
What is needed to build a CLS based research infrastructure 
like STAR and what are the enabled applications towards users

• Brief recap of ICS physics (linear model) to explain technological challenges, 
performances and limitations of ICS based Compact Light Sources vs. 
Synchrotron Light Sources

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

• STAR Project: an ICS based user facility in South Italy (Calabria) – its 
challenges, its evolution and present status close to commissioning/operation

• Inspiration to develop an African regional user facility for advanced X-ray 
applications,  also helps igniting the AfLS initiative with a first step/first brick

AfLS Workshop on African Regional Infrastrucutres - online - Oct. 11th 2023

Luca Serafini –  INFN-Milan



From wave-like, undulatory radiation towards 
collisional radiation

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

𝐸! = 𝑓 𝛾"𝜗"

AfLS Workshop on African Regional Infrastrucutres - online - Oct. 11th 2023

Energy angular
correlation is

an issue



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

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)



scattered electron
E’e = gmc2 + Eph – E’ph

q

E’ph  - energy of scattered photon at q

X = recoil parameter – twice the energy of the photon seen
by the electron in its own reference frame normalized to mc2

red shift at q≠0All  I.C.S.  X/g ray Sources work at X<1
STAR (350 keV)   XSTAR < 2.6.10-3
ELI-NP (20 MeV)  XELI-NP < 0.026

X>>1 is for the next generation X-g-ray Sources
with photon cooling and spectral purification

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023



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 µrad

g=50-2000  ⇒ q = 0.1-10 mrad
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Petrillo-Serafini for
ICS photon beam bandwidth
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collimation electron beam phase space

laser beam phase space laser collective effects

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023



African Conference of Physics – George (SA) – Sept. 26th 2023

EASY

109 – 1010 photons/s single bunch mode
1010 – 1011 photons/s multi bunch mode

@ 10% bandwidth



African Conference of Physics – George (SA) – Sept. 26th 2023

DIFFICULT 1011 – 1012 photons/s



BriXSinO

The Energy Recovery Linac based ICS: a technology in its 
demonstration phase promising the best performances

VERY
DIFFICULT

1012 – 1013 photons/s



30-150 MeV e-

20-350 keV X

250-750 MeV e-

1-19.5 MeV g
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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

true for all
collisional radiation

Spectral Density S (# photons per sec per eV bdw) relevant to X-ray imaging
(Brilliance BAV is relevant to microscopy/spectroscopy) 
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AfLS Workshop on African Regional Infrastrucutres - online - Oct. 11th 2023

ICS for X-rays: Storage Rings or Linacs,
Pros and Cons (a personal point of view)

• Storage Ring based ICS can attain larger fluxes, but you need a 
Laser Guru for the Fabry-Perot MW-class optical cavity. Linac 
based ICS use commercially available psec J-class laser systems

• Storage Ring based ICS can host only one photon beam line. 
Linac based ICS can serve several beam lines (minimum 2, à la 
STAR, or up to 4-5 in multi-bunch mode)

• Linac based ICS can generate X-ray beams from smaller spot-
sizes (10-20 microns, vs. 50-100 microns of Storage Rings), better 
boosting phase contrast imaging applications

• Linac based ICS cost less (same photon energy) than St. Ring 
based ICS (need anyway a full energy Linac for beam injection)



X

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



A

B

D

E

C

STAR ICS SOURCE
e- infrastructure
A. Accelerating section (1 S-band and 2 C-band LINACs)
B. High Energy branch «STAR-HE-Linac» 
C. Low Energy branch «STAR-LE-Linac»
D. Beam dumps
E. Impact chambers D

Ø A. Bacci et al., The Star project, Proceedings of IPAC2014, Dresden, Germany
Ø A. Bacci et al., Status of the Star project, Proceedings of IPAC2016, Busan, Korea
Ø A. Bacci et al., Photoinjector Emittance Measurement at STAR”, Proceedings of IPAC2017, Copenhagen, Denmark
Ø A. Bacci et al., STAR HE-Linac Complete Detailed Design Report, arXiv:2109.10351 

STAR ICS SOURCE

Courtesy of Prof.
R. Agostino - UniCal



Ø A. Bacci et al., The Star project, Proceedings of IPAC2014, Dresden, Germany
Ø A. Bacci et al., Status of the Star project, Proceedings of IPAC2016, Busan, Korea
Ø A. Bacci et al., Photoinjector Emittance Measurement at STAR”, Proceedings of IPAC2017, Copenhagen, Denmark
Ø A. Bacci et al., STAR HE-Linac Complete Detailed Design Report, arXiv:2109.10351 
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Table 7: STAR-HEL electron beam quality parameters at IP. By “(bf)” we report the best effort for 
some of the parameters. This represents the best possible reachable value considering theoretical 

limitations for such beam line; from a contractual point of view these bf values are not guaranteed. 

