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a b s t r a c t

The 16O(p,d)15O reaction has been studied at 0◦ using 403-, 604-, 907- and 1209-MeV protons, comparing cross
sections populating positive- and negative-parity states in 15O. Transitions to positive-parity states exhibit strong
enhancement due to high-momentum neutrons, while negative-parity transitions show much smaller effects. The
cross-section ratio between positive- and negative-parity states rises sharply with momentum transfer, matching
theoretical predictions that include tensor interactions, particularly the peak near 2 fm−1. These results highlight
0◦ neutron-pickup reactions as a sensitive probe for tensor-driven high-momentum components, paving the way
for studies in exotic nuclei via radioactive beams.
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Tensor and short-range repulsive interactions are pivotal in nuclear
physics and nuclear astrophysics, driving phenomena beyond mean-
field descriptions [1]. In atomic nuclei, the tensor interactions – aris-
ing mainly from pion exchange – generate strongly correlated nucleon-
nucleon pairs, modify spin-orbit splitting, and reshape magic numbers in
exotic nuclei [2,3]. Together with the short-range correlations (SRCs) –
induced by the strong repulsive interactions between nucleons – the ten-
sor correlations generate configurationmixing via two-particle-two-hole
(2p-2h) excitations, producing high-momentum nucleon pairs [4,5].
These correlations critically impact spectral functions, quench single-
particle strengths [6], and underpin nuclear saturation and the equa-
tion of state (EoS) [7]. Their astrophysical implications are profound:
affecting the stiffness of the EoS, determining stellar radii and tidal de-
formabilities in neutron stars, and impacting neutrino opacities in su-
pernovae and the synthesis of heavy elements via the r-process nucle-
osynthesis [8–11].

The discovery of S-D wave mixing in the deuteron [12,13], which
explained its quadrupole moment [14], provided clear evidence of mix-
ing of high-momentum nucleons in nuclei. Since then, mixing of nu-
cleons with high momentum or in high-excitation orbitals and its ef-
fect on nuclear structure and response have been studied. This includes
quenching of Gamow-Teller transition strengths and isovector magnetic
moments [15–17]. Although tensor interactions are expected to play a
key role, substantial contributions from exchange currents and Δ-hole
effects hinder isolating and extracting their distinct effect. The isoscalar
magnetic moments exhibit distinctive behavior, and are well explained
by incorporating 2p-2h excitations induced by tensor interactions ex-
tending to very high-energy orbitals [18–20]. A similar anomaly ob-
served in the isoscalar M1 transition has also been attributed to tensor
interactions [21]. However, because these studies do not explicitly link
high-excitation orbitals to high-momentum components, the impact of
high-momentum components on these observables is unclear. While ab
initio calculations reveal high-momentum nucleons in nuclei [5] and the
crucial role of tensor interactions in reproducing spectra of light nuclei
with A ≤12 [22], their effect on individual states remains unresolved.
Models like the tensor-optimized shell model (TOSM) [23] and antisym-
metrized molecular dynamics [24], which include full 2p-2h configura-
tions show promise but face challenges when applied to p-shell nuclei.

Experimentally, quasi-free electron [1,4,25–27] and proton [28–30]
scatterings have been extensively used to study high-momentum nucle-
ons in nuclei, revealing short-range correlated nucleon pairs with mo-
menta above the Fermi momentum. These reactions measure nucleon
momentum distributions, showing that a significant fraction of nucle-
ons form strongly correlated pairs. Both electron- and proton-induced
knockout studies consistently highlight the importance of tensor corre-
lations and SRCs in understanding nuclear structure and nucleon dynam-
ics at short distances. While electron scattering experiments on exotic
nuclei [31] remain extremely challenging, proton-induced knockout re-
actions are often limited by low statistics as they require the simultane-
ous detection of multiple particles, thus hindering the understanding of
tensor and SRC effects on individual states.

A recent 16O(p,pd) experiment employing neutron-pickup kinemat-
ics revealed strong cross-section enhancement for the lowest 1+ (S =1,
T =0) state in 14N at large momentum transfers. This observation pro-
vides direct evidence for the presence of tensor-driven high-momentum
neutron-proton pairs in 16O [32]. To investigate high-momentum neu-
trons in 16O, an experiment employing the (p,d) reaction was performed
at proton energies of 198, 295, and 392 MeV, with the deuteron de-
tected at a laboratory angle of 10◦ [33]. Instead of examining the abso-
lute cross sections populating individual states, two cross section ratios
were studied: R+ for the positive-parity state (1∕2

+ or 5∕2+) and R− for
the negative-parity state (3∕2−), both relative to the ground state. Their
dependence on momentum transfer was compared, together with pre-
vious data [34–38], to identify tensor-induced reaction channels. While
R− increases slowly and saturates above 1 fm−1, R+ rises rapidly, in-
dicating possible role of nucleon-nucleon correlations, especially those

from tensor interactions. However, since these measurements were con-
ducted at finite deuteron angles, the results may be subject to distortion
effects and complexities arising from the reaction mechanism [39,40].

