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Beam line optimization by AI
One of first AI codes for beam line design & optimization.  
  
Solves complex multi-objective problems (correlated parameters, space-charge like) & statistical 
analysis (machine jitters studies). 

Drives the beam dynamics PIC code ASTRA. Natively compatible with NameList std. 

V. 13.0 for Linux & Windows, parallelized with MPI.

Successfully used in important projects, as: 
  
Some contributions to publications: 
• New approach to space charge dominated beamline design – PRAB 26 (2023) 
• Two-pass two-way acceleration in a superconducting CW linac to drive low jitter x-ray FEL–PRAB 

22 (2019) 
• Electron beam transfer line design for a plasma driven Free Electron Laser – NIM A 909 (2019) 
• Electron Linac design to drive bright Compton back-scattering gamma-ray sources – JAP 133 

(2013) 
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Four research lines:

• Energy Recovery Linac 

• Positron source & capture line (in collaboration with INFN Ferrara)

• High gradient and novel acceleration (EuPRAXIA collaboration)

• New possible experimental setups
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ERL technology for FC

● Key Benefits for Future Colliders: 
● Energy Efficiency: Significant reduction in energy consumption by recovering beam energy. 
● High Beam Intensity: ERLs enable high-luminosity electron beams, essential for frequent and precise collisions. 
● Low Emittance Beams: Provides stable, focused beams, improving experimental resolution. 

● Impact on Particle Physics: 
● Ideal for Future Electron-Positron colliders, where energy efficiency and high luminosity are crucial. 
● Enables exploration of new energy frontiers while maintaining operational sustainability. 

● Sustainability: 
ERL technology reduces the environmental impact, making large accelerators more sustainable for the future.

The Development of Energy-Recovery Linacs – chap 5. arXiv:2207.02095
Milan and LASA provide key expertise in ERL 
technology through their research on BriXSinO.

iSAS - Milan
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INFN ERL-related activity: BriXSinO

● High flux dual light source (100 MHz rep. rate) based on an Energy 
Recovery Linac. 

● Up to 5 mA average current - 50 pC bunches. 
● Test machine for Two-Pass Two-Way acceleration. 

HB2TF. Call funded: 1 M€ 2023 - 2025

HB2TF
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BriXSinO ongoing activities

Invited Talks 
• M. Rossetti Conti: Improved techniques for space charge 

dominated beamline design – ERL 24 
• D. Giove:  BriXSinO: an ERL proposed facility at INFN Milan 

LASA Laboratory – ERL 24 
• I. Drebot: BriXSinO high-flux dual X-ray and THz radiation 

source based on ERLs – IPAC 22 
• + S. Samsam: Elevating beam quality and stability in 

accelerators through HOM analysis - IPAC 25 (soon) 

Some contributions to publications: 
• New approach to space charge dominated beamline design – 

PRAB 26 (2023) 
Coming soon: 
• Innovative solutions for high-brightness low-energy ERL injector 

design: the BriXSinO approach
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A possible home for BriXSinO
INFN funded a bunker in LASA with 

dimensions compatible with BriXSinO
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e+ Hybrid target scheme (INFN-FE)

Optimization of the e+ target that is done by two step: a first target named photon radiator and a second one named converter.  

 
This configuration seems to by more performing from the e+ production vs the power density deposited into the target.  A 
configuration more robust in terms of heating and target damages. 

Three main parameters must be optimized, T, L and D (see the picture) and the magnetic field surrounding the device



FCC-ee positron capture line improvement

1. Complex beam line design and optimization (GIOTTO): 

We’ll test a low  Buncher (500 MHz) a new rf device as linac start capable to improve the positron capture 
  

2. AI-based optimization methods comparison: 

We’ll benchmark the working points obtained through GIOTTO (INFN genetic algorithm) and a Bayesian code (IJCLab)   

𝜷

A.R. Rossi ESPP meeting

An FCC-ee test bench: capture line dedicate to the P3 – experiment 
test activity (@ PSI)
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Inverse Compton Scattering beam control
A scheme for preventing flip-flop instability during stabilization
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and ESPP 
EuPRAXIA, if properly supported, will be able to shade light among some still open issues 
relevant for a LC design:  
• Plasma accelerator theory and simulations (LNF, MI, RM1,RM2, Pisa, ITS, QUB) 
• High repetition rate plasma module (LNF, LNS) 
• High efficiency plasma acceleration, high tranformer ratio mode (LNF, RM1, MI) 
• Positron source and acceleration (QUB, LNF, RM2) 
• Scalable laser driver technology (Pisa, LNF) 
In addition it may provide fundamental information about long term machine operation and its 
reliability and, also very important, training of the next generation Accelerator Scientist.

Open issues relevant for a FC design:  

• high quality electron beams 
production and acceleration, 

• high quality positron beams 
production and acceleration, 

• high repetition rate, 

• high efficiency, 

• multiple modules staging  

• polarized beams

Foster, D’Arcy and Lindstrøm, New J. Phys. 25, 093037 (2023)
Lindstrøm, D’Arcy and Foster, arXiv:2312.04975

Hybrid Asymmetric Linear Higgs Factory (HALHF)

https://iopscience.iop.org/article/10.1088/1367-2630/acf395
https://iopscience.iop.org/article/10.1088/1367-2630/acf395
https://iopscience.iop.org/article/10.1088/1367-2630/acf395
https://arxiv.org/abs/2312.04975
https://arxiv.org/abs/2312.04975
https://arxiv.org/abs/2312.04975
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Plasma activities in Milan
Development of Simplified Models and Codes 
Objective: Develop simplified models and fast running codes that can accurately 
represent the dynamics of plasma acceleration while reducing computational 
costs. Include thermal effects in evaluating the acceleration process and its 
performances. 
  

