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New “3D calorimetry” of hot nuclei
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In the Fermi energy domain, it is extremely complex to experimentally isolate fragments and particles emitted
by a hot nucleus produced during a heavy ion collision. This article presents a new method to characterize more
precisely hot quasiprojectiles. It tries to take into account as accurately as possible the distortions generated
by all the other potential participants of the nuclear reaction. It is quantitatively shown that this method is an
improvement compared to a “classical calorimetry” used with a 4π detector array.
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I. INTRODUCTION

The only way to study experimental nuclear thermodynam-
ics is to produce hot nuclei in nuclear collisions. The hot
nuclei are thus obtained in extremely violent and complex
conditions. In the Fermi energy domain, we clearly observe a
competition between nuclear mean field and nucleon-nucleon
interaction during the dissipation of the incident energy of
the collision [1,2]. The collisions present mostly an important
binary character preserving a very strong memory of the
entrance channel [3]. The deeply inelastic diffusion process
becomes the dominant phenomenon [4–8]. It is accompanied
by an important, thermally unbalanced emission of light par-
ticles [8–10]. But we also observe an important production
of intermediate mass fragments (IMFs) at the interface of the
two colliding nuclei. This latter is usually called neck emission
[8,11–15]. Fusion is also observed but its cross section be-
comes small for symmetric collisions above 30 MeV/nucleon
[3,16–19]. Obviously, the respective cross sections of these
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various processes change according to the system, the incident
energy, and the impact parameter. The formed hot nuclei
deexcite into many particles and fragments. Only a 4π de-
tector array can study such physical processes, because of
its detection capabilities. We know that it is fundamental in
thermodynamics or statistical mechanics that the system stud-
ied be perfectly defined and characterized. This is the main
experimental challenge facing nuclear physicists working in
the Fermi energy domain. For this reason, the main purpose
of this paper is to present, understand, and validate a new
method of characterization of an excited quasiprojectile (QP)
with a 4π experimental setup in this energy range. By char-
acterization we mean determining its charge, mass, velocity,
and excitation energy. We mainly want to improve, possi-
bly, these “measurements” compared to an existing method
[20]. This study is presented for the system Xe + Sn at 50
MeV/nucleon detected with the 4π array INDRA [21]. In
the first section, we will discuss how to select the products
of the quasiprojectile decay from all the particles produced
during the reaction. In the following section, we will present
the principles of our calorimetry. In the last section, we will
study this new experimental calorimetry by comparing it with
a “classical calorimetry.”
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FIG. 1. Definitions of the polar angle θspin and the azimuthal
angle φ of a light particle in the QP frame and reaction plane (the
azimuthal angle φ presented in the figure is negative).

II. IMPROVED SELECTION OF THE
EVAPORATED PARTICLES

A. Light particle characterization: Influences of the QP
reference frame and of the experimental setup

Here we discuss first how the QP reference frame used in
the analysis and the experimental setup may influence the spa-
tial and energetic characteristics of the light charged particles
(LCPs) and consequently the determination of the excitation
energy of the hot nuclei and the energy spectrum slopes of
these particles. For this study, the SIMON event generator,
developed by Durand [22], was used. It is set to supply only
pure binary collisions Xe + Sn at 50 MeV/nucleon without
preequilibrium particles. Evaporation is treated by the Weis-
skopf theory for light particles and the Kramers transient state
theory for fragments. There is a possible secondary emission
and a complete calculation in time of the space-time effects of
Coulomb interactions between charged particles or fragments
produced. We will study different angular distributions of
emitted particles. Figure 1 shows the frame used to study
the LCP angular distributions and which allows us to define
the different used angles. The polar angle θspin is defined
as the angle between the vector normal to the reaction plane
and the velocity of a particle in the QP frame. The azimuthal
angle φ is defined as the angle between the QP velocity in the
frame of the center of mass (c.m.) and the normal projection of
the velocity of a particle defined in the QP frame on the reac-
tion plane. The azimuthal angle is defined to be positive when
the projection of the velocity of the particle on the reaction
plane is located to the “left” with respect to the direction of the
QP velocity. A particle emitted in the reaction plane and in the
direction of the QP velocity will have φ = 0◦ and θspin = 90◦.
Figure 2 shows two graphs built in the real initial frame of
the emitting source, i.e., the QP (which we will call the “true
frame”). The generated events were not passed through soft-
ware simulating the functioning of an experimental apparatus,
called the “experimental filter.” Therefore, we assume the use
of a perfect detector. In this figure, the particles were solely
evaporated by the QP according to SIMON. It is important to
note that, for all studies with SIMON and comparisons with
actual data, only particles located at the front of the center of
mass are considered (up to Fig. 7), whatever their origin. The
graphs of Fig. 2(a) show the slopes obtained by a Maxwellian
fit of α energy spectra, for various angular domains of φ and
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FIG. 2. (a) Slopes of energy spectra of α’s evaporated by the QP,
obtained by fit for various domains of φ, according to the associated
mean φ. This is done for various selections according to E∗/A of
the QP. The red line corresponds to the true initial temperature of the
QP, associated with different ranges of excitation energy per nucleon
(1 MeV width). (b) Mean multiplicities of the light particles emitted
by the QP, generated by SIMON, according to φ, without experimental
filter, i.e., perfect detection (the velocity being calculated in the true
initial frame of the QP). The gray band corresponds to the azimuthal
angular range chosen to characterize the QP evaporation.

four different bins of the QP excitation energy per nucleon.
The collisions are increasingly violent by from left to right
and downward in the figure. The graph in Fig. 2(b) shows
the mean multiplicity of light charged particles by azimuthal
angle φ for the same ranges of excitation energy per nucleon.
In both cases, we find the expected result for the emission by
a thermalized nucleus, i.e., flat angular distributions for all the
light particles and a uniform measured slope regardless of φ.
This ensures the validity and the consistence of SIMON with
respect to the treatment of the isotropic QP decay.

