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Nuclear spectroscopy with heavy ion nucleon knockout and (p,2p) reactions
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Knockout reactions with heavy ion targets in inverse kinematics, as well as “quasifree” (p,2p) and (p,pn)
reactions are useful tools for nuclear spectroscopy. We report calculations on ab initio many-body wave functions
based on the no-core shell model to study the nucleon removal reactions in light nuclei, including beryllium,
carbon, and oxygen isotopic chains, and explore the importance of using an ab initio method. Our study helps to
clarify how the extraction of spectroscopic factors from the experiments depend on the details of the many-body
wave functions being probed. We show that recent advances with the ab initio method can provide more insights
on the spectroscopy information extracted from experiments.
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I. INTRODUCTION

Heavy ion nucleon reactions in which an impinging nu-
cleus has one of its nucleons removed by a hard collision with
a target nucleus have become a standard spectroscopic tool.
The so-called nucleon knockout is particularly useful to study
reactions with radioactive nuclear beams. Another much cel-
ebrated spectroscopic tool is (p,2p) or (p,pn) reactions, using
hydrogen targets for studies involving nuclei far from the sta-
bility [1]. Various subjects of interest for nuclear physics have
been assessed with knockout and quasifree (p,2p) and (p,pn)
reactions such as magicity, shell evolution, and the structure
of loosely bound nuclei, short-range correlations [2,3]. Since
the first experimental campaigns using radioactive beams in
knockout reactions [4–6], the community has used absolute
value of cross sections, as well as the momentum distributions
of the fragment core to identify the quantum numbers of the
removed nucleon, as well as the details of the nuclear wave
functions [7–21].

In direct reactions, the amplitude of the overlap function of
the bound-state wave functions of the initial and final nuclei is
the telltale of the total nuclear wave functions and interaction
potentials. The overlap functions are defined as
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where |�JA
A 〉 and |�JA−1

A−1〉 are wave functions of the nuclei
A and A − 1, respectively. The a†

nil j is a creation operator
associated with the single-particle basis state |ui〉. Within
Eq. (1), the overlap function involves summation over all the
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single-particle states with the same l j quantum number. The
final integrals have small dependence of the single-particle
basis assumed, which are in contrast to the standard shell-
model calculations within a limited model space where the
model dependence enters through the specific choice of a
single-particle state |nl j〉, with Eq. (1) reducing to a single
matrix elements 〈�JA

A ||a†
nl j (i)||�JA−1

A−1〉 [22]. Note that Il j (r) is
not an eigenfunction of a Hermitian Hamiltonian and cannot
be directly associated with a probability. Thus, it is not nor-
malized to unity and the spectroscopic factor for the nuclear
configuration, defined as

C2Sl j =
∫

drr2|Il j (r)|2, (2)

can be larger than unity. The C2S is a model-dependent
quantity that can be calculated in the shell model, being sen-
sitive to the interactions and to the truncations of the model
space. They usually differ from unity because they depend on
the contribution of numerous antisymmetrized and different
nonorthogonal channels coupled to the two-body n(A − 1)
channel.

At a large distance r, the overlap function is proportional
to the Whittaker function, depending only on the charge of the
particles, the binding energy, and a normalization constant,
i.e.,

Il j (r) −→ Cl j
1

r
W−η,l+1/2(2κr), (3)

with μ being the nucleon + (A − 1) nucleus reduced
mass, η = μZnZA−1e2/h̄κ the Sommerfeld parameter, κ =√

2μEB/h̄ the wave number, EB the nucleon separation en-
ergy, ZA−1 and Zn the residual nucleus and nucleon charges,
and l the nucleon angular momentum. Thus, at large distances,
|Il j |2 should be proportional to the square of the normalization
coefficients (ANC): C2

l j . It is often stated that, due to their
peripheral character, heavy ion knockout reactions are directly
proportional to C2, although this view is not confirmed by
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detailed calculations [23]. In fact, it was already noted that
the single-neutron knockout reactions from 10C and 10Be
beams incident on light nuclear targets have demonstrated a
sensitivity to differences in shell-model, no-core shell model
(NCSM), and variational Monte Carlo (VMC) wave functions
and therefore may help the development of ab initio structure
models [24]. In this work we concentrate on how theory can
provide an accurate account of the spectroscopic quantities,
defined in Eqs. (1) and (2). This is timely, as a “quenching” of
the spectroscopic factors in heavy ion knockout reactions has
become a hot topic in the recent literature [1,9,25], although
(p,2p) reactions seem to contradict these findings [17–19,21].
Here we explore the impact on the experimental analysis in
the case one uses ab initio wave functions to calculate both
heavy ion knockout and (p,2p) reactions.

