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Tunable Mid-IR dual frequency laser based on
a single-resonant optical parametric oscillator
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Abstract; A Tunable Mid-IR dual frequency laser based on single-resonant optical parametric oscillator
is presented. The mid-infrared wavelength tunability of 3 ~3.8 wm is achieved by adjusting the tem-
perature and polarization period of MgO;PPLN crystal. When the pump power is 6.9 W and the tem-
perature of the MgO :PPLN is 75°C, output power of 1.25 W is obtained. The highest optical-optical
conversion efficiency of the idler light with respect to pump light is 18.2% . The beat note frequency is
equal to the beat note frequency of the pump, which can be tuned from 125 to 175 MHz. The modula-
tion index of the beat note of idle could be adjusted with different dual-frequency power radio of pump.

DOI:10. 11972/j. issn. 1001 —9014.2019. 02. 012

Key words: laser, dual-frequency, mid-infrared, optical parametric oscillator

PACS: 42.55.-f,42.65.Yj,42.65. -k

518

3 ~5 wm FPELAMEOERIMRZE RS E T, 2
RAUE T 1 RPEE, PITELLAMNAO G 5 LD
JETR IR LLAMBOLIE AR JEOLRE 1 ZLAM T4 ZE 4
WA EENN A W3 ~5 wm BBV
Z oy TIRSITEL LG 7 B A PR ok g 0 45005

W Fs B HA:2018- 11- 03, &[] HHA :2018- 12- 20

AT F LA . SUROE F EN H T A TR
IR, AXUBTEOE AR5 R A , FEORIE
e 2 (8] 3 25 114 ) I 2 AT B 58 (9 H R T P g
Ty R, B 3 ~ 5 um HZEAMEOG R LM
TG T A R TR 1 T EEROBIR

IR XU % I T AR R AR T 205 B
XU 3 ~5 wm FRELAMEOLEEA i iE. 52 XUIHOL

Received date: 2018- 11- 03, revised date: 2018- 12- 20
E4£WAB : FXARP R4 (61741502 ,61835001,61875011,61205116)

Foundation items: Supported by National Natural Science Foundation of China (61741502,61835001,61875011,61205116)
{E& B /v ( Biography) : 2= #1(1992-) , 5 Wl p R BH A, T BIF9E AR, A X 00N B BOEER O35, E-mail ; 1ikun0377@ 126. com

* 1@ #l4£& ( Corresponding author) ; E-mail : wangxin@ bit. edu. cn



196 4h 5 2 K F W

AT VR A 2E B RN ST RN XUl
AU R A OE A s B
AR 1 4 77 A U P 2T AMBOE. S R R s A
(OPO) FEA5 0% 1Ry G IR T B - L 465 4y ] B RS 1
U, RSB LD ANEO R F E k0 2010 4R 1
KK T F Yang 25 AR 1.064 pum F1 1.3 pum [A]
A LT KPA RS EIRG A, SCM T 1.9
pm A1 17 wm SOGRIE . 2011 4F W R 21
Tao Chen 25 A8 i % I 3 J& 309 4% £ 119 25 16 408 g
ARSI, TS R IR Y K22, SiEL T 3.8
e BFEE A 30 K B 2 AR SR B O
PR G 5 IR RO A R A 7 XSE 8 1064 nm
KB 8O, WU O B9 95 2ty 75 ' B8 931 2 45 1.
1064 nmXUTFOGLE I 6 27 T 2R 2% 52 88 5 T %
S B L T MgO . PPLN K B9 (5 50 B
NS EIRG R, LB T RO P 2SSO EH
763 ~3.8 wm P BEATJHE, WU 24 75 125 ~ 175
MHz % 22 Al i Friieoe E rl ik 8 Hz 9%, 7EAH T
RN ST AT B3R BB T R 1. SUS A 21 SO
H R KA D% 1,25 W, 283 - R B0 e
WK 18.2% .

