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0 deMTOCEKYHAbI U N1a3epbl

d Mpobnembl yCuneHnsst KOPOTKUX UMIYJIbCOB

O OnTuyeckuun npobom

d Audpakums

0 CamodokycupoBka 1 cba3oBas camoMoaynsiums
O BPMb u BKP

U HacbiweHue ycuneHus

O MeTtoabl nogaB/ieHUs HeJIMHeuHbix 3 dekToB
O MpocTpaHcTBeHHas punbTpaumsa

0 da3oBbie n nonsipusaynoHHble 3ppeKTbl

U NMpuMepsbl na3epoB NPpAMOro ycusieHus

O Jlasepbl C KOMNpeccuen MMNyJibCoB

U Komnpeccua npu BPM n BKP

U YupnupoBaHHbIe UMNYJ1bChbl

O J1asepsbl, ncnonb3yrwouwme metoag CPA

U NMocTkoMnpeccua MMNyJsibCoOB

O Jla3zep Ha ocHoBe Yb:KGW B kauectBe front-end cucremoi
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Pulses are Fourier limited if:

Shorter pulses

Av.At =0,315

Pulses with At =100 fs = Av =12 nm

centered at 1050 nm
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IIpo0J/1eMbl, BO3BHUKAIOIIHE IIPU

YCUJIEHUU CBEPXKOPOTKUX UMILYJ/JIBCOB

« OnTnyeckmn npobomn
« CaMo(OKyCHUpOBKa
 BbIHY>XAEHHbIE paccessHUs

« HacbllleHne ycuneHmns npm obLleM BbICOKOM
KO3 PULINEHTE YCUNEeHUS

« Moandukaums cnekTpa, BNUSIOLLME HA KOHTPACT
1 YAJIMHEHNE CKATOro UMMyJsbca



Damage

Limitations of Peak Power

Defect
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Self-focusing & Filamentation
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OnTuueckui mnpooou

JInHenHoe nornoilieHne B ob6beme
MHOroOTOHHOE MOr/oLeHne
DNeKTPOHHAd NaBUHa

[lornowleHne nedekTamm
(nhaTuHa, upuamn....)

Moaynsunst UHTEHCUBHOCTU
(Amdpakunsa nHTepdepeHums...)
CamMooKyCcnpoBKa




ONTUYECKUU NMPOBOU

Moporu paspyweHns NnoBepxHOCTEM U 06bEMOB
HEKOTOPbIX CTEKOST U ONTUYECKUX NOKPbLITUN.

MoporoBas nnoTHOCTL 3Heprum Mx/cm’
3nc| 0,3 He|1,2 He| 30 He| 50 He 150 He

CtaHpapTHOe 3NeKTPOHHO-Ny4YeBoe
BbICOKOOTpaxatoliee 3epkarno . 8 15 60 81
Ha ocHoBe cucteMmsbl cnoeB HfO,/SiO,

CtaHpapTHOe 3NeKTPOHHO-Ny4YeBoe
BbICOKOOTpaxatrollee 3epkarno 10 20 60 90
Ha ocHoBe cucteMbi cnoeB HfO,/SiO,

«MpagueHTHOE» NpOCBeTNsAIOLLee NOKPbITUE 10 19 70

MoBepxHocTb cTekna K-8 8 | 33 34 | 120 160
®docdaTtHoe HeoaumoBoe cTekno MC-22 15 90/12 | 190/25
®docchaTHoe HeoguMoBoe cTekno OlNC-1242 350/130
CunukaTtHoe HeogumoBoe ctekno MNC-1 55/74 | 100/126
CunukaTtHoe HeogumoBoe ctekno NC-6 60/69 | 115/145

Wiop = AtP roe A v p — PyHKLMK TUMA MNOBEPXHOCTU U NOKPLITUS

BITUAHUE ®OPMbI TASEPHOIO UMIMYJBbCA

I ~ t—0.5

I ~t-B=const
I~ (t,-9)lt,

I~ tlt,

| ~ const

I ~ exp(-f), 10:1
I ~ exp(-f), 75:1

N S T
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OnTuuyeckuu IIpoooI: BpeMeHHaA
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CAMO®POKYCHUPOBKA
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The B integral

B = 2; n,I(z)dz

should be smaller than =2n to avoid catastrophic self-focusing

This becomes limiting when exceeding pulse energies of 1 pJ
with sub-100 fs pulse duration !

