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The most effective “photon accelerator” 

𝐸𝐸𝑋𝑋𝛾𝛾−𝐼𝐼𝐼𝐼𝐼𝐼 ≅ 12.4 𝑘𝑘𝑘𝑘𝑘𝑘 

𝐸𝐸𝑋𝑋𝛾𝛾−𝐼𝐼𝐼𝐼𝐼𝐼 = 4𝛾𝛾 2𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙                                

Accelerator and undulator: 𝑇𝑇𝑒𝑒− = 25 𝑀𝑀𝑒𝑒𝑒𝑒;  𝜆𝜆𝑢𝑢 = 1 𝜇𝜇𝑚𝑚  

Inverse Compton Source VS Free Electron Laser – “ICS VS FEL” 

ICS boost twice than an FEL & Further, much shorter undulators! 

@ FELs light source 1 Å (12.4 𝑘𝑘𝑘𝑘𝑘𝑘) is a typical goal for big infrastructure 

𝐸𝐸𝑋𝑋𝛾𝛾−𝐹𝐹𝐹𝐹𝐹𝐹 ≅ 12.4 𝑘𝑘𝑘𝑘𝑘𝑘 
𝐸𝐸𝑋𝑋𝛾𝛾−𝐹𝐹𝐹𝐹𝐹𝐹 = 2𝛾𝛾 2𝐸𝐸𝑚𝑚.𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑢𝑢𝑢𝑢𝑢𝑢. 
 
Accelerator and undulator:  𝑇𝑇𝑒𝑒− = 7 𝐺𝐺𝐺𝐺𝐺𝐺;  𝜆𝜆𝑢𝑢 = 2 𝑐𝑐𝑐𝑐  

FEL 

ICS 



 Inverse Compton Source (ICS) intro 
1) Worldwide sources 
2) Electron photon ICS laws of scale 
3) Milano group & ICS: 

SPARC_lab,  ELI-np (fresh news),  STAR 
 

 
 The STAR project: Southern Europe Thomson back scattering source 
for Applied Research 

 
1) Location & Funds 
2) Beam-line and main characteristics 
3) Beam Dynamics 
4) Interaction Chamber 
5) From Phase-I     to    Phase-II 
6) Foreseen applications (e.g.) 

Outline 



Worldwide panorama 



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

STAR (Calabria)                 Linac             20-100       1010 (100 Hz)        18 
ELI-np (Romania)                    Linac           0.2-2·103      108  (@ 5‰ bdw)  10-30 

Existing and planned ICS sources 

* 

facilites 
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σCompton = σThomson 1− ∆( )

Electron-photon back-scattering (3 regimes) 

Worldwide facilities 
Δ << 1 Compton recoil 
e.g. ELI-np      
e- 720 MeV 
γ = 19.5 MeV 
γ-recoil=0.5 MeV (>2%) 

ELI-np 



BD Milano group & ICS 
 

 
 STAR @ 20 to 140 keV.  

Electron in next October 
 

 
 SPARC_lab (@ INFN Frascati Lab) first Italian ICS,  

NIM A 829 (2016) 237-342. 
 
 

 
 Extreme Light Infrastructure-nuclear physics, ELI-np 

o 3.2 kHz rep rate 
o c-band linac booster at 100Hz (for a 32 bunches train), Tmax=720 MeV 
o Laser pulse recirculated 32 times 

 
o Max γ-ray energy: 19.5 MeV (0.5% bdw) 
o Flux: ph/sec (within FWHM)=8·108  

 
 fresh news 



A big machine: ELI-NP news 

LINAC-I 

Interaction Laser 
High Energy  

Interaction Laser 
Low Energy  

Photo–drive Laser 
e– source 

High Energy IP 
@720MeV 

Low Energy IP 
@300MeV  

Photogun 
multibunch 

γ beam 
coll&diag 

γ beam  
coll&diag 

Control 
Room 

Racks 
Room 

Racks 
Room 

90 m 

World’s largest laser lab rocked by slew of disputes 
Delays and disagreements plague final stages of the world-leading, €875-million 
Extreme Light Infrastructure being built across Eastern Europe.  
Nature 569, 607-608 (May 2019) doi: 10.1038/d41586-019-01607-7 

