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Production cross sections of residual nuclei obtained by knockout and fragmentation reactions of
different tin isotopes accelerated at 1A GeV have been measured with the fragment separator (FRS)
at GSI, Darmstadt. The new measurements are used to investigate the neutron-excess dependence
of the neutron- and proton-knockout cross sections. These cross sections are compared to Glauber
model calculations coupled to a nuclear deexcitation code in order to investigate the role of the
remnant excitations. This benchmarking shows an overestimation of the cross sections for the
removal of deeply bound nucleons. A phenomenological increase in the excitation energy induced
in the remnants produced in these cases allows us to reproduce the measured cross sections.

PACS numbers: 24.10.-i, 25.75.-q

I. INTRODUCTION

Peripheral heavy-ion collisions involving few projectile
and target nucleons, such as quasifree (e, e′p) and (p, 2p)
scattering reactions [1–6], or transfer reactions [7], have
being widely used to investigate the single-particle struc-
ture of the nuclear many-body system. The emergence of
fast radioactive beams from the fragmentation of heavy
ions was of major importance to the field and offered the
possibility of using some of these reactions systematically
as a tool for studying unstable nuclei up to the drip lines
[8, 9].
Reaction studies using radioactive beams are per-

formed in inverse kinematics [10]. This technique to-
gether with the use of knockout reactions have shown
to be a particularly powerful tool to investigate unstable
nuclei, the main observables being the cross sections and
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the longitudinal momentum distributions of the reaction
residues [11–17].

In particular, one-nucleon knockout cross sections [18]
have been used to investigate spectroscopic factors in the
framework of the eikonal approximation [14, 19]. These
studies have shown that the predicted cross sections are
systematically too high for deeply bound nucleons, by a
factor larger than 3-4, while for weakly bound nucleons
the model calculations could provide values closer to the
measured ones. However, this tendency is not supported
by the results obtained in experiments using transfer re-
actions, where only a weak dependence on the binding
energy was observed [20, 21]. This discrepancy has been
investigated in different works, suggesting that nuclear
excitations would reduce the survival probability of the
remnants reducing the one-nucleon knockout cross sec-
tions [22–25].

In this context, one-nucleon knockout cross sections
of unstable and stable nuclei from beryllium to uranium
have been studied recently in the framework of the abra-
sion model [26], where the excitation energy gained by
the knockout remnant is calculated according to the sin-
gle particle-hole picture [27]. Then, the deexcitation of
the knockout remnant via emission of light particles, such
as protons and neutrons, is described according to Weis-
skopf’s formalism [28]. A comparison of this model calcu-
lation with a large range of experimental knockout cross
sections has suggested a mass-number dependence of the
average excitation energy gained by the knockout rem-
nants [26].

To go further, in the present work we provide new data
covering a large range in neutron excess to investigate
knockout reactions and, in particular, some of the reac-
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tion models used for their description. We take advantage
of several beams of stable and unstable tin isotopes, at ki-
netic energies of around 1A GeV, to systematically inves-
tigate the neutron- and proton-knockout reaction chan-
nels. In some cases, we could also measure multinucleon-
knockout processes or the production of neutron-rich nu-
clei by fragmentation.
The general characteristics of the fragmentation reac-

tions are relatively well known since the 1980s [29]. This
reaction mechanism allows to produce secondary exotic
beams over a large range in neutron excess that, together
with the use of advanced detection setups, permits us to
investigate knockout reactions with high detection effi-
ciency and precision.
The measurements presented in this work are com-

pared with different model calculations that take into ac-
count the deexcitation of the knockout remnants. These
calculations are used to address several issues, such as the
energy dissipated in peripheral fragmentation reactions,
the role of nuclear excitations in nucleon knockout, and
the evolution of this process with the neutron excess.

II. EXPERIMENT

The experiment was performed at the GSI accelerator
facilities in Darmstadt (Germany) by using the SIS syn-
chrotron and the fragment separator spectrometer FRS
[30]. Beams of 112Sn and 124Sn ions with intensities
around 107 ions/s were accelerated at 1A GeV. These
beams were then guided to the FRS spectrometer to pro-
duce, by fragmentation, other unstable tin isotopes. All
the stable and radioactive beams were used to investigate
knockout processes and fragmentation with the beam of
112Sn.