Two possible solutions: Scale up diameter or
increase pulse duration



Electronic Kerr nonlinearity

* Nonlinear contribution to the index of refraction
N=ngy+n,|

* |Instantaneous nonlinear response (< 5 fs)

* The nonlinear index n, leds to:

v’ self-focusing (large and small scale)

v’ frequency chirp

v’ spectral broadening

v’ Rotation of polarization ellipse



KeppoBckasa HeJIMHENHOCTD

Tahle [
Measured values n, of obtained by FROG and Z-scan techniques

n, , (10716 cm3/W) nz(l{l’” esu)
1064 nm (Z-scan):
Fused silica 1.45 207 %04 0.72 £ 0.13 (near top-hat)
2,10+ 0.4 0.73 + 0,13 {Gaussian)
LHG-8 1.52 315405 1.15 4+ 0.19 (near top-hat)
LG-750 1.52 3.16% 0.5 1.15+£0.19 (near top-hat)
LG-770 1.52 29+05 1.06+ 0.18 {near top-hat)
335 £ 07 1,22 £ 0.23 (Gaussian)
BE-7 1:51 241 %05 0.87 £ 0.16 (near top-hat)
KDP(e) 1.46 2.50 £ 0.5 0.88£0.16  (near top-hat)
EDF(o) 1.49 278 £0.5 0.99 +0.19 (near top-hat)
2775+05 09§+ 0.19 {Gaussian)
KD#P(o) 1.46 3.18x 0.6 1.1l £0.22 {near top-hat)
320 % 0.6 1.12+£0.22 {Gaussian)
KD*P(oe) 1.47 284205 1.00£0.18 (near top-hat)
KBr 1.54 636+ 1.4 235+ 0.50 (Gaussian)
304 nm (FROG):
Fused silica 248 £023 | 0.86 £ 0.08
KDF(o) 2.93 £ 031 105 £0.11
KDP(e) 275 +026 0.96 + 0.09
402 nm (FROG):
Fused silica 325+ 0.37 1.14 £ 0.13
KDP(0) 4.07 £ 049 148 2 0.18
KDP(c) 409 +0.48 143 £0.17
355 wm (Z-scan):
Fused silica 147 274+ 04 0.97 £ 0.15 (top-hat)
KDP(e) 1.49 5.00 £ 0.8 1.79 + 0.30 (top-hat)
KEDP(o) 1.53 5.90+1 2.16 £ 035 (top-hat)
KD*P(o0) 1.53 8.35+15 3.06 £ 0.55 {top-hat)
ED¥*P(oe) 1.50 6061 2.18§ £ 033 (top-hat)

N.A. Kurnit et all SPIE Proc. V.3087, p.347 (1997)



BPMbB

YCUNUTENb
s = Iy eV =1, 9"
<
>
Lo < 20 o
BbIX = -oL
g(1-e™)
CkopocTb CtoKcoB caBur MoroHHbIN
Crekno 3ByKa, 4acToThl, WHKpPEeMEeHT g,
m/c Mlu cMm/TBT
rmc-22 4545 13670 1,5/1,2
rAc-1 1,2/2,2
rnc-6 5070 14800 2
HACbIWWEHUWE YCUTNNTEHUA
Woux = Wg In [ 1+ &%F ("o 1))
W= khvic
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OHEPIOCBHEM

[MC-22 - 1 ~ 95%
[MC-1 - M ~ 60%

EBX ) H)K/CM 2
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Laser Absorption Average Band Pulse
Material Wavelength Emission A Width Width
Nd:YAG 808 nm 1064 nm 045 nm |~ 6 ps
Nd:YLF 797 nm 1047 nm 1.3 nm ~ 3 ps
Nd:LSB 808 nm 1062 nm 4 nm ~ 1.6 ps
Nd:YVOy 808 nm 1064 nm 2 nm ~ 4.6 ps
Nd:fiber 804 nm 1053 nm 22-28 nm | ~ 33 fs
Nd:glass 804 nm 1053 nm 22-28 nm | ~ 60 fs
Yh:YAG 940, 968 nm | 1030 nm 6 nm ~ 300 fs
Yh:glass 975 nm 1030 nm 30 nm ~ 90 fs
Ti:Al, O3 480-540 nm 796 nm 200 nm ~ 5 1s
Cr*T:Mg,SiOy: | 900-1100 nm | 1260 nm 200 nm ~ 14 fs
Cr*T:YAG 900-1100 nm | 1430 nm 180 nm | ~ 19 fs




