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Abstract
In the context of future electron-ion collision experiments, particularly the
Electron-Ion Collider (EIC) and the Electron-Ion Collider in China (EicC), in-
vestigating exclusive photoproduction processes is of paramount importance.
These processes offer a distinctive opportunity to probe the gluon structure of
nuclei across a broad range of Bjorken𝑥, thereby enabling measurements of nu-
clear shadowing and facilitating the search for gluon saturation and color glass
condensates. This study explores the potential of utilizing neutron tagging via
the Coulomb excitation of nuclei to precisely determine the impact parameter for
exclusive photoproduction in electron-ion collisions. By developing the Equiv-
alent Photon Approximation (EPA) for fast electrons, this study incorporates
a coordinate-space-dependent photon flux distribution to elucidate the relation-
ship between the photon transverse momentum distribution and the collision
impact parameter. Furthermore, the differential cross section for Coulomb exci-
tation of nuclei is derived by leveraging the spatial information from the photon
flux. Our calculations demonstrate that neutron tagging can significantly al-
ter the impact parameter distributions, thereby providing a robust method for
impact parameter manipulation in electron-ion collisions. This study provides
valuable insights and strategies for exploring the impact parameter dependence
of exclusive photoproduction, offering novel insights for experimental design and
data analysis. Ultimately, it enhances our understanding of the gluon distribu-
tion within the nucleus.
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In the context of future electron-ion collision experiments, particularly the
Electron-Ion Collider (EIC) and the Electron-Ion Collider in China (EicC), in-
vestigating exclusive photoproduction processes is of paramount importance.
These processes offer a distinctive opportunity to probe the gluon structure of
nuclei across a broad range of Bjorken-x, thereby enabling measurements of nu-
clear shadowing and facilitating the search for gluon saturation and color glass
condensates. This study explores the potential of utilizing neutron tagging via
the Coulomb excitation of nuclei to precisely determine the impact parameter for
exclusive photoproduction in electron-ion collisions. By developing the Equiv-
alent Photon Approximation (EPA) for fast electrons, this study incorporates
a coordinate-space-dependent photon flux distribution to elucidate the relation-
ship between the photon transverse momentum distribution and the collision
impact parameter. Furthermore, the differential cross section for Coulomb exci-
tation of nuclei is derived by leveraging the spatial information from the photon
flux. Our calculations demonstrate that neutron tagging can significantly al-
ter the impact parameter distributions, thereby providing a robust method for
impact parameter manipulation in electron-ion collisions. This study provides
valuable insights and strategies for exploring the impact parameter dependence
of exclusive photoproduction, offering novel perspectives for experimental de-
sign and data analysis. Ultimately, it enhances our understanding of the gluon
distribution within the nucleus.

Keywords: Electron-Ion collisions, Exclusive photoproduction, Coulomb disso-
ciation, Gluon tomography

## Introduction

Electron-ion collisions present an unparalleled opportunity for investigating the
internal structures of nucleons and nuclei [?], particularly the distribution of
gluons across different momentum scales. Upcoming facilities, including the
Electron-Ion Collider (EIC) [?] in the United States and the Electron-Ion Col-
lider in China (EicC) [?], are specifically designed to probe these structures over
a broad range of photon virtuality (𝑄2) and Bjorken-x, thereby enabling the
study of phenomena such as nuclear shadowing and gluon saturation. The de-
ployment of high-energy electron beams in interactions with protons and heavy
ions facilitates precise measurements of the spatial and momentum distributions
of gluons within the target [?], which is crucial for advancing our understanding
of quantum chromodynamics (QCD) in dense nuclear environments.

Exclusive photoproduction is a key process for probing the gluon distribution
within nuclei. In this process, a virtual photon emitted by an electron coher-
ently interacts with the target, producing a vector meson while leaving the
target intact. This interaction serves as a direct probe of the gluon density, as
the cross-section is sensitive to the gluon distribution within the target. Specif-
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ically, in coherent photoproduction, the virtual photon fluctuates into a quark-
antiquark pair, which subsequently scatters elastically from the target through
the exchange of a color-neutral object, typically a Pomeron, at high energies
[?]. Such studies are essential for understanding phenomena such as gluon shad-
owing, where gluon densities in nuclei are suppressed compared with those in
free protons, and for providing compelling evidence for gluon saturation and the
formation of color glass condensates [?].

