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The discrepancy between experimental data and theoretical calculations in one-nucleon removal reactions at
intermediate energies (quantified by the so-called “quenching factors”) and its dependence on the isospin
asymmetry of the nuclei has been an open problem in nuclear physics for the last fifteen years. In this work,
we propose an explanation for this long-standing problem, which relies on the inclusion of the process of core
destruction due to its interaction with the removed nucleon. To include this effect, we extend the commonly
used eikonal formalism via an effective nucleon density, and apply it to a series of nucleon knockout reactions.

The effect of core destruction is found to depend strongly on the binding energy of the removed nucleon, leading
to a significant reduction of the cross section for deeply bound nucleons, which reduces the isospin dependence
of the “quenching factors”, making them more consistent with the trends found in transfer and (p, pN) reactions.

1. Introduction

Single nucleon knockout reactions with light targets (°Be, '2C) at
intermediate energies have been a key experimental tool to study the
structure of unstable nuclei [1-7]. These reactions can be described as
P(C+V)+T - C+ X, where the projectile P collides with the target
T so that the residual nucleus (the core) C is detected, while the va-
lence nucleon V' can be detected (diffractive breakup) or is absorbed
(stripping). From the momentum distribution of the core, properties of
the valence nucleon can be extracted [8,9]. The dynamics of the col-
lision is standardly modelled within the eikonal approximation [10],
which is reasonable for sufficiently high energies (~80-90 MeV per nu-
cleon). Other nucleon removal reactions such as nucleon transfer [11]
and quasifree nucleon removal with proton targets (p, pN) [12] provide
complementary information on the properties of the removed nucleons.

A systematic study of the cross section of nucleon knockout re-
actions in light and medium-mass nuclei showed an intriguing trend
[13], where the discrepancy between experimental cross sections and
theoretical predictions, quantified by the so-called “quenching factor”
(R, = Ocxp/Otheor)» Shows a marked dependence on the isospin asymme-
try of the nucleus, such that for very asymmetric nuclei, the removal
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of the more abundant nucleons presents a small “quenching” (R, ~ 1)
while the removal of the less abundant ones suffers from a large reduc-
tion (R; ~ 0.2 — 0.4). This tendency has been interpreted as the effect
of short-range correlations, 3N-force effects or explicit couplings of
near- threshold single-particle configurations to the continuum on the
less abundant and more deeply bound nucleons, which go beyond the
standard shell-model description for the more deeply-bound nucleons.
However, other systematic studies with transfer [11,14,15] and (p,2p)
reactions [16-18] have failed to find this marked dependence on isospin
asymmetry, while the addition of new data for heavy-target nucleon-
knockout reactions has only reinforced it [19,20]. A recent overview on
this topic can be found in [21]. Whether this isospin dependence is a
manifestation of nuclear structure effects beyond standard, small-scale
shell-model calculations or an artefact derived from a not yet under-
stood deficiency of the reaction model [22] is a pressing question in
nowadays nuclear physics which calls for a careful revision of both the
structure and reaction inputs employed in these analyses.

Eikonal descriptions assume straight-line trajectories for core and
valence nucleon and ignore their mutual final-state interaction. A po-
tentially important effect absent from this description of knockout reac-
tions is the destruction of the residual core because of its interaction
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with the valence nucleon after its removal from the projectile. This
core destruction would naturally lead to a reduction in the knock-
out cross section, an effect that should be larger when removing more
deeply bound nucleons, with stronger interactions with the core, as il-
lustrated in Fig. 1. In fact, intranuclear cascade calculations using the
Liege implementation (INCL) [23,24] point to this increased reduction
for more deeply-bound nucleons. Moreover, for exclusive breakup reac-
tions, where both valence nucleon and core are detected, the inclusion
of this effect in the standard Continuum-Discretized Coupled-Channel
(CDCC) formalism [25] has also shown a larger reduction in cross sec-
tion for the removal of the more deeply-bound species [26]. A recent
publication [27] has presented a Green’s function description of knock-
out reactions, but without numerical results.

