
Physics Letters B 846 (2023) 138250

Contents lists available at ScienceDirect

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

Core destruction in knockout reactions

C.A. Bertulani a,b, ,∗
a Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany
b Department of Physics and Astronomy, Texas A&M University-Commerce, Commerce, TX 75429, USA

a r t i c l e i n f o a b s t r a c t

Article history:
Received 25 August 2023
Received in revised form 25 September 
2023
Accepted 9 October 2023
Available online 13 October 2023
Editor: A. Schwenk

Keywords:
Breakup reactions
Projectile and target fragmentation

A model is presented to calculate projectile core destruction in knockout reactions. It incorporates physics 
arguments similar to the formulation of the state of the art theory to calculate stripping and diffraction 
dissociation cross sections in heavy ion collisions with bombarding energies around 100 MeV/nucleon 
and larger. It is shown that secondary collisions between the incoming and struck nucleons with the 
projectile core decrease the core survival probability by as much as 9.5%. However, no clear evidence is 
found for reduction of the cross section with increasing binding energy of the removed nucleon.

© 2023 The Author(s). 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.
Direct reactions with radioactive nuclear beams with energies 
about 100 MeV/nucleon and larger have become an invaluable 
spectroscopic tool in nuclear physics [1]. In particular, nucleon 
knockout reactions have been employed frequently to extract spec-
troscopic information on the evolution of single particle properties 
in nuclei as a function of their mass and charge [2–4] (for a recent 
review, see [5]). The analysis of nucleon removal, or knockout, re-
actions during the past 15 years has shown a systematic quenching 
of the extracted values of spectroscopic factors when compared to 
calculations based on the nuclear shell model [5–7]. This observa-
tion is often presented as an increasing reduction of the spectro-
scopic factors in terms of proton minus neutron separation energy, 
�S = ε|Sn − S p|, where ε = +1 for proton removal, and ε = −1
for neutron removal. It remains a puzzle why this “quenching” has 
not been observed in the extraction of spectroscopic factors using 
transfer and (p,2p) experiments, which are also considered excel-
lent probes of nuclear spectroscopy and very valuable for studies 
of unstable nuclei using inverse kinematics [8–13].

Recent experimental works hinted at the possibility that state 
of the art theories aimed to describe nucleon removal reactions 
might miss consideration of important reaction channels such as 
the projectile core destruction in a secondary reaction of one out-
going nucleon stemming either from the projectile or from the 
target nucleus [14,15]. This possibility has been recently explored 
in Ref. [16] where, by invoking a non-local density formalism and 
compound nucleus formation and decay, the authors show that 
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the effect of core destruction depends strongly on the binding en-
ergy of the removed nucleon, leading to a significant reduction of 
the cross section for deeply bound nucleons, and therefore reduc-
ing the isospin asymmetry of the spectroscopic factors observed in 
Refs. [5–7].

In this work, we provide a simple theoretical mechanism to 
deal with core destruction, exploring the geometric nature of the 
reaction and including similar physics arguments as those em-
ployed in past works in the derivation of theoretical expressions 
for knockout reactions [2,3,17,18]. The method includes minimal 
changes of the eikonal formalism adopted in past publications. Our 
numerical results imply that there is an evident reduction of the 
knockout cross sections due to core destruction by the partici-
pating nucleons. However, no clear dependence with the binding 
energy of the removed nucleon is found.

