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Abstract: Traditionally, isoscaling has been interpreted and applied within the framework of the grand canonical

ensemble, based on the assumption that fragment production occurs following the attainment of a statistical equilib-
rium state. However, the influence of the symmetry energy can lead to differences in the neutron and density distri-
bution in neutron-rich nuclei. This in turn may impact the isoscaling parameters (usually denoted by a and f). We
examine the isoscaling properties for neutron-rich fragments produced in highly asymmetric systems on inverse kin-
ematics, namely “%*3Ca and 58.64Ni + ?Be at 140 MeV per nucleon. We evaluate o and § values and sort them as a
function of the neutron excess I/ = N —Z. The significant differences in o extracted from fragments within different

ranges of / emphasize the importance of understanding the dependence of isoscaling parameters on fragments gener-
ated in various collision regions. Furthermore, the |3(N)|/a(Z) value for a specific fragment in small size and highly

isospin asymmetry systems can serve as a probe to detect the variations in neutron density and proton density in dif-
ferent regions of the nucleus and indicate the limitations of theoretical models in investigating these issues.

Keywords: isoscaling, symmetry energy, nuclear density, neutron-rich fragment, heavy ion collision

DOI: 10.1088/1674-1137/ad33bd

I. INTRODUCTION

For over a decade, the density dependence of sym-
metry energy has been a focal point in nuclear physics. Its
significance lies in understanding the properties of radio-
active isotopes, the dynamics of evolution in low and in-
termediate energy heavy ion collisions, and various astro-
physical phenomena. [1-6]. Although the asymmetry en-
ergy term is well constrained at saturation density, its
evolution away from the saturation density is still unclear.
Isoscaling parameters, which are denoted by a and f, are
one of the important probes to examine the symmetry en-
ergy at sub-saturation [7-9]. A generalized formula for
isoscaling can be obtained via thermodynamic models of
nuclear reactions, i.e., for a specific fragment with neut-
ron number N and proton number Z in two systems that
share the same environment of reactions (mainly in simil-
ar temperatures),

Ryi(N,Z) = Y2(N,2)/ Y\(N,Z) = Ce! M52, (M

or

InRy (N, Z) = In[Y>(N,Z)/ Yi(N,Z)] =aN +BZ +InC, (2)

where Y, and Y;denote the yield of a specific fragment
(N,Z) in reactions with sub-indices 2 and 1 denoting n/p
asymmetric and symmetric indices, respectively. Para-
meters C, a, and f are fitting parameters to yield ratio
Ry (N,Z). Tt is generally known that « and f are sensitive
to the n/pcomposition of emitting sources. Furthermore,
o and f are in forms of

a=w)—u")/T,
B=w —u)/T, 3)

where u, (u,) is the chemical potential of free neutrons
(protons) in the reaction system, and thus, a (f) denotes
the difference in the neutron (proton) chemical potential
between two reaction systems. Numerous experiments
and theoretical models demonstrated that isoscaling ap-
plies to a variety of reaction mechanisms dominated by
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phase spaces, including evaporation, multi-fragmentation,
and deeply inelastic scattering and fission [7—10]. In stat-
istical and dynamical models [9, 11, 12], the isoscaling
parameter o is related to the symmetry energy coefficient
Cym and isotopic composition of the compound system
(N5, Zy),

a(Z) = 4C5ym(A7Z, T)A(ZK/AS)2/T9
A[(ZA/AA)Z] = (ZA/AA)% - (Zs/Aa)g (4)

In a similar fashion,

B(N) = 4Cym(A,Z, T)A(N, /AT,
ALN,/A)*] = (N /A = (N, /A,)3. )

The value of Cyyn, is determined by the average nucle-
ar density and the temperature T of the emitting source
[12, 13]. Hence, measuring R,;(N,Z) can probe the dens-
ity dependence of symmetry energy [9, 14].

