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Table 1 Parameters of pump light
Device Pump peak intensity /(GW/cm?) Pulse duration /ns Pulse shape in time domain
Frontend 3.50 1.0x10°° Gaussian
Pre-amplifier 0.25 3.8 Flat-top
Booster amplifier 0.71 3.5 Flat-top
Main amplifier 0.91 3.5 Flat-top
2 F9SH
Table 2 Parameters of signal light
Device Signal peak intensity /(GW/cm?®)  Central wavelength /nm  Spectral width /fs™' GDD /fs®
Frontend 5.0<107° 800 0.191 2000.00
Pre-amplifier 2.7 X107° - - 1.36X107
Booster amplifier 3.1x107° - - 1.36X107
Main amplifier 4.4X107° - - 1.36xX 107

0601005-4



#5514 F 6H1/2024 £ 3 B/ E#N

#3 ZhHREZH

Table 3 Parameters of parametric crystals

Device Crystal Length /mm Non-collinear angle /() Phase-matching angle /(°)
Frontend BBO 10 2.31 24.02
BBO-1 12 2.31 24.02
Pre-amplifier
BBO-2 15 2.31 24.02
Booster amplifier LBO 21 1.33 14.30
Main amplifier LBO 10 1.33 14.30
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Fig. 2 OPP and output spectrum of frontend ps-OPCPA. (a) OPP;(b) output spectrum

& 3 3t 5 K 2% ns-OPCPA Y62 8 A A &
By I . BUMCR G G BE (5 — B BBO &
T 3 TR B 2 O 9 ) g 250 MW /em?, 3 /N T iT S
ps-OPCPA ¥ ZE G0 & o 76 BUE 5 L o0 3 —
B BBO fh A i ik 1 6 FUE 56 BIE N A —
P BBO fh R B ZE W OE RS SO IR R o B
H BBO i & 1) 52 W O 38 B O 236 MW /em®, 5 3] i
A ity 1T A T O R e, R K (D) 4 T A — B
BBO SRS — 5 BBO SRR OPP ¥ — & A, Bp
R PR KB OPP, & 3Ca) v UL, e B 1) FH A &
Wy AR [ (3) TBUE A OPP 5 A H =X (D) fig b it

B OPP JLF—FE . R, % # K 9% A K ik
1 ns-OPCPA, | F i A1 =X (1) g % ofE 8 P74l OPP.
R ] 3 (b) BT 7 1) % 3% mr n, Ho g b o KL
755~850 nm, A X} 4] 3(a) H 755~850 nm i B P 1)
BE T OPP #47 = By Z 1 X & , 15 5] OPP X}
N GDD A TOD 439l 24 158 fs* #1 2398 fs’, A X} F
ATl ps-OPCPA, 1 T HUCR 2 B AR K B2 27 mm,
it OPP L K T B ¥ ps-OPCPA . %5 4, & 3(b) A]
U B AE SO0 i B OGRS IR TE 29 T 95 nm, &
—40 ps/nm [ WA B R 1158 A7 5 0% Ik wh e 22 i R Dy
3.8 ns, 5 Z M Pk v RELEaf A] — 3%, gF — L UE R T B

0601005-5



#5514 £ 6H1/2024 £ 3 B/ E#N

® 8 4 7 numertoal calculation result ® L4 output spectrum of first BBO
[ —
5 _\\ ! . _ AI§L » . . 12 | output spectrum of second BBO
Ny third order polynomial fitting result 2
v = 10 F
k= i 3
] )
& :3 0.8
& B
®) g 0.6 F
2
= 04 F
0.2
_1 1 1 1 1 1 1 O 1 1 1 1 1 1
740 760 780 800 820 840 860 740 760 780 800 820 840 860
Wavelength /nm Wavelength /nm

3 T KD ns-OPCPA G St Al By 1% o (a) Y6 S dik AH AL 5 (b) il OB 1
Fig. 3 OPP and output spectra of pre-amplifier ns-OPCPA. (a) OPP; (b) output spectra

