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Inclusive one- and multi-nucleon removal cross sections have been measured for several Sn, Sb and Te 
isotopes just beyond the N = 82 neutron shell closure. The beams were produced in the projectile fission 
of a 238U beam at the Radioactive Isotope Beam Factory at RIKEN. The experimental cross sections are 
compared to predictions from the most recent version of the Liege intranuclear cascade model. Although 
the overall agreement is good, severe discrepancies are observed for the cases of one- and two-neutron 
removal from 134Sn and 135Sb projectiles and one-proton knockout from all measured N = 84 isotones. 
These discrepancies, as well as the relevance of quasi-elastic reaction channels to the one-neutron 
removal cross sections, are discussed. In addition, the measured inclusive one-proton knockout cross 
section for the semi-magic 134Sn projectile is compared to eikonal direct reaction theory calculations to 
assess if the suppression factors to these calculated cross sections, deduced from data on reactions of 
lighter projectile nuclei, are also applicable to heavy nuclei.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

In the last twenty years, one-nucleon knockout reactions from 
intermediate energy radioactive ion beams on light target nuclei, 
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such as Be or C, have proved to be a useful tool to study the 
shell structure of nuclei far from the valley of stability [1,2]. In-
formation concerning active shells at and near the neutron and 
proton Fermi surfaces in exotic nuclei, and their occupancies, is 
obtained from a comparison of the experimental inclusive and ex-
clusive one-nucleon knockout cross sections to theoretical direct 
reaction calculations. To calculate these cross sections, information 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 

https://doi.org/10.1016/j.physletb.2019.06.035
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:andrea.jungclaus@csic.es
https://doi.org/10.1016/j.physletb.2019.06.035
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2019.06.035&domain=pdf


V. Vaquero et al. / Physics Letters B 795 (2019) 356–361 357
Fig. 1. Schematic view of the BigRIPS and ZeroDegree spectrometers (adopted from Ref. [18]). The material along the beam line between the focal planes F7 and F8, which 
has been considered in the determination of the correction factor χ in Eq. (2), is shown enlarged in the upper part of the figure.
on the structure of the projectile initial and residual nucleus final 
states is combined with an approximate description of the reaction 
dynamics. In most cases this structure information is taken from 
shell-model calculations employing appropriate model spaces and 
effective interactions. The reaction dynamics has generally been 
modeled assuming the sudden (fast collisions) and eikonal (for-
ward scattering) approximations [3,4]. A systematic comparison 
between the experimental and calculated inclusive (to all bound fi-
nal states) one-nucleon knockout cross sections, for a large number 
of light and medium-mass projectile nuclei, evidenced a significant 
overestimation of the cross section by the calculations [1,2]. The 
overestimation is more pronounced the larger the binding of the 
removed nucleon – driven by the neutron-proton asymmetry of 
the system, �S = Sn − Sp for neutron removal and �S = Sp − Sn

for proton removal, with Sp (Sn) the proton (neutron) separation 
energy. These inclusive cross section systematics have been pre-
sented as a suppression factor Rs = σexp/σth as a function of the 
separation energy asymmetry �S [1,2].

While a discrepancy with the model calculations is expected, 
e.g. due to many-body correlation effects beyond those of trun-
cated-basis shell-model calculations, the magnitude of the ob-
served Rs from the model calculations is not yet understood quan-
titatively. The observed inclusive cross section systematics have 
nevertheless been used, see e.g. [5–7], to deduce spectroscopic 
factors by comparison of the calculations with measured final-
state exclusive removal cross sections, taking into account an Rs

value consistent with the systematics. In recent years the first one-
nucleon knockout experiments have been performed in heavier 
regions of the nuclear chart [8,9], in particular for nuclei around 
doubly-magic 132Sn [10–13]. However, before structure informa-
tion can be deduced from such experiments, it must be clarified 
whether data and calculations for heavy nuclei conform to the sup-
pression factor, Rs , behavior observed in the lighter mass regions, 
as collected in Refs. [1,2].

