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Lifecycle
Program Advisory Committee (PAC) meeting


Once or twice per year

Approved → expired in 4 years


Experiment

Beam time: ~ a week

Setup: scrap and build

Variety of topics/programs in this field.

EIC gives us the opportunity for the 
physics we are interested in.

Hoping to increase momentum 
for further discussion.



Does our material world prefer 
non-uniformity rather than uniformity?

LLPS
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Does our atomic nucleus prefer 
non-uniformity rather than uniformity?



• Nucleus is not a static, but a dynamic system

even in the ground state.


• Minor components sometimes

determine the nature of the system.


• Interplay of spin and isospin

makes nucleus unique quantum system.

Key ideas behind



Nuclear force: pion exchange

19351 On the Interaction of Elementary Particles . I. 53

Assumingλ=5×1012cm-1., we.obtain for mo a value 2×102 times ae

large as the electron mass. As such a quantum with large mass and 

positive or negative charge has never been found by the experiment, 
the above theory seems to be on a wrong line. We can show, however, 
that, in the ordinary nuclear transformation, such a gnantum can not 
be emitted into outer space. 
   Let us consider, for example, the transition from a neutron state 
of energy WN to a proton state of energy Wp, both of which include 
the proper energies. These states can be expressed by the wave functions

and

so that, on the right hand side of the equation (4), the term

appears. 
   Putting U= U'(x, y, z)etwt, we have from (4)

(13)

where Integrating this, we obtain a solution

(14)

where

   If or mUC2>|WN-WP|, u is real and the function J(r) of 

Heisenberg has the form in which u, however, depends on 

 |WN-WP| , becoming smaller and smaller as the latter approaches 
mUC2. This means that the range of interaction between a neutron and 
a proton increases as |WN-WP| increases.
   Now the scattering (elastic or inelastic) of a neutron by a nucleus 
can be considered as the result of the following double process: the 
neutron falls into a proton level in the nucleus and a proton in the 
latter jumps to a neutron state of positive kinetic energy, the total 
energy being conserved throughout the process. The above argument, 
then, shows that the probability of scattering may in some case increase

On the Interaction of Elemen2 fury Particles. I. 

             By Hideki YUKAWA. 

                   (Read Nov. 17, 1934)

§1.Introduction

   At the present stage of the quantum theory little is known about 
the nature of interaction of elementary particles. Heisenberg considered 
the interaction of " Platzwechsel " between the neutron and the proton 
to be of importance to the nuclear structure.(1)

Recently Fermi treated the problem of β-disintegration on the

hypothesis of "neutrino "(2). According to this theory, the neutron and 
the proton can interact by emitting and absorbing a pair of neutrino 
and electron. . Unfortunately the interaction energy calculated on such 
assumption is much too small to account for the binding energies of 
neutrons and protons in the nucleus.(3) 

    To remove this defect, it seems natural to modify the theory of 
Heisenberg and Fermi in the following way. The transition of a 
heavy particle from neutron state to proton state is not always accom-
panied by the emission of light particles, i. e., a neutrino and an electron, 
but the energy liberated by the transition is taken up sometimes by 
another heavy particle, which in turn will be transformed from proton 
state into neutron state. If the probability of occurrence of the latter 
process is much larger than that of the former, the interaction between 
the neutron and the proton will be much larger than in the case of 
Fermi, whereas the probability of emission of light particles is not af-
fected essentially. 
   Now such interaction between the elementary particles can be des-
cribed by means of a field of force, just as the interaction between the 
charged particles is described by the electromagnetic field. The above 
considerations show that the interaction of heavy particles with this 
field is much larger than that of light particles with it.

   (1) W. Heisenberg, Zeit f. Phys. 77, 1 (1932) ; 78,156 (1932); 80, 587 (1933) . We shall 
denote the first of them by I. 

   (2) E. Fermi, ibid. 88, 161 (1394). 
   (3) Ig. Tamm, Nature 133, 981 (1934); D. Iwanenko, ibid. 981 (1934).

パイオン交換相互作用
パイオン: 荷電ヴェクトル　擬スカラー粒子 (T=1, Jπ=0−) 

"charge":     

テンソル力はパイオン交換が起源である。



Nucleus is not a static, but a dynamic system 
even in the ground state.

Properties characterized by pion exchange

Quantum mixing between the 
states above and below the 
Fermi surface.


Stabilized through the off-diagonal 
terms of the Hamiltonian.



Minor components sometimes determine 
the nature of the system.

States above the Fermi surface:

• D state in deuteron

• “High momentum component” 

in general

Properties characterized by pion exchange

Deuteron cluster plays a significant role.

A mixture of a few accounts for as 
much as 50% of the binding energy.



Minor components sometimes determine 
the nature of the system.

Properties characterized by pion exchange

Deuteron cluster plays a significant role.

A mixture of a few accounts for as 
much as 50% of the binding energy.

5.1.3 Nucleon–Nucleon Interaction and the Deuteron
and the Di-Neutron System

We should learn the properties of the nucleon–nucleon interaction in order to
understand the halo structure in 11Li. To this end, we would like to show the
central and the tensor interactions in the 3S1 channel of the AV8’ potential [13],
which are shown in Fig. 5.5. In the central interaction, there are strong hard core
(short range repulsive interaction) and intermediate range attraction of moderate
strength. As for the tensor interaction, the long range part drops with the pion
range, while the short range part increases until 0.2 fm and goes to zero at the
origin due to the form-factor coming from the nucleon finite size. On the other
hand, we have the similar structure for the central interaction in the 1S0 channel,
where there is a strong hard core due to the short range quark dynamics. In this
channel, there is no tensor contribution due to zero total spin. The deuteron-like
tensor correlation is produced by the NN interaction in the 3S1 channel, while the
di-neutron clustering is produced by the NN interaction in the 1S0 channel.

