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v Motivation 
Ø The rich structure of atomic nuclei:

ü Clustering, halo, skin …
ü Quadrupole/octupole/hexdecopole deformations
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v Motivation 
The atomic nuclei carry non-trivial shapes and structures beyond the simple spherical Woods-Saxon 
distribution. For instance, it has been suggested that the wave functions of light nuclei, such as 12C, contain 
alpha clustering. In such a scenario, the nucleus appears more like three α particles rather than six protons and 
six neutrons behaving independently. 

Our study goals can be summarized as:
(1) Can the EIC detectors (ePIC and 2nd detector) differentiate between different geometries, such as 
spherical 12C versus a triple-alpha cluster configuration of 12C?
(2) How can the nuclear structure impact other EIC physics programs? 

The atomic nucleus comprises Z protons and N neutrons,
which are collectively called nucleons. In the α clustering
picture as illustrated in Fig. 1, the α particle (Z=N= 2)

forms a building block, and some nuclei can be composed of α
particles. In such cases, Z=N= 2i holds with i being an integer,
and the mass number A= Z+N becomes equal to 4, 8, 12, ... A
given nucleus is labeled as AX where X denotes the element, e.g.,
8Be for beryllium-8. Fig. 1b–c sketch intuitive pictures for pos-
sible α clustering in 8Be and 12C, respectively, where α particles
are shown by mid-sized circles forming nuclei represented by
green areas. Such natural pictures, collectively called the α cluster
model, have been conceived since the 1930s1–7. It is, however, still
difficult to observe the α clustering experimentally. This is basi-
cally because the nucleus is not at rest (quantum mechanically)
but we need its snapshot (see Fig. 1).

An alternative possibility is theoretical studies: quite a few
studies, for example8–16, were performed based on models or
assumptions including limiting cases like linear chains3,15, equi-
lateral triangles13, and a Bose-Einstein condensate14. More
recently ab initio calculations were reported17–20, where two α
clusters in the ground state of 8Be were suggested17 (see Fig. 1b).
The α clustering is more crucial but less clarified for the 12C
nucleus: this nucleus can be formed by three α particles in con-
figurations, triangular, linear, or other (see Fig. 1c). Its lowest
spin/parity Jπ= 0+ excited state, the infamous Hoyle state21–23, is
a critical gateway in the nucleosynthesis to the present carbon-
abundant world filled with living organisms24,25, but its structure
remains to be clarified.

We show in this work, by state-of-the-art computational
simulations without assuming α clustering a priori, that α clus-
tering indeed occurs for the ground and excited states of 8,10Be
and 12C isotopes, including the Hoyle state, in varying formation
patterns. The simulations are performed by full Configuration-
Interaction (CI) calculations from first principles on a sound
basis, and their validity is further examined for some observables
by comparing with experimental data. The revealed features are
supported by a statistical learning technique26, and present an
unexpected crossover27 between clustering and normal nuclear
matter.

Results
Multi-nucleon structure by CI simulation. The present CI cal-
culation is called the shell-model (SM) calculation in nuclear
physics. Among various types of SM calculations, the one taken in
this work belongs to Monte Carlo Shell Model (MCSM)28–31. The
MCSM has already been applied to various studies on atomic
nuclei (see examples, 32,33). The present MCSM calculation dif-
fers in that all nucleons are activated (i.e., no inert core)34,35,
implying no core-polarization (or in-medium) correction is
needed. The nucleon-nucleon (NN) interaction is fixed on a
fundamental basis prior to this work as described below, so as to
accurately describe free NN scattering36–38. The whole scheme
can then be referred to as the ab initio No-Core MCSM, which is

a state-of-the-art CI calculation for nuclei running on super-
computers such as K39 and Fugaku40.

The NN interaction we use is the JISP16 interaction36 for Be
isotopes and the Daejeon16 interaction37 for C isotopes. The
inter-nucleon potential of the JISP16 interaction was determined
so as to reproduce NN scattering data and deuteron properties. In
addition, the binding energies of light nuclei are used for fine-
tuning. No explicit three-nucleon interactions are included, but
momentum-dependent NN interaction terms produce similar
effects36. The Daejeon16 interaction is a successor of JISP16. It
has been derived from chiral effective field theory up to N3LO
terms38, and also uses a few properties of light nuclei for the fine-
tuning instead of three-nucleon forces37. Both interactions have
been fixed prior to the present simulation and retain their
excellent descriptions of the NN scattering data. For the Be
isotopes, the results of JISP16 interaction are used in this paper,
because of no notable change by Daejeon16.