A quantity # is defined to label the ratio S(N)/a(Z) re-
lated to a specific fragment,

n= BWN) _ (Ns/AT = (N,/A);
Q'(Z) (ZV/AS)% - (Zs/A.v)z ’

(6)

where B(N) and a(Z) are determined from its isotonic and
isotopic chains, respectively. By definition, # reflects the
degree of difference between the proton density and neut-
ron density of the colliding source where the fragment is
formed. According to Refs. [12, 15], in the absence of
isospin symmetry breaking,

BN = a(2). (7

Various experimental and theoretical studies have
shown that isoscaling can work very well when N/N; and
Z|Z; are small (<0.35) [7-9].If one extends observa-
tions to a smaller system (N,,Z;) or larger fragment
(N,Z), more precisely, to larger N/N, and Z/Z;, devi-
ations are expected. Historically, isoscaling has been
primarily interpreted and implemented within the context
of the grand canonical ensemble, based on the assump-
tion that fragment production occurs after a statistical
equilibrium state is attained. However, the influence of
the asymmetry energy may lead to differences in the
neutron and density distribution in neutron-rich nuclei,
potentially impacting a and f, especially for small sys-
tems subject to volume effects. In Ref. [16], the phe-
nomenon of deviation from isoscaling was discussed. The
authors successfully explained the deviations in the ex-
perimental data based on small systems via canonical

model as opposed to the grand canonical model. Some
experimental observations suggested a strong decrease in
isoscaling parameters with increasing centrality to values
smaller than 50% of those obtained for the peripheral
groups [17]. Additionally, it was shown that the isoscal-
ing parameters were different for emitted and projectile-
like fragments [18]. Various molecular dynamics simula-
tion studies have shown that isoscaling parameters vary
wildly with the evolution of the reaction system [19].
These experimental and theoretical results underscore the
significance of comprehending how isoscaling paramet-
ers vary with fragments originating from distinct colli-
sion zones, which may exhibit diverse production mech-
anisms or nuclear density distributions.

In this study, the isoscaling properties for neutron-
rich fragments produced in highly asymmetric systems
were examined. The analysis was conducted based on the
inclusive experimental results by Mocko et al. [20]. The
fragments were grouped based on their neutron-excess (I =
N —2Z). Specifically, the fragments within the same group
were assumed to share the same environment, i.c., the
same colliding region, temperature, and nuclear density.
We employed experimental data (if available), the Heavy
Ion Phase Space Exploration model (HIPSE) plus SI-
MON simulations, and the Antisymmetrized Molecular
Dynamic (AMD) model plus GEMINI simulations to in-
vestigate the variations in the isoscaling parameters de-
rived from fragments belonging to different groups. Fur-
thermore, the |[3(N)| ~ a(Z) correlation for a specific frag-
ment was adopted to explore the degree of difference
between proton density and neutron density of two colli-
sion sources where the fragment is formed.

This paper is structured as follows. First, the HIPSE
and AMD models, as well as the decay codes, SIMON
and GEMINI, are briefly introduced in Sec. II. The iso-
topic distributions are compared in Sec. III.A. The iso-
scaling behaviors of fragments in the measured 140
MeV/u 3¥6Ni + °Be projectile fragmentation reactions
are discussed in Sec. III.B. The |3(N)| ~ a(Z) correlations
for “048Ca, 8%Ni, and "®8¢Kr induced projectile frag-
mentation reactions are discussed in Sec. III.C. The res-
ults are summarized in Sec. V.

II. MODEL DESCRIPTION

A. Heavy ion phase space exploration model

The HIPSE model was proposed to examine the reac-
tion process with few important parameters in a fully mi-
croscopic manner based on a macroscopic-microscopic
"phenomenology" and accounts for both the dynamical
and statistical properties of nuclear collisions [21]. It has
been employed to narrow the divide between statistical
models and molecular dynamics models, simplifying the
reaction's description to a handful of key parameters and
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reducing CPU computation time. Leveraging the sudden
approximation and geometric hypothesis, it efficiently
models heavy-ion interactions across the intermediate en-
ergy spectrum for any impact parameter. The HIPSE
model breaks down a nuclear reaction into three distinct
stages: the collision's approach phase, formation of parti-
tions, and exit channel along with the after-burner phase
leading to the detectors.

