
Sorgenti di Radiazione Thomson/Compton e
Collisori Fotonici

• Overview of Compton Sources and Applications
• Linear Quantum Theory of Inverse Compton Scattering of 

Beams and Paradigms for Compton Sources
• Photon-Photon Colliders at low energy (MeV) for Breit-

Wheeler and photon-photon scattering experiments
• Hadron-Photon Colliders as muon photo-cathodes for TeV 

photons, neutrino and pion/muon low emittance beams
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Seminar Outline



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



Inverse Compton Sources, Overview, Theory, Main 
Technological Challenges – Photonic Colliders
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• Hadronic Physics was the original motivation for Compton 
back-scattering experiments (cfr. Ladon at INFN-LNF, Graal at 
ESRF, etc): single photon per bunch collision at energies > 50 
MeV with tagging  (quite popular decades ago)

• Recent Proposals (R.Hajima et al., PRAB 19, 020702, 2016 ) for high flux 
(5000 / s) GeV photons using FELs and 7 GeV e- E.R.L.

• Combination at this Lab (CERN,  SPS and LHC) of TeV-class 
proton beams and (possible) X-ray FELs  ⇒ TeV-class photons 
(the role in beam-beam collisions of beam phase space quality 
on TeV photon spectra and fluxes (100 / s))
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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



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
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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
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MariX/BriXS Program at Universita’ 
degli Studi di Milano and INFN

Courtesy  V. Petrillo
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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
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Measured 5.1010 ph/sec with 20 mA
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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)



courtesy of A. Bravin (ESRF)

Bio-Medical Advanced Imaging with Mono-chromatic X-rays, demonstrated at
Synchrotrons, is possible also with High Flux Thomson X-ray Sources
in 20 keV-100 keV energy range
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Bio-Medical Advanced Imaging with Digital Subtraction of Mono-chromatic
X-ray shots are also possible with High Flux Thomson X-ray Sources with
picosecond to millisecond time resolution
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comprehensive overview recently presented at the PAHBB-2016 Workshop (see 
https://conferences.pa.ucla.edu/hbb/index.html) by A. Variola (INFN-LNF)



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
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Accelerator and Equipments
in ELI-NP Building
100 m, 100 M$ scale

A g-ray User Facility in construction in
Romania: ELI-NP-GammaBeamSystem



109 Authors, 327 pages
published today on ArXiv

http://arxiv.org/abs/1407.3669



Photonuclear Reactions

g

What happens?

Seminario su Advanced Photon Sources - Dottorato Milano - June 2017



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 - LLNLCompton Sources e Collisori Fotonici - Scuola Dottorato Roma - Ottobre 2017



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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• 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)
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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
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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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FLASH

12.4 1.24 0.124 l (nm)

Brilliance of Lasers and X-ray sources

BELLA
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Nph

2πσt M
2λ( )2 Δλ

λ

€ 

Nph =1019 −1020
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ELI

€ 
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Rivaling with Synchr. Light Sources for energies above 50 keV
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highly asymmetric compact*
elecron-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



STAR – Southern europe Thomson source for Applied Research
is a good example of research infrastr. based on X-ray beam lines 
for a regional facility to be built in an developing region/country

10 m
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2014-2020
(indicativa)

Regioni meno 
sviluppate

Regioni in transizione

Regioni piú sviluppate
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STAR Hangar and Bunker
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Stato Bunker STAR a Gennaio 2016



Stato Bunker STAR a fine Maggio 2017











Commissioning will start soon - first beams 
expected within end of 2018



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

Luca Serafini – INFN-Milan and University of Milan

4 Lecture Outline
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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
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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)
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1-25 GeV
electrons

100-0.5 Å
photons

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



Classical model

Relativistic electron

Laser pulse
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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)
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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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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,
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dt
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And for all the beam:

The double differential spectrum for one electron is: 
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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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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)
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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, 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 !!
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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⎡⎣ ⎤⎦
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Ee hνL

Lab ref.

E
e

* hνL
* ≅ 2γcmhνL

c.m. ref.

