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Abstract

Isoscaling studies of fragments with Z = 1-8 from reconstructed quasiprojectiles of mass A ~ 40 from
the *OAr +124 Sn, 1128n and 40Ca +124 Sn, 112Sn reactions at beam energy of 45 MeV/nucleon were per-
formed. After initial efforts to obtain isoscaling with the “traditional” approach of using pairs of systems
differing in their isospin asymmetry (or neutron-to-proton ratio N /Z), “intra-system” isoscaling for each of
these four systems was obtained using fragment sources restricted in two narrow N /Z regions (one neutron-
rich and one neutron-poor). The observed isoscaling behavior was excellent and the isoscaling parameter «
was found to decrease with increasing excitation energy. Corrections due to undetected neutrons were also
taken into account in the source N/Z determination by using the theoretical models DIT (Deep Inelastic
Transfer) and SMM (Statistical Multifragmentation Model) along with a software replica of the experimen-
tal setup. These corrections were applied to the determination of the parameter A (expressing the difference
in the isospin asymmetry of the two sources used in the isoscaling). The reduced isoscaling parameter o/ A
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was obtained and found to decrease as the excitation energy of the quasiprojectile source increases, in good
agreement with recent work on reconstructed mass A ~ 80 quasiprojectiles. This decrease of «/A may
point to a decrease of the symmetry energy coefficient with increasing excitation energy.

© 2010 Elsevier B.V. All rights reserved.

Keywords: NUCLEAR REACTIONS 112*124Sn(4OAr,X), (40Ca,X), E =45 MeV /nucleon; measured light fragment
yields, energy spectra, (fragment)(fragment)-coin using FAUST array; analyzed isoscaling behavior versus neutron
number and excitation energy, including correction for neutron loss

1. Introduction

One of the most important topics of current research in the nuclear physics and astrophysics
community is the determination of the nuclear equation of state (EOS) [1-5]. The nuclear EOS
determines the relationship between energy, temperature, density and isospin asymmetry for a
nuclear system and is traditionally divided into an isospin symmetric contribution (N & Z) and a
symmetry energy part, quadratically dependent on isospin asymmetry. The symmetry energy, ex-
pressing the energy difference between symmetric nuclear matter and pure neutron matter, while
rather well determined near normal nuclear density, is not adequately constrained away from this
density. The symmetry energy plays a fundamental role in a number of astrophysical topics like
the structure and cooling of neutron stars and the dynamics of supernova explosions [6-8], as
well as in nuclear physics issues most notably the structure of nuclei away from the valley of sta-
bility [9—12]. Information on the symmetry energy has been extracted from the neutron skin [9],
elastic scattering of neutron rich nuclei [13], as well as from heavy-ion collisions [1,2,4,14,15].
One observable sensitive to the symmetry energy is the fragment isotopic composition investi-
gated using the isoscaling approach [2,16—18]. In the isoscaling which refers to an exponential
relation between the yields of a given fragment from two similar reactions which differ only in
their isospin asymmetry (or, equivalently, N/Z), the effects of the nuclear symmetry energy are,
to a large extent, isolated in the fragment yields ratios, allowing access of the symmetry energy
coefficient during the formation of hot fragments [16-25]. In the present work, we investigated
the isoscaling of isotopically resolved fragments with Z = 1-8 coming from the multifragmenta-
tion of hot primary fragments (quasi-projectiles) of the systems “°Ar 4+ 124Sn, 2Sn and 4°Ca +
1248n, 1128n at 45 MeV /nucleon. The paper is organized as follows. In Section 2, a brief de-
scription of the experimental device and analysis approach is given. In Section 3, after a short
discussion of quasiprojectile selection, the isoscaling studies are presented in detail. A discussion
on interpretation of the results and delineation of future steps is provided in Section 4. Finally,
a summary is given in Section 5.