The interaction between the projectile (Ap,Zp) and
target (A7, Zr) is simplified as two classical particles, fol-
lowing the evolution associated with the Hamiltonian,

2

p
Ey = i + Virap(r), ®)

where E, denotes the available energy in the center of
mass, p denotes the relative momentum, and x denotes
the reduced mass. Furthermore, V4,4,(r) denotes the in-
teraction potential between the target and projectile with
r=|rr—rp|, indicating the relative distance. When
r> (Rr+Rp) (Rr and Rp denote radii of the target and the
projectile respectively), use the proximity potential.
When r < (Rr +Rp), use a simple approximation for the
construction of the potential. It is assumed that V4, de-
pends uniquely on 7 even for a small relative distance.
The potential between r=0 and r=R; —Rp is interpol-
ated using a third-order polynomial and assuming con-
tinuity of the derivative of the potential at each point. The
value retained at » = 0 is conveniently expressed as

V(r=0)=a, V%, (r=0), ©

where a, denotes an adjustable parameter. V% (r=0)
denotes the energy of the system given that the two dens-
ities of the system overlap completely in the froze dens-
ity approximation.

The coalescence algorithm is used to create frag-
ments from nucleons. First, one of the nucleons is ran-
donly selected, and it constitutes a coalescence point from
which a fragment is built; the other nucleon i in the over-
lap region is then selected at random. The nucleon i can
be captured by the cluster labeled 1 based on the exist-
ence condition and position and momentum conditions.
First, we check whether the nuclear exists in the experi-
mental mass table, and then the fragment is formed based
on the position »; and momentum p; of the nucleon as fol-
lows

2
; Veu
]
M lvexp {171}
a

<0, (10)

where m denotes the nucleon mass, and dy, V., a denote
adjustable parameters.

During the final state interaction and reaggregation
phase, the motion of each cluster is determined by the
Hamiltonian,

2
H= Z 2:;141_ + ZVAiquRi_RjD' (1

After this first propagation at high density and the re-
aggregation phase, the clusters recombine and only the
Coulomb interaction between fragments is considered.
Subsequently, the model can be coupled with SIMON de-
cay code, an event generator code based on Weisskopf
emission rates first proposed by D. Durand [22]. The
physics used to describe the decay of the various frag-
ments is based on the statistical model considering the
narrowest discrete states for Z< 9 as well as in-flight
evaporation. The HIPSE model directly incorporates the
SIMON code to account for the de-excitation process of
fragments, completing the entire nuclear reaction process.

The HIPSE model is based on providing a generator
of events where it is expected that parameters do not
change with the entrance channel. It only includes three
adjustable parameters @,, x.. , and x.ou, which denote the
hardness of the potential, percentage of exchange
between projectile and target, and percentage of nuclear-
nuclear collisions, respectively. These parameters only
depend on beam energy. The values of the parameters are
adjusted for beam energies of 10, 25, 50, and 80 MeV/u.
In the study, values of a, = 0.55, x.. = 0.09, and x.on =
0.18 were chosen for the beam energy of 140 MeV/u
[23]. Approximately 1,000,000 events were simulated for
collisions involving Ca isotopes (*°Ca, “¥Ca) and Ni iso-
topes (3¥Ni, $*Ni) with a Be target. The impact paramet-
er ranges from 0 to 6 fm for *48Ca + ?Be collisions and
from 0 to 8 fm for %%Ni and "*%Kr + °Be collisions.
The SIMON code was coupled with the HIPSE model at
300 fm/c for “*8Ca + °Be collisions and at 500 fm/c for
3864Ni and 886Kr + °Be collisions.