In this Letter, we report on the measurement of one- and multi-
nucleon removal cross sections from a number of neutron-rich 
nuclei beyond the N = 82 shell closure, which have been pro-
duced with energies around 165 MeV/u at the Radioactive Isotope 
Beam Facility (RIBF) at RIKEN. The experimental cross sections are 
compared to the results of calculations performed with the Liege 
intranuclear cascade model [14–17]. This approach, that describes 
the nuclear collisions based on a cascade of in-medium, two-body 
nucleon-nucleon collisions, involves only minimal nuclear structure 
information – limited to the one-body projectile density. For one-
proton knockout from the semi-magic 134Sn projectile, the experi-
mental cross section is also compared to the eikonal model, direct 
reaction calculations, as discussed above [3,4], in which the pro-
jectile structure is taken into account through the single-nucleon 
overlap functions with the final states of interest and the reaction 
dynamics are described based on the complex nucleon- and resid-
ual nucleus-target optical potentials.

2. Experiment and results

The experiment was carried out at the Radioactive Isotope 
Beam Factory (RIBF), operated by the RIKEN Nishina Center and 
the Center for Nuclear Study of the University of Tokyo. A pri-
mary beam of 238U at 345 MeV/u bombarded a 4-mm-thick beryl-
lium target located at the entrance of the BigRIPS fragment sep-
arator [18] which is sketched in Fig. 1. Fission products around 
136Te were selected and purified by employing the Bρ-�E-Bρ
method through combination of magnetic rigidity (Bρ) selection 
and two wedge-shaped aluminium degraders. The particle iden-
tification was performed on an event-by-event basis using the 
�E-Bρ-TOF method, where the energy loss �E was measured by 
an ionization chamber located at the focal plane F7, Bρ was deter-
mined from position measurements using parallel plate avalanche 
counters (PPACs) and the time of flight (TOF) was measured with 
two plastic scintillators located at the focal points F3 and F7. The 
atomic number (Z) and the mass-over-charge (A/Q) ratio of each 
ion were determined with this method [19]. The resulting particle 
identification plot is shown in Fig. 2a).

After the selection and identification, the secondary beams 
were transported to the focal point F8 where they impinged on 
a 534-mg/cm2 C target. The energies of the reaction products of 
interest were in the range 162-170 MeV/u, 138-145 MeV/u and 
112-117 MeV before, at the center and behind the target, re-
spectively. Finally, the reaction products as well as the elastically 
scattered beam ions were identified by the ZeroDegree spectrome-
ter [18] using again the previously described �E-Bρ-TOF method. 
Three slightly different ZeroDegree settings have been used during 
the experiment. As an example Fig. 2b) shows the ZeroDegree par-
ticle identification following the interaction of 136Te ions with the 
C target from a run in which this nucleus moved on the central tra-
jectories in both BigRIPS and ZeroDegree. As clearly visible in this 
figure, the 136Te ions, as well as all other reaction products, are 
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Fig. 2. a) BigRIPS and b) ZeroDegree particle identification plots, the latter for inci-
dent 136Te ions detected and identified in BigRIPS. c) Projection of the matrix shown 
in b) in the range Z = 51.5-52.5. The peaks corresponding to the removal of one 
to six neutrons from the 136Te projectile ions detected in the three different charge 
states are labelled by numbers.

detected in the ZeroDegree spectrometer in three different charge 
states, namely fully-stripped, hydrogen-like and helium-like. This 
results in rather complex A/q distributions as illustrated in Fig. 2c) 
which shows the A/q distribution for ions with a reconstructed Z
in the range Z = 51.5-52.5. This figure demonstrates that the A/q
resolution of the ZeroDegree spectrometer is sufficient to enable a 
reliable determination of the number of ions for the reaction prod-
ucts populated following the removal of up to six neutrons.

