
Radiation Sources and
electron-photon QED interactions

beyond Synchrotron Light Sources (see C. Biscari lecture):
Free Electron Lasers  - Inverse Compton Sources -

Secondary/Tertiary Beams (muons, positrons) -
something special for fundamental physics …

Luca Serafini – INFN-Milan and University of Milan
with important contributions from Vittoria Petrillo and Sanae Samsam

Lecture Outline (leit motiv):
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A journey from
Undulatory Radiation Sources

towards
Collisional Radiation Sources



Schematic recap of  X/g Radiation Sources
(keV, MeV, GeV…)

Spontaneous undulatory radiation (synchrotron, wiggler, 
betatron, channeling, bremsstrahlung)

Resonant/amplified undulatory radiation (undulator, FEL)

𝐸! = 𝑓 𝛾"𝜗"

𝐸! ≠ 𝑓 𝛾"𝜗"

courtesy B. Paroli, M. Potenza

courtesy L. Rivkin
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Collisional radiation
(Relativistic Rayleigh Scattering aka Gamma Factory, Inverse 
Compton Scattering, Large Recoil ICS, Symmetric Compton 
Scattering) Gamma Factory

I.C.S.
deep recoil I.C.S.

EXMP

low recoil
I.C.S. - STAR



• Electron beams interacting with magnetostatic undulators –
from spontaneous incoherent emission towards coherent 
cooperative emission via Free Electron Laser instability

• Inverse Compton Scattering sources of photon beams: 
electron recoil effects – quantum relativistic kinematics

• Increasing Ecm , the center of mass available energy,    
towards generation of extreme positron or muon beams

Lecture Outline – second view

Classical Electro-Magnetism prevalent

Quantum Electro-Dynamics necessary
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how to collide bright beams of  electrons and photons
to generate advanced secondary beams

Classical Electro-Dynamics easier



Mini-Course on
Compact radiation sources of X/g rays for

medical/cultural heritage/industrial applications
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1 - Today



Mini-Course on
Compact radiation sources of X/g rays for

medical/cultural heritage/industrial applications
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2 - Tomorrow



Mini-Course on
Compact radiation sources of X/g rays for

medical/cultural heritage/industrial applications
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3 - Friday
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Radiation Sources from relativistic electron beams: 
Synchrotron radiation, Compton Back-scattering, 

Free Electron Lasers

• When Quantum description (Q.E.D.) is necessary: electron 
recoil affecting the characteristics of the radiation beam 
(electron energy loss during radiation emission non-
negligible, momentum-energy conservation requested)

• When Classical Electro-Magnetism is more adequate 
(easier): phase effects (self-organization, cooperation) in the 
radiation beam are dominant (FEL’s, amplified stimulated 
emission of radiation vs. spontaneous incoherent one like in 
Synchrotrons and I.C.S.)

• 2 Relevant Examples follow
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with
electron recoil

without
electron recoil

Electron Recoil effect in g-ray I.C.S. for Nuclear Photonics:
C.E.D. fails to evaluate the correct red-shift in the spectrum

370 MeV e- beam
colliding with
green laser



Cooperation among electrons in the beam, driven by the
emitted radiation field in SASE (Self-Amplified Spontaneous Emission).

FEL’s cannot be explained by linear (single photon) Q.E.D.
because its instability is driven by phase effects and (quasi)coherence

FEL is a laser (light amplification by stimulated emission of radiation)



At the border between C.E.D. and Q.E.D.
explaining why an isolated electron

(or any other charged particle) propagating in vacuum
DOES NOT RADIATE, i.e. does not emit radiation
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The C.E.D. vision
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Radiation - propagating field Coulomb, quasi-static field
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And, of course… Chapt. 14th Jackson – Classical Electro-Dynamics



The Q.E.D. vision:
relativistic kinematics and energy/momentum 

conservation of electron-photon system

electron 4− vector  Pe = Ee c, pex = 0, pey = 0, pez = pe = Ee
2 / c2 −me

2c2⎡
⎣

⎤
⎦

photon 4− vector  Phν =  hνL c,!kx = 0,!ky = 0,!kz = −hνL c⎡⎣ ⎤⎦

if no photon in the initial state (only an electron freely propagating in vacuum)

Invariant  Mass s ≡ cP•cP = Etot
2* = Ecm

2

4− vector  product  P1 •P2 ≡ E1E2 c2 − !p1 ⋅
!p2⎡⎣ ⎤⎦( )

𝚸&'& = 𝚸%

tot tot

Side comment: a free electron cannot absorb a photon, it can only scatter an incident 
photon. Demonstration: time-reversal of the previous statement.

So in this case we have Ecm = mec2 .  Therefore there is no energy available in 
the final state to generate another particle, or a photon. The electron will keep 
propagating in vacuum unperturbed and no photon emission is possible
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1-25 GeV
electrons

100-0.5 Å
photons
(0.12-24 keV)

cm und. period lu

FEL’s and Thomson/Compton Sources common mechanism:
collision between a relativistic electron and a (pseudo)electromagnetic wave

 

20-150 MeV electrons 0.8 µm laser l 20-500 keV
photons

3 km

20 m

The Classical E.M. view (Maxwell eq.): Thomson Sources as 
synchrotron radiation sources with electro-magnetic undulator
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From single-electron radiation to
Particle Beams emitting Photon Beams

Particle beams diffract like radiation:
emittance of particle beams is equivalent

to wavelength of coherent e.m. fields

Diffraction limit: ideal overlap of charged particle beam 
and generated photon beam while co-propagating over 

distances much longer than diffraction length

Such a condition assures not only maximum brilliance 
of the radiation beam in synchrotrons but also the onset 
of FEL instability with high-gain exponential growth, as 

well as maximum luminosity in I.C.S. e-g colliders



e-

e-

focus
envelope

electron beam with large emittance: tight focus implies large
diffraction (divergence) angles, therefore a largely diverging
beam envelope



Emittance and beam dimensions
• The emittance is the area of the phase space occupied by the particles Knowing 

the emittance and the Twiss parameters in a point of the accelerator, the beam 
dimensions are obtained : sx,y e s’x,y
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Photon / Particle Beams: diffraction, envelope, matching, co-propagation.
Example: TEM00 Gaussian Laser mode (circ. pol. M2=1 diffr. limited)
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Niels Bohr’s derivation of Heisenberg’s uncertainty principle
and its analogy with the concept of
Diffraction Limited Photon Beam



𝑆- ∝
𝐼% 𝑈./0
𝜀1"𝐸2

Synchrotrons: diffraction limit
e < l

ESRF 100 pm (10-10) to be compared to
12 keV X-rays i.e. 10-10 m wavelength

I.C.S.  bandwidth scaling as g2e2/s2
Petrillo-Serafini criterion   

Pellegrini-Kim criterion on SASE FEL:

€ 

εn ≤
λFELγ
4π𝜀 =

𝜀1
𝛾

Coherent/Collective propagation of radiation and particle beams
i.e. phase space matching of particle beam and photon beam
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FLASH

12.4 1.24 0.124 l (nm)

