
I N T R O D U C T I O N T O  L I N E A R  
P A R T I C L E A C C E L E R A T O R S

A .  G I R I B O N O ,  C .  V A C C A R E Z Z A



O U T L I N E

Introduction

Brief History 

Main Components

• Particle Sources

• RF cavities

• Beam Transport System

High Gradient path

• X-band Technology for FEL’s (Compact Light Project)

• Plasma Acceleration (EuPRAXIA@SPARC_LAB

Project)



I N T RO D U C T I O N

❑ An Accelerator system accelerates

charged particles by means of electrical

and /or magnetic fields

❑ Two basic categories are available:

❑ Linear Accelerators

❑ Circular Accelerators



L I N E A R  A C C E L E R AT O R S

In Linear Accelerators the particles

follow a straight trajectory ending

with fixed target or interaction 

points with co-propating or 

counter propagating beams, or 

coherent radiation sources like 

magnetic undulators

The longitudinal extension of a 

linear accelerator can range 

between few centimeters and 

some kilometers depending on the 

desidered final energy and the 

application



C I R C U L A R A C C E L E R AT O R S

In Circular Accelerators the 

particles follow a circular path, 

typically at very high energies and 

can circulate for very long time

The path along a circular

accelerator can be very long, up 

to tenths of kilometers, and 

particles of opposite charge travel 

in opposite directions, eventually

colliding in specific experimental

zones



L I N E A R  

A C C E L E R AT O R S  

A P P L I C AT I O N S

• Colliders and Synchrotron 

Injectors

• Free Electron Lasers

• Spallation Sources

• Medical Applications

• National Security

• Industrial Applications:

• Ion Implantation, Material 

treatment, Food Treatment

• Testing for Fusion Reactors
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Electrostatic Accelerators

• 1926 X-ray tubes: David Coolidge
achieved 900 keV electron
beam energy with three X-
ray tubes in series (Coolidge
Tube)

• 1930 Cockroft-Walton accelerators 

reached 400 kV for the first 

nuclear man induced 

transmutation: 𝑝 + Li → 2 He. 

Maximum achievable voltage

≈ 1𝑀𝑒𝑉

• 1931 Van de Graaff developed the 

electrostatic charging 

accelerator. Today the maximum  

achievable voltage is ≈ 25𝑀𝑒𝑉

B R I E F H I S TO R I C A L  O V E RV I E W
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reached 400 kV for the first 
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• 1931 Van de Graaff developed the 

electrostatic charging 

accelerator. Today the maximum  

achievable voltage is ≈ 25𝑀𝑒𝑉

Radio-Frequency Accelerators

• 1928 Based on the G. Ising idea (1924) of

particle accelerated by means of

alternating radio-frequency fields,

R.Wiederoe realised the first RF

accelerator applying a sine-wave voltage to

a series of drift tubes by means of a 1

MHz, 25-kV oscillator, producing 50-kV

potassium ions

• 1932 Lawrence’s cyclotron produced 1.25

MeV protons

• 1948 L. Alvarez–WKH. Panofsky constructed

the first 32 MV drift-tube linac for protons

• 1950-1990 Thanks to the RF technology progress

since the II World War end in producing

magnetron and klystron amplifiers up to

1 MW at 3 GHz, the Stanford Linear

Accelerator reached 1.2 GeV in early

1950 and with the 3.2 km linac project

completed in 1966, the final energy of 50

GeV was reached in 1989

B R I E F H I S TO R I C A L  O V E RV I E W



B A S I C  E Q U AT I O N S :  T H E  L O R E N T Z  F O R C E

The charged particles are accelerated by means of the Electric 
Fields and bent/focused by means of the Magnetic Fields

𝑑 Ԧ𝑝

𝑑𝑡
= 𝑞 𝐸 + Ԧ𝜐 × 𝐵

Ԧ𝑝 = 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚

Ԧ𝜐 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
𝑚 = 𝑚𝑎𝑠𝑠
𝑞 = 𝑐ℎ𝑎𝑟𝑔𝑒

Acceleration ➜ Longitudinal Beam Dynamics Bending/Focusing ➜ Transverse Beam Dynamics