To gain insights into the spatial distribution and fluctuations of gluons, mea-
surements of the differential cross section 𝑑𝜎/𝑑𝑡 are of paramount importance
[?]. Momentum transfer 𝑡 is directly related to the transverse distance between
the interacting particles, thereby yielding essential information on the spatial
distribution of gluons within the nucleus. In relativistic heavy-ion collisions, sig-
nificant progress has been made in probing this distribution via 𝑑𝜎/𝑑𝑡 measure-
ments [?]. Early studies conducted by the STAR experiment at the Relativistic
Heavy Ion Collider (RHIC) utilized 𝜌 meson photoproduction to reconstruct
the spatial distribution of gluons via an inverse Fourier transform of the 𝑑𝜎/𝑑𝑡
distribution [?]. Further advancements were achieved by the ALICE experiment
at the Large Hadron Collider (LHC), which measured 𝑑𝜎/𝑑𝑡 while accounting
for the transverse momentum of the photons [?]. This approach introduced
interference effects that facilitated a more detailed analysis of gluon spatial
distributions. More recently, STAR [?] reported measurements of 𝜌 meson pho-
toproduction that exploited the linear polarization of photons, which introduced
an additional dimension to the analysis, thereby enhancing sensitivity to spatial
anisotropy and gluon density fluctuations within the nucleus.

The accurate determination of the 𝑡 distribution also necessitates a compre-
hensive understanding of the transverse momentum distribution of the photons
involved in photoproduction. As this transverse momentum distribution can-
not be directly measured, it is typically approximated using the Equivalent
Photon Approximation (EPA) [?], which inherently involves integration over
the impact parameter. However, recent theoretical and experimental studies
on photon-photon collisions in heavy ion collisions have demonstrated that the
photon transverse momentum distribution is highly dependent on the collision
impact parameter [?]. This dependence necessitates a detailed investigation
of the parameter dependence of exclusive photoproduction processes. In both
electron-ion collisions and ultra-peripheral heavy-ion collisions (UPCs), conven-
tional methods such as using charged-particle multiplicity to determine the im-
pact parameter are not feasible. Recent measurements by the STAR [?], ALICE
[?, ?], and CMS [?, ?] experiments have successfully utilized neutron emission
from the Coulomb excitation of nuclei to effectively control the “collision cen-
trality” in UPCs. This progress motivates the adoption of a similar technique
for regulating the impact parameter in electron-ion collisions, specifically by tag-
ging neutrons from Coulomb excitation to determine the interaction centrality,
that is, the impact parameter.

Determining the probability of Coulomb dissociation (CD) as a function of the
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impact parameter in UPCs necessitates the calculation of the photon flux in
spatial coordinates. In UPCs, the spatial distribution of the photon flux is
typically computed using EPA, which assumes a straight-line trajectory for the
ions involved. This assumption is valid when the motion of colliding ions is
not significantly influenced by the electromagnetic field over the collision dura-
tion. However, in electron-ion collisions at an EIC, the photon flux induced by
the electron cannot be described by the conventional EPA, as the straight-line
approximation breaks down owing to the substantial deflection of the electron
under the electromagnetic field of the heavy ion. Consequently, a precise deriva-
tion of the spatial distribution of the photon flux induced by the electron is
essential to accurately calculate the CD probability as a function of the impact
parameter in electron-ion collisions.

This study aims to address these challenges by extending the conventional EPA
framework to incorporate the unique dynamics of electron-induced photon flux
in electron-ion collisions. By developing a spatially dependent photon flux dis-
tribution, we aim to establish a more precise relationship between the transverse
momentum distribution of photons and the impact parameters of the collisions.
Within this refined framework, we propose to study impact parameter manipula-
tion in exclusive photoproduction processes in electron-ion collisions by tagging
neutrons from Coulomb excitation. By achieving impact parameter control via
neutron tagging, this study introduces a new methodology for probing the spa-
tial and momentum structures of gluons in nuclei, thereby contributing to the
experimental design and data analysis strategies for future electron-ion collision
experiments.

