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Abstract. Heavy-ion collisions are a good tool to explore hot nuclear matter below
saturation density, pp. It has been established that if a nuclear system reaches the
thermal and chemical equilibrium, this leads to scaling properties in the isotope
production when comparing two systems which differ in proton fraction. This
article presents a study of the isoscaling properties of an expanding gas source
exploring different thermodynamic states (density, temperature, proton fraction). This
experimental work highlights the existence of an isoscaling relationship for hydrogen
and 3He, “He helium isotopes which agrees with the hypothesis of thermal and chemical
equilibrium. Moreover, this work reveals the limitations of isoscaling when the two
systems differ slightly in total mass and temperature. Also, a discrepancy has been
observed for the SHe isotope, which could be explained by finite size effects or by the
specific halo nature of this cluster.
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1. Introduction

Nuclear isoscaling refers to the scaling properties in the isotope production when
comparing two nuclear systems that differ in the neutron to proton ratio [I]. These
properties give information about the neutron to proton degree of freedom and its
equilibration. Isoscaling was first observed in experimental data [2] and over a variety
of de-excitation mechanisms like evaporation, strongly damped binary collisions, and
multifragmentation [3]. It has also been observed in a variety of statistical models [4].
Conditions for isoscaling in nuclear reactions were studied in [5].

The symmetry-term coefficient of the nuclear mass formula, Ci,,, is directly
correlated with isoscaling parameters [I] [6] [7]. This relation, however, is only valid
in the zero-temperature limit [6]. For finite temperature events, the exact Cs,,, value
extracted with the help of isoscaling is an apparent value which differs from the
symmetry-term coefficient. Nevertheless for T>5.0 MeV the isoscaling parameters
remain strongly correlated with Cs,,, and temperature through a function that is as
yet unknown [8]. Therefore, observation of isoscaling remains a test of equilibrium and
further explorations are necessary to better understand the consequences of this law.

Recently [9 10] the INDRA collaboration presented new sets of data, identified
as an expanding gas of light clusters (H, 3H, 3He, “He and ®He) and free nucleons.
Chemical equilibrium constants, density, temperature and total number of protons and
neutrons for each emission time of the expanding gas were evaluated from the data
and compared to the relativistic mean field (RMF) model of Ref. [II]. It was shown
that the suppression of the cluster concentration corresponds to important in-medium
modifications of the binding energies.

We therefore have data sets whose thermodynamic state is known: temperature,
density, total number of protons and neutrons. This allows a study concerning nuclear
isoscaling when in-medium effects have been identified. The aim of the present article
is to compare the data with the isoscaling law in a quantitative way, indicating the
quality of the performed fits and explaining why, under certain conditions, the law is
not strictly respected.

2. Experimental details and thermodynamical landscape

This section begins by describing the details of data taking and event selection. The
mean characteristics (temperature, total mass, total proton fraction, baryon density) of
the expanding gas source for the four studied reactions are then given.
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2.1. Ezxperimental details

The 47 multi-detector INDRA [12] was used to study four reactions with beams of 1*6Xe
and **Xe, accelerated at 32 MeV /nucleon, and thin (530 ug/cm?) targets of **Sn and
H28n. INDRA is a charged product multidetector, composed of 336 detection cells
arranged in 17 rings centered on the beam axis and covering 90% of the solid angle.
INDRA can identify in charge fragments from Hydrogen to Uranium and in mass light
fragments with low thresholds. Two reactions (!**Xe+!?'Sn and 3®Xe+!'%Sn) were
chosen to study chemical equilibrium hypothesis since their projectile+target combined
systems are identical.

