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Abstract: Nucleon-pair correlations play a fundamental role in shaping nuclear structure. Two-nucleon transfer re-
actions provide a unique probe for investigating pair correlations in nuclei. A recent theoretical study has predicted
significant proton-neutron (pn) pair correlations in the unconventional N > Z region. To investigate isoscalar pn
pair correlations, we measured the '*’Sn(a, °Li)'"*In reaction in the laboratory angular range from 9° to 19°. Owing
to the limited experimental energy resolution, no distinct peak corresponding to the ground state of '"*In was ob-
served. By evaluating the low-excitation-energy region, an upper limit of the cross section for populating ''*In(g.s.)
was extracted, yielding an integrated cross section of o = 0:42 £0:02 ub. The DWBA calculations for the transfer of
a g9/» ®vg7/2 pair using an assumed value of the two-nucleon amplitude (TNA) are consistent with the experiment-
al cross section. The competition between simultaneous and sequential transfer in this heavy system was investig-
ated. A comparison with the '°Sn(a, ®He)''®Sn reaction indicates that the pn pair-correlation strength is far weaker

than that for neutron-neutron pair condensation.
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I. INTRODUCTION

Nucleon-pair correlations have long been one of the
most compelling topics in nuclear physics [1-3]. In a rel-
ative S-wave, proton-neutron (pn) pairs may form in
either the isovector (7T =1, S =0) or the isoscalar (deu-
teronlike 7 =0, S =1) channel. The isoscalar pair con-
densate was initially predicted to become favorable in
heavy N =Z nuclei [4, 5]. More recently, such condensa-
tion was also predicted in heavy N ~Z nuclei along the
proton-drip line [6]. Recently, Yoshida [7] calculated pn
pair correlations in Sn isotopes within a framework utiliz-
ing the static pair polarizability (energy-inverse-weighted
sum of pair transition strengths) [8] to quantify pair cor-
relations. It was found that the isoscalar pair-removal
strength peaks at '"Sn (N =64) and gradually declines
starting from ''°Sn. This study is directly relevant to pair-
removal measurements aimed at extracting the pairing
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strength.

The two-nucleon transfer reaction is a unique tool for
probing nucleon-pair correlations in many-body systems,
as the reaction cross section can be enhanced by pair cor-
relations [9, 10] relative to the transfer of uncorrelated
nucleons. The nn pair condensation has been well estab-
lished using (p, f) and (¢, p) reactions on tin isotopes [11,
12], whereas clear evidence for the condensation of pn
pairs remains elusive. Traditionally, research on pn pair-
ing has focused on the N =Z region. The (p, *He) and
(*He, p) reactions have been employed to study the trans-
fer of two types of pn pairs [13], and second-order
DWBA calculations have been applied to pn transfer for
the first time. The experimental study of the radioactive
self-conjugate fp-shell nuclei **Ni and **Fe [14] shows
no evidence for a T =0 pn condensate. Recent predic-
tions of pn pair correlations in N > Z nuclei challenge the
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long-held notion that such pairing exists predominantly in
N = Z nuclei, thereby extending the study of pn pairs in-
to the neutron-rich regime [6, 7]. The unique capability of
(d, a) and (a, °Li) transfer reactions lies in their spin-
isospin selectivity, which ensures that only the isoscalar
pn pair component can be identified. In a recent measure-
ment of the (d, a) reaction on the neutron-rich '**Ba
(N = 82) nucleus [15], the cross-section angular distribu-
tion was reproduced within the distorted-wave Born-ap-
proximation (DWBA) framework by assuming transfer of
a deuteron (d) cluster.

We revisited the (a, 6Li) reaction and its potential for
investigating nucleon-pair correlations in neutron-rich
nuclei. This probe has previously been employed to study
d and «a clustering in light and intermediate N = Z nuclei
[16—20], populating not only ground states but also ex-
cited states of the residual nuclei. To experimentally ac-
cess the static pair polarizability [7, 8], the pairing
strength over a wide excitation-energy range, from the
ground state to the 20 —30 MeV excitation-energy region,
should be extracted via multipole decomposition analysis
using the angular distributions of pair-transfer reactions.
The momentum matching for the '2°Sn(a, °Li) reaction at
incident energies of ~ 20 MeV/A indicates that low-angu-
lar-momentum transfer would be enhanced.

