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WP10 - Organisations

3

Participants: 
CEA: Sandrine Dobosz Drufrénoy

CLF : Rajeev Pattathil, Dan Symes

CLPU: Giancarlo Gatti

CNRS (IJClab, LOA, LPGP) : Kevin Cassou, Brigitte Cros, 

Jérome Faure, Bruno Lucas, Cédric Thaury 

Deliverables and milestone

WP10 members meet 6 times over the last 8 months by zoom. 

D10.1 - report on 
structures to be 
funded (not how)

M28: workshop on 
plasma sources

D10.2 - report on technical 
results achieved for plasma 
components 

D10.3 - TRL report on 
development of plasma 
components

M22 : update of concepts for 
EuPRAXIA and systems status report

T0

12 24 36 48

EuPRAXIA site #2 ?

CNR-INO : Fernando Brandi

DESY : Rob Shalloo 

ELI-BL: Alexander Molodozhentsev, Gabriele Grittani

INFN-LNF: Angelo Biagioni 

QU: Gianluca Sarri, Matthew Streeter
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WP10 – Plasma systems in EuPRAXIA

4

LPI

LPAS

PPAS

APL/APD

APL APL

APLAPL

Laser plasma injector 

Laser-driven plasma accelerator stage

Beam-driven plasma acceleration stage

[1]  Ferran Pousa et al. Phys Rev. Lett. 123, 054801 (2019).

[2]  Ferran Pousa, A.  et al. Phys Rev. Lett.  129, 094801 (2022)

[3] Pompili, R. et al.  Phys. Rev. E 109, 055202 (2024).

Active Plasma Lens/
Active Plasma Dechirper
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Deliverable 10.2 report status 
Progress but still a significant work to be performed before submission

5

● Brief report citing a review paper “Technical Status Report on 
Plasma Components and Systems in the context of EuPRAXIA.” 
… 16 authors, 25pp, more 100 references 🚧 

● Submission to AIP - Plasma Physics (Gold open access for free in 
2024) before end of october. Will be available on arxiv for EU.

● Current plan 🔥
○ Until 27/09: Review of all contributions
○ 15/10: Update correction by all authors
○ 25/10: second review
○ 31/10: submission  (arXiv) ! 🚀
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Workshop on Plasma components and system for 
Progress but still a significant work 

6

Opening registration by the end of the week 🚀
Participation limited to 30-40 persons. 📝
Scientific and technical discussion to define the roadmap for 
plasma components and system for EuPRAXIA
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WP10 - Plasma Components & Systems 

7

1. Gas cell and gas jet for laser-plasma electron 
sources

    
   Brigitte Cros (CNRS-LPGP) 

2. Discharge-based plasma sources and plasma lenses

    Romain Demitra (INFN-LNF)

3. Plasma waveguide (HOFI channels) 

Manuel Kirchen on behalf of Rob Shalloo (DESY)

4. Consideration on integration and future challenges

src: DESYsrc: INFN-LFN, plasma source 

src: DESY, LUX

src: LOA, kHz LPA line
src: CNRS/LPGP

src: JAI,Oxford

src: ILILI CNR INO  L. GIzzi

src: BELLA, Berkeley, AAC24

Partial view of the current review … 

not cover today: plasma diagnostics - very nice review lead by Fernando Brandi  (CNR-INO, ILIL, Pisa) 
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Gaz cell and gas jet for Eupraxia
B Cros LPGP CNRS U Paris Saclay on behalf of :
L. Steyn - LPGP, S.Dobosz Dufrénoy - CEA, P. Drobniak 
- Univ. Oslo, B. Lucas - CNRS IJClab, L. Corner - Univ. 
Liverpool, J. Faure - CNRS LOA 
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Constraints on the design of an electron source in gas 
cells/jets

Gas density distribution determines electron density distribution through optical field 
ionisation and needs to be carefully designed and controlled

9

Objective Gas cell Gas jet

Minimise gas flow into vacuum Differential pumping Differential pumping

Control density gradients along 
laser propagation   Geometry  Shock, nozzle geometry

