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Effect of fragment emission time on the temperature of momentum quadrupole fluctuations
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A systematic study of a momentum quadrupole fluctuation thermometer has been presented for heavy-ion
collisions at 35 MeV /nucleon via the isospin-dependent quantum molecular dynamics model accompanied by
the statistical decay model GEMINI. It is determined that the fragment momentum fluctuation temperature indeed
reflects the average temperature of the excitation source in the fragmentation process and the secondary decay.
We find that the divergence between the initial temperature and the final measurement temperature is different
for protons, tritons, and *He. The maximum divergence of the temperature is about 20% probed by protons. As
an example of using protons as the probe particle, we find that the isospin dependence of the nuclear temperature
is consistent between the initial temperature and the final measurement temperature.
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I. INTRODUCTION

The concept of a nuclear temperature, which comes from
the definition of the compound nucleus, was introduced some
70 years ago [1-3]. Temperature is a very important thermody-
namic quantity in the nuclear equation of state (EOS) which is
of broad interest for its importance in nucleosynthesis, heavy-
ion collisions, supernovae dynamics, and neutron stars [4—7].
To examine the EOS, the relation between thermodynamic
quantities is studied. These could be, for example, pressure
and temperature, density and temperature, or temperature
and energy; this last is commonly referred to as the caloric
curve and has been measured for many finite nuclear systems.
Therefore, a precise determination of the temperature achieved
in nuclear reactions has become a priority in the study of
heavy-ion reactions.

For many years, various thermometers have been used to
expand the experimental understanding of nuclear systems.
These studies have often been motivated by the desire to define
the proposed nuclear liquid-gas phase transition [§-10]. A
broad array of caloric curves have been obtained allowing a
better understanding of the nuclear limiting temperature and
its dependence on source excitation energy as well as source
size [11]. Recently, the asymmetry dependence of the nuclear
caloric curve was studied using a momentum quadrupole
fluctuation (MQF) thermometer [12,13]. Additionally, nuclear
thermometry has provided a bridging connection between
isoscaling [14-16] and the symmetry coefficient of the nuclear
equation of state [17,18].

In many studies, the nuclear temperature has been obtained
from energy spectra through moving source fitting [19-21].
Howeyver, this thermometer is known to exhibit nonthermal and
collective behavior [22]. Alternatively, temperature may be
obtained through isotopic thermometers. The double isotope
thermometer has provided much data [23-25]; however, the
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temperatures derived are complicated by model-dependent
secondary decay corrections [25-27].

Recently, another thermometer based on fragment mo-
mentum fluctuations was presented by Wuenschel et al.
[28]. The MQF thermometer has been used to estimate the
temperature of the quasiprojectile (QP) sources. However,
the kinematic characteristics of fragments reflect not only the
thermal properties of the system, but also the Fermi motion
at freeze-out, recoil effects, radial flow effects, and emission
time effects. If we want to extract the thermal temperature from
kinematic distributions, we must analyze the above effects in
detail. Using the methods suggested by Bauer [22] and Zheng
et al. [29], one can eliminate the influence of the Fermi motion
and extract the temperatures from kinematic distributions
of fragments. Coulomb corrections to the extraction of the
temperature have also been studied [30,31]. However, there
are few studies of the fragment emission time effects on the
MQF thermometer for different particles and neutron-proton
asymmetry.

II. MODEL AND METHOD

In the present work, we study the MQF thermometer
within the framework of the isospin-dependent quantum
molecular dynamics (IQMD) model [32—35] incorporating the
statistical decay model GEMINI [36]. In the IQMD model, the
Hamiltonian H is expressed as

H=T+ Ucou + / V(p)dr, (1)
where T is the kinetic energy and Ucoy is the Coulomb

potential energy. V(p) is the nuclear potential energy density
functional, which is written as
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The parameters «, 8, and y are taken as —356 MeV, 303 MeV,
and 1.17, respectively, and the corresponding compressibility
is 200 MeV [37]. Cgym = 39.4 MeV is the symmetry energy
strength. ge is taken as 130 MeV fm>. The first and the
second terms in Eq. (2) are the two-body and three-body
terms, respectively. The third one is the surface term and
the last one corresponds to the symmetry energy. The binary
nucleon-nucleon collisions are included. The binary collisions
are allowed if two requirements are satisfied. First, the
nucleons must pass the point of closest approach within the
interval. Second, the distance of closest approach must be
less than by.x = /0., /7. Here o,, is the nucleon-nucleon
collision cross section. In addition, Pauli blocking (of the final
state) is taken into account. For each collision the phase-space
occupation f; is calculated by performing the integration on a
hypercube of volume /3 in the phase space centered around the
final states [38]. The collision is accepted if the phase-space
occupations f; at the final state are both less than 1. The
phase-space density constraint on the time evolution of the
momentum space distribution is also taken into account.

