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Spallation and fragmentation reactions at incident energies above the Fermi momentum are considered to be the 
main mechanism for the production of neutron-rich nuclei at worldwide nuclear physics facilities, such as RIBF, 
FRIB, and GSI-FAIR. Although it is widely known that dynamical reaction models give a rather good prediction of 
cross sections for nuclear residues produced in spallation and fragmentation reactions, these reaction models fail 
in the description of peripheral collisions involving short-range nucleon-nucleon correlations (SRCs). Here, we 
present state-of-the-art dynamical reaction calculations based on the intranuclear cascade approach to describe 
spallation and fragmentation reactions. The new version of our dynamical model, including SRCs, successfully 
describes isotopic cross sections of neutron-rich nuclear residues and inclusive single-neutron and single-proton 
knockout cross sections for various stable and exotic nuclei. Finally, the results show that the systematic strong 
dependency of the single-knockout cross section reduction factor on the neutron-proton separation energy 
asymmetry parameter (Δ𝑆) obtained by Tostevin and Gade disappears when SRCs are taken into account.
1. Introduction

Direct reactions have been one of the key experimental probes to 
build up our understanding of the nuclear shell structure [1]. At in-

cident energies above the Fermi momentum spallation, fragmentation, 
and electron-nucleus reactions can populate hole states via nucleon-

removing collisions [2] allowing for the study of states near the Fermi 
surface of stable and unstable nuclei, which were used in the pioneering 
works of Mayer and Haxel [3,4] to display the behavior of single-

particle states. This fact motivates a simplified description of nuclei in 
terms of an independent-particle model (IPM), in which nucleons move 
freely in an average potential [5]. Traditionally, the deviations of the 
single-nucleon knockout cross sections from the simple IPM description 
have been quantified by high-energy electron scattering measurements 
on stable nuclei between 7Li and 208Pb [6], evidencing that the strength 
of dominant single-particle states, the so-called spectroscopic factor 
(SF), is reduced by about 30 − 40% in comparison to predictions based 
on the IPM. This deviation can be understood as a consequence of the 
presence of nucleon-nucleon correlations, such as long- and short-range 
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correlations (SRCs), where the latest might be induced by the short-

range tensor interaction due to the exchange of 𝜌 and 𝜋 mesons [7,8]. 
Recently, state-of-the art calculations based on the effective pair-based 
generalized contact formalism and ab initio quantum Monte Carlo ap-

proaches have also shown that SRCs would be explained in terms of the 
mean-field approximation [9] as a long-range quantity that is indepen-

dent of the short-distance nature of the nuclear force.

Experimentally, the first systematic study of single-nucleon knock-

out cross sections was carried out using high-energy electron scattering 
experiments, in which the scattered electrons and knockout nucleons 
were detected with high-resolution spectrometers [10,11], and showed 
that the SFs do not present any dependency on isospin or mass num-

ber [6]. This behavior has also been confirmed by other measurements 
based on proton and neutron transfer reactions, investigating more than 
30 stable nuclei [12,13], and by quasi-free nucleon scattering reactions 
in inverse kinematics covering large ranges of isotopic chains [14–16], 
which have led to strong conclusions about the isospin independency 
quantified by the difference between single proton and neutron sep-

aration energies. This latter parameter is used as a measure of the 
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asymmetry of the neutron and proton Fermi surfaces. In contrast, a re-

cent compilation of existing single-nucleon knockout data by Tostevin 
and Gade [17,18] reports reduction factors relative to the shell model 
(SM) predictions for a large number of nuclei. Whereas the resid-

ual interactions in SM calculations can account for the spread of the 
single-particle strength near the Fermi surface, the findings obtained 
in Refs. [17,19,20] point out a very strong dependency of SFs on the 
neutron-to-proton asymmetry of nuclei.

The isospin dependency of SFs is still highly debated and is unset-

tled whether this is an indication of correlation effects missing in the 
SM calculations [21,22] or deficiencies in the reaction model missing 
dynamical effects and/or nuclear excitation contributions [23], which 
is usually based on the simple eikonal approximation [24] with shell-

model effective interactions [25]. In this Letter, we utilize a microscopic 
dynamical reaction model to describe the proton-nucleus (spallation) 
and nucleus-nucleus (fragmentation) collisions induced in different sta-

ble and exotic nuclear systems given place to inclusive single-nucleon 
knockout cross sections. Our dynamical model includes experimental 
parameterizations of nucleon-nucleon interaction cross sections, phe-

nomenological and optical potentials, Hartree-Fock-Bogoliubov param-

eterizations for target and projectile density profiles, Pauli blocking, 
cluster formation, and final state interactions. Additionally, we also 
consider other nuclear excitations that would contribute to the single-

nucleon removal cross sections, which will be detailed later.