WITA A M Bl AR 5w R, BUE A A RS T

T Bl HE A3 AR SR LBO &b A, SOk Bh 4 A BASRILP — M M EE 155 OPP, XF 760~
T OPP 4 A 1E — R 715 . B 28wt s i 845 nm I Bt 1 OPP i 11 = By Z2 Wi X 81 &, vl 15 By 4k
9 0.71 GW /em®, R ZE 3 638 B2 0.91 GW /em?, W89 5 OPP X A9 GDD il TOP 43 %] & 302 fs*
TR R0 2 A 7 B s e an 14 4 Fr R o T\ LA 12405 fs,

@ 6 1,1 —— numerical calculation result (b) r
! : - - - analytic calculation result 1.0 F
5F - AKL/2
‘\ 1.~ —. third order polynomial fitting result
4F - g 08|
£ 3k K £
o 5 06
Q_‘ kg
& B
1]
g 04F - - - output spectrum of
E booster amplifier
02 - —— output spectrum of
: main amplifier
_1 1 1 1 1 0 1 1 1 1
750 775 800 825 850 750 775 800 825 850
Wavelength /nm Wavelength /nm

P4 W B F2 0 SO 2 i A B i 6T . () B S R 5 (b) % tH 61
Fig.4 Total OPP and output spectra of booster and main amplifiers. (a) Total OPP; (b) output spectra
BT Hr g R SILEX-TT#OE 36 B 4 R 4006 HY S R | 7E AN 18 OPP ARG B0, 8 L 728 4 it
Z i A AL W 1A 5 (a) BT s, W R B9 S GDD g ik BIR bk i 803 T 4 ] 5 (b)) vh B 52 2k i s ik e 98
532 1s*, TOD ik 5782 fs"s MR¥s E Wk LI 1E 5(a) (P4 5E) 2 25.8 fs; 1M 76 % J& 4 R 48 OPP Y1 &l

(@ 6 5 total OPP 20 ® 14 - Fourier transform limited pulse
...... third order polynomial fitting result - - - pulse time domain waveform considering OPP
5r —.—- OPP of frontend 116 % L2 o pulse time domain waveform after compensating
- = = OPP of pre-amplifier : g second order dispersion in OPP

4 r  *OPP of booster and main amplifiers *9 o 1.0
b - .= spectrum 12 5 E

£ 3| < 8 > 08}
& T k| 7

C k! M= ‘ & 2 06
2 0.8 3 =
DN 5 =

L ~_ 7 E Z 04 f
- S . =] =
i, 4 =
ki g ~ e === 04 3

0F . iaansi z 02

.,' 1
i . L 1 L N 0 0 o 2 Rz
750 775 800 825 850 -150 -100 100 150
Wavelength /nm Wavelength /mm

5 SILEX-TIHOGRE B 42 R G806 S 1 AH AL AKX 107 14 T 445 [k o i S0 T (a) 8016 2 B AR A 5 (b ) S 97 149 15 24 ik o I Bl g T
Fig.5 Total OPP of SILEX-II laser system and corresponding compressed pulse temporal shape. (a) Total OPP; (b) corresponding

compressed pulse temporal shape

0601005-6



#5514 F 6H1/2024 £ 3 B/ E#N

T, bk sk SR % 9 G 5 (b) Y R £ R s ko S8 R
B8N 44 fs, HLAF 76 550 30 i IF i A8 o M 6 T 4 FL
A5 3 g BR ik vk, OPP (i 45 1 4 bk v A1 i Ja 068 {1 56 2 {3
Sy AR R O 7 e A B Dk e A 4396, R AT L B XS 4 R G
B OPP FE A7 #MM2 , DT 3 T Hh ok o iy e {5 B . A
SR R R, AT 3 S R TR G A A O B 1) RS A A £
OPP Xt 0 () B (el . X -1 FHARL Ay W] WK ik o s K &R
G0, 6 4 ay (S R v 2% 0 I A HR T L DT AT 3R A
B A AR PRk o LRI R R TE RS S AHY
JEIE B R R S AR R R B .
WA B U A S TR 46 2%, B (B Gyp) 38 5 6l a] B
LA, B Goy= = a-L o, 2 o O H B SR B0, B h
fs’/mm, L. A 6 M a) BE , 547 0 mm, IE 5 38R J& 58
WML MS RN ESET S AR AR, OPP 5| A%
AN IE B 0, B AR 4 R 46 8 T S 8 o DA K
T BEAMZE B GDD 38 i R A9 FE 45 1 6 M ) B B T
€ 5(b) H Ay 5 R £ R M2 OPP Hb (5 — B (0 IS X 1
4 Jok i S35 T, I R 0% R 6 ik o Al R 2 T 1 L AR
e A% B ik e, Pk e 06 (58 B Sy (e L oA R B A v 1)
94 , A 5% J3E B B AIK 32 B2 J2 OPP 1) = B (e 5 i A
=3 QUIRE QI
5 4% e

