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WP9: what is all about?
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Deliverables/Milestones of this WP

3

• D9.1 Report on structures to be funded from 
national/bilateral/european level for RF, Magnets and beamlines 
components (M12)
• D9.2 Report on technical results achieved in the field of RF, Magnets 

and beamlines components (M24)
• M.20 Update of concepts for EuPRAXIA, systems status report (M24)
• D9.3 TRL Report and maturity assessment on the development of RF, 

Magnets and beamlines components (M42)

* Done
** Core activity till the end of the project

F. Nguyen, S. Antipov – General Meeting October 29th, 2025
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WP9 outline for this General Meeting

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

• Broad spectrum survey of recent 
developments and technologies 
from the point of view of the TRL 
maturity as a result of the 
EuPRAXIA@SPARC_LAB 1st site 
TDR studies and activities

• The WP9 token to the laser-plasma 
2nd site TDR for this meeting: early 
look at the EuPRAXIA@ELI-ERIC 
FEL beamline and performance 
tolerance, with guidelines & 
reasonable considerations 

TRL DescriptionTRL LEVEL
Basic principles observed – Scientific research begins to be translated into
applied research and development (R&D).TRL 1

Technology concept formulated – The basic principles are explored, and
practical applications are identified.TRL 2

Experimental proof of concept – Active R&D is initiated, including
analytical and laboratory studies to validate predictions.TRL 3

Technology validated in lab – Basic technological components are
integrated to establish that they work together.TRL 4

Technology validated in relevant environment – The technology is tested in
a simulated or relevant environmentTRL 5

Technology demonstrated in relevant environment – A prototype system is
tested in an environment similar to the operational one.TRL 6

System prototype demonstration in operational environment – A working
prototype is demonstrated in a real operational setting.TRL 7

System complete and qualified – The technology is proven to work in its
final form and under expected conditions.TRL 8

Actual system proven in operational environment – The technology is fully
commercialized and operational in its intended setting.TRL 9
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LNF update: 1st X-band accelerating structure 

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

» In spring 2024 we started the high-power test of the first
EuPRAXIA@SPARC_LAB X-band structure prototype. 21 cells, constant
impedance, RF prototype (the real structure will be 1 m long).

» In nearly 12 days we reach an input pulse of 35 MW, 100 ns length at 50
Hz repetition rate, that correspond to an average gradient along the
structure equal to 74 MV/m and a peak gradient at the structure input of
80 MV/m with a BDR/m nearly 5e-4.

ValuePARAMETER
11.9942Frequency [GHz]

74Average acc. gradient [MV/m]
35Peak input power [MW]
100Pulse length [ns]
50Repetition Rate [Hz]

1e-5Breadown rate probability

Following the machining of the cells and couplers by
the company, preliminary RF measurements using
bead-pull technique were carried out on selected
groups of cells to verify fabrication accuracy and
perform quality check control.

The full-scale structure was then assembled, and RF
characterization was performed both before and
after the brazing process.

After brazing, a soft tuning was applied by adjusting
the only tuners available on the couplers.

From L. Faillace
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Injector and Linac RF power sources

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

CANON X-band klystron

Scandinova Modulator

2 complete X-band 
power stations 
already in house and 
preliminary tested at 
TEX facility

From A. Gallo
1st site TDR
Review Meeting
June '25
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TRL assessment on the RF system

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

Sub - systems TRL Comments

X band Power Source 6 The nominal X-band power source has been acquired and is ready to be tested at TEX to reach the nominal 
parameters.

X band structure 6

The final full-scale prototype is ready to be tested. The tuning-free fabrication has been successfully 
completed, except for a relatively small detuning with respect to the nominal parameters (which can be 
corrected by setting the operating temperature to 18 °C).
A 20-cell prototype has been successfully tested with uncompressed pulse at 50 Hz, 60 MV/m, reaching the 
nominal performance in terms of accelerating field.

Mode converter rectangular 
to Circular waveguide 8 Prototype fabricated and tested at 21 MW, 50 Hz, 1 us (nominal 25 MW, 100 Hz, 1.5 us).

