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Abstract

In this study the double isotope yield ratio thermometer, commonly used in heavy ion reactions, is put to
the test in molecular dynamics simulations for a variety of nuclear reactions and energies. Comparing results
to other estimates of the temperature and to experimental measurements, it is determined that the double
isotope yield temperature indeed reflects the hot and dense phase of the reaction. Correlations between the
double isotope yield temperature, the system size, beam energies, and collision times were investigated.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A precise determination of the temperature achieved in nuclear reactions has become a prior-
ity in the study of heavy ion reactions. For example, recent investigations involving radioactive
isotopes [1-5] promise to elucidate the role of the asymmetry mass terms of the nuclear equa-
tion of state through the phenomenon of isoscaling. For this, however, similar but isotopically
different reactions must reach a common equilibrium temperature 7 at the same time. As the
resolution needed to determine this thermal symmetry between different reactions is very high,
a study of the time evolution of the reaction’s temperature is clearly in order.
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A recent study of such time dependence was performed using the kinetic energy variation of
emitted light clusters [6]. Based on results from theoretical models [7,8] and experiments [9,10]
that show a correlation between the emission time and the energy of early emitted particles,
the study uses the AMD-V model [8] to calibrate the emission time scales and follow the time
evolution of the system. Although this analysis illuminates interesting features of the kinetics of
the reaction, we believe it has to be confirmed by an independent approach.

Thus the motivation of the present study: to understand what one of the most commonly used
indicators of temperature, the double isotope yield ratio thermometer, measures in a heavy ion
reaction. This will be done using a molecular dynamics code, Latino, which will simulate the ex-
perimental reactions using the same combination of nuclei and beam energies as the experimental
study.

The structure of the article is as follows: in the next section the different measures of the
temperature to be used will be briefly introduced and connected to molecular dynamics. Then,
these measures will be used in Section 3 in two different situations: to a study case, in Section 3.1,
in which the production of the different species is carefully dissected for the full understanding of
the thermometers; and, in Section 3.2, to a variety of reactions and beam energies for comparison
to experimental data. The paper will close with some conclusions in Section 4.

2. Measuring temperature in heavy ion reactions

As the temperature of a nuclear reaction cannot be uniquely defined, it is best to describe the
reaction with a plausible scenario. Basic arguments [11,12] suggest that collisions can fuse the
participating nuclei, initially at normal density, zero temperature, and zero entropy, into a com-
pound nucleus that reaches a maximum density, temperature and entropy, which then bounces
into an expansion that drives the system into the fragmentation [13,14]. Under this scenario, it is
clear that temperature can only be defined in a conditional manner.

2.1. Measuring the temperature in molecular dynamics

As heavy ion reactions take nuclei from equilibrium to a hot and dense phase, and then to an
expanding and disassembling state, its study requires a model capable of reproducing the colli-
sion dynamics including stages in- and out-of-thermal equilibrium. As statistical and other equi-
librium and dynamical models [15-21] lack—by construction—of all relevant collision-induced
correlations or of all higher-order correlations needed to produce appropriate fragmentation, in
this study we use a molecular dynamics (MD) model that can describe non-equilibrium dynamics
and changes of phase without adjustable parameters.

The model “Latino” [22], which uses the Pandharipande potential (Coulomb plus a two-body
nuclear [23]) and a fragment-recognition algorithm [24], reproduces nucleon—nucleon cross sec-
tions, the correct binding energies and densities of real nuclei. In the recent past it has been used
to study neck fragmentation [13], phase transitions [25], critical phenomena [26,27], the caloric
curve [14,28], and—most recently—isoscaling [29] in nuclear reactions.

With this model one can obtain an approximate view of the thermalization process [30]. Af-
ter the biggest fragment is identified during a collision (through ECRA [24], MSTE or another
method), its temperature can be calculated from the nucleon’s kinetic energies {K;} (with respect
to the center of mass of the moving fragment) through Tgr = ) ; 2K; /3N . Tracking the fragment
during the collision can help us determine TgF as a function of time.
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To avoid puristic discussions on whether such an evolving measure over a small system would
correspond to a real temperature, one could instead determine temperature-like dynamical quan-
tities to demonstrate thermalization and other features [29], or one could talk instead about
single-time measures such as the breakup or transition temperature [14] (i.e., the temperature
at which the system ruptures); these measures, however, yield in practice a picture consistent
with TgE.

2.2. Temperature from the double isotope yield ratio

On the other hand, as the time evolution of Tgr cannot be determined directly from experi-
mental observations, nuclear experimentalists must resort to particle-emitting processes to infer
the temperature of a reaction. Options favored by experimentalists are the thermometers based
on particle yields, from excited population of certain species, and from ratios of particles yields
(for applications see e.g. [31-33]). In this study we take advantage of the fully detailed micro-
scopic view that Latino provides us with, to understand the meaning of one of this measures, the
temperature from the double isotope yield ratio.

