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STAR INFRASTRUCTURE: WHAT’S NEXT?

STAR 2.0
On going upgrade project

A Research Infrastructure for Material Science

Partners: UniCal, University of Calabria & CNISM, Italian Consortium on Physical Sciences of Matter
Involved: National Institute for Nuclear Physics – INFN, Elettra - Sincrotrone Trieste

EU/National Funding 
PON “Ricerca e Competitività” 2007 – 2013 
PON “Ricerca e Innovazione” 2014 – 2020  

Scientific responsible: Prof. Riccardo Barberi

The highly specialized laboratories that constitute MaTeRiA are organized  in three progressive levels

First level. STAR ICS source equipped with the beam-line µTomo and SoftX(*).  

Second level laboratories:
1. Preparation and characterization
2. Characterization of mechanical and other physical properties
3. Modeling and simulation
4. Prototyping
5. Advanced spectroscopy and microscopy
6. Biological samples treatment(*)

Third level.  Network of existent departmental laboratories

(*) Phase two upgrades
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Physical Prototyping Lab

Adv. Spectroscopy  
& Microscopy Lab

Second level laboratories:

1. Material preparation and 
characterization (Chemistry, physical 
chemistry)

2. Characterization of mechanical and 
other physical properties 
(Mechanical engineering)

3. Modeling, simulation and 
Visualization (Mathematical physics, 
statistical physics)

4. Physical Prototyping Lab  
(Mechanical engineering)

5. Advanced surface spectroscopy and 
microscopy (Surface Physics)

6. Biological samples treatment 
(Biology, biophysics)
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Second level laboratories:

1. Material preparation and 
characterization (Chemistry, physical 
chemistry)

2. Characterization of mechanical and 
other physical properties 
(Mechanical engineering)

3. Modeling, simulation and 
Visualization (Mathematical physics, 
statistical physics)

4. Physical Prototyping Lab  
(Mechanical engineering)

5. Advanced surface spectroscopy and 
microscopy (Surface Physics)

6. Biological samples treatment 
(Biology, biophysics)



STAR 1: A HARD X-RAY BEAM SOURCE

STAR ICS X-Ray Source



Design of STAR 1 source operating modes:
• high-flux / moderate-monochromaticity à Medical imaging; 
• moderate-flux / monochromatic mode à Better detection/dose performance; 
• short-and-monochromatic à Pump-and-probe experiments. 

(Pseudo-)coherence à
Phase-contrast imaging and diffraction-enhanced imaging.

STAR 1: A HARD X-RAY BEAM SOURCE

• X-ray energy tuneable on a wide range up to hard X-rays 

• Controlled Band Width

• mrad divergence (controlled) 

• Time structure on the ps-scale

• Circular µm-sized x-ray source

• Linear polarization up to 99% - pulse-to-pulse switchable

• Simple evolution to higher energies and fluxes

Operating modes High-flux Small-BW Short-pulse

Photon energy (keV) 20-85 20-85 40-85

Photons/s (@100 Hz) 3*109 3*108 3*106

Bandwidth (rms) 10% 1% 1%

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

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



The upgrade will be developed on three main lines:

1. Increase in flux Nph, from 109 up to 1011 photons/sec with the same 
relative bandwidth ∆Eph/Eph equal to 5%

C’e’ inoltre una terza linea di upgrade, che benche’ di importanza secondaria (e di 
impatto contenuto nei costi) puo’ abilitare applicazioni innovative: l’implementazione sia di 
un controllo completo della polarizzazione del fascio X mono-cromatico prodotto, con la 
possibilita’ di variare la polarizzazione da lineare a circolare ad ogni impulso di radiazione 
(cioe’ ogni 10 millisecondi), sia di un sistema a doppio impulso laser per la produzione di 
impulsi di radiazione a due colori, principalmente per le applicazioni di imaging 
radiografico a contrasto di K-edge. 

