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Introduction to EuPRAXIA
 The EuPRAXIA project (European Plasma Research 

Accelerator with eXcellence in Applications) was 
funded under the EU Horizon 2020 program and 
culminated at the end of 2019 with the publication of 
the worldwide first Conceptual Design Report for a 
plasma accelerator facility. EuPRAXIA was then 
included in 2021 in the European Strategy Forum on 
Research Infrastructures (ESFRI) Roadmap, which 
identifies those research facilities satisfying the long-
term needs of the European research communities

 For the Design Study 3 M€ of funding have been 
awarded to 16 laboratories and universities from 5 EU 
member states within the European Union’s Horizon 
2020 program. They were joined by 25 associated 
partners (as of December 2018) that made additional 
in-kind commitments

 The goal of this ambitious project was to produce a Conceptual Design 
Report for the worldwide first high energy plasma-based compact 
accelerator (from 1 to 100 GV/m gradient) that can provide industrial 
beam quality and user areas
(see more at https://www.eupraxia-project.eu/)

https://www.eupraxia-project.eu/


Introduction to EuPRAXIA



X-band activities at LNF – EuPRAXIA@SPARC_LAB
 LNF has been chosen as project headquarter and as particle driven (PWFA) site (>130 M€ funding)

 The project EuPRAXIA@SPARC_LAB aims at realizing a FEL radiation source (λ_FEL=4 nm) based on RF linear 
accelerator combined with a plasma module [1,2] 

 We are currently in a preparatory phase of the TDR for this machine

 The executive project of the new building hosting the facility has been recently approved by the ministry

[1] Ferrario et al., NIM A 909, (2018) pp.134-138
[2] D. Alesini et al., "EuPRAXIA@SPARC_LAB Conceptual Design Report", INFN-18-03/LNF

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



X-band activities at LNF – EuPRAXIA laser driven candidates



X-band activities at LNF – EuPRAXIA@SPARC_LAB

 The RF baseline of the linac is the X-band technology, it will be used to produce high brightness electron beams up to 1 GeV

 The beam will be either injected in the FEL undulators or used to drive a plasma cell to further boost the energy before the 
undulators

 S-band (2.856 GHz) injector composed by a photocathode RF Gun and 1x 3m TW S-band and 3x 2m TW S-band structures

 X-band (11.994 GHz) booster composed by 16x TW, 0.9 m accelerating structures with a nominal gradient of 60 MV/m

Overview of the RF LINAC

S-band power 
stations

X-band 
power 
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X band 
modules



X-band activities at LNF – EuPRAXIA@SPARC_LAB

6 m

2.3 m

25 MW

» 1x BOC on one line

» Higher flexibility

» Lower Modulator power requirements

» Possible high rep. rate upgrade of the linac (400 Hz)

CANON - BASELINE

Pulsed Modulator + Canon E37119

» 2x BOC on one line

» Less flexibility

» Different LE and HE module layout

» Lower power plants number

CPI – OPTION (HIGH EFFICIENCY)

6 m

50 MW

4.8 m

Pulsed Modulator + CPI VKX8311HE

RF accelerating module options

Curtesy of F. Cardelli



X-band activities at LNF – EuPRAXIA@SPARC_LAB

Solid State Modulator Scandinova k400       

Currently we have a klystron test stand based on CPI VKX8311 tube 

Two other klystrons will be tested in the next future:

 CANON E37119
Low modulator peak power requirement
Very high repetition rate achievable (appealing for a future 
upgrade of the machine)
8x power sources for the Linac booster

 CPI High efficiency VKX8311HE (developed  in collaboration 
with CERN). 
High efficiency 
Increased klystron lifetime
4x power sources for the Linac booster
Still to be demonstrated, a prototype is being developed

Status:

 Test station based on the VKX8311A klystron already 
commissioned and in operation at TEX facility

 CANON E37119 klystron with modulator is in procurement phase
(expected delivery 03/2024)

 CPI VKX8311HE is in procurement phase (expected delivery 
01/2025)