The yield ratios of two adjacent isotopes of two different elements allows to obtain the
temperature of an emitting compound system at chemical and thermal equilibrium [33]. This
thermometer has been used to determine the caloric curve and other features of fragmentation
experiments [32,34-38]. Following [6,39], the temperature Ty of a source can be estimated
from the yields of d, t, 3He and “He through
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where Y;, Y4, Y4y, and Y3y, are the yields of such species. As it will be obvious below, choosing
abundant species, such as d, t, 3He and “He, helps to obtain statistics robust enough as to be
able to compute their yields as a function of time, and to track the evolution of Type during the
reaction. To avoid the contamination of this temperature by non-thermal emission, any estimation
of Tyye must exclude the so-called promptly emitted particles (PEPs) which are emitted in the
initial contact of the colliding nuclei.

Even though expression (1) was obtained using quantum statistical thermodynamical ar-
guments, a similar relationship can be expected for classical systems. Using Fisher’s droplet
formula, Y (A1) Al_re(“U’“ET"A?)/]‘Te(("_“")/kT)Al , Where Ajis the mass of the fragment, € is
the distance to the critical point, w is the surface entropy density, u is the chemical potential, 1.
is the value at coexistence, and o, t are the critical exponents, the double ratio of numbers of
fragments for species differing in one constituent is given by

ro YADY(Ar+ D) [AI(AZ + 1)i|_Te(aosTc(wA‘l’—w(Al—H)”—wAz+w(A2+l))/kT)
Y(Ai+DY(A2)  L(A1+DA2 ’
which has the same shape as the expression found in [39]. From this

Al(A2+1)i| 1

with o = ageT,, and, under the assumption of uniform w, we thus obtain an expression similar
to Albergo’s:
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where
C=aw[A] — (A1 + 17 —A] + (A2 + 1], Q=[A1(A2+ 1)/(A1 + DA,]".

In spite of having an expression valid for classical systems, for the sake of comparison to other
estimates, in the present work we continue using expression (1) with the coefficients obtained for
a Fermi gas of nucleons. The extension of such a model to the present case of a classical model
should not present any problems as the Fermi—Dirac and Boltzmann statistics converge when the
de Broglie wavelength, Ad = (h2 /2mm T)3/ 2 s comparable to the nuclear volume [40], as it is
the case in the hot and dense phase of the reaction.

3. Time evolution of temperature
3.1. A case study: *°*Ca + *0Ca ar 35 MeV /A

Two hundred simulations of central collisions were performed for the reaction “°Ca + 4°Ca
at a beam energy of E = 35 MeV/A. For each collision—and for several times during each
collision—the biggest fragment was identified through the MSTE method [24], and its tempera-
ture Tpp was calculated as described in Section 2. Likewise, the production of d, t, 3He and *He
was tracked as a function of time, and the Tgge was obtained from it through (1) both from the
instantaneous yields (i.e., those produced in intervals of 5 fm/c), as well as from the accumulated
ones.

Fig. 1 shows the time evolution of the particle yields and the temperatures obtained for these
collisions. The top panel shows the evolution of the yield of d, t, 3He and “He (in arbitrary units)
contrasted with the size of the biggest fragment (in mass number). The bottom panel shows the
Type obtained from the instantaneous yields (dots) contrasted with TgF, the kinetic temperature
of the largest fragment (dashed line), and with the Tyye of the accumulated yields (solid line).

Several observations are immediate. The production of d, t, 3He and *He starts while the
colliding nuclei are still merged into a single blob of 80 nucleons. There is no noticeable simul-
taneous production of the four species while the biggest fragment is at its maximum temperature;
as the instantaneous production reaches its maximum, the biggest fragment cools and reduces its
size considerably.

The temperature obtained from the instantaneous yields has three distinct regions: an initial
one with a large primary spike (out of scale), a second one composed of a smooth peak and a
long decaying plateau, and a final one in which Tgge becomes alive again with a series of smaller
peaks.

The smooth long-tailed peak that follows the spike, is produced when the particle production
is at its maximum (cf. top panel) and, thus, when the statistics are more reliable. Judging from
the shrinking size of the biggest fragment at that time, that abundant production of light parti-
cles originates from this fragment; this confirms Tyye as bona fide thermometer of this stage
of the reaction. Furthermore, the general behavior of this long-tailed peak is reminiscent of that
observed in experimental data [6].

The later peaks of Tyye, which appear after 100 fm/c, correspond to the end tail of the particle
production. In this stage the size of the biggest fragment has stabilized and is finishing evaporat-
ing. Again, due to shrinking statistics, these peaks cannot be taken as reliable indicators of the
system’s temperature.

The fact that the production of light particles during the period of maximum evaporation
(i.e., from 50 to 100 fm/c) overwhelms the rest, makes the Tyye obtained from the cumulative
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Fig. 1. Time evolution of yields and temperatures obtained from 200 central collisions of 40Ca 4+ 40Ca at 35 MeV /A;
The top panel shows the yields compared to the size of the biggest fragment. The bottom panel shows the Ty obtained
from the instantaneous yields (dots), T (dashed line), and THye from the accumulated yields (solid line).

production (solid line in the bottom panel) give a steady value consistent with the instantaneous
Txge of the smooth long-tailed peak. This finding is bound to simplify the calculation of Ty
from experimental data, as a good estimate of it can be obtained from the total particle production
without having to filter out later decays.