Xof r [ TR A A 5 B ) B BU 4 0 2 R K ik
WK % B SILEX-L 956 2 & A A S Ak 64T T 3E 40
WF5T 8 0 B R f AR A U 7 BRI & b A KL B4R
T SILEX-TT#0OG%E B 4 R S8 6 S 1 A0 A0 AL L AL .
o g5 KRz, R TOeS ka2, SILEX-TT#OE
F gt R RE AR IR 81 A 532 187, = B 8 ik ik
5782 fs’, R E LM Tk vh ) B Sk R 4 . 45 A B OR AR
I i OB FEARAME S E S AL B R L TR
47 Tk B 30 5 R AN O A B ok AR e B RR Bk e Y
43% o S T A7 A T AE 3R 6 1T 3 Ao 1 Y R 46 ROt
WD BE R A7 A2 TR 5 SR B ZE M S B A A 1Y)
T E 3R £ B30T, R 408 ik i B a8 06 56 32 T 4 i = e B
I 725 o A% B Jok i 9 94 %6 o WF 5T 45 SR O STLEX-TT#0k
RGN Bk o SR AR R T A R BISHR 5 AR CBR
N R A S A 5 = B L R B e
) A R 8 A A, L 2 A o 7 B 4 e O bl )
ML S A BB B AE IR GHL, B AT 3R AT 5 B
AEUAY B U 46 Bk ob g . BFRAE IR ON RO T S
T2t WA Rk e i R 4 R Y 10~100 PW 5 06 {1 2 2380
BT R AL TR

& £ X W
[1]  Strickland D, Mourou G. Compression of amplified chirped optical
pulses[J]. Optics Communications, 1985, 56(3): 219-221.
(2] s, B, RIBLT . 2R TSRMOLS R T SRR R R
A 4% 12 I I R B ST (T]. DA ARk L 2022, 42(21): 2114001
Xie D, Yin Y, Zhou H Y. Theoretical investigation of high-

(3]

[4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

0601005-7

brightness and circularly polarized high order harmonics excited by
intense laser and plasma waveguide[J]. Acta Optica Sinica, 2022,
42(21): 2114001.

WL, SRR, XRRAE, AL ROGK S B A B 5 I R
2R LRI B, 2021, 48(4): 0401006.

Hu Y T, Zhang H, Deng H X, et al. Review of research
developments and important applications of laser-driven ion
acceleration[J]. Chinese Journal of Lasers, 2021, 48(4): 0401006.
Zou ] P, Le Blanc C, Papadopoulos D N, et al. Design and
current progress of the Apollon 10 PW project[J]. High Power
Laser Science and Engineering, 2015, 3(1): e2.

Zou ] P, Coic H, Papadopoulos D. Spatiotemporal coupling
investigations for Ti: sapphire-based multi-PW lasers[J]. High
Power Laser Science and Engineering, 2022, 10(1): e5.

Lureau F, Matras G, Chalus O, et al. High-energy hybrid
femtosecond laser system demonstrating 2 X 10 PW capability[J].
High Power Laser Science and Engineering, 2020, 8(4): e43.
Radier C, Chalus O, Charbonneau M, et al. 10 PW peak power
femtosecond laser pulses at ELI-NP[J]. High Power Laser Science
and Engineering, 2022, 10(3): e21.

B BRSO A Ui B T (D] Ot S
FEEPE R 2020, 57(23): 230001.