Parameter Unit Canon 
E37119

CPI 
VKX8311HE

CPI 
VKX8311

Frequency MHz 11994
Vk beam voltage kV 318 415 430
Ik cathode current A 197 201 330
Peak drive power W 500
Peak RF output Power MW 25 50 50
Average RF output 
power kW 15 7,5 7,5
Modulator Average
power kW 75,2 25 43
RF pulse length us 1,5
Repetition Rate Hz 400 100 100
Gain dB 47 50 47
Efficiency % 40 55 40

New klystrons test

CPI Klystron VKX-8311A

Curtesy of F. Cardelli



X-band activities at LNF – EuPRAXIA@SPARC_LAB
BOC 

(PSI design or INFN brazing 
free)

Hybrid
(CERN design)

X band 
structures

(INFN design)

DC
(CERN design)

Mode converter
(INFN-SLAC design)

Spiral RF LOADS
(CERN Design)

Transport line: 
Circular waveguide

Accelerating 
module

25 MW 
1.5 us
100 Hz

140-70 MW
130 ns
100 Hz

6 m

2.3 m

Current Baseline for the single X-band RF Module 

Pumping units 
circular waveguide

Pumping units 
(CERN design)

NEXTORR Pumps 
(SAES) Curtesy of F. Cardelli



X-band activities at LNF – Waveguide components design

Currently, realization is by additive manufacturing. 
We are developing a design that can be implemented 
by milling:
• Motivation: the aim is to allow other companies 

to be able to realize this type of load even 
without the use of additive manufacturing

• The idea is to replace the vacuum pumping holes 
by «cutting» the entire load transversely leaving 
a 1 mm thick gap along the entire length of the 
waveguide.

• To do this, the thickness of the waveguide walls 
has been increased

Circular/rectangular mode converter[3] and pumping port Spiral load 3D printed[4] and milled

[3] S. Tantawi, et all. (2000). Reviews of Modern Physics – doi: 10.1103/PhysRevSTAB.3.082001
[4] N. Catalan-Lasheras, et al., 9th Int. Particle Accelerator Conf. (IPAC18), Vancouver, BC, Canada, May 2018, paper WEPMF074. Curtesy of F. Cardelli



X-band activities at LNF – Waveguide components design
Brazing free BOC type pulse compressor

Pulse Compressor Parameter

Type Barrel Open Cavity

Frequency 11.994 GHz

Resonant Mode TM16,1,1

Diameter 171 mm

Q0 150000

Coupling factor β 7.8

Special gasket

 We are developing a new design 
for X-band BOC that implements 
the INFN-LNF brazing-free 
technology

 The brazing free or “clamping” 
technology is based on the use of 
special RF/vacuum gaskets 

 The choice of the mode to increase 
the Q0 keeping the size of the BOC 
reasonable. Higher order modes 
can be also considered to increase 
the Q-factor

 To allow the use of the gaskets it 
was necessary to introduce a gap 
on the edge of the circular 
waveguide, and a new input 
splitter design

 EM and mechanical design are 
being carried out in parallel

Curtesy of F. Cardelli



X-band activities at LNF – Accelerating structure design

 E.m. design: done

 Thermo-mechanical analysis: done

 Mechanical design: done

 Vacuum calculations: done

 Dark current simulations: done

 Waveguide distribution simulation 
with attenuation calculations: 
done

PARAMETER
Value

Quasi CG CI

Frequency [GHz] 11.9942
Average acc. gradient [MV/m] 60
Structures per module 2
Iris radius a [mm] 3.85-3.15 3.5
Tapering angle [deg] 0.04 0
Struct. length Ls act. Length (flange-to-flange) [m] 0.94 (1.05)
No. of cells 112
Shunt impedance R [MΩ/m] 93-107 100

Effective shunt Imp. Rsh_eff [MΩ/m] 350 347
Peak input power per structure [MW] 70
Input power averaged over the pulse [MW] 51
Average dissipated power [kW] 1
Pout/Pin [%] 25
Filling time [ns] 130
Peak Modified Poynting Vector [W/µm2] 3.6 4.3
Peak surface electric field [MV/m] 160 190
Unloaded SLED/BOC Q-factor Q0 150000
External SLED/BOC Q-factor QE 21000 21000
Required Kly power per module [MW] 20 
RF pulse [µs] 1.5
Rep. Rate [Hz] 100



X-band activities at LNF – Accelerating structure prototyping
1. Pre-prototypes on few cells and simplified couplers to 

optimize the brazing procedure (brazing time, type of 
alloy, temperature…), cells assembly, alignment etc: 
done

2. Full scale mechanical prototype: to test the overall 
brazing process of the full structure and the cell-to-cell 
alignment before and after brazing: done

3. 20+2 cells RF prototype for high power test w/o 
tuning, constant impedance: realized, low power 
measurements ongoing.

