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Single-nucleon knockout cross sections from fast secondary beams of the proton-drip-line nuclei 9C, 13O, and
17Ne on a 9Be target have been studied with emphasis on the production of resonance states. These states were
identified by their invariant mass, and resonances with two-, three-, and five-body exit channels were examined.
The measured cross sections for these states were compared with eikonal-model predictions using shell-model
or variational Monte Carlo spectroscopic factors. The experimental yields were found to be suppressed relative
to the model predictions, especially when a well-bound neutron or proton is removed. This suppression exceeds
that found systematically in measured inclusive cross sections to particle-bound final states. In neutron knockout
from 9C and 13O projectiles, this suppression of the unbound ground-state residuals yield is a factor of two
to three times larger than that found in the bound final-state studies. Modifications to the structure of these
systems due to coupling of the shell-model configurations to the continuum is expected to contribute to this
extra suppression, especially when the final state is a near-threshold resonance. However, other considerations
including the role of nuclear dynamics may be required to explain all the observed trends.
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I. INTRODUCTION

Nucleon knockout reactions from fast secondary beams
on light target nuclei such as 9Be and 12C have proven an
effective way of making some of the most exotic isotopes far
removed from the line of β stability. A much-used theoretical
model of such single-nucleon knockout reactions makes use
of the sudden and eikonal approximations [1]. The theoretical
cross section to a given shell-model final state, which com-
bines structure and dynamical information, is

σth =
(

A

A − 1

)N

C2Sσsp. (1)

Here, the first term is a center-of-mass correction (for projec-
tile mass A) to the shell-model spectroscopic factor C2S for
the overlap of the initial and final states and N is the number
of oscillator quanta of the major shell of the removed particle.
The single-particle cross section σsp, calculated assuming a
single-particle overlap normalized to unity, is the sum of con-
tributions from elastic and inelastic knockout processes [1].

A systematic comparison of the inclusive, bound-final-
states cross sections σinc from this theoretical approach,
obtained by summing the individual σth for all shell-model
final states with excitation energies below the first nucleon
threshold, to the measured inclusive cross sections to bound
residuals, σexpt was performed in Ref. [2] and subsequently
updated in Ref. [3]. The observed cross-section ratio Rs =
σexpt/σinc as a function of �S, the difference in separation
energies of the two nucleon species from the projectile ground

state, is reproduced in Fig. 1. Specifically, �S = Sp − Sn for
proton-removal reactions and Sn − Sp for neutron-removal
reactions, �S being large and positive in cases where one
removes a strongly bound nucleon. It was found that, within
an error band of order 0.1, Rs falls essentially linearly from
around unity in reactions with large negative �S to values of
typically 0.3(1) for the largest measured �S of ≈15–20 MeV.
The latter arises when the removal is of a nucleon of the
minority species from near its well-bound Fermi surface in
a highly (N, Z ) asymmetric nucleus. In this work we refer
to these trends in the Rs behavior as the bound state, or Rs,
systematics. These systematic studies were prompted when
such an unexpectedly small Rs = 0.24(3) was found in neu-
tron knockout from the proton-rich 32Ar projectile, having
�S ≈ 20 MeV [4]. In that case, and with some other systems
furthest from stability, the only bound final state was the
ground state of the residual.

The origin of the systematic behavior of Rs within the
eikonal-model analyses is unresolved at present but may
originate from missing physics or from inadequacies in the
assumed reaction dynamics (e.g., the sudden approximation)
and/or the nuclear-structure model. In particular, the role and
treatment of correlations in the many-body wave functions of
(i) near-continuum systems, and (ii) np correlations at the en-
ergetically well-bound Fermi surface of the minority species,
embedded as it is, spatially, within nuclear matter comprised
of the majority nucleon species. A recent, completely different
model approach [5] applied to inclusive cross sections for
fast neutron and proton removal reactions from neutron-rich
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FIG. 1. The systematic behavior of the ratio of experimental to
theoretical inclusive neutron and proton knockout cross sections to
particle-bound residuals, from Tostevin and Gade [3] (circular data
points) plotted as a function of �S, the difference in the separation
energies of the two nucleon species (see text). Also shown are the Ru

values, the cross-section ratios determined from exclusive neutron
knockout cross sections to particle-unbound states, obtained in this
work (red squares). For the latter, the points are labeled by the mass
number of the projectile. Also shown are the ratios obtained for
(e, e′ p) reactions on stable isotopes, taken from Ref. [3].

medium-mass nuclei, i.e., for reactions with larger negative
and positive �S values, also calculated asymmetric Rs val-
ues with calculated yields significantly exceeding measured
values for the proton removal cases. There it was argued
that short-range correlations are responsible. One possibil-
ity is that the physical spectroscopic factors are suppressed
compared with the (truncated model space) shell-model pre-
dictions for removal of the minority nucleon species. In
attempts to probe this, related cross-section ratios, for more
limited reaction sets and nuclear species, were also generated
by using nucleon removal by transfer [6–8] and quasifree
(p, 2p) knockout [9,10] processes. However, in the case of the
transfer reactions, the ratios were generally computed from
selected exclusive (e.g., ground state) cross sections and not
bound-final-state-inclusive yields, while the (p, 2p) analysis
was restricted to proton removal from oxygen isotopes. How-
ever, more constant ratios as a function of �S were obtained
in these studies.

The discussion above relates only to bound final states. To
date, there is a paucity of cross-section data on single-nucleon
removal reactions leading to resonances. Nucleon removal
from projectiles located at the drip line is often used as an
effective way to create and study the ground and excited states
of particle-unstable nuclei beyond the drip line. Most often
such studies do not measure absolute cross sections. However,
in planning experiments, quantitative cross-section estimates
are needed for reliable beam-time requests. Thus, whether
the eikonal model and observed bound-state-inclusive yield
systematics are applicable also for the exclusive yields of
resonances is of interest. Such cross sections for resonances
might also help elucidate the physics behind the observed
�S dependence seen in Rs. However, other factors may be

important for resonances. For example, the applicability of
the standard (harmonic-oscillator basis) shell model, which
treats the nucleus as a closed system, may have limitations.
The study of resonance production cross sections near the drip
lines is thus important to help quantify the theoretical models
presently used.

In this work we report on neutron and proton knockout
cross sections from light projectiles located at the proton
drip line. The experimental data, using the invariant-mass
technique to study the structure and decay properties of res-
onances in exotic nuclei, come from previously published
works. These experiments were not optimized to determine
knockout cross sections, but nevertheless provide useful re-
sults. In particular, we will present cross sections for 9C, 13O,
and 17Ne projectiles. The particle-unstable states produced
following one-nucleon removal were observed to sequentially
decay into two-, three-, or five-body exit channels. For de-
termining the cross sections, the challenge is to understand
the detector response so that the detection efficiencies can be
accurately determined. To identify a particular residual level
in the invariant-mass method, all of its decay products must
be detected, which can lead to small efficiencies for the exit
channels with larger multiplicities. Statistical uncertainties are
minimal in most, but not all, of the deduced cross sections, and
the uncertainties presented are systematic unless otherwise
specified.