The widely employed expression to analyze experimental data 
of cross sections for single nucleon stripping from a projectile in a 
direct reaction is given by [2,3,17–19]

σ str
sp = 1

2 j + 1

∑
m

∫ ∫
d2bnT d3r(1 − |Sn(bnT )|2)

×
〈
ψ jm

∣∣∣|Sc(bcT )|2
∣∣∣ψ jm

〉
, (1)

where Sn (Sc) is the S-matrix for the scattering of the nucleon 
(core) with the target at an impact parameter bnT (bcT ) (see Fig. 1). 
The nucleon wavefunction ψ jm(r) depends on the single particle 
angular momentum of the removed nucleon and its projection, jm, 
and on the nucleon internal coordinate written as r = (ρ, z). This 
coordinate is related to bnT and bcT via bcT = |ρ − bnT | [17]. The 
total nucleon knockout cross section is given by
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σkn =
∑

j

C2 S( j) f (A P )
[
σ str

sp ( j) + σ dd
sp ( j)

]
, (2)

where C2 S( j) is the spectroscopic factor. The quantity f is re-
lated to the mass number A of the projectile by means of f (A) =
A/(A − 1) if C2 S( j) is calculated with a many-body shell-model 
in a harmonic oscillator basis. In Eq. (2), σ dd

sp is the single-particle 
diffraction dissociation cross section given by

σ dd
sp = 1

2 j + 1

∑
m

∫
d2bnT d3r

[〈
ψ jm

∣∣∣∣∣1 − Sn Sc
∣∣2

∣∣∣ψ jm

〉

−
∑
m′

∣∣∣ 〈ψ jm′
∣∣1 − Sn Sc

∣∣ψ jm′
〉 ∣∣∣2

]
. (3)

At high energies, the optical potential is connected to the nucleon-
nucleon cross section and the expression for the S-matrix is [17,18]

Si(bi) = exp

[
−σN N

4π

∫
ρi(q)ρT (q)e−βN N q2

J0(qbi)q dq

]
, (4)

where J0 is the ordinary Bessel function of zeroth-order, σN N is 
the total nucleon-nucleon cross section, and βN N is the momen-
tum dependence parameter. The nucleon density (i = n) is treated 
as a delta-function, ρn(r) = δ(r), whereas for i = P and i = c the 
ground state point nucleon densities of the projectile, ρP (r), and 
the core, ρc(r), are used. ρT (r) is the point nucleon density dis-
tribution of the target. Eq. (4) uses the respective Fourier trans-
form of these densities. The nucleon sizes are accounted for the 
nucleon-nucleon cross sections, σN N .

Before continuing, it is worthwhile discussing the physics in-
terpretation of the equations presented above. The stripping cross 
section has a very simple interpretation. It is an impact parameter 
integral of the product of the nucleon removal probability times 
the core survival probability. The diffraction dissociation cross sec-
tion is derived by assuming that each cluster (nucleon or core) 
inside the projectile diffracts around the target. The combination 
of the two diffraction processes may impart a momentum transfer 
to the projectile, yielding distinct distorted waves for each cluster 
in the final state. When integrated over the momentum transfers 
and using completeness for the bound state ψ jm and the free dis-
torted waves of the clusters one ends up with Eq. (3) [19]. For 
that matter, one needs to assume that the projectile has only one 
single bound state. This assumption is evidently not applicable to 
most nuclei studied in knockout reactions, and that is why the 
diffraction dissociation expression, Eq. (3), widely utilized in the 
literature, relies on shaky grounds.

In the first instance, we consider that a nucleon from the pro-
jectile collides with a nucleon in the target. One of these nucleons 
has the possibility to induce a secondary collision with the core. 
The projectile loses one nucleon in the collision and the core might 
be destructed in the secondary collision. This could be only one 
of the various possible core destruction mechanisms, as suggested 
in Refs. [14,15,20]. If the core is destroyed, the observed nucleon 
removal cross section is smaller and the spectroscopic factors ex-
tracted from experiment will be larger. The eikonal approximation 
allows for the treatment of secondary collisions in a straightfor-
ward way and we adopt a formalism akin to that in Ref. [21]
which has been very successful to analyze (p,2p) experiments. A 
secondary collision of either one of the colliding nucleons with 
the core is expected to affect stripping much more than diffractive 
process. Diffractive dissociation is relatively soft and it is unlikely
that the nucleons will scatter sideways to the core. Hence, we con-
centrate on the stripping cross sections only.