2. Experimental setup

The experimental work was performed at the Cyclotron Institute of Texas A&M University.
Beams of “°Ar and “°Ca ions of energy 45 MeV /nucleon were delivered by the K500 supercon-
ducting cyclotron and interacted with isotopically enriched '>*Sn and ''2Sn targets. Fragments
produced in peripheral and semi-peripheral collisions were detected by the FAUST multi-detector
array [26,27]. The FAUST array consists of 68 A E—E (Si—CsI(T1)) particle telescopes arranged
in five rings as schematically shown in Fig. 1. FAUST provides 90% angular coverage from 2.3°
to 33.6°, which is ideal for collecting fragments from the breakup of quasiprojectiles coming
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Fig. 1. (Color online.) Schematic drawing of the “FAUST” multidetector array indicating the relative location of the
various detector rings [26,28].

from heavy-ion reactions in the Fermi energy regime. The high threshold of the detectors ef-
fectively blocks fragments originating from the quasitarget, due to their lower momentum. In
the present work, the detector system provided isotopic identification of elements with Z = 1-8.
FAUST detects the “cold” fragments coming from the de-excitation of the “hot” primary frag-
ments produced in the collisions. The fragment properties directly derived from the experimental
apparatus were the atomic number, the mass number, the energies deposited in the Si and Csl de-
tectors and, of course, the detector angles. The details of the calibration procedure and analysis
can be found in [28]. Two or more fragments detected in coincidence consisted a reconstructed
event. In order to obtain the atomic number Z,,.,; and mass number A,,.,; of the event, the
atomic numbers Z y and mass numbers A r, respectively, of all the fragments of the event were
summed:

Zeventzzzf, (D

Aevent = Z Af . 2)
The excitation energy E},,,, of the reconstructed event was determined from energy balance:

E:Vent = Z(mf + E,f,cm) — Meyent, 3)

where m ¢ and m.y.p, are the fragment and the event mass—energy (obtained from standard mass
tables), respectively, and E .y is the kinetic energy of each fragment in the center of mass
system.

3. Analysis and results
3.1. Reconstruction and quasi-projectile selection
As already mentioned, the detection of the fragments is performed by the FAUST detector on

an event-by-event basis providing the opportunity to isotopically and kinematically reconstruct
the primary fragments. Since FAUST is a charged particle detector array, neutrons cannot be
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detected. As a result, the reconstructed events may have the correct atomic number, but smaller
than the actual mass number, due to this inability to detect neutrons [28].

In the present analysis, quasiprojectiles were selected from the reconstructed events as dis-
cussed below. First, to ensure selection of fragments coming from the decay of quasiprojectiles,
the parallel velocity component (with respect to the beam direction) of each individual fragment
was required to be greater than the velocity of the c.m. of the projectile—target system. The main
criterion for QP selection was that the total Z of the reconstructed event be close to the Z of
the projectile. More specifically, for the “°Ar + 124Sn, 112Sn systems the Z range chosen was
Zgp = 12-21, whereas for the 40Ca + 124Sn, H2gp, the corresponding range was Zpp = 14-23.
In the upper parts of each panel in Fig. 2, the velocity versus Z,,; distributions for the recon-
structed events are presented. The boxes indicate the Z ranges of quasiprojectiles, as mentioned
above. The lower parts of each panel show the Z,,., distributions (with the Zgp ranges now
indicated by horizontal lines). The combination of the reaction kinematics and the detector setup
ensure that essentially the criterion on the reconstructed Zgp (be close to the projectile Z) pro-
vides an efficient selection of quasiprojectiles. [For completeness, we note that in Fig. 2 (upper
parts of each panel) the intense peaks present at Z,,.,; = 5—7 are due to incomplete reconstruc-
tion of the corresponding events.] After the experimental selection of quasiprojectiles for each
reaction system, we proceeded to the systematic investigation of the isoscaling behavior of the
fragments produced in these reactions.

3.2. Isoscaling studies

As briefly mentioned in the Introduction, the yield ratio R»1(N, Z) of a given fragment pro-
duced in two similar reactions that differ in their isospin content can exhibit isoscaling which has
been observed experimentally [2,16,17,19,20] and obtained in theoretical studies [16-18,21-25]
in a variety of reactions. In general, isoscaling, occurring when the two reactions take place at
the same temperature and differ only in their isospin asymmetry, is expressed by the relation

RN, 2)= 2D _ covnan + B2 4
21(N, )_YI(N,Z)_ exp(aN + pZ), “)
where Y>(N, Z) and Y| (N, Z) are the fragment yields from the neutron rich and the neutron de-
ficient source, respectively, « and g are the scaling parameters and C is an overall normalization
factor. (It is common to consider reaction 2 as the neutron rich source, while reaction 1 as the
neutron deficient one.) The isoscaling parameter « is related to the symmetry energy coefficient
Cgym of the nuclear binding energy through the relation [16-18,21-23]

4Cum[(Z\* (Z\*] _ 4Cym
T A), \4), T

where Z1, Z> and A1, A; are the charge and mass numbers of the sources from the two systems,
respectively, and 7' their common temperature. This relation provides a valuable link between
the measurable quantities and the nuclear symmetry energy coefficient. It should be pointed out
that the parameter o refers to the hot primary fragments which undergo sequential decay into
cold secondary fragments. Finally, the parameter A essentially represents the difference in the
neutron-to-proton composition of the two sources considered in the isoscaling approach.