2. Theoretical framework

Spallation and fragmentation reactions are described within the lat-

est C++ versions of the dynamical Liège intranuclear-cascade model 
(INCL) [26,27] coupled to the ablation model ABLA++ [28,29], 
which are based on Monte Carlo techniques obeying conservation laws 
throughout each reaction event [30]. INCL describes these reactions as 
a sequence of binary collisions between the nucleons (hadrons) present 
in the projectile and target nuclei, mainly in the geometrical overlap-

ing region [31]. Nucleons move along straight trajectories until they 
undergo a collision with another nucleon or until they reach the sur-

face, where they might eventually escape. INCL also includes isospin-

and energy-dependent nucleus potentials calculated according to op-

tical models [30], as well as isospin-dependent pion potentials [32]

required for the description of inelastic nucleon-nucleon interactions 
exciting baryonic resonances [33,34]. Recently, INCL has been ex-

tended toward high energies (∼20 GeV) including new interaction 
processes, such as multipion production [35], production of 𝜂 and 𝜔
mesons [36], and strange particles [37–39], such as kaons and hyper-

ons. At the first step of the simulation, projectile and target density 
profiles are prepared assuming independent Woods-Saxon density dis-

tributions for protons, neutrons, and Λ-particles (only used for hyper-

nuclei) [30,38,40]. For the Woods-Saxon density distribution the radius 
(𝑅0) and the diffuseness parameter (𝑎) are taken from Hartree-Fock-

Bogoliubov calculations [41]. Additionally, the nucleons are sampled 
in phase space taking into account the correlations between kinetic en-

ergy and radius of the potential well [42], such that the relationship is 
given by the Woods-Saxon distribution. Therefore this new version of 
INCL allows us to predict the formation of spallation and fragmentation 
remnants and their characterization in atomic (𝑍) and mass (𝐴) num-

bers, strangeness number, excitation energy, and angular momentum. 
We remark that the good agreement of INCL calculations with experi-

mental neutron and proton emission production cross sections obtained 
from spallation-induced reactions on light, medium-mass, and heavy 
nuclei at energies from few MeV/u up to 20 GeV/u [26,30], as well as 
a reasonable description of isotopic cross sections [26,28,30], allow us 
to guarantee a correct prediction of the excitation energy gained by the 
remnants after the spallation and fragmentation reactions.

Assuming an inverse kinematics framework for the reaction descrip-

tion, SRCs are only considered for the projectile nucleus since experi-
2

mentally this is the most investigated case in worldwide nuclear physics 
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Fig. 1. The INCL predictions for the many-body nucleon momentum distribu-

tion 𝑛(𝑘) assuming different constraints for 𝑃𝑚𝑎𝑥 are compared to experimental 
values obtained from inclusive 𝐴(𝑒, 𝑒′)𝑋 reactions for 56Fe (a) and 12C (b) tar-

gets [10,46].

facilities, such as RIBF, FRIB, and GSI-FAIR. The implementation in 
INCL is based on the prescriptions given in Refs. [43,44]. At the begin-

ning of each INCL event the nucleons are sampled inside the potential 
well, looking afterwards for neutron-proton (np) pairs since these cor-

relations represent around 90% of the total amount of SRCs [43]. The 
nn and pp correlations are considered negligible and are not included 
in these calculations. Here we consider np pairs are formed when their 
inter-distance (𝑑𝑚𝑎𝑥) is smaller than 1.6 fm, about twice the proton ra-

dius [45]. During the projectile-target collision, INCL looks for nucleon-

nucleon interactions and if one of these SRC nucleons is involved in the 
collision, the interaction is modeled as a quasi-free two-nucleon knock-

out processes [44], assuming that all the participants move in the same 
reaction plane. The SRC kinematics is described as a back-to-back emis-

sion of the correlated nucleons in the center-of-mass of the colliding 
nucleons. Here it is essential to fix the value of the maximum momen-

tum 𝑃𝑚𝑎𝑥 gained by the SRC nucleons. This parameter is constrained 
using the many-body nucleon momentum distribution 𝑛(𝑘) obtained 
from inclusive 𝐴(𝑒, 𝑒′)𝑋 reactions performed with a 56Fe and 12C tar-

gets [10,46], as shown in Figs. 1(a) and 1(b) respectively, whose large 
momentum tail provides information about the amount and effects in-

