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Abstract Experiments in inverse kinematics are a novel
approach to study short-range correlations in atomic nuclei.
Such fully exclusive experiments offer unique advantages
over normal kinematics as they allow to study the structure
of short-lived radioactive-nuclei using quasi-free scattering
reactions and measure the complete final state directly. In
pilotexperiments at JINR using a '>C beam at 4 GeV/c/nucleon
on a proton target, we show that challenges posed by final-
state interactions can be overcome taking advantage of post-
selection. This opens a new research path to study the dynam-
ics of high-momentum nucleons in extremely asymmetric
nuclei.

1 Introduction

Short-range correlations (SRCs) have been measured and
studied extensively over the last two decades using primarily
electron scattering [1], as is being discussed in this collec-
tion as well. In these experiments, the SRC pair is probed
in quasi-elastic (QE) scattering conditions induced by large
momentum transfer. Following the break up of the pair, the
scattered electron is detected possibly in coincidence with
the nucleon(s) of the pair in (e, ¢’ pN) reaction channels.
Specific kinematic selections allow to suppress the other-
wise large final-state interactions (FSI) and identify SRCs
unambiguously in the high-momentum tail of the nucleon
momentum distribution [2-5]. To disentangle the reaction
mechanism from the nuclear ground-state distributions, the
experimental results are often compared to theory predictions
that account for, in a factorized approach, the pair physics
and reaction theory [4]. Calculations in the framework of
the Generalized Contact Formalism reproduce experimental
results well [6,7].
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Results using different experimental probes must result
from the same ground-state distributions independently of
the reaction mechanism in terms of universality and probe
independence. One of the first experiments that observed
correlated nucleons at high momentum was performed at the
EVA setup at Brookhaven National Laboratory using high-
energy proton beams and measuring the knock-out protons
and recoil neutrons [8,9]. The results also lead to the indica-
tion of proton-neutron pair dominance which has later been
found in electron scattering to be a SRC characteristic over
a large mass range [5,10].

This article will discuss a new generation of experiments
in which nuclear beams scatter off proton targets. This kind
of inverse kinematics reactions offer unique advantages to
measure all the reaction particles in coincidence and extend
experiments to most neutron-rich short-lived nuclei.

2 SRC in asymmetric nuclei

Knowing that neutron-proton pairs (spin § = 1) dominate
over the isospin-like pairs in light to heavy nuclei ('2C to
208ph) raises the question about the nucleon dynamics in
increasingly neutron-rich nuclear environments. Electron-
scattering experiments measured quasi-elastic proton- and
neutron-knockout reactions (e, ¢’ N) with the CLAS detec-
tor in Hall B at Jefferson Lab on various stable nuclear
targets (C, Al, Fe, Pb) to quantify the relative fractions of
high-momentum nucleons covering neutron excess up to
N/Z < 1.5. results by Duer et al. from Ref. [11] are dis-
cussed in the following.

Firstly, the results confirm that the neutron/proton abun-
dance increases essentially linearly with neutron excess N/ Z
in the low-momentum regime (p < kr) as expected for
fairly mean-field nucleons. In contrast, the neutron/proton
abundance of high-momentum (p > kr) SRC nucleons
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Fig. 1 (left) Reduced cross-section ratio for different target nuclei,
[oale, e'n)/onl/loale, € p)/op], for low-momentum (green circles)
and high-momentum (purple triangles) events. (right) Red circles denote
the double ratio of the number of (e, €’ p) high-momentum proton events
to low-momentum proton events for nucleus A relative to carbon. Blue

stays constant indicating that pair correlations prevail, see
Fig. 1 (left). Looking separately at the high-momentum frac-
tion for protons and neutrons for the heavy nuclei rela-
tive to '2C shows that the fraction of the minority species,
the protons, to increase which can be described by a lin-
ear trend with N/Z, while the neutron fraction saturates,
Fig. 1 (right). To our current understanding, this observa-
tion indicates that high-momentum protons become more
correlated as the SRC neutron-proton pair fraction remains
essentially constant even in neutron-rich nuclei, as is being
predicted in phenomenological and ab-initio calculations as
well [12,13]. In other words, the more neutron-rich a nucleus
is, the larger is the average kinetic energy of the protons
and momentum-sharing inversion seems to appear in heavier
nuclei, which possibly has consequences on the properties of
neutron stars [10,14].

