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Isobar correlations bearing information on the properties of hot disassembling nuclear sources
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Two-particle correlations based on the multiplicity of selected isobars are found to be sensitive to the
parametrization of the fragments’ binding energies and the breakup volume assumed in the model calculations.
The properties of these correlations have been examined in the framework of the statistical multifragmentation
model as a function of the breakup temperature. The model calculations suggest that the maxima of these
correlation functions occur at well-separated temperatures as the breakup volumes used in the model vary from
3 to 6 times that at normal density. These volumes are within the range assumed in most statistical calculations
and supported by experiments. Besides their position, the height and width of the maxima are also found to
be sensitive to the parametrization of the fragments’ binding energy. The magnitude of all these effects also
depends on the isobars considered in the correlations. We found that, due to an interplay between the symmetry
energy and the volume dependent terms of the Helmholtz free energy, in the case of nearly symmetric sources,
correlations involving light mirror nuclei seem to enhance these effects. We suggest that the proposed correlation
functions could be used to extract information on the fragments’ energies and on the breakup volume of nuclear

sources.
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I. INTRODUCTION

Nuclear matter at the extreme conditions found in different
stages of stellar evolution [1-5] may be recreated in exper-
iments involving central and midcentral collisions between
heavy ions at energies well above the Coulomb barrier [6—10].
Such reactions provide, in this way, means to study the proper-
ties of nuclear matter far from the equilibrium configuration,
i.e., its equation of state (EOS). In this context, many studies
have been carried out over the last decades [6,7,10-12] and
big efforts have been made in order to determine such proper-
ties, as the symmetry energy EOS [10,13-22] and the nuclear
caloric curve [23-33], for instance.

The scenario in which matter quickly expands, after at-
taining a compressed configuration in the initial stages of
the collision, is supported by different models and exper-
iments [8-14,34-38]. In one of the possible pictures, the
system reaches a freeze-out configuration, at which thermal
and chemical equilibrium are attained and multifragment pro-
duction takes place [10,14,36-38]. As an alternative view, a
continuous fragment production, during a short time span in
the expansion phase, is suggested by other dynamical calcula-
tions [12,39]. These two frameworks have also been merged
into a hybrid treatment [40,41] in which excited fragments are
created in a prompt breakup within a breakup volume. They
slowly de-excite as they travel away from each other due to the
Coulomb repulsion among them and also their initial thermal
and (possibly) flow velocities.
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The volume occupied by the system in the freeze-out con-
figuration, i.e., the breakup volume, is an important input
information to some of the calculations mentioned above,
besides the temperature and source’s isotopic composition.
Furthermore, its determination is key to the study of the nu-
clear EOS. Therefore, experimental efforts to determine this
quantity have been devoted by different groups [10,14,36—
38,42—45]. Such studies suggest that freeze-out is attained
at densities ranging from 1/3 to 1/10 of the normal nuclear
matter value. This is compatible with the assumptions made
in different statistical models [46,47] and also found in dy-
namical calculations [34].

In this work we propose an observable which is fairly
sensitive to the breakup volume assumed in the statistical
calculations: correlations based on the multiplicities of light
isobars. In the framework of the statistical multifragmenta-
tion model (SMM) [48-50], we examine the behavior of this
quantity as a function of the breakup temperature, assuming
different isotopic compositions for the disassembling source.
We suggest that this observable may help narrow the uncer-
tainty on the breakup density. These correlations also turn out
to be sensitive to the assumptions made regarding the frag-
ments’ binding energy. Thus, they may provide information
on this respect.

The remainder of this paper is organized as follows. A
brief description of the model is made in Sec. II, where we
derive the expressions used in Sec. III, which is devoted to the
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presentation and discussion of the main results. Concluding
remarks are drawn in Sec. IV.

II. THEORETICAL FRAMEWORK

The SMM [48-50] assumes that a source of mass and
atomic numbers Ay and Zp, respectively, is formed in a
breakup volume V. This source undergoes a prompt decay,
producing fragments whose abundances are dictated by their
corresponding statistical weights. Mass and charge are strictly
conserved. We adopt the canonical version of the model, so
that the source is also assumed to be formed at temperature
T. In this way, the statistical weight associated with a source
(A, Zp) is given by

Zﬂ— M

fEFo zef

where n; symbolizes the multiplicity of the species ‘i’ with
mass and atomic numbers ; and z;, respectively, and f corre-
sponds to a set of species so that

