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))»») eli Motivation

RADIATION TYPE  Radio Microwave  Infrared Visible uv X-ray Gamma Ray
X-ray at a “nutshell” WAVELENGTH (m)  10° 107 10° 0.5x10° 10® 10™  10™

FREQUENCY B |
high

EM-radiation in above keV range (< 1.3 nm),

- Wavelength comparable to distance between atoms SCALE

e X-rays were discovered in 1895 by Rontgen. First

medical radiography 1896

* Low absorption: X-ray can propagate through matter

* Widely used in science, industry, & medicine CT scan Mammography  Rediography
* Very wide range of applications A R =
Most applications rely on absorption properties | EEYNSR. 2283))
pp y P prop il 8 E ; =
- Study nature in smaller spatial and Airport security Cargo scan
- \\ n °
With “ultrashort” X-ray source shortertime scales

High temporal in pump- § )
probe experiments 5

O ;

(%)

Date: 07.09.2023 | Page:
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X-rays for fundamental Science: Atomic & electronic structures

X-ray camera

X-ray diffraction

At=0 At=50fs At=100fs

Applications:
® physics .
. -Fay camera
: E,hem'Stry % ' X-ray absorption
iology %,
® \WDM and S spectroscopy
more... Date:  07.09.2023 | Page: Courtesy: k. Ta-Phuoc
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W - 174 Stopwatch Fastest camera Chemical Fast ‘ Molec~ular Photosynthesis !Electron motion
N ee d S fo r S h O rt b rl g h t X_ ra y p u I Se S shutter reactions electronics vnbrz:nins :]:l;ocrglseznd
e 0% g
Bri h PhOtOIlS | | T | | T |
rightness = : : 100 10+ 107 107 107 107
mz X mradz X S X 0.1% bandWIdth second millisecond microsecond nanosecond picosecond femtosecond attosecond
‘ ‘ D Johan Jarnestad/T]| 7\ ' A% | : »
) ) ) Important for structural
High flux- high SNR Small source size - Look at ultra-fast studies (diffraction
or high magnification high resolution processes scattering) ’ -
lens-less imaging g
.‘ , s _ /3
Synchrotron (> 10 ps) X-ray Free electron laser (>10 fs)
« Many photons - Very bright, large-scale (expensive) and limited
) e Small bandwidth aci(;:ss I ) X I I
Bright ) - Difficult to synchronize with pump laser pulse
& ‘- Low divergence Y pump P
source '
* Small source size laser based X-ray sources

e Short duration

Date: 07.09.2023 | Page: 5
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Laser-driven X-ray sources at ELI beamlines facility

High-order harmonic generation from gas

Plasma X-ray sources (PXS)

Talk by J. Andreasson

Sources based on laser wakefield electron acceleration (LWFA)

Betatron radiation

Thomson Scattering/Inverse Compton scattering (ICS)

Laser-driven Undulator source (LUIS)

Date: 07.09.2023
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Laser Wakefield Acceleration

Plasma Wave

Accelerating Electrons

Electrons Oscillate as they Accelerate y
S 100 3000
3 | T — 2000
— () RS SREEEES r T e
> 1000
=100
1 1D 2 2:9 3 35 4 4.5 9
z (mm)

| Page:

T. Tajima, T., & J.M. Dawson, PRL 43(4), 267 (1979) Date:

07.09.2023

Laser plasma accelerator based Betatron X-ray source

Short laser pulse with relativistic intensity (I >1018

Wcm-2) interacts with underdense plasma

Radiated energy Velocity  Acceleration
) 2
I _ e f 7 etz X L= B) X Bl
dodQ) 4m°c| ) . (1 _5_@2

Position

Acceleration is necessary to produce radiation.

