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Motivation
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: Atomic & electronic structures

Short pulse X-rays for fundamental Science

X-ray camera

X-ray diffraction
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Applications:

® Physics
® Chemistry :
® Biology Q X-ray camera X-ray absorption
® WDM and Y Spectroscopy
more... (composition)
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Needs for short “bright” X-ray pulses

Bricht /, Photons
Il ness = :
5 m?2X mrad? X s X 0.1% bandwidth
High flux- high SNR Small source size - high | ok ot ultra-fast  IMportant for structural studies
or high magpnification resolution imaging processes (diffraction, scattering)
* Many photons - Very bright, large-scale (expensive) and limited
* Small bandwidth access

B_rigst mm) - owdivergence —— - Difficult to synchronize with pump laser pulse

SOUrces Small source size = |aser based X-ray sources

e Short duration

One of the ELI missions:
Develop and deploy compact alternatives laser-based X-ray sources for scientific and

societal application
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Motivation

B

X-ray Transport

Far Experimental Hall

X-ray Free electron laser (>10 fs)



el-i Laser plasma accelerator based Betatron X-ray source

Laser Wakefield Acceleration Short laser pUlse with relativistic intenSity (I >1018
Plasma Wave

Wem?) interacts with underdense plasma

Betatron radiation is like Synchrotron radiation. It is a moving
charge radiation

Velocity Acceleration
. p)
2 ) oo > ol 2
T e f eiw[t—ﬁ.?(z)/c]n X [(n-pB) X Bl ™
dodQ) 47c| )., (1 _’é'ﬁ)Z
Accelerating Electrons N
Radiated energy Position
Electrons Oscillate as they Accelerate Y
’&; 100 3000
g : R 12000
S A R R S S D e e . H H 1ati
= 0 - ' 1000 e Acceleration is necessary to produce radiation.
82100 e Transverse acceleration is more efficient
1 19 < 2'57 (nf’m) 43 * e . e Radiation is emitted in the direction of the e velocity
e Relativistic electrons can produce X-ray radiation even
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if they are not wiggled at X-ray wavelength.



el-i Laser plasma accelerator based Betatron X-ray source

Laser Wakefield Acceleration Short laser pUlse with relativistic intenSity (I >1018

Plasma Wave

Wem?) interacts with underdense plasma

LWFA + transverse oscillations = X-rays

x10°
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Accelerating Electrons = 4 B, — 11.4 keV =
’ P
Electrons Oscillate as they Accelerate ¥ 5 3 =
< 100 3000 X-rays 7 ©
3 2609 — 5 g
S e s =
= I1000 = 1 g
=-100 ~
1 1.5 2 2.5 3 3.5 4 4.5 S 0 : ‘
2 (mm) 0 20 40 60 80
fw (keV)

Date:  25,09.2025 | Page:



el-i Laser plasma accelerator based Betatron X-ray source

Laser Wakefield Acceleration Short laser pUlse with relativistic intenSity (I >1018

Plasma Wave

Wem?) interacts with underdense plasma

LWFA + transverse oscillations = X-rays

5.10"
4.10"
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el-i Laser plasma accelerator based Betatron X-ray source

Laser Wakefield Acceleration

Short laser pulse with relativistic intensity (I >10'8
Plasma Wave

Wem?) interacts with underdense plasma

LWFA + transverse oscillations = X-rays

Accelerating Electrons

_  Critical energy:
Electrons Oscillate as they Accelerate ¥y ;

3 100 3000 X-rays E. = EKyzha)ﬁ =5.24 x10-21 * y2 * n_[cm?3] 1y,
g v - 2000 —— : -

S A . s I1ooo « Total emitted X-ray radiation:

=100 *2 r2

x 2
1 15 2 25 3 35 4 45 5 Weor x Ney 727,
z (mm)
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=> Higer energy and brighter radiation for higher y and r,
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))»») eli Advanced plasma Betatron

Longitudinal up-ramp + sharp transverse density gradient (up ramp + shock)

Filters Betatron

Wakefield cavity

Magnet l

fs laser

Betatron orbit

_____

Alsusp uo.109|3

Phosphor screen

Up- ramp (tilt)
= Electrons remain for longer at the back of the cavity.

