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Investigating the Nuclear Caloric Curve with a Sequential Statistical Mode |

A. Siwek!'2*| D. Durand?, F. Gulminelli!, J. Péter!
! LPC Caen (IN2P3-CNRS/ISMRA et Université),
Boulevard du Maréchal Juin, 1{050 Caen, France
2 Institute of Nuclear Physics
Radzikowskiego 152, 31-342 Cracow, Poland

The correlation between apparent nuclear temperatures, derived from experimental data, and the
initial temperature of excited nucleus was studied within a sequential statistical model. Apparent
temperatures were calculated via three methods : 1) inverse slope parameters of kinetic energy
spectra of light charged particles, 2) relative population of excited states, and 3) double isotopic yield
ratios. Due to the chain of subsequent emissions and side-feeding (decay of particle unstable states)
the various apparent temperatures strongly differ from each other and from the initial temperature.
In addition, it was found that the model of statistical evaporation is able to reproduce most of
INDRA and ALADIN data, even at high excitation energies. This may mean that the apparent
temperatures are essentially determined by the statistical nature of the decay of the hot nucleus and
its primary fragments.

25.70.Mn,24.10.Pa

I. INTRODUCTION

The thermodynamic properties of hot nuclei have been experimentally studied with increasing temperatures over
the years. The relationship between excitation energy E*, the mass A and the temperature 7' (“the caloric curve”)
was found to follow the Fermi gas law, E* = a T?, up to E*/A =6-7 MeV/nucleon with the constant level density
parameter a evolving in the range A/13 to A/8 MeV~! [1]. A caloric curve for nuclear matter over a wider excitation
energy range-was measured by the ALADIN group [2]. The variation of the temperature with excitation energy
exhibits a behavior which has been interpreted as an experimental evidence of a liquid-gas phase transition. Many
aspects of the temperature measurements have been discussed recently.| The questions of the method reliability [3,4],
feeding from particle stable [5,6] and unstable states [4,6-8] an influetice of evaporation chain [9] and the physical
meaning of the plateau and rise observed [10,11] have been raised. New experimental data have been published [12-15]
and made the discussion even more exciting as there are significant differences between these results. Whatever one
chooses the same system, the same emitter or the same method, differences are always encountered.

The results of the ALADIN group obtained from the population of excited states of *He and 5Li [14~17] show
temperatures as low as 4-5 Mev in collisions of Au + Au at 600 MeV /nucleon whereas the double isotopic yields ratio
6Li/"Li-*He/*He indicated temperatures up to 9 MeV. A similar situation is faced by the INDRA collaboration for
the systems Ar+Ni at 52-95 MeV /nucleon [12] and Xe+Sn at 50 MeV/nucleon [18] : different double isotopic yield
ratios give different temperature values, slope parameters indicate larger values, excited state populations produce
lower values [19]. The same double isotopic ratio (°Li/?Li-*He/*He) used by both groups (INDRA and ALADIN) to
determine the temperature gives similar values, however the caloric curves are different: a plateau followed by a steep
increase of T above E*/A= 10 MeV /nucleon was found in [2] whereas a steadily increasing slope of 7' versus E*/A
was obtained in [12]. And finally the EOS data [13,20] obtained for Au projectile do not agree with the ALADIN
data at the highest excitation energies measured (10-15 MeV /nucleon).

This puzzling picture rises the question of the relationship between these different apparent temperatures and the
initial one. Apart from dynamical effects, two mechanisms influence the apparent temperature:

1. Emission chain - the excited nucleus lowers its temperature after each act of emission. This applies also to
fragments emitted into excited states in the continuum. The higher is the excitation energy the longer is the emission
chain and in consequence the bigger is the discrepancy between initial and apparent emission temperatures.

2. Decay of particle unstable levels (side-feeding) - This removes the parent fragment from measurement and
increases the number of daughter particles, influencing also their kinetic energy spectra and the population of their
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ground and excited states. The probability of reaching particle unstable levels increases with excitation energy.
In this paper we attempt to establish quantitatively these respective effects within the standard evaporation model.
We compare our results with INDRA [12,19] and ALADIN [2,14] experimental data.

The paper is organized as follows. In Sec.II we shortly describe the available methods of temperature determination
from charged particles measurements. Sec III presents the model and the way theoretical results were analysed. The
temperatures calculated at various stages of the de-excitation process are presented in Sec.IV. In Sec.V we discuss the
influence of the level density parameter and of the maximum width of included excited states. In Sec. VI, the results
are compared to experimental data. Conclusions are presented in Sec.VII.