1 Mk ZEIR7E IR ST

e Z R R 0 R A AR MR AL i 7
H, BREEK — AR O A MO, fE it
FE R PIANMRIIOE IR AT 45 Bl MEAH 07 DERCHOR /Y
K, MgO . PPLN [RLHAY AR 1 28 ORI =1 45 7 1
(EAFRAE RN 1 B A R £ A1 AR 57 DT B AR
JTZ TS R ARG s b 5T R AL A R Y
MBS BIR G Al AR SLVE R 25, DG R 5t
A PR AT E AR ELAE 3 58 v [ o 5 Sl JE i o <1
IS NS RIS L
1

1 1
- = = - 1
Ap )\s ¥ /\i ( a)
np( T) ns( T) n|<T) 1
- - —— =0 ,(1b
A A A A »(1b)

ForP A, A 2RI 5 SO R BUE Y
Pt ,n, (T) \n (T) n (T) 23 BEAHOE A5 56
PRBOCLERR L N T B R P B3 31 3R, A 2 AR
AL S,

P PR it I SR 5 R R (19 ¢ 2R AR
Wi A AR D 2 R AR S . R R R PR R AR 2
PERBUR R E (dy ), e SERY RIS HAR.
5% MgO B2 M AT e JLr il = 5 il B2 A

38 &
PR FRA
n; =5.756 +2.86 x 10°°f
-8
- 0.098 3 +4.7 x 10 fig : (20)
A7 = (0.202 +6.113 x 107°/)
f=(T-T)(T+T, +2 x273.16)
= (T -24.5)(T +570.82) (2b)

ok A PR I R0 T A
B R
L1 WETAESERESERSBNHEN

W), W W3

MgO:PPLN}
M 700 7=l

1 DB s o S B R G A%
Fig. 1  The four-mirror circular cavity single
resonant optical parametric oscillator

M,

DU 55 S s AR S R 7 B 1 R
W M, M, M, M, XS OE o ARG o, 3
i 556 @, B (R >99.8% ) , &5 2L FEE
B M, R A A DR RO
R B BN (35 B R MR IR 5 R RO
no= VR exp(—ig2) , (3)

O R, REIHE M, M, M, M, HE SRR R,
02/2 F RS OIS E

R4 R 7 4 35 B, 76 % PR I 3T 2 = 0 &b,
TR 1 5 OE @, 0 IRIE N Ay (0) , AL
o) WITIRIEH 0, 13 5 e H64 1) 5 O I i 2 = 1
B SLIRIE N Ay (1) 5596 w, ZREE I RIGHE , 2
3 M, M, M, M, B2 L) 6 B 2 = 0 Ak, f54
AR TP 2 A AR R AER L IR 9 135 50
HRURAN Ay (0) A28 4 AR 4R 5.

SERRIICREAI N BT Ak =0, 7T 45 4 A S8
G s ZEEBETLOAL RS B

3
¢ nyn,n,
[S.[s}(l)(o)]sm = 1

(1-R)
167w o, (x5 g2 ’

A Aycnynyng 2
= m(l - R) , (4)
Fordr, A, G0 WD RME S 6 I d o b
WA B AR Lt R L A MIAN K, g, .2
53 3R RO RG-S 6 AR G R, s il Ak o
IR 8 6 AE A 8T 1) T R, ¢ S B A Ot



2 %0 IET HIRIROLS RIRTE B TR D LA SUSROE RO TR 107

B,y g g SRR RBOE AF SO0 JRHDLTE A AR
TSR,

JCEF DR OR A RO o BRSO, mT
YOS ROEH, W 52 B S IR 5 I A D F

[P5(0) Jso

[S%(0) Jawo [ exp( = 2r°/u}) 2ardr

_ A Ayeninyng (1 - Ri)“’% wj

2567T4deff2l2g1g2 2 7

Horbwy NAHDCRIARIE A2
MgO: PPLN & 1A ) A 20 A e M R B dye =

16 pm/V :Q x 10 P esu, fm A K BE [ =50 mm, JBE
0

BRSO S A4 R, = 0. 998, Z 3 )it 1 TR
e wy =90 wm, YESEIRG i th 9 EOC A ROt BE
FHT g g B ARSI LSRRG B
{ELANIE] 2 JT7s , b A A A P o 30 K it B A, Ol
SRR 4 1 (AL

