric
effects were observed in the transverse flow of the fragments. In both cases, the transverse flow was shown to
decrease with an increasing neutron content in the fragments. A clear inverse relationship between the transverse
flow and the relative midrapidity yield is shown. The increased relative midrapidity emission produces a decreased
transverse flow. The stochastic mean-field model was used for comparison to the experimental data. The results
showed that the model was able to reproduce the general isotopic and isobaric trends for the midrapidity emission
and transverse flow. The sensitivity of these observables to the density dependence of the symmetry energy was
explored. The results indicate that the transverse flow and midrapidity emission of the LCPs are sensitive to the

denisty dependence of the symmetry energy.
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I. INTRODUCTION

Improving our understanding of the nuclear equation of
state (EoS) is an important goal for the field of nuclear science.
Currently, the EoS for symmetric nuclear matter is thought
to be relatively constrained, while predictions for the EoS
of asymmetric nuclear matter can still vary widely [1-3].
Recent experimental results are being used to apply constraints
to the asymmetric part of the EoS, or density dependence
of the symmetry energy [Egym(0)] [3-6]. Constraining the
density dependence of the symmetry energy is essential for
understanding the fundamental nucleon-nucleon interaction
and has important astrophysical implications [3,5,7-13].

Heavy-ion collisions (HICs) provide a unique opportu-
nity to examine the nuclear EoS because nuclear matter is
produced at temperatures, densities, and neutron-to-proton
(N/Z) ratios away from that of ground-state nuclei. In the
examination of peripheral and semiperipheral intermediate-
energy HICs an important source of particle production has
been found to originate from a midrapidity, or neck, region be-
tween the quasiprojectile (QP) and quasitarget (QT) [14-19].
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Experimental results have demonstrated an increased neutron-
to-proton ratio in this midrapidity region in comparison to the
quasiprojectile source through the examination of isotopically
resolved fragments, as well as the detection of free neutrons
[18-26]. For example, Lukasik et al. showed that 65%—-70%
of the total *H production can be attributed to the midrapidity
region [18]. Furthermore, it has been suggested that the
necklike structure represents a low-density region of nuclear
matter between the higher density QP and QT [27,28]. Thus,
the neck region can provide an opportunity to examine dilute
neutron-rich nuclear matter. The study of this low-density
asymmetric nuclear matter should provide sensitivity to the
nuclear EoS. Theoretical models have shown that the isospin
content and production of intermediate mass fragments (IMFs)
in the neck region could be used to probe the nuclear EoS
[17,29-31].

The transverse flow is closely connected to the midrapidity
emission properties and describes the average movement of
the particles in the midrapidity region. While transverse flow
measurements have been very important in helping elucidate
the EoS for symmetric nuclear matter [32,33], they have been
consistently discussed as a probe to examine the density
dependence of the symmetry energy [3,34-37]. Pak et al.
demonstrated that both the transverse collective flow for
Z = 1-3 particles and the balance energy increased with an
increasing neutron-to-proton ratio of the system, (N/Z)sys
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[38,39]. This was the first evidence that the collective flow was
sensitive to the isospin concentration of the colliding system.
The isospin dependence of the transverse flow and balance
energy were attributed to the isospin-dependent potential
and in-medium nucleon-nucleon cross sections through com-
parisons with a Boltzmann-Uehling-Uhlenback (BUU) and
quantum molecular dynamics (QMD) model [40,41]. Scalone
et al. used a Boltzmann-Nordheim-Vlasov (BNV) simulation
to demonstrate that the isospin dependence observed by Pak
et al. was sensitive to the density dependence of the symmetry
energy [42].

Differences between the free neutron and free proton
transverse collective flows have been predicted to be strongly
sensitive to Eg,(o) [43-45]. However, obtaining accurate
energy and angular measurements of free neutrons, along with
charged particles, is a difficult task. Currently, experimental
data from the FOPI/LAND detectors are being used to extract
neutron and proton collective flows to examine the sensitivity
to the density dependence of the symmetry energy [46,47].
The results will be used to plan a dedicated experiment in
an attempt to apply high-density constraints to the symmetry
energy.

