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Abstract

The reactions 136Xe + p and 136Xe +12 C have been studied in inverse kinematics at 1 A GeV with the

SPALADiN setup at GSI. The detection in coincidence of the final-state charged particles (projectile residues,

nuclei of charge Z ≥ 2) and neutrons was performed with a big-aperture dipole magnet and large-acceptance

detectors. This provided an extended coverage of the phase space of decay products of the prefragment formed

at the end of the intranuclear cascade. This coincidence measurement, performed on an event-by-event basis

permits both an estimate of the excitation energy of the prefragments and a determination of their deex-

citation channels. The element-production cross sections are compared with existing data and theoretical

models. The evolution of observables such as the total multiplicity or the fragment production with the

prefragment’s excitation energy is studied for both reactions and compared with models.

PACS: 25.40.Sc-Spallation reactions, 24.10.-i-Nuclear reaction models and methods, 25.70.Pq-

Multifragment emission and correlations
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I. Introduction

T
he understanding of mechanisms at
play in ion collisions involving one pro-

jectile of high energy (typically several
hundreds of MeV per nucleon) has been a long

effort of nuclear science since the advent of

GeV ion-beams, e.g. at the LBNL accelerator
in the 70′s. These a priori complex processes

were leading to rather simple patterns in the
observables, such as the power laws found

on the production cross sections as a function

of the detected fragment charge [1]. In this
landscape, spallation encompasses nuclear re-

actions induced by the collision of a particle,
usually a hadron with a kinetic energy in the

GeV range with a nucleus, or heavy-ion col-

lisions where both nuclei are weakly excited
[2]. Motivations for studying spallation mech-

anisms were also driven by potential applica-
tions of high-intensity GeV-proton beams im-

pinging on high-Z targets for energy produc-

tion, nuclear-waste transmutation or to build
high-flux neutron-sources for other fields of

science. One of the most interesting features

of spallation is the production of large aver-
age numbers of neutrons per incident-hadron,

which permits to design new neutron-sources
like the European Spallation Source (ESS) [3]

or the subcritical fast-neutron research reactor

MYRRHA [4].

Spallation is usually modeled as a process

in two steps correponding to different time
scales in the reaction. On the shortest times,

the physics is described by the intranuclear

cascade, which consists in series of incoherent
nucleon-nucleon collisions, which can trans-

fer up to the total initial kinetic energy of the
projectile to the target nucleus. The intranu-

clear cascade stops in the models when the

energy transferred from the projectile is uni-
formly distributed among all the nucleons of the
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remaining nucleus. During this phase ener-

getic particles may escape from the target nu-

cleus. Throughout this paper, the excited nu-
clear system at the end of the cascade is called

the prefragment.

The two-step picture relies on the hypothe-
sis that the deexcitation mechanisms are col-

lective processes occurring at the scale of the
whole nucleus and hence, not influenced by

the way the prefragment is produced. There-

fore, this prefragment is only described by
global variables such as its charge, mass, ex-

citation energy and total angular momentum.

The range of excitation energy which can be
reached at the end of the cascade is broad

enough to open different deexcitation chan-
nels like (light-) particle evaporation, heavier

fragment production or fission. It is one of the

aims of the present paper to test with observ-
ables the two-step hypothesis and measure the

contributions of the different prefragment de-
cay channels in the reactions 136Xe + p and
136Xe +12 C.

In our experiment we have used the inverse
kinematics technique. At GeV-per-nucleon ki-

netic energies, it has the advantage of clearly

separating in the detectors’ frame the particles
and fragments of small energy in the projec-

tile rest-frame, i.e. essentially produced dur-
ing the decay of the prefragment, from those

of high kinetic energy, generated during the

intranuclear cascade. The first type of parti-
cles are indeed efficiently boosted to forward

angles, essentially at the velocity of the beam,

whereas the particles of the second type have
low energies in the lab frame and are widely

spread around the beam axis. To take advan-
tage of this efficient boost, two strategies were

chosen in the literature: Either ensuring an ac-

curate kinematics reconstruction of the deex-
citation fragments close to the beam direction

as was done at the fragment separator (FRS) of
GSI (e.g. [5]), where the longitudinal (i.e. paral-

lel to the beam axis) momentum distributions

are measured for individual fragments iden-
tified both in charge and mass; or the detec-

tion of the many-fragment final states in coin-
cidence on an event-by-event basis, as it was

2
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Figure 1: SPALADiN experimental setup. The beam comes from the left. The target and an ionization chamber for

the identification of the residue of the projectile (Forward MUSIC) are located upstream of the ALADiN

magnet. The other detectors for charged fragments (ALADiN Tof-Wall and Twin MUSIC) and neutrons

(LAND) are positioned downstream of the magnet.

performed with the ALADiN setup [6, 7, 8] or
at LBNL (see e.g. [1, 9]).

This paper is organised as follows. In sec-
tion II, we describe the experimental setup

as well as the data analysis principles. Sec-

tion III is dedicated to the presentation of
the element-production cross sections and the

comparison with existing data for both reac-
tions. In section IV, a comparison with mod-

els is performed. Section V is focused on the

study of the prefragment-excitation-energy de-
pendence of the reaction mechanisms.

II. The SPALADiN setup and data

analysis

i. Setup

A sketch of the SPALADiN setup used for

our experiment in April 2009 is shown in
fig. 1. As compared with our previous ex-

periment with this setup [8, 10], a different

strategy with fast detectors and data acquisi-
tion is chosen, which permits higher counting

rates. The 136Xe beam at 1 GeV per nucleon
is delivered from the SIS18 synchrotron with

a charge state of 48. A thin plastic scintilla-

tor in front of the target fully ionises the beam
ions to 54+, as recorded with the beam diag-

nostics in front of the target. The average en-
ergy loss in these diagnostics is of the order

of a few MeV per nucleon. Two targets are
employed: a cryogenic liquid hydrogen target

(lH2) [11], 80.53 mg/cm2 thick, with ultrathin
windows (6 ¯m aluminized mylar); a graphite

foil (12C, 386 mg/cm2). In order to subtract

the empty-target contribution to the different
observables, data were taken with identical

triggers and an empty target for lH2 and with-
out target for 12C. To keep the dead-time of

the data acquisition at a level or below 30%,

the beam intensity was set at an average value
of 3 103 ions/s.