Several publications have been produced based on the data obtained from this
experiment. A first article [I3] concerning light charged particle production as a function
of impact parameter has been published. In the following articles [9] (10, [I4], the most
violent events were selected in order to study expanding gas characteristics. For those
central collisions, two dominating light charged particle sources were identified when
analysing the forward part of the centre of mass (c.m.): the Projectile like (PL) source
and an intermediate velocity source located at the centre of mass (c.m.) velocity. Events
corresponding to a gas of free nucleons in equilibrium with clusters have been selected
applying a 60° - 90° c.m. polar angular selection, so as to reduce the PL contribution,
and a Coulomb corrected particle velocity selection (V¢ larger than 3 cm/ns) [14].
Fast charged particles emitted at c.m. mid-rapidity were therefore selected.

2.2. Thermodynamical landscape

The key observable is the velocity (V) of the particles in the intermediate velocity
source frame prior to acceleration by the Coulomb field of the remaining charge. Vg, s
values may be used to select different time steps of the gas evolution, fastest particles
corresponding to earliest emission times. Therefore for each time step the characteristics
of the evolving gas source could be deduced from the observed isotopic composition in
the Vsumv bin.

For each reaction, 136:124Xe++1241128n | the selected data form a set of events which
corresponds to an expanding gas source composed of nucleons and light clusters (*H,
H, 3He, *He and “He). The associated particle V,,; spectra are divided into 18 bins
(bin width of 0.2 em/ns). For each bin, it is possible to extract the evolving gas source
characteristics and so to define 18 statistical ensembles. The number of subsets (18)
is a compromise between the width and the population of each bin. As described in
[10], for each Vg, bin the number of particles N(A,Z) is measured except for free
neutrons whose number is deduced from the proton, helion and triton numbers [I5].
The temperature (T) is estimated through the isobaric double isotope ratio Albergo
formula (Typye) [15]. It has been shown in [I0] that the Ty, thermometer is reliable
when compared to theoretical temperature values from RMF calculations. The mass
of the gas source at the beginning of the expansion process is evaluated from a fitting
procedure of the energy spectra [14]. This allows a direct determination of the total
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source mass (Ar) as a function of Vg, and hence of the emission time. The fitting
procedure showed that particle production measured between Vg, values 3 and 4
cm/ns does not accurately represent the expanding gas because it suffers from pollution
by another production source. This does not affect Ay evaluation. The baryonic density
(pp) is deduced from the total source mass and the estimation of the source volume [10],
at the different times of the expansion.
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Figure 1. Expanding gas source temperature, total mass, total proton fraction and
baryon density versus V¢ for the four reactions. Each symbol corresponds to a
reaction as defined in part (a). The meaning of the symbols also applies to parts (b),
(c) and (d). Each Vg,,s bin corresponds to a snapshot of the time evolution of the
expanding gas created in each reaction. This figure shows the mean thermodynamical
characteristics of 72 statistical ensembles (18 Vg, bins and 4 reactions).

Figure [ (a-d) present respectively temperature, total mass (free neutrons, free
protons and clusters), total proton fraction (total number of protons/total number of
nucleons) and baryon density of the expanding gas as a function of Vg, s for the four
Xe+8Sn reactions. The data analysis to extract the baryon density is described in [9, [10].
The temperature (T) increases with Vg,,.;. T does not depend on the reaction (since
the beam energy is the same) except for large V,, s values, where differences of about
1 MeV between 5Xe+4124Sn and 2*Xe+!'2Sn reactions are observed. The total mass
of the source increases with Vg, and depends slightly on the reaction, the heavier
the total system the larger Ar value is. The chemical composition of the evolving
source is influenced by the total proton fraction (y,). The total proton fraction values
depend on the projectile plus target proton fractions leading to almost identical values
for 136Xe+28n and 2*Xe+'?4Sn reactions. Also, the hierarchy in proton fraction, based
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on the initial proton fraction in the input channel, is respected. The baryonic density
does not depend on the studied reaction, quasi identical values are found for each Vs
bin. As a function of time (i.e. decreasing Vg, ) temperature, total mass and baryon
density variations are compatible with an expanding gas evolution. We have therefore
72 statistical ensembles (18 Vg, s bins and 4 reactions).