New experiments using (p,pN) reactions, with N = p, n,
in inverse kinematics have been reported [17–19,21], being
accompanied by new developments in reaction theories using
different models than those adopted for heavy ion knockout
reactions. In particular, (p,pN) reactions are more sensitive to
the inner part of the nuclear wave function [23], specially for
light nuclear projectiles [17,18,26]. This has been clearly dis-
cussed in Refs. [23,26]. One thus expects that (p,pN) reactions
involve an increased sensitivity to the many-body aspects of
the single-particle content of the nuclear wave functions. The
sole knowledge of spectroscopic factors is not enough for a
good description of (p,pN) reactions and in some cases even
for heavy ion knockout reactions. We use the reaction theory
reported in Refs. [27,28] for the heavy ion knockout, and in
Ref. [26] for the (p,2p) case. Other variants of these reac-
tions models are found in Refs. [29–42]. The input of these
calculations are the nucleon-nucleon cross sections, using
the parametrization provided in Ref. [43], and nuclear den-
sities calculated with the ab initio procedure. It is worthwhile
mentioning that the cross section obtained here depend very
little (�5%) on the differences between densities obtained
with the ab initio and other methods, such as neutron/proton
ratio scaled densities obtained from electron-scattering exper-
iments. Therefore, the calculations are a major probe of the
nuclear wave functions and their respective overlap integrals,
as in Eq. (1).

II. OVERLAP FUNCTIONS WITH AN AB INITIO METHOD

A. Ab initio wave functions

The ab initio NCSM [44] has been employed. Contrary
to the standard shell-model in which the calculations are
performed within limited model space using an inner frozen
core, the NCSM calculations are done without a core and
the model space is as large as possible to obtain the con-
verged results within the ability of supercomputer [44–46].
The correct treatment of internucleon correlations is one of
the strongest features of the NCSM calculations within a large
model space. In contrast, only configuration mixings within a
small model space are considered in the standard shell-model
calculations. The nucleon orbital occupations are spread over
a large space in the NCSM, but in the standard shell-model
only single-particle orbitals within the restricted model space

are occupied. In the NCSM, the center-of-mass correction is
made using the Lawson method [44]. In the present work,
we perform the NCSM using the Daejeon16 interaction [47]
which could provide good descriptions of light nuclei, to com-
pute the energies, overlap functions and C2S values for the
states. The results for these quantities are shown in Table. I.

It is well known that ab initio wave functions obtained from
expansions in harmonic-oscillator wave functions have a hard
time reproducing the large distance behavior of the nuclear
states and a large number of basis functions need to be used
for the purpose. This does not diminish the merit of using such
wave functions neither for quasifree (p,pN) reactions nor for
knockout reactions with heavy ions. The bulk (but not all) of
the cross sections in heavy ion knockout reactions are due to
the tail of the overlap integrals. Therefore, this tail has to be
reproduced well. This can be easily fixed [49,50] by using
a procedure that replaces ab initio wave functions at their
tails by those with appropriate asymptotic behavior such as
solutions of a Woods-Saxon model. A fit extending to the in-
ternal part of the ab initio overlap functions yield and adequate
renormalization yield correct knockout cross sections. In the
case of (p,pN) reactions, an accurate description of the overlap
integral tail is not of relevance for the total cross sections, as
the bulk of the cross sections are due to the inner part of the
overlap integral.

Following Ref. [51], we define a reduction factor R as the
ratio of the experimental cross section to theoretical predic-
tion; usually R < 1 due to correlations between the nucleons.
Elaborated shell-model (SM) calculations have not been able
to explain the reductions obtained for R or the quenching
of spectroscopic factors (SF). An overall reduction of SFs
compared with the SM has been observed, e.g., in Refs. [9,25].

B. Results and discussions

In Tables II–XI we present our results for the calculations
comparing them to the experimental data.

