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European Light Infrastructure (ELI)

European Light Infrastructure (ELI) will be the world’s first

international laser research infrastructure, pursuing unique
science and research applications

ELI will be implemented as a distributed research infrastructure
based initially on 3 specialized and complementary facilities,
located in the Czech Republic, Hungary and Romania

Attosecond Laser Science — ELI-ALPS, Szegen, Hungary

High-Energy Beam Facility: development and use of

ultra-short pulses of high-energy particles and
radiation stemming from the ultra-relativistic interaction

— ELI-Beamlines, Prague, CZ

Nuclear Physics Facility with ultra-intense laser and

brilliant gamma beams (up to 19MeV) enabling also
brilliant neutron beam generation with variety of energies

— ELI-NP, Magurele, RO
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Laser system 0«\‘? Experimental areas
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Boosterampl | | 2x200 mi /1kHz/10fs S gt | [Reeicaticn: i
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DPSSL pump
Power amp (2x) 10J / 10Hz
OPCPA 10] beamli
Oscillators || Dpsaw::‘ e o || xuv/xsay
+ PFS preamps generation
1kHz | [Sooneramez Poweramp (20 | 501 /10Hz | &
10 mJ/ 1kHz/ < 6fs PFS technology T—>| OPCPAS0I beamline i e-and p+
Bump DESSERIEG ?. 1 acceleration
121/100Hz /155 501/01Hz | &
: il
cLi. i Plasma physics
S wom
Boosteramp 3 00J/0.1Hz High-intensity
| PFS technology |—>| test & user facility
9 DPSSL pump Exotic physics
o 121/ 100 Hz/ 15 fs o T
N \OQ;‘ 2
L t. . D I [ B P & o & \0@'
ocation: Dolni Brezany (near Prague) g -

Q\)((\Q"é’p
+ Site area 65,000 m?

+ Building(s) 28,645 m?
. Building volume 170,000 m? Parameters of FOCUSED laser pulses

+ Experimental building

16,500 m? 200mdJ /10fs * 1kHz 20TW < 6x1020 W/cm?
+ Laboratories 4,500 m2

. Offices 4,400 m? 10J / 20fs 10 Hz 500 TW < 3x10%" W/cm?

+ Multifunction areas 2,300 m?

+ Total estimated construction 50J / 25fs ** 10 Hz 2 PW < 1x1022 W/cm?

costs of €65M

. [i'(r):;ndation raft slab thickness 3OOJ / 30fS 0_1 10 PW < 3><1 023 W/sz

« 1.6m shielded reinforced Hz
concrete walls in the
underground;

Experiments

Installation in progress: (*) available during 2018
(**) available during 2019
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Underground experimental Hall

S E2: Betatron 3D3C

E3: Plasma Physics

Combinations with different lasers,
Ea: ELIMAIA Backighters x-rays and protons, opti
Combination with backlighting, after
proto_n_heagl_r_lg of samples

E1: HHG, k-alpha,

1

ICFA FLS18: Alexander Molodozhentsev

Date: 06.03.2018

ELI-BEAMLINES

Fundamental and applied research

Generation femtosecond secondary sources
of radiation and particles:
- XUV and X-ray sources
Accelerated electrons (< 2GeV/10Hz, >10GeV low rep-rate)
- Accelerated protons ( < 400MeV/10Hz, >3GeV low rep-rate)
- Gamma-ray sources (broadband)

Applications of rep-rated femtosecond secondary sources
- Medical research including proton therapy

- Molecular, biomedical and material sciences

- Physics of dense plasmas, laser fusion, laboratory astrophysics

High-field physics experiments with focused

intensities 1023-1024Wcm-2
- “Exotic” physics, non-linear QED

Development & testing new technologies for

multi-PW laser systems
- Generation and compression of 10-PW ultrashort pulses,
coherent superposition etc.
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The principal of the ‘laser-wake-field-acceleration’ (LWFA) is based on an ultra-high
longitudinal electric gradient, created by the high-intensity laser pulse focused in dense
plasma