Pumping unit circular 
waveguide 8 Prototype fabricated and tested at 21 MW, 50 Hz, 1 us (nominal 25 MW, 100 Hz, 1.5 us).

Pumping unit rectangular 
waveguide 7 Prototype tested at 45 MW, 1 us, uncompressed pulse, 50 Hz. Needs to be tested at 100 Hz with 

compressed pulse 70-35 MW, 0.13 us.

Directional coupler 7 Prototype tested at 45 MW, 1 us, uncompressed pulse, 50 Hz. Needs to be tested at 100 Hz with 
compressed pulse 70-35 MW, 0.13 us.

BOC pulse compressor 6 Device ready to be tested with the nominal power source now installed at TEX.
Device already tested in other laboratories, but at reduced repetition rate and peak power.

3dB splitter 6 Fabricated but still to be tested at TEX at nominal full power. Already tested in other lab but at a reduced 
power. 

Rf load 8 Fabricated and tested at nominal peak and average power (50 Hz, 0.6 us)

From A. Gallo – 1st site TDR Review Meeting – June '25



Funded by the 
European Union

www.eupraxia-pp.org 8

RF update from CERN

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

From P. Alonso Arias – Int. Workshop 
on Future Linear Colliders, last week 
(through A. Latina)
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Lessons learned at CERN

From P. Alonso Arias – Int. Workshop 
on Future Linear Colliders, last week 
(through A. Latina)

9F. Nguyen, S. Antipov – General Meeting October 29th, 2025
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RF update from DESY

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

Winkler et al, Nature 640

Active energy compression with RF demonstrated at DESY

Latest achievements in fs synchronization

S. Schultz et al, IPAC’25

From S. Antipov – Spring '25

• Generation of a laser-plasma electron beam using active energy compression, 
with quality similar to modern RF-based accelerators

• Using a magnetic chicane, the electron bunch is first stretched longitudinally to 
imprint an energy correlation, that is removed with an active RF cavity

• Resulting energy spread and energy jitter are reduced to below the 0.1% level
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Goals: 3D electromagnetic design of all magnets @ LNF 

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

From L. Sabbatini – 1st site TDR Review Meeting – June '25
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Permanent magnets for the plasma section

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

From L. Sabbatini – 1st site TDR Review Meeting – November'24
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TRL assessment on magnets

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

From L. Sabbatini – 1st site TDR Review Meeting – June '25
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EuPRAXIA@SPARC_LAB FEL beamlines

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

Two	FEL	lines	(ARIA)	confirmed but not yet in	the	project	budget:	

1)	AQUA:	Soft-X	ray	SASE	FEL	– Water	window	optimized for	4	nm (baseline)

SASE	FEL:	10	UM	Modules,	2	m	each	– Two	technologies	 under	study:	Apple-X	PMU	and	planar	SCU	

Modulator

Dispersive	section

Seed
Radiators

2)	ARIA:	VUV	seeded HGHG	FEL	beamline for	gas	phase

SEEDED	FEL	– Modulator	3	m	+	4	Radiators	APPLE	II	– variable	pol.		2.2	m	each	– SEEDED	in	the	
range	290	– 430	nm	– Undulator	based	on	consolidated	 technology.	

FERMI	FEL-1	Radiator

Two foreseen FEL beamlines:

Plasma-Beam 
driven site at 
INFN Frascati

460

APPLE-II for consistency
reasons, replaced by  
APPLE-X
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Variable polarization undulator for AQUA

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

Linear Polarization

Circular Polarization

AQUA baseline radiator:
10 APPLE-X modules

Courtesy of A. Petralia

5.6Pipe ext. diam. (mm)
5.0Piper inner diam. d (mm)

2.8Wedge cut (mm)

6.0φ aperture (mm)

0.935B max (T) (in LP)

1.572Kmax (in LP)
1.111Kmax (in CP)

5.25max  !0 (nm) (@ 1 GeV)