In this work, we investigated the isoscaling behavior of fragments with Z = 1-8. The frag-
ments used in this study were fully isotopically resolved and originated from quasiprojectiles.
The latter were selected from the reconstructed events using the criteria described in the previous
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Fig. 2. (Color online.) Distributions of v /c versus Zeyens (upper part of each panel) and Zeyen, distributions (lower part
of each panel) of reconstructed events from the reactions 40 Ay 4 1248, 1128 and 40Ca 4 '24Sn, 1280 at beam energy
of 45 MeV /nucleon. The velocity of the projectiles is v, = 0.31c, whereas the velocity of the c.m. is approximately
vem = 0.07c. The range of atomic numbers Zpp of reconstructed quasiprojectiles is indicated with a box (upper parts)
and a line (lower parts) in each panel.

section. Two sets of reaction pairs were employed in the isoscaling: first the “°Ar + 12#Sn and
40Ar 4 11281 systems, and second the “°Ca + '>*Sn and *°Ca + '2Sn ones. (As previously men-
tioned all reactions have been performed at the beam energy of 45 MeV /nucleon.) The “global”
isoscaling (without quasiprojectile excitation energy selection — see below) obtained from these
reaction pairs is displayed in the left and right panels of Fig. 3. As we can see, the quality of the
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Fig. 3. (Color online.) Global isoscaling of fragments with Z = 1-8 from the reaction pairs 40Ar + 12481 versus 40 Ar
+ 112gp (left panel) and 40Ca + 12481 versus 40Ca + 11281 (right panel).

isoscaling, in the sense of parallel and equidistant lines in the semilogarithmic plot (presenting
the logarithm of the fragment yield ratio of a given element as a function of the neutron number)
is not good.

Subsequently, we proceeded in performing cuts in the excitation energies of the quasi-
projectiles. We defined 8 excitation energy bins from 1.5 to 8.5 MeV /nucleon with an energy
width of 1 MeV. For each excitation energy bin, the behavior of the isoscaling was also investi-
gated and the results are summarized in Fig. 4. Despite the restriction in the excitation energy of
the sources, we did not observe a major improvement in the isoscaling behavior.

At this point we wish to point out that, in regards to the particle identification, the AE-FE
spectra are sufficiently clean for most of the isotopes [28]. However, a possible contribution from
neighboring high-intensity isotopes and/or background cannot be excluded especially in the case
of low yield isotopes such as He-3, He-6 and O-15, which may be responsible, in part, for the
irregular behavior observed in Figs. 3 and 4. Nevertheless, as it will be shown in the following,
the placement of gates in the N /Z parameter of the reconstructed quasiprojectile source makes
it possible to “clean up” the spectra so that a regular isoscaling behavior emerges in all cases and
can be followed as a function of the excitation energy of the quasiprojectile.

Following the conclusions and experience of our recent work [29,30] (corroborated by our
previous work on a lighter system [31]), we infer that the main reason for the failure of isoscaling,
as discussed above, is the rather broad distribution of the neutron to proton ratios (N /Z)gp of the
quasiprojectiles from the neutron rich and the neutron deficient sources (even with the excitation
energy selection criterion imposed). This becomes obvious in Fig. 5, where the distribution of
the (N /Z)gp of the quasiprojectiles is presented. Indeed, for each reaction system, a broad range
of N/Z of the fragmenting source is observed which contributes to the yield scaling.