Thomson/Compton Sources

Brilliance of Lasers and X-ray sources

BELLA

€ 

B =
Nph

2πσt M
2λ( )2 Δλ

λ

€ 

Nph =1019 −1020

σt =10 − 20  fs
ELI

€ 

Nph =1011 −1013

σt =10 − 200  fs

€ 

BCompton ∝γ
2

€ 

Nph =108 −109

σt =100 fs − 5ps

𝐵/3 =
𝑁#$𝑓

𝜀2"
Δ𝐸!
𝐸!
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𝑁#$
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• A) Quantum: linear QED of electron-photon 2-body 
kinematics and Klein-Nishina cross section

• Energy/Momentum Conservation - no multi-photon (non-
linear, collective) effects

• Effect of electron recoil on X/g ray beam phase space quality 
(spectral density, bandwidth broadening) and on electron 
beam (emittance dilution in multiple scattering and 
incoherent energy spread due to scattering stochasticity)

• B) Classical: synchrotron radiation with e.m. undulators

• No Energy/Momentum Conservation – description of 
collective effects (laser coherent field, multi-photon 
absorption/emission, harmonics, red-shifts, etc)

2 Approaches to describe the Physics of I.C.S.
A) (linear) Quantum  B) Classical

Limitation of (linear) quantum description: does not take into
account the coherent organization of photons

in the e.m. field of the laser pulse (intensity field, no phase)



Classical model

Relativistic electron

Laser pulse

Courtesy  V. Petrillo8th African School of Physics - Marrakech (MO) - July 2024
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969 citations





𝑃567 ≈ 𝑃8𝑒 ⁄: 7"
𝑃0/& ≈ 𝜌𝑃%;<%/= ≈ 𝜌𝐼%𝑇%

𝑁567;#$'&'10 ≈ 𝑁%
⁄+ >

Spontaneous Radiation
(Synchrotron, I.C.S.)
𝑁#$'&'10 ≈ 𝑁%

Coherent emission
𝑁#$'&'10 ≈ 𝑁%"

when Le-bunch << lrad

The SASE regime with exponential growth of radiation power
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FEL resonance condition

€ 

λR = λw
1+ aw

2( )
2γ 2

(magnetostatic undulator )

Example : for lR=1A, lw=2cm, E=7 GeV

λR = λ
1+ a0

2 2( )
4γ 2

(electromagnetic undulator )

Example : for lR=1A, hn=12 keV, l=0.8µm, E=25MeV
Example : for hn=10 MeV, l=0.4µm, E=530 MeV

Violation of Energy-Momentum Conservation !!

Paradox : for E=100 GeV , l=0.4µm , hn=368 GeV  !wrong!
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with
electron recoil

without
electron recoil

Electron Recoil effect in g-ray I.C.S. for Nuclear Photonics:
C.E.D. fails to evaluate the correct red-shift in the spectrum

370 MeV e- beam
colliding with
green laser



STAR

ICS are the most effective “photon accelerators” (boost twice than FELs)

                                     EX /γ = 4γ
2Elaser

with T =100MeV  (γ =197) Elaser =1.2 eV  ⇒ EX /γ =186 keV
“4g2 boost effect”

HigS

ELI-NP
CALA

A journey into (Inverse) Compton Scattering

𝑇 = 𝛾 − 1 𝑚8𝑐" 𝑚8=511 keV



Kinematics of
Inverse Compton Scattering

a Cartoon

Lab Reference Frame

incident electron
Ee = gmc2 incident photon Eph

Electron rest frame
E*

e = mc2

incident photon E*ph = 2g Eph

Lab Reference Frame
after Scattering

scattered electron
E’e = gmc2 + Eph – E’ph energy of scattered photon at q=0   E’0 = 2g E*ph = 4g2 Eph

q

scattered photon at q

E’ph =E’0 (1-g 2q2)

scattered photon at

q=1/g   E’ph =E’0 /2

q=1/g

if E*ph << mc2 the photon is scattered
back elastically with same energy E*ph
(zero recoil, Thomson limit)

Lorentz transformation  (gcm = g)



Rivaling with Synchr. Light Sources for energies above 50 keV
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Inverse Compton Sources rivaling/overcoming

Synchrotron Light Sources at photon energies above 80-100 keV

I.C.S.

STAR

ELI-NP-GBS



Compact machine
10x10 m2

In operation since
early 2015

An ICS based X-ray User Facility in operation in Germany



Measured 5.1010 ph/sec with 20 mA

measured



Measured 5.1010 ph/sec with 20 mA

measured



Conventional X-ray tube for 
mammography
Spatial resolution ~100 µm
High Flux ~107 g/(mm2s) equivalent to 
~5.1011 g/s over 20x20 cm2 area.

Anode Material  Molybdenum

Anode Angle  12?  

Anodic Voltage 28 kV  

Filtrations  
 

1 mm      Be   
0.03 mm Mo   
600 mm  Air

65 cm

Great example of Radio-logical imaging 
applied to mass screening over population: 
mammography

Low energy photons in the spectrum are absorbed by tissue, 
delivering radiation dose without bringing informations to 
detector. Risk of inducing secondary tumors increases 
without increasing the benefit of detecting early tumors

Absent in
Thomson
Source
X-ray
spectrum!



3 cm thick in vitro human breast tissue

a) SR digital image
Energy 17 keV
Scan step 100 mm
MGD 1 mGy

b) SR digital image
Energy 20 keV
Scan step 100 mm
MGD 0.33 mGy

Conventional
X-ray tube 26 kVp
MGD 1 mGy

Mammography with Mono-chromatic X-rays at 20 keV has been proven
far superior in Signal-to-Noise-Ratio w.r.t. conventional mammographic tubes,
with a considerably lower radiation dose to the tissue
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Compact Thomson X-ray Sources could be located inside hospitals to diagnose
and treat patients directly at the hospital site (unlike Synchrotrons…)
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Phase Contrast Imaging made possible
by small round source spot size (< 20 µm)
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Advancing Thomson X Ray Sources for
Bio/Medical Imaging Applications and Matter Science

COMPTON 2008
Compton sources for X/! rays: 

Physics and applications

Alghero, Sardinia, Italy 
September 7–12, 2008

Guest Editors

Massimo Carpinelli
Luca Serafi ni

Volume 608, Issue 1S      September 1, 2009      ISSN 0168-9002
Supplement

N
U

C
LEA

R
 IN

S
TR

U
M

EN
TS

 A
N

D
 M

ETH
O

D
S

 IN
 PH

YS
IC

S
 R

ES
EA

R
C

H
 (S

EC
TIO

N
 A

)–V
O

L. 608/1S
 (2009) S

1–S
120
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Accelerator and Equipments
in ELI-NP Building
100 m, 100 M$ scale

A g-ray User Facility designed for the 
ELI-NP-GammaBeamSystem



Photonuclear Reactions

g

What happens?
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Narrowband gamma-ray absorption and re-radiation 
by the nucleus is an “isotope-specific” signature 

Nuclear Resonance Fluorescence (NRF) is analogous to atomic resonance fluorescence 
but depends upon the number of protons AND the number of neutrons in the nucleus