B. Antisymmetrized molecular dynamics model

The Antisymmetrized molecular dynamics (AMD)
model [24] is a microscopic model for nuclear collision
that describes the nuclear reaction at the microscopic
level of interactions of individual nucleons. In AMD, the
nuclear many body system can be expressed by a Slater
determinant of Gaussian wave packets as follows:

<1y - T O(Z) >= det [z, (F o, ()] (12)

where the spatial wave functions of nucleons can be ex-
pressed:
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v\ < Z>2 1,
<I'|QDZ >= (y) CXP{—V r—W +§Z s (13)

Furthermore, x,=p1T,pl.,nT, or n] denotes the spin-
isospin wave function. Additionally, ¢, denotes the wave
function in phase space. The width parameter v = 2.5 fm™2
is treated as constant parameter common to all the wave
packets. The complex variables Z={Z;; i=1,2,...,A},
where 4 denotes the number of nucleons in the system,
are the centroids of the wave packets. The equation of
motion for Z derived from the time-dependent variational
principle can be expressed as follows:

dz, OH
i Cojralt = 2T 14
! ; A T oz (14

where C;,;; denotes a Hermitian matrix, and H denotes
the expectation value of the effective Hamiltonian after
the subtraction of the spurious kinetic energy of the zero-
point oscillation of the center of masses of fragments
[25],

H(Z) = <O2)H|D(Z)> 3h*v
@= <®2)D2Z)> 2M

A+Ty(A=Np(2), (15)

where Np(Z) denotes the fragment number and 7, is
treated as a free parameter to adjust the binding energies
of nuclei. The quantum Hamiltonian,

A2
H:ZZPJ;/[-'_ZVU (16)

i<j

includes an effective nucleon-nucleon interaction such as
the Gogny force and the Skyrme force. All AMD simula-
tions discussed in this paper are based on the Gogny in-
teraction force [26].

The original AMD model has been extended to en-
hance the prediction of fragment production in heavy-ion
collision. The AMD-V [27, 28] or AMD/D elsewhere
[29] utilized in this study represents the first extended
version of AMD with quantum branching process. This
introduces the diffusion process, triple-loop approxima-
tion, and wave packet shrinking process by the mean field
field propagation to improve the reproduction of the frag-
mentation data and significantly reduce computation time
for heavier collision systems [30]. The comparable pro-
duction cross sections of a particles to nucleons in heavy-
ion collisions indicate a strong cluster correlation effect
in reality. To more explicitly account for cluster correla-
tions in AMD, Ono developed the AMD-Cluster and in-
troduced inter-cluster correlation as a stochastic process
of inter-cluster binding in the AMD-Cluster [31, 32],
which was not considered in this study.

To compare the results with the experimental data, it
is usually necessary to perform some simulations with
various impact parameters to obtain the production cross
sections of the fragments, the particle energy spectra, and
so on. The statistical decay code is based on the GEMINI
code [33], which is a widely used code to treat the se-
quential decay of hot fragments. A Monte Carlo tech-
nique is employed to follow the decay chains of individu-
al compound nuclei via sequential binary decays until the
products cannot undergo further decay. The Hauser-Fesh-
bach formalism [34] is adopted to calculate the decay
width for the evaporation of fragments with Z <2. In this
study, we performed the AMD-V simulations of “°Ca,
“8Ca, *®Ni and ®Ni projectile on the °Be target at 140
MeV/u, adopting the same impact parameters and
coupled time as the HIPSE plus SIMON simulation.
886K r+9Be collisions were not simulated due to the time-
consuming nature of AMD simulation.

III. RESULTS AND DISCUSSION

A. Isotopic distributions

Figure 1 shows the isotopic distributions for frag-
ments in 140 MeV/u 44 Ca + °Be and 3*Ni + *Be reac-
tions. The distributions are calculated by the HIPSE + SI-
MON and AMD + GEMINI models and are compared
with the experimental results. As shown in the figure, the
HIPSE model, primarily designed to describe collisions at
Fermi energies for relatively symmetric systems, is also
capable of reproducing experimental measurements of
symmetric and asymmetric heavy-ion collisions at en-
ergy of 140 MeV/u. However, despite simulating
1,000,000 collision events, HIPSE plus SIMON struggles
to obtain extremely neutron-rich fragments. The AMD
plus GEMINI simulation accurately reproduces existing
experimental data in the “°Ca and **Ca-induced reaction.
However, it tends to slightly overestimate cross sections
for neutron-rich isotopes in 3¥Ni and *Ni-induced reac-
tions. The discrepancy can be attributed to the limitations
of the AMD-V simulation used, which does not account
for cluster correlations. Nevertheless, isoscaling, which
explores the ratio of isotope or isotonic yield from two
different reactions, can aid in mitigating the effect of
overestimation.