The plasma wavelength

relativistic exiting kp[,um] ~ 3.3 X 1010/\/713 [Cm_3] ,

self-focusing flash e-beam

where n, is the electron density of the plasma.
| SO0 The plasma wavelength limits the bunch length which
)'(l‘(‘lm((““ ’ can be accelerated by the laser-wave.
I

The longitudinal field

laser pulse e Eo[V/m] =96 ne[cm‘3] .
T‘—"

dense .

gas jet

Assuming n.~ 5x10"° cm3:

Ay~ 14.8uym > <3 fs RMS pulse length
E,~ 215 GV/m

W,.,= 1GeV ... 4.7 mm accelerating channel.
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Recent experimental achievement in LWFA [1]

Through manipulating electron injection, quasi-phase-stable acceleration, electron
seeding in different periods of the wake-field, as well as controlling the energy chirp the
high-quality electron beams have been obtained. The electron beams with energies in
the range of 200+600 MeV, with the RMS energy spread of 0.4+1.2 %, the RMS
transverse beam divergence of 0.2 mrad with the bunch charge of 10+80 pC have been
demonstrated experimentally for the new cascaded acceleration scheme.

Using recent experimental achievements one can define the parameters
of the LWFA electron beam at the exit of the plasma channel as following:

W,;, =300 + 1000 MeV;

Oxy ~ 1 MM ; o, ., ~0.2+0.5 mrad;
c,~1um,;

Oppip < 1% (~0.5 %)

e, ~ 0.2 t mm.mrad,

Q, ~ 20+50 pC.

[1] W.T.Wang et al., Phys.Rev.Lett 117, 124801 (2016)
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Table 1: Main parameters of (A) ‘demo’ FEL and
+ (B) ‘water-window” FEL

‘Cryogenic’ permanent magnet PLANAR undulator

HZ (Berlin) and University of Hamburg [2] | | A | B
Electron beam in Undulator
Beam energy MeV 350 1000
Bunch charge pC 20 20
Normalized ‘peak’ undulator parameters K - 3.0 RMS bunch duration fs 2 2 )
S Peak current kA C 4 D 4 —
Normalized RMS undulator parameter A - 2.121 Matched beam size um ~ 30 ~ 30 8
 Undulator period A, mm 15 Normalized emittance 7 mm.mrad 03 D 03 o
e B, T 2141 ‘Slice’ energy spread % 02 D 02 £
Number of periods N i 133 Photon coherent radiation in Undulator at saturation %
: Photon energy, Epni eV 30.1 246 )
il e & ™M 2 Radiation wavelength nm 41 5 <
- Undulator length S TR ) Pierce parameter, p %102 0.85 0.29 (@)]
Coherent normalized 7 mm.mrad 224 | 0.785 %
[2] J.Bahrdt, in Proc. FEL2011 Conference, p.435, 2011 Eﬁi;ﬁﬁﬁi;mm - 030 T 0151 o
(3D). Lea 3
Gain length (3D), L, 3p m 0.107 0.45 ‘.(_E
. ] . . Saturation length (3D) m C-21 2 -85
Goal of the ‘demo’ FEL experiment: Fotal photon flux i T s os] £
- demonstrate the amplification of radiation; Radiation bandwidth % 0.72 0.2 M
- reach the saturation in the short undulator (2m). PEO'ZOH Euﬁperﬂ-l%bw X102 1.6 | 074
_ _ Photon brilliance x1030# 0.44 7.05
2> Wkin - 350M€V, Gap ~4.5mm (K0_1 77) Photon pulse power GW 10.8 52
Photon pulse energy uJ 60 30
... hext step - ‘laser-driven’ ‘water-window’ FEL # comresponding units are shown in the fext 3
[3] M.Xie, LBNL-44381, CBP Note-323, 1999
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Estimation of the saturation length for different parameters of the
electron beam, passing through the CPMU undulator (K,=1.77)

Wyin= 350 MeV, [,...= 4kA, o;,,= 30um L, sp~20Lg,p(1+A),

3,5 3 where A is defined according to
—a En=04 the Xie parametrization,
| —@— En=0.2 | |
304 " N— e . —

L, 1p Is the 1D gain length.

