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» Secondary sources —beamlines of high energy
photons, electrons, protons, neutrons, muons
» Medical imaging and diagnostics, radiotherapy
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PACRI ELI ERIC / ELI Beamlines

L1 (40mJ) 100mJ / 1kHz

(3J) 5J / 20-100Hz
L3 (15J) 30J / (3.3Hz) 10Hz
L4 1.5kJ / 10PW

L1-E1 user operation (Calll)

E1/L1: Material & Bio-molecular app.
ALFA-kHz low-energy electron beam
E2/L3: X-ray sources (Betatron)
E3/L3+L4: Plasma Physics
E4/L3: ELIMED-Proton Acceleration
E5/L3: ELBA-Electron Acceleration
: LPA-based FEL-oriented (LUIS)
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ELI ERIC / ELI Beamlines

EuPRA)( A

EuPRAXIA LPA-based pillar (2" site)

at ELI Beamline (March 25, 2025)
EUPRAXIA
| PA-based Facility

The Extreme Light Infrastructure ERI

v ELI Beamlines is one of the leading European research facilities in
laser-plasma technology.

v Through collaborating with the EuPRAXIA Consortium partners,
ELI Beamlines is positioned to build the Laser-Plasma-Accelerator-
based EuPRAXIA pillar, aiming to deliver the electron beam for
different practical applications.
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_PACRI Main Objectives for ELI @ EuPRAXIA

> Laser-Plasma-Accelerator-based Compact Free Electron Laser

- PHASEL: 1 GeV electron beam energy = “Soft” X-ray photon beam I:> L2-laser /5) @ 100 Hz

: =

> Laser-Plasma-Accelerator-based Betatron Radiation Source |:> L3-laser /30) @ 10 Hz

> Laser-Plasma-Accelerator-based LOW Energy Position Source :> L1-laser / 100 m) @ 1 kHz

The development of PHASE1 at ELI Beamlines is based
on ELI Beamlines' existing infrastructure.
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:*ISA(E ELI Beamlines: Phasing

TDR preparation
R&D - Experimental verification

Prototyping = Low Energy LPA-based compact FEL

Implementation Phase

L2-laser for LPA-based FEL is under development - with the PACRI partners

L3-based Betatron Source - Setup is OPEN for USERS / USER Call

Parallel development

L1-based low-energy electron beam (1 kHz) - USER Call

Infrastructure preparation = integration of existing experimental halls (E5 and E6)

A.Molodozhentsev / March 24, 2026 www.pacri.eu



) eli

Core Architecture
Definition

Requirements &
Performance
Targets

5J / 100Hz

Laser-Plasma
Accelerator (LPA) Physics Feasibility
& Scaling

TRL=34
> R&D
TRL=34

Critical path

Requirements
(Parameter
Ranges)

TRL=6

Requirements
(Parameter
Ranges)

TRL=6

Functional
Requirements &
Interfaces

il

NOW
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From Physics to TDR: LPA-Driven Roadmap

Interface &
Boundary
Conditions

1

Baseline
Architecture

Injection Scheme
Selection

Decision Gate 1

Architecture
Definition

Architecture

Architectural
Design

reliminary Design
(Assumption-
Driven)

Validated System
Parameter
Envelopes

Laser—LPA Co-
Design
A
1
. 1
Experimental
Parameter Demo |

(energy, charge,
partial stability)

Subsystem
Performance
Qualification

Detailed Design

Subsystem
Performance
Qualification

Design

Construction &
Commissioning

Detailed
Engineering Design
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FEL-Relevant Beam
Parameter Demo
Decision Gate 2

ﬁ *Final laser parameters frozen after LPA

Performance
Verification (LPA parameter closure.
Envelope)
CoiA;IEiL"W LPA Prototype & . FEL-Grade LPA
patit Design Freeze Pl Qualification
Validation

4+
1 2 L2 commissioning: 3J 20 Hz

2 = LPA for FEL: ~ 400 MeV / 20 Hz = TRL=5-6
3 > L2 upgrade: 5J 50 Hz = TRL=5-6
4 - PROTOTYPE: LPA-based EUV FEL = TRL=5-6

4+ - E5+E6 integration finalization
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Current Status: LPA-based FEL —

the European Union

Physics and System Simulations
TDR-Chapter: FEL Physics and Choice of Main Parameter - Drafted