LINAC-II 



Actors in the project : 
Partners 
o UNICAL (UNIversità della CALabria), machine site 
o CNISM (Consorzio Nazionale Interuniversitario per le Scienze fisiche della Materia,  

i.e.  Italian Consortium on Physical Sciences of Matter) 
 
Collaborators 
o Elettra Sincrotrone Trieste 
o INFN (Istituto Nazionale di Fisica Nucleare) 

STAR Project 
Southern europe Thomson source for Applied Research 



Less developed regions 
 

Transition regions 
 

Most developed regions 
 

Eligibility for European Funding:  
PON (Programma Operativo Nazionale) 
National Competition Europen Funding for school and research 



Location 
University of Calabria (UNICAL): 
International Architect competition in 1974 (won by Gregotti Bureau), built in 
1977 
 
 35.000 Students 
 Strong Physics department 



Location & Funds 

Calabria 

UNICAL won two PON (founding): 
1) Phase I: PON “Ricerca e competitività” 2007 – 2013 

15.7 M€ (~8M for STAR source; ~7M infrastructures) 
2) Phase II: PON “Ricerca e Innovazione”  2014 – 2020 

STAR 2.0 - 17.5 M€ - NOW 
Scientific responsible: Prof. Riccardo Barberi 

‘nduja licorice 

The possibility to develop a Linac based research 
infrastructure, into an University campus. It is really an 
unique reality in Italy 



An 100Hz ICS monochromatic & tunable & ps-long & polarized X-ray beam. 
 
o Phase I   (Max. e- energy 85 MeV): 20 to 140 keV photons 
o Phase II (Max. e- energy 190 MeV):  up to 700 keV 

 
o Experiments: material science (electronics, mechanics, energy-related materials, …); 

non-invasive diagnostics for cultural heritage; bio-medical radiological imaging; … 

STAR brief description 

MaTeRia Infrastructure organized on three layers  (Materiali, Tecnologie, Ricerca) 

R. G. Agostino courtesy 



Designed to be easily upgradable by G. Di Raddo 

Phase I.0 
installed:  
Tmax

 60 MeV 
X-ray 70keV  

Phase I.I 
not-installed:  
Tmax

 85 MeV 
X-ray 140keV  

STAR machine layout 

Max bending 
T=110 MeV 

RF power Station (100Hz) 
Mode 1: 45 MW 4.5 μs 
Mode 2: 55 MW 2.5 μs 

Ampegon 

Tales 





Stato Bunker STAR a Gennaio 2016 









DB linac for the two reference cases: 85MeV and 60MeV 

85 MeV – two S-band TW SLAC cavities 
Sig_t=3.7ps 
Sig_x=320 μm 
Charge=0.5 nC 

60 MeV – one S-band TW SLAC cavity 
Sig_t=3.4ps (Gaussian pulse) 
Sig_x=340 μm 
Charge=0.5 nC 

5000mp Astra simulations 

60MeV case 
long drift 



21 μ @ 18.73 m 

2.0 mm-mrad 

1.4 mm-mrad 

Astra http://www.desy.de/~mpyflo/ 

Trace3d Crandall, Kenneth; LA-11054-MS. Los Alamos National Lab., 1987. 

Norm. εx,y (x thin; y thick) 
RK time-stepmax = 2, 1, 0.5 [ps] 
0.5 [ps] case Space-charge on/off,  

ε x,y degradation 
strongly depend by RK 
time-step into dipole 

0.5ps sc-off 

0.5ps sc-onf 

εx 

εx 
εx 

εx 

3.95 T/m 

5 m long DogLeg: 20deg for 60 MeV beam 

Space charge off: σ,β,η 

Space charge on: σx,y 

3.95 T/m 

3.75 T/m 3.75 T/m 

ref 

ref 

dip-I dip-II 



Old & new interaction chamber design 

Very expensive: ~ 200k 
May be for phase-II 

New scheme: Order of 20k 

A diagnostic chamber, with an ad hoc laser entrance 
We do not bring out the laser (drawback ?) 

electrons 





The Focusing channel 

We compared more solutions: Permanent Quad, Solenoids & classical 
Quad. 