Znizi = Z() and Zl’lia,‘ = AO . (2)
ief ief
In the previous expression, Fy represents the set of all parti-
tions f consistent with the constraint given by Eq. (2) and
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where Vy =V — Vj is the free volume, V, is that at normal

nuclear density, Ay = /27 hz/mT, and m is the nucleon mass.
The Helmholtz free energy JF;, associated with species i,
has contributions from the fragment internal energy, besides
those associated with the Wigner-Seitz corrections [48] to the
Coulomb energy. One should note that the term corresponding
to the homogeneous charged sphere of the Wigner-Seitz ap-
proximation does not play a role in the canonical formulation
of the model, being a phase that cancels out in the relevant
expressions and is, therefore, omitted. Then, JF; reads
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where acoy is @ model parameter associated with the Coulomb
energy of the fragment, B; denotes its binding energy and F;
represents its internal Helmholtz free energy. The parameters
entering in Eq. (4) are given in Refs. [51,52] and we adopted
the standard values for the parameters of 7, listed in [52]. As
two different parametrizations for B; are used in this work, we
state in the next section the values adopted in each case.

The traditional SMM implementation employs a Monte
Carlo sampling of the relevant partitions in order to calcu-
late different observables. In Refs. [53,54], Das Gupta and
Mekjian derived recurrence relations which allow a very ef-
ficient evaluation of the statistical weights:
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and fy represents the set of all possible species which may be
produced. From this expression, many observables, e.g., the

Fi=F —B;

average species multiplicities may be calculated exactly in the
framework of the model.

Let us consider events in which fragments of species i and
j appear only once within each partition. From Eq. (1), the
probability of observing such partitions is

w
widna 0 [ =5 (6)

where §, g is the usual Kronecker delta. The above expression
may be rewritten as
Q-9
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and F; ; represents the set of partitions which fulfill the con-
straint expressed by Eq. (2), for Ag — Ag —aand Zy — Zy —
Z, subject to the further constraint that fragments of species
i and j appear only once. The weight Q(” n 7. may be
calculated using Eq. (5) if one suppresses the species i and
Jj in that expression.

In the same vein, the probability of observing partitions
which have a single fragment of species i (j) and none of
species j (i) is given by
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a =ior j. One should note that, although the above expres-
sion resembles the average multiplicity of species «, as given
by Eq. (4) of Ref. [55], the fact that species i and j are ex-
cluded in the statistical weight Q(' J ) . 7,—=,» but are included
in the cited formula, gives completely different meanings to
these expressions. Actually, the above equation coincides with
the probability of observing species o given by Eq. (9) of
Ref. [55], making n = 1 in the latter expression. Equation (7)
corresponds to a generalisation to the case of two species.

From these probabilities, we may define the correlation
between the yields of two selected species as

@.J)
Yt j QA() —a;i—a;,Zo—zi—7;
Gij= Y)Y, = 2.2 QD) G.J) (10)
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This formula shows that, except for the global factor 4, 7,
which is independent of the selected species, this correlation,
as defined, does not depend directly on the properties of the
species i and j. They were included through w; and w;, which
canceled out when we took the ratio in Eq. (10). The correla-
tions originate in the characteristics of the partition functions
QX(’)’){J’ZO?Z appearing in Eq. (10), whose properties are deter-
mined by the composition of the fragmentation modes, after
the removal of species i and j.
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FIG. 1. Two-particle correlations as a function of the breakup
temperature for a system of mass number Ay = 189. In frames
(a) and (c) the atomic number of the source is Zy = 77, in frames
(b) and (d) Zy = 89. The breakup volume used in the calculations
shown in frames (a) and (b) is V = 6V, in frames (c) and (d) V =
3V,. For details, see the text.

III. RESULTS

We apply the correlation defined in the previous section to
study the properties of the sources of mass number Ag = 189
and atomic numbers Zy = 77 and Zy = 89. These sources
have been selected because Ag = 189 corresponds to 80% of
the '**Xe + ''?Sn system, recently studied in Ref. [56]. The
different Z, values are intended to simulate neutron rich and
nearly symmetric sources, which allow us to investigate the
sensitivity of C; ; to the isotopic composition of the source.
The parametrization for the fragments’ binding energies de-
veloped in Ref. [52] is adopted, except where stated otherwise.