Development of Lattice Boltzmann Models and Codes 
Objective: Lattice Boltzmann it is a mesoscopic method, midway between the 
macroscopic approach of fluid codes that use macroscopic quantities, and the 
microscopic one of particle-in-cell methods (PIC). Upgrade of an existing code 
is proposed. 
  

High efficiency plasma acceleration 
Objective: Beamline and plasma simulations to identify suitable working point 
for high-efficiency and high-quality acceleration. Beam manipulation and 
masking techniques will be studied to generate the required beam current 
distributions. 
  

Muon Collider applications 
Objective: The high acceleration gradients provided by plasma-based 
acceleration present a promising approach to minimizing particle losses for the 
acceleration of both muons and pions. In collaboration with IST (Lisbon) we 
propose to performe beam dynamics studies with the OSIRIS code of muon 
acceleration by plasma and design a proper plasma target for muon generation.

Theoretical Model

Ellipsoidal plasma bubble model

The electrostatic fields are represented with the field distribution produced
by a 3D ellipsoidal filled by a charge of QB = 4⇡XYZenp/3 [6]:
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Ellipsoidal plasma bubble model
Multi-slices Approximation

Figure 2: Multi-slice approximation: when beam is travelling on axis. [9].
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Multi-slice approximation

Moment equations
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New experiments for new physics?
The Full Inverse Compton Scattering, FICS

Can electrons emit photons of energy larger than their own?

Impacts in several fields:
• Plasma Physics (e- / e+ trapping in plasma mirrors)
• Astro-Physics (cosmic γ-ray sources)
• QED (overcoming the Schwinger limit)
• Quantum Gravity (Unruh radiation)
• measuring neutrino mass? From Compton scattering of photons on targets to inverse Compton

scattering of electron and photon beams

Luca Serafini and Vittoria Petrillo
INFN Sez. Milano and Universita’ degli Studi di Milano, Dipartimento di Fisica,

Via Celoria 16, 20133 Milano, Italy

(Received 2 May 2024; accepted 1 August 2024; published 28 August 2024)

We revisit the kinematics of Compton scattering (electron-photon interactions producing electrons and
photons in the exit channel) covering the full range of energy/momenta distribution between the two
colliding particles, with a dedicated view to statistical properties of secondary beams that are generated in
beam-beam collisions. Starting from the Thomson inverse scattering, where electrons do not recoil and
photons are backscattered to higher energies by a Lorentz boost effect (factor 4γ2), we analyze three
transition points, separating four regions. These are in sequence, given by increasing the electron recoil
(numbers are for transition points and letters for regions): (a) Thomson backscattering, (1) equal sharing of
total energy in the exit channel between electron and photon, (b) deep recoil regime where the bandwidth/
energy spread of the two interacting beams are exchanged in the exit channel, (2) electron is stopped, i.e.,
taken down at rest in the laboratory system by colliding with an incident photon of mc2=2 energy,
(c) electron backscattering region, where incident electron is backscattered by the incident photon, and
(3) symmetric scattering, when the incident particles carry equal and opposite momenta, so that in the exit
channel they are backscattered with same energy/momenta, and (d) Compton scattering [ála Arthur
Compton, see A. J. Compton, A quantum theory of the scattering of X-rays by light elements, Phys. Rev.
21, 83 (1923)], where photons carry an energy much larger than the colliding electron energy. For each
region and/or transition point, we discuss the potential effects of interest in diverse areas, like generating
monochromatic gamma-ray beams in deep recoil regions with spectral purification, or possible
mechanisms of generation and propagation of very high energy photons in the cosmological domain.

DOI: 10.1103/PhysRevAccelBeams.27.080701

I. INTRODUCTION

After the formulation of special relativity theory and the
derivation of the relativistic Doppler effect [1], predicting a
blueshift of e.m. field frequency seen by an observer in
relativistic motion counter-propagating with respect to
the direction of propagation of the electromagnetic
(e.m.) wave (see Ref. [2]), confirmed by experimental
measurements [3], the theoretical frame of classical electro-
dynamics was ready to explain and quantitatively calculate
the characteristics of radiation generated by charged
particles moving in space at relativistic velocities. Such
a theoretical frame has been made available in the early
1900s by Einstein, Thomson, and Larmor, to predict a
broad class of phenomena of radiation emission mecha-
nisms where the quantum nature of e.m. fields was not