Recall some Basics
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* =
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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
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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

*
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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
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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∗ =

895":;<� =>?@ >?@; =8
�

5":;<

89>?@; 5":;<

general solution
see below
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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∗ =
895":;<� =>?@5":;< >?@; =8

�

89>?@; 5":;<
						𝑖𝑓				𝜗 < D

+

𝐸&' =
2𝛾+ℎ𝜈H
1 + Δ 1 + 1 −

1 + Δ
𝛾+

�
cos𝜗∗

Δ =
4𝛾ℎ𝜈H
𝑚/𝑐+

𝛾OP =
𝛾
1 + Δ�

cos𝜗∗ =
= 895":;<� =>?@5":;< >?@; =8

�

89>?@; 5":;<
				𝑖𝑓				𝜗 > D

+

𝐸&'=P"* =
4𝛾+ℎ𝜈H
1 + Δ = 4𝛾OP+ ℎ𝜈H
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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 𝛾OP = 488.88𝛾 = 490.

0.0000 0.0005 0.0010 0.0015 0.0020
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900000
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𝜗 = 1/𝛾
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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 𝛾OP = 488.88𝛾 = 490.

𝐸&'(𝑒𝑉)

𝜗
2.0 2.5 3.0

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4
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γϑ = 0.11

Single electron-photon spectra

What happens when we scatter beams 
of electron against beams of photons?
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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
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νX =
4γ 2νL

1+Δ
1− γ

2ϑ 2

1+Δ
⎛

⎝
⎜

⎞

⎠
⎟  +  collective effects  ⇒

100. 1000. 10 000 100000 1000000
0.01

0.1

1.

10.

100.

1000.

10 000

100000

1000000

€ 

Thomson ∝ γ 2

€ 

Compton

€ 

σCompton
σThomson

X/g
[MeV]

Te [MeV]

€ 

ν0 = 2.4  eV  (λ0 = 500  nm)

1 GeV 1 TeV

Δ =
4γhνL

mec
2

€ 

σCompton =σThomson 1− Δ( )

Ecm ≥ 3mec
2  Δ ≥ 8

T = 218 GeV
e− +γ→ e− + e+ + e−

Ecm [MeV]0.511 1.533

νX =
4γ 2νL

1+Δ
1− γ

2ϑ 2

1+Δ
−
a0
2

2
⎛

⎝
⎜

⎞

⎠
⎟
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(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



e- 

e- 

hQL 

hQJ�
mc2(J�J�)=�h(Q�QL) 
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Energy and momentum         J0:initial 
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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
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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



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. MonctonCompton Sources e Collisori Fotonici - Scuola Dottorato Roma - Ottobre 2017



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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TEM00 Gaussian Laser mode
(circular polarization M2=1 diffraction limited)

€ 

E0(x,y,z,t) = E0
w0

w
e
−
x 2 +y 2

w 2

€ 

w = w0 1+
z2

Z0
2

€ 

Z0 =
πw0

2

λ

€ 

E0(x,y,z,t) = A0e
iωte− ikz

Z0

Z0 − iz
exp −

k x 2 + y 2( )
2

1
Z0 − iz

⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 

  k = 2π /λ

€ 

ϑ =
w0

Z0
=

λ
πw0
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€ 

I ∝ E0(x,y,z,t)
2

€ 

Z0 =
4π w0

2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
2

λ

€ 

β* =  σ0
2

ε n γ

€ 

w
2

=
w0

2
1+

z2

Z0
2

€ 

σ z( ) =σ0 1+
z2

β*
2

€ 

λ
4π

=
ε n
γ

   and   w0 = 2σ 0

€ 

w z( ) = 2σ z( )    and   ϑ z( ) = 2 ʹ σ z( )

€ 

εn ≤
λFELγ
4π

LASER PARTICLE BEAM
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Courtesy M. Gambaccini

300 µrad
60 µrad
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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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Petrillo-Serafini Formula* for
ICS photon beam bandwidth
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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

* unpublished in this complete form accounting for recoil effects
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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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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

Compton Sources e Collisori Fotonici - Scuola Dottorato Roma - Ottobre 2017

Luca Serafini – INFN-Milan and University of Milan

4 Lecture Outline
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BriXS: BRIght and compact X-ray Source - Proposal at
INFN-Milan and Univ. of Milan (post EXPO-2015 initiative
submitted to regional and metropolitan area governments)



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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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
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Rivaling with Synchr. Light Sources for energies above 50 keV
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€ 

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
⎛ 

⎝ 
⎜ 
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⎠ 
⎟ 

(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)

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
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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
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€ 

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%
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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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CIRCULATOR PRINCIPLE
• 2 high-grade quality parabolic mirrors