Feng X Q. Han X Z. Research progress of defects in Ti: sapphire
laser crystals[J]. Laser &. Optoelectronics Progress, 2020, 57(23):
230001.

TN, FRR, RSELL, 10 PW SO R Gt iR AR K 4y B
(7] " RO L 2019, 46(8): 0801006.

Wang J Y, Guo Z, Yu LL H,
analysis of 10-petawatt laser system[J]. Chinese Journal of Lasers,
2019, 46(8): 0801006.

LiW Q, Gan Z B, Yu LL H, et al. 339 J high-energy Ti: sapphire
chirped-pulse amplifier for 10 PW laser facility[J]. Optics Letters,
2018, 43(22): 5681-5684.

Yu L P, Xu Y, Li S A, et al. Investigation of the temporal
contrast evolution in a 10-PW-level Ti: sapphire laser facility[J].
Optics Express, 2019, 27(6): 8683-8695.

Didenko N V, Konyashchenko A V, Lutsenko A P, et al
Contrast degradation in a chirped-pulse amplifier due to generation
of prepulses by postpulses[J]. Optics Express, 2008, 16(5): 3178-
3190.

Dubietis A, Jonusauskas G, Piskarskas A. Powerful femtosecond

et al. Wavefront evolution and

pulse generation by chirped and stretched pulse parametric
amplification in BBO crystal[J]. Optics Communications, 1992, 88
(4/5/6): 437-440.

Ross IN, Matousek P, New G H C, et al. Analysis and optimization
of optical parametric chirped pulse amplification[J]. Journal of the
Optical Society of America B, 2002, 19(12): 2945-2956.

JHEL, INFER L B, 4L SG -5 PW O R 4K fEHOES ik
RARCHIE Yy o0 A3 #2 HET]. v O, 2017, 44(8): 0801007,
Zhou J, Sun M Z, Liang X, et al. Analysis on near-field
distribution uniformity of high energy optical parametric chirped
pulse amplifier in SG Il -5 PW system[J]. Chinese Journal of
Lasers, 2017, 44(8): 0801007.

bk, RSELL, tREE, AF . AR AR S A ALIC R X YCOB # 1k
OPCPA # g Ot 3% 52 Wi 19 OF 5 [J). b B0t 2014, 41(8):
0815001.

Ma L, Yu L H, Xu L, et al. Influence of non-collinear angle and
phase matching angle on YCOB-OPCPA gain spectra[J]. Chinese
Journal of Lasers, 2014, 41(8): 0815001.

Danson C N, Haefner C, Bromage J, et al. Petawatt and exawatt
class lasers worldwide[J].
Engineering, 2019, 7(3): e54.
Hernandez-Gomez C, Blake S P, Chekhlov O, et al. The Vulcan
10 PW project[J]. Journal of Physics: Conference Series, 2010,
244(3): 032006.

Galletti M, Oliveira P, Galimberti M, et al. Ultra-broadband all-
OPCPA petawatt facility fully based on LBO[J]. High Power

High Power Laser Science and



it #5514 £ 6H1/2024 £ 3 B/ E#N

Laser Science and Engineering, 2020, 8(4): e31. signal synchronization technique for a ps-pulse pumped OPCPALJ].

[20] Bromage J, Bahk S W, Begishev 1 A, et al. Technology Acta Physica Sinica, 2022, 71(7): 074203.
development for ultraintense all-OPCPA systems[J]. High Power [29] YoonJ W, Lee S K, Yu T J, et al. Broadband, high gain two-
Laser Science and Engineering, 2019, 7(1): e4. stage optical parametric chirped pulse amplifier using BBO crystals

[21]  Zeng X M, Zhou K N, Zuo Y L, et al. Multi-petawatt laser facility for a femtosecond high-power Ti: sapphire laser system[J]. Current
fully based on optical parametric chirped-pulse amplification[J]. Applied Physics, 2012, 12(3): 648-653.

Optics Letters, 2017, 42(10): 2014-2017. [30] Eimerl D, Davis L, Velsko S, et al. Optical, mechanical, and

[22] HulB, Wang X L, Xu'Y, et al. Numerical analysis of the DKDP- thermal properties of Barium borate[J]. Journal of Applied Physics,
based high-energy optical parametric chirped pulse amplifier for a 1987, 62(5): 1968-1983.