A. Detection setup

The FRS is a two-stage achromatic magnetic spectrom-
eter with a dispersive intermediate image plane. Each
part of the spectrometer consists of two dipoles with its
respective quadrupoles and sextupoles. The function of
the quadrupoles is to guarantee the optical quality at the
focal planes, while the sextupoles are used for correcting
the chromatic aberrations. In the present work, we used
the FRS in its achromatic mode. The acceptance of this
device is about±1.5% in longitudinal momentum and ap-
proximately ±15 mrad in polar angle around the central
trajectory.
The optical features of the FRS and the high qual-

ity of the detection systems guarantee the unambiguous
separation and identification of the reaction products, ac-
cording to their mass and atomic numbers [30]. In order
to cover a large range in projectile neutron excess, we
combined stable tin projectiles (112Sn and 124Sn) with
secondary beams of 110Sn and 120Sn produced in the frag-
mentation of the stable ones.

Stable tin projectiles impinged on a carbon target with
a thickness of 100 mg/cm2, placed at the entrance of
the FRS spectrometer (see Fig. 1(a)). The two stages
of the FRS were used to identify proton- and neutron-
knockout reaction products. The unstable tin projectiles
were produced by fragmentation in a carbon target with
a thickness of 978 mg/cm2, also located at the entrance
of the FRS (see Fig. 1(b)). These unstable tin projectiles
were identified and separated by using the first section of
the FRS. Then, a second carbon target with a thickness
of 1400 mg/cm2 was placed at the dispersive mid-plane
of the FRS (F2) to induce knockout reactions. Since the
intensity of the unstable tin projectiles is lower than the
one of the primary beams, we used thicker carbon targets
in order to enhance the production. In this latter case,
only the second part of the FRS was used to identify the
proton- and neutron-removal residues.
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FIG. 1. (Color online) Schematic view of the FRS experimen-
tal setups used in the present work. (a) Setup with the reac-
tion target at the entrance of the spectrometer to investigate
knockout reactions of stable tin isotopes (112Sn and 124Sn).
(b) Setup with a fragmentation target at the entrance of the
FRS to produce secondary beams of 110Sn and 120Sn that
then impinged on a second carbon target located at the inter-
mediate focal plane F2 in order to induce knockout reactions.
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In all measurements, the beam intensity was monitored
by using the SEcondary Electron TRAnsmssion Monitor
SEETRAM [31] calibrated with a reference plastic scintil-
lator [32]. Three plastic scintillator detectors were placed
between the two first dipoles and at the intermediate and
final focal planes to measure the time of flight (ToF) of
the reaction products with a resolution of around 150 ps
full width at half maximum (FWHM). In order to de-
termine the trajectory of each fragment, time projection
chambers (TPCs) [33] were placed at the dispersive and
final focal planes. The TPCs provide the horizontal (x)
and vertical (y) positions in each focal plane with a res-
olution of 300 µm (FWHM). Finally, the atomic number
of fragments was determinates by measuring their en-
ergy loss in two MUltiple-Sampling Ionization Chambers
(MUSICs) [34] also placed at the dispersive and final fo-
cal planes.

B. Identification of the residual nuclei

A complete description of the analysis procedure fol-
lowed in this work can be found in Refs. [35–37]; here,
we just summarize the most important aspects. Nuclei
transmitted through the FRS can be identified in mass
over atomic number (A/Z) through the determination of
their magnetic rigidity (Bρ) and velocity (v) after assum-
ing that they were completely stripped (q = Z), accord-
ing to the following equation:

Bρ =
Au

qe
γβc, (1)

where q is the atomic charge state, u the atomic mass
unit, e the elementary charge, c the speed of the light,
and β = v/c. In addition, the measurement of the atomic
number Z provides the complete identification of the
residual nuclei.
The magnetic rigidity Bρ of each reaction product can

be obtained in terms of the magnetic-rigidity value of an
ion following the central trajectory along the FRS and
its position, according to the dispersive coordinate at the
intermediate focal plane (F2), using the equation:

Bρ2 = BρF2
0

(

1−
x2

DF2

)

, (2)

where x2 is the horizontal position at the intermediate
focal plane, DF2 the value of the dispersion from the
production target until the focal plane F2, and BρF2

0 the
magnetic rigidity of a central trajectory along the first
section of the FRS.
For the final focal plane F4, the magnetic rigidity can

be obtained according to:

Bρ4 = BρF4
0

(

1−
x4 −Mx2

DF4

)

, (3)

where BρF4
0 is the magnetic rigidity of a central trajec-

tory between F2 and F4, and x2 and x4 are the positions

at the focal planes F2 and F4, respectively. Finally, DF4

is the dispersion between both focal planes F2 and F4,
and M is the magnification.
In Eqs. (2) and (3), the magnetic rigidity of the central

trajectory, as well as the dispersions and the magnifica-
tion, were determinates by measuring the trajectory of
124Sn projectiles at 1A GeV for different values of the
magnetic fields in the dipoles of the spectrometer. These
measurements allowed us to calibrate the FRS optics, ob-
taining a dispersion for the middle and final focal planes
of DF2=-7.20 cm/% and DF4=7.40 cm/%, respectively.
These quantities also provided us the magnification of
the spectrometer according to M = DF4/DF2, obtaining
M=-1.028.
Using the above equations, it is possible to determine

the mass-over-charge ratio (A/Z) of each transmitted nu-
clei by combining two independent measurements: their
magnetic rigidity (Bρ), determined from the position
measurements of the TPC detectors, and their velocity,
obtained from the ToF measurements.
Figure 2 displays the identification matrix of the frag-

mentation residues measured in this experiment by us-
ing a beam of 112Sn at 1A GeV impinging on a car-
bon target with a thickness of 978 mg/cm2. This figure
was obtained by overlapping four different magnetic set-
tings of the FRS, centered on 112Sn, 112Cd, 111Cd, and
110Ag. The calibration in atomic and mass number was
performed with respect to the signals registered for the
beam of 112Sn. The figure shows the good resolution in
atomic and mass number achieved in this measurement:
∆Z/Z=7 × 10−3 and ∆A/A=2 ×10−3 (FWHM), respec-
tively.
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FIG. 2. (Color online) Identification matrix at the final focal
plane (F4) of the FRS obtained in reactions induced by 112Sn
impinging on the carbon target. The figure was obtained by
overlapping several magnetic settings of the FRS.

In this figure, we identify the production of elements
ranging from tin to ruthenium with a clear access to
very neutron-rich nuclei. We observe the most neutron-
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rich nuclei that can be produced in nucleon-removal pro-
cesses, such as 111In, 110Cd, 109Ag, 108Pd, and 107Rh,
corresponding to the removal of up to five protons from
112Sn and no neutron loss. In addition, we also ob-
serve the production of 112In that corresponds to (n,p)
charge-exchange processes. In this kind of reaction, the
quasielastic exchange of protons and neutrons between
projectile and target nuclei, or the excitation of nucleon
resonances [38, 39], increases the number of neutrons in
the residual fragment with respect to the initial projec-
tile.

III. RESULTS AND DISCUSSION

Reaction cross sections were obtained by normalizing
the production yield of a given residual nucleus to the
number of projectiles and target nuclei. The number of
incoming projectiles is obtained by using the SEETRAM
detector after being calibrated with a reference plastic
scintillator. The uncertainty in the determination of the
incoming projectiles is around 5%. For unstable ions, the
number of projectiles is obtained from the corresponding
identification plot at the intermediate focal plane by gat-
ing on the fragment of interest. In the latter case, the
uncertainty is less than 2%.
The final production yields are obtained from the mea-

sured yields corrected by the detection efficiency. This
correction can be defined in terms of different factors
that are described in the following.
The first correction factor is due to the use of high-