needed nor critical. Only after Compton’s fundamental
work [4], the quantum nature of e.m. fields, i.e., the photon,
was experimentally demonstrated; its existence was a game
changer and basically showed through Compton’s mea-
surements that the effect of electron recoil produced by the
x-ray photon in the collision of x rays with atomic electrons
could not be explained by classical electrodynamics and
special relativity. The redshift of backscattered photons
could be explained only invoking a photon-electron colli-
sion where the electron recoils and takes out some of the
photon energy in the form of kinetic energy. After this
discovery, the electron recoil became the fundamental
parameter, i.e., the continental divide, between the classical
picture of radiation emission and the quantum model of
photon emission by charged particles propagating in space
at relativistic velocities. In this paper, we revisit the full
range of values that the recoil parameter can assume, from
the very small values associated to Thomson scattering (or
Thomson backscattering depending on the reference frame
where the electron is observed) up to the deep recoil region,
defined as when the incident photon has an energy much
larger than mc2 in the electron rest frame, underlying four
different domains and three transition points separating
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This paper explores the transition between Compton Scattering and Inverse Compton Scattering (ICS), which 
is characterized by an equal exchange of energy and momentum between the colliding particles (electrons and 
photons). This regime has been called Symmetric Compton Scattering (SCS) and has the unique property of 
eliminating the energy-angle correlation of scattered photons, and, when the electron recoil is large, transferring 
monochromaticity from one colliding beam to the other, resulting in back-scattered photon beams that are 
intrinsically monochromatic. The paper suggests that large-recoil SCS or quasi-SCS can be used to design compact 
intrinsic monochromatic 𝛾-ray sources based on compact linacs, thus avoiding the use of GeV-class electron 
beams together with powerful laser/optical systems as those typically required for ICS sources. Furthermore, at 
low recoil and low energy collisions (in the 10 keV energy range), SCS can be exploited to heat the colliding 
electron beam, which is widely scattered with large transverse momenta over the entire solid angle, offering a 
technique to trap electrons into magnetic bottles for plasma heating.

1. Introduction

The spectral red-shift observed when an X-ray pulse interacts with 
a carbon target was observed by Arthur Compton in 1922 Ref. [1] and 
interpreted as an effect of the collision between the photons of the X-
rays and the electrons of the solid, both assumed as point-like particles. 
The scattering of the energetic photons by the electrons at rest in the 
laboratory was called (direct) Compton effect after him.

In more recent years, the Inverse Compton Scattering (ICS) effect 
was studied [2] and experimentally demonstrated in pivotal experi-
ments at particle accelerators [3], using highly relativistic electrons col-
liding with laser beams, within an inverse kinematics set-up where the 
electron loses energy and momentum in favor of the incident photon, 
that is back-scattered and up-shifted to much larger energies. Compton 
sources are devices that have been developed and are currently in op-
eration in many laboratories [4–13] with plenty of applications. Details 
about these facilities can be found in Ref. [14] While the Compton (both 
direct and inverse) effect cannot be explained classically, the low recoil 
regime of ICS, in which the electron energy/momentum loss is negligi-

* Corresponding author.
E-mail address: marcello.rossetti@mi.infn.it (M. Rossetti Conti).

ble, has been described in the framework of classical electrodynamics 
and it is known as Thomson effect Ref. [15]. In this paper, we ana-
lyze the transition from direct Compton (DC) to ICS, occurring when 
the colliding particles exchange an equal amount of energy and mo-
mentum, and we call this regime Symmetric Compton Scattering (SCS). 
In this particular condition, the properties of the scattered photons are 
unique: unlike in all other radiations emitted with a Lorentz boost, SCS 
scattered photon energy indeed no longer depends on the scattering 
angle, so that the back-scattered radiation beam becomes intrinsically 
monochromatic. Extending the analyses on large electron recoil ICS car-
ried out in Refs. [16,17] to this particular regime, we find that SCS is 
characterized by the transfer of monochromaticity from one colliding 
beam to the other, so that when a large bandwidth photon beam collides 
under SCS conditions with a monoenergetic electron beam, the back-
scattered photon beam results to be monochromatized. The possible 
applications range in many fields. SCS or quasi-SCS at large recoil could 
allow for the design of compact sources of intrinsic monochromatic 𝛾-
rays supplied by low energy MeV electron bunches, thus avoiding the 
use of GeV-class accelerators and powerful laser/optical systems, ac-
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hadronic reactions involving pion/meson production,
which become dominant only above Ecm ¼ 600 MeV
(see Ref. [20]), which implies Ee¼360GeV for 255.5 keV
incident photons. A specific discussion on cross section
behaviors of different QED processes in this energy range
can be found in Ref. [21]. The behavior shown in Fig. 7 is
strictly relative to the kinematics of inverse Compton
scattering in exotic regions of the incident particle energy
range never considered previously in the literature under
such specific details. In all regimes, the number of events is
proportional to the beam luminosity and weighted by the
cross section [22]. The total unpolarized Compton cross
section is
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where re is the classical electron radius, and σT ¼ 0.67
barn is the total Thomson cross section [23]. In particular,
when the recoil factor is very large the relationship

X ¼ ðEcm=mc2Þ2 holds, so the cross section scales roughly
like the inverse square of the center of mass energy, i.e.,

lim
X→∞

σ ≃ ðEcm=mc2Þ2½0.5þ logðEcm=mc2Þ2&; ð10Þ

decreasing the probability to undergo Compton scattering
between the incoming electron and the incident photon.
Nevertheless, as extensively discussed in Ref. [5], the
angular cross section peaks at θ ¼ 0, implying that the
most likely scattering is backscattering of the photon,
condition of maximum energy/momentum exchange
between the electron and the photon, in which the values
reported in Table I correspond. This may be the peculiarity
of Compton scattering with respect to other two-particle
interaction, like for example, Bhabha scattering or Moeller
scattering, as is well shown in the evolution of the spectral
distribution visible from Figs. 4–6.