Figure 1 shows C; ; for two pairs of fragments: *C-*N
and *C-*B.In panels (a) and (b), a breakup volume six times
larger than Vj is used. The isotopic composition of the sources
is different in panels (a) and (b). In the former, a neutron
rich source is adopted whereas a nearly symmetric one is
assumed in the latter. One sees that the position of the peak
of C; j, which occurs at T =~ 5.3 MeV, is fairly insensitive
to the species considered and to the isotopic composition of
the source. However, in the case of the neutron rich source,
the peak height is much larger for the '3C-'3B pair than for
the mirror nuclei pair '*C—">N. The opposite happens in the
case of the nearly symmetric source. Since the isotopic com-
position of the source affects the statistical weight Qg; aZo—a
only through the species composition within the partitions,'
this effect is due to the interplay between the symmetry energy
of the fragments and the volume terms of the Helmholtz free
energy. This is illustrated in frames (c) and (d) of Fig. 1 which
exhibits C; ; obtained with the same parameters as in frames
(a) and (b), except for the breakup volume which is V/Vy =

'One should recall that, as discussed in Sec. II, the Wigner-Seitz
term associated with the homogeneous sphere does not play any role
in the canonical formulation.

g
=

T
—_
o
=

1
1
1
!

T
—~
o
-~

\
\
1

=3
YT
v
\}\ T

Ju—
w

\
/
T
\

\

0.5 r
—_ FZ /A =041 V/V =6FZ /A =041 V/V =3
S 1 0 0 0 0
© F(b) F(d
L5F E T
140:1 — C-"N
g g --"c-"p
0.5F -
iZO/AO=0.47 V/V0=GZZO/A0=0‘47 V/V0=3
el b b B e b
0‘04 5 6 7 4 5 6 7 8
T (MeV)

FIG. 2. Same as Fig. 1 for the mass formula used in Ref. [46].
For details, see the text.

3, as indicated in the frames. One sees that, at the smaller
breakup volume, the difference between the C; ; values for the
two systems still decreases when the source’s asymmetry is
reduced. However, owing to the smaller breakup volume, the
changes in the Helmholtz free energy are not large enough to
lead to an inversion as the one observed in panels (a) and (b).

On the other hand, it clearly shows that the position of the
peak moves to a larger temperature value, being now placed
at T ~ 6.3 MeV. Although it is difficult to predict the position
at which the peak will occur, our results clearly show that it
is fairly sensitive to the breakup volume due to the important
functional dependence of the Helmholtz free energy on this
quantity. Therefore, it may be used to obtain information on
the freeze-out density. It should be mentioned that no attempt
has been made to introduce a temperature/excitation energy
dependence on the breakup volume. Although this is certainly
possible, as is done in Ref. [49], for instance, adding further
assumptions could blur the main point of the present study,
which consists in pointing out that the magnitude of the sen-
sitivity of the proposed correlation-function to the freeze-out
volume may provide relevant information on it. For this rea-
son, we simply used two representative values in the range
adopted in different theoretical studies [34,46,47,49] and sug-
gested by experimental observations [10,14,36-38,42—45].

In order to examine the sensitivity of C;; to the mass
formula employed to describe the fragments’ binding en-
ergies, we have also carried out the calculations with that
traditionally employed in the SMM [46]. The results are dis-
played in Fig. 2, which have been obtained using the same
parameters adopted in the previous calculations, except for the
mass formula. The qualitative features observed previously
are also present in Fig. 2. The noticeable differences are on
the quantitative level. The peaks of C; ; calculated with mirror
nuclei are broader, being almost flat for neutron rich sources.
The differences between the results obtained using non-mirror
and mirror nuclei are much larger in the present case. The
sensitivity to the isotopic composition of the source is also
much stronger if one adopts this mass formula. The positions
of the peaks are also appreciably affected by the fragments’
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FIG. 3. Same as Fig. 1 for sources of mass number Ap = 122 and
atomic numbers Z, = 50 and Z, = 57. For details, see the text.

binding energy. Now, they are found at T ~ 6.1 MeV, for
V/Vo=6 and at T =~ 7.1 MeV for V/V, =3, i.e., about
0.8 MeV higher than for the previous mass formula.

Similar conclusions hold for different isobar pairs and
smaller source’s sizes. To illustrate this point, Fig. 3 dis-
plays C;; for the '*C-'*0 and “C-'*N pairs, produced in
the breakup of sources of mass number Ay = 122 and atomic
numbers Zy = 50 and Z, = 57. We return to the binding en-
ergy prescription developed in Ref. [52] and adopted in the
calculations shown in Fig. 1. As anticipated, the same trends
discussed above are observed in the present case, but the
magnitude of the isospin effects are much smaller. This is
associated with the smaller sources’ volumes. Furthermore,
the peaks occur at T &~ 5.0 MeV and at T =~ 5.8 MeV for
V/Vo = 6 and V/V, = 3, respectively, which are fairly close to
the values obtained for the larger systems and different isobar
pairs used in Fig. 1.

