Physics Letters B 822 (2021) 136681

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

Rapidity distributions of Z =1 isotopes and the nuclear symmetry
energy from Sn+Sn collisions with radioactive beams at
270 MeV/nucleon

Szt RIT Collaboration

Check for
updates

M. Kaneko #P*, T. Murakami?, T. Isobe ?, M. Kurata-Nishimura®, A. Ono°¢, N. Ikeno ¢,

J. Barney ©!, G. Cerizza®, J. Estee ®!, G. Jhang€, ].W. Lee ¢, W.G. Lynch -, C. Santamaria®,
C.Y. Tsang®, M.B. Tsang ©f, R. Wang€, D.S. Ahn"" L. Atar’J, T. Aumann’/, H. BabaP®,

K. Boretzky/, J. Brzychczyk!, N. Chiga®, N. Fukuda®, I. Gaspari¢¥, B. Hong?, A. Horvat '™,

T. Ichihara®, K. leki 9, N. Inabe®, YJ. KimP, T. Kobayashi®, Y. Kondo, P. Lasko ™, H.S. LeeP,
Y. Leifels’, ]J. Lukasik ™, ]. Manfredi -, A.B. McIntosh ", P. Morfouace ¢, T. Nakamura°,

N. Nakatsuka®P, S. NishimuraP®, R. Olsen’, H. Otsu®, P. Pawtowski™, K. Pelczar™, D. Rossi,
H. Sakurai®, H. Sato®, H. Scheit!, R. Shane®, Y. Shimizu®, H. Simon’, T. SumikamaP®,

D. Suzuki®, H. Suzuki®, H. Takeda®, S. Tangwancharoen €, Y. Togano ¢, H. Térnqvist ',

Z. Xiao®, SJ. Yennello™®, J. Yurkon®, Y. Zhang®

2 Department of Physics, Kyoto University, Kyoto 606-8502, Japan

b RIKEN Nishina Center, Saitama 351-0198, Japan

¢ Department of Physics, Tohoku University, Sendai 980-8578, Japan

d Department of Life and Environmental Agricultural Sciences, Tottori University, Tottori 680-8551, Japan
€ National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, MI 48824, USA
f Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA

& Department of Physics, Korea University, Seoul 02841, Republic of Korea

h Korea Basic Science Institute, Daejeon 34133, Republic of Korea

U Institut fiir Kernphysik, Technische Universitiit Darmstadt, D-64289 Darmstadt, Germany

1 GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, D-64291 Darmstadt, Germany

k Division of Experimental Physics, Ruder Boskovi¢ Institute, HR-10002 Zagreb, Croatia

! Faculty of Physics, Astronomy and Applied Computer Science, Jagiellonian University, Pl-30-348 Krakéw, Poland
™ Institute of Nuclear Physics, Polish Academy of Sciences, Pl-31-342 Krakéw, Poland

™ INFN-Laboratori Nazionali del Gran Sasso, 67100 L’Aquila, Italy

© Department of Physics, Tokyo Institute of Technology, Tokyo 152-8551 Japan

P Rare Isotope Science Project, Institute for Basic Science, Daejeon 34047, Republic of Korea

9 Department of Physics, Rikkyo University, Tokyo 171-8501, Japan

T Cyclotron Institute, Texas A&’M University, College Station, TX 77843, USA

5 Department of Chemistry, Texas A&M University, College Station, TX 77843, USA

t Department of Physics, Tsinghua University, Beijing 100084, PR China

ARTICLE INFO ABSTRACT
Article history: The rapidity distributions of hydrogen isotopes emitted from central collisions of neutron-rich 32Sn+124sn
Received 17 November 2020 and neutron-deficient 1%8Sn+112Sn systems at 270 MeV/nucleon were investigated at RIKEN-RIBF. The

Received in revised form 13 September
2021

Accepted 22 September 2021

Available online 27 September 2021

data are compared with antisymmetrized molecular dynamics (AMD) calculations and the rapidity
distributions can be reproduced after adjusting the in-medium nucleon-nucleon cross sections. The
double ratios between the two reaction systems taken for the relative yields of deuteron to proton

