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• RF Injectors as Drivers of Radiation Sources and High Gradient Accelerators

• Normal conducting, high repetition rate C-band injectors for high brightness beam applications

• Applications

• ICS X-ray source - BoCXS 

• X-ray FEL - EuRIZON/CremlinPlus 

• PWFA stage - EuPRAXIA 

• Summary
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RF Injectors as Drivers of Radiation Sources and High Gradient 

Accelerators

…

Acceptance Angle

ICS X-ray source - BoCXS

high phase space density, high charge, 

low emittance intended as projected 

quantities. 

Low energy spread → high spectral 

density and/or monochromaticity 

X-ray FEL - 

EuRIZON/CremlinPlus 

high intensity phase space → high peak 

current, low emittance and energy spread 

intended as slice quantities

PWFA stage - EuPRAXIA 

longitudinal and transverse 

dimensions in the micrometer range 

→ high intensity phase space 

intended as rms quantities

𝛽𝑥 =
2 𝛾

𝑘𝑝
𝑘𝑝σ𝑧 = 2

Brightness as beam quality factor
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[1] O. Adriani et al.‘Technical Design Report EuroGammaS proposal for the ELI-NP Gamma beam System’ (2014) Editor L. Serafini - https://arxiv.org/abs/1407.3669

[2] Assmann, R.W., Weikum, M.K., Akhter, T. et al. EuPRAXIA Conceptual Design Report. Eur. Phys. J. Spec. Top. (2020). https://doi.org/10.1140/epjst/e2020-000127-8

[3] D. Alesini et al. ‘EuPRAXIA@SPARC_LAB CDR’ – Editor M. Ferrario, Report number: INFN-18-03/LNF (2018)
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Normal conducting, high repetition rate C-band injectors

 for high brightness beam applications

• The aim is to enable higher repetition rate operation and beam performances with respect to the state of the art

→ vantage: compactness, beam brightness and flux

• The C-band technology represents a good compromise between the S and X-band ones

• Reduced injector footprint by increasing high-quality high-brightness beams and source flux

✓ it still allows for exploring a wide range in terms of beam charge and length

✓ Higher achievable cathode, and cavity peak field as high as 160-180 MV/m and 40 MV/m → higher beam brightness

✓ it allows for a more compact beamline compared to S-band solution

✓ Higher efficiency, so it enables high repetition rate operation with higher field compered to S-band solution 

→ up to 160 MV/m peak field on cathode in the gun (@400Hz)

→15 MV/m average field in TW sections (@400Hz)
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The C-band RF photoinjector

• The C-band photoinjector has been designed in the 
framework of the XLS, IFAST and EuPRAXIa 
collaboration. 

• It enables the production of electron beams with 
brightness of the order of 103 TAm2 that turns in 
transverse emittance lower than 1 mm-mrad and 
final kA peak current

[4] Compact-Light  Design Study (G. D’Auria et al, doi:10.18429/JACoW-IPAC2019-TUPRB032)

[5]  Giribono et al. - Dynamics studies of high brightness electron beams in a normal conducting, high repetition rate C-band injector, PRAB 26, 083402 (2023)

[13]

XLS

[4,5] 
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Beam dynamics studies

• The beam dynamics has been studied to generate 
beams with variable charge and length with 
lowest emittance as possible

• Both velocity bunching (VB) and on-crest 
operation have been evaluated

Suitable to avoid distortions of 
the longitudinal phase space in a 
downstream X or C-band booster 

linac, respectively. 
very close to the 

SwissFEL facility 

driver of a 

PWFA

100 µm280 µm 50 µm

7

[5] 
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The 2.6 cell C-band gun

8

• The gun is a 2.6-cell standing wave (SW) structure operating with a peak field (Ecath) at the cathode of 160 - 180 MV/m. 

