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Abstract. Within the newly updated version of the ultra-relativistic quantum molecular dynamics
(UrQMD) model in which the Skyrme potential energy-density functional is introduced, the yield ratio be-
tween *H and ®He clusters emitted from central *°Ca + 4°Ca, °°Zr 4 °°Zr, %Ru + °°Ru, and °"Au + 7Au
collisions in the beam energy range from 0.12 to 1 GeV /nucleon is studied. The recent FOPI data for the
3H/BHe ratio are compared with UrQMD calculations using 13 Skyrme interactions (all exhibiting similar
values of iso-scalar incompressibility but very different density dependences of the symmetry energy). It
is found that the *H/?*He ratio is sensitive to the nuclear symmetry energy at sub-saturation densities.
Model calculations with moderately soft to linear symmetry energies are in qualitatively agreement with
the *H/?He ratio data of the FOPT Collaboration. This result is in line with both the recent constraints on
the low-density symmetry energy available in the literature and our previous results for the high-density
symmetry energy obtained with the elliptic flow of free nucleons and hydrogen isotopes as a sensitive probe.

1 Introduction

The density dependence of the nuclear symmetry energy
is a hot topic in both nuclear and astrophysics, due to its
importance for the structure of exotic nuclei, the dynam-
ics of heavy-ion collisions (HICs) induced by neutron-rich
nuclei, and the properties of neutron stars and other astro-
physical phenomena. It is also one of the important goals
of the current and future rare isotope beam facilities (e.g.
CSR at HIRFL, FAIR at GSI, SPIRAL2 at GANIL, FRIB
at MSU, RIBF at RIKEN) around the world. For recent
reviews see refs. [1-3].

The energy per nucleon of isospin asymmetric nuclear
matter can be generally expressed as e(p,d) = eg(p,0) +
esym ()82, where & = (p,, — pp)/(pn + pp) is the isospin
asymmetry, and p,, pp, and p are the neutron, proton and
total nucleon densities. eg(p,0) is the energy per nucleon
of the isospin symmetric nuclear matter, while egym(p) is
the nuclear symmetry energy. Thanks to the continuing
endeavor of both nuclear physicists and astrophysicists in
recent years, many sensitive probes from nuclear struc-
ture, nuclear reactions and neutron stars have been used
to estimate parameters (e.g., the coefficient Sy = esym(po)

and the slope parameter L = 3p0(ae%r;(p))|p:po) of the
symmetry energy at saturation density (pg). So far, the
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value of the nuclear symmetry energy at p ~ 0.11 fm~2 has
been relatively well constrained but its value at other den-
sities or, generally, its density dependence has still large
uncertainties (see, e.g., refs. [4-10]).

The ratio of *H and 3He yields emitted from HICs has
been suggested as a sensitive probe of the nuclear symme-
try energy within both the Boltzmann-Uehling-Uhlenbeck
(BUU) type and the quantum molecular dynamics (QMD)
type transport models [11-15], still with some puzzling in-
consistency. For example, in refs. [14,15] two QMD-type
model calculations showed that the yield of 3H calculated
with a soft symmetry energy is larger than that with a
stiff one, while in refs. [11,12] the isospin-dependent BUU
(IBUU) model calculations showed the opposite trend. In
ref. [13], using the Gogny effective interaction (MDI) in
the IBUU model, it was found that both, >H and 3He
yields, did not exhibit significant differences between the
results for a soft and a stiff symmetry energy. Moreover,
it was shown in ref. [16] that, using the IBUU04 model
incorporated with a phase-space coalescence afterburner,
the *H/3He ratio was found not to be sensitive to the nu-
clear symmetry energy any more. Furthermore, a recent
study in ref. [17] showed a large discrepancy regarding
the 3H/?He ratio at low kinetic energies between Michi-
gan State University experimental data and a BUU (often
called pBUU) model as well as an improved QMD (often
called InQMD) model simulations, regardless of which pa-
rameterized symmetry energy is employed. Thus, in view
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Table 1. Properties of nuclear matter at various densities as calculated by selected Skyrme parametrizations used in this work.

