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We report systematic data on the quasi-free (p, pt) and (p, p*He) reactions of ***8Ca iso-
topes at an incident proton energy of 226 MeV under recoil-less conditions, with the aim of
investigating t and *He cluster correlations in medium-mass nuclei. In addition, data on >C
and '°0 were taken to estimate the contribution of °O impurities originating from surface
oxidation of the Ca targets and to provide benchmark data for light N = Z systems. From
the experimental data, state-resolved triple differential cross-sections were extracted, to-
gether with separation-energy-integrated triple differential cross-sections as a complemen-
tary observable. The state-resolved triple differential cross-sections were analyzed within
a distorted wave impulse approximation (DWIA) framework, and experimental spectro-
scopic factors were deduced using Woods—Saxon wave functions. In addition, theoretical
triple differential cross-sections were obtained from DWIA calculations employing cluster
wave functions derived from generalized relativistic density functional theory (grDFT) and
were compared with the experimental results. For the Ca isotopes, pronounced low-lying S-
wave peaks are observed in the separation-energy spectra for both the (p, pt) and (p, p*He)
channels. The corresponding low-lying S-wave triple differential cross-sections and exper-
imental spectroscopic factors decrease systematically with increasing neutron number for
both the ¢ and *He clusters. Comparisons with grDFT-based DWIA calculations show that
the calculated triple differential cross-sections are of the same order of magnitude as the
experimental low-lying S-wave triple differential cross-sections and capture their global de-
creasing trend toward neutron-rich Ca isotopes. The separation-energy-integrated triple dif-
ferential cross-sections exhibit a clear channel-dependent behavior: the integrated strength
decreases for the (p, p*He) channel, whereas it remains nearly constant for the (p, pt) chan-
nel. Overall, the present results demonstrate that quasi-free (p, pX ) reactions provide a sen-
sitive and versatile probe of cluster correlations in finite nuclei, and strongly motivate fur-
ther experimental and theoretical studies of ¢ and *He cluster formation across a wide range
of nuclei.

Subject Index C30, D04, D11, D13, D22

1. Introduction

Cluster formation is a prominent manifestation of nucleon-nucleon correlations beyond the
independent-particle picture, and plays an essential role in our understanding of atomic nuclei
and nuclear matter [1-4]. Among various cluster configurations, the « cluster has attracted par-
ticular attention. A representative example is the Hoyle state in 12C, characterized by a dilute
3a configuration that plays a decisive role in stellar nucleosynthesis [5]. Subsequent investiga-
tions have shown that pronounced «a-cluster structures are not limited to '2C, but also emerge

*tsuji.ryotaro.r36@kyoto-u.jp
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in other light N = Z nuclei such as 1°0 and ?°Ne [6], for which rotational bands, parity-doublet
structures, and gas-like condensate features have been discussed [3,7-10].

Beyond finite nuclei, theoretical investigations of infinite nuclear matter provide further in-
sight into the universality of cluster correlations. In particular, generalized relativistic den-
sity functional theory (grDFT) predicts that, in addition to « particles, light clusters such as
d, t, and *He can form in nuclear matter [11,12]. In this framework, clusters are treated as
explicit degrees of freedom, and their gradual dissolution into the mean field with increas-
ing density is described through a density-dependent reduction of the cluster binding energy,
commonly referred to as a mass shift. This mechanism, known as Mott dissolution, originates
from Pauli blocking in the surrounding nuclear medium. As a result, cluster formation becomes
significant in low-density regions, of around one-tenth of the nuclear saturation density, and
strongly depends on the cluster species, the baryon density, and the degree of isospin asymme-
try.

The formation of light clusters at low density is also deeply connected to astrophysical envi-
ronments. In core-collapse supernovae, light nuclear clusters influence neutrino-matter inter-
actions and neutrino transport properties [13]. Cluster degrees of freedom play an important
role in determining the equation of state (EOS) of nuclear matter. For example, « particles are
incorporated in widely used supernova EOS models such as the Lattimer-Swesty EOS [14] and
the Shen EOS [15]. More recently, EOS tables including d, ¢, *He, and « clusters have been de-
veloped, such as the Furusawa-Togashi EOS [16] and those compiled in the CompOSE database
[17-19], which provide modern cluster-inclusive EOS models applicable to a wide range of as-
trophysical conditions.

An important implication of grDFT is that cluster formation may also occur in the surface
regions of finite nuclei, including medium- and heavy-mass systems [20]. In this context, a
“cluster” refers to a correlated multi-nucleon configuration generated by correlations beyond
the mean-field description, rather than to a free-space composite particle. In light nuclei, mi-
croscopic many-body approaches have shown that such correlations arise naturally from the
nucleon-nucleon interaction, especially for « clusters, which are strongly bound and spatially
compact. Representative examples include antisymmetrized molecular dynamics (AMD) cal-
culations [21,22] and ab initio no-core Monte Carlo shell model (MCSM) studies of '2C [23],
which reproduce cluster-like configurations without assuming preformed clusters. However,
the direct application of these fully microscopic approaches to heavier systems remains chal-
lenging because the required model space grows rapidly with mass number. In this respect,
although phenomenological in its treatment of clustering, grDFT provides a complementary
theoretical framework capable of bridging finite nuclei—including heavy systems—and infi-
nite nuclear matter within a unified description.

A direct experimental approach to such cluster correlations in nuclei is the proton-induced
quasi-free cluster knockout reaction, (p, pX) (X = d, t, *He, ). This reaction can be regarded
as a natural extension of the (e, ¢’ p) [24] and (p, pN) [25] reactions that are widely used to probe
single-particle features in nuclei. Such knockout reactions are commonly described within the
distorted wave impulse approximation (DWIA) framework under the assumption of a single-
step scattering process [24-29]. One of the kinematical requirements for this assumption is the
quasi-free condition, in which the momentum transferred to the knocked-out particle is signifi-
cantly larger than its in-nucleus momentum. In (p, pN) analyses within the DWIA framework,
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an experimental spectroscopic factor is defined as the ratio of the measured cross-section to a
reference DWIA cross-section calculated using a bound-state wave function with unit spectro-
scopic factor [29]. This established framework has recently been extended to cluster knockout
reactions.

For « clusters in the light-mass region, the (p, pa) reaction on **Ne has been successfully
reproduced by DWIA calculations employing AMD wave functions, demonstrating that the re-
action framework can quantitatively describe cluster knockout observables when combined
with appropriate microscopic structure inputs [30]. Furthermore, systematic (p, par) measure-
ments on stable Sn isotopes have revealed a monotonic decrease in the cross-section toward the
neutron-rich side, in qualitative agreement with grDFT predictions [31]. This result indicates
the emergence of « correlations near the nuclear surface even in heavy nuclei and highlights
the applicability of the grDFT+DWIA framework over a wide mass range.

For weakly bound clusters such as the deuteron, strong final-state interactions (FSIs) can in-
duce breakup and reformation processes, suggesting the need for their treatment within the
DWIA framework [32]. However, at sufficiently high incident energies, the effects of FSIs are
expected to become less pronounced. Indeed, recent studies using incident proton energies of
around 250 MeV have shown that DWIA calculations with and without explicit treatment of
FSI effects yield similar results for (p, pd) reactions, even for such fragile clusters [33]. These
developments indicate that the experimental and theoretical groundwork is now being estab-
lished for exploring not only « clusters but also lighter clusters such as d, ¢, and *He through
the (p, pX) reaction [34,35].

Studies of ¢ and *He clusters remain extremely limited. Unlike @ and deuteron clusters, ¢
and 3He are fermionic clusters with spin-parity J* = 1/2" and isospin T = 1/2, and their mi-
croscopic description is far less developed. Nevertheless, the mirror relationship between ¢ and
3He motivates the expectation that their formation may respond differently to the isospin asym-
metry of the surrounding nuclear medium. Indeed, recent grDFT calculations for infinite nu-
clear matter suggest a strong isospin dependence in their formation probabilities: ¢ correla-
tions are expected to persist even in neutron-rich environments, whereas *He correlations are
predicted to be strongly suppressed [12]. This intriguing prediction has not yet been verified
experimentally.