II. METHODS TO MEASURE NUCLEAR TEMPERATURE

For convenience, the methods of temperature determination from measurements of charged products will be called
respectively kinetic, isotope (or chemical) and population temperatures in this paper.

A. Slope parameters, kinetic temperature T.,.

This most widely used method to determine a temperature of nuclei is based on measurements of kinetic energy
spectra of emitted particles. A nucleus in thermal equilibrium evaporates particles with an energy distribution defined
by the Maxwell-Boltzmann formula:

N(Ex) = C + (E —Bc)exp—(EkT;Bc), (1)

where Ej. is the kinetic energy of the emitted particle, Be is the Coulomb barrier, and T, the temperature of the
source after emission.

The main problem in applying this formula to the experimental data is to define the emitting source properly. One
can do it in three different ways :

¢ by coincidence measurements of emitted particles with evaporation residues [21] or fission fragments [22] - This
method is applicable at low incident energies where fusion is the dominant process and only one heavy residue
exists in each event. ‘

o by “three sources fit” of inclusive spectra at several detection angles. - Events issued from a broad range of
impact parameters and excitation energies are analyzed together; the averaging of different source velocities
produces a distortion of the spectra which leads to erroneously high slope parameters [23,24].

¢ by reconstruction of the source(s) in each event. - This is the only reliable method applicable at incident
energies above 15-20 MeV /nucleon where two main hot sources (quasi-projectile and quasi-target, or spectators)
are accompanied by mid-rapidity emission (direct emission, neck emission or participants). The full impact
parameter range corresponds to the formation of hot nuclei on a broad excitation energy range. This makes it
possible to measure a full caloric curve with a single system at one incident energy [2,12,18] but the method
requires an almost complete detection of particles and fragments emitted by the selected source (fusion, or
quasi-projectile [25,26] or quasi-target )

B. Double isotopic ratio, 77

This method was proposed in 1989 [27] and recently attracted much attention when it was used by the ALADIN
group [2] to study the dependence of the temperature on the excitation energy. The method starts from the assumption
of thermal and chemical equilibrium of the emitter. Then the ratio between the yields of two isotopes (isotones)
differing by one proton (neutron) depends only on the temperature and the free proton (neutron) density. In the ratio
of two such ratios the proton (neutron) density cancels out and the double ratio is only depending on the temperature
through the simple formula [27],

Tf:B/h(s-—}%’f), (2)



where Y),Ys, Y3, Y, - are the yields of the four isotopes,

s depends on the spins of the populated states of each species,

and B is the difference of binding energy differences (B2 — B1) — (B4 — B3).

When, as assumed in the original paper, there are no low lying excited states, the calculation of s can include
only ground state spins. This approximation is valid at low temperatures (a few MeV). At higher temperatures,
the population of excited states should be taken into account, which means s depends on 7, and on the number of
states included. Since experiments cannot measure the population of all excited states and since one wants to keep
the simplicity of the formula, all detected nuclei are taken as if they had been emitted in their ground state. This
approximation has non-negligible effects above 5 MeV and is indicated by the index 0: T?.

The larger the value of B, the better the sensitivity of 7. Therefore we will study only three cases where the pair
of isotopes at the denominator is 3He-*He.

C. Relative population of excited states, Tpqp.

The principle of this method is the fact that a nucleus in thermal equilibrium emits clusters into states 1 and 2
with a relative probability proportional to the Boltzman factor:

—AE*

Fp = exp T , (3)
pop

where AE* = E} — Ej is the energy difference between states 1 and 2 (state 2 is often the ground state), and Tp,p
is the temperature of the source.
The ratio between the number of clusters emitted in two different states is :

&_2‘]1-{-1
N2—2J2+1

x Fg, (4)

where Ny, N, are the numbers of fragments emitted in states 1 and 2, respectively, and J;, Jo are their spins. From
these equations, the population temperature is given by:

_ AE
op — ln?sz;l N ¢ (5)
2J141 Ny

I,

This method is sensitive enough only when the value of AE* is much larger than the temperature. It was used
especially by a MSU group [24,28-30]. Both particle stable and unstable states were used. The values obtained were
called emission temperatures, but we will see they are sensitive to decay chain and side-feeding and may have largely
lost the memory of the temperature at the moment they were emitted. The values obtained in this way are much
lower than those extracted from slopes of kinetic energy spectra. Values about 4-5 MeV were extracted and seem to
be insensitive to the type of reaction and slightly increasing with increasing bombarding energy [31].