## II. METHODOLOGY

### A. Kinematics of Electron-Proton/Nucleus Scattering

To derive the photon flux, we begin by analyzing the kinematics of lowest-
order electron-proton (𝑒 + 𝑝) scattering. [Figure 1: see original paper] shows a
Feynman-like diagram for this process, where 𝑝 and 𝑝′ are the four-momenta of
the electron before and after scattering, respectively, while 𝑞 and 𝑃 represent the
four-momentum of the photon and proton, respectively. Although our primary
interest lies in electron-nucleus (𝑒 + 𝐴) collisions, the photon flux generated by
the electron is essentially the same in both 𝑒 + 𝑝 and 𝑒 + 𝐴 interactions. There-
fore, to ensure both simplicity and generality in the derivation, we perform the
analysis within the context of 𝑒 + 𝑝 scattering.

Let the 𝑧-axis be the direction of motion of the incident electron. The four-
vector of the incident electron 𝑝 and that of the scattered electron 𝑝′ are given
by:

𝑝 = (𝐸𝑒, 0, 0, 𝑝𝑧)𝑝′ = (𝐸′
𝑒, 𝑝𝑥, 𝑝𝑦, 𝑝′

𝑧)

The four-momentum 𝑞 of the emitted photons is:

𝑞 = (𝜔, −𝑝𝑥, −𝑝𝑦, 𝑝𝛾)
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Four-momentum conservation yields:

𝑝𝑧 = 𝑝′
𝑧 +𝑝𝛾𝐸𝑒 = 𝐸′

𝑒 +𝜔𝑝2
𝑒 = (𝐸𝑒 −𝜔)2 −(𝑝𝑧 −𝑝𝛾)2 −𝑚2

𝑒 −𝑝2
𝑇 = 𝐸′2

𝑒 −𝑝′2
𝑧 −𝑚2

𝑒

where 𝐸𝑒 and 𝐸′
𝑒 are the energies of the incident and scattered electrons, re-

spectively; 𝑚𝑒 is the electron mass; 𝑝𝑧 and 𝑝′
𝑧 are the 𝑧-components of the

momentum of the incident and scattered electrons, respectively; 𝜔 and 𝑝𝑇 are
the energy and transverse momentum of the virtual photon. The momentum of
the virtual photon is:

𝑝𝛾 = 𝑝𝑧 − √(𝐸𝑒 − 𝜔)2 − 𝑝2
𝑇 − 𝑚2𝑒

The virtuality of the photon is expressed as:

𝑞2 = 𝜔2 − 𝑝2
𝑇 − 𝑝2

𝛾 = 𝜔2 − 𝑝2
𝑇 − [𝑝𝑧 − √(𝐸𝑒 − 𝜔)2 − 𝑝2

𝑇 − 𝑚2𝑒]
2

(10)

The virtuality reaches its minimum and maximum values in two distinct sce-
narios: when the electron’s direction remains unchanged after scattering, and
when the electron’s direction is reversed following scattering. Then, 𝑞2

min and
𝑞2

max can be written as:

𝑞2
min = 2𝐸𝑒𝜔−2𝐸2

𝑒 +2𝑚2
𝑒−2𝑚𝑒√(𝐸𝑒 − 𝜔)2 − 𝑚2𝑒𝑞2

max = 𝜔2−[√𝐸2𝑒 − 𝑚2𝑒 − √(𝐸𝑒 − 𝜔)2 − 𝑚2𝑒]
2

The maximum photon energy is 𝐸𝑒 − 𝑚𝑒, which consequently results in:

𝑞2
max|𝜔=𝐸𝑒−𝑚𝑒

= 𝑞2
min|𝜔=𝐸𝑒−𝑚𝑒

= 2𝑚2
𝑒 − 2𝐸𝑒𝑚𝑒

This indicates that the photon flux is zero at 𝜔 = 𝜔max, which is consistent with
our expectations. For 𝑄2 = −𝑞2 ≪ 𝜔2, the 𝑞2

min and 𝑄2
max are expressed as:

𝑄2
min = 𝐸𝑒𝜔2

𝐸𝑒 − 𝜔𝑄2
max = 4𝐸𝑒(𝐸𝑒 − 𝜔)

For a nucleus with a defined charge distribution, rather than a point-like particle,
the density matrix can be extended to:

𝜌𝜇𝜈 =
Tr [( ̸𝑝 + 𝑚)𝛾𝜇( ̸𝑝′ + 𝑚)𝛾𝜈]

2(−𝑞2) [𝐶(𝑄2)𝑔𝜇𝜈 − (2𝑝 − 𝑞)𝜇(2𝑝 − 𝑞)𝜈
𝐷(𝑄2) ]

where 𝐶(𝑄2) and 𝐷(𝑄2) are form factors. After integration over the phase-space
volume, the cross section can be expressed as:

𝑑𝜎𝑒𝑝 = (−𝑞2)𝑀∗𝜈𝑀𝜇𝜌𝜇𝜈
(2𝜋)4𝛿(𝑝 + 𝑃 − 𝑝′ − 𝑘)

𝑑Γ
4√(𝑝𝑃)2 − 𝑝2𝑃 2𝑒(2𝜋)3
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### B. Photon Flux Derivation

Considering the lowest order of QED, the cross-section for the process shown in
[Figure 1: see original paper] is given by [?]:

𝑑𝜎𝑒𝑝 = 𝜎𝛾(𝜔)𝑑𝑛

where 𝜎𝛾(𝜔) is the absorption cross section for photons with frequency 𝜔, and
𝑑𝑛 is the equivalent photon number. Let the amplitude for virtual photon
absorption be represented as 𝑀𝜇. On averaging over the initial spin states and
summing across the final states, the cross section for electron-proton scattering
is given by:

𝑑𝜎𝑒𝑝 = (2𝜌++𝜎𝑇 + 𝜌00𝜎𝑆) 𝑑3𝑝′

2√𝐸2𝑒 − 𝑚2𝑒

where 𝜎𝑇 and 𝜎𝑆 are the cross-sections for transverse and scalar photon absorp-
tion, respectively, and 𝜎𝑆 is negligible. The coefficients 𝜌𝑎𝑏 are the elements of
the density matrix in the 𝛾𝑝-helicity basis, written as:

2𝜌++ = (2𝑝𝑃 − 𝑞𝑃)2

(𝑞𝑃 )2 − 𝑞2𝑃 2 + 1 + 𝑞2

(𝑝𝑃 )2 − 𝑝2𝑃 2 − 2

In the rest frame of the proton (the target frame), the following relationship
holds. Let 𝑄2 = −𝑞2, where the equivalent photon number is:

𝑑2𝑛
𝑑𝑄2𝑑𝜔 = 1

2𝜋𝑄2𝐸𝑒(𝐸𝑒 − 𝑚𝑒) [(2𝐸𝑒 − 𝜔)2

𝜔2 + 𝑄2 + 1 − 𝜌++
√𝜔2 + 𝑄2

]

The photon density matrix can be treated as the square of the photon wave
function. Therefore, the equivalent photon number in coordinate space can be
obtained by performing a representation transformation:

𝑑2𝑛
𝑑2𝑟𝑑𝜔 = [∫ 𝑝𝑇 𝑑𝑝𝑇

𝜋𝜔 √ 𝑑2𝑛
𝑑𝑝𝑇 𝑑𝜔𝐽1(𝑝𝑇 ⋅ 𝑟)]

2

where 𝑝max
𝑇 is determined using 𝑄2, 𝐸𝑒 and 𝜔. Hereafter, we refer to this method

for obtaining the photon flux as the lowest-order QED approach.