Transverse acceleration is more efficient

Radiation is emitted in the direction of the e velocity
Relativistic electrons can produce X-ray radiation even
if they are not wiggled at X-ray wavelength.



eli Laser plasma accelerator based Betatron X-ray source

Laser Wakefield Acceleration

Short laser pulse with relativistic intensity (I >1018

Plasma Wave

Wcm-2) interacts with underdense plasma

LWFA + transverse oscillations = X-rays

9
5 X 10I .
T

Accelerating Electrons = 40 \ hw, — 11.4 keV _
as] 1 \;

) X 31
Electrons Oscillate as they Accelerate y fg 3 ! =
= 100 3000 X-rays ~ ! g
S 2060 N =2 E
I E | E
i I 1000 S =
S.100 | A

1 14D 2 2:9 3 35 4 4.5 5 0 ' | ' '
z (mm) 0 20 40 60 80
hw (keV)

S. Corde et al.,, RMP, 85, 1 (2013) Date:  07.09.2023 | Page:



eli Laser plasma accelerator based Betatron X-ray source

Laser Wakefield Acceleration

. o . 51018
Blasma Wave Short laser pulse with relativistic intensity (1 >10

Wcm-2) interacts with underdense plasma

LWFA + transverse oscillations = X-rays

1
5.10"
4.10"
Accelerating Electrons Uy ;o
£ -
Electrons Oscillate as they Accelerate v 2 10
= 100 3000 X-rays z 08¢ 1019
S 2000 > 3
s e I = 0
= 1000
3 0.25 | :
=100
1 1.0 2 2.9 3 3.5 4 4.5 5
z (mm)
% 60
S. Corde et al.,, RMP, 85, 1 (2013) Date:  07.09.2023 | Page: S
K. ta-Phuoc et al. PoP 14(8), (2007) ime (fs)



eli Laser plasma accelerator based Betatron X-ray source

Laser Wakefield Acceleration

. o . 51018
Blasma Wave Short laser pulse with relativistic intensity (1 >10

Wcm-2) interacts with underdense plasma

LWFA + transverse oscillations = X-rays

Characteristics of Betatron radiation

Accelerating Electrons

Source size: few um
Electrons Oscillate as they Accelerate y Broadband, crit. energy: 20 - 50 keV
S 100 3000 X-rays T '
3 | T — 2000 —— Number of Photons: 10° - 1011/shot
i () SRR T T e e .
- - 1000 Beam divergence <15 mrad
1 15 2 25 3 35 4 45 5 Pulse duration ~10fs
z (mm)

S. Corde et al.,, RMP, 85, 1 (2013) Date:  07.09.2023 | Page:



eli Laser plasma accelerator based Betatron X-ray source

Laser Wakefield Acceleration

. o . 51018
Blasma Wave Short laser pulse with relativistic intensity (1 >10

Wcm-2) interacts with underdense plasma

LWFA + transverse oscillations = X-rays

Accelerating Electrons

_ * Critical energy:
Electrons Oscillate as they Accelerate 2

Y
3
T 100 3000 X-rays . = EKyZhwﬁ =5.24x10-21 *y2* n_[cm3] r,
E - - 2 — P —— - # 2000 . . .
= (ee—saeyvaewse 5 * Total emitted X-ray radiation:
%
2100 >y 12
W+ < Ne 2r
1 15 2 25 3 35 4 45 5 tot Vst

=> Higer energy and brighter radiation for higher y and r
S. Corde et al., RMP, 85, 1 (2013) Date:  07.09.2023 | Page: 23 gY 8 g )4 b
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20 [0 69
Two-color nonlinear resonances in plasma betatron
13
— Increase of betatron oscillation amplitudes : g
(undulator parameter K) L 2.6
. . . -10
— Rel. elecrons resonant with either of the fields s
and/or combination resonances 20 B
165 1.66 1.67 1.68 1.69 — 01
(a) Non-Resonant Case : z/mm
” 100_ T T T T T T T T il 3000 ’7 f__\‘lo _Ncm—.Rcaorrrvcmtf
v ] —— Single — Color
E 0 = 2000 § 105 = T'wo — Color
E 1000 p
-100_ | 1 | 1 ! 1 ! ! - E
4.5 5 §
(b) Two-Color Case =
o 100 3000 Y g
v N : | S
‘e st o ) 2000 B
3 % 1l 1000 2 — .
s |
-100 l : 4 1 20 40 60 80 100 120
45 5 hw/keV

z/mm
pater 07.09.2023 | Page: M. Lamac et al., Phys. Rev. Res. 3, 033088 (2021)



))»») eli Advanced plasma Betatron

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

Filters Betatron X-ray beam

Magnet l
fs laser

e:  07.09.2023 | Page:



))»») eli Advanced plasma Betatron

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

Filters Betatron X-ray beam

Magnet l

fs laser

Density profile with wire in the jet

= Electrons remain for longer at the back
of the cavity. The energy of the e is
increased.

