(2958124 - 00

INFRARED AND LASER ENGINEERING

FIhE B HE RN ERRBEATRIE R (FE)
FIRAE S AW BREE SYRERE T PUREL B TEWE AL
Research progress of high-power free-space Raman amplification technology (invited)

Bai Zhenxu, Hao Xin, Zheng Hao, Chen Hui, Qi Yaoyao, Ding Jie, Yan Bingzheng, Cui Can, Wang Yulei, Lv Zhiwei

TELR 2 View online: https:/doi.org/10.3788/IRLA20230337

FRAT BRI AN

Articles you may be interested in

1 kHz A5 3L D 42 [ SO CHOR AR5
Research on 1 kHz high—power sub—nanosecond all-solid-state laser amplifier

LIS T RE. 2020, 49(3): 0305001  hitps://doi.org/10.3788/IRLA202049.0305001
e E A e W (B D) R AR R SERO G TBOR 2

High repetition, high peak power and narrow line—width laser amplifier

LIHNSHOETRE. 2019, 48(2): 206002  https://doi.org/10.3788/IRLA201948.0206002
PRGN O CHORA ST e (R )

Research progress of high—power diamond laser technology (Invited)
LIANSGIOE T RE. 2020, 49(12): 20201076  hitps:/doi.org/10.3788/TRLA20201076

AR SR AR B B E AfAT
Theoretical analysis on crystalline Raman amplifier

LA TR 2018, 47(11): 1105007  hitps://doi.org/10.3788/IRLA201847.1105007
W ARG AR REE 2 D3RO Hh B RIS 4 2 (R )

Research progress of liquid crystal optical phased array in high power laser applications(Invited)
LIHNS O TR 2018, 47(1): 103006  hitps:/doi.org/10.3788/IRLA201847.0103006

BET G WA L S AR DI RS R SR AT Sk
Development of beam brightness enhancement based on diamond Raman conversion

LTH S TR, 2021, 50(1): 20200098 https://doi.org/10.3788/IRLA20200098


http://www.irla.cn/article/doi/10.3788/IRLA20230337
http://www.irla.cn/article/doi/10.3788/IRLA202049.0305001
http://www.irla.cn/article/doi/10.3788/IRLA201948.0206002
http://www.irla.cn/article/doi/10.3788/IRLA20201076
http://www.irla.cn/article/doi/10.3788/IRLA201847.1105007
http://www.irla.cn/article/doi/10.3788/IRLA201847.0103006
http://www.irla.cn/article/doi/10.3788/IRLA20200098

% 52 A% 8 A
Vol.52 No.8

o otk AR

Infrared and Laser Engineering

2023 F 8 A
Aug. 2023

BENEEHTHNEMARARARER BFHK)

é%}:&j@hz’ D’!J’:lg §1’2, 71—:']3 %1,2’ }I’l'f‘

B, FEE, T

Ig 1’2’ iﬁlﬁ %JI)LLIJ’

OB EZRE, 8 EMY

(1.7 Tk XK 5 3t OB ARBFR P, R 300401 ;
2. A ABRBABRARAEREELEET, KF 300401)

 E: SRRSO EMEAT HOENIE SR F A A B AR AR E 0 R
16, BAT, AT 2 & #4 (stimulated Raman scattering, SRS) #9435 Z 4L B A K 8 L2 AIE R A

B RAK B R AR B R T A TET SO R A 2 ok K it 42

& RO

BB A BOK e B A, SRS ARE w EAk S £ L 8 S AR ELE ATEE N T, B R
FRADEAE AR RGINEZ BRI LI SN B AR, AT EARRZ AT LREHES, B
b, 3% K BA AR A) R F AL TR TR IR B A AR TR BT AR, i R B T R Kk
TSR M BM OB S . A R RSN KREBRE SR L R RERFR S, S
FRUZEMEIFARFABMAINTER, LFPEET A E AR TNEZHARBEANG L RE HF
WA AR, I R R AR A AR R #ATT R

KR I TS MOk,
hE ST TN248

K E;

0 35l

H 1960 41t 5 B 25— G #OLa——L F A H0E
ARUEAE LK, AR IEX O HARIIIRE . 60 2
ALK, BTEOR L R RET T2 I B 3 A O
i SBOE AW BT, JFA 3 1R RS 5 Sl
{5 BEIT L il di R By 22 4 A AR A PR A e,
Horp, w Ui se BE RO AR A O HOR R R 207
], B B 42 3R A% BRI 25 2 0 [ S ST AT K B %)
G, X—BHEAUED) T mIREOC R B, dufe it
T VR FAR AR A R,

N T B DR RO T, AR I T ROBHR
Vit ELAZFR ST . WOLHORS A REOC A RS Tr ik, Wi
B RR o T SO B B fieizs o G045 DURE 5807 5% i
6 TARP BORAR L e~ 4 S5 1 38 45 40 TR D

