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Laser-plasma experimental facility PEARL.:

wn ey = W W ] Principle scheme of the PEARL laser:

OPCPA (KD*P)

10 md

>
/ 10 mJd

1md, 1ns 180 mJ

Laser pulse characteristics:

+ 90 fs

* 910 nm (+-17 nm)

+ up to 20J (in 20 cm aperture)
+ 3 shots per hour

+ CGontrast: 1078 at 0.5 ns
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Laser—plasma experimental facility PEARL:

Principle scheme of the PEARL laser:

OPCPA (KD*P)

500 pJ

10 md

>
/ 10 mJd

1md, 1ns 180 mJ

for plasma acceleration | I |

300J 180 J@2w (1 ns)
for LabAstro

Laser pulse characteristics:
+ 90 fs

* 910 nm (+-17 nm)

+ up to 20J (in 20 cm aperture
+ 3 shots per hour

+ CGontrast: 1078 at 0.5 ns
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Laser wakefield acceleration (Stage 1):

Nozzle
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Laser wakefield acceleration (Stage 2):
Gas Sell Up to 20], 50fs@910 nm

SM
. Compressor

Magnets M1 are M2 are 6cm@0.5T both.

F/46 focusing

SM — spherical mirror f/40; M — transporting mirror; GC — gas cell; M1, M2 — deflection

gas cell magnets; L1, L2 — scintillating screens; C1, C2 - CCD cameras.
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Basic laser parameters:
A0 =910 nm, T = 60 fs,
E<~10J,

P=160 TW

D=100 mm, F/4.2,

| =3 x 10720 W/cm?2
C=2x1078 (1 ns)

1 Shot/20min
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List of diagnostic equipment:

*Thomson parabola
*RCF stack
FSSR X-ray spectrometer

Energy (MeV)

E-field modulation

SCIENTIFICREPORTS |7: 12144 | DOI:10.1038/s41598-017-11675-2
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Experiments on bio-objects
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The experimental results are in good agreement with the experimental results from the community.
Thus we realised, optimisation of the acceleration efficiency is only possible by optimising the laser source.

The main issues:

1. Not enough intensity
2. Focusing is not perfect
3. Low stability

The solution:

1. CafCA (Compression after Compression Approach - peak power increase)
2. Focusing optimisation (linear distortions and nonlinear distortions cases)
3. Optical synchronisation for OPCPA

11
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Compression atfter Compressor Approach
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DM - dispersion mirror;

l,, I,— breakdown threshold of the amplifiers,
diffractions gratings.

EAAC-2021: Soloviev A. 20/09/21

- Nonlinear QED: E-e-}_ = 2m,c?

o
-
)
<

N
g ” Ultra-Relativistic Optics / £ EL/
= 10 /- 1 TeV
é\ EO =fan2 /
Z oo Relativistic Optics
£ 10
E EqQ =m,c? 1 MeV
R Bound electrons
310"
8 ¥~ cra
<— mode locking tev

10'"° [ €— Q-switching

1960 1970 1980 1990 2000 2010

12

o e TN
K~ S o8
FADC

2 S 29

e 4 -
) s

S ;

L
v .
2
Z 4
’

A",’ NAT
MW \DCCC




CafCA theory basics
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V.N. Ginzburg, A.A. Kochetkov, |.V. Yakovley,
S.Y. Mironov, A.A. Shaykin, E.A. Khazanov,
Quantum Electronics 46 (2016) 106-108.
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CafCA scaling problems and solutions

B=n 2 Tkl Instability if
Knoise 0<6<g =211

n
/@kl/k k

B=n,IkL

® ® k :
Physical problems : Solutions: noise
V.I. Bespalov and V.I. Talanov, "Filamentary structure of light
° Small-S C ale self_fo cusing free sp ace beam ﬁltering beams in nonlinear liquids," JETP Letters, 3, 307-310 (1966).
* non flat-top beam shape negative lens
The technique of beam filtering depends on the intensity level
TeChn()lOgic al prOblem: Solutions: For ns laser beams intensities I ~1+10GW/cm? 0_, =0.73-+2 mrad
For fs laser beams intensities I ~1+-10TW/cm? 0,,.=20+-50 mrad
y 4
. . o o — D . —d
* very high aspect ratio 1:100+ plastic instead of glass ~ \
HCI‘ - 2 ﬁ
n
Free space propagation leads to beam self-filtering
I=1TW/cm?, d=100mm: the safety distance D>1.6m 18
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CafCA in experiments CafCA in experiments