= The oscillation amplitude of electrons

is increased.
= Anincrease in the Betatron energy and

Date:  (07.09.2023

flux is expected



))»») eli Advanced plasma Betatron

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

. [18:20] 100 |
Wire out |
20 g
0
[8:12] /¥ 2630] &
5
© 0 2 10t
£ g
©
[30:45] é:_%
-20 Detection threshol
Wire in
67:80
U] [45:54] 1 10 20 30 40 50 60 70
20 [54:67] Energy (keV)
= * Increase of the electron energy (x 1.5)
g 0 * Increase of the Betatron oscillation amplitude (>2)
e Shift of the spectrum towards higher energies
-20 * Significant increase of critical energy ( x 5) & photon flux (x 20)

-40 -20 0 20 Date:  (7.09.2023 | Page:

mrad M. Kozlova et al., Phys. Rev. X 10, 011061 (2020)



))»») 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 keV (depends on driving laser)

source size: 1- 2 microns

10% flux variation

v
v
v
v
v
v

Combine unique features for wider applications:

10% energy variation

Broad spectrum & fs duration, micron source size

Date:  (07.09.2023 | Page:
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Betatron X-ray source - Applications
) eli y source - Applications

|. Absorption contrast, Phase contrast Imaging, and tomography

- Small Source (order of mm), high brightness (1023 BU,
coherence length of ~10 um (for 5 keV)

- High definition, high resolution imaging using phase
contrast, images possible in a single shot (30 fs exposure)

Photography

x et al., Optics Letters 2011

Pt

S. Fourmau

Stable source, tomography at 1 Hz (acquired in 3 min)

Date:  (7.09.2023 | Page:

A. Dopp et al., Optica, 5, 199 (2018)



))»») el'l Betatron X-ray source - Applications

Silicon shock targets

e
|. Dynamic imaging

Adhesive

50 um

top view

shock driver Ablator

layer

ultra-short X-ray probe

y position / pum

detector

(a) Deformation of the (b)
ablator layer

J Wood et al., Sci Rep 8, 11010 (2018)

Small source size of Betatron source enables use to make high-resolution imaging of laser-driven shocks

and probe fast-moving shocks without blurring



))»») el'i Betatron X-ray source - Applications

Curved crystal
I1l. X-ray Absorption Spectroscopy gas jet -
»@ —

Focusing optics Sample

Magnet

Cold Cu sample

[
- N

a. X-ray absorption Near Edge Spectroscopy (XANES)

- Near absorption edge: electron distribution function, density
of states, temperature

b. Extended X-ray Absorption Fine Structure (EXFAS)

© &
S 0o

Normalised Abs.
o
NN

- lon structure and ion temperature

O
B

0

8950 9000 9050 9100 9150 9200 ) )
Photon Enerey (eV) Single shot X-ray absorption spectroscopy

B Kettle et al., PRL, 123, 254801 (2019)
B. Kettle et al. arxiv.2305.10123 (2023)

Date:  (7.09.2023 | Page:



))»») el'l Betatron X-ray source - Applications
ﬂ Curved crystal
|. X-ray Absorption Spectroscopy as jet ~
" B

Focusing optics Sample

50 TW Magnet

12,000

< 10,000
o
@ 8000 _tofs
% i oY
,g 6000
§
S 4000 f
3
W 2000
T,=T,=300K T.~10* K; ;=300 K T,=T,=5000 K
° d e f
—~ 1} ~. 1} = 9
Delay (ps) g 0.8t} g 08} g 0.8
[ = c
o 06} o 06} o 06
(&) (& (&}
€ 04l 5 04} g 04
2 = 2
Ultrafast phase transition in a 80 nm Cu sample g 02y § 02 g 02
. 0 0 1 0
heated Wlth d fS laser pU|Se 910 920 930 940 950 960 910 920 930 940 950 960 910 920 930 940 950 960
- observed sub-100 fs electron heating of warm dense Energy (V) Energy (eV) Energy (eV)

copper (L-edge XANES) ) B. Mahieu et al., Nat. Commun. 9; 3276 (2018)