III. THE MODEL

The standard evaporation theory was applied to model the excited nucleus decay [32]. The basic hypothesis of this
model is that the successive emissions are independent of each other (except for the decrease in excitation energy,
temperature and angular momentum), i.e. the source re-establishes a full thermal equilibrium after each emission.
One may argue this is no longer valid when the temperature is so high that successive emissions occurs within very
short times ( a few 10722 5). Nevertheless we kept this hypothesis in order to fully investigate what can be obtained
within such a model. The role of angular momentum was not studied here.

In the calculations fragments with Z<6 and A<10 are emitted in discrete states. Heavier fragments decay until the
excitation energy is exhausted or until they decay into fragments with Z<6 and A<10. All discrete states decay at
the end of calculation. The total excitation energy is chosen randomly and the initial temperature, T;,;, is calculated
from the Fermi gas formula with a = A/10: T, = /10 E*/A , as well as the temperature T at each step of the
de-excitation chain. This is merely an example and another value of a or a different variation of Tin; and T with
E*/A can be introduced.

All discrete states for which excitation energy, spin and width are known were included in the code {33]. The
maximum width of the states included in the calculations is a free parameter.



A. Technical details

T? and Tp,p require only to count the number of particles of different types or the relative population of different
states, respectively. T, needs the velocities and is then sensitive to recoil effects. All particle velocities are relative
to the initial location in momentum space of the excited nucleus. For the first emission, the velocity in the initial
location frame is the same as in the emitter frame. For subsequent emissions, the emitter has shifted from its initial
location and the particle velocity in the initial location frame is larger, on the average, than in the emitter frame.
Successive recoil effects increase kinetic energies especially for heavy particles which have lower velocities. Indeed,
in thermal emission, the kinetic energy spectra in the emitter frame are the same for all particles (except below the
Coulomb barrier), so light particles get larger velocities than heavy ones. At the same time, of course, the temperature
decreases and the kinetic energy in emitter frame decreases.

B. Successive steps

To understand the influence of emission chain and side-feeding on apparent temperature we stopped the calculations
at different stages. The details of this procedure are described below.

¢ Emission Chain - The temperature of the emitter decreases continuously at each successive emission. In order to
study the nucleus at a well defined temperature we stopped the calculations after the first emission step. We call
this First Chance Emission (FCE) in contrast to Evaporation Chain (EC) where the full chain of evaporations
is included.

¢ Side feeding - Due to decay of particle unstable states the final yields, kinetic energy distributions and excited
state populations relative to the ground state population differ from the initial distributions of particles emitted
by the source. To get rid of this effect we disabled the decay of discrete levels for both FCE and EC calculations.
They will be referred to as “before decay”. Consequently the calculations with the decay of discrete levels enabled
will be called “after decay”.

¢ Ground 'state (g.s.) selection - To use isotope thermometers in the right way with formula (2), only fragments
emitted in the ground state should be taken into account (see section 2.3). For this reason the calculations

“before decay” were divided into two separate classes: “g.s. only” and “all states” (where all excited states are
included).

IV. RESULTS

In this section we show the results of calculations made for nuclei similar to the quasi-projectiles (QP) produced in
the reaction Ar + Ni at 95 MeV/nucleon. Following the experimental data, the charge of the QP is between Z=12
and 20 with a gaussian distribution centered at Z=16. The variance is excitation energy dependent and changes from
0=0. for E*=0 to 0=1.56 for E*=20MeV /nucleon. The average mass was chosen to be equal to twice the charge
in order to keep the charge-to-mass ratio equal to that of the projectile. We will analyse changes in the apparent
temperature values through the steps described above.

A. FCE before particle’s decay - test of the model

In the FCE calculations only one particle (fragment) is emitted from the source which has well defined temperature
and excitation energy. The fragment does not decay even if it is emitted in an excited state. The apparent temperatures
calculated from both energy spectra and relative yields are expected to be very close to the initial one.

“g.s. only”. As mentioned in the previous section, to calculate isotope temperatures correctly we have to take
into account only particles emitted in their g.s. This stage of calculation is a test of the code. The results are shown
in Fig.1.