Courtesy C. Barty - LLNL



Photonuclear Reactions

gs

g´g

Separation
threshold

AX

A´Y b
Nuclear Resonance Fluorescence (NRF)
Photoactivation
Photodisintegration

b

Absorption

(-activation)

g´

~ 8 MeV
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X

STAR

• STAR (Southern europe Thomson source for Applied Research) is a Compton 
Source of mono-chromatic X-rays tunable in the range 20-350 keV, devoted to 
advanced non-invasive diagnostics of cultural heritage/archeological samples.
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2014-2020
(indicativa)

Regioni meno 
sviluppate

Regioni in transizione

Regioni piú sviluppate
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3rd-4th Generation Light Sources

• Synchrotron light sources: < 50 keV, > 50 ps (100 m, 300 M$)

• X-ray FEL (LCLS): energy ≤25 (50?) keV, 1-100 fs (1 km, 1 G$)

• New approach: inverse Compton scattering (ICS) 20-200 keV , sub-
ps, (10 m , 10 M$) – sometimes called Laser Synchrotron since a 
laser pulse substitutes the magnetic undulators 
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STAR X-ray beamlines
foreseen applications



Courtesy  R. Agostino
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20-130 keV

100-350 keV

Energia massima X (keV) Flusso a 5% rms bandwidth 

130. 3.0.109

350. 3.0.1010
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Courtesy  S. Connell

Mission of African Light Source initiative and
Compact Light Source based on STAR model
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General Compton Scattering geometry
between an incident eletron Ee and a photon Eph

at a collision angle a, photon E’ph scattering angle q
and electron E’e scattering angle qe

Let’s try to understand the budget of energy/momentum
exchange between electrons and (radiated/scattered) photons 
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To be continued on File b
Slides following on this file are additional slides
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Assumptions : hνL << Ee  ; Ee = γmec
2  γ >>1

Quantum Model: a look at what happens in the 
Center of Mass reference system (kinematics)

electron 4− vector  Pe = Ee c, pex = 0, pey = 0, pez = pe = Ee
2 / c2 −me

2c2⎡
⎣

⎤
⎦

photon 4− vector  Phν =  hνL c,!kx = 0,!ky = 0,!kz = −hνL c⎡⎣ ⎤⎦

Ee hνL

Lab ref.

E
e

* hνL
* ≅ 2γcmhνL

c.m. ref.

Recall some Basics
!ptot
* =
!pe
* + "
!
khν
* =
!
0

Analytical description of photon beam phase spaces in Inverse Compton Scattering
sources

C. Curatolo,1 I. Drebot,1 V. Petrillo,1, 2 and L. Serafini1
1INFN-Milan, via Celoria 16, 20133 Milano, Italy

2Università degli Studi di Milano, via Celoria 16, 20133 Milano, Italy
(Dated: 22 May 2017)

We revisit the description of inverse Compton scattering sources and the photon beams generated
therein, emphasizing the behavior of their phase space density distributions and how they depend
upon those of the two colliding beams of electrons and photons. Main objective is to provide
practical formulas for bandwidth, spectral density, brilliance, which are valid in general for any
value of the recoil factor, i.e. both in the Thomson regime of negligible electron recoil, and in
the deep Compton recoil dominated region, which is of interest for gamma-gamma colliders and
Compton Sources for the production of multi-GeV photon beams. We adopt a description based on
the center of mass reference system of the electron-photon collision, in order to underline the role
of the electron recoil and how it controls the relativistic Doppler/boost effect in various regimes.
Using the center of mass reference frame greatly simplifies the treatment, allowing to derive simple
formulas expressed in terms of rms momenta of the two colliding beams (emittance, energy spread,
etc.) and the collimation angle in the laboratory system. Comparisons with Monte Carlo simulations
of inverse Compton scattering in various scenarios are presented, showing very good agreement
with the analytical formulas: in particular we find that the bandwidth dependence on the electron
beam emittance, of paramount importance in Thomson regime, as it limits the amount of focusing
imparted to the electron beam, becomes much less sensitive in deep Compton regime, allowing a
stronger focusing of the electron beam to enhance luminosity without loss of mono-chromaticity. A
similar effect occurs concerning the bandwidth dependence on the frequency spread of the incident
photons: in deep recoil regime the bandwidth comes out to be much less dependent on the frequency
spread. The set of formulas here derived are very helpful in designing inverse Compton sources in
diverse regimes, giving a quite accurate first estimate in typical operational conditions for number
of photons, bandwidth, spectral density and brilliance values - the typical figures of merit of such
radiation sources.

I. INTRODUCTION

Inverse Compton Scattering sources (ICSs) are becom-
ing increasingly attractive as radiation sources in photon
energy regions either not covered by other high brilliance
sources (FEL’s, synchrotron light sources) or where com-
pactness becomes an important figure of merit, like for
advanced X-ray imaging applications to be implemented
in university campus, hospitals, museums, etc., i.e. out-
side of research centers or large scale laboratories [1].
ICSs are becoming the �-ray sources of reference in nu-
clear photonics, photo-nuclear [2, 3] and fundamental
physics [4], thanks to superior performances in spectral
densities achievable. Eventually they will be considered
for very high energy photon generation (in the GeV to
TeV range) since there are no other competing techniques
at present, neither on the horizon, based on artificial
tools at this high photon energy [5]. As a consequence,
a flourishing of design activities is presently occurring in
several laboratories [6–15] and companies [16–19], where
ICSs are being conceived, designed and built to enable
several domains of applications, and ranging from a few
keV photon energy up to GeV’s and beyond. Designs of
ICSs are carried out considering several diverse schemes,
ranging from high gradient room temperature pulsed RF
Linacs [3, 20, 21] to CW ERL Super-conducting Linacs
[22, 23] or storage rings [2, 24–27], as far as the electron

beam generation is concerned, and from single pulse J-
class amplified laser systems running at 100 Hz to optical
cavities (e.g. Fabry-Perot) running at 100 MHz acting as
photon storage rings for the optical photon beams, not to
mention schemes based on FEL’s to provide the colliding
photon beam [22, 28, 29].
In order to assess the performances of a specific ICSs un-
der design, detailed simulations of the electron-photon
beam collision are typically carried out using Monte
Carlo codes [30–32] able to model the linear and non-
linear electron-photon quantum interaction leading to
Compton back-scattering events, taking into account in
a complete fashion the space-time propagation of the two
colliding beams through the interaction point region, in-
cluding possible multiple scattering events occurring dur-
ing the overlap of the two pulses. Only in case of negligi-
ble electron recoil, i.e. in the so called Thomson regime
typical of low energy X-ray ICSs, classical electromag-
netic numerical codes (e.g. TSST [33]), modelling the
equivalent undulator radiation emitted by electrons wig-
gling in the electromagnetic field of the incoming laser
pulse, allow to analyze particular situations such as the
use of chirped [34], tilted [35] and twisted [36] lasers.
In the recent past some efforts have been developed to
carry out analytical treatments of the beam-beam colli-
sion physics, embedding the single electron-photon col-
lision from a quantum point of view within a rms dis-
tribution of the scattered photon beam [27, 37–43], or,
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Invariant Mass, Lorentz transformation from Lab 
to c.m. ref. system

Total  4− vector  P = Pe +Phν = Ee c+ hνL c, 0, 0, Ee
2

c2
−me

2c2 − hνL c
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

Invariant  Mass s ≡ cP•cP = Etot
2* = Ecm

2

4− vector  product  P1 •P2 ≡ E1E2 c2 − !p1 ⋅
!p2⎡⎣ ⎤⎦( )

