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Abstract. Spallation reactions have recently gained new interest not only due to
their application as neutron or radioactive nuclear beam sources but also for their
implications in understanding cosmic ray abundances or investigating the dynamics
of nuclear matter. The purpose of this lecture is to discuss the role of these reactions
in different areas of interest, the modern experimental techniques currently being
used for their investigation and finally some fundamental underlying physics.

1 Introduction

Spallation reactions are defined as interactions between relativistic light pro-
jectiles, mostly hadrons, and heavy target nuclei which are smashed into many
fragments. In the relativistic energy domain, the wave length associated with
the incoming projectile is such that the interaction can be described as a se-
quence of nucleon-nucleon collisions referred to as intra-nuclear cascade. The
simplest illustration of this reaction is presented in Fig. 1. This process leads
to the fast emission of some nucleons, identified as pre-equilibrium emission.
The properties of these nucleons are basically determined by the kinematics
of the nucleon-nucleon collisions, and the mass and charge distribution of
nucleons inside the target nucleus.

As a consequence of this intra-nuclear cascade, the residue of the target
nucleus gains thermal excitation energy and angular momentum. In a second
step of the reaction, this target nucleus remnant or pre-fragment is expected
to equilibrate all its excited degrees of freedom according to the compound-
nucleus hypothesis. A subsequent statistical de-excitation process then leads
to a final target residue in its ground state. This de-excitation mechanism
has been explained as γ-ray, nucleon or cluster evaporation in competition
with fission or even multi-fragmentation.

Nuclear reactions induced by light-relativistic projectiles were investi-
gated for the the first time more than 70 years ago using cosmic rays [1].
The observed high multiplicities of cascade particles had already been at-
tributed to the spallation mechanism. Later on, these reactions led to the
discovery of the pion [2]. High-energy particle accelerators came into opera-
tion at this time, and experimental programs to investigate these reactions
were first undertaken using cyclotrons such as the one at Berkeley [3], which

J. Benlliure: Spallation Reactions in Applied and Fundamental Research, Lect. Notes Phys.
700, 191–238 (2006)
DOI 10.1007/3-540-33787-3 5 c© Springer-Verlag Berlin Heidelberg 2006



192 J. Benlliure

Plate 1. Illustrative representation of a spallation reaction; cf. Plate 18 in the
Colour Supplement

covered the energy range up to a few hundredMeV, and later on using pro-
ton synchrotrons like the Brookhaven Cosmotron [4] which reached the GeV
energy range. At that time, particle detection techniques were based on ra-
diochemical or photographic methods used to characterise the residual nuclei
produced in these reactions. The main results of these programs were the ob-
servation of high-energy protons emitted in forward direction, understood as
pre-equilibrium emission during the intra-nuclear cascade [5], and the iden-
tification of two de-excitation mechanisms leading to final residue formation,
nucleon evaporation and fission [6].

With the advent of more advanced detection techniques, light particle
emission in spallation reactions could be investigated more accurately during
the late ’60 and the ’70s using magnetic and time-of-flight measurements with
plastic scintillators [7] or ∆E-E telescopes based on semiconductor detectors
[8]. These measurements permitted an accurate determination of the angular
and energy distribution of light nuclear species (p, d, t, 3He and 4He) to-
gether with π and K mesons produced in these reactions. Two components
were observed in the measured spectra: mesons and fast-forward emitted
light-charged particles, attributed to the pre-equilibrium mechanism, and,
the isotropic emission of light-charged particles, identified as the evaporation
process from the thermalised target pre-fragment. At the same time, on-
line mass separators were also introduced to investigate the nature of target
residues produced in these reactions [9, 10].

These experimental investigations validated the already mentioned two-
stage model proposed by Serber to describe spallation reactions [11]. Ac-
cording to this picture, these reactions are understood as an intra-nuclear
cascade followed by the statistical de-excitation [12] of the resulting pre-
fragments. The first attempts to compute the intra-nuclear cascade using the
Monte Carlo technique were made by Goldberger [13], Bernardini et al. [14],



Spallation Reactions in Applied and Fundamental Research 193

Morrison et al. [15], McManus et al. [16] and Meadows [17]. In addition,
Meadows [17] and Jackson [18] used these calculations as a starting point for
evaporation estimates to explain the yields of spallation residues observed in
radiochemical studies. At that time, Metropolis and collaborators [19] and
Bertini [20] provided the most advanced calculations describing both, particle
emission and residual nuclei production in spallation reactions.

In the ’80s, spallation reactions were identified as an optimum reaction
mechanism for investigating the dynamics of hot nuclei, particularly the so-
called multi-fragmentation process, which was thought to indicate the phase
transition between nuclear and hadronic matter. Proton induced reactions
were believed to heat the target nucleus without introducing a large amount
of angular momentum or density variation. Consequently, this was a clean
reaction mechanism for investigating thermal instabilities leading to multi-
fragmentation. Such investigations required exclusive measurements of all re-
action products including intermediate-mass fragments [21, 22]. Experiments
of this kind were made possible in part thanks to the new BEVALAC heavy-
ion synchrotron at Berkeley, which allowed the investigation of spallation
reactions in inverse kinematics [23].

The parallel progress in computer hardware and numerical methods
helped to develop new model calculations for spallation reactions. Some ex-
amples of this are intra-nuclear cascade models [24, 25], dynamical models
based on kinetic equations including a collision term, like the Boltzmann-
Uhling-Uhlenbeck (BUU) approach [26], or models such as Quantum Mole-
cular Dynamics [27] which provided a full description of many-body nuclear
dynamics.

In the last decade spallation reactions have gained new interest in several
fundamental and applied research fields. They are considered as optimum
neutron sources for solid-state physics or material-science investigations [28,
29, 30, 31], or for energy production and nuclear-waste transmutation in
accelerator-driven systems [32, 33, 34]. These reactions have also been used
during the last 35 years to produce and investigate nuclei far from stabil-
ity and are currently being proposed as a production mechanism for next-
generation exotic-beam facilities [35]. In addition, cosmic rays are known to
undergo spallation reactions with interstellar medium during their propaga-
tion which affect the abundances observed on earth. In fact, due to the highly
accurate cosmic-ray data provided by new observation techniques, most of
the remaining uncertainties in the interpretation of these data are due to an
inadequate description of the spallation process [36].

In this lecture the main emphasis will be put on discussing the present
interest on spallation reactions, the current techniques used for their exper-
imental investigation and the underlying physics. Moreover, some examples
of basic research on the structure and the dynamics of the atomic nucleus
using spallation reactions will be presented.
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2 Fields of Application

2.1 Astrophysics: Cosmic Rays

Cosmic rays constitute one of the most important sources of information in
Astrophysics. They consist of massive particles (protons and nuclei), photons
and neutrinos. Cosmic rays can be of either galactic or extragalactic origin
and it is well established that they undergo reactions (mainly spallation) with
interstellar medium or with our atmosphere, which lead to secondary cosmic
rays.

By studying the composition and energy distribution of cosmic rays one
hopes to gain information about nucleosynthesis processes, galactic mass den-
sity or their lifetime/flight path. Since the motion of the particles involved
(protons, nuclei and leptons) is roughly randomised by the galactic magnetic
field, they provide very little information about the direction of the source.
Their energy distribution peaks in the range of 100–1000 MeV, where the in-
tensity of cosmic rays with an energy of 1 GeV or greater is about 1 cm−2s−1.
The corresponding energy density is about 1 eV/cm3, which can be compared
to the energy density of stellar light of 0.3 eV/cm3.

The chemical composition of cosmic rays is shown in Fig. 2. This dis-
tribution is almost independent of energy, at least in the dominant energy
range between 10 MeV and several GeV. This composition has been mea-
sured by instruments mounted on balloons, satellites and spacecrafts. The
figure also shows the chemical distribution of these elements in our solar
system (dashed line), which in some cases is markedly different from that
of the cosmic rays. The observed differences between cosmic-ray and solar
system abundances are explained as being due to the reactions of energetic
nuclei with the interstellar medium during transport through the galaxy from
their source to the observation point. Since the interstellar medium is largely
composed of hydrogen and helium, most of these reactions are spallation re-
actions. Consequently, the observed overabundance of elements in the region
of lithium-beryllium-boron and scandium-manganese are due to the spalla-
tion of carbon, oxygen and iron, respectively. The enhanced production of
odd-Z nuclei in the cosmic ray abundances is also thought to be caused by
spallation reactions.

Measuring the abundances of cosmic rays can provide valuable informa-
tion about their typical path length and propagation time. Assuming that
the spallation process is sufficiently well-known, the path length of cosmic
rays can be determined from the observed differences in the abundances in
the regions of lithium-beryllium-boron and scandium-manganese. According
to those calculations the typical path length of cosmic rays is of the or-
der of 5 g/cm2. Using this value for the path length, the mass density within
intergalactic space (1 proton/cm3) and a propagation velocity close to the ve-
locity of light one can crudely estimate that the cosmic-ray lifetime is around
3·106 y.
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Plate 2. Chemical composition of galactic cosmic rays (closed circles connected
by a solid line) compared to the abundances of these elements in our solar system
(open circles connected by a dashed line) normalised to Si = 106

A more accurate determination of cosmic-ray lifetime requires informa-
tion about the isotopic distribution of cosmic-ray abundances. Since 1997, the
Cosmic Ray Isotope Spectrometer (CRIS), launched aboard the Advanced
Composition Explorer (ACE), has provided this information. Abundances of
long-lived radioactive secondary cosmic rays such as 10Be, 26Al, 36Cl or 54Mn
can be used to derive the confinement time of cosmic rays in the galaxy.
These radioactive “clock” abundances reflect the balance between produc-
tion by spallation in the interstellar medium and decay or escape during the
propagation time. 10Be is an optimum radioactive “clock” since its lifetime
(1.5 · 106 y) is of the same order as the estimated cosmic-ray lifetime
(3 · 106 y). The observed abundance of 10Be is only 20%–30% of what was
expected according to cosmic-ray propagation calculations relative to other
lithium-beryllium-boron isotopes. From this, the cosmic-ray lifetime is esti-
mated to be of the order of 2–3 · 107 y.