Therefore, our results suggest that the two-particle corre-
lations studied in this work may provide valuable information
on the breakup density of hot nuclear sources.

IV. CONCLUSIONS

We have studied the behavior of a two-particle correlation
function, C; ;, based on the yields of selected isobar pairs
produced in the breakup of a hot nuclear source. Fast recursive
formulas to evaluate it have been derived in the framework of
the SMM in the spirit proposed in Refs. [53,54]. They have
been applied to sources of different isotopic compositions and
sizes. The sensitivity of C; ; to the breakup volume assumed
in the statistical calculations has been investigated within
the range experimentally bracketed [10,14,36-38,42-45] as a
function of the temperature. The correlations turned out to be
sensitive to the freeze-out density and, therefore, our results
suggest that they may provide valuable information on this
quantity. Furthermore, as the fragments’ energies also affect
the properties of C; ;, this correlation function may be used
to obtain information on them, since their properties, e.g.,
the symmetry energy coefficient, are affected by the finite
temperature of the system [10,13-22]. We thus suggest that
C;,j may be an useful tool to help improve our knowledge of
the freeze-out configuration of a multifragmenting system.

ACKNOWLEDGMENTS

This work was supported in part by the Brazilian agencies
Conselho Nacional de Desenvolvimento Cientifico e Tec-
nolégico CNPq (421097/2018-3 and 404839/2018-5), by the
Fundacdo Carlos Chagas Filho de Amparo a Pesquisa do
Estado do Rio de Janeiro (FAPERIJ) (E-26/202.771/2017),
a BBP grant from the latter. We also thank the Uruguayan
agencies Programa de Desarrollo de las Ciencias Basicas
(PEDECIBA) and the Agencia Nacional de Investigacion e
Innovacién (ANII) for partial financial support. This work
has been done as a part of the project INCT-FNA, Proc. No.
464898/2014-5. We also thank the Nicleo Avancado de Com-
putacdo de Alto Desempenho (NACAD), Instituto Alberto
Luiz Coimbra de Pés-Graduagio e Pesquisa em Engenharia
(COPPE), Universidade Federal do Rio de Janeiro (UFRJ),
for the use of the supercomputer Lobo Carneiro, as well as
the Cloud Veneto, where the calculations have been carried
out.

[1] H. A. Bethe, Rev. Mod. Phys. 62, 801 (1990).

[2] J. Lattimer, C. Pethick, D. Ravenhall, and D. Lamb, Nucl. Phys.
A 432, 646 (1985).

[3] S. R. Souza, A. W. Steiner, W. G. Lynch, R. Donangelo, and
M. A. Famiano, Astrophys. J. 707, 1495 (2009).

[4] A. S. Botvina and I. N. Mishustin, Phys. Lett. B 584, 233
(2004).

[5] A. S. Botvina and I. N. Mishustin, Phys. Rev. C 72, 048801
(2005).

[6] B. Borderie and M. F. Rivet, Prog. Part. Nucl. Phys. 61, 551
(2008).

[7] S. Das Gupta, A. Z. Mekjian, and M. B. Tsang, Adv. Nucl. Phys.
26, 89 (2001).

[8] A. Bonasera, F. Gulminelli, and J. Molitoris, Phys. Rep. 243, 1
(1994).

[9] S. R. Souza and C. Ng6, Phys. Rev. C 48, R2555 (1993).

[10] B. Borderie and J. Frankland, Prog. Part. Nucl. Phys. 105, 82
(2019).

[11] A. S. Botvina and I. N. Mishustin, Eur. Phys. J. A 30, 121
(20006).

[12] A. Ono and H. Horiuchi, Prog. Part. Nucl. Phys. 53, 501
(2004).

[13] B.-A. Li and L.-W. Chen, Phys. Rev. C 74, 034610 (2006).

[14] S. Kowalski, J. B. Natowitz, S. Shlomo, R. Wada, K. Hagel, J.
Wang, T. Materna, Z. Chen, Y. G. Ma, L. Qin, A. S. Botvina,
D. Fabris, M. Lunardon, S. Moretto, G. Nebbia, S. Pesente,
V. Rizzi, G. Viesti, M. Cinausero, G. Prete, T. Keutgen, Y. El
Masri, Z. Majka, and A. Ono, Phys. Rev. C 75, 014601 (2007).