Scalone et al. showed that a comparison of the flow
parameter from *H and 3He light clusters would exhibit a
similar dependence on Egyn(0) as the neutron and proton flows
[42]. The simulations showed that for a stiff-symmetry energy
parametrization the *He clusters should have an estimated 20%
larger flow than the *H clusters in midperipheral collisions
from a 55 MeV /nucleon ®Fe + ¥Fe reaction system [42].
In the case of a soft parametrization, the difference in the
flow parameter between the *H and *He clusters disappeared
[35,42]. Thus, by measuring the flow parameter of the *H and
3He clusters one should be able to gain insight into the density
dependence of the symmetry energy. Recently, Yong et al.,
using a BUU calculation, have demonstrated that the 3H and
3He flow, from a 400 MeV /nucleon reaction, could be used
to probe the density dependence of the symmetry energy at
suprasaturation densities [48].

In the this paper, the relative midrapidity emission and the
transverse flow of isotopically identified light charged particles
has been investigated for the 35 MeV /nucleon "°Zn + 7°Zn,
%47Zn +%7Zn, and ®Ni+ ®Ni systems. The experimental
details are provided in Sec. II, along with a brief description
of the stochastic mean-field (SMF) model [49,50]. The
experimental and simulated midrapidity yields and transverse
flow results are presented in Sec. III. Last, the conclusions
and acknowledgments are provided in Secs. IV and ITA,
respectively.

II. EXPERIMENTAL AND THEORETICAL DETAILS

A. Detector setup

The K500 Superconducting Cyclotron at the Texas A&M
University Cyclotron Institute was used to produce beams
of Zn, %Zn, and *Ni at 35 MeV/nucleon which were
collided with °Zn (95%), %Zn (99.8%), and ®Ni (98.0%)
self-supporting targets, respectively. The reaction products
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were measured using the 47 NIMROD-ISIS array (Neutron
Ion Multi-detector for Reaction Oriented Dynamics with the
Indiana Silicon Sphere) [51]. The entire charged-particle array
is housed inside the Texas A&M Neutron Ball [52], which
provides an average neutron multiplicity.

The charged-particle array consists of 14 concentric rings,
labeled rings 2—15, covering from 3.6° to 167.0° in laboratory.
Rings 2-9, ranging from 3.6° to 45.0°, have the same geometry
as the INDRA detector [53] and rings 10-15 are of the ISiS
geometry [54]. Rings 2-9 each consist of 10 single telescope
modules and 2 supertelescope modules. A single telescope
module contains a 150- or 300-um silicon detector placed in
front of a thallium-doped cesium iodide crystal, CsI(T1). The
supertelescopes have both a 150-um and a 500-um Si placed
in front of the CsI(T1) crystal. Rings 10 and 11 each have 18
single telescope modules with 300-um Si-CsI(T1) detectors.
Rings 12-15 each contain 18 single telescope detectors, with
500-pm-thick silicon.

Three methods of particle identification are available in
the NIMROD-ISiS array. In rings 2—-11 pulse shape analysis
of the CsI(T1)-PMT (thallium-doped cesium iodide with a
photomultiplier tube) signals provided clear separation of
neutron/y, H, 2H, *H, 3He, *He, and °He particles. Isotopic
resolution of heavier mass fragments was achieved through
AE — E measurements from the Si-Csl (single telescope) and
Si-Si (supertelescope) modules. In the forward angle rings,
isotopic resolution of 1 < Z < 17 particles and elemental
resolution up to the charge of the beam was obtained through
the Si-CsI and Si-Si detector modules. Detector thresholds
limited the isotopic resolution to 1 < Z < 2 particles for the
backward angles. A linearization procedure was utilized to
complete the particle identification [51,55].

The relationship derived by Tasson-Got [56] was used to
relate the light output from the CslI to the particle energy.
Proton (30 and 55 MeV), 2H (60 MeV), and “He (100 MeV)
calibration beams were used to help constrain the parameters of
the CsI calibration. The punch-through energies of the identi-
fied fragments, along with a >>Th source and a 500-MeV 2’Ne
calibration beam, were used to constrain the silicon detector
calibrations. The resulting energy spectra were compared to
previous NIMROD data sets for 35 MeV /nucleon systems of
similar size and showed excellent agreement [57,58].