The temperatures calculated from the slopes of energy spectra are slightly lower than the initial value. This reflects
the fact that the temperature in formula (1) is that of the nucleus remaining after fragment emission, slightly lower
than the initial one. The difference is larger for temperatures obtained from double isotopic ratio.



“all states”. All fragments (g.s. + excited) are used. Of course, the kinetic temperatures remain unchanged
(Fig.2a). The isotope temperatures decrease at high T;,; (Fig.2b). This means that already at this stage the approx-
imations on s in Albergo’s formula have a significant effect. Excited states populations also give temperature values
which are close to the initial ones (Fig.2c).

B. FCE after particle decay (side-feeding).

If we go one step further and allow excited particles to decay, we can study the influence of secondary decays on
the measured temperatures. The results are shown in Fig.3. Side-feeding has little influence on the energy spectra,
therefore the slopes remain unchanged (Fig.3a). The decrease in isotope temperature (Fig.3b) is caused mainly by
the increase in the number of a-particles since : i) there is very weak increase in the yield of d,t and 3He, and ii) the
changes in the number of °Li and “Li approximately compensate each other. The population temperatures depend
on the isotope used (Fig.3c). The apparent temperature obtained from 5Li keeps a good memory of the initial one
while that from 8Be is very much affected by side-feeding and reaches only half the initial value when T},; > 10 MeV.
One should notice that such a dramatic effect is obtained in spite of the choice of very large values of AE".

C. Evaporation chain before particle decay

The calculations with the full evaporation chain go through the same steps as for first chance. The evaporation
chain ends when the excitation energy of fragments with A>9 and Z>5 is exhausted.

“g.s. only”. The result is shown in Fig.4. By comparing it to Fig.1 and Fig.3 , one sees that the influence of
the evaporation chain is stronger than the side-feeding effect in the FCE scenario. Kinetic temperatures are generally
lower than the initial ones (Fig.4a), as expected since the temperature decreases along the chain.

However, 7, tends to reach the initial value at the highest excitation energies. This is due to successive recoil effects
which, on the average, increase the velocities of late particles in the initial location frame. For isotope temperatures,
formula (2) is fully correct since only fragments emitted in the ground state are used. Two of the studied isotopic
ratios increase almost linearly and their apparent temperatures stay well below Tj,; (Fig.4b). The other one, obtained
from ®Li/"Li-3He/*He, behaves quite differently: above E*/A ~ 7 MeV /nucleon it increases fast and becomes larger
than the initial temperature around 11. MeV/nucleon. This is caused by much faster increase of the yields of 3He and
"Li as compared with “He and Li.

“all states”. The inclusion all excited states in the temperature calculation does not change much the picture.
A further weak decrease in the isotope temperatures is observed (Fig.5b). The curve for ®Li/?Li->He/*He becomes
identical to the two other curves up to E*/A ~ 9 MeV/nucleon. At this stage population temperatures can also
be calculated: Fig.5c. The effect of the de-excitation chain is seen by comparing it to Fig.2c: a strong decrease is
observed at excitation energies above 5 MeV /nucleon.

D. Evaporation chain after particle decay

This is the final step in the de-excitation process. At this point the side-feeding effect is added to the evaporation
chain effect. The results are shown in Fig.6. The kinetic temperatures do not change, except for *Li which exhibits a
strong increase at very high excitation energies (Fig.6a). This is due to the additional recoil when a fragment emits
a particle. One notices a further strong decrease in the isotope temperature (Fig.6b), caused mainly by the increase
in the number of alpha particles. Still the shape of the curve obtained from °Li/"Li-*He/*He ratio remains different
from the other two ratios. The behavior of the population temperature depends on the cluster: Fig.6c. One sees a
strong decrease in the case of “He over a wide excitation energy range (again due to the large number of a-particles
emitted in the ground state when heavier clusters decay) and a small effect in the case of ®*Li. The most dramatic
effect is a flattening of the curve for 8Be, which becomes almost insensitive to T},; above 5 MeV.

V. DISCUSSION

The slope parameters from kinetic energy spectra of light particles keep a goo& memory of the initial temperature.
Note however that in an actual experiment they may be perturbed by the contribution of another source; the possible
contribution of collective expansion should also be considered.



Both emission time sequence and feeding from discrete state decays have large effects on caloric curves measured with
isotope thermometers. Secondary decays (side-feeding) reduce the apparent temperature values while the emission
chain changes the shape of the caloric curves. For the Li-He thermometer these effects produce a shape that could
easily mimic a liquid-gas phase transition (Fig.6c; see also Fig.8 and 9).