For photoproduction in relativistic heavy-ion collisions, the photon flux is typi-
cally estimated using the conventional EPA, which was independently derived by
Williams [?] and Weizsäcker [?] in the 1930s. In their derivation, they assumed
that charged particles moved along straight-line trajectories and obtained the
spatial distribution of the electromagnetic field by solving the vector potential
wave equation. The spatial distribution of the equivalent photon number was
subsequently derived based on the relationship between the energy flux density
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and equivalent photon number. This approach provides an effective way to
describe the photon flux distribution, which can be expressed as:

𝑛(𝜔, ⃗𝑥⟂) = | ⃗𝐸⟂(𝜔, ⃗𝑥⟂)|2
4𝑍2𝛼QED𝜔 = ∣∫ 𝑑2𝑘⃗⟂

(2𝜋)2 (𝜔
𝛾 )

2
𝑒𝑖𝑥⃗⟂⋅𝑘⃗⟂ ∣

2

= ∫ 𝑑𝑘⟂𝑘3
⟂

(2𝜋)2 (𝜔
𝛾 )

2
|𝐽1(𝑥⟂𝑘⟂)|2

where 𝑍 denotes the charge number of the charged particle, 𝛾 represents the
Lorentz factor, and 𝜔 is the photon energy. For a point-like particle, the photon
flux is:

𝑛𝑝𝑡(𝜔, 𝑥⟂) = 𝑍2𝛼QED𝜔
𝜋2𝛾2 [ 𝑥⟂

𝜔𝑥⟂/𝛾 ]
2

### C. Coulomb Dissociation in Electron-Ion Collisions

Analogous to the Coulomb excitation process in relativistic heavy-ion collisions,
Coulomb excitation in electron-ion collisions can be factorized into two distinct
components: the emission of virtual photons by electrons and the corresponding
photon absorption cross-section of the nucleus. The virtual photons emitted
by electrons can be estimated using the framework described in the previous
subsection.

The lowest-order probability that a nucleus is excited to a state that subse-
quently emits at least one neutron (denoted as 𝑋𝑛) can be expressed as [?]:

𝑚𝑋𝑛(𝑏) = ∫ 𝑑𝜔 𝑛(𝜔, 𝑏) 𝜎𝑋𝑛,𝛾𝐴→𝐴∗(𝜔)

where 𝑛(𝜔, 𝑏) represents the photon flux at a given impact parameter 𝑏 and
𝜎𝑋𝑛,𝛾𝐴→𝐴∗(𝜔) is the photoexcitation cross section for an incident photon with
energy 𝜔 obtained from experimental data [?].

Notably, under specific conditions such as very small impact parameters and
extremely high beam energies, the value of 𝑚𝑋𝑛 could exceed 1, implying that
the excitation probability would lose its probabilistic interpretation. Although
such conditions are improbable in current or near-future facilities, it is benefi-
cial to address this scenario for completeness. To maintain a valid probabilistic
interpretation, 𝑚𝑋𝑛(𝑏) is treated as the mean number of photons absorbed by
the nucleus and we assume that the photon multiplicity follows a Poisson dis-
tribution [?, ?]. In this context, the probability of absorbing zero photons (i.e.,
zero neutron emission) is given by 𝑃 (0)(𝑏) = 𝑒−𝑚𝑋𝑛(𝑏), whereas the probability
of exactly absorbing 𝑁 photons is:

𝑃 (𝑁)(𝑏) = 𝑚𝑋𝑛(𝑏)𝑁

𝑁! 𝑒−𝑚𝑋𝑛(𝑏)

The normalized probability density for the absorption of one photon with energy
𝐸1 can be expressed as:

𝑝(1)(𝐸1, 𝑏) = 𝑛(𝐸1, 𝑏)𝜎𝛾𝐴→𝐴∗(𝐸1)
𝑚𝑋𝑛(𝑏)
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and the probability density for absorbing 𝑁 photons with energies 𝐸1, 𝐸2, … , 𝐸𝑁
is:

𝑝(𝑁)(𝐸1, 𝐸2, … , 𝐸𝑁 , 𝑏) = ∏𝑁
𝑖=1 𝑛(𝐸𝑖, 𝑏)𝜎𝛾𝐴→𝐴∗(𝐸𝑖)