4. Final full scale structure prototype constant 
impedance: order to be assigned. 



X-band activities at LNF – Mechanical prototype assembly and 
characterization

Assembly procedure and dimensional characterization 

Complete structure
(straightness ±15 µm before brazing, 
±30 µm acceptable by BD simulations)



X-band activities at LNF – Mechanical prototype brazing
Brazing took place at LNF in the new vacuum furnace (Ø 400 mm, L = 1300 mm) acquired with a regional project LATINO

Results:

 Straightness ±15 µm after brazing (±30 µm required by BD)

 Vacuum test OK (except one coupler for a miss-positioning of the brazing alloy)

Next steps: 

 22 cells RF prototype for high power test (w/o tuning, constant impedance): currently ongoing

 FINAL structure: expected by December 2023 

Prototype during leak test at LNF

Brazing alloy distribution check with 
cut structure



X-band activities at LNF – TEX facility
 The TEst-stand for X-band (TEX) facility at LNF is conceived for R&D and test on high 

gradient X-band accelerating structures, RF components, LLRF systems, beam diagnostics, 
vacuum system and control system in view of the EuPRAXIA@SPARC_LAB project

 It has been co-funded by Lazio regional government in the framework of the LATINO 
project (Laboratory in Advanced Technologies for INnOvation). The setup has been done in 
collaboration with CERN and it will be also used to test CLIC structures

 An entire building has been completely refurbished in order to host this new facility, with 
the construction of a new concrete bunker, control room, 3 laboratories and one meeting 
room

Concrete Bunker

Control Room LLRF system RF Source (Scandinova K400 + CPI klystron VKX-8311A



X-band activities at LNF – TEX facility timeline

Parameter Value

Cathode peak voltage 427 kV

Peak RF output power 50 MW

Pulse length 250 ns (1.5 us)

Repetition Rate 50 Hz

Measured RF output amplitude stability < 0.09 %

Measured RF output phase stability 20.9 fs

 The civil engineering works in the building have been completed in August 2021

 The installation and commissioning of the modulator and klystron has been completed in February 
2022 [5]. At the same time LLRF system [6-7], EPICS control system have been commissioned 

 The complete waveguide network has been procured and installed (terminated on two spiral RF loads)

 A BOC pulse compressor will be integrated in the layout in the next future, in order to increase the 
available RF power 

 The authorization from radioprotection authority required many months but from December 2022 we 
are in operation!

[5] F. Cardelli et al., 13th Int. Particle Accelerator Conf. IPAC22, Bangkok, Thailand, Jun. 2022, paper TUPOPT061
[6] L. Piersanti et al., 12th Int. Particle Accelerator Conf. IPAC21, Campinas, Brazil, May 2021, paper WEPAB301
[7] L. Piersanti et al., 13th Int. Particle Accelerator Conf. IPAC22, Bangkok, Thailand, June 2022, paper TUPOST015



X-band activities at LNF – TEX LLRF system
 Given project very short deadline and the test facility nature of TEX, a commercial S-band LLRF system (ITech)                

has been adapted to work at 11.994 GHz developing at LNF:

 up/down converter (8 up to 12 channels front-end, 1 ch. back-end)

 reference generation and distribution system -> coherent source for S-band (2.856 GHz) and X-band (11.994 GHz)

 custom cavity band-pass filters (9.138 GHz and 11.994 GHz) for reference and VM output filtering after up-conversion

R&S SMA100B

REF distribution

REF 571.15 MHz

Libera LLRF

REF 2855.8 MHz

VM-OUT 2855.8 MHz

REF 9138.4 MHz

VM-OUT 11994.1 MHz

RF-IN 11994.1 MHz

RF-IN 2855.8 MHz

UP/DOWN 
converter

LLRF system

Klystron area
TEX bunker

Control room

Libera LLRFU/D converterREF distribution

Custom cavity filter



X-band activities at LNF – TEX LLRF system commissioning

System open points:

• U/D stage high conversion loss (≅14 dB) 
limits dynamic range of the LLRF front-end 

• 119 MHz ADC sampling rate might be a 
limitation for the operation with short 
pulses (100-200 ns)

• Front-end BW 5 MHz, Back-end BW 16 MHz 
possible bottlenecks for fast and complex
modulations

• Comprehensive measurement campaign
scheduled for system full characterization

System performance

• During the modulator SAT the whole LLRF 
system has been successfully commissioned

• Measurements done with 300 ns pulses at 20 
MW showed an amplitude and phase stability
of the klystron FWD power of 0.04 % and 
20.7 fs respectively

Demodulated RF pulse from Libera LLRF

RF stability first meas. (300 ns pulses at 50 Hz)

Signal Meas. ampl. 
jitter (%)

Meas. phase
added jitter (deg)

VM output S-band 0.014 0.013

VM output X-band 0.016 0.014

KLY FWD X-band 0.04 0.089 (20.7 fs)

LLRF rack installed



X-band activities at LNF – TEX WG conditioning
 A conditioning run of the waveguide distribution line terminated on two 3D printed 

Titanium spiral loads has been completed in February 2022

 A final peak power of 42 MW with 250 ns pulse length at 50 Hz has been reached in 
3 weeks. The test has been interrupted to perform some civil engineering works in 
the building

 The FWD Klystron power has been gradually increased with an automatic conditioning 
routine integrated in the control and machine protection system [6]
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[6] S. Pioli, et al., 13th Int. Particle Accelerator Conf. (IPAC22), Bangkok, Thailand, June 2022, paper MOPOMS047.



X-band activities at LNF – TEX automatic conditioning algorithm

 All the conditioning procedure is completely automatic by means of an integrated algorithm in the middle-layer of the 
control system. Such tool is mainly capable of:

 Increase the RF feedback set level following a sigmoid curve

 Detect generic modulator interlocks

 Handle breakdown events from:

 Modulator RF digitizer;

 LLRF;

 Vacuum gauges;

 ML-based vacuum anomaly detection;

 ML-based breakdown real-time detection from RF signals

 Handle average vacuum level rising trends

 After a breakdown, seps down RF power and waits until vacuum recovery before switching RF back on

 Identify and handle breakdown clusters 



X-band activities at LNF – TEX
 In April 2023 we installed inside the bunker a CERN accelerating section of the T24 CLIC type. The complete setup has been 

tested at high power reaching >30 MW input power with an estimated accelerating gradient of 95 MV/m, 150 ns pulse 
length, 50 Hz rep. rate

 This test will be preparatory to the one of the first EuPRAXIA accelerating structure prototype, which will take place by the 
end of September 2023

Accelerating 
structure

Pumping unit

Power Source

Directional
coupler

Spiral Load



Conclusions and acknowledgments
 EuPRAXIA@SPARC_LAB is the next INFN-LNF project. It is one pillar of the European project EUPRAXIA, that has been 

included in the ESFRI 2021 Roadmap

 TEX (Frascati Test stand for X-band): new facility fundamental to test all RF components and X band prototypes at the 
nominal power/gradient. It has been completely commissioned. A T24 CLIC structure has been tested in the past months

 A new X-band RF source based on the Canon 25 MW, 400 Hz E37119 klystron will be                                                            
commissioned starting from February 2024

 A high efficiency klystron version of the 50 MW VKX8311 developed by CPI/CERN should be                                                                
available from the beginning of 2025

 Many X-band RF components of the EuPRAXIA RF module have been purchased and will be tested

 A brazing free BOC design is ongoing

 X-band structures prototyping activity continues steadily: 

 An intensive prototyping activity is ongoing exploiting the new vacuum furnace at LNF

 The brazing tests on the mechanical prototype have been concluded with optimal results in terms of straightness and vacuum seal

 The 22 cells CI RF prototype has been realized. One of the couplers is being re-machined, and will be                                            
tested with high power at TEX by the end of the year

 A full-scale 0.9 m RF prototype will be ready by the end of 2023

25 MW, 
1.5us, 
400Hz

50 MW, 
1.5us, 
50Hz

BOC
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