[10]



1.1.1 Thermionic Gun 1.1.2 Field Emission Gun

M A I N  C O M P O N E N T S  1 . P A RT I C L E  S O U R C E

In the simplest configuration (above) the cathode of a 
hairpin W filament is electrically heated (2800K) in  
vacuum (10-3 Pa) so as to emit thermoelectrons. The 
emitted electrons are accelerated by a high voltage 
applied to the anode up to a desired energy. The 
electric current is controlled by a bias voltage applied 
to the Wehnelt electrode. 

A single crystal W tip is used as the cathode (emitter) 
of the field-emission electron gun (FEG). The strong 
electric field is generated around the emitter tip for 
the electrons in the solid to emit from the solid 
surface. The gun is operated in an ultra-high vacuum of 
10-8 Pa to avoid contamination of the tip due to residual 
gases. Since the emitter is operated at room 
temperature, this is called a cold-cathode emitter.



1.2 - Photo Guns

M A I N  C O M P O N E N T S  1 . P A RT I C L E  S O U R C E

Courtesy of D. Alesini [10]

Beam quality key Parameters:

Perveance  𝑃 =
𝐼 

𝑈𝑎
ൗ3

2
, 𝐼 is the current in A, and 𝑈𝑎 the

accelerating voltage in V

Brightness 𝐵 =
2𝐼

𝜋2𝜀2  , 𝜀 is the transverse space beam emittance



1.3 – Ion Source

M A I N  C O M P O N E N T S  1 . P A RT I C L E  S O U R C E

Courtesy of D. Alesini [10]

Basic principle
• Create a plasma 

and optimize its 
conditions 
(heating, 
confinement and 
loss mechanisms) 
to produce the 
desired ion type.

• Remove ions from 
the plasma via an 
aperture and 
strong electric 
field



Standing Wave Travelling wave

M A I N  C O M P O N E N T S  2 . R F  C AV I T I E S

The electric field travels through the cavity from the input to 
the output port. Its phase velocity is matched to the beam 
velocity, (as in presence of iris-loaded waveguide). The field 
phase is chosen to continuously accelerate the beam and the 
periodic field can be expanded in a Fourier series, with 
different wave numbers [11].

An RF cavity is a piece of conductor enclosing an empty 
volume. Solutions of Maxwell’s equations in this volume, 
taking into account the boundary conditions on the 
conductor surface, allow the existence of electromagnetic 
field configurations in the cavity, i.e. the resonant modes 
[11]:

𝐸 Ԧ𝑟, 𝑡 = ෍ 𝑒𝑛 𝑡 𝐸 Ԧ𝑟 = ෍ 𝑎𝑛 𝑡 ∙ 𝑒𝑗𝜔𝑛𝑡𝐸𝑛 Ԧ𝑟

where 𝑎𝑛 is a complex number and 𝑒𝑛 𝑡  is the 
field variation with time.

𝐸𝑧 𝑡, 𝑧 = ෍

𝑛=−∞

+∞

𝑒𝑧𝑛 ∙ exp 𝑗 ∙ 𝜔𝑡 − 𝑘𝑛𝑧

where 𝑒𝑧𝑛 are the space harmonic amplitude and 𝑘𝑛 are 

the space harmonic wave numbers: 𝑘𝑛 = 𝑘𝑜 +
2𝜋𝑛

𝑑
, being

𝑑 the cell period and 𝑘𝑜 the guide wave number



R F  C A V I T I E S  2 . 1  C H O I C E  O F  A C C E L E R A T I N G  

S T R U C T U R E

Courtesy of D. Alesini [10]



R F  C A V I T I E S  2 . 2  C H O I C E  O F  T H E  F R E Q U E N C Y

Courtesy of D. Alesini [10]