Although several studies have reported indications of ¢ and *He clustering in specific nu-
clei, most detailed discussions of their cluster structure have focused on excited states in light
nuclei. For excited states of light nuclei, charge-exchange data have suggested the existence
of di-trinucleon resonances (t +t, t + *He, and *He + *He) in A = 6 systems (°He, °Li, and
®Be) [36,37]. t-cluster structures have also been identified in !B, which corresponds to an s-
hole configuration of '2C, based on the observed t + 8Be decay of its excited states [38]. As for
the ground state, knockout reaction measurements have suggested a t + « configuration in the
ground state of “Li [39]. Measurements targeting the ground states of heavier nuclei are more
limited. Notable examples include (p, pt) and (p, p*He) reaction measurements on '>C and 60,
in which comparisons with previous transfer-reaction data have been made [40]. In addition,
a (p, pt) measurement on '°0 at an incident energy of 101.3MeV has been reported [41]. Be-
cause these measurements were performed at relatively low incident energies (< 100MeV), the
large uncertainties in reaction analyses have prevented definitive conclusions. For heavier Ca
isotopes, (p, @) and (n, a)/(a, "Be) reactions, corresponding to the removal of ¢ and *He clus-
ters, respectively, have been performed [42-45]. Nevertheless, t- and *He-clustering in medium-
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and heavy-mass nuclei has received comparatively little attention, and systematic ground-state
studies are still lacking.

In this study, we investigate t and *He cluster correlations in medium-mass nuclei through
quasi-free (p, pt) and (p, p*He) reactions on the 0:42-448Ca isotopic chain. The primary objec-
tives of the present work are to identify the trinucleon cluster correlations experimentally and
to examine their systematic evolution along the isotopic chain. The stable Ca isotopic chain
offers an optimal testing ground, spanning nuclei from the N = Z system to neutron-rich iso-
topes, and allowing normal-kinematics measurements with a high energy resolution. Moreover,
it includes two doubly magic nuclei, °Ca and “8Ca, which are particularly suitable for future
microscopic theoretical verification.

The measurements were performed under kinematical conditions for which analyses based
on the DWIA are expected to be reliable. An incident proton energy of Ti,. = 226 MeV
was employed, and the momentum transfer was chosen to satisfy the quasi-free condition.
Furthermore, recoil-less conditions were adopted to selectively probe low intrinsic clus-
ter momenta, thereby enhancing sensitivity to low-angular-momentum components of the
relative cluster-core motion, following previous (p, pa) studies. For reference and back-
ground evaluation, additional measurements were performed using '>C and '°O targets.
These data were used to assess contributions from °O arising from surface oxidation of
the Ca targets and to provide reference information from light nuclei, for which reaction
mechanisms and nuclear structure are relatively easier to interpret than in medium-mass
systems.

The experimental observables were analyzed in two complementary ways within the DWIA
framework. First, DWIA calculations using conventional Woods-Saxon cluster wave functions
were employed as reference calculations to extract experimental spectroscopic factors and
quantify the relative strengths of cluster components. Second, DWIA calculations incorporating
cluster wave functions derived from grDFT theory were performed, and the resulting theoreti-
cal cross-sections were directly compared with the experimental data.

2. Experiment and kinematical designs

In this section, we summarize the experimental conditions and kinematical settings adopted
for the (p, pX) measurements.

2.1. Experiment

The cross-sections for quasi-free (p, pt) and (p, p>He) reactions on 4*-424448Ca, as well as on 1>C
and '°0, were measured at the Research Center for Nuclear Physics (RCNP), The University of
Osaka. A proton beam extracted from the ECR ion source was accelerated to 226MeV by the
AVF and ring cyclotrons. The beam was transported through the WS beam line in the West
experimental hall [46] and delivered onto thin targets with a typical intensity of 100nA. The
beam intensity and its stability were monitored using a beam-line polarimeter 2 (BLP2) located
in the WS beam line upstream of the scattering chamber, and a Wall Faraday cup (WallFC)
installed about 25 m downstream of the scattering chamber. The BLP2 was positioned before
the final bending section leading to the target. The absolute beam-charge normalization was
determined using a retractable Faraday cup installed inside the scattering chamber (SCFC),
whose position is indicated in Fig. 1.
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|Grand Raiden Spectrometer(GR)| | Large Acceptance Spectrometer(LAS) |
BLas ~50°

Plastic Scintillator

Retractable
Scattering-chamber
Faraday cup (SCFC)

nocked-out cluster
t, 3He

Scatter?ng chamber Vertical Drift Chambers (VDCs)

226 MeV proton beam
accelerated by AVF and ring cyclotrons

Plastic Scintillators
4042.44,48Caq, 12C, and 160 targets

Vertical Drift Chambers (VDCs) Scattered proton

Fig. 1. Schematic view of the experimental setup for the (p, pX ) measurements in the West experimental
hall of the RCNP. The scattered protons and knocked-out clusters were analyzed using the double-arm
spectrometers GR and LAS, arranged in a coplanar geometry at laboratory angles of approximately 50°
with respect to the beam axis. The target inside the scattering chamber was rotated by 60° with respect
to the beam direction. A retractable Faraday cup (SCFC) for absolute beam-charge normalization is also
shown.

The scattered protons and knocked-out clusters were analyzed using the double-arm mag-
netic spectrometer system, originally developed for (p, 2p) measurements [25]. A schematic
view of the experimental setup for this measurement system is shown in Fig. 1. The scat-
tered protons were analyzed with the GR spectrometer [47], while the knocked-out clus-
ters were analyzed with the Large Acceptance Spectrometer (LAS) [48]. In each spectrom-
eter, particle trajectories were reconstructed using vertical drift chambers (VDCs) at the fo-
cal plane, while plastic scintillators provided trigger, timing, and energy-loss (AE) informa-
tion for particle identification. Because the outgoing clusters detected in LAS have relatively
low energies, the material thickness of the focal-plane detectors was minimized. The VDCs
operated with a He (50%)-CH4 (50%) gas mixture, and a thin 1-mm plastic scintillator was
used.

Coincidence events between GR and LAS were recorded. For the trigger condition, GR re-
quired a coincidence between its two scintillator layers, whereas LAS used only the single thin
scintillator to ensure efficient detection of low-energy cluster particles. To optimize the res-
olution of the azimuthal (¢) angle, GR was operated in under-focus mode [49] and LAS in
over-focus mode.

Metallic foils of 40-42-4448Ca were used as targets. Reference measurements were performed
using a 12C target in the form of a self-supporting natural carbon film and a 6O target provided
by a Mylar (polyethylene terephthalate, C;oHgO,4) film. The '2C and 60 data were used to eval-
uate the 1°0 contamination in the Ca targets arising from surface oxidation [50], and also served
as reference data for light N = Z nuclei to benchmark the analysis procedure. The total target
thicknesses were determined from independent measurements of mass and area. It should be
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Table 1. Total target thicknesses and isotopic compositions (natural abundances for natural targets and
enrichments for enriched Ca targets).

