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Abstract Experimental information on fragment emissions
is important in understanding the dynamics of nuclear col-
lisions and in the development of transport model simulat-
ing heavy-ion collisions. The composition of complex frag-
ments emitted in the heavy-ion collisions can be explained
by statistical models, which assume that thermal equilib-
rium is achieved at collision energies below 100 MeV/u.
Our new experimental data together with theoretical anal-
yses for light particles from Sn+Sn collisions at 270 MeV/u,
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suggest that the hypothesis of thermal equilibrium breaks
down for particles emitted with high transfer momentum.
To inspect the system’s properties in such limit, the scaling
features of the yield ratios of particles from two systems, a
neutron-rich system of *2Sn 4 1?4Sn and a nearly symmet-
ric system of 1%8Sn + 112Sn, are examined in the framework
of the statistical multifragmentation model and the antisym-
metrized molecular dynamics model. The isoscaling from
low energy particles agree with both models. However the
observed breakdown of isoscaling for particles with high
transverse momentum cannot be explained by the antisym-
metrized molecular dynamics model.
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1 Introduction

During a collision involving heavy-ions at energies well above
the Coulomb barrier, nuclear matter is driven through very
different configurations. In the early stages, violent colli-
sions between its constituents take place, causing matter to
be heated up. If these collisions occur above the produc-
tion thresholds, sub-atomic particles such as pions, for in-
stance, may be produced [1-5]. Many particles are ejected
in this pre-equilibrium stage [6], carrying away an apprecia-
ble amount of energy from the system. At the same time, the
relative collective motion between the colliding nuclei leads
to the compression of nuclear matter and densities higher
than the saturation density found in the core of normal nu-
clei such as lead [4, 7].

Dynamical treatments [8] have been developed to study
such early stages. The density, the isospin configuration, and
the temperatures attained by the system are sensitive to the
physics input parameters employed by the models [6, 8—11].
Therefore, important information on the Nuclear Equation
of State (EOS) may be provided by these dynamical ap-
proaches. Determining the input parameters of the models
using experimental observables is of particular interest, as
some of them are closely related to the rate of equilibration
of the system, providing deeper insight into the dynamics of
the collisions.

After pre-equilibrium emission, a freeze-out configura-
tion is reached and many fragments including protons and
neutrons are emitted [6]. Its behaviors can be described both
by dynamical [3, 8] and statistical models [7, 12-14]. In
the former case, it appears as a result of the dynamical path
taken by the system. In the case of statistical models, a freeze-
out configuration is assumed. In both cases, most of the ex-
cited fragments predicted by the models would decay before
detection and, therefore, a de-excitation treatment [15, 16]
must be applied before comparing theoretical predictions
with the experimental data. Consequently, important ves-
tiges of the freeze out configuration may be blurred by the
de-excitation process.

In this context, the nuclear isoscaling phenomenon [17,
18], first reported in Ref. [19] for Sn+Sn reactions at 50
MeV/u, is a very useful tool as the ratios of yields from two
different reactions (which differ mainly in the isospin com-
position) is weakly affected by the fragment de-excitation
process [17], retaining information on the system’s config-
uration right after the violent stages of the reaction. Partic-
ularly, under certain conditions [17, 20, 21], it may be re-
lated to the symmetry energy, which makes this observable
specially relevant to investigations on the nuclear EOS. The
isoscaling analysis considers the ratio:

RZI(N’Z):YZ(N’Z)/YI(sz)a (D

where Y1 (N,Z) and Y»(N,Z) stand for the yields of species
(N,Z), observed in two similar reactions “1” and “2” , where
N and Z respectively denote the neutron and proton numbers
of the isotope. It has been found that this ratio follows a
simple scaling law [17, 18]

Rai(N.Z) = Cexp(aN +BZ), @)

where o and f3 are the scaling parameters and C is a normal-
ization constant. By convention, reaction 2 is chosen to have
a larger isospin asymmetry compared with that of reaction
1.