In order to understand the role of the hard core and the tensor interaction, let us
solve the Schrödinger equation for the deuteron by using the AV8’ nucleon–
nucleon interaction. The wave function of the deuteron is written as

Wd ¼ uðrÞ½Y0ðr̂Þ % v1ðr1r2Þ&1M þ wðrÞ½Y2ðr̂Þ % v1ðr1r2Þ&1M: ð5:1Þ

The deuteron wave function is written by the s-wave and d-wave components. The
tensor interaction mixes these two components. In Fig. 5.6 and Table 5.2, we show
the deuteron properties for the wave functions and the various energy contributions
and radii. In the wave function, the s-wave component is dominant and shows the
long-tail due to the weak binding of 2 MeV. In the short-range part less than the
0.5 fm region, the s-wave function is largely reduced due to the short-range
repulsion in the central interaction. Looking at the d-wave component, its
amplitude starts from the origin, because of the centrifugal barrier in the L = 2
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Fig. 5 Central and tensor interactions of the AV8’ potential [13] in singlet even (SE) and triplet
even (TE) channels.

In order to understand the role of the hard core and the tensor interaction, let us
solve the Schrödinger equation for the deuteron by using the AV8’ nucleon-nucleon
interaction. The wave function of the deuteron is written as

Ψd = u(r)[Y0(r̂)⊗ χ1(σ1σ2)]1M+w(r)[Y2(r̂)⊗ χ1(σ1σ2)]1M . (1)

The deuteron wave function is written by the s-wave and d-wave components. The
tensor interaction mixes these two components. In Fig. 6 and Table 2, we show the
deuteron properties for the wave functions and the various energy contributions and
radii. In the wave function, the s-wave component is dominant and shows the long-
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Fig. 6 Deuteron s-wave and d-wave functions
obtained using the AV8’ nucleon-nucleon po-
tential.

Table 2 Deuteron properties using
the AV8’ nucleon-nucleon potential.

Energy −2.24 [MeV]

Kinetic 19.88
(SS) 11.31
(DD) 8.57

Central −4.46
(SS) −3.96
(DD) −0.50

Tensor −16.64
(SD) −18.93
(DD) 2.29

LS −1.02

P(D) 5.78 [%]

Radius 1.96 [fm]
(SS) 2.00 [fm]
(DD) 1.22 [fm]

States above the Fermi surface:

• D state in deuteron

• “High momentum component” 

in general



IndependentCorrelated

1/3 and 2/3 of the nucleus



Interplay of spin and isospin 
makes nucleus unique quantum system.

Coordinate space

Spin space Isospin space

Pr × Pσ × Pτ = -1

Spin symmetry breaking

Strong spin-dependent 
terms in non-central forces

　　Spin-orbit force

　　Tensor force

　　Three-body force

Generalized 
Pauli’s principle

Nuclear force is nearly 
isospin-independent.

Evolution of nuclear structure 
depending on neutron number is 
driven by spin-dependent non-
central forces.

Properties characterized by pion exchange



Spin

Isospin

α　S=0, T=0

d　S=1, T=0
t      (Tz=+1/2)  
3He (Tz=−1/2)　 
S=1/2, T=1/2

n2  (Tz=+1) 
p2  (Tz=−1) 
S=0, T=1

Looking at various clusters simultaneously
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S. Typel,  
J. Phys. Conf. Ser. 420, 012078 (2013)

Z.W. Zhang and L.W. Chen 
Physical Review C 95, 064330 (2017)

Cluster develops at <1/10 of saturation density

Cluster formation strongly depends on isospin asymmetry

Progress in theory



Uniform nuclei formed by independent 
neutrons and protons

Limited clusters (such as α) develop 
only in light and heavy nuclei

Conventional picture

Various clusters (d, t, 3He, α, …) 
develop in all nuclei 
Non-uniform nuclei where 
nucleons and clusters coexist


Modern picture

Modern view of atomic nucleus



Is nuclear clustering universal?



“Femtometer toroidal structures in nuclei” 
J. L. Forest et al., Phys. Rev. C 54, 646 (1996)

Deuteron-like spin-dependent anisotropy

Md=±1, θ=0
anisotropy 
in Md=±1 Md=0, θ=π/2

Md=0, θ=0

Md=±1, θ=π/2

anisotropy 
in Md=0



Signature of the deuteron cluster?

H. Matsubara et al., Phys. Rev. Lett. 115, 102501 (2015).

R. Subedi et al., Science 320, 1476 (2008) 

Finite spin expectation value Short range correlation

respectively, where the factors are averaged over the nuclei
measured. Note that the quenching factor of the IS spin-M1
transitions is close to unity, while that of the IV ones is
significantly smaller and consistent with the study of
analogous GT transitions [42]. The calculations with
empirical effective g factors [12] are shown by dotted lines
in Fig. 4 (USD eff). The SNMEs of the IV spin-M1
transitions are reproduced well by USD eff (χ2=N values
for the USD and USD eff predictions are 13 and 0.8,
respectively, where N is the number of data points). In
contrast, the IS transitions are better described by USD
(χ2=N values for USD and USD eff predictions are 0.5 and
2.2, respectively). The present result shows that the widely
used effective g factors lead to an overquenching for IS
spin-M1 transitions in the sd shell.
The effective IS g factor was determined to reproduce

the diagonal spin matrix element hSi of the ground state; see
Eq. (20) in Ref. [43]. Experimental hSi values were obtained
from the IS magnetic moments of mirror nuclei and
subtracting the contribution of the total angular momentum
J. Although the quenching of hSi in nuclei of the closed LS
shell plus or minus one nucleon was obvious [12–15],
the quenching in the mid-sd-shell was insignificant [43].
The finding is consistent with our observation of no IS
quenching of M1 transitions in the mid-sd-shell.
In order to shed some light on these observations, we

next consider the difference Δspin between the sums of the
IS and IV spin-M1 SNMEs as a function of Ex,

ΔspinðExÞ ¼
1

16

! X

Ef<Ex

jMfð~σÞj2 −
X

Ef<Ex

jMfð~στzÞj2
"
; ð5Þ

where the sum is taken up to Ex. With the total spin opera-
tors for protons (neutrons) ~SpðnÞð¼ 1