TOPOI'U
HEMWHENHbIX 3O®EKTOB
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L
a=0,05cm’ W.,.x = 50 Ox/cm?
e

Addek- | MnoTHOCTL KoHTpacT
CTekno OnvHa,| UHTerpan | UHKpemeHT| TMBHOCTb BXOAHOM BXOJHOTO
3Hepro- | 3Heprum,
cem | pacnana BPMB cbema, % | Ox/cm? nmnynekca
Mmc-22 200 1,51 45,3 74,4 3,51 8000
onc-1242 247 1,28 61,6 75,3 2,93 80000
rou rmc- 120 0,82 88,5 70,2 6,08 140
E rMc-6 67 0,247 23 62,2 11,1 13,5




Output Power & Intensity Limitations

 Damage of final optical elements
(Fluence W(J/cm?)<(1...10)(t (ns))°

* Self-focusing
(Breakup integral B<1..3)

* Gain saturation
(W_.=1...10 J/cm?)

sat



MeToabpl NOoAaBJIeHUA HeJINHEHNHBIX

3(PEeKTOB
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Image Relay Beam Transport

Near Fleld n - n ﬂ Near Field
. Far Field .

f

WITHOUT IMAGE RELAY P
E )

WITH IMAGE RELAY

Ensures that when sending the beam over long distances
the modulation is small
It is possible however that it is still not enough !
Meed Spatial Filtering

www.hiper-laser.org




NMPOCTPAHCTBEHHAA
OUJIbTPALIUA

E,
E
1.0 1-3 - npu ucnonssosanuun N

! 4 - 6e3 ucnonb3oBaHus Nd

1,3,4-TNC-1
1 2-TNC-22
0,5 I
n n - - [ | - - n n [ n [ |
0 1 2

W, Ox/cm?
ycnosuda NnOoaABJIIEHNA M.M.C.:

87[21’72/ L
max — on J/(Z) dz<2.4

0

e < _KJ_max_ 871[72 1/2
s < Omax =3 = o2




IIpo01eMbI IPOCTPAHCTBEHHOU

dbuasTpanuu

» MNepeKpbiTne anadparmbl Naasmon: Bbibop
MmaTtepmana n popmbl Anadparmol,
yBe/InYeHmne agnameTtpa amadparmbl npu
MCNO/b30BaHUU $a30BbIX 3PPEKTOB

» Bbonblwmne rabaputbl (1...20 m): ncnonb3oBaHUE
achepmnyeckom onTUKU

» HeobxoanmocTtb rnyboKoro BakyymmpoBaHUsA



PASOBbIE 9PPEKTbI

HapacTtaHue 3aTtyxaHue

y y

C.H.Bnacos, B.E.AwunH.

Ycnosuga nogasnexHna M.M.C.
K3, 8, 510 (1981)

B <7/
L=F, +F,=(/n) GM,o)

NONAPU3ALUNOHHBIE 9ODEKTHI

NHKkpemeHT HapacTaHusa M.M.C.
3aBUCUT OT COCTOAHMUA nonapmusaumn:

_ K (o 2nn, k2 1/2
B 2k(1< = f(h)])

o (14 B2 +N(1— h2P +16 h2
TW=3 [+ A2

h=E/E, C.H. Bnacos, B./. KpbixaHoBckui

X ron; B/Bey ~ N B.E.AwwuH K3, 9, 14 (1982)
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YcnoBusa nogasneHnsa MMC
P, < Py

17

p<(nP/21)"

JMWW 0=\/p, pag 0,007 0,016 0,029 0,04

—_

Wo, DKM 1,5 25 34 >4

BoccTtaHoBneHue ogHopoaHoctu npu OB®

T.M. T.M.
\/l y 4 n mny. a.n. 3L
— H& I —

CC' 0\ \ Hmpoﬁeuson

< ;
A I a‘<ln
E,/E
1} s ® O — 100% 3epkarno,
03 0 . } o® o 6e3 T.I.
o
[ o ° e — T.Il.c6O=29 mpaa
05} "9 """" GO 0C © —T.lM.cO=7 wmpasa
O\ ©° e — 6e3 T.I.