Saturation length (3D) [m]

1,5

01 02 03 04 05
RMS energy spread [%]

In order to obtain the saturation length (3D) of 2m for the energy spread of 0.3%,
the normalized RMS transverse emittance of the electron beam should
be less than 0.3 » mm.mrad = ‘SLICE’ parameters of the electron beam (L ce<L;00p)-

@ x* g EUROPEAN UNION :
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Conceptual solutions for a dedicated beamline for a ‘laser-driven’ FEL

WHAT IE_ME_

Capture of the Triplet of Minimize normalized emittance + Compact setup Radiation
‘laser-driven’ permanent growth * High gradient damage
electrons quads * Allow a long drift space for out- (~450T/m#1) o Position control
coupling optics
‘Momentum’ filter 2 Set of EM- » Eliminate effects of ‘chromatic * Compact setup o Required
quadrupoles aberrations’, caused by large *  Without bending collimator
energy spread dispersive o Secondary
elements particles
Beam Magnetic * Electron beam manipulation in + Control of ‘slice’ + Effect of CSR
manipulations™ chicane the longitudinal plane parameters
(decompressor)
Beam matching Additional setof +  Matching to the undulator * Matching for FEL  Triplet or
with undulator# quad-magnets Twiss parameters quadruplet of
QMs

#1 P.Winkler et al, in Proc. IPAC17 Conf., p.4145

#2 |, Hofmann, Phys.Rev.STAB, 16, 0413302 (2013); A.Molodozhentsev et al, in Proc. IPAC16 Conf, p.4005, 2016
#3 A.Maier et al., Phys.Rev. X 2, 031019 (2012)

# A.Loulergue et al., New J.Phys. 17, 023028 (2015)
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Electron beamline for a ‘laser-driven’ the ‘demo’ FEL (W,=350 MeV)

(1) Capture (2PQMs+EQM) """ (4) C-Chicane (4DMs)
(2) "Out-coupling’ drift H-Aperture = 400 um V-Aperture (5) Matching quads (3EQMs)

(3) ‘Momentum’ filter (4EQMs) 3 ORI 300 pm (6) Undulator

(D) (eD) 0,=1° 2 R5=0.56mm Ly (eD) (eD) T&L diagnostics

&,y = 0.2 mmm.mrad WﬁL/ WM:/%E &, = 0.64 7mm.mrad *
oy = 0, = 1.1m | i ’ ’ ll &,y = 0.33 7 mm.mrad