• A four-port mode launcher with an on-axis coupling has been adopted to reduce the pulsed heating on the coupler and to perfectly 
compensate the dipole and quadrupole field components

• The insertion of the mode launcher has opened to an increased flexibility in positioning the input waveguide relative to the gun body 
that results in a more powerful cooling capability of the accelerating cells especially useful in the high repetition rate operation (1 kHz)

Courtesy of D. Alesini et al.4-port mode 

launcher

Solenoid as 

close as 

possible to 

the cathode 

but zero tails 

at the 

cathode

[6] D. Alesini et al., Design, realization and high power RF test of the new brazed free C band photo-gun, Proc. IPAC'24, 2024

[6] 

A .  G I R I B O N O L E D S 2 0 2 4  B E R N ,  1 7  S E T T E M B R E  2 0 2 4



TW accelerating structures
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• The C-band traveling wave module is made up of four 2 m long traveling wave accelerating structures fed by one 
klystron and one pulse compressor

D. Alesini et al,0.1103/PhysRevAccelBeams.23.042001

ELI-NP dumped cells for multi-bunch operation (100 Hz) Compact Light TW cells for high rep rate 

(100 -400 Hz)  
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Solenoids

10

Courtesy of A. Vannozzi et al.

• Axial symmetric 2D simulations have been performed with Poisson Superfish

• Solenoids specifications in terms of focal length and peak field are defined by the WP definition → Invariant Envelope 
with and without RF compression [7.8.9]

  Gun solenoid           TW acc. Solenoid

        The gun solenoid is a 12 cm long device consisting in a single 

 coil with bore radius of 3 cm                 

           

[7] B. E. Carlsten, NIM A 285, 311-319 (1989) 

[8] L. Serafini, J. B. Rosenzweig, Phys. Rev. E 55, 75657590 (1997) 

[9] L. Serafini and M. Ferrario, ‘Velocity bunching in photoinjectors’ AIP Conf. Proc., vol. 581, no. 1, pp. 87–106, 2001. doi:10.1063/1.1401564

L. 
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EuPRAXIA@SPARC_LAB – the C-band proposal

• EuPRAXIA@SPARC_LAB aims to a build the first 
ever plasma-based FEL user facility within the 
PWFA technique 

• The main working point foresees an FEL emission 
at 4 nm with flux of ≈1012 ph/pulse

• The PWFA scheme relies on train of femto-second 
long bunches for FEL radiation

• 200-400 pC driver and 30-50 pC witness 
separated by less than 1 ps

• Generated through the RF compression 
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8 m

Velocity bunching

Emittance compensation solenoids

0,6 m 0,6 m 0,6 m1,7 m
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Courtesy Sci. Am

Courtesy of G.J. Silvi et al.

[10] G.J. Silvi et al. "Beam dynamics optimization of EuPRAXIA@SPARC_LAB

RF injector" J.Phys.Conf.Ser. 2687 (2024) 6, 06202
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Beam dynamics simulations

Gilles Jacopo Silvi, EuPRAXIA_ PP Annual Meeting 2024
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Injector exit parameters Witness / Driver

Emittance (mm-mrad) 0,6 / 2 

Energy (MeV) 136 / 138

Energy spread (KeV) 3,5 / 5,8 

Bunch separation (ps) 0,45 

Bunch length (um) 3,2 / 70 

Witness Driver

30 pC 200 pC

0,2 mm rms 0,32 mm rms

100 fs 100 fs

11,5 ps (driver delay)

Driver
Witness
Driver
Witness
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[11] A. Giribono et al. EuPRAXIA@SPARC_LAB: The high-

brightness RF photo-injector layout proposal, NIMA (2018)
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Stability improvement with a Ka-band linearizer 

Gilles Jacopo Silvi, EuPRAXIA_ PP Annual Meeting 2024

Ka-band Injector exit parameters Witness / Driver

Emittance (mm-mrad) 0,48 / 2,46 

Energy (MeV) 136 / 138

Energy spread (KeV) 4,6 / 4,8 

Bunch separation (ps) 0,5

Bunch length (um) 3,7 / 56 

8 m

SW Ka-band 

Resonant Frequency 36 GHz

E acc 10 MV/m

Number of cells 19 

Length 8 cm

Radius 3,5 mm

Driver
Witness

W/ Ka-band
W/o Ka-bank

Witness Driver

W/ Ka-band
W/o Ka-bank

W/ Ka-band
W/o Ka-bank Witness peak current

I s
lic

e
 (

A
)

Z (μm)

[12] M. Behtouei et al. ‘A SW 

Ka-Band linearizer structure 

with minimum surface electric 

field for the compact light XLS 

project, NIMA vol 894 (2020) 

https://doi.org/10.1016/j.nima.2

020.164653



EuRIZON – C-band linac for FEL emission

C-band C-band X-band C-band 

Laser 

Heater 

e-

beam

Bunch 

Compressor 

R56 = -55 mm

θ = 3.8°

Bunch 

Compressor

R56 = -24 mm

θ = 2.4°

C-band photo-

injector [5]