intensity beams, which affects the determination of the
cross sections because of the acquisition-dead time. This
correction was evaluated from the ratio between the num-
ber of accepted and total triggers registered by the data
acquisition system. This value was kept below 30% dur-
ing the experiment in order to obtain reliable measure-
ments.
Another factor affecting the determination of the pro-

duction yields is the transmission of a given nucleus
through the FRS. As the FRS has a limited momen-
tum acceptance, the complete momentum distributions
and consequently the number of total number of residues
were not fully transmitted in a specific magnetic setting.
This correction factor was obtained by comparison of
MOCADI [40] and LISE [41] ion optics calculations and
its value was less than 30% with an uncertainty around
10%.
Secondary reactions that occur in different layers of

matter along the beam line were also taken into account.
The fragments produced in the primary reaction can un-
dergo a second one in the target or in other layers of
matter placed downstream. Due to this fact, the mea-
sured yield of a given residual nucleus will be smaller. In
order to calculate this correction factor, it is necessary
to determine the total probability of interaction in each
layer of matter. A model based on the Karol code [42]
was used to obtain this correction factor. The average

value of this correction factor was 1, 6, and 8% for the
carbon targets with thicknesses of 100, 987, and 1400
mg/cm2, respectively.
Finally, a nucleus produced in a reaction can change its

atomic charge state due to electromagnetic interactions
with the different layers of matter along the beam line.
This effect can alter the measurement of the A/q ratio
and therefore affects the number of counts used in the
determination of the cross section. In order to determine
the losses and contaminations due to the atomic charge
states of the reaction residues in the first and second
stages of the FRS, we used the code GLOBAL [43]. The
contribution of the ionic charge state correction in our
experiment was less than ∼ 2% with an uncertainty of
1%.
In Table I we list the one- and two-nucleon removal

cross sections, together with their uncertainties, mea-
sured for different tin projectiles used in this work. For
the stable projectiles (112Sn and 124Sn), we used a car-
bon target with a thickness of 100 mg/cm2 (T1), located
at the entrance of the FRS. In the case of secondary
beams (110Sn and 120Sn), we induced the knockout reac-
tions in a carbon target with a thickness of 1400 mg/cm2

(T2), placed at the intermediate focal plane of the FRS.
The statistical uncertainty of these measurements was
below 2%. The total uncertainty was obtained from the
quadratic sum of the uncertainties of the different cor-
rection factors and the statistical ones, ranging from 7 to
12%.

TABLE I. One- and two-nucleon removal cross sections for
the reactions investigated in this work. These measurements
were performed by using two carbon targets with thicknesses
of 100 mg/cm2 (T1) and 1400 mg/cm2 (T2).

Projectile Nucleus σ Nucleus σ
(target) [mb] [mb]

124Sn (T1) 123Sn 148 ± 11 123In 20.79 ± 1.26
120Sn (T2) 119Sn 146 ± 18 119In 23.56 ± 2.90

118Cd 1.10 ± 0.14
112Sn (T1) 111Sn 139 ± 10 111In 40.2 ± 2.8
110Sn (T2) 109Sn 135 ± 16 109In 47.1 ± 5.6

108Cd 9.9 ± 1.2

The experiment also allowed us to determine the cross
sections of the most neutron-rich residues produced in
cold fragmentation reactions of projectiles of 112Sn at 1A
GeV. These cross sections are listed in Table II, together
with their corresponding total uncertainties. For these
cross sections, the statistical uncertainty ranges from 3
to 48%, depending on the residual nuclei, and the sys-
tematic uncertainty fluctuates between 6 and 10%, de-
pending on the transmission.
Figure 3 displays the proton- and neutron-removal

cross sections measured in this work (solid circles) to-
gether with the measurements performed by Perez-
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TABLE II. Cross sections of the most neutron-rich residues
measured in this work for the fragmentation of 112Sn. The
reactions were produced in a carbon target with a thickness
of 978 mg/cm2.