Control gas density and 
composition Geometry, gas inlet Number of jets

Minimise shot to shot 
fluctuations 

Low density, continuous 
flow Nozzle design

Maximise life-time Laser control, geometry Laser control

Maximise repetition rate Continuous flow Continuous flow 

Laser aperture

Gas inlet

Laser 

Gas inlet

cell

jet

B Cros WP10 gas cell and jets
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Ionisation induced injection combined with tailored 
density profile

● Provides control on electron beam 

● Operates at moderate laser intensity and plasma density: 
good quality beam while maintaining high beam charge

● Single laser beam required

● Final electron beam properties can be tuned using the 
longitudinal electron distribution

10

III controls ionisation and trapping
Trapping for Hs-H >0

B Cros WP10 gas cell and jets

Chen et al, PoP 19, 033101 (2012)
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Ionisation induced injection combined with tailored 
density profile

11

Multi zone profile for gas cell operation 

Kirchen et al PRL 126, 174801 (2021)

B Cros WP10 gas cell and jets

● Provides control on electron beam 

● Operates at moderate laser intensity and plasma density: 
good quality beam while maintaining high beam charge

● Single laser beam required

● Final electron beam properties can be tuned using the 
longitudinal electron distribution
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Ionisation induced injection combined with tailored 
density profile

12

Schmid,  et al PRSTAB, 13, 091301 (2010), Rovige, et al. RSI 92, 083302 (2021).

Combined with shock front in gas jets

B Cros WP10 gas cell and jets

● Provides control on electron beam 

● Operates at moderate laser intensity and plasma density: 
good quality beam while maintaining high beam charge

● Single laser beam required

● Final electron beam properties can be tuned using the 
longitudinal electron distribution
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Example of solutions: differential pumping

Gas cell design

13

Gas jet design 

Las
er

To 
pump

[2] J. Monzac et al, in preparation, LOA

● Two-region gas cell prototype [1]
● Ceramic input and output nozzles
● Left region length is 0.7mm
● Continuous gas flow

● Continuous gas flow for kHz laser operation [2,3]
● Gas jet in a small chamber inside main chamber
● Maintains pressure in the main chamber around 10-4mbar

B Cros WP10 gas cell and jets

Continuous flow operation kHz H2Continuous flow beamline-integrated multicell target

[1] P. Drobniak et al. arXiv:2309.11921 (2023)  [3] J. Monzac et al. arXiv:2406.17426(2024)  
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State-of-the-art: beam parameters

Two-region gas cells in “channel “geometry 

● 1st compartment of 0.5mm length with 10% nitrogen 
doping 

● 2nd compartment of 4mm of pure hydrogen 

Generation of beams over 5,000 shots, at 1 Hz [1]

Charges between 28 and 60 pC 

Average energies between 250 and 300 MeV

Energy spreads of 7 MeV FWHM

80% of variability claimed to be derived from the laser.

Operation at 150 MeV, 100pC, 3% energy spread [2]

14

[1] M. Kirchen et al PRL 126, 174801 (2021)

B Cros WP10 gas cell and jets

[2] S. Jalas et al PRAB  26, 7, 071302  (2023)
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Challenges and future developments

● Promising schemes have already been identified for electron sources in 
gas cells

● Need to explore further mechanisms leading to high charge (100 pc) 
while maintaining beam quality [1,5]:

>> Achieved numerically, need to be extensively tested in 
experiments

● Understand in detail the cause of instabilities and develop solutions:
○ Laser quality and stability,  modeling for data analysis and 

diagnostics coupled to AI [3,4] 
○ Gas profile fine control reproducibility

15

[1] S. Marini,  et al. PRAB 27, 063401 
(2024).