 HE-linac LE-linac 
Energy range [MeV] 40-150 23-65 
Rap. rate [Hz] 100 
Bunch charge range [pC] 100 – 500 (bf:2000) 
Normalized emittance (x,y) [µm] 2.0 (bf: 1.0) 
Bunch energy spread [%] 0.5 (bf: 0.2) 
Bunch length – rms [ps]  ≤ 5 
Bunch spot dimension at IP [µm] 40 (bf: 20) 

 
 

1.4. HE-line dump 
 
Downstream the IP the beam enters directly into the dumping dipole which has been designed 
to dump the beam perpendicularly to the floor, with a bending angle of 90 degrees. The beam 
starts the curved orbit at about 1.8 m after the IP where it is still almost collimated. There is no 
need of additional optics to keep its envelopes under control. Main beam parameters (orbit and 
transverse envelopes) are shown into Figure 6.  
 

 
Figure 6: In the upper plot is shown the beam centroid vertical position, the beam line is set at 

vertical coordinate of 0, the ground at -1200 mm; it is highlighted the 90° dump dipole entrance 
where the beam starts to bend. In the lower plot are shown the x, y rms beam envelopes when the 

beam enters into the dump dipole and goes perpendicular to the ground, to the dump. 

 
 
 

STAR ICS SOURCE

Courtesy of Prof.
R. Agostino - UniCal



STAR ICS SOURCE
Laser infrastructure

Interaction laser system
Repetition rate (Hz) 100 +/- 1
Output Energy (mJ) ≥ 500 
Wavelength (nm) 1030 +/- 1
Bandwidth (nm) < 4
Pulse duration (ps FWHM) < 5 
M² < 1.4
Linear polarization (%) > 99
Spot size at IP (µm) 40

Courtesy of Prof.
R. Agostino - UniCal



• X-ray energy tuneable on a wide range up to hard X-rays 
• Controlled BW (<1% - 10%)
• Low (controlled) divergence (1-10 mrad)
• Time structure on the ps-scale
• Linear polarization up to 99% - pulse-to-pulse switchable
• Circular 20/40 µm-sized x-ray source
• (Pseudo-)coherence à Phase-contrast and diffraction-enhanced imaging
• Possible evolution to higher energies and fluxes

STAR ICS SOURCE
X-ray beam features

Courtesy of Prof.
R. Agostino - UniCal



STAR BEAMLINES

HE-LINAC à µTomo2  - Elettra Sincrotrone Trieste

LE-LINAC à SoftX - ASF Metrology

SoftX

µTomo2IC
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STAR BEAMLINES
µTomo2: Imaging system

(Stroke)

Source translation system

Rotator system

Courtesy of Prof.
R. Agostino - UniCal



(Stroke)

Y-axis sample translation X-axis sample translation

Z-axis sample translation

(Stroke)

(Stroke)

STAR BEAMLINES
µTomo2: Imaging system

Courtesy of Prof.
R. Agostino - UniCal



STAR BEAMLINES
µTomo2: detectors

Varex XRD 3025N-G45-C CT grade Gpixel GSENSE6060 (grade 1) 

Courtesy of Prof.
R. Agostino - UniCal



STAR BEAMLINES
µTomo2: control hardware and software

 
COMPLETE DETAILED DESIGN REPORT - “CDDR” 

 

   
 

Document: VSSC-TMP-04-rev01IT Save date: 10/10/2017 15.32 Page 33 of 59 

 
CTSElettra_21013_UNC-MT2_001  

 

 
Fig. 5.2: schema del framework Tango 

 

5.3 Dispositivi ed apparecchiature controllate 
 
Le apparecchiature di controllo verranno, per quanto possibile, raggruppate in due armadi 
fra di loro connessi tramite rete dati (cfr Fig. 5.3): uno verrà posizionato all’interno della sala 
sperimentale e conterrà i controllori dei motori (circa 20 assi) e della sorgente, l’altro 
all’esterno e conterrà il server tango, lo storage, lo switch ed il PLC. 
 

 
COMPLETE DETAILED DESIGN REPORT - “CDDR” 

 

   
 

Document: VSSC-TMP-04-rev01IT Save date: 10/10/2017 15.32 Page 37 of 59 

 
CTSElettra_21013_UNC-MT2_001  

 

• Controller RAID capace di gestire raid 6 
• Scheda di rete 2 porte 10 GbE RJ45 
• 1 Integrated management module with dedicated RJ45 Ethernet port IPMI + IPKVM + 
VirtualMediaOnLan. 
• 2 Power Cable 3m with IEC 60320 C13-C14 plug 
• 2 Power Supply (1+1): 1600W Hot-Swappable, Redundant Power Supply (1+1), Titanium 
Level (96%) 
• Installabile a rack 19” massimo 4U con rapid rail 
• 2 PCI-E 3.0 16x 
• 1 PCI-E 3.0 8x 
• Schede di rete 2 porte 25 GbE SFP28.  