2.3. Comment on density value extraction

In the original work of Qin et al. [16] and in the INDRA first analysis [I4], the baryon
density pp is deduced from the experimental multiplicities using analytical expressions
that explicitly assume that the physical system under study can be modeled as an
ideal gas of clusters. The density values presented in [14] were produced following the
original method described in [16]. But the use of ideal gas expressions contradicts the
findings that indicate the presence of in-medium effects leading to a reduction of the
binding energies. In addition, this method leads to the surprising result that there is
a different density value per cluster for each thermodynamical situation (for each V¢
bin). Therefore, modified ideal gas expressions relating the thermodynamic parameters
to cluster yields have been employed for INDRA data in a subsequent analysis [9] [10].
The correction, estimated using Bayesian techniques, is based on the existence of a
unique density regardless of the type of cluster for each thermodynamic situation. The
temperature is also obtained with the analytical hypothesis of an ideal gas but using a
formula that contains a difference in binding energy which explains why this evaluation
remains robust in the context of in-medium effects.

For each Vg, bin the density values are lower using the Qin et al. [16] prescriptions
but the entrance channel proton fraction independence remains. In the rest of the article,
all figures will be presented as a function of V,, s and will not, therefore, depend on the
analysis method.

3. Isoscaling framework

This section begins by presenting, for the four studied systems, the basic observable for
the isoscaling study: the chemical composition of the gas. To this end, mass fractions
will be presented. The mass fraction of a given isotope is the mass of the particles
corresponding to this isotope out of the total mass. Subsequently the nuclear isoscaling
formulae are presented starting from the chemical composition of a gas at equilibrium.
Then some particle production scaling properties are deduced.

3.1. Mass fractions

The mass fractions of detected charged particles as a function of Vg, are shown in
Figure Pl These are the basic observables for the following isoscaling study.

'H, 3H and ®He populations depend on the neutron to proton ratio of the total
projectile+target system (two different entrance channels have the same total ratio),
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Figure 2. Mass fractions of detected charged particles as a function of Vg, for
the four reactions. Each symbol corresponds to a reaction as defined in part (b).
The meaning of the symbols also applies to parts (a), (c), (d), (e) and (f). 'H mass
fractions are presented in (a), 2H mass fractions in (b), *H mass fractions in (c), *He
mass fractions in (d), “He mass fractions in (e) and °He mass fractions in (f). Statistical
errors are in general smaller than the marker size.

whereas 2H, “He populations are much less dependent on this same ratio. For He, the
population at low Vg, shows a difference between the more neutron-rich system and
the others, while for higher Vg, values there is hardly any difference between the four
studied reactions. This ®He population evolution as a function of the N/Z ratio of the
total system is not in line with other observations [I3] [I7] and will be discussed later.
At low Vg, (density and temperature), the mass fraction of *He particles is more than
50% while protons mass fraction is around 5%. The situation is inverted for high Vg, f
values since the mass fraction of *He particles is about 10% while protons mass fraction
is around 20%. As Vg, (density and temperature) increases the *He and He mass
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fractions decrease dramatically. 'H and 2H mass fractions are always increasing with
Vurs. *H and *He mass fractions increase with Vg, up to Vg,.r &5 cm/ns.

The thermodynamic landscape and the isotopic composition of the different
statistical ensembles is now established.

3.2. Isoscaling ratio

In a chemical equilibrium between free nucleons and clusters within an interaction
volume V' and imposing a thermal equilibrium at a temperature T with a Maxwell-
Boltzmann momentum distribution, the number of particle (A,Z) of such a system is

given by [10]:

N(AZ) =V

T 3/2
(M(A, Z) 2 h3T] 9(A2) {w} (1)

where M(A,Z) is the mass of particle (A,Z) and h is the Planck constant. The internal
partition sum, neglecting the population of excited states, reads:

B(? Z)] |

(2)

B(A,Z) is the binding energy of the ground state of particle (A,Z7) which, in case

9g(AZ) = [2J(A, Z) + 1] exp{

of in-medium effects, depends on temperature and density and J(A,Z) is the spin.
M(A,Z) = Am — B(A,Z), with m the nucleon mass, depends also on temperature
and density in case of in-medium effects.