In Table II we show the comparison of our calculations
and experimental data for proton (neutron) knockout from 7Li
projectiles incident on 9Be targets. Our calculated spectro-
scopic factors and cross sections for the specified states are
given in the sixth and seventh columns. For the 9Be(7Li, 6He)
reaction at 80 MeV/nucleon, our results are remarkably close
to those reported in Ref. [48] using wave functions calcu-
lated with the variational Monte Carlo (VMC) method [56].
We get 28.13 mb, while the value quoted in Ref. [48] using
VMC wave functions is 26.7 mb. Our spectroscopic factor
for the 0+ state in the residual nucleus is 0.496 and 0.439
for the VMC method. The experimental cross section is only
13.3(5) mb, one of the smallest nucleon knockout reaction
cross sections probably related to 7Li having a prominent
α-triton cluster structure in contrast with 6He having a halo
structure with an α-core and two loosely bound neutrons. The
transition between the 7Li and 6He ground states through the
knockout of a proton must be a fine-tuning reaction mecha-
nism, not well described by the reaction models neglecting
couplings to other channels such as the dissociation of 6He as
pointed out in Ref. [48].
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TABLE I. Theoretical and experimental total energies (E , in MeV) and calculated C2S values for the nuclear states studied in this work.
Nmax indicates the harmonic-oscillator basis space used in the NCSM calculations. The nucleus (left) added by one proton or neutron becomes
the nucleus on the right. The asterisk ∗ indicates that this coupling cannot exist. An oscillator basis with h̄w = 15 MeV is used for the
Daejeon16 interaction.

Nucleus State Eexpt Etheor Nmax Nucleus State Eexpt Etheor Nmax C2S(p3/2) C2S(p1/2)

6He 0+ −29.27 −28.98 12 7Li 3/2− −39.25 −39.08 10 0.50 *
6Li 1+ −31.99 −31.57 12 0.47 0.18

0+ −28.43 −28.00 12 0.25 *
7Be 3/2− −37.60 −40.14 10 8B 2+ −37.74 −39.99 10 0.76 0.07

1/2− −37.17 −39.89 10 0.23 *
8B 2+ −37.74 −39.99 10 9C 3/2− −39.04 −39.71 8 0.88 0.04
8Li 2+ −41.28 −42.85 10 9Li 3/2− −45.34 −45.79 8 0.90 0.04

1+ −40.30 −41.89 10 0.30 0.00
9Li 3/2− −45.34 −45.79 8 10Be 0+ −64.98 −67.40 8 1.38 *

1/2− −42.69 −44.62 8 * 0.42
9C 3/2− −39.04 −39.71 8 10C 0+ −60.32 −62.89 8 1.34 *
11B 3/2− −76.21 −74.50 6 12C 0+ −92.16 −91.30 6 2.69 *
11C 3/2− −73.44 −71.80 6 2.50 *
13N 1/2− −94.11 −95.26 6 14O 0+ −98.73 −99.05 6 * 1.53
13O 3/2− −75.55 −73.20 6 3.23 *
15N 1/2− −115.49 −115.43 6 16O 0+ −127.62 −129.79 6 * 1.58

3/2− −105.17 −105.96 6 3.07 *
15O 1/2− −111.96 −113.22 6 * 1.70

3/2− −105.78 −103.30 6 3.21 *

For the 9Be(7Li, 6Li) reaction at 120 MeV/nucleon our
calculations yield 61.21 mb while with VMC wave functions
one obtains 52.6 mb, and 53.8 with shell-model wave func-
tions. The spectroscopic factors for the 1+ state are 0.649
compared with 0.715 with the VMC. For the 0+ state these
numbers are 0.250 and 0.219, respectively. These values are
much closer than those obtained with the shell-model calcu-
lations, in agreement with the analysis made in Ref. [48]. The
small differences found should not be ascribed to the reaction
calculations but to the details of the ab initio wave functions,
which do not perfectly agree with each other. But it is worth
noticing that the calculations using shell-model, VMC and
NCSM wave functions overestimate the cross sections com-
pared with the experimental value of 30.7 mb. There is no
clear explanation for the disagreement between theory and
experiment.

In Table III we show the comparison of our calculations
and experimental data for proton knockout from 8B projec-
tiles incident on 12C targets at different beam energies. Our
calculated spectroscopic factors and cross sections for the
specified states are given in the sixth and seventh columns.
The proton is assumed to be removed from either the j = 3/2
or the j = 1/2 orbital of the 8B ground state. In our model,
the 2+ ground state in 8B is an admixture of contributions
from the 3/2 and 1/2 orbitals. The residual nucleus 7Be is
left either in its 3/2− ground state or in its 1/2− excited state
at 429 keV. It is worthwhile comparing our results with the
theoretical calculations for the same reactions (except the one
for 76 MeV/nucleon) as reported in Ref. [51]. We notice
the same bombarding energy dependence of the cross sec-
tions, decreasing to a minimum at 285 MeV/nucleon before
increasing again. This is an expected feature reminiscent of

TABLE II. Proton (neutron) knockout with 7Li projectiles. The computed reduction factor R is the ratio between the experimental and
theoretical inclusive one-nucleon-removal cross sections. C2S(th) indicates that the spectroscopic factors are computed using the NCSM.
C2S(VMC) denotes that the results are calculated with the VMC.