MOLLUHAA NNASEPHAA CUCTEMA
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Ycunutean 00bIION allepTyPhI

Radial Flashlamp
Pumped

Medium Diameter

Small Diameter Preferential absorption at edges
Rod

Switch to Disk Amplifiers

Kakoun pasmep ontumaneH ?
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Yceuiaurean 00IbIION allePTyPhI

CrepxxHeBon ycunutenb D=150 MM
(E..,,=500 [Ix) BHeapeH B nasep Hakauyku
[1BT ycTtaHoBKM PEARL

A.A. Wankun v gp. K3, 44, 426 (2014)



A 11 JTUCKOBBIX YCUJINTEJIEeN
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Even Higher Intensities!

National Ignition Facility (NIF)

192 shaped pulses

10.4 kJ per beam in UV

21 kJ per beam in IR

>1.8 MJ total energy

Profiled pulses 0.2 to 25 ns in length

o Transport
Cavity _amemer spatial filter

spatial
filker

Cavity
arrgdifier

Taroe
Deformakile e
rri frar

AP Opical fiber
Frequercy Bearm

Master oscillator cofverter  conditioning
(remate Debris shield



OrpannuyeHus MOIIHOCTHU

Single Element VOPA Scheme MOPA + Technigue

Q-switching (ns)
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MACLUTABUPOBAHMUE
BPMB-KOMIMPECCOPOB
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Chirped Pulse Amplification

Initial short pulse A pair of gratings disperses
the spectrum and stretches

A / D the pulse by a factor
/ of a thousand

Short-pulse oscillator

The pulse is now long l

and low power, safe

for amplification

P -

High energy pulse after amplification ﬂ

Power amplifiers

- d L

Resulting high-energy,
ultrashort pulse

A second pair of gratings
reverses the dispersion of the
first pair, and recompresses the pulse.

D. Strickland and G. Mourou,
"Compression of Amplified Chirped
Optical Pulses," Optics Comm. 56, 219
(1985).



High gain amplifiers

Multi-pass Regenerative

pump
pump

output

/ o |

input

J input/output

polarizer

Pockels cell
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Approaches & Limitations

Direct Laser CPA

Limited bandwidth (Nd:glass, Yb:glass)
Low damage threshold of diffraction gratings

Parametrical CPA

Pump — signal temporal synchronization
Low damage threshold of diffraction gratings

Additional compression

Temporal shape of compressed pulses
Low damage threshold of diffraction gratings

SRS or SBS amplification in plasma
Efficiency



Direct Laser CPA
(LLNL PW, 1996)

. Resulting
bl 0.3 picoseconds
Gratings high-energy, p
/ ultrashor pulse
e .
2,000 picoseconds Gralings
Initial
short
Short-pulsa
caclialns p:{se 2,000 picoseconds  pgwar amplifiers ! l
— _ >
Lang, low-power High-enargy
pulse for pulse afler
amplification amplification

The chirped-pulse amplification technigue makes it possible for the Petawatt laser’'s high-power pulsas to
pass through laser optics without damaging them. Before amplification, low-energy lasar pulses are passed
through diffraction gratings to stretch their duration by as much as 25,000 times. After amplification, the

pulses are recompressad back to near their original duration. Because the pulses pass through the laser
aptics when they are long, they cause no damage

D.M. Pennington et al. Proc. SPIE, 3047, 490 (1997)



Optical Parametric CPA (OPCPA)

OPA+CPA

wuﬂer
sgnm‘\

%ump

mmgnai ‘l

+ very arge bandwidth

(Av=100THz 2 1= 10 fs)
oy AN gy independent

* no energy deposition in the OPA medium

* high qualty of the output beam
» KDP: large size, no problem with damage

PEARL: 0.56 PW - V.V. Lozhkarev et al. Las. Phys Lett. 4, 421 (2007)
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METALLIC DIFFRACTION GRATINGS