Previous studies have shown that the elastic p + d scattering cross
section at high proton energies exhibits a prominent peak in the back-
ward direction, corresponding to deuteron emission at forward angles
(e.g. [41,42]). This backward peak arises from an exchange process in
which the incident proton picks up the neutron from the deuteron [43].
Because this is a two-body reaction, the momentum of the picked-
up neutron is uniquely determined, allowing the experiment to probe
the momentum distribution of the neutron inside the deuteron. Mea-
surements at 0◦ are particularly valuable, since distortion effects and
reaction-mechanism complexities are minimal at this angle [39,40].
Earlier theoretical studies attempted to explain minor irregularities ob-
served in the extracted momentum distribution [44,45]. Later theoreti-
cal analysis showed that neutron momentum distribution extracted from
high-energy 0◦ deuteron fragmentation experiments closely matches
that obtained from p + d elastic scattering [43]. This agreement demon-
strates that backward scattering in p + d elastic reactions reliably reflects
the intrinsic momentum distribution of the neutron in the deuteron.

The cross section of the (p,d) reaction in the exchange-reaction do-
main (i.e., for deuteron emission angles near 0◦) was investigated by
Chew and Goldberger [46] within the framework of the Born approxi-
mation. Although their formulation was originally developed for (n,d)
reactions, it applies equivalently to the (p,d) case. Within this frame-
work, the reaction cross section is directly related to the overlap between
the deuteron wave function and the internal neutron wave function of
the target nucleus. The internal momentum of the picked-up neutron is
given by p⃗n = k⃗d − k⃗p, where k⃗p and k⃗d are the momenta of the incident
proton and the emitted deuteron, respectively. The probed p⃗n therefore
depends on both the incident proton energy and the deuteron scattering
angle �d . To access neutron momenta around 2 fm

−1 – a region where
tensor-interaction effect is expected to dominate – at 0◦ scattering angle,
a proton beam energy of approximately 800 MeV is required.

Here, we present the first measurement of the 16O(p,d) differential
cross sections at 0◦ using four incident beam energies ranging from 400
to 1200 MeV. Transitions to the negative-parity states of 15O (the 1/2−

ground state and the 3/2− state at 6.18 MeV), as well as the positive-
parity 5/2+ state at 5.24 MeV, are reported.

The experiment was performed at GSI Helmholtzzentrum für Schw-
erionenforschung in Darmstadt, alongside the experiment reported in
Refs. [47,48]. Proton beams from the SIS-18 synchrotron with energies
of 403, 604, 907, and 1209 MeV were used to cover momentum transfer
around 2 fm−1. The proton beam bombarded a strip polyoxymethylene
(POM; (CH2O)n) target with 1-mm horizontal width placed at the target
station (TA) of the Fragment Separator (FRS) [49]. We used 100(3)- and
308(6)-mg/cm2 thick POM targets for the measurements with the two
lower- and two higher-energy proton beams, respectively. Other targets
included 107(4)- and 327(1)-mg/cm2 carbon for 12C background sub-
traction, and 1027(2)-mg/cm2 deuterated polyethylene (CD2) for trans-
mission efficiency calibration. Deuterons were momentum analyzed by
the FRS in four added dispersive stages mode [50], and detected at
the final focal plane (S4). The momentum dispersion at S4 was about
19 cm/%. Distinct magnetic rigidity settings were applied for the C
and POM targets to cover states of interest at 403 MeV; a single rigid-
ity setting sufficed for both targets at other energies. Detailed descrip-
tions of the experiment conditions and detector setup are provided in
Refs. [47,48] and elsewhere [51].