(5)

3.1

3.0

29

RE/W

2.8

2,7
285 29.0 295 300 305 31.0 315

s AR AL FE 3/ pm

B2 BN A AL SRR R 5 R
Fig.2 Threshold power versus crystal polariza-
tion period at different temperatures

ST I AR, S A AR T 350 4 A
_ Sip(1) + ASy, _ Bo — (Ak/2)*

TS0 T B sin” (Bul)
(6)
5N VL EC T Ak =0 ]
n = sinz(ﬁol) , (7a)
sin? (B,l) _ Sw(0) PV
B’ Su(0) P, (7b)

B 3 FoR T 5 W3R P/P, AR M il 2R, 24
P/P, =2.47,7,.. =100% . BERCRIIIA )T
Eh

n=- 14 826_2' 563P/Py, +1 2456-0. 082 28P/Py,

. (8)
B LAE P/P,, =0 A VURY 2 8 R TT R
n =—-14.81 +37.86P/P, - 48.64(P/P,)" +

41.56(P/P,)’ —26.63(P/P,)" . (9)

1.0 — itk

----- 2

0.8

. 0.6

% 04
0.2
0]

P/Py,

(IR ie S IS BN THIEV &S
Fig.3 Theoretical efficiency of the OPO

1.2 JRHASERS
USROG FL 7k R
E=E, +E,
= Aexpli(w,t +¢,) ] +Aexpli(wt +¢,) ]
,  (10)
Ho A, Ay, 0, .00, ¢, @, 73 51JE PIFARBOL I IR
R IR AL
MO GG
I=E-E"
[Aexplio,t +¢,) ] +Aexpli(ot +¢,) 1
*{Aexpl - it + @,) ] + Ajexp - i(w,t +
@) 1t
= Ai +A§ +24, Ajcos[ (0, ~w,)t + (¢, —9,) ]
= Al + A} +24,A,cos( Awt + Ag) , (11)
Horb, Aw Ag 73 531) Ay T A 389801 G 4322 R 32 2.
XA R Aw IR ZIHGIE S
KHRANEwS)
Imax - [min

m = =

I ax + [min

m:

24.A, 2./11, 2.1/,
L T A A W 7
(12)
P 20 OO 8 14 1 R R A B S AT S
TR A3 BRI 55 LI R 43 0 P A o, R TR B 2
MU I D23 L 5.
BOSUSOG AR B 3R LA &, )
pocl =[1+k+2/kcos(Awt + Ap) JA* ,  (13)
Ao, A AR . OGS R 1) B {E TR 3
WK (13) A (9) AT A6 1 O Th i 3Rk
K (14a) i HH O BABUR SR G I B B 4R,




198

NP RS A S 4

38 &

FOUI R B 55 2R3 G RO ) 3 L A IR DG Y R B
AKX

P,=Pxnoelxny

(- 14.81 + 12.624> - 5.404" + 1.544° -
0.334%)A% + (—14. 81 +50. 484> —48. 644" +
24.634° — 8. 24 A’k + (12.62 — 48. 644" +
55. 41A4% —32.88A° YA + ( —5.40 +24. 634"
— 32.884M) A% + (1.54 — 8.224)A%* -
(-0.33)A"E + [( - 29.62 + 50.484% -
323.43A% +12.314° = 3.294% ) A*k"* + (50. 48
— 97.284° + 73.884% - 32.88A°)A'K* +
(—32.43 + 73.884° — 65.75A)A°K” +
(12.31 = 32. 8847 )A*k"? - 3.294"k* ] cos(a)
+ [(25.24 - 32,434 + 18.474" -
6.58A Ak + (- 32.43 + 49.264° -
32.88A°)A°K® + (18.47 — 32.884*)A% -
6.584" k" Jcos(2a) + [ (-10.81 +12.314°
—6.58A)A°K + (12.31 - 16.444°)A* K
-6.584"k"*] cos(3a) + [ (3.08 —3.294%)
A% = 3.294"K Jeos(4a) —0.664" k" *cos(5a)

out

o = Awt + Ap (14b)
FMOC—E R, A = 1, ZEDERUIROE D) %
FEAS RIS, 4 O G RYFAUTE I & 4 FT7s , RO
JCRTIAE LU AET 10 1, 47050 i B
MY — B, Bk =1, ZE T AR
B i L OGRS QNS s, ST DR A
N i HE RO s BT BE AR, AT 3 B Ay g
WOG R RURHOE ; 2 DR H 2 — @ BRI, 3]
1 UCHA L.