Target Total thickness Isotopic compositions
(mg/cm?) (%)

2c 10.7(2) 98.89 (natural)
160 (Mylar) 10.5(2) 99.76 (natural)
40Ca 11.8(2) 96.94 (natural)
“Ca 10.0(6) 93.71

4Ca 9.7(6) 98.78

“8Ca 10.0(6) 95.23

noted that the total target thickness includes not only the element of interest (e.g., Ca isotopes)
but also contributions from other elements such as hydrogen, carbon, and oxygen. Hydrogen
does not contribute to the analyzed (p, pt) or (p, p>He) channels. In addition, its contribution is
negligible for the Ca and carbon targets, whereas it is a structural constituent of the Mylar target,
and its amount can be directly determined from the known chemical composition. Accordingly,
hydrogen is not explicitly considered in the discussion of the target composition, except for the
Mylar target. The enrichment of the 4*4+48Ca targets exceeds 90%. The total target thicknesses
and isotopic compositions—natural abundances for natural targets and enrichments for the
42.44.98Cq targets—are summarized in Table 1. The targets were tilted by 60° to minimize varia-
tions in the path length of the outgoing low-energy clusters, thereby reducing the degradation
of the separation-energy resolution caused by their large and path-length-dependent energy
loss in the target.

2.2. Kinematical design and spectrometers setting

The (p, pX ) measurements were performed under kinematical conditions corresponding to the
quasi-free scattering picture, in which the incident proton undergoes a single-step scattering
from the cluster and the residual nucleus acts as a spectator. The experimental conditions were
designed in terms of: the separation energy Sy, defined as the energy required to remove the
cluster X from the target nucleus; the momentum transfer q to the knocked-out cluster; and
the in-nucleus momentum of the cluster kr. The detailed definitions and formal description of
the kinematical framework are provided in Section S1 of the Supplementary Material.

The spectrometer settings were chosen to cover the separation energy range that corresponds
to excitation energies up to approximately 10MeV. The central separation energies were set
to Sy = 25MeV for the 4**8Ca(p, pt) and ****Ca(p, p*He) reactions. For the “*Ca(p, p*He), a
larger value of Sy = 35MeV was adopted to account for its higher ground-state separation en-
ergy, as listed in Table 2.

The in-nucleus momentum of the cluster was centered at kr = 0 with an acceptance of about
+50MeV/c, corresponding to the recoil-less conditions. The momentum transfer to the clus-
ter was approximately g ~ 550MeV/c. Because the quasi-free condition requires g to be much
larger than kr for a valid single-step knockout description, the present kinematics satisfy this
requirement.

The kinematical design parameters and corresponding spectrometer settings for GR and LAS
are summarized in Table 3. Almost identical central energies and spectrometer angles were used
for the (p, pt) and (p, p*He) reactions in the two spectrometers. In contrast, different magnetic-
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Table 2. Ground-state separation energies.

Target SE¥ (MeV) S&. (MeV)
40Ca 24.996 18.830
42Ca 20.690 20.236
4Ca 20.859 23.332
8Ca 22.559 29.385
2c 27.366 26.280
150 25.032 22.793

Table 3. Design values of kinematical parameters and spectrometer settings.

Parameter 40-48Ca(p, pt) 40-44Ca(p, p*He) “Ca(p, pHe)
Sy (MeV) 25 25 35
kr(MeV/c) 0 0 0
q(MeV/c) 552.10 552.06 543.98
Ocr 51.23° 51.23° 50.70°
OLAs 50.89° 50.89° 49.25°
Bgr(mT) 610.6 610.9 591.8
Bpas(mT) 1051.7 549.47 518.1
Ter(MeV) 149.06 149.05 140.60
Tias(MeV) 53.74 53.75 52.20

field settings of LAS were applied to account for the different charges of the outgoing clusters.
For a consistent evaluation of target contamination, natural carbon and Mylar targets were
measured under all spectrometer settings listed in Table 3.

3. Datareduction

In this section, we describe the data-reduction procedures used to convert the measured (p, pX)
coincidence events into separation-energy (Sx) spectra, to identify the populated states in the
residual nuclei, and to extract the corresponding triple differential cross-sections (TDX).

3.1. Event reconstruction and separation-energy determination

Particle identification (PID) to select events originating from the (p, pt) and (p, p*He) reac-
tions is performed using energy-loss (AE) and time-of-flight (TOF) information. The TOF of
the detected particles is determined from the time difference between the focal-plane plastic
scintillator signal and the radio-frequency (RF) reference signal from the ring cyclotron, which
provides a timing reference correlated with the arrival of the beam at the target. In GR, AE
obtained from the plastic scintillators exhibits a pronounced high-energy-loss tail, making it
unsuitable for particle identification. Instead, clear separation of protons is achieved using the
TOF information alone, and thus PID in GR is performed solely based on the TOF spectrum by
applying a £100 gate around the proton peak. In LAS, the low energies of the outgoing clusters
(~ 50MeV) result in insufficient AE resolution from the plastic scintillator. Instead, an alterna-
tive AE observable is defined from the mean time-over-threshold (TOT) of the hit VDC wires
and combined with the TOF information for PID. The TOF gate width is set to £4¢, while
the AE gate is applied only on the low-energy-loss side (up to —40) to suppress background
contributions without introducing a significant event loss.
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Fig. 2. (a) TOF-difference spectrum between GR and LAS with the PID gate applied. The circular mark-
ers represent the counts per bunch, and the red dashed line indicates the mean accidental-coincidence
counts per bunch. (b) Sx spectrum showing the true coincidences (blue) and the averaged accidental-
coincidence background over eight side bunches (red). The example is from the *°Ca(p, p*He) reaction.

Even after applying the PID gates, accidental coincidence events not originating from the
(p, pX) reactions remain. To extract the true (p, pX) events, the TOF difference between GR
and LAS is analyzed under the PID conditions, as shown in Fig. 2(a), where multiple peaks re-
flect the beam bunch structure. The central peak corresponds to true coincidence events from
the same beam bunch but still includes the accidental-coincidence background, which is eval-
uated by averaging the Sx spectra of the eight surrounding side peaks.

Figure 2(b) compares the Sy spectrum obtained from the true-coincidence region (blue sym-
bols) with the averaged accidental-coincidence-background Sx spectrum (red symbols). Under
the present recoil-less kinematical conditions, the recoil energy of the heavy residual nucleus
is negligible owing to its large mass. Accordingly, the separation energy Sx is given by

Sx = Tinc — Tp — Tx, (1)
where T, and Tx are the kinetic energies of the outgoing proton and the knocked-out cluster
measured by GR and LAS, and Tj,. = 226MeV is the incident-beam energy.

3.2.  Conversion to acceptance-averaged TDX and treatment of target contamination
The background-subtracted Sx spectra are converted into acceptance-averaged, bin-normalized
TDX values, ATDXy,/ASx, which are shown as a function of Sx within the experimental ac-
ceptance, as defined by the offline analysis cuts:
ATDXep o ) _ 1 Ny px)(Sx)
ASx ASx ATy AQy AQx € Noeam G5,/ €OS Orarget

Here, N, »x)(Sx) denotes the number of (p, pX) events in each Sx bin after accidental-
coincidence-background subtraction and after applying the experimental acceptance cuts as
defined below. The Sx spectra are histogrammed with a bin width of ASx = 0.2MeV. The to-
tal detection efficiency € includes the tracking efficiencies of the GR and LAS VDCs and the
data-acquisition (DAQ) live time. The evaluated values, together with their typical uncertain-
ties at the 0.1% level, dominated by the DAQ live time, are summarized in Section S2 of the
Supplementary Material.

The number of incident protons is determined as Npeam = Qpeam/€, Where Qpeam denotes
the accumulated beam charge. The accumulated beam charge is evaluated on a run-by-
run basis using the mean counts of the BLP2 beam monitor, which showed stable perfor-

(2)
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Table 4. Effective target thicknesses and relative atomic amounts with respect to the Mylar target. For
the relative atomic amounts, the uncertainties reflect only the statistical uncertainties of the elastic-
scattering yields.

Target Effective thickness Fisg rac
(mg/cm?)