The QP sources are produced in the reactions of 7°Zn +
07n, %Zn + %Zn, and **Ni + *Ni at E/A = 35 MeV. To
examine the divergence of the MQF temperature Tyigr between
the initial temperature and the final measurement temperature,
it is desired to select equilibrated QP sources. Three cuts are
made on the particle and event characteristics. To exclude
fragments that clearly do not originate from a QP, the fragment
velocity in the beam direction v, is restricted relative to the
velocity of the largest fragment measured in the event v, res.
(i) The accepted window on VL isl1+0.65forZ =1,14+0.6

for Z =2, and 14045 for Z > 3. (i) The mass of the
reconstructed QP is required to be 48 < A < 52, satisfying
the requirements. (iii) To further select the equilibrated QP,
spherical QPs are selected by a constraint on the longitudinal
momentum p, and transverse momentum p, of the frag-
ments comprising the QP: —0.3 < logo(Qshape) < 0.3, where

2
Oshape = % with the sums extending over all fragments of

the QP. For more details, see Ref. [12].

We need to mention that we use different methods to
calculate the multiplicity of neutrons. Using a molecular
dynamics model, the free neutrons can be found in phase space.
The average kinetic energy per free neutron ascribed to the QP
is given by 2.2 + 1.25(E,/Acp) MeV /nucleon [12], where
E,, is the total energy of the charged particles in the transverse
direction and A, is the mass of the QP calculated using
only charged particles. Because the QP is in equilibrium,
the free neutrons emitting can be seen isotropically
in the center-of-mass frame of the fragmenting source. Using
the average kinetic energy, we can calculate the neutron’s
maximum velocity V," and minimum velocity Vnmin in the
beam direction. Therefore, we can estimate the multiplicity
of neutrons by the accepted window on Vnmin <V, <y

The momentum quadrupole is defined as

Q«y = p; — Py @)

using the transverse components p, and p, of the particle’s
momentum in the frame of the QP source. If the approximation
is made that the emitted particles are described by a Maxwell-
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FIG. 1. (Color online) Time evolution of yields obtained from the
sources with mass 48 < A < 52 and all asymmetries.

Boltzmann distribution, the variance of Q,, is related to the
temperature by

(o7,) = 4m*T?, )

where m is the probe particle mass [28].

To identify the emitted particles at the time the particles
were produced, the nuclear fragments are constructed by
using the coalescence model, in which nucleons with relative
momentum smaller than 300 MeV/c and relative distance
smaller than 3.5 fm will be combined into a cluster. The
simulation time in this work is 800 fm/c, which allows the
QP having enough time to fragment.

III. RESULTS AND DISCUSSION

Figure 1 shows the time evolution of the protons yields,
tritons yields, 3He yields (those produced in intervals of
50 fm/c), in the frame of the fragmenting QP source at
excitation energy per nucleon 5-6 MeV /nucleon. We can see
that the proton yields decrease quickly during the period of
maximum evaporation (i.e., from 100 to 500 fm/c). After
500 fm/c, the protons production are almost constant, which
is about 0.002. The production of tritons and *He has two
distinct regions: an increase stage and a decrease stage. Several
observations are immediate. Most tritons and He are produced
during the period of maximum evaporation, but there is some
production after 500 fm/c. Thus, as the QP deexcites, each
particle emission changes its composition slightly. Using the
temperature probed by the emitted particles, which are emitted
over a range of times, could mask the true information of the
QP. The time of the earliest emission particles from the QP is
about 100 fm/c. Thus, in this paper, we define 100 fm/c as
the time of the QP formation, the temperature calculated by
emission particles before 150 fm/c as the “initial” temperature
T;, and 800 fm/c as the final measurement temperature 7.

To further investigate the particle emission time effects
on the Ty for different temperatures and particles, we
display the Tmgr that were derived from protons, tritons,
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FIG. 2. (Color online) (a) Momentum quadrupole fluctuation
temperatures for initial temperature (full shape) and final measure-
ment temperature (open shape) extracted with light charged particle
probes. (b) Rvqr versus excitation energy per nucleon.

and 3He emissions for sources with mass 48 < A < 52 and
all asymmetries in Fig. 2. The asymmetry of the source is
defined as

mg = [ s (6)

where Ny, Z;, and A, are the neutron number, proton number,
and mass number. Temperatures are calculated for 1-MeV-
wide bins in excitation energy per nucleon. It can be seen from
Fig. 2(a) that the T; of the QP is greater than the Ty probed by
the emitted particles, which are emitted over a range of times.
Recently, Zheng et al. [39] also studied the deexcitation of
an excited nucleus using the GEMINI model which assumes
a sequential decay of an excited nucleus. They found that
the momentum fluctuation temperature shifts down due to the
sequential decay. Our result is consistent with theirs. However,
in our calculations the GEMINI model is only applied to
simulate the decay of prefragments. Most of the excitation
energy of the QP is released in the fragmentation process,
which is simulated by the IQMD model.