2 SLIGEE

SEJFHEEANE 6 N, >R 1064 nm XU
FAHFET MgO: PPLN i 4 (1) DU 55 BT i 15 5t
WIS EIRG A e HaE R IE — 0, T LA
A RAN I A I G, B 1k AR RS S R R RO
AR B, A AOR. IBIROE S R G 4
RN BT RS0l R, AMEERSLE
PRIATE A 5 4, DRI ) T R R T 1

1064 nm R F-JEARE Nd: YAG FRARF- I
IRV BN R F 43 - S -6 TR 5 XS it
FA) AT 25 T 3R A RUSL OGR4 2% e YRS AR o

, (l4a)
1.0 1.0 1.0
—k=0.1 A=1 —k=0.5 A=1 — k=1 A=1
0.8 0.8 0.8
0.6 Y X
% % 0.6 % 0.6
= 04 = 04 = 04
0.2 0.2 0.2
0 A 0 A 0 A
0123 456 78 910 1 23 456 728 910 0123 456 78 910
H41/100 MHz #1451/100 MHz #141/100 MHz
B4 ZEHDGA RSO A L I i 1 D' i 40 AR
Fig.4 Beat-note of the output light with different dual-frequency power ratios of the pump
1.0 1.0 1.0
—k=1 A=0.1 —k=1 A=0.5 — k=1 A=1
0.8 0.8 0.8
i i} i
% 0.6 é 0.6 % 0.6
= 04 = 04 = 04
0.2 0.2 0.2 M
0 0 A 0 A
0123456 78910 01 234546 728910 0123456 728910
#1451/100 MHz #145/100 MHz #145/100 MHz
E 5 ZEOCA R D5 nd da L G A 1

Fig.5 Beat-note of the output light with different pump powers



2 2= M SR T RIRIROCS IR G A AR v TP AN RU O RIS

199

P IES XU
R #E Fh-F 35 M, M,

- Pump
Idler
fi PBS 5 f> f; M, MgO:PPLNM, M

K6 Scumie

Fig.6 Experimental setup

WEE RN 125 ~175 MHz. 10 mW 5 0U80R 1~
T OGEF PR AR HOR G  fn  BOL PR 10 W,
PR oG A 20 dB. OPO 3B i 1 i K 2 720
mm, M, M, Z[ERFEE R 220 mm, M, M, Z[E]AT#E
B0 130 mm, F B M, M, Bl R 4R R 150
mm, M, M, J-FIf4E. 1064 nm SURKOGE H 3 i
H 5 R AETE MgO : PPLN g R Rl &, AR w,
=90 wm, I P 5 B A SR £ 45 8. MgO: PPLN 2y
HC Photonics /A ] A= 7™ (1) 22 JE ] 4, S ik RS 2R
50 mm x 8.7 mm x 1 mm, SuAHT 5 3 0 4% 21 /0 5
fE(1064 nm(R <1% )/1400 ~1750 nm(R <1% )/
2800 ~4300 nm (R <10% ) ). L8 L #2 H, MO .
PPLN (i RT3 E 7 i 45 v 38 3 X6 & 1AL B 1 9
) ) S I O IR R Y AT TR T 4 R R
0. 1C. & {5 g IR NS B IR G a5, IO
HI e M, i, 285 8% e MOIBBR Z T DG A A iU
J i B AN