The residue of the projectile is identified in

a multiple- sampling ionization chamber (MU-
SIC), upstream of ALADiN, the "Forward MU-

SIC" (FM) [12], and a double-volume MUSIC,

the "Twin MUSIC", downstream of ALADiN
(TwM). FM is composed of four anodes. Its total

efficiency (combined acceptance and detection
efficiency) is close to 100% with a charge iden-

tification down to Z = 12 (fig. 2). TwM is made

of two identical detection volumes, separated
by a common central cathode. Eight triangu-

lar anodes collect the ionization signals and al-
low for the reconstruction of the track horizon-

tal, transverse coordinates of the points sam-

pled on the track, with the drift time providing
the determination of their vertical coordinates

[13]. Because of the angular dispersion of the
fragments and of the settings of TwM’s electron-

3



SPALADiN: 136Xe + p and 136Xe +12 C at 1A GeV

Z

15 20 25 30 35 40 45 50 55

a
.u

.

­5
10

­4
10

­3
10

­2
10

Figure 2: Charge spectrum obtained in the Forward

MUSIC (lH2 target, no empty-target subtrac-

tion).

ics, the geometrical losses in this detector are
not negligible and strongly charge dependent:

from around 75% for charge Z = 12 down

to 20% for Z = 40 and 15% for the heaviest
residues. Both ionization chambers are filled

with P10 gas, a mixture of 90% Ar and 10%
methane.

Thanks to the Lorentz boost provided by
the inverse kinematics (γLorentz ≃ 2 at 1

GeV), most of the lighter fragments (Z ≤ 12)

produced in the prefragment decay are de-
tected in the ALADiN time-of-flight wall (TOF)

[14, 15]. TOF is made of two layers of 96 plastic
scintillators readout at both ends by photomul-

tipliers. The scintillators are 10 mm thick, 1100

mm long and 25 mm wide. In order to avoid
damages in the scintillator plastic caused by

non-interacting beams of high Z, there is a

hole in the middle of the five central scintil-
lators in TOF corresponding to the passage of

the beam. TOF ensures the charge identifica-
tion up to approximately Z = 23 (fig. 3). Be-

cause of this hole, fragments of charge above

Z ∼ 12 in our experiment pass mostly through
the hole and are identified in TwM. As seen in

previous experiments, the smallest identified
charge in TOF is Z = 2. After corrections ob-

tained with a dedicated calibration of TOF, per-

formed at the end of the experiment, the time
resolution is 300 ps (RMS) for fragments of

charge Z ≥ 4 and ∼ 550 ps for Z = 2, 3. The
vertical position resolution is of the order of

Z
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Figure 3: Charge spectrum obtained in one scintillator

of the TOF wall.

5 cm. It is to be emphasized that the charge

identification as shown in fig. 3 may be diffi-

cult above Z = 23. Anyway a detailed look
at this histogram and in other TOF scintilla-

tors shows a possible Z identification follow-
ing the Z ∝

√
S rule, where S is the signal,

properly calibrated. Moreover, since TOF’s de-

tection efficiency is constant with Z, the cross-
section measurement in this range is sensi-

tive only to uncertainties in the limits of in-
tegration of the counting rates. Varying those

around the chosen values doesn’t change the

statistics by more than 20%, i.e. within the er-
ror bars shown in fig. 8 and 9 of the element-

production cross sections. The acceptance of
each TOF plane of scintillators is 95%, as seen

in our simulation (iii below). Since the parti-

cle selection in TOF requires the identification
of the charge in both planes and taking into

account the 5% dead zone between the scin-
tillators in each plane, the probability for a

charged fragment to be detected in TOF in our

experiment is 81 ± 3%.

LAND is used to detect neutrons in our ex-
periment. LAND is placed 10 m downstream

of ALADiN’s exit, on the beam axis in order
to cover the 2π azimuth around it homoge-

neously. The event selection is described in

[16]. The calibration of the signals’ ampli-
tude and time correlations is based on cosmic

rays, measured in dedicated runs performed
before, during and after the experiment. We
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Figure 4: Correlation between the number of recon-

structed tracks and the mean number of neu-

trons in LAND 〈Mult(n)〉.

employed the data analysis developed for pre-
ceding experiments [17, 18, 19].

The true number of neutrons emitted in
each event cannot be reconstructed exactly

from the LAND signal on an event-by-event
basis because there isn’t a one-to-one relation-

ship between a LAND signal and a neutron

impinging on this detector. Therefore, the data
analysis reconstructs an average neutron mul-

tiplicity for each event, which corresponds to
the mean value of the neutron multiplicity that

can generate the number of neutron tracks

reconstructed by the analysis (sets of coher-
ent and independent time and amplitude sig-

nals). The LAND analysis is calibrated by mix-

ing LAND signals from a deuteron break-up
calibration experiment [16] and from events

of our experiment which have the same char-
acteristics as those of the deuteron break-up

experiment. Both sets of events lead to the

same calibration. In our experiment, the av-
erage neutron multiplicity is between 5 and

6, spanning a range from 1 (LAND is part of
the data acquisition trigger) to 25. LAND effi-

ciency to single neutrons is evaluated by two

methods: 1) A one-parameter fit of multiplic-
ity spectra from our simulation to the data; 2)

The determination of the production cross sec-
tion of Cs (Z = 55) in the reaction 136Xe + p re-

quiring no detected neutrons (the data acqui-

sition is triggered only on incoming-beam par-

ticles) and comparing the results to existing
data from FRS of fully identified Cs isotopes

[13, 20]. Both methods lead to a LAND effi-
ciency of 80% ± 3% for single neutrons. This

is significantly higher than in our previous ex-

periment [8] for two reasons: 1) The number
of working scintillators in LAND is larger in

this experiment than in the previous one; 2) In
this previous experiment, LAND, which was

installed much closer to the ALADiN magnet

exit, was not centred on the beam direction
but transversely shifted (towards higher mag-

netic rigidities) in order to avoid charged frag-
ments not sufficiently bent by ALADiN, hence

reducing LAND geometrical acceptance.

ii. Data analysis

The first task of the event selection is to en-

sure that the data are not degraded by sec-

ondary reactions of the fragments along their
paths through the setup. The essential condi-

tion for this is the requirement that the charge
of the projectile residue (the largest charge in

the event) is the same in FM behind the tar-

get and either in TwM or in TOF downstream of
ALADiN. The proportion of selected events is

given in fig. 5 and varies from 40% for Z = 12
to 70% for Z = 55. In order to compen-

sate for these losses a weight is given to each

event. The total weight W of an event is de-
fined as the product over all detected charged

fragment/particle of individual weights w(i)
in the event. Let NZ be the number of charged

particles in the event, including the projectile

residue. We have:

W =
NZ

∏
i=1

w(i) (1)

This approach permits to take into account

the losses encountered by large-multiplicity

events relatively to lower-multiplicity ones.
This total weight is used for observables

involving all the detected charged frag-
ments. For more inclusive observables like

5
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Figure 5: Fraction of events with the same highest

charge Z determined in FM and either in TOF

or TwM.

the fragment production cross sections, partial

weights are computed. ∀i, w(i) is computed

from a "survival" probability as ∀i, w(i) =
P−1

survival(i), with Psurvival(i) = 1 − Preaction(i),
where Preaction(i) is the probability for the

charged fragment i to undergo a charge chang-
ing reaction in the setup. For the projectile

residues, whose charge is measured in FM,
Preaction(i) is determined from the data. For

the lighter ions, Preaction(i) is computed from

the inelastic cross sections parametrized by J.
Jaros et al. [22]. We underline that this method

is not applied to neutrons, whose absorption
is computed directly in our simulation based

on an estimate of Preaction(n) by Tripathi et

al. [23]: Preaction(n) ≃ 1.4%.

iii. GEANT4 simulation

The simulation of the experiment is performed

within the GEANT4 environment [24, 25].
We have used different versions of GEANT4

throughout the duration of this work, from

4.8.1 for the simulation of our setup prior to
the beam time to 4.10.4 for the calculations we

are still performing, without noticeable differ-
ences in our results. The particle transport is

fed with spallation events produced by stan-

dalone versions of collision models coupled
with deexcitation codes. We do calculations

for both reactions of the present work. We
use two collision models: the intranuclear cas-
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Figure 6: Acceptance in the ToF wall as a function of

the charge Z, obtained in the GEANT4 simu-

lation (INCL++ with ABLA07, 136Xe + p).

cade INCL++ [26, 27, 28, 29, 30, 31, 32] and

the fast collision and excitation model ABRA

[33, 34, 35, 36] and three deexcitation codes:

ABLA07 [37], GEMINI++ [39, 40] and SMM [41].

The geometry of our setup is included in de-
tails. The charged-particle tracking in the AL-

ADiN magnetic field is performed in a 3D
map. The aim of the simulation is twofold.

First it is used as an experimental filter in or-

der to compare the models’ predictions to the
data, once the detection efficiencies are taken

into account. Second, for the lighter ions es-
sentially detected in TOF, we rely on the simu-

lation to estimate the acceptance of the setup,

in particular to compute the probabilty for ev-
ery ion species to go through the active vol-

ume of the TOF scintillators. With INCL++ the

results are almost independent of the deexci-
tation models coupled to it. Hence the accep-

tances we use for our data analysis are aver-
aged over these three models and are shown

in fig. 6. We compare the setup acceptance cal-

culations done with INCL++ and ABRA linked
to ABLA07 in fig. 7 for the reaction 136Xe +12 C.

We choose to show this reaction only for the
sake of simplicity, the results are the same

for 136Xe + p. For each ion species, identified

with its charge, the acceptance is computed as
the ratio between the number of particles pass-

ing through the corresponding detector (either
TOF or FM or TwM or LAND) and the num-

6



SPALADiN: 136Xe + p and 136Xe +12 C at 1A GeV

ber of particles produced by the event gener-

ator. We observe comparable behaviours with

Z, and values close to unity above Z=12, with
INCL or ABRA, even though their predictions

for the kinetic-energy spectra of the fragments
produced in the reaction are very different

in the 136Xe rest frame, ABRA’s spectra being

broader than INCL’s ones. As discussed in [29]
by D. Mancusi et al., INCL, linked to ABLA07

or SMM or GEMINIXX, is unable to reproduce
the longitudinal-velocity (v||) distributions of

the fragments, identified in mass and charge,

which were measured at GSI-FRS by P. Napoli-
tani et al. [21]. Such a discrepancy between

the model we employ in the present work
and measured data raises the question of the

sensitivity of our simulation to the fragment

kinematics in the 136Xe rest frame. Indeed,
this sensitivity is negligible. This statement

is based on the characteristics of the ALADiN

magnet (bending power and physical length),
equipped with a large entrance aperture as

well as a large exit window, which is almost
fully covered by TOF. This full coverage en-

sures an efficient detection over a large range

of magnetic rigidity around the beam’s value.
TwM, further away behind ALADiN’s exit pro-

vides an additional identification of the frag-
ments, essentially close the beam trajectory.

This permits a complete coverage of the frag-

ment velocity spectra in the 136Xe rest frame,
as measured at GSI-FRS or as computed by the

models, independently of their shapes, Fig. 7
illustrates this, where the acceptance of the

setup, computed for the reaction 136Xe +12 C,

is very close to unity. Furthermore, as was dis-
cussed in [13], the detected-fragment position

distributions on TOF computed with our sim-
ulation compares successfully in width and

shape with the data, for each reaction product

identified with its charge.

III. Element-production cross

sections

The element production cross sections of our

experiment are shown in figs. 8 and 9 for
136Xe + p and 136Xe +12 C respectively. The

0 5 10 15 20 25 30 35 40 45 50 55
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Figure 7: Geometrical acceptance of the setup, as a func-

tion of the ion charge, as computed with

GEANT4 using ABRABLA and INCL++ (with

ABLA07) for the reaction 136Xe +12 C. The

bin Z = 1 is not shown because these parti-

cles are not detected in the experiment.

SPALADiN cross sections are composed of
two sets of data. For the smaller charges the

values are obtained from TOF after detection-

efficiency and acceptance corrections. For the
larger charges, FM is used to extract the el-

ement cross sections. It should be pointed
out that both sets of data provide two inde-

pendent determinations of these cross sections

and that they nicely agree in the Z-range of
overlap. Our data points exhibit the well-

known U-shape, with a dip level around 0.2
mb for the fragments of charge Z ∈

[

10, 25
]

for
136Xe + p and ∼ 20 mb for the ions of charge

Z ∈
[

12, 40
]

for 136Xe +12 C.