The energy of the e is increased.
= The oscillation periods of electrons is reduced.
Inclusion of wire (shock)
= Shock formation causing strong increase of the
transverse oscillation amplitude S
o o0 Kozlova et al. PRX 10, 011061 (2020)




)»»» eli Advanced plasma Betatron

Longitudinal up-ramp + sharp transverse density gradient (up ramp + shock)

[18:220] 100
Wire out
20 5
g
[8:12] 630 &
-c g ‘|O_
© 0 o
& 8
@
©
[3045] &
-20 Detection threshol
Wire in
67:80
[67:50] [45:54] 1 10 20 30 40 50 60 70
20 [54:67] Energy (keV)
* Increase of the electron energy (x 1.5)
© 0 * Increase of the Betatron oscillation amplitude (>2)
= * Shift of the spectrum towards higher energies
20 * Significant increase of critical energy ( x 5) & photon flux (x 20)
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))»») Eli Adva nced plma Betatron

69
Two-color nonlinear resonances in plasma betatron
13
— Increase of betatron oscillation amplitudes
(undulator parameter K) 26
— Rel. elecrons resonant with either of the fields | o5
and/or combination resonances
165 1.66 1.67 1.68 1.69 o1
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Decoupling Acceleration and wiggling

* This would offer allows us to optimize independently
acceleration and wiggling.
* Control of the Betatron radiation properties

LPA Wiggler
1

Laser N+ N2

Filters

5
-

& Relativistic electrons
Z = Betatron photons

Advanced plasma Betatron

Laser Plasma Accelerator Plasma wiggler

Lo, no

¥ Au r

First stage : optimized Laser Plasma Accelerator
Second stage : optimize Plasma Wiggler

One Jet Double Jets

Ferri et al. PRL, 120.25 (2018), Zhu et al., Sci. Adv. 6,7.240 (2020), Gautier et al. PoP, 32.8 (2025)



))»») eli Betatron X-ray source

Summary of the Betatron source feature

v 10° photons/shot/0.1% BW and 10! photons/shot over the whole spectrum
collimated: 10’s mrad

ultrashort: ~10’s fs

Broadband: 1-100’s keV (depends on driving laser)

source size: 1- 2 microns

10% flux variation

10% energy variation

<N X X X

Polarisation tunable (!)

Combine unique features for wider applications:

Broad spectrum & fs duration, micron source size




L3 (3.3 Hz, 15 J,30fs) '

L2 (50 Hz, 5 mJ, 20 fs)

L1 (kHz, 40 mJ, 15 fs)

+ Fsync (kHz, 10 mJ, 15 {s) N

-

E5 (Undulator, e- accel.)
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Laser driven X-ray sources: several approaches

High-order harmonic beamline

s,

More info at ELI User Portal: https://up.eli-laser.eu

10-120 nm 5-120 nm
107 to 10° few 10° -1012
<20fs <10fs

Linear Lin

Uddhab.chaulagain@eli-beams.eu
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3 -40 keV
> 108

30 um
<300 fs

Plasma X-ray source

3 -80 keV
>10°

30 um
<300 fs

- "X- &

10- 100 keV

photons/shot > 10°

BT < 5 um

~30fs
.

E2/E3 |3 driver

10 Hz, 30J, 30 fs
Betatron / inverse Compton

Q‘
=T

50 — 5000 keV
> 108

<5pum
<30fs

~
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Laser drivers: L3 HAPLS

Short pulse Alpha

0.5J

front end Ti:sapph amplifier

Beta
Ti:sapph amplifier

45)

HAPLS: High repetition rate Advanced Petawatt Laser System

200 J DPSSL Pump laser system

|120]

L3-HAPLS with compressor at ELI-Beamlines

Uddhab.chaulagain@eli-beams.eu

Compressor

>30J

!