– Aberration free
• Mirror-pair system (MPS) per pass

– Synchronization
– Optical plan switching

Þ Constant incident angle = small bandwidth

PARAMETERS = OPTIMIZED ON 
THE GAMMA-RAY FLUX

• Laser power = state of the art
• Angle of incidence (φ = 7.54°)
• Waist size (ω0 = 28.3µm)
• Number of passes = 32 passes

Optical system: laser beam circulator (LBC)
for J-class psec laser pulses focused down to µm spot sizes

30 cm

Electron beam is transparent to the laser (only 109 photons are back-
scattered at each collision out of the 1018 carried by the laser pulse)

courtesy K. Cassou
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Laser pulse round-trip is about 16 nsec. A fresh electron bunch must 
be transported and focused at the IP every 16 nsec, for 32 round 

trips (total of 480 nsec -> need long flat RF pulse)

g-ray beam time structure: micro-pulses carrying about 105 photons 
within the bandwidth (0.3%-0.5%) with 0.8 psec pulse duration, in 
trains of 32 micro-pulses, repeating at 100 Hz (10 msec train-to-

train separation)

courtesy K. Cassou



Unlike FEL’s Linacs, ELI-NP-GBS is a multi-bunch accelerator, therefore we 
need to control the Beam-Break-Up Instability to avoid complete deterioration
of the electron beam emittance, i.e. of its brightness and phase space density

ELI-NP-GBS High Order mode Damped RF structure
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C-BAND	STRUCTURES:	HIGH	POWER	TEST	SETUP
The structure has been tested at high power at the Bonn University under RI responsibility.
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Successfully tested at full power (40 MW)

courtesy David Alesini



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

Compton Sources e Collisori Fotonici - Scuola Dottorato Roma - Ottobre 2017

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
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Ecm ≡ s

€ 

p, p→H  33 pb

Thomson cross sect. = 670 mbarn

Courtesy  C. Curatolo
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σ ≈ 20 mec
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2

µbarnpeak cross-section, ≈1.6 µbarn 
at  ω ≈1.5mec

2

cross-section for unpolarized initial state 
(average over initial polarizations)

ECM  (MeV)

σ  (µbarn)

optical transparency
of the Universe

Tunability!
Narrow bdw!
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0.1 1 10 100 100010-7

10-5

0.001

0.1

ECM MeV( )

σ u µbarn( )

threshold of the
Breit-Wheeler 
process

1 nb-1

10 pb-1

integrated luminosity corresponding 
to a bare minimum of about 100 
scattering events (total).

ECM ≈ 
630 keV

ECM ≈ 
880 keV

ECM ≈ 
13 MeV

ECM ≈ 
140 MeV

threshold of the
Bethe-Heitler
process eγ → ee+e−

σγγ

σ BW ·10
−6
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A MeV-class Photon-Photon Scattering Machine based on
twin Photo-Injectors and Compton Sources

• g-ray beams similar to those generated by Compton Sources for 
Nuclear Physics/Photonics

• issue with photon beam diffraction at low energy!
• Best option: twin system of high gradient X-band 200 MeV

photo-injectors with J-class ps lasers (ELI-NP-GBS)
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We evaluated the event production rate of several schemes for 
photon-photon scattering, based on ultra-intense lasers, 
bremsstralhung machines, Nuclear Photonics gamma-ray 
machines, etc, in all possible combinations: collision of 0.5 MeV 
photon beams is the only viable solution to achieve 1 nbarn-1 in 
a reasonable measurement time.

1)Colliding 2 ELI-NP 10 PW lasers under construction (ready in 
2018), hn=1.2 eV, f=1/60 Hz, we achieve (Ecm=3 eV): 
LSC=6.1045, cross section= 6.10-64, events/sec=10-19

2)Colliding 1 ELI-NP 10 PW laser with the 20 MeV gamma-ray 
beam of ELI-NP-GBS we achieve (Ecm=5.5 keV): LSC=6.1033, 
cross section=10-41, events/sec = 10-8
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3)Colliding a high power Bremsstralhung 50 keV X-ray 
beam (unpolarized, 100 kW on a mm spot size) with ELI-
NP-GBS 20 MeV gamma-ray beam (Ecm=2 MeV) we 
achieve: LSC=6.1022, cross section=1 µbarn, events/s = 
10-8

