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Effect of initial-state geometric configurations on the nuclear liquid-gas phase transition
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Within the framework of an extended quantum molecular dynamics model, we simulated 40Ca + 16O collisions
at beam energies ranging from 60 to 150 MeV/nucleon for 16O with different α-cluster configurations. Results
imply that different α-cluster configurations lead to different yields of deuteron, triton, 3He, and 4He, but not for
proton and neutron. We discuss the effect of geometric fluctuations which are presented by double ratios of light
nuclei, namely Op-d-t and Op-d-He. It is found that the magnitude hierarchy of geometric fluctuations is chain,
kite, square, and tetrahedron structures of 16O. Op-d-t has maximum value around 80–100 MeV/nucleon, which
could be related to liquid-gas phase transition, that is consistent with results from the charge distribution of the
heaviest fragments in the collisions.
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I. INTRODUCTION

Phase transition is a universal property of interacting sub-
stances, and is generally studied in the thermodynamic limit
of macroscopic systems. For the atomic nucleus as a fi-
nite size system, the phase transitions at the nucleonic level
[1–5] and quark level [6–11] have been extensively dis-
cussed and investigated. The interaction between nucleons
is similar to that between molecules in a van der Waals
fluid, so Bertsch and Siemens [1] speculated that a nucleus
may experience a liquid-gas phase transition (LGPT) when
it is heated. Theoretical and experimental efforts were made
to confirm it, especially in the area of intermediate energy
heavy-ion collisions. In a certain excitation energy range, the
nuclear caloric curve has a temperature plateau [2], which
implied a possible indication of phase transition [3,12–17].
Experimentally, spinodal decomposition was found to have
occurred in nuclear multifragmentation [18], indicating the
existence of a liquid-gas phase coexistence region in finite
nuclear systems. The application of negative microcanonical
heat capacity in nuclear fragmentation [19] may be related to
LGPT [20].

As we know, clustering is a fundamental phenomenon
in physics, and has attracted a lot of attention for a long
time. It was earlier proposed by Gamow [21] and discussed
by Bethe and Bacher [22,23] regarding the high stability
of the α cluster around neighboring light nuclei. A cluster
structure can emerge in excited states of nuclei or in ground
states of nuclei, especially in light nuclei, where the nucleus
resembles a molecule composed of clusters [24–33]. Config-
uration of α clusters is a key problem in understanding the
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phenomenon of clustering in light nuclei. At present, there
are many theoretical predictions on α-cluster configurations
in light nuclei. For instance, 16O can be treated as linear-
chain structure with four α clusters, which was supported by
the α cluster model [34] and the cranked Skyrme Hartree-
Fock method [35]. At the ground state, it can be regarded as
a tetrahedral structure using the approach of nuclear chiral
effective field theory [36] and covariant density functional
theory [37]. And the same structure is also presented above
the ground state, supported by the Hartree-Fock-Bogoliubov
method [38].

In the last decade, many studies have focused on den-
sity fluctuations to investigate LGPT, as in Refs. [39–41].
Obviously, different α-cluster configurations will induce dif-
ferent geometric fluctuations, so we chose four α-cluster
configurations for the projectile 16O—chain, kite, square,
and tetrahedron—to probe density fluctuation. How different
α-cluster configurations affect the LGPT is considered in
this work. In our study, we explore the effect of geometric
fluctuation on LGPT in low-intermediate energy heavy-ion
collisions. Within the framework of the extended quantum
molecular dynamics (EQMD) model, central 40Ca + 16O col-
lisions at energies ranging from 60 to 150 MeV/nucleon are
simulated, and the GEMINI model [42–44] is then used to
deexcite heavy fragments.

The organization of the paper is as follows: In Sec. II,
we give introductions of our simulation model and method,
including the EQMD model and the GEMINI model as
well as ratios of light nuclei. Results of effects of ge-
ometric fluctuation on the yields and (double) ratios of
light nuclei are discussed in Sec. III. Moreover, the rela-
tion to the nuclear liquid-gas phase transition is pointed
out by the charge distribution of the heaviest fragments
in the same collisions. Finally, conclusions are given in
Sec. IV.
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II. MODEL AND METHODOLOGY

A. EQMD model

In the EQMD model, the wave packets of nucleons are
Gaussian-like and the total wave function of the system is
treated as the direct product of all nucleons [45]:
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where Ri and Pi are the centers of position and momentum
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where the first, second, and third terms are the central mo-
mentum of the wave packet, the contribution of the dynamic
wave packet, and the zero point center-of-mass kinetic en-
ergy −Tzero, respectively. The first term can be expressed
as 〈p̂i〉2/2m, the second term can be treated as (〈p̂2

i 〉 −
〈p̂i〉2)/2m, and the form of the third term can be found in
detail in Ref. [45].