II. HIGH-RESOLUTION ARRAY DATA AT E/A ≈ 60 MeV

With one exception, the data presented in this study where
obtained by using fast secondary beams produced at the Na-
tional Superconducting Cyclotron Laboratory at Michigan
State University. In all cases, the secondary beams were in-
cident on the same 1-mm-thick 9Be target and the decay
products were detected in the High-Resolution Array (HiRA)
[11] with nearly identical configurations covering the same
angular regions of the decay products (≈2◦–12◦). In these ex-
periments, HiRA consisted of 14 Si-CsI(Tl) E -�E telescopes.
Each telescope contained a double-side Si strip detector which
provided position (scattering angle) information, and behind
this was placed a 2 × 2 array of CsI(Tl) crystals. This ar-
rangement allowed for multihits in the same telescope to
be identified and thus increase the detection efficiency. The
particle-unstable residuals from the knockout reaction were
isolated from the invariant mass of their decay products.

The multiparticle detection efficiencies were calculated
by using Monte Carlo simulations [12] where most of the
detection loss is due to the geometric acceptance of the de-
cay products, which must be detected in coincidence. To
determine the geometric contribution accurately, the relative
positions and orientations of each HiRA telescope were mea-
sured with an accuracy of 28 μm with a coordinate machine
arm. The latter, also called a ROMER arm, is a portable
mechanical arm that precisely measures an object in a three-
dimensional (3D) coordinate system. The next most important
ingredient is the angular distributions of the parent residual
fragments after the knockout reaction. These must be deter-
mined for each residual state and are discussed in detail later.
The residual fragments are assumed to decay isotropically. We
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have checked that reconstructed angular distributions of the
decay fragments in the parent frame are consistent between
the experiment and the “detected” simulated events, indicating
that any spin alignment of the higher spin states is small in the
cases studied.

The three-body exit channels observed in this work cor-
respond to prompt 2p decay and correlations between the
momenta of the decay fragments must be included in the
simulations. These were initially taken from the experimen-
tally measured correlations (Jacobi plots). Some examples for
states considered in this work can be found in Refs. [13–15]).
The Monte Carlo simulations show that the effect of the ex-
perimental resolution is small and a simple iterative technique
was used to correct the experimental distributions for this
resolution. For some states, theoretical correlations that are
consistent with these corrected distributions are also available
[14,15]. The most uncertain case studied is the five-body
decay of 8C, which consists of two sequential steps of 2p
decay [16]. The second step involves the decay of 6Beg.s. for
which the correlations have been measured accurately [17].
However, the correlations for the first step are more uncertain.
Some information on the first-step correlations was obtained
in Ref. [16], but to estimate the uncertainty we also tried
two other variants for the correlations: randomly sampling
the three-body phase space and assuming more diproton-like
correlations.

Some loss of events also occurs if a particle enters the
region where two CsI(Tl) crystals from the same telescope
abut [note, there are four CsI(Tl) crystals in each telescope].
Here the particle can enter one CsI(Tl) crystal, pass through
the separating material, and even stop in an adjacent crystal
so it will not fall within its E -�E gate and be identified. To
determine these losses, we have scanned the yield for each
detected particle type as a function of Si strip position, on both
sides of the Si detector, and observed dips in the yield where
the crystals adjoin. The magnitude of these dips is then used
in the Monte Carlo simulations to incorporate this effect. For
example, with three decay products, this gave a total reduction
of ≈25% in the efficiency.

A second correction is made for fragments which pass into
a single CsI(Tl) crystal but still do not lie in their E -�E gate
due to processes including nuclear reactions in the CsI(Tl)
material [18,19], incomplete charge collection in the Si detec-
tors due to crystal defects, and channeling in the Si crystals.
This correction is determined from the calibration beams
used to obtain the particle-dependent energy calibration for
the CsI(Tl) detectors. These beams we also determined the
fraction of the yield in the E -�E plots that lies outside of
the employed particle-identification gates. For three decay
products, we lose ≈18% of the events from these processes.

A. Knockout from 9C

Neutron and proton knockout from 9C projectiles is
studied by using data from two HiRA experiments at
E/A ≈ 66.8 MeV. In addition to knockout to resonant states,
we also look at proton knockout to the ground state of 8B,
which is particle stable. As 8B has no particle-stable excited
states to feed the ground state by γ decay, this measured cross

section is also exclusive. In the first experiment [16,20], the
gains for the Si amplifiers were set up for p and α detection,
appropriate to detect the 4p + α exit channel of 8Cg.s. pro-
duced following neutron knockout from the projectile. The
proton-knockout channels were not identified as the heavier
decay products saturated the Si amplifiers. However, in a
second experiment [21], with almost exactly the same ar-
rangement of the HiRA detectors, lower-gain amplifiers were
used, allowing the detection of the p + 7Be and 2p + 6Li
decay channels from excited 8B states. In addition, the gains
for the two innermost detectors were appropriate to determine
the inclusive 8B ground-state yield over a more limited range
of angles. In this second experiment, a few of the CsI(Tl)
detectors did not function, which significantly reduced the
8C → 4p + α detection efficiency. We therefore use the first
experiment for the neutron knockout channel and the second
for the proton knockout states. The accumulative number of
9C projectiles in each experiment was determined to be within
5% of each other from the elastic-scattering angular distribu-
tions measured with the CsI(Tl) crystals.

In addition to 9C, the secondary beams in both experiments
also contained an ≈40% contribution from 6Li nuclei and
�1% contributions from 8B and 7Li contaminants.

1. Invariant-mass spectra

The 8B excitation-energy spectra, determined from the
detected p + 7Be, 2p + 6Li channels with the invariant-mass
technique, are shown in Figs. 2(a) and 2(b), respectively. The
ordinate of these plots, E∗

nγ , is the excitation energy calculated
by assuming the 7Be and 6Li fragments were produced in
their ground states. However, in both these nuclei, there is one
excited state that decays predominately by γ -ray emission.
If single- or two-proton decays of 8B lead to the production
of one these particle-bound excited states, then the actual
excitation of the 8B states is greater than E∗

nγ by the energy
of this γ ray.

The p + 7Be excitation-energy spectrum in Fig. 2(a) dis-
plays two strong peaks associated with the first (Jπ ; T =
1+;1) and second (2+;1) excited states of 8B at 0.770 and
2.320 MeV, respectively [22]. The level scheme of 8B and
the decay paths of the excited states of interest in this work
are presented in Fig. 3. Both of these peaks correspond to
proton decays to the ground state of 7Be. The 1+;1 state also
has a small proton decay branch (≈1%) to the first-excited
state of 7Be [23]. As the γ -ray energy is not included in the
invariant-mass measurement, this branch is visible as a very
small peak just lower in energy than the main 1+;1 peak.

The 2p + 6Li excitation spectrum in Fig. 2(b) displays a
peak associated with the 0+;2 isobaric-analog state (IAS) in
8B at E∗ = 10.619 MeV [21]. It has been shown that this
state decays by prompt two-proton emission to the T = 1
isobaric-analog state in 6Li, which subsequently decays by the
emission of a 3.562 MeV γ ray. Thus this peak is located at
E∗

nγ = 10.619 − 3.562 = 7.057 MeV.
The decay-energy spectrum for the 4p + α channel in

Fig. 2(c) shows a clear peak associated with the 0+;2 ground
state of 8C. It has been shown that, from correlations between
the momentum of the decay products determined in this data
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set, this state undergoes a prompt two-proton decay to 6Beg.s.,
which subsequently two-proton decays to α + p + p [16,20].
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Nucleon knockout to the 8C 0+;2 state and the 8B 0+;2
and 3+;1 states involves the removal of a p3/2 nucleon. For the
creation of the 8B 2+;1 ground state and the 1+;1 first-excited
state, it is also possible that there are contributions from p1/2-
proton removal, but spectroscopic factors calculated with the
shell model and the variational Monte Carlo model (Sec. IV)
suggest the p1/2 component is quite small. Thus, the expec-
tation is that all these channels are predominately associated
with p3/2 nucleon removal.