The eikonal distortion up to a position r = (b, z) in coordinate 
space modifies the incoming wave 
inc as
2

Fig. 1. Schematic drawing of the nucleon removal from a projectile followed by a 
rescattering with the projectile core.

Fig. 2. Differential cross sections for proton-proton collisions as a function of the 
scattering angle in the center of mass. Data is retrieved from EXFOR library [24]
and curves are parametrizations taken from Refs. [25,26].


eik(b, z) = G(b, z)
inc(−∞),

G(b, z) = exp

⎡
⎣− i

h̄v

z∫
−∞

Uopt(b, z′)dz′
⎤
⎦ , (5)

where v is the projectile velocity, and Uopt is the optical poten-
tial. If the above integral is extended to infinity, one recovers the 
S-matrices used in Eqs. (1) and (3) as Si(b) = Gi(b, ∞). Eq. (5)
shows that in the eikonal approximation, the scattering wave ac-
quires a phase up to position r = (b, z). This can readily be used 
to propagate sequential particle scattering to treat multiple colli-
sions by recursively calling different points r as a new source of 
subsequent eikonal waves, i.e.,

G(b, z) =
z∫

dz′dz′′db′db′′ · · · G(r′)G(r′′) · · · (6)

Although this formalism is attractive and has been reported in the 
literature to treat multiple collisions using eikonal waves [22,23], 
it is important to notice that it does not apply to the case of core 
destruction studied here because the two steps are independent.

Instead of the multistep formalism delineated above, we use 
a much simpler procedure based on the same arguments leading 
to Eq. (1) to derive the stripping cross section including a correc-
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Fig. 3. Core survival probabilities, Pc(bc), defined according to Eq. (9) (solid curves) 
and with Eq. (10) (dotted curves). Upper panel: 12C(8B,7Be) at 285 MeV/nucleon 
with a proton separation energy S p = 0.137 MeV, angular momentum Jπ = 3/2− . 
Lower panel: 12C(10C,9C) at 120 MeV/nucleon with a neutron separation energy 
Sn = 21.28 MeV, angular momentum Jπ = 3/2− . The dotted (solid) lines include 
(do not include) core destruction due to a secondary collision of one of the colliding 
nucleons and the core.

tion due to core destruction by a secondary scattering. We propose 
modifying the integrand of Eq. (1) to

(1 − |Sn|2)|Sc|2 → (1 − |Sn|2) |Sc|2
(

1 −
〈
|Snc|2

〉)
, (7)

with〈
|Snc|2

〉
= 1

σ el
N N

∫
d�

dσ el
N N(θ)

d�
|Snc(bnc(θ,φ))|2, (8)

where 〈...〉 denotes an average over scattering angles. The S-matrix 
in Eq. (8) is calculated in the same way as in Eq. (1) (i.e., us-
ing Eq. (4)), but with the impact parameter replaced by bnc . The 
main assumption is that the secondary collision yields a nucleon 
with the same center of mass energy as the incoming nucleon. 
The secondary nucleon which stems either from the projectile or 
the target due to the binary nucleon-nucleon collision, enters the 
core with an angle γ , as schematically shown in Fig. 1. The impact 
parameter bnc entering Eq. (8) is now dependent on the scatter-
ing angle γ (θ, φ), where the dependence of γ on θ and φ is 
defined below. The additional term, 1 − 〈|Snc|2

〉
, is the probabil-

ity that one of the nucleons collides with the core which is likely 
to destroy it, depending on the impact parameter. The integration 
in Eq. (8) runs over all angles, or equivalently, all impact parame-
ters bnc(θ, φ) that lead to a nucleon scattering toward the core. The 
first nucleon-nucleon collision is assumed to be quasi-free, i.e., an 
elastic collision, thus preserving the center-of-mass energy. From 
this point on, the secondary nucleon, either from the projectile or 
from the target, is again described by an eikonal S-matrix when it 
scatters with the core. These are similar assumptions as those used 
in Ref. [21] to describe secondary collisions in (p,2p) reactions.