This study was performed with a limited amount of sta-
ble targets for which an increase in neutron number goes
along with an increase in isotope number and large nuclear
mass difference. Additional experiments that are sensitive
to nuclear structure details and shells are being performed
adding nuclei with N/Z between 1.2 and 1.4, for example
on B and Be isotopes as well as Ca. In order to disentangle
the impact of increasing neutron number from proton num-
ber, semi-exclusive experiments are studying “°Ca and *Ca
with Z = 20, and 20 and 28 neutrons, respectively. Results
from inclusive measurements on Ca showed evidence of np
dominance by making use of the isospin structure of the tar-
get [15]. Systematic studies along isotopic chains towards
very neutron-rich short-lived nuclei cannot be performed in
conventional electron scattering. New experiments that make
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squares with error bars show the same for neutron events. Red and blue
rectangles show the range of predictions of a phenomenological np-
dominance model for proton and neutron ratios, respectively. Figures
taken from [11]

the first step in this direction are discussed in the following
section.

3 Nuclear structure studies in inverse kinematics

All scattering experiments with electron probes and in nor-
mal kinematics are limited to stable targets which eventually
limits the reachable isospin asymmetry (N /Z). To overcome
this obstacle, three changes must be made: (i) experiments are
performed in inverse kinematics in which the nuclei of inter-
est form the particle beam, (ii) the target must be stable, suit-
able are liquid-hydrogen (LHj) targets for proton-induced
reactions, (iii) the (high-energy) radioactive-ion beam must
be available at sufficient intensity.

Scattering experiments in inverse kinematics have become
a standard tool in low-energy nuclear-structure physics [16].
The sketch in Fig. 2 depicts the change in kinematics (in
the SRC case). Facilities like GSI-FAIR (Germany), RIBF-
RIKEN (Japan), and FRIB (US) use fast radioactive-ion (RI)
beams to for example study single-particle nuclear structure
in proton-induced nucleon knockout reactions of extremely
neutron-rich nuclei at and around the neutron dripline [17-
19].

The use of proton probes allows for a quasi-free reaction
in which the incident proton scatters with the struck nucleon
in a single interaction (impulse approximation) under large
energy and momentum transfer, while the residual nucleus
acts as spectator, and both nucleons leave the nuclear envi-
ronment without re-interaction [20-22]. Multi-step FSI cause
attenuation and lead to reduced transparency and distortion
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Fig. 2 Schematic of an SRC-pair break-up reaction in normal kine-
matics (top) and inverse kinematics (bottom) using proton probe

of the reaction channel of interest, but can experimentally
be rejected [23,24]. Theoretically the (coherent) multiple
scattering can be described in terms of the distorted wave
impulse approximation (DWIA), medium modifications of
the nucleon-nucleon interaction have to be taken into account
as well [20]. Experimentally, the characteristic kinemati-
cal correlations between the protons and fragment can be
observed to help identify the reaction [17]. This mechanism
has been introduced theoretically to SRC studies using a fac-
torized approach in the quasi-free reaction assumption, relat-
ing the close-proximity pair to two-nucleon knockout cross
sections [4,25].

Another unique advantage of inverse kinematics in con-
trast to normal kinematics is the coincident measurement of
all reaction particles, including the heavy fragment after the
reaction to determine unambiguously the reaction final state.
Due to the Lorentz boost beam-like particles will be focused
in forward direction, a large phase space is mapped into a
small acceptance in beam direction to be covered by detector
systems.

To probe SRCs, separate the reaction scale, and provide
quasi-free scattering conditions, experiments require large
momentum transfer that cannot be reached with beam ener-
gies smaller than a few-hundred MeV/nucleon as usually
used in the mentioned nuclear structure studies. A pilot
experiment in inverse kinematics with (stable) 12¢ peam
at 4GeV/c/nucleon was performed at the JINR (Russia) to
prove the reaction mechanism in QE proton knockout reac-
tion. In the following, details of Ref. [26] are being discussed,
starting with investigations of the kinematics in the single-
nucleon removal reactions.

In the experiment at the BM@N beamline, the beam that
was provided by the Nuclotron accelerator impinges on a

30cm LH, target, the scattered protons from the relevant
(p, 2p) reactions are measured with a two-arm time-of-flight
spectrometer. The BM@N setup had been further upgraded
with multiple energy-loss and position sensitive detectors to
accommodate for the identification and momentum determi-
nation of the heavy fragment after the reaction based on its
bending in a large open dipole magnet. A sketch of the setup
is shown in Fig. 3.