))»») el'i Betatron X-ray source - Applications

1. Ultrafast X-ray Diffraction iy | | | | |
P i Experiment —_
Delay line < 1.1
Diffracted X
o I T
I Q oo | A
E": rjh%
.| - 08 ¢ 1 ‘ _
Leac o e, T
RN IS R
| | c 06 ¢
H jet \ p—— | _
e gas je \ ,. — - \ InSb 5 05 | _
=  —— 100 Z :
50TW/ 30fs Toroidal mirror - 0.4

lagap Magnet

-0.4 0 04 0.8 1.2 1.6
Delay At (ps)

Deviated electron K. ta-Phuoc et al., PoP 14(8), (2007)

Using a Betatron source, ultrafast phase transition can be measured with fs resolution

Date:  (7.09.2023 | Page:
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Laser-driven X-ray sources at ELI beamlines facility

" High-order harmonic generation from gas
= Plasma X-ray sources (PXS)
= Sources based on laser wakefield electron acceleration (LWFA)
* Betatron radiation
 Thomson Scattering/Inverse Compton scattering (ICS)

e Laser-driven Undulator source (LUIS)

Date: 07.09.2023 | Page: 22



)mm el'i Facility layout and laser drivers for X-ray sources

Synchronization within <100 fs by master facility clock

_—— [ R ——

: L1 - ALLEGRA L2 - DUHA L3 — HAPLS L4 — ATON
Technology Technology Technology Technology
« OPCPA  OPCPA * Ti:Sa, DPSSL * Nd:glass
e Circular e Circular * Square * Square,
* Gaussian * Flat-top (25%25 cm?) (5555 cm?)
* Synchronized * Synchronized * Flat-top * Flat-top
:g{nz‘ﬁ‘tlmuz probe beam mid-IR pulse * Alsons&ps
| S Parameters Parameters Parameters Parameters
e
] Nominal  Current Nominal Current Nominal Current Nominal Current
1“ I ‘ Plasma PhVSlcs :gr:r:ei‘;g:; ':/- ‘ 100 mJ 55 mJ 5J Work 30'] 14] 1.5 kJ GOOJ
Mneml}« . x-rav.sourcew 1 kHz 1 kHz 10s Hz in 10 Hz 3.3 Hz 1/m|n ]_/min
. biomolecular -
R appm*% U ! ’gﬁ; 15 fs 15 fs <40 fs Progress | | 30fs 30 fs 150 fs 1ns

Ah

e- acceleration

*  Coherent LEGEND Elite DUO: 1kHz, 12 mJ @ 35 fs
*  Coherent Astrella: 1 kHz, 2x6 mJ @ 45 fs
*  Coherent Hidra: 10 Hz, 100 mJ @ 40 fs

Date: 07.09.2023 | Page: 23



ELI Gammatron Beamline

S

e

Intereaction
Chamber

Date:  07.09.2023 | Page:
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))»») eli - ELI Gammatron Beamline

Photons / 0.1% BW

~ 30 mrad
Radiated energy (J.sr—1)

~ 30 mrad

AN 4 50 25 0 25 50
Betatron Scheme A > 9 (mrad)

Date:  07.09.2023 | Page: Chaulagain et al., Photonics 2022, 9(11), 853 (2022); Raclavsky et al., Photonics 8, 579 (2021)



))»») eli ELI Gamﬂr:atron Beamline

a)

1.5t

hwe = 13.6 MeV
=
n ol
IS
L
S
~—
3
505
c
=
Ay
0 ! : ‘
0 20 40 60 80 100

fuw (MeV)
(s | (¢ a1

b) aw - 1
B G
5 gm

| OAP1: 5°, f= 400 cm/F#20 ‘ 5
| OAP2: 30°, f= 16 cm/F#2

-5 -2.5 0 2.5 5
6 (mrad)

| Page: Chaulagain et al., Photonics 2022, 9(11), 853 (2022); Raclavsky et al., Photonics 8, 579 (2021)
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Electron
Spectrometer




ELI Gammatror]BeamIine

.

High energy RF
Spectrometer (5-88 keV)

Plasma Probing  §
diagnostics

High power beam
. Diagnostics

Date:  07.09.2023 | Page:
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Pump beam

Crystal /Tv

IXEI’

/ \_/g X-ray bearﬂ w
ample

Detectors
_ X-ray Focusing Optics

N “:
N
I

Date:  07.09.2023 | Page:



Plasma Physics Platform

E3

L3 — PW laser for back-lighting

L4n — kJ ns pulses with pulse-shaping

L4f- 10 PW (1.50kJ, 150 fs)

no. 1 (2021): 015401.