It is the goal of this work to investigate the effect of these final-state-
interactions between the removed nucleon and the residual core on the
survival probability of the latter in knockout reactions. For that, a novel
extension of the eikonal formalism is presented that accounts for such
effects and is applied to measured removal reactions for deeply- and
weakly-bound nucleons.

2. Theoretical framework

In the following, we will focus on the stripping process. The devel-
opment for diffractive scattering is beyond the scope of this work. The
stripping channels, although not individually resolved, can be identi-
fied by an index j which labels the complex target-nucleon state which,
along with the outgoing core, describes the final state. In particular,
Jj =0 labels the nucleon-target elastic state where the target remains in
its ground state, whereas j > 0 correspond to states in which the nucleon
excites the target, contributing to stripping. k is the relative momentum
between the nucleon and the core. The stripping probability, for some
impact parameter b, can be written as

P, (b)= / d*k Y 14,5 %))

J#0
A% = / 3, (P S04 (ber) Sy by O P, @

where ¢, is the bound core-valence state, SgT is the core-target elas-

tic S-matrix while Sy

wO(k,7) is the final unbound core-valence state. See Fig. 2 for a rep-
resentation of the impact parameters bor and by;. Eq. (1) can be
expanded as:

is the valence-target S-matrix for state j and

LROED) / R Py, ()" by (73) Sy (ber) Sy (bera)
Jj#0

X831 by )y (byr2)(Blp 177 @

where by 7o) and bcry, correspond to the valence-target and core-
target impact parameters associated to the cor-valence coordinate 7,
and where we introduce the nonlocal density:

Gloglii) = [ ¢ (vORi) vk A, ®

If the core-nucleon interaction is real (i.e., if the nucleon cannot break
the core) and the interaction does not support bound states (which is
the usual assumption in standard stripping eikonal calculations, where
no final valence-core interaction is considered), Eq. (3) takes the form of
a closure relation and (r;|p |7} ) = 6(/; —3). This reduces the expression
for the stripping probability to:

PE(B) = / d*F g (PP |SEp - (ber) P 18T, (by ), “)

and we can use the unitarity of S}, to relate the inelastic S{,T matrices
to the elastic SO, matrix:

D AS, by =1=15)(by ), )
Jj#0
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Fig. 1. Schematic illustration of one-proton and one-neutron removal processes
in the “°Si knockout reaction. Note that more channels corresponding to an
unbound core are open when a deeply bound nucleon is removed, which leads
to larger destruction of the core.

Fig. 2. Scheme of the coordinates used in this work. The beam is perpendicular
to the paper.

which leads to the standard compact eikonal expression [10]

PE () = / 37 19, DI 1S2p b)) (1= 1801y p)I?) . (6)

However, in a more realistic situation, where the interaction be-
tween valence and core is taken as complex and energy dependent (for
example, to describe the excitation or break-up of the core) this is not
the case. This is the key contribution of our work, as compared to stan-
dard eikonal approximations. Instead of assuming closure, we will use
complex valence-core interactions to get explicitly the continuum wave-
functions at all energies, and then evaluate (7} |p|r;), which would be
non local.

In this work, we look for an expression as close as possible to the
eikonal derivation. The expression of the proton removal probability
requires integration over two radial variables, r},7,. The integrand
involves the product of two S matrices S{/T(bvr(r_i))(S{/T(bvr(r_i)))*’
which are evaluated at different impact parameters, so unitarity
(Eq. (5)) cannot be applied. This problem with unitarity can be
avoided by approximating the two impact parameters in the previ-
ous expressions by an average impact parameter defined as by, =

"N+

V(b + ax)? + (ay)?, where a = AT_I, x= x'zﬁ and y= 5

ing the mass number of the composite V' + C nucleus. b requires an
equivalent expression. Then we can approximate