Ebeam Sp[Sn] σtheor σexpt

Reaction MeV/nucleon Jπ j MeV C2S(th) C2S(VMC) mb mb R

9Be(7Li, 6He) [48] 80 0+ 3/2 9.98 0.496 0.439 28.13 13.4 (7) 0.476 (24)
9Be(7Li, 6Li) [48] 120 1+ 1/2 7.25 0.176 0.24 15.21

3/2 0.473 0.47 28.91
0+ 3/2 10.8 0.250 0.219 17.09

Inclusive 61.21 30.7 (18) 0.501(29)
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TABLE III. Proton (neutron) knockout with 8Be projectiles.

Ebeam Sn σtheor σexpt

Reaction MeV/nucleon Jπ j MeV C2S(th) mb mb R

12C(8B, 7Be) [52] 76 3/2− 3/2 0.137 0.761 53.98
1/2 0.073 28.53

1/2− 3/2 0.559 0.227 25.26
Inclusive 107.78 130(11) 1.206(102)

12C(8B, 7Be) [53] 142 3/2− 3/2 0.137 0.761 54.57
1/2 0.073 19.87

1/2− 3/2 0.559 0.227 21.75
Inclusive 96.19 109(1) 1.133(10)

12C(8B, 7Be) [53] 285 3/2− 3/2 0.137 0.761 47.64
1/2 0.073 12.63

1/2− 3/2 0.559 0.225 16.96
Inclusive 77.23 89(2) 1.154(13)

12C(8B, 7Be) [54] 936 3/2− 3/2 0.137 0.761 47.06
1/2 0.073 15.26

1/2− 3/2 0.559 0.225 17.64
Inclusive 79.96 94(9) 1.176(112)

12C(8B, 7Be) [55] 1440 3/2− 3/2 0.137 0.761 48.81
1/2 0.073 18.07

1/2− 3/2 0.559 0.225 19.19
Inclusive 86.07 96(3) 1.115 (34)

the energy dependence of the nucleon-nucleon cross section.
But our cross sections are consistently smaller, by about 20%
than the theoretical results obtained with shell-model wave
functions reported in Ref. [51].

One of the possible explanations for this disagreement is
the very small proton separation energy. It is often stated that
the NCSM wave functions do not properly describe the long
tails of loosely bound states in light nuclei because they are
based on an expansion in harmonic oscillator basis which nat-
urally display a quick falloff at large distances. However, the
internucleon correlations are well treated within the NCSM.
This was indeed shown in Refs. [49,50] where the problem
was fixed by matching the NCSM wave functions with the ex-
pected tails well described by Whittaker functions. This trick

allowed a good reproduction of the momentum distributions
and cross sections for knockout reactions with 8B projectiles.
Another noteworthy observation is that our spectroscopic fac-
tors are very close to those shell-model results in Ref. [51],
except for that of the j = 3/2 and the 3/2− ground state of
7Be. Our numerical value is 0.761 while Ref. [51] indicated
a spectroscopic factor of 0.97. The model used in Ref. [51]
is directly related to the spectroscopic factor [see Eq. (1) in
Ref. [51] ]. In the present work, the Glauber model [27,28] is
used, in which the overlap integrals acts as the input informa-
tion. This could be a possible reason for the difference.

In Table IV we show the comparison of our calculations
with experimental data for proton knockout from 9C projec-
tiles incident on 12C targets. Our calculated spectroscopic

TABLE IV. Knockout reactions with A = 9 projectiles.

Ebeam Sp[Sn] σtheor σexpt

Reaction MeV/nucleon Jπ j MeV C2S(th) mb mb R

12C(9C, 8B) [52] 78 2+ 3/2 1.3 0.876 42.24
1/2 0.042 13.96

Inclusive 56.2 54 (4) 0.961(71)
9Be(9C, 8B) [48] 100 2+ 3/2 1.3 0.876 46.21

1/2 0.042 10.68
Inclusive 56.9 56 (3) 0.984(53)

9Be(9Li, 8Li) [48] 80 2+ 3/2 4.06 0.895 36.38
1/2 0.042 8.758

1+ 3/2 5.05 0.026 5.423
Inclusive 50.56 55.6(29) 1.100(57)

12C(9Li, 8Li) [48] 100 2+ 3/2 4.06 0.895 47.82
1/2 0.040 10.94

1+ 3/2 5.05 0.026 6.90
Inclusive 65.66 62.9(41) 0.958(62)
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TABLE V. Knockout reactions with A = 10 projectiles.