2

PZðNÞ
i¼1 ~σpðnÞ;iÞ, IS and

IV spin-M1 transitions are represented by 1
2Mfð~σÞ ¼

hfj~Sp þ ~Snjg:s:i and 1
2Mfð~στzÞ ¼ hfj~Sp − ~Snjg:s:i, respec-

tively. In the limit of Ex → ∞, the completeness of jfi
yields

hð~Sp þ ~SnÞ2i ¼
X

f

hg:s:j~Sp þ ~Snjfihfj~Sp þ ~Snjg:s:i

¼ lim
Ex→∞

1

4

X

Ef<Ex

jMfð~σÞj2; ð6Þ

and hð~Sp− ~SnÞ2i¼ limEx→∞
1
4

P
Ef<Ex

jMfð~στzÞj2. Here the
expectation value is taken for the 0þ ground state. We then
derive

lim
Ex→∞

ΔspinðExÞ ¼ h~Sp · ~Sni; ð7Þ

which represents the spin correlation between protons and
neutrons in the ground state.
Figure 5 shows experimental ΔspinðExÞ and theoretical

h~Sp · ~Sni values for nuclei in several shell regions. In

Fig. 5(a), h~Sp · ~Sni values from state-of-the-art nuclear stru-
cture calculations for 4He using the correlated Gaussian
(CG) method [44] and no-core shell model (NCSM) [45]
are displayed. Realistic (AV8’ [46] and G3RS [47])
and chiral [48] NN forces give positive values due to
the tensor correlation, in contrast to the Minnesota [49]
interaction, which does not contain the tensor force.
Figure 5(b) compares experimental results for Δspin in
12C derived from (p; p0) [21] and (e; e0) [50] experiments
with h~Sp · ~Sni values obtained from shell-model calcula-
tions. Both the experiments and the NCSM with realistic
forces show positive values while a calculation using the
effective Suzuki-Fujimoto-Otsuka interaction [51] gives a
slightly negative value. Finally, Fig. 5(c) showsΔspin values
derived from the present data in comparison to the shell-
model calculations using the USD interaction discussed
above. Note that the strengths predicted in the latter are
almost exhausted up to 16 MeV. The data show positive
values as in 12C and comparable to the values predicted
with realistic forces for lower mass nuclei. In contrast,
the shell-model calculations are unable to reproduce the
experimental results irrespective of the use of bare or
effective g factors or using other effective g factors [13–15].
However, predictions by the NCSM (open blue circles)

indicate positive h~Sp · ~Sni values for 20Ne (Nmax ¼ 4)
and 24Mg (Nmax ¼ 2). Here, Nmax defines the maximal
allowed harmonic-oscillator excitation energy above the
unperturbed ground state [45] and, hence, represents a
measure of the model space. The results (−0.007, 0.028,
and 0.072 for Nmax ¼ 0, 2, and 4 for 20Ne and −0.018 and
0.011 for Nmax ¼ 0 and 2 for 24Mg, respectively) show a
clear correlation with the size of Nmax but are considered to
represent a lower boundary only because they have not yet
converged for the present Nmax values. The increase of
h~Sp · ~Sni with increasing Nmax implies that mixing with

FIG. 5 (color online). Experimental ΔspinðExÞ and theoretical
h~Sp · ~Sni values explained in the text for (a) 4He, (b) 12C, and
(c) sd-shell nuclei. The experimental results in (c) are summed up
to Ex ¼ 16 MeV with the same definition of the error bars as in
Fig. 4. The arrows of the NCSM results in (c) indicate that the
results are considered to represent a lower limit.

PRL 115, 102501 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
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(e,e’p) → (p,pN) → (p,pX)

<latexit sha1_base64="Hvk+T3s+w/xNAL8ul9T4O2a15Pw="></latexit>

|Ai =
X

i,j

|xii ⌦ |Bij
Initial state ResidueCluster

Knockout reaction cuts

this entanglement instantly.

Knockout reaction
Simple and clean reaction if the quasi-free condition is satisfied.

The final state interaction is minimized.

Cluster wave function, momentum distribution can be extracted.
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(p,pX) @ E/A = 200—300 MeV

     X: (p,) d, t, 3He, α


  Relative abundance of each cluster and its isotopic dependence

　α: Verification of alpha preformation on the surface

　d: Tensor force in medium

　t, 3He: Opposite isospin dependence


Extension to heavier clusters 

(6He, Li, Be, C) in future

ONOKORO Project: cluster knockout



Full use of accelerator facilities in Japan

RIBF, RIKEN

RCNP, Osaka

HIMAC, QST

Wide mass range

Stable and unstable nuclei

Normal and inverse kinematics



α clustering in Tin isotopes

Grand Raiden  
Spectrometer   
protons detection

0 1 2 3 m

proton beam

Tin target

Large Acceptance 
Spectrometer 
alpha particles detection

proton

alpha particle

Alpha knockout reaction

neutron skin

M. Fujiwara et al., Nucl. Instrum. Meth A 422, 484 (1999).



α clustering in Tin isotopes

Tanaka et al., Science 371, 260–264 (2021) 15 January 2021 4 of 5
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Fig. 3. Missing-mass spectra for the a-knockout reactions, the isotopic
dependence of the (p, pa) cross sections, and a comparison with the
theoretical calculations. (A to D) Missing-mass spectra for the a-knockout
reactions for tin targets (A) 112Sn, (B) 116Sn, (C) 120Sn, and (D) 124Sn. The
effect of a small dip between the ground state peak and the broad continuous
bump in (B) on the count of the peak is within the fitting error and does not
change the conclusions of this study. The red lines in (A) to (D) represent the
results of the fits with the Gaussians for the ground-state peaks (the black
dashed-dotted lines) and the simulated shapes of the continuum (the blue
dashed lines). They include the experimental acceptances of the momenta

and the geometric cuts. (E) Isotopic dependence of the cross sections, as
determined experimentally (black points) and theoretically (red line).
(F) Dependence of the effective number of a clusters, Na, on the mass
number A of the tin nuclei in the calculation using the gRDF approach (23)
with the DD2 parameters (5). (G) Ratios of the cross sections s and Na. In (A)
to (D), the error bars are statistical only; in (E) and (G), the error bars are
dominated by the statistical errors but also include the systematical errors
(~1.6%). (Details are given in the methods.) In (E) and (G), the correlated
normalization uncertainty of the theoretical values is not presented because it
is canceled out when we discuss the isotopic dependence of s and s/Na.
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Fig. 3. Missing-mass spectra for the a-knockout reactions, the isotopic
dependence of the (p, pa) cross sections, and a comparison with the
theoretical calculations. (A to D) Missing-mass spectra for the a-knockout
reactions for tin targets (A) 112Sn, (B) 116Sn, (C) 120Sn, and (D) 124Sn. The
effect of a small dip between the ground state peak and the broad continuous
bump in (B) on the count of the peak is within the fitting error and does not
change the conclusions of this study. The red lines in (A) to (D) represent the
results of the fits with the Gaussians for the ground-state peaks (the black
dashed-dotted lines) and the simulated shapes of the continuum (the blue
dashed lines). They include the experimental acceptances of the momenta