In the present CI calculations, protons and neutrons are
moving in certain single-particle states, taking various configura-
tions. Their many-body structure is obtained as solutions of the
Schrödinger equation with the aforementioned NN interaction.
These single-particle states are given by eigenstates of the
harmonic-oscillator (HO) potential. We take a sufficiently large
number of such eigenstates so that a good accuracy is achieved:
the HO shells up to the 6th (5ℏω) or 7th shell (6ℏω) for Be and C
isotopes, respectively, with ℏω being the HO quantum. We note
that the present simulation employs cutting-edge supercomput-
ing: if we were to attempt the same calculation with direct matrix
diagonalization, the dimension of the vector space is as large as
1.2 × 1012 for 8Be and 1.9 × 1019 for 12C. The MCSM enables us
to solve the Schrödinger equation to a good approximation34,
without resorting to such formidable calculations. Some of the
ground-state properties obtained by the present calculation are
reported elsewhere35, and we shall here focus on the clustering.

Manifestation of α-clustering and beryllium isotopes. The
aforementioned eigensolutions provide energy eigenvalues and
wave functions. Figure 2 indicates, for 8,10,12Be, the excitation
energies, Ex(Jπ), of the states of Jπ= 2+ or 4+ on top of the
Jπ= 0+ ground state, while other excited states are omitted for
clarity. One sees a good agreement between the present CI
simulation and experiment. Because this simulation is a first-
principles calculation with no adjustable parameters, this agree-
ment deserves particular attention. Similar results were obtained
for 8Be by the Green’s Function Monte Carlo (GFMC)
calculation17,18, and for Be isotopes by the no-core CI calculation
with the JISP16 interaction41. The three isotopes in Fig. 2 com-
monly exhibit a pattern Ex(4+)/Ex(2+) ~ 3, as reproduced rather
well by the present work. This is a typical pattern of the rotational
motion of a non-spherical quantum object. A schematic image of
the rotational motion of a di-cluster formation is displayed in
Fig. 1b.
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Fig. 1 Schematic illustrations of α clustering in atomic nuclei. a 4He=α particle, b 8Be, and c 12C (three possible cases, i, ii, and iii). The green areas
represent atomic nuclei allowing some movements of α clusters.
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Such effects are essential for understanding the nuclear structure and can serve as a background estimate for 
other studies (e.g., the nuclear short-range correlation studies**). 

** Lei Shen, Bo-Song Huang, and Yu-Gang Ma
Phys.Rev.C 105 (2022) 1, 014603



v The work plan

4

To reach the project goals, we executed our plan in the following order:

(1) Identifying the EIC model simulations that can be used to study the alpha clustering in light nuclei.
ü The BeAGLE model

(2) Modifying the EIC model simulations with initial nuclear configurations, which include alpha clustering.
ü The nuclear shape and structure picture have been into the BeAGLE model 

(3) Identify the physics observables that can be used in such work.
ü Several observables have been introduced (e.g., mean energy observable)

(4) Identify the study cavities that will need further investigation.

(5) Further investigation
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v The work plan

1 Introduction

The Electron-Ion Collider (EIC) is a cutting-edge facility being designed and built at BNL.
It is expected to provide a window into understanding the strong force through a variety of
physics channels [2]. One particularly interesting approach is to use particle detectors in the
far-forward region in the direction of the ion beam. These detectors can detect remnants
of the colliding nucleus, allowing us to characterize the geometry of the collisions, which is
important for extracting the maximum information about the strong interaction.

Figure 1: Relevant quantities to describe the collision geometry. The variable b is referred
to as the impact parameter with small values indicating “central collisions” and large values
indicating “peripheral collisions”.

A variety of measurements have been proposed already which use forward detectors to
characterize or “tag” events at the EIC. One example is the concept of “centrality”, which
has been heavily used at RHIC. An electron scattering event can be conceptualized as a
collision between a virtual photon emitted by the electron and a nucleus, as illustrated in
Figure 2. One way to characterize the collision geometry is the impact parameter, b, of the
virtual photon with the nucleus.

Figure 2, reproduced from [1], shows the relationship between the amount of neutral
energy (mostly evaporation neutrons from the excited nuclear remnant) in the zero degree
calorimeter and centrality. Fig. 2(a) shows the distribution of energy deposition in the
ZDC EZDC

n (at the generated level), where the blue area corresponds to the events with
a centrality of 0-1% (smallest b), representing the top 1% events with the highest energy
deposition, greater than 2.82 TeV. The red area corresponds to the events with a centrality
of 60-100 % with energy less than 0.44 TeV. Note: Unlike in A+A collisions, for e+A,
larger ZDC energy corresponds to smaller impact parameter. Fig. 2(b) shows that these two
di↵erent simulated data samples would correspond to significantly di↵erent geometries. The
peripheral sample should involve mostly collisions between the virtual photon and the edge
of the nucleus, which is almost like a collision with a single nucleon, but modified because it
is in the nuclear environment. In contrast, central collisions will enhance any multinucleon

2

(1) Identifying the EIC model simulations that can be used to study the alpha clustering in light nuclei.
ü The BeAGLE model

PRD 106, 012007 (2022) 
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v The work plan
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Figure.1: The normalized density distribution of 
the different configurations of the 12C introduced 
into the BeAGLE model.