The comparison with the GSI-FRS data of

Napolitani et al. [20] for the 136Xe + p re-

action puts in evidence three regions in the
Z domain: 1) A very good agreement be-

tween both data sets at larger Z, down to
Z ≃ 30; A fair agreement below Z = 6; A

systematic discrepancy between the two ex-

periments on the plateau level from Z = 8
to Z = 26, the FRS data being systematically

above and incompatible with ours given the
error bars of both experiments. Attempting

to explain this disagreement seems a difficult

task. The fair agreement between both experi-
ments below Z = 6, i.e. where the acceptance

corrections necessary to obtain the element-
production cross sections in the FRS data anal-
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Figure 8: Element production cross sections for
136Xe + p (1 GeV per nucleon). SPALADiN

data are shown in red (see text for details)

and compared to FRS data by Napolitani et

al. [20] and Kotov et al. [42].

ysis are the largest [20] indicates that those

are well in hand. Moreover, the good agree-
ment with the data of Kotov et al. [42] on a sys-

tem close to ours (p +nat Ag, at 1 GeV proton

beam energy) measured by a different method
and in direct kinematics underlines the good

agreement between FRS data and our exper-
iment. Above Z = 6 however, even if our

data remain clearly compatible with Kotov’s

work, they diverge with FRS as Z increases to-
wards a range where the acceptance and de-

tection efficiency vary smoothly and slowly

in both experiments. For Z ≥ 23, we see
a good agreement between our two determi-

nations of the cross-sections, i.e. with FM

alone or with TOF. This gives confidence in our

efficiency and acceptance estimates since: 1)

There is basically 100% acceptance and detec-
tion efficiency in FM as mentioned above for

these elements, FM can therefore be considered
as a detection reference in our experiment; 2)

TOF acceptance in this range is rather small

since most of these projectile residues pass
through the hole of TOF, hence acceptance cor-

rections are the largest in this Z range. This
agreement between TOF and FM emphasizes
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Figure 9: Element production cross sections for
136Xe +12 C (1 GeV per nucleon). SPAL-

ADiN data are shown in red (see text for

details) and compared to LBNL data by W. R.

Binns et al. at 1.175A GeV [9] in black.

the quality of these corrections. Furthermore

the very good agreement between both data

sets for Z ≥ 27 shows controlled efficiencies
and empty-target-contribution subtraction in

both experiments.

All in all, no obvious explanation can be

found for the observed partial disagreement

between the GSI-FRS data and ours. We
believe that this discrepancy should be the

ground for a third experiment, preferably with
a large acceptance detection setup, in order

to remain independent from large acceptance-

corrections.

Our element-production cross sections for

the reaction 136Xe +12 C in fig. 9 exhibit also
a good coherence between the FM’s determina-

tion and the TOF’s down to Z = 12. We have

compared our data with the LNBL experiment
of Binns et al. [9]. We notice in this figure a sys-

tematic and constant 30% difference between
the two sets of cross sections, ours being below

Binns’. This normalisation difference can’t be

explained by the difference of beam energy of
the two experiments, the energy dependence

of the cross sections being very slow around 1
GeV. This 30% difference is large as compared

8
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Figure 10: Element production cross sections of the
136Xe + p reaction (black symbols), com-

pared with models: INCL++ + ABLA07

(solid green) / GEMINI++ (dotted blue) / SMM

(dashed red).

with the various corrections done in the data

analyses of both experiments (see [9] for the
detail of their analysis). Hence an explanation

is here also difficult to find. A possibility may

be found in the detection and data-acquisition
efficiencies of Binns’ experiment. These effi-

ciencies are correctly controlled in our exper-
iment as discussed above for 136Xe + p com-

pared with other data sets. Another possibility

may come from the "thick-target" corrections
performed in [9], where their 12C target was

more than a factor 3 thicker than in the present
experiment.

IV. Comparison with models

As mentioned above, we compare our data
with models coupling an intranuclear cascade

and a statistical deexcitation in the two-step
hypothesis. These models are used as event
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Figure 11: Element production cross sections of the
136Xe +12 C reaction (black symbols), com-

pared with models: INCL + ABLA07 (solid

green) / GEMINI++ (dotted blue) / SMM

(dashed red).

generators of the setup GEANT4 simulation,

for the comparison with our data. The sim-

ulated and experimental observables are nor-
malized to absolute cross sections. We used

only one cascade, INCL++, coupled with three
deexcitation codes for the comparison with

the data.

The Liège intranuclear cascade (INCL++ ver-
sion in the present work, from here on re-

ferred to as INCL, in order to simplify the no-

tations is being developed for almost 40 years
[26, 27, 28, 29, 30, 31, 32] for the description of

nucleon-, pion-, light-ion-induced collisions in
the 150-3000 MeV incident energy range. We

wish to emphasize two features of INCL. The

first one, as noted by D. Mancusi et al. [32],
is that INCL++ is equivalent to INCL4.6 as far

as the physics it is modelling is concerned
for the proton - nucleus reactions. In partic-

9
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ular, its predictions are very close to those of

INCL4.6. The second feature is the ability of

INCL to compute reactions with light ions (up
to A = 18) as projectiles on target nucleus.

This was initiated for INCL4.6 [30] in a mathe-
matically coherent way and has been extended

in INCL++ [32]. INCL describes a light-ion pro-

jectile as a set of nucleons, off-shell in the reac-
tion initial state in order to take into account

the nuclear binding energy of the ion. Each nu-
cleon has a Fermi momentum in the light-ion

rest frame and an initial position, randomly

chosen. The interaction is treated on the basis
of the Coulomb trajectory towards the target

nucleus of the light-ion projectile and for each
nucleon of the projectile whose own trajectory

makes it encounter a collision with a nucleon

of the target nucleus, the scattering and col-
lision calculation is performed. The deexcita-

tion models combined with INCL are ABLA07,

SMM and GEMINI++. ABLA07 [37] describes the
deexcitation of the prefragment (i.e. the end

nuclear state of the cascade) via evaporation
of fragments and light particles and fission.

ABLA07 contains a multifragmentation module,

which is triggered if the excitation energy of
the prefragment exceeds a threshold. This

threshold can be chosen constant (default op-
tion of the model) at E⋆/A = 4.2 MeV, or

can be set dependent on the mass of the ex-

cited nuclear system (the prefragment, in the
two-step picture), following the systematics of

J.B. Natowitz et al. [38], cited in [37]. In the
mass range of the prefragments produced in
136Xe + p and 136Xe +12 C, the mass depen-

dence leads to threshold values of the exci-
tation energy per nucleon close to 4.2 MeV.

Lines corresponding to this value are drawn
in figs. 14 and 15 below, which show that the

reaction on the proton remains essentially be-

low it, whereas a sizeable part of the statistics
recorded for 136Xe +12 C is above it. The pro-

duction of intermediate-mass fragments (IMF)

is performed within two approaches: Either
in the generalized Weisskopf-Ewing formal-

ism [43] or with the emission of light clusters
during the breakup of the excited prefragment.