III. DEEP RECOIL AND SYMMETRIC COMPTON
SCATTERING CANCEL ALL ANGULAR

CORRELATIONS

All radiation emission by relativistic charged particles
that involves a blueshift based on relativistic Doppler effect
is characterized by an angular correlation of the emitted
photon energy versus the angle of emission with respect
to the propagation axis of the emitting particle. This is
represented in all formulas by the well known γ2θ2 term
present in synchrotron radiation, ICS, betatron radiation,
etc. Photons emitted at a nonzero θ angle are redshifted
with respect to that emitted at θ ¼ 0. On the other side, the
radiation emission is concentrated within a θ ¼ 1=γ cone. It
is only SYCS that cancels completely such an angular
correlation. We rewrite Eq. (4) by expressing the formula
only in terms of the recoil parameter X, the asymmetry
factor A, and the Lorentz factor γ. A is generally defined, for
any value of the electron velocity β and Lorentz factor γ as
A ¼ βγ2 − X=4. We obtain

E0
ph ¼

γ2 þ Aþ X=4
γ2 − A cos θ þ X=4

Eph ð11Þ

that is at all equivalent to Eq. (4). Stating that at the SYCS
transition point (A ¼ 0), the dependence of the backscat-
tered photon energy E0

ph on the scattering angle θ is
canceled (see Ref. [5] for further discussion). While
SYCS truly cancels the angular correlation with the
scattering angle, any large recoil regime X ≫ 1 is charac-
terized by a strong damping of the angular correlation γ2θ2.
We can rewrite Eq. (4) by assuming both γ ≫ 1 and
θ < 1=γ (see Ref. [14]) as

E0
ph ¼

4γ2Eph

1þ γ2θ2 þ X
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FIG. 7. E0
ph as a function of Eph for various values of initial

energy Ee, namely 100 GeV, 1, 10, 100 TeV, 1, and 100 PeV. Note
that all electrons stop after collision when Eph ¼ mc2=2 ¼
0.2555 MeV, independently on their initial energy Ee. The
incident photon energy region Eph ¼ 10−10 to 10−9 MeV corre-
sponds to the cosmic microwave background radiation (CMBR),
while the region Eph ¼ 10−7 to 10−5 MeV corresponds to extra-
galactic light (EBL) and interstellar radiation field (ISRF),
Ref. [19].
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where re is the classical electron radius, and σT ¼ 0.67
barn is the total Thomson cross section [23]. In particular,
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X ¼ ðEcm=mc2Þ2 holds, so the cross section scales roughly
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X→∞

σ ≃ ðEcm=mc2Þ2½0.5þ logðEcm=mc2Þ2&; ð10Þ
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distribution visible from Figs. 4–6.

III. DEEP RECOIL AND SYMMETRIC COMPTON
SCATTERING CANCEL ALL ANGULAR

CORRELATIONS

All radiation emission by relativistic charged particles
that involves a blueshift based on relativistic Doppler effect
is characterized by an angular correlation of the emitted
photon energy versus the angle of emission with respect
to the propagation axis of the emitting particle. This is
represented in all formulas by the well known γ2θ2 term
present in synchrotron radiation, ICS, betatron radiation,
etc. Photons emitted at a nonzero θ angle are redshifted
with respect to that emitted at θ ¼ 0. On the other side, the
radiation emission is concentrated within a θ ¼ 1=γ cone. It
is only SYCS that cancels completely such an angular
correlation. We rewrite Eq. (4) by expressing the formula
only in terms of the recoil parameter X, the asymmetry
factor A, and the Lorentz factor γ. A is generally defined, for
any value of the electron velocity β and Lorentz factor γ as
A ¼ βγ2 − X=4. We obtain

E0
ph ¼

γ2 þ Aþ X=4
γ2 − A cos θ þ X=4

Eph ð11Þ

that is at all equivalent to Eq. (4). Stating that at the SYCS
transition point (A ¼ 0), the dependence of the backscat-
tered photon energy E0

ph on the scattering angle θ is
canceled (see Ref. [5] for further discussion). While
SYCS truly cancels the angular correlation with the
scattering angle, any large recoil regime X ≫ 1 is charac-
terized by a strong damping of the angular correlation γ2θ2.
We can rewrite Eq. (4) by assuming both γ ≫ 1 and
θ < 1=γ (see Ref. [14]) as

E0
ph ¼

4γ2Eph

1þ γ2θ2 þ X
ð12Þ

10–12 10–7 10–2 103 108

109

103

106

1

Eph(MeV)

E'
e(M

eV
)

100 GeV
1 TeV
10 TeV
100 TeV
1 PeV

100 PeV

Eph= mc2/2

FIG. 7. E0
ph as a function of Eph for various values of initial

energy Ee, namely 100 GeV, 1, 10, 100 TeV, 1, and 100 PeV. Note
that all electrons stop after collision when Eph ¼ mc2=2 ¼
0.2555 MeV, independently on their initial energy Ee. The
incident photon energy region Eph ¼ 10−10 to 10−9 MeV corre-
sponds to the cosmic microwave background radiation (CMBR),
while the region Eph ¼ 10−7 to 10−5 MeV corresponds to extra-
galactic light (EBL) and interstellar radiation field (ISRF),
Ref. [19].