To see and understand the impact of the experimental appa-
ratus, INDRA, we coupled to the generated events by SIMON

a program which integrates and simulates all the phases of the
ion detection by INDRA (detection efficiency, kinetic energy
resolution, angular resolution, isotopic identification). This
fundamental stage is referred to as the “INDRA experimental
filter.” Correct calorimetry requires complete detection of the
nuclear reaction products. To try to achieve this goal, we
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FIG. 3. (a) φ distributions of the light particles, located in the
forward hemisphere of the center of mass, mainly emitted by the
QP, supplied by SIMON after the INDRA filter for various selections
according to Etr12 (the velocity of each particle being calculated
in the true initial frame of the QP). (b) φ distributions of the light
particles located in the forward hemisphere of the center of mass,
mainly emitted by the QP, generated by SIMON, after passage through
the INDRA filter, for various selections according to Etr12 (the
velocity of the particle being calculated here in the rebuilding frame).
The considered events are called “complete events.” The gray band
corresponds to the azimuthal angular range chosen to characterize
the QP evaporation.

needed a constraint on the total detected charge and momen-
tum (80% of the initial value) as was done in [23,24]. We
also seek to understand the influence of this event selection
on calorimetry. These events are hereinafter called “complete
events.” Indeed, because we do not have an experimental
direct access to the excitation energy of the nucleus, we have
chosen the total transverse kinetic energy of light charged
particles Etr12 (z = 1 and z = 2) as the experimental selector
of the violence of the collision [10,25]. In Fig. 3(a), for the
complete events, we can observe precisely the sole influence
of the INDRA experimental filter on the spatial distribution
of particles mainly evaporated by the QP (the frame used
here is the true frame of the QP). This selection of complete
events implies an important apparent deformation of the φ
distribution of evaporated particles, even if the velocity of the
evaporated particles is defined in the true initial frame. There
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FIG. 4. Experimental azimuthal distributions of the light charged
particles located in the forward hemisphere of the center of mass
(their velocity being calculated in the reconstructed frame) for var-
ious Etr12 bins, obtained experimentally with INDRA. The consid-
ered events are “complete events.” The gray band corresponds to the
azimuthal angular range chosen to characterize the QP evaporation.

are apparently more light particles emitted to the right than
to the left with respect to the QP velocity, for the periph-
eral collisions. Indeed, mainly for peripheral collisions, the
completeness criterion considers only the events for which the
emission of the light particles allowed the QP residue to avoid
the hole at the front of the detector, made to let the beam pass.
This effect is all the stronger as the QP is focused forwards.

Now, as shown in Fig. 3(b), if the velocity is defined
in the reconstructed frame (constructed taking into account
intermediate mass fragments and heavy fragments located in
the forward hemisphere of the c.m.), we can see that the effect
is even more amplified. What is observed in Fig. 3 is the
“right-left effect” described in [23,24]. For SIMON, this com-
pleteness criterion favors the conservation of isotropic events
with a specific topology in the velocity space that allows their
detection by INDRA. This significant deformation implies an
apparent break of the revolution symmetry of the evaporation
around the axis passing through the center of the QP and
perpendicular to the reaction plan in the velocity space.

It is questionable whether this apparent effect is merely
an artifact related to SIMON. Therefore, we present in Fig. 4
the mean multiplicities of the light charged particles, located
at the front of the center of mass, according to φ, obtained
with the experimental data recorded by the INDRA array.
The same trend can be observed, even reinforced because of
preequilibrium emission (not taken into account in SIMON)
which is preferably between the two partners of the collision,
as we can see in the figure. The θspin distributions are also
modified by the selection criteria and the INDRA experimen-
tal filter. In Fig. 5, we present a comparison of the multiplicity
distributions of particles at the front of the center of mass
as a function of cos(θspin ) obtained with data [Fig. 5(a)] and
pure binary SIMON simulations [Fig. 5(b)] for complete events.
We selected semiperipheral collisions by using the LCP total
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FIG. 5. (a) Multiplicity distributions of the LCPs, located at the
front of the center of mass, according to cos(θspin ) for various φ

bins. They are obtained for data selection according to the transverse
energy corresponding to semiperipheral collisions and also for com-
plete events. (b) The same distributions for data provided by SIMON

with the same event selection (the source frame is reconstructed
by the experimental method). The blue bands correspond to the
azimuthal angular range chosen to characterize the QP evaporation.