Al fine di illustrare la strategia per implementare i due punti A) e B) occorre 
richiamare le leggi di scaling fondamentali per i parametri Eph e Nph (per una trattazione 
approfondita si veda C. Curatolo, I. Drebot, V. Petrillo and L. Serafini, Analytical 
description of photon beam phase spaces in inverse Compton scattering sources, Phys. 
Rev. AB 20 (080701) 2017 e le referenze ivi elencate). 

 
L’energia massima Eph dei fotoni prodotti nel back-scattering Compton e’ data in 

prima approssimazione da: 
 
     !"# = 4&'ℎ)*     1) 
 
Il flusso Nph prodotto nella collisione al punto di interazione e’ dato in prima 

approssimazione da: 
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dove hnL e’ l’energia del fotone laser incidente (tipicamente 1.2 eV per un laser 

Yb:Yag alla frequenza fondamentale nell’infrarosso, 2.4 eV sulla seconda armonica nel 
verde) e g il fattore relativistico del fascio di elettroni (g = 1+T/mec2). 

 
L’implementazione della linea A) di upgrade si basa su due fasi: un aumento 

dell’energia UL dell’impulso laser, ed un passaggio al funzionamento in modalita’ multi-
bunch, o nella versione con ricircolatore laser (challenging e piu’ costosa, ancorche’ 
recentemente dimostrata sperimentalmente da EuroGammaS), oppure in quella con 
cavita’ Fabry-Perot pulsata (piu’ semplice e dimostrata ad Orsay-LAL da Fabian Zomer e 
collaboratori). La configurazione attuale del laser Yb:Yag di interazione per STAR prevede 
di fornire al punto di interazione un impulso laser fino a circa UL = 150 mJ. Seguendo lo 
schema implementato a ELI-NP-GBS (il cui partner industriale responsabile per i sistemi 
laser, la ditta Amplitude, e’ peraltro lo stesso fornitore dei due sistemi laser di STAR, 
quello di interazione e quello per il fotocatodo) si puo’ raggiungere un valore ben piu’ alto 
per l’energia dell’impulso laser, fino a UL = 1 J, aggiungendo uno stadio di amplificazione a 
cristallo raffreddato criogenicamente (si noti che i valori di UL sono espressi per la 
fondamentale del laser a 1020 nm). Questo upgrade del sistema laser di interazione 
permetterebbe gia’ un guadagno di un fattore circa 5-6 nel flusso Nph  prodotto (come 
evidenziato da Eq.2). Si noti che un eventuale aumento ulteriore dell’energia UL 
trasportata dall’impulso laser, ancorche’ tecnicamente fattibile, non produrrebbe un 
conseguente aumento del flusso di fotoni X a causa degli effetti non-lineari nella collisione 
elettroni-fotoni, come ampiamente discusso in C. Maroli, V. Petrillo, P. Tomassini and L. 
Serafini, Nonlinear effects in Thomson back-scattering, Phys. Rev. STAB 16 (030706) 
2013 . Altrettanto dicasi per un eventuale aumento della carica Qb nel pacchetto di 
elettroni, che produrrebbe un aumento di emittanza incompatibile con il raggiungimento di 
una banda relativa DEph/Eph minore del 5%, cosi’ come la eventuale focalizzazione del 
fascio di elettroni (e del fascio laser) al punto di interazione su valori piu’ piccoli di spot 
size rispetto a quelli ottimali (15-20 microns), come ampiamente dicussso in Phys. Rev. 

• increase in energy of the laser pulse UL = 150 mJà UL = 1 J
• increase in charge per bunch Qb= 200 pCà 500 pC (best effort 2nC)
• Better focussing σ!à 25 µm

STAR 2: TWO HARD X-RAYS BEAMLINES

Courtesy of Luca SerafiniA. Bacci, et al, STAR HE-Linac Complete Detailed Design Report, arXiv:2109.10351 [physics.acc-ph]

Other beam parameter Value
Max Beam energy [MeV] 140.05
Beam charge [pC] 500
σx, σy [μm] 25.0, 23.7
σz [μm] 667
εx, εy [μm] 1.2, 1.3
relative energy spread [%] 0.2 



