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The dependence of the single-particle strength on the difference between proton and neutron
separation energies is studied for oxygen isotopes in a wide range of isospins. The cross sections
of the quasi-free (p, 2p) reaction on 14,16,18,22,24O were measured at intermediate energies. The
measured cross sections are compared to predictions based on the distorted wave impulse approx-
imation and shell-model psd valence-space spectroscopic factors. The reduction factors, which
are the ratio of the experimental cross sections to the theoretical predictions, show no apparent
dependence on the proton–neutron separation energy difference. The result is compatible with
the result of the (e, e′p) reaction on stable targets and with the predictions of recent ab initio
calculations.
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1. Introduction The occupation probability of single-particle orbits is one of the important prop-
erties characterizing the nuclear structure. In the independent-particle picture, it is by definition unity
for orbits below the Fermi surface and zero for those above. The existence of nucleon–nucleon (NN )
correlations, such as the short-range correlation, the pairing correlation, and the tensor correlation,
reduces the single-particle strength in nuclei [1]. Experimentally, this reduction can be investigated
by using single-nucleon addition and removal reactions. In the experiments, the spectroscopic factor
(SF), which is defined as the ratio of the measured cross section to that calculated with a unit occupa-
tion number, is widely used as a measure of the occupation probability. It is well known that the SF
is subject to typically ∼30% reduction from the shell-model calculation due to the NN correlations,
which is not fully included in the theoretical model [2,3]. For the stable nuclei, the reduction factor
is known to be an almost constant value of ∼0.7 and the quenching mechanism is considered to be
universal over the nuclear chart.

Recently, strong dependence of the reduction factors on nucleon separation energies has
been inferred from the interpretation of one-nucleon-removal reactions at energies of about
70–130 MeV/nucleon with nuclear targets [4,5]. The former study suggested enhanced correlations,
which scatter nucleons at higher energy, for deeply bound nucleons. This study triggered measure-
ments of single-particle strengths in unstable nuclei with multiple reaction probes. Good examples
of that are studies with transfer reactions, where the strong dependence was not observed [6,7].

In this article, the reduction factors in the single-proton-removal reaction from oxygen isotopes
are investigated for a wide isotopic chain of A = 14–24 using the quasi-free (p, 2p) reaction. The
quasi-free (p, 2p) reaction at intermediate energies is one of the most transparent hadronic reactions
because (i) only one nucleon is involved as a target and (ii) the NN scattering cross section takes
its minimum at 200–400 MeV. This allows one to probe the relatively large volume of a nucleus
compared to low-energy transfer reactions and nucleon-removal reactions with nuclear targets. Thus,
experimental studies with (p, 2p) reactions can shed new light on the problem. In addition, the (p, 2p)

reaction can accompany large momentum transfer and does not strongly depend on the kinematical
matching condition, as is the case in transfer reactions. This feature is preferable in systematic studies,
because beams with different mass change the kinematical conditions.

2. Experiment This experiment was performed at the RI Beam Factory (RIBF) [8] operated by the
RIKEN Nishina Center and CNS, University of Tokyo by using 14,22,24O beams at 250 MeV/nucleon.
The 16,18O data at 200 MeV/nucleon were obtained at the Research Center for Nuclear Physics
(RCNP), Osaka University. In the following, details of the RIBF experiment will be described,
while those of the RCNP experiment will be reported elsewhere. The unstable secondary beams
were produced through projectile fragmentation of a 345 MeV/nucleon 48Ca primary beam on a
9Be production target with thicknesses of 5 mm (14O), 20 mm (22O), and 30 mm (24O). The beam
was transported and separated in the BigRIPS in-flight fragment separator [9]. Particle identification
(PID) of beam particles was carried out event-by-event by using their time of flight (TOF) and
energy loss (�E) in plastic scintillators after Bρ separation. Then the secondary beam bombarded a
hydrogen target made of naphthalene [10]. The number density of hydrogen atoms in the target was
4.45 × 1021 cm−2. The relative uncertainty of the target thickness was estimated to be ±3%; this
is due to the uncertainty of the weight and the cross section measurement. The target impurity was
negligible in this experiment.

To obtain the triple differential cross section d3σ/ (dE1d�1d�2) for the (p, 2p) reaction, the
momentum vectors of the beam particle and the two outgoing protons were determined. The energy
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Fig. 1. Schematics of the experimental setup in the target area.

of the beam is calculated from the Bρ value of the central trajectory, which was measured by using
NMR at the BigRIPS dipole magnet and from the beam trajectory at the momentum-dispersive
focal plane. The momenta of the two scattered protons were determined by using the multiwire drift
chambers [11] and plastic scintillators located both (left and right) sides of the beamline. The proton
detection efficiency in the acceptance was 91% for each detector arm. Figure 1 shows the schematics
of the setup in the target area. Detectors are shown as rectangles with the size representing their
effective areas.

Since the naphthalene target used as a proton target in the present experiment includes carbon, cross
sections for the carbon were simultaneously measured by using a pure carbon target with a thickness
of 0.6 mm, which was located 160 mm downstream of the reaction target. The reaction vertex was
identified from the trajectories of the beam and the scattered protons. The position resolution of the
vertex point along the beam direction was ∼ 10 mm.

