
Developing an African Inverse Compton Scattering (ICS)

source of advanced X-rays as an incubator

on the path towards the African Light Source

• Brief recap of ICS physics (linear model) to explain technological challenges, 

performances and limitations of ICS based Compact Light Sources

• 3 ICS paradigma: Linac-based (moderately easy), Storage ring (difficult) and 

Energy Recovery Linac (most challenging)

• The story of STAR: an ICS based user facility in South Italy (Calabria) – its 

challenges, evolution and political-financial European scenario.

• Inspiration from STAR towards help igniting the AfLS with a first step/ first 

brick: a national scale ICS-based research infrastructure ⇒ user facility
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Luca Serafini – INFN-Milan

How to use collisional radiation to mimic undulatory radiation, using cheaper, 

more compact and easier machines,

i.e.  Inverse Compton Scattering vs. Synchrotron Light Sources / FELs

synthetic diamonds vs. natural diamonds ??



From wave-like, undulatory radiation towards 

collisional radiation
Spontaneous undulatory radiation (synchrotron, undulator, 

wiggler, betatron, channeling)

𝐸𝑋 = 𝑓 𝛾2𝜗2

Amplified (coherent) radiation - FEL

𝐸𝑋 ≠ 𝑓 𝛾2𝜗2

SASE - instability
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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



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

q=1/g

if E*ph << mc2 the photon is scattered

back elastically with same energy E*ph

(zero recoil, Thomson limit)



scattered electron

E’e = gmc2 + Eph – E’ph

q

X = recoil parameter – twice the energy of the photon seen

by the electron in its own reference frame normalized to mc2
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All  I.C.S.  X/g ray Sources work at X<1 and A » 1

STAR (350 keV)   XSTAR < 2.6.10-3 ASTAR > 104

ELI-NP (20 MeV)  XELI-NP < 0.026   AELI-NP >  2.4.105



Hadronic Physics was the original motivation for Compton back-

scattering experiments (cfr. Ladon at INFN-LNF, Graal at ESRF): 

single photon per bunch collision at energies > 50 MeV

L. Federici, G. Giordano, G. Matone, G. Pasquariello, P. G. Picozza, et al. 

Backward compton scattering of laser light against high-energy 

electrons: the Ladon photon beam at Frascati.

Il Nuovo Cimento B (1971-1996), 59(2):247–256, 1980.

Compton back-scattering (later renamed ICS) was experi-

mentally observed firstly at Frascati National Lab. of INFN
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Courtesy  L. Rivkin

Also synchrotron radiation is affected by the

g2q2 red shift
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Poli-chromaticity implies using mono-chromators of 

different kinds (bragg-reflectors, collimators) to select a 

narrow bandwidth line from a broad-band spectrum

ELI-NP-GBS g –beam

collimator (2-19 MeV)

X-ray monochromator

g=4000-10000  ⇒ q < 50 mrad

g=50-2000  ⇒ q = 0.1-10 mrad
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ICS sources are better described as colliders.

They are actually mini-colliders of electron-photon beams

to generate secondary beams of photons.

negligible diffraction

0 crossing angle

electrons laser

• Scattered flux

• Luminosity as in HEP collisions

– Many photons, electrons

– Focus tightly

– ELI-NP-GBS 

s T =
8p

3
re

2

Ng = LsT

 L =
NLNe-

4ps x

2

  

sT = 0.67 ×10-24cm2 = 0.67  barn

f

   

L =
1.3× 1018 × 1.6× 109

4p 0.0015cm( )
2 3200(s-1) = 2.5× 1035cm-2s-1

cfr.  LHC 1034,   Hi-Lumi LHC 1035

unlike undulatory radiation sources, where the collision is with virtual photons,

ICS involves collision with real photons that carry energy and momentum
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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 that broaden the spectral line

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. MonctonAfrican Conference of Physics – George (SA) – Sept. 25th 2023