The upgrade will be developed on three main lines:

1. Increase in flux Nph, from 109 up to 1011 photons/sec with the same 
relative bandwidth ∆Eph/Eph equal to 5%;

2. Increasing the energy of Eph photons from 85 keV up to about 350 keV
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Courtesy of Luca Serafini



The upgrade will be developed on three main lines:

1. Increase in flux Nph, from 109 up to 1011 photons/sec with the same 
relative bandwidth ∆Eph/Eph equal to 5%;

2. Increasing the energy of Eph photons from 85 keV up to about 350 keV

3. A second beamline (HE LINAC) added to the present one (LE LINAC)

STAR 2: TWO HARD X-RAYS BEAMLINES

HE-LINAC LE-LINAC
Energy Range 40÷135 MeV 23÷65 MeV
Repetition rate 100 Hz
RF technology S-band & C-band
RMS norm. transverse emittance 2 mm.mrad (best effort 1 mm mrad)
Energy spread smaller than 0.5% (best effort 0.2%)
Bunch charge Min 100 – Max 500 pC (best effort 2 nC)
Bunch length shorter than 5 psec
Accelerating sections S-band symmetrized fed TW + 2 C-band TW
RF power stations S-band (2.856 GHz), 55 MW, 2 µs pulse, Solid state HV

2x C-band (5712 MHz), 40 MW, 1 µs pulse, Solid state HV
Spot size at the interaction points 40 µm (best effort 20 µm)



X-ray Beam characteristics

Beamlines distance: > 4 m
* Laser second harmonic
**without Xray  optics

HE-LINAC LE-LINAC
Energy Range keV 32÷350 17÷85
Band Width % 2÷5 <1÷5
Divergence mrad 2÷10 1÷10
Maximum Flux ph/s /10mrad 10^11 10^11
Source dimensions µm <20÷40 <20÷40
Source-exp. station distance m <12 <12
Beam size at sample mm x mm 100x100 70x70**

STAR 2: TWO HARD X-RAYS BEAMLINES

Schematics of the STAR LINAC hypothetical structure. a)
Photoinjector (existing); b) First S-band accelerating section
(existing); c) second C-band accelerating section; d) LE LINAC
beamline (existing- to be displaced and upgraded); e) HE LINAC
beamline.

a)

b)

d)

e)

c)

A. Bacci, et al, STAR HE-Linac Complete Detailed Design Report, arXiv:2109.10351 [physics.acc-ph]
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Schematics of the STAR LINAC hypothetical structure. a)
Photoinjector (existing); b) First S-band accelerating section
(existing); c) second C-band accelerating section; d) LE LINAC
beamline (existing- to be displaced and upgraded); e) HE LINAC
beamline.
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b)
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• two beams will be delivered alternatively
• interaction points located as close as possible to the bunker walls. 
• front ends placed on the wall - provided with the beam stop systems.
• focusing optics placed on the beam-transport line
• distance between the HE_LINAC and LE_LINAC Beamlines is 4 m.

A. Bacci, et al, STAR HE-Linac Complete Detailed Design Report, arXiv:2109.10351 [physics.acc-ph]



Laser upgrade:

Parameter 1st phase

Impact laser

2nd phase

Impact laser

2nd phase

Branch line for 

photoinjector
Repetition rate (Hz) 100 100 100
Output Energy (mJ) 150 (IR) 1000 (IR) 3 (UV)
Short Term Energy Stability (rms) 5 % 5 %
Long Term Energy Stability (P2P) < 8 % < 8 %
Wavelength (nm) 1000 < l <1050 1000 < l <1050 <265 nm
Jitter (rms) 10 Hz – 10 KHz < 1 ps < 1 ps 250fs
Bandwidth < 1 nm < 1 nm
Pulse duration (ps FWHM) 5 5 5
Strehl Ratio 0.8 0.8
M2  1.4 1.4

STAR 2: TWO HARD X-RAYS BEAMLINES



Schematic layout of a hypothetical impact chamber. 
Laser (Red line) and electron (blue line) are depicted as well as the motorized mirrors.