Main parameters:
• Remanent field Br = 1.35 T
• Undulator period λu = 18 mm
• 4 blocks / period, NdFeB
• # of periods (eff.) N = 110 

(Lu=1990mm)

Polarization: variable polarization 
meets the scientific case requests 
à circ. polar. guarantees high gain 
(~ Lmod )

Advanced Planar Polarized Light 
Emitter-type: APPLE-X much 
higher field at the same undulator 
aperture à extended tuning 
range, Kmax independent of 
polarization à fully symmetric
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Beam requirements & APPLE-X tolerance specifications

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

Beam parameter requirements

Tuning range and performance 
(Circular polarization in the example)

From L. Giannessi – 1st site TDR Review Meeting – June '25
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TRL assessment on the AQUA FEL beamline

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

Comments
TRL

Sub - systems

FEL design based on reliable simulations (Genesis 1.3) and calculations which were benchmarked with real devices.9FEL

Short period undulators were realised at many facilities, including SPARC_LAB
Apple X - Type undulators Technology demonstrated in other facilities (SwissFEL, EuXFEL, etc.)

7Undulators

Phase shifters are operational at most multi-undulator FEL beamlines9Phase shifters

Vacuum chamber with 300 μm walls, tolerance on alignment 500 μm. Vacuum levels simulated in comparable
operational environment.

4Vacuum chamber

Quadrupoles are within standard parameters9Quadrupoles

In-air steerers with the required specifications are standard at many facilities9Steerers

Cavity BPM with the required specifications are available at PSI (add reference)9C-BPM

Standard hardware9YAG – CCD-
Diagnostics

From L. Giannessi – 1st site TDR Review Meeting – June '25
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TRL assessment on the AQUA FEL beamline

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

Comments
TRL

Sub - systems

FEL design based on reliable simulations (Genesis 1.3) and calculations which were benchmarked with real devices.9FEL

Short period undulators were realised at many facilities, including SPARC_LAB
Apple X - Type undulators Technology demonstrated in other facilities (SwissFEL, EuXFEL, etc.)

7Undulators

Phase shifters are operational at most multi-undulator FEL beamlines9Phase shifters

Vacuum chamber with 300 μm walls, tolerance on alignment 500 μm. Vacuum levels simulated in comparable
operational environment.

4Vacuum chamber

Quadrupoles are within standard parameters9Quadrupoles

In-air steerers with the required specifications are standard at many facilities9Steerers

Cavity BPM with the required specifications are available at PSI (add reference)9C-BPM

Standard hardware9YAG – CCD-
Diagnostics

From L. Giannessi – 1st site TDR Review Meeting – June '25

Now, switch to the
WP9 inputs for the 

EuPRAXIA@ELI-ERIC
2nd site TDR
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Beamline optics considerations

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

Simulated in Ocelot based on input from WP16

Capture triplet: 2 PQMs + EQM

PQM1 PQM2 EQM

LengthBore rad.Max grad.Magnet

100 mm3 mm500 T/mPQM

200 mm10 mm100 T/mEQM

Conservative estimates on achievable magnetic strengths

Beam size assuming LUX-like LPA beam 1 GeVEnergy

2, 1 µmNorm. Emit.

5, 5 mm!

-1.2, -1.2"

Chromatic emittance increase – manageable
Under 10% for ! ! < 0.4% for all considered cases

6D tracking in Ocelot, Gaussian beams, 10!"particles

Note: ! ," depend on downramp

Capture block can fit within 0.5 m of space
No dedicated chromaticity correction required

From S. Antipov
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Undulator beamline design

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

<latexit sha1_base64="RK+21qzD5NNOs+G64uRcC8YQl6k="></latexit>

parameter value

beam energy 1 GeV

undulator period 15 mm

resonant wavelength 4 nm

strength parameter K 1.44

und. module length 3.25 m

distance between modules 0.5 m

number of planar modules 6

After discussions with A. Molodozhentsev

To take home: no matter how strong the quads 
are --> can't focus below <! x,y> = 6.15 m At LPA 5 mm