!

Power amplifier
diagnostics (PAD)

SP diagnostic
package (SPDP)

1PW

10 Hz
301
30fs

820 nm

500 TW
3.3Hz

15)

30fs
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))»») el] B EI Gammatron Beamline

10+

hwe = 11.5 keV

Photons / 0.1% BW

2.5

¢ (mrad)
o
Radiated energy (J.sr—1)

" Betatron Scheme

Date: Page: : . . , .
Uddhab.chaulagain@eli-beams.eu ate | Page: Chaulagain et al., Photonics 2022, 9(11), 853 (2022); Raclavsky et al., Photonics 8, 579 (2021)



))»») eli ELI Gammatron Beamline

Compact hard X-ray
spectrometer

High power Diagnostics X-ray Spectrometer

AP -
i il
<

Plasma Probing diagnostics .

-1
-\

Cy




)»»)) el'l ELI Gammatron Beamline: commissioning results

lewnm = 9 X101° Wem-2
Erwnm="~35%

Laser Parameters = = B Focusrwim: 22x20um

Energy: up to 10J
Pulse duration: 30-32 fs

Rep rate: Single shot or 0.5 Hz ' &% : o

Focusing Optics,
Off axis Parabolic Mirror
Focal length: 4000 mm

F# = 18 Spectral Domain
1o 20 Laser Pointing: 2.5 urad
L1s
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))»») el'l ELI Gammatron Beamline: commissioning results

<1017 SN10 2 bar Parker
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Visit Poster: Development of gas targets for laser-
plasma accelerators (S. Lorenz)

Thomson Scattering
(top view)
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))»») eli ELI Gammatron Beamline: commissioning results

Scintillator (Lanex) signal

2GeV  1GeV 100 MeV 8 bar, He + 5% N2 mixture, 3 mm above nozzle

E [MeV]
1318.0 698.0 452.0 321.0 239.0 183.0 143.0 112.0 88.0 68.0

* Stable GeV electron beam
* Very weak Betatron X-ray beam

=> Increase plasma density to increase K

5 10 15 20
lianex [cm]
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))»») el'l ELI Gammatron Beamline: commissioning results

Scintillator (Lanex) signal

12 bar, He + 5% N2 mixture, 3 mm above nozzle
2 GeV 1 GeV

12 bar, He + 5% N2 mixture, 3 mm above nozzle

E [MeV]
4.0

697.0 452.0 321.0 239.0 143.0 112.0 88.0 69.0 53.0

lianex [cm]

. . Date: 25,09, | Page: ~ 15 mrad divergence
Uddhab.chaulagain@eli-beams.eu T 2092025 e > mray g



ELI Gammatron Beamline: commissioning results

hard X-ray spectrometer
(online X-ray diagnostics)

- Stable X-ray Source with a critical Energy over 20 keV
- Small source size (<2 um), small divergence (~15 mrad)
- Total number of Photon ~ 5 x 10'° /shot (Direct detection CCD)
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normalised counts[a.u.]

0.8 4

0.7 4

ELI Gammatron Beamline: Recent results

Edge enhancement due
to phase contrast

10

25 30 40
pixel

Single Shot

Cricket
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1ps | 6ps | 11 ps| 16 ps| 21 ps| 26 ps| 31 ps| 36 ps|

a8

41 ps}

0.2 1.7 3.2 4.7 6.2 7.7 9.2 107
x [mm]

Ma et al., PRL, 132.22 (2024):225001.

Ferri et al. PRL, 120.25 (2018): 254802
Zhu, et al. Sci. adv. 6.22 (2020): eaaz7240..