Ebeam Sp[Sn] σtheor σexpt

Reaction MeV/nucleon Jπ j MeV C2S(th) C2S(VMC) C2S(SM) mb mb R

9Be(10Be, 9Li) [48] 80 3/2− 3/2 19.64 1.375 1.043 1.929 41.37
1/2− 1/2 22.33 0.424 0.434 0.282 18.30

Inclusive 59.67 26.0(13) 0.435(22)
9Be(10Be, 9Be) [48] 120 3/2− 3/2 6.812 2.148 1.963 2.622 88.08 71.2(40) 0.810(48)

80 66.54 69.5(32) 1.045(45)
9Be(10C, 9C) [48] 120 3/2− 3/2 21.28 1.340 1.043 1.933 48.98 23.4(11) 0.478(22)
12C(10C, 9C) [48] 120 3/2− 3/2 21.28 1.340 1.043 1.933 55.63 27.4(13) 0.492(23)

TABLE VI. Knockout reactions with A = 12 projectiles.

Ebeam Sp[Sn] σtheor σexpt

Reaction MeV/nucleon Jπ j MeV C2S(th) mb mb R

12C(12C, 11B) [57] 250 3/2− 3/2 15.95 2.690 77.31 65.6(26) 0.849(34)
12C(12C, 11B) [20] 400 67.44 60.9(27) 0.903(40)
12C(12C, 11B) [58] 1050 61.89 48.6(24) 0.785(38)

2100 62.58 53.8(27) 0.860(43)
12C(12C, 11C) [57] 250 3/2− 3/2 18.72 2.497 78.19 56.0(41) 0.716(52)
12C(12C, 11C) [58] 1050 61.54 44.7(28) 0.726(45)

2100 62.03 46.5(23) 0.750(37)

TABLE VII. Knockout reactions with A = 14 projectiles.

Ebeam Sp[Sn] σtheor σexpt

Reaction MeV/nucleon Jπ j MeV C2S(th) C2S(SM) mb mb R

12C(14O, 13N) [61] 305 1/2− 1/2 4.63 1.531 1.55 39.66 35(5) 0.883(126)
9Be(14O, 13N) [62] 53 36.29 58(4) 1.607(110)
9Be(14O, 13O) [62] 53 3/2− 3/2 23.18 3.234 3.15 31.34 14(4) 0.465(127)

TABLE VIII. Knockout reactions with A = 16 projectiles.

Ebeam Sp(Sn) σtheor σexpt

Reaction MeV/nucleon Jπ j MeV C2S(th) mb mb R

12C(16O, 15N) [57] 2100 1/2− 1/2 12.13 1.581 28.83
3/2− 3/2 22.04 3.066 49.84

Inclusive 78.67 54.2(29) 0.689(37)
12C(16O, 15O) [58] 2100 1/2− 1/2 12.13 1.702 30.41

3/2− 3/2 22.04 3.209 47.58
Inclusive 77.99 42.9(23) 0.550(29)

TABLE IX. Quasifree (p,2p) and (p,pn) reactions with 12C.

Ebeam Sp(Sn) σtheor σexpt

Reaction MeV/nucleon Jπ j MeV C2S(th) mb mb R

12C(p,2p)11B [18] 400 3/2− 3/2 15.96 2.497 16.23 15.8(18)
1/2− 1/2 18.08 0.475 2.492 1.9(2)

Inclusive 18.72 17.7(18) 0.945(96)
12C(p, pn) 11C [21] 400 3/2− 3/2 18.72 2.686 24.16

1/2− 1/2 21.40 0.512 4.457
Inclusive 28.62 30.0(32)(27) 1.048(206)
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TABLE X. (p,2p) reactions with oxygen isotopes. Experimental cross sections are from Ref. [17], listed along with statistical (round
brackets) and systematic uncertainties (square brackets).

Ebeam Sp σtheor σexpt

Reaction MeV/nucleon Jπ j MeV C2S(th) mb mb R

14O(p, 2p) 13N [17] 351 1/2− 1/2 4.626 1.532 16.58 10.23(0.80)[0.65] 0.617(87)
16O(p, 2p) 15N [17] 451 1/2− 1/2 12.13 1.581 12.24

3/2− 3/2 18.76 3.209 16.69
Inclusive 28.93 26.84(0.90)[1.70] 0.928(89)

factors and cross sections for the specified states are given
in the sixth and seventh columns. The proton is assumed to
be removed from either the j = 3/2 or the j = 1/2 orbital
of the 9C 3/2− ground state with a proton separation energy
of 1.3 MeV. Both reactions 12C(9C, 8B)X and 9Be(9C, 8B)X
have similar experimental values and our calculations using
NCSM wave functions are in excellent agreement with the
experiments. According to Ref. [48] the proton knockout
9Be(9C, 8B)X at 100 MeV/nucleon calculated with VMC

TABLE XI. The computed reduction factor R, �S = Sp − Sn for
neutron removal or �S = Sp − Sn for proton removal.