Editor: B. Blank (d/p) and triton to proton (t/p) are further examined in the midrapidity domain, where the adjustments
in the AMD calculations do not affect much on them. The d/p and t/p double ratios at midrapidity agree
Keywords: well with the ratio of the system neutron numbers and its squared value, respectively, and the rapidity
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dependence of these double ratios is consistent with a picture of partial mixing of colliding nuclei. By
comparing with the AMD model which shows a strong symmetry energy dependence of the t/p double
ratio, the experimental result in the midrapidity domain favors the calculation with a symmetry-energy
slope parameter around L =46 MeV rather than L =108 MeV.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The density dependence of the symmetry energy term in the
nuclear equation of state (EOS) is critically important for elucidat-
ing the properties of nuclear systems with large neutron-proton
asymmetries [1-3]. Inside neutron stars, where such an environ-
ment with a wide range of nuclear densities is realized, the sym-
metry energy greatly contributes to the pressure and determines
the various properties such as the internal composition, the mass-
radius relationship, cooling mechanisms, and the tidal deformabili-
ties [4-8]. Although several measurements using nuclear reactions
have placed consistent constraints on the symmetry energy be-
low and around the nuclear saturation density, its behavior at high
densities is still uncertain [3,9,10]. Energetic heavy-ion collisions
(HICs) provide a terrestrial means to study nuclear matter at supra-
saturation densities.

In the high-density nuclear matter produced in the central part
of HICs of neutron-rich nuclei, the symmetry-energy potential re-
pels neutrons from and attracts protons toward the center of the
system. This effect modifies the neutron-proton dynamics during
collisions and is expected to appear as changes in the kinemat-
ics of free nucleons as well as bound clusters (deuterons, tritons,
helions, and so on) [11-13]. To enhance the sensitivity to the sym-
metry energy, the neutron-to-proton yield ratio and the elliptic
flow difference have been proposed as promising probes [14-16].
However, precise determination of the neutron yield and spectrum
in HIC experiments is difficult due to the problems of detection
efficiency and complex backgrounds. As an alternative observable
representing the neutron-proton dynamics, the mirror-nuclei ratio
of triton to helion (3H/>He) has also been suggested [12,13,17,18],
which requires a better understanding of the mechanism of cluster
productions.

The importance of cluster emergence in the nuclear medium
has been widely discussed in various fields such as studies of
thermodynamic properties in nuclear matter [19,20], core-collapse
supernova simulations [10], pasta phases in neutron stars [21], and
HICs [22-24]. In particular, in HIC experiments at intermediate en-
ergies (0.1 ~1 GeV/nucleon), it has been reported that the abun-
dance of bound clusters occupies a large part of the total charge
of the reaction system [25,26]. This implies a considerable impact
of clusters on the reaction dynamics [24]. We focus our discus-
sion here on light clusters (A < 4), which are more abundant than
heavier fragments in the energy domain we are considering. On
the theoretical side, transport calculations often use coalescence
prescriptions [12,27] to recognize clusters at a certain freeze-out
time in the solution of a transport equation, while other trans-
port models explicitly consider cluster correlations in the transport
equation so that the correlations may affect the time evolution
of HICs [23,28-30]. Recent progress in antisymmetrized molecular
dynamics (AMD) [31] incorporating cluster correlations has been
moderately successful in reproducing the yields of light charged
particles [23]. Moreover, it has also been emphasized that the clus-
ter correlations make a drastic impact on the nucleon dynamics
and consequently, e.g., on the charged pion ratio 7w/t [28],
which has also been predicted to be sensitive to the density de-
pendence of the symmetry energy [32]. Understanding the cluster
production is thus of great importance for extracting a reliable EOS
from HICs.

Light charged particles from collisions of stable nuclei have pre-
viously been systematically measured for wide ranges of system
masses and energies [26]. In this letter, we present the rapid-
ity distributions and spectral ratios of hydrogen isotopes emit-
ted from central collisions of neutron-rich '32Sn+124sn (N/Z =
1.56) and neutron-deficient 1%Sn+!12Sn (N/Z = 1.2) systems at
270 MeV/nucleon, aiming to comprehend the cluster production
and its relevance to the symmetry energy determination. These
are the first systematic measurements of hydrogen isotopes from
HICs using “radioactive isotope beams” in the intermediate-energy
domain focusing on the isospin degrees of freedom in HICs. In ad-
dition, the use of two reactions with the same total charge of the
system allows us to efficiently extract the symmetry-energy effect
by constructing the ratio observables, which is expected to reduce
the contributions of the Coulomb force. The density dependence
of the symmetry energy is discussed using double spectral ratios
in the midrapidity domain with a comparison with AMD calcula-
tions, which has been refined for the dynamical cluster formations.
The measurements of this work are complementary to those deal-
ing with the yields of charged pions and their ratio 7~ /7" in
the same Sn+Sn collisions published by our collaboration [33,34]
to probe the symmetry energy at high densities.