T R A N S P O RT  S Y S T E M :

B E N D I N G  M A G N E T S

C-dipole H-dipole window-frame

𝐵 𝑇 𝜌 𝑚

= 3.3357 𝑝
𝐺𝑒𝑉

𝑐



T R A N S P O R T  S Y S T E M :
Q U A D R U P O L E  A N D  S O L E N O I D   M A G N E T S

Courtesy of D. Alesini [10]



E X A M P L E S  1 :  
[ 1 2 ]

EUROPEAN XFEL



E X A M P L E S  2 :
[ 1 3 ]

SWISSFEL LINAC (PSI)



H I G H  G R A D I E N T  PAT H

X - B A N D  T E C H N O L O G Y  F O R  F E L ’ S

P L A S M A  A C C E L E R A T I O N



X - B A N D  T E C H N O LO G Y  F O R  F E L’ S

• Synchrotron Radiation (SR) is a 
fundamental and indispensable
research tool in a wide spectrum
of scientific and technological
fields. The latest generation of 
SR sources is based on Free 
Electron Lasers (FELs) driven by 
linacs.

• These facilities, with sub-
picosecond pulse-lengths and 
wavelengths down to the hard X-
ray range, feature unprecedented
performance in terms of peak
brilliance, exceeding by many
orders of magnitude that of 
third generation synchrotrons.



C O M P A C T  L I G H T  

X L S  

P R O J E C T

Courtesy of G. D’Auria

https://indico.elettra.eu/event/29/overview



G. D’Auria “The CompactLight(XLS) Project Objectives & Results”, LEDS 2023, 03–05 ott 2023, ENEA Frascati, Rome
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N E W  S U B - S Y S T E M S  D E S I G N

G. D’Auria

“The CompactLight(XLS) Project Objectives & Results”, LEDS 2023, 03–05 ott 2023, ENEA Frascati, Rome



K E Y  S U B - S Y S T E M S  

1 .



K E Y  S U B - S Y S T E M S  

2 .



P L A S M A  AC C E L E R AT I O N

L I N A C - D R I V E N  B E A M  P H Y S I C S  A T  

E U P R A X I A @ S P A R C _ L A B



A New European High-Tech User Facility

https://cerncourier.com/a/europe-targets-
a-user-facility-for-plasma-acceleration/

European Plasma Research Accelerator With Excellence In 
Applications 

a European project “which aims to develop the first dedicated research 
infrastructure based on novel plasma-acceleration concepts”

Building a facility with very high field plasma accelerators, 
driven by lasers or beams 

1 – 100 GV/m accelerating field
Shrink down the facility size

Provide a practical path to more research facilities and 
ultimately to higher beam energies for the same 

investment in terms of size and costs
Enable frontier science in new regions and parameter 

regimes 

A. Giribono – LEDS2023 Workshop - 3 Oct 2023https://www.eupraxia-facility.org/



Principle of plasma acceleration

Courtesy of BELLA

Laser Wakefield Accelerator 

(LWFA): 

Drive beam = laser beam

Plasma WakeField

Accelerator (PWFA):

Drive beam = high energy 

electron or proton beamCourtesy Sci. Am

A. Giribono – LEDS2023 Workshop - 3 Oct 2023



The Livingstone Diagram

Plasma Accelerator Achievements

• Gradients up to 100 GV/m 

• Acceleration > 10 GeV of 
electron beams

• Basic beam  quality  for FEL 
demonstrated

Updated Livingston plot for accelerators, showing the maximum reach in 
beam energy versus time. Grey bands visualize accelerator applications

The most demanding in 
terms of beam brightness, 

stability and control

A. Giribono – LEDS2023 Workshop - 3 Oct 2023



Basic beam quality achieved in pilot FEL experiments

A. Giribono – LEDS2023 Workshop - 3 Oct 2023



Headquarter and Site 1: EuPRAXIA@SPARC_LAB

Frascati`s future facility
• > 130 M€ invest funding
• Beam-driven plasma 

accelerator - PWFA
• Europe`s most compact 

and most southern FEL
• The world`s most 

compact RF accelerator 
X band with CERN

Credit: INFN and Mythos – consorzio stabile s.c.a.r.l.

