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JERERENE N T4 IR E v, SOR 23 J RN 5% 3 g
i HILHAEFHOE T R BOGIBES), 5k
IO Fo R ARt ARSI N iz

Yks B HA:2023-05-08;  1&1T HEA:2023-06-12

1.6 um PR BOS O

NXHEFEE: A DOI:

SR RHAH;  LRRHS B
10.3788/IRLA20230403
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B IS PR 3 BB 06T N30 BRI 2500 T
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11 E SR AT 1% T K AE 1.53~1.64 um Z ] . Ky 3k
1% 1.6 um BT I BOROG, BRI GO I T K
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Fig.2 Energy level jump diagram of Er** doped crystal

YAG (4 45 ¥4, 345 5 & M % 200 Hz, B ik of i &
22.75ml, Fk 9& 223.1ns, £k 9¢ 2.46 MHz, .0 I K
1.645 pm I BE 1 BT ik i o, HOR SR BT 7
MR 115, BB AR E BN 0.5%. 236 AR5 9L
STk AN LR e A8 | AT i A, T L RE R R
o SRS v I B AR A bk vh R B AN R A A R
P B O K v, @ 2 1 P R SRR HE K R, %
JEH T8 B i IR M W ISORCR AR . A AR AR O
Z H b A S HORAK, 0 2 (0 A5 IR 1 #4067 A AR
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Tab.1 Example of obtaining a laser in the band near 1.6 pm using Er**doped crystal as the gain medium

Center wavelength/um  Single-pulse energy/mJ  Pulse width/ns  Frequency/Hz M, sz Energy stability Linewidth/MHz  Year
1.64 120 100 30 2,2.5 - - 2014
1.645 2.9 160 100 - - - 201504
1.645 10.1 205 200 14,134 1.5% 2.44 2018
1.645 20.3 110 200 1.27,13 0.61% 4.59 20191
1.645 28.6 159 200 1.37, 1.09 2.1% 3.4 20207
1.645 22.75 223.1 200 1.16, 1.15 0.5% 2.46 202117
1.54 1.3 10 100 - 0.28% 20230
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7oA — A BTG ST TR — A 2R, it
PR A SO RS R R, SR AR S s
P FEARAT 1.6 um BT I BCAY T i, SRS &2 —
A R T Z, B B R OGO A ROR,
11 FL3& m] LASE 23 ) 30 R8 07 DC FE T B 90T 4 426 A 1)
R, SR A S R G R B R IO
2.1 EFEFEEHNTRAOHSHAR

T BaWO, 7 StWO, !, Ba(NO5), % BaTe-
Mo,04*!, YVO, Fl KGA(WO,), FEA& SEH: 45 41 i 2

OGS AR CHF T HE AN _E 3R SRR fr & 5588 | g
2evi ., SRR 2 MK 3 Fron. dtal g, X L
FEL Ak R B 2L DN, — BB KT 1.3 pm
P BOMOG R F I IX e AR LR R AR R 3RS 1.6 nm BT
Beot; I BAR G2 IR R A, RS
PGS i e P R 0 BEON T, TR T L R
SRR 1.6 pm B BEHOE R O 2R — A
M P . AL, 7RSI E AL S A B4k 58 A 1
R, St 2ot i 4R v — B nm fE9L .
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Tab.2 Raman frequency shift, Raman linewidth, heat conductivity of conventional gain media

Crystal Raman material Raman shift/cm ™'

Raman linewidth/cm™

Heat conductivity/W-m "K' Spectral transmission/um

Ba(NO;), 1047 0.4
KGd(WOy), 901 5.4
BaWO, 926 1.6
BaTeMo,0q 921 5.6
SrWO, 924.23 3.0
YVO, 890 3.0

1.17 0.35-1.8
2.6 0.34-5.5
3.0 0.26-3.7
1.26 0.38-5.53

3.133 0.263-3.2
52 0.4-5

&3 R B S REXH R R

Tab.3 Relevant research progress of conventional gain dielectric Raman lasers

Crystal Raman Pump light Raman light

Output power/W

Output laser  Light-light conversion

Stokes order Linewidth/nm  Year

material wavelength/um wavelength/pum frequency efficiency
Ba(NO;), 1.32 1.56 0.25 1 Hz 48% 1 - 19958
KGd(WO,), 1.35 1.537 1.2x10°° 1 kHz 10% 1 20 200557
BaWo, 1.3 1.536 0.7 15 kHz 44% 1 - 201284
BaTeMo,0y 1342 1.531 0.83 25 kHz 7.7% 1 0.06 20138
SrWO, 1.444 1.664 1.16 10 kHz 4.2% 1 - 20164
Ba(NO;), 1.319 1.53 5 50 Hz - 1 - 20161
Nd:YVO, 1.342 1.524 0.685 4.8% 1 0.3 20211