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

2p s0

2 +w0

2 /4( )
f
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Petrillo-Serafini for
ICS photon beam bandwidth
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laser beam phase space laser collective effects
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Rivaling with Synchr. Light Sources for energies above 50 keV

𝐵𝑎𝑣 =
𝑁𝑝ℎ𝑓

𝜀𝑥
2 Δ𝐸𝑋
𝐸𝑋



FLASH

12.4 1.24 0.124 l (nm)

Brilliance of Lasers and X-ray sources

BELLA

   

N ph =1019 -1020

st =10 - 20  fs

ELI

   

N ph =1011 -1013

st =10 - 200  fs

  

BCompton µ g 2

   

N ph =108 -109

st =100 fs - 5ps

𝐵𝑎𝑣 =
𝑁𝑝ℎ𝑓

𝜀𝑥
2 Δ𝐸𝑋
𝐸𝑋

𝐵𝑝𝑒𝑎𝑘 =
𝑁𝑝ℎ

2𝜋𝜎𝑡𝜀𝑥
2 Δ𝐸𝑋
𝐸𝑋
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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$)

• Inverse Compton Scattering sources (ICS) 20-400 keV , sub-ps,

(10 m , 10 M$)
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ROUND TABLE TOMORROW



ROUND TABLE TOMORROW



BriXSinO

ROUND TABLE TOMORROW

See Sanae Samsam’s talk in next session on ERL
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𝑆 ∝
𝐼𝑒 𝑈𝑙𝑎𝑠

𝜀𝑛
2𝐸𝑥

𝐵𝐴𝑉 ∝
𝑆

𝜀𝑋
2 𝐸𝑋Average Brilliance

relevant to microscopy/

spectroscopy

𝜀𝑋 ∝ 𝜎𝑥𝜃𝑎𝑐𝑐

Spectral Density S

relevant to X-ray imaging

and nuclear photonics

# photons within normalized

acceptance angle Y = g.qacc

Serafini-Petrillo criterion

ROUND TABLE TOMORROW



30-150 MeV e-

20-350 keV X

250-750 MeV e-

1-19.5 MeV g

𝑆 ∝
𝐼𝑒 𝑈𝑙𝑎𝑠

𝜀𝑛
2𝐸𝑥

∝
𝐵𝑛𝑈𝑙𝑎𝑠

𝐸𝑥

STAR was designed 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.

strong focusing of high brightness

(peak & average) to maximize Luminosity

According to Petrillo-Serafini criterion
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true for all

collisional radiation

Spectral Density S (# photons per sec per eV bdw) relevant to X-ray imaging

(Brilliance is relevant to microscopy/spectroscopy) 



Courtesy  A. Variola

STAR

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

                                     EX /g = 4g 2Elaser

with T =100MeV  (g =197) Elaser =1.2 eV  Þ EX /g =186 keV

“4g2 boost effect”

HigS

ELI-NP

CALA
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STAR in Calabria 

(South Italy)

• 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.

STAR : Southern europe 

Thomson source for

Applied Research



2014-2020

(EU Commission Official  

Regional Map)

Convergence Regionss

Transition Regions

Developed Regions
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STAR : Southern europe Thomson source for Applied Research

about 30 M€ allocated to Univ. of Calabria to build a

research infrastrucutre based on ICS, from EU Govt. in the 

frame of funding programs to Convergence Regions 



STAR X-ray beamlines

foreseen applications



Courtesy  R. Agostino
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Nph (s-1) = 5.1010 (10% bdw)  S @ 30keV (s-1eV-1)= 1.5.107

STAR-multi-bunch Nph (s-1) = 5.1011 (10% bdw)

S @ 30 keV (s-1eV-1)= 1.5.108

cmp. spectral density S of a X-ray tube S ≈ 100-300  !!
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35 m
20 m

10 m

150 MeV High Brightness Electron Linac + Laser  12 M€

Bunker/building + ancillary equipm. 4 M€

2 X-ray beam lines for micro-tomography  3 M€

photon beam lines
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100 MeV Linac+Laser (170 keV) - 9 M€