Other radioactive isotopes such as 49Vd and 51Cr produced during cosmic-
ray transport through the galaxy show evidence of decay due to electron cap-
ture. This decay happens only at energies low enough for the stripped nuclei
to catch an electron from the interstellar medium. If cosmic rays were accel-
erated incrementally by multiple shocks over a period of time, the effects of
decay during the lower energy stages would be observed in the parent/daughter
ratios at higher energies.

All these techniques used to describe cosmic rays rely on the description of
spallation reactions in cosmic-ray propagation models. Today, measurements
of cosmic-ray isotopic abundances are so accurate that the main source of
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uncertainty in the cosmic-ray propagation models comes from the description
of spallation reactions. Though qualitatively well-known, the present under-
standing of spallation reactions is insufficient for the degree of accuracy now
required in cosmic-ray interpretation.

2.2 Production of Radioactive Nuclear Beams

Nowadays, one of the major challenges of Nuclear Physics is to extend the
present limits of the nuclides chart towards the driplines. The production of
nuclides far from stability opens the possibility of investigating the isospin
degree-of-freedom over a wide range. During the last decades, experimental
programs devoted to investigating the structure of nuclei far from stability
have made an enormous progress [37]. Some outstanding discoveries are the
modification of shells with neutron excess [38], the discovery of halo or skin
matter distributions in loosely bound nuclei close to the driplines [39], the
observation of new resonant modes in neutron-rich nuclei [40] or the iden-
tification of new radioactive decays such as proton and two-proton radioac-
tivity [41]. Nuclei far from stability also have strong implications in Nuclear
Astrophysics [42], investigations of fundamental interactions [43], solid-state
physics [44] and nuclear medicine [45].

However, the production of nuclides approaching the driplines still repre-
sents a technical challenge. Seventy years ago, I. Curie and J.F. Joliot arti-
ficially produced the first radioactive nuclear species by bombarding boron
and aluminium foils with α particles emitted by radioactive sources. Later
on, neutron-induced fission and reactions induced by energetic particles pro-
duced in particle accelerators made it possible a rapid increase in the number
non-stable nuclear species being investigated. Nowadays about 3600 exotic
nuclides are known. With these nuclides one has been able to explore the
proton dripline up to the region of lead. The neutron dripline, however, has
only been explored up to neon. Since mass models predict that around 6000
different nuclides could be bound by nuclear force, most of the 2400 nuclides
not yet observed are assumed to be on the neutron-rich side of the β-stability
valley.

Along with some technical issues related to high-current particle acceler-
ators, ion sources or identification and separation methods, the choice of the
reaction mechanism plays a major role in optimising the intensity of exotic
beams. While different reaction mechanisms can be used to produce these
nuclei, heavy-ion collisions at low energies such as fusion, deep inelastic or
multi-nucleon transfer can only be applied with thin targets, thus limiting
the intensity of exotic beams. Fragmentation or spallation reactions at high
energies seem better suited for this task. These two reaction mechanisms also
cover large ranges in excitation energy and N-over-Z ratio, leading to the pro-
duction of a large variety of final nuclides, particularly neutron-rich ones [46].
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Plate 3. Residual nuclei produced in the interaction of 1 GeV protons with 238U
with a cross section larger than 10 µb. Measured cross sections are represented in
form of chart of the nuclides and are coded by different grey hatching according to
five lower limits between 0.1 and 10 mb. Data taken from [47]; cf. Plate 19 in the
Colour Supplement

Spallation reactions induced by relativistic protons on various targets
have being used for the last 35 years to produce nuclei far from stability
at Isolde/CERN. Figure 3 represents the distribution of production cross
sections that have been measured for reactions induced by 1 GeV protons
on 238U with a cross section larger than 10 µb [47]. Thanks to the recent
investigations on spallation reactions, one now has a good understanding on
the reaction mechanisms leading to the production of a given nucleus and
can thus optimise the reaction parameters in order to increase the intensity
of exotic beams of interest.

In Fig. 3 three groups of nuclei can be distinguished. The high-Z group
corresponds to residues produced in a nucleon or cluster evaporation process.
These residues are mostly neutron-deficient covering a large range in atomic
number from the target nucleus down to a charge of 65. On average, for a
given element, the isotopic distribution covers around 20 different nuclides
with a cross section larger than 10 µb and the production cross section de-
creases with increasing distance from the β-stability line. The final isotopic
residue distribution is basically determined by the neutron to proton evap-
oration ratio and the amount of excitation energy induced in the first stage
of the collision. Since proton and neutron evaporation is governed not only
by the respective binding energies but also, in the case of protons, by the
Coulomb barrier, the equilibrium between these two processes is reached on
the neutron-deficient side of the β-stability line. This is why most of the evap-
oration residues lie on this side of the valley of stability, defining the so-called
“evaporation corridor”. The large fluctuations in excitation energy induced
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by the collision also facilitate the production of extremely neutron-rich and
neutron-deficient residual nuclei [46]. The initial excitation energy induced
in the collision defines the length of the evaporation chain and consequently
the mass loss of the final residues with respect to the initial target nucleus.

In the intermediate-mass region in Fig. 3, one can identify a second group
of residues with atomic numbers between 23 and 65, covering a large range in
neutron excess. In this case, the isotopic distributions are broader, populating
on average some 25 isotopes of a given element. The distribution is centred
to the right of the stability line, and the production cross-sections are much
larger than those observed for most of the evaporation residues. These nuclei
are interpreted as being produced by fission of the initial pre-fragments. The
neutron excess of the fissile target nucleus is preserved in the fission process.
This neutron excess can be partially lost when fission takes place at high ex-
citation energies, namely by pre- and post-fission neutron evaporation which
broadens the final isotopic distribution of fission residues [48]. The observed
mass distribution of fission residues is mostly symmetric, in contrast to the
well-known asymmetric distribution of residues produced in the low-energy
fission of 238U, indicating that fission occurs at high excitation energy. Nev-
ertheless, very peripheral collisions induce low-energy fission, populating the
most neutron-rich residues [49].

Finally, the third group of nuclides that can be distinguished in Fig. 3 is
located below Z = 23. Here the isotopic chains are narrower due to the fact
that the driplines are closer to the stability line. On average, the isotopic
distributions are centred on the neutron-rich side of the stability line and
the production cross sections increase with decreasing Z. Recent investiga-
tions have shown that in the case of reactions induced by 1 GeV protons on
heavy target nuclei like 238U, these residues are produced in a binary evap-
oration process. In fact, a detailed analysis of the kinematic properties of
these nuclides has revealed that the most neutron-rich residues are produced
in very asymmetric fission processes [50]. For more violent spallation reac-
tions this binary de-excitation mechanism has been found to be replaced by
a multi-fragmentation decay, leading to the production of light residues [51]
(see Sect. 5.4 for a detailed discussion).

Conclusions drawn so far on spallation reactions are also valid for pro-
jectile fragmentation. The differences in the production rates from these two
reaction mechanisms are mostly of technical nature. A detailed discussion
of the Isol and in-flight techniques can be found in references [52] and [53],
respectively.

2.3 Spallation Neutron Sources

Neutron beams are a fundamental tool in solid-state and material physics
investigations, but also in applied research and industrial applications. In
addition, some years ago it was proposed that an external neutron source
could be used to feed sub-critical reactors, in order to burn long-lived nuclear
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waste [32, 33] or to produce energy [34]. These ideas led to the concept of
the Accelerator-Driven System (ADS) which is presently being considered
worldwide as a possible solution for the nuclear material management prob-
lem, including proliferation and as an alternative to geological nuclear waste
disposal.

A common issue in all these applications is the neutron source. Although
nuclear reactors have been used to produce huge neutron fluxes, they cover
a limited energy range and are not suitable for many of the present ap-
plications, in particular for ADS. Other possible neutron sources are listed
in Table 1. According to this comparison, relativistic ion-ion collisions have
a rather poor neutron economy. Muon-catalysed fusion, bremsstrahlung in-
duced fission or deuterium on beryllium reactions produced similar neutron
multiplicities per energy unit. However, the best neutron economy is obtained
in spallation reactions induced by relativistic protons on a lead target which
produce an average of 30 neutrons per incident proton at 1 GeV. This is why
several spallation sources are currently under construction or study in the
USA (SNS [28]), Europe (SINQ [29], ESS [30]) and Japan (NSP [31]).

Table 1. Neutron economy in different neutron sources

Neutrons Per Neutrons

Reaction Projectile Beam Intensity Energy Per GeV

Neutron-induced fission 2.5 1014n/cm2/s

d+C → µ−+d+t 24 1016 s−1 1.5 GeV 15

U+U 1000 1012 s−1 238 GeV 4.2

e−+W → γ+U → fission 0.1 3·1014 s−1 0.1 GeV 15

d+Be 10 1016 s−1 1 GeV 10

p+Pb 30 1016 s−1 1 GeV 30

In the case of ADS, the required proton beam intensity of 10 mA for
the spallation neutron source is so high that the spallation target assembly
design becomes a real challenge. Among other things, activation, long-term
radio-toxicity or corrosion problems in the spallation target due to the pro-
duction of spallation residues should be considered. Structural materials, in
particular the window between accelerator and target, will also suffer due to
high intensities and long irradiation periods.

Indeed, two main factors that influence the design and construction of
such a target are neutron yields and the nature and kinematic properties
of residual nuclei produced in the reaction. Neutron production has to be
described in terms of neutron multiplicity and its spatial and energy dis-
tribution. Neutron multiplicity determines both, the current and the beam
energy of the proton-driver accelerator, while their energy and spatial distri-
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bution will shape the geometry of the spallation target and the shielding to
high-energy neutrons. As already mentioned, the production and kinematic
properties of residual nuclides are of interest with respect to activation and
radiation damage.

For these reasons, a detailed design of these technological applications
requires powerful and reliable computational tools that can accurately predict
particle and nuclide production in spallation reactions. Figure 4 gives as an
example the partial and total simulated activity induced in a cylindrical lead
target by a 1 mA, 1 GeV energy proton beam during one year of irradiation
and 106 years of cooling time. It is evident that the cooling times and the
total activities induced in the target are neither negligible nor easy to handle.

However, the reliability and predictive power of the present simulation
codes describing spallation reactions are still limited, as can be seen from
Fig. 5. Here, we illustrate the activities ratio calculated by using two different
intra-nuclear cascade simulation codes, Bertini [20] and INCL4 [25] for the
same target and proton beam as in Fig. 4. The results of these calculations
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(upper panel) and cooling time (lower panel). The simulation has been performed
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Data taken from [55]

show that the discrepancies between different codes can reach 30%, which are
unacceptable for technological applications such as the ones we are discussing
here.

