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Neutron spectroscopic factors of 34Ar and 46Ar from ( p,d) transfer reactions
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Single-neutron-transfer measurements using (p,d) reactions have been performed at 33 MeV per nucleon with
proton-rich 34Ar and neutron-rich 46Ar beams in inverse kinematics. The extracted spectroscopic factors are
compared to the large-basis shell-model calculations. Relatively weak quenching of the spectroscopic factors
is observed between 34Ar and 46Ar. The experimental results suggest that neutron correlations have a weak
dependence on the asymmetry of the nucleus over this isotopic region. The present results are consistent with the
systematics established from extensive studies of spectroscopic factors and dispersive optical-model analyses of
40−49Ca isotopes. They are, however, inconsistent with the trends obtained in knockout-reaction measurements.
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I. INTRODUCTION

The asymmetry dependence of neutron correlations is
essential in understanding properties of nuclei near the drip
lines and of neutrons within neutron stars [1]. Unlike proton
correlations, which have been observed to strengthen with
neutron fraction in some regions of the nuclear chart [1,2],
the dependence of neutron correlations on asymmetry is still
under investigation [1,3]. These correlations do not occur in
a pure mean-field description. Instead, residual interactions
lead to the interplay between the single-particle and collective
dynamics in a nucleus and result in the spread of the strength
of a single-particle orbit over a large range in excitation
energy [4]. The long-range component of the interaction,
which induces couplings to the low-lying collective excitation
and giant resonances, can be partly described in current shell
models as configuration mixing near the Fermi surface by the
residual interactions [4,5]. Many studies have made progress in
exploring the details of the remaining long-range contributions
as well as the short-range and tensor parts which are associated
with the admixtures of high-momentum components [4,6].

The signatures of nucleon correlations are reflected in
the fractional occupation of single-particle orbitals. This is
quantified by the spectroscopic factor (SF), which probes the
overlap between the many-body wave functions of the initial
and final states of a transfer or knockout reaction [7]. Recent
work has suggested that the quenching of spectroscopic factors
is dominantly attributed to the long-range correlations [8]. To
accurately determine the roles of the asymmetry dependence,
one can study the spectroscopic factors for nuclei ranging from
the valley of stability towards the drip lines. Large suppression
(up to 75%) in spectroscopic-factor values compared to

shell-model predictions for strongly bound valence nucleons
has been observed in one-nucleon knockout reactions [9]. The
cause of such huge asymmetry dependence, however, has not
been explained. Furthermore, dispersive optical model (DOM)
analyses, which include the effects of long-range correlations,
indicate that the relative proton spectroscopic factor from 40Ca
to 49Ca only changes by about 10% [3].

Extensive studies of consistent spectroscopic factors from
single-neutron transfer using (p,d) and (d,p) reactions have
been achieved recently by using systematic comparisons of
cross-section data with angular distributions calculated in
the adiabatic distorted wave approximation (ADWA) model
[10,11]. In this work, the Johnson-Soper adiabatic three-body
approximation [12] was employed via the code TWOFNR

[13] to correct the deuteron breakup in the mean field of
the target. If one adopts the Chapel-Hill nucleon-nucleus
optical potential (CH89) [14] and a conventional Woods-Saxon
potential of fixed radius r0 = 1.25 fm and diffuseness a0 =
0.65 fm, one finds better than 20% agreement between
experimental measurements and the predictions from large-
basis shell-model (LB-SM) calculations of ground-state and
most excited-state neutron spectroscopic factors for stable
nuclei with 3 � Z � 28 [15,16]. On the other hand, the
measured ground-state spectroscopic factors are suppressed
by about 30% compared to LB-SM predictions for most
nuclei [17] if the ADWA reaction model uses the JLM potential
developed by Jeukenne, Lejeune, and Mahaux [18] with the
conventional scale factors for the computed real and imaginary
part of λV = 1.0 and λW = 0.8 [19] and if one constrains the
geometry of the potential and the transferred-neutron bound
state with Hartee-Fock calculations [20]. This suppression
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is similar to that observed for the proton spectroscopic
factors obtained in (e,e′p) measurements near the closed
shells, where the absolute proton spectroscopic factor values
are reduced systematically by 30%–40% compared to the
independent-particle model [21]. Independent of the choice
of optical model potentials and geometries of the bound-
neutron wave functions, the comprehensive data obtained
from single-neutron transfer reactions suggest the reduction
factor Rs (the ratio of experimental spectroscopic factor to
prediction) is independent of the neutron binding energy
for stable nuclei within experimental uncertainties [11]. This
suggests that there are no strong neutron correlation effects on
the asymmetry of the nucleus. However, the uncertainties in
these systematic studies are somewhat large, because the data
were gleaned from various experiments performed over the
past four decades, each with its own systematic uncertainty. In
addition, the compiled reactions include very few nuclei with
extreme isospin composition.