Through this systematic measurement of hydrogen isotopes, we
hope to gain new insights to understand the light cluster produc-
tion in HICs. Currently, theoretical interpretations of the experi-
mental data on light clusters are scarce, and transport calculations
without dynamical cluster correlations have overestimated the pro-
ton yield and underestimated of the light cluster yield by a factor
of 2-3 [18,26]. In the present work, we use the AMD model re-
fined for dynamical cluster formations. This allows us to directly
compare the calculated results and the experimental data to obtain
information on the density dependence of the symmetry energy.

2. Experiment

The experiment was performed at the Radioactive Isotope Beam
Factory [35] in RIKEN, Japan. Cocktail beams containing either
1325 or 1985p radioactive isotopes were produced by 233U primary
beams at 345 MeV/nucleon impinging on a 4-mm-thick Be produc-
tion target or '2#Xe beams at the same kinetic energy impinging
on a 0.1-mm-thick Be target, respectively. Isotopes of interest in
the cocktail beams were identified event by event with the BigRIPS
fragment separator [36,37]. The 132Sn and '°8Sn beams were pro-
duced with more than 40% purity, 4 x 103 particles/s in average,
and 268 MeV/nucleon at the midpoint of the target. Enriched tar-
gets of 124Sn (608 mg/cm?) and 112Sn (561 mg/cm?) were used for
the 132Sn and 198Sn beams, respectively.

Charged particles resulting from collisions were detected by
the SAMURAI Pion Reconstruction and lon-Tracker Time Projection
Chamber (SmRIT-TPC) [38,39] installed inside the SAMURAI dipole
magnet [40] with a magnetic field of 0.5 T. The Sn targets were
placed 1.5 centimeters upstream of the TPC sensitive volume. A
large geometrical coverage in laboratory polar angles of approxi-
mately 0°-80° was realized. Further technical details relevant to
the SzRIT-TPC and the ancillary trigger arrays can be found in
Refs. [41-44], which are summarized in Ref. [39,45].

The accumulated data were analyzed using the SwRITROOT
software package [46-48], which provides a magnetic rigidity and
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Fig. 1. Mass spectrum around Z = 1 particles in central collisions of the 132Sn+124Sn
system obtained with the SRIT-TPC and a two-dimensional plot of mass vs. mag-
netic rigidity magnitude in the right-top panel. The mass mpg was obtained as the
solution of the equation in the text.

energy loss per unit length (dE/dx) for each reconstructed track, a
reaction vertex reconstruction, and Monte Carlo simulations with
the detailed geometry and realistic responses of the St RIT-TPC. To
ensure the tracks adopted were reconstructed with high efficiency
and high momentum resolution, we restricted the azimuthal an-
gle of the reconstructed tracks to —30° < ¢ < 20° in the analysis.
Within this angle, the overall track reconstruction efficiencies of
hydrogen isotopes are estimated to be more than 90% using the
embedding technique [49]. The momentum resolutions (Ap/p) are
better than 4% in one standard deviation. In this work, we selected
central collision events corresponding to by < 0.15 in the scaled
impact parameter, bg = b/bmax, from the multiplicity of the recon-

structed tracks [50]. Here bpax = 1.15 (1‘\}3/3 + A]T/B)

on the sharp nuclear boundary approximation [51] with the mass
number of a projectile nucleus Ap and that of a target nucleus
Ar.

Fig. 1 presents the mass spectrum for hydrogen isotopes in cen-
tral events (bg < 0.15) of 132Sn+124Sn observed in the S RIT-TPC
together with the two-dimensional spectrum of mass vs. magnetic
rigidity in its inset. The mass (mpg) of a particle was obtained
by numerically solving the equation (dE/dx)mpc — (dE/dx)gg = O,
where (dE/dx)pc denotes dE/dx of the reconstructed tracks and
(dE/dx)pp is the empirical Bethe-Bloch function. The parameters
of (dE/dx)ps are optimized by the global least x? fit of the
(dE /dx)tpc vs. magnetic rigidity spectra of hydrogen isotopes with
the Z =1 constraint in (dE/dx)gs. Typical mass resolutions of
hydrogen isotopes were about 15% at FWHM for each. Protons,
deuterons, and tritons were identified by gating mgg, and isotope
contaminations were estimated from the mass spectrum depend-
ing on the magnetic rigidity. A clear separation was achieved for
protons with a negligibly small contamination (< 1%). For the tri-
ton locus, contaminations mainly come from the 3He contribution,
which amounts to about 30% at around 500 MeV/c/Z.