�S Ebeam

Reaction MeV MeV/nucleon R

9B(7Li, 6He) 2.723 80 0.476(24)
9B(7Li, 6Li) −2.723 120 0.501(29)
12C(8B, 7Be) −12.690 76 1.206(102)

142 1.133(10)
285 1.154(13)
936 1.176(112)

1440 1.115(34)
12C(9C, 8B) −12.925 78 0.961(71)
9Be(9C, 8B) −12.690 100 0.984(53)
9Be(9Li, 8Li) −9.882 80 1.100(57)
12C(9Li, 8Li) −9.882 100 0.958(62)
9Be(10Be, 9Li) 12.824 80 0.435(22)
9Be(10Be, 9Be) −12.824 80 1.045(45)

120 0.810(48)
9Be(10C, 9C) 17.277 120 0.478(22)
12C(10C, 9C) 17.277 120 0.492(23)
12C(12C, 11B) −2.764 250 0.849(34)

400 0.903(40)
1050 0.785(38)
2100 0.860(43)

12C(12C, 11C) 2.764 250 0.716(52)
1050 0.726(45)
2100 0.750(37)

12C(14O, 13N) −18.552 305 0.883(126)
9Be(14O, 13N) −18.552 53 1.607(110)
9Be(14O, 13O) 18.552 53 0.465(127)
12C(16O, 15N) −3.537 2100 0.689(37)
12C(16O, 15O) 3.537 2100 0.550(29)
12C(p, 2p) 11B −2.764 400 0.945(96)
12C(p, pn) 11C 2.764 400 1.048(206)
14O(p, 2p) 13N −18.552 351 0.617(87)
16O(p, 2p) 15N −3.537 451 0.928(89)

wave functions [56] is 64.4(15) mb, about 20% larger than the
experimental values. The cross sections calculated with the
shell model for 12C(9C, 8B)X at 78 MeV/nucleon is 65.7 mb,
as reported in Ref. [52]. Our results are much closer to the
experimental data, yielding a much smaller reduction factor
R = σexpt/σtheor.

The reaction (9Li, 8Li) is mirror symmetric with respect to
(9C, 8B) and the measured and calculated cross sections are
nearly equal, despite an additional excited state in 8Li. Be-
cause of the mirror symmetry, the spectroscopic factors for
the 2+ state are almost identical. But one notices that the
neutron removal from the 1+ state adds an extra 6 mb to the
(9Li, 8Li) reaction, which is absent in the (9C, 8B) reaction.
This is substantial smaller than the 20 mb value for the re-
moval from the 1+ state reported in Ref. [48]. Therefore, our
calculations are in accordance with the mirror symmetry and
the expected cross sections are concentrated in the same 2+
state, as expected from the symmetry.

In Table V we show the comparison of our calculations
with experimental data for knockout reactions with A = 10
projectiles on 9Be and 12C targets. The (10Be, 9Li) proton
knockout reaction is the mirror reaction to (10C, 9C). The
(10Be, 9Li) reaction with a proton removal from the 0+ state
can populate the 3/2− ground state of 9Li, as well as its
excited state at 2.69 MeV. Our spectroscopic factors are sim-
ilar to the VMC calculations reported in Ref. [48], although
for the 3/2− states they are about 20% smaller, whereas the
VMC and shell-model spectroscopic factors differ by up to a
factor of two. However, our calculated cross section is about
the same percentage larger than the VMC. The VMC theo-
retical cross section adds up to 50.3 mb, whereas our result
is 59.67 mb. Both calculations overpredict the experimental
value of 26.0(13) mb, as observed in Ref. [48].

The (10Be, 9Be) reaction with a neutron removal from the
0+ state can populate the 3/2− ground state of 9Be, with a
neutron separation energy of 6.81 MeV. Our spectroscopic
factor of 2.148 lies between the shell model and the VMC
respective values of 2.622 and 1.932 reported in Ref. [48]. The
cross sections obtained with our wave function are 66.54 and
88.08 mb, at 80 and 120 MeV/nucleon, respectively. These
results also lie between the shell-model and VMC values and
are in reasonable agreement with the experimental data.