1.3 Chapter Scope and Organization 2.0
[ .25 gy
This chapter presents the physics basis and parameter optimization for a compact water- 18 a jfs ]
window FEL driven by a 1 GeV laser-plasma accelerator, designed to achieve saturation 160 m'@ ]
within a 20-meter undulator. This design constraint reflects: i >, g7 -
1.4] /
1. Energy constraint (E = 1 GeV): The practical limit for current high-repetition-rate 2., 3 ]
LPA technology while maintaining beam quality ot
2. Length constraint (Lszp < 25 m): The maximum acceptable facility footprint for a 1.0} ﬁ 1
compact, university-scale installation o8l
23]
. 0.6} :
‘m»' eli ELI Beamlines case: -
candidate for EUPRAXIA 2nd site 800 900 1000 1100 1200
Conceptual model of the EUPRAXIA Phase-1 WE{MEV}

1GeV electron LPA scheme
Subject of the ELI Beamlines bid-book
Figure 1: Dependence of the photon radiation wavelength (fundamental harmonic) (blue

line, in nm) and the estimated 3D saturation length (red line, in m) on the electron beam
energy (We) and the undulator parameter (Ku). The highlighted area indicates the Ku-We
area, covering the entire “water window” of photon radiation (2.3-4.4 nm), using the LPA-
based FEL setup with a maximum undulator length of less than 25 m. The peak current is

relative energy spread is 0.2%.
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_PACRI

Physics and System Simulations
TDR-Chapter: FEL Physics and Choice of Main Parameter - Drafted

SUMMARY Table
A.1 FEL-Physics
Soft X-ray FEL

A.1.1 Electron Beam at the Undulator entrance / Constrain: Undulator li

Current Status: LPA-based FEL

Parameter Name Unit Basic

Electron energy MeV 1000

Normalized slice emittance mm.mrad 0.3 i

Bunch charge RC 25

Peak current kA 2.5 i

RMS bunch length pm 1.2

RMS bunch duration fsec 4

Slice RMS energy spread % 0.25 ’

RMS transverse beam size pum 25

Energy chirp parameter MeV/um <5.5_(ALsat/Lsat < 10%) i
A.1.2 Undulator

Parameter Name Unit Basic

Undulator type Planar hybrid undulator

Magnet material NdFeB

Permeable material Va Permendur

Undulator period mm 15

Gap range mm 35-7

Nominal undulator field T 1.3

Undulator (Ku) parameter 1.5 -0.72 (nominal 1.2)

Length of the undulator segment m 4

A.Molodozhentsev / March 24, 2026
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A.1.3 Coherent photon radiation (nominal Ku, fundamental harmonic)

Parameter Name Unit Basic
Radiation wavelength nm 3.4
Photon energy eV 368.2
FEL (Pierce) 1D parameter 103 2.93
Coherent normalized emittance (rms) mm.mrad 0.53
Photon radiation bandwidth (rms) * 103 1.4
Rayleigh length m 0.70
1D Gain length * m 0.24
Total slippage time (Lu=20m) fsec 15
1D Cooperation length nm 53
3D Gain length * m 0.6
FEL (Pierce) 3D parameter 103 0.45
3D Saturation length * m ~ 16 &
Photon per pulse 1011 2.0 )
Number of coherent photons per pulse per hw * 1010 5.3
Peak brightness (ph/pulse/mm?/mrad?/0.1%bw) * | 102° 5.4
Photon power at saturation * GW 1.8
* SIMPLEX [50]

Tolerance analysis is needed:

Beam “shot-to-shot” stability
Beam pointing stability / Laser Jitter effects
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.B&ﬂ Current Status: LPA-based FEL =
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Physics and System Simulations

; y SIOM-2021
S2E modelling: LPA PIC W, =1000MeV = .| \
Ip ~ 2'5 kA I F gO'Oﬁo 2.5 5.0 7.5 100 125 150 175  20.0
| — T o w
LPA-based FEL: “shock injection” €,< 0.5 pm . . UL, -

Experimental verification was performed Cpyy < 0.5 %
SIOM'2021'2025, OSGkG-2024-2025 N=266998