&nx = 0.2z mm.mrad *

X &Y (mmy)
o

o= o, = 0.55 mrad , : =
Py SRR ¢) (eD) (4)  (eD) (eD) (6 Oy = 22.4 im
Opppp = 1.U97% . \ o,=21.5um
1 —_ (1) *
, Oupp = 0.9%
f o I Ap/p
projected’ emittance ]
-1 T T T T T T T
0 2 4 6 8 10 12 14 H
postion (m) \L * ‘projected’ value
a ” 121220181 PlotWin - CEA/DRF/IrfW/DACM 21.2.20181 Plotwin - CEA/DRF/Ifu/DACM l
j“m e vy v G Y(om) - (o) ; ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ D ¥iimm) - Y(mrad) ’6 >
" E ; ; ; ; 1 1
| e i 95 e T‘ Collimator aperture = 400pm I T 047 047 ‘ES, 8
29 24\ ) | | ] | ]
" 5 X 90 0w O O O 021 . 02 N S 0
] 43 : > i i i —B-— Initial divergence = 0.55 mrad T ey 1 ,
: o : ,} L™ g 854 Ll NG %In;’t;‘aldxergence=1mlad I o 0] === u‘ 0 === @ - -8 H(:_)
13 e g i i i i i 5 1 T 1 ’ _— .
23 23/ 2 : : : . : : : i 021 -o01 g ] 001 S [ —
1 i E 804 ool 1 ﬂ 1 \°
::A G ::A & k [ ; ; ; ) : ; ; ; ; 04 )\“ 04 /’\ % E 8 QQ
0. 001 001  -0.005 0 0005 001 S 754N g ; ; T : : ; ; T : . .
- X(mm) - Y(mm) . g ! ! ! ! ! ! ; ! ! ! -0.4 -O.ZZ(mm)_Odwﬁ%?‘Z 04 -0.4 ~0.2x(m;::ﬂmm)0.2 0.4 . “5’ —
| : s 70 S A A A e A S i I c o0 8 |
2 0.4 I (@)]
g N TN - 2900 ¢
\\‘~> 09- 65- T [T A A A T 1 02: 0.2698, 0.1207 o1 E E Q_ %
0] 0] | | | | | : ; | : | L . -
01 B ] 604 0 : 0:_,::- a@ E -? e b
R -0.005 T T T T T T T T T T 1 02 A 001 - — E Q— ~
/ ] — o
o s » Ay ... 06 08 10 12 14 16 18 20 22 24 26 28 ) oad )J\\ 3 © E o~
v T . T T T 0, & oo1 LA S S s o e : =
WL A i m/pmax-g:%s% oot O it i oae - SIGMA energy spread [%] -0.02-0.015-0.01-0.005 0 .005 0.01 0.015 0.02 04 02 0 02 04 " o 8 ; g

&
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Control of the ‘slice’ beam parameters for the ‘demo’ FEL (W, =350 MeV)
The ‘slice’ beam parameters for the ‘demo’ FEL experiment should meet the requirements:
o the relative energy spread < 1/2 of the Pierce parameter ... c,,,, s < 0.4%;

o the transverse normalized emittance ¢, s < 0.37 mm.mrad,
o the bunch charge Q,< 40pC, providing the peak current of 4KA for different Ry

61— ! ! ! ! ! 200 : : ; 1 1 16— : : B
& ; S — ; 10 _ ‘ ‘ ‘ ‘ : 1 | —®—Div=0.5mrad/H/ N | 3
S N R - R S S 1801 < 147 | —e-Dv=05mrad/V/| o
. ‘ D\; -0~ 1% <dplp> | ; ) 160 - © 1 | -~ Div=1mrad/H/ Y
= 0 eSSk cdee : : 08 & € 129 | v Div=tmrad/V/ | Y e o
=1 ‘ ‘ ‘ i i s Q140 2] N | |
= 4 e e o e/ A s 25 = € 1 : : N 1
£ : : : ‘ : 3 o 120- X E 1,0-
2 | | | |  tos g £ w K .
o 3 R R R T I o ¢ 100+ S o
- . ; ; ; ; p O @ o 081
S .- : ‘ | : £ 5 804 c ]
g | 0 | - losd g Qg
3 2 oo g 2 ey g E 067
) I S S0 s N S i v 0 o ]
0 o i lon 407-- Z - 044
A = R B e ]
: : . T T T T T -
i i i Z 0,0 0,2 0,4 0,6 0,8 1,0 < 02 ‘ : : : : :
0 T T T T T T 0,0 X T T T T T T T T T T T
0,0 0,2 0,4 0,6 0.8 10 Decompressor bending angle [degree] 0,0 0,2 0,4 0,6 0,8 1,0
Decompressor bending angle [degree] Decompressor bending angle [degree]

Initial ‘projected’ RMS relative energy spread should be 0.5%
Initial RMS transverse divergence should be less 0.5mrad
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Electron beamline for a ‘laser-driven’ the ‘demo’ FEL (W, =350 MeV)

