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Development and application of mid-infrared high-energy, high-power,

few-cycle optical parametric chirped pulse amplifier (Invited)

He Linzhen, Tian Kan, Yang Xuemei, Liang Houkun®
(Institute of Electronic Information, Sichuan University, Chengdu 610065, China)

Abstract: In recent decades, ultra-intense ultrashort pulse is an important trend in the development of laser
optics. Especially in the mid-infrared (MIR) band, because the mid-infrared wavelength has greater ponderomotive
force and its spectral range contains almost all the molecular "fingerprint" resonance peaks, the research of mid-
infrared laser is very important in the fields of strong-field physics, mid-infrared spectroscopy, material
processing and biomedical research. At present, there are many mature techniques for pulse shaping and
amplification, such as different frequency generation (DFG), chirped pulse amplification (CPA), optical
parametric amplification (OPA) and optical parametric chirped pulse amplification (OPCPA). Using optical
parametric chirped pulse amplification technology with its advantages of high amplification gain, high signal-to-
noise ratio and wide gain bandwidth to amplify the pulse in nonlinear crystals with high nonlinear coefficient has
become one of the main means to obtain ultra-short and ultra-intense mid-infrared pulse.This paper summarizes
the research progress of generating and amplifying MIR few-cycle pulse in 2-20 pm based on OPCPA , and its
applications in strong-field physics, molecular spectrum detection and biomedicine are briefly described.
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%1 2~4 ym OPCPA ZHHHXSBH
Tab.1 Relevant parameters of 2-4 pm OPCPA system

Wavelength/pum Energy/mJ Repetition rate/kHz Average power/W Duration/fs Optical cycle Reference
2.1 1.2 3 3.6 10.5 1.5 [7]
2.2 0.25 100 25 16.5 22 [8]

3 0.3 10 3 21 2.1 [9]
3 2.4 10 24 50 5 [10]
3.1 0.125 100 12.5 73 7 [11]
32 0.152 100 15.2 38 3.6 [12]
3.25 0.06 160 9.6 14.5 1.35 [13]
3.9 8 0.02 0.16 83 6.4 [14]
4 2.6 0.1 0.26 21.5 1.6 [15]
33 31 1 31 66 6 [16]
2.8 0.52 1 0.52 27 2.89 [17]
32 5.8 1 5.8 20 2 [18]
2.1 2.7 10 27 30 43 [19]
33 13.3 1 13.3 111 10 [20]
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Fig.1 (a) Schematic of 2.1 um few-cycle OPCPA system; (b) Measured (blue) and retrieved (red) spectral intensity and phase (dashed black), and (c)

measured temporal intensity and phase. Inset: measured spatial intensity profile after the third stage!”
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Fig.2 (a) 2.2 um OPCPA layout. The inset on the top right shows the long-term output stability of the system and beam profile after cylindrical

reshaping telescopes. (b) The retrieved pulse shape of the amplifier output. (¢) Blue line, measured spectrum; blue-dashed line, retrieved spectrum;

orange line, retrieved phase!®
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Fig.3 (a) Layout of the 3.9 um OPCPA system; (b) Spectra of the signal and idler pulses after the last OPCPA stage measured, respectively. The dotted

green curve is the transmission spectrum of the KTA crystal'!

1€ 4 um AOFPF, HEER 208 120 W FF MIR-OPCPA
(2O SR B 2 Y N YAG BOGES, Zs0ot g 1T L
LA 100 Hz f) 55 52 50 5 4 4 B8 1 = 35 300 m. ik 584
50 ps 1) 1064 nm Jik#h o 283k W5 4 ik K, A G
JEAR A B Y 4w WE IRk ik o 45 21 105 fs, A
Jp11.8 ml, T R4S 4 pm BT BA R B ik o, SR
T—F AR R 1 mm, KR 3 m E S AIE R
2SS AT AMIK R UEAT R4 . 45 A CaF, AR}, E
— K Bk v gL A 2.6 mI Y MIR ik vh R 45 %) 21.5 fs,
XN T 4 pm HU IR 1.6 G2 R .