transverse kinetic energy. In both cases, we find similar re-
sults: there is no apparent symmetry in φ. Only the angular
domains 0◦–30◦ and 30◦–60◦ are similar. In fact, these trends
have been observed already in a study by Steckmeyer et al.
[23], where the authors showed how the “right-left effect” and
the experimental reconstruction method (only from the inter-
mediate mass fragments and heavy fragments at the front of
the c.m.) deform the symmetric distribution expected for LCP

emissions by a hot rotating source. The required completeness
favors events with a pronounced “right-left effect” for periph-
eral collisions. It was also demonstrated in this study [23]
that the space zone, located at the right front in the frame of
the reconstructed QP, is strongly polluted by a preequilibrium
emission (for semiperipheral and central collisions). There is
also a slight pollution of the front of the center of mass by the
quasitarget emission, whose importance changes according to
the violence of the collision and the type of particle studied, as
already noted in Ref. [24]. This contribution, when it exists, is
mainly at the back of the QP for central collisions and explains
a certain observed forward-backward asymmetry.

Now, for complete events, we will make an equivalent
study concerning the energy characteristics of the LCPs in
the emitter nucleus frame. First we study the filter effect [in
Fig. 6(b)], then the cumulative effect of the filter and the
QP velocity reconstruction [in Fig. 6(a)]. The filter and the
associated completeness criteria imply apparent modulation
of mean kinetic energy according to φ, mainly for peripheral
collisions. In Fig. 6(a), the addition of the reconstruction effect
implies a right-left skewness of the modulation, always linked
to the “right-left effect.” This phenomenon is more important
for α particles. But it is also observed for the other light parti-
cles (p, d, t , 3He). It still exists when the physical quantity
studied is not the mean kinetic energy but the temperature
determined by Maxwellian adjustments of the kinetic energy
spectra. Figure 7 shows the experimental data to be compared
with the simulation results in Fig. 6(a). There is a significant
difference due to the pre-equilibrium emission around −100◦
and 100◦. Only the zone 0◦–60◦ in φ, symbolized by a gray
transparent band, seems partially consistent with the expected
mean kinetic energy due to evaporation, as shown by the hori-
zontal red line, obtained by considering that the average parti-
cle energy should be about twice the temperature measured by
adjustment. This trend is also found for the other light parti-
cles that are not represented for simplicity. These observations
are confirmed by Fig. 8, which shows the experimental energy
spectra of tritons, defined in the reconstructed QP frame for
various φ bins and a transverse energy selection correspond-
ing to semiperipheral collisions. The temperature obtained by
fit and the mean energy are indicated. We see again that the
particles emitted only in an azimuthal domain between 0◦ and
60◦ give spectra compatible with a pure thermal emission by
the QP. The spectrum standard deviation, spectrum average
energy, and associated temperature indicate that there is an
additional contribution in the spectrum corresponding to the
azimuthal domain between −60◦ and 0◦ in comparison with
the spectrum of the azimuthal domain between 0◦ and 60◦.
This is also seen for the other light particles. Other studies
have been done with the event generator HIPSE [26], which
treats more carefully the LCP productions at midrapidity
than SIMON. They also show that only a very limited angular
domain at the front of the QP is almost not polluted [27]. To
illustrate and confirm this, we present in Fig. 9 a comparison
of the proton energy distributions obtained with HIPSE (pink
graph) and the data (black graph) for complete events and
for the different azimuthal angular domains. The collisions
studied are semiperipheral. The reaction mechanism selected
corresponds to statistical collisions with a medium asymmetry
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FIG. 6. (a) Mean energy distributions of the α’s located in the
forward hemisphere of the center of mass according to φ, mainly
emitted by the QP, generated by SIMON after the INDRA filter (their
velocity being calculated in the reconstructed frame) for various
Etr12 bins. (b) Mean energy distributions of the α’s located in the
forward hemisphere of the center of mass according to φ, mainly
emitted by the QP, generated by SIMON after the INDRA filter (their
velocities being calculated in the true initial frame) for various Etr12

bins. For (a) and (b), the considered events are known as “complete.”
The red line corresponds to a value twice the expected temperature of
the hot nucleus (with a density parameter equal to 10). The gray band
corresponds to the azimuthal angular range chosen to characterize the
QP evaporation.
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FIG. 7. Mean energy distributions of the α’s located in the for-
ward hemisphere of the center of mass according to φ and the various
selections according to Etr12 for the experimental data obtained
with INDRA in the reconstructed QP frame. The considered events
are events known as “complete.” The red line corresponds to two
times the measured temperature. The gray band corresponds to the
azimuthal angular range chosen to characterize the QP evaporation.

(see Sec. II B). Histograms of HIPSE and data are normalized to
match the same number of events (in the Etr12 norm bin). The
agreement between HIPSE and the data is quite remarkable for
protons for all angular domains. HIPSE offers the opportunity
of knowing the true origin of the nuclei produced during
a collision. We were able to construct the spectra of the
protons actually evaporated by the QP (blue graph) and the
spectra of the protons having another origin (green graph)
for all the azimuthal angular domains. We see clearly that
the least disturbed azimuthal angular range is 0◦–60◦ even
if there is proton pollution from other sources in this range
according to HIPSE. This type of result had also been pointed
out using Landau-Vlasov calculations but for smaller systems,
in Ref. [28]. The mean value and the standard deviation of the
kinetic energy distribution of the data are the lowest for this
azimuthal angular range. The average proton multiplicity is
also the smallest for this one. All these facts indicate that this
is the zone of velocity space in the reconstructed QP frame
least polluted by contributions that were not evaporated by the
QP. This is also observed for the other types of light particles
for data and for HIPSE, for the other reaction mechanisms [27].