% 1 pm P B o OBOE RS 2 1.6 pm BRI U
Bt, F11& %t B. 1. Stepanov Institute of Physics 1Y V. A.
Lisinetskii 55 A" >R F A0 Sz & 9 B3t A1) ] H 52000
2 20 Hz, k9 10 ns. HJJk vl 8 £ 300 mJ. Yo T &
KT M 250 3, K 1.064 um i Nd: YAG #0t
T MR IR, 2 P Ba(NO,), dh I AE b i1 & 40 T, 285
BTG s T AR RS S5 AR AR 93 mI 19 1.599 pm SO
K R 22 ] R 9 ns, THEEN 1.8 W, RE R
RN 47%. T I B 5 A DR o T ' 114 B o LA 34

LR AEAELMEMEN . B TSR R
PR H IR RECK, SO 2 4
WL RREREOEI TR

o5 b RGP R R B2 R 1N, ok
AR RS . I, — Bk 1.3 pm P BOROLR
T L2 B £ A T, T8 T — BT 4 v AR AR A
1.6 pm B3T3 BEROG Ik ohdin i o 2 4 T B AR i iy
PR 1 pm 7Y Nd: YAG BOGE O IR, 75 22 1)
=P T s RS JE A e A B, XA AN
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ARBER Y, 7 HLBE A ST v SRS I, B
A T R AR 2 R o PR A R e A Y
P OGER T, N 28 i AT R A L A AR, TR B R
FHA S BT 2O T R R B iy, LAk St R
7 T AN, 5 | R Y BRE A A T A A R . AN
I, MIEAOE 2 = B A S E s AR i, SR
£ D10 P52 YR AT I 2 R S RO D DI, (A i s O R
B B, TR B 2B . 3 s R S8 B T
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WO R
22 ETE&NAMHSHLE

FAEZTR, 4 WA 038 5 6 a8 1 1 4840
A ULOG . 2180 2 To Lk r T A 3 Fst, H 4N
1 A RS AR R 13323 em ™, B IR T 9 HL
SIARLTE 1.5 em o AL, 4 WA RS 0 45
20N 12 cm/GW@1.064 pm, BT 89— B B4 v iy
WO 5 AR B R AEE L IE B OC R,
AN ey L Ry e N R Y (U E =R S | Wk B e |
(10375 B 00 B KR 1 pm 9 SEADG 3 1 0
FEC AL AT 1.49 um % BEROGHT . & NIA IR R
A H P, AT 205352 200 W/ (m-K)P,
JEME G R RN 140 Z 65, HAWE K 2B E
1.1x 1070 K™, fnt £ 5 1 # kR M, P 45 e &
Al A HICRSE B A5 4 WA R 7 L R Y
TR S A R ARSA T LA B R AR LR M R, T LA
AT DL G RO i ) B R S, Ak, 4N
A1 AR B G T 4 NI RS PR AR R ™ A r e 4
T, B, B ZEAR & IR R, AWK SR T AR
Fren @ I . DL bk S0 2 (A5 4 WA Bk SRS
A PR A AR . KRE K P B T A A& AR
LM

N T AR AT RO TR A 2 O, KR
Macquarie K 2% ) McKay A 25 A5 DL 4 NIl ok fir
A, (K 1.064 um (1) Nd: YVO, BOG #8501
R, 7 F 2 AR 36 kHz, Ik 9E 20 ns, JEH KT
M 3.0 ZEOGIRM T, 28 B W 36 v 30 43 % o 1
16.2 W B 1.485 um JOE bk vh, J6 6 R0R B ik 40%.
Hofir th 1.485 pm D't 1Y O 8 5T i K M2 1.17 £0.08,
AL ZEH AR TH T 2.7 4%, 3% /& i1 T /E SRS (1 i 72
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Fig.3 Transmission spectral range of diamond crystals (uncoated) *!

o G B A TSR BT, AT DU 2 ' i AR L e
ARAT R T HOEE 75 13 v, BTG R R SR 4t 046 e
HotrpLR iR, Yh BORTE iRk th 2R 5
SR T2 JC R #4IE T TEM, B9 B AR 0ok