For simplicity, we assume that the most likely position where 
the projectile nucleon is struck occurs when z = 0; the clos-
est distance the projectile passes by the target. Fig. 1 shows a 
schematic drawing of the nucleon-core rescattering process. Al-
though medium effects on nucleon-nucleon collisions might be im-
portant, we determine the scattering angle using the free- nucleon-
nucleon elastic cross section dσ elast

N N /d� as a weight function in the 
angular average. Evidently, only a limited range of angles γ (θ, φ)

leads to the core destruction. The scattering angle γ can be re-
lated to bnc and the incoming nucleon and core impact param-
eters through bnc = |bcT − bnT | tanγ , where γ is defined as the 
angle between the nucleon-nucleon scattering direction and the 
x-axis, perpendicular to the z-axis beam direction. The angle γ
and the nucleon-nucleon scattering angles (θ, φ) are related by 
cosγ = sin θ cosφ, where φ is the off-plane azimuthal angle. As 
3

Fig. 4. Decrease of stripping cross sections as a function of �S = Sn − S p for neutron 
removal or �S = S p − Sn for proton removal.

indicated in Fig. 1, the scattered nucleons will hit the core in a 
direction nearly perpendicular to the beam direction.

The experimental pp and np differential elastic scattering cross 
sections were obtained from the large amount of experimental 
data that can be accessed at the EXFOR library [24]. For all energies 
considered in this work, we use a parametrization of the differen-
tial cross sections found in Refs. [25,26] which fits the experimen-
tal data quite well. As an example, in Fig. 2 we show the differen-
tial cross section for proton-proton scattering at beam energies of 
60 and 400 MeV/nucleon and as a function of the scattering an-
gle in the center of mass. It is clear that the cross sections peak at 
forward and backward angles, but there is a non-negligible proba-
bility that the protons scatter around 900, thus hitting the projec-
tile core. We also carry out an isospin average of the differential 
cross section according to 

〈
σ el

pN(θ)
〉
= (ZT σ el

pp(θ) + NT σ el
pn(θ))/AT

for proton knockout, with an equivalent expression for neutron 
knockout, exchanging NT and ZT . A similar average is done for the 
total scattering cross section appearing in Eq. (8) which accounts 
for nuclear absorption.

In Fig. 3 we plot the core survival probabilities, Pc(bc), for two 
reactions with very different nucleon separation energies. Pc is de-
fined by

Pc(bcT ) =
∫

d3r(1 − |Sn(bnT )|2)
〈
ψ jm

∣∣∣|Sc(bcT )|2
∣∣∣ψ jm

〉
, (9)

without rescattering correction, or

Pc(bcT ) =
∫

d3r(1 − |Sn(bnT )|2)
(

1 −
〈
|Snc|2

〉)
×

〈
ψ jm

∣∣∣|Sc(bcT )|2
∣∣∣ψ jm

〉
, (10)

when core-destruction is included. bnT is expressed in terms of bcT

and r, as explained in the text following Eq. (1).
The core survival probability, after a nucleon removal from the 

projectile, is shown in Fig. 3 (upper panel) for 12C(8B,7Be) at 285 
MeV/nucleon with a proton separation energy S p = 0.137 MeV, an-
gular momentum Jπ = 3/2− . In the lower panel we consider the 
reaction 12C(10C,9C) at 120 MeV/nucleon with a neutron separa-
tion energy Sn = 21.28 MeV, angular momentum Jπ = 3/2− . The 
dotted (solid) lines include (do not include) core destruction due 
to a secondary nucleon collision with the core.

An important remark is that our calculations are based on ab 
initio many-body wavefunctions using the No-Core Shell Model 
(NCSM) formalism, as described in Ref. [27]. It has been recently 
found out that the spectroscopic factors extracted from (p,2p) as 
well as from knockout reactions are more dependent on the inte-
rior part of the single-particle wavefunction than initially expected 
[27,28]. Fig. 3 shows that there is a non-negligible correction of 
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Table 1
Theoretical values for one-nucleon-removal stripping cross sections for selected single-particle states. �S = Sn − S p

for neutron removal or �S = S p − Sn for proton removal.