3 LIRER

3.1 SR LSRR SE B FA ST Ak Th R
MgO: PPLN Jh {4 g B A6 51 301 o 30 wm, 2
75°C, SUBURIH ERIAZE A 150 MHz, /L 0US E)
R 0. 1: 1, AL TR N 5.1 W, R I £LAME
025 00 Sk PRUSSOC AR I & 7 (a) FE7 , L AR
A5 I M4 g H A0 1 S e SRS Qe 7
(b) frzs , WSO RS 5 AR 150 MHz, 5
SR ERIFASIAR] , AL 1) 55 AT
SR FH 7% 0 2 WL 5 3 1 R RIS B4 9 1 135
WP 8 (a) 18 (b) Bz, 23 E A RO Y 8 il T4
JE53 512 0. 45 F110. 2, U Z I BUSTEOE I D1 5
PO ] B AR R L, XU Z1 SO I i TR nT
P HAHDE D AR R T B E S BRSO e S ARG
R RUBI R L, IRTOCHFE 55 BE AR,
AL OL AU ) F LR AR S 0. 005 - 1, WA
FHE S th T EROERUB ) # HE AR, 4R 5
S s, 32 R TR BN 0K B, 0 L 2

45

=50

AHRS 52 /dBm

270k

-75h

-80

-60

-65

-70

=75

-80

FHRXS 52 /dBm

-85

-90

K7 (a) RSO, (b)f5%

-55}F

-60}F

65}

N it

110 120 130 140 150 160 170 180 190
PR 3 45/ MHZ
(a)

120 130 140 150 160 170 180
&5 6414/MHz

(b)

e

Fig.7 Beat-note of (a) the idler and (b) the signal light

3.5

3.0

PRE/V

12}

1.1

PRI

09+

0.8}

25t

20

1.0}

I} [8]/ns
(a)

510 15 20 25 30 35

8

B 8] /ns
(b)

(a) ZHDEHIAFIE S, (b) WEDERE E S

Fig.8 The modulated signal of (a) the pump and (b) the
signal of idler



200 i 5 2 K% i 38 %

W5

SR VAT 25 310 £ 25 3l G 0 080 1 B e M an 1l 9
(a) s, OGP 2 B i RS e #58 2. 67 He.
DU AT CH PRS2 MR AN 9 (b) Btz , IRADEHA
WP A3 e B 0 R R E A 3. 38 Hz, FA M K i PR 5
T, AT TR TR I AT P T IR s s K A e
TR BRGNS M), PR G B4 0T B i 1 s KT
G A AASRR

149 991 052.0

149991 051.5}¢

149 991 051.0r

149 991 050.5¢

$i% Hz

149 991 050.0

149 991 049.5

149 991 049.0¢

0 20 40 60 80 100 120

(a)
149 991 030.0

149 991 029.5
149991 029.0
149 991 028.5

149 991 028.0

B Hz

149991 027.5}

149 991 027.0

149 991 026.5

149 991 026.0

0 20 40 60 80 100 120
fif 8] /ns
(b)

9 (a) RHDEAABTRETE (b) IWADEIAMRE E 1
Fig.9 Frequency stability of (a) the pump beat-note and
(b) the idler beat-note

S 150 MHz, XU DI 0. 101,
SEA 2 i3 MgO : PPLN (A, £k J& 314 31 .30. 5,
30.29.5 pum B, i EE 4> IRl 45 .60 .75 95°C .
FHATTEAS W A 5 G ik , b % S 6T 2
TEe L AOME SR R, MR RN T T W
iF, FOULI ) 150 MHz J53% , A D355 T 7 W i,
A5 5 1 300 MHz #513%. i T 22 i oh R 8%
B, B RS 5 155 , 52 PR X0 4% 14 G 12 08 )
B R T ARAS RO R, SR R LT T WL
USRI 1 i o T 2R R s R an e 10 i 2ot
DI 6.9 W, i iAMALJE AR 30,5 wm B, e KR

5 1. 16 W XU PR A0 , B i 20 R OG- RO B 400 3%
% 16.9%.