Nucleus σ Nucleus σ
[mb] [mb]

111Cd 0.699 ± 0.084 107Pd 0.113 ± 0.019
110Cd 3.11 ± 0.35 106Pd 0.596 ± 0.080
109Cd 7.46 ± 0.82 105Pd 1.25 ± 0.11
110Ag 0.031 ± 0.009 107Rh 0.0004 ± 0.0002
109Ag 0.157 ± 0.021 106Rh 0.016 ± 0.003
108Ag 1.08 ± 0.12 105Rh 0.08 ± 0.01
107Ag 3.04 ± 0.31 104Rh 0.319 ± 0.055
108Pd 0.0089 ± 0.0021 103Rh 1.10 ± 0.11

Loureiro et al. (open squares) [37] at the FRS, us-
ing neutron-rich projectiles of 132Sn at a kinetic energy
around 1AGeV impinging on a beryllium target. We also
show the data obtained by Audirac et al. [22] at RIKEN,
using as projectiles ions of 104Sn and 112Sn at kinetic
energies of 142A MeV and 161A MeV, respectively, im-
pinging on carbon (open triangles) and hydrogen (solid
stars) targets. The good agreement between the cross
sections obtained for the nucleon removal from 112Sn in
both experiments indicates that the difference in kinetic
energy of the projectile may not affect significantly this
reaction channel. In addition, we display the measure-
ment performed by Cerizza et al. (open cross) [44] for
the neutron-removal cross section of 107Sn impinging on
a beryllium target at 140A MeV, which is also in good
agreement with the tendency of the other data.

In the upper panel, we can see that the neutron-
removal cross section increases with the mass number
of the projectile, while in the lower panel the proton-
removal cross section decreases. We also observe that the
increase (decrease) of the neutron (proton)-removal cross
sections is faster in the mass-number range from 104 to
110. Qualitatively, the behavior of these cross sections
could be explained by the number of neutrons and pro-
tons at the surface of the projectile and by the proton
and neutron binding energies. On one hand, because we
deal with an isotopic chain, the number of protons at the
surface of the nucleus can be assumed constant, while
the number of neutrons increases moving from 104Sn to
132Sn. On the other hand, the neutron (proton) binding
energy decreases (increases) when we increase the mass
number of the projectile (see Fig. 4). These two facts en-
hance the one neutron-removal probability when we move
from 104Sn to 132Sn, and could also explain the decrease
observed for the one proton-removal cross sections.

For isotopes close to 100Sn, one could expect similar
values for the proton- and neutron-removal cross sections,
as it is observed for 104Sn impinging on a hydrogen tar-
get. However, the proton-removal cross section with a

carbon target is 43% larger than the neutron-removal
one. In addition, the neutron-removal cross sections for
104,112Sn and the proton-removal cross section for 112Sn
present a dependence with the target below 9%. This
discrepancy could be explained by the electromagnetic
interaction between the projectile and target nuclei, lead-
ing to remnants with an excitation energy of around 11
MeV [45] that should have a larger probability with the
carbon target. Because the proton binding energy for
104Sn is lower than the neutron one [46], the emission
of one proton becomes more likely, increasing the proton
removal cross section with respect to the neutron one.
For a better understanding of the neutron- and proton-

removal cross sections, we overlay the data of Fig. 3 with
different model calculations. Fragmentation reactions at
relativistic energies are often described by means of a
two-step process [47]: the collision itself, where part of
the mass is removed from projectile and target nuclei and
excitation energy is gained by the surviving remnants,
and subsequent deexcitation processes by the evaporation
of γ-rays, nucleons, and light nuclei.
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FIG. 3. (Color online) Neutron (upper panel)- and proton
(lower panel)-removal cross sections measured for different
tin isotopes covering a large range in neutron excess: Perez-
Loureiro et al. (open squares) [37], Audirac et al. (open
triangles and solid stars) [22], Cerizza et al. (open cross) [44],
and this work (solid dots). The data uncertainties are shown
if they exceed the size of the symbols. This set of data is
compared with Glauber model calculations (lines).