Reaction Ebeam S p [Sn] �S Jπ ( j) σstr σ rescatt
str % change

MeV/nucleon MeV MeV mb mb
9B(7Li,6He) 80 9.98 2.723 0+(3/2) 20.49 19.01 −7.22
9B(7Li,6Li) 120 7.25 −2.723 1+(3/2) 24.23 22.16 −8.54
12C(8B,7Be) 285 0.137 −12.690 3/2−(3/2) 42.49 39.02 −8.17
12C(9C,8B) 78 1.3 −12.925 2+(3/2) 40.14 36.86 −8.17
12C(9Li,8Li) 100 4.06 −9.882 2+(3/2) 40.32 37.00 −8.23
9Be(10Be,9Li) 80 19.64 12.824 3/2−(3/2) 35.33 32.47 −8.09
9Be(10Be,9Be) 120 6.812 −12.824 3/2−(3/2) 77.62 70.68 −8.94
9Be(10C,9C) 120 21.28 17.277 3/2−(3/2) 44.57 40.50 −9.31
12C(12C,11B) 250 15.95 −2.764 3/2−(3/2) 64.68 58.70 −9.55
12C(12C,11C) 250 18.72 2.764 3/2−(3/2) 74.16 67.10 −9.52
12C(14O,13N) 305 1.531 −18.552 1/2−(1/2) 37.45 33.99 −9.22
9Be(14O,13O) 53 3.234 18.552 3/2−(3/2) 25.57 23.32 −8.80
12C(16O,15N) 2100 22.04 −3.537 3/2−(3/2) 46.90 42.48 −9.42
12C(16O,15O) 2100 22.04 3.537 3/2−(3/2) 44.46 40.26 −9.45
the core survival probabilities as a function of the core impact pa-
rameter in collisions with 12C targets. The correction is largest at 
the maximum of the probability which occurs at core impact pa-
rameters bc ∼ Rc + RT , where Rc (RT ) is the mean-square radius 
of the core (target).

In Table 1 we show the calculated values for one-nucleon-
removal (stripping) cross sections for selected single-particle states, 
most of them already examined in Ref. [27]. For clarity, we recall 
that �S = Sn − S p for neutron removal or �S = S p − Sn for proton 
removal. The separation energies are not the experimental ones, 
but those obtained with the NCSM calculations for the respective 
states [27]. It is evident that the correction due to secondary scat-
tering does not display a visible correlation with the separation 
energies, as is also seen in Fig. 4. The correction due to core de-
struction is reflected in the total nucleon knockout cross sections, 
all decreasing by nearly the same percentage.

We conclude that rescattering of either the incoming or the 
struck nucleon by the core tends to decrease the total nucleon 
knockout cross sections by as much as 9.5%, at least for the se-
lected cases chosen in this work. This is an important result as it 
implies that the spectroscopic factors extracted from knockout re-
actions need revisions. They are probably larger than they should 
be because the spectroscopic factors have been extracted and re-
ported in the literature using primarily the Eqs. (1)-(4). However, 
we do not reproduce the energy dependence with the binding nu-
cleon energy, which would pave the way to solve the so-called 
“quenching puzzle”, as suggested in Ref. [16], because in our model 
rescattering effects tend to reduce the stripping cross sections 
without any correlation with �S . Our model is consistent with 
the physical arguments employed in the derivation of Eqs. (1)-(4), 
where we have included an additional term to account for core 
destruction. The model relies on a geometrical condition which is 
independent of the binding energy of the removed nucleon. Per-
haps, the most important effect leading to a possible solution of 
the “quenching puzzle” is the proper use of single particle wave-
functions obtained with ab initio many-body models, as claimed 
before in Refs. [27,28]. As shown in those references, the quench-
ing of the spectroscopic factors tends to weaken when Eq. (1)
uses proper ab initio wavefunctions. The effect of the Sn and Sc
eikonal matrices in the integrand of Eq. (1) is to “chop off” parts 
of the bound-state wavefunction. It has been shown in past publi-
cations that this leads to a binding energy dependence of the cross 
sections. But Refs. [27,28] show there is also a non-negligible de-
pendence of the knockout cross sections on the internal part of the 
single-particle wavefunction ψ jm , and this weakens the quenching 
of spectroscopic factors. The introduction of the core-destruction 
effect considered here is a geometric absorption of a scattered nu-
cleon with the core that does not depend on the nucleon binding 
4