The chemical potential of particle (A,Z), u(A, Z), is related to the number of proton
(Z) and the number of neutrons (N=A-Z) through the following relationship involving
the neutron and the proton chemical potentials:

WA, Z) = N p(l,0) + Z p(1,1), (3)

where (A, Z) value depends on the thermodynamical conditions: temperature (7)),
density (p) and total proton fraction of the system (y,).

Taking two statistical ensembles characterized by (Ts1, psi, Ypsi) and (Tsa, pso,
Yps2), the ratio of the number of particles (A4,7) between situations S2 and S1 is given

by,

RUA. Z)enss = NAZ)ss  (Ve2\ (Te2\"* (Am — B(A, Z)s\”?
PSS T ON(A D) e \Va Ts Am — B(A, Z)s1

exp |:(:u(170>52 - :u’(lvo)Sl) N + (M(l,l)sg - M(lvl)SI) Z:|
Tso Ts1 T’s2 T's1

B(A, Z B(A, Z
exp [ (4,2)s: B4, >Sl} : (4)
Tso Ts1
In case where situations S1 and S2 differ only in the total proton fraction, we have
Tg1 = Tsg =T, Vsy = Vgg and B(A,Z)s1 = B(A,Z)s2. The ratio of the number of

particles (A4,7) between situations S2 and S1 is then given by,
R(A, Z)s2s1 = expla N+ 3 Z], (5)
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« and ( being variables which are independent of N and Z. In that case, this scaling law
which relates ratios of isotope yields obeys an exponential dependence on the neutron
and proton numbers of the isotopes with a = [u(1,0)s0 — p(1,0)s1]/T = Au(1,0)/T
and 8 = [u(1,1)s2 — p(1,1)s1]/T = Ap(1,1)/T. This scaling law is known as Isoscaling
and the ratio is noted R(A,Z)so51. It should be noted that this relationship holds in
the case of in-medium effects.

In the case where the two situations S1 and S2 differ slightly in total size, the
condition Vg; = Vgo may not be fulfilled and in this case, equation ([]) becomes equation
(@) with a normalisation constant C' that is also independent of N and Z.

R(A,Z)sas1 = C expla N + 8 Z] (6)

From a theoretical point of view, a situation of thermal and chemical equilibrium
implies the observation of isoscaling.

3.3. Isoscaling ratio scaling properties

If equation [B holds, then we have the following properties between isoscaling ratios of
particles (A4,7), (A,Z°), (A+A’,Z+7’) and (A-A’,Z-Z°) [1§]:

RA+ A, Z+ Z')s2s1 = R(A, Z)sas1 R(A', Z') 5251
R(A—A,Z — 7 s951 = R(A, Z)s2s1 | R(A", Z") 5951, (7)
therefore,

R(4,2)s251 = R(2, )35, = R(3,1)s251 R(1,1)s01
R(3,2)s251
R(1,1)g251 = R Dsast” (8)
The second part of equation [7 defines a reduced isotopic ratio which will be discussed
further below.
In the case where the two situations S1 and S2 differ slightly in total size, equation
is more general and therefore equations [§ become

R 271 2 R 3,1 R 171
R(4,2)5251 = ( 0)5251 — ( )52510 (1,1)s251
R(372)S2SI

R(2,1)s281 ©)

These are the four basic mathematical equations which connect 'H, ?H, *H, 3He and

R(1,1)g051 = C

“He production ratios in situations of thermal and chemical equilibrium.

