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The STRIT experiment: Studying the density dependence of the
symmetry energy via heavy RI collisions

T. Isobe,*! M. Kurata-Nishimura,*! W. G. Lynch,*? and M. B. Tsang*? for the STRIT Collaboration

The nuclear Equation of State (EoS) is a fundamen-
tal property of nuclear matter that describes the rela-
tionships between the parameters for a nuclear system,
such as energy, density and temperature. An interna-
tional collaboration named S7RIT was formed in 2009
to study the density dependence of the symmetry en-
ergy term in the nuclear EoS. One of the main devices
in experimental setup is a Time Projection Chamber
(TPC) which was installed into the SAMURALI dipole
magnet. The TPC measures charged pions, protons
and light ions simultaneously in heavy ion collisions.
An experiment with heavy-ion collisions of a neutron-
rich Sn isotope and a neutron-deficient Sn isotope at
Ejap = 270 MeV /nucleon was performed in 2016. Si-
multaneous measurement of neutron is possible with
neutron detectors at SAMURAI Those measurements
are used as probes to study the EoS of asymmetric
dense nuclear matter, which is essential to understand
the properties of neutron stars.

Introduction

A neutron star (NS) is believed to be created as a
remnant of a supernova explosion. The properties of
a neutron star can be described with the thermody-
namical character (Equation of State, EoS) of nuclear
matter which gives the basic relationships between
the energy (E), which is expressed as pressure (P),
temperature (T), density (p), and isospin asymme-

try (0 = |pn — ppl/p):

E(T7p75):E(T7pa6:0)+Esym(T>p)62+O (1)

where, it can be decomposed into a symmetric matter
contribution that is independent of the isospin asym-
metry and a symmetry energy term, FEgyp, propor-
tional to the square of the asymmetry.’»?) This second
term describes the dependence of the EoS on asymme-
try.

Experimental information about the EoS is impor-
tant to understand neutron star observables such as
stellar radii, moments of inertia, and crustal vibra-
tion frequencies. Important information has been ob-
tained from astronomical observations. For example,
the observations of a two solar mass neutron star Pul-
sar J1614-2230,%) and Pulsar J0348 + 043% place sig-
nificant constraints on the maximum energy densities,
and pressures achieved at the centers of neutron stars.
To support such a large stellar mass and to prevent it
from collapsing into a black hole, the EoS must have a
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strong density dependence at high densities.

A quantitative information about the EoS was re-
cently obtained from analyses of the late-stage in spi-
ral dynamics of the GW170817 neutron star merger
event.”) Analysis now provides bounds on the dimen-
sionless deformability of neutron stars of A = 1907399
and radii of 11.9 4+ 1.4 km by assuming both stars are
described by the same EoS, have low spin, and have
1.4 solar-masses.?)

Constraining the density dependence of the
symmetry energy from heavy-ion collisions

Heavy-ion collisions provide the only means to pro-
duce nuclear matter at high density of p > pgy in the
laboratory and study its properties.

Measurements of isoscalar collective vibrations, col-
lective flow and kaon production in energetic nucleus-
nucleus collisions have constrained the equation of
state for symmetric matter, E(p,6 = 0), for densi-
ties ranging from saturation density to five times sat-
uration density.®® The extrapolation of the EoS to
neutron-rich matter depends on Egym(p).

An experimental constraint on the density depen-
dence of the symmetry energy in the vicinity of high
density accomplishes several objectives:

e It provides an important constraint on the total
pressure supporting a neutron star at density that
dominates both the correlation between a neutron
star’s mass and its radius and the neutron star
deformability as observed in neutron star mergers.
It provides a decomposition of EoS into symmet-
ric matter and symmetry energy contributions.
Knowledge of the symmetry energy contributions
is essential for understanding the internal struc-
ture of a neutron star, the supernovae dynamics,
and the importance of cooling via direct and mod-
ified URCA processes.

The S7RIT Time Projection Chamber

An international collaboration, STRIT, was formed
by researchers from the USA, Korea, China, Poland,
Germany, Japan, and other countries (Fig. 1) to in-
vestigate the density dependent symmetry energy by
using heavy-ion collision at RIBF.