Natural carbon (*2C) 10.7 (13) 0.0219 (3) 1.839 (6)
Mylar (°0) 3.5(4) 1 1
40Ca 11.5(11) 0.0944 (4) 0.0057 (1)
2Ca 8.4(8) 0.453 (2) 0.0134 (1)
#Ca 8.7(9) 0.284(1) 0.0046 (1)
BCa 8.8(9) 0.333 (1) 0.0133 (1)

mance throughout the measurement. The absolute normalization of the BLP2 counts is cal-
ibrated with a retractable SCFC installed in the scattering chamber. The stability of the nor-
malization is further verified by occasionally comparing the BLP2 counts with those of the
WallFC, and the two monitors are generally consistent within uncertainties, except for oc-
casional unstable runs of the WallFC. The resulting total uncertainty in the beam-charge
determination is estimated to be 2% (see Section S3 of the Supplementary Material for
details).

The target tilt angle Oirge Was fixed at 60°. Accordingly, a correction to the target thickness

was applied to account for the geometrical increase owing to the tilt.
The quantity afgget represents the effective areal density of the target nuclei used for the nor-
malization of the TDX. It is derived from the effective target thickness after accounting for the
isotopic composition and background contributions from chemical elements other than the
element of interest, such as oxygen originating from surface oxidation in the Ca targets and
carbon components in the Mylar target. These background contributions are evaluated using
the relative atomic amounts introduced below.

The relative atomic amounts of ?C and 'O in each target are determined from the pro-
ton elastic-scattering yields measured for the 2C(p, p) and ¢O(p, p) reactions, which were
obtained under identical spectrometer settings and angular acceptance [50]. The resulting rel-
ative atomic amounts, risg and ruzc, are defined with respect to the Mylar target and are sum-
marized in Table 4. Because the relative atomic amounts are determined from ratios of elastic-
scattering yields measured under identical experimental conditions, they can be evaluated with-
out requiring detailed knowledge of the absolute target thickness or composition, provided that
the beam irradiates the same region of each target. During the beam time, the beam position
was periodically monitored using a beam-profile monitor (demagnifier) and was confirmed to
pass through the target center within visual accuracy. The uncertainties for the relative atomic
amounts listed in Table 4 reflect only the statistical uncertainties of the elastic-scattering yields
used for their determination. For the Mylar target, the relative atomic amounts are defined
as unity by construction, while its statistical uncertainty is propagated to those of the other
targets.

The effective target thicknesses, including the corrections for impurity contributions, are
also summarized in Table 4. The uncertainty in the effective target thickness is estimated
to be of the order of 10%. For the Ca targets, uncertainties associated with the nominal tar-
get thickness and the evaluation of surface oxidation contribute at a comparable level, while
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Fig. 3. Sx spectra for the (p, pt) and (p, p*He) reactions on light nuclei. Panels (a)-(d) show the spectra
for the natural-carbon and Mylar targets. The estimated 2C(p, pt) and (p, p*He) backgrounds in the My-
lar data are shown with green hatching. Panels (e) and (f) present the 60 spectra obtained by subtracting
the carbon contributions from the Mylar spectra.

for the 10 (Mylar) and !2C targets, the dominant contribution originates from thickness
non-uniformity.

Details of the evaluation of the effective target thickness and the determination of the rel-
ative atomic amounts, and their associated uncertainties, are described in Section S4 of the
Supplementary Material.

The quantities AT,, AQ,, and AQy denote the experimental acceptances in the outgoing-
proton kinetic energy and in the laboratory solid angles of the outgoing proton and cluster,
respectively. These acceptances are defined as software gates in the offline analysis. The uncer-
tainties in the angular acceptances A2, and AQx are each estimated to be about 2%. Details of
the acceptance definition and the numerical values for each experimental setting are summa-
rized in Section S5 of the Supplementary Material.

4. Results

The resulting acceptance-averaged Sy spectra are shown in Figs. 3 and 4. The Sx resolution
was typically 0.2MeV for the (p, pt) reactions and 0.4MeV for the (p, p*He) reactions, which
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Fig. 4. Sx spectra for the (p, pt) and (p, p*He) reactions on the “0-424448Cq targets. Panels (a)-(d) corre-
spond to the (p, pt) reactions and panels (e)-(h) to the (p, p*He) reactions. The estimated °O(p, pt) and
(p, p*He) backgrounds are shown in cyan hatching. The red arrows and labels mark the 1/2" states of
the residual nuclei. The red dashed curve denotes the fitting function used to extract the cross-section of
these 1/27 states.

was mainly determined by the difference in the energy loss of the outgoing clusters inside the
target.

4.1. Peak identification and TDX extraction

To extract state-resolved TDX values, the excited states of the residual nucleus are identified
by mapping the excitation energies listed in the NNDC database. The corresponding peaks are
fitted with single or multiple Gaussian functions. The Sy resolution (Gaussian o) is treated as
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a single common parameter for all peaks within each spectrum. If significant overlap with im-
purity components is present, impurity background subtraction using the fixed relative atomic
amounts is applied. When the peak of interest is free from impurity contributions, the fit is
performed on the spectrum without impurity background subtraction. The extracted experi-
mental TDX values are summarized in Tables 5 and 6 for the light nuclei and the Ca isotopes,
respectively.

Figures 3(a) and (b) show the Sy spectra for the 2C(p, pt) and '2C(p, p*He) reactions, re-
spectively. In both cases, a single prominent peak corresponding to the 3/2~ ground state of the
residual ?B and ?Be nuclei is observed and fitted accordingly. Figures 3(c) and (d) show the Sx
spectra obtained from the Mylar target for the (p, pt) and (p, p*He) reactions, respectively. The
hatched green histograms represent the *2C(p, pt) and (p, p*He) spectra, scaled by the relative
atomic amounts of 12C between the Mylar and '*C targets, and thus correspond to the '2C contri-
bution in the Mylar spectra. The corresponding *O(p, pt) and °O(p, p*He) spectra, estimated
after subtraction of the '2C contribution, are shown in Figs. 3(e) and (f). In these spectra, clear
peaks corresponding to the 1/2~ ground states, as well as to the 1/2" and 3/2~ excited states of
the residual >N and '*C nuclei, are observed. The ground states and the 3/2~ state of N are
free from carbon background and are analyzed directly. The other states are extracted after car-
bon subtraction: the 1/27 state of 13N is obtained from a fit, whereas the unresolved 1/2* and
3/27 states of 1°C are treated by integrating the spectrum over [Sx(1/27) — 30, Sx(3/27) + 30,
with o = 0.4 MeV, corresponding to the typical Sx resolution of the (p, p>He) measurement.

The Sx spectra for the 40-424448Ca(p, pt) and (p, p*He) reactions are shown in Fig. 4. The
hatched cyan histograms represent the 1°O(p, pt) and (p, p*He) spectra, scaled by the relative
atomic amounts of 1°0 between the Mylar and Ca targets, and thus correspond to the 1°O contri-
bution in the Ca spectra. The displayed °O background spectra are mildly Gaussian-smoothed
to suppress statistical fluctuations. For each bin in the Sx spectra, the bin content and its two
neighboring bins are weighted using a Gaussian function with widths corresponding to the
experimental Sy resolution [0.2 MeV for (p, pt) and 0.4 MeV for (p, p*He)]. This effect is par-
ticularly pronounced for the 1°0O background spectrum in the *Ca(p, p*He) channel; for con-
sistency, the same smoothing procedure is applied to the displayed 6O background spectra in
the other cases as well.

