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Time dependence of the thermal-photon thermometer
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A systematic study of the thermal-photon thermometer is presented for heavy-ion collisions at intermediate
energies via the isospin-dependent quantum molecular dynamics model. We find that the duration of the thermal
hard photons production is more than 500 fm/c. The divergence between the initial temperature and the final
measurement temperature is about 5%. The isospin dependence of the nuclear temperature is consistent between
the initial temperature and the final measurement temperature. As a comparison, the slope and double-isotope
ratio thermometers are also discussed.
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I. INTRODUCTION

Nucleus-nucleus collisions at intermediate energies aim at
the study of the phase diagram of nuclear matter at densities
and temperatures where a transition from the Fermi liquid
ground state to the nucleon gas phase has been predicted [1].

The determination of the thermodynamical properties such
as temperature, density, and excitation energy of the hot
nuclear systems produced in nucleus-nucleus reactions is one
of the main goals of heavy-ion physics. During the past
two decades, many studies were committed to measuring the
nuclear temperatures and phase transition in multifragmen-
tation [2–10]. The relation between the temperature and the
excitation energy of a system is of fundamental importance in
a wide variety of physical systems [11]. In order to determine
temperatures of colliding systems, various thermometers have
been developed and applied to study the highly excited nuclear
systems, such as the slope thermometer (using light particles)
[12,13], the isotopic thermometer [14], and the population
of excited states thermometer [15,16]. Due to the interaction
among the particles, the above thermometers are polluted
by the reaction environment. Electromagnetic probes, viz.,
photons, due to their weak final state interaction with the
surrounding medium, have been recognized as the most direct
probes of the space-time evolution of the colliding nucleons
[17]. Photons produced in heavy-ion (HI) reactions escape
freely from the interaction region. The inverse slope parameter
of their spectrum Et

0 and the temperature T of the nuclear
medium are strongly correlated [18]. Martínez has suggested
that the thermal hard photons are emitted from a nearly ther-
malized source and still originate from bremsstrahlung pro-
duced in p-n collisions [19]. By applying the bremsstrahlung
photons in multifragment 36Ar + 197Au reactions, d’Enterria
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et al. have shown the evidence for thermal equilibration in
multifragmentation reactions [20].

Using the bremsstrahlung photons, the nuclear temperature
can be determined by measuring the slope of the reaction’s
thermal hard-photon spectrum [18]. However, the thermal
hard photons are produced during a period of time. At
moderate excitation energies, ε∗ ≈ 3A–10A MeV, the time
of thermal hard-photon production is about 200 fm/c or even
more longer [18,19]. During this time, the thermodynamical
properties of the hot nucleus will be changed. Naturally, one
may think about how the deexcitation process influences the
slope of the hard-photon spectrum and the measurement of
temperature.

II. MODEL AND METHODS

In this work, we attempt to study the time dependence
of the thermal-photon thermometer, within the isospin-
dependent quantum molecular dynamics (IQMD) model
[21,22]. In the present model, the Hamiltonian H is expressed
as

H = τ + UCoul +
∫

V (ρ)dr, (1)

where τ is the kinetic energy and UCoul is the Coulomb
potential energy. V (ρ) is the nuclear potential energy density
functional, which is written as

V (ρ) = α

2
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We use three sets of parameters, as shown in Table I.
The excitation energy E∗ of the hot nuclei is calculated by

E∗ = τ + V − B, (3)
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TABLE I. The parameters adopted in the present work.

α β γ gsur giso
sur C gτ ρ0 K

(MeV) (MeV) (MeV fm5) (MeV fm5) (MeV) (MeV) (fm−3) (MeV)

Skx [23] −168.40 115.90 1.50 92.13 −6.97 38.13 0.40 0.16 271
Soft [21] −356.00 303.00 1.17 130.00 0.00 39.40 0.00 0.16 200
Hard [21] −124.00 70.5.0 2.00 130.00 0.00 39.40 0.00 0.16 380

where τ and V are kinetic energy and potential energy of the
hot nuclei. B is the binding energy of the hot nuclei at the
ground state.

We perform a systematic study of the hot nuclei in a
wide excitation energy range and a wide asymmetry range.
A hot nucleus could be produced in central heavy-ion col-
lisions at intermediate energies. Calculations predict that
at higher bombarding energies (approximately larger than
100 MeV/nucleon) the expansion is sufficiently violent to
break up the system into many fragments, and no thermal hard
photons are produced [19]. In this work, the hard photon pro-
duction with small mass projectile and large mass target, such
as 36Ar + 190W, has been studied. In such systems there are
enough nucleons in the overlap volume of target and projectile
to experience more than the minimal 20–30 collisions needed
for thermalization to take place.