The effective interaction Hint consists of the Skyrme po-
tential, the Coulomb potential, the symmetry energy, and the
Pauli potential as follows:

Hint = HSkyrme + HCoulomb + HSymmetry + HPauli. (3)

The form of the Skyrme interaction is written as

HSkyrme = α

2ρ0

∫
ρ2(r)d3r + β

(γ + 1)ργ

0

∫
ργ+1(r)d3r,

(4)
where α = −124.3 MeV, β = 70.5 MeV, and γ = 2, which
can be obtained from fitting the ground state properties of
finite nuclei.

The form of the Coulomb potential can be expressed as
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where ri j = |ri − r j | and erf (x) = 2√
π

∫ x
0 e−u2

du.
The symmetry potential can be written as

HSymmetry = CS

2ρ0

∑
i, j �=i

∫
[2δ(Ii, I j ) − 1]ρi(r)ρ j (r)d3r, (6)

where CS is the symmetry energy coefficient, which is 25 MeV
in this work.

It is known that the stability of nuclei in the model descrip-
tion is very important for studying the cluster structure effects
of nuclei. As a result, in order for the saturation property

and α-cluster structures to be obtained after energy cooling
[30], a phenomenological repulsive Pauli potential is intro-
duced to prevent nucleons with the same spin S and isospin I
coming close to each other in the phase space, which can be
presented as

HPauli = cP

2

∑
i

( fi − f0)μθ ( fi − f0), (7)

where fi is the overlap of the ith nucleon with other
nucleons having the same spin and isospin, i.e., fi ≡∑

j δ(Si, S j )δ(Ii, I j )|〈φi|φ j〉|2, θ is the unit step function, and
cP = 15 MeV is a coefficient denoting strength of Pauli po-
tential. For the other two parameters, we take f0 = 1.0 and
μ = 1.3.

The standard QMD model shows insufficient stability, in
which the phase space obtained from the Monte Carlo samples
is not at the lowest point of energy [45]. So the EQMD
model takes the kinetic-energy term of the momentum vari-
ance of wave packets in the Hamiltonian into account, which
is ignored as a spurious constant term in the standard QMD
[46,47]. Besides, the wave packet width is introduced into the
Hamiltonian as a complex variable, and treated as an indepen-
dent dynamic variable. These modifications not only describe
the ground state better, but also make the model successful in
the study of nuclear cluster states.

As a consequence, we first consider that the energy-
minimum state is the ground state of the initial nu-
cleus. Afterwards, a random configuration is given to
each nucleus. Under the time-dependent variation principle
(TDVP) [48], propagation of each nucleon can be described
as [45]
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where H is the expected value of the Hamiltonian, and μR, μP,
μλ, and μδ are various friction coefficients. During the friction
cooling process, the system dissipates its energy with negative
coefficients, making itself go to a stable (minimum or even
eigenstate) state [49]. In contrast, in the subsequent nuclear re-
action simulation stage, these coefficients are zero to maintain
the energy conservation of the system. It is worth mentioning
that an improvement in the performance of the inelastic pro-
cess, especially for the incoherent p-n bremsstrahlung process
in the framework of the EQMD model, has been presented in
Refs. [50,51].

B. GEMINI model

The calculation in this study is a two-step process, in-
cluding both dynamical and statistical codes. At the end
of dynamical evolution, the nucleons are reaggregated and
condensed to form individual clusters [43]. The deexcita-
tion of heavy clusters is realized by the GEMINI code by
Charity [52,53]. With the information of a given primary
fragment, including its proton number Z , mass number A,
excitation energy E∗, and spin JCN, GEMINI deexcites the
fragment through a series of sequential binary decays until
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the excitation energy of the hot fragments reaches zero. The
GEMINI model deals with the evaporation of light particles
in the Hauser-Feshbach form [54]. The partial decay width
of a compound nucleus for the evaporation of particle i is
expressed as

�i(E
∗, JCN) = 1

2πρCN(E∗, JCN)

∫
dε

∞∑
Jd =0

JCN+Jd∑
J=|JCN−Jd |

×
J+Si∑

�=|J−Si|
T�(ε)ρd (E∗ − Bi − ε, Jd ), (9)

where Jd , Si, J , and � are spin of the daughter nucleus and the
spin, total angular momentum, and orbital angular momentum
of the evaporated particle, respectively; ε and Bi are respec-
tively its kinetic and separation energy; T� is its transmission
coefficient or barrier penetration factor, and ρd and ρCN are
respectively the level densities of the daughter and compound
nuclei.