[2] Moulanier et al, JOSAB, 40,9  2450(2023).
[3] Dickson thesis 2023, https://theses.hal.science/tel-04606600U .
[4] Shalloo et al, NatComm (2020) 11:6355
[5] P.Drobniak et a. PRAB 26, 9, 091302 (2023)

B Cros WP10 gas cell and jets
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Plasma discharges
R. Demitra on behalf of A. Biagioni - INFN-LNF and G. 
Gatti CLPU - A. Molodozhentsev, P. Sasorov ELI-BL  
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Capillary discharges

17

Insert author and occasion

On the behalf of Angelo Biagioni, Alexander Molodozhentsev and Giancarlo Gatti

 

Gas inlets

HV pulse

Plasma channel

Electrode

x1017
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Capillary Discharge : Design and control system

18

Insert author and occasion

Capillary Discharge Design:
•60 cm long, 2 mm diameter capillary
•High-voltage pulses (7-15 kV) create a 
stable plasma channel

•Gas pressure control (10-100 mbar) 
critical for plasma density stability

•Uniform plasma density ensures beam 
quality and particle acceleration
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Capillary Discharge : Geometry control of density

19

Insert author and occasion

 

• Possibility to control plasma 
profile = better matching 
between beams and plasma

• Diverse average density 
achievable by playing with 
pressure and voltage

1

2
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Capillary discharge : 60 cm prototype

20

Insert author and occasion

1.1 GeV  (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

▪ Fabrication by machining
▪ 10 increasing diameters
▪Density range 1016 -1017 cm-3 
▪ 13 kV with 500 A
▪ 100 Hz rep Rate

1017
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Capillary discharge : Active Plasma Lens

21

Insert author and occasion

What is an APL?:
• A compact lens that uses azimuthal 

magnetic fields to focus particle beams.
• Plasma lenses are more effective than 

traditional quadrupole magnets for beam 
focusing.

APL Design:
• Diameter ranging to hundreds of µm to few 

mm.
• Operates with light gases like hydrogen at 

pressures between 15-150 mbar.
• Current of ~500 A generates strong 

magnetic fields for beam focusing.

• R capillary radius
• I0 peak current 

Benefits:
Produce radially symmetric magnetic fields.
Much stronger than conventional 
quadrupoles and solenoids (range of kT/m 
for APL)

Challenges:
Non-linear radial magnetic fields can lead to strong 
emittance growth.
Focus on design, must match the beam profile to the 
focusing field to improve linearity (via increased plasma 
temperature).
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Capillary discharge : APL – Segmented capillary
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Insert author and occasion

3 us

Acc-200A

Lens-500A
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Capillary discharge : High repetition rate

23

Insert author and occasion

Thermal balance of the capillary:

•Determined by energy deposition and heat transport 
within the capillary.
•Two energy sources:
       - Ohmic heating from gas discharge.
       - Laser pulse energy deposition (LWFA)

Gas Distribution Recovery:

• After discharge, plasma outflows from capillary 
ends, depleting gas inside.

• Gas density recovers due to continuous gas flow 
from the supply system.

• Simulations show gas density recovers to within 1% 
accuracy after 100 μs.

A third limit exist : the plasma module ability so sustain high repetition rate !

Lucio Crincoli presentation on Thursday, High repetition rate plasma sources

Capillary discharge in the high repetition rate regime, P. Sasorov, G. Bagdasarov, N. 
Bobrova, G. Grittani, A. Molodozhentsev, and S. V. Bulanov, Phys. Rev. Res. 6, 013290 
(2024)
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Capillary discharge : Laser guiding

24

Insert author and occasion

• Radial parabolic density 
distribution in the plasma 
channel

• Gaussian intensity laser 
pulse

• Uniform longitudinal 
density distribution 



EUPRAXIA-PP Annual Meeting | Elba 24/09/2024 |  WP10   Page

EUROPEAN
PLASMA RESEARCH
ACCELERATOR WITH
EXCELLENCE IN
APPLICATIONS

This project has received funding from the European Union´s Horizon 
Europe research and innovation programme under grant agreement 
No. 101079773

HOFI Plasma waveguides
M. Kirchen on behalf of R. Shalloo - DESY 
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HOFI Plasma Waveguides
Achieving high energy gain and efficiency requires guiding of the laser pulse