For the Ca targets, a pronounced peak corresponding to the 1/27 state of the residual K and
Ar nuclei is consistently observed in the Sx spectra and serves as the primary focus of the
present analysis. For “*Ca(p, p*He), the 1.66-MeV excited state of **Ar, previously observed
in the **Ca(a, "Be)* Ar reaction, is treated as the 1/2* candidate [45]. For the (p, pt) reactions
on “*8Ca, as well as for the (p, p*He) reactions on “°Ca and #**Ca, the peak corresponding to
the 1/2% state of the residual nucleus is well separated from the 1°0O background and fitted di-
rectly, as shown by the red curves in Fig. 4. The peak width for the 1/2* state in **K is somewhat
larger than those for the other nuclei, which may reflect statistical fluctuations or unresolved
background contributions in this region. However, the nearby known states involve larger
angular momenta and are expected to be weak under the present recoil-less conditions, and
this region is essentially free from the 0 background. Therefore, the strength in this low-Sy
region is considered to be dominated by the 1/2% component. In contrast, for the (p, p*He) re-
actions on **Ca and “8Ca, the oxygen contribution is non-negligible and is subtracted prior to
the fit, as shown in Fig. 5.
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Table 5. Experimental and WS-based DWIA triple-differential cross-sections, TDX, and TDXyws, together with the experimental spectroscopic factors seyp, for
the 1/2% state of the residual nuclei in the '*C and **O(p, pt) and (p, p*He) reactions. The uncertainties of TDXexp and sexp represent the total uncertainties
obtained by combining the statistical and systematic components. For the TDXws values, the (p, pt) results are scaled by a factor of 1.45 to account for the
elementary-process asymmetry. The extracted s.y, values are affected accordingly. For reference, the TDXE{,Z‘SW) and s&%w) obtained without applying the elementary-

process scaling are also listed.

State of the
Target residual nucleus Cluster (n,L,J) TDXexp TDX%‘SW) s&‘i,w) TDXws Sexp
(nbMeV~!sr2) (nbMeV~!sr?) (nbMeV~1!sr—2)

2c gs.(3/27) t (1,1,1/2) 2.1(3)x10? 5.44x10? 0.39(6) 3.74x10% 0.56(8)
3He 3.2(4)x10? 5.61x10? 0.56(8) 5.61x10% 0.56(8)

160 g.s. (1/27) t (1,1,1/2) 0.9(3)x10? 5.70x10? 0.15(5) 3.92x10? 0.22(7)
SHe 1.3(4)x10? 5.58x10? 0.24(7) 5.58x10? 0.24(7)

160 1/2% t (2,0,1/2) 1.4(6)x10% 2.39x103 0.06(2) 1.65x10? 0.08(3)

160 3/2° t (1,1,3/2) 2.8(5)x10? 3.98x10? 0.69(12) 2.74x10? 1.0(2)

160 1/2% and 3/2~ 3He - 6.3(12)x10? - - - -
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Table 6. Experimental and WS-based DWIA triple-differential cross-sections, TDXcy, and TDXys, to-
gether with the experimental spectroscopic factors Seyp, for the 1/2" state of the residual nuclei in the
4048Ca(p, pt) and (p, p*He) reactions. The uncertainties of TDXexp and sexp represent the total uncertain-
ties obtained by combining the statistical and systematic components. For the TDXws values, the (p, pt)
results are scaled by a factor of 1.45 to account for the elementary-process asymmetry. The extracted seyp
values are affected accordingly.

Target Cluster TDXexp TDXws Sexp
(nbMeV~1sr2) (nbMeV~!sr2)
(s=1)
4OCa t 1.2(2)x 10? 1.07x103 0.11(2)
3He 2.6(3)x10? 1.60x 103 0.16(2)
42Ca t 1.0(2)x10? 1.14x10° 0.09(2)
3He 2.0(4)x10? 1.40x103 0.14(3)
#Ca t 0.6(1)x10? 1.12x10° 0.05(1)
3He 1.6(3)x 10% 1.21x103 0.13(2)
“8Ca t 0.5(1)x10? 1.04x103 0.05(1)
3He 1.0(3)x 10? 8.5x10? 0.11(3)

(a) 400 >~ 39 (b) 400 48 45
I - T,.=226 MeV 2's *2Ca(p,p®He) ™ Ar - = Ca(p,p®He)  Ar
% L ~ 8 I - 5 2
o [ > o = ©
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= 200 4 ] 1 200— o il
e 4 A
CDX
<
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Fig. 5. Sx spectra for the ***3Ca(p, p*He) reactions after subtraction of the *O(p, p*He) contributions.
The red curves show the fits to the 1/2% states of the residual nuclei; for “*Ar, the 1/2% assignment
corresponds to the candidate state discussed in the text.

4.2. Integration of TDX

In the Ca isotopes, the Sx spectra shown in Fig. 4 exhibit channel- and isotope-dependent frag-
mentation patterns. In the (p, pt) reaction on *°Ca, the 3/2% ground state is clearly observed
together with the low-lying 1/2" state, and additional strength is present at higher excitation
energies. For the Sx spectra of the (p, pt) reactions on the neutron-rich Ca isotopes, significant
strength is distributed at excitation energies above the identified 1/2% peak, although individual
states cannot always be uniquely assigned. In contrast, in the (p, p*He) channel, the strength is
largely concentrated in the 1/2* state across the Ca isotopes, with this concentration becoming
particularly pronounced for *Ca and heavier isotopes.

To visualize the strength distributed beyond the identified low-lying 1/27 states of the resid-
ual nuclei in the (p, pt) and (p, p*He) reactions on Ca isotopes, a complementary analysis is
performed by evaluating the Sx-integrated TDX values, with an Sx-dependent acceptance cor-
rection, denoted as TDXy.

The measured Sx spectra are affected by the experimental acceptance, which depends on
Sx through the available phase-space volume in the in-nucleus momentum of the cluster
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Table 7. Sx-integrated triple differential cross-sections TDXiy, for the 4“*4Ca(p, pt) and (p, p*He) reac-
tions. The uncertainties of TDXjy represent the total uncertainties obtained by combining the statistical
and systematic components.

(p. pt) (p, p’He)
Target TDXin(nbMeV 1 sr2) TDXin(nbMeV ! sr2)
40Ca 3.8(6)x10? 6.4(8)x10?
2Ca 3.0(7)x10? 2.8(9)x10?
#Ca 3.9(7)x10? 1.9(7)x10?
Ca 3.9(8)x10? 1.3(6)x10?

and the center-of-mass solid angle of the elementary p-X scattering process. To account for
this effect, an Sx-dependent acceptance correction is applied based on the phase-space factor
A3kFAQ;‘§((SX) evaluated using Monte Carlo simulations. The Sy spectra are then corrected
using the weight function

Nk AQSS(SY)
A3kp AQSS(Sx)

(3)

where the normalization at S}l(/2+ corresponds to the excitation energy of the low-lying 1/2*
state of the residual nuclei. The validity of the acceptance-correction procedure is examined by
comparing the Sy dependence of the phase-space factor A3kFAQ;I§((SX) used in the correc-
tion with that of the TDX obtained from DWIA calculations. The close agreement between the
two indicates that the observed Sx dependence of the measured spectrum is governed largely
by the experimental acceptance, while reaction-mechanism effects incorporated in the DWIA
calculation play a relatively minor role. This supports the reliability of the present correction
scheme (see Section S6 of the Supplementary Material for details).

The integration is performed over the excitation-energy range Sx — S%° = 0-8MeV for all
isotopes, a range that captures the main low-lying strengths while avoiding the region where
the acceptance rapidly decreases and the correction becomes unreliable. Contributions from
the 1°0 impurities are subtracted from the spectra. The resulting Sx-integrated values, TDXjy,,
are summarized in Table 7.

4.3.  Uncertainty of extracted TDX

The uncertainties in the extracted TDX values consist of statistical contributions, dominated
by the experimental yields, and systematic contributions, dominated by the absolute normal-
ization. The statistical uncertainty includes the counting statistics of the events and the propa-
gated uncertainties from the subtraction of accidental-coincidence and impurity backgrounds.
For the state-resolved TDX values obtained by spectral fitting, the statistical uncertainty is given
by the fitting uncertainty of the corresponding peak yields, whereas for the Sx-integrated TDX
values, it is determined directly from the integrated event counts. The resulting statistical un-
certainty typically amounts to 10-25% and constitutes the dominant contribution to the total
uncertainty.