[15] D. V. Shetty, S. J. Yennello, and G. A. Souliotis, Phys. Rev. C
76, 024606 (2007).

044611-4


https://doi.org/10.1103/RevModPhys.62.801
https://doi.org/10.1016/0375-9474(85)90006-5
https://doi.org/10.1088/0004-637X/707/2/1495
https://doi.org/10.1016/j.physletb.2004.01.064
https://doi.org/10.1103/PhysRevC.72.048801
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1007/0-306-47915-X_2
https://doi.org/10.1016/0370-1573(94)90108-2
https://doi.org/10.1103/PhysRevC.48.R2555
https://doi.org/10.1016/j.ppnp.2018.12.002
https://doi.org/10.1140/epja/i2005-10316-7
https://doi.org/10.1016/j.ppnp.2004.05.002
https://doi.org/10.1103/PhysRevC.74.034610
https://doi.org/10.1103/PhysRevC.75.014601
https://doi.org/10.1103/PhysRevC.76.024606

ISOBAR CORRELATIONS BEARING INFORMATION ON ...

PHYSICAL REVIEW C 102, 044611 (2020)

[16] B. A. Li, C. M. Ko, and Z. Ren, Phys. Rev. Lett. 78, 1644
(1997).

[17] S. R. Souza, M. B. Tsang, B. V. Carlson, R. Donangelo, W. G.
Lynch, and A. W. Steiner, Phys. Rev. C 80, 041602(R) (2009).

[18] S. Wuenschel, R. Dienhoffer, G. A. Souliotis, S. Galanopoulos,
Z. Kohley, K. Hagel, D. V. Shetty, K. Huseman, L. W. May,
S. N. Soisson, B. C. Stein, A. L. Caraley, and S. J. Yennello,
Phys. Rev. C 79, 061602(R) (2009).

[19] W. P. Tan, B.-A. Li, R. Donangelo, C. K. Gelbke, M.-J.
vanGoethem, X. D. Liu, W. G. Lynch, S. Souza, M. B. Tsang,
G. Verde, A. Wagner, and H. S. Xu, Phys. Rev. C 64, 051901(R)
(2001).

[20] M. B. Tsang, T. X. Liu, L. Shi, P. Danielewicz, C. K. Gelbke,
X. D. Liu, W. G. Lynch, W. P. Tan, G. Verde, A. Wagner, H. S.
Xu, W. A. Friedman, L. Beaulieu, B. Davin, R. T. de Souza, Y.
Larochelle, T. Lefort, R. Yanez, V. E. Viola, R. J. Charity, and
L. G. Sobotka, Phys. Rev. Lett. 92, 062701 (2004).

[21] S. R. Souza, B. V. Carlson, R. Donangelo, W. G. Lynch, A. W.
Steiner, and M. B. Tsang, Phys. Rev. C 79, 054602 (2009).

[22] S. R. Souza, M. B. Tsang, B. V. Carlson, R. Donangelo, W. G.
Lynch, and A. W. Steiner, Phys. Rev. C 80, 044606 (2009).

[23] J. Pochodzalla, T. Mohlenkamp, T. Rubehn, A. Schiittauf, A.
Worner, E. Zude, M. Begemann-Blaich, T. Blaich, H. Emling,
A. Ferrero, C. Gross, G. Immé, 1. Iori, G. J. Kunde, W. D.
Kunze, V. Lindenstruth, U. Lynen, A. Moroni, W. F. J. Miiller,
B. Ocker, G. Raciti, H. Sann, C. Schwarz, W. Seidel, V. Serfling,
J. Stroth, W. Trautmann, A. Trzcinski, A. Tucholski, G. Verde,
and B. Zwieglinski, Phys. Rev. Lett. 75, 1040 (1995).

[24] L. G. Moretto, R. Ghetti, L. Phair, K. Tso, and G. J. Wozniak,
Phys. Rev. Lett. 76, 2822 (1996).

[25] J. B. Natowitz, R. Wada, K. Hagel, T. Keutgen, M. Murray, A.
Makeev, L. Qin, P. Smith, and C. Hamilton, Phys. Rev. C 65,
034618 (2002).

[26] Y. G. Ma, J. B. Natowitz, R. Wada, K. Hagel, J. Wang, T.
Keutgen, Z. Majka, M. Murray, L. Qin, P. Smith, R. Alfaro,
J. Cibor, M. Cinausero, Y. El Masri, D. Fabris, E. Fioretto,
A. Keksis, M. Lunardon, A. Makeev, N. Marie, E. Martin, A.
Martinez-Davalos, A. Menchaca-Rocha, G. Nebbia, G. Prete,
V. Rizzi, A. Ruangma, D. V. Shetty, G. Souliotis, P. Staszel, M.
Veselsky, G. Viesti, E. M. Winchester, and S. J. Yennello, Phys.
Rev. C 71, 054606 (2005).