B. The importance of selecting the reaction mechanism

As already discussed in the Introduction, different reaction
mechanisms can be observed in intermediate energy heavy
ion reactions. We defined selection criteria to separate purely
binary collisions followed by a standard statistical decay and
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FIG. 8. Kinetic energy distributions of the tritons in the recon-
structed frame of the QP, for various angular selections according
to φ obtained by the INDRA Collaboration for the system Xe + Sn
at 50 MeV/nucleon. The events are complete and correspond to
semiperipheral collisions. The red lines correspond to the best fit
of each spectrum (the obtained temperatures from slope and mean
energy are indicated). The gray band corresponds to the azimuthal
angular range chosen to characterize the QP evaporation.

collisions with the formation of a matter neck. We will call
the former statistical collision and the latter neck emission. It
was shown in [27,29,30] that a valid criterion to identify an
event as a statistical collision is the presence of the second
heaviest fragment at the front of the center of mass, in the
forward hemisphere of the QP frame (see Fig. 10). Neck
emission events are those with midrapidity emission (nuclear
matter between the two partners of the binary collision). This
discrimination makes it possible to isolate binary collisions
followed by statistical emission. The latter seems to be a more
appropriate scenario for the theoretical bases of our recon-
struction method of the hot nucleus. It has already been shown
and discussed in Refs. [27,29,30] that these two mechanisms
correspond to very different dynamics. The energy dissipation
process can have different origins, as reported in Ref. [29].
We want to see if we are actually able to observe differences
between these mechanisms thanks to three-dimensional (3D)
calorimetry. In Fig. 11, to select the violence of the collision
we have chosen to use the variable Etr12 normalized to the
available energy in the center of mass in the direction perpen-
dicular to the beam. This variable provides a good indication
of dissipation during a reaction [3,31]. A total dissipation
of incident energy (in the sense of complete thermalization)
should give a value of 1 for this variable.

We also use the variable η which characterizes the charge
asymmetry between the two heaviest fragments at the front of
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FIG. 9. Kinetic energy distributions of the protons in the recon-
structed frame of the QP, for various angular selections according to
φ obtained for the system Xe + Sn at 50 MeV/nucleon. The events
are complete and correspond to semiperipheral collisions. The data
correspond to the black curves, HIPSE to pink. The protons emitted
by the QP according to HIPSE are associated with the blue curves,
the others with the green ones. The gray band corresponds to the
azimuthal angular range chosen to characterize the QP evaporation.

the center of mass:

η = (Zmax1 − Zmax2)/(Zmax1 + Zmax2). (1)

This variable was used to obtain a bimodality signal to char-
acterize a possible liquid-gas phase transition in hot nuclei

FIG. 10. Diagram plotting the selection criteria of the two stud-
ied reaction mechanisms.
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FIG. 11. Distributions of the cosine of the angle θrel, presented
for events having a medium charge asymmetry between the two
largest fragments of the event and for various selections: the blue full
line corresponds to the neck emission, the red dashed line on the left
corresponds to the statistical emission at the front of the QP frame,
the black dashed line on the right corresponds to the backward QP
emission, and the pink dash-dotted line corresponds to the pure neck
emission for which the statistical contribution has been subtracted.
The violence of the collision increases as you go from left to right
and downward.

[32–34]. This signal corresponds to the passage from the
deexcitation of the hot nucleus by a standard evaporation to
that by multifragmentation. So it seems interesting to see what
the 3D calorimetry gives in this context, hence this additional
selection variable.

Figure 11 shows, for various collision violence ranges
(different zones of normalized Etr12), the distribution of the
cosine of θrel, the angle between the relative velocity

−→
Vrel of the

two heaviest fragments at the front of the center of mass [see
the definition in Eq. (2)] and the velocity of the reconstructed
source

−→
V QP. This relative velocity is defined by the following

relationship:

−→
Vrel = −→

V Zmax1 − −→
V Zmax2 . (2)

We limit ourselves here to present typical cases: collisions for
the system Xe + Sn at 50 MeV/nucleon, having a medium
asymmetry between the two heaviest fragments (i.e., 0.33 <
η � 0.66).

It can be noted that events labeled as statistical (red dashed
line) have a flat distribution, if one neglects some angular ac-
ceptance problems, which are more visible for the peripheral
collisions. For these events, if the second largest fragment is
at the front of the QP, then the largest is at the back; therefore
the relative vector between the two is oriented opposite to the
reconstructed QP vector. The events with a neck (blue full
lines) present a focus of the relative velocity in the direction of
the velocity of the reconstructed source. This focusing effect
is greater when the collision is less violent. To improve the
selection of this contribution, one can subtract the statistical
backward distribution, for which the second heaviest fragment
would be emitted backward with respect to the QP. This back

FIG. 12. Diagram allowing visualization the considered spatial
domain to define the probability of exmission by the QP for all types
of particles.

statistical distribution should be the symmetrical distribution
of events known as statistical, as we select them, relative to
the zero abscissa of the distribution (black dashed line). It
shall give positive relative angle values, taking into account
the definition of the relative velocity. After subtraction, a clean
cos θrel distribution of the events corresponding to the genuine
neck emission, i.e., pure neck emission (pink dash-dotted
line in Fig. 11) is obtained. The distribution shape does not
change, but the proportion of events can be estimated more
carefully. This contribution tends to disappear as the violence
of the collision increases. In fact, we choose to keep both
mechanisms to see if differences appear when we apply our
new calorimetry.