L ; . ; —lois
* Joe
126
Jo.14
z 1OL Jo.12
= 0.8 —40.10 g
L) ‘S
3 Jo.08 2
B 0.6 E
® J0.06
041 Jo.04
0.2 Jo.02
J0.00
0.0

RIETIHR/W

E10 S AR [T AL A0 PRIABOG 4 fi  Z %
Fig. 10  Output power of the idler with different polariza-
tion periods of the crystal

MgO : PPLN [ A& i i AL JE A R 30 um , 35 B
75°C RO SR O 0 01 2% 43 51| 24 125 MHz Fi 175
MHz , XU Z R 0. 1.1 263 5.1 W B
A S I RSO G RS AN & 11 Bz, Bl U5
THOGII 22 Y U A5 RN PRIASOG 2 B P2
UH 25 583 G R A 22 AR ).

MgO: PPLN i (A (45 AL S5 3 4 30 wm, 38 5
T5C  ZEIMICANFHAM T, RUF IR TG B i D
12 JJi7. B USO8 22 A8 /0, B A4S i1 1 1Y)
SRR LA B AR DE T, AR AT AR A SR
G, SUSTROE S 1 [ (R BRI 11380 %) AT O 5
TR 118 [ (1 L AR A (), 5 72 0 25 %o [ (L R S DU 3 11
MK, S a ik W IREI 2000 3 W, A6
D%k 6.9 W B3R5 5 gt 2 6 1.25 W, B0
- PRBDG I e e A0 18.2%

3.2 XA IMEARKKIBIEER

R M 30 ~ 110°C AR BT, >R Ocean
Optics 23 F) AE 7 (1) NIR Quest 512 {# 45 A 2F 1%
AT £ 9 L R 1440 ~ 1820 nm) X {55560
TS TN AR G 2 e iR 35 2o 2 v e ST 1E A5
AT AT PRI A a0 1, R s 30 < o ek 2
WA A AR fb an i 11 B, PRI TS L R 3 ~ 3. 8
pm B2 R B4 FE v AR Ak S B 38 O PR
WA AR PRIABY i e A AR I, USRI 25 AN A
TR 2 55 A5 AR 22 A1 [F].

K B3 I Omni-N300 (%R0 55 Bl K 2. 5
~8 pm) SEHE RN R AT OGRS, TR
TN P AL G2 1, S 350 43 D B () D' R AR



2 A T R G5 R 5 B T VA £ A UG 5 201

=0 0.20
1.4
>3 wo----= 4018
: T io o5 TN
S -60f 12 : ot Joae
i ] A |
= 650 10 5 014
B 2 {012 2
g -70r M / 33
= 0.8 PR o0 B
" ’ 1910 5
-r K A,
& 2 06 "' {o.08 &
= = o domHz |
110 120 130 140 150 160 170 180 190 £ 04 -14sMmHz 19
PRI HE1 8/ MHzZ <150 MHz J0.04
02 + 155 MHz
@ <160 MHz +0-02
0.00
0y 4 5 6 7

RileThE/W
K12 R[EAST R RO R G o

Fig. 12 Output power of the idler at different beat-note fre-
quencies

e 3 800}
120 130 140 150 160 170 180 3700
&5 645/ MHz 1
(b) 3 600}
-45
35000 .
3400 \
3300} i

3200
3100F w295um €30 pum
A30.5um  v31 um

AFX} 58 /dBm
o & % o 4 4 &
(=] W o W {1 W

AFX} 5 /dBm
L 4L &5 & L b
W (=) Wi (=) W (=)
AT K /nm

-80 3000 =50 60 70 80 90 100 110
110 120 130 140 150 160 170 180 190 ELEC
RAIGHA43/MHzZ
" (©) B 13 RSEIEAK S S AR i R R Ab e 1 1) 6 3=
) Fig. 13 The relationship between the wavelength of idler
-65 and the temperature with different polarization periods of
é -70 the crystal
= .75
EI-BJ;(
= -80 34 000
o
85
-90 32000
= 120 130 140 0 160 170 180
L L 30 000
&5 LA/ MHz m
() H
28 000
B 11 RS SCHT IS 5 64190 (a-b) 125 MHz,
(¢c-d)175 MHz 26 000
Fig. 11 Beat-note of idler and signal light at (a-b)
125 MHz and(c-d) 175 MHz 24 000
. . . 3100 3150 3200 3250 3300
AR 31 wm , JGEE A 30°C A (9 565 h 4 an &1 ¥ K/nm
12 i, i o 3203 nm, 25 55294 5 nm. N "
B, L FETEL Y FEVR——
4 z:ln:ill'} Fig. 14 Spectrum of idler