fm is based

3. Results and discussion

Fig. 2 presents the rapidity distributions (dN/dyg) of hydrogen
isotopes for central collisions of 132Sn+124Sn in the left column
and '98sp+112sn in the right. Here, the abscissa takes a scaled ra-
pidity yo = y/y§N — 1, where y is the rapidity of the detected
particle in the laboratory frame and y§jy- is the rapidity of the
nucleon-nucleon (NN) center of mass in the laboratory frame, i.e.,
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Fig. 2. dN/dy spectra of (a) protons, (b) deuterons and (c) tritons for 32Sn+24Sn
of by < 0.15 central collisions, and those for 1%8Sn+'12sn (d)-(f). The black filled
circles indicate the experimental data, to which the quadratic sums of the statistical
and systematic uncertainties are assigned. AMD predictions with different parame-
ters are shown: the default set of parameters of Ref. [52] (blue dash-dotted lines),
the same but for 2 x oy (green dotted lines, labeled as 2oy ), and both 2 x oyy
and the modified bound phase space for clusters (red solid lines, labeled as 2oyy
& Mod. PS.); see the text for details.

YN A~ 0.371 for both reactions. The statistical uncertainty is ap-
proximately 1.5% at midrapidity for all Z =1 isotopes and systems.
The systematic uncertainty was estimated by considering the fol-
lowing factors: (1) track-quality assignments, (2) the acceptance
associated with the azimuthal angle, (3) gates on mpg for par-
ticle identification, (4) isotope contaminations, (5) the presence
of a multiplicity filter, (6) the difference observed using full and
half data sets, and (7) the effects of the energy deposit in the
Sn targets. Variations observed in dN/dyo due to the change of
the respective factors were around 1-2% for protons and deuterons
and 1-4% for tritons. By quadratically summing these values, the
systematic uncertainties of the dN/dyo spectra were estimated to
be about 3%, 3.5%, and 5% for protons, deuterons, and tritons, re-
spectively, for each reaction system. Note that these values are
uncertainties averaged over all bins, and the bin-by-bin uncertain-
ties were properly estimated and assigned as shown in Fig. 2.

The yields integrated for the forward rapidity region (yo > 0) of
hydrogen isotopes for the two reactions are tabulated in Table 1.
The estimated yield of hydrogens (Z = 1) in the forward region is
about 64-65% of the projectile charge for both reactions while the
isotopic fractions differ from each other. The neutron-rich system
produced 50% more tritons than the neutron-deficient one, which
can be easily understood as reflecting the difference of the neu-
tron number in the system. The agreement of the Z =1 yields for
both reactions is not trivial since the two systems have different
neutron numbers and it is not clear how the yield depends on this
condition. It is worth mentioning that if we double the forward
yields of hydrogen isotopes in the central 132Sn+124Sn collisions
shown in Table 1, they are consistent with those in a similar sys-
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Table 1

Hydrogen isotope yields integrated for the forward rapidity region in the NN
center-of-mass frame (yo > 0). Errors include statistical and systematic uncertain-
ties in quadratic sum.

System Forward p Forward d Forward t Forward Z =1
132gn+124gp 13.9640.61 10.6440.53 7.6740.33 32.260.87
108gn+1125n 16.85+0.58 9.814+0.41 5.36+0.22 32.0240.74

tem of central Xe+Csl collisions at 250 MeV/nucleon reported in
Ref. [26].