III. THE NEW “3D CALORIMETRY”

A. Determination of the clean spatial domain of the QP emission

Studies reported in Refs. [23,24] and the conclusions
drawn in Sec. II A convinced us that, to correctly characterize
QP deexcitation, we must use a fairly narrow spatial domain.
Based on the angular definitions of φ and of θspin given in
Sec. II A, we consider following particles actually emitted
only by the QP: the particles located in the azimuthal angular
domain included between 0◦ and 60◦ in the reconstructed QP
frame. This corresponds to one sixth of the total solid angle, as
shown in Fig. 12. This spatial domain is, by definition, linked
to the QP velocity reconstructed in the center-of-mass frame.
It changes from one event to another and will change accord-
ing to the different selections on the violence of the collision.
The quasiprojectile is then reconstructed, event by event, by
assigning to each particle a given emission probability, which
has been determined using all the information obtained in the
space xdomain defined above. This type of calorimetry was
partially used in a simplistic way in [35].

B. Calculation of the emission probabilities by the QP

To apply this 3D calorimetry and define the emission
probability by the QP, we assume that the QP deexcitation
process presents a symmetry of revolution around the axis
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perpendicular to the reaction plane described by the recon-
structed velocity of the QP and the velocity of the initial
projectile. The angular momentum of the QP must be, on
average, in this direction perpendicular to the reaction plane
due to conservation laws. The latter must therefore not break
the symmetry of revolution around this same axis for the
evaporation of particles by the QP. We defined, for φ ranging
from −180◦ to 180◦, six areas 60◦ wide. Initially, for each
of them, we constructed all the polar angular distributions as
well as the energy distributions for all the types of detected
particles, defined in the frame of the reconstructed QP. This
is done by using all the light particles and the intermediate
mass fragments, except for the two heaviest fragments emitted
at the front of the center of mass (the probability is 1 that
both nuclei come from the QP). From these distributions,
for an angular domain between φ1 and φ2, we determine an
experimental emission probability by the QP for a particle of
kinetic energy Ek at an angle θspin and in an azimuthal angular
domain �φ: Prob(Ek, θspin,�φ = φ1 − φ2).

We first assume that for any particle the probability of
being emitted in a polar angle θspin is independent of ki-
netic energy and vice versa. This means that we neglect the
influence of the angular momentum on the distribution of
kinetic energy. Based on this assumption, the probability can
therefore be calculated from the following relation:

Prob(Ek, θspin,�φ) = Prob(Ek,�φ) × Prob(θspin,�φ).

(3)

From this last relation and our choice of selection of particles
emitted by the QP, we deduce that the experimental probabil-
ity is given by the following relation:

Prob(Ek, θspin, φ1 − φ2)

=
dN (Ek,0◦−60◦ )

dEk

dN (Ek,φ1−φ2 )
dEk

×
dN (θspin,0◦−60◦ )

d cos θspin

dN (θ,φ1−φ2 )
d cos θspin

. (4)

An example of the experimental determination of the prob-
ability distribution of emission of a proton by the QP as
a function of its kinetic energy in the reconstructed frame
is shown in Fig. 13. We have in mind that, in the angular
domains other than the reference one, there are necessarily
particles in addition to the particles evaporated by the QP
since they are polluted by other contributions. This is what we
see with the actual data and what is confirmed when we study
the energy or angular distributions provided by HIPSE, such
as the one presented in Fig. 9. This calculation is also done
for event selections according to the violence of the collision,
the reaction mechanism, and the asymmetry between the
two heaviest fragments at the front. Furthermore, the chosen
completeness criteria are here less drastic than previously, and
they focus on the reconstruction of the QP. The events studied
here are complete events at the front of the center of mass.
For these events, we can observe in Fig. 14 the proportion
of the different selections of mechanism and decay taken into
account in this study according to the violence of the collision.
We observe a statistical contribution to the front which is
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FIG. 13. Principle for calculating the experimental distribution
of probability Prob(Ek, �φ) for a proton to be evaporated by the
QP as a function of its kinetic energy in the QP frame for a given
azimuthal angular domain.

relatively constant around 30–35% (we remember that this
number must be doubled to obtain the right proportion of
events corresponding to the statistical emission).
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according to the violence of the collision for the system Xe + Sn at
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We thus obtain experimental probability functions depend-
ing on the following variables:

Prob(Ek, θspin, φ1 − φ2, Etr12 norm, η, mechanism, Z,A)

for the particles of charge Z � 3, identified also by mass;

Prob(Ek, θspin, φ1 − φ2, Etr12 norm, η, mechanism, Z)

for the particles of charge Z > 3.
We note that we have assumed here that the probability of

detection is independent of Ek , θspin, and φ.