Tin isotopes, with the magic number Z =50, have
been confirmed as neutron superfluid systems [1]. The
outermost proton of ?°Sn occupies the intruder 1go), or-
bital; consequently, the ground states of known even-N
indium isotopes exhibit a spin—parity of 9/2*, reflecting
the presence of a proton hole. The odd-odd nucleus '"®In,
whose ground state is 1%, is B~ -unstable and can decay
into the ground state of '"8Sn via a Gamow-Teller trans-
ition predominantly involving the nlgo,, and v1g;,, orbit-
als. The configuration of 71g5),®vl1g7}, has been used to
describe the '"®In ground-state wave function [21]. These
two orbitals reside in different major shells due to the
spin-orbit interaction [22], but the substantial overlap of
their radial wave functions may give rise to a strong pn
interaction [23], facilitating the formation of an isoscalar
nlge, ®v1gy,, pair and enhancing the pair-transfer prob-
ability. This configuration also precludes the formation of
an isovector pn pair, thereby rendering the reaction ex-
clusively sensitive to isoscalar pairing.

This work represents the first measurement of the (a,
°Li) reaction on a '*°Sn target, aimed at investigating the
transition to the ground state of !'8In. The upper limit of
the experimental cross section for population of the "8In
ground state was determined and compared with calcula-
tions within the DWBA framework. The interplay
between simultaneous and sequential pn pair transfer was
investigated. The '*Sn(a, °He)''®Sn reaction was also
measured to serve as a reference for evaluating the iso-
scalar pn pair-correlation strength.

II. EXPERIMENT

The experiment was conducted at the Cyclotron and
Radioisotope Center (CYRIC), Tohoku University, using
a '°Sn target with a thickness of 3.6 mg/cm*. An o beam
with an intensity of approximately 3 nA, accelerated by
the K110 AVF cyclotron, was directed onto the target in
the scattering chamber. A schematic diagram of the ex-
perimental setup is shown in Fig. 1. The ejectiles, after
passing through a Mylar degrader, were detected by an
array of three silicon detectors backed by a plastic scintil-
lator, which served as a veto detector to reject elastically
scattered a particles. The detector array was centered at
13.4° with respect to the beam direction, covering an an-
gular range from 9° to 19° in the laboratory frame. An
identical array was installed symmetrically on the oppos-
ite side of the beamline to improve statistics. Two dipole
magnets positioned upstream of the scattering chamber
ensured a beam energy of 100 MeV. A Faraday cup
placed downstream was used to monitor the beam intens-
ity.

Three silicon detectors enabled particle identification
(PID) using the AE — E technique. Arranged in the order
traversed by the particles, the thicknesses of the three sil-
icon detectors were 140,500, and 1500 um, respectively.
The second detector was a double-sided silicon strip de-
tector (DSSSD), which allowed the extraction of angular
information. To maintain a low dead time in the data ac-
quisition system, the silicon detectors were partially
masked to reduce the event rate at forward angles, where
the counting rate was dominated by elastic scattering.

The dead-layer thicknesses of the silicon detectors
were specified as 0.5 um in the detector manual and were
verified using an a source on the DSSSD. The energy
loss of the particles in these dead layers, particularly for
heavy ejectiles, was calculated using the stopping powers
provided by the SRIM code [24]. Owing to the limita-
tions of our experimental setup, it was not possible to re-
solve the low-lying states in the high-level-density excita-
tion spectrum of ''"®In; therefore, a Kapton target was also
mounted on the target ladder to ensure reliable energy
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Fig. 1.
perimental setup. The red borders schematically indicate the

(color online) Side view of a detector array in the ex-

dead layers of the silicon detectors. Both arrays were masked
at forward angles to reduce the number of elastic events and
the event rate.
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calibration of the silicon detectors using the reactions
between the beam and the carbon in the target. The lin-
earity of the MSCF-16 shaping amplifier and the MADC-
32 analog-to-digital converter was checked using a pulser
for each silicon detector.