𝑚𝑋𝑛(𝑏)𝑁

For a specific electromagnetic dissociation channel involving the emission of 𝑖
neutrons, the probability density of an 𝑁 -photon absorption process can be
evaluated as:

𝑃 (𝑁)
𝑖 (𝑏) = ∫ 𝑑𝐸1 … 𝑑𝐸𝑁 × 𝑃 (𝑁)(𝑏)𝑝(𝑁)(𝐸1, … , 𝐸𝑁 , 𝑏)𝑓𝑖(𝐸1, … , 𝐸𝑁)

where 𝑓𝑖(𝐸1, … , 𝐸𝑁) represents the branching ratio of a specific channel with 𝑖
emitted neutrons. We assume that simultaneous absorption of multiple photons
is allowed, leading to a simplified form of the branching ratio, 𝑓𝑖(𝐸1, … , 𝐸𝑁) =
𝑓𝑖. The values of 𝑓𝑖 for different neutron emission channels were extracted from
the On model, as described in Ref. [?].

Finally, the total probability of emission of 𝑖 neutrons is given by:

𝑃𝑖(𝑏) =
𝑁

∑
𝑘=1

𝑃 (𝑘)
𝑖 (𝑏)

### D. Vector Meson Photoproduction in Electron-Ion Collisions

Vector meson photoproduction in electron-ion collisions can be estimated in a
manner similar to Coulomb excitation calculations. The primary difference lies
in replacing the photon absorption cross section of the nucleus with the 𝛾𝐴 →
𝑉 𝐴 cross section. Specifically, the scattering amplitude Γ𝛾𝐴→𝑉 𝐴, including the
shadowing effect, can be derived using the Glauber model [?] combined with
the vector meson dominance (VMD) approach [?]:

Γ𝛾𝐴→𝑉 𝐴( ⃗𝑥⟂) = 𝑓𝛾𝑁→𝑉 𝑁(0) ⟨1 − exp [−𝜎𝑉 𝑁
2 𝑇 ′( ⃗𝑥⟂)]⟩

where 𝑓𝛾𝑁→𝑉 𝑁(0) is the forward scattering amplitude for 𝛾 + 𝑁 → 𝑉 + 𝑁
and 𝜎𝑉 𝑁 represents the total vector meson-nucleon (𝑉 𝑁) cross-section. The
modified nuclear thickness function 𝑇 ′( ⃗𝑥⟂) that considers the coherence length
effect is given by:

𝑇 ′( ⃗𝑥⟂) = ∫
+∞

−∞
𝑑𝑧 𝜌𝐴( ⃗𝑥⟂ + 𝑧2)𝑒𝑖𝑞𝐿𝑧

where 𝑞𝐿 denotes the longitudinal momentum transfer required to produce a
real vector meson, 𝑀𝑉 is the vector meson mass, and 𝛾𝑐 is the Lorentz factor
of the nucleus.
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Considering the impact of the photon’s virtuality on the photon-nucleon scat-
tering cross-section, the equivalent vector meson flux is introduced as:

𝑑2𝑛
𝑑𝜔𝑑𝑄2 = ( 𝑀2

𝑉
𝑀2

𝑉 + 𝑄2 )
𝑛 𝑑2𝑛

𝑑𝜔𝑑𝑄2

where the factor represents the suppression associated with the transition am-
plitude from the virtual photon fluctuation to the corresponding vector meson,
and 𝑛 is determined by fitting experimental data [?, ?]. The equivalent vector
meson flux in coordinate space 𝑑3𝑛/𝑑2𝑟𝑑𝜔 can be obtained using the method
outlined in the previous section.