troduced by the SRC nucleons in the nuclear potential well [11,46–48]. 
One can see in the figure that the momentum tail increases with the 
value of 𝑃𝑚𝑎𝑥, as expected since the SRCs increase the momentum of 
the nucleons. We achieve the best agreement when 𝑃𝑚𝑎𝑥 is equal to 
twice the Fermi momentum (270 MeV/c). The value of 𝑃𝑚𝑎𝑥 is fixed 
in our model because we only have experimental data for the men-
tioned stable nuclei and, consequently, there is no avenue for further 
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constraint on this parameter for neutron-rich and/or neutron-deficient 
nuclear systems. Nonetheless, these results are in a reasonable agree-

ment with the findings reported in Refs. [46,49,50] and we will see 
later that this approach works quite well. Then the SRC nucleons are 
marked as participants and propagated inside the projectile-like nu-

cleus looking for collisions with the rest of spectators or escape from 
the nucleus. Prior to initiating the propagation process, the momen-

tum coming from SRCs is added to the momentum of the SRC nucleons 
inside the potential well, under the assumption that the direction of 
the SRC breaking is the straight line connecting the centers of the 
two SRC nucleons. This assumption is introduced by considering the 
back-to-back emission and the need for conservation of momentum and 
energy. The additional SRC momentum is then sampled as a random 
value between zero and 𝑃𝑚𝑎𝑥, depending quadratically on the distance 
between the centers of the two nucleons (𝑑) according to the equation: 
𝑃𝑆𝑅𝐶 = 𝑥2𝑃𝑚𝑎𝑥, where 𝑥 = (𝑑𝑚𝑎𝑥 − 𝑑)∕𝑑𝑚𝑎𝑥. Other dependencies on 𝑥
have also been used to describe the experimental data in Fig. 1, but only 
the quadratic dependency is able to reproduce the experimental data. 
If the two SRC nucleons run away without interacting with other nu-

cleons, this channel will contribute as a two-nucleon knockout reaction 
populating mainly remnants with a mass equal to 𝐴𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 − 2. Con-

cerning Pauli blocking, during the propagation of these SRC nucleons, 
they are subject of statistical and strict Pauli blockings in order to guar-

antee the momentum and energy conservation at the end of the cascade 
process, as performed for normal nucleons [26,30,51]. Note that the 
momentum coming from SRCs is only added if the np pair is broken, 
otherwise the particle kinematics and their propagations are performed 
as usual.

For nucleus-nucleus collisions, apart from the fragmentation con-

tribution, we also take into account in these calculations other excita-

tions induced by the isovector giant dipole, isoscalar giant quadrupole 
(ISGQR), isovector giant quadrupole, and the double giant dipole res-

onances (GDR), whose main decay channels lead to the emission of 
neutrons and protons. The main contribution to nuclear excitations 
arises from the excitation of the ISGQR [52–54] that for the reactions 
studied in this work at kinetic energies of ∼100 MeV/u fluctuates be-

tween 30 and 150 mb, depending on the colliding nuclei.

INCL is then coupled to the deexcitation model ABLA++ [28] to 
determine the particle emission probabilities, which are calculated ac-

cording to the Weißkopf-Ewing formalism [55]. For a more realistic 
description of the deexcitation process, the separation energies and 
the emission barriers for charged particles are calculated by using the 
atomic mass evaluation AME2020 [56] and the prescription given by 
Qu and collaborators [57], respectively. We use Qu’s approach instead 
of the usual Bass model [58] because both descriptions provide simi-

lar results for the emission barriers, but Qu’s approach is much faster in 
the case of intermediate-mass and heavy remnants.

3. Single-nucleon knockout reactions

It is well-known that correlations arising from short-range nucleon-

nucleon interactions involving low-lying states result in a further re-

duction of the physical nucleon occupancies of states near the Fermi 
surface, being the associated single-particle strength shifted into a 
large number of states at higher energies [7,59,60]. This fact reduces 
the cross sections of single-nucleon knockout reactions and increases 
slightly the cross sections of lighter nuclear residues (𝐴 − 2, 𝐴 − 3, ..., 
channels).