As the main experimental device for the heavy-ion
collision experiments at RIBF, we have constructed
a novel detector called the Superconducting Analyzer
for MUlti-particles from RAdiolsotope (SAMURATI)
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Fig. 1. S7RIT Collaboration.

Pion-Reconstruction and Ion-Tracker Time Projection
Chamber (S7RIT TPC).?) Many aspects of the design
of the STRIT TPC resemble those of the EOS TPC,
as both detectors measured heavy-ion collisions in a
fixed target mode within a dipole magnet of similar
design. The STRIT TPC operates within the SAMU-
RAI dipole, which has a magnet diameter similar to
that of the HISS dipole that housed the EOS TPC,
but the SAMURALI dipole has a smaller usable gap of
75 cm. Table 1 lists some of the STRIT TPC operat-
ing parameters. An exploded view of the STRIT TPC
is shown in Fig. 2, with key components labeled. The
top plate provides the rigid mounting surface for the
readout electronics, pad plane, wire planes including
gating grid wire,'9) target mechanism, and field cage.
Unlike the EOS TPC, we position the wire planes at
the top of the field cage, which is attached to the top
plate. This configuration protects the pad plane and
wire planes from falling objects and facilitates the con-
vective removal of the heat generated by the TPC read-
out electronics located on top of the TPC. The volt-
age step-down, which safely interfaces the high volt-
age of the cathode to ground, is located at the bottom
of the enclosure. This structure makes it possible to
use gases with lower drift velocities. The experimental
campaigns used metallic Sn target foils located 8.6 mm
upstream of the entrance window of the field cage using
P10 (Ar (90%)—CHy (10%)) of 1 atm as the counter
gas.

To read out the 12,096 channels of STRIT TPC,

-S2-

Table 1. Properties of the STRIT TPC.

Pad plane area 134.4 x 86.4 cm?
Number of pads 12096 (112 x 108)
Pad size 1.2 x 0.8 cm?
Drift length 50.5 cm
Readout sampling frequency 40 MHz
Signal shaping time 117 nsec
Electronic noise 800 ge
Electric field 125 V/cm
Magnetic field 05T
Drift velocity 5.5 cm/pus

Generic Electronics for TPC (GET),'? is employed.'?)
Figure 3 shows the overview of the GET system for the
S7RIT TPC. The AsAd (ASIC and ADC) board is the
front-end board for the amplification, shaping and digi-
tization of an analog signal. Each AsAd board contains
4 AGET ASIC chips, FPGA and 4 channel ADC and
is connected to the TPC pads via an interface board.
The AGET is the ASIC chip specially developed for
the GET system.'? The dynamic range (120 fC to
10 pC), charge polarity (positive or negative), signal
peaking time (50 ns to 1 us) and sampling rate (1 to
100 MHz) are configurable through slow control. Each
AGET chip can read out 64 channels. However, for the
S7RIT TPC, 63 channels are connected to 7 x 9 = 63
TPC pads. The unconnected channel serves as a fixed
pattern noise (FPN) line which is used for the eval-
uation of baseline noise and crosstalk signal through
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Fig. 2. Exploded view of the SwRIT TPC. Taken from
Ref. 11).

the cables and interface board. For each channel of
the AGET chip, a 512 switched capacitor array is in-
tegrated as analog memories. The charge stored in the
analog memories is converted to digital data when a
trigger is made. Each AsAd board is connected to 9 x
28 = 252 readout pads out of 108 x 112 total readout
pads. In total, 48 AsAd boards with 192 AGET chips
are mounted on top of STRIT TPC, directly above
the pad plane. The configuration of 25 MHz sampling
rate, 120 fC dynamic range and shaping time of 117 ns
was employed for the STRIT TPC during the experi-
ments so far. Digitized data in AsAd board are sent
to the CoBo (Concentration Board) board which has
DDRAM for event buffering. The functionality of the
CoBo board includes receiving the trigger, and con-
trolling the AsAd. The data buffered in the CoBo-
DDRAM are sent to a DAQ computing cluster.