The asymmetry of the hot nuclei is defined as

ms = Ns − Zs

As
, (4)

where Ns, Zs, and As are the neutron number, proton number,
and mass number of the hot nuclei. Using the hot nuclei, we
could study the time dependence of the thermal hard-photon
spectrum. A measure of the equilibration is given by the
quadrupole moment of the momentum distribution,

Qp =
∫ (

2p2
z − p2

x − p2
y

)
f (r, p, t )dr dp. (5)

In this work we use the one-boson-exchange model by Gan
et al. to evaluate the elementary pn → pnγ probability [24].
The single differential probability is

pγ ≡ dN

dεγ

= 2.1 × 10−6 (1 − y2)α

y
, (6)

where y = εγ /Emax, α = 0.7319 − 0.5898βi, and βi and Emax

are the initial velocities of the proton and the energy available
in the center of mass of the colliding proton-neutron pairs.
The hard-photon spectra can be described by the sum of two
exponential distributions characterized by inverse slopes Ed

0
and Et

0, corresponding to a direct and a thermal component,
respectively, with their corresponding weights:

dσ

dEγ

= Kd e−Eγ /Ed
0 + Kt e

−Eγ /Et
0 . (7)

[19,20]. The temperature T of the emitting sources and the
photon slope parameter Et

0 are found to be well described by
the relation

T (MeV) = (0.78 ± 0.02) × Et
0 (MeV), (8)

in the range T ≈ 3–10 MeV [18].

III. RESULTS AND DISCUSSION

In the IQMD model, the temporal evolutions of baryons in
the system are governed by Hamiltonian equations of motion.
The distributions of nucleons determine density fluctuation.
The distributions of nucleons are determined by kinetic energy
of nucleons, mean field (the density function simulates the
short-range attractive nuclear forces), and nucleon-nucleon
(NN) collisions (collisions simulate the short-range repul-
sive nuclear forces). In heavy ion collisions, nucleons will
have local collective kinetic energy through nucleon-nucleon
collisions and the mean field. If some nucleons move away
from other nucleons, their collective kinetic energy is large
enough and cannot be dissipated by mean field. The distance
between these nucleons and other nucleons will increase.
The distributions of nucleons become nonuniform. Density
fluctuation becomes larger. If their distance becomes longer,
they no longer interact with each other because the nuclear
forces are of short range. Clusters can be formed.

Figure 1 shows the density distribution for the system
36Ar + 190W at 60 MeV/nucleon in the x-z plane and central
collisions. In the first stage of the collision a dense system is
formed which then slowly expands until the attractive part of
nuclear force is strong enough to drive a second compression
of the system. Around t = 50 fm/c the first maximum overlap
of the two nuclei is achieved. The system subsequently un-
dergoes oscillations around the saturation density, and a hot
nucleus is formed. We can see that one oscillation is about
100 fm/c.

In order to select the nucleons which are part of a hot nu-
cleus, nucleons with relative distance R � 3 fm are coalesced
into a group (a cluster). This value corresponds to the typical

FIG. 1. Density contours in 36Ar + 190W collisions at impact
parameter b = 0 fm and beam energy 60 MeV/nucleon, calculated
with nuclear force parameters Skx.
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FIG. 2. Production rate of photons with energy 30–50 MeV for
the maximum mass cluster, calculated with nuclear force parameters
Skx.

range of the nuclear force. In this work, we only study the
dynamical evolution of the hot nuclei. If one wants to study
the final fragment production, a dynamical model incorpo-
rating the statistical decay model should be used [25–27].
The dynamical evolution is simulated by the IQMD model.
The statistical decay model is used to calculate the decay of
primary fragments. The primary fragments are recognized by
a minimum spanning tree algorithm, in which nucleons with
relative distance of coordinate and momentum of |ri − r j | �
R and |pi − p j | � P belong to a fragment. The parameters
R = 3 fm and P = 250 MeV/c are chosen. After the evolution
by the IQMD code, the hot fragments are formed, and the
statistical decay model is switched on.

The computed production rates of hard photons with
energy of 30–50 MeV are shown as a function of the
reaction time in Fig. 2. They were calculated for the system
36Ar + 190W at 60 MeV/nucleon bombarding energy and
central collision. There are two distinct hard-photon sources
clearly separated in time because of the absence of photon
production during the expansion phase. The figure indicates
also a radical difference in the energy spectra of photons
from the two sources, thermal hard photons having a softer
spectrum than direct ones. In the first stage (t < 110 fm/c),
the hot nuclear system is not equilibrated [see the quadrupole
moment in Fig. 3(d)]. During this stage the hard photons
are produced via first-chance collisions. After this stage
hard photons are produced in an approximately equilibrated
thermal source [cf. Fig. 3(d)], but their production rate is
small compared with that of the first-chance collisions. When
the system is almost fully thermalized, a hot nucleus is
formed. The photons originating from this source are called
thermal hard photons [19]. Since the hot nucleus is formed
around 110 fm/c, the hot nuclei which are used to study
the nuclear temperature are selected between 110 and 120
fm/c. The computed production rates of thermal hard photons
decrease with increasing time, but the duration of the thermal
hard photons production is more than 500 fm/c.