Example 1: at the output of the PEARL front-end Example 2: at the output of the PEARL
@ 20mm, W=20mJ, T,,sc.=66fs -> 30fs, L .c;c=3mm, B~2 @ 100mm, W=6J, T,,s.=56fs -> 24fs, L ,5:ic=0.5mm, B~3
Spectra bef nd after SPM ACt wlo 5P anc ACF wjo SPM and
| pectr ore and after | after SPM & chirped mirrors ACF ACF Spectra before and after SPM o . opm & chirped mirrors ACF ACF
0.9} 1 09t 0.9l ﬂ 109}
0.8} 1 08} 0.8 4+ 0.8+
0.7} 1 0.7 0.7L 1 07L
0.6 4 06} 93fs 0.6 4 0.6+
0.5} 1 0% 43fs 0.5} { o5l
0.4} 1 04L
0.4}t 1 04L
0.3} 103t
0.3} 1 03}
0.2} 102}
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0.1} 101t
0.1} 101t
840 860 880 900 920 940 960 980 O -400 200 0 200 400 0 : , \j 0 _j ,
L ,AM t fs 840 860 880 900 920 940 960 980 -400 -200 0 200 400
V. N. Ginzburg, A. A. Kochetkoy, I. V. Yakovley, S. Y. Mironoy, A. A. Shaykin, E. A. Khazanoy, A ,NM tfs
Influence of the cubic spectral phase of high-power laser pulses on their self-phase modulation S.Y. Mironov, V.N. Ginzburg, L.V. Yakovley, A.A. Kochetkov, A.A. Shaykin, E.A. Khazanoy,
Quantum Electronics, 46, 106, 2016 and G.A. Mourou, Quantum Electronics 47, 614-619 (2017). >
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Example 3: at the output of the PEARL Example 4: at the output of the PEARL

@ 160mm, W=12), T, =63fs -> 21fs, Lg,5,=3 mm, B~6 @ 160mm, W=17J, T,,..=70fs -> 14fs, L ,,.;=3 mm, B~7.5

RN
2

N

&)}

1 1

e : &
. ; ie — Experfmemalspeclrum (z=0) .-':'-_ """""" I(t,z=0)
CEEY . s  xperimental spectrum (z=L) ing: [ WEENMI lt.z=L)
23 F g u W ® 1 Theoretical spectrum (z=L) :-'::‘-:
-y 8| 220 08! i
= | 1 5 c 1
© | = it 5 S i
- - . . & — - - - H l:
3 |.6 ‘{; ‘ © '.6 -,‘ g 15 (U‘ 06 ‘l :-
i 4\ > % g z
qC) 4 , |I 241 10t 204 | .
‘ ,. (V) | —_ o »
L ‘ 1N c ® 5
< ’ \\ ﬂ o 5 =
; | - : .t 7
B . 1 | NS 0 L T L LM s e, TEMm 0 ® A |
850 900 950 1000 -100 0 100 -100 0 100 850 900 950 1000
Wavelength’ nm tlme, fS tlme, fS Wavelength’ nm

V. N. Ginzburg, I. V. Yakovley, A. S. Zuey, A. A. Korobeinikova, A. A. Kochetkov, A. A.

Kuz'min, S. Y. Mironoy, A. A. Shaykin, I. A. Shaykin, and A. E. Khazanoy, PRA, 101, 013829 2020
"Compression after compressor: threefold shortening of 200-TW laser pulses,” Quantum

Electronics, 49, 299, 2019.
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Ginzburg, V. et al. 11 fs, 15 PW laser with nonlinear pulse compression.
Opt. Express 29, 28297 (2021)
https://doi.org/10.1364/OE.434216

Example 5 (the most recent): output of the PEARL
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Table 1. Comparison of experimental and theoretical parameters
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Experiment Numerical study for zero (optimal) TOD of CMs
B Tin, S | Tout, IS Fr=Tin/Tout | Tin, I8 | Tout, IS Fr=Tin/Tout | Fi=lout/Iin
9.6 54+5 | 109+1.5 | 5.0 58 12.3(9.0) | 4.7 (6.5) 4.2 (5.8)
9.9 58+6 | 11.3+£1.5 | 5.1 58 122 (8.9) | 4.8 (6.5) 4.0 (5.7)
13 606 | 11.5+15 | 5.2 64 11 (7.9) 5.8 (8.1) 5.0 (7.2)
192 | 72+7 | 10315 | 7.0 75 10.2 (6.5) | 7.4 (10.5) 5.7 (11.3)
18
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What happens if you focus the pulse after CafCA?