Super betatron Schemes
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Highlights from users experiments

607 136 120 30

Users in the ELI User Office Countries of Principal
Submitted Proposals Principal Investigators .
System Investigators

Proposals per Instrument
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Ferstl et al. Microsc. Microanal 24.52 (2018): 184-185,  °"ee © st

Proposals per Peer Review Panel Proposals per Societal Challenge

® Energy
u Health and foc
‘ ® Materials for ¢ \\\\\
@ Material and's M ‘:d"sm;"d" \\
® Particle accele whu—
AMO chemists 136 @ Researchinstr 136
0 hem ¢ ® Environment =
ife science (m TOTAL Cultwralherite > TOTAL
® Relativistic an 224% ® N
Y Plasma physic: D Fundamentals
novel material ‘
® Fundamental ¢
® 19more

Proposals per Instrument

TOTAL

TN\

® HPLS-E5-1PW - 13.971% L3-Gammatron - 11.765% @ L1-HHG-MAC-5882% ® TA-5.147%
L3-ELBA-5.147% @ trELips-4.412% @ NLTSF-4.412% ® Legend-HHG-MAC - 3.676%
@ 5YLOS3-SYLOSElectron - 3.676% ® HR1-MDOS - 2.941% SYLOS3-LEIA-2.941% @ HPLS-E6-10PW -2.941%
FSRS-2206% ~ HR1-COND-NANOESCA -2206% ® HRALHRGas-REMI-2.206% ® L4n-P3-2.206%
MIR -2.206% ® MIR-HHG insolids - 2.206% © Nanofabrication-2.206%  TCT-2206% ® HR1-TAS - 2.206%
@ SYLOS3-SYLOSSHHG - 1.471% ® NanoESCA - 1471% @ THzPump-THzHE - 1471%
® SYLOS-SYLOSCompact - 1471% @ HR Alignment - 0.735% ® HR1-HR Gas - 0.735%
® HR1-HR Gas-REMI-0.735% @ UFEllipsometer -0735% @ THzPump-0.735% ® SEA-LIDT-0.735%
SEA-LEIA-0.735% @ SEA-SYLOSCOMPACT-0.735% ® SEA-SYLOSSHHG - 0.735%
SYLOS2 - SYLOS Long - 0.735%




))»») eli Highlights from users experiments

Investigation of the structural properties of polymer materials for Tissue Engineering

(PI: R. Oliveira Silva, HZB, Germany)

photon deflected
=——-beamlet no sample
/;
II \ beamlet with sample
/

by sample
!
A
/ X
; N\
\)

10 mins

o
~

a)

/'
///
ask —=
o~
—

displacement \
sample ==
An absorbing mask splits the X-ray beam into beamlets which
are imaged with a pixelated detector. b the presence of the
sample between the mask and the detector changes the

beamlets )

Absorption

source
pixelated
detector

cone beam

relative intensity

HINININInInERnA NI nInInIn]

Refraction

ield

Dark F

Sample: Pure Siloxane@PLA-PEO Hybrid material (50-50H)
Method: beam tracking phase contrast with betatron source
4 dithering steps and Pixelated detector (13.6 um)
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)))»)) elj Highlights from users experiments

Dual slit nozzle LWFA betatron radiation enhancement (PI: G. Manahan), Uni. Strathclyde

Conditions: 14 bar (~6.5x1018/cm3) + 10 bar (~ 5x1018/cm3) of He+5%N,, -2mm, 10J, 28 fs

1st Jet+ OFF

15t Jet + 2" Jet

900 MeV 600 MeV

Beam profile in Flat
panel detector (<40 keV)

>l
=

[ 8

Date:

Uddhab.chaulagain@eli-beams.eu Single Jet Double Jet



° Highlights from users experiments
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Dual slit nozzle LWFA betatron radiation enhancement (PI: G. Manahan), Uni. Strathclyde