, A be-
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where (r3|p,|r}) must be computed without applying closure. A more

i+,
— |

9)

detailed derivation of p?) can be found in the Supplementary Mate-
rial. Thus, core destruction through interaction with the valence particle
can be simply described, in standard eikonal calculations, by using an
effective two-dimensional local density p®<f(x, y), which is obtained
from the nonlocal final density (/;|p/|7}) and the nonlocal initial den-
sity ¢;(r§)¢g(ﬂ). In the usual eikonal approach, this two-dimensional
local density is obtained by integrating the ground state density on z,
giving rise to:

POB(x,y) = / dzl, PP (10)

As the impact parameters defining valence and target absorption de-
pend on the coordinates (x, y), the densities required to do the calcula-
tions of the stripping probabilities require the two-dimensional densities
pPEi(x, y), pPeff(x, ). One may also compute one-dimensional densities
for x (or y) as:

PP () = / dypP(x,y) an

p VB () = / dyp@Hi(x, y). (12)

In the Supplementary Material, an expansion to optimize the cal-
culation of p®! is presented. A fundamental difference between this
method and standard eikonal calculations (e.g. [28]) lies in the consid-
eration that valence particle and core keep interacting after the absorp-
tion of the former by the target, while standard calculations neglect this
interaction. We believe that this interaction is still important for the dy-
namics of the reaction even after the valence particle has been absorbed
(as it has not disappeared, rather it has become deeply correlated with
the internal degrees of freedom of the target), which is consistent with
the spirit and results from INCL calculations [23,24].

3. Results

We apply this formalism to a selection of the knockout reactions pre-
sented in [20], for removal of neutron and proton from a neutron-rich
nucleus (*°Si), a proton-rich nucleus (?*Si) and an isospin symmetric
one (12C). These nuclei were selected because both proton and neutron
removal were measured, only a few single-particle configurations of
the removed nucleon had to be considered (except for neutron removal
from “°Si) and because the ingredients for the original calculations were
accessible in the literature. In order to restrict the integration in ¥
in the evaluation of (/|p,|7}), we included a weighting factor ektat
with a=0.15 fm~! and expanded y™)(%,7) in multipoles up to I, =29
(see Supplementary Material). For the single-particle wavefunction we
used the same geometry [13,29,30] used in the results presented in
[13,19,20] for 24Si, '2C and “°Si respectively. To build the continuum
wavefunctions, an optical potential is required. For consistency and to
focus on core destruction, for the evaluation of this potential, we have
considered the imaginary part of the global energy-dependent disper-
sive potential by Morillon et al. [31] for all considered nuclei. This
potential reproduces reasonably the reaction cross sections from the
ENDF database [32] between p—!'B and n—!!C for energies > 20 MeV.
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3.1. Subtraction of ompound-nucleus elastic scattering contribution

As is general for optical potentials, the computed reaction cross sec-
tion (related to the imaginary part of the potential) includes the forma-
tion of compound nucleus, which may decay into the original valence-
core channel, not resulting in the destruction of the core. Therefore, for
a proper description of the destruction of the core, the potential must
be modified to eliminate this process from the reaction cross section.
In order to evaluate the importance of this “elastic-compound-nucleus”
contribution, we have performed compound-nucleus calculations to ob-
tain the fraction of the cross section that results in actual destruction of
the core for the different systems in a range of relevant energies. Then,
for the different energies, we have rescaled the reaction cross sections
obtained with the Morillon potential by this factor and modified the
depth of the imaginary surface term of the potential to reproduce this
core-destruction cross section (when required, the imaginary volume
term was removed) (see supplementary material). Given the significant
dispersion in compound nucleus results [33], we present the results us-
ing two widely-used compound-nucleus codes: PACE [34,35], which
will be referred to as Model I, and GEMINI [36,37], which will be re-
ferred to as Model II. The effects of the neglect of elastic compound
nucleus are presented in the Supplementary Material. We note that for
the deeply bound nucleons many open channels exist even at zero rel-
ative energy (as illustrated in Fig. 1) so the elastic channel was not
significantly populated in the compound-nucleus calculations and no
potential modification was required. The same occurred for all nuclei
at valence-core energies > 30 MeV.