The horizontal position (X) distribution of the observed deuterons
for the C and POM target measurement are shown in Fig. 1 (a)–(d) and
(e)–(h), respectively. To achieve the best resolution, we applied cor-
rections accounting for optical system aberrations and the shift of beam
energy correlated with extraction time. At 403 MeV, except for the 6.18-
MeV state in 15O, which fully overlaps with the 2.00-MeV (1/2−) state
in 11C, other 15O states of interest are well resolved. For the data be-
tween 604 and 1209 MeV, the C-position spectra were first fitted with
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Fig. 3. Cross-section ratios R− (a) and R+ (b) versus momentum transfer q.
Filled and open symbols indicate the results of present work at 0◦ and existing
forward-angle data, respectively. See text for details.

obeying the selection rule ΔL = ΔS = 2, mix 2p-2h configurations with
high-momentum components via promotion of a proton-neutron pair
from the p- to the sd-shell, generating these states and explaining the
observed rapid R+ rise. A distinct peak at around 2 fm−1 in R+ is ob-
served exclusively in the 0◦ data, resembling the relative enhancement
due to the tensor interactions predicted by various theoretical models
[55–57].

In the earlier work by Ong et al. [33], a toy model using Gaussian
basis wave functions for 4He, constructed within TOSM as detailed in
Ref. [58], was applied to calculate the momentum distribution ratio.
This model describes the behavior of R+ reasonably well, but fails to
account for the peak at around 2 fm−1 revealed in the present work.

We compare R+ with state-of-the-art theoretical calculations incor-
porating tensor interactions in 16O [56,57,59,60]. While these models
present the general features of nucleon momentum distributions in 16O
with and without tensor correlations, they currently lack orbital-by-
orbital momentum distributions. This limitation prevents direct quanti-
tative comparison with present data. We therefore assume that the mo-
mentum distribution is composed of two different components, namely
central part (nC(k)) and tensor part (nT(k)). The full momentum distri-
bution (nF(k)) is written as:

nF(k) = nC(k) + nT(k), (1)

where k denotes the internal momentum of neutrons. Then, the momen-
tum distributions of negative parity state (n−(k), the ground state in the
present case) and positive parity state (n+(k), the 5/2

+ excited state) can
be written as:

n−(k) = a−nC(k) + b−nT(k), (2)

n+(k) = a+nC(k) + b+nT(k). (3)

where a−, a+, b− and b+ are unknown amplitudes associated with the
observed states. The ratio R+ is expressed as: R+(k) = n+(k)∕n−(k). Since
the negative parity states are mainly formed by 0p-0h configurations,
where the contribution of the tensor interactions is considered negligible
(b− ∼ 0), R+(k) can be reduced to:

R+(k) ≈ u + v
nT(k)

nC(k)
, (4)

where u = a+∕a− and v = b+∕a−.
To derive nT(k)∕nC(k), we use the MDs predicted by various models

with distinct interactions. We adopt the MD without tensor interactions
as nC(k) and the one with tensor interactions as nF(k). Taking the vari-
ational Monte Carlo (VMC) calculations with cluster expansion (Fig. 3,
Ref. [59]) as an example, we extracted the MD from the dot-dashed
line corresponding to the “Jastrow” wave function (with only central
correlations) as nC(k), and from the solid line representing the “Jas-
trow + two-body” as nF(k), since the two-body cluster expansion pri-
marily accounts for tensor correlations. The model ratio then becomes
nT∕nC = nF∕nC − 1. We assume nT∕nC ≈ 0 at low momentum, where the

tensor contributions are negligible compared with the central part. The
renormalization of the central momentum distribution nC is omitted in
this analysis. The MDs calculated with and without tensor interactions
are both normalized to the nucleon number (A = 16) in 16O. While the
central momentum distribution should ideally be renormalized to ac-
count for tensor-correlated nucleons, this effect is negligible compared
to the observed orders-of-magnitude variation inR+. Therefore, neglect-
ing renormalization does not affect the physical interpretation of our
results.

We assume that the ratio of cross sections for different final states
reflects the ratio of the corresponding neutron momentum distribu-
tions. This assumption is supported by the Born approximation and our
DWBA calculations. In the Born approximation, the (p,d) cross section
is proportional to the probability of finding a neutron with momentum
q⃗ = k⃗d − k⃗p, where k⃗d and k⃗p are the momenta of the outgoing deuteron
and the incident proton, respectively [46]. Thus, the cross section as
a function of q directly represents the neutron momentum distribution
in the target nucleus. In practice, however, the incoming and outgoing
waves are distorted by nuclear potentials, which modifies this direct
correspondence. To minimize such effects, we focus on small scattering
angles at around 0◦, where distortion is expected to be smallest, and
analyze ratios of cross sections. DWBA calculations using global optical
potentials indicate that the 0◦ cross section reproduces the momentum-
distribution shape well, while deviations grow at larger angles. Detailed
comparisons will be presented elsewhere [51]. Furthermore, distortion
effects are nearly identical for different final states, since the incident
energy is fixed and the outgoing deuteron energies differ only slightly
between the ground and 5.2-MeV states, e.g. by about 1.3% and 0.4%
at 403- and 1209-MeV incident energies, respectively. As a result, these
effects are expected to largely cancel in the ratio R+, suggesting that
R+ can be interpreted as a measure of the relative momentum com-
ponents of the transferred neutrons. Hence, experimental R+(q) can be
compared with R+(k), given u and v. Due to the absence of orbital-by-
orbital calculations for 16O including high-momentum components, we
fix u and v using the experimental R+(q). At q ∼ 0 fm−1, R+ ≈ u, and thus
u = Rmin