~ f = 0.5m 

Final Fusing Channel 

Focusing Channel 
Electromagnet 
Quadrupoles 

+2.5 m 



(some values can change) 

5 m long DogLeg: 20deg for 60 MeV beam 

ps-class laser pulses Reference pulse lenght: 2 ps 

Amplitude, Yb:Yag 100Hz  

NOW Phase 2 



Source performances 1/2 

Simulated Electron Bunch @ Interaction Point 

𝑾𝑾𝟎𝟎 ≃ 𝟑𝟑𝟑𝟑 𝝁𝝁𝝁𝝁 

Simulated Laser pulse @ Interaction Point 



Source performances 2/3 

I. Drebot courtesy 

 Old IP chamber αIP = 10° 
 New IP chamber αIP = 2.3° (here αIP 

= 3° , to be conservative) 
New IP 
chamb
er  

Old IP 
chamber  

Source Flux vs Laser-
electrons scattering angle 

DB simulations for Phase II are not still available 



A 
B 

C 

D E 

F 

STAR UPGRADE PHASE-II (60  190 MeV) 
A. 2nd SLAC-type LINAC 
B. High Energy branch «STAR-HE-Linac»  (2 LINAC system) 
C. Impact chamber 
D. Beam dump 
E. 2nd S-band RF power station 
F. Upgrade laser system 

STAR phase II 

R. G. Agostino courtesy 



STAR operating modes: 
• high-flux     Medical imaging;  
• moderate-flux / monochromatic mode  Better detection/dose performance;  
• short-and-monochromatic   Pump-and-probe experiments.  
 
 
 
 
 
 
 
 
 

STAR phase-I 

Operating modes High-flux Small-BW Short-pulse 
Photon energy (keV) 20-140 20-140 40-140 

Photons/s (@100 Hz) 2-4*109 2-4*108 2-4*106 

Bandwidth (rms) 10% 1% 1% 

Rms Pulse lenght (ps) 1-5 1-5 <0.2 

 The Star project, Proceedings of IPAC2014, Dresden, Germany 
 Status of the Star project, Proceedings of IPAC2016, Busan, Korea 
 Photoinjector Emittance Measurement at STAR”, Proc. of IPAC2017, Copenhagen, Denmark  

STAR phase-II 
STAR-HE STAR-LE 

Photon energy (keV) 70-350 (700) 20-180 
Photons/s (@100 Hz) 1011 1011 

Bandwidth (rms) 1-10% 1-10% 

Rms Pulse lenght (ps) 0.2-5 0.2-5 

ICSs linac driven  
are easily  tunable 
and easily upgradable  



Foreseen applications 
Existing USER mainly from UNICAL Departments & established national and 
international collaboration 

o Electronic Engineering Dept. & ST Microelectronics samples 
 

o Humanistic science Dept. & Danish National Foundation 
 
o Earth Science (Mineralogy) 

 
o Biology Dept. & UniBa Biology Dept. & Mayo Clinic, Rochester Univ., USA 

 
o Metallurgy @ Rina Consulting SpA (Hydrogen embrittlement in steel 
 
o Civil Engineering Dept. (Composite materials for civil engineering) 
 



Foreseen applications 

around 20 keV  mammografy in phase contrast 

30-80 keV  Papyri virtual unrolling @ ESRF Grenoble @ UNICAL 
STAR team 

A collection of more than 1800 carbonized papyri, discovered in 
the Roman ‘Villa dei Papiri’ at Herculaneum is the unique 
classical library survived from antiquity. These papyri were 
charred during 79 A.D. Vesuvius eruption 



Calabria: rich in archaeological sites and finds 

List of Calabrian’s museumes: 
1) Museo Archeologico di Reggio Calabria  
2) Museo Archeologico di Kroton (Crotone) 
3) Museo Archeologico di Capo Colonna 
4) Museo Archeologico di Vibo Valentia 
5) Museo Archeologico di Locri Epizefiri 
6) Museo Archeologico di Monasterace (antica Kaulon)  
7) Museo Archeologico Nazionale della Sibaritide 
8) Museo Archeologico di Medma (Rosarno) 
9) Antiquarium di Palmi 
10) Museo dei Brettii e degli Enotri Cosenza 
11) Museo Archeologico Metauros di Gioia Tauro 