3.2. Effective densities and cross sections

The computed effective density is presented as a function of x in
Fig. 3, where the left panel corresponds to the valence neutron in “°Si
in the 1f;,, orbital (bound by 4.72 MeV) and the right panel to the
valence proton in the 1d; 2 orbital (bound by 23.1 MeV). To validate
the density calculation, the red line corresponds to calculations where
wO)(k,7) were taken as plane waves, which should coincide with the
density for the eikonal calculation corresponding to the orange line. For
both cases, the plane-wave and eikonal calculations agree very well, ex-
cept for small oscillations in the interior, which can be related to the
cutoff in k£ and /. When comparing the plane-wave calculation to that
with core destruction (the blue line corresponds to model I and the
green line to model II), core destruction is shown to produce a signifi-
cant reduction in the density for both cases, particularly in the interior.
This reduction is larger for the more bound case (less abundant species),
as expected due to the abundance of open channels (see Fig. 1).

To evaluate the effect of this reduction on stripping cross sections,
the latter have been computed using the effective density from Eq. (9).
The values for S..(bcr) and S)..(by1) have been taken from the orig-
inal references. The top panel of Fig. 4 shows ratios between the com-
puted stripping cross sections and those from the standard eikonal
model [10] as a function of the difference between the separation
energy of the removed species and its isospin pair AS =S, — S,y
[13], with S, taken from [38]. For all cases except 40Si(—n), only
one single-particle configuration was dominant in the cross section. For
408i(—n), the 1f7/5,2p3 2, 1ds, and 2y, configurations were considered
and weighted by their spectroscopic factors from the SDPF-U interaction
[30], which accounts for 95% of the cross section. Red squares corre-
spond to the effective density computed without core destruction, with
a difference to the standard calculation of at most 1.5%. Blue diamonds
and green triangles correspond to the calculations using models I and II,
respectively. The results show larger reduction for removal of the more
deeply-bound nucleon (to the right of the graph), ~ 0.5 and smaller re-
duction in the weakly-bound case, ~ 0.9. The reduction in cross section
is smaller than the one in the norm of the density, as seen in Fig. 3,
due to the peripherality of the reaction, since in the nuclear surface the
reduction due to core destruction is smaller than in the interior.
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Fig. 3. One-dimensional effective density for the valence neutron (left) and
proton (right) in the 1f;/,, and 1ds,, orbitals, respectively, for “°Si. The red line
corresponds to the effective density without core destruction, and the orange
one to the eikonal calculation. The blue and green curves correspond to the
calculation with core destruction, for model I and model II, respectively. The
potential required no modification for the valence proton, so both curves coin-
cide in the right panel (see text).

“Si (-n)"'si (-p)

cp) "c(n) 3i (-n)*Si (-p)
T T ] T T -]

1~ a) ]

P ]
08— « i
7 r { ¢ ]
3 0.6 _

o0 e
b“% 0.4+ m  No C+N absorption P
r ¢  Model I q
0.2 <4 Model I —
L | | \ ]
Q 0 -10 0 10 20
T T T T T T T
1+ b) ]
08 7% il
0.6~ i

r ® Tostevin et al (2021) B

0.4H v Model I _

H € Model II 4

| T | |
0'%20 -10 10 20

0
AS (MeV)

Fig. 4. a) Ratio between computed stripping cross sections and standard eikonal
calculations [10] as a function of the difference in proton-neutron separation
energy AS. Calculations are shown without the N + C potential (red squares)
and with core destruction modelled with model I (blue diamonds) and with
model II (green triangles). b) Standard (red diamonds) and modified “quench-
ing factors” R, as a function of AS, considering for the N + C system model
I (blue triangles) and model II (green triangles). the green band corresponds
to the tendecies found for knockout reactions in [20] while the orange band
corresponds to tendencies found for (p,2p) and (p, pn) reactions [17]. (See text).