This last channel is opened when the excita-

tion energy per nucleon of the prefragment is

above a specific freeze-out value [37]. Above

the Businaro-Gallone point, competition with
fission is included, but of marginal interest in

our work. GEMINI++, developed by R. J. Char-
ity et al. [39, 40] describes the prefragment de-

excitation as a series of binary decays. The

emission of light particles (Z ≤ 3 by default)
follows the Hauser-Feshbach evaporation for-

malism [44]. The conditional saddle-point for-
malism of Moretto [45] with the Sierk’s finite-

range barriers [46] is used for heavier frag-

ments (Z ≥ 4). Fission widths of heavy nu-
clei are computed in a refined version of Bohr-

Wheeler’s model [47]. The combinations of
INCL with ABLA07, GEMINI++ and SMM were

recognized among the best performing mod-

els at the IEAE workshop held in Trieste in
2008 on the benchmarking of spallation mod-

els [48, 49, 50].

i. Element-production cross section

Figs. 10 and 11 show the comparison with
the data of the three models described above,

for both reactions respectively. For the first
one the models reproduce well the produc-

tion cross-sections close to the initial nucleus

down to Z ∈ [∼ 30, 34], where the predictions
start to diverge. INCL + ABLA07 remains in

good agreement with our data in this range
but, below Z = 30 it stays in close to the

GSI-FRS data, as was observed by J. Alcántara-

Núñez et al. in [51], in their study of the reac-
tion 136Xe + d at 500 MeV per nucleon, where

they compare their data with measurements
on 136Xe + p at 1000 and 200 MeV per nu-

cleon1. In the range Z ∈ [28, 34], our data

are better described by INCL + SMM but below
this range INCL + GEMINIXX is closer to our

data. This is coherent with the work of Ko-

tov et al., whose data, close to ours in the
range Z ∈ [3, 14] are better reproduced by

this model. For 136Xe +12 C, the comparison
with the models exhibit large discrepancies.

1Note that in [51] INCL4.6 is used instead of INCL++

but as mentioned above in the present work, both versions
are equivalent.
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Type Residue neutrons He fragments

(1) 1 ≥ 1 0 0
(2) 1 ≥ 1 ≥ 1 0

(3) 1 ≥ 1 0 ≥ 1

(4) 1 ≥ 1 ≥ 1 1
(5) 1 ≥ 1 ≥ 0 ≥ 2

Table 1: Definition of the different types of final states

used in the decomposition of σ(Zbound) accord-

ing to the number of detected He nuclei and

fragments (Z ≥ 3).

The Z dependence of the cross section is well

predicted by INCL + SMM above Z = 40 and
extremely poorly by INCL + GEMINIXX. Below

this charge the models diverge to large extents
and none reproduces the Z dependence mea-

sured in our experiment.

ii. Final-state decomposition

In order to study the content in particles and
fragments of the final states of both reac-

tions, which helps in assessing the relative im-
portance of the different deexcitation mecha-

nisms, we define the total detected charge for

each event as:

Zbound = ∑
Zi≥2

Zi (2)

where the sum runs over all detected particles

or fragments in the event. As discussed be-
low and as was shown by the ALADiN group

[6], Zbound is correlated with the average ex-

citation energy per nucleon of the prefrag-
ment at the end of the intranuclear cascade.

We determine σ(Zbound), which we decom-
pose into contributions from different final-

state contents corresponding to different pre-

fragment deexcitation channels, as was done
e.g. for the 56Fe + p by Le Gentil et al. [8], ac-

cording to the number of He nuclei and frag-
ments (Z ≥ 3), as specified in table 1.

Figs. 12 and 13 show the decompositions

of σ(Zbound) for 136Xe + p and 136Xe +12 C
respectively, as measured in our experiment
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Figure 12: Contributions to σ(Zbound) of the final

states of the reaction in five types accord-

ing to their content in fragments (Z ≥ 3)

and helium nuclei as defined in table 1 for
136Xe + p.

(upper-left in both) and as computed by the
models. We see that type (1) final-state dis-

tribution dominates at large Zbound (most pe-

ripheral collisions). For 136Xe + p we observe
that the partial cross sections of types (2) to (5)

have a maximum around Zbound = 48, type
(2) dominating the other three down to the

smallest values of Zbound where we can ex-

tract a cross section from the data. This fea-
ture points clearly to the fact that for this re-

action the production of fragments remains

mostly a rather low prefragment-excitation-
energy mechanism and that over the whole

prefragment distribution covered in our exper-
iment, evaporation, either of neutrons and/or

of He nuclei is dominating. For 136Xe +12 C

(fig. 13), type (1) dominates the other final
states down to Zbound ≃ 40, below which

value type (2) is the most contributing type
of final states, down to the lower Zbound. Con-

trary to the other channels, the partial cross

section σ(Zbound) of type (2) final states is
constant over the range Zbound ∈

[

23, 48
]

,

at a value of ∼20 mb. The fragment pro-
duction (types (3) to (5)) starts to contribute
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Figure 13: Contributions to σ(Zbound) of the final

states of the reaction in five types accord-

ing to their content in fragments (Z ≥ 3)

and helium nuclei as defined in table 1 for
136Xe +12 C.

significantly below Zbound = 50, at variance
with 136Xe + p. Moreover it extends down to

Zbound ≃ 18, as compared to a lower limit of
Zbound ≃ 30 in fig. 12. We infer from these

observations that the fragment production in
136Xe +12 C is occurring on average for signifi-
cantly higher excitation than in 136Xe + p.

The three models reproduce only qualita-

tively the contributions of the different types

of final states to σ(Zbound) for the bulk part
of the cross section. For 136Xe +12 C the pro-

posed final state decomposition emphasizes
the poor ability of the models to describe

the most peripheral collisions, as noted above

but emphasizing on the light-particle evapo-
ration. This goes noticeably at variance with

what can be seen for the reaction on the pro-
ton. The models predict the gross features of

σ(Zbound)(type(3, 4, 5)): A maximum around

Zbound = 30 with widths similar to our data.
However, the Zbound dependence is not well

reproduced by the models, in particular for
Zbound ≥ 40, contrary to 136Xe + p. This
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Figure 14: 136Xe + p: Correlation between the excita-

tion energy per nucleon of the prefragment

E⋆/A and the detected charge of the events

Zbound, mean 〈E⋆/A〉 and rms, σ
(

E⋆/A
)

. 〈E⋆/A〉 and σ
(

E⋆/A
)

values correspond-

ing to each interval are given in table 2. The

line at E⋆/A = 4.2 MeV is a threshold

value in ABLA07 for the excitation energy of

the prefragment above which the decay can

be computed with a dedicated multifragmen-

tation module.

should be investigated in detail in the models.

