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Abstract: Blue-violet lasers and mid-infrared lasers play an important role in the fields of basic research and
defense engineering. Single-photon absorption alkali vapor lasers have recently become an area of high interest
in laser research for their key advantages, such as high quantum efficiency, large stimulated emission cross-
sections and effective thermal management performance. At present, they have achieved an output power reac-

hing 1 kW. Two-photon absorption alkali vapor lasers have attracted increasing attention for their blue-violet
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laser and mid-infrared laser cascade output characteristics. In this paper, research progress on the two-photon

absorption alkali vapor laser is reviewed with regards to alkali atomic density, pump laser power, polarization

and frequency offset, controlling laser etc. . The reasons for any influence these factors have on output are then

analyzed. Finally, predictions on the future development of the two-photon absorption alkali vapor laser are

provided.

Key words: alkali vapor laser;two-photon absorption ;infrared laser;blue-violet laser

1 7]

o

2 G R SR 1 B 4 R 25 O R B R R
N TBIPEE BETRCR S AR I
AR UL BN O B ST 98 s 2 —, W 3|
RERFA GBI EE 2001 4F, 22 [ Krup-
ke 25 AT YRR L T2 SR SOG4 4 R
FRRBOCR MBI £, 78 2005 4 T. Ehren-
reich LATZH 15 U S2 B 2P S A SO 5 IR 4t 2
e 25t JLAR B K JE 2012 4, Bogachev
TLRBTZEL SR ) AL st ) T 25 39 2 A0 40 B 0 3 2 <
Hh, FESTHOCT R R 2 kW B SEHL T R s R A 1
kW 425 O CH 1 o 2015 4F Hurd 5820
FEK AL A5 00 RS2 B T B B 7 MW/ em?
HTCRR Ot E " . S IR, XOE Tk
77 3 42 TR 28 BOE ARt A 32 BF ST N B 1 5
o RXOET A 07 sOE A A 48 IR 1
Wk B AR RE 2R, i I e ] B R R S BT DL A
U I PR 2T A1 8O S 06 ) Bl i e 3B 9 7 A XL
e BeBOG R SR I XU KA R R B . XU BREO'E
i AUTE R AT 5T A B R, SN B
FEAEE AL XTHE DO i G 4 4 o AU A ) 4
FHRGSE A, w5 o R OB e R T B
WO 7 SO K T 3 £ SR A5 4 0 th A
[ g 20

FRIT, O T W 45 14 B 4 8 25 < o i 38 Ak
TR B, AR SO AU T IR M0 42 J8 263
VOGRS IO TR R R SR BUIRIEAT T 2SR HT
BJG AHT RUREEE T RO6 T i 4 25 0
AN SRR

2 IAERIE

KW A B <5 % 28 O e O 21 5

AR (Na) B (K) Hn(Rb) Fe(Cs) ,4 P
&R JE T ELAT LAY RE G 2540, tBAT HI LAY BE
BRIT AR, DA A 191 A 48 L RE S 45 #0) R BB SR
BRI R o B4 R TR S A F R [l e
WS AN ML S RE SR 5D BRIEH) 7D 5 5D
R BB AR I, TR i st 1] P hr 1 4507E = BE R AN 6P
REZR Z [T L T B0 5% 3l o iR B & 8 33 1)
5= Wl e EAIL |\ e RN 75 oy 1 s REAR D o € P
FIGIVCRCAAT K, +k, =k, + Ky, (HH kK, 2R
O GRE, Horh ky, g 53 5 WG FI TR 20508
GO B, 2 7= AR A R P A 5 . IR
05 FORAE, RO T IR B 4 8 26 A SOG 7 PRk
KA FOBU A B W RO 5K, DA A Oy 5K
Gy R4
2.1 BFEKRMH

B G R B — B A S G B e 4
JE IR FERIT BN I RE D . [ 1 N RE 2548
P, 2 i [ s W S A 4R 761 nm (5
FRREE 7°D, . AES, B4 TR B I 778. 1 nm 5§,
778.2 nm (WA OGERIT ] 5D GELL, KL T 5UE =
RESR (7S B 5D) Fl 6P fedk 2 A WU 55 , 4>
T [ & 8 5 O 2R B — A AR
6P, Fil 6P, , RS , B 4 J 2 v 114 DU e TR A A i
fiff 6P eI T BRIE & HH 422 nm 1 420 nm 1)
WOt AR R RESCA AL 4548, 46 )R 1 fig
R SR A AL S R
2.2 WEKRHE