To explore the regions of extreme N/Z, (p,d) neutron
transfer reactions have been studied using proton-rich 34Ar
and neutron-rich 46Ar beams in inverse kinematics to extract
the experimental neutron spectroscopic factors for 34Ar and
46Ar. Some of the results have been published in Ref. [22]. The
present article provides a detailed report of the experimental
measurements and results presented in Ref. [22].

II. EXPERIMENTAL SET UP

Measurements of angular distributions for p(34Ar,d)33Ar,
p(36Ar,d)35Ar, and p(46Ar,d)45Ar reactions were performed
at the National Superconducting Cyclotron Laboratory at
Michigan State University. Primary beams of 36Ar and 48Ca
were accelerated by the Coupled-Cyclotron Facility (CCF)
[23] where secondary beams are produced using the in-flight
projectile fragmentation technique. A secondary 34Ar beam
was produced by impinging the 150-MeV/nucleon 36Ar pri-
mary beam on a 1480-mg/cm2 9Be production target. The 46Ar
beam was produced by impinging the 140-MeV/nucleon 48Ca
beam on a 1763-mg/cm2 9Be production target. After frag-
mentation, the radioactive beams were selected by the A1900
large-acceptance fragment separator [24]. A 375-mg/cm2-
thick achromatic aluminum wedge degrader and momentum
slits at the dispersive image of the separator were employed to
degrade the beams to 33 MeV per nucleon and further purify
the beams, resulting in 34Ar and 46Ar beams with average
purities of 94% and ∼100%, respectively. The 34Ar and 46Ar
beams were identified unambiguously using the measured
time of flight from the cyclotron to the A1900 focal plane.
To check the current experimental method against previous
measurements in normal kinematics [25], reactions with 36Ar
primary beam degraded to 33 MeV/nucleon were performed.

Beams were focused on a CH2 target in the S800 chamber.
Targets with thicknesses of 7.10 mg/cm2 for the p(34,36Ar,d)
33,35Ar reactions and 2.29 mg/cm2 for the p(46Ar,d)45Ar
reaction were used. The target thickness was chosen by finding
a compromise between maximizing the transfer reaction yields
and minimizing the energy loss and angular and energy loss
straggling of deuterons in the target. To assess background

FIG. 1. (Color online) Experimental setup of HiRA and MCP.

contributions from the reactions with C nuclei, reactions on a
17-mg/cm2-thick uniform carbon target were measured.

The experimental setup relevant to the results reported here
is shown in the photograph in Fig. 1. For complete kinematic
reconstruction of the reactions, the high-resolution silicon
array (HiRA) [26] was used to measure the energies and angles
of the emitted deuterons while the coincident recoil residues
were detected by the S800 spectrometer [27,28] located behind
the chamber (not shown in the photograph). One multichannel
plate (MCP) detector [29,30], placed approximately 10 cm
upstream of the target, was used to monitor the absolute beam
intensities throughout the experiment.