0.12 GeV

650 µm

0.3 GeV

2.0 GeV

130 µm 6.0 GeV

3-4 µmL = 350 m Elegant code

two 90 cm long acc. 

structures as longitudinal 

phase space  linearizer

• One of the Eurizon project goal is the definition of a 6 GeV injector 

useful for high brightness soft Free Electron Laser with emission of 

radiation at 4 nm and high brilliance

• Beam dynamics simulations have been performed for a 250 pC electron 

beam from the cathode up to the FEL entrance 
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The booster linac design started from the Swiss FEL CDR [12,13]

[13] https://www.psi.ch/sites/default/files/import/swissfel_old/CurrentSwissFELPublicationsEN/SwissFEL_CDR_V20_23.04.12_small.pdf

[14] Eurizon Milestone D4.20 and D4.19 -  https://www.eurizon-project.eu/
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Beam Dynamics Studies – Eurizon WP
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o The beam dynamics has been studied by means of simulations with the ASTRA code 

o A 250 pC beam is used as reference working point

• The beam distribution at the cathode has been chosen looking at the beam quality at the photoinjector exit

• Flat-top 8.5 ps fwhm 

• Transverse uniform profile with 170 µm rms beam size

• The photoinjector is sets on-crest to obtain as much as possible low transverse emittance @ph.exit in 

accordance with the invariant envelope condition [7.8]
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Parameters

@ph. exit

Sim. 

results
units

Q 250 pC

E 122 MeV

𝝈𝑬/𝑬 0.34 %

𝜖𝑛,𝑟𝑚𝑠 0.28 𝜇m

𝝈𝒛 670 𝜇m

𝑰𝒑𝒆𝒂𝒌 35 𝐴



EuRIZON – the transverse phase space in the linac

16

Twiss function along the C-band booster linac σx,y= 26x12 µm 

ϵnx= 0.62 mm-mrad

ϵny= 0.26 mm-mrad

the Linac section entrance to 

transport it through the linac 

(FODO like)

the LH, BC1 and BC2 entrance 

(no emittance dilution)

simple matching has been adopted to proper match the 

beam at 
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EuRIZON – the longitudinal phase space and the micro-bunching

• The beam is boosted in energy and longitudinally compressed to obtain a 5kA peak current, less than 0.6 mm-mrad slice 

emittance and less than 2 MeV slice energy spread (<0.04%)

Slice analyses at the photoinjector (left) and booster linac (right LH on) 

exit

LPS analyses at 6 GeV with the laser heater switched off (up) 

and on (down)
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Courtesy of G. Campri
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[15] A. Bazzani et al. ‘BoCXS: A compact multidisciplinary 

X-ray source’ Physics Open Volume 5, 100036

(2020) https://doi.org/10.1016/j.physo.2020.100036

https://www.sciencedirect.com/journal/physics-open
https://www.sciencedirect.com/journal/physics-open/vol/5/suppl/C
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The RF photoinjector The transfer line

BoCXS: beam dynamics studies

@IP
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BoCXS ICS X-ray source
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• The design of a normal conducting – high repetition rate full C-band photoinjectors has been shown

• It is suitable for driving several applications as

• Plasma or higher harmonic accelerating cavities

• Radiation sources

• Other applications which require for high flux and/or high quality electron beams

• In the next future:

• Further studies will be performed in the next future to evaluate longitudinal instabilities that could arise mainly 

related to RF compression which can provide hundreds of fs long beams for relative high charge ( nC range) and the 

machine sensitivity (already addressed for the EuPRAXIA case)

• The C-band gun is under testing at PSI and will be mounted at the TEX facility at INFN-LNF 

• EuPRAXIA 

• Medical applications (LATINO)

• Special acknowledgment to D. Alesini, G. Campri, S. Di Mitri, G. J. Silvi, C. Vaccarezza, the BoCXs, EuRIZON, XLS, IFAST and 

EuPRAXIA collaborations for materials and fruitful discussions

21

Summary
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T H A N K  Y O U  F O R  Y O U R  AT T E N T I O N
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25Anna Giribono Eurizon 2020+ workshop: FEL linac driver and FEL physics applications - 23 Jan 2024 – European XFEL

T R A N S V E R S E  B E A M  E M I T T A N C E

• In the photoinjector the electron beam is emitted from the cathode surface, illuminated by a laser pulse, when the applied 

RF accelerating field overcomes the electric field produced by the electron bunch itself—image and space charge fields. 