In Figs. 2(a) and 2(b) we display the inclusive single-proton re-

moval cross sections (open circles) as a function of the projectile neu-

tron excess (𝑁∕𝑍) for the isotopic chains of Si [61] and Sn [62,63], 
respectively. The experimental data are compared to our model cal-

culations displaying the different contributions to the cross sections. 
Solid stars correspond to the contribution from the excitation of IS-

GQR and GDR resonances. For the excitation energy spectra of these 
3

reactions we assume a Lorentzian function, considering that the IS-
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Fig. 2. Inclusive single-proton removal cross sections (open circles) as a func-

tion of the neutron excess (𝑁∕𝑍) for the isotopic chains of Si [61] (a) and 
Sn [62,63] (b). The lines with markers illustrate the different contributions to 
the experimental data, see text for details. It is worth noting that calculations 
are performed solely for the experimental data points, while the lines serve the 
purpose of visually guiding the eye. The inset shows the cross section reduction 
factor deduced in this work (solid triangles and crosses) due to the presence 
of SRC as a function of the neutron excess, which is compared to the results 
obtained by the CLAS collaboration [68] (long-dashed line), theoretical calcu-

lations from Ref. [69] (long dashed dotted line), and to the systematic given by 
Tostevin and Gade [17,18] (shaded area).

GQR states are located at 𝐸𝐼𝑆𝐺𝑄𝑅 = 62𝐴−1∕3 MeV with a width of 
𝜎𝐸 = 0.029𝐸1.9 MeV [64]. As can be seen in the figures, this contribu-

tion (solid stars) is only important for nuclei close to 𝑁∕𝑍 ∼ 1, where 
the proton separation energies are smaller than the neutron ones. This 
fact increases the cross section for the single-proton removal channel 
due to the proton emission during the deexcitation stage and the subse-

quent population of the single-proton removal channel.

The contribution of the resonance excitations and INCL+ABLA (solid 
squares) is also shown. This calculation gives cross sections larger than 
the experimental data. Finally, we also display the results including 
SRCs (solid circles). In this case the SRCs reduce the cross sections a 
factor between 5 and 65% depending on the neutron excess as shown 
in the inset of Fig. 2(b), where the reduction factor in percent is calcu-

lated as: 100 ×(1 −𝜎𝐼𝑁𝐶𝐿−𝑆𝑅𝐶∕𝜎𝐼𝑁𝐶𝐿) (solid triangles and crosses). In 
the inset the systematic trend derived by Tostevin and Gade [17,18] is 
also shown with a shaded area. As expected, the SRC contribution to the 
single-proton knockout channel is more important for larger neutron-to-

proton asymmetries since the amount of correlated protons forming 𝑛𝑝
pairs increases with the neutron excess, as observed in high-energy elec-

tron scattering experiments [68]. The tendency obtained in Ref. [68] is 

also displayed with a long-dashed line. These results are also compared 



J.L. Rodríguez-Sánchez, J. Cugnon, J.C. David et al.

Fig. 3. Computed ratios of the experimental and theoretical inclusive single-

nucleon-removal cross sections induced by spallation [14,41,62] (a) and frag-

mentation [62,63,65–67] (b) reactions as a function of the parameter ΔS de-

fined in the upper part of the figure. The solid (empty) squares correspond to 
single-proton removal reactions while the solid (empty) circles are for single-

neutron removal ones with (without) SRCs. The short- and long-dashed lines 
correspond to the fits with and without SRCs, respectively, and are shown just 
to guide the eye.

to the power law given in Ref. [69], where the number of correlated 
pairs scales with ∼ 𝐴1.44. This is illustrated by a long dashed dotted 
line assuming the isotopic chain of Sn and normalizing to the maxi-

mum number of pairs corresponding to 100Sn. All these findings are in 
a reasonable agreement considering the large range covered by the sys-

tematic trend given by Tostevin and Gade.

Clearly, the new version of INCL provides a better description of the 
evolution of the single-nucleon knockout cross section with the neu-

tron excess. To go further in the Fig. 3 we systematically represent 
the ratio of the measured and theoretical cross sections (𝜎𝑒𝑥𝑝∕𝜎𝑡ℎ) as 
a function of the neutron-proton separation energy asymmetry param-

eter Δ𝑆 for spallation (a) and fragmentation (b) reactions measured 
in different works [14,16,41,62,63,65–67,70]. In both cases, the ratio 
is around the unit, with a larger dispersion between 0.5 and 1.3 for 
single-neutron and single-proton knockout in spallation reactions. This 
could be because there are few measurements, which have been per-

formed in different experiments and conditions. For nucleon knockout 
induced by fragmentation reactions the dispersion is smaller, between 
0.75 and 1.15. Here the calculations without SRCs are also displayed 
with empty symbols to show the dependency on the Δ𝑆 parameter. 
Therefore, from these results, we conclude that after including the SRC 
channel the ratios do not dependent on the neutron-to-proton asym-

metry, as recently obtained in different experimental and theoretical 
investigations [14,70–76]. This good agreement demonstrates that the 
SRC reaction channel and its dynamics are very relevant to describe 
properly single-nucleon knockout reactions.