● Self-focusing through relativistic & wakefield effects
● Guiding in pre-formed plasma waveguide

○ Capillary discharge & cooling at the walls
○ Hydrodynamic radial shocks

26

Laser diffraction is the main acceleration limit
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HOFI Plasma Waveguides
A Plasma Source for High-Repetition-Rate Multi-GeV Laser Plasma Accelerators

Plasma waveguides based on hydrodynamic shocks were 
pioneered by the Milchberg Group and have been in use 
since the 1990s [1,2]
- Plasma column created via collisional ionisation / heating
- Expanding plasma drives shock into surrounding gas
- Generates radial density profile suitable for guiding

- Limited to on-axis densities > 1018 cm-3

Low-Density Hydrodynamic Optical-Field-Ionized (HOFI) 
Plasma Waveguides [3,4]
- Plasma column created and heated via field ionisation
- Ionization / heating is independent of density
- Generates radial density profile suitable for guiding

Can achieve to on-axis densities ~ 1017 cm-3

27

[1]   C. G. Durfee & H. M. Milchberg, PRL 71, 2409 (1993)
[2]   T. R. Clark & H. M. Milchberg, PRL 78, 2373 (1997)
[3]   R. J. Shalloo et al., PRE 97, 053203 (2018)
[4]   R. J. Shalloo et al., PRAB 22, 041302 (2019)
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HOFI Plasma Waveguides
A Plasma Source for High-Repetition-Rate Multi-GeV Laser Plasma Accelerators

28
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HOFI Plasma Waveguides
High-Density Neutral Collar Surrounding Waveguide can Enhance Guiding Properties

● As the waveguide expands, it drives a shockwave into the 
surrounding neutral gas

● Ionisation of this neutral collar by guided / auxiliary pulse 
has been demonstrated to significantly improve guiding 
confinement [1,2]

29

[1]   A. Picklsey et al., PRE 102, 053201 (2020)
[2]   L. Feder et al., PRR 2, 1043173 (2020)
[3]   R. J. Shalloo, PhD Thesis, University of Oxford (2018)

[1] 

[3] 

HOFI Plasma
Neutral collar ionized by 
leakage from guided 
beam
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HOFI Plasma Waveguides
Developments in Channel Forming Optics Enable Efficient Plasma Formation 

● Transmissive [1], Reflective [2] and Diffractive [3] Axicons have 
been used for HOFI channel formation.
○ Can be inefficient unless beam size matched to channel length

● Axiparabola combines the benefits of a parabola and an 
axicon to shape an elongated intensity profile around the focal 
region [4,5,6]. 
○ Can allow for a more efficient use of laser energy

30

[1]   R. J. Shalloo et al., PRAB 22, 041302 (2019)
[2]   L. Feder et al., PRR 2, 1043173 (2020)
[3]   B. Miao et al., PRX 12, 031038 (2022)
[4]   S. Smartsev et al., Opt. Lett. 44, 3414 (2019)
[5]   K. Oubrerie et al., J. Opt. 24, 045503 (2022)
[6]   K Oubrerie et al., Light Sci. Appl. 11, 180 (2022)

[5]
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HOFI Plasma Waveguides
High-Repetition-Rate Channel Formation Demonstrated

● Channel formation demonstrated a 0.4 kHz repetition rates for 
several hours [1]

● Channel properties essentially unchanged when channel 
forming pulses separated by 1 ms [1]

31

[1]   A. Alejo et al., PRAB 25, 011301 (2022)

[1]
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HOFI Plasma Waveguides
Multi-GeV Electron Acceleration

● Multi-GeV electron beams demonstrated [1]

● Several mechanisms for controlling injection demonstrated 
experimentally with few percent energy spreads [2,3,4]

● Energies up to ~10 GeV Demonstrated [4]