2. Feeding from proton decays

The 8B yields can include, in addition to the main knockout
contribution, feeding from inelastically excited 9C projectiles
which subsequently decay by proton emission. This pathway
can also be studied with the invariant-mass technique, and
the 9C excited states which decay to, or through, 8B states
were identified in Ref. [23] from this data set. The level
diagram of Fig. 3 summarizes these observed decay paths.
The ground state of 8B is fed by the first (1/2−;3/2) and
second (5/2−;3/2) excited states of 9C at E∗ = 2.218 and
3.549 MeV, respectively, which were observed in the p + 8B
invariant-mass spectra. In addition, the 4.40 and 5.75 MeV
states in 9C, which decay by sequential 2p emission, feed the
1+;1 and 3+;1 states of 8B, respectively. The contribution of
this feeding to the observed yields is determined by simulating
the production and decay of these 9C states and adjusting their
yields and angular distributions to fit the experimental data.

The simulated quantities depend on the fitted inelastic-
scattering angular distribution for each 9C state. It was found
that these depend on whether the target nucleus is excited.
The target excitation energy E∗

Target was determined by assum-
ing that the inelastic scattering follows two-body kinematics.
Figure 4 shows the deduced distribution of E∗

Target determined
for all p + 8B events. It is similar in shape to that obtained
for the 2p + 7Be events with a strong peak for E∗

Target = 0
and a high-energy tail associated with higher target excita-
tion energies or from events which do not follow two-body
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kinematics. The widths of the observed E∗
Target peaks are

consistent with the simulated resolution for this quantity.
Similar-shaped E∗

Target distributions were observed for inelas-
tic scattering of 7Be (E/A = 65.5 MeV) and 6Li (E/A = 36.6
MeV) projectiles on 9Be targets [24] and for 7Li projectiles
on 9Be, 12C, and 27Al targets at E/A = 24 MeV [25,26]. The
E∗

Target = 0 component has a more forward-focused angular
distribution than that of the tail component.

The 9C excitation-energy spectra for the E∗
Target = 0 com-

ponent (see gate in Fig. 4) are shown in Fig. 5. Figures 5(b)
and 5(c) are from the 2p + 7Be events which have been gated
on the 8B1+;1 and 8B3+;1 intermediate states, as in Ref. [23].
The solid red lines show fits to the these spectra used to
determine the yield of each 9C state. Apart from the contri-
bution of 9C peaks (dotted green curves), the fits also include
a smooth background (dashed blue curves). This background
can contain contributions from nonresonant breakup, which
includes proton knockout events where both the knocked-out
proton and the residual decay fragment are detected. For
instance, in knockout of a proton to the ground state of 8B
at the somewhat-higher beam energy of E/A = 97.9 MeV,
Bazin et al. extracted a proton angular distribution for the

elastic knockout process and extrapolated this to small angles
using continuum-discretized coupled-channels calculations
[27]. With this distribution, roughly 30% of these protons
would lie within the maximum angle of 12◦ subtended by
HiRA and thus can contribute to this background if the core is
also detected. In addition, the background can include contri-
butions from unresolved, wide resonances. The latter should
be included in the sequential-feeding component, but we can-
not differentiate these from the nonresonant component. The
excitation spectra from the E∗

Target > 0 events are very similar
in shape, but the extracted yields of the 9C states are smaller.

No evidence of any sequential feeding is found for the
8B0+;2 and 8C0+;2 states. In principle, it is possible for feeding
following neutron decay of appropriate states for which these
experiment are insensitive. However, for such proton-rich sys-
tems we expect the contribution from neutron feeding to be
minimal.

3. Momentum and angular distributions

The longitudinal-momentum distributions determined
from the 8B and 8C states are shown in Fig. 6. For the
particle-unstable states, gates at the half-maximum points in
the invariant-mass spectrum were used to reduce the relative
contribution from background under the observed peaks. This
is most important for the wide 8B3+;1 state in Fig. 2(a). All P‖
distributions display a broad peak of similar width centered
around the value corresponding to the beam velocity (vertical
dotted lines). For the 8B ground state, in Fig. 6(a), a second
narrow peak is also quite prominent at lower momentum.
This peak is associated with elastic scattering of the small
(�1%) 8B beam impurity. In the subsequent analysis of these
events, we have excluded the events in this peak and those
of lower momentum. The final 8B2+;1 yield is then increased
by 27 ± 5% to account for the missing tail events below our
imposed lower cutoff. This correction is obtained from the
relative fraction in the spectra for the other 8B states which
are all similar in magnitude to within the quoted uncertainty.
In principle, inelastic scattering of the 8B beam impurity could
also contribute to the tails of the excited 8B states; however,
this would produce peaks at the location indicated by the
dashed vertical lines. As no such peaks are discerned, this
contribution must be minimal.

The contributions to these P‖ distributions from sequential
feeding as determined in the simulations of 9C decay are
shown by the solid green curves in Figs. 6(a) to 6(c). These
distributions each have peak and tail components, reflect-
ing the corresponding components in the E∗

Target distributions
(e.g., Fig. 4). The 8B3+;1 and 8B2+;1 states each have a 16%
contribution from sequential feeding from proton decay. The
contribution to the 1+;1 state is smaller, at 9%. The feeding for
the 8B3+;1 state was amplified as two protons from the decay
of the 5.75 MeV state in 9C are emitted with similar kinetic
energies. If either one of these protons is not detected, then
the invariant mass of the other proton and the 7Be residual
contributes to the 8B3+;1 peak in Fig. 2(a).

Examples of the efficiency-corrected angular distributions
dN/dθ of the knock-out products are shown in Fig. 7, as
circular data points. The efficiency is obtained from the Monte
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Carlo simulations assuming isotropic angular distributions as
input.

The 8B2+;1 ground-state distribution, in Fig. 7(a), was mea-
sured over a limited angular range as only the two inner-most
telescopes had Si amplifier gains suitable to identify 8B frag-
ments. The 8B3+;1 result, in Fig. 7(c), covers a much larger
angular range extending down to 1◦ where the large kinetic-
energy release in the proton decay can allow both decay
products to recoil to larger angles and be detected.

The curves in Fig. 7 show the identified feeding contri-
butions from proton decay of 9C states. In Fig. 7(a), the
contributions from the 1/2− and 5/2− states are indicated by
the solid green and dashed blues curves. They are both sim-
ilar in magnitude and angular dependence. In Figs. 7(b) and
7(c), the feeding contribution is shown for E∗

Target = 0 (solid
red) and E∗

Target > 0 (dotted red). The E∗
Target = 0 component

is more intense and more forward-focused in both cases. In
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tions from E∗

Target = 0 and E∗
Target > 0. The blue square data points

show the distributions after the subtraction of the SPF contributions.

all three panels of Fig. 7, the blue square data points show
residual yields after these proton-feeding contributions are
subtracted.