100 PW class laser[J]. Applied Optics, 2021, 60(13): 3842-3848. [31] Cheriaux G, Walker B, Dimauro L. F, et al. Aberration-free

[23] Shao B J, Li Y Y, Peng Y J, et al. Broad-bandwidth high- stretcher design for ultrashort-pulse amplification[J]. Optics
temporal-contrast carrier-envelope-phase-stabilized laser seed for Letters, 1996, 21(6): 414-416.

100 PW lasers[J]. Optics Letters, 2020, 45(8): 2215-2218. [32] Cao H B, Toth S, Kalashnikov M, et al. Highly efficient,

[24] Renault A, Kandula D Z, Witte S, et al. Phase stability of cascaded extraction optical parametric amplifier[J].  Optics
terawatt-class ultrabroadband parametric amplification[J]. Optics Express, 2018, 26(6): 7516-7527.

Letters, 2007, 32(16): 2363-2365. [33] Kato K. Temperature-tuned 90° phase-matching properties of

[25]  Herrmann D, Homann C, Tautz R, et al. Approaching the full LiB,O.[J]. IEEE Journal of Quantum Electronics, 1994, 30(12):
octave: noncollinear optical parametric chirped pulse amplification 2950-2952.
with two-color pumping[J]. Optics Express, 2010, 18(18): 18752- [34]  Zhu Q H, Zhou K N, Su J Q, et al. The Xingguang-III laser
18762. facility: precise synchronization with femtosecond, picosecond and

[26] Demmler S, Rothhardt J, Hadrich S, et al. Control of nonlinear nanosecond beams[J]. Laser Physics Letters, 2018, 15(1): 015301.
spectral phase induced by ultra-broadband optical parametric [35]  Witte S, Zinkstok R T, Hogervorst W, et al. Numerical
amplification[J]. Optics Letters, 2012, 37(19): 3933-3935. simulations for performance optimization of a few-cycle terawatt

[27]  Zhou B J, Ma J G, Wang J, et al. Nonlinear spectral phase NOPCPA system[J]. Applied Physics B, 2007, 87(4): 677-684.
induced by optical parametric chirped-pulse amplification[J]. [36] Treacy E B. Optical pulse compression with diffraction gratings[J].
Physical Review A, 2017, 95(3): 033841. IEEE Journal of Quantum Electronics, 1969, 5(9): 454-458.

[28]  Z=4W, FAL, B/NBH, AE BRIk b 2 e W Wk K o ok A 2 [37]  Martinez O E. 3000 times grating compressor with positive group
WE 5 B R A 2 sh s il B R WE 5 [T]. PB4, 2022, 71(7): velocity dispersion: application to fiber compensation in 1.3-1.6 pm
074203. region[J]. IEEE Journal of Quantum Electronics, 1987, 23(1):
Li G, Guo Y, Zeng X M, et al. Investigation of active pump- 59-64.

Investigation on Optical Parametric Phase Evolution in Petawatt Optical
Parametric Chirped Pulse Amplifier System

L1 Gang, Zhou Kainan, Zhu Bin, Xie Na, Lu Feng, Jiang Dongbin, Guo Yi, Huang Zheng,
Sun Li, Yang Lei, Wu Yinzhong, LiuHongjie, SulJingqin~

Science and Technology on Plasma Physics Laboratory, Research Center of Laser Fusion, China Academy of

Engineering Physics, Mianyang 621900, Sichuan, China

Abstract

Objective In contrast to traditional lasers utilizing chirped pulse amplification (CPA), such as Ti : sapphire, amplified signal pulses
from optical parametric chirped pulse amplification (OPCPA) inherently experience excess spectral phase distortions during the
parametric amplification process besides the linear phase accumulated from crystal dispersion. These excess spectral phase
distortions, also known as optical parametric phases (OPP), represent a significant issue that impedes pulse compression in petawatt-
level OPCPA laser systems. With this in mind, the present study seeks to examine the evolution of OPP in the SILEX-II allFOPCPA
multi-PW laser facility, developed at the Laser Fusion Research Center of the China Academy of Engineering Physics (CAEP).
Analytical and numerical calculations are carried out to determine the total group delay dispersion (GDD) and third-order dispersion
(TOD) induced by the OPP, from the high-intensity picosecond pulse-pumped front-end to high-energy nanosecond pulse-pumped
power amplifiers. These findings are expected to provide valuable insights for the temporal compression of the SILEX-II laser system
and inform the design of high-peak-power laser systems (from 10 PW to 100 PW) utilizing OPCPA technology.