In order to improve the isoscaling behavior, as shown in [29,30], our approach was to perform
the isoscaling for each system separately using as sources a neutron-rich and a neutron-poor
N/Z zone with sufficient statistics. The (N/Z)gp zones chosen for the “°Ar + !24Sn, 1128
reactions were 1.05-1.09 (neutron rich) and 0.91-0.95 (neutron poor). The corresponding zones
for the 4°Ca + !24Sn, !128n reactions were 1.04—1.08 (neutron rich) and 0.92-0.96 (neutron
poor). A linear correlation of the isoscaling parameter o with respect to A was observed in our
previous work [30]. Thus, the choice of the N/Z zones is simply based on available statistics and
an attempt to obtain a relatively large value of the isoscaling parameter «. From the mean N/Z
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Fig. 4. (Color online.) Isoscaling of fragments with Z = 1-8 from the reaction pairs 40Ar 4 1248, 1128n (left panel)
and 40Ca + 124gn, 125y (right panel) performed for each of the indicated quasiprojectile excitation energy bins (see
text).

values of the two N /Z zones for each of the four systems, the values of the Z/A of the sources
were calculated and summarized in Table 1 along with the difference A in (Z/A)?, following
the definition in Eq. (5).

Employing the yields of the fragments from the two quasiprojectile sources for each system,
the “intra-system” isoscaling behavior was studied in detail. In Fig. 6, the yield ratios of the
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Fig. 5. Distributions of N/Z of the reconstructed quasiprojectiles for each reaction system studied in this work. In each

panel, the dashed lines indicate the two narrow (N/Z)gp zones employed in the isoscaling procedure (see text).

Table 1

Values of quasiprojectile source Z/A and A for the four systems studied in this work. The neutron corrected values of
Z/A and A are also given, along with the ratio of between the uncorrected to the uncorrected A (see text).

System (Z/A) (Z/A), A (Z/A)l,corr (Z/A)2,corr Acorr AcAmr
40Ar 4 1248 0.518 0.483 0.035 0.502 0.442 0.056 0.62
40Ar 4+ H2gy 0.518 0.483 0.035 0.498 0.441 0.054 0.64
40ca + 124gp 0.516 0.485 0.031 0.498 0.441 0.053 0.58
40Ca 4 H2gp 0.516 0.485 0.031 0.499 0.439 0.056 0.55

fragments from the above mentioned neutron rich and neutron poor quasiprojectile sources are
presented for the four systems studied. The yield ratios of the fragments of the same element
as a function of the neutron number can be fit by a straight line the slope of which gives the
isoscaling parameter « (see Eq. (1)). As shown in Fig. 6, the fit lines are parallel and equidistant
in the semilogarithmic plot, indicating a good isoscaling behavior. For completeness, we report
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Fig. 6. (Color online.) Isoscaling of fragments from each of the indicated four systems using the neutron rich and the
neutron deficient quasiprojectile N/Z zones of 1.05-1.09 and 0.91-0.95, respectively, for 4OAr + 124gp, 1128, sys-
tems, and 1.04-1.08 and 0.92-0.96, respectively, for 40Ca 4 1245, 1125y systems (see text). The average isoscaling
parameters o (w.r.t. the elements Z = 1-8) for each of these systems are reported in the text.

the average isoscaling parameters o (w.r.t. the elements Z = 1-8) for each of these four systems
which are, respectively, 1.00 £ 0.12, 0.96 £ 0.11, 0.87 = 0.10 and 0.85 £ 0.10 (following the
caption of Fig. 6).

Thus, the specification of narrow N/Z zones for the two quasiprojectile sources plays an
important role in the isoscaling behavior. This can also be confirmed from the flattening of the
isoscaling behavior, when yield ratios of fragments from only one N /Z quasiprojectile zone are
taken from a pair of reactions as in “°Ar 4+ 24Sn, '12Sn displayed in Fig. 7. In this figure, the
yield ratios for each element are obtained with the requirement that the quasiprojectile N/Z be
1.05-1.09. For each element, the yield ratio becomes nearly independent of the neutron number
and, thus, the isoscaling behaviour becomes flat, as also indicated by the corresponding value of
the average (over the elements Z = 1-8) isoscaling parameter o = 0.12 £+ 0.10).

As a next step, the isoscaling for each of the above mentioned four reactions using the two
N/Z zomes is performed at each of the eight excitation energy bins. Again, at each excitation
energy bin, the yield ratios of the fragments of the same element can be fit by straight lines
whose slopes provide the isoscaling parameter . As can be seen in Figs. 8 and 9, the fit lines are
parallel and equidistant in the semilogarithmic plots, indicating an excellent isoscaling behavior.
Moreover, as also shown in the upper panel of Fig. 11, the isoscaling parameter « determined for
each excitation energy bin is found to decrease with increasing excitation energy.
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value of the average isoscaling parameter « = 0.12 £ 0.10 (see text).