This scaling property can be derived in the framework
of the grand-canonical ensemble [17]. From it, simple rela-
tionships between the neutron and proton chemical poten-
tials, u, and ,, respectively, and the scaling parameters are
obtained:

Ay, = u,?) —u,(,l) =uof 3)
and
App=p — ) =BT @

In these expressions, T symbolizes the temperature at the
freeze-out configuration and the superscripts (i = 1,2) rep-
resent reactions “1” or “2”.

Although the formal derivation is based on the grand-
canonical ensemble, the isoscaling property is also found
in nearly all statistical models [22], including versions of
the Statistical Multifragmentation Model (SMM) which em-
ploy the micro-canonical and canonical ensembles [20]. It
has also been observed in the Antisymmetrized Molecular
Dynamics (AMD) model [23]. Calculations based on the
molecular dynamics approach [24] seem to indicate that the
isoscaling may be observed even when the system has not
yet attained thermal equilibrium. Furthermore, recent exper-
imental results suggest that the parameters o and 3 are sen-
sitive to the mechanisms responsible for fragment produc-
tion. These results call for further investigations on the nu-
clear isoscaling property.

Many experimental studies [25-29] have investigated the
isoscaling property in different systems at different bom-
barding energies. A close relationship between the param-
eter o and the symmetry energy coefficient Csyry has been
pointed out in Ref. [17]. More specifically, denoting by Z;
and A; the atomic and mass numbers of the i-th source, one
has:

o ~ 4Cyml(Z1 /A1) — (Za/A2))/T . 5)

This property has been examined in several theoretical [20,
30] and experimental [26-29] works. Studies found that the



isoscaling parameter & and the (Z/A)? difference between
the two sources are related [28], and different isoscaling ten-
dencies between the projectile-like fragments and the emit-
ted fragments exist [29]. The INDRA-GSI collaboration ex-
tended this investigation to relativistic collision energies for
carbon induced reactions on Sn isotopes [31].

In this work, we extend earlier investigations at low in-
cident energies of Sn+Sn reactions to a collision energy (270
MeV/u). We concentrate on central mid-rapidity events, with
impact parameters b < 1.5 fm. The scaling properties are
studied as a function of the transverse momentum.

2 Experiment

The SwRIT experiment was performed at the Radioactive
Isotope Beam Factory (RIBF) at RIKEN. The primary beams
of 238U and '32Xe impinged on the Be target to produce sec-
ondary beams of '3%124Sn and 121988 respectively, at 270
MeV/u. The beams bombarded on the isotopically enriched
12451 and ''2Sn targets with areal density of 608 mg/cm?
and 561 mg/cm?, respectively. Four reactions with different
neutron-to-proton ratios, N /Z, of the total system were mea-
sured: '¥2Sn + 124Sn (N/Z = 1.56), '%Sn + 128n (N/Z =
1.2),"12Sn+124Sn (N/Z =1.36), and '**Sn+'12Sn (N /Z =
1.36). In this work, we focus mainly on the most (N/Z =
1.56) and least (N/Z = 1.2) neutron rich systems.

Charged particles produced in the reactions were detected
with the SAMURALI Pion Reconstruction and Ion-Tracker
Time Projection Chamber (STRIT-TPC) [32-34] installed
inside the SAMRURALI dipole magnet [35] with a magnetic
field of 0.5 T. The effective volume of the TPC is 1344 mm
x 864 mm x 530 mm, and the target was placed at 15 mm
upstream of the entrance window, resulting in an angular
coverage of 6 < 80° with respect to the beam axis in the lab-
oratory frame. Description of the associated trigger arrays
located on the side and downstream of the TPC used to select
central events can be found in Refs. [36, 37]. The Generic
Electronics for TPCs (GET) was employed to read out the
track signals. The analysis software STRITROOT [38, 39]
was developed for the track reconstruction of the charged
particles. Detailed performance of the TPC and GET elec-
tronics as well as the software analysis codes have been pub-
lished in [34, 38—40]. Other technical issues including space
charge correction and extending the dynamic range of the
TPC electronics can be found in [41, 42].