All entries are in MeV, except for density in fm 3.

p=0.08 p = 0.055 p=0.03

Po Ko So L esym(p) esym(p) esym(p)
Skz4 0.160 230.08 32.01 5.75 26.73 22.48 15.91
Skz2 0.160 230.07 32.01 16.81 24.90 20.30 13.82
SV-mas08  0.160 233.13 30.00 40.15 20.53 16.06 10.44
SLy4 0.160 229.91 32.00 45.94 22.17 17.68 11.89
MSLO 0.160 230.00 30.00 60.00 18.39 13.90 8.72
SkO’ 0.160 222.36 31.95 68.94 19.12 14.36 8.97
SV-sym34  0.159 234.07 34.00 80.95 19.38 14.15 8.50
Rs 0.158 237.42 30.82 86.39 16.48 11.76 6.92
Gs 0.158 237.29 31.13 93.31 16.16 11.34 6.53
Ska35s25  0.158 241.30 36.98 98.89 20.39 14.73 8.78
SKI2 0.158 240.93 33.37 104.33 17.15 12.21 7.26
SKI5 0.156 255.79 36.64 129.33 17.75 12.34 7.22
SkI1 0.160 242.75 37.53 161.05 14.21 8.69 4.15

of the current status for the detection of both *H and 3He
clusters, the sensitivity of the nuclear symmetry energy to
the 3H/3He ratio is a subject of continuing interest.

Recently, the large-acceptance apparatus FOPI at the
Schwerionen-Synchrotron (SIS) at GSI has been used to
collect a large amount of yield data for light charged parti-
cles (protons, 2H, *H, *He, and *He) from intermediate en-
ergy HICs which has been made available in refs. [18,19].
This data set offers new opportunities for studying the
3H/3He ratio over wide ranges of both, beam energy and
system size. Moreover, by using the updated Ultrarela-
tivistic Quantum Molecular Dynamics (UrQMD) model
in which the Skyrme potential energy-density functional is
introduced, the newly measured flow data of light charged
particles can be reproduced quite well [20,21]. In this ver-
sion of the UrQMD model, the stiffness of the symmetry
energy can be selected within a broad range by choosing
different Skyrme interactions, rather than by varying the
strength parameter 7y in the potential term of the symme-
try energy which, in addition, cannot be used to express
a very soft symmetry energy [22]. In view of these de-
velopments, it seems timely to re-examine the sensitivity
of the 3H/3He ratio to the symmetry energy and to see
whether it can provide firm constraints on the stiffness of
the density-dependent symmetry energy.

The paper is arranged as follows. In the next section
the new version of UrQMD with the use of Skyrme poten-
tial energy density functionals and its key parametriza-
tions are presented. In sect. 3, results for *H, 3He and
their ratio from HICs at SIS/GSI energies are shown and
discussed. Finally, a summary is given in sect. 4.

2 Model description

The UrQMD model has been widely and successfully used
to study nuclear reactions of p +p, p+ A and A+ A
systems within a large range of beam energies, from low
SIS/GSI up to the LHC/CERN [23-26]. In the present

code, the nuclear effective interaction potential energy U
is derived from the integration of the Skyrme potential
energy density functional, U, = [ u,d®r, and u, reads

u, = ap® B pr Jsur (7 )2
" 2p0 n+1opg 0 2po
Jsur,iso
Tope V(on = pp)]” + (Ap® + Bp"t + Cp*?)6?
8/3
p
+ngT/3- (1)
Po

Herea «a, /87 7]5 Gsur, Jsur,isos A7 37 Cv and ng are parameters

which can be directly calculated using Skyrme parameters
(see, e.g., refs. [20,27]). In this work, we choose 13 Skyrme
interactions Skz4, Skz2, SV-mas08, SLy4, MSLO, SkO’,
SV-sym34, Rs, Gs, Ska35s25, SkI2, SkI5, and SkI1 [28],
which give quite similar values of the incompressibility
Ky but different L values (the saturation properties of
the selected forces are shown in table 1). In addition, the
symmetry energies at p = 0.08, 0.055, and 0.03 fm~2 are
also shown in table 1.