V. Excitation energy dependence

of the reaction mechanisms

As shown in the previous section, the decom-

position of the final states as a function of

Zbound seems to point to a dependence of the
mechanisms on the excitation energy at the

end of the intranuclear cascade. Figs. 14 and
15 show the correlation between the excitation

energy per nucleon E⋆/A of the prefragment

and Zbound for 136Xe + p and 136Xe +12 C re-
spectively, computed with the GEANT4 sim-

ulation of our setup. It must be underlined
that the dispersion in the model predictions,

for the average value 〈E⋆/A〉 as well as for the

RMS, σ
(

E⋆/A
)

is small, except for the highest

E⋆/A of 136Xe +12 C. This small dispersion

ensures a correlation independent of the de-

excitation model. Based on this, we choose
Zbound, which is an observable, as a measure

of 〈E⋆/A〉 to study the reaction mechanisms.
As discussed in [13], Zbound is preferred to the

total multiplicity (TM) in the event, which has

also been used in heavy-ion collision studies
[53, 54, 55]. The reason relies essentially on

the fact that, for given bins of TM, the distribu-
tions in E⋆/A are not symmetric, with signifi-
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Figure 15: 136Xe +12 C: Correlation between excita-

tion energy per nucleon of the prefragment

E⋆/A and the detected charge of the events
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)

.
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values correspond-

ing to each interval are given in tables 2 and

3.The line at E⋆/A = 4.2 MeV is a thresh-

old value in ABLA07 for the excitation energy

of the prefragment above which the decay can

be computed with a dedicated multifragmen-

tation module.

INCL / ABLA07 〈E⋆/A〉 σ
(

E⋆/A
)

(MeV) (MeV)

1 51 ≤ Zbound ≤ 55 0.835 0.525

2 46 ≤ Zbound ≤ 50 1.850 0.655
3 41 ≤ Zbound ≤ 45 2.990 0.605

4 Zbound ≤ 40 3.800 0.670

Table 2: Mean excitation energy per nucleon for Zbound

intervals defined in fig. 14 for 136Xe + p.

cant differences between the average of the dis-

tribution 〈E⋆/A〉 and the most probable value
(

E⋆/A
)

0
, whereas Zbound selections produce

symmetric E⋆/A distributions, peaked very
close to 〈E⋆/A〉. Such differences may bias

the interpretation of the results, therefore TM

is not chosen.

In order to study the 〈E⋆/A〉 dependence

of the reaction mechanisms, we have defined
Zbound / 〈E⋆/A〉 intervals numbered from

[

1
]

to
[

4
]

for 136Xe + p (table 2) and
[

1
]

to
[

6
]

for 136Xe +12 C (table 3), this second reaction
covering a significantly broader spectrum than

the proton reaction. This definition permits to
have sufficient statistics in all the intervals.

INCL / SMM 〈E⋆/A〉 σ
(

E⋆/A
)

(MeV) (MeV)

1 50 ≤ Zbound ≤ 55 0.790 0.560

2 46 ≤ Zbound ≤ 49 1.980 0.710

3 42 ≤ Zbound ≤ 45 3.080 0.800
4 38 ≤ Zbound ≤ 41 4.095 0.890

5 29 ≤ Zbound ≤ 37 5.400 1.15
6 Zbound ≤ 28 6.520 1.375

Table 3: Mean excitation energy per nucleon for Zbound

intervals defined in fig. 15 for 136Xe +12 C.

i. Total multiplicity

Fig. 16 exhibits the evolution of the total multi-

plicity (TM) cross sections for the Zbound bins
defined in table 2 for 136Xe + p (blue squares)

and in table 3 136Xe +12 C (red crosses). In

order to compare the reactions, we scale
136Xe + p data points to those of 136Xe +12 C

according to:

σp,sc.
(

TM
)

= σp
(

TM
)

.
σ12C

(

〈E⋆/A〉
)

σp

(

〈E⋆/A〉
) (3)

where σp(TM) is the cross section correspond-

ing to the total multiplicity TM, integrated
in the selected 〈E⋆/A〉 bin, σ12C

(

〈E⋆/A〉
)

is

the cross section integrated in the 〈E⋆/A〉
bin over all TM values for 136Xe +12 C and,
the corresponding integrated cross section for
136Xe + p being σp

(

〈E⋆/A〉
)

. The striking

feature of fig. 16 is that both data sets al-
most overlap in the four common intervals in

〈E⋆/A〉, with evolutions of shapes very sim-
ilar as 〈E∗/A〉 increases. Such an evolution

of TM as a function of 〈E⋆/A〉 is not trivial

since it takes into account the multiplicity of
detected neutrons which doesn’t contribute to

Zbound (which sets 〈E⋆/A〉). In fig. 16, we no-
tice the independence of TM on the entrance

channel (i.e. the reactions) leading to a given

average excitation energy per nucleon of the
prefragment. This is a strong support on the

two-step model hypothesis used throughout
this paper.
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Figure 16: Evolution of the total detected multiplicity

as a function of 〈E⋆/A〉 for 136Xe + p (blue

squares) for 136Xe +12 C (red crosses). Val-

ues for 〈E⋆/A〉 are defined in tables 2 and

3. The 136Xe + p data are scaled to the
136Xe +12 C data (see text).

The comparison of the models with the (un-

scaled) data is presented in figs. 17 and 18 for
136Xe + p and 136Xe +12 C respectively. The

models reproduce reasonably well the evo-
lution of the TM distributions with 〈E⋆/A〉
for both reactions with the caveat of the low-

TM side of the distributions (TM ≤ 12) for
136Xe + p, for which the data points are largely

underestimated by the models for the three
highest 〈E⋆/A〉 bins with a difference becom-

ing larger as 〈E⋆/A〉 increases. Such a dis-

crepancy is not observed for 136Xe +12 C, for
which we see a fair agreement between our

data points and both ABLA07 and GEMINI++,

coupled with INCL. This scaling is indeed re-
produced by SMM at the price of a strong dis-

agremeent with the data for both reactions on
the low-TM side of the distributions.