B. Event selection and reaction plane determination

In examining the midrapidity emission and transverse
collective flow it is important to estimate the centrality of
the collisions because the strongest signatures are observed in
midperipheral collisions [18,35,38,59]. The impact parameter
for the experimental data was estimated using minimum bias
distributions of the neutron multiplicity plotted against the
charged-particle multiplicity for each system. Three bins were
created from the two-dimensional (2D) distributions such that
each bin would represent a b/bpax, O breq, wWidth of 0.33
if one assumes a corresponding triangular impact parameter
distribution. A simulation with the constrained molecular
dynamics model [60], filtered for experimental acceptance,
confirmed this method of impact parameter selection. Thus,
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the bin representing the events with the highest neutron
and charged-particle multiplicities should represent the most
central collisions, while the low-multiplicity events should
represent the most peripheral collisions. In the following, the
transverse flow is examined for the midperipheral collisions,
which should represent brq = 0.33-0.66. To ensure that a
well-characterized system was considered an event criterion
was imposed such that the total detected charge for an event
must be greater than 40% of the total charge in the colliding
system.

The azimuthal correlation method [61] was used for the re-
action plane reconstruction from the transverse momentum of
the fragments of each event. The azimuthal correlation method
does not differentiate between the forward, quasiprojectile,
and the backward, quasitarget, sides of the flow. Therefore,
the forward flow side of the reaction plane was determined
using the transverse momentum analysis method [62]. The
particle of interest (POI) was removed from the calculation
of the reaction plane to avoid autocorrelations [61-63]. Thus,
the reaction plane was calculated for each particle in an event
rather than on an event-by-event basis. A velocity boost was
applied to each particle used in the calculation of the reaction
plane to account for momentum conservation [61,64].

The method described in Ref. [61] was used to estimate
the accuracy of the reaction plane resolution. Each event was
randomly divided into two subevents and the reaction plane
was calculated for each of the subevents. The difference in the
reaction-plane angle between the subevents, A¢;,, was then
calculated. The width of the A¢;, distribution can be related
to the standard deviation between the reconstructed and true
reaction plane, which is a representation of the reaction-plane
resolution [61]. The standard deviation between the true and
reconstructed reaction plane was estimated to be ~27°, which
demonstrates an improved accuracy in comparison to previous
experiments [61].

C. Stochastic mean-field model

The midrapidity emission and transverse flow of the
light charged particles (LCPs) was investigated within the
framework of the SMF model [49,50]. The SMF model uses
the test-particle method to solve the Boltzmann-Langevin
transport equation [65]. A momentum-dependent potential
was used in the simulation and the density dependence of
the symmetry energy was varied [49,50]. In the following,
the stifft-SMF and soft-SMF results will refer to the results
of the SMF model where the potential produces a stiff and
soft, respectively, density dependence of the symmetry energy.
The simulation was stopped at 120 fm/c and a phase-space
coalescence was applied to identify the fragments [66]. Thus,
theoretical simulation provides information about the initial
fragment distribution.

III. RESULTS AND DISCUSSION

In the following section, both the LCP yield and (P,/A)
are examined as a function of the reduced rapidity, which is
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defined as

Y
Y, = o (1)

Yc.mA,proj

where Y. is the center-of-mass rapidity of the LCP and
Y c.m.,proj 18 the center-of-mass rapidity of the projectile [67]. In
mass symmetric systems, this conveniently scales the rapidity
such that ¥, = 1 (—1)isequal to the projectile (target) rapidity.
Therefore, the midrapidity region is easily defined around
Y, =0.

A. Midrapidity emission

In Fig. 1 the yields of the different isotopically identified
LCPs (solid black circles) are shown as a function of the
reduced rapidity from the experimental data (the SMF results
are discussed below). The observed asymmetry in the distribu-
tions are attributable to the decreased efficiency for detection
of the LCPs at the backward laboratory angles owing to the
lower laboratory-frame energy of the fragments. Therefore,
we focus on the forward rapidity region (¥, > 0), where the
detector capabilities are much better. The results demonstrate
a clear preference for emission around the midrapidity region
(Y, =0) for all LCPs, in comparison to where one would
expect to observe the decay of the QP, near ¥, = 1.

To further explore the enhanced midrapidity emission the
relative yield of the LCPs was calculated as

Rmid _ Yieldmidrapidity 5
yield ™ YijeldQP/2 @

where the midrapidity yield (Yield™driditv) jg defined as the
yield from 0.0 < Y, < 0.5 and the QP yield (Yield?) is
defined as the yield from 0.5 < ¥, < 1.5. Notice that Yield®®
was scaled by a factor of 2 in Eq. (2) because a larger range
was used in defining the QP yield. It is important to recognize
that these definitions for the midrapidity and QP yield are very
simple estimations; however, they should provide some insight
into the relative production of the LCPs.