III. DATA ANALYSIS

A. Energy Calibration

The PID procedure was used to select ®He and %'Li
events. The collected charge was calibrated using a triple-
a source and a Kapton target. The '?C(a, "Li)°B reaction
was used to calibrate the energy deposited by heavier
particles in the first two silicon detectors, because its ex-
citation spectrum consists of well-separated levels. The
3.35 MeV state of '°C populated via the '2C(a, *He)'°C
reaction was used to calibrate the last silicon detector.
The resulting parameters were then applied to the °Li
ejectiles from the Kapton and '2°Sn targets. The correla-
tion between the energy deposited in the sensitive volume
of Siy, denoted Es;, and the sum of the energies depos-
ited in Si;, and Si,, Esiix + Esp, is depicted in Fig. 2.°A
clear separation of particle species is observed, and the
°Li events of interest are successfully identified and isol-
ated.

The energy loss in the Mylar degrader was calculated.
The effect of the uncertainty in the  stopping powers
provided by the SRIM code [24] onthe total kinetic en-
ergy of the ejectiles, and consequently on the deduced ex-
citation energy, was also evaluated. As shown in Fig. 3,
although the first excited state is not fully resolved from
the ground-state data, the centroids of the excitation ener-
gies of the ground state and two excited states of the
2C(a, °Li)'°B reaction were found to be well within 50
keV of their nominal values. This confirms the reliability
of the energy calibration and the consistency of the stop-
ping-power calculations across different lithium isotopes.
The accuracy of the SRIM code for helium and lithium
was further assessed by scaling the stopping powers with-
in their reported uncertainties [24]. The energies of the
"Li and ®He particles were well reproduced, and the devi-
ations for the low-lying states in the (a, SLi) reaction
were found to be well within 200 keV. The energy calib-
rations for the two detector arrays were in good agree-
ment; for both the (a, °Li) and (e, "Li) channels, the ob-
served differences were within 100 keV. This confirms
the consistency between the left and right arrays.

The emission angle of each ejectile was determined
using the DSSSD. In the analysis of elastic scattering, the
orientation of the detector array relative to the beam dir-
ection was observed to vary slowly within a small range,
reflecting fluctuations in the beam incidence angle and
variations in the beam spot position on the target. These
variations remained within the width of a single DSSSD
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Fig. 2. (color online) PID correlation for ejectiles from the
1208 target. The horizontal axis represents the energies depos-
ited in the last two silicon detectors, and the vertical axis rep-
resents the energy deposited in the first silicon detector. From
the lower left to the upper right: p, d, t, >*%He, and ®7Li.
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Fig. 3.  (color online) Excitation-energy spectrum for the

2C(a, °Li)!°B reaction. The ground state and excited states
were fitted with the red, blue, and green curves, respectively.
The black curve represents the global fit.

pixel, resulting in an angular uncertainty of 0.6°. The
fraction of events with multiplicity (i.e., events in which
more than one hit was recorded in a single silicon pad)
was approximately 0.3% of the total number of events.
The dominant contribution to the overall multiplicity
arose from the DSSSD strip pitch, with a multiplicity rate
of about 3.4% on the Ohmic side and a similar value on
the junction side. Event pile-up was found to be negli-
gible. In total, an estimated correction of approximately
8% should be applied to the measured cross section.
Elastic scattering from the Kapton target was also ana-
lyzed. The angular distribution of elastic counts in the
laboratory frame was found to be in good agreement with
calculations based on optical model potentials (OMPs)
taken from Ref. [25], thereby validating the reliability of
the data analysis procedure.
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B. Excitation Spectrum

The excitation-energy spectrum of the residual nucle-
us '"*In is shown in Fig. 4. It exhibits a quasi-continuous
structure due to the limited experimental energy resolu-
tion and the high level density of ''*In (nine known states
below 0.5 MeV [26], including, in particular, the 60 keV
(5") isomeric state), preventing the extraction of discrete
transition strengths. Under these conditions, a precise
evaluation of the energy resolution and the uncertainty in
the energy calibration becomes essential for reliably ana-
lyzing the transfer to the ground state. The uncertainty in
the energy calibration was checked in Sec. III A, and ex-
cellent consistency was achieved.