These angular distributions are an important input to the
Monte Carlo simulations used to calculate the detection ef-
ficiencies for each of the observed channels. Alternatively,
the total yield of these channels is the integral of the angular
distributions corrected for the fraction of the yield outside the
gate on the invariant-mass peaks. Figure 8 shows fits to all of
the extracted efficiency-corrected, feeding-subtracted angular
distributions. The largest uncertainty in the simulated efficien-
cies and in the final yields is due to the extrapolation of these
distributions to angular regions with no experimental data, so
some model is needed to make these extrapolations. We start
by comparing the data and the simulated results (dotted green
curves) using the transverse-momentum distributions pre-
dicted with our eikonal-model calculations (Sec. IV). These
distributions include the effects of the angular resolution from
the beam-spot size on the target and beam divergence, but
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FIG. 8. Data points show the angular distributions of the indi-
cated residuals in the laboratory frame with the sequential proton
feeding subtracted. The solid red curves show fits to the data with
a contribution that follows the angular dependence predicted by the
eikonal model (green dotted curves) and a “tail” component (blue-
dashed curves).

this makes only a minor difference. For the cases where the
experimental angular distributions are extracted down to small
angles, such as the J = 3+;1 state of 8B and the ground state
of 8C, in Figs. 8(c) and 8(e), respectively, the eikonal model
predicts the location and width of the peaks in the experimen-
tal distributions quite well. However, these calculations do
not predict enough relative yield in the larger-angle tails. To
compensate for this, we have added a second component into
the simulations assuming transverse-momentum distributions
of the form

d2σ

dP⊥
∝ Pn

⊥ exp(−P2
⊥/T ), (2)

with fit parameters n and T plus the integrated yield of this
component. The n and T parameters were constrained by
fitting the 3+;1 8B state, in Fig. 8(c), which has the most
complete angular coverage with the best statistics. These
parameters were kept fixed for the other states where only
the relative contributions of the “tail” and the eikonal-model
predictions were varied to best reproduce the data. The fits are

TABLE I. Results for the residual produced in single-nucleon
knockout reactions from the E/A = 66.8 MeV 9C beam. These in-
clude the spin-isospin Jπ ;T, excitation energy E∗ and particle decay
width 	 of the residual, the separation energy Esep of the removed
nucleon, the efficiency ε for detection of the decay products, the
sequential proton feeding fraction SPF, the experimental knockout
cross section σexpt with the feeding removed, the single-particle cross
section σs.p. from the eikonal calculation [using the Hartree-Fock
(HF) rms radius to constrain the overlap] and from the overlap func-
tion predicted with the VMC model, the spectroscopic factors C2S
obtained with the Cohen-Kurath (CK) interactions and their equiva-
lent in the VMC model, the final theoretical cross sections σCK,V MC

from both models, and the ratios of experimental to theoretical cross
sections σexpt/σCK,V MC .

Nucleon p p p p n

Residual 8B 8B 8B 8B 8C
Decay channel 8B p + 7Be p + 7Be 2p + 6Li +γ 4p + α

Jπ ; T 2+;1 1+;1 3+;1 0+;2 0+;2
E∗ (MeV) 0 0.770 2.320 10.619 0
	 (keV) 0 35.6(6) 350(3) <60 130(10)
Esep (MeV) 1.296 2.066 3.616 11.915 14.225
ε (%) 10.7(12) 8.5(7) 8.9(5) 3.2(4) 0.61(11)
SPF (%) 16.6(8) 8.8(4) 16.4(8)
σexpt (mb) 48.6(73) 12.1(11) 37.7(24) 1.60(22) 3.93(88)

C2SCK 0.909 0.363 1.48 0.243 0.974
σ H.F

s.p. (mb) 63.7 55.9 46.3 28.8 32.1
σCK (mb) 58.0 20.3 68.4 7.01 31.3
σexpt/σCK 0.84(13) 0.60(5) 0.55(3) 0.23(3) 0.12(3)

C2SV MC 0.995 0.469 1.266 0.16 0.632
σV MC

s.p. (mb) 57.0 52.2 49.4 38.0 34.9
σV MC 56.7 24.4 62.5 6.08 22.06
σexpt/σV MC 0.86(13) 0.49(4) 0.60(4) 0.26(4) 0.18(4)

consistent to the extent that the “tail” components account for
4%–13% of the yield in all of the fits.

The final detection efficiencies ε are listed in Table I. No
absolute measurement of the number of projectiles incident
on the target was made in these experiments. To normalize the
cross sections, we note that the 8Bg.s.

2+;1 knockout yield from
9C with a 9Be target was measured at a somewhat higher
beam energy of E/A = 97.9 MeV [27]. As the knockout cross
section has a modest energy dependence [28–30], we have
used this value to fix the total cross section from both the
true knockout reactions and the sequential feeding for the
8Bg.s.

2+;1 state. The experimental cross section of 56(3) mb at
E/A = 97.9 MeV was increased to 58 mb to account for the
relative increase in the calculated cross section predicted by
the eikonal model at the lower beam energy. To highlight the
relative differences between the channels, for the normaliza-
tion of the cross sections we have not propagated our 15%
uncertainty in the determination of the 8Bg.s. yield or the 6%
uncertainty in the 8Bg.s. cross section measured by Bazin et al.
to the other channels. To obtain absolute uncertainties, an
extra 21% systematic uncertainty must be added to the listed
uncertainties for these channels. The knockout cross sections
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FIG. 9. Level diagram showing states produced via one nucleon
knockout from the 13O beam. The arrows show their one- and
two-proton decay paths observed in the invariant-mass spectra. In-
elastically excited states in 13O which feed the low-energy states in
12N by proton decay are also included.

σexpt for all channels with the sequential feeding subtracted
are also listed in Table I.

B. Knockout from 13O

The HiRA setup, with an identical configuration, was also
used in an experiment with a 13O secondary beam of energy
of E/A = 65.4 MeV incident on the same 1-mm-thick 9Be
target. Details of the experiment can be found in Ref. [13].
New dual-gain amplifiers for the silicon detectors were used
to allow all particle-types of interest to be identified in all tele-
scopes. The beam purity was 95%. In this study, in addition to
particle-unstable states, we also include the proton knockout
to the particle-stable 12N ground state for which, once again,
we expect no sequential γ -decay feeding.

1. Invariant-mass spectra

The states produced in 12N and 12O by single nucleon
knockout are shown in the level diagram of Fig. 9 along
with their decay pathways. Single-proton knockout reactions
producing the ground state (1+;1) and the first excited state
(2+;1, E∗ = 0.961 MeV) of 12N are expected to be dominated
by the knockout of a p1/2 proton, based on shell-model pre-
dictions. The 2+;1 first-excited state decays by single-proton
emission. The excitation-energy spectrum for p + 11C events,
shown in Fig. 10(a), displays a strong peak associated with
this excited state. A small high-energy shoulder, associated
with the second-excited state (2−;1) is also present. The solid
curve shows the fit used to determine the number of detected
events from the 2+;1 state. We have not attempted to extract
a cross section for the 2−;1 state because it has a small
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FIG. 10. Distributions of the excitation energy E∗
nγ and total

decay kinetic energy ET for residuals produced following single-
nucleon knockout reactions from the E/A = 65.4 MeV 13O beam.
The curves are as described in the caption of Fig. 2.

peak-to-background ratio making extraction of its angular
distributions uncertain.