The cuboid-shaped STRIT TPC lacks the azimuthal sym-
metry. In this work, we mainly analyze the data at the az-
imuthal angles, ¢, —30° < ¢ < 20° and 160° < ¢ < 210°
where the tracks are longest and the track quality is gener-
ally much better. The TPC efficiencies arising from the de-
tector performance are determined by the track embedding
method [43] using events generated from Monte Carlo sim-
ulations and GEANT-4. The reconstructed rigidity momen-
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Fig. 1 Particle identification plot of energy loss, (dE /dx) vs. magnetic
rigidity, p/Z. The particles emitted from the 1329 4124 8 collisions
at 270 MeV/u are detected with the STRIT-TPC.

tum/charge, p/Z and the mean energy loss per unit length
(dE /dx) were provided for each track. The resolution of the
reconstructed momentum and (dE /dx) for single tracks is
1.6% and 4.6 %, respectively [44]. The particle identifica-
tion (PID) is obtained using the correlation plot of magnetic
rigidity, p/Z, and energy loss, (dE /dx), of the detected par-
ticles, as shown in Fig. 1. Isotopes of p, d, t, 3He, “He,
%He, °Li, and 7Li can be clearly identified. However, be-
low p/Z < 600 MeV/c, the t and *He PID lines merge. In
this study, we mainly focus on particles in the mid-rapidity
range yo = 0 - 0.4 with yo = y/y{jj — 1 where y is the rapid-
ity of the particle and y{y is center-of-mass rapidity of the
nucleon-nucleon system. Since the mid-rapidity gate elimi-
nates tritons below p/Z < 1000 MeV/c, contamination from
3He in triton spectra is minimal. On the other hand, contam-
ination from triton in the 3He spectra has to be determined.
Some physics results regarding the symmetry energy con-
straints from the STRIT experiments have been published.

Charged pion multiplicities and ratios were published in Ref. [11]

and Ref. [45]. Ref. [46] focused on Z=1 particles and com-

parisons of the rapidity distributions with the AMD models|[3,
47]. This paper provides a more comprehensive study than

Ref. [46] and focuses on the transverse momentum spec-

tra and yield ratios obtained from light charged fragments,

specifically p, d, t, *He and “He.

To select central collisions, we assume the impact pa-
rameters increase monotonically with the charged particle
multiplicity [48, 49]. Very central collision events (b < 1.5
fm) similar to those analyzed in Ref. [46] are chosen for this
work. The difference between this work and Ref. [46] for the
rapidity spectra in yg = 0 - 0.4 (Fig. 2) is within 3 %. The
charge multiplicity selection in both works is different. In-
deed, events with multiplicities equal or more than 57 and 56
charged particles, for 1*Sn+!2#Sn and '%®Sn+'12Sn respec-
tively, are chosen in this work, while 56 and 55 are used in
Ref. [46]. In both cases, the impact parameter gates of (b <



1.5 fm) is chosen. In this work, by« 1s defined to be the
experimental bpax of 7.52 fm in 13291 4+ 1248 and 7.13 fm
in 198Sn 4 1"28n while in Ref. [46], bmax=10 fm is defined
by the sum of the radii for the projectile and target. These
slight differences in the multiplicity gates do not affect the
results of both works. The total statistics is increased as the
tracks from both the left and right side of the TPC is used
in the present work, whereas only the tracks in the right side
of the TPC is used in Ref. [46]. These are the main reasons
for the 3 % discrepancy. In any case, the isocaling ratios are
unaffected by the slight discrepancies in the spectra.

Fig. 1 shows a typical PID plot of the charged particles
obtained in the '32Sn+!2#Sn collisions. The heavier clusters
with A > 5 nuclei such as °He, °Li, 7Li are not included in
the current analysis due to lack of statistics. To standardize
the PID conditions, the center and width of (dE/dx) of the
PID line for each particle are fitted with the empirical Bethe-
Bloch formula with Gaussian widths. Only tracks having
PID probability larger than 70% (50% for *He) and 2.20
width of (dE /dx) are selected for the analysis.

The overall systematic uncertainties are estimated from
the variations of track multiplicity, track quality [39] and
PID quality cuts [50]. In the region pr /A < 400 MeV/c, the
statistical errors are smaller than systematic errors which are
about 5% and 2% for the absolute yield and yield ratios, re-
spectively. Outside of this region the statistic and systematic
uncertainties increase with pr /A to exceed 15%. The error
bars shown in this work include both the systematic and sta-
tistical errors.