The isoscaling behavior of hot and cold fragments,
isoscaling parameters from light to heavy fragments by
the HIPSE model, and effect of the HIPSE model para-
meters were investigated [35—37]. More information
about comparisons of the statistical multi-fragmentation
and evaporation models for heavy-ion collisions can be
found in Refs. [23, 38].

B. Isoscaling distortion
In the standard isoscaling phenomenon, the isotopic
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(color online) The isotopic distributions for fragments with 5<Z <19 in 4“4 Ca + Be at 140 MeV/u and for fragments with

5<7 <27 in 3%Ni + ?Be at 140 MeV/u. The experimental data are taken from Ref. [20]. On the x axis, I = N —Z denotes the fragment
neutron excess. The measured data, AMD plus GEMINI (denoted as A+G) calculations, and HIPSE plus SIMON (denoted as H+S) cal-

culations are plotted as black squares, red lines, and blue lines, respectively.

ratio and isotonic ratio obey the linear correlation of Eq.
(2). Distortions to isoscaling phenomenon are easily
found in isotopic or isotonic ratio distributions in relat-
ively small systems as in the 140 MeV/u **%Ni + °Be re-
actions measured by Mocko et al. [20], as shown inFig. 2.
Based on the isotopic (isotonic) chain from Z= 5 (N = 7)
to Z= 27 (N = 32), the linear correlation is distorted to
different degrees within the different mass ranges of frag-
ments. The main reason for this variation could be the in-
fluence of the volume effect. When the mass of the nucle-
us is concentrated in a relatively small volume, the dens-
ity of the systems is higher, and the interactions between
the nucleons are stronger. Additionally, the isoscaling law
is easily influenced by changes in the environment, such
as nuclear density and temperature. In the following, the
fragments are divided into different groups based on their
neutron excess (I=N-Z) of I=[-2, 0] (only shown
when experimental data are available), [0, 3], [3, 6], and
[6, 9], and it is assumed that fragments within the same
group share the same environment, i.e., the same colli-
sion region, temperature, and nuclear density. This al-
lows us to examine the variations in isoscaling paramet-
ers in different environments and thereby obtain informa-
tion about the nuclear density distributions in these colli-
sion regions. Figure 3 shows the isotopic ratio distribu-
tions for fragments of different groups, revealing strong
linear correlations.

The cross sections of fragments produced in 140
MeV/u *%%Ni + ?Be reactions are simulated both by the
HIPSE + SIMON (denoted by H+S) and AMD + GEM-

97140 MeVIu™*Ni + °Be e
6 <« ¥/
<) * <y g
N 3t / 44 >/ )
< n e A ** & 2
< ol p s A’A R 4 < | >/ pe 1
D:N nEeO , oA ¥ (4 >y> P
£ 3[#P T z=10 zm13 2516 7218 Y o
=22 7205 Z=27 (a)
N : 4
* ok
6 L % 4
= o9 K -
N_ 3L « N o . N=32 ]
= n_e A, Co e Pye X
5 Of a®e A, ’\Q < ’*}‘ * 1
N=7 gy A o (> po N
14 N=10  N=13 e ® CqaTp® N3
= 3F N=16 N=19 N=22 N=25\> ® 4
6 On=27 (D)
5 10 15 20 25 30
NorzZ
Fig. 2. (color online) Ratios of isotopic and isotonic yields

for measured fragments according to Eq. (2) in the measured
140 MeV/u 3%4Ni + °Be reactions. The lines are for guiding
eyes.