The neutron knockout reaction also populated the 12Og.s.

channel, the isobaric analog of which lies at 12.242 MeV
in 12B and is the second known 0+ state in 12N. Produc-
tion of both of these states involves the removal of a p3/2

nucleon from 13O and both states decay by two-proton emis-
sion [13]. They are observed with minimal background in
the invariant-mass spectra in Figs. 10(b) and 10(c), where
fits used to extract the detected yields are also shown. The
IAS in 12N 2p decays to the IAS in 10B, which subsequently
emits a 1.740-MeV γ ray [13,31]. Thus, it is associated with
the peak at E∗

nγ = 12.242-1.740 = 10.502 MeV in Fig. 10(b).
Also present in these invariant-mass spectra are the peaks
associated with Jπ = 2+, T = 2 analogs in 12O and 12N.
There are two such states in each spectrum which are la-
beled by 2+

1 and 2+
2 . The subscripts here refer to the first

and second Jπ = 2+;T = 2 state observed in each isotope.
We note that there are significant backgrounds under all
of the 2+;2 state peaks so this adds some uncertainty in
determining their angular distributions. To reduce this uncer-
tainty, tighter gates (≈ ± 300 keV) were placed around each
peak maximum when extracting the angular distributions. We
note, however, that gates placed on the tails of the peaks
produced similar-shaped angular distributions so the error
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FIG. 11. Excitation-energy distribution showing fitted states in
13O that proton decay to the ground state of 12N. The curves are as
described in the caption of Fig. 2.

associated with background within these gates is expected to
be small.

2. Feeding from proton decay

Sequential proton feeding to the ground state of 12N was
also observed from inelastically excited states of 13O. The
excitation-energy spectrum obtained from p + 12N events
with E∗

Target = 0 is shown in Fig. 11 where it is fit with five
peaks plus a smooth background. The most prominent peak,
at E∗ = 2.956(10) MeV, has been observed in a previous
invariant-mass study [32] and the lowest-energy peak is the
1/2+ first-excited state observed in p + 12N scattering [33].
For some of these states, the angular distributions of the decay
fragments in the parent’s reference frame for the E∗

Target = 0
component were found to be strongly anisotropic. This is
indicative of significant 13O∗ spin alignment similar to that
found in Refs. [24–26,34]. More details will be given in a
future paper on the structure of 13O. Monte Carlo simula-
tions were fit to these data and then used to determine the
sequential feeding as in the analysis of 9C inelastic scattering
in Sec. II A 2. This feeding was found to contribute 21(1)% of
the detected 12N

g.s.
1+;1 fragments. The 12N2+;1 state yield was

found to have an ≈1% feeding from the E∗ = 3.025 MeV
level observed in the 2p + 11C invariant-mass spectrum [32]
which sequentially 2p-decays through this state. No feeding
was identified for the other 12N and 12O states.

3. Momentum and angular distributions

The longitudinal-momentum distributions determined for
six of the considered states are shown in Fig. 12. A low-
momentum threshold has been applied to the 12Ng.s.

1+;1 spectrum
because the 12N Z line is crossed by an artifact in the E -�E
plot—associated with elastic scattering in the inner detectors.
A correction of 9%, based on an extrapolation using the
12N2+;1 spectral shape [Fig. 12(b)], was applied to account
for the missing tail. The dotted magenta curve shows this
extrapolation in Fig. 12(a).
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FIG. 12. Longitudinal-momentum distributions, as in Fig. 6, but
for reactions of the E/A = 65.4 MeV 13O beam. The magenta dotted
curve in panel (a) shows the extrapolation used to account for the
missing yield below the low-momentum threshold for the identifica-
tion of 12N fragments.

The efficiency-corrected dN/dθ distributions with sequen-
tial proton feeding subtracted are displayed in Fig. 13. We
have again made the same model-dependent extrapolations
to zero angle as in Sec. II A 3 to account for the missing
acceptance of the detector. The yield at smaller angle is as-
sumed to be described by the eikonal model prediction with a
“tail” component added to reproduce the data. We investigated
different values of the parameter n in Eq. (2) in the fits and
this range of values is captured by the quoted errors on the
efficiencies.

The secondary beam in this experiment was further pu-
rified by using the radio frequency fragment separator [35]
where a scintillation foil was used to detect separate beam
particles. Corrections due to losses of beam particles in trans-
port to the target were determined from periodically placing
a CsI(Tl) scintillation counter in the target position during
the experiments. Corrections were also made for the acqui-
sition dead time by using a random pulse generator. The
final number of beam particles is determined to 10% and
the target thickness is known to 2%. With these values,
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FIG. 13. Efficiency-corrected angular distributions in the labora-
tory frame with the sequential proton feeding removed, as in Fig. 8,
but for the E/A = 65.4 MeV 13O beam.

the exclusive cross sections of the knockout products are
given in Table II.
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exit channel populated from the E/A = 58.2 MeV 17Ne beam.

C. Knockout from 17Ne

Data obtained from earlier invariant-mass studies with an
E/A = 58.2 MeV 17Ne beam [12,14,34] were also employed.
Only results for neutron knockout to 16Ne will be presented
because the proton knockout channels are difficult to separate.
The decay-energy spectrum from 2p + 14O events, in Fig. 14,
shows the presence of the 0+;2 ground state of 16Ne and its
2+;2 first-excited state. The efficiency-corrected ground-state
angular distribution and longitudinal-momentum distribution
are shown in Figs. 15(a) and 15(b), respectively. They are
qualitatively similar to the other neutron knockout distribu-
tions. With the larger mass of the projectile, the angular
distribution does not extend out as far in angle as found for the
lighter projectiles. The solid red curve in Fig. 15(a) shows the
fit to this distribution with the two components. The relative
weights are roughly similar to that found for the 13O knockout
channels.

TABLE II. Results for single-nucleon knockout reactions from the E/A = 65.4 MeV 13O and the E/A = 58.2 MeV 17Ne beams. Quantities
are the same as were detailed in Table I.

Beam 13O 13O 13O 13O 13O 13O 13O 13O 17Ne 17Ne

Nucleon p p p p p n n n n n

Residual 12N 12N 12N 12N 12N 12O 12O 12O 16Ne 16Ne

Decay channel 12N p + 11C 2p + 10B +γ 2p + 10B +γ 2p + 10B +γ 2p + 10C 2p + 10C 2p + 10C 2p + 14O 2p + 14O
Jπ ;T 1+;1 2+;1 0+;2 2+

1 ;2 2+
2 ;2 0+;2 2+

1 ;2 2+
2 ;2 0+; 2 2+;2

E∗ (MeV) 0 0.961 12.242 14.314 16.992 0 2.099(18) 4.775(17) 0 1.69(2)

	 (keV) 0 <20 <100 193(26) 420(120) 51(19) 155(15) 754(25) <80 150(50)

Esep (MeV) 1.512 2.473 13.754 15.826 18.504 16.87 18.97 21.65 15.558 17.25

ε (%) 21.5(3.2) 6.8(11) 3.26(19) 4.38(36) 3.62(30) 3.98(64) 4.41(36) 3.25(27) 2.29(18) 2.67(21)
SPF (%) 21(1) 1.2(5)
σexpt (mb) 34.(12) 30.2(89) 0.138(29) 0.93(22) 1.36(29) 1.35(44) 2.25(66) 4.26(90) 3.96(44) 1.7(4)

C2S 0.666 1.04 0.139 0.465 0.163 0.556 1.86 0.654 0.875 .0792
σs.p. (mb) 50.5 43.6 22.4 20.2 18.8 20.5 19.3 18.1 18.1 17.0
σth (mb) 33.6 45.3 3.12 9.40 3.07 11.4 35.9 11.8 15.8 1.35
σexpt/σth 1.0(4) 0.67(2) 0.044(9) 0.099(22) 0.44(9) 0.12(4) 0.063(11) 0.36(3) 0.25(6) 1.28(14)
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FIG. 15. (a) Efficiency-corrected angular distribution as in Fig. 8
and (b) longitudinal-momentum distribution as in Fig. 6 but for
ground-state 16Ne residuals produced in the neutron knockout reac-
tion from the E/A = 58.2 MeV 17Ne beam.