Bunker/building + ancillary equipm. 4 M€

2 X-ray beam lines (fully equipped)  3 M€

TOTAL 16 M€

Injector for AfLS (100 MeV Linac) 5-6 MeV

Bunker/building + ancill. equipment used also for AfLS

Cost specific to ICS  (9-5) + 3 = 7 M€ 

Schematic Budget for a

170 keV X-ray ICS to be built from scratch 
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Thank you for your attention
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Additional Slides
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ThomX Nph (s-1) = 1012 (10% bdw)     S at 30 keV (s-1eV-1)  = 3*108

QS = 3.2  (16 mA * 20 mJoule / 10 mm.mrad) 

MuCLS Nph (s-1) = 1011 (10% bdw)      S at 30 keV (s-1eV-1) = 3*107

QS = 0.3  (10 mA * 3 mJoule / 10 mm.mrad) 

STAR Nph (s-1) = 5*1010 (10% bdw) S at 30keV (s-1eV-1) = 1.5*107

QS = 0.16 (100 nA * 1 Joule / 0.8 mm.mrad) 

STARmb Nph (s-1) = 5*1011 (10% bdw)  S at 30 keV (s-1eV-1) = 1.5*108

QS = 1.6   (1 microA * 1 Joule / 0.8 mm.mrad) 

CXLS Nph (s-1) = 4*1010 (10% bdw) S at 30keV (s-1eV-1) = 1.3*107

QS = 0.13 (25 nanoA * 200 mJoule / 0.2 mm.mrad) 

BriXSinO Nph (s-1) =2*1012 (10% bdw)   S at 30 keV (s-1eV-1) = 6*108

QS = 6.4   (5 mA * 2 mJoule / 1.25 mm.mrad) 

SP criterion:  quality factor QS = <Ie> UL / en
2
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Large Recoil in ICS damps the effect of large

bandwidth incident photon beams onto the bandwidth of 

scattered photons

collimation

angle beam

emittance

beam

en. spread
incident

photons

en. spread

diffraction

non

linearity
INFN– ACCELERATORI – Seminar – LASA - July 14th 2023

equivalent to FELs Kim-Pellegrini crit. on 3D inhomogeneous effects on photon bandwidth



ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2022

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 mm 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



ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2022 Courtesy  A. Variola

STAR

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

                                     EX /g = 4g 2Elaser

with T =100MeV  (g =197) Elaser =1.2 eV  Þ EX /g =186 keV

“4g2 boost effect”

HigS

ELI-NP

CALA



Inverse Compton Scattering: why Inverse?

(direct) Compton Scattering is performed by an energetic 

photon (X-rays) interacting with an atomic electron (eV)

Inverse Compton Scattering is performed by an energetic 

electron (MeV-GeV) onto a visible (eV) photon (“inverse” 

refers to the reaction kinematics, not the dynamics)

I.C.S.  :   Inverse Compton Scattering 

INFN– ACCELERATORI – Seminar – LASA - July 14th 2023



• 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)

L. Federici, G. Giordano, G. Matone, G. Pasquariello, P. G. Picozza, et al. 

Backward compton scattering of laser light against high-energy 

electrons: the ladon photon beam at frascati.

Il Nuovo Cimento B (1971-1996), 59(2):247–256, 1980.





where is the Continental Divide

between

Compton Scattering

and

Inverse Compton Scattering?

when the electron becomes

a projectile (as in ICS)

instead of

a target (as in Compton)? 

Does it depend only on electron energy?