The Ry, values for the LCPs are presented in Fig. 2
as a function of the charge times mass (ZA) for the three
reaction systems. A distinct trend is observed demonstrating
an increased midrapidity yield for the more neutron-rich LCPs.
For the Z =1 isotopes, the largest value of R}, is shown
for *H (N/Z = 2.0) followed by the 2H (N/Z = 1.0) and,
last, '"H (N /Z = 0.0). The same trend is also present for the
Z = 2 isotopes with the ®°He (N /Z = 2.0) showing the largest
midrapidity enhancement and the *He (N/Z = 0.5) showing
the least. Additionally, an isobaric comparison between H
and *He, shows the same trend with a larger fraction of 3H
being produced in the midrapidity region than *He fragments.
While the actual N/Z of the midrapidity region relative to
the QP region cannot be determined without free neutron
detection [20], these results demonstrate a strong preference
for the emission of neutron-rich LCPs into the midrapidity
region. These results are in agreement with previous works
showing an increased production of neutron-rich fragments in
the midrapidity region [17-26].
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FIG. 1. (Color online) Reduced rapidity (Y, distribution for (a) 'H, (b) 2H, (c) *H, (d) *He, (e) “He, and (f) ®*He fragments from the
35 MeV /nucleon *Ni + %Ni reaction. The experimental data are shown as the solid black circles and the stiff-SMF calculation is shown as
the open red squares. The detector thresholds have been applied to the SMF simulation. Each distribution has been normalized such that the

yield at ¥, = 0.0 equals unity.

In comparing the R;’i‘é‘fd results between systems relatively
small differences are observed. Particularly, for the Z =1
isotopes there is not a large difference in the midrapidity
yield between the different reaction systems, as shown in
Fig. 2. The most significant system effects are observed for
the ®He fragments where a large difference in the midrapidity
yield is observed for the %*Zn + %*Zn system in comparison
to the ®Ni+ *Ni and 7°Zn + 7°Zn systems. The relative
midrapidity °He yield is suppressed in the least neutron-rich,

3; +64Zn
L o SN
2_5; +7°Zn -
B "
U L _—
=) -
=5 2
o
1.5 /
1 L L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L
0 2 4 6 8 10 12
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FIG. 2. (Color online) R;‘i‘ie‘fd values are shown as a function of the
charge times mass (ZA) for '"H(ZA =1),?H(ZA =2),’H (ZA =
3),*He (ZA = 6), *He (ZA = 8), and *He (ZA = 12) particles.

%47n, system, while the more neutron-rich systems show a
strong enhancement of the midrapidity ®He emission.

The rapidity distributions for the LCPs calculated by the
SMF model are compared to the experimental distributions in
Fig. 1. The experimental detector thresholds have been applied
to the SMF model calculation. The comparison shows that the
SMF model is able to reasonably reproduce the experimental
rapidity distributions. Both the simulation and the experiment
demonstrate a strong preference for particle emission around
the midrapidity region (Y, = 0.0). The largest discrepancies
are observed for the proton and the *He particles where the
experimental distribution tends to have an increased forward
rapidity yield relative to the SMF model. This difference could
be attributed to the statistical decay of the QP at later stages of
the reaction, which is not present in the SMF model, and has
been shown to produce a significant fraction of the proton and
3He yield [18,19].

The preferential emission of neutron-rich LCPs into the
midrapidity region can be examined with the SMF model by
examining the R;Ii‘é‘fdvalues, as shown in Fig. 3. In comparison
to the experimental data, the SMF calculation, in general,
overestimates the midrapidity enhancement of the LCPs. As
mentioned, this may be attributable to the lack of QP decay,
which would lower the Ry, values. However, the SMF
calculations do show an increasing midrapidity yield for the
more neutron-rich LCPs. In examining the isotopic trends,
the SMF model shows a very similar trend for the Z = 1
isotopes as the experimental data. A strong increase in the *H
midrapidity yield is observed relative to the proton yield. For
the Z = 2 isotopes, the SMF model shows an increased R;‘i‘;ﬁ'd
with increasing neutron content of the fragments; however,
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FIG. 3. (Color online) Comparison of the R;‘};‘l‘d values from the
experimental data (solid black circles) with the stiff (open red squares)
and soft (solid green triangles) SMF calculation. The results from the
three reaction systems are shown [panels (a)—(c)] and are plotted as a

function of the charge times mass (ZA) of the LCPs.