ASCRITSHOC AR AR T T MeO: PPLN A1 56 Mt it S 57 4%, 56 80
1064 nm SUSHHOE , Z5DELF IR BOR SR RNAE T RUBUPLTAMIOGHS t , SUSBIE IS 14 125-



202 40 5 2 K 3 2

i 38 %

175 MHz, #1575 [l 52 5 R A2 BR i, th 20430k
BEREEEN 3 ~3.8 pum, fmfi b o) 1. 25

W, G- PRI B e e 3003 B T ik 18, 2% . 1%
FEUFAE U 2T O TR 38 R AR R A 45 T
e I 25 45 el B A T L A O T (L

References

[1] Vainio M, Peltola J, Persijn S, et al. Singly resonant cw
OPO with simple wavelength tuning [ J ].
2008, 16(15) : 11141 — 11146.

[2]Groot M L, Wilderen L ] G W V, Larsen D S, et al. Initial

steps of signal generation in photoactive yellow protein re-

Optics Express,

vealed with femtosecond mid-infrared spectroscopy. [ J].
Biochemistry, 2003, 42(34) 10054 — 10059.

[3]GUO Jing, HE Guang-Yuan, JIAO Zhong-Xing, et al. 2.1
pm optical parametric oscillator with high average power
and narrow linewidth [J]. J. Infrared Millim. Waves (5
W, TR, RS RIIRAELT 2.1 pm ot S
iR 4. AEZERKFR) 2014, 33(6):625 -
628.

[4] DAI Hong, CHEN Chao-Jie. Implementation of helicopter
airborne mid-ir laser directional interference [ J]. Journal
of ordnance equipment engineering , (fU4L, WE#. EHIHL
PR AP LLAMEOEE 1 T ik e, REBRFIREZE
) 2011, 32(1):114 - 116.

[5]WANG Ling-Fang. Formaldehyde and methane spectroscopy
measurements based on Mid-IR quantum cascade laser sys-
tem[ J]J. Infrared Millim. Waves ( E¥5F5. FTF4iibE
TYEHOCEH R W EEM P LOLERN. 5=
KiRFR) 2014, 33(6) :591 —597.

[6]Orphal J, Bergametti G, Beghin B, et al. Monitoring tropo-
spheric pollution using infrared spectroscopy from geosta-
tionary orbit[ J ]. Comptes Rendus Physique, 2005, 6(8) .
888 —896.

[7] Vercesi V, Onori D, Laghezza F, et al. Frequency-agile
dual-frequency lidar for integrated coherent radar-lidar ar-
chitectures[ J]. Optics Letters, 2015, 40(7) :1358 —61.

[ 8 ]Eberhard W L, Schotland R M . Dual-frequency Doppler-li-
dar method of wind measurement [ J].
1980, 19(17) :2967.

[9]Liu J M, Diaz R, Chan S C. Lidar detection using a dual-
frequency source[ J]. Optics Letters, 2006, 31(24) :3600 —
3602.

[10]Koch S E, Flamant C, Wilson J] W, et al. An atmospheric

soliton observed with doppler radar, differential absorption

Applied Optics ,

lidar and a molecular Doppler lidar[ J]. Journal of Atmos-
pheric & Oceanic Technology, 2008, 25(8) 1267 — 1287.

[11] SUN You-Wen, LIU Wen-Qing, XIE Pin-Hua, et al.
Measurement of industrial gas pollutant emissions using dif-
ferential optical absorption spectroscopy[J], Acta Physica
Sinica , (FNAEIC, XSCH, Hante, & 20 RIBO6EE
FORTE Tl 75 G SHE R i sy B . I ER 23R
2013, 62(1) 000094-103 ]

[12]Ramos J A, Osorio M, Belsterli G, et al. Differential opti-
cal absorption spectroscopy system for multi purpose appli-
cations[ C]// Instrumentation and Measurement Technolo-

gy Conference. IEEE, 2014:1193 —1196.