Among the systematic uncertainties affecting the absolute scale of the TDX, the dominant
contribution arises from the uncertainty in the effective target thickness. This uncertainty, as-
sociated with the determination of the effective areal density, is estimated to be about 10% for
all targets used in the present experiment.
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Other systematic uncertainties, including those associated with the beam-charge determina-
tion, the angular acceptances of the spectrometers, and the relative atomic amounts used for
scaling the impurity background, are comparatively small and amount to about 3-4% in total.

The uncertainties associated with the relative atomic amounts used for scaling the impurity-
background contributions in the Sy spectra are propagated to the extracted TDX values through
the background-subtraction procedure, and their impact depends on the relative contribution of
the impurity components. For most observables, the impurity contribution is either outside the
relevant Sy region or small. In the latter case, the resulting uncertainty remains at the level of
a few percent even when a conservative systematic uncertainty of about 10% is assumed for the
relative atomic amounts, and is subdominant compared with the other statistical and system-
atic uncertainties. However, for observables with larger background contributions, the impact
becomes more pronounced. A conservative estimate of this uncertainty of about 10% is obtained
from consistency checks, including comparisons with the (p, pa)yields in Ref. [50] and with the
values expected from the nominal target composition and thickness. Details of the evaluation
of the propagated uncertainties of the TDX values arising from the conservatively assumed un-
certainty of the relative atomic amounts are given in Section S4 of the Supplementary Material.

5. Reaction analysis
The extracted TDX values are compared with DWIA calculations, a framework known to pro-
vide a reliable description of quasi-free (p, pN) reactions [25] and previously applied to (p, pa)
reactions [30,51,52]. The present calculations for (p, pt) and (p, p*He) reactions are performed
using the code PIKOE [29], following these earlier knockout analyses [53].

To allow for a direct comparison with the experimental TDX values, the DWIA TDX values
are calculated as acceptance-averaged quantities,

d3o
dedep dS2x (dTPdede>DWIA

[dT,dQ,dQx ’

where the integration variables correspond to the experimental acceptance.

TDXpwia = 4)

5.1. Input for DWIA

The DWIA calculations require the following inputs: (i) the optical potential for the inci-
dent proton-target system; (ii) that for the scattered proton-residual system; (iii) that for the
knocked-out cluster-residual system; (iv) the elementary proton-triton and proton—>He elastic-
scattering amplitude; and (v) the bound-state wave function of the cluster inside the nucleus.

For (i) and (ii), microscopic folding optical potentials commonly employed in (p, pN) anal-
yses are used. The folding potentials are constructed using the g-matrix interaction [54] with
the Brieva-Rook localization procedure [55-57]. The nucleon density distributions of the target
and residual nuclei are taken from Hartree-Fock calculations with the Gogny D1S interaction
[58,59].

For (iii), the composite nature of the knocked-out cluster is taken into account by employing a
double-folding potential [60], where the nucleon density distributions in t and *He are obtained
from calculations based on the Gaussian expansion method [61].

For (iv), the corresponding free-scattering energy T, is lower than the incident-beam en-
ergy Tinc = 226MeV. Under the present acceptance, Tyq falls in the range of 180-200MeV. Be-
cause experimental p-t and p—>He elastic-scattering data are scarce in this energy region, the
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Fig. 6. Radial wave functions r¢(r) for (a) ¢ clusters and (b) *He clusters in the Ca isotopes calculated with
the WS model. The spatial distributions of the t and >He wave functions show little isotopic dependence.

elementary scattering amplitudes are calculated using folding potentials within the Kerman-
McManus-Thaler (KMT) multiple-scattering formalism [62].

For (v), two distinct cluster wave functions are employed according to the purpose of the anal-
ysis. First, conventional Woods-Saxon (WS) wave functions are adopted to provide a reaction-
mechanism reference for the state-resolved TDX.y,, from which experimental spectroscopic
factors are extracted. Second, grDFT-based wave functions are used to obtain theoretical TDX
values that can be directly compared with the experimental data.

5.2.  WS-based TDX and experimental spectroscopic factor
For each state, a TDX is calculated using a WS wave function normalized to unity. The TDX,
denoted as TDXys, serves as a reference in the following. The experimental spectroscopic factor

is then defined as
TDXexp

TDXws )
The quantity sy, serves as a phenomenological measure of the cluster component within the
WS-based DWIA framework.

The WS wave functions are calculated within the PIKOE code. The WS potential includes
central and Coulomb terms together with a non-local correction. The geometrical parameters
are set to ry = 1.41fm, a = 0.65fm [41], and r. = 1.20fm, and the depth of the central term is
adjusted to reproduce the cluster separation energy. The spin-orbit term is omitted, as no es-
tablished prescription exists for the spin-orbit interaction in cluster-residual-nucleus systems.
Each WS wave function is characterized by (n, L, J), where n is the radial node number, L the
orbital angular momentum, andJ = L & Swith S = 1/2.

The radial wave functions r¢(r) obtained with the WS model for the cluster-residual relative
motion are shown in Fig. 6. The WS cluster wave functions for the ¢ and 3He clusters in the Ca
isotopes, which populate the 1/27 states of the residual nuclei after knockout, are characterized
by the quantum numbers (n, L, J) = (3, 0, 1/2). The spatial distributions of r¢(r) exhibit only
weak isotopic dependence.

Sexp =

5.3. grDFT-based TDX

In order to compare experimentally observed TDX values with more realistic theoretical pre-
dictions, DWIA calculations are also performed using cluster density distributions in the Ca
isotopes obtained within the grDFT framework. It should be noted that the cluster density dis-
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Fig. 7. Isotopic dependence of the grDFT-based spectroscopic factors sgppr of ¢ and 3He clusters for
40-48Ca. Red circles correspond to the ¢ channel and blue triangles to the *He channel. The *He value for
48Ca is omitted because its amplitude is negligibly small.

Table 8. The grDFT-based triple differential cross-section values TDXgprr and spectroscopic factors
sgrprr for the Ca isotopes. For the theoretical TDXgprr values, the (p, pt) results are scaled by a factor of
1.45 to account for the elementary-process asymmetry.

t cluster 3He cluster

Target SgrDFT (p, pt) SgrDFT (p, p*He)

TDXgrDFT TDXgrDFT

(nbMeV~1sr—2) (nbMeV~1!sr—2)

0Ca 0.089 4.25%10? 0.091 5.98x10?
42Ca 0.115 4.89x10? 0.071 4.31x10?
4Ca 0.091 4.41x10% 0.033 2.00x10?
“8Ca 0.0046 3.6x10" - -

tributions are assumed to be isotropic in the present grDFT theory for the finite nuclei. Conse-
quently, the grDFT cluster densities are considered to correspond to S-wave cluster configura-
tions. Accordingly, the comparison is made to the data for the S-wave clusters.

In the grDFT framework, this isotropic cluster structure is described by the radial density
distribution D(r). The integral of this density,

SgrDFT Z/dSVD(V), (6)

is interpreted as the theoretical spectroscopic factor, or equivalently as the cluster number. The
isotopic dependence of the sgprr values for the Ca isotopes is shown in Fig. 7, and the numer-
ical values are listed in Table 8. For the *He channel, the Sgrprr Values decrease monotonically
with increasing neutron number. The *He component in *3Ca is excluded from the discussion
because its amplitude is too small to be observed in the experiment. In contrast, for the ¢ chan-
nel, the sg:prr values show a slight increase from “°Ca to **Ca, followed by a monotonic decrease
toward “8Ca.

In these calculations, the cluster wave function ¢(r) = /47 D(r) derived from the grDFT cal-
culation is used as input to the DWIA framework. The radial wave functions r¢(r) derived from
the grDFT model are shown in Fig. 8. While the amplitudes exhibit isotopic dependence, the
spatial shapes of the distributions remain largely unchanged.
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Fig. 8. Radial wave functions r¢(r) for (a) ¢ clusters and (b) He clusters in the Ca isotopes calculated
with grDFT. The amplitudes reflect the spectroscopic factors sgprr, showing a decrease with increas-
ing neutron number. The *He cluster in *3Ca is excluded because no significant spectroscopic factor is
calculated. In contrast, the spatial distributions exhibit no major differences.