and the geometric cuts. (E) Isotopic dependence of the cross sections, as
determined experimentally (black points) and theoretically (red line).
(F) Dependence of the effective number of a clusters, Na, on the mass
number A of the tin nuclei in the calculation using the gRDF approach (23)
with the DD2 parameters (5). (G) Ratios of the cross sections s and Na. In (A)
to (D), the error bars are statistical only; in (E) and (G), the error bars are
dominated by the statistical errors but also include the systematical errors
(~1.6%). (Details are given in the methods.) In (E) and (G), the correlated
normalization uncertainty of the theoretical values is not presented because it
is canceled out when we discuss the isotopic dependence of s and s/Na.
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NUCLEAR PHYSICS

Formation of a clusters in dilute neutron-rich matter
Junki Tanaka1,2,3*, Zaihong Yang3,4*, Stefan Typel1,2, Satoshi Adachi4, Shiwei Bai5, Patrik van Beek1,
Didier Beaumel6, Yuki Fujikawa7, Jiaxing Han5, Sebastian Heil1, Siwei Huang5, Azusa Inoue4,
Ying Jiang5, Marco Knösel1, Nobuyuki Kobayashi4, Yuki Kubota3, Wei Liu5, Jianling Lou5,
Yukie Maeda8, Yohei Matsuda9, Kenjiro Miki10, Shoken Nakamura4, Kazuyuki Ogata4,11, Valerii Panin3,
Heiko Scheit1, Fabia Schindler1, Philipp Schrock12, Dmytro Symochko1, Atsushi Tamii4,
Tomohiro Uesaka3, Vadim Wagner1, Kazuki Yoshida13, Juzo Zenihiro3,7, Thomas Aumann1,2,14

The surface of neutron-rich heavy nuclei, with a neutron skin created by excess neutrons, provides an
important terrestrial model system to study dilute neutron-rich matter. By using quasi-free a cluster–
knockout reactions, we obtained direct experimental evidence for the formation of a clusters at the
surface of neutron-rich tin isotopes. The observed monotonous decrease of the reaction cross sections
with increasing mass number, in excellent agreement with the theoretical prediction, implies a tight
interplay between a-cluster formation and the neutron skin. This result, in turn, calls for a revision of the
correlation between the neutron-skin thickness and the density dependence of the symmetry energy,
which is essential for understanding neutron stars. Our result also provides a natural explanation for the
origin of a particles in a decay.

C
orrelations and clustering are universal
phenomena in composite systems for all
scales of thematerial world, which range
from the largest structures in the Uni-
verse to minute hadronic systems made

of quarks. The atomic nucleus is a many-body
quantum system that consists of nucleons,
namely protons and neutrons. It can be de-
scribed in the first approximation as nucleons
moving independently in an attractive mean
field generated by all nucleons. Their fermionic
nature leads to the development of a shell struc-
ture with well-defined single-particle levels
(1, 2). This is the basis of the nuclear shellmodel
that can take pairing and other residual in-
teractions additionally into account (1–3). Cor-
relations amongnucleons play a decisive role in

understanding the properties of atomic nuclei,
nuclear matter, and giant objects in the Uni-
verse such as neutron stars (4). In nuclear mat-
ter, nucleons form light nuclear clusters that
comprise deuterons (2H), tritons (3H), helions
(3He), and a particles (4He) at densities suf-
ficiently below the saturation density of nuclei
(5). Deuteron-like clusters can also be found as
short-range correlated pairs at higher den-
sities (6–8). The a particle, as a compact four-
nucleon correlation, plays a particular role
because its strong binding is beneficial for the
cluster formation.
Following the prediction of a-cluster forma-

tion (9, 10) as reported in the 1930s for light
self-conjugate nuclei (11), such as 8Be, 12C, and
16O, microscopic theories on a clustering (12)
have been developed that presume strong cor-
relations between nucleons in clusters and
weak intercluster correlations. In light nuclei,
cluster structures are experimentally known
to exist in their ground state as well as in
excited states (13, 14), specifically for states at
energies in the vicinity of the cluster emission
threshold (15). A prominent example is the
Hoyle state (16) in 12C with a three–a cluster
structure at an excitation energy of 7.65 MeV
(17). The existence of this state is crucial for
the fusion of the three a clusters into a carbon
nucleus in stars. This occurs at a rate that
ensures a sufficient abundance of carbon,
which is necessary for organic life, including
human life (18).
Conversely, providing a consistent descrip-

tion of a clusters and nucleons on the same
footing in heavy nuclei is challenging from a
theoretical perspective (19). Although the for-
mation of a clusters in heavy nuclei may be
suggested from a decay according to the pos-