A. Giribono – LEDS2023 Workshop - 3 Oct 2023



• EuPRAXIA@SPARC_LAB is a multi-GeV plasma-based accelerator with
outstanding beam quality to drive a user facility whose main
application concerns the operation of a soft X-ray FEL (3-5 nm)

• The FEL is driven by a 1 GeV high brightness electron beam, that
turns into less than 1 mm-mrad emittance and up to 2 kAmps peak
current.

• The accelerator is based on the unique combination of an advanced
high-brightness RF injector and a plasma-beam driven accelerator

• Beam dynamics in the EuPRAXIA@SPARC_LAB machine has been
studied by means of start to end simulations from the cathode
including the FEL emission

A Beam-Driven Plasma Wake-field Accelerator

RMS e- beam parameters @plasma module entrance

Single 
bunch

(WoP2)

Comb beam operation 

(WoP1)

Witness Driver

Q (pC) 200 - 500 30 -50 200 -500
E (GeV) up to 1.0 Up to 0.650 GeV

Δγ/γ (%) < 0.10
εnx,y

(mm.mrad)
< 1.0 0.5 - 1.0 2.0 -5.0

σz-rms (µm) 20 - 50 < 6 < 65
Ipeak-slice (kA) 1.0 – 2.0 > 1.5

0.5-1.0 GeV 1 – 2 GeV

𝐄𝐚𝐜𝐜 ≈ 𝟔𝟎 Τ𝐌𝐕 𝐦
L = 90 cm 

A. Giribono – LEDS2023 Workshop - 3 Oct 2023



Expected SASE FEL performances

In the energy region between Oxygen and Carbon
K-edge 2.34 nm – 4.4 nm (530 eV -280 eV) water is
almost transparent to radiation while nitrogen and
carbon are absorbing (and scattering)

Coherent Imaging of biological samples
protein clusters, VIRUSES and cells 

living in their native state 
Possibility to study dynamics
~10 11 photons/pulse needed

Electron 
Beam
Parameter

Unit PWFA Full
X-band

Electron 
Energy

GeV 1-1.2 1

Bunch
Charge

pC 30-50 200-500

Peak
Current

kA 1-2 1-2

RMS Energy 
Spread

% 0.1 0.1

RMS Bunch
Length

𝜇m 6-3 24-20

RMS norm. 
Emittance

𝜇m 1 1

Slice Energy 
Spread

% ≤0.05 ≤0.05

Slice norm
Emittance

mm-
mrad

0.5 0.5

Radiation
Parameter

Unit PWFA Full
X-band

Radiation
Wavelength

nm 3-4 4

Photons per 
Pulse

× 1012 0.1-
0.25

1

Photon
Bandwith

% 0.1 0.5

Undulator
Area Length

m 30

𝜌(1D/3D) × 10−3 2 2

Photon
Brilliance
per shot

𝑚𝑚2𝑚𝑟𝑎𝑑2

𝑏𝑤 0.1%
1−𝟐 ×

𝟏𝟎𝟐𝟖
1
× 1027

Courtesy C. Vaccarezza Courtesy F. Stellato (UniTov)A. Giribono – LEDS2023 Workshop - 3 Oct 2023



The PWFA operation: WoP1

A. Giribono – LEDS2023 Workshop - 3 Oct 2023



Funded by the 

European Unionat SPARC_LAB

The PWFA Working Point

• Beside the FEL specifications, the reference working point has been determined by the plasma module

• Accelerating gradient of the order of GV/m

• Weakly non-linear regime (bubble with resonant behaviour)