Most of the population temperatures are very sensitive to side-feeding effects. They stay constant over a wide range
of excitation energy and have values as low as 3-5 MeV. The only exception is 5Li.

One should keep in mind that isotope and population temperatures are sensitive to the characteristics of the levels
used. We have taken into account existing information, which may be incomplete or inaccurate. Any missing (or
extra) level, error on spin assignment or on the branching ratio into particle decay of fragments with mass greater
than 4 may have a very significant effect.

A. Sensitivity of the final results on the input parameter variation

There are no free parameters in the code adjustable to experimental data. However two physical variables, used as
inputs, can influence the results:

- the number of discrete excited states included in the calculation, which is governed by a cut-off width, I : only
states with a width smaller than I are taken into account.

- the level density parameter, which defines the very important relation between temperature and excitation energy.

The value of both parameters is in principle excitation energy dependent. We did not try to introduce such kind of
dependence; instead we show calculations for three different values selected within physically reasonable ranges.

1. Width of excited states

Having the width of each discrete state included in the code we can study the influence of in(ex)cluding some of
the states. In Fig.7 we present results obtained by including states with ' < 0.5, 2.0 and 4.0 MeV (which correspond
to life times > 400, 100 and 50 fm/c, respectively). There is almost no difference between I' < 2.0 MeV and T < 4.0
MeV; only T' < 0.5 MeV produces a difference.

The effect on slope parameters is weak. For isotope temperatures, the restriction to states with I' < 0.5 MeV gives
higher T values than the two other cases. This is caused by a lower number of emitted alpha particles. This effect is
also clearly visible in the population temperature from ‘He. The other population temperatures are not affected by
the limitation on I'. Note no temperature is obtained for Li when I' < 0.5 MeV since the ground state width is 1.5
MeV.

2. Level density parameter

There are theoretical calculations [34] and also some experimental evidences [1] on the level density parameter’s
dependence on excitation energy. To see how its value affects apparent temperatures we made calculations for a = A/8,
A/10 and A/14 MeV~!. The results are presented in Fig.8.

Above Tip; ~ 9 MeV, T, increases with increasing a. This effect is small for deuterons, but clear for He and Li
clusters. It is due to recoil effects: large a values correspond to high values of E* /A, hence to more emitted particles
and more cumulative recoil effects. As noted before, light particles like deuterons have larger velocities in the emitter
frame than heavy particles like He or Li and are then much less affected. For He and Li, the broadening of the kinetic
energy distribution in the initial location frame relative to the emitter frame can be so large that the slope parameter
value can exceed the initial temperature.

6Li/7Li-3He/*He isotopic temperature are affected by variation of the level density parameter. The difference
becomes significant above 10 MeV of initial temperature.

Population temperatures are insensitive to the level density parameter.

VI. COMPARISONS TO EXPERIMENTAL DATA.

In the above calculations, the angular momentum, expansion energy and deformation are set to zero for all excitation
energies. When using such calculations for comparison with experimental data, one should keep in mind that the
nucleus actually formed in a collision may have non-zero values of such quantities. It is also possible that more than



one initial excited nucleus is formed in the reaction. When one of them is selected, the question arises of a possible
contribution from other source(s). This is an experimental problem which will not be discussed here and the published
data will be used.

This simulation applies to nuclei whose initial charge, mass, excitation energy and location in momentum space are
well defined. However in experiments, the velocity of the initial excited nucleus is not known and is reconstructed
from its detected charged products event-by-event [25]. Since neutrons usually are not detected, or only a few of
them are detected, the center-of-gravity of the detected products does not coincide with the initial location of the
excited nucleus. Therefore, in order to get more realistic information on kinetic energy spectra, the same method was
used here: the initial position of the excited nucleus was not used, it was reconstructed from the momenta of charged
products. This produces an additional broadening of the velocity distributions, and hence an increase of T, values.
But this increase is much smaller than the increase due to successive recoil effects.

A.INDRA data

The calculations above were performed for a system directly comparable to the quasi-projectiles formed in collisions
of 3Ar on *Ni from 52 to 95 MeV /nucleon, having excitation energies up to 24 MeV /nucleon [12,19].

Let us determine the values of the free parameters which give the best agreement with the data : maximum width
of excited states and level density parameter.