Ecm ≅ 4EehνL +me
2c4 =mec

2 1+ 4γhνL

mec
2 =mec

2 1+Δ

e−  recoil   factor  Δ ≡ 4γhνL

mec
2



γcm =
Elab

Ecm

=
Ee + hνL

mec
2 1+Δ

≅
γ
1+Δ

γcm
To transform to the Lab ref. system 

we need to compute 

Then apply a Lorentz transformation



Recap
(exact analytical formula, no approximations)

cos𝜗∗ =
@A&/1!B;)"#&/1!B )"#! ;@

@A)"#! &/1!B
𝑖𝑓 𝜗 < ,

"

𝐸#$ =
2𝛾"ℎ𝜈7
1 + Δ

1 + 1 −
1 + Δ
𝛾"

cos𝜗∗

Δ =
4𝛾ℎ𝜈7
𝑚%𝑐"

𝛾C= =
𝛾
1 + Δ

cos𝜗∗ =
; @A&/1!B;)"#&/1!B )"#! ;@

@A)"#! &/1!B
𝑖𝑓 𝜗 > ,

"

𝐸#$;=/2 =
4𝛾"ℎ𝜈7
1 + Δ

= 4𝛾C=" ℎ𝜈7

Synchrotron X-Ray Diffraction, Spectroscopy and Imaging– PhD School, Politecnico di Milano, July 2020

𝐸#$ =
4𝛾"ℎ𝜈7

1 + Δ + 𝛾C=" 𝜗"



Recap
(exact analytical formula, example 250 MeV 

electrons against hnL=1.2 eV photons)

𝐸!"(𝑀𝑒𝑉) =
1.1472
2 1 + 1 −

1 + Δ
𝛾# cos𝜗∗Δ = 0.0046 𝛾$% = 488.88𝛾 = 490.
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Recap
(exact analytical formula, example 250 MeV 

electrons against hnL=1.2 eV photons)

𝐸!"(𝑀𝑒𝑉) =
1.1472
2 1 + 1 −

1 + Δ
𝛾# cos𝜗∗Δ = 0.0046 𝛾$% = 488.88𝛾 = 490.
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Synchrotron X-Ray Diffraction, Spectroscopy and Imaging– PhD School, Politecnico di Milano, July 2020



courtesy of L. Rivkin - PSI

Analogy with Synchrotron radiation emission and its angular cone 1/g



γϑ = 0.11

Single electron-photon spectra

What happens when we scatter beams of 
electron against beams of photons?



See C. Curatolo, PhD Thesis, Univ. of Milan, 2016 (and references therein)

Electron beam emittance and energy spread spread 
out the c.m. propagation so to generate a “beam” 

of c.m. ref. frames

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020



Electron-photon Collider Spectra



We need to build a very high luminosity collider,
that needs to maximize the Spectral Luminosity,

i.e. Luminosity per unit bandwidth

negligible diffraction
0 crossing angle

electrons laser

€ 

LS ≡
L
Δνγ

• Scattered flux
• Luminosity as in HEP collisions

– Many photons, electrons
– Focus tightly

– ELI-NP 

σ T =
8π
3
re
2Nγ = Lσ T

 L = NLNe−

4πσ x
2

€ 

σT = 0.67 ⋅10−24cm2 = 0.67  barn

f

€ 

L =
1.3⋅ 1018 ⋅ 1.6⋅ 109

4π 0.0015cm( )2
3200(s−1) = 2.5⋅ 1035cm−2s−1

cfr.  LHC 1034,   Hi-Lumi LHC 1035



Courtesy M. Gambaccini

300 µrad
60 µrad



30-150 MeV e-

20-350 keV X

250-750 MeV e-

1-19.5 MeV g

𝑆- ∝
𝐼% 𝑈./0
𝜀1"𝐸2

STAR was designed by INFN in 2013-2014 adopting a common paradigm 
with ELI-NP-GBS: both are e-g linear collider based on 100 Hz amplified 
J-class lasers interacting with high brightness RF photo-injector. The design 
strategy applies Petrillo-Serafini criterion for maximum spectral density.
                                     EX /γ = 4γ

2Elaser

with T =100MeV  (γ =197) Elaser =1.2 eV  ⇒ EX /γ =186 keV

strong focusing of high brightness
(peak & average) to maximize Luminosity
According to Petrillo-Serafini criterion



Visita Ministra C. Messa a STAR, 7 giugno 2022

7th African School of Physics - Port Elizabeth (ZA) - Dec. 2022



https://acceleratori.infn.it/it/

7th African School of Physics - Port Elizabeth (ZA) - Dec. 2022
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Luca.Serafini@mi.infn.it

7th African School of Physics - Port Elizabeth (ZA) - Dec. 2022
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Inverse Compton Sources, Overview, Theory, Main 
Technological Challenges – Photonic Colliders

• New Generation of X/g ray beams via electron-photon beam 
collisions for advanced applications in medicine/biology-
material science/cultural heritage/national security and
fundamental research in nuclear physics and high energy 
physics (e-g, g-g colliders, pol. e+ beams, hadron. physics, etc)

• Inverse Compton Sources (ICS) are e-/photon colliders aimed at 
producing secondary beams of photons

• Several Test-Facilities world-wide: after a decade of machine 
test&development we are entering the era of User Facilities in 
X-ray imaging and g-ray Nuclear Physics and Photonics

Corso Acc. Physics, Dip. di Fisica, Università di Bologna,  3 Dic. 2020



From THOMX Conceptual Design Report, A.Variola, A.Loulergue, F.Zomer, LAL RT 09/28, SOLEIL/SOU-RA-2678, 2010

I.C.S. in operation or under-construction 

STAR (Calabria) Linac   20-100   1011 (100 Hz)  18

Corso Acc. Physics, Dip. di Fisica, Università di Bologna,  3 Dic. 2020



highly asymmetric compact*

electron-photon colliders

secondary photon beams via large

lorentz boost of c.m. reference frame

*10 m, 10 M$

MeV/GeV’s electrons

eV’s photons



BriXS: an example of high sustainability. High power 2 MW beam 
delivered to user with only 200 kW power consumption/dissipation 
with outstanding beam quality (larger than storage rings, same 
current)



≈ 6 M€,  TDR preparation approved by INFN, due by March 2021

5 mA, 100 MHz, 45 MeV
> 90% energy recovery

BriXSino:  MariX Demonstrator at LASA/Milano



Executive Summary
published on NIM-A



109 Authors, 327 pages
published today on ArXiv

http://arxiv.org/abs/1407.3669



• Need of high peak brightness/high average current electron 
beams (cmp. FEL’s drivers) fsec-class synchronized and µm-
µrad-scale aligned to high peak/average power laser beams

• Main goal for Nuclear Physics and Nuclear Photonics: 
Spectral Densities > 104 Nph/(s.eV)
photon energy range 1-20 MeV, bandwidths 10-3 class

• Main goal for Medical Applications with X-rays: tunability in 
the 20-120 keV range, good mono-chromaticity (1-10 %), high 
flux (1011 min., 1012 for radio-imaging, 1013 for radio-therapy)

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020

Challenges of electron-(optical)photon colliders as X/g 
beam Sources using Compton back-scattering



• Main goal for MeV-class g - g and   TeV g - nucleon colliders:
Peak Brilliance > 1021 Nph/(s.mm2.mrad2.0.1%) 109<Nph<1013

Source spot size µm-scale (low diffraction, few µrad)
Tunability, Mono-chromaticity, Polarization (H,V,C)

• Photon-Photon scattering (+ Breit-Wheeler: pair creation in 
vacuum) is becoming feasible with this new generation g-beams: 
a g-g low energy collider

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020





Courtesy  L. Palumbo

If the Physics of Linear Compton/Thomson
back-scattering is well known…. 

the Challenge of making a Compton Source running as an
electron-photon Collider with maximum Luminosity,
to achieve the requested Spectral Density, Brilliance,
narrow Bandwidth of the generated X/g ray beam, 

is a completely different issue/business !