L@, =0)

I Main challange to employ CAFCA for focusing application:

Nonlinear phase spatial distribution ~ beam intensity distribution! ,l

focusing optics
Si(o,r) = 1/(\f) * ISs(w,F) * exp(ikrx/f)d>x

I/ Nonlinear post compression (CAFCA / TFC) S . \
[ : )
| [
| [
I j\ | i
» _ E
I Eo(t,r) Ex(t,7) : (t,7)
|
| [
| |
| |
|
l - X )
 Sler) N Sx(®,7) ! Si(®,r)

adaptive deformable mirror 4(7)
spatial phase correction

Ss(w,7) = Sx(w,7) * exp(ikh(r))

Thin plate with qubic nonlinearity
n=no+ nal

Intensity / ~ 1-3 TW/cm?

B-integral ~ 10-20 Chirp mirrors <=> quadratic spectral phase

correction Si(®,7) = So(®,7) * exp(ifw?/2),

Self-phase modulation and spectral pulse compression

broadening
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:: Numerical simulation
4 0 Input beam = Spatial distribution A(X,y) x Gaussian G(t)
Tewam = 50 fs, I1=1TW/cm? B-integral = 20

0

Pulse compression exp(-ip®*/2) Spatial phase correction FTL
Nonlinear propagation  (to maximize pulse power) exp(-ip(x,y)) for reference
Lo (% y=0, t), max 1.0 I,,(x, y=0, t), max 0.4 I;,(x, y=0, t), max 4.6 Ty2(% y=0, 0), max 4.6 Ty pr (% =0, ), max 9.8
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m » ] ]
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Ik, k=0, ), max 241.0 (K, k=0, 1), max 24.5 Ik, k =0, ), max 45.7 Ipy(k, k =0, ), max 773.8 I pr (K, K =0, 1), max 1321.6
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Linear phase distortion correction
Adaptive optical system:

No.44
(150 V) @

No.25
(150 V)

Kudryashov, A. et al. 240-mm bimorph deformable mirror for
wavefront correction at the PEARL facility. in Laser Resonators,
Microresonators, and Beam Control XXIII (SPIE, 2021).
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Dynamic optimisation of the reference waveforont
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A.A. Soloviev et al 2020 Quantum Electron. 50 1115
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Linear phase correction results:

1.
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For t

ne alignment beam S$=0.72
ne full poser beam S is up to 0.66

ne alignment beam + dynamic reference S=0.86
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Principle scheme of the PEARL laser:
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Stability improvement:
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o Principle scheme of the PEARL laser:
Stability improvement:
Optical stabilisation approach
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MO N Fibre part
1.03 um, <200 fs, NLF v v v I’

XCELS prototype conceptual design:
(based on PEARL) " — P ®  ®
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Functional scheme of the (a) fibre, (b) solid-state, and (c) parametric parts of the front-end system: (MO) master
oscillator; (NLF) nonlinear fibre for spectral broadening; (FA) fibre amplifier; (AOF) acousto-optic filter; (EOF)
electro-optic filter; (DL) delay line based on a piezoelectric wafer; (FI) Faraday isolator; (CFBG) chirping fibre
Bragg grating; (FRA1-FRA4) fibre regenerative amplifiers; (FSRA) femtosecond regenerative amplifier; (DRA)
disk regenerative amplifier; (DMA) disk multipass amplifier; (TS1-TS3) pulse time shaping units; (TrS1 —TrS3)
laser beam transverse shaping units; (NRA1 —-NRA3) neodymium regenerative amplifier; (NA1 —-NA3) neodymium
rod amplifiers; (NG) unit for nonlinear parametric generation of broadband femtosecond radiation; (SHG1; SHG?2)

| B. Mukhin, A.A. Solovi ev, E.A. Perevezentsev et al 2021 Quantum Electron. 51 759 second-harmonic generation units; (FOPA) frequency domain optical parametric amplification unit; (XPW) cross-
polarised wave generation unit; (OPCPA) optical parametric chirped-pulse amplification unit; (FS) fibre stretcher;
(GS1 —GS2) diffraction grating stretchers; (AOPDF) acousto-optic programmable dispersion filter.
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Conclusions:
- The low intensity of an fs-laser system is not a fundamental limitation.

- Even laser systems with relatively modest parameters can be easily upgraded with CafCA.
(Peak power of the PEARL laser has been upgraded up to 1.5 PW /11 fs)

- Particular importance is attached to improving the stability of the laser system

- Phase distortion becomes non-linear and must be adequately treated

Thanks for your kind attention!
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