The role of T' is shown in Fig.9, for a = A/10 MeV~!. To reproduce temperatures from p/d->He/*He one has to
include very broad (short living) states, while d/t-3He/*He requires to exclude states with I' > 0.5 MeV. Temperatures
from °Li/"Li-*He/*He suggest a change in the time scale: broader states should be included as excitation energy
increases. _

The general behavior of the data is well reproduced by the calculations. A quantitative agreement cannot be
obtained with an unique value of I, but one has to keep in mind that the widths, spins and branching ratios of many
excited states are poorly known. A reasonable overall fit is obtained with I' < 2.0 MeV; this value was used for
studying the sensitivity to a.

In Fig.10, one can see that the value chosen for the level density parameter a does not drastically changes the
agreement with the data.

The slope parameters of deuterons are well reproduced with a = A/8 or A/10 MeV~!. For ‘He and °Li the slope of
T, versus E* /A is better reproduced by a = 4/14 MeV~!, but 7, values are underestimated. This discrepancy could
be attributed to collective effects (expansion) which may be present in the data and increase the kinetic energies and
T, for fragments with mass 4 and 6 while they would affect weakly mass 2. Alternatively, if expansion is not present,
a variation of a from A/14 at low excitation energies to A/8 or A/10 MeV~! at high excitation energies would better
reproduce the data, in agreement with the variation of a with E*/A observed below 7 MeV /nucleon [1].

Isotope temperatures from p/d-*He/*He and ®Li/"Li->He/*He are reasonably well reproduced by all 3 values on
the whole range of excitation energies, while d/t->He/*He is underestimated above 10 MeV /nucleon.

The calculated population temperatures of °Li are overestimated above 16 MeV /nucleon.

In the simulation shown in Fig.1-6, I' < 2.0 MeV and the level density parameter a = A/10 MeV~! were used.

B. ALADIN data

To check the scenario of sequential statistical decay on heavier nuclei, we made calculations for ALADIN data [2,14]
as well. Indeed the system was Au on Au at higher bombarding energies (600 MeV/nucleon), and heavier excited
QP’s were formed. The other difference is the QP mass decreases strongly as the excitation energy increases while
for Ar projectile QP’s with an approximately constant mass were selected.

In the data analysis, temperatures were extracted using one double yield ratio and excited states populations of
two isotopes. Like for INDRA data, apparently contradictory values were obtained. The caloric curve from ®Li/"Li-
3He/%He [2] reaches T = 10 MeV while the population temperatures of “He and 5Li stay constant around 4 and 5
MeV for 10 < E* < 15MeV/nucleon. [14,35].

To adapt the code’s inputs to this case, we included the dependence of the source mass on excitation energy (A
from 190 to 55 when E*/A increases from 2 to 15 MeV/nucleon) [2] and an A/Z ratio 2.5 for all E* was assumed.
The isotope temperatures obtained for I' < 2. MeV and a = A/10 MeV~! are presented in Fig.11. The theoretical
calculations were multiplied by 1.2, since this factor was applied to experimental data [2]. Both the shape and the
absolute value are reproduced, but for the highest excitation energy. The temperature from 5Li excited states is
shown in Fig.12. The model predicts apparent temperatures 2-3 MeV too high, like for INDRA data. The population



temperatures calculated for *He Li and ®Be are shown on the same figure as well. They are all lower than for Li
and behaves similar to those calculated for Ar quasi projectile decay.

VII. SUMMARY AND CONCLUSIONS

The simple model of sequential statistical decay (evaporation) which includes emission of excited fragments in
discrete states was used to study the effects of emission time sequence and feeding from discrete state decays on various
apparent temperatures: kinetic temperatures (slope parameters), isotope or chemical temperatures and population
temperatures.

Slope parameters from kinetic energy spectra of light particles keep a good memory of the initial temperature (but
in actual experiments they may be perturbed by the mixture of several sources and by collective expansion).

It was found that both the de-excitation chain and side-feeding have large effects on caloric curves measured with
isotope thermometers. Secondary decays (side-feeding) reduces apparent temperature values while emission chain
changes the shape of the caloric curve for the Li-He thermometer in such a way that it could easily mimic a liquid-gas
phase transition. A similar effect was reported by R.Wada [9] for much heavier system (A = 230-250) and limited
range of excitation energy (up to ~ 5.3 MeV /nucleon).