Conditions: 14 bar (~6.5x1018/cm3) + 10 bar (~ 5x1018/cm3) of He+5%N,, -2mm, 10J, 28 fs
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?i? OAP: 4 m

N
Uy,
NINE

Unique platform for time-resolved X-ray studies at fs scale



L3 — PW laser for back-lighting

L4n - kJ ns pulses with pulse-shaping

L4f- 10 PW (1.50kJ, 150 fs)

RN

¥ 4
’ s

N

-
L ¢

AN

Plasma Physics
Platform

E3

~

S. Weber, et. al, MRE 2, no. 4 (2017)

N. Jourdain, U. Chaulagain et. al, MRE,6, no. 1 (2021).

b



Betatron Source at Plasma Physics Platform

hw, = 11.5 keV

Photons / 0.1% BW

2.5

=~ 30 mrad

\1

- .

Long focal length (Betatron) setup and it’s diagnostics inside P3

(6)]
Radiated energy (J.sr—!)

~ 30 mrad 0.5
[ o o
-50 -25 0 25 50
issioni 0 (mrad)
First Light (Q4 2024) Source commissioning User call (Q1 2026)
(Q4 2025)
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. Betatron Source at Plasma Physics Platform
el] First light results

Focal spot: 30 x 27 um

Far field Thomson Spectra

1 GeV

100 MeV Electron Spectra (raw) 500 Mev

Date: | Page:



Betatron Sources in ELI Beamlines

) eli

Gammatron Beamline: ultrafast X-ray science E3: Plasma Physics platform (P3)

e Time-resolved XAS & XES, radiography, Phase contrast  Betatron source for plasma and WDM/IFE diagnostics
imaging, Diffraction etc.

. L3 PW pulse (30J/30

e Operational from Q4 2025

fs/10 Hz)

*  User access from Q4 2024 (part of call 7)

10,000 -
12,000 | -~
-, 5000

DD fusion

a
%\i Ignition
G

HED regime
8 P>1Mbar

T,(K)

Log Temperature (K)
o

X-ray camera

X-ray diffraction

s s v+ gg K)

Mahieu et al. nat. comn. 2018

A=0  A=50fs At=100fs Applications: > 0 s 7 7 A

TITITTTITITIITIT |.|||||| TTT ° Ph)’SiCS o
B[es

: ® Biology
IESSEEEEEEEEEEENEEEEEEEEEEEE] [ .

X-ray absportion
spectroscopy

50

0 20 100 150
Distance {um] wm]

1om

Dépp, et al. PPCF, 58.3 (2016): 034005. Wood et al., sci. report. 2018 Rigon et al., nat. comn. 2021
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—— APS

—— BESSY

ELI Gammatron beamline %/ -—
v Compact synchrotron X-ray source (1-100’s keV)

e LCLS
v ~10fs, micron source size, collimated beam

%

FERMI
—SACLA
——SPRINGS8
—HHG
— =ELI Betatron
= =ELI Compton

v Expected photon flux over 10° photons/shot

Peak Brightness [ph/s/mrad2/mm?/0.1%BW]
%

v 10% flux variation & 10% energy variation —compentart
v Energy tunable s =
v Equipped with most of the electron and X-ray ol
diagnostics (X-ray CCDs, crystals, scintillators etc)
v Pump beam (800 nm, 400 nm or 266 nm) 07 o e o o 0 o

Photon energy [keV]
Science case details: Chaulagain et al., Photonics 2022, 9(11), 853 (2022)

At=0 At=50fs At=100fs
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https://up.eli-laser.eu

My pro

El'l User Portal

Access ELI's world-class lasers,
Instruments and facilities

Instruments /

Gammatron

Apply for beamtime =

Gammatron Beamline

Uddhab Chauglain

Sontastpersen (uddhab.chaulagain[@]eli-beams.eu)
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Thank you for your attention!

Uddhab.chaulagain@eli-beams.eu

Open Positions: https://www.eli-beams.eu/careers/
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