4. Isoscaling results

In this section, data is confronted with the isoscaling law and scaling properties. Then
the last word is given using the isoscaling law with reduced isotopic ratios.
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4.1. Isoscaling ratio

Ratios between two Xe+Sn reactions are computed for each of the 18 bins in Vg, in
order to compare as much as possible identical equilibrium situations (pg, T). Figure
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Figure 3. Isoscaling for statistical ensembles from '36Xe+124Sn reaction (S2) and
statistical ensembles from 12#Xe+!!2Sn reaction (S1). (a), (b) and (c) present the
ratios of the number of particles between S2 and S1 for 'H, ?H, 3H, *He, “He and
®He (open circles are Hydrogen isotopes and filled circles are Helium isotopes). (a)
corresponds to Vg, ¢ bin number 2 (Vg p=3.3 £ 0.1 cm/ns), (b) corresponds to Vs
bin number 9 (Vsurp=4.7 £ 0.1 cm/ns) and (c) corresponds to Vs bin number 17
(Vsury=6.3 £ 0.1 cm/ns). The lines in (a), (b) and (c) are the fitting result using
equation [ excluding °He data. (d) presents the x? values of the 18 independent fits
divided by the number of degrees of freedom (ndf).

Bha, Btb and Blc present R(A, Z)gas1 data for three Vg, bins considering **Xe+'?*Sn
reaction as equilibrium situation S2 and ?*Xe+'2Sn reaction as equilibrium situation
S1. These two reactions are chosen because they lead to the largest difference in total
proton fraction for each bin in Vg, . SHe ratios are absolutely not in phase with
the isoscaling property of equation [@] (this is true for all 18 bins). This phenomenon of
deviation from the isoscaling law of ®He has been observed in evaporation models [4] but
this is not a general feature (see [5] for example). This may be due to finite size effects
(lack of neutrons in the expanding gas, angular momentum conservation,...) and could
explain the atypical behaviour of ®He observed in figure 2l This phenomenon could also
be explained by the very pronounced halo structure of °He, coupled with the very weak
binding energy of the two extra neutrons forming the halo [19, 20]. The consequence
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is that the equilibrium constant measurements for He published in [9, [0} [14] must be
taken with caution with respect to infinite nuclear matter.

Equation [Blis used in order to fit particle production ratios between the two Xe+Sn
reactions per bin of Vg, ;. The adopted procedure is the following: for each Vg, bin,
the fit (equation [B]) is performed excluding He, therefore with five points. Figure B-d
shows the x?/ndf extracted from the fits for the 18 bins in V,, 7. Fits are presented
as lines in figure Bla, b and c for the three selected Vy,,; bins. The isoscaling property
is observed but with x?/ndf values that reflect some deviations (Z=2 in Figure Brc for
example). We conclude here that the quality of the fit is far from perfect for most
bins. To take into account total mass difference between situations S2 and S1 we used
equation [0 instead of equation [l but it appears that this is not enough for some bins.
The same conclusions are drawn by examining the other combinations of reactions. In
the following we will concentrate on ¥Xe+124Sn and ?*Xe+1!2Sn reactions.

4.2. Isoscaling ratio scaling properties

The question of the isoscaling law can be examined by using scaling properties of number
of particle (N (A,Z)) ratios presented in the subsection B3l
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Figure 4. Scaling properties from equations B are presented on top (a, b). Scaling
properties from equations [l are presented on bottom (c, d) using the normalisation
constant values of isoscaling fits. Ratio and ratio products are presented as a function
of Vgurs. S2 stands for statistical ensembles from 136X e+ 12481 reaction and S1 for
statistical ensembles from 124Xe+112Sn reaction.