T

Yks B HA:2023-06-04;  1&1T B HA:2023-07-27

Fk b ;
YHEARERS: A DOI:

1R
10.3788/IRLA20230337

Xt AN [ F) 1oz P 3 55t i AN [a) 1 frs 2 el ) 07 5, A
BENHARTT RIS B, Z BB IIR WA
JRURRAE | FRSN S5 IR 3R R, B — SO IR v A i Y
DIRAESE PR B P A AE—E R R . O 1 Bk — 20 4R
FOE IR, al LR O C ORI B4 1O
Fr I AORNS . WOEHORFOA 18 H LURL 180U e
3 55 40 PR LM G 0 45 A TRAE AR T AR Y
5, 85 52 O 5 1 O SO AOG AR 5 AT D Ak
Ko BWOCHOR G BEW F1 0 A ] B A BOE S Bt Ay
BT (AT IO L FEAE TR AR5, IR, S5t it
B R, B HROR ) D 2 B TH 32 31 SR EO
IR B AR A BN ST AR, 25 3R 1) BR i, ELEAE
A 5 S 2% R BE DL R B A ) R P
D2 O R T RO PR O
s AR O T B, B T IR IR AR MO L1

HEEWA: FHEARPIFIESTH (61927815, 62075056); KT H AR ARSI H (22ICYBIC01100); T2 5ol T F R 5K H R 5k
W= T OSSN H (KF202201); Wl Tk K2 3EARHINE 55 3530 H (JBKYTD2201)

ERE N AW, 3, 20%, WL, TENEEURIOCHEHAR SRR m L .

BIREE: THEH, 5, 2%, W, FEAFEDRERBOCE AR S IELM I iR .
AR, B, 80, W, RS E IR ERBOEEAR ARGt e i o

20230337-1



ISk A2

% 8 www.irla.cn % 52 %
23] B A — R B T = YR O ER A E R, N IR HIE B 2 Bis P2 ok g, A%

FUHE R BB 52 B2 14 25 40 ORI 22 A0 UM LB B
HAT R ok B2 BT R SR,
DR EAE AT 5 23 5 R BRI D7 T T R

e R )
Gain medium* Medium**

. |
- -':?"_’

._ Oscillator Approaches

=~ toward Beam

high-power combination
Amplifier lasing

m Coherent beam combination

m Spectral beam combination

m Polarization beam combination

= Nonlinear amplification beam
combination (Raman, Brillouin,
four-wave mixing, etc.)

Gain medium*

r
| 4

* Population inversion based laser gain medium
** Including grating, nonlinear optical materials, phase controller, etc.

[CRE=RVIESSidib ey
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Fig.2 Schematic diagram of SRS energy level transition
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Fig.5 Schematic diagram of CH, gas double-pass Raman amplifier
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Fig.7 Schematic diagram of Raman beam combination in H, gas """}
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Tab.1 Research progress of Raman amplifier in gas

Raman Pump

Stokes

Output Pulse Peak

Year medium Structure wavelength/um wavelength/um energy/mJ duration/ns power/MW Ref.
1979 H, Beam combination 1.06 1.13 360 3 120 [100]
1980 CH, Beam combination 0.248 0.268 - 7 - [98]
1983 H, Collinear amplifier 0.308 0.353 20 50 4 [81]
1986 CHy/H, Beam combination 0.249 0.268/0.277 8400/5000 - - [101]
1989 H, Beam combination 0.353 0414 800 - - [99]
1996 H, Collinear amplifier 0.390 0.465 0.02 0.00035 57.1 [73]
2001 CH, Collinear amplifier 0.248 0.268 - 5 - [83]
2009 D, Collinear amplifier 1.064 1.560 250 4 62.5 [79]
2016 H, Collinear amplifier 1.06 1.9 44 - - [80]
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20230337-5



ISk A2

% 8 4 www.irla.cn % 52 %
#iik 12 dB. K5, BHIFA BLTTR H Ba(NO;),. YVO,. Y4 AN
KGW., BaWO,, PbWO, 4 Wl f7 45 f AR 2 A i il 25 YVO, YVO,

AT T SER A FE 0, BT AR A R O bk b R R 3R A
e, kbR o 71.5 mI, i EERAE
NUOTLE 2014 4E 58 i3 BaWO, 17 8 iR 28 52 BH, 5256
R ME 8 FTR o fi AL BT B i KA B O ik
SN ED | RRDAE R, /N OB 2 6 ps,
i1 Yakovlev ¢ AU 7E 2009 4F 3@ i YVO, $if 8 i K
RLH . 2019 4, XK 225 N it AR B = i
KA T ERRCIRSR, 454 CaWO, fifAhr
SRR AR R ARSI T Bk ol A R 8.2 mI | 4R 5K
1.3 GHz 119 589.159 nm #H#6, Sl FiE A F/hF 1.5,