The QE nucleon knockout reaction contributes only a
small fraction to the interaction cross section, especially
those reactions at largest momentum transfer at 90° center-
of-mass scattering. In addition, initial- and final-state inter-
actions lead to multi-step processes that — depending on their
kinematics — lead to a reduction in the QE cross-section
(attenuation) or kinematical distortion of the reconstructed
single-nucleon ground-state properties. Taking advantage
of post-selection by tagging the coincident reaction frag-
ment and single proton removal in the reference reaction
12C(p, 2p)''B, we show that multi-step processes leading to
distortions and fragment break-up are suppressed allowing
for the identification of unperturbed single-step QE nucleon
knockout reactions. Further confirmation comes from the
fact that the A — 1 fragment and reconstructed knockout
proton share an opening angle of close to 180°, indicat-
ing that the fragment carries the recoil momentum of the
knocked-out proton. The undisturbed measurement allows
here to extract the ground-state missing-momentum distri-
bution of p-shell nucleons in '>C, see Fig. 4. Compar-
isons to Glauber calculations, explicitly not including dis-
tortion FSI effects, show remarkable agreement with data.
In contrast, the inclusive data from all '>C(p,2p) reac-
tions show an extended tail caused by FSI. It should be
emphasized that the ''B fragment momentum distribution
shows the same shape independent of quasi-elastic or inelas-
tic event selection, meaning that the fragment kinematics is
not affected by proton FSI. This is the confirmation, at high
energies, that measuring the fragment momentum is equiva-
lent to the measurement of the knockout-nucleon momentum
distribution.

Studying nucleon knockout reactions in inverse kine-
matics at high energies with proton probes establishes a
clean reaction mechanism in which FSI can be suppressed
and ground-state momentum distributions be extracted. This
result paves the way for SRC studies in inverse kinematics
as is being discussed in the following section.

4 SRC pilot experiments at JINR and GSI-FAIR

On the way to studies of SRCs in short-lived nuclei, we per-
formed the pilot experiment at JINR using a '>C beam as
described in the previous section [26]. Under the same con-
ditions we searched for signatures of SRC protons in coin-
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Fig. 3 Tllustration of the SRC
experimental setup at the
BM@N beamline at JINR. A
high-energy '>C beam is
incident from the left on a liquid
hydrogen target. The (p, 2p)
reaction is measured under large
opening angle using a two-arms
time-of-flight spectrometer. The
residual nuclear fragment is
measured using a magnetic
spectrometer downstream the
target
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Fig. 4 Measured missing-momentum distribution in the '2C rest-
frame for the quasi-elastic inclusive 12C(p,2p) and exclusive
12C(p, 2p)''B reactions. The data are compared with a PWIA-based
simulation of proton knockout from the '2C p-shell. The ''B tagging
clearly suppresses ISI/FSI distortions at high momenta. Figure adapted
from [26]

cidence with 9B and '°9Be, the A — 2 residuals following
pn and pp pair break-up, respectively, in '>C(p, 2p)A — 2
reactions at momentum transfers larger ~ 1.5 GeV? [26].
The events are selected based on the (large) opening angle
between the knocked-out and scattered protons, small miss-
ing energy, proper missing mass, together with large miss-
ing momentum ppiss > 350MeV/c. The exact selection
was guided by simulations using the SRC-GCF model and
resulted in the identification of 23 pn-SRC and two pp-SRC
pair break-ups. Despite the limited statistics, the pair ratio
reflects the np-pair pre-dominance and is in full agreement
with predictions based on ab-initio many-body calculations.
Contributions from inelastic reactions and from reactions due
to mean-field QE scattering followed by FSI are found to be
negligible.

In case of a pair breakup in quasi-free scattering, the
fragment carries the recoil momentum of the pair, which
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Fig. 5 The width of the SRC pair c.m. momentum distributions
extracted from the direct fragment detection in inverse kinematics (red)
and from normal-kinematics electron and proton scattering measure-
ments for 12C and other nuclei. Figure adapted from [27]

allows to infer the pair center-of-mass momentum directly
from the momentum measurement of the A — 2 system in
inverse kinematics. Done for the first time in this experi-
ment, the obtained Gaussian momentum width (sigma) of
156 £ 27MeV/c agrees well with previous, but indirect
extractions from electron scattering [27], see Fig. 5.

As opposed to meanfield nucleon knockout, where the
A — 1 system carries the recoil momentum, here the pair
nucleon momenta balance each other. This is reflected in the
opening angle between the missing momentum and recon-
structed nucleon recoil-momentum which peaks towards
180° reflecting a back-to-back emission and confirming a
strong correlation of the pair nucleons, see Fig. 6 (left). In
contrast, we find the first direct experimental evidence that
the pair is scale separated from the rest of the nucleus by the
opening angle between the A — 2 momentum and the pair
relative momentum, Fig. 6 (right). This angular distribution
is nearly flat and uncorrelated unlike the previously men-
tioned nucleon-nucleon angle distribution. The results show
a strongly correlated pair while it is only weakly correlated
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Fig. 6 Angular correlation between the two nucleons in the SRC pair
(a) and between the SRC pair c.m. and relative momenta (b). Data are
compared with theoretical calculations using the nuclear Generalized
Contact Formalism (GCF, orange band) in the 12C( p,2 p)lOB reaction,
assuming full factorization of SRC wave function from the residual
nuclear system. Figure adapted from [26]

with the spectator nucleus. This supports one of the main
assumption in our understanding of SRCs and in theories
like the GCF, namely a universal scale separation between
the pair and the rest of the nucleus.