energy. In fact, the secondary scattering proceeds only after the 
valence nucleon is removed from the projectile. Therefore, no ad-
ditional energy dependence is expected to occur.

Declaration of competing interest

The authors declare the following financial interests/personal 
relationships which may be considered as potential competing in-
terests:

Carlos Bertulani reports administrative support was provided by 
Texas A&M University-Commerce. Carlos Bertulani reports a rela-
tionship with Texas A&M University that includes: employment.

Data availability

No data was used for the research described in the article.

Acknowledgements

The author has benefitted from useful discussions with Leonid 
Chulkov, Björn Jonson, Thomas Aumann and Alexandre Obertelli. 
He acknowledges support by the U.S. DOE grant DE-FG02-
08ER41533 and the Helmholtz Research Academy Hesse for FAIR.

References

[1] C.A. Bertulani, L.F. Canto, M.S. Hussein, The structure and reactions of neutron-
rich nuclei, Phys. Rep. 226 (6) (1993) 281–376.

[2] M.S. Hussein, K.W. McVoy, Inclusive projectile fragmentation in the spectator 
model, Nucl. Phys. A 445 (1985) 124–139.

[3] C.A. Bertulani, K.W. McVoy, Momentum distributions in reactions with radioac-
tive beams, Phys. Rev. C 46 (1992) 2638–2641.

[4] N.A. Orr, et al., Momentum distributions of 9Li fragments following the breakup 
of 11Li, Phys. Rev. Lett. 69 (Oct 1992) 2050–2053.

[5] T. Aumann, et al., Quenching of single-particle strength from direct reactions 
with stable and rare-isotope beams, Prog. Part. Nucl. Phys. 118 (2021) 103847.

[6] A. Gade, et al., Reduction of spectroscopic strength: weakly-bound and 
strongly-bound single-particle states studied using one-nucleon knockout re-
actions, Phys. Rev. C 77 (2008) 044306.

[7] J.A. Tostevin, A. Gade, Systematics of intermediate-energy single-nucleon re-
moval cross sections, Phys. Rev. C 90 (2014) 057602.

[8] F. Flavigny, A. Obertelli, A. Bonaccorso, G.F. Grinyer, C. Louchart, L. Nalpas, A. 
Signoracci, Nonsudden limits of heavy-ion induced knockout reactions, Phys. 
Rev. Lett. 108 (2012) 252501.

[9] F. Flavigny, N. Keeley, A. Gillibert, A. Obertelli, Single-particle strength from 
nucleon transfer in oxygen isotopes: sensitivity to model parameters, Phys. Rev. 
C 97 (2018) 034601.

[10] Jenny Lee, et al., Neutron-proton asymmetry dependence of spectroscopic fac-
tors in Ar isotopes, Phys. Rev. Lett. 104 (2010) 112701.