G WA S OGRS A AURT DUBR T s 6 RO ER
[, i HA] AR A = D Ot i . Macquarie K
221 Williams 25 A 058 53 D 5 259 W, 6 3
KT M NT 1.2, B 40 Hz, BKTE 250 ps B9 1.06 pm
M SR, it Z L e WA, 14 5
9% K M 1.06 um A5 8% 2 1.49 pm, i G EIZh &Ny
114 W, Y6656 BsoR Tl 44%, Hz i B & 4 fr
/N B Williams 1 Bai 25 A5 7 1.064 um %206
AT 823 W 451 NG TUPPR 302 W, K 1.49 pm
O

WEAb, 4 WA S O v i o A B R 1R
i, T DA A — 5 U K 10 R 985 1) SO Bk b i o o
[ University of Strathclyde ) Casula %5 A\ IE T 1X —
A SRR HIERK  1.18 um (2 RO R A
S RIE AR, SCH R B s IR, il i e T
[ 52 S A O AR VR M v 0 T S U D 2, (i
B IO I K TE 1.375~1.415 pm 30 BBl PN 9838, 48 96 K
0.1 nm,

AR, BT 4 WA B2 OGS T LIRS
AR, R BB L DR T IR R FLOG SRS U (4 SO Bk o i
AR R T A WA e 0 R Y L A PR,
A 1 BTG SRS K A 1 LR R B Y
EER 1 pm BEBOROIRS B 1.6 nm I B, H = i
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Fig.4 Schematic diagram of the high-power diamond Raman laser
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Fig.5 Schematic of wavelength tunable diamond Raman laser **!
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J7AR a5 O EOR TR A58 0 (19 Ma 55 fi
1.342 pm A9 B 450 28— B 307 46 52 307 J5 K45 1.634 um
P BOHOEP, X AR AR A T 1 um BIBOGR
T 4 KA SRS 1.6 um P BEEOE AY 5201 B4R 38 1)
TR A,

3 RABERS

OPO AR LA Z Wl Stk 2000y Sk, 1| FH AR 1
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] AR EAE P22 1 o 1961 4F, I B 28 A5 oM%<
B YRR A . IR AR, TE 1962 4F Kingston!”!
RN [ M K24 1K) Norman M. Kroll 2425 4351 H2 H
OPO Ry FLAJEFE . P %] 20 tH42 70 4F 1% 2% [ I JR 5L
¥ % iy Giordmaine J. A.Fll Robert C. Miller % A\ 1 X
fif % & 0.529 pum A9 3% Ot % 38 LiNbO; i 14 3K 15
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B 1% 2k %0 41 (KTiOPO,, KTP) il fift 2 %k 4 40
(KTiOAsO,, KTA) f R34 2 M Be O B A9 9F 2t b 4,
WREE A B AR b R 5L KINIGR | SEM6EE
SUR(EN: 2NN RIS ey s o W PR e
FHEAR L, KRB OPO . iy 127+ OPO i th HOL )
eICHEALBCR A Bk oh R, E AN H AT T
K BIRIFSE TAE
3.1.1 3 F KTP dhik ¢ OPO

N ARAT R 9 6 -6 e AR A B Bk o B o, SE
Schwartz Electro-Optics 2% B i G. A. Rines 2% A\ 15
JEt T Z BRI G X OPO Hi R o, SLu6:
HOIE T, 24 SR AR I 5 AH 057 DT it B OPO X 23
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ARG IR T i RN i, B2 7E Z AR AY 1.064 pm 5
T e IE T TR AR 35 39.2% Y6 1Y B B Al
K, AR 245 mI 19 1.55 pm O IKrh

123 {5 & Fraunhofer Institute for Laser Technology
) Elsen F 58 N X LT 2 8BS G X i
th 1,654 pm B BOHOERYSE I, [6) 55 56 0F T, 2R
THOGATH OPO B G-OCHEHRACR T . SEge il ot —
BT Nd: YAG fiAR) MOPA Z0H 1.064 um 350
REEMIEHOE, B DL 20 m) Y ZE G HiE OPO
() KTP AR 3R45 5 mJ (9 1.654 pm (19 Fh 756, b5 il
ok S NI S BRI T A O 5 R 4y 430 m) DG
A OPA ™t 4 e KTP ff /R B[] A1 46 B2, 7E 4 ¢ OPA
TR G A BA K phRE R 111 mJ B9 1.645 pm AR 224>
HOL, eUHARCRIR T 26%, SEHE WA 6 R .