As underlined above, the TM distributions

scale very well in the selected bins of 〈E⋆/A〉.
We see in figs. 17 and 18 that this is not

the case for the models’ predictions, whose
distribution-shapes change from one reaction
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Figure 17: Evolution of the total-multiplicity (TM) dis-

tributions with 〈E⋆/A〉 for 136Xe + p (blue

squares) compared with the deexcitation

models: ABLA07 (solid green), GEMINI++

(dotted blue) and SMM (dashed red) coupled

with INCL.

to the other in their low-TM side. The agree-

ment between the models and the data on the
positions of the maxima of these distributions

as well as on the shapes of the high-TM side
of the distributions drives to the conclusion

that the models are to a major extent correct

in describing this observable, where evapora-
tion of light particles dominates the deexci-

tation channels. We have performed differ-

ent model calculations in the scope of this
data analysis, where we have tested the sen-

sitivity of the TM distributions to the differ-
ent variables characterizing the prefragment

at the end of the cascade: its mass, charge,

excitation energy and total angular momen-
tum as was done in [56] to study the fission

channels of spallation on heavy nuclei. For
this study, we have changed the prefragment

mass and charge distributions at the end of the

cascade phase of 136Xe + p to resemble that
of 136Xe +12 C. During the cascade phase the
136Xe nucleus loses notably more nucleons in
the reaction 136Xe +12 C than in the reaction
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136Xe + p, with therefore broader mass and

charge distributions of the prefragment, for a

given E⋆/A bin (see fig. 19). We have also
changed the total angular momentum distri-

bution of the prefragment at the end of the
cascade for 136Xe +12 C to resemble that of
136Xe + p. We could observe a very low sen-

sitivity of the predictions to the angular mo-
mentum of the prefragment, for all the deex-

citation models. Shifting the excitation energy
distributions only changed the position of the

maxima of the TM distributions in the Zbound

bins but not their widths, hence not improving
the agreement between models and data for

low-TM cross sections. We found that in given
〈E⋆/A〉 bins, shifting the mass and charge dis-

tributions of the prefragments arising from the

intranuclear cascade of the reaction 136Xe + p
towards smaller values helps much in filling

the gap between our data and the models. We

conclude that the events with final states char-
acterized by low TM are related to prefrag-

ments with charge and mass smaller than the
average values corresponding to 〈E⋆/A〉 (the

mass and the charge of the prefragment are

correlated with E⋆/A at the end of the cascade,
as shown in fig. 19). Therefore, the difference

we observe on the low-TM side distributions
can be interpreted as an insufficient mass and

charge loss during the cascade phase, as a func-

tion of E⋆/A, in INCL for the 136Xe + p reac-
tion. In this respect, INCL computes mass and

charge prefragment spectra, which permit to
fit well the data for 136Xe +12 C during the de-

excitation.

ii. Fragment production

To investigate further the E⋆/A dependence of

both reactions, we study the evolution of the
content of their final states, zooming on the

number of fragments (Z ≥ 3, including the

projectile residue mentioned in table 1). The
data points of this observable are shown in

fig. 20 for both reactions. Data are presented
as:
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Figure 18: Evolution of the total-multiplicity (TM) dis-

tributions with 〈E⋆/A〉 for 136Xe +12 C

(red crosses) compared with the deexcitation

models: ABLA07 (solid green), GEMINI++

(dotted blue) and SMM (dashed red) coupled

with INCL.

RFS =
σFS

(

〈E⋆/A〉
)

σ
(

〈E⋆/A〉
) (4)

where σ
(

〈E⋆/A〉
)

is the cross section inte-
grated over all types of final states (FS) and on

the Zbound interval corresponding to 〈E⋆/A〉
according to tables 2 and 3; in this definition,
σFS

(

〈E⋆/A〉
)

is the cross section integrated

over the same Zbound interval but for the se-

lected final-state content FS. Three types of
final states are selected: one-fragment (FS=1,

circles), two-fragment (FS=2, squares) and 3
or more (FS ≥ 3, triangles). We see in fig. 20

that in both reactions, and as was noted in sec-

tion ii, the final states FS = 1 fragment domi-
nate the cross section up to the highest 〈E⋆/A〉
bin reached with 136Xe + p. For the higher
〈E⋆/A〉 points, the contribution of these fi-

nal states decreases further down to RFS=1 ≃
RFS=2. As for the total multiplicity (TM) dis-
tributions, we also see in this figure that the

data points of the two reactions almost over-
lap for FS = 1 or 2 fragment(s), underlining the
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Figure 19: E⋆/A - prefragment-mass distributions

computed with INCL for the 136Xe + p re-

action (left) and for 136Xe +12 C (right).

two-step scenario for the reaction description,
with a selection of the prefragment based on

σ
(

〈E⋆/A〉
)

sufficient to reach the same types

of final states. The contribution of FS = 3 or
more fragments is much smaller than the other

two and exhibit a 〈E⋆/A〉 dependence which
is different from one reaction to the other, with

RFS≥3(
136Xe + p) ≪ RFS≥3(

136Xe +12 C) and a

stronger slope with 〈E⋆/A〉 for 136Xe + p. In
the two-step picture, this must be interpreted

as an insufficient prefragment selection with
〈E⋆/A〉 of the reaction channels leading to this

type of final states, whose partial widths are

therefore strongly dependent on other prefrag-
ment variables, essentially mass and charge of

the prefragment as for TM .

The comparison of RFS data with the mod-

els is shown in figs. 21 and 22, for 136Xe + p
and 136Xe +12 C respectively. We see for the

first reaction that the models basically agree
between each other for the first two types of

final states and that large differences appear

for FS ≥ 3 fragment. RFS=1 is fairly well re-
produced by the models except at the highest

〈E⋆/A〉, where the models overestimate our
data by a factor ∼ 2 by the models. RFS=2 and

RFS≥3 are systematically and strongly under-

estimated, in particular at the lowest 〈E⋆/A〉.
Such a discrepancy goes in the same direction

as what is observed on the TM distributions,
which are strongly underestimated at low TM.
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Figure 20: Evolution of the content of the final

states in fragments (Z ≥ 3) with

〈E⋆/A〉 of 136Xe + p (empty symbols) and
136Xe +12 C (full symbols). Circles: FS=1;

squares: FS=2; triangles: FS≥3. From the

definition of RFS in eq. 4, comes: ∑FS RFS =
1.