From these results one can appreciate the good qualitative understanding
of spallation reactions that one has gained from more than 50 years of re-
search. However, this knowledge is clearly insufficient for some new technolog-
ical applications or even to fully interpret the new accurate data obtained on
cosmic rays. This insufficiency has catalysed experimental programs around
the world, which currently investigate spallation reactions in an effort to de-
velop codes that are able to reliably predict particle and nuclide production
in these reactions.
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3 Experimental Techniques

3.1 Neutron Production

The neutron flux produced in spallation reactions depends strongly on the
projectile-target combination. As a general rule, the heavier the target nu-
cleus the larger the neutron excess and the neutron yield. The gain factor
between heavy and light targets is approximately a factor of five. However,
the radio-toxicity induced in the spallation target could be drastically re-
duced by using lighter targets [56]. In addition to the neutron yields, reliable
information on the energy and spatial distribution of the neutrons is required.
Different experimental devices are needed to describe the neutron production
in spallation reactions.

Measurement of Neutron Yields

Neutron multiplicities can be investigated using liquid scintillator-based de-
tectors with a large angular acceptance. The BNB (Berlin Neutron Ball) [57]
and ORION [58] detectors used by the NESSI collaboration (Berlin-Ganil-
Jülich) may serve as examples. This collaboration has performed a large
experimental program to determine the neutron yields produced in thin
and thick targets for a large range of primary projectiles and energies. Ex-
periments were done at GANIL (France) [58], COSY (Germany) [57] and
CERN [59].

Figure 6 shows representative results obtained by this collaboration at
Jülich with the BNB detector. For different target materials, neutron multi-
plicity saturates at a given target thickness which increases with the proton
energy. Considering that the mean free path of relativistic protons on lead is
of the order of 15 cm, the observed saturation at about 30 cm indicates that
these relativistic protons produce on average two nuclear collisions in lead.

Energy and Spatial Distributions

Specific experimental setups are needed to measure the spatial and energy
distribution of the neutrons produced in spallation reactions, the experiments
performed by the Transmutation collaboration at Saturne (France) exemplify
this. Such data were obtained by using two different experimental techniques
to cover the full energy range of the neutrons produced in the reaction. The
detection of neutrons with energies below 400 MeV was based on a mea-
surement of their time of flight, i.e. the time difference between the incident
proton, tagged by a plastic scintillator, and a signal provided by a neutron-
sensitive liquid scintillator [60]. Neutrons with higher energies were measured
using (n,p) scattering on a liquid hydrogen converter and reconstruction of
the proton trajectory in a magnetic spectrometer [61]. An additional collima-
tion system was used to determine the angular distribution of the neutrons.
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Plate 6. Average neutron multiplicity per incident proton as a function of target
thickness and beam energy for lead, mercury and tungsten targets obtained by the
NESSI collaboration [57]

Neutron production was studied in reactions induced by protons and
deuterons with energies between 0.8 and 1.6 GeV on thin and thick alu-
minium, iron and lead targets [62]. Figure 7 shows the results obtained on
a 2 cm thick lead target with a 1.2 GeV proton beam, simulating a spal-
lation neutron source. High-energy neutrons emitted at small angles are
produced during the first stage of the collision while low-energy neutrons
emitted isotropically correspond to the evaporation phase. Measurements
done with thicker targets provided information about the inter-nuclear
cascade.

3.2 Production of Light Charged Particles

Neutron production in spallation reactions is always accompanied by the
emission of light charged particles. Their nature and kinematic properties
provide information on the dynamics of the hot nuclei, from which they are
emitted, but also play a major role causing damages in target and structural
materials used in spallation targets, the production of hydrogen and helium
isotopes being particularly relevant.
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Although the emission of light charged particles in spallation reactions has
been investigated since the sixties [7, 8], new experimental programs have re-
cently been initiated. They aim at obtaining more accurate data, in particular
concerning correlations between charged particles and neutrons. Some of the
most outstanding experiments are those performed by the NESSI [63] and
PISA [64] collaborations at the proton accelerator facility COSY in Jülich,
Germany.
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3.3 Production of Residual Nuclides

Residue production in spallation reactions can be investigated using two dif-
ferent experimental approaches. In the standard approach, the reaction is
induced by light energetic projectiles on a heavy target. As the recoil veloc-
ity of the residues produced in this reaction is not sufficient to make them
leave the target, the spectroscopy of γ-rays or masses is used to identify them.
The main limitation of this technique is that for most of the residues the mea-
surement is done after β-decay and consequently only isobaric identification
is possible.

Investigation of the reaction using inverse kinematics is better suited to
unambiguously identify spallation residues. In this case a heavy nucleus is
accelerated to relativistic energies and impinges on a light target. Due to the
kinematic conditions, the reaction residues leave the target easily and can be
identified in flight.

Inverse Kinematics

Outstanding experiments were performed by a German-French-Spanish col-
laboration at GSI (Germany). The technique used in these experiments made
use of inverse kinematics and provided full identification of the reaction
residues with respect to their mass number (A), atomic number (Z) and
kinematic properties.

These experiments were performed at the SIS synchrotron at GSI. Pri-
mary beams of 56Fe [51], 136Xe [65], 197Au [68, 69], 208Pb [66, 67] and
238U [70, 71] were accelerated up to an energy of 1 AGeV and impinged
on a liquid hydrogen or deuteron target. At this energy all residues of the
reaction are predominantly fully stripped, i.e. bare ions. The achromatic high-
resolution magnetic spectrometer FRS [72] equipped with an energy degrader,
two position sensitive scintillators and a multi-sampling ionisation chamber
allowed one to identify all reaction residues with half lives longer than 200 ns
according to their atomic and mass number. Resolving powers of A/∆A ≈ 400
and Z/∆Z ≈ 200 were achieved with this technique, and production cross
sections were obtained with nearly 10% accuracy. In addition, the high re-
solving power of the magnetic spectrometer makes it possible to determine
the recoil velocity of the reaction residues. This information is relevant for
the characterization of the damages induced by the radiation in the acceler-
ator window or the structural materials of an ADS. More details about these
experiments can be found in references [66, 67, 68, 69].

Figures 3 and 8 compile the data obtained at GSI for the reactions
238U(1 A GeV)+p,d, 208Pb(1 A GeV)+p,d and 56Fe(1 A GeV)+p are pre-
sented at the top of different charts of the nuclides. About 4000 nuclei were
identified in these reactions. As can be seen from this figure, the spallation
residues produced with heavy projectiles populate two different regions of the
chart of the nuclides. The high-Z region corresponds to spallation-evaporation
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Plate 9. Isotopic distributions of the cross sections for the production of isotopes
of some heavy elements, measured at GSI for the reaction 208Pb+p at 1 A GeV [67].
The data are compared with two model calculations. The dashed lines correspond
to results obtained with the Lahet code [54] while the solid line curves represent
results obtained with the intra-nuclear cascade model of Cugnon [86] coupled to
the evaporation-fission code ABLA [73, 74]; cf. Plate 21 in the Colour Supplement

residues which populate the so-called evaporation-residue corridor. The sec-
ond, medium-mass region corresponds to residues produced in spallation-
fission reactions. Though inherently different, both fission and evaporation
reactions contribute to the production of residues.

The measured isotopic production cross sections for some selected ele-
ments are presented in Fig. 9, which clearly shows the quality of the measured
data that can be used to benchmark any model calculation.

Figure 10 shows the average kinetic energy in the centre-of-mass frame
of fragmentation and fission residues produced in the reaction 208Pb+p at
1 A GeV as a function of their atomic number [67]. These results show an
increase of the recoil velocity of the fragmentation residues for the most
violent collisions, leading to the production of lighter residues. The large
kinetic energies of the fission residues are a key parameter used to evaluate
the heat load of the spallation target.
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Plate 10. Average kinetic energy in the centre-of-mass frame of fragmenta-
tion (closed symbols) and fission (open symbols) residues produced in the reaction
208Pb+p at 1 A GeV as a function of their atomic number [67]

Direct Kinematics

Gamma-ray spectroscopy makes it possible to investigate the production of
spallation residues in direct-kinematic reactions. Although this method is re-
stricted to isobaric identification after β-decay, it is possible to determine
the primary production cross-sections for some shielded isotopes. This tech-
nique consumes less beam time than the method based on inverse kinematics,
and production cross-sections can be obtained over broad energy ranges for
selected isotopes, as shown in Fig. 11. The method can also be applied to
thin and thick targets at low and high energies and complements the inverse-
kinematic technique in this aspect.

Presently in Europe there are two main experimental programs using this
technique. Michel and collaborators at the University of Hannover (Germany)
perform experiments mainly at Saturne (France), TSL (Sweden) and PSI
(Switzerland) [75]. In some of these experiments different target material
were irradiated with protons in the energy range 20–2600 MeV. Figure 11
shows excitation functions for the production of some nuclei in collisions
induced by protons on lead [76]. These results clearly indicate that low-energy
reactions mainly produce residues close to the target nucleus, while most of
the reaction residues further away from the target are produced by energetic
particles. Similar experiments are also performed at the ITEP in Moscow
(Russia) [77].



Spallation Reactions in Applied and Fundamental Research 209

Plate 11. Excitation functions of the production cross sections for some se-
lected nuclides produced in the interaction of protons with lead, measured using
γ-spectroscopy techniques [76]

3.4 Reactions Induced by Projectiles of 20–200 MeV Energy

Reactions induced by neutrons and light charged particles in the energy range
between 20 and 200 MeV simulate the inter-nuclear cascade in the spallation
target. These reactions play a major role in the multiplication and mod-
eration of the neutrons. Only a few nucleons are emitted due to the small
amount of energy dissipated in these reactions. Consequently, the resulting
mass and atomic number of the residual nuclei is close to that of the tar-
get nucleus. The experiments performed in this energy range are intended to
measure the double-differential cross sections for production of neutrons and
light charged particles in reactions induced by protons and neutrons with
energies in the range 20–200 MeV. Fission is also investigated in such reac-
tions. Moreover, measurements of the total fission cross sections and mass
distributions of fission residues for these projectile energies are in progress.
These measurements will make it possible to extend the Evaluated Nuclear
Data File libraries (ENDF) up to 200 MeV.
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A significant number of European laboratories contribute to this exper-
imental program, taking advantage of a large network of European facili-
ties that deliver protons and neutrons in this energy range: KVI (Nether-
lands), Louvain la Neuve (Belgium) and Uppsala (Sweden). Most of them
contributed to the HINDAS project of the Fifth Framework Program of the
European Commission [78]. This European project also included the mea-
surement of residue production in inverse kinematics done at GSI and light
charged-particle production experiments at COSY, both in the 200–2000 MeV
region.