Figure @] shows the ratios, ratio products and ratio divisions of equations (&) ((a)
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and (b)) and of equation ([@) ((c) and (d)). Ratios and ratio products linked to *He
production are presented on the left-side while ratios and ratio division linked to 'H
production are presented on the right-side. If the isoscaling law is verified, the different
points should be superimposed for the two types of equations. The total mass effect
is visible since there exists large discrepancies in figure dla, especially for Vy,,; greater
than 5 cm/ns where differences of total mass are most significant. This justifies the use
of equation [f instead of equation [ This effect is not visible for figure @b because 'H
ratio is not compared to ratio products but to ratio division and thus the total mass
effect is not amplified.

We will now concentrate on equations [0 deduced from equation [0 (figures dc and
-d). Equalities concerning *He ratio are much better satisfied, while the one connected
to 'H ratio is now better verified for low Vg, 7 values. It was shown in [I4] that particle
production from the expanding source between Vg, ;=3 cm/ns and 4 cm/ns suffers from
uncertainty due to additional production from another source. This effect is clearly
visible in figure dlc. It does not clearly appear in figure [4-d probably because of the
use of ratio division. For large values of Vg, r there exists a slight discrepancy. We will
show in the next section that this effect is due to a difference in temperature between
S2 and S1 (see figure [la).

We add some comments concerning ‘He and 'H ratios (filled circles in figures Hl-c
and -d). Contrary to what figure 2l might suggest comparing mass fractions for the two
reactions, *He ratio evolves with Vurg. This evolution is linked to temperature and
density variations and also to a decrease of the total proton fraction difference between
the two systems as Vy,, s decreases (figure[ll). In absolute value 'H ratio varies less than
‘He ratio. But one should not conclude that 'H ratio is almost constant because in
relative value the variation of the two isotope ratios is equivalent.

4.3. Isoscaling using reduced isotopic ratios

There exist differences in the size of the expanding gas between the different reactions.
This point has been circumvented by using equation [l instead of equation [Al for the time
being. To eliminate the extra particle production problem between Vg, ;=3 cm/ns and
4 cm/ns and with the aim of using a more genuine fit procedure, we now use the reduced
isotopic ratio presented in the subsection The reduced isotopic ratio for particle
(A,Z) is the particle ratio normalized with respect to the ratio for a given isotope.
This technique makes it possible to eliminate data uncertainties between two statistical
ensembles [6, 21]. The normalization isotope is chosen to be 'H in our case.
The reduced isotopic ratio leads to,

R(A7 Z)S2Sl _
R(17 1)5231
The reduced isotopic ratio for protons is equal to 1 by construction and the normalisation

expla N+ (Z —1)] (10)

constant is eliminated. The fits are thus made with only two parameters.
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Figure 5. Double ratio isoscaling for statistical ensembles from '36Xe+124Sn reaction
(S2) and statistical ensembles from ?4Xe+1128n reaction (S1). (a), (b) and (c) present
the ratios of the number of particles between S2 and S1 for 'H, 2H, *H, 3He, *He and
®He normalized to 'H ratio (open circles are Hydrogen isotopes and filled circles are
Helium isotopes). (a) corresponds to Vgyrs bin number 2 (Vg y=3.3 £ 0.1 cm/ns),
(b) corresponds to Vs bin number 9 (Vg =4.7 £ 0.1 cm/ns) and (c) corresponds
to Vgyurp bin number 17 (Vg p=6.3 £ 0.1 cm/ns). The lines in (a), (b) and (c) are
the fitting result using equation [0 excluding *He data. (d) presents the y?/ndf values
of the 18 independent fits (filled squares) and the absolute value of the temperature
difference between S2 and S1 (open triangles).