In this work, we use an abrasion model to describe sin-
gle and multiple knockout processes in nucleus-nucleus
collisions, similar to that described in previous works,
such as in [48] or in section 8.3 of Ref. [49]. Assum-
ing that at relativistic energies the bombarding energy
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is well above the Fermi energy, the collision can be de-
scribed in terms of Glauber’s picture [50]. Under this
assumption, only the nucleons in the overlap region be-
tween the projectile and the target nuclei (participants)
interact strongly, while the nucleons outside this zone
(spectators) remain undisturbed.
The idea behind the abrasion model is very simple:

whenever a binary collision occurs, the participant nu-
cleons are ejected from the projectile (ZP , NP ). This
assumption allows one to calculate the cross sections for
the production of primary fragments with proton and
neutron numbers (Zf , Nf ) by means of the simple prob-
abilistic description:

σabrasion = N (ZP , NP ;Zf , Nf )

∫

d2b [1− Pp(b)]
ZP−Zf Pp(b)

Zf [1− Pn(b)]
NP−Nf Pn(b)

Nf . (4)

In this equation, Zf protons from the projectile sur-
vive the collision, while Zp − Zf protons are removed
and the total probability includes the product with an
analogous probability for the surviving neutrons Nf

in the fragment. The factor N (ZP , NP ;Zf , Nf) =
(

ZP

Zf

)(

NP

Nf

)

, with

(

N
n

)

equal to the binomial co-

efficient, accounts for all possible combinations to obtain

Zf protons out of the original Zp protons, and similarly
for the neutrons. This abrasion cross section is used later
as an input for the ablation stage.

The probabilities for single nucleon survival are given
by Pp for protons and Pn for neutrons, with the proba-
bility that a proton does not collide with the target given
by

Pp(b) =

∫

dsdzρPp (s, z) exp

[

−σppZT

∫

dzρTp (b− s, z)− σpnNT

∫

dzρTn (b− s, z)

]

. (5)

In this equation σpp and σnp are the proton-proton
(Coulomb removed) and proton-neutron total cross sec-
tions, obtained from a fit of experimental data in the
energy range of Elab = 10 − 5000 MeV as in Eqs. (1)

and (2) of [51]. ρ
(P,T )
p (ρ

(P,T )
n ) are the proton (neutron)

densities in the projectile and in the target, respectively.

They are normalized so that,
∫

d3rρ
P (T )
p(n) (r) = 1. These

densities are generated by Hartree-Fock Bogoliubov pro-
cedure [52, 53]. One can use the projectile ground-state
densities in the calculation since the mean field rearrange-
ments that would modify them do not have time to occur
until long after the abrasion stage has passed. A similar
expression as in Eq. (5) holds for neutron survival.

This procedure has been also used in one-nucleon
knockout reactions with success [54], but we have con-
structed a separate code to perform the calculations in
Eqs. 4 and 5. It is also important to notice that here
we neglect effects of nucleon-nucleon correlations, such
as short-range correlations, which may become impor-
tant for multi-nucleon knockout. The excitation energy
of the fragments is calculated from the particle-hole en-
ergies of the configuration relative to the ground state of
each fragment. The energies are calculated with a har-
monic oscillator model with ~ω = 40/A1/3 MeV. Each
hole corresponds to a vacant state during the abrasion
process and the density of states ρ(Ex, Zf , Af ) is ob-
tained by counting all combinations of holes consistent

with the fragment charge and mass numbers. The exci-
tation cross sections for a given excitation energy Ex are
given by dσ/dEx = ρ(Ex, Zf , Af ) · σabrasion. These ex-
citation cross sections are used in the deexcitation stage
following the abrasion where the decay probabilities are
calculated for each excitation energy Ex of the fragment.
The density of states ρ(Ex, Zf , Af ) naturally includes the
factor N (ZP , NP ;Zf , Nf ) defined previously. Therefore,
in the calculation of dσ/dEx the later factor is omitted
when calculating Eq. 4.