3| e i Energy chirp
TRL — 4 %1100 /<E>=1.54 % i . 5 .
1000 MeV (IST) E \ - minimized
. 3950.79991,00991. 25091,5099 1.75092,00997.23092.50
500 MeV (ELI Beamlines) Xuezhi Wu, 1.Vieira (IST) 3 L -
Energy spectrum . Longitudinal phisespc y Qs — ; %2 i i
il | h 1l 2-3kA
:‘ 0 3990.75991,00991.25991.56991.73;:)2,00992.253992‘50
= x1 [c/wp] 1 1
..... = 1.00 ! }
1 EUJS i i
| ' 80.50 i
- N ; | <0.25%
e R0 13 .: o s :HI g 3 )Lkl 020 EZ‘Z’Z “3350.75091.00991, 2399156991 7399‘2/:::9‘;?;;2 50
enmergy [Me e 1 dEfodz {chirp) = -2.315 MoV fym ' ' T [c)u,,] T 0
1.00 i —i—
N 6 —M easurement T l h OK 30.75 i = iwi
T Osaka-2024 otal charge - £ 050 i i
3, Peak current - OK o) s P g <0.25-0.4 um
¥ L “Slice” energy spread - OK 0.00=3990.75991.63991 73991 58991 753897.0899 2. 25992.50
Y 1 5 3 . 5 . . . e e x1 [€/wp] ! !
o) “Slice” rms norm. emittance --OK = Detailed information - Jorge Vieira

Martin Matys, Mihail Miceski (ELI Beamlines) .
Francesco Massimo (University of Sacley) LPA-PIC Collaboration (IST, ELI, CNRS, Sacley, CEA, SCAPA)
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,E@ Current Status: LPA-based FEL

Physics and System Simulations
S2E modelling: LPA PIC

PIC modelling in the case of the realistic

. . . |aser beam prOfIIe I. Moulanier et al
Plasma density tapering at the EXIT of the plasma unit | JOSAB2023

Axysimmetric ( C)
| fluence

X (um)
- easier to simulate - more difficult to simulate
- quantitatively less accurate - quantitatively accurate

Measured
fluence (

O

a)

y (um)

Minimize the transverse divergence of the electrons
Control the transverse emittance

In progress LPA-PIC Collaboration (IST, ELI, CNRS, Sacley, CEA, SCAPA)

A.Molodozhentsev / March 24, 2026 www.pacri.eu



* X K
* *
*
*

Current Status: LPA-based FEL
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Physics and System Simulations

Alterative approaches
S2E modelling: LPA PIC

ReMPI scheme
Hybrid scheme Experimental campaign (November 2026, ELI NP)

- HIGH QUALITY ELECTRON BUNCHES FOR A ... PHYS. REV. ACCEL. BEAMS 22, 111302 (2019)
Ultra-compact water-window soft XFEL  plasma photocathode —
. ¥ i asin
intensity tuning g
100 42 Y e » a - @ L e
T o £ s b X Compressor # H
= E, (GVIm) 1 e Time shaper " Time shaper
2 o 2 < 1025 ~— 4 = [ |
; 50 4 itness L 0 ] D> D X . A .
o 2 1000 0 river train | ¢ [l
£ 3 s 1010 A = | N i Stretched
B 04 3 - ‘000 [ g Amplifier ipulse
o | - e - Y .| H
3 10 2 0 | y b § 4 8
5 501 92s{ | 0.0025 1008 - [ Rl 3o, 7
- s : lonizing pulse '  —— i
r = < BBO
T _400 4 20 o= s 0.50 Frequency i Compressor
- . = . 210" 0y, (%) < 0.10 1005 tripling
~ 1025 — x101(kA) L - . s B 7| Beam
0 100 200 300 400 2 3 = 3 lonizing pulse Expander
; " 2 1000 N ° 002 s ; i P
Co-moving coordinate § (um) 5 2 = Driver train \
S 915 oL 100 ! + 1002 &
. . . g l 003 2 3w
We investigated different beam g o0 A 823 0ot Z S
. . . - >a%~ i s I
loading working points by tuning 925 /\ Z 10 R T L 1000 & |
u 2 < 900 ) . i
injector laser intensity T o1 o3 O™ Wakefield s I A
x10° ¢, , (nm rad) us -é o Y %
~ 1025 x10° ¢, (nmrad) |15 & %V 10= / [ 998 ot
ar<1V>physics>arxim2507.06403v1 Helo! § 1000 / 1 70 %J ‘; 6‘5 : 1 FIG. 1. The ReMPI setup. (a) Conceptual scheme: the incoming pulse passes through a beam-splitter; a portion (top line) is time
- - 5 978 [\~ 10 ndulator length 2 (”8 f shaped as a train of pulses, while a smaller portion is frequency tripled and tightly focused in the rear of the train. The driver train (four
Ehysics > Plasa Physics g gs0 . - T i pulses, red line) resonantly excites an high-amplitude plasma wave (black line) and the ionizing pulse (perpendicular polarization,
(Submeted on 8 Jul 2025] - ¢ : : :
'U;t high ? t ind X I dri = VA N o5 @ 2 purple) is approximately placed in the node of the wakefield. (b) Experimental setup: the stretched pulse passes through a beam-splitter.
b ral-aslg'la-g:l:t::a::-ozlenwc;vkvefl-;adya?:z::er:t‘:g: s —g § The most energetic portion is time shaped through the passage into a TeMPI time-splitter (see text), further amplified and re-compressed
y P P 200 S 8 e 59" a 00 s & 992 by the grating compressor. The diver train is finally focused on the target (a gas-jet, gas-cell or a capillary delivering a mixture of H/He
Lily H. A. Berman, David Campbell, Edgar Hartmann, Thomas Heinemann, 8 z 0-* did 2 ; ' s axatng o Japrese 7 S S Y S : e the Tnitis PR R
')‘)on‘n el Bmv\h\dexdqu el fulels H(‘!}m’ I S eoma) £(um) 175 200 225 250 275 3.00 .n?d a dopant (N, Ar), thus exciting a large qmplllude plasma wave. The low-energy portion of ll1§ initial pll}i( is All]1]1|FflLd. tr(qu‘»m.\
Wavelength A (nm) tripled through the passage into a thin nonlinear BBO crystal, temporally recompressed and radially magnified by using a reflective-