tulated model of Gamow (19, 20), direct experi-
mental evidence has not yet been reported.
Theoretical studies have suggested that, sim-
ilar to dilute nuclear matter, there exists a
certain probability that a clusters can form in
the ground state of heavy nuclei at the very sur-
face of the nucleus—that is, the region out-
side the saturated nuclear core—with densities
below the a-cluster dissolution threshold (the
Mott density) (5, 21, 22). This feature could
potentially explain the origin of a particles in
the a-decay process. This surface a-clustering
phenomenon also occurs inneutron-rich heavy
nuclei that feature a neutron skin created by
the excess neutrons and are generally stable
against a decay (4, 23). In this case, however,
there is a close interplay between this surface
a-clustering effect and the neutron-skin thick-
ness, as suggested by recent generalized rela-
tivistic density functional (gRDF) calculations
(5, 23). This model predicts a reduction of the
neutron-skin thickness in comparison to theo-
retical calculations without considering the
a-clustering effect, which will further affect
our understanding of the nuclear equation of
state (5, 23). As a result of this interplay, the
formation of a clusters also gets hindered by
the development of a neutron skin in heavy
nuclei. The tin isotopic chain with a proton
magic number Z = 50 provides an ideal test-
ing ground to study this intriguing inter-
play. The bulk and surface properties of these
nuclei are not strongly dependent on the de-
tails of the nuclear structure and can be well
described by relativistic mean-field theories
(23) [see fig. S1 and table S5 for the compari-
son between theoretical calculated radii (23)
and the experimental data]. According to the
gRDF calculation, the probability of a-cluster
formation gradually decreases along the tin
isotopic chain when progressing from the
stable 112Sn to the very neutron-rich 132Sn,
which is accompanied by a steady increase
in the neutron-skin thickness (23). Therefore,
we performed an experiment with tin isotopes
to examine the probability of finding a clusters
[hereafter defined as “the effective number of
a clusters (23)”] in stable heavy nuclei and to
study its isotopic dependence. Our experiment
covers stable nuclides from 112Sn to 124Sn (see
table S2 for detailed properties of the target
materials), with neutron numbers from N =
62 to 74.
The most direct access to a clustering in the

ground state of nuclei is the proton-induced
a-knockout reaction (p, pa). Quasi-free knock-
out reactions of the type (e, ep) and (p, pp) are
well-established methods to investigate the
single-particle structures of nuclei (24); quasi-
free (p, pa) reactions were also used extensively
in the 1970s and 1980s to study a clustering in
light- and medium-mass stable nuclei (25–27).
By measuring the momenta and angles of
the light particles involved in the scattering

RESEARCH

Tanaka et al., Science 371, 260–264 (2021) 15 January 2021 1 of 5

1Technische Universität Darmstadt, Fachbereich Physik,
Institut für Kernphysik, Schlossgartenstraße 9, 64289
Darmstadt, Germany. 2GSI Helmholtz Center for Heavy Ion
Research GmbH, Planckstraße 1, 64291 Darmstadt,
Germany. 3RIKEN Nishina Center for Accelerator-Based
Science, 2-1 Hirosawa, Wako 351-0198, Japan. 4Research
Center for Nuclear Physics, Osaka University, 10-1 Mihogaoka,
Ibaraki 567-0047, Japan. 5State Key Laboratory of Nuclear
Physics and Technology, School of Physics, Peking University,
Beijing 100871, China. 6Université Paris-Saclay, CNRS/IN2P3,
IJCLab, 91405 Orsay, France. 7Department of Physics, Kyoto
University, Kitashirakawa-Oiwake, Sakyo, Kyoto 606-8502,
Japan. 8Faculty of Engineering, University of Miyazaki,
1-1 Gakuen, Kibanadai-nishi, Miyazaki 889-2192, Japan.
9Cyclotron and Radioisotope Center, Tohoku University, 6-3
Aoba, Aramaki, Aoba-ku, Sendai 980-8578, Japan.
10Department of Physics, Tohoku University, Sendai 980-
8578, Japan. 11Department of Physics, Osaka City University,
Osaka 558-8585, Japan. 12Center for Nuclear Study, The
University of Tokyo, 2-1 Hirosawa, Wako 351-0198, Japan.
13Advanced Science Research Center, Japan Atomic Energy
Agency, Tokai, Ibaraki 319-1195, Japan. 14Helmholtz Research
Academy Hesse for FAIR, Schlossgartenstraße 9, 64289
Darmstadt, Germany.
*Corresponding author. Email: zhyang@ribf.riken.jp (Z.Y.); junki.
tanaka@riken.jp (J.T.)

D
ow

nloaded from
 https://w

w
w

.science.org on M
ay 29, 2024J. Tanaka et al., Science 371, 260 (2021).

0

20

40

60

80

-20 -10  0  10  20  30

0

200

400

600

800124Sn(p, pα)120Cd
d

dσ
/d
M
X 

(p
b 

/ M
eV

)

C
ou

nt
s 

/ M
eV

MX (MeV)

0

20

40

60

80

0

200

400

600

120Sn(p, pα)116Cd
c

dσ
/d
M
X 

(p
b 

/ M
eV

)

C
ou

nt
s 

/ M
eV

0

20

40

60

80

0

200

400
116Sn(p, pα)112Cd

b

dσ
/d
M
X 

(p
b 

/ M
eV

)

C
ou

nt
s 

/ M
eV

0

20

40

60

80

-200

0

200

400

600

800

1000

1200

1400

1600112Sn(p, pα)108Cd
a

dσ
/d
M
X 

(p
b 

/ M
eV

)

C
ou

nt
s 

/ M
eV

0.0

0.2

0.4

0.6

112 116 120 124

g

σ
/N

α
 (n

b)

Mass number A

0.0

0.1

0.2

0.3

0.4

0.5

f

N
α

0.00

0.05

0.10

0.15

0.20

experiment

theory

e

σ
 (n

b)
Theory

Neutron Number

C
ro

ss
 se

ct
io

n 
 (n

b)

Experiment

58 62 66 70 74 78

Thick neutron skin
cluster hindered

Thin neutron skin
α-cluster favored



(p,pX) from Calcium isotopes

SX [MeV]

40Ca(p,pd) 40Ca(p,pt)

40Ca(p,p3He) 40Ca(p,pα)pre
limi
nar
y

SX [MeV]

SX [MeV] SX [MeV]
R. Tsuji et al.

40Ca in July 2023
42,44,48Ca in March 2024

50–52Ca in Dec. 2024

RCNP

RIBF



Generalization of the spectral function

First determination of the spectral function for clusters

P(SX, kF) =ΣR |〈R:X(SX,kF)|A〉|2　δ(SX-EA-ER-MX)

J. Mougey, Nucl. Phys. A 335, 35 (1980)

It contains all the information 
about the “particle” in the 
nucleus.

Benhar, Fabrocini, Fantoni, Nucl. Phys. A 505 267 (1989)

Proton spectral function in 16O



Do clusters form shell structures?
Shell structures seen in (p,2p) measurements

G. Jacob and Th. A. J. Maris, Rev. Mod. Phys. 45, 6 (1973)

Deeply bound s
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Why?