These results follow in some sense the analy-
sis of the reaction mechanism of 56Fe + p at

1 GeV [8]. For this reaction we have indeed
observed a good description of our data by

GEMINI++ and by SMM to a lesser extent (both

coupled with INCL). We have also seen that
the statistical fragment evaporation model GEM

[57], like the evaporation in the ABLA07 code
is unable to reproduce the 56Fe + p fragment

production data, with a systematic large un-

derestimate. But at variance with 136Xe + p
and 136Xe +12 C, these models overestimate

the fragment production at the lower 〈E⋆/A〉.
This strengthens the necessity of a detailed

study of fragment productions at relatively

small 〈E⋆/A〉, both in models and experi-
ments.

For 136Xe +12 C, the theoretical predictions
exhibit different behaviours from one model

to the other. We can see in fig. 22 that the
behaviour of RFS with 〈E⋆/A〉 for FS ≥ 2
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is not reproduced by the models. For FS =
1 only SMM is able to predict the measured

〈E⋆/A〉 dependence. Moreover, in the 〈E⋆/A〉
range of overlap between the two reactions,

we observe that the predictions of GEMINI++

and ABLA07 differ from those of these models

for 136Xe + p, in contradiction with our data,

whereas SMM’s results are close. This is sim-
ilar to the total-multiplicity observable (TM),

even though multi-fragment final states con-
tribute little to TM, which is dominated by

the light-particle multiplicity. For RFS≥3, the

models predict a different behaviour from one
reaction to the other but with a rather poor

agreement with the data except perhaps for
GEMINI++. As for the TM distributions we

have tested the sensitivity of the model pre-

dictions to the different variables character-
izing the prefragment at the end of the cas-

cade phase of both reactions, but without be-

ing able to improve the quantitative agreement
with the data on this observable.

VI. Conclusions

We have measured at GSI-Darmstadt two re-
actions with the SPALADiN setup 136Xe + p

and 136Xe +12 C, at a primary beam energy of
1 GeV per nucleon. The combination of the

inverse kinematics technique (136Xe beam), of

large-area detectors for the ions and the neu-
trons and of a large-acceptance magnet (AL-

ADiN) makes our measurement very sensitive
to particles and fragments of low kinetic en-

ergy in the centre-of-mass frame of the 136Xe

projectile, i.e. essentially to those produced in
the decay of the excited projectile. We have

performed a GEANT4 simulation of our ex-
periment to determine the acceptance of the

setup as a function of the particle charge and

to compute the experimental filter for the com-
parison with theoretical models of the many-

particle final states. We could estimate accep-
tances close to unity for the projectile’s decay

particles.

We extracted ion-production cross sections

which we compared with existing data. For
the 136Xe + p, a good agreement with GSI-FRS
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Figure 21: Evolution of the content of the final states

of 136Xe + p in fragments (Z ≥ 3) with

〈E⋆/A〉 compared with models: ABLA07

(solid green), GEMINI++ (dotted blue) and

SMM (dashed red), coupled with INCL. Cir-

cles: FS=1; squares: FS=2; triangles: FS≥3.

From the definition of RFS in eq. 4, comes:

∑FS RFS = 1.

data of Napolitani et al. [20] for the projec-
tile residues (Z ≥ 30) and a reasonable one

for the lighter ions (Z ≤ 8) were noted. In

the light-ion range, a nice agreement was also
found with data of Kotov et al. [42], an experi-

ment performed in Gatchina at the same beam
energy on p +nat Ag, a system close to ours.

Anyway, a significant disagreement between

these FRS data and our measurement was seen
in the range Z ∈

[

10, 30
]

which remains to

be explained and should be the ground for a
new experiment, preferentially with large ac-

ceptance detectors to avoid large corrections

in the data analysis for the determination of
cross sections. For 136Xe +12 C, we observed

a systematic normalisation difference of 30%
of our data with an experiment done at LBNL

by Binns et al. [9], but the charge dependences

of the cross sections of both data sets are in
agreement.

We analysed our data in the framework of

the two-step model of ion-ion collisions in this
energy range: A fast excitation of the inter-
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acting nuclei based on intranuclear cascade,

followed by a slower decay of the excited nu-

clear system. We worked essentially with the
Liège cascade model INCL [26, 27, 28] and with

three decay codes: ABLA07 [37], GEMINI++ [40]
and SMM [41]. These models better described

the 136Xe + p data than the 136Xe +12 C ones,

in particular in the projectile residue range
(Z ≥ 40). It was noted that the disagree-

ment between our data and those of [20] in
the range Z ∈

[

10, 30
]

is of the same order as

the dispersion between the models.

The measurement in coincidence and on an

event-by-event basis of the final-state particles
in both reactions permitted a detailed study of

the reaction mechanisms. We have proposed a
decomposition of the final states according to

their content in neutrons, He nuclei and so-

called "fragments" (of charge at least 3). More-
over, as was shown with our simulation, we

could use the observable Zbound, as first intro-
duced by [6], as an indicator of the average

excitation energy per nucleon 〈E⋆/A〉 of the

prefragment at the end of the intranuclear cas-
cade. We could demonstrate that the deexci-

tation of the prefragment, as we measure it,
is dominated for both reactions by the evapo-

ration of light particles (neutrons and He nu-

clei) on the whole 〈E⋆/A〉 range probed in our
experiment. Moreover, we have seen that the

total-multiplicity (TM) distributions of both re-
actions have very similar shapes as a function

of 〈E⋆/A〉, giving strong hint to the two-step

mechanism model used to analyze these data
and an event selection based only on Zbound

/ 〈E⋆/A〉. This close similarity was not ex-

plained by the models.

The domination of the prefragment deexci-

tation by evaporation channels for both reac-

tions is fairly well reproduced by the models.
Looking to the contributions of two- or more-

fragment final-states to the cross section leads
to a much more contrasted picture, the mod-

els being almost systematically well below our

data for these channels. We have put forward
a link with the description of the evolution of

the TM distributions with E⋆/A, in particular
their low-TM side, strongly underestimated by
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Figure 22: Evolution of the content of the final states

of 136Xe +12 C in fragments (Z ≥ 3) with

〈E⋆/A〉 compared with models: ABLA07
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SMM (dashed red), coupled with INCL. Cir-
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From the definition of RFS in eq. 4, comes:

∑FS RFS = 1.

the models. We could show that this discrep-
ancy between data and models is related to in-

sufficient charge and mass losses of the target
nucleus for a given E⋆/A interval during the

cascade phase as a function of the excitation

energy per nucleon of the prefragment.
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