The description of intermediate-mass fragment emission
follows the Moretto form [55,56], which has been further
extended to the following form:

�Z,A = 1

2πρCN(E∗, JCN)
dερsad(E∗ − BZ,A(JCN) − ε, JCN ),

(10)

where ρsad is the level density at the saddle point, ε is the
kinetic energy in the fission degree of freedom at the saddle
point, and BZ,A(JCN) is the conditional barrier depending on
both the mass and charge asymmetries, which can be ex-
pressed as

BZ,A(JCN) = BSierk
A (JCN) + �M + �ECoul − δW − δP, (11)

where �M and �ECoul are the mass and Coulomb corrections
accounting for the different Z and A values of the two frag-
ments, and δW and δP are the ground-state shell and pairing
corrections to the liquid drop barrier. The quantity BSierk

A is the
interpolated Sierk barrier for the specified mass asymmetry.

For the symmetric divisions in heavy nuclei, the GEMINI

model uses the Bohr-Wheeler form [57] to predict the total
symmetric fission yield:

�BW = 1

2πρCN(E∗, JCN)
dερsad(E∗ − B f (JCN) − ε, JCN ),

(12)

where B f (JCN) is the spin-dependent fission barrier, read as

B f (JCN) = BSierk
f (JCN) − δW − δP. (13)

C. Ratios and density fluctuation

In the analytical coalescence formula “COAL-SH” [58] for
cluster production, the yield Nc of a cluster at midrapidity and
consisting of A constituent particles from the hadronic matter
at kinetic freeze-out, and the emission source of effective tem-
perature Teff , volume V , and number N of the ith constituent

with mass mi, can be read as

Nc = grelgsizegcM3/2
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In Eq. (14), M = �A
i=1mi is the rest mass of the clus-

ter, li is the orbital angular momentum associated with the
ith relative coordinate, ω is the oscillator frequency of the
cluster’s internal wave function and is inversely proportional
to Mr2

rms with rrms being the root-mean-square (rms) radius
of the cluster, and G(l, x) = ∑l

k=0
l!

k!(l−k)!
1

(2k+1)χ2k with χ =
(2Teff/ω)1/2 being the suppression factor due to the orbital
angular momentum on the coalescence probability [59,60].
Additionally, gc = (2S + 1)/(

∏A
i=1(2si + 1)) is the coales-

cence factor for constituents of spin si to form a cluster of
spin S, grel is the relativistic correction to the effective volume
in momentum space, and gsize is the correction due to the finite
size of produced cluster.

Taking density fluctuations of nucleons into account, the
neutron and proton densities in the emission source can be
expressed as [61,62]
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where 〈· · · 〉 represents the average value over space and δn(
r)
[δnp(
r)] with 〈δn(
r)〉 = 0 [〈δnp(
r)〉 = 0] represents the fluc-
tuation of neutron (proton) density from its average value 〈n〉
(〈np〉). Then yields of deuterons and tritrons can be approxi-
mately written in an analytical coalescence framework as [61]
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where α being the correlation coefficient. In addition, �n =
〈(δn)2〉/〈n〉2 is a dimensionless quantity that characterizes the
relative density fluctuation of neutrons.

Combining Eqs. (17) and (18), an important double ratio
can be defined as [61,62]

O1 ≡ Op-d-t = NpNt

N2
d

= g
1 + (1 + 2α)�n

1 + α�n

2

, (19)

with g = 4/9 × (3/4)1.5 ≈ 0.29. When α�n is much smaller
than unity, the correction from α in Eq. (19) is second order
[61], and O1 can be approximated as

O1 ≈ 0.29(1 + �n). (20)
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FIG. 1. Schematic plot of the projections of (a) a transversely
polarized and (b) a longitudinally polarized chain-like 16O in the x-z
plane at the initial stage.

In this way, O1 has a very simple linear dependence on �n.
We can suggest that the yield ratio of light nuclei can be taken
as a direct probe of the large density fluctuations which might
be associated with critical phenomena [61].