The overall energy resolution (FWHM) of the
120Sn(a, °Li)''®In(g.s.) reaction was calculated to be 450
keV, taking into account the energy-loss distribution of
outgoing SLi particles in the target and the energy strag-
gling in the degrader. The excitation-energy resolutions
obtained for the '>C(a, ®’Li) channels using the same
procedure were found to be in excellent agreement with
the experimentally extracted values, indicating that the
contribution from electronics is negligible.

The nitrogen in Kapton gives rise to °Li particles ori=
ginating from the '“N(a, °Li)'?C(4.44 MeV) reaction,
whose energies are nearly identical to those from the
120Sn(a, °Li)'"®In(g.s.) reaction. Therefore, this >C state
is of great importance for evaluating the shift of the
ground-state centroid in the excitation spectrum.of ''®In.
The analysis shows that the centroid of the 4.44 MeV
state of '2C shifts to higher energy by 0.12 MeV relative
to its actual energy. This shift is well within the range of
the deviation calculated in Sec. III A, leading to the con-
clusion that the most probable excitation-energy centroid
of the ground state is 0.12 MeV, as schematically shown
by the red Gaussian in Fig. 4. The effect of the angle un-
certainty in Sec. III A on the energy was also considered.
This uncertainty can induce a small kinematic energy dif-
ference, resulting in an excitation-energy uncertainty of
less than 0.03 MeV, which is much smaller than 0.12
MeV.

In the following analysis, the centroid of the !''¥In
ground state in Fig. 4 was taken to be 0.12 MeV. Under
the assumption that the excitation-energy distribution of
the "8In ground state has a Gaussian form, events with
E,. <0.12 MeV were attributed to the ground-state events,
and their count was multiplied by a factor of two in the
process of obtaining the cross section. This approach un-
avoidably includes contributions from excited states and
thus can only serve as an upper limit of the transfer cross
section.

C. Angular Distribution
The analysis of the pair transfer reaction '*°Sn(a,

Li)!"®In(g.s.) yields an upper limit (UL) on the cross sec-
tion of the ground-state transition. As shown by the black
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Fig. 4.  (coloronline) Excitation-energy spectrum of the

1208n(a, °Li)"8In reaction. The red curve indicates the upper
limit of the ground-state event distribution.
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Fig. 5. (color online) Experimentally deduced upper limits

(ULs) on the differential cross sections for the '2Sn(a,
5Li)"8In(g.s.) reaction. The red curve shows the calculated
total cross section within the second-order DWBA framework,
including both the SHe+!""Sn and SLi+!'"°In intermediate paths
(see text for details). The experimental resolution was folded
into the calculations.

solid circles in Fig. 5, the experimental result exhibits a
gradually decreasing trend, and two weak oscillatory fea-
tures are observed, with maxima at 6, =11° and 18°.
The statistical uncertainties exceed the systematic ones,
and at certain angles the error bars in the distribution are
smaller than the symbol size. The differential cross sec-
tion is less than 3 ub/sr at forward angles, and the integ-
rated cross section within the measured angular range
was determined to be 0.42+0.02 ub.

1. DWBA pn pair transfer

To fully understand the underlying reaction mechan-
ism, second-order DWBA calculations including both
simultaneous and sequential transfer of two non-identical
nucleons were performed. Unlike the two-neutron trans-
fer reaction, sequential pn transfer can proceed through
two distinct paths: the intermediate partition Li+!°In
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populated via proton transfer, and He+!""Sn populated
via neutron transfer. In both cases, the intermediate nuc-
lei (°Li and °He) are unbound. The following calcula-
tions were therefore performed under the assumption that
the transfer process occurs prior to their decay. The fi-
nite-range prior-post representation [13, 27] was adop-
ted for the sequential transfer in order to avoid the non-
orthogonality term [27]. Calculations were carried out us-
ing the computer code FRESCO [28].

The OMPs describing elastic scattering of the react-
ants in the entrance and exit channels were taken from
Hauser et al. [25] and Huffman et al. [29], respectively.
Due to the absence of available OMPs for the core-core
interactions, the OMP for a-scattering was employed.
The single-particle wave functions of the transferred nuc-
leons in °Li were constructed using a Woods—Saxon po-
tential with parameters ry = 1.25 fm and a =0.65 fm for
each path. The binding energy was set to half of the Q-
value for separating a proton and a neutron from °Li [30,
31], and the depths were adjusted to reproduce the ener-
gies. For the single-particle states in '2°Sn, the same para-
meters were used. In the intermediate partitions, the
119Tn(9/2*) and '"°Sn(7/2*) states were included based on
the prediction in Ref. [7]. These wave functions were also
adopted in the simultaneous calculation.