Re-visiting the Physics of Compton back-scattering
with an eye to effects impacting the quality and behavior of
the photon (and electron) beam phase space distributions

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020



LINEAR (a0<<1, single photon)
THOMSON BACK-SCATTERING

e- (1 GeV);  l0=1µm, E0=1.24 eV                lT=6 x10-8µm, ET=20 MeV 

e- (200 MeV);  l0=1µm, E0=1.24 eV            lT=1.56 x10-6µm, ET=800 KeV

e- (29 MeV);  l0=0.8µm, E0=1.5 eV            lT=0.5 x10-4µm, ET=20 KeV

νX =νL
1−β cosαL

1−β cosθ
≈ νL

4γ 2

1+θ 2γ 2 ≈ 4γ 2νL

for αL = π  (scatt. angle)            and      
θ <<1   or  θ = 0 (obs. angle)

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020



From the electron orbits and the Liénard-Wiechert potentials in the 
far zone one can write the expression of the electric field [Jackson..]:
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Courtesy  V. Petrillo



From the motion equation of the electrons 

)( LLe
dt
d BβEp

´+-=

If E and B=kxE are electric and magnetic field of
the incoming laser,

))()1(( βkEβeβEββ -×+×--== LkLmc
e

dt
d

g
!

Courtesy  V. Petrillo
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Classical double differential spectrum
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And for all the beam:

The double differential spectrum for one electron is: 

Full treatement of linear and nonlin. TS for a plane-wave laser pulse with analytical 
expression of the distributions in  P. Tomassini et al., Appl. Phys. B 80, 419 (2005).
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€ 

a0 = 4.3 λ
w0

UL J[ ]
σ t ps[ ]

Nla0
2 ∝

UL

w0
2
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Total intensity and Stokes parameter |Ex|2-|Ey|2 on the screen at 1 m, g=1200
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ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - January 2019



Quasi head-on collision of a 5 MeV electron 
(qe = 50 mrad, fe = p/2) on  a flat-top pulse of 
normalized ampliude a0=1.5, l = 1µm and T = 20 fs

Example
P. Tomassini et al., Appl. Phys. B 80, 419 (2005)

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020
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Quantum model 

Compton/Thomson generalities, 3 

Compton Inverse Scattering Physics is clear: recall some basics

3 regimes: a) Elastic, Thomson b) Quasi-Elastic, Compton with 
Thomson cross-section c) Inelastic, Compton, recoil dominated

Laboratory ref. system

Petrillo V. and al., NIM A 693 (2012)
Sun C. and Wu Y. K., PRSTAB 14 (2011) 044701 Courtesy  V. Petrillo



Assumptions : hνL << Ee  ; Ee = γmec
2  γ >>1

Quantum Model: a look at what happens in the 
Center of Mass reference system (kinematics)

electron 4− vector  Pe = Ee c, pex = 0, pey = 0, pez = pe = Ee
2 / c2 −me

2c2⎡
⎣

⎤
⎦

photon 4− vector  Phν =  hνL c,!kx = 0,!ky = 0,!kz = −hνL c⎡⎣ ⎤⎦

Ee hνL

Lab ref.

E
e

* hνL
* ≅ 2γcmhνL

c.m. ref.

Recall some Basics
!ptot
* =
!pe
* + "
!
khν
* =
!
0

Analytical description of photon beam phase spaces in Inverse Compton Scattering
sources

C. Curatolo,1 I. Drebot,1 V. Petrillo,1, 2 and L. Serafini1
1INFN-Milan, via Celoria 16, 20133 Milano, Italy

2Università degli Studi di Milano, via Celoria 16, 20133 Milano, Italy
(Dated: 22 May 2017)

We revisit the description of inverse Compton scattering sources and the photon beams generated
therein, emphasizing the behavior of their phase space density distributions and how they depend
upon those of the two colliding beams of electrons and photons. Main objective is to provide
practical formulas for bandwidth, spectral density, brilliance, which are valid in general for any
value of the recoil factor, i.e. both in the Thomson regime of negligible electron recoil, and in
the deep Compton recoil dominated region, which is of interest for gamma-gamma colliders and
Compton Sources for the production of multi-GeV photon beams. We adopt a description based on
the center of mass reference system of the electron-photon collision, in order to underline the role
of the electron recoil and how it controls the relativistic Doppler/boost effect in various regimes.
Using the center of mass reference frame greatly simplifies the treatment, allowing to derive simple
formulas expressed in terms of rms momenta of the two colliding beams (emittance, energy spread,
etc.) and the collimation angle in the laboratory system. Comparisons with Monte Carlo simulations
of inverse Compton scattering in various scenarios are presented, showing very good agreement
with the analytical formulas: in particular we find that the bandwidth dependence on the electron
beam emittance, of paramount importance in Thomson regime, as it limits the amount of focusing
imparted to the electron beam, becomes much less sensitive in deep Compton regime, allowing a
stronger focusing of the electron beam to enhance luminosity without loss of mono-chromaticity. A
similar effect occurs concerning the bandwidth dependence on the frequency spread of the incident
photons: in deep recoil regime the bandwidth comes out to be much less dependent on the frequency
spread. The set of formulas here derived are very helpful in designing inverse Compton sources in
diverse regimes, giving a quite accurate first estimate in typical operational conditions for number
of photons, bandwidth, spectral density and brilliance values - the typical figures of merit of such
radiation sources.