The data were compared with the AMD calculations from
Refs. [23,28,31,52]. In the present work, the Skyrme SLy4 force
is employed as an effective interaction. The SLy4 parametrization
provides a nuclear symmetry energy of So =32.0 MeV at the sat-
uration density pp = 0.16 fm~> and the symmetry-energy slope
parameter L =46 MeV, which we call “asy-soft” in the text. To
study another case of a stiff density dependence of the symme-
try energy (“asy-stiff’), the density-dependent term in the SLy4
parametrization was modified, as described in Ref. [28]. This asy-
stiff parametrization corresponds to L = 108 MeV without chang-
ing the S value. Cluster correlations are explicitly taken into ac-
count in the final states of every two-nucleon collision process,
which allows clusters to be formed or disintegrated in the process
and then to be propagated according to the equation of motion un-
til the next collision process. The introduction of the cluster corre-
lation mechanism into the heavy-ion collision dynamics is impor-
tant for resolving the problematic observation that the experimen-
tal fragment yield distributions and the stopping quantities are not
consistently reproduced by the original AMD calculations without
explicit cluster correlations in the dynamical stage [23,52]. The de-
fault set of parameters used in this work is the same as the version
in Ref. [52], being adjusted to reproduce the results of fragment
charge distributions and stopping observables in Xe+Csl reactions
at 250 MeV/nucleon [26]. The calculations in the present work
were carried out for central collisions with 0 <b < 1.5 fm. The
maximum density reached in the central compressed region is esti-
mated to be less than twice the saturation density, as indicated by
similar transport calculations for central collisions of 132Sn + 124sn
at an incident energy of around 300 MeV/nucleon [28,32].

The calculated dN/dyo spectra in the asy-soft case are shown
by colored lines in Fig. 2. Because AMD solves the equation of mo-
tion in a nonrelativistic scheme, the final momentum of each par-
ticle produced in AMD was transferred to the NN center-of-mass
frame by the Galilean transformation, and then the rapidity in this
frame was calculated. The blue dash-dotted lines indicate the cal-
culated spectra with the default set of parameters of Ref. [52]. The
spectra are wider than the data for protons and deuterons, and the
integrated yields are moderately similar to the data. For tritons,
the yield is well reproduced for yo > 0.8 while that at midrapidity
is underestimated by about 40-50%. This suggests that a mecha-
nism that produces more particles at midrapidity is required. We
should therefore carefully investigate whether this mismatch in the
nuclear stopping affects the extraction of other physical informa-
tion such as the density dependence of the symmetry energy. As
a test, the in-medium NN cross section (oyy), reduced from the
free NN cross section in the default parametrization of Ref. [52],
was increased by a factor of two. As drawn by the green dotted
lines in Fig. 2, the shapes of the dN/dy¢ spectra became narrower
and comparable to the data. The particle production at midra-
pidity was enhanced without changing the integrated yields. The
shapes of dN/dyo do not depend much on the symmetry energy
parametrization, including the way they change when oyy is in-
creased.

As it was found that the total yield of tritons was still about
30% lower than the data, we took a closer look at the production
of tritons in the AMD. By examining the time evolution of the tri-
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ton multiplicity, tritons were found to be recognized sufficiently at
relatively early times in the reaction, about 40-50 fm/c after the
reaction started, but the number decreased as the reaction time
passed. This implies that some clusters are fragile under mean-
field propagation and/or under low-energy collisions during the
expansion of the system, which could be attributed to the small
semi-classical phase space of the bound internal state of light clus-
ters, compared to the quantum phase space. For example, for an
A = 3 cluster, we can avoid this problem by modifying the phase
space so that the bound phase space for the relative coordinate
between a two-nucleon pair and another nucleon becomes ap-
proximately (27rh)3. Such a modification should be effective only
when the cluster is almost isolated from the rest of the system.
This was technically achieved by introducing a modification fac-
tor in the zero-point energy correction term, as in Eq. (C7) of
Ref. [53]. The parameters in “term A” row of Table 2 are applied
for the correction term in calculations with the asy-soft symme-
try energy. The necessary amount of this modification may depend
on the original semi-classical phase space determined by the nu-
clear effective interaction considered, i.e., whether the symmetry
energy is asy-soft or asy-stiff in the present study. In the case
of the asy-stiff symmetry energy, we use the sum of two terms
with parameters of “term A” and “term B” in Table 2 in a simi-
lar way to Eq. (C7) of Ref. [53] in order to correct the phase space
for A=2 and A = 3 clusters. With this correction, the binding en-
ergy of deuterons is reasonably reproduced in both the asy-stiff
and asy-soft cases. The red solid lines in Fig. 2 are the calculated
spectra with 2 x oyy and with this tuning of the bound phase
space for clusters. The dN/dyo spectra for hydrogen isotopes are
now reproduced well.