The cross sections were normalized by using the number
of beam particles detected with a thin scintillation foil at the
focal point of the A1900 spectrometer. Again, corrections for
the data-acquisition dead time, the beam purity, and its trans-
port efficiency to the target position were made. The latter
were enabled by temporarily placing a detector in the target
position. The simulated detector efficiency and deduced cross
section are also listed in Table II.

III. 28 MeV/A DATA

Knockout cross sections are not expected to have a strong
bombarding energy dependence [28–30]. We can check this
for the particle-unstable residuals by using data for the 13O →
12O reaction which was also measured at E/A = 28.2 MeV, at
the Texas A&M University Cyclotron Facility [31]. This beam
energy is too low to apply the eikonal-model and the sudden
approximation, but a significantly larger cross section from
these data would cast doubt upon the value obtained at the
higher beam energy.

The 28.2 MeV/A 13O secondary beam (2000–4000 s−1)
impinged on a 45.6 mg/cm−2 9Be target and the 12O decay
products and the unreacted 13O beam particles were detected
in a single large-area Si-CsI(Tl) E -�E telescope centered on

the beam axis. See Ref. [31] for more details. The E detector
consisted of 32 close-packed CsI(Tl) crystals to allow for
multihit capability. This telescope covered most of the angular
spread of the decay fragments and so there is less sensitiv-
ity to the transverse-momentum distribution assumed in the
simulations and no extrapolation to small angles is needed.
Thus, the detection efficiency was significant higher; 36(5)%
compared with 3.98(64)% for the same case with the HiRA
detector. Similar corrections were made for particles that did
not fall in their E -�E gate. The number of beam particles was
counted directly in the same detector so acquisition-dead-time
corrections were not needed. Contributions to the systematic
error were from the target thickness (2%), efficiency (11%),
and the number of projectiles (5%). In addition, because only
75 ground-state events were detected, there is also an 8%
statistical error. The extracted cross section of 1.5(5)(3) mb
[(systematic) (statistical)] for the 12Og.s.

0+;2 state is consistent
with the value of 1.35(44) mb obtained at the higher energy
(E/A = 65.5 MeV). Therefore, the cross section for the higher
bombarding energy obtained with the HiRA is not unusual and
confirms that there is only modest dependence of the knockout
cross sections on beam energy.

IV. THEORETICAL CROSS SECTIONS

To allow comparison with the bound-final-state system-
atics, the σsp were calculated with the same procedures as
used in that work. Details can be found in Ref. [2]. Except
for the 9C beam cases, the residual-target optical potentials,
for determination of their elastic-scattering S matrices, were
constrained by using the residues’ neutron and proton densi-
ties obtained from Hartree-Fock calculations. For the A = 8
residues, a Gaussian density of rms radius 2.38 fm was used,
a value consistent with high-energy reaction cross section
data [36]. The overlap functions—specifically, the geometry
of the Woods-Saxon binding potentials used to calculate the
radial form factors of the knocked-out nucleon,—were also
constrained by the rms radii of the different single-particle
orbitals as obtained in the corresponding Hartree-Fock calcu-
lations for the projectile, see Ref. [2].

The shapes of the longitudinal and transverse momentum
distributions are calculated for the dominant inelastic (strip-
ping) mechanism following the formalism of Ref. [37]. In the
case of the longitudinal distributions, such calculations have
been compared with those from both continuum-discretized
coupled-channels calculations [38] and from eikonal calcula-
tions of the elastic (diffractive) component and found to be
very similar. Predicted longitudinal-momentum distributions
(red dashed curves) are compared with their experimental
counterparts in Figs. 6, 12, and 15(b). These predictions have
the experimental resolution incorporated via the Monte Carlo
simulations and have been normalized to the same peak height
as their experimental counterparts. Generally, the theoretical
predictions explain the high-momentum edge of the observed
distributions which are wider and have more significant lower-
momentum tails. P‖ distributions for a number of these states
were also calculated in the transfer-to-the-continuum (TC)
model, by Bonaccorso [39], for which momentum and energy
sharing between the removed nucleon, residual, and target (in
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its ground state) is treated. In that model, the calculated high-
and low-momentum tails are no longer symmetric about the
center value as is inherent in the eikonal-model predictions.
However, the TC distributions do not explain the extent of the
low-momentum tails observed in the data as the experimen-
tal distributions are also wider than these predictions. Such
low-momentum tails are commonly observed in knockout
reactions to particle-bound final states [38,40–43]. Theoreti-
cally, they have been attributed to either the dynamics of the
removed nucleon inside the potential of the residual nucleus
[42,44] or caused by (a) the dissipative nature of the dominant
inelastic removal (stripping) knockout mechanism, and (b) the
energy and momentum transfer to the target in the kinematics
of the elastic breakup mechanism [38]. Possibly, the low-
momentum tails in the P‖ distributions are linked to the “tail”
components in the fitted angular distributions in Figs. 8, 13,
and 15(a). It is also possible that these experimental distribu-
tions are biased, due to the angular acceptance of the detector,
which has a greater efficiency for the “tail” component in the
angular distribution.

Shell-model spectroscopic factors C2S for the required
overlaps were calculated with the OXBASH code [45] and are
listed in Tables I and II where the center-of-mass correction
from Eq. (1) has been included. For the 9C projectile, the
Cohen-Kurath effective interaction (POT) in the p shell [46]
was used, while for the 13 O and 17Ne projectiles the PSDWBT

effective interactions in the psd space [47] was used to be
more consistent with the calculations used in the bound-states
systematics studies. For the two heavier projectiles, we also
considered the PSDMWK effective interaction [48] for compar-
ison. Generally, the predicted spectroscopic factors are quite
similar for the two psd interactions (within 20%), except for
the 2+

2 ;2 states in 12N and 12O and the 2+;2 state in 16Ne
where the spectroscopic factors differ by 200% to 1000%.
Possibly the corresponding 2+ levels have a different energy
ordering with the two effective interactions. We note that For-
tune argued, based on his spectroscopic factors, that the fourth
2+ state should be strongly populated in a neutron knockout
reaction from 13O and the second and third 2+ states should
be populated very weakly [49]. In view of these difficulties in
assigning the appropriate 2+ state, we ignore these three states
in the subsequent discussions.

For the 9C projectile, we also considered spectroscopic
factors from the ab initio variational Monte Carlo (VMC)
model [50,51], listed in Table I. The VMC calculates the
particle-unstable states in a bound-state approximation and
thus the overlap functions fall exponentially at large separa-
tions between the core and the removed nucleon. However,
the VMC overlap functions do incorporate effects beyond the
shell model. For instance, the VMC wave functions spread
out with increasing excitation energy, for example, the 8B
proton (neutron) rms radius increases from 2.45 fm (2.14 fm)
for 8Bg.s.