Figure 1 shows the density dependence of the sym-
metry energy for Skyrme interactions Skz4, Skz2, SLy4,
MSLO, SkO’, SV-sym34, Ska35s25, Gs, and SkI1. For com-
parison, very recent constraints extracted from nuclear
properties as, e.g., binding energy, neutron skin thickness,
and isovector giant quadrupole resonance [6-10], are also
presented. The symmetry energy predicted by SLy4 lies
quite close to the upper limit of the result obtained by
Danielewicz et al. [6], and also covers the results obtained
by Brown [9] and by Zhang and Chen [8]. The symmetry
energy determined by Roca-Maza et al. [7] for the den-
sity 0.1fm~3 is very close to the results predicted with
SkO’ as well as SV-sym34. Furthermore, the density de-
pendent symmetry energies in MSLO, SkO’, SV-sym34,
and Ska3bs25 are very close to each other at low densities
(below 0.06 fm~3) but well separated at high densities.
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Fig. 1. (Color online) Density dependence of the symmetry en-
ergy for Skz4, Skz2, SLy4, MSLO, SkO’, SV-sym34, Ska35s25,
Gs, and SkI1. The shaded region exhibits the result obtained
by Danielewicz et al. [6]. The four different scattered symbols
represent recent constraints obtained by Roca-Maza et al. [7],
Brown [9], Zhang et al. [8], and Fan et al. [10], as indicated.

The treatment of the collision term is the same as
in our previous work in which the FP4 parametrization
of the in-medium nucleon-nucleon cross section is em-
ployed [20]. Several ten thousand events of HICs are sim-
ulated in order to achieve small enough statistical uncer-
tainties; error bars are hence not shown in the follow-
ing figures, also for the sake of clarity. The simulation
is stopped at 150fm/c¢ and an isospin-dependent mini-
mum span tree algorithm (iso-MST) is used to construct
clusters. Proton-proton or neutron-neutron (proton) pairs
with relative distances smaller than R’ = 2.8fm or
Ry™ = Ry? = 3.8fm, respectively, and relative momenta
smaller than Py = 0.25 GeV /¢ are considered to belong to
the same cluster.

3 Results

Figure 2 illustrates the time evolution of the yields of
3H (a), *He (b), and of their ratio 3H/3He (c) from
Au + Au central (by < 0.15) collisions at Fj,p, = 400 MeV/
nucleon. The reduced impact parameter by is defined as
Do = b/bmax With bpayx = 1.15(A}° + AY®). The Skz4,
SkO’, and SkI1 forces are chosen for this illustration as
they correspond to the top, middle, and bottom curves
at low densities among the cases shown in fig. 1. From
fig. 2 it is, first of all, seen that most of the *H and 3He
clusters are produced within the time span from 30fm/c
to 60 fm/c. During this interval, the central nucleon den-
sity drops from normal to sub-normal (see, e.g., fig. 2 in
ref. [14] which shows that the high-density state is limited
to the time span from about 5 fm/c to 30 fm/c for a similar
colliding system).
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Fig. 2. (Color online) Time evolution of *H (in plot (a)) and
3He (in (b)) yields and of their ratio *H/3*He (in (c)) from
Au + Au collisions at Eia, = 400 MeV /nucleon with central-
ity b < 0.15. Calculations (lines with symbols) with Skz4,
SkO’, and SkI1 are compared with the 47 reconstructed FOPI
data [18] (solid stars). It is noticed that the magnitude of ex-
perimental errors for the *H/3He ratio is calculated using the
propagation of errors, assuming the measurements of *H and
3He yields are uncorrelated, while this assumption is not neces-
sarily valid due to possible correlations in the detection system.

Secondly, the UrQMD model calculations underesti-
mate the yields of both *H and 3He. Due to the lack of
some quantum features and without considering the an-
tisymmetrized wave function in the QMD-like models, as
well as our poor knowledge about the range and strength
of the nuclear potential in a nuclear medium at finite tem-
perature, this underestimation can not be resolved solely
by considering uncertainties in the stiffness of the equation
of state or in the medium modification of the two-body col-
lision term. However, one sees that the 3H yield is sensitive
to the Skyrme interaction whereas the *He yield does not
exhibit this sensitivity. As is evident from table 1, these
Skyrme parametrizations are selected to have large dif-
ferences only in the value of L. However, the emission of
3H is affected by the nuclear symmetry potential, while
the 3He yield is also affected by the Coulomb potential
between two protons which reduces the sensitivity to the
symmetry energy, as discussed in refs. [29,30]. Finally, we
see that the SkI1 parametrization results in the smallest