SR J5 , 75 [ Universitd Kaiserslautern ¥ Peltz M.%5
N T S (1.06 um 3% B ) AS[A] () R BE 5 A%
FK 58 X5 OPO fi 1 226 1 52 Ml , 52 50 2 B AN 151 7 e

Nd:YVO,
laser-system

#2200 mm 7" Ml
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Fig.6 Physical diagram of the OPO/OPA laser system'®"

TN o 7 T E I A AL R TE A — 40 o R 1 o) A
THOGHY B, WA [A] B4R AT G BEXT OPO i th 2L
SRR 5 55— 05 1 TR R kS A 2R I O X
OPO i 15 5 {EL A4 AR A 52, 45 5 S /s X 0 FH
JK 58 B S G, OPO T IR I 1 B (i 5 /) L 3 Hh 0%
W 2T OPO IR ARG H Kk rBE i 18.3 mJ,
P 1.58 um FHOEHN i B 8 4.7 ns HOE L
BRRN 35%.

crystal
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Fig.7 Pump spot and pulse width tunable OPO laser [*

B S, P N G A E AR T 2R W AR N1 5 i
TEC fi#ff5 il KTP dhiA R Bt 17— (5 5ot not-
FEFEERBOR B 18 41% B OPO ot #s GEMIE LIk
£ 1.06 um), 247> Military University of Technology
() M. Kaskow 55 N1 2 186 1 — b 5 3 i S AH (57 L
BLH MW 02wk 4 . L5 1.064 pm P B
THEH AL RCR R 51.3%, X SETRBEG B MGt
S ESTTIVES S

HY AT L, 3 3k 5 BRI 5 1.06 pm ZE3H AT OPO
PRI A C S5, FEF KTP @R (%) OPO +7 ARJE 1]
DA [r] s A5 AR 55 140166 e 3803 R K R 2 O ik
LT
3.1.2 AT KTA dh#k4) OPO

fE R KTP &R E A& KTA [FIREEA G B AR

PEPERE, #1E R OPO BYARZRME Sk, HI T 3R 1.6 pm
B 3T 39 BEIRON, (8] Bt i i o 21 e B 7y PRIAONG
Pl 8 J2 i HI SNLO #4455 400 31 45 19 AN [R] 9% K D6 78
KTA 5 KTP f i (1935 3 %, 7] %1 KTA 5 KTP f
1R TE 1.064 pum I 1.6 pm T BERE T 0 35 1 ROR 4 0
100%, {HJ& KTP iy iAot o 21 41k Be ot A #8r melk,
1M KTA AR IR FELEIX AN )8, Pt KTA S 3k
A, KRB 1.6 um T I BEROE T A0 T
RYFEZRPE K . 3€ [E Schwartz Electro-Optics 23 F) M.
S. Webb % A B E T 35X — 81, S8 X b T KTP
5 KTA S AATE OPO HAR v 2k e ARG Ba A0, A
HF KTP K 7E OPO b i h 23 W il — 7 Lh il 21 4h
T B 1) RSO , X AR T 15 5 06 M 52 AL RCR, i
HARL 2 B R N A 2RI, e 25 A 07 2% i
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Fig.8 Transmission rate of laser in KTA and KTP crystals at different

wavelengths
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U, 83 1.064 pm OGS PP I A B IR Y 4 Bk
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i RCRIG R . L 1.064 um B BEROG N
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) KTA R K 1.505 pm, Hpk b g & 151 mJ (435
6, e AR N 15.1%, 1 x J7 [0 VI E H) KTA 15
FPE K 1.535 pm, B KRR 260 m) BUIOE, BE R
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x 7 T YD #EI KTA S R AO6 A 2Rtk &
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Fig.10 Diagram of high conversion efficiency OPO optical path!*!
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Fig.11 Physical view of ring cavity KTA-OPO!*"!
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Fig.12 Diagram of the wavelength-tunable OPO experimental setup
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Research progress of high-frequency and high-energy
solid state lasers at 1.6 pm (invited)
Li Pengfei'?, Zhang Fei'?, Li Kai"?, Cao Chen'?, Li Yan'?, Zhang Jiachao'?,
Yan Bingzheng'?, Bai Zhenxu'?, Yu Yu'?, Lv Zhiwei'?, Wang Yulei"**
(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  The laser near 1.6 um is not only the safe band of human eyes, but also the transmission window
in the atmosphere. The high-frequency and high-energy laser close to 1.6 um can also carry information with high
resolution and large amount of data at a longer distances. In recent years, with the improvement of crystal
preparation and lens coating technology, the 1.6 pm band laser obtained by directly pumping gain media and
frequency conversion technology has greatly improved the parameters such as repetition frequency, energy and
beam quality. In this paper, the principles and research progress of 1.6 pum laser generated by erbium-doped
crystal direct pumping, optical parametric oscillation and stimulated Raman frequency shift are introduced, the
advantages and disadvantages of the above three schemes in 1.6 um laser are analyzed, and their application
prospect in 1.6 pm high-repetition rate and high-energy laser is prospected. The problem of poor output beam
quality when high-frequency and high-energy lasers is obtained near 1.6 pm is also analyzed, and several
enhancement examples are given. The development prospect of obtaining better beam quality and high-frequency