Unbound remnants are deexcited using the ABLA07
code [55], which describes the deexcitation of a nucleus
emitting γ-rays, neutrons, light-charged particles, and
intermediate-mass fragments (IMFs) according to Weis-
skopf’s formalism [28]. For a more realistic description
of the deexcitation, the separation energies and the emis-
sion barriers for charged particles are also considered ac-
cording to the atomic mass evaluation from 2016 [56]
and the Bass potential [57], respectively. In addition,
deexcitation by fission is also included according to a dy-
namical picture described in Ref. [58, 59]. These model
calculations have been benchmarked in several works by
using isotopic distributions of evaporation residues and
fission fragments produced in spallation and fragmenta-
tion reactions of nuclei from iron to uranium, providing
a satisfactory description of many observables [60–69].

In Fig. 3, we try to describe the new data with these
model calculations. For this purpose, we compare the
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neutron (upper panel) and proton (lower panel) knock-
out cross sections with the Glauber model coupled to the
evaporation code ABLA07. The solid line represents the
results of calculations neglecting core excitations in the
knockout process (primary yields). Then, we performed
calculations where the excitation energy of the remnants
is obtained from the single particle-hole picture (dashed
lines). Finally, we also performed calculations increas-
ing arbitrarily the excitation energy of the remnants pro-
duced in proton and neutron knockout by 7 MeV and 4
MeV, respectively (dotted lines).
As can be seen in the figure, the neutron knockout is

nicely described when considering standard particle-hole
excitations, except for the most neutron-deficient nuclei.
Conversely, the same calculations overpredict the proton
knockout process, except for the most neutron-deficient
nuclei. One can explain the tendencies as a competi-
tion between the probability of the primary yields and
the survival probability of the remnants in the deexci-
tation stage that is strongly governed by the minimum
in the energy cost for proton (binding and Coulomb en-
ergy, dashed line) and neutron (binding energy, solid line)
emission. In Fig. 4 we display this energy cost for the
remnants produced in the proton and neutron knockout
reactions as a function of the projectile mass number. We
can see that the low neutron separation energies of the
remnants between 112Sn and 132Sn compensate the large
cross sections of the primary yields, resulting in simi-
lar neutron knockout cross sections for all those isotopes
(see Fig. 3). For projectiles between 104Sn and 110Sn the
neutron knockout cross sections decrease with the mass
of the projectile because of the reduction in the primary
yields but also in the proton emission energy cost. For
the proton knockout, both the cross sections of the pri-
mary yields and the nucleon emission energy cost only
contribute decreasing the cross sections with the mass
number of the projectile. Therefore, we observe a con-
stant decrease of the final cross section with the mass
number.

We then conclude that calculations considering stan-
dard particle-hole excitations overpredict the measured
cross sections for the knockout of deeply bound nucle-
ons. Similar results obtained in electron- [2] and nucleon-
induced [14] knockout reactions were explained in terms
of correlations. Indeed, the around 50% overprediction
of the cross section that we observe in the proton knock-
out with stable and neutron rich tin isotopes is in rea-
sonable agreement with the observed reduction in the
corresponding spectroscopic factors in (e, e′p) reactions
with stable nuclei. Regardless the process responsible
for the observed deviations with respect to the standard
particle-hole excitations, the measured cross sections can
be explained increasing the excitation energies induced
by the proton and neutron knockout in neutron-rich and
neutron-deficient nuclei, respectively.
This finding is also in agreement with the conclu-

sions found in previous works where abrasion-evaporation
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FIG. 4. Energy cost for the emission of neutrons (binding
energy, solid line) and protons (binding and Coulomb energy,
dashed line) of the remnants produced in the proton knockout
reactions studied in this work as a function of the tin projectile
mass number. Similar results are obtained for the neutron
knockout remnants.