List of archaeological sites or area 
1) Area archeologica di Casignana 
2) Area archeologica di Monasterace 
3) Sito archeologico di Castiglione di Paludi 
4) Sito archeologico di Francavilla Marittima 
5) Sito archeologico di Punta Alice 
6) Area archeologica di Vibo Valentia 
7) Area archeologica di Capo Colonna 
8) Area archeologica di Locri Epizefiri 
9) Area archeologica di Sibari 
10) Area archeologica di Scolacium 



• Bronze anthropomorphic couples as pendants.  
• Burial goods in calabrian area (VIII sec B.C.) 
• Two sets: type-A (30 findings) and type-B (2 

findings) 
 

P. Brocato e A. Taliano Grasso - Simboli per riti di pace nella Calabria pregreca. Alcune osservazioni sui pendenti a coppia antropomorfa - in 
MITI DI GUERRA RITI DI PACE. La guerra e la pace: un confronto interdisciplinare - 2011 · Edipuglia 

PEACE SYMBOLS IN CALABRIA BEFORE GREEK 
COLONIZATION (A preliminary study @ STAR μTomo) 

type-A type-B 
sites of the analysed samples 

Thanks to R. G. Agostino on 
behalf of STAR-UNICAL team  



• Chronological order and evolution 
 

• Production techniques: alloy melting and removal/addition. 
 

• Production site : Compare finds from different sites and 
different cultural.  
Validate M. Kleibrink hypothesis that states Francavilla  
as production site. 

Goal of the STAR μTomo study 

Thanks to R. G. Agostino on 
behalf of STAR-UNICAL team  



5 mm 

Sample Projections Tomography 

Results: X-ray micrography 

Thanks to R. G. Agostino on 
behalf of STAR-UNICAL team  



Anthropomorphic couples: Type B 

Results: X-ray Micrography 

Fracture 

Removal  

Necklet 
hole 

Thanks to R. G. Agostino on 
behalf of STAR-UNICAL team  



Layout: X-ray microtomography@µTomo experimental station 

Sito STAR 

Thanks to R. G. Agostino on 
behalf of STAR-UNICAL team  



Type A 
 
- Forms by pouring molten metal into a 

mould 
- No evidence of addition 
- No anatomic details 
- No holes 

 
Type B 
 
- Functional necklet hole 
- Detailed anatomic features 
- Presence of protrusions/additions 

(knees, arms, genitals, ...) 
- Advanced technique 

A raw pendant – This type A finding was not 
refined. 

Thanks to R. G. Agostino on 
behalf of STAR-UNICAL team  

PEACE SYMBOLS: preliminary results 

Presence of additions  on the knees 



Conclusions 

ICS in the last few years, by simulations & recent experimental results have shown 
great benefits in more fields. 
Furthermore, 
Synchrotron needs huge infrastructures to reach 100keV x-ray  
ICS can reach very high energy in 10 meters with 10 M € 

Waiting to TURN-ON STAR,  
snooping @ Munich CLS. First Commercially available ICS (Lyncean tec. - USA) 

“Trabecular bone anisotropy imaging …”, C. Jud 
at al. Scientific Reports 7, 14477 (2017) 

Microfractures that are often missed in classical 
radiographs 

Thanks for 
your attention 



BD Milano Group 

Luca Serafini 
Vittoria Petrillo 
Alberto Bacci 
Andrea Renato Rossi 
Illya Drebot 
Marcello Rossetti Conti 
Marcel Ruijter 
Michele Opromolla 



Compact Light Source @ Monaco (Germany): Commercially available 



Compact Light Source @ Monaco (Germany): Commercially available 
 



A new interaction chamber scheme 2/3 
 
At realative low energy (as at STAR, 0.5 nC for 60-100 MeV) the focusing channel 
have to be as compact as possible 

Up to 
650 T/m 
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Quantum shift  ∆E 

A part from the quantum shift, the spectra are very similar 

 

∆ = 4γ hν mc 2
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