2021 4%, H.K.Liang [ 1 BA F&7R T —F 1 F- 06
A Y BE 2% 3 um OPCPA 2451, IR
FAAT B AR A AR AR BB AL A, 4 1 pum = TR T
B O TAS B, YE I R KT 95%, WAl 6(a) fF
Ro KHETOEHAE A MIR-OPCPA £ 4t 1 31 L,
HAHPOR R A 13.5%, B84 2 5. WAl 6(b)~(d)
fis, 774 2.7 ml, 27 W, 125 fs, 3 pum ik, 28 & 45

R 10 kHz, it K5 B9 F TR MIR bk #7E 3 YAG
mn R TP AT AR M R 4, R4 2 50 fs, XA S N6
JEI, 488508 208 90%. 1E OPCPA | % 2 47 5 A
BEAAE R GBI 25— Fh &7 2 L AT L &80 7
Bio ) At AT LR FH T A A 3 R A At 2
R

2018 4F, Yuxi Fu BYBIFZE /N A FH UV Bk 't 2 2
iR (DC-OPA) £ A i Hc I K R 0.8 pum 1Y 5
W EABICR ARG A TREE 31 mJ, WK
3.3 um (LA R aniEl 7 R, RER E AR
fe o HE AR 10 Hz BYPOGHE R 456 Z 10 53 B B,
FRERN 1.4 ml, K50 150 ps A X HB /8O v
1 2238 R A8 R SR 4R, 7242 700 mI (9 Bk e R S
LW 9 DC-OPA R MY o ¥ ) —FF 43O = 4
% 25 fs J5 i OPA Al DFG AL 72 A vt P K #5300
3.3 um M LLAR K b . SRS 1 S O T 4 AR 43 K
B %% (AOPDF) #l Siff H % % 5 ps Ji7, i i 3 T

20210396-5



ISk A2

% 84

www.irla.cn

[@@
) 1 064 nm l& ,
2 Nd: YVO, 1m |
3 160 kHz = | Compressor
@ : N/J bulk
‘% OPCPA 325 um
c = booster amplifier 118 lrllJ and 9’7 £
| '(7%’)“ %- i I 1 bulk KNbO, pulse generation
| b =
| 7 “Stretcher ST OPCP A (b) 1@
DFG bulk pre-amplifier booster amplifier = || Mid-IR, 14.5 fs,
PPLN PPLN Chirp PPLN 325 um, 97 fs 3.9 Gw
inversion Single-ring type ARR-PCF
© 4 D 0o © 140
o g A=97 fs 3 .
; s =5
= 42% 8 "9 Average : 118 pWJ
g g 2 Fi Ac: 0.39 wJ
g3 =5 Sz rms: 033 %
0 s 0 (1] SA—— D
3000 3250 3500 -150-75 0 75 150 0
Wavelength/nm Time/fs 0 30

4 (a) B fEFE MIR OPCPA REGMEEIE . Fh T i WO OELTRTIG AN DEG R &7 . SRR

Time/min

S5, AV S 7T AR A AP B 2% oo

MIR [k AT RSO o B R AR A A Rl Ao 22 U 0 A3 I A0 S o X R T R DBk bR 2 R RS2 3R o MR it Dk o

PP BEAT. (b) ) Ar JUFERY ARR-PCF ik i & SR 47 B 562 A ] . MIR-OPCPA R ZE A4 R . MIR Haiihy

Jikli) SHG-FROG Yk o (c) S BOFRIEFNAHNL LA K (d) IR FRIE ARG . (e) 78 30 min P& A Bk oh Rl DR AS et . I I s i s

AR

Fig.4 (a) Setup of the high-power, MIR OPCPA system. The seed is generated by a two-color fiber front-end in combination with a DFG stage.

Afterward, the MIR pulses are stretched and consecutively amplified in a preamplifier and two booster amplifiers. Maximum conversion

efficiencies are achieved by multiple use of the pump beam and by individually tailored seed-to-pump pulse durations. The MIR output is

compressed in a bulk stretcher and (b) the final compression to a single optical cycle is performed using an Ar-filled ARR-PCF. Output

characteristics of the MIR OPCPA system. SHG-FROG retrieval of the MIR output pulses, showing (c) the spectral amplitude and phase, and (d)

the temporal amplitude and instantaneous frequency. (e) The pulse-to-pulse power stability measured over 30 min. The inset shows the output

beam profile!"*!
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Fig.5 (a) Schematic of the 4 pm OPCPA and postcompression system; (b) Pulse temporal profile of 21.5 fs FWHM duration and (c) reconstructed