The cross section for the knockout of a number of neutrons, 
xn, and protons, yp, from the projectile can be determined from 
the number of projectile ions impinging on the target, Npro , the 
number of reaction products in the knockout channel of interest, 
Nrp , and the number of C atoms per cm2 in the target, n:

σrp = Nrp

n · Npro
(1)

with n = d · N A/Mmol , calculated from the thickness d = 534(27) 
mg/cm2 and the molar mass Mmol of the target and the Avogadro 
constant N A . Assuming that the losses due to reactions on beam 
line detectors (plastic detectors, PPACs and MUSICs, see Fig. 1) as 
well as the efficiency of these detectors is the same for both ion 
species, the ratio Nrp

n·N pro
in Eq. (1) can be substituted by the ratio 

between the respective numbers of ions detected in the ZeroDe-

gree spectrometer, N Z D
rp

n·N Z D
pro

, and two correction factors, Trel and χ :

σrp = N Z D
rp

n · N Z D
pro · Trel

· χ (2)

Trel is the ratio between the ZeroDegree transmissions for the 
reaction product and the projectile, Trel = Trp/T pro , and the fac-
tor χ accounts for the production of the nucleus of interest in 
reactions on other than the target material. Note that the cross 
section has to be calculated separately for each charge state (com-
pare Fig. 2) according to Eq. (2) since Trel varies. To determine 
Trel the spatial distribution of the projectile ions in horizontal di-
rection at the F5 momentum-dispersive focal plane is used. Fig. 3
shows the distributions of 136Te ions separately for those events in 
which fully stripped 130−135Te ions, populated via the removal of 
one to six neutrons from the 136Te projectile, were detected in the 
ZeroDegree spectrometer. They are compared to the correspond-
ing distribution when fully stripped 136Te ions were detected in 
the ZeroDegree spectrometer, in each case normalized to the right 
Fig. 3. Distributions of 136Te ions in x direction at the dispersive F5 focal plane for 
those events in which the isotopes 130−135Te, populated following the removal of 
one to six neutrons, were detected in the ZeroDegree spectrometer (red lines) com-
pared to the distribution obtained when unreacted 136Te ions were detected (black 
lines). In each case, the latter has been downscaled so that both curves coincide on 
the right wing of the distributions. The resulting values of Trel are quoted for each 
case.

wing of the distributions which is not cropped by the ZeroDegree 
acceptance. After this normalization, Trel is then simply obtained 
as the ratio between the integrals of the two curves. The second 
correction factor in Eq. (2), χ , takes into account that the nuclei 
of interest are not only produced in reactions taking place in the C 
target but also in the detector material along the beam line. More 
precisely, χ is the ratio between the reactions on the target and 
the reactions on all material between the ion identification in Bi-
gRIPS, i.e. the MUSIC ionization chamber at F7, up to and including 
the target. As shown in Fig. 1 there are several plastic and PPAC de-
tectors on the beam line in which the reaction of interest can take 
place. For the present experimental conditions, a value χ = 0.83(7)

has been obtained with the help of LISE++ calculations [20]. The 
reliability of this approach has been investigated using the data 
taken with an empty target frame. From this data, an experimen-
tal loss factor, εline = 0.946(14), has been deduced for 136Te which 
includes both losses due to reactions on beam line detectors and 
the particle identification efficiency of the ZeroDegree spectrom-
eter. In a second step, the losses due to reactions in the C target, 
εtarget , have been determined with the target inserted based on the 
number of projectile ions detected in BigRIPS and ZeroDegree (sep-
arately for each charge state and taking into account the respective 
ZeroDegree transmission) and εline . The value of εtarget = 0.931(21)

determined in this way is in perfect agreement with the result of a 
LISE++ calculation, εL I S E

target = 0.9309. Further details about the data 
analysis procedure are provided in Ref. [21].

Following the approach sketched above 0pxn and 1pxn removal 
cross sections have been determined for all projectiles which have 
been produced and identified in BigRIPS with sufficient statistics. 
The results are summarized in Fig. 4 and will be discussed in the 
following.