The detector system of STRIT TPC allows for an
excellent reconstruction of particles and provides iso-
topic resolution for pions and other light charged par-
ticles across a wide range of energy losses and mo-
menta. 4 16)

Series of heavy ion collision experiment using
the STRIT TPC at RIBF

After the successful commissioning of the S7RIT
TPC in 2015,'") we carried out two major experimen-
tal campaigns in 2016 and 2024. As summarized in
Table 2, the first campaign involved Sn + Sn colli-
sions, using radioactive neutron rich projectiles at E
= 270 AMeV. The second one was conducted with Xe
+ Sn collisions, where a primary stable beam at the
higher energy of E ~ 320 AMeV was utilized. Fig-
ure 4 shows an example of heavy-ion collision event
display, negative charged particle which is expected to
be negative pion can be seen as well as large num-
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Fig. 3. An overview of the readout system for SmRIT-
TPC. 48 AsAd boards are mounted on the TPC. 12
CoBo boards are located outside the SAMURAI mag-
net. Each CoBo board is connected to 4 AsAd boards.
The data buffered in CoBo are continuously sent to data
acquisition servers. The data are copied to RIKEN high
performance computing clusters. Taken from Ref. 13).

ber of charged particles. Both experiments were suc-
cessfully completed, yielding approximately 10 million
central collision events for each system. Central colli-
sion events were triggered by scintillation counters sur-
rounding S7RIT TPC.'®19) As shown in Fig. 5, clean
particle ID with isotope resolution from pions through
7 = 3 was achieved.

Experimental probes using the STRIT TPC

In the series of heavy-ion collision experiments, the
investigation of 71 and 7~ production and its depen-
dence on the N-Z asymmetry of the colliding system
and on the system size was conducted.2%:2!) In ad-
dition to pions, the TPC also detected and identified
light charged particles such as protons, deuterons, tri-
tons and He isotopes.?>23)  Coupling the TPC with
a neutron detector enabled measurements of neutron-
proton spectral single and double ratios. The measure-
ments of pion production,2%2!) and neutron vs. proton
emission and flow?* provided significant constraints on
the three central properties that are controlled by the
effective interactions that must be constrained to ad-
dress the EoS of asymmetric matter. These include: 1)
the density dependence of symmetry energy, 2) the A
mean field potential, and 3) neutron-proton effective
mass splitting at supra-saturation density.
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Table 2. Summary of HIC experiments by using the STRIT TPC.

Primary beam | reaction system

bombarding beam energy

system N/Z

ISZSn + 124Sn
124Sn + 11281’1
112811 + 124Sn
lOSSn + 11281’1

238U
238U
124Xe

124Xe

270 AMeV
270 AMeV
270 AMeV
270 AMeV

1.56

1.36

1.36
1.2

136Xe + 124Sn
124Xe + 112Sn

320 AMeV
320 AMeV

1.44
1.22

X (mm})

z (mm)

Run#2857 - Event ID: 74 (Gain not calibrated) - Beam right view

1200

z (mm)

Fig. 4. Event display of a Sn + Sn heavy-ion collision
recorded during the 2016 experiments. Top figure and
bottom figure show top-view and side-view of the same
event, respectively. Sn target is located at = 0 [mm],
y = —117 [tb]. While many charged particles includ-
ing heavy fragments from collision move forward, the
trajectory of a negative pion can be identified.

Pion production

Investigations of pion production in nucleus-nucleus
collisions provide unique opportunities to establish
meaningful constraints on the density dependence of
the symmetry energy at supra-saturation densities.
Calculations predict that the relative concentrations
of neutrons and protons in the dense interior of a
central nucleus-nucleus collision reflect the pressure of
the symmetry energy, which is greater for a “stiffer”
symmetry energy term with stronger density depen-
dence.?%26)  Since pions are largely produced in the
high-density overlap region by A resonance produc-
tion and decay, softer symmetry energies correlate with
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Fig. 5. PID plot for combined **?Sn + ?*Sn (top) and
1089y + 12481 systems. Expected PID lines are drawn
up to lithium isotopes. Taken from Ref. 11).

higher fraction of neutrons in the central density re-
gion and, in some transport theories, larger predicted
7~ /7 yield ratios.