How about d, t, 3He?

Past (p,pX) data shows only S orbitals.
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Maris effect

j = ℓ − 1

j = ℓ + 1

Separation of J> and J<

Shubhchintak et al. / Physics Letters B 778 (2018) 30–34 31

Fig. 1. (Color online) Top panel (a): a spin-up proton knocks out a spin-up nucleon 
(proton or neutron). The proton scattering off the near and the far side leads to 
opposite signs of the spin–orbit part of the optical potential (OP) as well as to 
shorter and longer paths within the nucleus. Bottom panel (b): the collisions within 
a closed subshell with a spin-independent NN-interaction do not effectively change 
of the initial proton polarization. A net depolarization of the incident proton occurs 
with a spin-dependent NN-interaction. This depolarization effect increases with the 
number of nucleons in the closed subshell. The final proton polarization will be 
thus sensitive to the combined effects of the interference between the near and far 
side scattering caused by the absorption and the spin–orbit parts of the OP, and by 
the number of nucleons in the subshell.

The polarization of the incoming proton does not change when 
the collisions are summed over all nucleons removed from a closed 
subshell if the momentum distributions of nucleons within the 
subshell are identical and if the nucleon–nucleon (NN) interac-
tion is spin-independent (part (b) of Fig. 1). However, the NN-
interaction has a known spin-dependence for (spin-up)–(spin-up) 
and (spin-down)–(spin-up) cross sections for the triplet and sin-
glet scattering. Hence, one should expect a change in the proton 
polarization due to the subshell occupancy and its effect will be 
larger if more nucleons occupy that subshell, i.e., twice as large for 
p3/2 than for p1/2 subshells. The combination of absorption, the 
spin–orbit part of the optical potential, and the spin-dependence 
of the NN-interaction leads to the Maris polarization effect, most 
evident in the observation of the analyzing power of the scattered 
protons,

A y = dσ (↑) − dσ (↓)

dσ (↑) + dσ (↓)
. (1)

Observing A y requires the detection of the knocked out nucleon by 
incoming polarized protons with opposite polarizations. It is also 
expected that the Maris effect is of opposite sign for the 1p1/2
compared to the 1p3/2 orbital. For more details on the Maris po-
larization effect, and its applications to nuclear spectroscopy, see, 
e.g., Refs. [10–14].

The Maris polarization effect is a well established experimen-
tal tool, e.g., in (p, 2p) reaction studies of nuclear medium effects 
on the NN-interaction [10–21]. It has also been employed to in-
vestigate medium modifications of the nucleon and meson masses 
and the meson–nucleon coupling constants in the nuclear medium, 
motivated by strong relativistic nuclear fields, deconfinement of 
quarks, and also partial chiral symmetry restoration [22–29]. It is 
worthwhile noticing that there are various distinct spin–orbit in-

teractions involved in the Maris effect: (a) the spin–orbit part of 
the optical potential for the nucleon–nucleus scattering, (b) the 
spin–orbit interaction responsible for the j< and j> occupancy of 
the knocked out nucleon orbital, and to a lesser extent, (c) the 
spin–orbit part of the NN-interaction.

The triple differential cross section for quasi-free scattering in 
the Distorted Wave Impulse Approximation (DWIA) is given by [15]

d3σ

d"1d"2dT1
= C2 S · K F

×
∣∣∣
〈
χ (−)

σ2p2χ
(−)
σ1p1

∣∣τpN
∣∣χ (+)

σ0p0ψ jlm

〉∣∣∣
2
, (2)

where K F is a kinematic factor, p0 (p1) denotes the momen-
tum of the incoming (outgoing) proton, p2 the momentum of the 
knocked-out nucleon, and T2 its energy. C2 S is the spectroscopic 
factor associated with the single-particle properties of the removed 
nucleon and ψ jlm is its wavefunction, labeled by the jlm quantum 
numbers. The DWIA matrix element includes the scattering waves 
χσp for the incoming and outgoing nucleons, with information on 
their spins and momenta, (σk), as well and the t-matrix for the 
nucleon–nucleon scattering. To first-order this t-matrix is directly 
proportional to the free NN scattering t-matrix, τpN . For unpolar-
ized protons, Eq. (2) is averaged over initial and summed over final 
spin orientations. This formalism has been used previously and a 
good description of experimental data has been obtained with a 
proper choice of the optical potential and of the NN-interaction 
(see, e.g., Refs. [16,20]). In Ref. [3] it was shown that momentum 
distributions of the residual nuclei obtained in quasi-free scattering 
are well described using the eikonal approximation for the scatter-
ing waves χpi entering Eq. (2). The method, appropriate for high-
energy collisions, allows to easily include relativistic and medium 
effects and a connection with partial waves can be done for large 
angular momenta with L = pb, where p is the incident momen-
tum and b the impact parameter. Here, we adopt the DWIA and 
the partial-wave expansion method described in various publica-
tions, e.g., Refs. [10–13,15,16,20,22,23].

The inputs for the calculations following Eq. (2) are (a) the opti-
cal potential for nucleus–nucleus scattering, (b) the NN-interaction, 
and (c) the ejected nucleon wavefunction ψ jlm . For simplic-
ity, the single-particle energies and wavefunctions ψ jlm of the 
ejected nucleon are calculated with a global Woods–Saxon po-
tential model in the form V (r) = [V 0 + (0.72 fm2)V S O /(ar)] f (r), 
f (r) = {1 + exp[(r − R)/a]}−1, V 0 = [−57.8 ± 33(N − Z)/A] MeV
with + (−) sign for neutrons (protons), and V S O = [−22 ± 14(N −
Z)/A] MeV. We use a = 0.65 fm and R = 1.2A1/3 fm.

In Fig. 2 we show the calculated cross sections for
40Ca(p, 2p)39K and incident proton energy E p = 148 MeV, as a 
function of the recoil momentum, p A−1 of the residual nucleus. 
The proton knockout is assumed to be from the 1d3/2 and 2s1/2
orbitals in 40Ca. The cross sections are integrated over the energy 
of the knocked-out proton and are given in units of µb sr−2 MeV−1. 
The optical potential of Ref. [19] and the NN-interaction of Ref. [24]
were employed. The experimental data are taken from Ref. [17]. 
The dashed (solid) lines include (do not include) the spin–orbit 
part of the optical potential. In agreement with the conclusions of 
Refs. [17,18], we find that the spin–orbit part of the optical poten-
tial plays a small role in the description of the triple-differential 
cross sections for unpolarized protons.