3. Discussion

To describe the experimental 0pxn and 1pxn removal cross 
sections shown in Fig. 4 calculations were performed using two 
different versions of the Liege intranuclear cascade model (INCL) 
[14]. This model, which originally had been developed for the de-
scription of spallation reactions induced by nucleons, has been 
extended a few years ago to reactions induced by light ions [15]
and in this latter version it can be applied to the experiment 
discussed here. In this standard version of the model, identical 
Woods-Saxon type density distributions are used for protons and 
neutrons. To describe the de-excitation process following the ini-
tial cascade stage, the ABLA07 statistical de-excitation model is 
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Fig. 4. Comparison between experimental inclusive removal cross sections and the results of calculations performed with the INCL code for a) the 0pxn and b) the 1pxn 
removal channels. The results obtained following the standard INCL approach [15] are shown as dashed blue lines while the calculations considering realistic proton and 
neutron densities from HFB calculations and fuzziness parameters f = 0.3 for neutrons and f = 0.5 for protons [17] are shown as solid black lines. In each case the neutron 
separation energy Sn in MeV [22] of the nucleus populated following a) one-neutron or b) one-proton knockout is quoted. The experimental cross sections for 0pxn removal 
from 112Sn shown in a) are taken from Ref. [8].
employed [23]. Very recently several refinements have been intro-
duced in the description of the cascade stage of the model aiming 
for an improvement of the agreement with experiment, in partic-
ular for the one-proton knockout channel [16,17]. Two important 
modifications have been applied: first, more realistic proton and 
neutron radial density distributions are employed which are ob-
tained either from Hartree-Fock-Bogoliubov (HFB) calculations with 
a Skyrme interaction [17] or shell model calculations [16]. This re-
finement may become relevant in the case of heavy neutron-rich 
nuclei such as the ones studied in the present work. The sec-
ond modification intents to partially compensate for the neglect 
of quantum-mechanical effects in the naive INCL picture of the nu-
cleus. A fuzziness parameter is introduced to mimic the fact that in 
the quantum-mechanical square-well problem, the density outside 
the well does not vanish, in contrast to the classical INCL picture. 
The full details and the reasoning behind the applied changes are 
given in Refs. [16,17]. In the present work, calculations were per-
formed using the HFB densities and standard fuzziness parameters 
of f = 0.3 for neutrons and f = 0.5 for protons [17]. The re-
sults of the calculations using the standard and refined versions 
of the model are shown as dashed blue and solid black lines, re-
spectively, in Fig. 4. This figure shows an overall good agreement 
between the calculations and the experimental results. In particu-
lar for the 0pxn removal from the N = 83 projectiles 133Sn, 134Sb, 
and 135Te as well as the stable 112Sn [8] (left column in Fig. 4a), 
i.e. the cases in which nuclear structure effects are washed-out 
due to the high neutron-separation energy of the 1n daughter nu-
clei, both the magnitude and the gentle odd-even staggering of 
the cross sections is nicely reproduced by both calculations. In 
contrast, none of them correctly describes the measured cross sec-
tions for one- and two-neutron removal from the N = 84 isotones 
134Sn and 135Sb, while for the heavier isotones 136Te and 137I the 
modifications of the INCL model discussed above clearly improve 
the agreement with experiment. Taking into account the peculiar 
structure of nuclei such as 134Sn, with only two valence neutrons 
above the N = 82 shell gap, in combination with the low neu-
tron separation energy, Sn , of the 1n daughter, the failure of the 
calculations is easily understood [13]. In these cases only the re-
moval of one of the two valence neutrons leads to the population 
of bound states in the daughter nuclei and thus contributes to the 
one-neutron removal cross section, while due to the large shell 
gap the knockout of a neutron from the closed N = 82 core pop-
ulates core-excited states with energies well above the neutron 
separation energy. These highly-excited states then mainly decay 
via neutron emission and thus contribute to the measured two-
neutron removal cross section. The INCL model, which ignores the 
shell structure of the nucleus and assumes a continuous energy 
distribution of the nucleons, is not able to correctly distinguish 
between knockout from the valence space on the one hand side 
and removal from the closed core on the other, but reproduces 
well the sum of the one- and two-neutron removal cross sections 
as well as the ones for the removal of more than two neutrons. 
So the conclusion from Fig. 4a) is that for the knockout of neu-
trons, i.e. the less bound nucleon species in the neutron-rich nuclei 
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under study, the INCL model describes the experimental results re-
markably well as long as nuclear structure effects are negligible. 
This is even more notable considering that a significant fraction of 
the total calculated cross section corresponds to the quasi-elastic 
channel, i.e. events in which the projectile is first excited to high 
excitation energies followed by the evaporation of one or several 
nucleons. For example, in the case of the one-neutron knockout 
reactions studied in the present work, roughly one third of the to-
tal cross section corresponds to such two-step processes. Note that 
these are not considered in the eikonal direct reaction model and 
therefore, if they indeed turn out to be significant in the region of 
the nuclear chart discussed in the present work, will need to be 
taken into account when extracting nuclear structure information 
from measured one-nucleon knockout cross sections.