Another important program supported by the European Commission is
the n TOF project. This project is based on a time-of-flight neutron facil-
ity recently set up at CERN. After moderation, the neutrons produced in
spallation reactions induced by 20 GeV protons, from the proton synchrotron
(PS), on a lead target cover an energy range between 1 eV and 200 MeV [79].
The experimental program developed at this facility includes a large num-
ber of experiments related to neutron capture and neutron-induced fission
reactions. The neutron flux produced in this facility will make possible the
use of radioactive targets for some of the measurements. Results from these
experiments are expected in the next few years.

4 Reaction Physics and Model Description

Reactions induced by relativistic light projectiles on heavy target nuclei are
generally interpreted on the basis of the two-step mechanism proposed by
Serber [11]. According to this model, in the collision between projectile and
target, a remnant of the heavy target nucleus gains excitation energy and an-
gular momentum while it loses some nucleons through pre-equilibrium emis-
sion. This fast stage of the reaction is followed by a slower stage where the
target remnant or pre-fragment equilibrates all its excited degrees of freedom
and de-excites emitting γ-rays, nucleons, clusters or even fissioning. The fol-
lowing sections will deal with the main physics concepts involved in these
two processes as well as the corresponding model description.

4.1 Nucleon-Nucleus Interaction

Full microscopic calculations of the interaction between heavy ions exceed by
far the present computational possibilities due to the many constituents and
degrees of freedom involved in these collisions. Therefore different approaches
are used to simplify the description of heavy ion collisions according to the
energy regime. At low energies, the reactions are governed by the nuclear
potential and quantum mean-field calculations, such as the time-dependent
Hartree-Fock approach (TDHF), are used [80, 81]. At relativistic energies,
the wave-length of the incoming particle and subsequent collision products
is of the order or smaller than the average inter-nucleon distance within the
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nucleus (≈10−13 cm). Consequently, classical models based on a sequence of
particle-particle collisions inside the nucleus known as intra-nuclear cascade
can be used.

More advanced models are based on both, a description of the nuclear
mean field and the intra-nuclear collisions. These dynamical models are based
on kinetic equations, for example the Vlasov equation, which describe the
motion of averaged classical quantities, such as one-body distribution func-
tion, in the phase space f(r, p, t). Additionally, a collision term including the
Pauli blocking is accounted for in the so-called Boltzmann-Uhling-Uhlenbeck
(BUU) equation [26].

Although the BUU approach has been widely used to describe the first
stage of heavy-ion collisions, it does not account for many-body correlations.
These correlations are fundamental to the explanation of certain processes
that require symmetry breaking as in the case of multi-fragmentation. Two
methods are being used to overcome this limitation. The first, known as
the Boltzmann-Langevin approach, seeks to simulate the correlations using a
stochastic term in the BUU equation [82, 83]. The second one is based on the
solution of many-body nuclear dynamics using either a classical approach
where all nucleons are localised [84, 85] or a more sophisticated one that
explicitly accounts for the fermionic character of the nucleons through the
antisymmetrization of the corresponding wave functions (Quantum Molecular
Dynamics) [27].

The dynamical evolution of the mean field plays a minor role in spallation
reactions, due to the fact that only a few nucleons are affected by the collision
and consequently the nuclear density as well as the mean field are only slightly
and temporarily modified. These considerations lead one to conclude that the
classical approach based on the intra-nuclear cascade model is well-suited for
describing this kind of collisions. Its simplicity and the correspondingly short
computer time needed for its applications have made it very popular indeed.

Intra-Nuclear Cascade Models

Intra-nuclear cascade models describe the interaction of high-energy
(>100 MeV) nucleons with complex nuclei as a sequence of two-body in-
teractions between the incident particles and the individual nucleons in the
target nucleus. In a similar way, the collisions of the struck nucleons with
the remaining target nucleons are also considered as a sequence of two-body
interactions.

These models are based on the principle that incident nucleons follow
straight trajectories until they collide with a target nucleon under a given cri-
teria determined by the nucleon-nucleon interaction cross section. Relativistic
kinematics is used to describe the trajectories, and refraction and reflexion
effects due to the nuclear potential are accounted for. The elastic or inelastic
character of the collision is determined by in-medium nucleon-nucleon cross
sections. The upper energy limit for the validity of these models is a few GeV,
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and in the case of inelastic collisions, pion production and absorption are sup-
posed to occur from the following reactions:

NN � N∆, ∆ � πN (1)

The momenta of the reaction products are obtained from the angular
dependence of the cross section of the corresponding reaction channel and
from energy and momentum conservation. Moreover, Pauli blocking is im-
plemented using different approximations according to the model. The main
idea behind these assumptions is that collision products can not populate
an area of the phase space that is already occupied. Hadrons reaching the
nuclear surface with an energy larger than their binding energy will escape
through pre-equilibrium emission. The propagation of this cascade is fol-
lowed until the total energy (kinetic plus potential plus mass) of the cascade
particles drops below a certain cutoff energy or the time of the cascade prop-
agation reaches a limiting value after which thermalisation is assumed. The
final excitation energy and angular momentum induced by the cascade is ob-
tained from particle-hole excitations due to cascade particles bound by the
nuclear potential and holes produced in the initial Fermi distribution of target
nucleons.

The properties of such calculated cascades were first investigated by Gold-
berger [13] using the Monte Carlo technique and a two-dimensional model of
the nucleus. In these calculations it was assumed that the characteristics of
the nucleon-nucleon collisions within the nuclear matter are the same as those
in free space, except for the Pauli exclusion principle. Several similar investi-
gations of this problem followed, the most detailed being those of Metropolis
et al. [19] and Bertini [20]. The most recently developed intra-nuclear cascade
codes are ISABEL by Yariv and Fraenkel [24, 88] and the Liège code (INCL)
by Cugnon [25, 86, 87].

ISABEL is a generalisation of the VEGAS model [89] and can describe
hadron-nucleus and nucleus-nucleus collisions up to energies of 1 A GeV.
INCL describes hadron-nucleus and nucleus-nucleus collisions up to energies
of 2.5 A GeV and for nuclei with mass number of 4 or less. The major
differences between these two codes are related to the treatment of the nuclear
medium and the criterion used to stop the cascade.

In the case of ISABEL, the nucleus is considered as a Fermi sea of nucle-
ons. The interaction of the excited particles with the nucleons in the Fermi
sea can produce new cascade particles. After each interaction the nuclear den-
sity is readjusted and the trajectory of the new excited particle is computed.
The cascade stops when the energy of every cascade particle falls below a
pre-defined cut-off energy given by the Coulomb barrier plus two times the
binding energy. After this point is reached, the energy of all the excited par-
ticles that remain bound in the nucleus is assumed to be distributed among
all the nucleons of the nucleus, leading to a thermalised pre-fragment.

By contrast, in the INCL code, the nucleus is considered to be a set of
compact balls (nucleons) whose trajectories can be followed at any moment
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during the intra-nuclear cascade. At each time step, two nucleons can collide if
the distance between their associated trajectories becomes smaller than a pre-
defined minimum. The calculation continues until the computed time reaches
a given value τeq which determines the end of the pre-equilibrium stage.
The latter parameter is determined from the analysis of the time evolution
of the excitation energy of the system. During the thermalisation process,
the kinetic energies of the emitted pre-equilibrium particles cause an abrupt
reduction of the excitation energy of the nucleus. As thermal equilibrium is
approached the excitation-energy decrease becomes smoother. The parameter
τeq can thus be defined as the transition between these two regimes. Finally,
the internal energy of the nucleus is obtained as the difference between the
sum of the kinetic energies of all the excited nucleons and the energy of
the ground state in a Fermi gas. Both quantities refer to the bottom of the
potential well describing the nuclear interaction.

Illustrative Results

Figure 12 presents INCL predictions of excitation-energy and mass distribu-
tions of pre-fragments produced in the first stage of the reaction
p(1 GeV)+208Pb. According to this calculation, the average number of pre-
equilibrium nucleons emitted during the first stage of the collision is five, with
the corresponding number of protons and neutrons being scaled to the neu-
tron to proton ratio of the target nucleus. This process results in an average
excitation energy of 200 MeV. This means that the average excitation energy
induced by the abrasion of one nucleon is 40 MeV. The same calculation gives
an average induced angular momentum of 10 � for the pre-fragments.

From this calculation one can conclude that the number of abraded nu-
cleons represents only a small fraction, and consequently spallation reactions
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Plate 12. Distributions of excitation energy (left panel) and mass (right panel)
of the pre-fragments produced in the first stage of the reaction p(1 GeV)+208Pb
calculated by using the code INCL
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are not expected to cause large modifications in the target nucleus in terms
of deformation. Though the average angular momentum induced is quite
small, the final pre-fragment gains a large amount of excitation energy. Con-
sequently, the degree of freedom more affected by the collision is the internal
energy of the nucleus. This is why spallation reactions are thought to be an
optimum tool for investigating the dynamics of nuclear matter under extreme
conditions of excitation energy or temperature.

4.2 Pre-fragment De-excitation: Statistical Model

The statistical model describes the de-excitation of the pre-fragment pro-
duced in the first stage of the collision assuming the compound–nucleus hy-
pothesis of Bohr [90]. According to this hypothesis, at the end of the pre-
equilibrium phase the pre-fragment reaches statistical equilibrium defined by
a given value of the excitation energy and the total angular momentum. This
assumption of equilibrium implies that all possible decay channels open for
the equilibrated system have, on the average, the same probability of being
populated.