The inset panel in Fig. 2 shows a comparison of our calcula-
tions with the experimental data of Ref. [17] for the 1s1/2 state 
as various NN-interactions are used. The shaded area includes re-
sults for seven NN-interactions taken from Refs. [21,24,30–34]. We 
have observed that the choice of the NN-interaction has a greater 
impact on the results for unpolarized protons than the strength 



Hot topic: short range correlation

These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
single recoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron 12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
and 12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.
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Probing Cold Dense Nuclear Matter
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The protons and neutrons in a nucleus can form strongly correlated nucleon pairs. Scattering
experiments, in which a proton is knocked out of the nucleus with high-momentum transfer and
high missing momentum, show that in carbon-12 the neutron-proton pairs are nearly 20 times as
prevalent as proton-proton pairs and, by inference, neutron-neutron pairs. This difference
between the types of pairs is due to the nature of the strong force and has implications for
understanding cold dense nuclear systems such as neutron stars.

Nuclei are composed of bound protons (p)
and neutrons (n), referred to collectively
as nucleons (N). A standard model of the

nucleus since the 1950s has been the nuclear
shell model, in which neutrons and protons move
independently in well-defined quantum orbits in
the average nuclear field created by their mu-
tually attractive interactions. In the 1980s and
1990s, proton-removal experiments using elec-
tron beams with energies of several hundred

megaelectron volts showed that only 60 to 70%
of the protons participate in this type of inde-
pendent particle motion in nuclear valence states
(1, 2). At the time, it was assumed that this low
occupancy was caused by correlated pairs of
nucleons within the nucleus. The existence of nu-
cleon pairs that are correlated at distances of
several femtometers, known as long-range correla-
tions, has been established (3), but these accounted
for less than half of the predicted correlated nu-
cleon pairs. Recent high-momentum transfer mea-
surements (4–12) have shown that nucleons in
nuclear ground states can form pairs with large
relative momentum and small center-of-mass
(CM) momentum due to the short-range (scalar
and tensor) components of the nucleon-nucleon
interaction. These pairs are referred to as short-
range correlated (SRC) pairs. The study of these
SRC pairs allows access to cold dense nuclear
matter, such as that found in a neutron star.

Experimentally, a high-momentum probe can
knock a proton out of a nucleus, leaving the rest
of the system nearly unaffected. If, on the other
hand, the proton being struck is part of an SRC
pair, the high relative momentum in the pair
would cause the correlated nucleon to recoil and
be ejected as well (Fig. 1). High-momentum
knockout by both high-energy protons (8–10)
and high-energy electrons (12) has shown, for kin-
ematics far from particle-production resonances,
that when a proton with high missing momentum
is removed from the 12C nucleus, the momentum
is predominantly balanced by a single recoiling
nucleon. This is consistent with the theoretical
description that large nucleon momenta in the nu-
cleus are predominantly caused by SRC pairing
(13). This effect has also been shown when in-
clusive incident electron, scattered electron (e,e')
data were used (4, 5, 14), although that type of
measurement is not sensitive to the type of SRC
pair. Here we identify the relative abundance of
p-n and p-p SRC pairs in 12C nuclei.

We performed our experiment in Hall A of
the Thomas Jefferson National Accelerator Facil-
ity (JLab), using an incident electron beam of
4.627 GeV with a beam current between 5 and
40 mA. The beam was incident on a 0.25-mm-
thick pure 12C sheet rotated 70° to the beam line to
minimize the material through which the recoiling
protons passed.We used two high-resolution spec-
trometers (HRS) (15) to define proton-knockout
events for 12C(e,e'p). The left HRS detected
scattered electrons at a central scattering angle
(momentum) of 19.5° (3.724 GeV/c). These val-
ues correspond to the quasi-free knockout of a
single proton with transferred three-momentum
q = 1.65 GeV/c, transferred energy w = 0.865
GeV, Q2 = q2 − (w/c)2 = 2(GeV/c)2 (where Q2 is
the four-momentum, squared), and Bjorken
scaling parameter xB = Q2/2mw = 1.2, where m
is the mass of the proton. The right HRS detected
knocked-out protons at three different values for
the central angle (momentum): 40.1° (1.45GeV/c),
35.8° (1.42 GeV/c), and 32.0° (1.36 GeV/c).

Fig. 1. Illustration of the 12C(e,e'pN)
reaction. The incident electron beam
couples to a nucleon-nucleon pair via
a virtual photon. In the final state,
the scattered electron is detected
along with the two nucleons that
are ejected from the nucleus. Typi-
cal nuclear density is about 0.16
nucleons/fm3, whereas for pairs the
local density is approximately five
times larger.
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Fig. 8 (Color online) Damping factor for the neutron-knockout reaction on 6He by a
proton target at 250 MeV/nucleon, which is shown as the red (solid) line. For reference, the
blue (dotted) line shows that by a 12C target.

Figures 9 and 10 show the results where the asymmetry in the momentum distributions
is suppressed as the absorption becomes stronger. For both kalpha-n = 0.1 and 0.4 fm−1,
the distributions for the 12C target are more symmetric than those for the proton target,
suggesting the employing the proton target is essential to investigate the spatial correlation
of halo neutrons from the momentum distribution in the quasi-free knockout reaction.

Furthermore, from an experimental point of view, it is crucial to use a transparent target
such as a proton. Absorption by the target nucleus reduces the strength of the momentum
distribution, and the absorption effect on the distribution is significant, especially in the case
of the 12C target. For kα-n = 0.4 fm−1, the strength at the peak position for 12C is 7.37 times
smaller than the case without absorption, while that for the proton is 1.72 times smaller.
The transparent target provides clean data, while the heavier target with a large absorption
makes the experimental statistics low.