UK TR 2 FH A K ) SO i i 4
JEFERIE B = RE S . TR LA - ], 1 2
N EFAE A U OGRS A A T BRI # 5D
BB AN 7S BE W n B . Hn R W — A
780 nmol 7 BK AT #] SP RE G, SR G I — A
776 nmP G+ M 5P BEZLERAT 2 5D BB B H K
e 741 nm T YEERE R 7S REGL, # S B TR Y



“ D 12 %

2
78, =Bl I, 6Pinan 2570350  sp,
ety 23792.59 SN ,
R — 25700.54 D3
S 23715.08
§
Vi
i T
W15 Wt Q,’/’qu 0.7781 um+0.7781 um
‘e
0.761 pm+0.761 pm l"'l g\\, 0.7782 um+0.7782 um
S 1281654 s2py,
& 257&95 52Pl/2
K :
& HOETFWH 0795 pm
,'. 0.780 um
5%, 3 ] L4
B s 5 S K R BE R ERAT &
Fig. 1 Energy level structure of single-wavelength

pumped rubidium atom

155D = 7S BEZ A 6P BEJ Z A1 kL 1 B
e fmat i — AP AN R e T BRIT [ ) 6P,
6P, RELL , H5e i 108 1o DU g T A8 IO i S —
WOCHDE T RIS

2631144 3, 6°P 1

S
3iesdin 23792.59 523 52
85 S Ao

7Sin 25703.50 5Dy,

25700.54 5°Dsp

12816.54 5%P,,
1257895 5P

0.780 pm

5281/2

B2 sy SO A RE SR I 4]
Fig. 2 Energy level structure of double-wavelength

pumped rubidium atom

3 WATFRKMBRAE B AL E
Gty

3.1 ESMMRiEERE

XU W AT 48 JaR 28 RO LA T 5846 T B
g 60 ARAX, {H — 32 BR T i35 3 A SR T R
i<t Ja 2 UM D 8 A A B SO G i) A ik e
M8 o GBI DK, PEREE AR R ST R RO
AR R R , B9 N D 1R H O SR 3R 4 3 s
JmAETHOCAR I BTSE L, 2002 4, SEE Y A. S,
Zibrov PR HIA T340 22 v i =55 Jr R4 4 ik

KOG WS 452 Jigs 7% IO i 1) IR AN i it
B2 AR MG B B T 536 2 I A
RN Com RIS . MRS
AT AL EE AR I B4 S 2 A B K 3

KO IR A ) B <5 R 2 SO i T L g
HEDEMPLLANEOE . H RS2 PR T8 & 7 1 A4
Tk, R 23 SCHR AR SR O il 52 9 . 2006 4,
RARHIAE T, Meijer URBTZH B U XU A A3
7R BT A IR R IR O 5
WS e E AN 3 TR, DIER L 20 mW
780 nmA1 776 nm P AL e i ek B A
FIENZE M A IS 2Tt B(70 °C) H, 28 it
B FHTF#E 776 nm JERA I i i G Y
2 T8 AT 350 50 TR A HL-3A 20 T MY i A9 6 5
Rl o S5 A B2 A D 200 C,780 nm
EIR A A 2 GHz I, §6E R DR 0y 40
pW, BEIF 776 nm BEMER RS -2 GHz, H1F
ZRCURS 3 O B MR ARG, e sR R
0.1% ,

~ ~
g8 g3
S E 2B
3 3
Blue filter PMT
v S0em pb cell A b
\ 420
Chopper
]
Rb Cell B =150 °C

N

FP cavity

420 nm+lens
Lock-in

amplifier U PMT Photodiode U

P13 AR SR X IR P 2 I S 30 s T A
Fig.3  Schematic diagram of the experimental device of
frequency offset effect on the characteristics of

blue light

PRI B AR 2% 1) Akulshin 55 A0
MU S AN ZE O AR I R T T iz e,
2009 4F % UL I E] 4 e BT AR ) 1ok
B BB 780 nm 1 776 nm Y SR TH E S
Wk 20 mW F1 15 mW 3064 55k 1 MHz, 7815,
WAL S em, Hidr 780 nm LR S %
ZES W (P RAR IR ) 776 nm IR G R