The amplitude distribution for the vector meson photoproduction process is
given by:

𝐴(𝑏, ⃗𝑥⟂) = Γ𝛾𝐴→𝑉 𝐴( ⃗𝑟1)√𝑛(𝜔, ⃗𝑟2)

where ⃗𝑟2 − ⃗𝑟1 = ⃗𝑏 and ⃗𝑟2 + ⃗𝑟1 = ⃗𝑥⟂. The production amplitude in momentum
space can be obtained by applying a Fourier transformation to the amplitude
in the coordinate representation:

⃗𝐴( ⃗𝑝⟂, 𝑏) = ∫ 𝑑2𝑥⟂ ⃗𝐴( ⃗𝑥⟂, 𝑏)𝑒𝑖𝑝⃗⟂⋅𝑥⃗⟂

## III. RESULTS

In ultraperipheral heavy-ion collisions, the photon flux is typically calculated
using the classical EPA approach, as given by Eq. 27. This model assumes that
the charged particles involved move along straight-line trajectories. However,
concerns have been raised regarding the validity of this assumption, particularly
at the energies probed at RHIC and LHC. To examine the applicability of the
classical EPA model, we compared it with the QED approach, which does not
rely on the straight-line trajectory assumption. [Figure 2: see original paper]
presents the photon flux distribution induced by a Au nucleus with an energy of
100 GeV per nucleon, calculated using both the classical EPA and QED models,
along with the ratio of the QED results to the classical EPA results. The figure
indicates that both models predict a maximum photon flux at the radius of
the Au nucleus, with a subsequent decrease as the photon energy 𝜔 increases.
Furthermore, the ratio between the QED and classical EPA results remains
close to unity, indicating that the classical EPA model provides an accurate
approximation of the photon flux for UPCs and is effectively equivalent to the
QED-derived expression under these assumptions.

However, the use of Eq. 27 becomes problematic in the context of electron-ion
collisions. This is primarily because the energy of an electron is significantly
lower than that of a heavy ion, which renders the straight-line approximation
invalid. Furthermore, direct application of Eq. 27 does not constrain the photon
energy from exceeding the energy of the charged particle, which is physically
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incorrect. To illustrate this limitation, we compare the photon flux distributions
calculated using the classical EPA and QED models for an electron with an
energy of 5 GeV. [Figure 3: see original paper] presents the 2D photon flux
distribution and the ratio of the QED to classical EPA results. The comparison
clearly demonstrates a substantial difference between the two models, with the
QED-derived flux showing distinct fluctuations and tending towards zero as
the photon energy approaches the electron energy. This behavior underscores
the inadequacy of the classical EPA model in describing the photon flux for
electron-ion collisions.

[Figure 4: see original paper] provides a further comparison of the photon energy
distributions obtained using the classical EPA and QED models. The photon
flux calculated using the QED model closely follows the classical EPA predic-
tion at low photon energies but rapidly approaches zero as the photon energy
approaches the total energy of the electron. In contrast, the photon flux calcu-
lated using the classical EPA model decreases smoothly without reaching zero.
This discrepancy further underscores the limitations of the classical EPA model
for electron-ion collisions and demonstrates that the photon flux distribution
derived from the QED model is more suitable for accurately describing these
processes. Consequently, the QED approach offers a more reliable framework
for calculating the impact parameter dependence of photoproduction processes
in electron-ion collisions.

The lowest-order QED-derived photon flux enables accurate evaluation of the
Coulomb excitation of a nucleus during electron-ion collisions. As an illustrative
example, we consider 𝑒 + 𝐴𝑢 collisions at EIC energies, specifically at 18 × 100
GeV per nucleon. The corresponding 𝑃𝑖(𝑏) distribution, representing the dis-
sociation probability as a function of impact parameter, is shown in [Figure 5:
see original paper]. The dissociation probability, characterized by neutron emis-
sion, exhibits a rapid decrease with increasing impact parameter. Notably, the
probability distribution exhibits an oscillatory pattern, which can be attributed
to the wave nature of the photons emitted by the electrons, resulting in inter-
ference effects. Dissociation processes involving a higher number of emitted
neutrons are more probable at smaller impact parameters, indicating stronger
electromagnetic interactions in more central collisions. This characteristic offers
a practical method for determining the impact parameter in electron-ion interac-
tions by counting the number of emitted neutrons detected using a zero-degree
calorimeter (ZDC). The rapidity distribution of the emitted neutrons was stud-
ied at EIC energies using a DPMJET generator [?], providing valuable insights
for designing the ZDC for the EIC. The correlation between neutron emission
and impact parameter enables the categorization of collision events based on
their geometric overlap, facilitating a more precise study of photonuclear inter-
action dynamics in electron-ion collisions.