The (p, 2p) events of interest were selected by requiring the following conditions: (i) the beam
particle is an oxygen isotope of interest, (ii) both of the scattered particles are protons, and (iii) the
residual particle is a nitrogen or a carbon isotope. The last condition is necessary to improve the
signal-to-noise (S/N) ratio for low-lying states, which are focused on in this study, by eliminating the
yield of the various reactions emitting two protons, such as spallation reactions. The residual nucleus
was momentum analyzed and identified by the first half (QQD; which consists of two quadrupole
magnets and one dipole magnet) of the SHARAQ spectrometer [12]. Figures 2a and 2b show the
2D plots that were used for PID.

The proton separation energy (Sp) of the reaction can be defined as the difference between the total
masses before and after the reaction:

Sp = (2mp + mR) − (mp + mT ) (1)

= (1 − γ ) mp − γ (T1 + T2) + βγ
(
p1‖ + p2‖

) − k2

2mR
, (2)
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(a) (b)

Fig. 2. Particle identification (PID) plots in 22O runs.

(a) (c)

(b) (d)

Fig. 3. Proton separation energy spectra for (a) 14O(p, 2p) with residues of 13N, (b) 14O(p, 2p) with residues of
12C, (c) 22O(p, 2p) with residues of 21N, and (d) 24O(p, 2p) with residues of 23N. The red broken lines indicate
the background yields from the carbon component in the reaction target. The blue dash-dotted lines shows the
fitting result by assuming a Gaussian shape for each state.

where β and γ are the Lorentz factors of the beam particle, Ti and pi‖ (i = 1, 2) are the kinetic energy
and the parallel momentum of the scattered proton, k is the missing momentum, and mp, mR, mT

are the masses of proton, residual nuclei, and target nuclei, respectively. As mR depends on Sp,
the calculations were carried out in an iterative way. Figure 3 shows the proton separation energy
spectra. Table 1 shows the cross sections (σexp) that are obtained by fitting the excitation energy
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Table 1. Experimental and theoretical cross sections for the (p, 2p) reaction at 250 MeV/nucleon, SFs, and
reduction factors (Rs) for each final state of nitrogen with an excitation energy of Ex(

A−1N). The cross sections
were integrated in the experimental acceptance. Statistical errors are indicated in parentheses.

Beam Residue Ex(
A−1N) J π σexp σ

sp
DP σ

sp
MS SFSM RsDP RsMS

(MeV) (μb) (μb) (μb)

14O

13N 0.0 p1/2 385(15) 315 348 1.56 0.78(3) 0.71(3)

12C
3.5 p3/2 398(20) 330 359 1.95

0.54(2) 0.50(2)9.5 p3/2 11(18) 269 299 0.57
15 p3/2 158(15) 230 261 1.06

22O 21N
0.0 p1/2 120(8)

107 131 1.84
0.52(3) 0.43(3)

1.16 p3/2 125 144 0.27
24O 23N 0.0 p1/2 114(29) 90 113 1.92 0.66(17) 0.53(13)

spectra assuming a Gaussian shape for each state. The fitting results are shown in Fig. 3 as blue
dash-dotted lines. The cross sections are integrated under the condition that both protons have kinetic
energy higher than 30 MeV, and over the angular range covering 20◦ < θ < 65◦ and |φ| < 15◦
(2.52 × 10−1 sr) for each proton-detector arm. Events from both naphthalene and the carbon target
are accepted in this angular range.

The cross section decreases as the neutron number increases. This tendency can be reproduced
by the theoretical calculations that are described in the following section. It is remarkable that the
spectrum in Fig. 3b shows a bump structure at around 15 MeV. This can be attributed to the isobaric
analogue state (IAS) of 13O. The large spectroscopic amplitude of the IAS inferred from our data is
consistent with the data from the 14C(d, t)13C reaction measurement [13].

In the present measurement, the ground state (g.s.) and the first excited state of 21N cannot be
separated due to insufficient energy resolution. The contribution of each state is estimated from the
shell-model calculation in the next section.

3. Theoretical analysis and discussion In order to obtain the reduction factors from the exper-
imental result, the measured cross sections were compared to predictions by the distorted wave
impulse approximation (DWIA) [14–16], with shell-model spectroscopic factors. DWIA calcula-
tions were made by using THREEDEE [17]. We used single-particle wave functions calculated
with a Woods–Saxon (WS) potential with a radius of r0A1/3 (r0 = 1.27 fm) and diffuseness
a0 = aLS = 0.67 fm. The depth of the WS potential was set to reproduce the experimental separation
energy.