spectrum™!
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Fig.6 (a) Schematic of flat-top beam shaping of the high-energy and high-average-power 3 um OPCPA. The MIR pulses centered at 3 pm are generated

and amplified to 300 pJ from 3-stage OPCPA preamplifiers via periodically poled lithium niobate (PPLN) and KTA crystals. The 4™ OPCPA stage
is designed to boost up the MIR output and enhance the parametric efficiency through the flat-top beam shaping. The Gaussian pump beam of the
4" stage OPCPA is sent to a flat-top beam shaper consisting of a phase plate and a focus lens, and the flat-top pump beam is formed at the imaging
plane of the lens. The Gaussian idler beam generated from the first-3 OPCPA stages is amplified with a flat-top pump, producing a high-energy
and high-average-power flat-top-like 3 pm output. The measured pump beam profiles (b) with and (c) without the flat-top beam shaper, on the
KTA crystal. The cross section beam profiles on the x and y axes are included too. (d) The pulse energy measurements of the 3 pm idler pulse from
the OPCPA with flat-top (red) and Gaussian (black) pump beam profiles. 2.7 mJ and 1.45 mJ MIR pulse energy are obtained from the flat-top and

Gaussian pump, corresponding to 7% and 13.5% pump-to-idler efficiency for the 4"-OPCPA stage, respectively!”!
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Fig.7 Experimental setup of a MIR DC-OPA laser system with MgO:LiNbOj crystals!®!

20210396-8



8

i E ok A2

www.irla.cn % 50 %

Fig.10 Schematic diagram of the 2.1 um OPCPA system. The 500 W Yb:YAG thin disk laser acts as both pump and signal generation source
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Fig.8 Schematic layout of the 2.8 um laser system!"”!
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Fig.11 Layout of the tunable mid-IR OPCPA system*”
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Tab.2 Parameters of long wave MIR-OPCPA system

Wavelength/um Energy/mJ Repetition rate/kHz Average power/W Duration/fs Optical cycle Reference
5 0.65 1 0.65 75 4.5 [21]
7 0.7 0.1 0.07 188 8 [22]
9 0.014 10 0.14 142 4.7 [23]
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Fig.12 (a) Setup of the mid-IR OPCPA source pumped at 2 pm. The main parts are the seed source, the 2 um Ho:YLF CPA amplifiers, DFG, the SLM,
and the three OPA stages based on ZGP crystals. Regen. amp., regenerative amplifier; Booster, power amplifier; CVBG, chirped volume Bragg
grating; SC, supercontinuum; HNLF, highly nonlinear fiber; TFP, thin-film polarizer. (b) DFG spectrum (gray), signal spectrum after the first
(blue) and second OPA stage (green); (c) Idler spectrum after the third OPA stage measured (black) and calculated (purple). TFL, Fourier-

transform-limited")
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Fig.13 (a) Layout of the 7 um OPCPA. The MIR seed is generated using the two broadband femtosecond outputs from a three-color fiber frontend via
DFG. Afterward, the MIR pulses are stretched in a dielectric bulk and consecutively amplified in a pre-amplifier and a booster amplifier
separated with a chirp inversion stage. Maximum efficiency of the OPCPA is achieved by tailoring the seed-to-pump pulse durations in the pre-
amplifier and booster amplifier. The broadband high-energy mid-IR pulses are recompressed using a dielectric bulk rod of BaF,. (b) The

retrieved pulse envelope with 188 fs FWHM duration, and (c) measured (filled gray) and retrieved spectrum (red line) and phase (green line)™*
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Fig.14 (a) The schematic of the 9 um OPCPA. YAG, Yttrium aluminum garnet; ZnSe, Zinc selenide window; HR, High reflective mirror; TFP, Thin

film polarizer; BS, Beam splitter; LGS, LiGaS, crystal; Ge, Germanium window. For TFP, the reflectance of the S-polarized pump and the

transmittance of the P-polarized signal are measured as > 99% and 91% respectively. (b) The spectra of signal pulses after SC generation (blue

dotted), the pre-amplification stage (red) and the main-amplification stage (black dashed); (c) The measured (black) and simulated (red dashed)

spectra of the output idler pulse!*”
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