Turning now to the one-proton knockout cross sections, Fig. 4b) 
clearly shows that both calculations fail to reproduce the experi-
mental values for all three studied N = 84 projectiles, i.e. 134Sn, 
135Sb and 136Te. Note, however, that in this case the refinements, 
which have been introduced in the modified version of the INCL 
code, have a much stronger effect as compared to the case of 
one-neutron knockout, reducing the calculated one-proton knock-
out cross sections by roughly a factor of two. Already in the past, 
a similar overestimation of the cross sections for one-proton re-
moval from heavy nuclei by the INCL model has been reported, see 
for example Refs. [8,16]. In Ref. [24], Glauber model calculations 
coupled to the ABLA07 code have been performed to describe the 
one-proton knockout from various Sn projectiles on a C target at 
higher energies as compared to the present work and also here the 
calculations yielded far too high cross sections. In that work, this 
deficiency was cured by an arbitrary increase of the excitation en-
ergy of the knockout residue after the cascade stage by 7 MeV. In 
this way it was possible to adjust the calculated cross sections to 
experiment. A similar approach, namely an ad hoc increase of the 
excitation energy before the deexcitation stage, was also followed 
in the INCL calculations presented in Ref. [25] in order to improve 
the agreement for a large set of experimental one-proton and one-
neutron knockout cross sections. In this case, however, not a con-
stant value as in Ref. [24] but in each case the difference between 
projectile and daughter separation energies was added to the INCL 
excitation energy at the end of the cascade stage (for details see 
Ref. [25]). It is important to notice, however, that any ad hoc in-
crease of the excitation energy of the knockout residue not only 
leads to the desired decrease of the one-proton knockout cross sec-
tion, but necessarily implies at the same time an increase of the 
probability for neutron emission and thus higher cross sections for 
other reaction channels, in particular 1p1n and 1p2n (one-proton 
knockout followed by the emission of one or two neutrons), for 
which unfortunately no experimental results have been reported 
in Refs. [24,25]. The overall good agreement between calculation 
and experiment observed in Fig. 4b) for the 1pxn channels with 
x > 0, and in particular the values measured for the 1p1n removal 
from 135Sb and 136Te, suggest that although seemingly allowing to 
cure the discrepancy for the one-proton knockout channel, an ad 
hoc increase of the excitation energy in the INCL calculations is 
not the right approach to follow in order to uncover the origin of 
the widely recognized problem the INCL model has in reproducing 
cross sections for the removal of the more bound nucleon species.

As outlined in the introduction, besides the classical reaction 
models such as INCL, eikonal direct reaction theory has been used 
extensively for the calculation of one-nucleon knockout cross sec-
tions [3,4]. A basic assumption is that, in the fast, single-nucleon 
removal from near the surface of a fast-moving projectile with 
mass A impinging on a light target, the remaining A − 1 nucle-
ons act as spectators. As a consequence, the probability to find the 
Table 1
Calculation of the inclusive one-proton removal cross section from 134Sn, σth , based 
on the excitation energies, Ex , and spectroscopic factors, C2S, predicted by shell 
model calculations (see text for details).