A specific problem concerns the population temperatures of *Li. At E*/A above 10 MeV /nucleon, the calculation
overestimates them relative to INDRA data as well as to ALADIN data. The fast multifragmentation calculation
of ref. [8] also overestimates INDRA data. Actually, experimental temperatures extracted from particle unstable
states remain almost constant as a function of excitation energy and do not overcome ~ 5 MeV [14-17]. A possible
explanation could be the source is expanding and heavy clusters are formed relatively late during this expansion, at
lower temperatures. A support to this view in the INDRA experiment can be found in the kinetic temperatures of
He and Li: the measured values are greater than the calculated values (Fig. 9, 10).

Surprisingly, the simple model of sequential statistical emission was found to be able to reproduce the behavior of
most apparent temperatures observed in INDRA and ALADIN experiments, even at high excitation energies. This
result suggests that the real mechanism of hot nucleus disassembly is weakly related to the apparent temperatures.
All of them are essentially determined by subsequent emissions. A confirmation of this point can be found in ref. [8]
where the same INDRA experimental data are well reproduced by a quite different model (fast multifragmentation)
with the same treatment of side-feeding.

Our results are also in agreement with previous study of side-feeding effect. The saturation of apparent temperature
was found [36]for different population temperatures. In case of isotopic temperature the correction factor was applied
[37,38] with which the corrected temperatures from different “thermometers” are more consistent. In case of INDRA
data this factor do not give an overall agreement between three different isotopic ratios [38] (Li-He temperature
remains higher that the other two) and this is exactly what we have found in our calculations.
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FIG. 1. Apparent temperatures as a function of the initial temperature calculated with & sequential statistical code for the
first chance emission before secondary decay. Only particles emitted in the ground states were included. a) Temperatures T,
extracted from the slope parameters of kinetic energy spectra of three emitted particles. b) Temperatures T? extracted from
double yield ratios of three pairs of isotopes differing by 1 neutron. Symbols are explained on the Figure.

FIG. 2. Same as Fig.1 (first chance emission before secondary decay), but particles emitted at all levels were included. a)
T.. b) T?. c) Temperatures extracted from excited state populations (Tpop) of three products. Symbols are explained in the
Figure.

FIG. 3. Same as Fig.2 (first chance emission with all levels), but temperatures calculated after secondary decay.

FIG. 4. Same as Fig.1, but for the full emission chain before secondary decay. Only particles emitted in the g.s. were

included. a) T,. b) T7.

FIG. 5. Same as Fig.4 (full emission chain before secondary decay) but particles emitted at all levels were included. a) Ts.

b) 7. ¢) Tpop-

FIG. 6. Same as Fig.4 Full emission chain after secondary decay, i.e. complete calculation.

FIG. 7. Dependence of the calculated apparent temperatures on the maximum width of discrete states I’ included in the
calculations. Open circles: I' < 0.5 MeV. Dots: " < 2 MeV. Stars: ' < 4 MeV. Left column: 7. Central column: T?. Right
column: Tpep. ™

FIG. 8. Dependence of the calculated apparent temperature on the level density parameter a. Open circles: a = A /8 MeV~!,
Dots: a = A/10. Stars: a = A/14. Left column: T.. Central column: T7. Right column: Tpop.

FIG. 9. Results of theoretical calculations for different restrictions on the maximum width I' of discrete states (lines),
compared with INDRA data (open circles). Dashed lines: T' < 0.5 MeV. Solid lines: I' < 2 MeV. Dotted lines: I' < 4 MeV.
The vertical axis is the apparent temperature (as in Fig.1-8), but the abscissa is the initial excitation energy per nucleon. Left
column: T,. Central column: T7. Right column: Tpop.

FIG. 10. Results of theoretical calculations for different values of level density parameter a (lines), compared with INDRA
data (open circles). Dashed lines: a = A/8 MeV~l, Solid lines: a = A/10. Dotted lines: a = A/14. The vertical axis is the
apparent temperature (as in Fig.1-9), the abscissa is the initial excitation energy per nucleon (as in Fig.9). Left column: T..
Central column: T?. Right column: Tpop.

FIG. 11. Apparent temperature T{ calculated with the code from the double isotopic yields ratio ®Li/’Li-*He/*He (the
shaded area represents statistical errors) compared with ALADIN data.

FIG. 12. Apparent population temperatures Tpop calculated with the code for different isotopes (the shaded area represents
statistical errors) compared with ALADIN data for SLi.
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e Experimental data for SLi/"Li -3He/*He from [2]
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