2+ to 2.77 fm (2.41 fm) for the 0+;2 isobaric-analog
state. In addition, removing a neutron from 9Cg.s. to form
8Cg.s. increases the proton rms radius from 2.47 to 2.88 fm.
With the VMC spectroscopic factors, the single-particle cross
sections were recomputed by using Woods-Saxon bound-state
best fits to the VMC radial overlap functions, in the manner of
Ref. [52].
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FIG. 16. Ratios of the experimental to theoretical cross sections
for single-nucleon knockout channels as a function of the separation
energy of the removed nucleon. Panel (a) shows the results for the
E/A = 66.8 MeV 9C beam with theoretical cross sections calculated
with spectroscopic factors obtained with the Cohen-Kurath (CK)
effective interaction in the shell model and with the variational Monte
Carlo (VMC) model. (b) Results for the E/A = 65.4 MeV 13O beam.
To concentrate on the relative difference between the channels, sys-
tematic uncertainties that are common to all channels are excluded
from the error bars in both panels. Proton knockout channels are
indicated with the circular data points, while neutron channels are
indicated with the square data points.

V. DISCUSSION

The ratios σexpt/σth obtained for the exclusive, unbound
final-state cross sections will be designated Ru to distinguish
these from the inclusive bound-state ratio. These are plotted
against the separation energy Esep of the removed nucleon in
Fig. 16(a) for the 9C-projectile data. The error bars here only
include systematic uncertainties which are not common to all
channels so as to concentrate on their relative differences. We
observe a rapid drop in the ratio with increasing Esep. For
neutron knockout to the unbound ground state of 8C (square
points), the results lie on the systematic trend observed for
the proton knockout results (circular points). This behavior
is observed with both the shell-model (filled symbols) and
VMC (open symbols) overlap functions. Indeed, the results
obtained with the two structure models are quite similar; the
lower spectroscopic factors predicted by the VMC model are
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compensated by higher values predicted for σsp, a result of the
VMC overlaps being more spatially extended.

The 8Bg.s.
2+ yield has the largest uncertainty due to the ex-

trapolation of the experimental angular distributions. Due to
the normalization of the σexpt based on a previous measure-
ment for this state, a decrease in the measured number of 8Bg.s.

2+
fragments produced in the experiment would increase the de-
duced cross sections for the other states. A model-independent
lower limit to this number is obtained by taking an extrapola-
tion from the minimum-angle data point that goes linearly to
zero at 0◦ in Fig. 8(a). This decreases the yield by 23% and
thus would increase the deduced cross sections for the other
channels by the same amount. The general trend with Esep is
similar; however, now there is a unrealistic discontinuity in
the slope of the ground-state angular distribution.

The ratios obtained for the 13O projectile are displayed
in Fig. 16(b) where again the systematic uncertainties which
are common to all channels are excluded from the er-
ror bars. For the 12Ng.s.

1+;1 residuals which corresponds to
�S = −15.36 MeV, the inclusive bound-state systematics
would predict a value of σexpt/σth of 0.8(1). Our extracted
value of 1.0(4) is consistent with this. There is, again, a rapid
drop in the ratio Ru for the states with increasing Esep with
similar values for states formed via neutron (circular points)
and proton (square points) knockout reactions. The lowest
ratio of Ru = 0.044(9) was obtained for the production of the
IAS in 12N (0+;2); however, it was suggested in Ref. [13] that
this state may have a significant γ -decay branch in addition
to the observed 2p decay channel. If this is the case, the cross
section and ratio should be larger than reported here. However,
apart from this uncertainty, the ratios obtained with both the
9C and 13O projectiles show very similar dependencies on
Esep.

For the 13O beam, proton knockout to the ground state of
12N corresponds to �S = −15.36 MeV while neutron knock-
out to the ground state of 12O is 15.36 MeV. Thus, based on
the bound states Rs systematics (Fig. 1), we would expect a
reduction of the ratio for 12Og.s.

0+;2 compared with 12Ng.s.
1+;1, as

observed. One can make a similar argument for a reduction
of the 8Cg.s. ratio compared with the 8Bg.s. ratio. However, the
reduction of the ratio for these neutron knockout channels is
larger than expected. This is demonstrated in Fig. 1, which
compares these exclusive Ru ratios for 8Cg.s.

0+;2 and 12Og.s.
0+;2

residuals with the Rs systematics. Here we have included the
full uncertainties associated with obtaining the experimental
cross sections and, to be consistent, we use the ratio obtained
with the shell-model inputs for the 8Cg.s. point. The ratios
for 12Og.s. and 8Cg.s. are around a factor of two to three
smaller than the Rs systematics for the same values of �S.
This large difference cannot be explained by uncertainties in
normalization and the angular and momentum extrapolations
employed. These two cases of knockout to (exclusive) reso-
nance ground states thus show a further reduction in cross
section than would be predicted from the inclusive, bound-
states systematics. The result for neutron knockout from 17Ne
to the ground state of 16Ne is also shown. It lies between
the earlier systematics and our results for 8Cg.s. and 12Og.s.,
possibly indicating a mass dependence.

The neutron knockout cross section from 10C to the 9Cg.s.

was measured by Grinyer et al. [52], giving a value of
Rs = 0.48(2) with the theoretical cross section calculated with
the Cohen-Kurath shell-model spectroscopic factor in the
same manner as this work. Given that 9C has no particle-
bound excited states, the measured yield in this case is
exclusive. We observe that, with a 9C projectile containing
one less neutron, the ratio for knockout to the unbound 8C
ground state has dropped to 0.12(6). Note that we are seeing a
reduction in the ratio even though �S decreases by ≈4 MeV
between neutron knockout from 10C and 9C.

We find a similar drop in the ratio for oxygen isotopes.
Flavigny et al. measured the single-neutron knockout cross
section from 14O to 13Og.s. and obtained σexpt/σth = 0.26(2)
[42]. Again, the 13O residual has no particle-bound excited
states, so this ratio is for the exclusive cross section. For
13O, with one less neutron, the ratio for neutron knockout to
12Og.s. falls to 0.12(4). Thus, for both the carbon and oxygen
isotopes, the ratio falls as the knockout reaction moves the
residue across the proton drip line. This may portend a more
general reduction in cross sections for knockout across drip
lines, but it may also be peculiar to the three cases shown in
Fig. 16.

If this drop in the ratio as one crosses the drip line is due to
nuclear structure effects, it suggests that the structure of oxy-
gen and carbon isotopes change dramatically as one crosses
the proton drip line. The shell-model effective interactions
used were constrained from nuclei closer to β stability, so
using them at and beyond the drip lines may be problematic.
However, we see that the ratio obtained with the VMC model
for 9C → 8C was quite similar. For both 13O and 12O, the
ground-state configurations are predominately p shell in the
shell-model calculations. Close to the drip line we expect a
quenching of the Z = 8 shell gap due to the intruder s1/2

orbital based on results obtained for the mirror nuclei 13B
and 12Be. There is evidence that both nuclei have sizable
sd-shell strength [53–55]. However, Fortune estimates the
spectroscopic factor for proton removal from 13B is reduced
only by 14% compared with the value calculated with just
p-shell configurations [54]. Such a reduction is too small to
account for the large fall in σexpt/σth seen for 13O → 12O.