beam expander. The 3w ionizing pulse is finally tightly focused with a short parabola and made collinear with the driver train by using an
holed mirror. The region inside the dashed lines constitutes the experimental apparatus needed in addition to a standard LWFA setup.

Both schemes should be experimentally verified > TRL=3
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,E@ Current Status: LPA-based FEL

Physics and System Simulations
S2E modelling: LPA PIC + + SASE FEL

Verification of the Self-Amplified Spontaneous Emission regime along the UNDULATOR line
LPA-based FEL prototype (W, ~ 315 MeV)

Pulse energy Spectrum

|
o £ 210
PIC result ’ S
: |

GENESIS result j
] | JL
NEXT:
o Verification for 1000 MeV case
o Use the 6D distribution from the LPA PIC modelling LPA-FEL Collaboration (ELI, ENEA, PSI)
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,E»“Lﬂ Current Status: Electron Beam Line

Physics and System Simulations
S2E modelling: LPA PIC + Electron Beam Line

E-beam

LASER STOP
BLOCK STRUCTURE LPA CAPTURE CHICANE

of Electron Beam Line
Similar to: l-—w

/ /

MATCHING UNDULATOR

LUX / DESY ~ .
BELLA
SIOM Active Plasma Lens = TRL=3 EQMs = TRL=6
Osaka

In progress
Main Challenge: preservation of the e-beam parameters required for SASE-FEL
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Current Status: Laser

Collaboration: PACRI

Work to contribute to TDR preparation

 kW-class pump laser OPCPA characteristics

* Impact of non-radial symmetry of square pulses

on electron beam acceleration

* Simulations of kW pumped OPCPA underway to evaluate
variations in phase matching angle and impact on
efficiency/spectrum based on current crystals and
mounts.

Implementation

Primary focus on laser commissioning in L2 hall
* Booster Laser profile troubleshooting
* High energy amplification
e Compressor Population

Detailed information - Tyler Green Talk
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:*PA(E Current Status: Plasma Source

Collaboration: PACRI Gas Target prototyping for ELI-TDR

I
Gas-Cell Capillary * sebastian.lorenz@eli-beams.eu
Variation of the density along the
o q- . gas nozzle for different positions of
- Excellent guiding properties 16 mm it nozzle with blade the blade (1.5-4 mm)
10" SN

15 + blade 20 bar Helium

- Possible discharge plasma channel formation
- High beam quality potential

- Limited lifetime at high rep-rate

- Complex cooling system for long lifetime

Shock-Front Gas Target

- Complex gas flow Common issue

- Excellent beam quality Lifetime . 1]
- Precise jet profiling required

- Continuous gas flow Plasma debris and laser-induced

- Differential pumping damage at high rep-rate.

xxxxxx

Detailed information = Jorge Vieira and Angelo Biagioni
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Collaboration: PP/WP9+WP13 + PACRI + SWISSELITE (PSI/ELI)

50m

GENERAL Layout

Laser DS#1

?:leI[{IIII = |i|\y_ _ [ _

Section#1 e

~ Laser Laser DS#2 E-beam

| '
E-beam : — f/
Capture OcC Chicane ./ Matching -;‘

Section #2
E-beam

—_____

on [c] ‘o Ton

4—b

Section #3
E-beam

—g Ilooun.ll S

V3011-updated om o \//
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LIST of components