[11] Jenny Lee, et al., Neutron spectroscopic factors of 34Ar and 46Ar from (p, d)

transfer reactions, Phys. Rev. C 83 (2011) 014606.

http://refhub.elsevier.com/S0370-2693(23)00584-1/bibFA00DB4AAD5B3F3C0B9A83D6E044A8FFs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibFA00DB4AAD5B3F3C0B9A83D6E044A8FFs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib343A864797BC2AAEC3629545315F80ECs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib343A864797BC2AAEC3629545315F80ECs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibE4C67427D9B3BCF41A50C4BE35503037s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibE4C67427D9B3BCF41A50C4BE35503037s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib213C3C0CC02ABAAC16C0DAF116486768s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib213C3C0CC02ABAAC16C0DAF116486768s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib0027BB9AD2AD50A9F5D87D7C6BB85172s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib0027BB9AD2AD50A9F5D87D7C6BB85172s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib3CE1D954D7DD4FBF2299EA2371F2B4E7s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib3CE1D954D7DD4FBF2299EA2371F2B4E7s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib3CE1D954D7DD4FBF2299EA2371F2B4E7s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibB785B06D3CBB2556FC4F2118C8D712B2s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibB785B06D3CBB2556FC4F2118C8D712B2s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibCD210514EB5C1CD52AA7AD8442B268AFs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibCD210514EB5C1CD52AA7AD8442B268AFs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibCD210514EB5C1CD52AA7AD8442B268AFs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib2C718E45D2AD850A135D9255FAEB8D6Bs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib2C718E45D2AD850A135D9255FAEB8D6Bs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib2C718E45D2AD850A135D9255FAEB8D6Bs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib50442EC58E6D2161BBC23EFD7FA70295s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib50442EC58E6D2161BBC23EFD7FA70295s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib693A2B925EE159FC20ADC8BF4D67132As1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib693A2B925EE159FC20ADC8BF4D67132As1


C.A. Bertulani Physics Letters B 846 (2023) 138250
[12] L. Atar, et al., Quasifree (p, 2p) reactions on oxygen isotopes: observation of 
isospin independence of the reduced single-particle strength, Phys. Rev. Lett. 
120 (2018) 052501.

[13] S. Kawase, et al., Exclusive quasi-free proton knockout from oxygen isotopes at 
intermediate energies, Prog. Theor. Exp. Phys. 2018 (2) (2018) 021D01.

[14] V. Panin, et al., Quasi-free proton knockout from 12C on carbon target at 398 
MeV/u, Phys. Lett. B 797 (2019) 134802.

[15] F. Wamers, et al., Diverse mechanisms in proton knockout reactions from the 
borromean nucleus 17Ne, Eur. Phys. J. A 59 (7) (2023) 154.

[16] M. Gomez-Ramos, J. Gomez-Camacho, A.M. Moro, Isospin dependence in 
single-nucleon removal cross sections explained through valence-core destruc-
tion effects, arXiv:nucl -th /0042620, 2023.

[17] C.A. Bertulani, P.G. Hansen, Momentum distributions in stripping reactions of 
radioactive projectiles at intermediate energies, Phys. Rev. C 70 (2004) 034609.

[18] C.A. Bertulani, A. Gade, MOMDIS: a Glauber model computer code for knockout 
reactions, Comput. Phys. Commun. 175 (5) (2006) 372–380.

[19] Kai Hencken, George Bertsch, Henning Esbensen, Breakup reactions of the halo 
nuclei 11Be and 8B, Phys. Rev. C 54 (1996) 3043–3050.

[20] C. Louchart, A. Obertelli, A. Boudard, F. Flavigny, Nucleon removal from unstable 
nuclei investigated via intranuclear cascade, Phys. Rev. C 83 (2011) 011601.

[21] T. Aumann, C.A. Bertulani, J. Ryckebusch, Quasifree (p,2p) and (p,pn) reactions 
with unstable nuclei, Phys. Rev. C 88 (2013) 064610.

[22] L.I. Schiff, Approximation method for high-energy potential scattering, Phys. 
Rev. 103 (Jul 1956) 443–453.

[23] David R. Harrington, Multiple scattering, the Glauber approximation, and the 
off-shell Eikonal approximation, Phys. Rev. 184 (1969) 1745–1749.

[24] N. Otuka, et al., Towards a more complete and accurate experimental nuclear 
reaction data library (EXFOR): international collaboration between nuclear re-
action data centres (NRDC), Nucl. Data Sheets 120 (2014) 272–276.