Another double ratio of light nuclei in which an α particle
is involved was also proposed [63] as

O4 ≡ Op-d-He = N4HeN2
p

N3
d

. (21)

From the results in Ref. [63], it is thought that the above
ratio could be taken as a potential probe of critical phenomena
[64–67]. From the statistical point of view, the ratios O1 and
O4 can be considered in this work. Moreover, in our simula-
tions, some single ratios such as Nn/Np and N4He/N3He are also
considered.

III. RESULTS AND DISCUSSION

In the EQMD model, the Pauli potential inhibits the system
from collapsing into the Pauli-blocked state at low energies,
and gives the model the capability to describe α clustering.
Before frictional cooling, the nucleon distribution of 16O is
random, but after friction cooling it forms something like a
four-α configuration. For the four-α states of 16O, we have
chosen four configurations: chain, square, kite, and tetrahe-
dron. After the system goes a long enough time, till 500
fm/c, the final-state heavy fragments for which the excitation
energy is greater than zero and the mass is greater than 4
will be further deexcited by the GEMINI model. For a given
α-cluster configuration and incident energy point, the number
of simulated events is 300 000. It should be noted that, for
O1 and O4, the events for which the denominator is zero are
abandoned, and we only fill in the spectrum event by event
with nonzero denominators.

A. The effect of a chain α-clustering projectile
with different polarization modes

In this work, we refer to the plane formed by the inter-
section of the x and z axes as the collision plane. Here, we
polarize projectiles with the chain of 16O both transversely
and longitudinally, as shown in Fig. 1. For a comparison case,
the projectile is randomly rotated in a four-π solid angle. It
can be imagined that the projection of the projectile on x-y

plane is only one α-cluster point in the case of transverse po-
larization, while it is four α-cluster points for the longitudinal
polarization. In this way, different initial fluctuations among
these three cases can be set and one can determine whether or
not this has any effects on LGPT. First, the yields of various
types of fragments as a function of beam energy in chain-like
collisions of 16O bombarding 40Ca under three polarization
modes are given, as shown in Fig. 2. One can see that the
yields of proton and neutron increase with the increase of
incident energy and reach stable values in the energy region
of 60–150 MeV/nucleon. The yields of deuterons, tritons,
and 3He increase first and then decrease as incident energy
increases.

For deuterons, tritons, and 3He, when the incident energy
is less than 100 MeV/nucleon, their yields increase with the
incident energy, which is due to the fact that the compos-
ite system formed by 16O and 40Ca is in a state of fusion
evaporation [68–70]. At this stage, the compression and tem-
perature of the collision system increase as incident energy
increases. Thus it evaporates more light clusters, such as pro-
tons, neutrons, deuterons, tritons, and 3He [71]. However, with
further increase of incident energy, the excitation energy of
the system is so large that the system moves towards multiple
fragmentation [68–70]. The phase-space volume occupied by
protons and neutrons becomes larger [71], which reduces the
formation probability of deuterons, tritons, and 3He. These
features have been observed in previous experiments [72].
In addition, for deuterons, tritons, and 3He, under the same
conditions, the mass number is larger and the yield is smaller,
which is consistent with the prediction from the thermal
model [73].

Differently from the previous paragraph, for the yield starts
at almost zero before 70 MeV/nucleon, then increases with
the beam energy, and finally levels off or drops slightly [see
Fig. 5(f)]. Moreover, the yield of 4He is about ten times that of
3He, which is exactly opposite to the prediction of the thermal
model [73]. The yield of 4He is greater than that of tritons
and 3He, which can be attributed to the weaker Mott effect
[74] on 4He than that on tritons and 3He, i.e., a light nucleus
would no longer be bound if the phase-space density of its
surrounding nucleons is too large [75–77]. This is because
4He is well bound and compact while other light fragments are
weakly bound and loose. Furthermore, from the trend of 4He
yield, we speculate that 4He may be produced mainly through
multiple fragmentation rather than fusion evaporation. At the
beginning, when the incident energy is low, no multiple frag-
mentation has occurred, so the yield of 4He is almost zero.
With increasing of incident energy, multiple fragmentation
starts to occur and gradually dominates, so its yield increases.
When the incident energy is large, it is difficult to decompose
4He due to the large binding energy, so its yield changes little
or only slightly.

In Figs. 2(a) and 2(b), protons and neutrons show in-
sensitive to the polarization modes. However deuterons,
tritons, 3He, and 4He display obvious differences among
longitudinal, transverse, and without-polarization modes.
It is seen that deuterons show more sensitivity in the
low energy region, but it is opposite for tritons, 3He,
and 4He.
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FIG. 2. Dependence of yields of (a) proton, (b) neutron, (c) deuteron, (d) triton, (e) 3He, and (f) 4He on the incident energy when 16O is
polarized transversely (TP), longitudinally (LP), and unpolarized (NP).