Monopole BPM with charge measurement
HV dipole correctors

OTR/CTR

Cavity BPM (PSI type)
Laser stopper

Turbo-ICT

®

O

0

@

Transverse screen Il
O

I

®

Collimator

Quadrupole for diagnostics

Transverse Streaking .
E-beam spectrometer B

Beam loss monitor (fibre-line) / Section #1

Combined Q+HV Correctors ‘]



:*ISACRI Current Status: Photon Beamlines

Funded by
the European Union

Collaboration: ELI BL+FLASH (DESY)+FERMI+INFN+PSI Science Case is Drafted
MAIN Components 9 LS, .science .
_ , N Coordinator: J. Andreasson o ChemiEiy ane cataly5|s.
MC1,2.: Mirror chamber, alignment and deflecting mirrors O Condensed matter thSICS
ﬁt':ffe?i“u?? e o Life science and imaging
S: Screen
DP: Differential pumping - CONCEPT of Photon Beamlines in E6

GDM: Gas Monitor Detector

OPIS: Online photoionization spectrometer
VLS: Variable line spacing spectrometer
BD: Beam dump

FW: Filter wheel

—_— —

Chp: Chopper

GA: Gas attenuator

MG: Monochromator grating

MKB: Vertical mirror for KB focusing optics
KB: KB focusing optics

WEFS: Wavefront sensor

ATM: Arrival time monitor

HHG: High Harmonic Beamline

Entrance stairs

labyrinth

[ Generation: DUV, MIR, Future THz
=

|

E6 hall at ELI Beamlines
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Current Status: LPA-based FEL

Extra TDR-related work packages are activated:

Low Energy Position Source

- Safety and Radiation Protection

- Integrated Control Systems and DAQ
- Infrastructure Integration

- Engineering Design

- Quality and Risk Assessments
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Current Status: Betatron
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Setup: Broadband X-ray (1-20 keV) beamline

% fully commissioned
s open for users = User Call #8 is activated International Collaborations

" c7: Fzu, IMC, Uni. Mendel, IOCB, ELI = L WIS
Science Case is Drafted s DE: LMU, HHU, HZB, Uni. Rostock n CA: ALLS, INRS

s HU: ELI ALPS, Uni. Szeged %% UK: ICL/EPAC/UCL, Uni. Strathclyde

I FR: CELIA/LOA, Ecole Poly., SOLEIL & ESRF

o Magnetic Materials and Spin Dynamics

o Energy Materials and Energy Conversion B 1IN, Uni Rome, CKFOM
o Ultrafast Structural and Electronic Dynamics in Biology and -, MUt LT FTMC
Chemistry
o Ultrafast Pink-Beam Serial Crystallography Coordinator: U.Chaulagain
o Industrial applications
. ~ . . \
gas jet x-ray focusing optics
intense optical beam for x-ray generation ﬁ betatron x-ray pulse

. sample
optical pump beam
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04/2025 — TDR Kick-off
& Governance Setup

TDR process launched with
working groups, roles, and
coordination structure

ELI-TDR Timeline

Consolidated efforts of all EUPRAXIA members are required to be on time

with the ELI-TDR preparation

03/2026 — First
Technical Draft (Core
Systems)

Initial draft of laser, LPA,
electron beam transport,
and undulator systems

10/2026 — Review 1.0 &
Draft TDR v0.6

First integrated review with
partners and updated draft
TDR produced.

10/2027-03/2028 —
Review 2.0 & Pre-Final
TDR vD.9

Final internal review
completed and pre-final
TDR prepared for approval.

* X K

* *
*
*
* 4k

Funded by
the European Union

agreed. completed.

1

Core architecture, interfaces,

and system parameter Consolidated technical status System performance, cost Final Phase 1 TDR submitted
envelopes defined and and roadmap delivered to model, and key risks with advanced upgrade
frozen. the EUPRAXIA PP. validated with expert input. options outlined.

12/2025 — Technical 02/2028-12/2028 —
( | Baseline Definition | Final TDR v1.0 (Phase 1)
~r (Design Envelope Freeze) =" 4 Phase 2 Options

03/2027 — Performance,

04/2026 — D16.2 Interim
./ %/ Cost & Risk Validation

.+ S5tatus Report

Implementation phase ... in PARALLEL: LASER & Betatron & Positron

A.Molodozhentsev / March 24, 2026
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