3 Particle Spectra

The experimental rapidity and transverse momentum spectra
for Z=1 and 2 particles are shown in Fig. 2 and Fig. 3, re-
spectively, for the neutron rich system '32Sn+124Sn (N /Z =
1.56) (black circles) and the nearly symmetric system, '%Sn+
128n (N/Z = 1.20) (red squares). The data in both left and
right panels in each figure are the same. Comparison of the
data to the two different parameter sets of the AMD models,
shown by solid (left panels) and dashed (right panels) lines,
will be discussed in details later.

In all cases, the rapidity spectra show peaking near or
at yo = 0 suggesting high degree of stopping. The slight
asymmetry observed around yg = O for all particles is due
to the inefficiencies in the TPC to detect target rapidity par-
ticles which are generally low in energy and emitted at back-
ward angles in the laboratory frame. In the case of *He, the
PID contamination from tritons is significant and the spec-
tra peak is located slightly off yo = 0. For the analysis, we
assume the spectra is symmetric at yp = 0 and only include
datain yp =0-0.4.

At mid rapidity, except for proton and *He isotopes, more
particles, d, t and *He are produced in the neutron-rich sys-
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Fig. 2 Differential multiplicity as a function of rapidity yo for p, d,
t, 3He, and *He from top to bottom panels from the collisions of
1329 + 1248 (black solid circles) and 1%8Sn+ 128n (red open squares)
reactions. The data points are compared to the AMD®) (solid lines) on
the left panels and AMD(F) (dotted lines) on the right panels.

tems. The same observation is also seen in Fig. 3 for par-
ticles with pr/A < 280 MeV/c. On the contrary, more high
energy particles including the neutron rich tritons, with py /A >
400 MeV/c, are produced from the nearly symmetric 198Sn+
1128p system than the neutron-rich one. This is surprising as
one would expect that neutron-rich systems would produce
more neutron-rich isotopes at all energies. One explanation
could be that high energy particles are produced in a dy-
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Fig. 3 Differential multiplicity as a function of pr /A for p, d, t, 3He,
and “He from top to bottom panels. Data points are compared to the
AMD®) (solid lines) on the left panels and AMD® (dotted lines) on
the right panels for 1329 4 1248 (black) and '98Sn+112Sn (red) reac-
tions.

namical and non-equilibrium environment and that the hot
participant zone is rather neutron deficient.

4 Yield Ratios and Isoscaling

It has been shown that isoscaling occurs only when the two
systems have nearly the same temperature [22]. Since the
absolute temperature cannot be directly measured, we use

the established isotope thermometers based on the double
ratio of hydrogen and helium species

Ry-pe = [Y (d)Y (*He)]/[Y (1) (He)] (6)

to examine the relative temperature increase with particle
energy in both reactions:

14.29

Tipe MeV)= — =
Hote (MeV) = 59 R 1)

(N
We note that the isotope temperature can be derived in the
grand-canonical ensemble [51] and it is found to be indepen-
dent of N/Z ratio of the source in low energy collisions [52].

The upper panel of Fig. 4 displays the H-He tempera-
ture evaluated from Eq. (7). The Ty.ge for both neutron rich
(solid circles) and the near-symmetric (open squares) sys-
tems are nearly the same for low energy particles. The tem-
peratures increases slowly from around 8 MeV to 10 MeV
with increasing pr/A. Above 280 MeV/c, temperatures start
to increase dramatically. Furthermore, the temperatures of
the two systems begin to differ. Above 400 MeV/c the tem-
perature of the near-symmetric system is higher than that
of the neutron rich system. The increasing differences in
temperatures with pr /A indicates that the Sn+Sn collisions
studied here (with incident energy of 270 MeV/u) do not
form fully equilibrated systems.

The increase in H-He temperature as a function of the
surface velocity of the particles, has been observed in Refs. [53,
54]. In previous work, a drop of the temperature is also ob-
served at very high velocity. We do not see the drop. This
could be a consequence of the dramatic decrease of the cross-
sections for pr /A above 280 MeV/c.