In the setup, 16 HiRA telescopes were arranged in 5 towers
located 35 cm downstream from the target. These telescopes
subtended polar angles of 4◦–45◦ in the laboratory. The gap at
angles less than 4 degrees allowed heavy reaction fragments
to reach the S800 spectrometer. The beam was able to pass
through the gap without hitting the telescopes. Each HiRA
telescope consists of a �E (65 µm) and an E (1500 µm)
silicon strip detector backed by four separate CsI(Tl) crystals
arranged to cover the four quadrants of the silicon detectors.
Each silicon detector has an active area of 6.25 cm × 6.25 cm,
subdivided into 32 position-sensitive strips in the single-sided
�E detectors and into 32 × 32 = 1024 pixels for the double-
sided E detectors. The 2-mm pitch of these strips provided an
angular resolution of ±0.16◦, which is necessary to achieve
good energy resolution in constructing the Q-value spectra.
Due to the forward focusing of the deuterons, this setup covers
most of the relevant solid angle for all three reactions. The
average geometrical efficiency is about 30% over the relevant
angular domain.

Figure 2 shows the actual geometric efficiency of 16 HiRA
telescopes when the two middle strips in both front and back
sides of the E silicon detectors as well as any nonfunctioning
CsI(Tl) crystals and silicon strips are excluded. The middle
strips, which cover the gaps between the four separated
CsI crystals, are discarded in the analysis to ensure that
all the particles punching through the silicon detector hit a
well-defined CsI that is unambiguously given by the silicon
quadrant. Rejecting high-energy particles that punch through
to the CsI detectors improves the particle identification of
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FIG. 2. Geometry efficiency in laboratory frame for detection of
the deuterons in the HiRA (see text).

the deuteron particles that stop in the E Si detectors. More
detailed descriptions of the HiRA telescopes and the current
experimental setup can be found in Refs. [26,31].

To ensure excellent energy and angular resolutions, the
position of every pixel relative to the target was determined
to sub-mm accuracy using the laser-based alignment system
(LBAS). An accuracy of approximate 0.3 mm, which cor-
responds to 0.05◦ in the alignment of the detectors and the
reaction target, was achieved. Details about operation of the
LBAS are given in Refs. [31,32].

III. EXPERIMENTAL RESULTS

A. Kinematics reconstruction

Charged particles emitted in the reactions are detected by
HiRA. Good particle identifications for hydrogen and helium
isotopes are achieved using the energy detected in the �E
(65 µm) and E (1.5 mm) silicon detectors and CsI detectors.
Figure 3 shows a two-dimension plot of DE, the energy loss
in the �E detector, vs. EF, the energy of the stopped particles
deposited in the E detector for the particles. Rejecting punch-
through particles reduced the background and allowed very
clear identification of particles all the way up to the punch-
though energy of protons, deuterons, and tritons.
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FIG. 3. (Color online) Particle identification for hydrogen and
helium isotopes in the HiRA (see text).
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FIG. 4. (Color online) S800 particle identification spectrum for
the p(36Ar,d) reaction. The reaction residue of interest, 35Ar, is circled
(see text).

The reaction residues in the S800 were identified using
the energy loss in the ionization chamber (IC.de) and their
time-of-flight signals using the cyclotron RF frequency as a
reference (ToF.RF) [27,28]. An example of the S800 particle
identification for the p(36Ar,d)35Ar reaction is shown in Fig. 4.
The circle indicates the gate of residue 35Ar. The large
momentum acceptance (>5%) of S800 spectrometer allows
the measurements of all the residues of interest from the three
reactions p(34,36,46Ar,d)33,35,45Ar. By measuring both outgoing
particles (i.e., “complete kinematics”), the background and
random-coincidence contributions are reduced to negligible
levels, as verified by the measurements with the carbon
target.

For the coincidence events, the reaction kinematics were
determined from the energy and angle of the detected deuteron
on an event-by-event basis. Figure 5 is a typical inverse
kinematic plot of (p,d) reactions showing the energy of
deuterons (Ed ) in the laboratory frame gated on the beams
and recoil residues from p(34Ar,d)33Ar reactions. The curves
in the spectrum are the calculated kinematics corresponding
to the excitation energies of 0, 1.359, 1.798, 3.456, and
3.819 MeV for the reaction residues 33Ar as compiled in the
National Nuclear Data Center (NNDC) database [33]. Figure 5
shows the large kinematic broadening at backward angles
where corrections of beam angle and precise location of the
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FIG. 5. (Color online) Deuteron kinematics for p(34Ar,d)33Ar in
the laboratory frame (see text).
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FIG. 6. Q-value spectra for (a) p(34Ar,d)33Ar, (b) p(36Ar,d)35Ar,
and (c) p(46Ar,d)45Ar.

reaction become important in order to resolve closely spaced
states.