Figure 3 shows the time evolution of mass, excitation
energy, neutron-to-proton ratio N/Z , and quadrupole moment
for the maximum mass cluster. They were calculated for the
system 36Ar + 190W at 60 MeV/nucleon bombarding energies

FIG. 3. Time evolution of the excitation energy (a), mass (b),
neutron-to-proton ration (N/Z) (c), and quadrupole moment (d) for
the maximum mass cluster in central 36Ar + 190W collision at
60 MeV/nucleon, calculated with nuclear force parameters Skx.

and at an impact parameter of b = 0 fm. The quadrupole
moment in momentum space [Fig. 3(d)] is defined by Eq. (5),
which indicates the equilibration of the momentum distri-
bution. We can see that the quadrupole moment reaches
Qp ≈ 0 around 110 fm/c, which reflects that the maximum
mass cluster approximately reaches a global thermodynamical
equilibrium.

It is clear that the mass and excitation energy of the max-
imum mass cluster decrease with increasing reaction time.
Due to the deexcitation of the maximum mass cluster, the
excitation energy decreases from 5 to 1 MeV for a time period
of 500 fm/c. The mass number of the maximum mass cluster
decreases from 200 to 140. The mass number decrease quickly
before 150 fm/c, which is consistent with usual estimates of
the first breakup time interval τ0 ≈ 100 fm/c [28]. Due to
the preequilibrium emission, the N/Z of the maximum mass
cluster is around 1.43 and almost constant, which is smaller
than the N/Z of the reaction system (1.46).

In order to further study the degree of thermalization,
we check stopping. Bauer predicted that the degree of
stopping could be a sensitive observable to check the nuclear
equilibration [29]. To analyze the nonequilibrium dynamics,
we investigate the time evolution of several observables for
the maximum mass cluster in Fig. 4. Figure 4(a) shows the
time evolutions of potential energy and the number of NN col-
lisions in central 36Ar + 190W collisions at 60 MeV/nucleon.
The evolution of the potential energy can describe the global
compression and expansion. The compression of the system
is much smaller than the expansion of the system (t <

100 fm/c). Thus, the NN collisions are responsible for the
beam energy dissipation. Figure 4(b) shows the time evolution
of stopping. To quantify the degree of stopping, one adopts the
ratio of transverse to parallel quantities, RE [30]. The stopping
of the maximum mass cluster is around 1 before collision (t <

30 fm/c). When target and projectile are in contact (t ≈ 30
fm/c), the stopping decreases rapidly. With the increase of NN
collisions, the beam energy is dissipated. The longitudinal
energy is transferred to transversal energy. The stopping
increases visibly in the period 30 to 110 fm/c in Fig. 4(b),
when the number of NN collisions is large. Since the stopping
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FIG. 4. (a) Time evolutions of the potential energy and the
number of nucleon-nucleon collisions for the maximum mass cluster.
(b) Time evolution of stopping for the maximum mass cluster,
calculated with nuclear force parameters Skx.

reaches the value of 1 around 110 fm/c, the global equilibrium
is achieved. After 110 fm/c, the number of NN collisions is
about 1 c/fm. NN collisions are thermal collisions. We can
also see that there is a weak compression which is caused by
the mean field on the maximum mass cluster.

Figure 5 shows the thermal hard-photon slope Et
0 as a

function of the (Coulomb-corrected) nucleus-nucleus center-
of-mass energy. The behavior of the calculated hard-photon
spectra slope Et

0 is generally in agreement with the data.
Applying Eq. (8), the nuclear temperature attained in a

HI reaction can be determined by measuring the slope of
its thermal hard-photon spectrum. In order to decrease the
mass effect on the nuclear temperatures, the masses of the hot
nuclei are required to be 190 � A � 200 or 165 � A � 175,
satisfying the requirements. For Skx and soft parameters, the
mass is required to be 190 � A � 200. For hard parameters,
the mass is required to be 165 � A � 175. To further investi-
gate the time dependence of nuclear temperatures at different
excitation energies, we display the initial temperatures and the

FIG. 5. Thermal hard-photon slope Et
0 as a function of the

(Coulomb-corrected) nucleus-nucleus center-of-mass energy, εAA,
calculated with nuclear force parameters Skx. Experimental data are
taken from Schutz [31] and Ortega [32].