• The properties of the photoelectrons arising from the cathode determine the beam intrinsic emittance that represents the 

lowest beam emittance value one can expect at the photoinjector exit

• Once emitted, the electrons beam experiences external and internal forces that degrade the beam quality as

• strong self-fields → space charge emittance oscillations

• fields in the accelerating cavities → emittance oscillations 

• fields of the transport optics → chromatic and geometric aberrations

Cathode

material

ERF
peak[MV/

m]

𝝈𝒓𝒎𝒔 [mm

]

𝜀𝑛,𝑖𝑛𝑡 [

𝜇m]

QE

Cu 240 0.17 0.12 10-5-10-4

Courtesy of J. 
Scifo

Athens XLS 
meeting

full width of the 

emitted electron 

energy spectrum
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B E A M  E M I T T A N C E  C O M P E N S A T I O N

• It is possible to restore the initial transverse emittance value by 

• properly setting the magnetic field of the solenoid surrounding the gun to 

counteract the beam internal space charge forces and the external rf kick

• pushing quickly the beam up to relativistic energy to freeze the beam 

transverse emittance

• Applying the invariant envelope theory: if a downstream booster 

section follows the gun, it is recommended to place it where the beam 

emittance exhibits its maximum and to set the gun solenoid so to let the 

emittance oscillations damp down to the intrinsic value; that way the 

beam is quickly pushed up to relativistic energy and the emittance 

oscillation can be frozen and its minimum at the exit of the accelerating 

section

• The laser pulse setup determines the emittance quality

• pancake beams → very short beams, higher transverse emittance

• cigar beams    → pulse length in the mm range so to reduce the 

emittance degradation due to the transverse space charge forces before 

the beam becomes ultrarelativistic. This set point allows for an electron 

beam with sub mm mrad transverse emittance

Envelope equation:

𝜎′′ +
𝛾′

𝛾
𝜎′ +

𝑘

𝛾

2

𝜎 =
𝐼

2𝐼𝐴𝛾3𝜎
+

𝜀𝑛
2

𝛾2𝜎3

Invariant envelope criteria:

• laminar envelope waist (𝜎′ = 0)

• 𝜎 matched to the accelerating and 

focusing gradients to stay close to an 

equilibrium mode

𝜎 =
1

𝑘

𝐼0
4𝛾0𝐼𝐴

1 + 1 + 4
𝜀𝑛𝛾0𝑘𝐼𝐴

𝐼0

2

Space charge defocusing is 

primarily a non-relativistic effect 

and decreases as γ−2



• 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 'WP1-Accelerator Physics' focuses 

• on the accelerator and user transfer line design and definition of 
the accelerator working points 

• beam dynamics studies of the design working point and 
investigation of the stability and reliability of the accelerator by 
means

• The results are reported in the Conceptual Design Reports of 
EuPRAXIA and EuPRAXIA@SPARC_LAB, in numerous publications 
and will be object of the Technical Design Report of the machine
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Design 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 

EuPRAXIA@SPARC_LAB

Diagnostic 
and dump
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E X P E C T E D  S A S E  F E L  P E R F O R M A N C E S

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)



Beam dynamics in a linear accelerator for PWFA  

• Beside the FEL specifications, the working point is determined by the plasma module

• Accelerating gradient of the order of GV/m

• Weakly non-linear regime (bubble with resonant behaviour) 
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3. Driver-witness separation of  𝜆𝑝 /2 

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

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

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

2. plasma density of the order of 1016 𝑐𝑚−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



Beam dynamics studies for the design of the EuPRAXIA@SPARC_LAB
accelerator: the photo-injector

• The beam dynamics has been studied by means of simulations with the TStep

• The witness and driver distribution on the cathode has been chosen looking 
at the witness quality that depends on the density of the beams at the 
overlapping point [7]

• Double-VB is applied in the first and second S-band acc. structures → this 
scheme ensures at same time up to 2 kA peak current and separation lower 
than 0.6 ps [6,11]