6.4 Software  

6.4.1 Ricostruzione 
Verrà fornito il software commerciale per la ricostruzione della Digisens in cui, tramite un 
ambiente visuale ed interattivo (cfr Fig. 6.1), l’utente può definire per ogni singolo passo 
(geometria, pre-processing, algoritmi di ricostruzione, modalità di riduzione degli artefatti) i 
parametri più idonei al tipo di analisi desiderato e sfruttare l’elevata velocità del motore di 
ricostruzione codificato in GPU 
 

 
 

Fig 6.1 screen shot dell’ambiente di ricostruzione della Digisens 
 
In questa suite software sono inclusi, fra l’altro, gli strumenti per la definizione della 
geometria di scansione, del preprocessing delle proiezioni, del tuning degli algoritmi di 
ricostruzione (inclusi alcuni algebrici) e della rimozione degli artefatti. 

Data Storage and Image Processing

• High performance workstation for image acquisition and processing
- control PC 
- Workstation for tomographic reconstruction 
- Workstation for visualisation and data analysis 

• High-speed network
• Local Network Attached Storage
• Software

- Reconstruction software from Digisens
- Processing software from Avizo 



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
Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023



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 



Operational Team requested
by a ICS-CLS

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023

STAFF MEMBERS
1. Radio-Frequency
2. Diagnostics/Electronics
3. Laser
4. Beam Dynamics/Optics
5. Magnets/Vacuum
6. Control System
7. Beam Lines / Detectors

TECHNICIANS
1. Radio-Frequency
2. Diagnostics/Electronics (2)
3. Magnets/Vacuum (2)
4. Control System
5. Ancillary Plants



Thank you for your attention

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023

https://youtu.be/vHK77Mk2Dp4
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Rivaling with Synchr. Light Sources for energies above 50 keV
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Thomson/Compton Sources

Brilliance of Lasers and X-ray sources
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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

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023



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

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

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



Measured 5.1010 ph/sec with 20 mA

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

measured



Courtesy  L. Rivkin

Also synchrotron radiation is affected by the
g2q2 red shift

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023



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

€ 

LS ≡
L
Δνγ

• Scattered flux
• Luminosity as in HEP collisions

– Many photons, electrons
– Focus tightly

– ELI-NP-GBS 

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

unlike undulatory radiation sources, where the collision is with virtual photons,
ICS involves collision with real photons that carry energy and momentum

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023



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. MonctonColloquium at NECSA – Johannesburg (SA) – Oct. 3rd 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
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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$)

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023
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relevant to microscopy/
spectroscopy
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Spectral Density S
relevant to X-ray imaging
and nuclear photonics

# photons within normalized
collimation angle Y = g.qcoll

Serafini-Petrillo criterion

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023



Courtesy  A. Variola

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

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023



X

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

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

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



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  !!

Colloquium at NECSA – Johannesburg (SA) – Oct. 3rd 2023



African Conference of Physics – George (SA) – Sept. 25th 2023
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African Conference of Physics – George (SA) – Sept. 26th 2023

ThomX Nph (s-1) = 1012 (10% bdw)     S at 30 keV (s-1eV-1)  = 3*108

max 80 keV 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

max 40 keV 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

max 350 keV 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

max 20 keV 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

max 40 keV 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 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



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 /γ = 4γ
2Elaser

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

𝛾8:~𝛾

𝛾8: ≪ 𝛾 𝛾8: = 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′/0;:-1 = 4𝛾2 𝐸/0

𝐸′/0;:-1 = 1 −
1
𝑋

𝐸2

𝐸′/0 = 𝐸/0 1 +
2𝐴

1 + 𝛽 𝛾"

𝐸′2 = 𝐸2 − 𝐸/0
2𝐴

1 + 𝛽 𝛾"

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

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

S.C.S.  (A=0) or
quasi-SCS (A<<1)

𝐸/0

𝐸2

𝐸′/0

𝐸′2
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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 

𝐸/0 =
4𝛾"𝐸5

1 + 𝑋 + 𝛾"𝜗"𝐸< = 𝛾𝑚𝑐"

𝑋 ≡
4𝛾𝐸5
𝑚𝑐"

=
2𝐸5&=>

𝑚𝑐"
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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

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

A𝑃 =
2𝜀7

𝜎1 1 + 𝑋

𝛾8: =
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

ELI-NP-GBS



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 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 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)
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with
electron recoil

without
electron recoil