[28.2.20181 TraceWin - CEA/DRF/Irfu/DACM

V-Aperture

H-Aperture 300 um

400 um /

| &yx = 0.61 xmm.mrad *

&nx = 0.2rmm.mrad * o

&y = 0.2 mm.mrad s EQMPS | e e et &,y = 0.23 7 mm.mrad
O'X—O'y—1.1llm 4 E M\ ) M L ’__ ’&i D1 D2 D3 O_X=21Hm
= = S M*‘
=0y =0.5mrad® - — i ———— | o, =21pum
O'A/=o.5/)# 1 n ) ) . =0.48 % *
o/p | U L HL Opplp = .48 %
* £ H J H
projected’ emittance 05 * projected’ value
| Ele #134 [13.6993 m] ﬂwxm/m l S : l
o ‘ 2 ‘ 4 ‘ 6 ‘ 8 ‘ 10 Rt ]
Position (m) L
0.2-] o, 02] -
4 aw o:> a I —-— g%
3.5 02 : $ o001 _0.2: o0t
37 -0.4: /\ -0.4: /\
Propagation efﬁciency ~ 96% 251 04 w2 o oz s T4 9z o 02 o4
; 2(mm) - dp/p(%) i X(mm) - Y(mm) ;
7 21 2 p 0.4:
gu—,_ N 0.2 .
: i I — e
[¥] Reachable experimentally: 05 o &N\ L
W.T.Wang et al., Phys.Rev.Lett 117, 124801 (2016) i IS N | (Y S A A - —— L E— /\ B —
R TR DORE S I I T
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FEL ANALYSIS:
FEL demonstration experiment 2> W, =350MeV
Goal: ... saturation in the 2m ‘cryogenic’ undulator

Photon pulse energy for different decompressor setup

The bending angle in the C-chicane:
Case1: 0.2 degree; 154 5
Case2: 0.4 degree; 1E_5i
Case3: 0.6 degree.

1E-6 -

After the decompressor:
The ‘slice’ RMS energy spread:
(1) 0.44%; (2) 0.35%; (3) 0.24%

1E-7 -
1E-8 -

The ‘slice’ RMS norm. (H/V) emittance: 1E'9‘é

(1) 0.6/0.25; (2) 0.4/0.22; (3) 0.3/0.2 1EA0 ]

Photon Pulse Energy [Joul]

To keep the peak current of 4kA for each set
of the chicane magnets 3
the bunch charge for each case is: 1E-12

(1) 23pC; (2) 27pC; (3) 43pC, respectively.

1E-11 4

SIMPLEX
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FEL ANALYSIS:
‘water-window’ FEL > W,; =1000MeV (A, ; = 5Snm, E ,=250eV)

- 'Cryogenic’ undulator segments (K=1.8): L;,=2.5m
- Space separation: 0.75m

-  FODO focusing structure

- Main beam parameters in Table 1

LWFA-based’ water-window FEL
in ELI-BL experimental hall E5

1E-4
1E-5—;
1E-6—;
1E-7—;
1E-8—;

1E-9

Photon Pulse Energy [Joul]

1E-10 -

1E-11 -

O 1.

SIMPLEX z(m)
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v" The analyzed dedicated beamline to transport the ‘laser-driven’ electrons
up to an undulator allows us to provide required parameters of the electron beam for
the ‘demo’ FEL experiment.

v" The required initial parameters of the ‘laser-driven’ electron beam are reachable
experimentally.

v" Dependence of the ‘demo’ FEL parameters on different strength of the ‘decompessor’
C-chicane has been discussed.

v' Performed analysis of the ‘water-window’ FEL parameters, based on the
1GeV ‘laser-driven’ electron beam, shows that the total length of the whole setup
(including the dedicated electron beamline and 3+4 segments of the undulator) is ~ 30m.
The peak photon brilliance is 7.05x103° photons/pulse/mm?2/mrad?/0.1%bw.
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