No, it depends only on asymmetry in colliding momenta

INFN– ACCELERATORI – Seminar – LASA - July 14th 2023



M. Rossetti Conti

𝛾𝑐𝑚~𝛾

𝛾𝑐𝑚 ≪ 𝛾
𝛾𝑐𝑚 = 1

Channeling 2023 Conference – Riccione – June 2023

CM rest frame moves with

the photon in Direct Compton

CM rest frame moves with the electron in

Inverse Compton, FEL, Synchrotron light

CM rest frame is steady in Symmetric ComptonCM rest fr. slows down in Inv. Compton with deep recoil
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𝐸′𝑝ℎ−𝑚𝑎𝑥 = 4𝛾2 𝐸𝑝ℎ

𝐸′𝑝ℎ−𝑚𝑎𝑥 = 1 −
1

𝑋
𝐸𝑒

𝐸′𝑝ℎ = 𝐸𝑝ℎ 1 +
2𝐴

1 + 𝛽 𝛾2

𝐸′𝑒 = 𝐸𝑒 − 𝐸𝑝ℎ
2𝐴

1 + 𝛽 𝛾2

I.C.S.  low recoil  X<<1

I.C.S.  large recoil  X>>1

S.C.S.  (A=0) or

quasi-SCS (A<<1)

𝐸𝑝ℎ

𝐸𝑒

𝐸′𝑝ℎ

𝐸′𝑒
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All radiation originated by a Lorentz Boost associated to relativistic emitting 

particles (electrons, heavy ions) is intrinsically poli-chromatic because of gq

correlation (energy boost of scattered photons depends on scattering angle, 

at q=1/g photon energy is 50% of max photon energy at q =0 ) of single 

electron spectrum (on top of inhomogeneous effects)

True for all kinds of Undulatory and  Collisional radiation (bremsstrahlung, 

wiggler/betatron, synchrotron, RRS, ICS), while resonant or amplified 

radiation (undulators, FELs), that are diffraction limited thanks to their beam 

quality, are not (or only partially) affected

The g2q2 issue/disease 

𝐸𝑝ℎ =
4𝛾2𝐸𝑙

1 + 𝑋 + 𝛾2𝜗2
𝐸0 = 𝛾𝑚𝑐2

𝑋 ≡
4𝛾𝐸𝑙
𝑚𝑐2

=
2𝐸𝑙

𝐸𝑅𝐹

𝑚𝑐2
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gcm =
Elab

Ecm
=
Ee +hnL

mec
2 1+ D

@
g

1+ D

g cm
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 2022



Deep Recoil I.C.S. helps attenuating the g2q2 problem

through slowing down of Lorentz boost gcm<<g

X=0.13 X=13. X=1300.

laser

7 GeV e- beam

UV FEL X FEL

R. Hajima and M. Fujiwara, Narrow-band GeV photons

generated from an x-ray free-electron laser oscillator, Phys.

Rev. Accel. Beams 19, 020702 (2016). XFELO  Project

Ψ =
𝛾𝜗

1 + 𝑋

ത𝑃 =
2𝜀𝑛

𝜎𝑥 1 + 𝑋

𝛾𝑐𝑚 =
𝛾

1 + 𝑋



BriXSinO’s ICS source – Illya Drebot with CAIN –

ICS Moustache

BriXSinO T.D.R.  @ www.marix.eu
Channeling 2023 Conference – Riccione – June 2023

http://www.marix.eu/


Inverse Compton Sources rivaling/overcoming

Synchrotron Light Sources at photon energies above 80-100 keV

I.C.S.

STAR



Inverse Compton Sources, Overview, Theory, Main 

Technological Challenges – Photonic Colliders

ICS & Photon Colliders - PhD School on Accel. Phys. - INFN/LaSapienza - February 2022

• 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



• Need of high peak brightness/high average current electron 

beams (cmp. FEL’s drivers) fsec-class synchronized and mm-

mrad-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 2022

Challenges of electron-(optical)photon colliders as X/g 

beam Sources using Compton back-scattering



Photon / Particle Beams: diffraction, envelope, matching, co-propagation.

Example: TEM00 Gaussian Laser mode (circ. pol. M2=1 diffr. limited)

   

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

w0
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with

electron recoil

without

electron recoil