C. QP reconstruction

For each particle (Zn, An,
−→
Pn) detected in an event, we

determine its kinetic energy Ek and the polar angle θspin and
azimuthal angle φ of its velocity, defined in the reconstructed
frame. We thus deduce its probability Probn of being emitted
by the QP from the experimental functions of probability [see
Eq. (4)]. This probability is then associated with this particle
to reconstruct the characteristics of the QP. The QP charge can
be estimated as follows:

ZQP =
multot∑

n=1

Probn × Zn, (5)

where multot is the number of detected charged particles in the
event. For the mass, we have to make assumptions. We assume
that the QP keeps the isotopic ratio of the initial projectile and
that the nuclei follow the valley of stability. Mass conservation
allows us to deduce the number of neutrons produced by the
QP, as indicated by the relation

AQP = ZQP × 129/54 =
multot∑

n=1

Probn × An + Nneutron. (6)

We can then deduce the reaction Q value,

Q = Eb(AQP, ZQP) −
multot∑

n=1

Probn × Eb(An,Zn)

− Nneutron × Eb(1, 0). (7)

Eb(An,Zn) is the binding energy of the nucleus An

Zn
X.

We determine the QP velocity in the frame of the center of
mass of the reaction only from charged particles by using the
following expression:

−→
V QP =

∑multot
n=1 Probn × −→

Pn

(AQP − Nneutron )
, (8)

with
−→
Pn the linear momentum of the nth particle in the frame

of the center of mass.
We can then calculate the QP excitation energy:

E∗
QP =

multot∑

n=1

Probn × Ekn + Nneutron × 〈Ek〉p+α

−Q − EkQP , (9)

Ekn being the kinetic energy of the nth particle in the center-
of-mass frame, 〈Ek〉p+α the mean kinetic energy of the neu-
trons deduced from that of the protons and α’s (Coulomb

FIG. 15. Average correlations between QP excitation energy per
nucleon measured by different calorimetries and the normalized
transverse energy of LCPs obtained for filtered and complete HIPSE

events for the system Xe + Sn at 50 MeV/nucleon.

energy is subtracted), and finally EkQP the QP kinetic energy
in the center-of-mass frame.

To finish this subsection, we would like to remind the
reader that this calorimetry has been created essentially be-
cause of the study presented in Ref. [23], as indicated at the
beginning of this section. This calorimetry shows very clearly
in Fig. 9 of this article, for semiperipheral collisions, that even
the front of the QP is polluted by contributions not coming
from the QP. Only a part of this area in front did not seem to
be polluted (positive angles up to 90◦). This result implied that
calorimetries doubling the forward component of the QP were
incorrect. This is the reason of our choice to do a different
calorimetry and to take a limited positive angular domain
0◦–60◦. One may wonder, however, whether this is not too
restrictive and drastic. Some preceding figures, such as Figs. 8
and 9 for example, seem to show that the angular domain
−60◦–0◦ is very similar to the angular domain chosen as
reference, even if on average it appears a little more energetic.
To verify this, we performed 3D calorimetry with the data
provided by HIPSE for the Xe + Sn system at 50 MeV/nucleon
using the angular domain −60◦–60◦ as reference to determine
the evaporation probabilities. In HIPSE, the produced nuclei
are marked according to their origin, thus making it possible
to make a perfect QP calorimetry with the nuclei emitted by
the QP and detected by INDRA.

We present in Fig. 15 a comparison between the two
3D calorimetries with different angular reference domains
and the perfect calorimetry according to the normalized
LCP transverse energy. This is done without any selection
of reaction mechanisms. We immediately notice that the
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two 3D calorimetries are very close to each other and to
the perfect calorimetry up to 6 MeV/nucleon, for the most
peripheral collisions. A small difference appears for more
central collisions with an excess of excitation energy per
nucleon for 3D calorimetry using −60◦–60◦ compared to the
other two, perhaps indicating a small pollution of the added
area.

IV. COMPARISON WITH A
“CLASSICAL CALORIMETRY”

As a rough guide, we will compare this “3D calorimetry”
with a “classical calorimetry” based on a technique doubling
the particle contribution at the front of the QP, described in
[20], as used by the INDRA and MULTICS Collaborations
for the QP calorimetry. It is used in Refs. [23,24,32,33,36],
for example.

Figure 16 shows the average evolution of the QP charge
and excitation energy per nucleon for the different selections
of interest. Figure 16(a) shows the excitation energy per
nucleon for the two different calorimetries and the dissipated
energy per nucleon during the collision. The latter is deter-
mined from the measured QP velocity by our calorimetry.
As indicated in Ref. [3], we can obtain the amount of the
initial incident energy in MeV, which is dissipated per nucleon
during the collision by the following expression:

EDissipated

A
= ECM

(AProj + ATar )
− 1

8
× V 2

rel

c2
× 1 amu c2, (10)

with ECM the available energy in the center of mass of the
reaction and Vrel the relative velocity between partners of the
collision.