Next, we focus on the spectral ratio of isotope yields
R>1(N,Z) of the Z=1 and 2 particles, observed in the '32Sn +
12480 and '%8Sn 4 !"2Sn systems. These are shown in the
lower panel of Fig. 4 as a function of pr/A. The dotted
lines connect data points providing visual guidance to the
trends of the data for each particle. The vertical dashed line
at pr /A = 280 MeV/c marks the approximate region when
the temperatures of the two systems start to differ.

The isotope ratios plotted to the left of the dashed line
show isoscaling characteristics. In each (N —Z = —1, 0 and
1) group, Ry1(N,Z) values are nearly constant as a function
of pr/A. Moreover, *He behave like protons (N —Z = —1)
with ratio value smaller than 1, and *He behave similarly
to deuterons (N — Z = 0) with higher ratio value than pro-
tons. The tritons (N — Z = 1) have the highest ratio values as
expected from isoscaling.

The Ry; ratios for the five particles with pr/A < 280
MeV/c are plotted as a function of N and Z, in the left pan-
els of Fig 5. The three parameters @, 3 and C are simulta-
neously fitted and the resulting isoscaling fits are shown as
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Fig. 4 Upper panel: The H-He temperature evaluated using the isotope
ratios of Eq. 6 & 7. Lower panel: The isoscaling yield ratio Ry; as a
function of transverse momentum for different particles. The break line
at pr /A = 280 MeV/c show different trend of isoscaling for particles
with low (left side of the line) and high (right side of the line) pr /A.
The horizontal solid lines for pr/A < 280 MeV/c correspond to the
average fitted values of Ry; using Eq. 2. The dashed lines are used to
guide the eye highlighting the trends of the data for different particles.

lines in the figure. The two fitted lines of the data for the iso-
topes with Z = 1 and 2 are shown separately in the top left
panel, where the slopes of the lines represent the fit parame-
ter o = 0.29. The three fitted lines for the isotones with N =
0, 1 and 2 are shown on the bottom left panel as a function
of Z and the slopes represent the fit parameter § = -0.23.
In the absence of Coulomb, protons and neutrons should be-
have similarly and one would expect & and f to have similar
values but opposite signs. This has been observed in most of
the previous studies of isoscaling. In this case, the magni-
tude of the o value is larger than the 8 value. The isoscaling
ratios obtained from these fits are plotted as solid horizontal
lines in the bottom panel of Fig. 4 to the left of the vertical
dashed line.

In contrast, except for protons, Ry} (N, Z) for high energy
isotopes shown on the right side of the vertical dashed line
decreases with pr/A. Furthermore, the lines from different
isotopes cross over each other. In the case of N = 2 parti-
cles (triton and 4He), Ry falls off suddenly above pr/A =
280 MeV/c with the largest drop exhibited by tritons. This
reflects the sharper drop in the ¢ and “He particle spectra
at the high energy. The right panels of Fig. 5 show the ra-
tios Ry plotted as a function of N and Z in the range of
pr/A > 400 MeV/c. Ry values for t, *He and “He have
nearly the same values leading to the breakdown of isoscal-
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Fig. 5 In each panel, Ry values of Z=1 and 2 particles are plotted as
a function of N and Z in the top and bottom panels, respectively. In the
left panels, the lines are fits with Eq. (2) performed for particles with
pr/A < 280 MeV/c. The values of @ and f noted on the top corners of
the panels correspond to the slope of the fitted lines. In the right panels,
the data shown for pT /A > 400 MeV/c do not follow Eq. (2), and the
lines joining the data points are mainly used to guide the eyes.

ing. The lines connecting the isotope (upper right panel) and
isotone (lower right panel) data points serve only to guide
the eye and provide a contrast trends of the R,; values be-
tween fragments with low (left panels) and high (right pan-
els) transverse momentum.

It is also interesting to note that Ry is less than 1 for all
high energy isotopes. For isotopes with pr /A ~ 500 MeV/c,
Ry; =~ 0.5 for t, *He and *He, i.e. 50% less tritons are pro-
duced from the neutron-rich system of '32Sn + 12#Sn than
that from the '°8Sn 4- 12Sn system. So far there is no expla-
nation for the surprising result.