At Und. 6.15 m
Twiss ! -functions



Funded by the 
European Union

www.eupraxia-pp.org 21

!"#$%&%'%()*&+,(%-.&$/'+#.%(-0#/'+&/' &1'2&/,%(-0#')&,/#'0

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

!"# $%&'() * +(%%,-%.*/,0"./
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<latexit sha1_base64="VWRrBHEEeK5Apj4spCdoU1VqXTs="></latexit>

parameter value

beam energy 1 GeV

undulator period 15 mm

und. module length 3.5 m

resonant wavelength 3.16 nm

strength parameter K 1.106

slice norm. ! x = ! y 0.3 [mm! mrad]

average Twiss " x = " y 6.15 m

peak current 2.8 kA
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FEL tolerance: transverse offset jitter

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

<latexit sha1_base64="QMGhSh7eArJCpJYLsdb3qLValJE="></latexit>

parameter value

beam energy 1 GeV

undulator period 15 mm

und. module length 3.5 m

resonant wavelength 3.16 nm

strength parameter K 1.106

slice norm. ! x = ! y 0.3 [mm! mrad]

average Twiss " x = " y 6.15 m

peak current 2.8 kA

slice rel. energy spread 0.08 %

!"# $%&'() * +(%%,-%.*/,0"./

Threshold LPA pointing angle 
stability is 0.34 mrad
• Governed by the orbit offset 

(0.70 mrad from the tilt)

From Genesis1.3 3D steady state simulations:
Saturation active length --> 60 µm transverse offset acts as a 
wall not to go beyond!
Saturation power --> the same offset threshold allows to stay 
in the GW power ballpark at saturation
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FEL tolerance: tilt angle jitter

F. Nguyen, S. Antipov – General Meeting October 29th, 2025

<latexit sha1_base64="QMGhSh7eArJCpJYLsdb3qLValJE="></latexit>

parameter value

beam energy 1 GeV

undulator period 15 mm

und. module length 3.5 m

resonant wavelength 3.16 nm

strength parameter K 1.106

slice norm. ! x = ! y 0.3 [mm! mrad]

average Twiss " x = " y 6.15 m

peak current 2.8 kA

slice rel. energy spread 0.08 %

Threshold LPA pointing angle 
stability is 0.34 mrad
• Governed by the orbit offset 

(0.70 mrad from the tilt)

From Genesis1.3 3D steady state simulations:
Saturation active length --> 20 µrad injection tilt angle acts as 
a wall not to go beyond!
Saturation power --> the same tilt angle threshold allows to 
stay in the GW power ballpark at saturation
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Selectable polarization: a tentative scheme

Baseline planar ARAMIS undulator does not 
offer variable polarization --> tune a couple 

of APPLE-X (same as the AQUA 1!" site) 
modules downstream 

Similarscheme proposedin
"The CompactLightDesign Study"

Eur. Phys. J. Spec. Top.233 (2024) 1-208

!"#$%&'(&)*+,-( ."#/0#" &)*+,-(

24F. Nguyen, S. Antipov – General Meeting October 29th, 2025

<latexit sha1_base64="5PAmvPTeNwgJAKBoE14tGz1Sgkg="></latexit>

parameter value

beam energy 1 GeV

resonant wavelength 4 nm

ARAMIS und. period 15 mm

ARAMIS module length 3.5 m

ARAMIS number of modules 4

ARAMIS K parameter 1.44

APPLE-X und. period 18 mm

APPLE-X module length 2 m

APPLE-X number of modules 2

APPLE-X K parameter 0.838

slice norm. ! x = ! y 0.3 [mm! mrad]

average Twiss " x = " y 6.15 m

peak current 2.8 kA

slice rel. energy spread 0.08 %

But first: the requested 
high quality of the laser-
plasma baseline electron 

beam has to be there! 

http://dx.doi.org/10.1140/epjs/s11734-023-01076-0
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Conclusion & outlook
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EuPRAXIA-PP Consortium
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EuPRAXIA-PP Structure

F. Nguyen, S. Antipov – General Meeting October 29th, 2025
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Undulator technologies: strength order
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