The deduced reaction Q-value spectra for p(34Ar,d)33Ar,
p(36Ar,d)35Ar, and p(46Ar,d)45Ar, based on missing-mass
analyses, are shown in Fig. 6. Since most of the deuterons of
interest stop in the Si detectors, the Q-value spectra presented
here exclude events in which the deuterons punch though the
thick Si detector. The energy resolution of the CsI crystals
is worse than that of the Si detectors. Only deuterons with
energy greater than 22 MeV emitted mainly at backward angles
are detected by the CsI detectors. The excitation energies
of a number of low-lying states were identified as indicated
in the Q-value spectrum. The excitation energies are taken
from the Nuclear Science References (NSR) database of the
NNDC [33].

For p(34Ar,d)33Ar, the peak in the Q-value spectrum in
Fig. 6(a) corresponding to the ground-state transition is well
distinguished. The next peak at higher excitation energy is

comprised of the first two excited states (1.358 MeV and
1.798 MeV [33]). In the Q-value spectrum for the 36Ar target
[Fig. 6(b)], the ground state and the first-excited state at
1.184 MeV [33] are clearly identified. The Q-value spectrum
for the 46Ar target [Fig. 6(c)] covers laboratory angles up to
about 19◦, where kinematic broadening is minimized. The
ground state and first-excited state (0.542 MeV) at larger
angles could not be resolved completely.

The energy resolution of the ground-state peaks in the Q-
value spectra was verified with GEANT4 simulations [34]. The
simulations take into account the performance of HiRA detec-
tors, angular and energy straggling, kinematics broadening, as
well as the energy resolution of the beam and the finite size of
the beam spot. The observed resolutions of approximately 500,
470, and 416 keV full width at half maximum (FWHM) for the
ground-state transitions of 34Ar, 36Ar, and 46Ar are consistent
with the predicted resolutions from simulations of 495, 420,
and 377 keV, respectively [31]. The main contributions to
the resolutions are the target thickness and the kinematic
dispersion due to the large beam spots. Ability to correct
the incident beam positions and angles should improve the
resolution, which is important for the excited states. A detailed
analysis of the excited states with improved resolution will be
discussed in a forthcoming article [35].

B. Absolute cross-section measurements

The beam intensities were continuously monitored with the
MCP [29,30] detection system placed 10 cm upstream from
the reaction target. Absolute normalizations are determined
by taking into account the live time of data acquisition, the
individual detector efficiencies, and the detection coverage. To
estimate the overall normalization uncertainties arising from
the systematic uncertainty attributed to the detector efficiencies
and lifetime of the data-acquisition (DAQ) system, we calcu-
lated the cross section corresponding to approximately every
successive 100 counts detected in a 2-degree bin in the region
of peak cross section for each reaction. Figure 7 shows the
cross sections extracted from these groups at deuteron angles
of θlab = 9◦ for p(34Ar,d)33Ar, θlab = 23◦ for p(36Ar,d)35Ar,
and θlab = 15◦ for p(46Ar,d)45Ar reactions denoted by open
circles, closed circles and solid squares respectively. The
solid lines indicate the cross sections extracted using all the
available data. Small fluctuations are observed and the large
deviations in the second and third data group of p(46Ar,d)45Ar
can be explained by the unstable performance of the MCP
detectors during those runs. The standard deviations are
7.5% for 36Ar, 6.3% for 34Ar, and 5.7% for 46Ar. Based
on this analysis, we adopt an overall uncertainty of 8% for
all the spectroscopic factors we extracted, as described in
the next section. Detailed procedures and discussions about
the determination of absolute normalization can be found in
Ref. [31].