The (10C, 9C) reaction with a neutron removal from the
0+ state can populate the 3/2− ground state of 9C, with a neu-
tron separation energy of 21.28 MeV. Our spectroscopic factor
of 1.340 once more lies between the shell-model and the VMC
respective values of 1.933 and 1.043 reported in Ref. [48].
The cross sections obtained with our wave function is
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48.98 mb for Be targets and 120 MeV/nucleon 10C projectiles
and 55.63 mb and for C targets. These results are closer to
those obtained with VMC wave functions but are again larger
by about a factor of two than the experimental data.

In Table VI we compare our calculations to the inclusive
reaction cross sections for nucleon removal from 12C projec-
tiles incident on carbon targets at 250, 400, 1050, and 2100
MeV/nucleon, as reported in Refs. [20,57,58]. All particle
removals are assumed to take place from the p3/2 orbitals. But
it is worthwhile mentioning that all these data are inclusive,
with no identification of the orbitals from which the nucleons
are removed. Our calculated spectroscopic factors and cross
sections for the specified states are given in the sixth and
seventh columns. It is noticeable that the calculated cross
sections are about 10%–20% larger for the proton removal
case of 12C(12C, 11B) and substantially larger for neutron
removal cases of 12C(12C, 11C). Nonetheless, our theoretical
calculations yield very similar results as those reported in pre-
vious references, as in Ref. [59] where a quantum molecular
dynamics (QMD) model was used for comparison with the
experimental data. The physics included in our theoretical
model is not easy to translate into those included in QMD.
The QMD model assumes wave packets for nucleons incor-
porating momentum-dependent forces, surface tension, and a
Pauli “force” into the Hamiltonian as effective potential terms.
The model is popular in investigate multifragmentation reac-
tions in nucleus-nucleus collisions. A common problem with
the model is the inaccurate treatment of peripheral collisions
attributed to spurious excitation and disintegration of nuclei.
Such effects could not be distinguished from the true events
arising from peripheral collisions [60]. These drawbacks were
apparently fixed in Ref. [59] and it is remarkable that despite
the very different modeling, their results are in the same ball-
park as ours.

In Table VII we compare our calculations to the inclu-
sive cross sections for nucleon removal from 14O projectiles
incident on beryllium and carbon targets at 53 and 305
MeV/nucleon, as reported in Refs. [61,62]. We assume that
the neutrons are removed from the p3/2 orbital, whereas
the proton is removed from the p1/2 orbital. Our calculated
spectroscopic factors and cross sections for the specified
states are given in the sixth and seventh columns. Calcula-
tions based on the intranuclear cascade method [63] predict
for the 12C(14O, 13N) reaction at 305 MeV/nucleon a cross
section of 39 MeV, assuming a scaled geometry, as ex-
plained in Ref. [61]. This is amazingly close to our calculated
value of 39.66 mb, despite the differences in the reaction
models used. However, the experimental cross section, as
reported in Ref. [62] for the 9Be(14O, 13N) reaction at 53
MeV/nucleon is 58(4) mb, contrasting sharply with the one
published Ref. [61]. The cross section for 12C(14O, 13N) at
53 MeV/nucleon as reported in Ref. [62] is very different
from our calculated value and also from their own eikonal
calculations. Our calculated value of 36.29 mb for this re-
action is consistent with the expectation that is the energy
dependence of the nucleon-nucleon cross section, which de-
creases rapidly as the beam energy increases from 50 to
300 MeV/nucleon. Since the eikonal model used here yields
similar cross sections as the intranuclear cascade model at

305 MeV/nucleon, it is hard to pinpoint where the source
of discrepancy might be. For more discussions on this, see
Ref. [61]. The situation is inverted for the 9Be(14O, 13O)
reaction at 53 MeV/nucleon, with our calculated cross sec-
tion value of 31.34 mb whereas the experimental cross
section is 14(4) mb. Both our calculations of the spectroscopic
factor and cross section are close to the results in Ref. [7,62].

In Table VIII we compare our calculations to the inclu-
sive cross sections for nucleon removal from 16O projectiles
incident on beryllium and carbon targets at 53 and 305
MeV/nucleon, as reported in Refs. [57,58]. The nucleons are
removed from the p3/2 and p1/2 orbitals. Our calculated spec-
troscopic factors and cross sections for the specified states are
given in the sixth and seventh columns. The calculated values
are in rather good agreement with the experimental data for
the reaction 12C(16O, 15N) at 2100 MeV/nucleon, whereas
an appreciably larger enhancement factor of the theoretical
cross section is observed for the neutron removal reaction
12C(16O, 15O) at the same energy.