5 Model Comparisons

The isoscaling ratios R (N,Z) of the Z = 1 and 2 parti-
cles, obtained from the experimental yields measured in the
1328n +124Sn and '%Sn + 1128n systems, are shown in Fig. 6.
In each panel, data are compared to the models; SMM (hori-
zontal lines in the top panel), AMD(®) and AMD(F) (hatched
bands in the middle and bottom pannels, respectively).

5.1 Statistical Multifragmentation Model
In order to check the extent to which the isoscaling prop-

erties observed experimentally may be understood in a sce-
nario in which a thermal equilibrated source is formed and
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AMD®) (middle) and AMD® (bottom). The data are the same in all
panels. The break line at pr/A = 280 MeV/c show different trend of
isoscaling for particles with low (left side of the line) and high (right
side of the line) pr /A.

undergoes a prompt breakup, we employ the canonical ver-
sion of the SMM model described in Refs. [16, 55]. Many
different sources contribute to the actual data whereas a sin-
gle source is employed in the calculation due to the compu-
tational effort needed to generate a source distribution. The
model assumes a breakup volume three times larger than
that of the source at normal density, and breakup temper-
ature T = 8 MeV. The mass and atomic numbers of the de-
caying source associated with the '32Sn+!2*Sn system are
N> =93 and Z, = 79, whereas Ny = 71 and Z; = 71 are
used in the case of the '%Sn+!12Sn system. These values
have been selected in order to obtain a good agreement with
the measured Ry ratios. Different source compositions lead
to slightly different R,; values and, therefore, those adopted
in this work should be seen as average values. The predicted
isotope ratios Ry are shown as horizontal solid lines in the
top panel of Fig. 6.

5.2 Asymmetrized Molecular Dynamics Model

In Ref. [46], the AMD model [3, 47] has been employed to
describe the rapidity distributions of Z = 1 particles (top six
panels in Fig. 2). The time evolution of the system is calcu-
lated by AMD until # = 300 fm/c. The productions of light
charged particles and their properties are almost determined
at this primary stage. The employed version of AMD con-
siders the process of cluster formation in the final state of
every two-nucleon collision as Ny + N, +B{+B, — C; 4+ (>,
where each scattered nucleon N; (i = 1,2) may form a clus-
ter C; with a surrounding particle(s) B;. Clusters in the (Os)AC
configuration are considered for 1 <A, < 4. A formed clus-
ter may be broken later, e.g., when a nucleon in the clus-
ter is scattered by some other particle. The important model
parameters include the medium effects on two-nucleon col-
lision cross sections oyy and cluster correlations. A set of
parameters was chosen in Ref. [56] for a reasonable repro-
duction of the FOPI data of central Xe + CslI collisions at
250 MeV/nucleon [57, 58], paying attention to the yields of
light charged particles and heavier fragments, and a kind of
stopping observable of various particle species. (The stop-
ping observable is expressed as 3 (p%)/(p?) with transverse
and longitudinal momentum components, pr and p,, in the
center-of-mass frame.) This parametrization of Ref. [56] is
called AMD®) here.

For the present systems of Sn + Sn collisions, the ra-
pidity distributions predicted by AMD®) are shown in the
right panels of Fig. 2. The calculated distribution looks more
transparent than the data and underestimates the yields of
deuterons and especially that of tritons in the mid-rapidity
region. To reduce this discrepancy in the rapidity distribu-
tions in Ref. [46], another parametrization by adopting larger
in-medium NN cross sections Oyy is chosen, so that the ra-
pidity distributions become much narrower as shown in the
left panels of Fig. 2. In addition, agreement with the triton
multiplicity was improved by modifying the phase space
so that the bound phase space for the relative coordinate
between a two-nucleon pair and another nucleon becomes
approximately (277)3 [46]. We label this parameter set as
AMD®). A persistent observed problem is that the ¢ />He
yield ratio is always underestimated, either by AMD® or
AMD®).