Methods The OPCPA process is modeled using the classical coupled-wave equations [Eq. (3)], under the assumption of a slowly
varying electric field envelope. This model is numerically solved using the split-step Fourier algorithm. The focus of this study is
exclusively on the OPCPA process and evolution of OPP. Consequently, it is assumed that the initial pulse entering the OPCPA only
carries a GDD, which stretches the signal in the time domain to match the pump pulse. The evolution of the OPP is deduced by
subtracting the initial GDD and the material dispersion of the parametric crystal from the spectral phase of the amplified pulse. The
numerical results are compared with the analytical ones, obtained using Eq. (1) for both high-intensity picosecond pulse-pumped front-

end and high-energy nanosecond pulse-pumped power amplifiers. Table 1 details the parameters used in the pump simulation, Table 2
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outlines those used for the signal, and Table 3 itemizes those used for the nonlinear crystals.

Results and Discussions The high-intensity picosecond pulse-pumped front end exhibits an OPP with a GDD of 71 {s* and a
TOD of 1092 fs* [Fig. 2(a)]. These values are obtained by fitting a third-order polynomial to the numerically calculated OPP within
the wavelength range of 740-880 nm, which is the output spectrum range based on the numerical calculations [Fig. 2(b)]. The GDD
and TOD values obtained by fitting a polynomial to the analytically calculated OPP are 83 fs* and 1370 fs*, respectively. Therefore,
compared to the numerically calculated OPP, the main difference between the two lies in the TOD for the high-intensity picosecond
pulse-pumped front end. For high-energy nanosecond pulse-pumped power amplifiers, including the preamplifier, booster amplifier,
and main amplifier, the numerically calculated OPP is almost the same as the analytically calculated OPP [Figs. 3(a) and 4(a)]. For
the preamplifier, the GDD and TOD obtained from the OPP are 158 fs” and 2398 [s’, respectively, whereas for the booster and main
amplifier, the total GDD and TOD induced by the OPP are 302 {s’ and 2405 fs’, respectively. These results reveal that for the
SILEX-II laser system, the OPP induces a GDD of 532 fs* and a TOD of 5782 fs® [Fig. 5(a)], and the peak intensity of the
compressed pulse is only 43% of that of the Fourier transform-limited pulse [Fig. 5(b)]. By compensating for the GDD of the OPP,
the peak intensity of the compressed pulse can be increased to 94 % compared to that of the Fourier transform-limited pulse [Fig. 5(b)].

Conclusions In conclusion, a thorough study of the OPP evolution in the SILEX-II full OPCPA system at the China Academy of
Engineering Physics is conducted. The OPP evolution across the entire SILEX-II laser system is obtained by numerically solving
coupled wave equations combined with analytical formulas. The results reveal that the SILEX-II laser system accumulates a GDD of
up to 532 fs” and a TOD of up to 5782 {s* due to the optical parametric amplification process. Consequently, the peak intensity of the
compressed pulse is only 43% of that of the Fourier transform-limited pulse. Further calculations indicate that after compensating for
the GDD induced by the OPP, the peak intensity of the compressed pulse increases to 94% of that of the Fourier transform-limited
pulse. These findings offer invaluable theoretical guidance for the temporal compression of the SILEX-II laser system. In practical
applications, the grating distance in the compressor can be precisely adjusted to offset the extra GDD. Additionally, this study paves
the way for the design of future 10-100 PW peak-power lasers utilizing full OPCPA technology, suggesting that global OPP control

should be taken into consideration during the design process.

Key words lasers; optical parametric chirped pulse amplification; optical parametric phase; time domain compression; Fourier

transform limited pulse
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