However, a careful look at Fig. 2 reveals that the peak position
of the rapidity distribution dN/dyq differs between the experimen-
tal data and the calculated results. The peak position is extracted
as the mean value p! of a generalized Gaussian probability density
function fitted to the dN/dyq distribution. In the 198Sn+112Sn sys-
tem, the peak is located at u ~ —0.021 in the experimental data
and at pu =~ —0.020 in the calculation, which is also close to the
rapidity y%%- = —0.014 of the center of mass of the system, if the
uncertainty of the fitting Au ~ 0.015 is taken into account. In the
132gn+1245n system, the peak in the calculation is at u ~ 0.032,
consistent with y$%" = 0.034, while the peak in the experimen-
tal data is found to be pu ~ —0.019, which deviates significantly
from y$}" to the target side. This anomalous behavior of the peak
position in the 132Sn+124Sn system is similarly observed for all
hydrogen isotopes, and therefore is not likely related to isospin
effects. This calls for a new theoretical interpretation as well as
experimental confirmation by systematic studies in the future.

In the following, we mainly use the calculation with 2 x ony
and with the modified bound phase space of clusters, to discuss
the density-dependent symmetry energy using the spectral ratio
observables. We concentrate on the midrapidity domain where
particle emissions from the high-density participant matter are
supposed to be dominant. This selection should therefore be ap-
propriate for investigations of the symmetry-energy effect at high
densities. In the left panels of Fig. 3, the single spectral ratios con-
structed for deuterons to protons (d/p) and for tritons to protons
(t/p) are shown together with the AMD calculations. Both d/p
and t/p have maxima at midrapidity and decrease towards both
positive and negative yq. If the distributions of d/p and t/p are
regarded as proportional to the neutron rapidity distribution, i.e.,

1 As a simplification, a common p is assumed in the fitting of dN/dyo of all
hydrogen isotopes in each reaction system. When the peak position is extracted for
each of p, d, and t, the values of p differ from each other by around +0.01. Later
for Fig. 3, we will discuss the partial isospin mixing, which can be qualitatively
related to this difference in the peak positions.
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Table 2
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Parameters used in the modifications for the bound phase space of light clusters. For
details on each parameter, see Ref. [53]. “term A” is used for the asy-soft symmetry energy
case. The sum of “term A” and “term B” is used in the asy-stiff case.
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Fig. 3. Single and double spectral ratios of d/p and t/p compared to the AMD cal-
culations with the asy-soft (L =46 MeV) and asy-stiff (L = 108 MeV) symmetry
energy. The three blue dashed lines in panel (c) indicate the neutron-number ratios
of the neutron-rich system to the neutron-deficient system with respect to the pro-
jectile nuclei (upper line), target nuclei (lower line), and total system (middle line).
In panel (d), the squares of these ratios are shown by the three blue dashed lines;
see the text for the details. Note that the vertical-axis ranges of panels (c) and (d)
are adjusted so that they are scaled by the neutron-number ratios and the squared
ratios, respectively.

as a kind of pseudo-neutron distribution, and the square of it, re-
spectively, then it is naturally understood that they are larger in
the neutron-rich 132Sn+124Sn system than in the neutron-deficient
108g4+1126 system. The shape of the distribution of pseudo-
neutrons seems to be slightly wider than that of protons, as seen
in the upper panel of Fig. 2. Whether there is a system difference
and thus a symmetry-energy signature in this effect will be dis-
cussed in the next paragraph. Here we do not argue much on the
absolute values of the theoretical d/p and t/p because these sin-
gle ratios depend on the fine tuning of the bound phase space
for A=2 and A =3 clusters in each case of the symmetry en-
ergy. However, we can still reasonably expect that the difference
between the '32Sn+124sn and 198Sn+112Sn systems in each sym-
metry energy case is not greatly affected by such fine tuning for
the clusters. For example, the large system dependence of t/p in
the experimental data is not likely to be explained in the asy-stiff
case even if the bound phase space for A =3 clusters is further
adjusted. In the double ratio observables, the robust part of the
information can be extracted.

The right panels of Fig. 3 presents the spectra of the double
ratios for d/p and for t/p, which are defined and abbreviated as

d/p (1325n + 124Sn)

d/p (108511 + ”ZSn)’

t/p (1325n+1245n)
t/p ("%sn+ “25n)'
(1)

DRap = DRejp=

These double ratios roughly function as a measure of the neutron
populations in the Z =1 particles along rapidity in the neutron-
rich system relative to the neutron-deficient system. Most of the
systematic uncertainties are canceled in the double ratios. In par-
ticular, the uncertainties due to the considerations (1), (3), (4), and
(7) above became smaller or almost negligible. The total system-
atic uncertainties for both DR4/, and DR¢/, amounted to about
2.5% at midrapidity.