[6] A. Giribono et al, Electron beam analysis and 
sensitivity studies for the EuPRAXIA@SPARC_LAB RF 
injector, J.Phys.Conf.Ser. 2687 (2024) 3,  
[11] G.J. Silvi et al. "Beam dynamics optimization of 
Eu-PRAXIA@SPARC_LAB RF injector" J.Phys.Conf.Ser. 
2687 (2024) 6, 062024

[7] A. Giribono et al. EuPRAXIA@SPARC_LAB: The high-
brightness RF photo-injector layout proposal, 
https://doi.org/10.1016/j.nima.2018.03.0R O M A ,  1 3  M A G G I O  2 0 2 4 30

https://doi.org/10.1016/j.nima.2018.03.0
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• In the worst-case scenario the emittance and the peak current are 

ruined of maximum 10% (still in specification)

• The most critical parameter is the witness-driver separation 

→ 4.5 fs rms  Energy shot to shot deviation of 1 % 

Energy gain and energy spread at plasma exit vs 

driver-witness time distance as result of S2E sim 

with Architect

Results of S2E simulations with TStep and elegant codes @plasma 

entrance. The magenta is related to the refence WP

Considering state of the art technology:

❑ Jitter on S/X-band:  phase  : 0.01 ps rms 

            voltage: 0.02% rms

❑ Jitter on laser:         TOA     : 0.01 ps rms 

            charge : ± 2 %

    Laser Spot size: ± 1%

Beam dynamics studies for the design of the EuPRAXIA@SPARC_LAB
accelerator: the machine stability
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• X-band accelerating structure right after the RF gun

• Sensitivity jitter study for all RF injector components in 

parallel with the generation of the cathode beam parameters. 

Total 

Charge

Spot Size Time of 

arrival

RF phases Voltage 

2% of the 

total

1% of the 

total

30 fs RMS 30 fs RMS 0.2% of the 

total

Beam 

parameters

w/ X-band all 

jitter

w/ X-band RF 

jitter

w/o X-band  

all jitter

ε 

(mm-mrad)

0.672 ± 0.031 0.676 ± 0.013 0.5710 ± 0.091

peak 

current (A)

1733 ± 230 1728± 56 1923 ± 173

<centroid 

distance> (ps)

0.5337 ± 

0.0117

0.5462 ± 

0.0048

0.5011 ± 

0.0115

Courtesy of L. Faillace

Courtesy of G. Silvi
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BD studies: high repetition rate case (conservative)

z0 ~ 150 cm from cathode

Parameters

before BC1

Sim. 

results
Target units

Q 75 pC

Rep. rate 1000 Hz

E 126 125 MeV

𝝈𝑬/𝑬 0.11 0.5 %

𝝐𝐧,𝒓𝒎𝒔 0.12 0.15 𝛍m

𝝈𝒛 380 380 𝜇m

𝑰𝒑𝒆𝒂𝒌 20 20 𝐴
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T H E  B O O S T E R  L I N A C

• The booster linac design started from the Swiss FEL CDR

[8] https://www.psi.ch/sites/default/files/import/swissfel_old/CurrentSwissFELPublicationsEN/SwissFEL_CDR_V20_23.04.12_small.pdf
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B E A M  D Y N A M I C S  I N  T H E  E U R I Z O N  B O O S T E R  L I N A C

• The booster linac has been simulated with the Elegant code considering 

longitudinal space charge, CSR and wakefields

• It is operated off-crest to

• Set the desired energy spread at chicane entrance

• Minimize of the final beam energy spread

• A certain number of matching quadruples and steering have been used to 

carry the beam at the FEL entrance and to proper match the beam at the 

LH, BC1 and BC2 entrance (no emittance dilution)

C-band C-band X-band C-band 

Laser 

Heater 

e-

beam

Bunch 

Compressor 

R56 = -55 mm

θ = 3.8°

Bunch 

Compressor

R56 = -24 mm

θ = 2.4°

0.3 GeV

two 90 cm long acc. 

Structures as longitudinal 

phase space  linearizer

2.0 GeV

130 µm 6.0 GeV

3-4 µmL = 350 m

[2] 

Elegant code

0.12 GeV

650 µm
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B E A M  D Y N A M I C S  I N  T H E  E U R I Z O N  B O O S T E R  L I N A C

A simple matching has been adopted 

to proper match the beam at 

the LH, BC1 and BC2 entrance (no emittance dilution)

the Linac section entrance to 

transport it through the linac

LH
BC1

BC2
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