INI (denoted by A+M) models. The isoscaling paramet-
ers (o and |G]) obtained from fragments within the ranges
of =10, 3], [3, 6], and [6, 9] are compared to those from
experimental results in Fig. 4. The experimental results
indicate that isotopes with larger neutron excess corres-
pond to a larger a value, with the exception of Z =17 and
18 isotopes within / = [3, 6] and [6, 9], while || hardly
varies for N < 26 and slightly decreases for N >26. Addi-
tionally, with the increasing Z and N, the isoscaling para-
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Fig. 3. (color online) Ratios of isotopic yield [according to

Eq. (2)] for fragments within ranges of 7= [0, 3], [3, 6], and
[6, 9] in the measured 140 MeV/u 3%%Ni + ?Be reactions. The
lines denote the linear fitting results for each case.
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Fig. 4. (color online) a and || values from fragments within

1= [0, 3], [3, 6], and [6, 9] in 140 MeV/u %%Ni + °Be reac-
tions. Results simulated by the HIPSE + SIMON (denoted as
H+S) model (panels (a) and (c)) and those by the AMD +
GEMINI (denoted as A+G) model (panels (b) and (d)) are
compared with those obtained from measured fragments. The
dotted lines denote (Z) (or |B(N)|) = 0.5.

meters from /= [0, 3] fragments initially decrease, then
stabilize, and finally increase, whereas those from 7 = [3,
6] and [6, 9] fragments increase quickly. Compared with
the experimental data within the range of 7= [0, 3], the
results of the H+S model tend to underestimate those of
Z < 11 and N <12 fragments, and the a (|8]) values in-
crease with the Z (N) of the fragments, showing no plat-
eau structures [see Fig. 4(a)]. Furthermore, they also un-

derestimat the results of Z <16 fragments within the
range of I=[3, 6], and are significantly different from
those of all the fragments within the range of I=[6, 9].
Conversely, the results of the A+G simulations generally
underestimate the measured results although they exhibit
trends similar to the experimental results, with the excep-
tion of Z < 5 and N < 10 fragments [see Fig. 4(b)].

In neutron-rich nuclei, the symmetry energy within
the nucleus leads to an increased difference in density
distribution between neutrons and protons, resulting in
the formation of a neutron skin or neutron halo [39]. Re-
cently, new methods have been developed for studying
the neutron or proton skin and density distribution of the
nuclei [40—42]. The parameter o () is correlated to the
relative neutron- (proton-) density difference between re-

Y _ . (P 572 : —

actions, i.e., —q =€ =
no o NPp )
small fragments primarily originating from center or

semi-center collision, the differences in both neutron
density and proton density between the *Ni and *Ni-in-
duced systems are small, resulting in minimal changes in
o and |8 values. This finding is in line with traditional
isoscaling research. The upturning behavior of the smal-
ler fragments for Z <8 and N <12 may be caused by sec-
ondary decay [18, 43]. As the collision moves towards
the periphery, the neutron density difference between the
BNi and ®*Ni-induced systems increases significantly,
while the proton density difference decreases, resulting in
a significant increase in o and a slight decrease in || with
the increase in /.

[7]. For relatively

C. B(N)~ a(Z) correlation

According to Eq. (6), the |B(N)|/a@(Z) value for a spe-
cific fragment (N,Z) reflects the degree of difference
between the proton and neutron densities of the two col-
liding sources where the fragment is formed. The |8 ~ «
correlations for specified fragments produced in **8Ca,
864Ni, and 38 Kr-induced reactions are plotted in Figs.
5, 6, and 7, respectively. For any specified fragment
(N,Z), the |B] and a values are selected from the linear re-
gression slopes of the fragments in the respective groups
within 7 = [-2, 0], [0, 3], [3, 6], and [6, 9].

Figure 5 illustrates |8 ~ a@ correlations for fragments
with specified 7 produced in the *%*8Ca + °Be reactions.
The results determined from experimental data for relat-
ively small fragments with /= -2, 0, and 3 follow || =
1.33a, |8l = @, and |8] = 0.77«, respectively. However, for
the larger-mass fragments of A > 18 with 7= 0 and A >
33 with I =3, the correlations significantly deviate from
|8l =a and |8] =0.77a lines, respectively. This indicates
that a significant difference exists between the neutron
densities in the surface regions of ¥Ca and *°Ca when
compared to the proton densities. Experimental studies
have shown that the isoscaling parameters extracted from
emitted fragments and projectile-like fragments are dis-
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tinct [18]. This suggests that achieving more accurate iso-
20t /la 8 scaling parameters may necessitate experimental differen-
I / tiation between projectile-like fragments and emitted
/ | 35 fragments. The findings of this study further indicate that,
/ |34 ] besides differentiating between massive fragments and
/"33 small fragments, it is important to differentiate fragments
with varying neutron excess when analyzing a and f
parameters, especially for relatively small colliding sys-
tems. This, in turn, imposes more stringent requirements
- on the modeling software. Unfortunately, the H+S and
A+G simulations can only illustrate the differences
between massive fragments and small fragments, and
they fail to capture the differences for fragments with dif-
ferent values of /.