Faraday Beam
isolator HWP splitter M1
BaWO

; . M2 M3 M4
Single-longitudi- B

nal-mode Nd: @] I] \
TAG laser
Amplified
& 1180 nm
2: M7
M5 M6 telescope 1064 nm

¥ 8 BaWO, Tl i £ & i R As R Z R )

Fig.8 Schematic diagram of BaWO, forward Raman amplifier'”
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Fig.9 Schematic diagram of YVO, non-collinear Raman amplifier’
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Fig.10 Schematic diagram of Raman beam combination in BaWQ, """}
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Tab.2 Research progress of crystalline Raman amplifier

Year Raman medium Structure Pump w:r\r/lelength/ Stokes vtlz::ielength/ Outpurtn eJnergy/ durf;ltlilsz/ " povl::re;llt/lw Ref.
2008 Ba(NO3), Collinear amplifier 1.064 1.197 63 - - [106]
2008 Ba(NO;), Non-collinear amplifier 0.800 0.873 3 10 30000  [114]
2009 YVO, Collinear amplifier 1.064 1.174 3x10°° 6x107° 0.5 [107]
2013 Ba(NO3), Serial laser beam combination 1.319 1.530 50 3x107? 1667 [115]
2014 BaWO, Collinear amplifier 1.064 1.180 71.5 17 42 [109]
2014 PbWO, Collinear amplifier 1.064 1.178 11 - - [110]
2015 CaWO, Serial laser beam combination 1.064 1.178 26.7 2.9 9.2 [116]
2015 Diamond Collinear amplifier 1.064 1.240 - 0.00696  [111]
2015 Diamond Parallel laser beam combination 1.064 1.240 - 0.00878  [66]
2018 BaWO, Collinear amplifier 1.062 1.178 3.5 - - [89]
2019 BaWO, Serial laser beam combination 1.062 1.178 41.0 44.1 0.93 [117]
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Research progress of high-power free-space Raman

amplification technology (invited)

Bai Zhenxu'?, Hao Xin'?, Zheng Hao'?, Chen Hui'?, Qi Yaoyao'?, Ding Jie'?,
Yan Bingzheng'?, Cui Can'?, Wang Yulei'*", Lv Zhiwei'*"

(1. Center for Advanced Laser Technology, Hebei University of Technology, Tianjin 300401, China;
2. Hebei Key Laboratory of Advanced Laser Technology and Equipment, Tianjin 300401, China)

Abstract:

Significance Lasers with special wavelengths, high power, and high beam quality have significant applications
in the fields such as sodium guide star, laser ranging, and free-space communication. One of the effective
approaches to extend the spectral range of lasers is based on stimulated Raman scattering (SRS), which can
amplify Stokes beam with a desired wavelength using conventional pump sources. This method can produce high-
power and high-quality lasers with special wavelengths, and has advantages such as flexible wavelength selection,
simple structure, and strong power scalability. In recent years, SRS-based amplifiers have been applied to
generate sodium guide star laser sources, and have potential for further development in other areas. This article
reviews the main principles, characteristics, and research progress of high-power free-space Raman amplification

technology, and discusses its future trends and application prospects.

Progress Currently, the commonly used gain media for Raman amplifiers include gases and crystals. Gas
Raman media have advantages such as a large Raman frequency shift, low self-focusing threshold, low optical
coupling wave loss, and almost unlimited size. However, they also have disadvantages such as low gain, large
volume, and susceptibility to optical breakdown. Compared to gas Raman media, crystal Raman media have
advantages such as high Raman gain coefficient, good thermal conductivity, stable performance, and easy
miniaturization. However, there are still bottlenecks in the output power and energy of crystalline Raman
amplifiers due to factors such as crystal size and damage threshold. Beam combination based on Raman
amplification is also an important way to break through the power bottleneck of a single beam and achieve power
scaling. This method has advantages such as simple structure, flexible design, and high expandability, and is
expected to be further developed and applied in the field of high-power special wavelength lasers. The parameters
of gas Raman amplifiers with free-space structures are summarized (Tab.1). At present, the peak laser power

output has reached the megawatt level, and the single pulse energy has reached the joule level. The experimental
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parameters of some crystal Raman amplifiers are summarized (Tab.2). The pulse width of crystal Raman
amplifiers is mainly in the nanosecond, picosecond, and femtosecond levels, with peak power reaching the

gigawatt level and single pulse energy reaching the millijoule level.

Conclusions and Prospects In recent decades, Raman amplifiers in free space have made many outstanding
achievements in the field of high-power special wavelength lasers. However, the output power of Raman
amplifiers is still limited by factors such as the Raman medium and amplifier structure. To overcome these
limitations, future developments in Raman amplification technology will focus on developing new Raman media,
optimizing the preparation technology of large-size Raman crystals, improving the conversion efficiency of
Raman amplifiers, and expanding the beam combination structure of high-power Raman lasers. In the future,
Raman amplification technology is expected to achieve even greater results in the field of high-power special
wavelength lasers.
Key words: stimulated Raman scattering;  laser;  amplifier; pulse;  beam combination
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