For the ratio Nn/Np, which is usually taken as a sensitive
probe of neutron skin [78–81], we can see from Fig. 3(a) that
it increases with the incident energy and eventually converges
to 1, since the projectile and target are symmetric in this
work. There is no significant difference in the value of Nn/Np

among different polarization modes. Additionally, as shown in
Fig. 3(b), the ratio of 4He to 3He has a trend similar to Nn/Np,
but has obvious differences for different polarization modes,
and the curve is similar to the dependence of the yield of 4He
on incident energy in Fig. 2(f), indicating that the change of
the 4He yield is dominant.

FIG. 3. Dependence of (a) Nn/Np and (b) N4He/N3He on the inci-
dent energy when 16O is polarized transversely (TP), longitudinally
(LP), and unpolarized (NP).

Furthermore, ratios of O1 and O4 as a function of incident
energy under different polarization modes (with different ini-
tial geometric fluctuations) are shown in Fig. 4, and could
reflect nucleonic density fluctuation. One could expect that
such geometric fluctuation has a strong relation to the nucle-
onic density fluctuation. As mentioned above, the polarized
projectile of chain-like 16O in the longitudinal direction has
larger geometric fluctuation than the transverse polarization
one. The geometric fluctuation for the unpolarized case is
between them. Here, one should notice that ratios of O1 and
O4 are based on an equilibrium source, and the collision

FIG. 4. Dependence of (a) O1 and (b) O4 on the incident energy
when 16O is polarized transversely (TP), longitudinally (LP), and
unpolarized (NP).
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FIG. 5. Dependence of yields of (a) proton, (b) neutron, (c) deuteron, (d) triton, (e) 3He, and (f) 4He on the incident energy when 16O has
four different α-cluster configurations.

system at low energy could not reach equilibrium condition.
Without such a limit, one can still determine the ratios for
light nuclei but with less meaning. From Fig. 4(a), one can
see that the ratio of O1 for the unpolarized case has the largest
value below 80 MeV/nucleon. As beam energy increases,
however, the O1 for longitudinal polarization gives the largest
value and the one for transverse polarization shows the small-
est, which is as we expected. It shows that the initial-state
geometric fluctuation of projectile with different α-cluster
configurations is sensitive to O1 at higher incident energies. In
Refs. [82,83], density fluctuation is enhanced as beam energy
or temperature increases, which is associated with the LGPT
in nuclear matter. In Fig. 4(a), the ratios of O1 can reach
maximum value around 90 MeV/nucleon, which depends on
polarization modes. Such a turning point could have physical
meaning, which may be associated with the LGPT, and it will
be cross-checked below by charge distribution of the heaviest
fragment. The ratio O4 tends to be a stable value as beam
energy increases. But it seems that the ratio O4 is sensitive
to the polarization mode. Also one can see that trends of O1

are similar to ones of the yield of tritons, and trends of O4

are similar to ones of the yield of 4He, from which we can
infer that the yields of tritons and 4He in the final-state product
are more sensitive to geometric fluctuation. In addition, it can
be seen from Figs. 2–4 that, when the incident energy is low
and the system is in the fusion evaporation stage, the yields
and various ratios of different fragments are not sensitive to
the geometric configuration of 16O, and they become sensitive
only when the incident energy is high and the system is in the
multiple fragmentation stage.

B. The effect of projectiles with different
α-clustering configurations

Similarly to Sec. III A, we first investigate the dependence
of the yields of different types of fragments on incident energy
with different α-cluster configurations for 16O, the results
of which are shown in Fig. 5. Proton and neutron yields

increase with the incident energy. They show no more dif-
ference among yields with different α-cluster configurations.
FDeuteron, triton, and 3He yields increase first and then de-
crease with the incident energy. 4He yield first increases and
then becomes stable with the incident energy. Furthermore,
when the incident energy is greater than 100 MeV/nucleon,
the relationship among the yields of tritons, 3He, and 4He for
16O with different α-cluster configurations is “chain > kite >

square > tetrahedron,” with obvious differences.
As shown in Fig. 6, the trends of Nn/Np and N4He/N3He

are similar to those described in Sec. III A. There is also no
significant difference in the value of Nn/Np between different
α-cluster configurations, as in Fig. 6(a). N4He/N3He for the

FIG. 6. Dependence of (a) Nn/Np and (b) N4He/N3He on the inci-
dent energy when 16O has four different α-cluster configurations.
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FIG. 7. Dependence of (a) O1 and (b) O4 on the incident energy
when 16O has four different α-cluster configurations.

chain-like configuration displays the largest values and the
one for the tetrahedron-like configuration gives the smallest
value.