First we discuss the behavior of the experimental double ratios
shown by black symbols in Fig. 3. The value of DRy/p at yo =0
agrees with the neutron-number ratio between the two reaction
systems denoted by Ry sys = (N1325n + N1245n) / (NmsSn + anSn) =
(82 +74) /(58 +62) =1.3. For the t/p double ratio, the value of
DR¢jp at yo =0 agrees with the squared neutron-number ratio

(RNysys)z, as depicted by the middle blue dashed lines in Fig. 3.

Consequently, (DRd/p)2 ~ DRy/p can be interpreted as the light-
cluster scaling property also observed in lower-energy HICs [54].
This scaling relation can be explained because the formation prob-
ability of deuterons or tritons is proportional to p, or ,0%, re-
spectively, with p, being the neutron density in the region where
clusters are made. This neutron density is related to the number of
neutrons of the colliding system but can be affected by the sym-
metry energy and the collision dynamics. However, the observed
agreements of DRqyp =~ Ry sys and DRy/p (RN,sys)2 at yo=0
indicate that the ratio of p, between the two systems satisfies
Ry, & Ry sys exhibiting a weak effect of the symmetry energy in
the midrapidity source. These trends hence can possibly be inter-
preted as a moderate or weak symmetry energy at high densities,
i.e. a soft density dependence of the symmetry energy.

Besides, the DRy, spectrum is settled down within the range
from the neutron-number ratio of the target nuclei (Ry (g =
Ni2ag, /Nii2g,) to that of the projectile nuclei (Ry prj = Niszg,/
Niosg,), while the DRy, spectrum is settled down within the

range from (RN,tgr)2 to (RN,,,U-)Z, as indicated by the blue dashed
lines in the right columns of Fig. 3. Though the uncertainties are
large, DRg/p at negative and positive yo shows almost flat and
increasing trends, respectively. DR/, has an approximately con-
stant positive slope, which is indicative of the difference of the
projectile-target asymmetries between the two systems. In the
case of 1325p+124sp with the neutron-rich projectile, the produc-
tion of tritons relative to protons is enhanced at forward rapidity
compared to 1%Sp+1125n with the neutron-deficient projectile. By
introducing a coefficient «, the rapidity dependence of double ra-
tios in the forward region can be parametrized in a similar way.
That is, DRd/p ~ RN,sys + ady/p (Rqurj — RN,sys) yo and DR[/p ~
(RN,sys)2 + a¢/p ((RN,pr)? — (RN,sy5)?) Yo. The least square fit of
this parametrization on DR/, gives oq/p = 0.69 £ 0.08, which
is consistent with og/, = 0.71 & 0.34 obtained by the fitting on
DRgy/p only in the forward rapidity domain. If a perfect trans-
parency or a full mixing is achieved in the colliding system, o =1
or 0 would be obtained, respectively. Therefore, the observed be-
havior can be considered as a partial isospin mixing of the target
nucleus and the projectile nucleus.

The red shaded and green cross-stitching areas in the right pan-
els of Fig. 3 are the AMD predictions with 2 x oyy and with
the modified bound phase space for clusters based on the pa-
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rameters in Table 2. The vertical widths of the calculated spectra
represent the statistical errors. The overall trends of the experi-
mental double ratios in the midrapidity domain are reproduced
by the calculation, especially by the asy-soft calculation for DR;/p.
DRy, is somewhat more sensitive to the symmetry-energy stiff-
ness compared to DRy/p. The effects of the density-dependent
symmetry energy can appear in the dynamics of HIC, which can
be explained as follows. The symmetry-energy potential induces
attractive or repulsive forces acting on protons or neutrons, respec-
tively, in a neutron-rich environment. When the two systems are
compared, the net effect of the symmetry energy must be larger
in the 132Sn+124Sn system than in the 198Sn+1125n system. In the
compression stage of HICs, the high-density symmetry energy con-
tributes to a decrease of the n/p ratio in the central region, and
consequently the n/p ratio in the outer surface region is likely
to be increased. As shown in Ref. [55], such dynamical effects on
the n/p ratios in the central and outer regions are expected to
remain in the subsequent expansion stage when clusters start to
form, which can be reflected in the emission of particles in the
midrapidity domain and higher rapidity domain, respectively. Thus
the strong dependence on the stiffness of the symmetry energy
seen in the theoretical DR;/, indicates that the main contribution
of the triton production likely stems from the central region of the
expanding system rather than the outer region. On the other hand,
a weaker dependence on the stiffness of the symmetry energy ob-
served for DRy, may be explained by the fact that deuterons and
tritons are produced in slightly different parts of the expanding
system, i.e., relatively many deuterons are produced in the outer
region of the expanding system as well as in the central region.
Then, the symmetry-energy effect of suppressing n/p (and there-
fore DRy/p) in the central region is somewhat canceled by the
effect of enhancing n/p (and DRg/p) in the outer region.