The reaction 36Ar(p,d)35Ar has been studied previously in
normal kinematics by Kozub et al. [25] at 33.6 MeV/nucleon.
The angular distributions for the inverse kinematics reaction
p(36Ar,d)35Ar for transitions to ground and first-excited states
measured in the present study at 33 MeV/nucleon are
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FIG. 7. (Color online) Comparisons of peak absolute differential
cross sections for successive measurements taken over the entire
experiment. The open circles, closed circles and solid squares denote
results of p(34Ar,d), p(36Ar,d) and p(46Ar,d) reactions respectively
(see text).

compared to the previous work of Ref. [25] in the top and
bottom panels of Fig. 8, respectively. In Fig. 8, our data are
denoted by closed circles and the results of Ref. [25] are
denoted as open squares. The error bars given in Ref. [25] are
most likely statistical errors and are smaller than the size of
the symbols. The differential cross sections from Ref. [25] and
from the present measurement are in reasonable agreement.

FIG. 8. (Color online) (Top) Differential cross sections for
p(36Ar,d)35Ar in the center-of-mass frame for the ground-state
transition. (Bottom) Differential cross sections for the first-excited
state (1.18 MeV). Circles and squares denote our results and previous
measurements in Ref. [25], respectively. Curves are the predicted
angular distributions multiplied by the spectroscopic factors. Solid
and dash lines represent the calculations with parameters of CH89
and JLM + HF approaches.

FIG. 9. (Color online) Differential cross sections for
p(34Ar,d)33Ar in the center-of-mass frame for the ground-state
transition. Curves are the predicted angular distributions multiplied
by the spectroscopic factor. Solid and dash lines represent the
calculations with parameters of CH89 and JLM + HF approaches.

C. Angular distributions and ground-state
spectroscopic factors

In this section, the experimental differential cross sections
for transitions to the ground states are compared to ADWA
calculations. Two different input parameter sets for the ADWA
calculations are used to predict the angular distributions:
(a) CH89 global optical-model potentials and a fixed radius
parameter of 1.25 fm for Woods-Saxon geometry for the
orbital of the transferred neutron [11,15] and (b) JLM optical
potentials and geometry for transferred neutron constrained
by Hartree-Fock calculations [17]. At present, approach (b)
can only be used to predict the angular distributions of the
ground state since HF calculations for the nucleon densities
and the radii of transferred nucleons in the excited states are
not available. Unless indicated otherwise, the experimental
uncertainties associated with the extracted spectroscopic data
shown in this section come from statistical and systematic
uncertainties. In most cases, they are about 8%, as discussed
in the previous section.

To follow the convention of Ref. [15,17], we labeled the two
reaction model parameter sets as “CH89” and “JLM + HF,”
respectively. Calculations plotted in Figs. 8, 9, and 10 are
normalized to the data around the first maximum [11]. Angular
distributions and spectroscopic factors for each reaction are
discussed in the following subsections.

p(34Ar,d)33Ar

For p(34Ar,d)33Ar, the shapes of the predicted angular
distributions from CH89 (dashed curve) and JLM + HF (solid
curve) are in reasonable agreement with the data for the
ground-state transition shown in Fig. 9. The agreement with
the first peak, which determines the spectroscopic factors, is
especially good. The forward peaking of the angular distribu-
tion clearly characterizes the l = 0 angular momentum transfer
in the reaction. SF(CH89) = 1.1 ± 0.09 and SF(JLM + HF) =
0.85 ± 0.06 were extracted by using the first three
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FIG. 10. (Color online) Differential cross sections of
p(46Ar,d)45Ar in center-of-mass frame for transitions to ground state
and first-excited state. Curves are the predicted angular distributions
multiplied by the spectroscopic factor (see text).

data points.

p(36Ar,d)35Ar

As shown in Figure 8, the calculated deuteron angular distri-
butions from p(36Ar,d)35Ar reactions using CH89 approaches
describe both sets of data leading to the ground-state and first-
excited-state transitions of 35Ar very well. Calculations using
JLM + HF approaches describe the ground-state transition
data reasonably well. The CH89 method reproduces the cross
sections of the ground-state transition better at the very forward
angles. For the ground-state transition, the six points in the
first peak were used to obtain spectroscopic factors, and the
extracted values are SF(CH89) = 2.3 ± 0.2 and SF(JLM + HF)
= 1.6 ± 0.1. For the first excited state, the first three points
were used to obtain SF(CH89) = 1.2 ± 0.1. No JLM + HF
calculation was performed for the excited states.