I. INTRODUCTION

Inverse Compton Scattering sources (ICSs) are becom-
ing increasingly attractive as radiation sources in photon
energy regions either not covered by other high brilliance
sources (FEL’s, synchrotron light sources) or where com-
pactness becomes an important figure of merit, like for
advanced X-ray imaging applications to be implemented
in university campus, hospitals, museums, etc., i.e. out-
side of research centers or large scale laboratories [1].
ICSs are becoming the �-ray sources of reference in nu-
clear photonics, photo-nuclear [2, 3] and fundamental
physics [4], thanks to superior performances in spectral
densities achievable. Eventually they will be considered
for very high energy photon generation (in the GeV to
TeV range) since there are no other competing techniques
at present, neither on the horizon, based on artificial
tools at this high photon energy [5]. As a consequence,
a flourishing of design activities is presently occurring in
several laboratories [6–15] and companies [16–19], where
ICSs are being conceived, designed and built to enable
several domains of applications, and ranging from a few
keV photon energy up to GeV’s and beyond. Designs of
ICSs are carried out considering several diverse schemes,
ranging from high gradient room temperature pulsed RF
Linacs [3, 20, 21] to CW ERL Super-conducting Linacs
[22, 23] or storage rings [2, 24–27], as far as the electron

beam generation is concerned, and from single pulse J-
class amplified laser systems running at 100 Hz to optical
cavities (e.g. Fabry-Perot) running at 100 MHz acting as
photon storage rings for the optical photon beams, not to
mention schemes based on FEL’s to provide the colliding
photon beam [22, 28, 29].
In order to assess the performances of a specific ICSs un-
der design, detailed simulations of the electron-photon
beam collision are typically carried out using Monte
Carlo codes [30–32] able to model the linear and non-
linear electron-photon quantum interaction leading to
Compton back-scattering events, taking into account in
a complete fashion the space-time propagation of the two
colliding beams through the interaction point region, in-
cluding possible multiple scattering events occurring dur-
ing the overlap of the two pulses. Only in case of negligi-
ble electron recoil, i.e. in the so called Thomson regime
typical of low energy X-ray ICSs, classical electromag-
netic numerical codes (e.g. TSST [33]), modelling the
equivalent undulator radiation emitted by electrons wig-
gling in the electromagnetic field of the incoming laser
pulse, allow to analyze particular situations such as the
use of chirped [34], tilted [35] and twisted [36] lasers.
In the recent past some efforts have been developed to
carry out analytical treatments of the beam-beam colli-
sion physics, embedding the single electron-photon col-
lision from a quantum point of view within a rms dis-
tribution of the scattered photon beam [27, 37–43], or,
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Invariant Mass, Lorentz transformation from Lab 
to c.m. ref. system

Total  4− vector  P = Pe +Phν = Ee c+ hνL c, 0, 0, Ee
2

c2
−me

2c2 − hνL c
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

Invariant  Mass s ≡ cP•cP = Etot
2* = Ecm

2

4− vector  product  P1 •P2 ≡ E1E2 c2 − !p1 ⋅
!p2⎡⎣ ⎤⎦( )

Ecm ≅ 4EehνL +me
2c4 =mec

2 1+ 4γhνL

mec
2 =mec

2 1+Δ

e−  recoil   factor  Δ ≡ 4γhνL

mec
2

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020
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Ecm = Ee
* + hν * =mec

2 1+Δ

Ee
* =mec

2 2+Δ
2 1+Δ

hν * =mec
2 Δ

2 1+Δ
=
2γhνL

1+Δ
!pe
* =mec

Δ

2 1+Δ

!ptot
* =
!pe
* + "
!
khν
* =
!
0from !pe

* = "
!
khν
*

and Ee
* =me

2c4 + !pe
* 2 c2

hν * = !
"
khν
* c

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

Holds before and 
after scattering 
(c.m ref. system!)
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Ecm Δ→0⎯ →⎯⎯ mec
2

Ecm Δ→∞
⎯ →⎯⎯ 2 γmec

2hνL = 2 EeEhν

⎧

⎨
⎪

⎩⎪

Ee
*

Δ→0⎯ →⎯⎯ mec
2

Ee
*

Δ→∞
⎯ →⎯⎯ mec

2 Δ
2

= γmec
2hνL

⎧

⎨
⎪

⎩
⎪

hν *
Δ→0⎯ →⎯⎯ mec

2 Δ
2
= 2γhνL

hν *
Δ→∞

⎯ →⎯⎯ mec
2 Δ
2

= γmec
2hνL

⎧

⎨

⎪
⎪

⎩

⎪
⎪

D=0 electron as relativ. mirror

D>>1 symmetric collider

Ee
*

Δ→∞
⎯ →⎯⎯ hν *

symm. collider



peIN
* = 0,0, pe

*⎡⎣ ⎤⎦

!
"
kIN
* = 0,0,−hν * / c⎡⎣ ⎤⎦

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

before scattering

after scatt.
peOUT
* = pe

* sinϑ * cosϕ *, pe
* sinϑ * sinϕ *, pe

* cosϑ *⎡⎣ ⎤⎦

!
"
kOUT
* = −pe

* sinϑ * cosϕ *,−pe
* sinϑ * sinϕ *,−pe

* cosϑ *⎡⎣ ⎤⎦

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

E
e

* hνL
*

!
"
kOUT
*

!p
eOUT

*
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what is the probability of scattering at        ?
Klein-Nishina differential cross-section 

ϑ *,ϕ *

ϑ * = ʹϑ 1+ΔΔ→ 0 dσ
dϑ *dϕ * = re

2 1+ cos2ϑ *

2
⎛

⎝
⎜

⎞

⎠
⎟sinϑ *

E
e

* hνL
*

!
"
kOUT
*

!p
eOUT

*

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020



γcm =
Elab

Ecm

=
Ee + hνL

mec
2 1+Δ

≅
γ
1+Δ

γcm
To transform to the Lab ref. system 

we need to compute 

Then apply a Lorentz transformation

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020



Eph =mec
2 Δγ
2 1+Δ( )

1+ 1−1+Δ
γ 2

1+Δ−γ 2ϑ 2

1+Δ+γ 2ϑ 2

⎡

⎣
⎢

⎤

⎦
⎥

tanϑ =
sinϑ *

γcm βcm + cosϑ
*( )
≅
1+Δ sinϑ *

γ 1+ cosϑ *( )

cosϑ * ≅
1−γcm

2 tan2ϑ
1+γcm

2 tan2ϑ
=
1+Δ−γ 2 tan2ϑ
1+Δ+γ 2 tan2ϑ

if  βcm =1

considering only ϑ <<1   (ϑ <1/γ )

γϑ <1

Eph =mec
2 Δγ
2 1+Δ( )

2−1+Δ
2γ 2

−
2γ 2ϑ 2

1+Δ
⎡

⎣
⎢

⎤

⎦
⎥

notation warning hnx = Eph
cos𝜗∗ =

@A&/1!B;)"# )"#! ;@&/1!B

@A)"#! &/1!B

general solution
see below



ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020



Eph = 4γ
2hνL

1− γ
2ϑ 2

1+Δ
1+Δ

f α( )

Thomson regime D=0 no recoil

γ >>1

Eph Δ→0⎯ →⎯⎯ 4γ 2hνL 1−γ
2ϑ 2( ) f α( )

Eph Δ→∞
⎯ →⎯⎯ γmc2 1− γ

2ϑ 2

Δ

⎛

⎝
⎜

⎞

⎠
⎟ f α( )

Deep Compton regime
(D>>1 recoil dominated)

Δ ≡
4γhνL

mec
2
1+ cosα

2
⎛

⎝
⎜

⎞

⎠
⎟

f α( ) = 1+ cosα
2

1+Δ( ) γ 2 <<1

Eph =
4γ 2hνL

1+Δ
1−1+Δ

4γ 2
−
γ 2ϑ 2

1+Δ
⎡

⎣
⎢

⎤

⎦
⎥

-

-



Recap
(exact analytical formula, no approximations)

cos𝜗∗ =
@A&/1!B;)"#&/1!B )"#! ;@

@A)"#! &/1!B
𝑖𝑓 𝜗 < ,

"