In the case of spallation reactions, the excitation energy induced during
the first stage of the collision is so high that many possible decay channels are
available. In particular, emission of nucleons or light clusters, fission, emission
of intermediate-mass fragments and γ radiation, are possible decay channels.
Since the amount of energy release in any of these emissions is limited, the
statistical model assumes that the initial pre-fragment will undergo a se-
quential decay process, or evaporation chain, until the final residual nucleus
reaches its ground–state configuration. The model assumes that statistical
equilibrium is reached after every evaporation step.

Using this hypothesis and the principle of detailed balance, Weisskopf
and Ewing [12, 91] introduced the first formulation of the decay rate of the
compound nucleus. The principle of detailed balance for two systems a and
b in statistical equilibrium and with level densities ρa and ρb states that
the depletion of the states of system a by transitions to b equals their in-
crease by the time-reversed process b → a. Thus if Rab = Γab/� is the decay
rate (probability per unit time) for transitions from a to b and Rba = Γba/�

is the decay rate for the inverse process, one has:

ρaΓab = ρbΓba (2)

Weisskopf’s statistical model was improved by Hauser and Feshbach [92]
who introduced a proper quantum-mechanical treatment of the angular mo-
mentum. Another formulation of the statistical model is based on the tran-
sition state method that Bohr and Wheeler proposed to describe the fission
decay channel [90]. According to this formalism, the decay rate of a fissioning
nucleus is not determined by the statistical configuration of the final state
but rather by the configuration of states above the potential barrier that gov-
erns this process. The following sections will present the formalism used to
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describe the decay rates of the different de-excitation channels a hot nucleus
can follow.

Particle and γ Emission

If we consider an excited nucleus in thermal equilibrium which decays into
a final nucleus emitting a nucleon or light nucleus, the final state of the
system is characterised by the fraction of the phase space occupied by the
emitted particle and the number of states of the daughter nucleus that can be
populated in this transition. The number of final states can be statistically
calculated as a level density. In this particular case, the decay width of the
time-reversed process can be obtained from the cross section of the capture
process (fusion) and the velocity of the emitted particle [93, 94].

Taking these considerations into account and assuming an initial nucleus
characterised by an excitation energy Ui and total angular momentum Ji,
which decays into a final nucleus (Uf , Jf ) emitting a nucleon or a light nucleus
ν with a given kinetic energy εν , spin sν and orbital angular momentum l,
the decay width for this process can be calculated according to:

Γ (Ui, Ji;Uf , Jf , sν) =
(2sν + 1)k2

f

2π2
σfi(Ui, Ji)

(2Jf + 1)ρ(Uf , Jf )
(2Ji + 1)ρ(Ui, Ji)

(3)

The energies Ui and Uf are related by Ui = Uf + εν + Sν + Bν , where
Sν represents the separation energy and Bν the Coulomb barrier for the
emitted particle. The cross section for the time-reversed process, fusion, can
be calculated in term of the transmission coefficients as:

σfi(Ui, Ji) =
π

k2
f

2Ji + 1
(2sν + 1)(2Jf + 1)

Jf+sν∑
S=|Jf−sν |

Ji+S∑
l=|Ji−S|

T l
ν(εν) (4)

where S = Jf + sν is the channel spin. Spin-orbit coupling is neglected in
this expression. The quantity T l

ν incorporates the effects of the Coulomb and
the centrifugal barriers together with the nuclear potential. By combining
the previous equations one obtains the average decay rate Rν of a nucleus
emitting a particle ν:

Rν(Ui, Ji;Uf , Jf ) =
1
h

ρ(Uf , Jf )
ρ(Ui, Ji)

Jf+sν∑
S=|Jf−sν |

Ji+S∑
l=|Ji−S|

T l
ν(εν) (5)

Finally, the decay width of a system characterised by an excitation energy
Ui, an angular momentum Ji and the nature of the emitted particle ν, results
from summing over all possible final values of the angular momentum Jf and
integrating over all possible kinetic energies εν of the emitted particle:
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Γν(Ui, Ji) = �

∫ Ui−Bν

0

∑
Jf

Rν(Ui, Ji;Uf , Jf )dεν

=
2mν(2sν + 1)
2π2�2ρ(UI)

∫ Ui−Bν

0

ενσfiρ(Uf )dεν

(6)

where mν is the mass of the emitted particle. This formulation of the decay
process of an excited nucleus in thermal equilibrium indicates that the whole
process is governed by the transmission coefficient for the emitted particle
and the level densities of the initial and final nuclei involved in the decay. An
accurate determination of the decay widths requires a correct evaluation of
these quantities. The transmission coefficients T l

ν can be obtained solving the
corresponding Schrödinger equation with an optical potential describing the
particle–nucleus interaction as discussed in [42]. However, the high excita-
tion energies involved in spallation reactions lead to an enormous number of
possible decay channels and very long evaporation chains that make it impos-
sible to perform calculations within a reasonable short time. For this reason,
realistic approximations are frequently used to simplify the calculations. One
of the most commonly used approximations for evaluating the inverse cross-
section is to approach the nuclear potential by a black disk. In this case, the
transmission coefficient is represented by a step function with a maximum
value determined by the geometrical interaction cross-section. In addition, if
the excitation energy of the decaying nucleus is sufficiently high, the upper
integration limit in (6) can be extended to infinity. Correspondingly, the
following equation can then be used to calculate [95] the decay width for a
given particle ν emission as:

Γν(Ui) =
1

2πρ(Ui)
4mνR2

�2
T 2

f ρ(Ui − Sν − Bν) (7)

where R is the radius of the nucleus and Tf the temperature of the final
residue. The differences between the exact calculation (6) and the approxi-
mated one (7) can be accounted for by using effective Coulomb barriers Bν

for the emitted particles [96].
In analogy to the particle decay, the average decay rate of an excited

nucleus emitting γ rays can be written as [97]:

Rν(Ui, Ji;Uf , Jf ) = Cλ(εγ)ε2λ+1
γ

ρ(Uf , Jf )
ρ(Ui, Ji)

(8)

where the two first terms represent the matrix element of the transition,
Cλ(εγ) is the radiative strength function, and the last term corresponds to
the phase-space ratio. As the statistical emission of γ radiation occurs pre-
dominantly through the giant dipole resonance, its decay width can be written
as:

Γγ(Ui) =
∑
Jf

∫ Ui−εγ

0

ε3γCλ(εγ)
ρ(Uf , Jf )
ρ(Ui, Ji)

dεγ (9)
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Comparing (6) and (9), one sees that the emission of particles is favoured
over dipole γ rays by a factor of ≈10−7. Thus, γ-ray emission is important
only in the later stages of the evaporation chain at energies around or below
the particle separation energy. Taking εγ = Sν and using the power approxi-
mation for the radiative strength function [98] and the constant temperature
model [99], (9) can be parameterised as [100]:

Γγ(εγ = Sν) = 0.624 · 10−9A1.6T 5 MeV (10)

Here, A is the mass of the mother nucleus and T = 17.6/A0.699 MeV is
the nuclear-temperature parameter of the constant-temperature model.

Fission

Fission is the consequence of a large-scale collective motion of nucleons inside
the nucleus that splits the initial nucleus into two fragments. This process
can occur spontaneously for certain nuclei, or can be induced in nuclear reac-
tions where part of the internal or excitation energy gained by the fissioning
nucleus is transformed into collective motion that provokes a significant de-
formation of this nucleus. As the nucleus deforms (at constant volume), the
magnitude of the negative contribution of the surface energy to the binding
energy increases and opposes deformation. At the same time, the increasing
separation of the nuclear charges (the protons) reduces the Coulomb energy
and favours further elongation. The competition between these two energy
changes has the effect of creating an angular-momentum-dependent potential
energy barrier in the deformation coordinate. The top of the barrier corre-
sponds to the “no return” or saddle point, the height of which is known as
the fission barrier Bf . Beyond the saddle point, the system descends to the
point of scission where it separates into two fragments.

The fission barrier, which has a magnitude of only a few MeV, results from
the partial cancellation of two quantities (the surface and Coulomb energies),
which are both of the order of several hundredMeV. This indicates that fission
is very sensitive to small energy variations such as those resulting from shell
effects or dissipation. Correspondingly, fission is considered to represent a
laboratory for investigating the structure and dynamics of the atomic nucleus.
However, these issues also identify the major difficulty found in the model
description of this process. In fact, 65 years after Bohr and Wheeler provided
a qualitative understanding of this process based on the statistical liquid-
drop model [101], a well defined and universally accepted model describing
fission in not yet available.

The statistical model of fission is based on the transition–state method.
According to Bohr and Wheeler and in contrast to the decay modes consid-
ered so far, the decay rate for fission does not depend on the level density of
the residual nuclei, which are the fission fragments at infinite separation. It
depends rather on the properties of the “transition states” of the compound
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Plate 13. Illustrative representation of the intrinsic states of an even-odd nu-
cleus at its equilibrium and saddle-point deformations (right-hand side) and of the
residual nucleus following neutron emission (left-hand side). Figure taken from [102]

nucleus at the saddle point (see Fig. 13). These states are characterised by
two factors. The first one is the density of states above the fission barrier
due to intrinsic excitations that can be written as ρ(Ui − Bf − ε), where Bf

is the fission barrier and ε is the kinetic energy associated with the motion
of the fission fragments at the saddle point. The second factor is related to
the fraction of the phase space occupied by the movement of the nascent
fission fragments along the deformation axis. If we call R the deformation co-
ordinate, the phase space defined by the fission movement will be ∆Rdp/h.
Since one is only interested in those states around the saddle point (tran-
sition states), the fraction of the total phase space that corresponds to the
transition states is v∆t/∆R, where v is the velocity of the fission motion and
∆t the time the system stays around the saddle point. The fission decay rate
Rf is then defined by the ratio of densities for transition and initial states,
normalised to ∆t:

Rf (Ui, Ji) =
1

hρ(Ui, Ji)

∫ Ui−Bf (Ji)

0

ρ(Ui − Bf (Ji) − ε)dε (11)
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where the relation vdp = dε has been used. Equation (11) does not account
for the transmission through the barrier. Using the Hill-Wheeler parabolic
barrier approximation the following generalisation can be deduced:

Rf (Ui, Ji) =
1

hρ(Ui, Ji)

[ ∑
i

1
1 + e2π(Bf−εi)/�ωf

+
∫ Ui−Bf (Ji)

0

ρ(Ui − Bf (Ji) − ε)dε

]
(12)

εi being the kinetic energies of the discrete states with energies below the
fission barrier, and ωf the frequency of the oscillator describing the fission
barrier around the saddle point. Extending the integration limit to infinity
in (11) [95], the fission decay width Γf can be calculated according to the
transition state model of Bohr and Wheeler:

ΓBW
f (Ui, Ji) =

1
2πρ(Ui, Ji)

Tsadρ(Ui − Bf ) (13)

Here Tsad represents the nuclear temperature at saddle. Together with
the description of the level densities, the main ingredient of this model is the
fission barrier. Fission barriers can be calculated accurately using the finite-
range liquid-drop model [103] taking into account microscopic contributions
from ground–state shell structure [104].