The two-nucleon amplitudes (TNAs) associated with
the nuclear overlaps of the aforementioned SLi single-
particle states were calculated using the ' KSHELL [32] code
within the psd-shell model space and the YSOX effect-
ive interaction [33]. The dominant contributions were
found to arise from the 1p,,, and 1ps, orbitals. For '2°Sn,
the number of nucleons outside the doubly magic '®Sn
core is 20. The large model space, together with the pro-
ton hole in '"3In, makes reliable shell-model calculations
challenging. According to Ref. [7], the v1g7,, orbital and
its intruder partner nlgy, dominate the isoscalar pairing
correlation. Therefore, a TNA value of 0.75 was adopted
for the mgy,®vgs, pair removal, which enables the
DWBA calculations to reproduce the experimental data.
For the spectroscopic amplitudes associated with the
overlap functions in the sequential transfer, the TNAs
were decomposed into two components through the inter-
mediate states following the prescription of Ref. [13].

The calculated full transfer cross section via both in-
termediate partitions is presented in Fig. 5. For the simul-
taneous process, the post-form with complex remnant
terms of the potential [28] was adopted. The calculated
angular distributions were folded with the experimental
angular resolution. The red curve represents the coherent
sum of the simultaneous and two sequential transfer pro-
cesses. In this calculation, the two-nucleon wave func-
tions for the simultaneous process were constructed from
the single-particle states for the 3He+''"Sn sequential
path. The calculation exhibits a strongly forward-peaked
angular distribution with regular oscillatory behavior for

the population of the ground state in ''8In. An additional
calculation performed using the same procedure, but with
wave functions constructed from the SLi+'"In path,
yields nearly identical cross sections to those shown in
Fig. 5. This indicates that the full calculation depends
only weakly on the choice of the single-particle states.
Both calculations are reasonably consistent with the ex-
perimental upper limit for the ground-state transition
when using an input TNA value of 0.75.

The individual contributions from the simultaneous
direct pn-pair transfer and the two competing sequential
processes are presented together with the complete calcu-
lation in Fig. 6. The effect of the experimental angular
resolution was not included. The decomposition of the se-
quential transfer into the two intermediate paths shows
that the Li+!""In route plays a more dominant role in the
sequential cross section than the He+!""Sn route, con-
tributing by more than a factor of two. This difference
may be attributed to the involvement of different single-
particle configurations in '*’Sn associated with the dis-
tinct spins of the intermediate states. The total sequential-
transfer contribution (full blue curve) is larger than that
from the simultaneous process, with the latter exhibiting
large-amplitude oscillatory behavior. This indicates that
the transferred pn system is not sufficiently correlated for
the simultaneous transfer to dominate over the transfer of
two uncorrelated nucleons. The phase coherence [34]
between the simultaneous and sequential amplitudes was
found to be weak. We therefore conclude that the use of
an assumed TNA value does not affect the discussion of
the reaction mechanism, owing to the relation between
the spectroscopic amplitudes associated with the simul-
taneous and sequential processes [13].

The results obtained in the prior form for simultan-
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Fig. 6. (color online) Calculated angular differential cross
sections for the '2°Sn(a, °Li)!'®In(g.s.) reaction proceeding
through different transfer mechanisms. The black curve rep-
resents the coherently summed total cross section. The red
(blue) curve corresponds to simultaneous (sequential) transfer.
The dashed and dotted blue curves denote sequential transfer
through the °Li and SHe intermediate partitions, respectively.
The experimental angular resolution was not included.
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eous transfer show only minor differences from those
presented in Fig. 6, indicating good consistency between
the prior- and post-form Hamiltonians for this system. It
is worth noting that global phenomenological OMPs for
the a [35] and °Li [36] channels were also employed in
the calculations. The resulting changes were negligible
and did not affect the overall conclusions, demonstrating
that the calculations are not particularly sensitive to the
choice of OMPs.