𝐸#$ =
2𝛾"ℎ𝜈7
1 + Δ

1 + 1 −
1 + Δ
𝛾"

cos𝜗∗

Δ =
4𝛾ℎ𝜈7
𝑚%𝑐"

𝛾C= =
𝛾
1 + Δ

cos𝜗∗ =
; @A&/1!B;)"#&/1!B )"#! ;@

@A)"#! &/1!B
𝑖𝑓 𝜗 > ,

"

𝐸#$;=/2 =
4𝛾"ℎ𝜈7
1 + Δ

= 4𝛾C=" ℎ𝜈7
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Recap
(exact analytical formula, example 250 MeV 

electrons against hnL=1.2 eV photons)

𝐸!"(𝑀𝑒𝑉) =
1.1472
2 1 + 1 −

1 + Δ
𝛾# cos𝜗∗Δ = 0.0046 𝛾$% = 488.88𝛾 = 490.
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Recap
(exact analytical formula, example 250 MeV 

electrons against hnL=1.2 eV photons)

𝐸!"(𝑀𝑒𝑉) =
1.1472
2 1 + 1 −

1 + Δ
𝛾# cos𝜗∗Δ = 0.0046 𝛾$% = 488.88𝛾 = 490.

𝐸&'(𝑒𝑉)

𝜗
2.0 2.5 3.0
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2.0
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γϑ = 0.11

Single electron-photon spectra

What happens when we scatter beams of 
electron against beams of photons?



See C. Curatolo, PhD Thesis, Univ. of Milan, 2016 (and references therein)

Electron beam emittance and energy spread spread 
out the c.m. propagation so to generate a “beam” 

of c.m. ref. frames
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Electron-photon Collider Spectra



(2.11)

Ecm =mec
2 1+Δ

Δ = Ecm mec
2( )
2
−1

Recalling Compton differential cross-section

total cross-section

σ T = 670 mbarn
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Quantum model 

Compton/Thomson generalities, 3 

The Physics of Compton Inverse Scattering is quite straightforward

Courtesy V. Petrillo – Univ. of Milan

3 regimes: a) Elastic, Thomson b) Quasi-Elastic, Compton with 
Thomson cross-section c) Inelastic, Compton, recoil dominated

What are we missing by adopting the Quantum QED 
treatment of Compton back-scattering?

We re-construct the beam-beam back-scattering from single 
electron-photon scattering events by summing over the phase space 

density distributions of electrons and photons (treated incoherently!)

The coherent aspect (phase) of the laser e.m. field is lost...
Multi-photon absorption/scattering phenomena are not taken 

into account (dressed electron model in e.m. field)

Linear QED treatment is good for
low intensity (a0<1) laser pulses



Laser pulse must be short compared to Rayleigh length so that whole 
pulse is focused simultaneously.

Laser may be shorter than Rayleigh length, but less than 0.5 ps is not 
practical, and could lead to non-linear effects not included in our 
spectral model.

Laser pulse length matched to 
focus size (Rayleigh length).

Laser pulse too long for small 
focus size.

Matching Laser Pulse Length and Focus Size

courtesy of
D. MonctonICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020



electrons

laser
electrons

laser

Electron Bunch Length Matched to Rayleigh Length
Electron pulse too long Electron pulse matched

Poor efficiency at 
head and tail

courtesy of
D. Moncton

€ 

L =
NelNlas

2π σ 0
2 + w0

2 /4( )
f
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νX =
4γ 2νL

1+Δ
1− γ

2ϑ 2

1+Δ
−
a0
2

2
⎛

⎝
⎜

⎞

⎠
⎟

Bandwidth due to collection angle, laser and 
electron beam phase space distribution

€ 

γ 2θ 2 ≅ γ 2ϑ 2 + γ 2ϑe
2 ≅γ 2ϑrms

2 + (σ p⊥/mc)
2 ≅γ 2ϑrms

2 + 2(ε n /σ x )
2

Δ = 4γ hν mc2

δνX

νX νL

=
∂νX

∂νL

νL

νX

δνL

νL

δνX

νX γ

=
∂νX

∂γ
γ
νX

δγ
γ

δνX

νX ϑ

=
1
2
∂2νX

∂ϑ 2
δϑ 2

νX

δνX

νX

=
δνX

νX νL

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

2

+
δνX

νX γ

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

2

+
δνX

νX ϑ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

2

+......

; ; etc

angular spread due to scattering angle and angular spread due to single electron 
incoming angle (emittance) are treated symmetrically
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Courtesy C. Barty - LLNL

€ 

Δθ ≈
1
γ

 ; Δνγ ≈ 50%

€ 

Δθ ≈σ x ' =
ε n
γσ x

 ; Δνγ ≈
ε n

2

σ x
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
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e-

X
e-

X
focus

envelope

Spectral broadening due to ultra-focused beams:
Thomson Source classically described as a
Laser Syncrotron Light Source

€ 

θ hν 50%( ) =
1
γ

Scattering angle in Thomson limit (no recoil) is small, i.e. < 1/g



X

Spectral broadening due to ultra-focused beams:
Thomson Source classically described as a
Laser Syncrotron Light Source

€ 

θ hν 50%( ) =
1
γ

focus

€ 

ʹ σ =
εn
σ 0γ

€ 

ʹ σ =
εn
σ 0γ

<<
1
γ

 ⇒  εn
σ 0

<<1 ⇒  σ 0 >> εn

Limit to focusability due to max acceptable bandwidth



Petrillo-Serafini Formula* for
ICS photon beam bandwidth

δνγ
νγ

≅

γ 2ϑ 2 12
1+γ 2ϑ 2 2

+
2εn

2 σ x
2

1+ 12 εn
2 σ x

2

⎛

⎝
⎜

⎞

⎠
⎟
1

1+Δ

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

2

+
2+Δ
1+Δ

δγ
γ

⎛

⎝
⎜

⎞

⎠
⎟

2

+

+
1

1+Δ
δν
ν

⎛

⎝
⎜

⎞

⎠
⎟
2

+
M 2λL
2πw0

⎛

⎝
⎜

⎞

⎠
⎟

4

+
a0
2 / 3

1+ a0
2 / 2

⎛

⎝
⎜

⎞

⎠
⎟

2

collimation electron beam phase space

laser beam phase space laser collective effects
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NX
bw = 5.8 ⋅108

UL J[ ]Q pC[ ] fRF
σ x
2 µm2⎡⎣ ⎤⎦

bw

UL =1 J, Q =1 nC,  fRF =100 Hz, σ x =15 µm, bw = 0.1 ⇒ NX
bw = 2.6 ⋅1010

UL = 0.4 J, Q =1 nC,  fRF = 3.2 kHz, σ x =15 µm, bw = 0.1 ⇒ NX
bw = 3.3⋅1011

X-ray flux NX
bw in photons/sec within rms bandwidth bw

Case A: head-on collision STAR-like 
UL energy of colliding laser pulse, Q electron bunch charge,  fRF rep rate of 
electron bunches, sx electron beam spot size at collision

Case B: BriXS-like with F-P optical cavity
PFP power stored in Fabry-Perot cavity, <Ie> average electron beam current