The bottom panel of Fig. 4 shows the effect of this reduction on
the “quenching factors” R;. Red diamonds correspond to the original
values from [20]. Since we have only studied the effect of core destruc-
tion in stripping, to compare to experimental data, which also include
diffractive scattering, we will assume the same reduction for diffractive
scattering. Since stripping is the main contributor to the cross section
[13,29,30], we consider this approximation to be sufficient for the pur-
poses of this work. Therefore, the values of R, with core destruction are
computed through:
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orig
O, O, . O, O
Rcdesz exp _ exp Ogik ~ exp Oeik str _ RS , (13)
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Geik,str

(where 0y, Oeix» Ocqes are the experimental, standard eikonal and with-
core-destruction knockout cross sections and oy ;»Ocges o the ones for
stripping) and are presented in the bottom panel of Fig. 4 as blue and
green triangles, corresponding to calculations using models I and II, re-
spectively. These modified “quenching” factors present a significantly
smaller dependence on AS, with a slope of —0.004 MeV~! for model
I and —0.005 MeV~! for model II, which is less than half the origi-
nal value: —0.013 MeV~'. Therefore, these results indicate that a large
part of the dependence of the “quenching factors” on AS can be re-
lated to the destruction of the core through its interaction with the
removed particle, an effect that can be included in standard eikonal
calculations using the effective density from Eq. (9). Including core de-
struction significantly reduces the dependence on isospin asymmetry,
making the trend for nucleon-knockout reactions consistent with that
found in transfer and (p, pN) reactions (in Fig. 4, the orange band cor-
responds to the trend found for (p,pN) reactions [17]. It is remarkable
that the tendency with core destruction agrees quite well with the re-
duction in spectroscopic factors found in coupled-cluster calculations
for oxygen isotopes [39], which would suggest that the remaining de-
pendence on AS could be described by many-body correlations. These
results show that the low-energy interaction between removed parti-
cle and core is fundamental to properly interpret the measurements
from nucleon-knockout experiments. Therefore, better information on
this interaction, obtained from theoretical calculations starting from
first principles or from measurement of nucleon-core reaction cross sec-
tions (particularly for exotic species with larger |AS|), is essential to
extract significant spectroscopic information from nucleon knockout ex-
periments. We note that a very recent preprint [40] tackling the same
problem finds a very small effect of core destruction on the asymmetry
dependence of knockout reactions. We believe the difference between
these results and those in our work originate from the different the-
oretical description and optical potentials used, particularly at lower
nucleon-core energies. Better valence core potentials are required to
understand this discrepancy.

4. Summary and outlook

In this work, we have investigated the effect of core destruction
due to its final-state interaction with the removed nucleon in nucleon
stripping reactions. The inclusion of this effect significantly flattens the
dependence of the “quenching factors” on isospin asymmetry, making
this dependence consistent with that found in transfer and (p, pN) reac-
tions. Therefore, core destruction appears as one of the key contributors
to answer the open question on this dependence. Experimental mea-
surements that detect the products of core destruction could be used as
validation of these results. A precedent exists for these measurements:
in [24] experimental results were compared to INCL calculations for
nucleon removal from 40. As well, confirmation of these results would
require more accurate optical potentials between valence nucleon and
core, which could be extracted via ab-initio methods [41]. Experimen-
tal measurements to extract the core-nucleon reaction cross section
would also be useful to reduce the uncertainties in the potentials re-
quired for these calculations. Some improvements in the formalism are
also desirable, such as an extension to diffractive scattering or a more
sophisticated description of the reaction going beyond the eikonal ap-
proximation, with proper energy and momentum conservation, such as
the Ichimura-Austern-Vincent (IAV) formalism [42-46], which could be
extended to include valence-core destruction. In addition, the inclusion
of the real part of the valence-core interaction (and its bound states),
which has been neglected in this work, should be considered. Further
work on the latter points is currently underway.
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