Finally, to guarantee the robustness of the theoretical calcula-
tion with and without the specific modifications provided above,
double ratios were also constructed with the two remaining cases
of the parameter sets: the default parameter set of Ref. [52] and
that with 2 x onpn. The differences of double ratios among the cal-
culations using different parameter sets for a specific stiffness of
the symmetry energy are consistent within the uncertainties of the
experimental data in the midrapidity domain, and thus the conclu-
sions on the symmetry energy do not depend critically on these
parameter adjustments.

4. Summary and perspective

In summary, the rapidity distributions of hydrogen isotopes
emitted from central collisions of neutron-rich 32Sn+124sn and
those of neutron-deficient 198Sn+112Sn systems at 270 MeV/nu-
cleon were presented. To investigate the stiffness of the sym-
metry energy, the d/p and t/p double ratios were constructed
and compared with AMD calculations under asy-soft and asy-stiff
parametrizations. The values of the experimental double ratios at
midrapidity were found to be quite similar to the system neutron-
number fractions, and the slopes of their rapidity dependences
show a partial isospin mixing of two colliding nuclei. The theoreti-
cal d/p double ratio did not show strong sensitivity to the stiffness
of the symmetry energy, while the t/p double ratio was found to
be significantly sensitive. This may suggest some difference be-
tween deuterons and tritons in the details of their productions
in the expanding system where the neutron and proton densi-
ties have been affected by the symmetry energy. In the midra-
pidity domain, which is supposed to reflect the characteristics of
the dense participant matter created by collisions, the experimen-
tal t/p double ratio favors the calculation with the asy-soft (L =
46 MeV) symmetry energy rather than the asy-stiff (L = 108 MeV)
case.
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In the rapidity distributions of hydrogen isotopes in the present
work, an anomalous behavior was observed in the neutron-rich
mass-asymmetric system when the peak position was compared
to the rapidity of the center of mass of the system (y$%"). The
peak of the experimental dN/dyq distribution in the '32Sn+!24sp
system deviates from yi"g" to the target side, while the peak in the
1085n+1125n system is consistent with y§7-. The AMD calculations
predict that the peak should almost agree with y$% in both sys-
tems. Although the origin of this behavior is not well understood, a
slight shift of the rapidity distributions doesn’t strongly affect the
double ratios in the midrapidity domain and the conclusion on the
stiffness of the symmetry energy. Understanding this observation
requires further studies.

In the present work, we employed the AMD model, which is an
almost unique approach for treating dynamical cluster production
in the studied systems. With the modifications to the in-medium
nucleon-nucleon cross section, as well as the bound phase spaces
for light clusters A =2 and A =3, the experimental dN/dyo spec-
tra of hydrogen isotopes are reasonably reproduced by the AMD
calculations. However, it is still important to compare the results
from different transport codes in order to estimate the theoretical
uncertainties, as has been done for the charged pion observables
in Ref. [33].

In addition to the Z =1 isotopes presented in this paper, we
have measured Z =2 isotopes. The t/>He ratio for the mirror nu-
clei, which is regarded as a representative probe for the density
dependence of the symmetry energy [12,13,17,18], will be inves-
tigated in the future to place additional constraints on the EOS
of the isospin asymmetric nuclear matter. Although we focused
on the stiffness of the symmetry energy here, it would be bene-
ficial to investigate whether the isovector neutron-proton effective
mass difference can influence the spectra of Z =1 isotopes [34,56].
The measurement of rapidity distributions is associated with the
collision dynamics only in the longitudinal direction, providing a
partial probe of the global dynamics. A comprehensive data set on
global observables such as collective flow is important to describe
the evolution of the collision more completely, which will be avail-
able as the data analysis progresses. The description of the rapidity
distributions provided in this paper will play an important role for
discussing flow observables, since the side flow is expected to be
correlated with nuclear stopping [57].
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