p(46Ar,d)45Ar

For the p(46Ar,d)45Ar reaction, the peaks for the ground
state and first-excited state of 45Ar are separated by 0.542 MeV
[33]. Due to the severe kinematical broadening for these
reactions at large angles and the lack of beam-tracking ability
in the analysis, we did not completely resolve the ground-state
and first-excited-state transitions at all angles. Figure 10 shows
the experimental data contributed by both the ground- and
first-excited-state transitions. In Ref. [22], the distinct l = 3
and l = 1characteristics for the ground- and first-excited-state
transition are used to determine their individual contributions
to the ground-state differential cross sections for center-of-
mass angles less than 8◦ and between 20◦ to 27◦. The dashed
and dotted lines in Fig. 10 represent the angular distributions
of l = 3 ground-state and l = 1 first-excited-state transitions,
and the solid line is the total angular distributions. All the
data points are used for two-l-value fitting constrained by
the respective SF extracted at small angles. In general, the
shape of the experimental data is reasonably reproduced, and
the resulting SF(CH89) for ground state is 5.08 ± 0.4. This
value is consistent with 5.28 ± 0.4 obtained in Ref. [22].

D. Asymmetry dependence of reduction factors

The LB-SM calculations for 33,35Ar were performed using
the code OXBASH [36] in an sd shell-model space with the
USDB interaction [37]. For 46Ar, the interaction of Nummela
et al. in an sdpf shell-model space was used [38,39]. The
ground-state values for Rs, the ratio of experimental to theo-
retical spectroscopic factors, were deduced for the two reaction
parameter sets involving the CH89 or JLM + HF parameters,
as described in Sec. III C. The results for symmetric 36Ar and
neutron-rich 46Ar are similar, with no quenching observed.
This is consistent with the previous systematic studies with sta-
ble nuclei [11,15]. The extracted value of ground-state Rs for
proton-rich 34Ar is about 15%–20% smaller than those of 36Ar
and 46Ar, which is within the uncertainties of the systematics.

The theoretical and the experimental SFs from transfer
reactions for stable Ar isotopes were published in Ref. [11],
where LB-SM calculations use the USDB interaction [37]
in the sd shell-model space for 37−38Ar isotopes and the
SDPFNOW interaction [39] in the sdpf shell-model space for
39−41Ar. To show the asymmetry dependence of the chain of
Ar isotopes, reduction factors of all the Ar nuclei obtained
from the present experiments (solid circles) and from previous
measurements (solid stars) [11] are shown in Fig. 11. They are
plotted as a function of �S, which characterizes the asymmetry
dependence of the relative shift of the neutron and proton
Fermi surfaces. For simplicity, only Rs values deduced from
the JLM + HF parameter set are presented. A similar trend is
observed for Rs (CH89). The �S values of 46Ar and 34Ar are
−10.03 and 12.41 MeV, respectively, significantly increasing
the span of the separation energy difference from the previous
transfer reaction data on stable isotopes. In previous studies,
there were no nuclei with �S � 7 MeV [15,17].

In Fig. 11, the error bars for 38Ar are larger than the
others because there is only one measurement available and
no other independent measurement exists for a consistency
check [40]. In the case of 40Ar, which is not included in
the figure, there are two sets of measurements. However, the
extracted SFs from the two experiments are different by about

FIG. 11. (Color online) The ground-state reduction factors de-
duced using JLM-HF approach SF(JLM-HF)/SF(LB-SM) of the
proton-rich 34Ar and neutron-rich46Ar, together with the symmetric
36Ar and the well-bound 37−41Ar isotopes [11].
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a factor of 2, possibly due to problems in obtaining the absolute
cross sections [41,42]. Within experimental uncertainties, little
suppression in the reduction factor is found for proton-rich
34Ar compared with the well-bound nuclei or neutron-rich
46Ar. Such weak dependence on asymmetry is not consistent
with the trends observed from knockout reactions [22] where
the neutron Rs of 34Ar is smaller by a factor of 2 compared
with the Rs of 46Ar [9]. This suggests that a reassessment
of the approximations used in the theoretical treatment of
transfer reactions and of knockout reactions may be necessary.
Full three-body Faddeev calculations have been performed to
evaluate possible theoretical errors from three-body effects in
the transfer reaction in Ref. [43]. These calculations provided
an estimate of about 20% for the theoretical uncertainty in
the extracted SFs arising from various approximations in
the reaction model [43]. A similar assessment for knockout
reaction calculations would be useful.