the magnitude of the increase is smaller than that observed
in the experimental data. Similarly, the isobaric comparison
from the SMF calculation shows the same trend as the
experimental data, with an increased midrapidity yield of
the neutron-rich *H fragments relative to the *He fragments,
yet the magnitude of the difference is much smaller than
that observed in the experiment. Even though there are
clear differences between the theory and the experiment, the
results demonstrate the ability of the SMF model to correctly
predict the enhanced particle production (Fig. 1) and neutron
enrichment (Fig. 3) of the midrapidity region. Also, the impact
of the density dependence of the symmetry energy can be
seen in Fig. 3, where an increased midrapidity yield for the
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neutron-rich *H and ®He isotopes is observed with a stiff
density dependence of the symmetry energy.

B. Transverse flow

The transverse flow is often quantified as the slope of
the average in-plane momentum, (P,), over the midrapidity
region. In Fig. 4, the average in-plane momentum per nucleon
is plotted as a function of the reduced rapidity (Y, ), for the
different isotopically identified LCPs. The solid line shown in
each panel represents a linear fit over the region —0.35 <
Y, < 0.35. The extracted slope of the linear fit represents
the transverse flow of the LCPs and is referred to as the
flow parameter. This range was chosen because the smooth
curvature of the (P,/A) changes near Y, = —0.35 owing
to the backward angle detector thresholds. The error in the
flow parameter was calculated from the error in the linear fit.
Systematic errors associated with the fit range were estimated
to be at most +1 and —0.4 (MeV/c)/A, by varying the
fit range between —0.4 < Y, < 0.4 and —0.15 < ¥, < 0.15.
Systematic error from the SMF model was negligible at 4-0.3
and —0.2 (MeV/c)/A. Unless noted, only the fit error is
presented in the results below.

The transverse flow of the Z =1 and Z = 2 particles is
presented first to examine the dependence of the flow on the
mass, charge, and isospin content of the system. Additionally,
this provides an opportunity to compare our results with those
of Pak et al. [38] in a relatively straightforward manner. In
Fig. 5 the Z =1 and Z = 2 transverse flow is shown as a
function of the neutron-to-proton ratio of the colliding system,
(N/Z)sys. Focusing on the %Ni + *Ni (N/Z = 1.28) and
%47Zn +%7Zn (N/Z = 1.13) systems, a clear dependence on
the (N/Z)qys is present. The results show an increased flow
in the more neutron-rich system for the Z =1 and Z =2
particles. This is consistent with the previous observation by
Pak et al. for Z = 1-3 fragments from systems with the same
mass (Agys) [38]. This observation was attributed to the isospin
dependence of the mean-field and the nucleon-nucleon (nn)
cross-sections [38]. However, based on a recent theoretical
work, the observed difference may also be attributed to
the increased Coulomb repulsion in the less neutron-rich
system [68].

The results from the most neutron-rich 7°Zn (N /Z = 1.33)
system show a decreased flow in comparison to the %*Ni
(N/Z = 1.28) system. The difference between the Agys = 128
and Ay = 140 systems can be qualitatively understood
through the dependence of the transverse flow on the attractive
mean-field, repulsive nn collisions and Coulomb repulsion.
The flow should decrease as a function of Ay [69], owing to
the increased number of nn collisions (which scale with Agys)
relative to the attractive mean field (which scales with Afy/: ).
Additionally, the flow from the 7°Zn system should be reduced
owing to the increased Coulomb force in comparison to the
%4Ni system [68].

Last, the %*Zn system and the 07n system, which have
the same Coulomb repulsion, have nearly equal flow. The
mass dependence, mentioned above, would imply that the 0Zn
system should have a decreased flow. However, the observation
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FIG. 4. Average in-plane momentum, (P, /A), as a function of the reduced rapidity for (a) 'H, (b) 2H, (c) *H, (d) 3He, (e) “He, and (f) °He
particles. The results shown are from the midperipheral collisions of the ®*Ni 4 ®Ni system. The solid black line represents a linear fit from

—-035<7, <0.35.

that the 7°Zn flow is not decreased demonstrates the effect
of the isospin-dependent mean-field and nn-collision cross
section [38]. The results from Fig. 5 exhibit the effects of
the mass-, charge-, and isospin-dependent components of the
transverse flow.