Iπ Ex

(MeV)
C2S σsp

(mb)
σth(α)

(mb)

9/2+
1 0.00 9.3 3.26 31.2

9/2+
2 0.81 0.3 3.18 1.0

1/2−
1 0.57 1.9 3.53 6.9

3/2−
1 1.18 1.2 3.46 4.2

3/2−
2 1.62 2.5 3.40 8.7

sum 15.2 52.0

one-nucleon removal reaction residue in a particular final state re-
flects the parentage of this configuration in the ground-state wave 
function of the projectile. The partial cross section for the removal 
of a nucleon from a single-particle orbital jπ , leading to a given fi-
nal state α with excitation energy E	

α in the mass A − 1 residue is 
given by

σth(α) = (A/(A − 1))N · C2 S(α, jπ ) · σsp( j, S	
α) (3)

where C2 S(α, jπ ) is the spectroscopic factor and σsp( j, S	
α) the 

single-particle cross section which depends on the effective sepa-
ration energy S	

α = Sn,p + E	
α [2]. As discussed in the introduction, 

this model approach has the property that it connects measured 
knockout cross sections with theoretically-predicted spectroscopic 
information, namely the spectroscopic factors, C2 S(α, jπ ). How-
ever, to apply the model in the region around 132Sn, it should be 
clarified if the experimental to theoretical inclusive one-nucleon 
removal cross section ratio (Rs) systematics of Refs. [1,2] are ap-
propriate also for these heavy nuclear systems.

The theoretical inclusive one-nucleon removal cross section, 
σth , is calculated as the sum of the partial cross sections, Eq. (3), 
to each bound final state of the reaction product. It is assumed 
that excited final states above the neutron separation energy de-
cay exclusively by particle emission. So, this calculation requires 
knowledge of the energies and spectroscopic strengths of the fi-
nal states of the daughter nucleus and has to rely on nuclear 
structure calculations, performed for example in the frame of the 
nuclear shell model. For most of the one-nucleon knockout reac-
tions studied in the present work, i.e. one-neutron knockout from 
N > 82 and one-proton knockout from Z > 50 nuclei, the calcu-
lation of the inclusive cross sections involves large uncertainties 
due to the unknown excitation energies of the many core-excited 
states populated in the daughter nuclei. Therefore, unfortunately, 
in these cases no meaningful conclusion can be drawn from the 
measured cross sections. The situation is different in the case of 
one-proton knockout from proton-magic 134Sn projectiles, in which 
the experimental cross section can be compared to the theoretical 
model value calculated using Eq. (3). Based on spherical Hartree-
Fock and shell model calculations it is assumed that bound states 
in 133In are populated after knockout from the 1p3/2, 1p1/2, and 
0g9/2 orbitals. Shell-model calculations were carried out employ-
ing the realistic effective interaction for the N ≥ 82, Z ≤ 50 valence 
space, as were discussed recently in Ref. [26]. For the 1p3/2 and 
1p1/2 proton-hole single particle energies, relative to the 0g9/2 or-
bital, the experimental energies of the (3/2−) and (1/2−) states in 
131In, namely 1353 and 365 keV [27,28], were employed. Since no 
133In excited states information is available from experiment, the 
removal-reaction calculations use both the shell model excitation 
energies and spectroscopic factors, listed in Table 1. For all three 
orbitals listed above, at least 92% of the full strength is carried by 
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the first two states of each spin, lying below the neutron separa-
tion energy of 133In (Sn = 3.13(21) MeV [22]).