Page 4 of 6

Au+Au Elab=400 MeV/nucleon b0<0.15

T T T T T T T
p (fm®) =0.03 0055  0.08
Adj. R*=0.971 0944 0883 |
] e
2.5 I
a
)
I
> ]
L 20- 3
>_
1.5 T T T T T T T T T T T
0 5 10 15 20 25 30
e, (MeV)

Fig. 3. (Color online) *H/*He ratio as a function of symmetry
energy at densities of p = 0.08 (open symbols), 0.055 (half-solid
symbols), and 0.03 (solid symbols) fm 2. Four circle symbols in
each group denote calculations with MSL0O, SkO’, SV-sym34,
and Ska35s25, and square symbols represent calculations with
the other 9 Skyrme interactions listed in table 1. The lines
represent linear fits to calculations for the three density cases.
Correspondingly, the Adj. R? values are also given. The shaded
region indicates the FOPI data of *H/?He ratio [18].

3H yield, while Skz4 leads to the largest *H yield. This fol-
lows from the fact that, in a neutron-rich environment at
sub-normal density, Skz4 gives a more repulsive symme-
try potential, leading to a larger phase-space distribution
for neutrons. Hence, more neutrons and neutron-rich light
clusters such as 3H are produced. Similar results were also
obtained in two other QMD-type models [14,15].

If we turn to fig. 2(c), we observe that, during the
initial stage at times ¢ < 40fm/c, the SkIl force gives
the larger *H/?He ratio while, at the final stage, this is
the case for Skz4. At t < 40fm/c, *H and *He consist
of protons and neutrons which evolve mainly from the
supra-saturation density region and are emitted early; a
stiff symmetry energy will thus cause more neutrons and
less protons to be emitted than a soft one. More *H can be
formed, resulting in a higher value of the 3H/3He ratio as
well as of the ratio of free neutrons to protons. Very simi-
lar results can be found in other QMD-type model calcula-
tions [14,31,32]. As the reaction proceeds, the formed hot
and dense system decompresses and more and more nucle-
ons and light clusters will evolve and emerge from a low-
density environment. The opposite effect of the symmetry
energy on the *H/3He ratio should appear. It follows that,
at the asymptotic stage, the *H/?He ratio predominantly
reflects the symmetry energy at sub-saturation densities.

Figure 3 shows the 3H/3He ratios calculated with the
13 selected Skyrme parametrizations as a function of the
symmetry energy at three sub-normal density points: 0.08,
0.055, and 0.03 fm 3. The line in each bunch represents a
linear fit to the calculations, the respective value of the ad-
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Fig. 4. (Color online) Excitation function of the *H/*He ra-
tio from central (bo < 0.15) Au-+ Au collisions. Calculations
with Skz4, Skz2, MSLO0, Ska35s25, and SkI1 are represented by
different lines with symbols. The FOPI data (stars) are taken
from ref. [18].

justed coefficient of determination (Adj. R?) is also shown.
It can be seen that the linearity between the *H/3He ratio
and the symmetry energy increases with decreasing den-
sity, which indicates a strong correlation between them at
low densities. (We also tested the linearity between the
ratio and the slope parameter L, the value of Adj. R?
is 0.804, indicating the 3H/3He ratio correlates strongly
with the symmetry energy at low densities rather than its
slope parameter L.) The *H/?He ratios calculated with
MSLO, SkO’, SV-sym34, and Ska35s25 (which give almost
the same value of the symmetry energy at p = 0.03 fm =3,
see table 1) are close to each other and centered in the
shaded band, while the results obtained with Skz4 and
Skz2 fall outside the band. Obviously, the large uncer-
tainty of the experimental data prevents us from getting
a tighter constraint on the density-dependent symmetry
energy. Furthermore, it is noted [33,34] that different clus-
ter recognition criteria affect the neutron/proton as well as
3H/3He ratios, especially at small kinetic energies. There-
fore, the comparison of the full energy spectrum with the
experimental data seems mandatory for a future study.
Luckily, the comparison to experimental *H/3He data
as functions of beam energy and system size and composi-
tion has become possible, supplying a more systematic and
thus more consistent information on the symmetry energy.
Figure 4 displays firstly the >H/3He ratio as a function
of beam energy. Calculations performed with Skz4, Skz2,
MSLO, Ska35s25, and SkI1 are compared to the experi-
mental data represented by the stars. At low beam ener-
gies (below 200 MeV /nucleon), the ratio is quite sensitive
to the density dependence of the symmetry energy, how-
ever, the experimental data cannot be well reproduced.
The disagreement of calculations with data implies again
that the method for constructing clusters is not fully valid
at low beam energies. Above 200 MeV /nucleon, the ratio