The results of Fig. 5 can be expanded upon through
examining the flow per nucleon of isotopically identified LCPs,
as shown in Fig. 6(a). Again, an enhancement in the transverse
flow for the ®*Ni system is observed in comparison to the
64Zn system demonstrating that the (N/Z)sys dependence is
also present for the Z =1 (H) and Z =2 (He) isotopes.
Additionally, the results from the 7°Zn system show, for all
isotopes except *H and 3He, a decreased flow in comparison to

30l —e— Z=1 Exp. Data
- —o— Z=2 Exp. Data
L ~5- Z=1 SMF-Stiff
o5l Z=1 SMF-Soft
L o
e
> 20
= [ A=128
u | -
155 * Ay=140
L I
L B// =]
10 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1
1.1 1.15 1.2 1.25 1.3 1.35 1.4
(N/Z)sys

FIG. 5. (Color online) The experimental flow parameters (F) for
the Z = 1 and Z = 2 fragments are shown as a function of the N/Z
of the colliding system, (N /Z),ys, for the midperipheral collisions.
The SMF model results are shown for the Z = 1 fragments for a
stiff and soft Egym(p). The %Zn and *Ni systems, Ay = 128, are
connected by a solid line.

the Agys = 128 systems, as expected from the Z = 1 and Z =
2 flow. It is interesting to note that the observed trend in the
flow from the reaction systems, with %4Ni flow > %Zn flow >
70Zn flow, is not present for the *H and *He fragments where
the flow from the 7°Zn system is larger than that from the ®*Zn
system.

Isotopic and isobaric trends can also be explored from
the extracted flow parameters in Fig. 6(a). A clear iso-
topic trend is observed in which the transverse flow per
nucleon is decreasing as a function of the mass, or N/Z, of
the isotope. For the Z = 1 isotopes, the protons exhibit the
largest flow, followed by >H and then *H. Similarly, for the
Z =2 isotopes, the *He fragments have the largest flow
followed by 4He and then °He. Thus, the flow is seen to
decrease as the neutron content of the isotopes increases.
Examination of the transverse flow of the *H and *He
fragments provides an isobaric comparison. The results, as
shown in Fig. 6(a), demonstrate an enhancement in the *He
flow in comparison to the 3H flow. This, again, demonstrates a
decreasing flow with increasing neutron content. Therefore,
in comparing fragments with a constant charge (isotopes)
or a constant mass (isobars), a consistent trend is observed
showing a decreased flow for the more n-rich fragments. This
suggests a differential movement of neutrons and protons in
the dynamics of the midperipheral HICs below the balance
energy.

The transverse flow extracted from the SMF model calcula-
tions was compared to the experimental results. Even though
the simulation was stopped at 120 fm/c, previous theoretical
results have shown that the magnitude of the transverse flow
should saturate before 100 fm/c [70-73]. Also, because the
beam energy is below the balance energy for the reaction
systems the transverse flow extracted from the SMF model
is negative. Therefore, to compare the SMF model to the
experimental data, in which the flow is positive by convention
[61], the sign of the flow from the SMF model was changed to
be positive.
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(b)

FIG. 6. (Color online) The extracted flow parameters (F) per nucleon (panel a) and inverse R™, values (panel b) for the 'H, 2H, *H, 3He,

yiel

“He, and °He particles are shown as a function of the charge times mass (ZA) of the particle. Results are presented from **Ni, ®*Zn, and "°Zn

systems for midperipheral collisions as shown by the legend.

The (N/Z)sy dependence of the Z =1 flow from the
SMF model is compared to the experimental data in Fig. 5.
The magnitude of the Z = 1 flow is underestimated by the
SMF model. However, the trend showing an increased flow
for the %*Ni system relative to the %*Zn system is reproduced
with the stiff-symmetry potential. This is not the case for the
soft Egm(p) calculation. This suggests a sensitivity to the
low-density region of the symmetry potential, where the soft
potential is more repulsive causing the more neutron-rich *Ni
system to have a decreased flow relative to the 4Zn system. It
should be noted that other theoretical calculations have shown
that, while the difference between the flow of equivalent mass
system is sensitive to the symmetry energy, the dominant force
is the Coulomb repulsion [68]. The Z = 2 results from the
SMF model are not shown in Fig. 5 because there was no
statistical difference in the flow between the three systems.