The α clustering implementation: 
In 49𝐵𝑒, 6

12𝐶, and 8
16𝑂	we include the α clustering as [3]:

ü Chose the centers of the n-α clusters with a particular 
configuration 

ü Construct the α cluster with four nucleons 
ü Generated random configuration event by event 

The BeAGLE model is updated to consider the 
α clustering 
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(2) Modifying the EIC model simulations with initial nuclear configurations, which include alpha clustering.
ü The nuclear shape and structure picture have been into the BeAGLE model 
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v The work plan
(3) Identify the physics observables that can be used in such work.

ü Several observables have been introduced (e.g., mean energy observable)
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v The work plan
(3) Identify the physics observables that can be used in such work.

ü Several observables have been introduced (e.g., mean energy observable)
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v The work plan
(3) Identify the physics observables that can be used in such work.

ü Several observables have been introduced (e.g., mean energy observable)

Proposal-1 
Measure the 𝐸  in B0 acceptance then extract the nuclear structure via data model comparisons.

Proposal-2 [Future work] 
Measure the 𝐸  in B0 acceptance, then extract the nuclear structure via isotopes comparisons.
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v The work plan
(4) Identify the study cavities that will need further investigation.

One of the main challenges to this work and the e+A studies at EIC is the centrality definition. 
Ø In e+A collisions, the impact parameter is independent of the kinematics of the collisions and has a 

weak dependence on the final state particles. 
Ø It’s hard to identify a particular final state measure that can be strongly correlated with the impact 

parameter. 

Finding a clever way to define centrality in the e+A collisions at the EIC is too 
important and is being investigated separetly. 

low-Q2 region. This can be understood from the fact that
Q2 ∝ 1

λ, where λ is the wavelength of the photon. At lowQ2,
the photon has a large wavelength and can interact with
many nucleons at once. However, for high Q2, the wave-
length of the photon is small, and, therefore, fewer nucleons
participate in the interaction. No difference as a function of
xbj for these two shadowing models is found.

V. DISCUSSION

In the previous sections, we compared ep DIS events
from the PYTHIA event generator to data from the ZEUS
experiment at HERA, as well as μXe and μD collision
results from the BeAGLE event generator and E665 data
at Fermilab. The results show that we can tune the PYTHIA

model to describe target fragmentation in ep collisions,
while BeAGLE cannot fully describe the target fragmen-
tation region in eA at E665. Model uncertainties, e.g., τ0,
and insufficient knowledge of the experimental selection
in E665 might be responsible for the observed discrep-
ancy. In order to further improve our understanding on the

way toward the EIC, currently available ultraperipheral
collisions (UPC) data at the Relativistic Heavy-Ion
Collider, e.g., the recent data of J=ψ photoproduction
in the deuteron-gold UPC [56], and UPC data from the
Large Hadron Collider, will be extremely valuable, along
with tagged target fragmentation studies at the continuous
electron beam accelerator facility at Jefferson Lab. These
data provide a new pathway for study and validation and
improvement of the BeAGLE generator.
In addition, BeAGLE currently cannot simulate coherent

diffraction in eA due to the construction of the model. This
is closely related to the determination of the formation time
parameter, e.g., τ0. Another future plan for the BeAGLE
development will be in this area, where coherent diffraction
will provide important insights into the underlying gluon
dynamics in the nucleus.
In parallel to this work, there are recent efforts in

improving the parton energy loss model PyQM in a different
study [31], modification of the DIS kinematics in light
nuclei to account for Fermi momentum, implementation of
the EMC effect [57–61], and short-range correlations using
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FIG. 14. (a) The correlation between the deposited energy in the ZDC and impact parameter b. (b) b distributions for both central and
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distributions for both central and peripheral collisions. Note that all of these distributions are in the MC generated level, without detector
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v The work plan
(4) Identify the study cavities that will need further investigation.

One of the main challenges to this work and the e+A studies at EIC is the centrality definition. 
Ø In e+A collisions, the impact parameter is independent of the kinematics of the collisions and has a 

weak dependence on the final state particles. 
Ø It’s hard to identify a particular final state measure that can be strongly correlated with the impact 

parameter. 

Using ZDC energy in 12C

80-100%

e+12C 0-1%
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v The work plan
(5) Further investigation

Ø Investigate the ability to use centrality-independent observables.
Ø Work on finding a robust centrality definition.
Ø Investigate the ability to use different isotopes in our study. 
Ø Studying the nuclear structure effect of several measurements (e.g., the 

nuclear short-range correlation studies)

v Conclusion 
We investigated the ability to use the EIC to investigate the α clustering in %&𝐵𝑒, '

()𝐶, and *
('𝑂:

Ø The 𝐸  in 𝐵0 is sensitive to α clustering in 49𝐵𝑒, 6
12𝐶, and 8

16𝑂
Ø The 𝐸  in 𝐵0 is sensitive to α clustering configuration (i.e., GS and HS)
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v The detector’s acceptance:

14

Ø In this current study, we are using: ZDC and B0 detectors 

𝐵' 𝑍𝐷𝐶

𝜂