[27] Y. Ma, A. Siwer, J. Péter, F. Gulminelli, R. Dayras, L. Nalpas,
B. Tamain, E. Vient, G. Auger, C. Bacri, J. Benlliure, E.
Bisquer, B. Borderie, R. Bougault, R. Brou, J. L. Charvet, A.
Chbihi, J. Colin, D. Cussol, E. D. Filippo, A. Demeyer, D.
Doré, D. Durand, P. Ecomard, P. Eudes, E. Gerlic, D. Gourio,
D. Guinet, R. Laforest, P. Lautesse, J. L. Laville, L. Lebreton,
J. E. Lecolley, A. L. Fevre, T. Lefort, R. Legrain, O. Lopez,
M. Louvel, J. Lukasik, N. Marie, V. Métivier, A. Ouatizerga,
M. Parlog, E. Plagnol, A. Rahmani, T. Reposeur, M. F. Rivet,
E. Rosato, F. Saint-Laurent, M. Squalli, J. C. Steckmeyer, M.
Stern, L. Tassan-Got, C. Volant, and J. P. Wieleczko, Phys. Lett.
B 390, 41 (1997).

[28] J. A. Hauger, S. Albergo, F. Bieser, F. P. Brady, Z. Caccia, D. A.
Cebra, A. D. Chacon, J. L. Chance, Y. Choi, S. Costa, J. B.
Elliott, M. L. Gilkes, A. S. Hirsch, E. L. Hjort, A. Insolia, M.
Justice, D. Keane, J. C. Kintner, V. Lindenstruth, M. A. Lisa,
U. Lynen, H. S. Matis, M. McMahan, C. McParland, W. F. J.
Miiller, D. L. Olson, M. D. Partlan, N. T. Porile, R. Potenza,
G. Rai, J. Rasmussen, H. G. Ritter, J. Romanski, J. L. Romero,
G. V. Russo, H. Sann, R. Scharenberg, A. Scott, Y. Shao, B. K.

Srivastava, T. J. M. Symons, M. Tincknell, C. Tuve, S. Wang,
P. Warren, H. H. Wieman, T. Wienold, and K. Wolf, Phys. Rev.
Lett. 77, 235 (1996).

[29] M. D’Agostino, R. Bougault, F. Gulminelli, M. Bruno, F.
Cannata, Ph. Chomaz, F. Gramegna, . Iori, N. Le Neindre, G. V.
Margagliotti, A. Moroni, and G. Vannini, Nucl. Phys. A699,
795 (2002).

[30] R. P. Scharenberg, B. K. Srivastava, S. Albergo, F. Bieser, F. P.
Brady, Z. Caccia, D. A. Cebra, A. D. Chacon, J. L. Chance,
Y. Choi, S. Costa, J. B. Elliott, M. L. Gilkes, J. A. Hauger,
A. S. Hirsch, E. L. Hjort, A. Insolia, M. Justice, D. Keane,
J. C. Kintner, V. Lindenstruth, M. A. Lisa, H. S. Matis, M.
McMahan, C. McParland, W. E. J. Miiller, D. L. Olson, M. D.
Partlan, N. T. Porile, R. Potenza, G. Rai, J. Rasmussen, H. G.
Ritter, J. Romanski, J. L. Romero, G. V. Russo, H. Sann, A.
Scott, Y. Shao, T. J. M. Symons, M. Tincknell, C. Tuvé, S.
Wang, P. Warren, H. H. Wieman, T. Wienold, and K. Wolf,
Phys. Rev. C 64, 054602 (2001).

[31] S. R. Souza, R. Donangelo, W. G. Lynch, W. P. Tan, and M. B.
Tsang, Phys. Rev. C 69, 031607(R) (2004).

[32] V. Serfling, C. Schwarz, R. Bassini, M. Begemann-Blaich, S.
Fritz, S. J. Gaff, C. GroB, G. Immé, I. Iori, U. Kleinevof,
G. J. Kunde, W. D. Kunze, U. Lynen, V. Maddalena, M. Mahi,
T. Mohlenkamp, A. Moroni, W. F. J. Miiller, C. Nociforo, B.
Ocker, T. Odeh, F. Petruzzelli, J. Pochodzalla, G. Raciti, G.
Riccobene, F. P. Romano, A. Saija, M. Schnittker, A. Schiittauf,
W. Seidel, C. Sfienti, W. Trautmann, A. Trzcinski, G. Verde, A.
Worner, H. Xi, and B. Zwieglinski, Phys. Rev. Lett. 80, 3928
(1998).