The impact chambers are designed to control both the focusing and the impact angle αL of the 
laser beam on the electron trajectory. 
The control of the impact angle through a motorized mirrors system will permit a fine tuning of the 
generated X-ray energy. 

𝛼!

Impact chambers

STAR 2: TWO HARD X-RAYS BEAMLINES



STAR 1: MICROTOMOGRAPHY BEAMLINE

µTomo experimental station

3D rendering of the voids – Architectural terracruda sculptures of the Silk Roads

3D rendering of vascular structure – rat kidney



STAR 1: MICROTOMOGRAPHY BEAMLINE

µTomo 1

• Microfocus X-ray source (150 kV)
• Sample-holder (2 translations + 2 rotations)
• 2D Detector for high/low energy X-rays
• Detector stage (1 translation + 1 tilt)
• Data acquisition system

Case 1: Single event effects in MOSFETs
due to neutron irradiation

Field: Power electronics

User: Electronic Engineering Dept.

(ST Microelectronics samples)

Case 2: Peace symbols (8th century B.C.)

Field: Archaeometry

User: Humanistic science Dept. –
Sopraintendenza Beni Culturali – Danish 
National Foundation

Case 3: Hydrogen embrittlement in steel

Field: Metallurgy

User: Rina Consulting SpA



X-RAY MICROTOMOGRAPHY UPGRADE

• Designed for the 80-350 keV range
• New x-ray transport system
• Double X-ray 2D detection system for high energy X-rays (15-70µm pixel 

size).
• Heavy load 6-degree of freedom sample stage
• High power 190 keV microfocus source (alternative to the STAR HE-LINAC

beam)
• New safety system
• New data acquisition ad treatment software and hardware

STAR HE-LINAC

STAR 2: High Energy µTOMO 2 BEAMLINE



µTomo 2 targets

• Cultural Heritage studies
• Mechanics and metallurgy
• Microelectronics 
• In-situ and operando devices
• Palaeontology
• Earth science

STAR 2: High Energy µTOMO 2 BEAMLINE

STAR HE-LINAC

Ø Micromechanics
Ø Prototyping – additive manufacturing
Ø Aerospace
Ø Hydrogen-related materials

Ø Pottery
Ø Metal handicraft
Ø Jewellery
Ø Old manuscripts

Ø Power MOSFET
Ø Non destructive quality check
Ø RF integrated electronics
Ø Sensors

Ø Power generation devices
Ø Microfluidic devices
Ø Non destructive quality check
Ø Micromechanics

Ø Embedded fossils
Ø Large findings
Ø Mineralogy
Ø Petrography
Ø Stone materials
Ø Pososity



STAR 2: SOFTX - X-RAY MICROGRAPHY/SAXS BEAMLINE

NEW X-RAY MICROGRAPHY AND SAXS END-STATION

• Designed for the 17-80 keV range
• New x-ray transport system
• Fully equipped SAXS experimental beamline (with conventional source 

alternative to  STAR LE-LINAC beam)
• µgraphy and µCT station for low density materials (Polimers, Biomaterial, …)
• High power 120 keV microfocus source (alternative to the STAR LE-LINAC 

beam)
• New safety system
• New data acquisition ad treatment software and hardware



STAR 2: SOFTX - X-RAY MICROGRAPHY/SAXS BEAMLINE

X-RAY MICROGRAPHY AND SAXS TARGETS

Where molecules and their aggregates matters
• Materials science 

• production of nanoparticles
• catalysis
• separation technology

• Life sciences
• drug/DNA delivery systems
• pharmaceutical applications
• food

• Physics/chemistry
• liquid crystals
• soft matter



STAR 2: USER OFFICE

Virtual User Office 
(under construction)

• Beamtime request
• Long-term proposals
• Multi-lab access
• Fast track & preliminary tests
• Industrial and academic users
• Institutional collaboration