2. Deuteron cluster transfer

Cluster degrees of freedom have long been an import-
ant topic in nuclear physics [37]. Interest in this field has
recently been renewed by efforts to investigate cluster
structures in the ground states of heavy nuclei, such as tin
isotopes, using quasi-free cluster knockout reactions
[38—40]. The spectroscopic factors (SFs) extracted from
knockout reactions have been compared with those ob-
tained from transfer reactions over a wide mass range
[41], because both processes probe essentially the same
underlying nuclear structure information.

The d+a cluster structure of °Li is well established
[42—44] and has been extensively exploited in studies of
cluster formation via transfer reactions [16, 17]. We per-
formed DWBA calculations assuming a direct pickup
mechanism, in which a neutron in the v1g;,, orbital'and a
proton in the mlgy, orbital are transferred as an inert
cluster [11, 12, 15, 19]. As pointed out in Ref. [41], the
extracted SFs depend on the OMPs-and overlap functions.
Therefore, all four combinations of the OMPs employed
in the pair-transfer calculations were adopted in the
present calculations. The number of nodes N and the or-
bital angular momentum L of the cluster wave function
relative to the core were determined according to the con-
servation rule for harmonic-oscillator quanta [45]. For the
unnatural-parity 1* state, transfers with J=L=+1 are al-
lowed, as listed in Table 1. The radius of the d +« bind-
ing potential was taken to be 1.9 fm [42] when generat-
ing the wave function. The spectroscopic factor S,,, for
the SLi— d+a overlap was fixed at unity [46, 47]. The
geometry of the d+!"8In potential was chosen to be
identical to that adopted in Sec. III C 1.

The DWBA calculations performed using the OMPs
from Refs. [25, 29], shown in Fig. 7, were convoluted
with the experimental angular resolution. The transfer of
a deuteron in the 5§ configuration relative to ''®In is rep-
resented by the red curve, which similarly exhibits the
forward-angle peaking behavior observed in Fig. 5. The
calculated cross section was normalized to the experi-
mental upper limit to determine the spectroscopic factor.
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Table 1. The upper bound on the d-spectroscopic factor.
The 55 and 4D states correspond to d-cluster states relative to
the core.
State L S ga1181,
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Fig. 7. - (color online) The upper limit (UL) of the differen-

tial cross section for '2°Sn(a, °Li)!'8In(g.s.) is shown. The red
curve shows calculations for the d cluster in the 55 state relat-
ive to the core. The blue curve shows results for the d cluster
in the 4D state.

The calculations performed using different combina-
tions of OMPs [35, 36] yield comparable angular distri-
butions and absolute strengths, indicating weak sensitiv-
ity to the choice of OMPs. Taking the small variations
among these calculations into account gives a final upper-
limit value for the spectroscopic factor, summarized in
Table 1, of S 411, = 0.68 £0.02,, £0.05,,,, under the as-
sumption that the ground-state transition exhausts the full
transfer strength. 0.02,, denotes the statistical uncer-
tainty, while 0.05,, represents the systematic uncertainty
associated with the different choices of OMPs.

The calculation for the 4D configuration is shown as
the blue curve in Fig. 7. In contrast to the 55 component,
the forward-angle peaking behavior disappears. The ex-
tracted spectroscopic factor is S sy, =0.90+0.02,,+
0.13;,,. As evident from Fig. 7, measurements at forward
angles are crucial for quantitatively determining the relat-
ive contributions of the two configurations and, con-
sequently, for obtaining a more reliable experimental
constraint on the spectroscopic factors.

3. (o, He) reaction

The ground states of the even-N tin isotopes are well
known to exhibit neutron-superfluid character [1]. In the
present work, the (a, *He) channel was also investigated,
since strong nn pairing correlations are expected to en-
hance the transfer to the ground state of ''¥Sn [11, 12] rel-
ative to the transfer of two weakly correlated neutrons. In
contrast to the SLi channel, the excitation spectrum ob-
served in the ®He channel exhibits well-resolved struc-
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Fig. 8. (color online) The experimental angular differential

cross sections are shown. Red triangles represent the 2°Sn(a,
%He)!'8Sn(g.s.) transition. Black circles denote the upper limit
(UL) for the '2°Sn(a, ®Li)!'%In(g.s.) reaction. The lines con-
necting the data points are drawn to guide the eye.

tures, allowing the ground state of ''8Sn to be clearly
identified. The angular distribution of the differential
cross section is shown by the red triangles in Fig. 8. Two
pronounced oscillatory maxima were observed at
Om ~ 11° and 16°. The first peak reaches approximately
0.02 mb/sr, more than an order of magnitude larger than
the upper limit deduced for the ground-state transition to
81n, shown by the black solid circles.