This weak dependence of reduction factors on the
asymmetry indicates a weak dependence of valence neutron
correlations on the asymmetry of Argon isotopes. Similar
conclusion can be drawn from the overall trends for
spectroscopic factors extracted from systematic transfer
reaction studies [11,15]. It is interesting to compare these
results to the trends reported for valence protons extracted
from dispersive optical model (DOM) analyses [2,3]. The
recent DOM analysis of elastic-scattering and bound-level
data for 40−49Ca isotopes suggests that the proton correlations
also exhibit weak dependence on the asymmetry; there,
the ground-state proton SF magnitude from 40Ca to 48Ca
changes by about 10% [2,3]. Clearly, greater sensitivity of the
asymmetry dependence of proton and neutron correlations can
be achieved by extending transfer reaction and DOM studies
towards the proton and neutron drip lines in different mass
regions of the nuclear chart. Based on both analyses, careful
measurements may be required if the effects remain at the
10%–20% level as our study and the DOM studies suggest.

IV. CONCLUSIONS

In summary, we have extracted the neutron ground-state
spectroscopic factors of proton-rich 34Ar, neutron-rich 46Ar,
and stable 36Ar nuclei using (p,d) transfer reactions with
radioactive beams in inverse kinematics. The complete-
kinematics measurements were achieved using the high-
resolution silicon array HiRA to measure the deuterons in

coincidence with the recoil residues detected in the S800
mass spectrometer. The deuteron differential cross sections
obtained in the experiments are compared to theoretical
cross sections calculated using both (a) Chapel-Hill (CH89)
nucleon-nucleus global optical potential with neutron poten-
tials of fixed radius and diffuseness parameters and (b) JLM
potential from Jeukenne, Lejeune, and Mahaux with the
geometry of the potential and the transferred-neutron bound
state constrained by Hartee-Fock calculations. Experimental
neutron spectroscopic factors are extracted and compared to
the predictions from large-basis shell models. Consistent with
previous systematic studies with stable nuclei, the reduction
factors for symmetric 36Ar and neutron-rich 46Ar are similar.
The extracted reduction factor for proton-rich 34Ar is about
15%–20% smaller. With the experimental uncertainties of
±8%, reductions in the spectroscopic factors for proton-rich
34Ar relative to neutron-rich 46Ar of 0%–35% are possible but
much larger reductions are excluded. The weak dependence
of reduction factors on the asymmetry of the three Ar isotopes
is similar to the trends obtained from the recent dispersive-
optical-model analysis of elastic-scattering and bound-level
data for 40−49Ca isotopes. In the latter study, the experimental
trend is consistent with no or weak asymmetry dependence in
the neutron correlations for N > Z Ca isotopes. In the same
analysis, the proton spectroscopic factor from 40Ca to 48Ca has
a weak (10%) dependence on the asymmetry.

In single-nucleon knockout reactions at intermediate en-
ergies, the deficient nucleon species appear to have stronger
reductions in their spectroscopic factors than the weakly bound
excess species. In particular, the extracted neutron reduction
factor of 34Ar is smaller by a factor of 2 compared with that
of 46Ar. Unlike the trends observed for knockout reactions,
comparison of the extracted spectroscopic factors for proton-
rich 34Ar and neutron-rich 46Ar using transfer reactions
suggests a weak dependence of correlations on neutron-proton
asymmetry in this isotope region. The origin of such a
discrepancy between the spectroscopic factors extracted from
transfer and knockout reactions is not clear. The new results
pose an intriguing question about the reaction mechanisms of
transfer and knockout reactions as well as the nature of neutron
correlations in nuclei with extreme isospin asymmetry. Further
theoretical study would be needed to resolve the inconsistency
in the reaction mechanisms and better describe the asymmetry
dependence of nucleon correlations in nuclei away from the
valley of stability towards the drip lines.
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