FROM COMPTON SCATTERING OF PHOTONS … PHYS. REV. ACCEL. BEAMS 27, 080701 (2024)

080701-9

Eph = 1 meV
Eph = 1 µeV

Eph = 1 eV

0.5mc2 = 255.5 keV colliding 
photons will stop relativistic 
electrons of ANY energy Ee!

FICS

C.M.R.B.

our study

Follin, Primakoff, etc.L. Serafini et al.

would asymptotically reach energies of 255 keV. This surprising result
highlights the unique characteristics of FICS, distinguishing it inside
the dynamical range of Compton Scattering, from direct kinematics to-
wards inverse kinematics, as the continental divide of the two regimes.
As a matter of fact in direct Compton Scattering the electron is mainly
back or highly scattered, while in Inverse Compton Scattering the
electron keeps propagating close to the prolongation of its incident
trajectory path even after scattering. In FICS the electron just stops
after scattering with the incident photon in the ideal case of a fully
back-scattered photon, but in any case the electron after scattering is
taken down to kinetic energies smaller than mec2_2 for all photons
that are back-scattered within an angle ✓ = 1_�, which represents a
substantial fraction of scattering events in the condition of FICS with
relativistic electrons. FICS stands out as the only interaction regime
in vacuum where the kinetic energy of an electron can be wholly
transferred to a photon, resulting in maximum negative acceleration
of the electron. This acceleration can reach ultimate extreme levels
in excess to 1033 m2_s, scaling like the energy of the incident elec-
tron. Its effects open potential avenues for experimental investigations
into sensing the Unruh temperature, sometimes called the Davies–
Unruh temperature, a phenomenon predicted by quantum field theory
in accelerated frames as the effective temperature experienced by a
uniformly accelerating detector in a vacuum field [4]. Moreover, at the
lower end of the energy spectrum, even non-relativistic electrons can be
fully halted by photons with moderate energies (tens of keV), enabling
a complete thermal exchange between electron clouds and photon
baths. This peculiar scattering regime may significantly influence the
evolution of cosmic gamma-ray sources, adding a new dimension to our
understanding of astrophysical phenomena and the energy dynamics in
extreme environments. In this comprehensive study, we delve deeply
into the FICS transition, rigorously comparing the energy loss and
transfer efficiency in fully Inverse Compton Scattering versus conven-
tional Compton Scattering. By analyzing the kinematic conditions and
the energy exchange dynamics, we aim to uncover the fundamental
principles governing this regime. Additionally, the study explores the
implications of FICS in various high-energy scenarios, providing in-
sights into how such interactions could manifest in both terrestrial and
cosmic settings. One of the most promising applications of FICS lies in
the field of plasma physics, particularly in enhancing the efficiency of
electron trapping and heating. In our previous work, we demonstrated
the feasibility of trapping electrons in magnetic bottles for plasma
heating applications [5]. By utilizing the unique properties of FICS,
electrons can be stopped immediately after their interaction with pho-
tons, resulting in an immediate and complete transfer of kinetic energy.
This advancement not only enhances the control over the electron
population within the plasma but also improves the overall efficiency
of the heating process, potentially leading to more effective methods
for achieving and maintaining high-temperature plasma. Furthermore,
this regime could be used to create highly sensitive and precise gamma-
ray detectors. By ensuring that electrons can be completely stopped by
incoming photons, detectors can achieve higher energy resolution and
efficiency. This application would be particularly useful in astrophysics
for detecting and analyzing cosmic gamma-ray sources.

2. Full inverse compton scattering theory

Understanding Compton scattering regimes is crucial in various sci-
entific disciplines, with applications that depend on the specific initial
photon and electron energies, as well as the nature of the experiment.
In this manuscript, we focus on the FICS transition point where a
maximum transfer of energy and momentum from the electron to the
photon takes place.

Since the electron cannot materially vanish, the maximum energy
transferable to the photon is all its kinetic energy Te = (�* 1)mec2. This
point is highly significant for numerous applications, such as gamma-
ray production for sustainability purposes. For instance, to generate a

Fig. 1. Top: Head-on collision between an electron (green) and a photon (red). Bottom:
Fully inverse Compton scattering with a stationary electron, where the incident photon
is fully scattered at an angle ✓ = 0 and gains higher energy. In this process, the
stationary electron transfers all its kinetic energy to the scattered photon.

gamma-ray beam while minimizing power and energy expenditure on
the electron beam, it is essential to maximize the energy extracted from
the electron beam and transferred to the gamma-ray beam. Otherwise,
the remaining energy would be dissipated as thermal energy.