In Fig. 7 the LCP flow from the SMF model is compared
to the experimental results. In general, the magnitude of the
fragment flows from the SMF model are larger than that from
the experiment. This may be attributable to the reaction-plane
dispersion [62,74,75] present in the experimental analysis.
However, the SMF model is able to reproduce the fragment
flow trends reasonably well. Except for the proton flow, the
isotopic trends show a decreasing flow with an increasing
neutron content, as was observed in the experimental data. The
SMF model is also able to reproduce the decreased difference
in the >H and *H flow observed in the the °Zn experimental
data [Fig. 7(c)]. The agreement between the fragment flow
trends suggests that the SMF model correctly calculates a
differential movement of the neutrons and protons in the
mean field. Thus, in both the experiment and the theory a
decreased flow is observed with increasing neutron content of
the fragments.

The largest discrepancy between the experimental and SMF
results is that the proton flow in the SMF model is decreased
relative to the ?H and *H flows. This may be attributed to
the overproduction of the free nucleons owing to the lack of
n-body correlations in the mean-field approach. Therefore,

the additional free protons, which in reality should have been
correlated with other nucleons, will decrease the flow relative
to the correlated nucleons which are identified as fragments
through the coalescence procedure.

The SMF model provides the opportunity to examine the
sensitivity of the fragment flows to the density dependence of
the symmetry energy. In Fig. 7 the results from the SMF model
are shown with both a stiff and a soft Esnm(0). In general, the
flow is decreased in the soft case, which can be attributed
to the low-density behavior of the symmetry potential. As
discussed above, at low density the soft-symmetry potential is
more repulsive for neutrons and will, therefore, decrease the
flow.

The difference between the *H and the *He flow also
appears to be sensitive to Egyy(0), as predicted previously
by Scalone et al. [42]. In Fig. 7 the stiff-symmetry potential
produces a larger *He flow than 3H flow, while the opposite is
shown with the soft-symmetry potential for the **Ni and 7°Zn
systems. In the %*Zn system, the *H->He difference is not very
sensitive to Egm(p) because the asymmetry of the system is
lower and therefore the magnitude of the symmetry potential is
smaller. It is also interesting to note that the *H-3He differences
appear to be more sensitive to the density dependence of the
symmetry energy than the free neutron-proton flows.

To quantitatively compare the *H-*He flow between the
experiment and SMF calculations the relative difference was
calculated as

F3He _ F3H

F3He + F3H’ (3)

Ripgesn =

where F'He and F'H represent the flow parameter extracted
for the *He and *H fragments. Thus, if Rspesy is greater
(less) than O than the *He flow is larger (smaller) than the
3H flow. In Fig. 8, Rspesy is shown from the experiment
(blue fill area) and SMF model (circles) for the midperipheral
collisions. The width of the blue fill area represents the fit error
in extracting the transverse flow. The estimated systematic
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FIG. 7. (Color online) Flow parameter (F) per nucleon is shown
as a function of the charge times mass (ZA) for the midperipheral
collisions. The experimental data (black circles) is shown in com-
parison to the SMF model results, for both a stiff (red squares) and
soft (green triangles) parametrization of the symmetry energy. The
free neutron flow from the SMF model is offset witha ZA = 0.1 for
clarity.

error in the experimental flow was accounted for and is shown
by the dashed line. The largest uncertainty comes from the
statistical/systematic error present in the *He flow. The SMF
model results are shown both with (black circles) and without
(gray circles) applying the detector thresholds. The results
from the stiff- and soft-symmetry energy parametrizations
are shown for each system as the closed and open circles,
respectively.

The SMF model results, with and without the detector
thresholds, demonstrate a sensitivity of the 3H-*He flow to
the density dependence of the symmetry energy, specifically
for the more neutron-rich ®**Ni and 7°Zn systems. Applying
the detector thresholds to the simulated data produced an
overall enhancement in the magnitude of Rsy..3y, moving it in
closer agreement with the experiment. In general, the *H->He
difference is underestimated by the SMF model. However, a
stiff density dependence of the symmetry energy provides the
better agreement with the experimental data in all cases. While
the SMF calculations do not reproduce the experimental data
on absolute scale, the large Rspy.sy values from the experiment
favor the stiff form of Eyy(p). Thus, the results indicate that
the LCP flow is likely a sensitive observable to the nuclear EoS.
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FIG. 8. (Color online) Rsy.sy, from Eq. (3), is calculated from
the ®Ni, %Zn, and 7°Zn systems for the midperipheral collisions.
The results from the experimental data, including the fit error, are
represented by the faded blue (gray) region. The estimated systematic
error in the experimental results is represented by the red dashed line.
The SMF results are shown with (black circles) and without (gray
circles) applying the detector thresholds. As described by the legend,
results with a soft and stiff density dependence of the symmetry
energy are shown from the SMF model.