14

AT, 45 XU T WS i 28 RO s BT o ok Jg 41

HH A B -3 2 o, PR RO Y D 4 — > 174
W A 1/2 PR WY, 7 AR R G A I8 R
O3 OGRS A (PMT) I H Zh 3 F0 CCD A3
L8733 227 N i o A O 1 0 i 2
S G IR 5 PR 2% 00 8 D't S R s, A
AT G IR W e /N ST R 2 g 1.7 %
10" em ™ | 171} LI 25 B 45 8 J5 14 BE RGO, A
Ty S P K (AR % R T 1 x 107
em B, PRI B TR, I R s
A A S e 412 28, 20 390 LA 5 AH P47 9 2 A
P& (linear parallel ) , H #4417 19 & 1 3% ( circular
parallel) F1 B AH 1F 3¢ B4 [B 4% 3% ( circular orthotro-
pic)3 FUR A AL, 15 B OGRS 5 8O0 2h
R, B S B BARFAT 015 i 4=
DX T e e 4 DG D T AR /N 2
A1 i 41 D', B AH T 52 [ O 41 A% 4 7 AR 1
TEHFAN A7 B w14 1710, 747 28 A I 56 e
7oA I A AL B IR OCIRES T Y 3 Ao

780 nm _ _ Doppler free
laser o o spectroscopy
Y
—/ 1/4 Blue filter PMT
776 nm o _
laser .
Rb Cell
FP cavity [ )
4 CCD

B4 WK EOL R R B K
Fig. 4 Schematic diagram of experimental device of

double-wavelength pumped rubidium vapor

2012 4, R T S 9 H Al B ST
I AP 795 nm BBOGTE R 5SS, ,
(F=28F=3)%|5P,(F=3)KE">" ., ft%
BRI AN s E EANE 6 Firs , 23/ 780 nm Al
776 nm R4 508 7 mW A1 11 mW,795 nmif K
WHRNT6mW, HELEFMAL, 45 A
795 nmZEHEI , BB X TR 5 58,
(F=2)%|5P,,(F=3)8KiE, B EY R R E
KRG BR324 795 nm ZEH G
THNET5S,,(F =3) 3| 5P, (F =3) BRiEH}, i

1Oy —— circular orth,|
—— circular par.
= 0.8 —— linear par.
[
z
2
= 0.6f
Q
N
g 041
S
Z 02}
0.0

—400 *ZIOO I0 260 400
776 nm LD frequency detuning/ MHz
K5 SRR S R R E
Fig.5  Relationship betweeen pump light polarization
and blue laser power
JGHOE D A B R IR B — 2 A R
795 nmPE RSB T EOEIIR AT

5Ds);
5.23 um

6P3/Z

776 nm
420{nm
5P3;

SP]/Z

780 nm
795 nm

- F=3
581

F=2

Optical pumping
795 nm

A/4 plate

- -
Rb Cell

L 2 .o
/ Blue filter

/4 plate U Beam
splitter

PMT-2

Bichromatic
beam

K6 FEME T 51 A 795 nm O RESIRIE K4
SR R A

Fig.6 Energy level structure of the rubidium atom and

part of the experimental device when the 795 nm

laser is introduced

2012 4, B[ G. Walker S R IR
T IR RSB0 BT T I BEE AL il R 7
SoPifediat e AR AE 7 Bk, AR
) 780 nm F1 776 nm i3 %5 6] ] &% (SLM) 7



42 T EDG

2%

A 45 FhhE 35 R - T A S B N2 S0, 28R
JER 120 C o R 28500 0 R 35 e s P 3 i
1%, PR FE T E AR A R R R K 51 A780 = — A776
=1.6 GHz, SZ503 i W 2L AN T ¥ B AL &
AR RE— N ER B 1L 35 R - R, Wk R
e AR e = ZE G I W E st
EIFES R L B, 2016 4 A F| . Akulshin
P AE 5 T OG- TR B 4 8 SO Y L £
iR  h RREA mELEY . Bk,
MU ST B 4 T G A e P A BIGE £ 8
EASTRERA BT RO H K e R R
JEE RN I a8 AE 3 B N AR A TH S HLE
S SFH . S A8, WA S G A A R R
1117 ELAH S5 M, 72 2 1) 0 6 A2 T IR e
PERY . BF5E 25 S UL B 4 i 28 S DU TR A A e
B A B R S Y 38 R R =T DL SE BB
WA IR BEN I 1 7= A, B A H 5 B AN S A
{ELo 2017 4F, 5tf [V OB R 24 LR 4 3 ok i 7%
S DY I TR A AE A 7 A WO S i B A T
PECT L PBILH [ RE F 780 nm T 776 nm AUk
KGR A A28, 3 1 A AN JE T G TR

I IO G PO CIRA & AT S5, K B
FEAERME B D RA I R e A T, 1 HDE
SEAR TS P AGHDE D IR A R R, R
TGRSR 1 2 1532 2 DG A9 Bl Tk b
TR RLIE Sy SRR AR5 SR IR A ]
X LEAIFTE 1 W DU R AT < D LA R S Y
JE AR