The key to this transition is setting an energy and momentum bud-
get, ensuring that the total energy and momentum of the system remain
invariant after scattering. This process can be analyzed starting from
the conservation of energy and momentum conservation principles: for
sake of simplicity we assume that the electron–photon collision is head-
on, so that their transverse momentum components are vanishing, as
the total transverse momentum of the system (we assume z-axis as the
initial propagation axis of the electron, traveling towards positive z’s,
and the photon, propagating towards negative z’s).

Ee + Eph = E®
e + E®

ph (1)

pze + pzph = p®ze + p®zph (2)

0 = p®xe + p®xph (3)

where Ee = � mec2 and pze = � meve are the energy and momentum of the
electron before scattering. Eph and pzph are the energy and momentum
of the photon before scattering. � is the Lorenz factor, me is the electron
rest mass, ve = � c is the electron velocity and � its dimensionless
velocity. We also assume that (x,z) is the plane of scattering.

Building on the principles outlined in Refs. [3,5–7], and by applying
the conservation laws of total energy and momentum, the energy of a
photon scattered at an angle ✓ relative to the z-axis can be determined
using the following formula:

E®
ph(✓) =

(1 + �) EphEe

(1 * � c os ✓)Ee + (1 + c os ✓) Eph
(4)

Using Eqs. (1) and (3), and assuming that maximum energy/
momentum transfer between the electron and the photon occurs when
the scattering angle in Eq. (3) is ✓ = 0, we can easily derive the
expression of the kinetic energy of the electron after scattering, T ®

e , as
follows:

T ®
e = (� * 1)mec2 + Eph *

(1 + �) � Ephmec2

(1 * �) � mec2 + 2Eph
(5)

with � = 1_
˘
1 * �2 is the electron Lorentz factor. This equation holds

true for any arbitrary values of the initial energies and momenta of the
colliding electron and photon. It is quite straightforward to see that
the kinetic energy of the electron after scattering, T ®

e , is asymptotically
going down to 0 when � tends to infinity, independently on the value
of the incident photon energy Eph. This property was firstly recognized
in Refs. [8,9], thoroughly discussed in Ref. [3] (see Eq. (7)). When the
recoil factor X, defined as X = 4EeEph

(mec2)2
, approaches infinity, the electron

asymptotically tends to transfer its all kinetic energy to the scattered
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New experiments for new physics?
The Full Inverse Compton Scattering, FICS

Can electrons emit photons of energy larger than their own?

Impacts in several fields:
• Plasma Physics (e- / e+ trapping in plasma mirrors)
• Astro-Physics (cosmic γ-ray sources)
• QED (overcoming the Schwinger limit)
• Quantum Gravity (Unruh radiation)
• measuring neutrino mass? From Compton scattering of photons on targets to inverse Compton

scattering of electron and photon beams
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We revisit the kinematics of Compton scattering (electron-photon interactions producing electrons and
photons in the exit channel) covering the full range of energy/momenta distribution between the two
colliding particles, with a dedicated view to statistical properties of secondary beams that are generated in
beam-beam collisions. Starting from the Thomson inverse scattering, where electrons do not recoil and
photons are backscattered to higher energies by a Lorentz boost effect (factor 4γ2), we analyze three
transition points, separating four regions. These are in sequence, given by increasing the electron recoil
(numbers are for transition points and letters for regions): (a) Thomson backscattering, (1) equal sharing of
total energy in the exit channel between electron and photon, (b) deep recoil regime where the bandwidth/
energy spread of the two interacting beams are exchanged in the exit channel, (2) electron is stopped, i.e.,
taken down at rest in the laboratory system by colliding with an incident photon of mc2=2 energy,
(c) electron backscattering region, where incident electron is backscattered by the incident photon, and
(3) symmetric scattering, when the incident particles carry equal and opposite momenta, so that in the exit
channel they are backscattered with same energy/momenta, and (d) Compton scattering [ála Arthur
Compton, see A. J. Compton, A quantum theory of the scattering of X-rays by light elements, Phys. Rev.
21, 83 (1923)], where photons carry an energy much larger than the colliding electron energy. For each
region and/or transition point, we discuss the potential effects of interest in diverse areas, like generating
monochromatic gamma-ray beams in deep recoil regions with spectral purification, or possible
mechanisms of generation and propagation of very high energy photons in the cosmological domain.

DOI: 10.1103/PhysRevAccelBeams.27.080701

I. INTRODUCTION

After the formulation of special relativity theory and the
derivation of the relativistic Doppler effect [1], predicting a
blueshift of e.m. field frequency seen by an observer in
relativistic motion counter-propagating with respect to
the direction of propagation of the electromagnetic
(e.m.) wave (see Ref. [2]), confirmed by experimental
measurements [3], the theoretical frame of classical electro-
dynamics was ready to explain and quantitatively calculate
the characteristics of radiation generated by charged
particles moving in space at relativistic velocities. Such
a theoretical frame has been made available in the early
1900s by Einstein, Thomson, and Larmor, to predict a
broad class of phenomena of radiation emission mecha-
nisms where the quantum nature of e.m. fields was not