Similar to Fig. 5, except for massive fragments, the
Fig. 7. (color online) Similar results to those shown in Fig. 5 experimental results for fragments with / = 0, 3, and 6 in
but for fragments with 7= 0, 3, and 6 in 140 MeV/u 7886Kr + 140 MeV/u %%Ni+°Be reactions follow |B|=1.29,
9Be reactions simulated by H + S models. |8l =, and |8 =0.72¢, respectively. Furthermore, H+S
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and A+G simulations fail to capture the differences for
fragments with different values of /. Moreover, the under-
estimation of certain smaller fragments and larger neut-
ron excess values by the H+S model leads to significant
discrepancies from experimental results for A < 39 frag-
ments with 7 = 3 and with 7 = 6. Additionally, the results
based on the A+G simulation show slight deviations from
experimental results. In the H+S simulated 73%Kr-in-
duced reactions shown in Fig. 7, the || = @ relationship is
well satisfied by fragments with /= 0,3, and 6 frag-
ments with the exception of the massive fragments of Z =
34 and 35.

According to |B(N)| ~ a(Z) correlations observed in
fragments from “*4¥Ca to 7#Kr-induced reactions, it is
observed that, as the volume of the projectile nucleus in-
creases, the fragments tend to exhibit gradually similar «
and |B| apart from the massive fragments. Generally,
when the neutron and proton densities of the initial ex-
cited source differ, the system generally tends to shift to-
ward symmetric matter to maintain equilibrium via evap-
oration and de-excitation processes, such that |[3(N)| is
closer to @(Z) [44]. When the mass of nuclei is concen-
trated in a smaller volume, the nuclear density increases,
leading to a stronger nucleon-nucleon interaction and res-
ulting in variations in |3(N)|/a(Z) from different neutron-
excess fragments in “%¥Ca and 3¥%*Ni induced systems.
|Bl/« ratio reflects the degree of difference between the
proton and neutron densities of two colliding sources
where the fragments are formed, and thus, |8/« values of
fragments in small size and highly isospin asymmetry
systems can serve as a probe to investigate variations in
neutron and proton densities within different regions of
the nucleus.

IV. SUMMARY

We investigated the isoscaling properties for neutron-
rich fragments produced in highly asymmetric systems on
inverse kinematics, specifically ***Ca and *3%Ni+?Be at
140 MeV per nucleon, based on the experimental results
obtained by Mocko et al. The significant differences in
the isoscaling parameters extracted from fragments with-
in different ranges of I =N-Z emphasize the import-
ance of understanding isoscaling dependencies of frag-
ments produced in different collision regions, which re-
flect different production mechanisms and density distri-
butions inside the projectile nuclei. Furthermore, the
IB(N)|/a(Z) ratio of the specified fragment is adopted to
explore the degree of difference in neutron and proton
densities between the two colliding sources where the
fragments are formed. For the “**Ca and %Ni + ?Be at
140 MeV/u reactions, fragments with different / values
exhibit varying linear correlations between |B(N)| and
a(Z). The results indicate that the |3(N)|/a(Z) values of
fragments in small size and highly isospin asymmetric
systems can serve as a probe to investigate variations in
neutron and proton densities in different regions of the
nucleus. Hence, this imposes more stringent require-
ments on the modeling software. These findings were
compared with those obtained by two different theoretic-
al models, namely HIPSE, a phenomenological hybrid
model combining dynamical and statistical hypotheses,
and AMD, a microscopic quantum transport model. Un-
fortunately, both models failed to capture the differences.
It is expected that the results of this study can provide
support for experimental and theoretical studies on the
isoscaling behavior and density dependence of symmetry
energy.
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