The grDFT-based TDX values, TDXprr, were calculated using these wave functions, assum-
ing L =0,J = 1/2%, and the Sx corresponding to the low-lying 1/2% state of the residual nu-
cleus, so as to enable a direct comparison with the low-lying S-wave TDX,y, values.

5.4. Application to light nuclei

To examine the behavior of the present analysis framework, the WS-based DWIA calculations
are applied to the 2C and '°O (p, pt) and (p, p*He) reactions. The WS-based TDX values and
the experimental spectroscopic factors, denoted as TDX&,?SW) and sg%w), together with the clus-
ter configurations (n, L, J) adopted for the WS-based DWIA calculations, are summarized in
Table 5.

For the present (p, pt) and (p, p*He) data on **C and '°O, the TDX.y, values for (p, p*He)
are approximately 50% larger than those for (p, pt). This asymmetry persists in the extracted
experimental spectroscopic factors sgﬁ,w), with a magnitude of approximately 50%.

In this measurement, although particles with different charges (¢ and >He) were measured
using the same detection system, the detector response was optimized and verified for each
particle species, including the trigger-threshold settings and the VDC tracking efficiencies. The
ion-optical calibration was also performed separately under the respective magnetic-field set-
tings for (p, pt) and (p, p*He). Therefore, the observed t—>He asymmetry cannot be attributed
to measurement-related effects.

Possible origins of the observed t->He asymmetry can be discussed within the DWIA frame-
work in terms of three components: (i) distortion effects due to the optical potentials; (ii)
the elementary p-t and p->He scattering cross-sections; and (iii) the structure of the bound
clusters.

For (i), the present calculations employ microscopic folding optical potentials and show no
noticeable asymmetry between the two channels. This is consistent with a global analysis of
elastic scattering data, which reported nearly charge-symmetric behavior for t and *He scatter-
ing from stable nuclei [63]. For (iii), under the assumption of approximate charge symmetry of
the nuclear interaction, there is presently no established theoretical framework that predicts a
substantial charge-dependent difference between the t and 3He cluster wave functions in light
N = Z nuclei.
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For (ii), in contrast, existing data for the elementary p-t and p->He elastic scattering at
156MeV show that the p—>He cross-section exceeds that of p—t by about 50% in the momentum-
transfer region relevant to the present kinematics [64]. The tendency is consistent with the
present (p, pt) and (p, p*He) results. It should be noted that the excess of the p->He cross-
section over the p-t one cannot be reproduced by the present folding model calculation, which
predicts approximately equal cross-sections for p->He and p-t.

At lower incident energies (75 MeV), previous measurements for 12C and 6O reported nearly
charge-symmetric behavior in both the (p, pt) and (p, p*He) cross-sections and the extracted
spectroscopic factors [40]. This symmetry can be understood from the fact that, in this energy
region, the elementary p-t and p—>He cross-sections are themselves nearly symmetric, as es-
tablished by experimental data.

In light of the above considerations, the asymmetry observed between the (p, pt) and
(p, p*He) TDX values and the experimental spectroscopic factors in the present data for light
N = Z nuclei may be attributed to the elementary reaction process. To correct for possible dif-
ferences in the elementary p-t and p->He process, a scaling factor is determined using the
12C data, for which the experimental uncertainties are smallest. The factor was chosen such
that the experimental spectroscopic factors for the 2C(p, pt)°B(g.s.) and 12C(p, p*He)°Be(g.s.)
reactions become equal. The resulting scaling factor, sgapw)@He) / sgg,w)(t), is 1.45(15). The the-
oretical TDX for the (p, pt) reaction is divided by this scaling factor, because the theoretical
description is consistent with the available elementary p->He data, whereas it systematically
overestimates the available elementary p-t data. The uncertainty of the scaling factor is evalu-
ated by propagating the statistical uncertainty and the systematic uncertainties excluding that
associated with the absolute target thickness, because the target-thickness uncertainty cancels

in the ratio of the experimental spectroscopic factors sgﬁi,w).

5.5.  Results of the reaction analysis

Based on the light-nucleus analysis, an elementary-process scaling factor is introduced to down-
scale the DWIA-calculated (p, pt) TDX values, and the experimental spectroscopic factors are
corrected accordingly. The resulting WS-based TDX values and experimental spectroscopic fac-
tors, denoted as TDXws and seyp, both of which include the elementary-process scaling, are
summarized in Table 5 for the light nuclei and in Table 6 for the low-lying 1/2" states of the
residual nuclei populated via the knockout of a t or 3He cluster from the Ca isotopes.

The TDXgprr values obtained from the grDFT-based DWIA calculations for the Ca isotopes,
after applying the same elementary-process scaling, are listed in Table 8. The corresponding
sgrprr Values are purely structural quantities derived from the grDFT calculation and are not
subject to the elementary-process scaling.

It should be noted that the present light-nucleus results do not show quantitative agreement
with some previous (p, pt) and (p, p*He) studies performed at lower incident energies [40,41].
At such lower energies, the applicability of the DWIA framework may be limited, and spec-
troscopic factors significantly exceeding unity were reported, rendering a direct structural in-
terpretation difficult. In contrast, the present higher-incident-energy data yield experimental
spectroscopic factors that remain of order 0.1, supporting the reliability of the present reac-
tion analysis within the DWIA framework. Owing to the availability of high-precision micro-
scopic structure calculations for light nuclei, such as AMD and no-core MCSM approaches, the
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Fig. 9. Isotopic dependence of the experimental and grDFT-based TDX values for the low-lying S-wave
states in the (p, pt) and (p, p*He) reactions on “**3Ca. (a) Experimental TDX values, TDXyp, for the
low-lying 1/27 states, shown as red filled circles for the (p, pt) channel and as blue open triangles for
the (p, p*He) channel. (b) grDFT-based TDX values, TDXgprr, shown as red filled circles connected by
solid lines for the (p, pt) channel and as blue open triangles connected by dashed lines for the (p, p>He)
channel.

present data provide a promising benchmark for future quantitative comparisons with micro-
scopic nuclear-structure theories.

6. Discussion

For the Ca isotopes, the peaks corresponding to the low-lying 1/27 residual nuclei states are
observed in the Sx spectra for both the (p, pt) and (p, p*He) reactions, corresponding to the
S-wave (L = 0) cluster components that are selectively enhanced under recoil-less conditions
by the reaction mechanism. The observation of such peaks therefore indicates the presence of
cluster-like three-nucleon correlations even in medium-mass Ca nuclei.

The TDX.y, values for the low-lying S-wave states exhibit a systematic decrease with increas-
ing neutron number, as shown in Fig. 9(a). The experimental spectroscopic factors sey,, which
are derived within the WS-based DWIA framework to quantify cluster components, show the
same decreasing trend in Fig. 10, suggesting a reduction of the intrinsic low-lying S-wave ¢ and
3He cluster components toward neutron-rich Ca isotopes.

The absolute magnitudes of TDX,prr are found to be of the same order as those of the ex-
perimental low-lying S-wave TDX,y, values. This result indicates that the grDFT-based cluster
densities, when incorporated into the DWIA framework, provide a reasonable description of
the overall scale of the observed cluster-knockout strengths.

The TDXprr values exhibit a global decreasing trend with increasing neutron number, sim-
ilar to that observed experimentally. This behavior directly reflects the isotopic dependence of
the grDFT spectroscopic factors sgrprr, as shown in Fig. 7, which represent the cluster numbers
predicted within the grDFT framework. A similar reduction of cluster strength with increasing
neutron number has also been reported in (p, pa) reactions on Sn isotopes, where both experi-
mental data and grDFT theory indicate a decreasing «-cluster component toward neutron-rich
nuclei [31].