As already discussed, the isoscaling parameter « is related to the symmetry energy coefficient
Cgym through Eq. (5) which is now written in the form

o  4Cqyn
AT

The term o/ A, which we call reduced isoscaling parameter, collects the information we get
from the isoscaling analysis of the present work and will be determined at each quasiprojectile
excitation energy as described in the following. First, the isoscaling parameter o was obtained at
each excitation energy bin of each reaction as an average of the values of « of each element and is
presented in the upper panel of Fig. 11. Second, the parameter A, expressing the difference in the
isospin asymmetry of the two fragmenting sources, was determined from the average N /Z values
of the neutron-rich and the neutron-poor quasiprojectile N/Z zones (see Table 1). As pointed out,
the neutrons produced in the reactions could not be detected by the experimental setup. For this
reason, A has to be corrected for neutron loss. This correction of A was performed employing the
theoretical models DIT (Deep Inelastic Transfer) [32] and SMM (Statistical Multifragmentation
Model) [33], along with the Faust filter software which takes into account the geometry of the
setup and the energy thresholds of the detectors [28] used in the experiment. More specifically,
for each reaction system, corrections on the experimental values of the N/Z of the sources were
made in the region from 0.8 to 1.2 (represented by the horizontal axis in the plots in Fig. 10) with
the procedure described in the following.

First, primary hot quasiprojectiles were generated by the DIT code, describing the dynamical
stage of the projectile—target interaction, and subsequently were deexcited by the SMM code.
The resulting secondary fragments were then passed through the Faust filter [28]. From the frag-
ments obtained after the Faust filter, following exactly the same reconstruction procedure that
was followed in the experimental data, reconstructed quasiprojectiles were generated.

In Fig. 10, depicted as full points are the correlations of the N/Z values obtained for these
reconstructed quasiprojectiles (horizontal axis) versus the corresponding initial N/Z as obtained
directly from the DIT code (vertical axis) for each of the four systems. This correlation, obtained

(6)
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Fig. 8. (Color online.) Isotopic yield ratios of fragments from reconstructed sources (quasiprojectiles) for the OAr +
1245y, 1128y reactions at 45 MeV /nucleon. The isoscaling is performed using fragments from the neutron-rich and
neutron-deficient N/Z bins (see also Fig. 5) for the 8 excitation energy bins as described in the text. In the upper panels,
the isoscaling without the excitation energy cuts (same as in Fig. 6) is repeated for comparison.

with the aid of the above simulation procedure, allows us to correct a given experimentally ob-
tained value of (N/Z)gp (that has been affected by the neutron non-detection) and obtain the
corresponding value (N /Z)gp,corr (in which the effect of the neutrons has been accounted for).
To point out the effect of the neutron loss in the values of the quasiprojectile N/Z, in Fig. 10
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Fig. 9. (Color online.) Isotopic yield ratios of fragments from reconstructed sources (quasiprojectiles) for the 40ca +
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we present as dashed lines the correlations of the N/Z of quasiprojectiles in the case that no
neutron loss was present [28]. As expected, the effect of the neutron loss is more important in
the correction of the N/Z of the neutron-rich quasiprojectiles than in the N/Z of the neutron
deficient ones. To get corrections at any value of the N /Z ratio, second order polynomials were
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Fig. 10. (Color online.) Solid points: correlations of the N /Z of reconstructed quasiprojectiles (horizontal axis) following
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(vertical axis). The former values reflect the effect of the neutron loss, whereas the latter values correspond to no neutron
loss (see text). Solid lines: second order polynomial fits corresponding to the solid points. Dashed lines: correlations of
the N/Z of quasiprojectiles in the case that no neutron loss is present [28] (see text).

fit, as shown by the solid lines on the four panels of Fig. 10. We note that the average correla-
tions depicted in Fig. 10 are very similar for the four systems. We point out that they have been
obtained using the whole ensemble of events from the DIT/SMM/filter simulation without any
cut in the excitation energy of the quasiprojectiles.

After the aforementioned correction procedure for N/Z, corrected values of A were obtained
and summarized in Table 1. Comparing the values of the uncorrected and corrected A, we ob-
serve a substantial decrease in A (~ 40%) due to the effect of the neutron loss. This difference
emphasizes the importance of the correction in the determination of A when it is meant to be
used in Eq. (5) (or Eq. (6)) to probe the nuclear symmetry energy.