The transverse momentum spectra and multiplici-
ties of negatively and positively charged pions have
been measured with high accuracy for central Sn iso-
tope heavy-ion collisions summarized in Table 2.29-21)
Figure 6 shows the single pion spectral ratios for 132Sn
+ 1248n (top) and 1%8Sn + 124Sn reactions. According
to the comparison of ratio for high transverse momen-
tum region with one of the transport model numer-
ical calculations, the slope of the symmetry energy,
which is called L parameter, is deduced to be 42 < L
< 117 MeV.

Collective flow

Collective flow is a promising observable to constrain
nuclear EoS because of its correlation with nuclear
pressure. When the mean field is highly repulsive,
participant nucleons experience higher pressures which
leads to early emission. However, this emission is par-
tially blocked by the spectator nucleons if they have
not already moved past the participant region before
it can expand into the spectator matter.®27:28) The
blocking of the expanding participant matter by the
spectator nucleons results in azimuthal anisotropies in
fragment emissions. In very central collisions, there is
very little spectator matter. Thus, emitted particles
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Fig. 6. Single pion spectral ratios for *?Sn + '**Sn (top)
and '°Sn + '?*Sn (bottom) reactions. The curves are
dcQMD predictions from different L and Amsy,;, values.
Taken from Ref. 21).

exhibit little anisotropies. With increasing impact pa-
rameter, the amount of spectator matter increases and
the importance of the spectators blocking the emitted
particles results in the increasing directional depen-
dence that is characteristic of the directed flow.

Collective flow is quantified by the Fourier coeffi-
cients of the fragments’ azimuthal distributions with
resp)ect to the azimuthal angle for the reaction plane
@’29

dN

d(A¢)

where, N is the particle yield, A¢ is the azimuthal
angle of emission for the particle with respective to @,
v1 is called the directed flow and vs is called the elliptic
flow.

Directed flow and elliptic flow of 198Sn + !128n
and 132Sn + '24Sn and stopping of '2Sn + 124Sn
are extracted from the data obtained in the SwRIT

o 14201 cos(Ap) 4 2v3 cos(2(Ap)) + O, (2)
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Fig. 7. Density dependence of the symmetry energy. Sym-
bols are data given by several studies based on experi-
ments, such as heavy-ion collision, mass, isobaric analog
state and dipole polarizability. The shaded area shows
the 1o contours from empirical formula. The dashed
curves represent the 1o boundaries from fitting. Taken
from Ref. 30).

experiment.??) The measured values are compared
to predictions from the Improved Quantum Molec-
ular Dynamic-Skyrme (ImQMD-Sky) model through
a Bayesian analysis, which shows strong constraining
power on the effective masses and the in-medium cross-
section parameter. The constraints on effective mass
are converted to a probability distribution on effective
mass splitting to give Amy,, = —0.0779-970.06.

Compilation of experimental data on symmetry
energy

There are several experimental studies of nuclear
symmetry energy, not only with heavy-ion collision,
but also with the measurement of nuclear structure
properties such as neutron skin thickness and dipole
polarizability. Many analyses of the nuclear EoS have
been limited to extracting values for the symmetry en-
ergy, S0, and its “derivative,” L, at saturation density
po- This has resulted in constraints that appear contra-
dictory. However, most experimental observables ac-
tually probe the symmetry energy at densities different
from pg. By focusing on the densities these observables
actually probe, it is possible to obtain a detailed pic-
ture of the density dependence of the symmetry energy
from 0.25 pg to 2.0 pg, as shown in Fig. 7.

Bayesian analysis of combined data
Recently, a Bayesian inference study was conducted

that combined data from three astrophysical multi-
messenger observations of neutron stars, and twelve
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