In the 13B → 12Be mirror proton knockout reaction, the
inclusive bound-states yield was measured to be 8.9(3) mb
with an E/A ≈ 400 MeV beam and a carbon target [56]. The
inclusive yield can have contributions from the 0+

1 ground
state and the 0+

2 , 2+
1 , and 1−

1 excited states, all located below
the neutron separation energy. However, based on the shell-
model spectroscopic factors, or those from Fortune [54], the
0+

1 and 2+
1 contributions are expected to be the most sub-

stantial. We calculate Rs = 0.35(1) from this inclusive yield
which is consistent with the Rs systematics for the relevant
�S = 12.15 MeV. For the 13O → 12O case, the sum of the 0+

1
and 2+

1 contributions is 3.6(10) mb. If the 0+
2 and 1−

1 states are
present, they will contribute to the shoulder on the low-energy
side of the observed 2+

1 peak in the invariant-mass spectrum
of Fig. 10(c), for which a separate peak was introduced in
the fit to the data [13]. But this shoulder could also be as-
sociated with the 2+

2 state if it has a 2p-decay branch to the
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first-excited state in 10C [13] (dashed arrow in Fig. 9). Based
on this, we include the cross section for the fitted shoulder
peak in Fig. 10(c) with those from the 0+

1 and 2+
1 peaks to

give a maximum cross section for the four states of 4.0(10)
mb. This is still a factor of 0.44(12) less than the inclusive
yield for the corresponding states in the mirror reaction. Of
course the target and beam energy were different in these two
mirror reactions, but the difference in cross section between
a C and a Be target is quite minor. Reference [52] finds an
≈15% increase in the cross section for a C target. On the
other hand, the higher beam energy should slightly reduce
the cross section, compensating for the increase due to the
C target. In the eikonal model, the corresponding σs.p. values
differ by only 2%–3% in these mirror reactions. Thus, these
differences in cross sections indicate an observed breaking
of mirror symmetry and further emphasizes the low val-
ues of the neutron knockout cross sections measured in this
work.

As the drip-line is approached and crossed, the coupling
of the shell-model configurations to the continuum should
be considered. Neither the shell model nor the VMC model
includes this effect. The effect of continuum coupling on
spectroscopic factors has been considered for particle-bound
systems. These studies predicted that spectroscopic factors are
reduced by 15% or less [57]. The continuum is of course
expected to break mirror symmetry between the particle-
unstable 12O and its particle-stable mirror 12Be. Grigorenko
et al. predicted a tens of percent increase in occupancy of the
ν(s1/2)2 configuration in 12O compared with the correspond-
ing π (s1/2)2 configuration in 12B due to the continuum, which
they ascribed to a three-body Thomas-Ehrman effect [58].
Although this would modify the 13O → 12O spectroscopic
factor, the effect does not appear sufficient to produce the large
changes in σexpt/σth observed for the oxygen isotopes and the
mirror reaction.

Significant changes in nuclear structure are expected for
near-threshold [59–61] states and those close to exceptional
points [62]. Near-threshold states are located close in en-
ergy to a threshold for a particular exit channel and the
coupling to this continuum aligns the wave function to this
exit-channel configuration. The 16Ne ground state, one of the
residuals considered in this work, has been discussed as such
a near-threshold state [59] which, based on the most recent
measurement of its energy [14], is located 196(20) keV above
the p +15 Fg.s.

1/2+ threshold. Due to Coulomb effects, the align-
ment of the wave function is strongest if the state is located
above the proton threshold with the optimum value at 0.5 MeV
above the threshold for 16Ne [59]. Based on the most recent
measurements [13], the 12Og.s. is located 0.660 MeV above the
p +11 Ng.s.

1/2+ threshold, so it might also have a near-threshold
configuration. Indeed, a preliminary calculation with the shell
model embedded in the continuum [63] suggests that the in-
clusion of continuum coupling for the 13O →12 Og.s. case does
lead to a significant suppression of its spectroscopic factor
[64]. In addition, preliminary calculations within a different
theoretical framework, the Gamow shell model [65,66], sug-
gest a similar suppression of the 9C →8 Cg.s. spectroscopic
factor [67].

Clearly, further theoretical work is needed to extend such
studies to other unbound resonances. However, not all of
the resonance states studied in this work can be considered
near-threshold states or close to exceptional points and it is
not at all clear why a systematic trend with Esep would be
produced by the continuum coupling effect. One should also
note that, for knockout to a particle-unstable state, there is not
a unique spectroscopic factor but a distribution of strength.
Indeed, the reaction and structure should be considered in a
consistent and time-dependent model that accounts for the
possible interference between the resonant and nonresonant
continuum [68,69].

We are aware of one other study where a cross section
for knockout to a resonance state was measured. Peters et al.
looked at single-neutron knockout from 12Be projectiles and
observed the E∗ = 3.949 MeV, Jπ = 3/2+

2 state in the n +
10Be invariant-mass spectrum [70]. The production of this
state corresponds to the removal of a neutron from 12Be with
a separation energy of Esep = 7.1 MeV. For the relevant value
of �S for 12Be, the Rs systematics suggest that σexpt/σth ≈ 1.
Indeed, the measured cross section was consistent with the
shell model plus eikonal dynamics calculations, so this indi-
cates that not all cases of knockout to individual resonances
give rise to σexpt/σth values much smaller than the bound-state
systematics.

Perhaps the role of the continuum coupling on the structure
of the residuals is not the only physics driver here. The projec-
tiles considered in this work are all fragile with small proton
separation energies and low Coulomb barriers. For the resid-
uals with the small Ru values in this work, one is attempting
to remove a well-bound nucleon. The eikonal model assumes
that one does so with a minimal disruption of the remaining
nucleons, since the residue target interaction is computed from
the HF ground-state density of the residue for all final states.
In addition, the measured longitudinal-momentum distribu-
tions show substantial low-momentum tails, as is common in
other knockout studies, suggesting the importance of dissipa-
tive processes that may suggest that missing dynamical effects
may play a role in explaining the observed trends.

VI. CONCLUSION

Cross sections for single-nucleon knockout from the light
proton-drip-line projectiles 9C, 13O, and 17Ne have been ex-
tracted from previously published data sets. Most of the
residuals produced in the knockout reactions are resonances
and were detected from the invariant mass of their decay prod-
ucts. Corresponding theoretical cross sections were calculated
by using the eikonal model and spectroscopic factors from the
shell model. All other inputs were consistent with those used
in the systematic studies of inclusive yields for particle-bound
residuals [2,3]. For the 9C residuals, spectroscopic factors and
overlap functions from the variational Monte Carlo model
were also considered and found to give similar calculated
cross sections.

The ratio of the experimental to theoretical cross section
for these exclusive, unbound states Ru was found to drop
rapidly as more deeply bound nucleons were removed. Pro-
ton and neutron knockout channels followed the same trend
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within the experimental uncertainties. Ru for neutron knock-
out to the ground-state residuals was found to be significantly
smaller than the Rs interpolated from the bound-state system-
atics at the same value of separation-energy asymmetry �S.
The physical origin of these observations is not clear. As the
residuals associated with knockout of deeply bound nucleons
are resonances, modifications to their nuclear structure due to
coupling of the shell-model-like configurations to the contin-
uum will play a role, especially for knockout to near-threshold
states, but we do not know whether this mechanism can ex-
plain all of the observed trends.

Clearly, more theoretical and experimental studies are
needed to understand these observations. Our experimental
studies are confined to light proton-rich projectiles with the
same N − Z values. It would interesting to see if similar
trends would be observed for heavier projectiles and also

for projectiles at the neutron-drip line. Finally, if one wants
to use knockout reactions to cross one of the drip lines to
create such resonances, then one should use caution in making
cross-section estimates based on the Rs systematics observed
for inclusive cross sections to bound residuals.
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