Using the corrected A values along with the isoscaling parameters «, the corrected reduced
isoscaling parameter o/ A was determined at each excitation energy bin. (We note that the QP
excitation energy per nucleon has not been corrected for neutron loss of the QP sources. We
expect this correction in the excitation energy to be relatively small.)

The values of the corrected /A as a function of the quasiprojectile excitation energy for
each system are shown in the lower panel of Fig. 11. Given the dependence of « on excitation
energy (upper panel of Fig. 11), the reduced isoscaling parameter /A, of course, decreases
with increasing excitation energy for each system. At each excitation energy bin, the average
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values of o/ A for the four systems were obtained and are shown by the full points in Fig. 12.
Also shown in this figure are the values of o/ A obtained in our recent work [30] on mass A ~
80 reconstructed quasiprojectiles. We point out that the N/Z correction procedure followed in
[30] was based on measured neutron multiplicities [34], whereas in the present work it was
performed via the DIT/SMM/filter simulation procedure. We observe that the two sets of data are
in good agreement, despite the mass difference of the sources (i.e., mass A >~ 40 in the present
work and mass A ~ 80 in [30]) and the neutron correction procedure for the quasiprojectile
source N/Z used in the isoscaling procedure. In addition, the fair comparison between the two
data sets provides confidence in the neutron loss correction approach followed in the present
work.

4. Discussion and future directions

The consistent decrease of the reduced isoscaling parameter o/ A with excitation energy ob-
tained in the present work, as well as in [30] may be connected to a decrease of the symmetry
energy coefficient with increasing excitation energy. In the following we summarize the argu-
ments and related recent work that support this conclusion.

First, as observed in our work [30] in which the isoscaling was extended from Z =1 up to
Z = 17, no dependence of the isoscaling parameter on the fragment Z was observed. (The same
is true in the limited range of Z = 1-8 of the present work.) Consequently, there seems to be
no experimental evidence for a significant surface dependence of the symmetry energy. Such a
dependence would, in turn, lead to a dependence of the isoscaling parameter « on the fragment
Z as suggested in [23,35]. Second, it was pointed out in [30] that the expected change in temper-
ature (from approximately 5.5 to 7.0 MeV) in the E*/A range 2.5-8.5 MeV can account for no
more than about 15% of the decrease of the parameter v/ A for the mass A ~~ 80 systems studied.
Furthermore, in the E*/A range of 2.5-4.5 MeV, under the scenario of sequential emission of a
source at normal density, it was shown that the overall decrease in «/A could be again no more
than approximately 15%. This conclusion is also supported by the isoscaling studies performed
by Tian et al. [36] employing the sequential decay code GEMINI [37].

In the same vein, the extended compound nucleus (ECN) model of Toke et al. [25] (in its
present implementation assuming emission from an equilibrated compound nucleus at normal
density) implies that the symmetry energy Cgy, is essentially independent of temperature. As
stated by the authors of [25], the complete ECN model (that is currently under development)
incorporating nuclear expansion with excitation is expected to provide a decreasing Cjy;, With
increasing excitation as a result of nuclear expansion, i.e. decreasing density. Similar conclusions
are extracted from the results of the mean-field calculations reported in [38] and also in [39].
Thus, we can summarize that a large part of the experimentally observed decrease of the pa-
rameter o/ A with increasing excitation energy may be attributed to the ensuing decrease of the
density due to nuclear expansion [40].

In order to extract absolute values of the nuclear symmetry energy, employing Eq. (5), exper-
imental values of the temperature must be obtained (see, e.g., [31,34]). In addition, the effect of
the secondary decay of the excited primary fragments on the experimentally obtained isoscal-
ing parameter « should be investigated in detail (see, e.g., [41]). At this point, we remind the
reader that Eq. (5), while first derived within a macrocanonical description of fragment forma-
tion [16,17], it has also been obtained within canonical and microcanonical approaches [16,21,
35], as well as dynamical approaches [23]. Despite possible limitations of Eq. (5) recently dis-
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cussed in the literature (e.g. [24,35,42]), in the present work, we employ this simple expression
to obtain information on the symmetry energy of the decaying source.