We now turn on to quasifree reactions of the (p,2p) and
(p,pn) type in inverse kinematics. In Table IX we compare our
calculations to the quasifree cross sections for 12C(p, 2p) 11Be
and 12C(p, pn) 11C reaction reported in Refs. [18,21]. The
reaction part of the calculations follow the theory devel-
oped in Ref. [26]. The nucleons are assumed to be removed
from the 1p3/2 and 1p1/2 orbitals, for both cases. For the
12C(p, 2p) 11Be reaction the sum of our calculated spectro-
scopic factors is equal to 2.97 whereas the value quoted in
Ref. [21] is

∑
C2S = 4.28 based on the shell-model cal-

culated with the Warburton-Brown interaction [64] in the
spsd p f model space restricted to (0 + 1)h̄ω. The agreement
with our results are outstanding. But the summed set of
spectroscopic factors are very different. We notice that in
Refs. [18,21] the calculations reported were done using a
Woods-Saxon wave function and spectroscopic factors from
shell models. In our case, we have used wave functions calcu-
lated with the no-core shell model for consistency. As recently
discussed in Ref. [23], the quasifree cross sections are strongly
dependent of the form of the wave functions, and not only
the spectroscopic factors. Therefore, we deem the agreement
between the two sets of calculations (shell model and ab
initio) as being coincidental for these two reactions.

To reinforce the arguments raised above, in Table X we list
cross sections for (p,2p) reactions with oxygen isotopes. Ex-
perimental cross sections are from Ref. [17], presented along
with statistical (round brackets) and systematic uncertainties
(square brackets). All protons are assumed to be removed
from the 1p1/2 orbital, except for the 16O case, where they
are assumed to be removed from a mixture of the 1p1/2 or-
bital (ground state) and from 1p3/2 orbital corresponding to
two excited states at 6.63 and 9.93 MeV, with the inclusive
cross section listed for the sum of their contributions. For
16O(p, 2p) 15N, the states with separation energies 18.76 and
22.06 MeV are considered as part of a single mixed state. As
in the previous data of Table IX, the calculations reported
in Ref. [17] do not use ab initio wave functions but those
generated with Woods-Saxon potentials scaled with spectro-
scopic factors for the ab initio self-consistent Green’s function
(SCGF) method. Our calculated cross sections use not only
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FIG. 1. Compilation of the computed reduction factors between
the experimental and theoretical inclusive one-nucleon-removal
cross sections. Blue, red, and pink symbols are for the proton re-
moval, neutron removal, and (p,2p) [or (p,pn)], respectively.

the spectroscopic factors from the ab initio NCSM but also
the wave functions generated in the model. Our results are
about 20% smaller than the theoretical results using SCGF
spectroscopic factors [65,66] as reported in Ref. [17]. This
again reinforces the idea of the importance of using proper ab
initio wave functions for a consistent analysis of the experi-
mental data.

III. CONCLUSIONS

(p,pN) probes are much more sensitive to the details of the
internal part of the overlap functions than knockout by heavy
targets. But the latter type of reactions is also influenced by
the internal details of the overlap functions. A close inspec-
tion of Tables II–X reveals that substantial agreements exist
in the experimental reduction factors for heavy-ion-induced
reactions obtained with wave functions generated with many-
body overlap functions. The calculated reduction factors for
reactions investigated in the present work are summarized in
Fig. 1 and Table XI. There is a small tendency of the reduc-

tion factor for (p,pN) reactions to increase with �S, whereas
this trend is reversed for heavy ion knockout reactions, in
accordance with the findings of Refs. [9,25]. Furthermore,
we reinforce the notion that nucleon removal in heavy ion
knockout reactions cannot be only ascribed to the asymptotic
behavior of the wave functions. A simple rescaling of the
tails of the wave function with an ANC or by multiplication
with spectroscopic factors can lead to a misidentification of
important nuclear structure effects imbedded in the overlap
functions. Therefore, the whole picture of quenching of spec-
troscopic factors might be misleading if Woods-Saxon wave
functions, or wave-function tails, are used in the analysis.
This assertion indicates that future experimental analyses of
nucleon removal in (p,pN) and heavy ion knockout reactions
require a closer collaboration of experiment and ab initio
theory practitioners than typically reported in the literature.

In summary, we have shown that a proper experimental
analysis requires the input of a properly calculated overlap
function from first principles. While this poses a more difficult
task for the study of single-particle configurations with (p,pN)
reactions, it also opens opportunities for a better understand-
ing of the nucleon-nucleon correlation effects in the overlap
functions.
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