Although in this case study Ty appeared larger in magnitude than Tgp, this is not a general
result, as it will be seen next.

3.2. Energy and mass dependence of TaHe

Repeating the previous exercise for reactions at different energies and with different ions helps
us understand the dependence of Tyge on beam energy and total mass. Two hundred central
collisions were performed for each of the reactions %Zn +>3Ni, %*Zn 4 >Mo and %Zn + 17 Au
at beam energies of £ = 25,35 and 47 MeV/A; Figs. 2, 3, and 4 present the time evolution of
the corresponding temperatures.

Figs. 2, 3, and 4 show the behavior of Type, now obtained from the cumulative production
of light particles, and contrasted with Tgr. To get a more realistic count, comparable to that of
experiments, this time all emissions of d, t, 3He and *He were counted regardless of whether they
were produced by the biggest fragment or not.
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Fig. 2. Time evolution of 7gE, the temperature of the biggest fragment, and of Tyye obtained from the cumulative
production of light particles of central collisions of 64Zn + 38Ni at beam energies of E = 25,35 and 47 MeV/A. Tgg
starts from zero time while 7Tyye does not get established until later in the reaction.

Once more, several observations are immediate. The general shape of Tyye appears as before,
a long-tailed peak with the maximum much more pronounced and of magnitude comparable to
Tgr. Due to the use of the accumulated yields, Tyge no longer presents the late-time oscillations
observed in the instantaneous temperature, and instead it shows a very steady asymptotic value.

Again, the fact that Tyye achieves a sizeable value while Tgp has decreased into a plateau
from its maximum, can be taken as an indication that the light particles responsible for Tyye
were produced from evaporation of an equilibrated source.

Although no direct correlation is obvious between the peaks of Tyye and the system size or
beam energies, an increasing trend is observed between the peak and the plateau values of Tgp
and the system size. On the other hand, the asymptotic value of the cumulative Tgge shows little
dependence on the system size or collision energy.

Table 1 summarizes the size and energy variation of the peak values of Tgr and Tgge of
Figs. 2, 3, and 4, and compares them to the peak temperatures obtained experimentally (as de-
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Fig. 3. Same as previous figure for %470 + 92Mo.

Table 1

Peak temperatures

Reaction Energy TBF THHe Experimental

647n + 58Ni 26 6.8 11.9 9.5
35 9.1 13.2 16.5
47 12 17.8 25

647n + 92Mo 26 8.6 9.7 11
35 11.4 12.7 13
47 14.2 19.5 17.5

647n + 197 Au 26 10.6 13.8 10
35 12.8 13.6 12
47 14.44 13.9 15.5

termined by inspection from the published literature [6]). The experimental peaks appear to have

similar values as the peaks of Typye obtained from the MD calculations.
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Fig. 4. Same as previous figure for 0470 4+ 197 Au.

Further comparison with the experimental results shows discrepancies in the time scale of the
temperature. While in our model the peaks of Type are produced before, say, 50 fm/c for all
reactions and energies, experimental results show peaks in the 100 to 150 fm/c. As the MD code
used in the present work does not have any adjustable parameters, we attribute this difference
to the model-dependent method used in reference [6] to estimate the times. Indeed AMD-V re-
ports a starting time for light particle emission of 50 fm/c, time at which Latino has stabilized
its light particle emission. Another probable origin for this time difference is a possible mix-
ing of particles from different sources (projectile, participant and spectator) as indicated by the
experimentalists.

4. Conclusions

In this study we performed a study of the double isotope yield ratio temperature achieved in
heavy ion reactions. We did this by first showing that the temperature of systems obeying Fisher’s
law, such as ours, can be determined through a double isotope yield much like in the Fermi gas
case, i.e., in Albergo’s case. Second, molecular dynamics simulations were used for a variety
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of reactions and energies, to extract the temperature Tyye and compared it both to the kinetic
temperature of the largest fragment and to experimental measurements.

The time evolution of the temperature Tyye was obtained using the instantaneous and cumu-
lative yields of the isotopes d, t, 3He, and “He.

The instantaneous yields of these isotopes were found to increase substantially during the hot
and dense phase of the reaction, confirming the reliability of Ty as an indicator of the thermal
conditions of the reaction.

The cumulative temperature, obtained with the time-integrated yields, presented a correlation
with the temperature of the biggest fragment, TgF; this relationship, however, cannot be firmly
elucidated from this study as Tyye Was obtained using the parameters for a Fermi gas. Addition-
ally, Tyne appears to be correlated with the reaction’s beam energies and, in all studied cases, its
asymptotic value tended to ~ 6 MeV.

Although the scale of values of the cumulative Ty, (and its maximum peak value) agrees
nicely to experimental data, other features of the Typ. peaks, such as shape and timing, are
different than those obtained by the experimentalists; this could be due to the model-dependent
method used to estimate the timing and—thus—the shape of the temperature curves.

Several points of Tyye remain to be further explored: the asymptotic value of the cumulative
temperature, its dependence on beam energy and mass, its connection to the kinetic temperature,
etc.; these and other topics are currently being studied and will be reported shortly.
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