Vi

., N. Jourdain et. al, MRE,6

-176

S. Weber et. al, MRE 2, no. 4 (2017): 149



First Light (Q1 2022)

Source commissioning
(Q2 2024)

Date:  (07.09.2023

Betatron Source at Plasma Physics Platform

% 10°

12

101

hwe = 11.5 keV

Photons / 0.1% BW

-0  -25 0 25 o0

User call (Q3 2024) 0 (mrad)

N. Jourdain et al., MRE 6.1 (2021): 015401, U. Chaulagain et al., SPIE (2020)
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))»») el'i Betatron/Compton beamline in E2/E3

E2: ultrafast X-ray science E3: Plasma Physics platform (P3)
e Focusing by OAP (F# = 20) * Focusing by a spherical mirror (F# = 24)
«  Designed for high rep. rate (10 Hz) e Betatron source for plasma and WDM diagnostics
*  Time-resolved XAS & XES, radiography, Phase contrast * Operational from Q3 2024

imaging, Diffraction etc.

L3 PW pulse (30J/30
£5/10 Hz)

N &N

5k},1015'nm, 0.1 -
10 hs @0:01'HzZ

v‘ / ‘T y
; 4 W

Betatron x-ray
radiation
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))»») el'l Gas jet characterization (with improved sensitivity)

Traditionally Mach-Zehnder or Nomarski int. (or WF sensor)

Target
e Single pass Laser 851 /" 1y M1
— L
L1 CCD
* Imaging on the detector (L1) »
BS2
Imaging Michelson interferometer Laier Target
cco BS 1
* Double pass ->< ! Il
o | 2 17
* Relay-imaging of the jet M

(L1+SM) and imaging on the detector (L2)

J. Nejdl et al., Rev. Sci. Instr. 90, 065107 (2019)

Date:  07.09.2023 | Page: 27
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))»») el'l Gas jet characterization (with improved sensitivity)

Double-pass configuration and four-pass configuration employing polarization switching

Relay-imaging system & ‘
b) polarization rotation_ e

a)

Polarizing (as je

; beamsplitter
Beamsplitter _

“. lens
Phase measurement "

system

Wollaston prism‘*.. ‘

& polarizer Wollaston prism

& polarizer

CMOS camera "% & CMOS G

two pass four pass

Date:  07.09.2023 | Page: 73 S. Karatodorov et al. Sci. Rep. 11, 15072 (2021)
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Four-pass configuration employed for tomography of low density gas jets

Ar (1.6 bar) He (7 bar)
a) -2.0x10:: Cm-: b) -5.0x1018 cm-3
1.5x1 018 Cm:3 2.6 3 4.0x1018 cm'3
;':"1018""'_3 T 21 30x10® m’?
8x10™" cm E 8 3
: { N 2.0x10™ cm
21 N ie |
\ '
E ' R
£ 16 | 47
‘ﬁ-‘ ((/ i’/ p-
L 114
0.5 , 05 .
0\ - (mm] 0 0 5 s e
mm b mm . R it e ~
y[mm] o 0 0.5 J e 0 0.5
x[mm] x[mm)]

S. Karatodorov et al. Sci. Rep. 11, 15072 (2021)
Density isosurfaces of gas jets from 1 mm in diam. supersonic nozzle with a razor blade

A fourfold increase in the SNR and a factor of 4 improvement of the sensitivity of the gas jet density measurements

Automated station for tomography with unprecedented sensitivity
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. LPA-based X-rays are maturing S 1:
< Energy tunable X-ray source with fs duration and | ..oz,

== \Wood 2018

jitter-free synchrotron with the driving laser o Foumaux 2019
ELI (expected)
102 F 1

+ Wide range of applications

* Imaging/Tomography 10

e Time-resolved X-ray Absorption/emission

1 {]-21 _§

Spectroscopy
: : 1% 10 100
e X-ray diffraction Photon energy [keV]
Chaulagain et al. Photonics 2022, 9(11), 853 (2022)
e and more..

ELI Gammatron beamline hopes to provide some milestones along the way, along with

exploiting their wide spectrum of applications
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Thank you for your attention!

Uddhab .chaulagain@eli-beams .eu
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