+
= 0.055, considering themean of the 22–45-MeV data [34]. The

maximum value Rmax
+

≈ 3.1 from the present work is used to determine
v = 0.29 for VMC.

Fig. 4 shows the comparison of the experimental and theoretical
R+ ratios. The definition of symbols follows that of Fig. 3. Results of
the VMC [59], the linked and number conserving cluster expansion
(LNCCE) [57], and Fermi hypernetted chain (FHNC) [60] models are
shown by the black-solid, red-dashed and magenta-dotted lines, respec-
tively. For the LNCCE and FHNC models, we used the “Full” and “Cen-
tral” lines (Fig. 2, Ref. [57]), and the “f6” and “Jastrow” lines (Fig. 2,
Ref. [60]) as nF(k) and nC(k), respectively. The blue lines show the ra-
tios deduced using the distributions in Fig. 29 of Ref. [56] obtained with
the unitary correlation operation method (UCOM); the line of “radial”
is used as nC(k) and the lines of three different range parameters for the
tensor interactions – �, � and 
 – are used as nF(k), and the results are
shown by the dash, dot-dashed, double-dot-dashed lines, respectively.
The same u and v values obtained by VMC were adopted for all other
models.

The experimental data and theoretical models exhibit good agree-
ment, showing a peak in the ratio at momentum transfer near
2 fm−1, highlighting the dominant role of tensor contributions in the
momentum-transfer dependence of the ratio. As momentum increases,
the experimental ratio decreases, consistent with the findings from the
recent electron-scattering study [27]. However, while theory predicts
a sharp decline after the peak as momentum decreases, experimental
ratios remain high down to lower momenta, dropping only a little.
This unexpected behavior was also reported in Ref. [61], which stud-
ied (S=1, T=0) to (S=0, T=1) proton-neutron pairs in 4He.

Deviation is also observed in the experimental data from Ref. [33],
notably around q ∼ 1.2 fm−1. Since these experiments, including the
data from Ref. [34], were performed near 10◦, the discrepancy may
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Fig. 4. Comparison of the cross-section ratios between experimental data and
theoretical calculations. Filled symbols indicate the experimental data with the
same definition as in Fig. 3. Lines represent the ratios deduced from theoretical
calculations [56,57,59,60]. See text for further details.

stem from distortion effects, and therefore warrants further investiga-
tion. Indeed, DWBA calculations at 45 MeV [34,62] suggest the ratio
rises sharply at small angles, indicating a much larger u. It is therefore
desirable to obtain not only 0◦ experimental data at low energy, but
also extend theoretical studies to include rigorous orbital-by-orbital cal-
culations incorporating tensor interactions and high-momentum compo-
nents to provide a more exclusive v value. It would be valuable to extend
the renormalization-group method [63], which consistently treats both
nuclear structure and reaction mechanisms, to the (p,d) reaction.

The 16O(p,d)15O reaction was studied at proton energies of 403, 604,
907, and 1209 MeV with deuterons detected at 0◦. The cross-section ra-
tios for populating 15O excited states versus the ground state were sys-
tematically studied as a function of momentum transfer. A pronounced
enhancement near 2 fm−1 was observed for positive-parity state, at-
tributed to tensor interactions that introduce high-momentum neutrons
via two-particle-two-hole configuration mixing. Theoretical models in-
corporating tensor interactions show good agreement with experimen-
tal data, reproducing the peak structure at around 2 fm−1 for the 5∕2+-
to-ground-state ratio. These results demonstrate that high-momentum
neutron-pickup reactions at 0◦ are a sensitive probe for high-momentum
components driven by the short-range nature of tensor interactions. The
present findings open new avenues for investigating effects of tensor
interactions in nuclei. Performing (p,d) reactions in inverse kinemat-
ics using intermediate- to high-energy radioactive beams at FAIR [64]
and HIAF [65] to study exotic nuclei along isotopic and isotonic chains
would be particularly valuable for elucidating the role of tensor inter-
actions in shell evolution [2], intruder orbitals [66] and dense nuclear
matter [7].

Data availability

Data will be made available on request.
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