The results of this pilot experiment pave the way for future
quantitative SRC studies in inverse kinematics using proton
targets. A follow-up experiment with an upgraded setup has
been performed at JINR. The first ever experiment study-
ing SRCs in a short-lived neutron-rich nucleus, namely loc
has been performed at the R*B setup at GSI-FAIR in May
2022 [28]. The R3B experimental setup is a next-generation
and dedicated setup for nuclear structure studies of rare-
isotope beams in inverse kinematics. The used experimen-
tal configuration was similar to that one used at JINR while
the scattered protons have been measured in a calorimeter
detector surrounding the 5cm LH, target and a silicon-strip
detector tracking system. We also employ a large area neu-
tron detector to measure recoil neutrons from SRC pairs as
well as decay neutrons that potentially originate from weakly
bound residual nuclei as the neutron separation threshold is
typically rather small for neutron-rich nuclei. In addition,
the granular Csl calorimeter detects prompt gamma-rays fol-
lowing de-excitation of bound-excited states. Altogether, the
information from all the detectors in a fully exclusive mea-
surement allow to determine the exact final state after the
reaction.

The pilot experiment at GSI-FAIR also sets to deter-
mine the kinematical regime in which SRCs can be probed
in break-up reactions. As learned from electron scatter-
ing, we require reactions with large momentum transfer to
probe the pair nucleon in a scale separated regime which
translates into beam energies of close to 1GeV/nucleon
and larger. The experiment at JINR operated well above
at ~ 3.2GeV/nucleon, but RI beams are usually not pro-
duced at such high energies. GSI-FAIR is the unique facil-

ity to provide fast RI beams at similar level, currently up to

1.5 GeV/nucleon (depending on the mass-over-charge ratio).
The pilot experiment ran at 1.25 GeV/nucleon and will help
determine the kinematical minimum at which SRCs can be
probed cleanly.

Experiments in inverse kinematics do not only open
the possibility to study short-lived radioactive nuclei but
uniquely give access to fragment measurements and the iden-
tification of the final state by measuring momenta of all reac-
tion particles. The price to be paid comes with the use of
proton probes. Quasi-free scattering has become a valuable
tool to study nuclear structure, and by experimentally prov-
ing that FSI can be removed by post-selection, it is a tool
to study SRCs in break-up reactions. The presented results
from the pilot experiment demonstrate the advantages of the
reaction kinematics and are a piece towards proving the mea-
surement of SRC ground-state properties independent of the
reaction probe.

5 Future research directions

The pilot experiments pave the way for a new branch in SRC
studies with new experiments using RI beams and proton
targets. The results coming from the first SRC experiments
will help to prove probe-independence and universality of
SRC ground-state properties. All the results that have been
extracted so far agree with results from electron scattering
and with predictions by the GCF model. Using proton probes
will further help disentangle contributions from structure and
reaction physics as for example quasi-free proton scattering
probes a different part of the wave function than electron
scattering, or neutron-rich nuclei tend to develop neutron
skins [20,24]. This might also relate to the probable location
of SRCs inside nuclei [13,29].

Taking advantage of the measurement of the final state
promises additional research directions. For example, disen-
tangling the spin channels for the same isospin channel will
result in different final states and thus allow to determine
the spin-structure of the pair by providing detailed structure
information [30].

The experiment at GSI-FAIR marks the start of an exper-
imental program to systematically study the dynamics and
interactions of SRCs in the nuclear many-body system along
isotopic chains. For neutron-rich nuclei, the pair ratio is not
expected to globally change significantly while the trend is
expected to reverse for neutron-deficient nuclei [25]. How-
ever, systematic studies together with final-state tagging will
detail that. Even though the neutron-proton asymmetry is
even for the most neutron-rich nuclei produced in the lab
(N/Z < 3) far away from conditions as found in neu-
tron stars, in combination with other inputs and constraints
we hope such SRCs studies will contribute to our under-
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standing of cold-dense nuclear matter and nuclear interac-
tion [14,31]. As we are trying to detail the reaction kine-
matics, new interpretations of SRCs and reactions are dis-
cussed. A novel approach fro example embeds SRCs within
the energy-density functionals (GRDF) in which np pairs are
treated as quasi-deuteron clusters [32]. This suggests to study
in a consistent way the equation-of-state and the impact of
SRCs at supra-saturation densities as may be relevant for our
understanding of neutron-star matter.
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