Furthermore, different photoproduction processes, even those with the same
neutron tagging, exhibit variations in impact parameter distributions. This is
because the photon energies involved in different processes vary, thereby impact-
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ing the spatial distribution of photons relative to electrons. Unlike hadronic
heavy-ion collisions, where centrality is defined by a fixed impact parameter
range, the impact parameter determination in electron-ion collisions via neutron
tagging depends on the specific photoproduction process under consideration.
Therefore, this must be evaluated on a case-by-case basis. To illustrate this, we
present calculations for coherent 𝜌0 and 𝐽/𝜓 photoproduction accompanied by
different neutron tagging at EIC and EicC energies.

[Figure 6: see original paper] presents the 𝑑𝜎/𝑑𝑏 distributions for coherent 𝜌0

photoproduction at EIC and EicC energies, with different line types and colors
representing distinct neutron emission modes. The average impact parameter
for the “0n” mode is significantly larger than that for the “1n” and “>1n”
(at least two neutrons) modes. This is because neutron excitation requires ad-
ditional photons, which reduces the average impact parameter. The distinct
variation in impact parameters across neutron emission modes demonstrates
the feasibility of determining the impact parameter of electron-ion collisions by
tagging neutrons from Coulomb excitation. Furthermore, the cross section ex-
hibits fluctuations with respect to the impact parameter, a phenomenon that
arises from the oscillatory behavior of the 𝐽1 Bessel function in the coordinate
distribution of the photon flux, as described by Eq. 26. A comparison of the
results at EIC and EicC energies indicates that variations in the center-of-mass
collision energy have negligible effect on the average impact parameter, indi-
cating that the proposed method is effective across different collision energy
regimes.

[Figure 7: see original paper] illustrates the 𝑑𝜎/𝑑𝑏 distributions for coherent
𝐽/𝜓 photoproduction at EIC and EicC energies. Similar to the 𝜌0 case, the av-
erage impact parameter for the 0n mode is much larger than those for the other
neutron emission modes. In addition, the average impact parameter ⟨𝑏⟩ for
𝐽/𝜓 is typically smaller than that for 𝜌0 in the corresponding neutron emission
modes. This behavior can be attributed to the larger mass of 𝐽/𝜓 compared
with 𝜌0, which corresponds to a higher photon energy. In addition, this results
in a larger cross-sectional ratio 𝜎>1𝑛/𝜎0𝑛 for 𝐽/𝜓 than for 𝜌0. Consequently,
the photon is closer to the electron, resulting in a reduced average impact pa-
rameter. The sensitive dependence of the average impact parameter on neutron
emission via Coulomb excitation observed across different vector mesons fur-
ther underscores the effectiveness of this method for determining the impact
parameter in experimental electron-ion collisions.

## IV. SUMMARY

We investigated the feasibility of employing neutron tagging, resulting from
the Coulomb excitation of nuclei, as a precise method to ascertain the impact
parameters of exclusive photoproduction events in electron-ion collisions. By
developing an equivalent photon approximation for electrons, this study inte-
grated a photon flux distribution in coordinate space, thereby validating the
relationship between the distribution of the photon’s transverse momentum and
the impact parameters of the collisions. The differential cross-section for the
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Coulomb excitation of nuclei was calculated by leveraging the spatial data of the
photon flux. Our calculations indicate that the presence or absence of neutron
excitation in the photoproduction process can markedly shift the distributions
of impact parameters, thereby offering a reliable technique for controlling the
impact parameter in electron-ion collision experiments. This study provides
essential methodologies and insights for examining the dependence of exclusive
photoproduction processes on impact parameters, yielding novel perspectives
for the design of experiments and data analysis.
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