[33] H. F. Xi, G. J. Kunde, O. Bjarki, C. K. Gelbke, R. C.
Lemmon, W. G. Lynch, D. Magestro, R. Popescu, R. Shomin,
M. B. Tsang, A. M. Vandermolen, G. D. Westfall, G. Imme,
V. Maddalena, C. Nociforo, G. Raciti, G. Riccobene, F. P.
Romano, A. Saija, C. Sfienti, S. Fritz, C. GroB, T. Odeh, C.
Schwarz, A. Nadasen, D. Sisan, and K. A. G. Rao, Phys. Rev.
C 58, R2636 (1998).

[34] J. P. Bondorf, A. S. Botvina, I. N. Mishustin, and S. R. Souza,
Phys. Rev. Lett. 73, 628 (1994).

[35] V. E. Viola, K. Kwiatkowski, J. B. Natowitz, and S. J. Yennello,
Phys. Rev. Lett. 93, 132701 (2004).

[36] S. Piantelli, B. Borderie, E. Bonnet, N. Le Neindre, A. Raduta,
M. Rivet, R. Bougault, A. Chbihi, R. Dayras, J. Frankland, E.
Galichet, F. Gagnon-Moisan, D. Guinet, P. Lautesse, G. Lehaut,
O. Lopez, D. Mercier, J. Moisan, M. Parlog, E. Rosato, R.
Roy, B. Tamain, E. Vient, M. Vigilante, and J. Wieleczko, Nucl.
Phys. A809, 111 (2008).

[37] S. Fritz, C. Schwarz, R. Bassini, M. Begemann-Blaich, S. J.
Gaft-Ejakov, D. Gourio, C. Gross, G. Immé, I. Iori, U.
Kleinevoss, G. J. Kunde, W. D. Kunze, U. Lynen, V. Maddalena,
M. Mahi, T. Mohlenkamp, A. Moronib, W. F. J. Miiller, C.
Nociforo, B. Ocker, T. Odeh, F. Petruzzelli, J. Pochodzalla, G.
Raciti, G. Riccobene, F. P. Romano, A. Saija, M. Schnittker,
A. Schiittauf, W. Seidele, V. Serfling, C. Sfienti, W. Trautmann,
A. Trzcinski, G. Verde, A. Worner, H. Xi, and B. Zwieglinski,
Phys. Lett B 461, 315 (1999).

[38] S. Piantelli, N. Le Neindre, E. Bonnet, B. Borderie, G.
Lanzalone, M. Parlog, M. Rivet, R. Bougault, A. Chbihi, R.
Dayras, D. Durand, J. Frankland, E. Galichet, D. Guinet,
P. Lautesse, O. Lopez, E. Rosato, B. Tamain, E. Vient, M.
Vigilante, C. Volant, and J. Wieleczko, Phys. Lett. B 627, 18
(2005).

044611-5


https://doi.org/10.1103/PhysRevLett.78.1644
https://doi.org/10.1103/PhysRevC.80.041602
https://doi.org/10.1103/PhysRevC.79.061602
https://doi.org/10.1103/PhysRevC.64.051901
https://doi.org/10.1103/PhysRevLett.92.062701
https://doi.org/10.1103/PhysRevC.79.054602
https://doi.org/10.1103/PhysRevC.80.044606
https://doi.org/10.1103/PhysRevLett.75.1040
https://doi.org/10.1103/PhysRevLett.76.2822
https://doi.org/10.1103/PhysRevC.65.034618
https://doi.org/10.1103/PhysRevC.71.054606
https://doi.org/10.1016/S0370-2693(96)01372-X
https://doi.org/10.1103/PhysRevLett.77.235
https://doi.org/10.1016/S0375-9474(01)01287-8
https://doi.org/10.1103/PhysRevC.64.054602
https://doi.org/10.1103/PhysRevC.69.031607
https://doi.org/10.1103/PhysRevLett.80.3928
https://doi.org/10.1103/PhysRevC.58.R2636
https://doi.org/10.1103/PhysRevLett.73.628
https://doi.org/10.1103/PhysRevLett.93.132701
https://doi.org/10.1016/j.nuclphysa.2008.06.004
https://doi.org/10.1016/S0370-2693(99)00860-6
https://doi.org/10.1016/j.physletb.2005.08.119

S.R. SOUZA AND R. DONANGELO

PHYSICAL REVIEW C 102, 044611 (2020)

[39] S. Hudan, R. T. de Souza, and A. Ono, Phys. Rev. C 73, 054602
(2006).