needed nor critical. Only after Compton’s fundamental
work [4], the quantum nature of e.m. fields, i.e., the photon,
was experimentally demonstrated; its existence was a game
changer and basically showed through Compton’s mea-
surements that the effect of electron recoil produced by the
x-ray photon in the collision of x rays with atomic electrons
could not be explained by classical electrodynamics and
special relativity. The redshift of backscattered photons
could be explained only invoking a photon-electron colli-
sion where the electron recoils and takes out some of the
photon energy in the form of kinetic energy. After this
discovery, the electron recoil became the fundamental
parameter, i.e., the continental divide, between the classical
picture of radiation emission and the quantum model of
photon emission by charged particles propagating in space
at relativistic velocities. In this paper, we revisit the full
range of values that the recoil parameter can assume, from
the very small values associated to Thomson scattering (or
Thomson backscattering depending on the reference frame
where the electron is observed) up to the deep recoil region,
defined as when the incident photon has an energy much
larger than mc2 in the electron rest frame, underlying four
different domains and three transition points separating
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This paper explores the transition between Compton Scattering and Inverse Compton Scattering (ICS), which 
is characterized by an equal exchange of energy and momentum between the colliding particles (electrons and 
photons). This regime has been called Symmetric Compton Scattering (SCS) and has the unique property of 
eliminating the energy-angle correlation of scattered photons, and, when the electron recoil is large, transferring 
monochromaticity from one colliding beam to the other, resulting in back-scattered photon beams that are 
intrinsically monochromatic. The paper suggests that large-recoil SCS or quasi-SCS can be used to design compact 
intrinsic monochromatic 𝛾-ray sources based on compact linacs, thus avoiding the use of GeV-class electron 
beams together with powerful laser/optical systems as those typically required for ICS sources. Furthermore, at 
low recoil and low energy collisions (in the 10 keV energy range), SCS can be exploited to heat the colliding 
electron beam, which is widely scattered with large transverse momenta over the entire solid angle, offering a 
technique to trap electrons into magnetic bottles for plasma heating.

1. Introduction

The spectral red-shift observed when an X-ray pulse interacts with 
a carbon target was observed by Arthur Compton in 1922 Ref. [1] and 
interpreted as an effect of the collision between the photons of the X-
rays and the electrons of the solid, both assumed as point-like particles. 
The scattering of the energetic photons by the electrons at rest in the 
laboratory was called (direct) Compton effect after him.

In more recent years, the Inverse Compton Scattering (ICS) effect 
was studied [2] and experimentally demonstrated in pivotal experi-
ments at particle accelerators [3], using highly relativistic electrons col-
liding with laser beams, within an inverse kinematics set-up where the 
electron loses energy and momentum in favor of the incident photon, 
that is back-scattered and up-shifted to much larger energies. Compton 
sources are devices that have been developed and are currently in op-
eration in many laboratories [4–13] with plenty of applications. Details 
about these facilities can be found in Ref. [14] While the Compton (both 
direct and inverse) effect cannot be explained classically, the low recoil 
regime of ICS, in which the electron energy/momentum loss is negligi-
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ble, has been described in the framework of classical electrodynamics 
and it is known as Thomson effect Ref. [15]. In this paper, we ana-
lyze the transition from direct Compton (DC) to ICS, occurring when 
the colliding particles exchange an equal amount of energy and mo-
mentum, and we call this regime Symmetric Compton Scattering (SCS). 
In this particular condition, the properties of the scattered photons are 
unique: unlike in all other radiations emitted with a Lorentz boost, SCS 
scattered photon energy indeed no longer depends on the scattering 
angle, so that the back-scattered radiation beam becomes intrinsically 
monochromatic. Extending the analyses on large electron recoil ICS car-
ried out in Refs. [16,17] to this particular regime, we find that SCS is 
characterized by the transfer of monochromaticity from one colliding 
beam to the other, so that when a large bandwidth photon beam collides 
under SCS conditions with a monoenergetic electron beam, the back-
scattered photon beam results to be monochromatized. The possible 
applications range in many fields. SCS or quasi-SCS at large recoil could 
allow for the design of compact sources of intrinsic monochromatic 𝛾-
rays supplied by low energy MeV electron bunches, thus avoiding the 
use of GeV-class accelerators and powerful laser/optical systems, ac-
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would asymptotically reach energies of 255 keV. This surprising result
highlights the unique characteristics of FICS, distinguishing it inside
the dynamical range of Compton Scattering, from direct kinematics to-
wards inverse kinematics, as the continental divide of the two regimes.
As a matter of fact in direct Compton Scattering the electron is mainly
back or highly scattered, while in Inverse Compton Scattering the
electron keeps propagating close to the prolongation of its incident
trajectory path even after scattering. In FICS the electron just stops
after scattering with the incident photon in the ideal case of a fully
back-scattered photon, but in any case the electron after scattering is
taken down to kinetic energies smaller than mec2_2 for all photons
that are back-scattered within an angle ✓ = 1_�, which represents a
substantial fraction of scattering events in the condition of FICS with
relativistic electrons. FICS stands out as the only interaction regime
in vacuum where the kinetic energy of an electron can be wholly
transferred to a photon, resulting in maximum negative acceleration
of the electron. This acceleration can reach ultimate extreme levels
in excess to 1033 m2_s, scaling like the energy of the incident elec-
tron. Its effects open potential avenues for experimental investigations
into sensing the Unruh temperature, sometimes called the Davies–
Unruh temperature, a phenomenon predicted by quantum field theory
in accelerated frames as the effective temperature experienced by a
uniformly accelerating detector in a vacuum field [4]. Moreover, at the
lower end of the energy spectrum, even non-relativistic electrons can be
fully halted by photons with moderate energies (tens of keV), enabling
a complete thermal exchange between electron clouds and photon
baths. This peculiar scattering regime may significantly influence the
evolution of cosmic gamma-ray sources, adding a new dimension to our
understanding of astrophysical phenomena and the energy dynamics in
extreme environments. In this comprehensive study, we delve deeply
into the FICS transition, rigorously comparing the energy loss and
transfer efficiency in fully Inverse Compton Scattering versus conven-
tional Compton Scattering. By analyzing the kinematic conditions and
the energy exchange dynamics, we aim to uncover the fundamental
principles governing this regime. Additionally, the study explores the
implications of FICS in various high-energy scenarios, providing in-
sights into how such interactions could manifest in both terrestrial and
cosmic settings. One of the most promising applications of FICS lies in
the field of plasma physics, particularly in enhancing the efficiency of
electron trapping and heating. In our previous work, we demonstrated
the feasibility of trapping electrons in magnetic bottles for plasma
heating applications [5]. By utilizing the unique properties of FICS,
electrons can be stopped immediately after their interaction with pho-
tons, resulting in an immediate and complete transfer of kinetic energy.
This advancement not only enhances the control over the electron
population within the plasma but also improves the overall efficiency
of the heating process, potentially leading to more effective methods
for achieving and maintaining high-temperature plasma. Furthermore,
this regime could be used to create highly sensitive and precise gamma-
ray detectors. By ensuring that electrons can be completely stopped by
incoming photons, detectors can achieve higher energy resolution and
efficiency. This application would be particularly useful in astrophysics
for detecting and analyzing cosmic gamma-ray sources.