4. Multiple-nucleon knockout reactions

The emission of the two SRC nucleons populates directly the nu-

clear residues with mass 𝐴 − 2, while the nuclear residues with masses 
𝐴 −3, 𝐴 −4, ..., are populated due to the re-scattering with other nucle-
4

ons inducing their emission. This effect can be observed in Fig. 4 where 
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Fig. 4. Cross sections for In isotopes produced after the removal of a single 
proton and several neutron in the reaction 134Sn (150 MeV/u) impinging onto 
a 12C target (open circles) [63]. The data is compared to standard INCL (solid 
line) and INCL-SRC (dashed line) calculations.

standard INCL (solid line) and INCL-SRC (dashed line) calculations are 
compared to isotopic cross sections of In isotopes produced in the reac-

tion 134Sn (150 MeV/u) impinging onto a 12C target [63]. In the case of 
the single-proton removal channel (𝐴=133) the cross section decreases 
because of SRCs, while the others change slightly. The main discrep-

ancy is found for the In isotope 𝐴=128, although this occurs for both 
calculations.

Surprising, this new approach combining INCL and contributions 
from resonance excitations seem to be in very good agreement with the 
results obtained in high-energy electron scattering experiments [68]

and recent spectroscopic factor studies [12,14,70–73]. Moreover, we 
also get a better description of isotopic cross sections related to the nu-

clear residues with masses 𝐴 −2, 𝐴 −3, 𝐴 −4, ..., that can be populated 
due to the excitation energy introduced by the breaking of the n-p pairs 
as well as their additional re-scattering.

5. Summary and conclusions

The dynamical intranuclear cascade model INCL has been im-

proved by including short-range nucleon-nucleon correlations domi-

nated mainly by the formation of 𝑛𝑝 pairs. This new development allows 
us to get a better description of pheripheral collisions involving the 
knockout of few nucleons in spallation and fragmentation reactions.

In Fig. 2 we have demonstrated that for the description of knockout 
reactions at intermediate kinetic energies (∼150 MeV/u) isoscalar giant 
quadrupole and double giant dipole resonances are required to repro-

duce the inclusive single-proton knockout cross sections measured for 
the Si and Sn isotopic chains, where the SRCs reduce the knockout cross 
sections by a factor of around 5% for symmetric nuclei and about 65%
for highly asymmetry nuclei. It is clear that the SRCs reduce the cross 
sections almost linearly with the neutron excess, as already pointed out 
recently by high-energy electron scattering experiments [68].

After including the SRCs, the calculated ratios of the experimental 
and theoretical inclusive single-nucleon removal cross sections induced 
by spallation and fragmentation reactions as a function of the projectile 
asymmetry in terms of the neutron-proton separation energy parameter 
seem to indicate an independence on the neutron-to-proton asymmetry. 
This allows to reconcile the theoretical calculations of nucleon knock-

out reactions with those obtained through nucleon transfer [12,13] as 
well as high-energy electron scattering [6,10,11,68] reactions. Our re-

sults also demonstrate that the SRC reaction channel and its dynamics 
play an important role to describe properly single-nucleon knockout 
reactions, as can also be deduced from the comparison of intermediate-

energy single-nucleon removal cross section measurements with shell 

model calculations [17–19]. It should be noted that the SRC effects ob-
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tained for the single-nucleon knockout cross sections studied in this 
Letter are smaller than 65%, which is in clear agreement with the values 
reported by the CLAS collaboration [68] and in Refs. [17,19], although 
in the latter the SRC contribution for the most strongly bound states can 
reach a percentage of 80%.

Finally, we would also like to note that the measurement of sin-

gle and multiple nucleon knockout cross sections for a large range of 
a given isotopic chain, as shown in Figs. 2 and 4, in coincidence with 
the kinematics of the emitted nucleons is crucial for further insight into 
SRCs. This kind of measurement can be easily performed in inverse 
kinematics experiments [77] at worldwide nuclear physics facilities, 
such as RIBF, FRIB, and GSI-FAIR. However, due to the re-scattering 
of the outgoing nucleons with the remnant in inverse kinematics, the 
emitted nucleons can much more easily populate the large momentum 
tail observed in Ref. [68], making it more difficult to disentangle the 
SRC nucleons from the re-scattered ones. To solve this possible issue, we 
would propose to simultaneously measure the 𝛾 -rays emitted during the 
deexcitation stage since the SRC pairs could populate forbidden excited 
states [78–80]. The combination of complete kinematic measurements 
of nuclear residues, high-momentum nucleons, and 𝛾 -ray spectroscopy 
could provide a powerful tool for advancing our understanding of the 
behavior of nucleon-nucleon interactions in nuclear matter under ex-

treme conditions.
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