3.4. Experimental approaches to the two-neutron correlation

Here, the experimental feasibility to extract the signature of the two-neutron correlation is
discussed. First we estimated the cross section for the (p, pn) reaction on 6He. The cross
section is calculated by the distorted-wave impulse approximation (DWIA) since we could
not reproduce the absolute value of the cross section using the present model with a zero-
range p-n interaction. In the DWIA calculation, we used the optical potentials from the Dirac
phenomenology and considered the kinematical conditions listed in Table 2. Integrating over
the kinematics, the cross section for the (p, pn) reaction on 6He is obtained as 2 × 102 µb,
which is subsequently used to estimate the typical value of the cross section by gating on
the relative momentum kα-n. With a gate width of 50 keV for the α-n relative energy, the
cross section is on order of 1µb.

The experimental extraction of the signature of the two-neutron correlation discussed
above demands (i) selection of the (p, pn) events with a sufficiently large momentum transfer,
(ii) high statistics to divide the correlation angle distribution according to kα-n, and (iii) a
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☺ Transparent probe

☹ Only applicable to stable nuclei

c.f. SCRIT



Cluster “size” and EMC effect

－20－

Cluster size and amount play a role.

→ EM form factor of the cluster

EMC effect is determined by the local density, 
not the average density.



“Clusters” made of clusters

Probing Cold Dense Nuclear Matter
R. Subedi,1 R. Shneor,2 P. Monaghan,3 B. D. Anderson,1 K. Aniol,4 J. Annand,5 J. Arrington,6
H. Benaoum,7,8 F. Benmokhtar,9 W. Boeglin,10 J.-P. Chen,11 Seonho Choi,12 E. Cisbani,13
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The protons and neutrons in a nucleus can form strongly correlated nucleon pairs. Scattering
experiments, in which a proton is knocked out of the nucleus with high-momentum transfer and
high missing momentum, show that in carbon-12 the neutron-proton pairs are nearly 20 times as
prevalent as proton-proton pairs and, by inference, neutron-neutron pairs. This difference
between the types of pairs is due to the nature of the strong force and has implications for
understanding cold dense nuclear systems such as neutron stars.

Nuclei are composed of bound protons (p)
and neutrons (n), referred to collectively
as nucleons (N). A standard model of the

nucleus since the 1950s has been the nuclear
shell model, in which neutrons and protons move
independently in well-defined quantum orbits in
the average nuclear field created by their mu-
tually attractive interactions. In the 1980s and
1990s, proton-removal experiments using elec-
tron beams with energies of several hundred

megaelectron volts showed that only 60 to 70%
of the protons participate in this type of inde-
pendent particle motion in nuclear valence states
(1, 2). At the time, it was assumed that this low
occupancy was caused by correlated pairs of
nucleons within the nucleus. The existence of nu-
cleon pairs that are correlated at distances of
several femtometers, known as long-range correla-
tions, has been established (3), but these accounted
for less than half of the predicted correlated nu-
cleon pairs. Recent high-momentum transfer mea-
surements (4–12) have shown that nucleons in
nuclear ground states can form pairs with large
relative momentum and small center-of-mass
(CM) momentum due to the short-range (scalar
and tensor) components of the nucleon-nucleon
interaction. These pairs are referred to as short-
range correlated (SRC) pairs. The study of these
SRC pairs allows access to cold dense nuclear
matter, such as that found in a neutron star.

Experimentally, a high-momentum probe can
knock a proton out of a nucleus, leaving the rest
of the system nearly unaffected. If, on the other
hand, the proton being struck is part of an SRC
pair, the high relative momentum in the pair
would cause the correlated nucleon to recoil and
be ejected as well (Fig. 1). High-momentum
knockout by both high-energy protons (8–10)
and high-energy electrons (12) has shown, for kin-
ematics far from particle-production resonances,
that when a proton with high missing momentum
is removed from the 12C nucleus, the momentum
is predominantly balanced by a single recoiling
nucleon. This is consistent with the theoretical
description that large nucleon momenta in the nu-
cleus are predominantly caused by SRC pairing
(13). This effect has also been shown when in-
clusive incident electron, scattered electron (e,e')
data were used (4, 5, 14), although that type of
measurement is not sensitive to the type of SRC
pair. Here we identify the relative abundance of
p-n and p-p SRC pairs in 12C nuclei.

We performed our experiment in Hall A of
the Thomas Jefferson National Accelerator Facil-
ity (JLab), using an incident electron beam of
4.627 GeV with a beam current between 5 and
40 mA. The beam was incident on a 0.25-mm-
thick pure 12C sheet rotated 70° to the beam line to
minimize the material through which the recoiling
protons passed.We used two high-resolution spec-
trometers (HRS) (15) to define proton-knockout
events for 12C(e,e'p). The left HRS detected
scattered electrons at a central scattering angle
(momentum) of 19.5° (3.724 GeV/c). These val-
ues correspond to the quasi-free knockout of a
single proton with transferred three-momentum
q = 1.65 GeV/c, transferred energy w = 0.865
GeV, Q2 = q2 − (w/c)2 = 2(GeV/c)2 (where Q2 is
the four-momentum, squared), and Bjorken
scaling parameter xB = Q2/2mw = 1.2, where m
is the mass of the proton. The right HRS detected
knocked-out protons at three different values for
the central angle (momentum): 40.1° (1.45GeV/c),
35.8° (1.42 GeV/c), and 32.0° (1.36 GeV/c).

Fig. 1. Illustration of the 12C(e,e'pN)
reaction. The incident electron beam
couples to a nucleon-nucleon pair via
a virtual photon. In the final state,
the scattered electron is detected
along with the two nucleons that
are ejected from the nucleus. Typi-
cal nuclear density is about 0.16
nucleons/fm3, whereas for pairs the
local density is approximately five
times larger.
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Clusters may form larger subsystems: 
“clusters” made of clusters.

A clean electron probe is ideal 
for studying such “weak” structure.

Knocked-out cluster

Correlated partner (cluster)

(e,e’XX)



• Variety of topics/programs in the field of low energy nuclear physics.


• EIC gives us the opportunity for the physics we are interested in.


• We hope to increase momentum for further discussion.


• Possible physics cases at EIC:


• Deeply bound s state.


• SRC / cluster knockout: (e,e’X)


• EMC effect / EM form factor of the cluster.


• Cluster-cluster correlation: (e,e’XX).

Summary