[13 ]ZHU Shou-Shen, ZHANG Shu-Lian, LIU Wei-Xin, et al.
Laser-micro-engraving metho d to mo dify frequency differ-
ence of two-frequency He-Ne lasers[ J ] Acta Physica Sini-
ca, CRSFIR, K432, XI4EHT, 55, He-Ne SUBUHOL AR
W2 B0 A RN T2:. W0 ER 54 ) 2014, 63(6) :159 —
163.

[ 14]Mckay A, Dawes J, Dekker P, et al. A comparison of tun-
able, passively-stabilized two-frequency solid-state lasers
for microwave generation| C|// International Topical Meet-
ing on Microwave Photonics. IEEE, 2005.161 —164.

[ 15 ] Danion G, Hamel C, Frein L, et al. Dual frequency laser
with two continuously and widely tunable frequencies for
optical referencing of GHz to THz beatnotes. [ J]. Optics
Express, 2014, 22(15) .17673.

[16 ]Rolland A, Brunel M, Loas G, et al. Beat note stabiliza-
tion of a 10 - 60 GHz dual polarization Nd: YAG micro-
chip laser through optical down conversion[ C]// Lasers
and Electro-Optics Europe. IEEE, 20111 —1.

[17]Le G J, Morvan L, Alouini M, et al. Dual-frequency sin-
gle-axis laser using a lead lanthanum zirconate tantalate
(PLZT) birefringent etalon for millimeter wave generation ;
beyond the standard limit of tunability. [ J]. Optics Letters,
2007, 32(9) :1090.

[18]Kim M S, Kim S W. Two-longitudinal-mode He-Ne laser
for heterodyne interferometers to measure displacement
[J]. Appl Opt, 2002, 41(28) :5938 —5942.

[19]HE Tao, YANG Su-Hui, ZHAO Chang-Ming, et al. High
power tunable beat frequency signal by all fiber dual-fre-
quency amplification[ J]. High Power Laser and Particle
Beams , (fal3F , #7505, BT, A5, w3 nl 838 pU
HOCAICLT R SEIHE L. SBEe SR F3R) 2014, 26
(12) :26121006.

[20 ]ZHENG Xiong-Hua, HE Guang-Yuan, JIAO Zhong-Xing,
et al. Stable, high-average-power, continuous-wave singly
resonant optical parametric oscillation based on angle-pol-
ished MgO:PPLN[J]. J. Infrared Millim. Waves, ( S I
e, IR, fEr % AR ST EEDIE] MgO: PPLN
ﬁiE’Jm?ﬂ%ﬁ\ﬁEE‘JEﬁﬁiﬂE%%%%E%%
fr. LSNEEXRIKFR) 2015, 34(6) :684 —687.

[21]Shukla M K, Maji P S, Das R. Yb-fiber laser pumped
high-power, broadly tunable, single-frequency red source
based on a singly resonant optical parametric oscillator[ J].
Optics Letters, 2016, 41(13) .3033.

[22]Yang JF , LiuS D , He J L, et al. Tunable simultaneous
dual-wavelength laser at 1.9 and 1.7 pm based on KTiO-
AsO, optical parametric oscillator[ J]. Laser Physics Let-
ters, 2011, 8(1) :28 —31.

[23]Chen T , Wu B, Liu W,
version from 1.06 to 3.8 wm by an aperiodically poled cas-
caded lithium niobate. [ J]. Optics Letters, 2011, 36(6) :
921 -3.

[241Zhao Sheng-Zhi. Nonlinear optics| M]. Jinan, Shandong
university press,i;X3¢2Z. AELMEGE. BFEE, IR K
At ) , 2007:139.

[ 25 ] Bjorkholm J E. Some effects of spatially nonuniform pum-

et al. Efficient parametric con-

ping in pulsed optical parametric oscillators [ J ]. IEEE
Journal of Quantum Electronics, 1971, 7(3) :109 —118.