32

[1]   B. Miao et al., PRX 12, 031038 (2022)
[2]   K Oubrerie et al., Light Sci. Appl. 11, 180 (2022)
[3]   A. Picksley et al., PRL 131, 245001 (2023)
[4]   A. Picksley et al., arXiv:2408.00740 (2024)

[4]

   
[2]
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HOFI Plasma Waveguides
HOFI fulfills our key requirements

Key Features of HOFI 
● Enables small matched spot sizes at low plasma densities
● Can be combined with controlled injection techniques
● Suitable for high repetition rate operation

Expected Future Developments & Challenges
● Further beam quality improvements through precise control of injection & guiding 
● Demonstration of stable, long-term operation of a guided LPA
● Evolution from proof-of-concept towards reliable operation at the 10 GeV level

33
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WP10 Plasma system integration

34

Integration of gas target in ultra high vacuum(UHV)  -started in the 1970’s for 
nuclear experiment and still today (JENSA[1], Prad[2], ERNA[3]…etc) 

Vacuum 

Similar differential pumping have allow integration of high density target in HV/UHV beamline for LPA [6,7,8]

Move to close or open geometry in continuous flow is key aspect for high repetition rate operation

[1] K. Schmidt, et al., Nucl. Instrum. Methods Phys. Res. A 911 (2018) 1-9.
[2] W. Xiong, et al., Nature 575 (2019) 147.
[3] D. Schurmann et al. Eur. Phys. J. A (2013) 49:80

[4] Bittner, et al.  NIM 167, 1–8 (1979). [5] Tietsch, et al.  NIM 158, 41–50 (1979).

[6] N. Delbos et al. NIMA 909 318 (2018) 
[7] P. Drobniak et al. arXiv:2309.11921 (2023)
[8] J. Monzac et al. arXiv:2406.17426v1 (2024)

beam

jet

catcher
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WP10 Plasma system integration

35

Plasma systems alignment can be challenging and must be take as initial design 
constraint. 
Typical length of EuPRAXIA beamline are 100-150m [1].   
- Dependant on BD studies / electron source mechanical design
- 3 axis to overlap: mechanical, laser, magnetic
- Compactness can be challenging: 

- combination of coordinate measuring machine CMM [2], optical axis 
transfert tool and laser tracker for global positioning and monitoring: 
preliminary test <0.1 mm (rms)  [3]

Alignment

- laser based alignment with Structured laser beam (SLB)[4] 
pseudo non-diffractive beams

- Beam based alignment (BBA) [5] and Beam Pointing Alignment 
Compensation (BPAC) for LPA electron source[6]

[3] PALLAS LPI beamline, CMM + LT + OATT (2024)

[1] F. Villa et al. EuPRAXIA@SPARC LAB Status Update, SPIE,12581 (2023) 
[2] Romer arm, Hexagon (2024),IWAA 2022 - CERN
[4] K. Polak et al. Euspen Conf., vol. EUSPEN2022, p. 4, (2022)

[5] P. Emma, et al.  Phys. Res., Sect. A 429, 407 (1999).
[6] T. André et al., Nat. Commun. 9, 1334 (2018).

https://kt.cern/technologies/structured-laser-beam
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Futures challenges 
Current identified issues 

● Long term reliability 

● High repetition rate (≥10 Hz) : 
○ material robustness (laser / plasma) erosion
○ high temperature / heat management

● Plasma components integration  

● For beam driven component (plasma discharge):
○ central part material 
○ Anode / cathode material optimisation 

L. Crincoli et al. High repetition rate plasma sources https://agenda.infn.it/event/41613/contributions/235522/ 

● For laser-driven component:
○ Laser quality:  assess more in details laser parameters requirement 
○ Manufacturing: hard material, sub-mm structures (LPI), integration of heat dissipation 

36

TRL?

https://agenda.infn.it/event/41613/contributions/235522/
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We are looking forward to see you at the Workshop on Plasma 
components and systems for EuPRAXIA in DESY the 27-28 

January 2025 
To discuss update concept and define a roadmap for the development 

plasma components and sources for EuPRAXIA!

Thanks for your attention