[40] S. Souza, B. Carlson, and R. Donangelo, Nucl. Phys. A 989, 69
(2019).

[41] S. R. Souza, R. Donangelo, W. G. Lynch, and M. B. Tsang,
Phys. Rev. C 97, 034614 (2018).

[42] D. H. Boal, C.-K. Gelbke, and B. K. Jennings, Rev. Mod. Phys.
62, 553 (1990).

[43] S. Pratt and M. B. Tsang, Phys. Rev. C 36, 2390 (1987).

[44] G. Verde, D. A. Brown, P. Danielewicz, C. K. Gelbke,
W. G. Lynch, and M. B. Tsang, Phys. Rev. C 65, 054609
(2002).

[45] G. Verde, P. Danielewicz, D. A. Brown, W. G. Lynch, C. K.
Gelbke, and M. B. Tsang, Phys. Rev. C 67, 034606 (2003).

[46] J. P. Bondorf, A. S. Botvina, A. S. Iljinov, I. N. Mihustin, and
K. Sneppen, Phys. Rep. 257, 133 (1995).

[47] C. E. Aguiar, R. Donangelo, and S. R. Souza, Phys. Rev. C 73,
024613 (2006).

[48] J. P. Bondorf, R. Donangelo, I. N. Mishustin, C. Pethick, H.
Schulz, and K. Sneppen, Nucl. Phys. A 443, 321 (1985).

[49] J. P. Bondorf, R. Donangelo, I. N. Mishustin, and H. Schulz,
Nucl. Phys. A 444, 460 (1985).

[50] K. Sneppen, Nucl. Phys. A470, 213 (1987).

[51] S.R. Souza, P. Danielewicz, S. Das Gupta, R. Donangelo, W. A.
Friedman, W. G. Lynch, W. P. Tan, and M. B. Tsang, Phys. Rev.
C 67, 051602(R) (2003).

[52] W. P. Tan, S. R. Souza, R. J. Charity, R. Donangelo, W. G.
Lynch, and M. B. Tsang, Phys. Rev. C 68, 034609 (2003).

[53] K. C. Chase and A. Z. Mekjian, Phys. Rev. C 52, R2339
(1995).

[54] S. Das Gupta and A. Z. Mekjian, Phys. Rev. C 57, 1361
(1998).

[55] C.B. Das, S. Das Gupta, W. G. Lynch, A. Z. Mekjian, and M. B.
Tsang, Phys. Rep. 406, 1 (2005).

[56] B. Borderie, N. Le Neindre, M. Rivet, P. Désesquelles, E.
Bonnet, R. Bougault, A. Chbihi, D. Dell’ Aquila, Q. Fable, J.
Frankland, E. Galichet, D. Gruyer, D. Guinet, M. La Commara,
I. Lombardo, O. Lopez, L. Manduci, P. Napolitani, M. Parlog,
E. Rosato, R. Roy, P. St-Onge, G. Verde, E. Vient, M. Vigilante,
and J. Wieleczko, Phys. Lett. B 782, 291 (2018).

044611-6


https://doi.org/10.1103/PhysRevC.73.054602
https://doi.org/10.1016/j.nuclphysa.2019.05.017
https://doi.org/10.1103/PhysRevC.97.034614
https://doi.org/10.1103/RevModPhys.62.553
https://doi.org/10.1103/PhysRevC.36.2390
https://doi.org/10.1103/PhysRevC.65.054609
https://doi.org/10.1103/PhysRevC.67.034606
https://doi.org/10.1016/0370-1573(94)00097-M
https://doi.org/10.1103/PhysRevC.73.024613
https://doi.org/10.1016/0375-9474(85)90266-0
https://doi.org/10.1016/0375-9474(85)90463-4
https://doi.org/10.1016/0375-9474(87)90129-1
https://doi.org/10.1103/PhysRevC.67.051602
https://doi.org/10.1103/PhysRevC.68.034609
https://doi.org/10.1103/PhysRevC.52.R2339
https://doi.org/10.1103/PhysRevC.57.1361
https://doi.org/10.1016/j.physrep.2004.10.002
https://doi.org/10.1016/j.physletb.2018.05.040