Here, since the system is symmetric, we assume that Vrel �
2 × VQP, with VQP the QP velocity in the center-of-mass
frame. Equation (10) is only valid for symmetric systems
and assumes that preequilibrium emission is symmetric in
the center-of-mass frame. This energy therefore represents
the maximum energy that can be stored by the QP. Fig-
ure 16(a) shows, for each type of mechanism and asymmetry,
the curves for the excitation energy per nucleon obtained by
3D calorimetry (red circles), “classical calorimetry” (green
squares), and the dissipated energy per nucleon (blue trian-
gles). In this figure, it is immediately evident that there is
a visible qualitative improvement in the measures. With the
new calorimetry, for the most peripheral collisions, we obtain
lower limit values that seem reasonable: they are close to
E∗

QP = 0 MeV/nucleon for excitation energy per nucleon and
ZQP = 54 for QP charge [Fig. 16(b)], which is not always the
case for “classical calorimetry.” Moreover, unlike the classical
method, the measured excitation energy never exceeds the
estimated dissipated energy. There is, therefore, a reasonable
consistency between the measured QP velocity and the mea-
sured excitation energy per nucleon.

With regard to the measurement of the QP charge in
Fig. 16(b), the very different measurements, obtained with the
“classical calorimetry,” between events called statistical and
events with a neck emission, disappear completely with the
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FIG. 16. (a) Average correlation between the measured QP ex-
citation energy per nucleon and the normalized transverse energy
of LCPs for various selections of mechanism and asymmetry for
collisions Xe + Sn at 50 MeV/nucleon. (b) Average correlation
between the QP reconstructed charge and the normalized transverse
energy of LCPs for various selections of mechanism and asymmetry
for collisions Xe + Sn at 50 MeV/nucleon (the black line indicates
the projectile charge).

new 3D calorimetry. The standard deviations shown are also
significantly smaller.

This simple comparison is not naturally sufficient to vali-
date this new calorimetry, but it shows that this 3D calorimetry
improves the measurement of the QP (E∗

QP and ZQP). It seems
essential to study it by means of a simulation that is as realistic
as possible. This is done systematically with HIPSE for the
system Xe + Sn at different incident energies in Ref. [37],
comparing with actual data.
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FIG. 17. Average correlations between the initial QP excitation
energy per nucleon given by HIPSE and the estimations of this physi-
cal quantity by different calorimetric methods for various mechanism
selections and asymmetry for collisions Xe + Sn at 50 MeV/nucleon.
The green squares correspond to “classical calorimetry,” the pink
stars to perfect calorimetry done with HIPSE labeling, the red circles
to 3D calorimetry, and the blue triangles to energy dissipation from
the QP velocity. The events provided by HIPSE have been filtered
and selected exactly according to the same criteria as the actual
data.

We can fully understand the interest of this study to vali-
date 3D calorimetry through Fig. 17. This allows us to fully
confirm the findings shown in Fig. 16. Using the “INDRA ex-
perimental filter” and the HIPSE event generator, it is possible
to verify whether our calorimetry is capable of experimentally
recovering the initial excitation energy of QPs created by sim-
ulation. After passing all the events for the Xe + Sn system to
50 MeV/nucleon (3 million) through the experimental filter, it
is possible to fully apply all the event selections used for the
real data and indicated in this article. With HIPSE, for events
detected and kept because they are complete, we know the
true initial excitation energy of the quasiprojectile. We can
moreover apply 3D calorimetry or “classical calorimetry” for
all these events using only the nuclei actually detected by
INDRA. We also apply the perfect calorimetry provided by
HIPSE, as explained above. We can thus present in Fig. 17 the
average evolution of these three different calorimetries as a
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FIG. 18. Average correlations between the initial QP excitation
energy per nucleon given by HIPSE and the estimations of the ab-
solute and relative errors on the QP excitation energy per nucleon
obtained by different calorimetric methods for collisions Xe + Sn
at 50 MeV/nucleon. The green squares correspond to “classical
calorimetry,” the pink stars to perfect calorimetry done with HIPSE

labeling, and the red circles to 3D calorimetry. The events pro-
vided by HIPSE have been filtered and selected as complete at
the front of the center of mass but without a reaction mechanism
selection.

function of the initial excitation energy of the quasiprojectile
for the different reaction mechanisms studied. We added in
the figure the energy dissipated by nucleon obtained, as previ-
ously explained. The results obtained are very similar to those
observed with the actual data in Fig. 16 when we compare 3D
calorimetry, “classical calorimetry,” and dissipation. Compar-
ison with perfect calorimetry confirms that 3D calorimetry is
significantly better than “classical calorimetry.” The smaller
the asymmetry, the closer the 3D calorimetry is to perfect
calorimetry. It is for collisions with neck that the agreement
is better. However, it should be noted that these curves are
not perfectly aligned with the black lines corresponding to a
perfect measurement of the QP excitation energy, even for a
perfect calorimetry. There are clearly effects associated with
the experimental setup. The completeness criterion generates
a specific topology of events in the velocity space, which
disrupts the calorimetry. This is mainly visible for events
with a large asymmetry. The detection efficiency removes QP
particles unevenly as a function of their kinetic energy in the
QP frame.