4)  Colliding 2 gamma-ray 0.5 MeV beams, carrying 
109 photons per pulse at 100 Hz rep rate, with focal 
spot size at the collision point of about 2 µm, we 
achieve: LSC=2.1026, cross section = 1 µbarn, 
events/s=2.10-4, events/day=18, 1 nanobarn-1
accumulated after 3 months of machine running.
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Courtesy  C. Curatolo



f=100 Hz
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• 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
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• Several advantages of exploiting the “formidable” portfolio of 
hadron beams available at CERN to generate very high energy 
photons by Compton back-scattering: high intensity beams -> 
high luminosity collisions, combined to low recoil regime, 
assuring very high photon polarization

• Hadron beam life time not perturbed by hadron-FEL collisions
• Scientific motivation…  nobody produced so far TeV photons 

tunable, polarized, nsec synchronized, highly collimated
• The cost – a 2 Angstrom FEL, FEL radiation beam-lines, 

interaction region, etc

CONCLUSIONS on Hadron-Photon Colliders
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BriXS

Undulator

Dump & post-
FEL users

5 XFEL Cavities
FEL users

Comp

25 m

150 m

Iniziativa MariX – UniMi/INFN
Multi-Disciplinary advanced research infrastructure with X-rays 

Courtesy  V. Petrillo

http://www.fisica.unimi.it/ecm/home/aggiornamenti-e-archivi/tutte-le-notizie/content/marix-un-
progetto-interdipartimentale-per-il-nuovo-campus-di-unimi.0000.UNIMIDIRE-58782
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Extra-Slides (optional) after this one
(all green dot)
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bw∝γ 2 ʹσ 2 = 2 εn
2

σ x
2
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SPS

bwmin

bwmin

bwmin
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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



0.0016 photon scattered
per  bunch collision...
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Formulas derived from Luminosity
extensively tested vs. ELI-NP-GBS simulations

Nγ
bw = 0.7 ⋅109

UL J[ ]Q pC[ ] fRFnRFδφ

hν eV[ ] σ x
2 µm[ ]+

w0
2 µm[ ]
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⎝
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⎠
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⋅γ 2ϑ 2

Compton Sources e Collisori Fotonici - Scuola Dottorato Roma - Ottobre 2017

€ 

Spectral  Density  [# photons /s⋅ eV ] S ≡
Nγ

bw

2πhΔνγ

correction factor for collision angle φ <<1

 δφ =
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φ 2 σ z−el
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⎠
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Assumptions :   weak  diffraction  cσt <  Z0 ≡
πw0

2

λ

and  σz−el <  β0 ≡
γσ0

2

ε n

   and  ideal  time − space  overlap

implies :   σt <  a  few  psec  σz−el <  300  µm
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Efficiency h of a Comtpon Source
(number of photons back-scattered per electron)

η ≡
Nγ

bw

fullspectrum

Ne
shot

= 67
UL J[ ]δφ

hνL eV[ ] σ x
2 µm[ ]+

w0
2 µm[ ]
4

⎛

⎝
⎜

⎞

⎠
⎟

ELI − NP    η ≅ 0.025
STAR    η ≅ 0.4
SPARC − LAB η ≅1
can exceed  1 when multiple scattering regime is reached
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ELI-NP-GBS T. D. R.,http://arxiv.org/abs/1407.3669, (2014)
Vaccarezza C. and al., Proc. IPAC2014, Dresden, Germany, (2014)

η measures the transparency of  laser  pulse to the electron beam

η∝ a0
2NL



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/gCompton Sources e Collisori Fotonici - Scuola Dottorato Roma - Ottobre 2017



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
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Peak  Brilliance  Bγ  ≡  
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WG4 : Applications and beam manipulation, Luca Serafini, Marie-Emmanuelle Couprie

1. Test facilities

UH-FLUX
Advanced Compton/THz source based on novel design of 

coupled SC RF cavities A. Seryi, JAI

Compton or Coherent Smith Purcell 
(THz)
Recovery linac

New Generation High Flux (1014-1015 ph/s) Sources in the US (BNL), Japan (KEK)
and UK (STFC) based on Energy Recovery Super-Conducting CW electron linacs



WG4 : Applications and beam manipulation, Luca Serafini, Marie-Emmanuelle Couprie

1. Test facilities

UH-FLUX
Advanced Compton/THz source based on novel design of 

coupled SC RF cavities A. Seryi, JAI

Possible parameters

With unprecedented and outstanding foreseen performances, at all similar to
Synchrotrons, but with higher energy X-rays
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Quantum beam project – KEK/ATF
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J. Urakawa at KEK-ATF

J. Urakawa, Nucl. Instr. and Meth. A (2010), doi:10.1016/j.nima.2010.02.019 