In the present work, we adopt the Skyrme SLy4 effective
interaction, which corresponds to a soft symmetry energy
with the slope parameter L = 46 MeV. The calculation of
stiff symmetry energy with L = 108 MeV was also analyzed
in Ref. [46]. However, only the soft symmetry energy case
is shown here since the data seems to have a better agree-
ment with the soft symmetry energy case. The interaction
with soft symmetry energy overestimates the deuteron bind-
ing energy and consequently may overestimate the deuteron
yield [59]. However, such an effect of the binding energy



or the bound phase space is largely canceled out when the
double ratio is taken between two systems [46].

In Fig. 3, the pr /A spectra predicted by the AMD(S) and
AMDF) are depicted by the solid lines (left panels) and dot-
ted lines (right panels) respectively. For proton and deuteron,
the overall shapes and absolute yields are well explained
with both AMD'S) and AMD®). On the other hand, for clus-
ters with A > 3, the shapes of the pr /A spectra change sig-
nificantly when the in-medium cross sections Oyy are in-
creased from AMD® to AMD<S), and the spectra extend to
high pr/A in AMD(®) compared to the experimental data.
The change from AMD®) to AMD(®) is understood as a nat-
ural consequence of the increased oy to reduce (p2) and
increase (p7). To reproduce the experimental data of both
the rapidity and pr /A distributions, both (p2) and (p?) of
clusters need to be reduced, in particular for tritons.This is
not possible by only changing oxy in AMD. (The enhanced
production of Z = 2 isotope yields from the AMD(S) param-
eterizations in Fig. 2 suggests that adjusting the in-medium
cluster correlations may also be needed.)

For the low energy particles with pr/A < 280 MeV/c,

the behaviour of Ry, is qualitatively explained by both AMD(F)

and AMD®). The predicted R»; values are shown as bands
in the middle and bottom panels of Fig. 6. The widths of the
bands represent statistical uncertainties. The predicted Ry
for all particles except proton show slightly lower values.
Similar to SMM, the Ry of tritons shows the largest differ-
ence in the model comparisons. Furthermore, the R, ratios
for tritons from AMD®) underestimate the data more than
the results from AMD(*).

An emergence of isoscaling in the AMD calculation is
not trivial, because AMD does not assume any equilibrium
state, and the fragments are produced within a rapidly evolv-
ing system [23]. However, during the dynamical evolution,
clusters are repeatedly created and broken by the micro-
scopic processes explained above, and therefore a situation
similar to a chemical equilibrium may be realized before
particles stop interacting. The isoscaling observed in AMD
is consistent with such a picture, at least qualitatively. The
precise values of Ry; may depend on the details of the model
ingredients. In the present calculation, all clusters with the
(0s)A< configuration (1 < A. < 4) are considered, including
the dineutron and diproton correlations. When the strength
of dinucleon correlation is varied, a test calculation shows
that the composition of nucleons and clusters is affected.
However, the steep drop of Ry; of clusters at high pr down
to Ry; < 1 in the experimental data seems to be difficult to
explain by a minor modification of the present AMD model.
Direct information on free neutrons can be an important clue
to solve this puzzle. It is available in the calculated results
but is not shown in the present paper.

6 Summary and Conclusion

In summary, the isoscaling phenomenon of hydrogen and
helium isotopes in 132Sn+'24 Sn and '%Sn +!12 Sn reactions
at beam energy of 270 MeV/u is presented as a function of
pr/A. Isoscaling phenomenon up to pr/A < 280 MeV/c is
found but breaks down for cluster particles with pr /A > 280
MeV/c. The systems are found to form a thermal equilib-
rium not throughout the system but locally, which is evident
from the increasing trend of H-He isotope ratio temperature
with increasing pr/A. The isoscaling can be qualitatively
explained by both the SMM and AMD models. When the
yield spectra and isoscaling are compared to the predictions
from the dynamical model AMD with two different param-
eter sets, we do not find any preference in increasing the de-
fault values of oy as observed in earlier study of Z=1 parti-
cles. While isoscaling breaks down for pr/A > 280 MeV/c
particles in the data, the isoscaling trend in AMD persist.
Most intriguely, the high-momentum clusters are suppressed
in the neutron-rich system compared to the more symmetric
system suggesting the non-equilibrium nature of the emis-
sion process especially for the high energy particles.
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