To observe an eventual influence on the quality of exci-
tation energy per nucleon measurement related to reaction
mechanism selections, we also present in Fig. 18 the absolute
and relative errors on the measurement of excitation energy
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per nucleon as a function of the initial excitation energy per
nucleon of QP, when these three calorimetries are applied
to the HIPSE data filtered by INDRA, without any reaction
mechanism selection. We immediately notice the excellent
agreement between 3D calorimetry and perfect calorimetry.
The classical calorimetry appears very different, except per-
haps for the least dissipative and therefore most peripheral
collisions. These results are consistent with what is observed
in Fig. 17. The results for “classical calorimetry” are very
similar to those obtained with a version of SIMON without
preequilibrium in Ref. [24]. It is also clear from this figure
that it is necessary to correct the detection efficiency in order
to be able to more correctly recover the excitation energy
per nucleon of the QP. This work remains to be done and
is complex. One possibility would be to determine, using
HIPSE and the software simulating INDRA functioning, the
probability that a particle evaporated by the QP, of kinetic
energy given in the QP reference frame, emitted at given polar
and azimuthal angles, will actually be detected. It would then
just be necessary to correct the probability associated with
the particle, taking into account this efficiency. But this is a
correction that depends on the model used.

V. CONCLUSIONS

By causing extremely violent heavy ion collisions, nuclear
physicists attempt to modify the internal energy of the nu-
cleus. In the Fermi energy domain, the way in which this
energy is deposited and stored is still a subject of much
discussion. This is mainly due to the fact that it is very difficult
to prove unequivocally that a hot nucleus, thermodynamically
well equilibrated, has been formed. In this context, we have
described the basis for a method of QP reconstruction and
reviewed the difficulties which can intervene.

We have chosen an experimental approach to try to grad-
ually resolve the difficulties. To do this, we used the SI-
MON event generator and a simulation program, reproduc-
ing as closely as possible the behavior of our experimental
device.

First, in the context of binary collisions generated by
SIMON without pre-equilibrium, we have studied the deexci-
tation of a hot quasiprojectile. We have observed significant
spatial and energetic apparent distortions of the particles
evaporated by the QP. We have shown the fundamental roles
played by the experimental setup and the recoil effects when
we impose the completeness of the events. Indeed, for a
correct calorimetry, all fragments and particles evaporated by
the QP must be detected. Therefore, we must use events called
“complete events.” For very peripheral collisions, detection of
the QP residue remains difficult due to the forward acceptance
of INDRA. For collisions where few particles are evaporated,
they must have a large linear transverse momentum to prop-
erly deflect the QP residue allowing its detection. “Complete
events” correspond mainly to these type of events for pe-
ripheral collisions. It is difficult to compensate for the recoil
effect caused by the emission of the first evaporated particle.
Therefore, we do not find isotropic spatial and energetic
distributions, but a recoil effect called “right-left,” which is
dominant for peripheral collisions, even if the QP emission in

SIMON is basically isotropic for all events. It also indirectly
implies difficulties in determining the source velocity, when
only IMFs and heavy fragments are used to reconstruct the
hot nucleus frame. There is clearly a difference between the
IMFs’ and LCPs’ centers of mass, which implies an apparent
energy contribution of LCPs too large in the reconstructed
frame of the QP. All these facts are confirmed with the
real experimental data and even amplified by preequilibrium
contribution.

Second, we introduced a new calorimetry protocol to better
characterize the quasiprojectile. This calorimetry is based on
the experimental determination of an emission probability
from the physical characteristics of particles in a restricted
area of the velocity space. We wanted it to be able to take
into account the influence of preequilibrium particles and
of a possible contribution of midrapidity such as the neck
emission.

In this study, we added additional event selection criteria
to observe the robustness of this calorimetry. We have dif-
ferentiated between collisions with neck emission and others.
We also took into account the asymmetry between the two
heaviest fragments at the front of the center of mass. It is one
of the important parameters for studying the phase transition
in nuclear matter.

To fully demonstrate the interest of 3D calorimetry, we
compared it to a “classical calorimetry” that consists of dou-
bling of the light charged particles located at the front of
the reconstructed frame. The latter seems clearly inaccurate.
It tends to give excitation energies per nucleon that are too
high in comparison to the apparent dissipation, as can be
clearly seen in Figs. 16 and 17. It also provides too wide
distributions of excitation energy per nucleon or charge for
the reconstructed QP [24]. This calls into question the quality
of selections made with an excitation energy obtained with
“classical calorimetry” like this. The new calorimetry pro-
vides better estimates of the excitation energy per nucleon
than previous methods, as shown in Figs. 17 and 18. But,
by its intrinsic hypotheses (two sources of particles), it can
allow one to make a correct physical characterization of only
binary collisions, i.e., peripheral or semiperipheral collisions.
A complementary and complete analysis of these qualities and
defects is made in Ref. [37] for the system Xe +Sn at different
incident energies.

To complete our conclusion on this study, we note that
a real improvement in the quantitative characterization of
the QP can only be achieved by an effective correction of
the complex distortions generated by the experimental device
and event selection criteria, or by the construction of a 4π
detector, which would have a better granularity, an efficient
forward detection, and an excellent isotopic resolution, im-
proving particle identification and kinematic characterization.
We must finally bear in mind that all these conclusions can
only be drawn in principle for the studied system, Xe +
Sn, and are to be confirmed for the others. On the other
hand, this work clearly confirms that a comparison between
a theoretical model and experimental data makes sense in
this domain of physics only if the theoretical model passes
through a software filter that simulates the entire detector
response.
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