As a subsequent step towards the probing of the density dependence of the symmetry en-
ergy [2], an experimental determination of the source density at each excitation energy should be
obtained (see, e.g., [40] and references therein). Such determination is essentially based on the as-
sumption of a freeze-out stage characterized by a certain temperature and density. The asymptotic
values of the kinetic energies of the fragments (that eventually reach the detectors) are related to
the Coulomb energies of these fragments at the freeze-out stage and can thus provide informa-
tion on the average density of this freeze-out configuration. Although the fragment emission may
be sequential (including preequilibrium, as well as equilibrium emission), the freeze-out picture
may remain valid within the limit of the short timescale of the multifragmentation process. The
symmetry energy that can be obtained by the aforementioned procedure is thus directly related
to the density at the freeze-out stage.

In regards to our experimental analysis approach, we wish to comment that, while we set gates
on the E* /A of the quasiprojectile source, the finite width (1 MeV) of these gates does not qualify
our approach as microcanonical. It may, rather, be characterized as pseudo-microcanonical. For
each E*/A bin (characterized by its mean value), a temperature can be obtained via isotope
thermometry which is the subject of ongoing work.

In addition, with respect to the meaning of the narrow N /Z gates that were indispensable for
the clean isoscaling behavior obtained in our works, we wish to add the following comments.
As follows from detailed analysis performed in the work [43], with the placement of the nar-
row N /Z gates for two hot sources, the resulting isoscaling behavior essentially decouples from
the effect of the dynamical stage of the reaction which leads to the broad spectrum of N/Z (as
shown in Fig. 5). This experimental elimination of the dynamical stage allows access into the
details of the deexcitation stage, i.e., the statistical multifragmentation process. Thus, also the
values of the extracted symmetry energy represent the behavior given by the nuclear EOS, with-
out distortion caused by the reaction dynamics. We further stress that the isoscaling (and, thus,
the isospin/symmetry energy) information on that stage can be obtained by only one reaction,
provided that full reconstruction of the quasiprojectile is possible.

An alternative approach to extract the density dependence of the symmetry energy may be
provided by the complete ECN model [25] (see discussion above). Within the extended com-
pound nucleus picture, each E*/A corresponds to a certain density of the expanded nucleus at
which the fragments are formed. A comparison of the isoscaling predictions from ECN with the
experimental results, as given in Fig. 12, can provide, within the ECN description, information
on the density dependence of the symmetry energy.

Finally, apart from a statistical description of the isoscaling observations, fully dynamical
calculations of fragment formation may be pursued, as, e.g., employing the N-body Constrained
Molecular Dynamics (CoMD) model [44]. Comparisons of the experimental isoscaling data with
such dynamical calculations are expected to provide constraints on the effective interactions
employed in the model and thus shed light on the nuclear equation of state and, more specifically,
the symmetry energy and its density dependence.

At present we are actively pursuing both the statistical and the dynamical approaches for
the description of the experimental isoscaling data. We believe that detailed results from both
approaches and comparisons between them may contribute to the advancement of our under-
standing of the nuclear symmetry energy in the range of excitation energies (and temperatures)
at subsaturation densities corresponding to the multifragmentation process.
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5. Summary

In this work, a systematic study of fragment isoscaling in reconstructed quasiprojectiles of
mass A ~ 40 obtained in peripheral collisions of “°Ar + 2#Sn, 12Sn and *°Ca + !2*Sn, !'>Sn
at 45 MeV /nucleon was presented. After initial efforts to obtain isoscaling with the “traditional”
approach of using pairs of systems differing in their N/Z, “intra-system” isoscaling for each
of the four systems was performed using as quasiprojectile sources two narrow N/Z regions
(one neutron-rich and one neutron-poor). The observed isoscaling behavior was excellent and
the isoscaling parameter o was found to decrease with increasing excitation energy. Correction
for neutron loss of the N/Z of the sources was performed (based on DIT/SMM and the software
filter of the detector) and was applied to the determination of the parameter A (expressing the
difference in isospin asymmetry of the two sources used in the isoscaling). The reduced isoscal-
ing parameter o/ A was found to decrease as the excitation energy of the quasiprojectile source
increases, in good agreement with the recent work on reconstructed mass A >~ 80 quasiprojec-
tiles [30]. This consistent decrease of «/A may indicate a possible decrease of the symmetry
energy coefficient with increasing excitation energy.
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