SO

N, METAL
mm”’

RULED 1740 Au
HOLOGRAPHIC 1700 Au

 HOLOGRAPHIC | 1700 | Overcoated Au|

- - ~ 3 5-— | i

: e

- - r H..-u_'____'_‘\‘, - - R
—_— T i 'E

—— |

o
- B
ol — gy A e e
-
—

MAX. SIZE, Wins
mm mJ/cm’
(Ins/1 ps)
170x170 360/240
210x420 320/100
210x420 560/300 |
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Improvements of Diffraction Gratings

* Improvements of Au technology deposition
and overcoating of metal by dielectrics
increase damage threshold by a factors 2...10

* Higher damage thresholds of dielectric
materials (5...10 times more compared with
Au) offer potential for multi-kilojoule EW-level
pulse generation
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MMOKPbhITHEM

Diffraction efficiency of a multicoated grating as a function of the wavelength.

Au grating with 1750 lines/ww, HS/D= 0.35, coatings pair nuwber 2
nl= 1.95, thicnes=0.140 mkmn
nz= 1.45, thicnes=0.200 mkm
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Additional Pulse Compression

New postpulse compression techniques is necessary to
overcome the issue posed by limited bandwidth gain
amplifier materials.

High energy systems are presently limited to about 300 fs
(Nd:glass).

The post compression could be done by using system in
free propagation mode using nonlinear effects or plasma
compression.



Self-Phase Modulation & Pulse Compression

Refractive index depends on optical intensity as (Kerr effect)

Intensity dependence leads to nonlinear phase shift

An optical field modifies its own phase(SPM). e
Phase shift varies with time for pulses. s y ]
Each optical pulse becomes chirped. -

As a pulse propagates along the nonlinear media, its spectrum changes because
of SPM:

Pulse compression though SPM was suggested by 1969: R. A. Fisher and P. L. Kelley, APL 24, 140 (1969)
Pulse compression in gas-filled lightguide in Nisoli M., Silvestri S. De, Svelto O., Szipocs R., Ferencz K.,
Spielmanna Ch., Sartania S., Krausz F. // Opt. Lett.. — 1997. — Vol. 22. — P. 522.



Power and Energy Limitations in
Fibers
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Figure 4. Cross sections of the field after passing through a different
number of stages N
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Figure 6. Structure of the pulse after compression at the 22nd (optimal)
cascade: minus the total phase of the spectrum ( /) and the phase, ap-
proximated by a polynomial of the fifth degree (2). Curve (3) is the
initial pulse.
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Figure 5. Phase ¢ of the pulse spectrum for different number of stages
N. Dashed curve is approximation for N = 20.
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Figure 7. Dependences of the normalised intensity on the number of
stages: minus the total phase of the spectrum (/) and the phase, ap-
proximated by a polynomial of the fifth degree (2).
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SakJIIOUeHHue

(J OcHOBHbIMU HenuHeHbIMU 3P PeKTamu, orpaHUYUBaIOLLLUMMU
APKOCTb U3TYy4EHUA MOLLHbDIX /1a3epoB ABAAIOTCA ONTUUYECKUMN
npoboun U menkomacwtabHaa camoPoKycupoBKa

(] NpocTtpaHcTBeHHaa GpuAbTPaLMA U oNTUYECKasa peTpaHcaaLms
ABNAIOTCA OCHOBHbIMW METOAaMMN KOHTPOA 3a HE/IMHEUHbIMMU
apPpekTramu

(] J/1asepHbie cucTembl € YCUNEHUEM «AJIMHHDBIX» UMMNYAbCOB C UX
nocaeAaylowmnum cxKaTuem AaloT BO3MOXKHOCTb CYLL,EeCTBEHHOro
yBesnvyeHus NMKoBO MOLLHOCTU UMMY/IbCOB

J lononHuTenbHoe ywunpeHue cnekTpa B pe3ynbrate ¢pa3oBom
camomoaynaumum ¢ nocaeayrowmm cxXatuem MMnynbCca B
AUNCneprupylowen cucteme NO3BoNAAET YBEIMUYUTb NMUKOBY
MOLLHOCTb PeMTOCEeKYHAHbIX UMNYAbCOB B 2...10 pas.