3. Driver-witness separation of around 0.5 ps ( i.e. 𝜆𝑝 /2)

4. Driver and witness bunches of 200 fs and 10 fs rms

5. Driver and witness spot size of 4 and 1 µm with α=1

1. 200-500 pC driver + 30-50 pC witness

2. plasma density of the order of 1016𝑐𝑚−3 (𝜆𝑝 = 334

𝜇𝑚)

Laser comb 

technique

ơW = 1.0 µm

ơD = 4.0 µm

@650 MeV

Velocity bunching technique

0.5 ps

4.8 ps

Strong focusing system

A. Giribono – LEDS2023 Workshop - 3 Oct 2023



The Plasma  
(Architect)

❑ Δ𝑧 = 158 μm
❑ 𝑛𝑝 = 0.9 ⋅

1016 cm−3

❑ 𝜎𝐸 = 0.06%
❑ 𝐸𝑧 = 0.9 GV/m 

(including 1 cm 
injection ramp)

❑ Slice energy spread 
virtually untouched 

❑ Slight emittance 
increase (to be 
improved with 
ramps)

❑ Accelerating length 
56 cm

@plasma entrance

Witness slice analysis @plasma exit

A. Giribono – LEDS2023 Workshop - 3 Oct 2023Courtesy S. Romeo- A. Del Dotto



The FEL
(Genesis 3D)

Electron beam energy : 1 GeV, matching at 4 nm. Top,left: growth of the radiation power along the 

undulator. Bottom, left: table with main parameters of the radiation. Right: power and spectral 

distribution of the radiation.

𝜆𝑢 = 1.8 𝑐𝑚
𝑎𝑤 = 0.64 − 0.84, 

Electron beam at undulator entrance

A. Giribono – LEDS2023 Workshop - 3 Oct 2023Courtesy V. Petrillo



EuPRAXIA@SPARC_LAB: Plasma sources

15th June 2023 TDR review committeeCourtesy of A. Biagioni 6th EuPRAXIA@SPARC_LAB TDR Review Committee 21-22November 2023

Lens ON        Acc ON  Lens ON

3 us

Acc-200A

Lens-500A

1. Integrated capillary

2. Very long capillary

3. Curved capillary for APD

Design of m-scale capillaries for EuPRAXIA project by using segmented 

capillaries: design of HV-voltage circuits and discharge synchronization   

Design of new geometries for curved channels: 
HV-circuits to allow high current pulses

Studies on cross-talk effects:

Design of electrodes and HV-circuits to 

reduce the interaction among discharges 

through plsam ramps 

https://agenda.infn.it/event/38578/


The full X-band operation: WoP2

R. Assmann - EuAPS Kickoff - 28 Feb 2023



• The beam dynamics has been studied by means of simulations with the TStep (and ASTRA) code

• The photoinjector in this case is operated in a milder velocity bunching scheme in the first S-band cavity to shorten the

RMS beam length from 270 to ≈ 110 𝜇𝑚

The Photoinjector  
(Tstep,ASTRA)

6D phase space of 200 pC electron bunch (upper plots), and 

transverse distribution and current profile (lower plots) at the 

Photoinjector exit.

@170 MeV
Without X-band structure

after the gun
With X-band structure 

after the gun

Slice analysis at the Photoinjector exit for different compression factor and introducing an 

X-band cavity after the gun

A. Giribono – LEDS2023 Workshop - 3 Oct 2023

Courtesy 
A. Giribono 
– A. Bacci



• The beam dynamics in the X-band linac has been studied by means of

Elegant simulations

– The beam length at photoinjector exit is set to avoid the energy

spread dilution due to RF curvature degradation effects in the linac

– The X-band linac is set slightly off-crest to control and recover the

correlated energy spread needed for the compression in the

magnetic chicane

– No phase space linearization is applied at this time prior the bunch

compression in the chicane since the residual curvature of the

longitudinal phase space distribution of the electron beam present

at the photo-injector exit appears negligible and is quite completely

recovered at the linac L1 exit

The X-band Linac
(Elegant)