Ratios of O1 and O4 as a function of incident energy under
different α-cluster configurations are shown in Fig. 7. O1

first increases and then decreases with the incident energy.
Below 100 MeV/nucleon, O1 for thr chain-like configuration
gives the smallest value, and the tetrahedron-like configura-
tion gives the largest value. However, the hierarchy is opposite
from 100 up to 150 MeV/nucleon. In addition, there are
obvious peaks arising around 80 to 100 MeV/nucleon, which
may be related to LGPT as mentioned above. O4 first increases
and tends to be stable with the incident energy, except for
the tetrahedron configuration, which is slightly decreasing as
beam energy increases after 100 MeV/nucleon. Moreover, the
peak energy of O1 is somehow different for various cluster
configurations. For O4, the influence of different cluster con-
figurations begins to appear at 80 MeV/nucleon and becomes
stable after 100 MeV/nucleon.

As mentioned in Ref. [84], the charge distribution of the
heaviest fragment in intermediate energy heavy-ion collisions
has been observed to be bimodal, which is expected as a
generic signal of phase transition. So we plot the probability
distribution for Z1 over Zs for different incident energies and
different α-cluster configurations as shown in Fig. 8, where Z1

is the charge of the heaviest fragment in each collision event
and Zs is the sum of the charges of projectile and target. It can
be clearly seen from Fig. 8(a) that for chain-like 16O the prob-
ability distribution of Z1/Zs starts to show a bimodal structure
when the incident energy is greater than 80 MeV/nucleon, and
this structure disappears until the incident energy is greater
than 100 MeV/nucleon, further indicating that LGPT occurs
within this incident energy range. Furthermore, as shown in

FIG. 8. Z1/Zs distribution for (a) chain-like 16O with different
incident energies and (b) 16O with four different α-cluster configu-
rations when the incident energy is 80 MeV/nucleon.

Fig. 8(b), when the incident energy is 80 MeV/nucleon, the
bimodal structure of the probability distribution curve corre-
sponding to the square-like and tetrahedron-like projectiles is
the most obvious, followed by the kite-like, and the chain-like
is the least obvious. Combined with the magnitude of geomet-
ric fluctuation for different α-cluster configurations derived
previously, it can be inferred thatincreasing geometric fluc-
tuation corresponds to larger incident energy resulting from
LGPT, which can also be verified with the peak energy of O1

in Fig. 7(a).

IV. CONCLUSION

The difference of geometric fluctuation caused by different
α-cluster configurations is mainly reflected in the effects on
the yields of deuterons, tritons, 3He and 4He, but it is obscured
in the yields of protons and neutrons. By investigating the dou-
ble ratios Op-d-t and Op-d-He of light nuclei, we disclose that the
magnitude hierarchy of geometric fluctuations is “chain > kite
> square > tetrahedron” for reactions of 40Ca induced by 16O
with different α configurations. The maximum value of Op-d-t

is around 80–100 MeV/nucleon, which could be related to
LGPT, and it is consistent with results from the charge distri-
bution of the heaviest fragment in the same reaction. The cur-
rent work sheds light on the effects of geometric fluctuation
on LGPT in low-intermediate energy heavy-ion collisions. In
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future, the yields of light nuclei produced in 40Ca + 16O cen-
tral collisions with different incident energies can be measured
through some experimental programs in HIRFL at CSR, FRIB
at MSU, as well as other facilities. Since it was indicated in
many previous studies that 16O in the ground state could be a
tetrahedral 4α structure, we expect that the experimental data
will be compatible with the conclusions we have drawn in
the previous sections for 16O with tetrahedral configuration.
Meanwhile, the yields of charged light nuclei are intuitive and
easily measurable physical quantities, and the single ratios
of 4He / 3He as well as their double ratios Op-d-t and Op-d-He

are better observables since the insufficient detector effects
in experiments can be canceled, and we expect the trend or

saturation value of the excitation function of the ratios could
give hints of geometric fluctuation. Of course, a collective
observable, such as elliptic flow, may be also necessary for
further study of the phenomena discussed in this work.
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