C. Correlation between midrapidity yield and transverse flow

The midrapidity yield and transverse flow should be con-
nected because both are observables associated with the emis-
sion of particles in between the QP and QT. For comparison,
the two observables are shown, side by side, in Fig. 6. A clear
correlation is shown between the transverse flow [Fig. 6(a)]
and the inverse of R;‘}é‘,’d [Fig. 6(b)] of the LCPs. Nearly
identical isotopic and 1sobaric trends are present. The results
demonstrate that the increased relative midrapidity emission
[a decrease in (R;'i‘é‘lld)’l] coincides with a decreased transverse
flow. A possible explanation for the correlation based on the
isospin migration phenomenon [28,30] is presented below in
context of the SMF model results.

The *H-*He flow results discussed above can be interpreted
in terms of a more neutron-rich emission from the neck region
in the stiff case [28]. The lower value of the stiff-symmetry
potential, with respect to the soft, during the expansion phase
of the system leads to less repulsive dynamics, associated
with a generally larger flow of the LCPs (see Fig. 7). At
the same time, the neutron excess is transferred toward the
low-density neck region, from which LCPs eventually emerge.
The latter mechanism (isospin migration), which is sensitive
to the derivative of the symmetry energy just below normal
density, is more effective in the stiff case [28] producing a more
neutron-rich neck region. This is confirmed by examining the
R}, values of the LCPs calculated from both the stiff- and
the soft-symmetry potential, as shown in Fig. 3. An increase
in the midrapidity yield of the neutron-rich fragments, *H and
5He, is observed in the stiff case, relative to the soft. The larger
asymmetry of the neck region in the stiff case also explains
the larger repulsion seen for 3H, with respect to *He, thus
producing a decreased flow (see Figs. 7 and 8). This suggests
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a clear connection between the isobaric trends observed in the
LCP flow and R}ji; results.

The importance of the neck dynamics, suggested by the
SMF model, can also provide insight into the observation
of the decreased flow with increasing neutron content of the
LCPs (see Figs. 6 and 7). The isospin migration phenomenon
represents the movement of neutrons and protons in opposite
directions owing to a density gradient. Thus, neutrons pref-
erentially move toward the low-density neck region, while
protons will travel toward a higher-density region (near the
saturation density), such as the QP. If the transverse flow
is thought to represent the movement, or flow, of particles
following the QP and the QT, then the proton movement, owing
to the isospin migration, may enhance the transverse flow.
Likewise, the opposite movement of neutrons could diminish
the flow. Thus, upon coalescence of the free nucleons the
proton-rich fragments, such as 'H and *He, would exhibit a
larger flow with respect to neutron-rich fragments, such as *H
and ®He. Therefore, the occurrence of isospin migration can
account for the strong correlation observed between the LCP
flow [Fig. 6(a)] and midrapidity emission [Fig. 6(b)]. Further
investigation of this concept is required, such as examining
these observables in isospin asymmetric systems where isospin
diffusion [76] is present and may enhance the observed trends.

IV. CONCLUSIONS

In summary, the midrapidity emission and transverse flow
of LCPs from 35 MeV /nucleon Zn and Ni systems have been
studied. Examination of the rapidity distributions of the LCPs
demonstrated a strong preference for emission around the
midrapidity region. Further examination showed an enhanced
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emission of the more neutron-rich isotopes and isobars in the
midrapidity region, relative to the QP region, in comparison to
the less neutron-rich LCPs. The transverse flow of the LCPs
was also extracted and strong isotopic and isobaric trends, in
which the flow decreased with increasing neutron content of
the fragments. A strong correlation between the enhancement
of the relative yield of the neutron-rich fragments in the
midrapidity region and the decreased flow of the neutron-rich
fragments was shown.

The SMF model was used to examine the midrapidity
emission and transverse flow results, as well as the sensitivity
of these observables to the density dependence of the symmetry
energy. Many of the experimental trends were well reproduced
by the SMF model, though, significant differences exist on
absolute scale. The present studies demonstrate that both the
midrapidity yield and transverse flow showed sensitivity to
the density dependence of the symmetry energy. Additionally,
the SMF results indicated that the correlation between the
relative midrapidity yield and flow of the LCPs could be
attributed to the occurrence of isospin migration.
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