The transition–state method can also be used to describe the emission of
light particles by replacing the fission barrier by the separation and Coulomb
energy that characterise this disintegration mode. It has actually been shown
that both approaches of describing particle emission, the transition state
method and the statistical evaporation model, correspond to the same unified
description of the process [112].

The present formulation of the fission model does not account for the
mass asymmetry degree of freedom. Consequently it yields fission probabil-
ities but not the mass or charge distribution of the fission process. Several
attempts have been made to introduce additional degrees of freedom into the
transition state fission model. In the context of the adiabatic approximation,
Moretto [105] proposed that a mass asymmetry degree of freedom q with
conjugate momentum p would introduce an additional factor dqdp/h in the
description of transition states around the saddle point. The sum of the po-
tential and kinetic energy (ε = p2/M , with M being the inertia parameter
corresponding to this new degree of freedom) must then be subtracted from
the total energy Ui in the calculation of the level density:

1
�

d3Γf

dεfdpdq
dεfdpdq =

ρ(Ui − Bf (q) − εf − ε)
ρ(Ui)

dεf

h

dqdp

h
(14)

where Bf (q) represents the potential energy at the saddle point as a function
of the mass asymmetry and εf is the kinetic energy along the fission degree
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of freedom (deformation). If one considers a parabolic potential B(q) = Bo +
αq2, and expands ρ(Ui − Bf (q) − εq − ε) one gets:

1
�

d3Γf

dεfdpdq
dεfdpdq =

ρ(Ui − Bo)
ρ(Ui)

e−β(αq2+εf+ε) dεf

h

dqdp

h
(15)

with β being the inverse of the nuclear temperature at the saddle point.
Integrating over εf and p and extending the integration limits to infinity
yields the decay width for a given mass asymmetry as:

1
�

d3Γf

dq
dq =

(2πM)1/2

h2β3/2

ρ(Ui − Bo)
ρ(Ui)

e−βαq2
dq (16)

Benlliure and collaborators improved this formalism by introducing a
more realistic description of the mass–asymmetry dependence of the energy
potential at saddle point, based on a semi-empirical description of shell ef-
fects [74]. Using experimental results and the model of Brosa and collabora-
tors [106], the authors defined three main components of the mass-asymmetric
potential as a function of the neutron number at the saddle point. The first
one is the symmetric component (Vmac) described by a parabolic function as
defined by the liquid-drop model. This parabola is assumed to be modulated
by two neutron shells, located at mass asymmetries corresponding to neutron
numbers N = 82 (Vsh,1) and around N = 88 (Vsh,2) in the nascent fragments.
Shell effects are represented by Gaussians as a function of the mass asymme-
try. The influence of shell effects in the light fission fragments and in proton
number are neglected. The total potential energy is thus given by the sum of
five contributions:

V (N) = Vmac(N)
+ Vsh,1(N) + Vsh,1(NCN − N)
+ Vsh,2(N) + Vsh,2(NCN − N)

(17)

where the potential energy is symmetric around NCN/2, NCN being the
neutron number of the fissioning nucleus. The curvature of the parabolic
potential describing the symmetric component as well as the parameters of
the Gaussian functions corresponding to the shell effects are obtained from
experimental results. The probability for a given splitting of the fissioning
nucleus is obtained by the statistical weight of transition states above this
mass-asymmetric potential. The neutron to proton ratio of the final fission
fragments is given by the unchanged charge density assumption of the fis-
sioning nucleus with a width calculated in a touching-sphere configuration
for a symmetric split.

A different approach is taken in scission-point models such as those pro-
posed by Fong [107] or Wilkins, Steinberg and Chasman [108]. These models
use the properties of the scission-point configuration to describe the nature of
fission fragments, based on the assumption of a total or partial thermal equi-
librium of the degrees of freedom at the scission point. In this approach, the
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coupling between collective and intrinsic degrees of freedom is strong enough
to transform all collective energy from saddle to scission into intrinsic energy
shared by both fission fragments. These models are markedly different from
the Bohr and Wheeler model since they assume strong coupling rather than
adiabaticity for the saddle to scission path.

In the simplest version of the Fong model, the scission configuration con-
sists of two touching spheres with a given intrinsic energy, where the final
density of states is determined by the convolution of the density of states of
the two fission fragments according to:

ρ12(U) =
∫ U

0

ρ1(U1)ρ2(U − U1)dU1 (18)

where U is the available excitation energy at scission that can be calculated
as U = Ui +Qf −BC , Qf being the mass energy balance of the fission process
and BC the Coulomb energy of both fission fragments. Given the Fermi-gas
level density one can derive the level density at scission [94]:

ρ12(U) = K
(a1a2)1/2

(a1 + a2)5/4
U3/4e2

√
(a1+a2)U (19)

with ai representing the level–density parameter. The main limitation of this
model concerns the exact description of the scission configuration where shell
effects, pairing and deformation strongly influence the result of the calcula-
tion.

In the model of Wilkins, Steinberg and Chasman, the level density at the
scission point is obtained by convoluting the level density of both fission frag-
ments, the latter being approximated by the maximum value of the integrand
in (18) according to [94]:

ρ12(U − V ) = ρ(U)e−V/Tcoll (20)

where Tcoll is referred to as the “collective temperature” and V is taken as
the difference between the ground state energy of the fissioning nucleus and
the lowest energy of any deformed configuration at the scission point. This
model also includes a detailed description of the scission potential energy
where shell effects, pairing and deformation are accounted for.

As will be further discussed in Sect. 5.3, this statistical description of
fission was questioned by Kramers [109] just a year after its publication.
Kramers considered fission to be a dynamical process that cannot be de-
scribed in using purely statistical terms.

Intermediate-mass Fragment Emission and Multi-fragmentation

At high excitation energies, such as those reached in spallation reactions,
the statistical emission of intermediate-mass fragments (IMF) has to be con-
sidered as a competing decay channel. From a formal point of view, IMF
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evaporation can be considered as a very asymmetric fission process. Thus,
the transition state and the scission point models discussed in the previous
section, can be used to described this process. The only additional difficulty
is the description of the potential energy for extremely asymmetric config-
urations at high excitation energies. Another problem could be finding a
consistent treatment for the evaporation of light particles and IMFs. The ex-
tension of the Weisskopf or the Hauser–Feshbach formalisms to IMF emission
would correspond to the scission point models of Fong or Wilkins, Steinberg
and Chasman. However, other authors such as Moretto [105, 110] and Swiate-
cki [111] prefer to use the transition state model to describe IMF evaporation
and extend it to the emission of light particles and clusters. In the latter
approach, defining the saddle point for these very asymmetric configurations
seems to be a difficult task. A detailed discussion of this topic can be found
in [112].

Spallation reactions induced at energies above 1 GeV could lead to the
formation of nuclear matter at temperatures above 4 MeV. Under these con-
ditions, a new decay channel called multi-fragmentation is expected to oc-
cur [113]. This decay channel is characterised by the complete disintegration
of the nucleus in several simultaneously emitted IMFs. The description of
this decay channel is beyond the sequential evaporation approach described
in previous sections. Although multi-fragmentation represents a small frac-
tion of the cross section in spallation reactions, they offer optimum conditions
for investigating this decay channel, as will be discussed in Sect. 5.

Level Density

Level density is one of the key parameters in the statistical description of
the de-excitation process of a hot nucleus. This topic has been discussed ex-
tensively in a previous series of lectures notes by Langanke, Thielemann and
Wiescher [42], or in review papers such as those of Ericson [99] or Huizenga
and Moretto [114]. Here the reader is reminded of its basic formulation and
particularities at high excitation energy. According to the adiabatic formal-
ism [116], the level density of an excited nucleus can be written as:

ρ(U, J) = Kcoll(U)ρint(U, J) (21)

where the internal (ρint(U, J)) and collective (Kcoll) degrees of freedom are
completely decoupled. The most widely used model for calculating level den-
sity due to intrinsic excitations is the non-interacting Fermi–gas model pro-
posed by Bethe [115], according to:

ρint(U, J) =
1
2
F (U, J)ρ(U) (22)

with
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F (U, J) =
2J + 1
2σ2

exp
(
−J(J + 1)

2σ2

)

(23)
ρ(U) =

π

12
eS

a1/4U5/4

Here σ2 = Θrigid

√
U/a/�

2 is the so called spin cut-off parameter, with
Θrigid = 2muAR2/5 being the moment of inertia of a nucleus with radius R
and mass muA and a the asymptotic level-density parameter that includes
corrections for the nuclear surface, as discussed in [117]. The entropy S can
be calculated using the back-shifted Fermi-gas prescription [118] in order to
account for shell effects δU and pairing corrections δP , according to:

S = 2
√

aU (24)

where U represents an effective excitation energy that includes shell and
pairing corrections. In the particular case of highly excited nuclei, the energy
dependence of the shell and pairing corrections plays an important role in
the last steps of the evaporation chain when the nucleus has lost most of
its initial excitation energy. A detailed description of these excitation–energy
dependent corrections to the level density will be given in Sect. 5.1.

Finally, the enhancement of the intrinsic level density due to rotation and
vibrations (Kcoll(U)) has to be taken into account for the case of the de-
excitation of nuclei with collective properties. This topic will be presented in
Sect. 5.2.

Evaporation Codes and Results

Statistical de-excitation codes are based on a sequential evaporation mecha-
nism which neglects the probability of simultaneous emission of two or more
particles or γ rays. In most of the codes it is assumed that the emitted
particles are in their ground states and that the initial nucleus undergoes
an evaporation chain (multi-step process) until a final nucleus in its ground
state is reached. Furthermore, it is assumed that at each evaporation step
the initial compound nucleus and final daughter nucleus are in statistical
equilibrium. The compound nucleus assumption is then applied at each step
of the de-excitation chain. The mass and atomic numbers, excitation energy
and angular momentum which define each evaporation step are obtained by
conservation laws.