2. Full inverse compton scattering theory

Understanding Compton scattering regimes is crucial in various sci-
entific disciplines, with applications that depend on the specific initial
photon and electron energies, as well as the nature of the experiment.
In this manuscript, we focus on the FICS transition point where a
maximum transfer of energy and momentum from the electron to the
photon takes place.

Since the electron cannot materially vanish, the maximum energy
transferable to the photon is all its kinetic energy Te = (�* 1)mec2. This
point is highly significant for numerous applications, such as gamma-
ray production for sustainability purposes. For instance, to generate a

Fig. 1. Top: Head-on collision between an electron (green) and a photon (red). Bottom:
Fully inverse Compton scattering with a stationary electron, where the incident photon
is fully scattered at an angle ✓ = 0 and gains higher energy. In this process, the
stationary electron transfers all its kinetic energy to the scattered photon.

gamma-ray beam while minimizing power and energy expenditure on
the electron beam, it is essential to maximize the energy extracted from
the electron beam and transferred to the gamma-ray beam. Otherwise,
the remaining energy would be dissipated as thermal energy.

The key to this transition is setting an energy and momentum bud-
get, ensuring that the total energy and momentum of the system remain
invariant after scattering. This process can be analyzed starting from
the conservation of energy and momentum conservation principles: for
sake of simplicity we assume that the electron–photon collision is head-
on, so that their transverse momentum components are vanishing, as
the total transverse momentum of the system (we assume z-axis as the
initial propagation axis of the electron, traveling towards positive z’s,
and the photon, propagating towards negative z’s).

Ee + Eph = E®
e + E®

ph (1)

pze + pzph = p®ze + p®zph (2)

0 = p®xe + p®xph (3)

where Ee = � mec2 and pze = � meve are the energy and momentum of the
electron before scattering. Eph and pzph are the energy and momentum
of the photon before scattering. � is the Lorenz factor, me is the electron
rest mass, ve = � c is the electron velocity and � its dimensionless
velocity. We also assume that (x,z) is the plane of scattering.

Building on the principles outlined in Refs. [3,5–7], and by applying
the conservation laws of total energy and momentum, the energy of a
photon scattered at an angle ✓ relative to the z-axis can be determined
using the following formula:

E®
ph(✓) =

(1 + �) EphEe

(1 * � c os ✓)Ee + (1 + c os ✓) Eph
(4)

Using Eqs. (1) and (3), and assuming that maximum energy/
momentum transfer between the electron and the photon occurs when
the scattering angle in Eq. (3) is ✓ = 0, we can easily derive the
expression of the kinetic energy of the electron after scattering, T ®

e , as
follows:

T ®
e = (� * 1)mec2 + Eph *

(1 + �) � Ephmec2

(1 * �) � mec2 + 2Eph
(5)

with � = 1_
˘
1 * �2 is the electron Lorentz factor. This equation holds

true for any arbitrary values of the initial energies and momenta of the
colliding electron and photon. It is quite straightforward to see that
the kinetic energy of the electron after scattering, T ®

e , is asymptotically
going down to 0 when � tends to infinity, independently on the value
of the incident photon energy Eph. This property was firstly recognized
in Refs. [8,9], thoroughly discussed in Ref. [3] (see Eq. (7)). When the
recoil factor X, defined as X = 4EeEph

(mec2)2
, approaches infinity, the electron

asymptotically tends to transfer its all kinetic energy to the scattered
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   ; T′ e = 0 E′ ph = Te + 0.5mc2