>

NPBS
\ Zj
-_— NPBS[ |
:zi‘; two-photon SLM Dove j
spectroscopy - prism
4 g 8 gl
NPBS L $Rp LY NPBS
780 nml - —HEH— ¥ ;
TA = DM pps NPBS

BT B ATE R R A8 UL i R T A

Fig.7 Transmission of the vortex beam in alkali vapor

F 1R T SRR A AR I RO T IR,
IR PO AR B TR o

®1 ETFREEESEESHATRER

Tab.1 Experimental results of alkali metal vapor laser absorpted by two-photon

1825 A T LI P /mW KUK/ em KA B/ C W Py,
30(917 nm
Cs'¥ ) 110 4 wW(455 nm)
30(852 nm)
- 7(776 nm)
Rb* 87 15 pW(420 nm)
7(780 nm)
) 205(776 nm)
Rb" 135 9.1 mW
390(780 nm)
. 20(776 nm
Rb ( ) 200 40 pW
20(780 nm)
; 17(776 nm)
Rb! 7.5 122 1.1 mW
25(780 nm)
Cs"! 3.6(852 nm) 200 0.1 mW

H A ESRXS 2L SRR I ST A X B,
{HAR LM EAE e = A AR A AR B2 AR
A, TR g R e = A LB R 2 R B
2014 4F K. Budker SRSZH FHIE 4 F 7 4
AR BT IT T TP LLAME AL R RIS

PP ZEE O 780 nm Al 776 nm T F 43 B Ky
15 mWHIS mW, A BBHME 28 s 1
PARS EEAW (D sy v pU RSO WL - e SEA A S U ot
Wit i 55— 20Ok ORI 1 IS SR 2156
— LIS SP RES) MAEHOE IR A HE LR,



14

AT, 45 XU T WS i 28 RO s BT o ok Jg 43

2T AMBO IR RS i A — R I S e Th
E SR DN N

WA 5 7E 2016 45 %IRRT T sh4rsMerE
RN 7 SN B e R S A
Y EEAE b, ek P S G AE X AR A T T SE
XTEE T PIRMECR O W 20N iE R, —F 2
P R ' [ ) A, 223 80 F A A 2
SE TR AR PRI TCR B 5 B, R R T B
FE BB 5 55— 2 W SR ' S 1 2 , T 23
TR N £ K 2 il R AR TR B 5 B
T 22 0 RS 1 e 7 3 R R DA T A
(LR FE A B IO . 2017 4R, %15 RU2H Yo 195 il
TR 7 2 A 1 T AT A e R TR IR AT
G WSS A i T b R, TE AR B Ak
SIAHLLAN G A 00 R 38 i 260 P BE X i
72 A FR T A RIS 43 S S R U K 53 5 /N A1
FEMURE ST, 52 B R 8 BRIk FNH 2238 1 #
PR P A P LD AN BRI B X ORI o B R BT
EA -T2 8 Waea N L REAR A o 42 7 s
)53 A5 A5 B T A A T] , ok SE A P 2R ) i o
R, DRLHOR LU Tl B e R, T 2 R
XPAR T 5 07 A S B LA I 0 o ) 4 L A
RERARFSE A A 1% 5@t 51 A 795 nm K
SEBFFE W R 7 % LD AN e s 0 S
B % B 795 nm O R T Ak 7 2R E K
W B8R T HF 21 M O TR R LA 6 40 0 %%
7, FI Y 3 2 9 DI 8 P 38 5 AR RAR 5t
IR, 500 57 2 A At 2 B2 AL B L RN
3.2 EAWRHE

2013 4%, FR B K3 AL P i 1L Al 45 N B IR
JH B — 3K B RO B8 A BT, 7 AR B K
o420 nm FEEOET . SR E AN 8 TR,
[F] (A 38 2% Aih A5 B S RE O 8 R K R
778. 1 nm [ 3O, Pk vh iz e S E0n T kv Sk
8 ns HE M AN 10 Hz, Bk b fig 5 i & Al ik
20 mJ k55K 2 GHz JEBEH AR N 4 mm | & HfH
91 mrad, 1T PG AOETR L 55 BA A5 Otk
HIE,

BtiJE 2015 4%, v R} B R AL B B 5 K 25 B
TR, I RVRE 25 BT 22 6 4 8 25 < 1t
Ji 3 G B4 K o R X G e R AR

Nd:YAG

Pulsed dye laser

Oven

#{ Spectrum analyzer

P8 T P E RS B RO 1 IR WA e < TR 2 ROt
H SR BN R

Fig. 8  Schematic diagram of experimental device of

two-photon absorption alkali vapor laser output

realized in the domestic for the first time

(ORI o YoRREOERR B 778. 1 nm, £k 55K
3 GHz, 28" M K JE o 45 em, 5210 2% B4 26 < itk
TRE N 170 °C 2 6Bk o 2%k 0. 85 m]/pluse
I, Bk g A RE AR ey, i 1% o