[25] J. Cugnon, D. L’Hôte, J. Vandermeulen, Simple parametrization of cross-sections 
for nuclear transport studies up to the GeV range, Nucl. Instrum. Methods Phys. 
Res., Sect. B, Beam Interact. Mater. Atoms 111 (3) (1996) 215–220.

[26] J. Cugnon, C. Volant, S. Vuillier, Improved intranuclear cascade model for 
nucleon-nucleus interactions, Nucl. Phys. A 620 (4) (1997) 475–509.

[27] Jianguo Li, Carlos A. Bertulani, Furong Xu, Nuclear spectroscopy with heavy ion 
nucleon knockout and (p, 2p) reactions, Phys. Rev. C 105 (2022) 024613.

[28] C.A. Bertulani, A. Idini, C. Barbieri, Examination of the sensitivity of quasifree 
reactions to details of the bound-state overlap functions, Phys. Rev. C 104 
(2021) L061602.
5

http://refhub.elsevier.com/S0370-2693(23)00584-1/bibB0E7D98D5C1F9B0C63F14A1F5B58DFC4s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibB0E7D98D5C1F9B0C63F14A1F5B58DFC4s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibB0E7D98D5C1F9B0C63F14A1F5B58DFC4s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibD2F62AFFB639B4A1F9F5125253ECB7DFs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibD2F62AFFB639B4A1F9F5125253ECB7DFs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib2AD30D752E645F79B4E146444F98A9E2s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib2AD30D752E645F79B4E146444F98A9E2s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib6FC69322FBF88A8741A429F5B716D3EDs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib6FC69322FBF88A8741A429F5B716D3EDs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibFE278AD4A45CDF06CCB7F9BC3A19F82Cs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibFE278AD4A45CDF06CCB7F9BC3A19F82Cs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibFE278AD4A45CDF06CCB7F9BC3A19F82Cs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib42DA1D1D83D0D475A12D7B79B6BA430Fs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib42DA1D1D83D0D475A12D7B79B6BA430Fs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib929AE74AB12CAA5E1AA20DBD1DEE8E48s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib929AE74AB12CAA5E1AA20DBD1DEE8E48s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibFE190743EB81E43DA71CCB43A5A3DDB7s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibFE190743EB81E43DA71CCB43A5A3DDB7s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibF72E819CE66397B64A04142E7FA8231Es1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibF72E819CE66397B64A04142E7FA8231Es1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibBE1DE83AC679B4F515B4E72C0223FF44s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibBE1DE83AC679B4F515B4E72C0223FF44s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibD684142F90342556FDEC3F29AE03D9B2s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibD684142F90342556FDEC3F29AE03D9B2s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibD242171CB561A0B24D747DA2C35184E1s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibD242171CB561A0B24D747DA2C35184E1s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibB7B6CE2189D16778C4E6E6DD02038DB9s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibB7B6CE2189D16778C4E6E6DD02038DB9s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibB7B6CE2189D16778C4E6E6DD02038DB9s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibD0300583419A0B3B8371FAE8EACE07A7s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibD0300583419A0B3B8371FAE8EACE07A7s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibD0300583419A0B3B8371FAE8EACE07A7s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibF79BEEE528A3D8DC18AEA8058124D381s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bibF79BEEE528A3D8DC18AEA8058124D381s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib897E71CDC66CB3FD70EB247FF19F7E0Cs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib897E71CDC66CB3FD70EB247FF19F7E0Cs1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib71CE52EA6697324CBDDA31EE99A7DB93s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib71CE52EA6697324CBDDA31EE99A7DB93s1
http://refhub.elsevier.com/S0370-2693(23)00584-1/bib71CE52EA6697324CBDDA31EE99A7DB93s1

	Core destruction in knockout reactions
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