The '2Sn(a, °Li)!'®In and '*Sn(a, ®He)''¥Sn reac-
tions were measured under identical experimental condi-
tions to minimize systematic uncertainties. The two reac-
tions have very similar Q values and momentum-match-
ing conditions; therefore, kinematic effects are expected
to make a negligible contribution to the difference
between the two cross sections shown in Fig. 8. The nn
transfer between even-A4 tinisotopes is strongly en-
hanced owing to the condensate-like nature of the neut-
ron pairs, providing a useful benchmark for investigating
the strength of the pn pairing correlation. The angular
differential cross section for the transition to ®In(g.s.) is
approximately one order of magnitude smaller than that
for the transition to ''8Sn(g.s.), indicating that the isoscal-
ar pn pairing correlation in '?°Sn is substantially weaker
than the corresponding nn pairing correlation. It can
therefore be concluded that the isoscalar pn pairing cor-
relation is not significant compared with the strong nn
pair condensation observed in the tin isotopes. A detailed
investigation of the '*Sn(a, °He)!'8Sn reaction over a
wide excitation-energy range is in preparation [48] and
will be reported in a forthcoming publication.

IV. CONCLUSION AND OUTLOOK

The '*Sn(a, °Li)'"®In reaction was measured for the
first time at E, =100 MeV over the angular range
By = 9°—19°. The spin-isospin selectivity of the (a, °Li)
probe enabled us to focus specifically on the isoscalar pn
pairing correlation in the heavy neutron-rich singly

closed-shell nucleus '?°Sn. A reliable energy calibration
for the detected °Li particles was achieved through the
analysis of several reaction channels induced on a Kapton
target. However, the finite energy resolution of the exper-
imental setup broadened the excitation-energy spectrum
of "®In, preventing a precise extraction of the strength of
the isoscalar pairing correlation.

In this work, the low-excitation region of '8In was in-
vestigated. An upper limit for the cross section populat-
ing the 1* ground state was evaluated. The forward-angle
differential cross section was found to be less than 3
ub/sr, while the integrated cross section over the meas-
ured angular range was determined to be 0.42+0.02 ub.
Second-order DWBA calculations including both the
SLi+!'"In and *He+'"Sn routes were found to be consist-
ent with the experimental data. A TNA value for the
nlge, ®v1gy, pair configuration removed from '*°Sn was
adopted following the prediction of Ref. [7]. The compet-
ition between simultaneous and sequential mechanisms
was investigated in detail. The calculations show that the
sequential process dominates the transfer, indicating that
the isoscalar pn pairing mode is not strongly enhanced.
Cluster-transfer calculations were also performed, and
upper limits for the deuteron spectroscopic factors were
extracted. The results indicate that both DWBA calcula-
tions are only weakly sensitive to the choice of OMPs.
The 'Sn(a, ®He)''®Sn reaction was additionally meas-
ured and compared with the °Li channel. The observed
difference of approximately one order of magnitude in
the cross sections indicates that the isoscalar pn pairing
correlation is substantially weaker than the correspond-
ing nn pairing correlation in this neutron-rich system.

The investigation of pn pairing correlations remains
an ongoing topic within the PHANES collaboration, as
their underlying nature is not yet fully understood. Un-
like the conventional (p, *He) approach, the isoscalar and
isovector pairing strengths can be selectively probed
through an appropriate choice of reaction probes, such as
(d, a) and (a, °Li). Neutron-rich nuclei are not the sole fo-
cus of this project; self-conjugate nuclei are also planned
for investigation, since they provide important reference
systems for comparison. To systematically study the mass
dependence of the pn pairing correlations [7], pair-re-
moval responses along isotopic chains will be investig-
ated. As a next step, forward-angle measurements for
both neutron-rich and self-conjugate nuclei have been
proposed using the magnetic spectrometers at RCNP.
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