Eur. Phys. J. A (2015) 51: 37

Elab:400 MeV/nucleon b0<0.15

31— '
—0oO— Skz4
3.04 . @ Skz2 197 197 i
~-0--MSLO Aur A
254 —m—Ska35s25 7% ]
—wv— Skl1
* FOPI

. -2l -
PRV _F

VY

1.5 -
Nt
@G’z’x
1.0+ B
1
05 T T T T T T

0.9 1.0 1.1 1.2 1.3 14 1.5 1.6
(N/Z)

sys

Fig. 5. (Color online) *H/*He ratio from central (by < 0.15)
0Ca +*Ca, %Ru+ %Ru, %Zr+%7Zr, and °"Au+ %7Au
collisions at Eja, = 400 MeV /nucleon as a function of neutron/
proton ratio of the colliding system. The FOPI data (stars) are
taken from ref. [18].

is still sensitive to the symmetry energy, but the sensi-
tivity decreases with increasing beam energy due to the
increase of both, the nucleon density and the number of
nucleon-nucleon collisions. Furthermore, the calculations
with MSLO and Ska35s25, for which the difference in L is
as large as ~ 39MeV, are very close to each other, indi-
cating the sensitivity of the 3H/3He ratio to the stiffness
of the symmetry energy is more obvious at low densities.

Figure 5 displays the calculated *H/3He ratios as
a function of the neutron/proton ratio of the collid-
ing systems in comparison with the FOPI data for cen-
tral collisions at Fj,, = 400 MeV /nucleon. The reaction
systems are “°Ca + 4°Ca, ?Ru + ?Ru, *°Zr + 9Zr, and
197 Au 4+ 197Au. For the isospin symmetric 4°Ca + 4°Ca
case, the results with the five selected Skyrme forces are
very close to each other. With the increase of isospin
asymmetry by varying systems from “®Ru+ %Ru to
197 Au + 197 Ay, the calculated results are well separated
due to an increasingly stronger effect of the symmetry en-
ergy at sub-normal densities. Especially, calculations using
both MSLO and Ska35s25 (as well as SkO’ and SV-sym34,
not shown in the figure), which represent a moderately
soft to linear symmetry energy, reproduce the data fairly
well. Although a desirable tighter constraint to the density
dependence of the symmetry energy is still not achieved
here, partly due to the large experimental uncertainties,
a very satisfactory consistency among the presented com-
parisons is achieved.

4 Summary

Utilizing the recently updated UrQMD model in which the
Skyrme potential energy density functional is adopted, we
have studied the isospin pair *H and 3He production in
heavy-ion collisions at intermediate energies. The *H/>He
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yield ratio is shown to exhibit a large sensitivity to the
nuclear symmetry energy at sub-saturation densities. This
result is similar to most previous studies using BUU-type
and QMD-type transport models, but differences in the
influence of the symmetry energy on the yield of (and
ratio between) light clusters are also observed between
these model calculations, which certainly requires further
investigations.

In the current work, simulations with 13 selected
Skyrme interactions are compared with the recent FOPI
data. It is found that those calculations for the dependence
on the nucleon-density, beam energy, and system size and
composition of the H/3He ratio employing MSLO, SkO’,
SV-sym34, and Ska35s25 (which parameterize a moder-
ately soft to linear symmetry energy) are all in good semi-
quantitative agreement with FOPI data. Calculations us-
ing Skz4 and Skz2 which parameterize a very soft symme-
try energy are far from the data. It is observed that the
current extraction of the stiffness of the symmetry energy
at sub-normal densities with the 3H/3He ratio as a probe is
in line with previous studies for the low-density symmetry
energy. It is more exciting that this result is also consistent
with previous results based on the elliptic flow of free nu-
cleons (and hydrogen isotopes) as a probe [21,35,36] which
mainly provide information on the symmetry energy at
supra-normal densities. However, additional calculations
with other clustering algorithms and model assumptions
will be certainly required to confirm the sensitivity of the
3H/3He ratio to the stiffness of the symmetry energy and
the constraint obtained from this observable.
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