model calculations were used to investigate multiproton-
knockout cross sections of neutron-rich nuclei, such as
132Sn [37], 136Xe [36], 197Au [70, 71], 208Pb [72], and
238U [73]. In those works an increase of the particle-
hole excitation energy was also required to describe the
isotopic distributions of fragmentation residues close in
mass number to the projectile [72–74].
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FIG. 5. (Color online) Cross sections of the proton removal
channels produced in the fragmentation of different tin iso-
topes measured by Perez-Loureiro et al. (open squares) [37],
Audirac et al. (open circles and triangles) [22], and this work
(solid symbols). The data uncertainties are shown if they
exceed the size of the symbols.
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Following these ideas, in Fig. 5 we display the
multiproton-removal cross section as a function of the
number of removed protons for different tin isotopes from
104Sn to 132Sn. We can see that the cross sections de-
crease systematically with the number of removed nucle-
ons from a given nucleus, but also with its mass num-
ber as observed for the proton-knockout cross sections
(see lower panel of Fig. 3). These measurements con-
firm that the probability for removing protons is larger
when the neutron-to-proton ratio equilibrates at the sur-
face of the nucleus. Complementary results were ob-
tained by Audirac et al. [22] for multineutron-knockout
cross sections induced in tin isotopes. They found that
the multineutron-removal cross sections increase with the
mass number of the projectile, as we observe for the one
neutron-removal cross sections displayed in the upper
panel of Fig. 3.
Finally, in Fig. 6 we depict the production cross sec-

tions of the most neutron-rich residues produced by the
removal of nucleons in fragmentation reactions of 112Sn
projectiles at 1A GeV impinging on a carbon target. In
the figure, we also display similar calculations to the ones
presented in Fig. 3. These calculations show that the
most neutron-rich residues produced in multiproton re-
moval reactions, can only be described by increasing the
average excitation energy obtained from particle-hole ex-
citations (dotted lines), as concluded from Fig. 3. Nuclei
with a more balanced number of proton and neutrons can
be described by particle-hole excitations (dashed lines).
The comparison of the cross sections presented in this

work with Glauber model calculations, covering a large
range in neutron excess and excitation energy, clearly
indicates that nuclear excitations play an important role
in the removal of deeply bound nucleons, as pointed out
in other works [22–25, 70, 74]. It seems also clear that the
removal of deeply bound nucleons enhances the excitation
energy gained by the remnants. These higher values of
excitation energy could be an indication of the role of
nucleon-nucleon correlations [2, 14].

IV. SUMMARY AND CONCLUSIONS

The residual nuclei produced in nucleon knockout and
fragmentation reactions induced by projectiles of tin iso-
topes covering a large range in neutron excess were in-
vestigated in inverse kinematics using the FRS at GSI.
The high resolution of this spectrometer combined with
a highly efficient detection system allowed us to unam-
biguously identify the reaction products. These data
were completed with previous measurements at GSI, us-
ing 132Sn projectiles, and at RIKEN, using 110Sn and
112Sn. The good agreement between the one-nucleon re-
moval cross sections for 112Sn measured at RIKEN and
GSI would indicate that the different projectile energies
do not seem to affect the reaction mechanism, at least
above 140A MeV.

Mass number
103 104 105 106 107 108 109 110

C
ro

ss
 s

ec
tio

n 
[m

b]

3−10

2−10

1−10

1

10

Cd
Ag
Pd
Rh

Single particle E*
Modified E*

FIG. 6. (Color online) Measured isotopic production cross
sections of fragment residues produced in the reaction
112Sn(1A GeV) + 12C (points) compared with different cal-
culations (lines). The data uncertainties are shown if they
exceed the size of the symbols.

The dependence of the measured proton and neutron
knockout cross sections with the mass number of the tin
projectiles can be explained considering the evolution of
the abundances of proton and neutrons at the nuclear
periphery, and the proton and neutron binding energies
of the primary knockout remnants. According to this
interpretation, remnant excitations are relevant for the
understanding of the final cross sections.
The comparison of the measurements with Glauber

model calculations shows a clear overprediction of the
cross sections for the knockout of deeply bound nucle-
ons (protons in neutron-rich systems and neutrons in
neutron deficient ones). The observed overprediction is
similar to the one obtained in electron-induced proton
knockout with stable nuclei and explained as due to nu-
clear correlations, affecting the single-particle spectro-
scopic strengths, that are not considered in the model
calculations. We also confirm that this overprediction
only affects the knockout of deeply bound nucleons. Fi-
nally, we are capable to describe those effects by a phe-
nomenological increase of the excitation energy induced
in the knockout of deeply bound nucleons. This con-
clusion also applies for the description of fragmentation
residual nuclei.
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