Multi-step evaporation codes follow two different methods. The first one
is based on a mass and atomic number grid with a population distribution
of each nucleus in a two-dimensional space of excitation energy and angular
momentum. Given the initial distribution in excitation energy and angular
momentum of the compound nucleus, the population of the various daughter
nuclei is calculated. The disadvantage of these codes is that they generally do
not calculate angular and energy distributions of the emitted particles and do
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not preserve correlations between the emitted particles. The second method
uses Monte Carlo techniques to follow the decay of individual compound
nuclei until the residual nucleus can no longer decay. The advantage of this
method is that it can predict energy spectra, angular distributions and multi-
particle correlations.

The existing evaporation codes also differ in the possible decay channels
or the definition of statistical model parameters such as transmission coeffi-
cients, level densities or binding energies. In Table 2 Stokstad’s list [112] of
the most commonly used evaporation codes is updated, including the decay
channels taken into account by each code and the formalism used to calculate
the decay rates.

Table 2. List of most used statistical evaporation codes. Together with the main
references, the models used to evaluate the different de-excitation channels are char-
acterised by the following abbreviations: W.E. (Weisskopf–Ewing), H.F. (Hauser–
Feshbach), T.S. (transition state model), F.P. (Fokker–Planck, dynamical descrip-
tion of the fission flux), PAR (parameterisation), MC (Monte Carlo) and GR (grid)

Code Type γ n,p,He IMF Fission Reference

ABLA MC yes W.E. no F.P. A. Junghans et al. [73]
ALICE GR no W.E. no T.S. M. Blann et al. [119, 120]
CASCADE GR yes H.F. no no F. Pühlhofer [121]
DRESNER MC yes W.E. no T.S. I. Dostrovsky et al. [122]
GEM MC no W.E. W.E. PAR S. Furihata [123]
GEMINI MC no H.F. T.S. T.S. R.J. Charity et al. [124]
LANCELOT MC yes H.F. no no A.J. Cole [125]
LILITA MC no H.F. no no J. Cómez del Campo [126]
PACE MC yes H.F. no T.S. A. Gavron [127]

It is beyond the scope of this lecture to benchmark all these codes. How-
ever, it is clear that the reliability of the predictions of these codes has in-
creased with the quality of the available data. An example is shown in Fig. 9
where accurate measurements of the isotopic distribution of residual nuclei
produced in spallation reactions induced by 208Pb on hydrogen are compared
to model calculations. Recent codes such as the INCL [25] coupled to the
ABLA evaporation code [73] (dark line) provide a much better description
of the data than older codes such as the Bertini cascade [20] coupled to the
Dresner evaporation code [122] (grey line). A detailed discussion on some of
these evaporation codes can be found in Chaps. 4 and 5 of [94].
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5 Recent Investigations of Structure and Dynamics
of Atomic Nuclei by Using Spallation Reactions

Spallation reactions are an important tool for studying the dynamics of hot
nuclei because they allow one to investigate, in principle, nuclear properties as
a function of temperature. These reactions lead to relatively high excitation
energies, while the induced angular momentum or deformation in the pre-
fragment remains quite small. At high temperature other decay channels
become accessible to the nucleus, such as the emission of intermediate-mass
fragments, in addition, evidences for a hindrance of the fission width with
respect to the value predicted by statistical models have been observed [128].
At temperatures above a critical value, the emission of intermediate-mass
fragments evolves toward a simultaneous break-up of the nucleus into many
fragments, referred to as “multi-fragmentation” [129]. The onset of multi-
fragmentation and the dynamics of fission at high excitation energies are
topics which have been intensely studied in recent years.

In addition, it has been shown that spallation reactions in inverse kine-
matics or projectile fragmentation reactions can be used to investigate dif-
ferent nuclear-structure features. It is well established that even-odd or shell
closure effects disappear at high temperature and consequently, are not ex-
pected in high energy reactions. However, the accurate measurement of the
production yields of residual nuclei in these reactions has revealed complex
nuclear–structure phenomena [130]. These observations indicate that the final
residual nuclei are produced in high-energy reactions through long evapora-
tion chains that originate from very hot nuclei. The final isotopic composition
of the residues is thus determined during the last steps of the evaporation
chain where the nuclei are sufficiently cold and their decay widths are sen-
sitive to structural effects. Consequently, the investigation of the production
yields from highly excited nuclei could be a rich source of information on
nuclear–structure phenomena in slightly excited nuclei found at the end of
their evaporation process. Two manifestations of nuclei structure have al-
ready been observed in the production yields of spallation and fragmentation
residues, namely those related to pairing and collective excitations, as will be
discussed in the following two sections.

5.1 Pairing

Figure 14 shows the production cross sections of light projectile-like residues
from the reaction 238U+Ti at 1 A GeV [130]. The data are sampled according
to the neutron excess N – Z for even-mass and odd-mass nuclei. This repre-
sentation reveals a complex structure. For even-mass nuclei a clear even-odd
effect is present, being particularly strong for N = Z nuclei. Odd-mass nuclei
show a reversed even-odd effect with enhanced production of odd-Z nuclei.
This enhancement is stronger for nuclei with larger values of N – Z. However,
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Plate 14. Formation cross sections of the projectile-like residues from the reaction
238U+Ti, 1 A GeV. The data are given for specific values of N – Z. The chain N = Z
shows the strongest even-odd effect, while the chain N – Z = 5 shows the strongest
reversed even-odd effect. Data taken from [130]

for nuclei with N – Z = 1 the reversed even-odd effect vanishes at Z = 16, and
an enhanced production of even-Z nuclei can again be observed for Z > 16.
All observed structural effects seem to vanish as the mass of the fragment
increases.

To interpret these effects, a consistent description of level densities and
binding energies is required, including shell and pairing corrections according
to the back-shifted Fermi–gas prescription. Following this model, the effective
excitation energy U in (24) can be written as:

S = 2
√

aU = 2
√

a [Ueff + k(Ueff )δS + h(Ueff )δP ] (25)

The asymptotic level-density parameter a can be calculated according to
Ignatyuk [117] as:
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a = 0.073A + 0.095BsA
2/3 (26)

where A is the mass of the nucleus and Bs the ratio of the deformed nucleus
surface to the spherical one. In (25), δS is the ground-state shell correction,
calculated as the difference between the experimental ground-state mass and
the corresponding value predicted by the liquid-drop model [103]. At the
saddle point, shell correction can be assumed to be negligible. The function
k(Ueff ) describes the damping of the shell effect with the excitation energy,
and can be calculated according to [131] as k(Ueff ) = 1−exp(−γUeff ), with
the parameter γ being determined by γ = a/(0.4A4/3) [132].

In the back-shifted Fermi-gas model, the effective pairing energy shift δP
is calculated as:

δP = −1
4
∆2g + 2∆ (27)

where the average pairing gap is ∆ = 12/
√

A, the single-particle level density
at the Fermi energy is g = 6a/π2 and h(Ueff ) parameterises the super-fluid
phase transition [133] at the critical energy Ucrit = 10 MeV [134] according
to:

h(Ueff ) =

{
1 −

(
1 − Ueff

Ucrit

)
, Ueff ≤ Ucrit

1, Ueff > Ucrit

(28)

The effective energy Ueff is shifted with respect to the excitation energy
U to accommodate for the different energies of even-even, odd-mass and odd-
odd nuclei:

Ueff = U odd − odd
Ueff = U − ∆ odd − mass
Ueff = U − 2∆ even − even

(29)

Using this model most of the observed even-odd effects shown in Fig. 14
can be understood when pairing and shell effects are consistently accounted
for in both binding energies and level densities of the parent and daugh-
ter nuclei. In the case of odd-mass residues, the even-odd staggering in the
production cross sections can be interpreted as being due to pairing correla-
tions in the particle separation energies. The number of particle-bound states
in the final residual nuclei follows the observed staggering in the production
yields. However, in order to describe even-odd staggering in even-mass nuclei,
the states available in both the daughter and mother nuclei must be taken
into account in the evaporation chain. In both cases and for heavier nuclei,
γ emission becomes a competitive decay channel in the final de-excitation
steps, causing even-odd staggering to decrease as mass increases.

In spite of this success, the particularly strong staggering observed in
the final yields on the N = Z chain could not be reproduced. Although this
question is not completely solved, some phenomena like Wigner energy, α
clustering or neutron-proton correlations could explain this strong staggering.
A detailed discussion of these results can be found in [130].
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5.2 Collective Excitations

As is apparent from (23) and (24), shell effects modify binding energies and
level densities. Analogous to pairing correlations, they should also manifest
themselves during the last steps of the evaporation chain for those nuclei near
a shell closure.