Reduced isotopic ratios for Hydrogen and Helium isotopes are presented in figures
Bla, Bb and Ble. As before, 13Xe+124Sn and '2*Xe+1!2Sn reactions are chosen. The
layout is similar to that in figure [3} points represent the data and lines are the result of
the fit (equation [I0)) for three bins in Vg,,.;. The production of *He is still problematic,
and the use of double ratios is not intended to fix this problem. In figure Btd are
presented the y?/ndf and the difference in temperature between the two systems as
a function of Vg, . First, the quality of the fits (as indicated by the x?/ndf) is
significantly improved compared to before (Figure Bl), hence the need to use reduced
isotopic ratios especially for low V,,.r values. Secondly, we observe that, for x?/ndf and
the temperature difference, global behaviours are similar: the x?/ndf increases as the
temperature difference increases and vice-versa. This is consistent because the equation
is valid only under the condition T'so=Ts;. When the temperature difference reaches
values approaching one MeV, x?/ndf value increases. This relationship between y?/ndf
and temperature difference shows that the data are compatible with the isoscaling law
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as long as the temperatures of the two systems are close.

We conclude that the data are compatible with the equilibrium hypothesis. The
lesser compatibility of the data at large Vg, with the isoscaling law is rather well
explained by the differences in temperature between the studied systems.

Finally, we present in figure [6] the values of the isoscaling parameters a and [
extracted from the fits. Going back to figure [§, « is the slope of the affine functions in

a1 T ]
0.45F H'I"H+H+++++ 0.45F :
R °4HH}+H }

| g HHH}
e e e I e
Vo (€mins) Vgt (€mins)

Figure 6. Fit parameter values (equation [I0] and figure [) for the 18 bins in Vg, s.
« is related to neutron number and 8 to proton number of the different isotopes.
is plotted as -8 for easier comparison with alpha values. Statistical ensembles from
136X e++1248n and 24Xe+'12Sn reactions are used.

the semi logarithmic scale representation and S is the distance between elements. We
can see that the value of the parameter o increases with Vg, until it reaches a limit
value at Vy,,r = 5 cm/ns. This saturation effect should be treated with caution, as the
temperatures of the two systems differ from this value of Vg, onwards. Referring to
publication [3], we note that the values are compatible with those found experimentally
for low-density de-excitation mechanisms (multifragmentation). The « parameter values
are also compatible with theoretical multifragmentation calculations carried out for
systems with similar proton fraction values (figure 9 of [4]). The g parameter values
are subject to a larger error bar due to the limited number of isotopes used for their
determination. The values are close to those of the o parameter but are not equal in
absolute value. The sum of o and /3 tends to increase with V,, ;. A detailed study of
those parameters and a comparison with an isoscaling analysis using the RMF model
will be the subject of a following publication.

5. Conclusion

We have presented a quantitative study of the properties and consequences of the
isoscaling law with experimental data. These data concern hot nuclear systems at low
density and finite temperature. In our article isoscaling is assessed quantitatively, not
by inspecting figures visually. Here x? values are given and the deviations are studied
step by step. The deviations concern different effects: the difference in total mass
and temperature of the studied systems as well as uncertainty effects. After studying
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isoscaling through the usual formula, we concluded that it is better to use the reduced
isotopic ratio which allows to erase some differences (total mass and uncertainty).
This ratio does not eliminate all effects. However, the extracted x? values are closely
correlated to the temperature difference values. For temperature differences between the
studied systems of around 1 MeV, the isoscaling fit does not reproduce the data well.
This gives a confidence interval for future studies related to isoscaling. The deviations
observed with regard to the isoscaling law are in the same direction as the studies

published in [8] 22].

This work is a complementary study to our previous publications on hot and low
density nuclear systems [9] [10} [14]. It provides further confirmation of the compatibility
of the data with the thermal and chemical equilibrium hypothesis and thus confirms the
validity of using thermal model framework.

However, the analysis indicates that extrapolation of detected ®He production
to infinite nuclear matter should be taken with caution. The observed discrepancies
concerning isoscaling for the ®He could be explained by the difficulty to form such a
neutron-rich nucleus within a small size system (between 20 and 50 nucleons) or by the
specific halo nature of this cluster. This point needs to be verified with reactions that
allow access to gaseous nuclear systems containing higher mass clusters.
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