NX
bw =1.4 ⋅1017

PFP MW[ ] Ie mA[ ]
fFP MHz[ ]σ x

2 µm2⎡⎣ ⎤⎦
bw

PFP =1 MW,  Ie =1 mA,  fFP =100 MHz, σ x = 20 µm, bw = 0.1 ⇒ NX
bw = 3.5 ⋅1012

PFP =1 MW,  Ie =100 mA,  fFP =100 MHz, σ x =12 µm, bw = 0.1 ⇒ NX
bw =1015
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Efficiency of Compton Sources in converting
electron beam energy into radiation beam energy 



Inverse Compton Sources, Overview, Theory, Main 
Technological Challenges – Photonic Colliders

• Overview of Projects/Proposal for ICS’ and Applications

• Classical e.m. and Linear Quantum Theory of Inverse 
Compton Sources (ICS) and paradigms for ICS

• Photon-Photon Colliders at low energy for Breit-Wheeler 
and photon-photon scattering experiments

• Hadron-Photon Colliders as muon photo-cathodes for TeV 
photons, neutrino and pion/muon low emittance beam 
generation

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020

Luca Serafini – INFN-Milan and University of Milan

4 Lecture Outline



Total cross section of various g-g or e-g interactions

e+γ→ ʹe + ʹγ  Compton

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020

Ecm ≡ s

€ 

p, p→H  33 pb

Thomson cross sect. = 670 mbarn

Courtesy  C. Curatolo



• Compton Sources are opening an era of high brilliance photon 
beams spanning from keV to TeV energy with unprecedented 
phase space density features

• Medical Applications are being enabled by compact Thomson 
Sources that can be located and operated inside Hospitals

• Nuclear Photonics is beginning an era of research and discovery 
enabled by MeV-class Compton back-scattered photon beams

• MeV-class invariant mass photon-photon colliders are now 
conceivable by exploiting the potentialities of advanced 
Compton Sources – basic energy physics oriented

CONCLUSIONS on e-gamma colliders

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2020
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From THOMX Conceptual Design Report, A.Variola, A.Loulergue, F.Zomer, LAL RT 09/28, SOLEIL/SOU-RA-2678, 2010

Existing and planned Thomson sources

STAR (Calabria) Linac   20-100   1011 (100 Hz)  18

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - January 2019



€ 

correction  factor  for  collision  angle  φ

 δφ =
1

1+
φ 2 σ z−el

2 + c 2σ t
2( )

4 σ 0
2 +

w0
2

4
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

(11)€ 

Peak  Brilliance  Bγ  ≡  
Nγ

bw

εγ
2 Δνγ
νγ

σ t

Bγ  = 5.6⋅ 1019 γ 2UL J[ ]Q pC[ ]

hν eV[ ]
Δνγ
νγ

σ 0
2w0

2σ t

(10)
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FLASH

12.4 1.24 0.124 l (nm)

Thomson/Compton Sources

Brilliance of Lasers and X-ray sources

BELLA

€ 

B =
Nph

2πσt M
2λ( )2 Δλ

λ€ 

Nph =1019 −1020

σt =10 − 20  fs

ELI

€ 

Nph =1011 −1013

σt =10 − 200  fs

€ 

BCompton ∝γ
2

€ 

Nph =108 −109

σt =100 fs − 5ps

Outstanding X/g photon beams
for Exotic Colliders

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - January 2019



ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - January 2019

The peak brilliance of an optimized MEGa-ray 
source is both revolutionary and transformative

-nuclear resonance fluorescence 
-nuclear photo-fission
-pulse positron production
-precision spectroscopy
-etc.

Courtesy C. Barty - LLNL

Unsurpassable by any other technology/source for energies > 1 MeV



ELI-NP γ beam: the quest for narrow 
bandwidths (from 10-2 down to 10-3)

Courtesy V. Zamfir – ELI-NP

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - January 2019



€ 

γ − ray   1− 20  MeV  ; rms  Bandwidth  3.− 5. 10−3

€ 

Spectral  Density :   103 −104  photons /s⋅ eV

needs  3.105  photons / pulse  @ 3 kHz  rep  rate

€ 

     rms  divergence  30 <  300  µrad
linear  or  circular  polarization  >  98%

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - January 2019

ELI-NP GBS (Extreme Light Infrastrucutre Gamma Beam System) 
Main Parameters

€ 

Q = 250pC  ; εn = 4.10−7m⋅ rad  ; Δγ γ = 5⋅ 10−4

outstanding electron beam @ 750 MeV with high phase space density
(all values are projected, not slice! cmp. FEL’s)

Back-scattering a high quality J-class ps laser pulse

€ 

UL = 400  mJ  ; M 2 =1.2  ; Δν
ν

= 5⋅ 10−4 not
sustainable

by RF,  Laser!
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Laser
UV/FEL
XFEL

High Recoil of 12 keV photons scattering off
7 GeV electrons

ΣTH = 670 mbarn 0− recoil

Δ =1286

Δ =13

Δ = 0.13

Σ = 596 mbarn

Σ =109 mbarn
Σ = 3 mbarn



Corso Acc. Physics, Dip. di Fisica, Università di Bologna,  3 Dic. 2020



courtesy of L. Rivkin - PSICorso Acc. Physics, Dip. di Fisica, Università di Bologna,  3 Dic. 2020



𝜀C = ℏ𝜔C = 𝐶C
𝐸>

𝜌 𝐶C =
3ℏ𝑐

2 𝑚𝑐" >

For electrons we can write

𝜀C 𝑘𝑒𝑉 = 2.2183
𝐸>(𝐺𝑒𝑉>)
𝜌(𝑚)

= 0.66503𝐸" 𝐺𝑒𝑉" 𝐵(𝑇)

The SR spectrum in a circular accelerator is made up of 
harmonics of the particle revolution frequency up and beyond
the critical frequency, not much separated and with beamline 
spread, so that the spectrum appears continuous.

Critical energy

The energy at which the SR is higher is the critical energy, which is
obtained from the critical frequency

The higher the bending field the higher the SR photon critical energy

Corso Acc. Physics, Dip. di Fisica, Università di Bologna,  3 Dic. 2020



Synchrotron radiation emission as a  function 
of beam energy

Dependence of the frequency distribution of the energy radiated 
via synchrotron emission on the electron beam energy (same r)

No dependence 
on the energy at 

longer 
wavelengths

(down to visible)

Corso Acc. Physics, Dip. di Fisica, Università di Bologna,  3 Dic. 2020



FEL resonance condition

€ 

λR = λw
1+ aw

2( )
2γ 2

(magnetostatic undulator )

Example : for lR=1A, lw=2cm, E=7 GeV

λR = λ
1+ a0

2 2( )
4γ 2

(electromagnetic undulator )

Example : for lR=1A, hn=12 keV, l=0.8µm, E=25MeV
Example : for hn=10 MeV, l=0.4µm, E=530 MeV

€ 

a0 ∝
λ µm[ ] P TW[ ]

R0 µm[ ]

laser power

laser spot size

€ 

aw = 0.93λw cm[ ]Bw[T]

L. Serafini et al., Proceedings of the SPIE, 
Volume 6634, article id. 66341G (2007)

Violation of Energy-Momentum Conservation !!