A theoretical cross section of σth = 52.0 mb is obtained. Re-
garding the fourth orbital of the Z = 28–50 shell, namely 0 f5/2, 
the single-hole energy of this orbital is experimentally unknown 
and thus no reliable prediction can be made as to whether knock-
out will lead to bound states in 133In. We therefore exclude it from 
the calculation, likewise the small missing strengths from the or-
bitals considered above, and thus take the calculated theoretical 
cross section as a lower limit, σth > 52.0 mb. From this and the ex-
perimental value, σexp = 13(2) mb, we determine an approximate 
upper limit on the suppression factor, Rs = σexp/σth < 0.25(4). 
The associated separation energy asymmetry, �S , calculated from 
the cross-section weighted average of the S	

α values to the bound 
final states is �S = 13.1 MeV. Comparison with the light nu-
cleus Rs systematics [1,2], using the approximate parametrization 
of Ref. [6], one would expect an Rsys

s ≈ 0.4 for such a value of 
�S. In the range �S = 12-14 MeV, four Rs values have been de-
rived, the two most accurate for one-proton knockout being for 
10Be (Rs = 0.42(2) [29]) and 36Si (Rs = 0.39(2) [5]). These values 
significantly exceed the limit suggested from the present analysis.

We note that, if one employs a single-hole energy for the 0 f5/2
orbital (relative to 0g9/2) of 2.6 MeV, as has been used in the 
literature [27,30–33], then the shell model calculation used here 
attributes a spectroscopic factor of 4.7 to the sixth 5/2− state at an 
excitation energy of 2.68 MeV, below Sn , so that Rs would be fur-
ther reduced. Spherical Skyrme Hartree-Fock calculations, on the 
other hand, using the SkX and Sly4 interactions, place this 0 f5/2
hole energy at 4-5 MeV [34,35]. An energy of 3.8 MeV is ex-
pected on the basis of the nuclear monopole Hamiltonian which 
was adjusted to a large number of experimental energies of parti-
cle and hole states outside double magic cores all over the chart 
of nuclides by Duflo and Zuker [36]. Furthermore, the Rs analysis 
presented above relies on high purities of the proton-hole states in 
131In (similar to the ones measured for neutron-hole and neutron-
particle states in 131Sn and 133Sn, respectively [37,38]) and that the 
shell-model calculations provide a realistic treatment of the effects 
of nucleon-nucleon correlations upon the valence orbitals. Clearly, 
more exclusive experimental information is required to validate 
these assumptions in order that one-nucleon removal reactions 
might be used to extract spectroscopic information in the region 
around 132Sn. As such data become available for nuclei south-east 
of 132Sn, then alternative shell-model approaches using extended 
valence spaces, see e.g. Refs. [39–41], can be used to assess the 
systematic uncertainties inherent in the nuclear structure model 
description presented here.

4. Summary

We reported on the measurement of inclusive one- and multi-
nucleon removal cross sections for several Sn, Sb and Te isotopes 
just beyond the N = 82 neutron shell closure. The experimental re-
sults were compared to INCL model calculations. In general, good 
agreement was found for the removal of one or several neutrons, 
i.e. the less bound nucleon species in these region of the nuclear 
chart. The only exceptions are the cases of one- and two-neutron 
removal from 134Sn and 135Sb, which are dominated by strong nu-
clear structure effects. A detailed analysis of the INCL calculations 
showed that, in all cases studied, roughly one third of the one-
neutron knockout cross section corresponds to quasi-elastic pro-
cesses. For one-proton knockout on the other hand, the INCL model 
clearly overestimates the inclusive cross section, a trend which has 
already been reported in the literature. The present data for multi-
nucleon removal indicate that an ad-hoc increase of the excitation 
energy in the INCL model at the end of the cascade process, an 
approach which has been suggested to cure the incapacity of the 
model to correctly describe the removal of deeply bound nucleons, 
does not address the origin of this problem. Finally, the experimen-
tal inclusive cross section for one-proton removal from semi-magic 
134Sn was compared with calculations based on eikonal direct re-
action theory with structure information from the nuclear shell 
model. The limit this places on the derived suppression factor, Rs , 
is lower than from the systematics derived from similar analyses 
of inclusive cross section data for lighter nuclei, and alerts that 
more experimental information is needed before such one-nucleon 
removal reaction systematics should be used to deduce spectro-
scopic information in the region of heavy nuclei around 132Sn.
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