and high-energy lasers by optical parametric oscillation near 1.6 pm is discussed.

Progress Firstly, the energy level conversion process of the laser near 1.6 um directly generated by pumping
Er’" doped crystals is given. However, the low absorption efficiency of pump light, the small photon transition
cross section, the high number of parasitic lasers in the crystal and the low thermal conductivity of the crystal

make the thermal load on the crystal very high. All these reasons limit its application in obtaining high-repetition
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rate and high-energy lasers at about 1.6 pm band. Then the process of obtaining stokes light by stimulated Raman
frequency shift is described. Raman lasers based on conventional Raman gain materials such as BaWO,, StWO,,
Ba(NOs;),, BaTeMo0,09, GdVO,, YVO, and KGd(WO,), are analysed, as their low Raman gain coefficients and
the low thermal conductivity and thermal expansion coefficients of the crystals lead to the inability of these non-
linear crystals to obtain high re-frequency, large-energy wavelength band lasers near 1.6 um. In contrast, the high
and low thermal expansion coefficients of diamond and its transparency over a wide wavelength range make up
for some shortcomings of traditional Raman crystals, but the Raman frequency shift is only 1 332.3 cm ™, so it is
still impossible to convert the existing and technically mature high-power 1 pm band lasers to the 1.6 pm band
with second-order Stokes frequency shift. These reasons limit the application of stimulated Raman shifts to obtain
high-frequency and high-energy lasers near 1.6 pm. Finally, the OPO technique based on KTA and KTP crystals
is presented for application in obtaining a human-safe laser output in the wavelength band near 1.6 um with wide
wavelength tuning, higher beam quality, high heavy frequencies and large energy. Although the spot quality of
laser output of OPO technology is poor in the wavelength band near 1.6 um, it is possible to obtain laser output
with high repetition rate, high energy and good beam quality in the wavelength band near 1.6 pm with reasonable
resonator design, phase matching method of nonlinear crystal, selection of pump wave shape and pulse width, and
use of a Gaussian mirror and a quasi-monolithic 90° image rotation, which is certainly what researchers in OPO

technology are working hard to achieve.

Conclusions and Prospects The high-frequency, high-energy laser near 1.6 um is of great significance because
it meets the needs of long-distance and high-data transmission without causing unintentional harm to people
nearby. The main methods for obtaining lasers in the 1.6 um band are pump light direct pumping of Er** doped
crystals, SRS and OPO techniques. However, the low absorption efficiency of Er'" crystals, the low thermal
conductivity of the gain medium and the short lifetime of the energy level of the crystals make them unable to
meet the requirements of high-repetition rate and high energies. The SRS technique is only capable of shifting the
1 pm band to near 1.49 um due to the low thermal conductivity of the existing Raman medium and the limited
Raman frequency shift, while the OPO technique is capable of achieving high-frequency and high-energy output
near 1.6 um by adjusting the parameters of the pump light and resonant cavity with a good nonlinear crystal.
Although the beam quality of the output light is not good, laser pulses with good beam quality can be obtained
through proper optimization, and there is much room for improvement in the current methods to solve this

problem.
Key words: high refrequency; high energy; optical parametric oscillations; laser in the band near
1.6 um;  stimulated Raman scattering;  direct pumping of Er’" doped crystals
Funding projects: National Natural Science Foundation of China (62075056, 61927815); Natural Science
Foundation of Tianjin (20JCZDJC00430)
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