For 3He, the divergence of the temperature between 7; and
T is smaller than for protons. The difference in the 7; for
protons, tritons, and *He still exists. It is possible that some of
the difference is the result of Coulomb contribution and Fermi
momentum in the detected fragments. The particle emission
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FIG. 3. (Color online) Caloric curves for protons, selected on
source asymmetry. The different curves correspond to narrow
selections on the source asymmetry for the (a) initial temperature,
(b) final measurement temperature, and (c) experimental data [12].

time effects on the Tyigr can be seen more clearly from the
ratio Ryqr versus excitation energy per nucleon £*/A, which
is shown in Fig. 2(b). The Ryqr can be obtained from the T;
and Ty through

Rvior = (T; — Ty)/ T.. (7

Significant particle emission time effects at constant exci-
tation energy may be seen in the 7; and 7. For protons, the
Rwgr is about 0.2 across all £*/A. Thus, using the T as the
temperature of the QP may mask the real nature of the QP.
It is worth noting that proton, triton, and 3He yields are all
impacted by emission time. However, there are little effects on
tritons and *He. This result may be attributable to the energy
cost for their emission from an excited source. Some *He and
tritons are emitted at a later stage, but the excitation energy
of excited source is still high. For protons the cost energy for
their emission is low relative to >He and tritons. Therefore,
protons are more easily impacted by emission time.

Figure 3 shows Tyigr as a function of excitation energy per
nucleon of the QP, as determined with the MQF thermometer
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FIG. 4. (Color online) Momentum quadrupole fluctuation tem-
peratures for sources with mass 48 < A < 52 and all asymmetries,
extracted with light charged particle probes. Experimental data are
taken from Mclntosh et al. [12].

using protons as the probe particle. To examine in more detail
the temperature shift of the emission time with the changing
source asymmetry, we plot caloric curves for different time
ranges in Fig. 3. In Fig. 3(a), the caloric curves were obtained
with the MQF thermometer using early emitted protons. It is
clear that the temperature of the neutron-poor QP is higher.
In Fig. 3(b), the caloric curves are obtained using the emitted
protons, which are emitted over a range of times. We can
see that the isospin dependence of the nuclear temperature is
consistent between the 7; and 7.

It can be seen from Figs. 3(b) and 3(c) that the T, by
the model follows the trend of the experimental data. Each
curve corresponds to a narrow selection in the asymmetry
of the QP source. It is worth noting that Su et al. [33] also
studied the asymmetry dependence of the temperature through
isotopic yield ratios by using the IQMD model. However, the
result is just the reverse. They found that the temperatures
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for the neutron-rich projectiles are larger than those for the
neutron-poor projectiles. The origin of this difference may be
in the choosing of the source or the different nature of the two
thermometers.

Figure 4 shows the T, of the QP, as a function of the
excitation energy per nucleon E*/A of the QP, measured with
the MQF thermometer using protons, tritons, and *He as probe
particles. For a given excitation energy per nucleon, the protons
show the lowest temperature, followed by the trions and *He.
The ordering of the temperature for the different light charged
particle (LCP) species is consistent with the data [12].

IV. CONCLUSION

In conclusion, we performed a study of the momen-
tum quadrupole fluctuation temperature Tvgr achieved in
heavy-ion reactions. An isospin-dependent quantum molecular
dynamics (IQMD) model incorporating the statistical decay
model GEMINI was used for a variety of reactions to extract
the temperature Tyigr. The divergence of the temperature Tvigr
between the initial temperature 7; and the final measured
temperature 7, was obtained using the instantaneous and
cumulative yields of the protons, tritons, and 3He. Our results
can be summarized as follows: (i) The divergence of the Tvigr
between the Ty and T; is about 20% for proton, 12% for
tritons, and 10% for *He. Using the temperature probed by the
emission particles, which are emitted over a range of times,
may mask the true nature of the QP. (ii) The isospin dependence
of the nuclear temperature is consistent between the 7; and T'¢
using protons as the probe particle. (iii) The ordering of the
temperature for the different light charged particles by the
model follows the trend of the experimental data.
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