Upper plot: Twiss parameters and dispersion function through all the Linac, 
from photo-injector exit to the undulator entrance. Lower plot: Nominal 
RMS energy spread (blue) and RMS bunch length (red) along the entire 

Linac from photo-injector exit at 171 MeV to undulator entrance at 1 GeV

Linac2 Exit Parameters

Charge (pC) 200

Spot Size           (𝜇𝑚) 20-30

Bunch length (𝜇𝑚) 16

Emittance (mm-mrad) 0.5

Energy (GeV) 1.03

Energy Spread     (%) 0.06

A. Giribono – LEDS2023 Workshop - 3 Oct 2023Courtesy C. Vaccarezza



The FEL
(Genesis 3D)

Electron beam energy : 1 GeV, matching at 4 nm. SASE radiation simulation for the 200 pC beam (WoP2): (a) power growth P(W) as function of the undulator 

coordinate z(m). (b): contour plot of the radiated power in the (s; z) plane, with s (mm ) coordinate along the electron beam, (c) power and (d) spectral density 

at z = 17 m.

𝜆𝑢 = 1.5 𝑐𝑚
𝑎𝑤 = 0.7

Parameter Unit Full X-band

Radiation 
Wavelength

nm 4

Photons per Pulse × 1012 1

Photon Bandwith % 0.5

Undulator Area 
Length

m 30

𝜌(1D/3D) × 10−3 2

Photon Brilliance
per shot

𝑠 𝑚𝑚2𝑚𝑟𝑎𝑑2

𝑏𝑤 0.1%
1 × 1027

A. Giribono – LEDS2023 Workshop - 3 Oct 2023Courtesy V. Petrillo



Conclusions and Perspectives

A. Giribono – LEDS2023 Workshop - 3 Oct 2023

➢Conclusions
• The EuPRAXIA@SPARC_LAB project aims to design and build

• world’s most compact RF accelerator→ 1 GeV X-band RF linac

• First ever FEL user facility driven by a high gradient plasma accelerator module (Europe`s most compact and
most southern FEL)

• The beam physics has been shown by means of start to end simulations (including the radiation generation)

• The studies show a relatively stable accelerator able to drive a radiation source

• The research activity performed at the SPARC_LAB test facility is crucial for the forthcoming EuPRAXIA@SPARC_LAB
project

➢Perspectives

• Further manipulation and technology is under investigation for the EuPRAXIA@SPARC_LAB facility to stabilize the e-

beam energy and enable a stable FEL emission

• Further beam phase space manipulation is under investigation for the full X-band case

• On the road for the Technical Design Report

This project has received funding from the European Union's Horizon 2020 Research and Innovation programme under grant agreement No 
777431 and No. 653782.



• Supported by PNRR funding
• Collaboration among INFN, CNR, University of Tor Vergata
• EuPRAXIA → laser-driven betatron radiation source @SPARC_LAB

→ development of high power (up to 1 PW  at LNS) and
high repetition rate (up to 100 Hz at CNR Pisa) laser

→ pre-cursor for user-facility

Electron beam Energy [MeV] 50-800

Plasma Density [cm-3] 1017 - 1019

Photon Critical Energy [keV] 1 - 10

Nuber of Photons/pulse 106 – 109

1) Ultrafast - laser pulse duration tens of fs useful for time 
resolved experiments (XFEL tens of fs, synchrotron tens to 
100 ps).

2) Broad energy spectrum - important for X-ray spectroscopy.
3) High brightness - small source size and high photon flux for 

fast processes
4) Large market - 50 synchrotron light sources worldwide, 6 

hard XFEL’s and 3 soft-ray ones  (many accelerators 
operational and some under construction).

EuPRAXIA Advanced Photon Sources (EuAPS)

Next Step: ‘plasma-based compact undulators’

‘EuPRAXIA Advanced Photon Sources PNRR_EuAPS Project’, M. Ferrario et al. INFN-23-12-LNF (2023) 



Thank for your attention
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