FIG. 6. The temperatures for initial temperature (open shape)
and final measurement temperature (full shape) extracted with the
thermal-photon thermometer. In the calculation, the Skx parameters
are used.

final measurement temperatures as a function of excitation
energy in Fig. 6. In this paper, we define the temperature
calculated by emission particles and hard photons before
150 fm/c as the initial temperature Ti, and emission particles
and hard photons before 600 fm/c as the final measurement
temperature Tf . The thermal hard photons are produced in the
reactions of 36Ar +168 Er at 30 MeV/nucleon, 36Ar +176 Lu
at 40 MeV/nucleon, 36Ar + 197Au at 60 MeV/nucleon, and
36Ar +206 Bi at 95 MeV/nucleon at an impact parameter of
b = 0 fm.

It can be seen from Fig. 6 that Ti is greater than Tf . This
is mainly because of the evaporation of the hot nuclei. As
a result the excitation energy is slowly cooling down. Thus
the temperature will also decrease. The divergence of the
temperature T between Tf and Ti is about 5% across all E∗/A.

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. 7. The hard

FIG. 7. Caloric curves for the hot nuclei, extracted with the
thermal-photon thermometer. The different curves correspond to
narrow selections on the source asymmetry for the initial temperature
(a)–(c) and final measurement temperature (d)–(f). In the calculation,
the Skx, soft, and hard parameters are used.
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FIG. 8. Caloric curves for the hot nuclei with mass 190 � A �
200, extracted with the slope and double-isotope ratio thermometers.
The different curves correspond to narrow selections on the source
asymmetry for the initial temperature (a)–(b) and final measurement
temperature (c)–(d), calculated with nuclear force parameters Skx.

photons in 36Ar + 171Yb, 173Ta, and 173Er at 35 and 40
MeV/nucleon, 36Ar + 187Au, 188Os, and 190W at 55, 60,
and 65 MeV/nucleon, and 36Ar + 206Bi, 206Rn, and 204Hg
at 95 MeV/nucleon have been studied. In Figs. 7(a)–7(c),
the caloric curves were obtained with the thermal-photon
thermometer using early emitted photons, calculated with the
Skx, soft, and hard parameters. It is clear that the temperatures
for the neutron-rich hot nuclei are higher. In Figs. 7(d)–7(f),
the caloric curves are obtained using the emitted photons,
which are emitted over a range of times. We can see that the
isospin dependence of the nuclear temperatures is consistent
between Ti and Tf for different parameters.

Since there was usually inconsistency between kinematic
and double-isotope ratio temperatures, we also compare the
slope and double-isotope ratio temperatures in Fig. 8. The
double-isotope ratio temperatures TBeLi are shown in Figs. 8(a)
and 8(c). Here, the double-isotope ratio temperature is cal-
culated as TBeLi = (11.3 MeV)/ ln (1.8Y (9Be)/Y (8Li)

Y (7Be)/Y (6Li) ). For com-
parison, the slope temperatures (Tslope) for protons are shown
in Figs. 8(b) and 8(d). The double-isotope ratio thermometer

is used to calculate the freeze-out temperature and cannot be
used to study the initial temperature of the hot nuclei. Thus,
the initial temperatures Ti of the double-isotope ratioonly
are used to compare with Tf . Using the double-isotope ratio
thermometer, the nuclear temperatures show almost no isospin
effect. However, using the slope thermometer the nuclear
temperatures are higher for neutron-poor systems. The isospin
dependence of the nuclear temperatures is consistent between
Ti and Tf . Since the three thermometers to be employed oper-
ate in fundamentally different ways, for the slope thermometer
the value of the temperature is extracted from the slope
of the kinetic energy spectra. The kinematic characteristics
reflect not only the thermal properties of the system but also
the Fermi motion at freeze-out, collective effects, and recoil
effects [24]. The double-isotope ratio thermometer will be
affected by secondary decay. Therefore, the difference of
the isospin effect between different thermometers should be
further discussed in the future.

IV. CONCLUSIONS

In summary, we have presented a study about the time
dependence of the thermal-photon thermometer using the
IQMD model. The duration of the thermal hard photons
production is more than 500 fm/c. Due to the deexcitation
and fragmentation of the hot nuclei, the excitation energy
and mass of systems are changed. The divergence of the
temperature T between the initial temperature Ti and the final
measured temperature Tf was obtained using the thermal hard
photons. We find that the divergence between the Ti and Tf is
about 5%. The isospin dependence of the nuclear temperature
is consistent between the Ti and Tf .
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