In the present study, two optical potentials, the energy-dependent atomic-mass-number-dependent
Dirac phenomenology potential (DP) [18] and the microscopic optical model (MS) [19], were used.
In the DWIA calculations, attenuation of the distorted waves by the imaginary part of the optical
potential can be a major factor in the prediction of absolute values of cross sections. In this respect,
the MS model has two noteworthy advantages. In the MS model, optical potentials are calculated
by folding the Melbourne g-matrix [20] with proton and deuteron density distributions, which are
calculated with the same WS potential as for the single-particle wave functions. This model naturally
assures the consistency of the potential parameters for calculations of single-particle wave functions
and distorted waves. The other advantage is that this model has explicit isovector dependence through
the nuclear density and the Melbourne g-matrix; see Ref. [19] for details. These two features of the
MS model, which are missing in the DP model, are quite essential in avoiding the spurious isospin
dependence in cross sections. It is found, however, that in the reaction systems discussed in this
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Fig. 4. Missing momentum distribution for the 14O(p, 2p)13N(g.s.) reaction.

study, the isovector part of the optical potential is at most about 10% of the isoscalar part. This will
be the main reason for the small difference in the reduction factors obtained with the DP and MS
potentials, as shown below. Nevertheless, it should be noted that the MS model is considered to be
more appropriate when it is applied to unstable isotopes with large differences in proton and neutron
numbers.

For the NN interaction, we used the density-independent NN interaction, which is equivalent to
the NN phase shifts [21]. The cross sections are obtained by integrating the calculated differential
cross sections over the experimental acceptance. The resulting cross sections for a unit spectroscopic
factor (σ sp) are shown in Table 1.

In (p, 2p) reaction measurement, the information on the orbital angular momentum of the struck
proton can be obtained by comparing the missing momentum distribution, which reflects the momen-
tum distribution of the struck proton in the nucleus, to the theoretical prediction. For example, Fig. 4
shows the missing momentum distributions for 14O(p, 2p)13N(g.s.) in the experimental acceptance,
obtained from the measurement and the calculation using the MS potential. The missing momentum
distributions for all the reaction channels shown in Table 1 are consistent with the ones obtained from
the calculation with the assumption that the struck protons were in 0p orbits in oxygen isotopes.

The SFs are estimated from the shell-model calculations with OXBASH [22]. We used the SFO
(Suzuki–Fujimoto–Otsuka) interaction [23] as the effective NN interaction in the p+sd model space.
The obtained SFs for p1/2 orbits range from 1.5–2, as shown in Table 1.

Theoretical cross sections obtained by multiplying σsp by SFs are shown in Fig. 5 along with the
experimental cross sections (σexp). In this figure, the black crosses, the up-pointing red triangles,
and the down-pointing blue triangles indicate σexp, theoretical cross sections with DP (σDP+SM), and
those with MS (σMS+SM), respectively. As expected, the theoretical cross section is larger than σexp

for every reaction channel. MS gives systematically larger cross sections than DP but the difference
is ∼ 15% at most and thus does not affect the following discussion.

Figure 6 shows the reduction factor defined as Rs ≡ σexp/σtheory as a function of the separation
energy difference �S ≡ Sp − Sn for proton knockout reactions. The σexp, σMS+SM, and σDP+SM

for 16,18O are obtained in the same procedure. The Rs for 16O is consistent with that obtained in
the (e, e′p) measurement [24]. This consistency supports the reliability of the Rs resulting from
the (p, 2p) measurements. A similar conclusion is drawn in Ref. [3] for several nuclei, as shown in
Figs. 23 and 24 of that reference. The Rs for 14O is comparable to that obtained in the proton-removal
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Fig. 5. Measured cross sections (σexp) and corresponding cross sections calculated by using THREEDEE and
OXBASH with the Dirac phenomenology optical potentials (σDP+SM) and the microscopic optical potentials
(σMS+SM) for each reaction channel.

Fig. 6. Reduction factors Rs as a function of separation energy differences �S. Up- and down-pointing triangles
indicate Rs deduced using DP and MS optical potentials. Results of the (e, e′p) reaction [24] and the proton-
removal natC(14O,13N) reaction [25] are shown for comparison.

natC(14O, 13N) reaction at 305 MeV/nucleon [25]. Apparently, no strong �S dependence is found in
the present result. This contradicts the case of proton knockout reactions with nuclear targets [4,5],
and is consistent with those of transfer reaction measurements, such as Refs. [6] and [7]. The present
result confirms the predictions of recent ab initio calculations [26,27] where the �S dependence of
Rs is weak. The experimentally observed constancy of the reduction factor indicates that the nuclear
correlation effects depend on proton–neutron asymmetry only weakly.

4. Conclusions The (p, 2p) reactions on 14,16,18,22,24O at intermediate energies were studied to
investigate the reduction factor as a function of the proton-to-neutron separation energy difference
in a wide range of isospins. The cross sections for 14,22,24O were measured with 250 MeV/nucleon
radioactive nuclear beams at RIBF and those for 16,18O were obtained with the 200 MeV proton beam
at RCNP. Experimental cross sections were compared to predictions based on DWIA calculations and
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shell-model spectroscopic factors. The reduction factor does not exhibit any apparent dependence on
the difference between the proton–neutron separation energies, which is compatible with the result
of the (e, e′p) reaction on stable targets and with the predictions of recent ab initio calculations.
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