Upon closer inspection, slight differences are found in the detailed isotopic trends. In partic-
ular, in the (p, pt) channel, the TDXgprr values exhibit a modest increase from “°Ca to **Ca,
followed by a decrease toward **Ca. A similar tendency is seen in the corresponding Sgrprr Val-

22/27

920z AInr £z uo sasn oA o Aysienun Aq £z66698/20A€L0/2/920Z/2101e/de)d/woo dno olwepese//:sdiy woly papeojumoq



PTEP 2026, 073D02 R. Tsuji et al.

o
N
4

: 40’42’44’4803 (p,pX) (X:t, 3He) + S‘IEXP
5020 T1pc=226 MeV 5 sk
2 C
S C
© 0.15F- + %x %

2 C

8 C

3 C

S 0.10 + +

"5 L

3 C

Q_ -

? 0.05 + +

000: | | | | | | |

| |
40 41 42 43 44 45 46 47 48
mass number A

Fig. 10. Isotopic dependence of the experimental spectroscopic factors, Sexp, for the low-lying S-wave ¢
and *He cluster components probed by the (p, pt) and (p, p*He) reactions on ****Ca. The s, values
were extracted using the reference TDXws values obtained from WS-based DWIA calculations. Red filled
circles and blue open triangles denote the sex, values for the t and *He clusters, respectively.

ues, indicating that this behavior reflects the underlying structure information in the grDFT
framework.

The grDFT framework employs density-dependent cluster formation fractions and constructs
cluster density distributions in finite nuclei based on the nucleon density distributions of the
corresponding nuclei. As a consequence, the grDFT cluster densities are not restricted to spe-
cific low-lying configurations, and may naturally include contributions from cluster compo-
nents beyond the experimentally identified low-lying S-wave states. Indeed, the TDXprr val-
ues calculated using the grDFT-based cluster densities are found to be of the same order of
magnitude as the experimental low-lying S-wave TDX,,, values, but systematically larger by a
factor of a few.

It is noted that for the N = Z nucleus *°Ca, the experimentally extracted spectroscopic fac-
tor Sexp for the SHe channel is approximately 50% larger than that for the t channel, even after
applying the correction for the elementary process discussed above. At present, the origin of
the observed t-3He asymmetry cannot be explained within existing theoretical frameworks. In
particular, the present grDFT calculations do not reproduce such a channel-dependent behav-
ior. Furthermore, when charge symmetry is taken into account, a nearly symmetric formation
of t and 3He clusters is generally expected, especially in N = Z nuclei; however, the observed
asymmetry goes beyond what can be understood within this framework.

In contrast to the behavior observed in the low-lying S-wave TDX.y, values, the Sx-integrated
TDXjy values, introduced as a complementary observable, exhibit a clear channel-dependent
isotopic behavior. As shown in Fig. 11, the TDXj,,; values remain nearly constant for the (p, pt)
channel, whereas a pronounced decrease with increasing neutron number is observed for the
(p, p*He) channel.

A closer inspection reveals that, for the (p, p*He) channel, the TDX,,, value for “°Ca is signif-
icantly larger than the TDXey, value for the low-lying S-wave state, whereas for “**3Ca, the two
values become comparable. This suggests that, within the present recoil-less conditions, the
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Fig. 11. Isotopic dependence of the low-lying S-wave TDX.y, and the Sx-integrated TDX;,; for (a)
the (p, pt) reactions and (b) the (p, p*He) reactions on ***¥Ca. The TDXey, values are shown as filled
circles, and the TDX;y, values as open triangles.

contribution from components other than the low-lying S-wave for the 3He clusters is strongly
reduced toward neutron-rich Ca isotopes.

In contrast, for the (p, pt) channel, the TDXj, values show little variation across the Ca iso-
topic chain, while the low-lying S-wave TDXe, values exhibit a monotonic decrease. This indi-
cates that, although the total ¢-cluster knockout strength remains nearly unchanged, the relative
contribution of the low-lying S-wave component is progressively reduced toward neutron-rich
Caisotopes. In the Sx spectra, as shown in Figs. 4(a)-(d), this behavior manifests itself as a frag-
mentation of the strength from the low-lying S-wave region toward higher excitation energies
with increasing neutron number.

7. Conclusions and future prospects

We performed the measurements of the “**3Ca(p, pt) and (p, p*He) reactions, together with
light nuclei 12C and '°0, at an incident proton energy of 226 MeV under quasi-free and recoil-
less conditions.

The low-lying peaks corresponding to the S-wave cluster components are observed in both
the (p, pt) and (p, p*He) channels for the Ca isotopes. The triple differential cross-sections ex-
tracted for these low-lying S-wave states, as well as the corresponding experimental spectro-
scopic factors obtained from the WS-based DWIA analyses for both the (p, pt) and (p, p*He)
channels, exhibit a systematic reduction with increasing neutron number, indicating a reduc-
tion of the intrinsic low-lying ¢ and *He cluster components toward neutron-rich Ca isotopes.

DWIA calculations based on grDFT cluster densities were performed and compared with the
experimentally extracted low-lying S-wave triple differential cross-sections. The resulting triple
differential cross-sections are found to be of the same order of magnitude and to exhibit a sim-
ilar global decreasing trend toward neutron-rich Ca isotopes for both the (p, pt) and (p, p*He)
channels. It should be noted that the grDFT-based calculations may include contributions from
cluster components beyond the experimentally identified low-lying S-wave states and therefore
represent a more inclusive measure of the total cluster strength.

The complementary analysis using the separation-energy-integrated triple differential cross-
sections provides additional insight into the fragmentation of cluster strength beyond the
low-lying S-wave region. In particular, the contrasting behaviors observed for the (p, pt) and
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(p, p*He) channels demonstrate distinct evolutions of cluster strength with neutron excess: the
(p, p*He) channel shows an increasing concentration of strength in the low-lying S-wave com-
ponent accompanied by a decrease in the total strength, whereas the (p, pt) channel exhibits
a fragmentation of the strength toward higher excitation energies while the total strength re-
mains nearly unchanged.

To clarify the origin of the behaviors observed for the (p, pt) and (p, p*He) reactions on the
Ca isotopes, further experimental and theoretical efforts are required. In particular, measure-
ments of the in-nucleus momentum distributions of the clusters would enable a decomposi-
tion of orbital angular-momentum components and provide direct constraints on the cluster
orbital configurations and their strengths. Such measurements are expected to be essential for
understanding the concentration of strength in the low-lying S-wave region observed for the
(p, p*He) channel and the fragmentation of strength toward higher excitation energies in the
(p, pt) channel, as well as for extracting the integrated S-wave strength in a manner that allows
direct comparison with theoretical predictions such as those of the grDFT.

From a theoretical perspective, further developments of microscopic nuclear-structure mod-
els for ¢ and *He clusters in finite nuclei are needed to achieve a more quantitative interpreta-
tion of the present observables. Furthermore, the present DWIA analysis relies on a limited set
of approximate cluster wave functions and on experimental data obtained under fixed recoil-
less kinematical conditions. Given the strong surface sensitivity of quasi-free (p, pX) reactions,
which probe low-density regions such as the nuclear surface where cluster formation is ex-
pected, systematic experimental studies under varied kinematical conditions, together with
precise nuclear-structure calculations, will be crucial for establishing a consistent and quan-
titative understanding of cluster formation in finite nuclei.

The present study provides experimental indications for the formation of ¢ and 3He clusters
in medium-mass nuclei and reveals their distinct and characteristic isotopic dependences for
the Ca isotopes. These findings motivate further theoretical studies of fermionic and isospin-
asymmetric cluster formation, as well as experimental studies extending to heavier nuclei, while
demonstrating the effectiveness of quasi-free (p, pX) reactions as a powerful probe of cluster
correlations in finite nuclei.
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