By using reactions induced by 238U projectiles it has become possible to
produce nuclei across the neutron shell N = 126. In this region of the chart of
the nuclides, the production cross-sections of such nuclei are governed by the
competition between neutron or proton evaporation and fission. In fact, the
production cross sections of evaporation residues are a measure of the survival
probability against fission. Near the shell closure N = 126, the higher fission
barriers are expected to enhance the production cross-sections of such nuclei.
However, such an effect has not been observed, as can be seen from Fig. 15.
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Plate 15. Production cross sections of radium isotopes measured for the reaction
238U(1 A GeV)+d (full circles). The experimental data are compared with model
calculations using a Fermi-gas level density (dotted line), a level density including
ground-state shell effects (dashed line) and one based on ground-state shell effects
and collective excitations (solid line) [135]

The astonishing lack of stabilisation against fission for magic or near magic
nuclei is interpreted as a signal of level–density enhancement due to the
presence of rotational and vibrational collective excitations Kcoll(U) [73].
The large deformation of the mother nucleus at the saddle point favours
the appearance of rotational bands above the fission barrier. These collective
levels are added to the intrinsic levels of the nucleus, leading to an increase
of the level density at saddle that favours the fission decay channel.
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Junghans and collaborators [73] calculated the contribution of collective
excitations to the level density Kcoll(U) according to:

Kcoll(U) =
{

(σ2
⊥ − 1)f(U), σ2

⊥ > 1
1, σ2

⊥ ≤ 1
(30)

where σ⊥ is the spin–cutoff parameter and f(U) describes the damping of the
collective modes with increasing excitation energy. For nuclei with quadru-
pole deformation (|β2| > 0.15), the collective enhancement corresponds to
rotational excitations. This is described by a spin–cutoff parameter σ2

⊥(rot)
defined as:

σ2
⊥(rot) =

�⊥T

�2
, � =

2
5
moAR2

(
1 +

β2

3

)
(31)

T being the nuclear temperature, m0A the nuclear mass and R the nuclear
radius. At small deformations (|β2| ≤ 0.15), the collective enhancement is due
to vibrations. In this case, the rigid-rotor moment of inertia is replaced by
the irrotational-flow moment of inertia (�irr = β2

eff�⊥). The corresponding
spin–cutoff parameter σ2

⊥(vib) is:

σ2
⊥(vib) = Sβ2

effσ2
⊥(rot) (32)

where S is the strength of the vibrational excitation and βeff a dynamical
deformation parameter that accounts for the variation in the energy of the
vibrational bands according to the distance in neutron and atomic number
∆N(∆Z) to the nearest closed shell according to:

βeff = 0.022 + 0.003∆N + 0.005∆Z (33)

Following this formulation, the strength of the vibrational excitations (S)
can be investigated along with the dumping of rotations and vibrations with
temperature (f(U)). In [73, 135], different sets of data have been compared
with these model calculations. As shown in Fig. 15, a consistent description of
the data was obtained for a value of S = 50. Moreover, it was deduced that
the damping of the collective enhancement can be represented by a Fermi
function 1/(1 + exp[−(U −Uc)/dc]) with parameters Uc = 40 MeV and dc =
10 MeV which, contrary to [136, 137] do not depend on deformation. These
results are a good example of investigation of structural effects in the atomic
nucleus that cannot be addressed by using spectroscopic techniques.

5.3 Fission Dynamics

According to Kramers [109], fission should be considered as a diffusion process
above the nuclear potential in the deformation coordinate that cannot be
properly described within the framework of Bohr and Wheeler’s statistical
model [101]. This dynamical picture of fission can be modelled by using a
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Fokker–Planck or Langevin equation where the diffusion process is governed
not only by the nuclear potential but also by a dissipation coefficient. This
coefficient represents the coupling between the intrinsic and collective degrees
of freedom populated in fission. In his pioneering work, Kramers showed that
the stationary solution of this Fokker–Planck equation can be analytically
described in terms of the statistical fission width ΓBW

f proposed by Bohr
and Wheeler:

Γf = K · ΓBW
f (34)

Here K is the Kramers factor defined as:

K =




[
1 +

(
β

2ωo

)2
]1/2

− β

2ωo


 (35)

where β is the reduced dissipation coefficient, and ωo represents the frequency
of the harmonic oscillator describing the inverted potential at the fission
barrier. Since K is smaller than one, the dynamical description of fission
leads to a smaller fission width than the predicted by the statistical model.

The complete time-dependent solution of the Fokker–Planck equation was
introduced in the eighties by Grangé and collaborators [138]. They showed
that the fission-decay width across the barrier needs time to reach its asymp-
totic value defined by Kramer’s stationary solution of the Fokker–Planck
equation. The main consequence of the work of Grangé et al. is that the hin-
drance of the fission width with respect to its statistical value is due to both
stationary and transient effects in the fission flux across the barrier. Dur-
ing the transient time, i.e. before the stationary regime of the fission width is
reached, other de-excitation channels are favoured. Consequently, the nuclear
system cools down, reducing the fission probability even more with respect
to other channels.

The work of Grangé and collaborators was triggered by the experimental
observation of anomalously enhanced pre-scission neutron multiplicities in
fission induced by heavy-ions [141]. The large pre-scission neutron multiplici-
ties were interpreted as an indication of the delay of fission at high excitation
energies. Meanwhile, other evidence for fission hindrance induced by transient
and stationary dissipative effects was obtained from the analysis of γ–rays
emitted during the de-excitation of the giant dipole resonance [142] or by
directly measuring the fission time using crystal blocking techniques [143].

Recently, a novel technique based on a detailed investigation of fission
products in projectile fragmentation reactions at relativistic energies [145]
or spallation reactions [144] has been introduced. As already mentioned, the
advantage of this reaction mechanism is that the excited fissioning nucleus
is produced with well defined initial conditions that can be easily described
using the Serber model [11]. In addition, these reactions lead to almost un-
deformed nuclei covering a large range of excitation energy. In these works,
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the fission cross-sections, the charge distribution [145] or the isotopic dis-
tribution [144] of fission residues have been used as indications of fission
dynamics.

An example of the results obtained in these investigations is shown in
Fig. 16 which represents the isobaric distribution of residual nuclei produced
in the reaction 197Au(800 A MeV) + p [144]. In this figure the hump cen-
tred around ∆A ≈ = 85 corresponds to the fission residues. Comparison to
model calculations demonstrates the sensitivity of the data to the different
approaches describing fission. The predictions of the Bohr and Wheeler’s sta-
tistical model clearly overestimate the fission cross section. The calculation
based on the dynamical picture including stationary and transient effects pro-
vides a better description of the data, in particular if a value of β = 2·1021s−1

is assumed for the reduced dissipation coefficient. In these calculations the
time dependence of the fission width was described using a step function. As
illustrated here, these new experimental data allow one not only to estimate
the value of the reduced dissipation coefficient that describes the coupling
between intrinsic and collective excitations in nuclear matter, but also to in-
vestigate the transient effects that manifests itself in the time dependence
of the fission width [140]. However, very interesting questions concerning,
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Plate 16. Measured isobaric distribution of nuclei produced in the reaction
197Au(800 AMeV) + p [144]. The experimental data (black points) are compared
with the predictions obtained with different fission model calculations. The dashed
line represents the results obtained with the statistical model of Bohr and Wheeler.
The solid line corresponds to a dynamical calculation (Γ K

f ) with a reduced dissi-
pation coefficient of β = 2 · 1021s−1, while the dotted and dash-dotted lines are the
results obtained with reduced dissipation coefficient of β = 3 · 1021s−1 and β =
5 · 1021s−1, respectively
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e.g., the temperature or deformation dependence of the reduced dissipation
coefficient are still open.

5.4 Multi-fragmentation

The investigation of the decay modes of extremely hot nuclei constitutes
one of the approaches followed to characterise nuclear matter under ex-
treme temperature conditions and thus, the equation of state of nuclear mat-
ter. The emission of intermediate-mass fragments competes with fission and
light-particle evaporation during the de-excitation of highly excited nuclei.
In principle, this process can be understood as an extension of neutron or
light-charged particle evaporation to heavier clusters, for which, a sequen-
tial binary decay picture described by the statistical model can be used (see
Sect. 4.2). At extremely high excitation energies, the nucleus becomes un-
stable and undergoes, instead of sequential binary decays, a simultaneous
break-up process called multi-fragmentation [129, 146, 147]. Due to the sim-
ilarities between the nuclear potential and the Lennard–Jones molecular po-
tential, multi-fragmentation has been interpreted as a liquid-gas phase tran-
sition [113, 148, 149].

Experimentally, heavy-ion collisions in the Fermi–energy regime have been
used to investigate this reaction mechanism. In this case, the result of the
collision is a complex interplay between dynamic effects (compression, de-
formation and rotation degrees of freedom) and thermal excitation. On the
contrary, peripheral heavy-ion collisions at relativistic energies allow for the
production of projectile remnants heated mainly by thermal energy. In reac-
tions induced by relativistic protons, the dynamical effects of the collisions
have even less importance. For this reason spallation reactions are considered
as an optimal choice to investigate “thermal” multi-fragmentation, allowing
one to characterise intermediate-mass fragment emission and its relation to
a phase transition [22, 150, 151].

The investigation of spallation reactions in inverse kinematics using a
high resolution magnetic spectrometer has revealed new observables. In par-
ticular, it has been shown that the kinematic properties and the isotopic
composition of light fragments produced in spallation reactions are sensi-
tive to the decay mechanisms of the hot remnants produced in the reaction.
Figure 17 illustrates how sensitively the kinematic properties of light residues
produced in the reaction 56Fe on proton at 1 A GeV depend on the decay
mechanism [51]. The observed velocities are clearly compatible with a prompt
break-up process. The isotopic composition of projectile remnants produced
in peripheral collisions of relativistic heavy ions have also been used to deter-
mine the temperature of the nuclear system at break-up [152]. These investi-
gations highlight high-resolution measurements as complementary source of
information respect to exclusive measurements.
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Plate 17. Upper row : measured (circles) and reconstructed (lines) velocity distri-
butions of projectile remnants produced in the reaction 56Fe on proton at 1 A GeV,
represented in the frame of the average velocity of each fragment. Lower row : veloc-
ity distributions calculated with a sequential binary model (solid line) and prompt
break-up model (dashed and dotted lines). For details see [51]

6 Summary and Outlook

This lecture addressed the increasing importance that spallation reactions
have gained during the past few years. The implications of these reactions
were discussed, concerning basic research such as the interpretation of the
observed cosmic ray abundances, or applications such as neutron sources or
the production of radioactive nuclear beams. Even though these reactions
have been qualitatively understood for a long time, the present knowledge is
not sufficient for most of these applications. The interpretation of accurate
new data on cosmic ray abundances or the design of spallation targets for
neutron or radioactive beam production requires a better understanding of
these reactions that would enable one to significantly improve the predictive
power of the present model calculations. This situation has inspired numerous
efforts around the world, particularly in Europe, to obtain accurate data
on these reactions using advanced experimental techniques. Some of these
experimental programs were also briefly discussed in this lecture.

Moreover, this lecture reviewed the present understanding of this reac-
tion mechanism using the two-step model. Intra-nuclear cascade models were
presented as an optimal choice for describing the first stage of the reaction.
The underlying physics of the subsequent statistical de-excitation of the rem-
nant was then discussed in terms of light-charged particle evaporation, γ–ray
emission, fission and multi-fragmentation.

The last section of this lecture highlighted some of the most interesting
and recent investigations of the structure and dynamics of the atomic nucleus,
obtained by using spallation or fragmentation reactions in inverse kinematics.
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The accurate measurement of the isotopic composition and kinematic prop-
erties of residual nuclei have been proven to be new and powerful observables.
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