7D ——
5/2 A_g_
E o
8°Py) S
<
o™
7*P3,
A -
N ERE
N Jo [
e
MENE
2
S
\ /
€Sy \ 4
g TTL
St L e
g 9 2
o o
EEE =
=~ e E OB Qle
X+ Ko
3
g 3
5] o}
>
gl R/
(=]
200 O ¢
\ N}
( ] = 1064
N ' ' = OPO |< = Nd:YAG
Grating N

2.42 um
Cs Vapour Cell DM

K9 4T REURIE & 2. 42 pm FOEXHARL L
ERLEr - NE
Fig.9 Transition of cesium atom energy level and the

control for nonlinear process by 2.42 pm laser

2016 4, FRHBE K A My T IS A S A B
PR A A 78 R B AR I T 2,42 um 1



44 o DA

2%

WOEKT s 28 AR MR R AT . REZLER
AR BB 9 TR, de Rk ot K ol
767.2 nm, k55 4 2.5 ns, &5 0.1 em ™',
B3R 10 Hz,2. 42 pm HOCHKTE R AR R 2.5 ns, 2%
FEAN 0.2 em ™' AR N 10 Hz, 454 Pk ol e
w0 0. 1 m)/pluse [ 2. 42 wm FOEKHAIMS, 2=
FEAE S B RE IR T EUA T2 4 KR Y 455. 6 nm i
J65 387. 7 nm 5 GIRIB R K b RE R 2y
H 0.1 m]/pluse ) 2.42 pm % §T H 0,
455. 6 nmiE G ER I B e 2 3 5% ,387. 7 nm
KA OGP M EH, UEF LW B, BT
455.6 nmii 65 387. 7 nm 5 SN AEAE R T B
R, 2,42 pm SRR A b S BT 6 R
FEWA IR o

4 Hre B E A

4.1 WEEEREFEEZMFHE

ik 4 SR AL B B X e B R A
BRI, MK H T Akulshin 584 | 2%
E. Brekke B804 DL K A5 AL 4 T K 5 38 T
KAV A N s P kB, 75
JE -5 BE AT AN (N < 1 x 10" em ™) 4y Hi A
T W CT R B 5 2% B 2R P18 G 2 R % S 4
T B ey R R I 2 RIS, i I
FHOFIG . HAG A A7 R 15,
T 1728 Ak S BOTE DY R YR AT L R Hh SRR G I R
ORI 15 R EOR AR AR HAK, SR R BEA Y
S A SR B g 25 25 ot o D AR R R 33K
T AR S v X 2 OE R IR IO 34 5, 25 St
AT 7 A W G R CE R, HOE T ERIR B
Flo JELT-2 B T H e B0 1 52 475 75 B Ak S F
GE , TE AR iy -5 B 1) () B 75 2 3k A 30 R AR A X
I 7= A= R
4.2 FiFHEBIRZIMEFE

SRR G ) e B BR AS 52 e B S 7 AR /R
B SR G A [ Al A1 R 285 % 18 Y3503 5 il A
AR o B TG B DR IR 2 0 T
HERMAES A BYI R PR N
AH R B PR G I , 4b - F BB AL A AR KA L
FRPRAT [ B B W) ST W LS A BE L, MR T —

AL RGP T, b oy Tt 1) DG B R Y
ROR 5 ARG ) BAHIE B R w46, REZL
R ] RS ) — IS A RE R 1 J LR R
W RE i, T T A AR T BUE R R BRI T
P iSE THERIE
4.3 FEHCER M

PP R i H D' A3 A 5 W 3 D R R 5
2, —Fh 2 R BE % A BT 18 A A5 T
PR AT T 14 vh £1 A0 16 R 0 5 D665 119 1 45 5
T3 — ek B K A BOE S B #5661
P, SR I A 2,42 pm OB
T 455.6 nm G 25 R4, Rk 7E 5387, 7 nm
WEOCRRL T B b A S A GE
GBS 795 nm AHOE, BE AT LORH N 15245
F =2 [k FiE it 5P, BE G ) HEAS i 48 S BR AT 3k
P KRR AR F =3 ged, it — P maE
RN A AR 5 I3 AP I m] L3 3ok 8 A8 16
SR T G AE 795 nm (B R O R Rk R AR R
TEHCRARL T, HUAMEBEZS F = 3 A5 A1 RE R 1 kL
TAHXT T 58, 3 5Py, BB ER T (Y45 38 5% i
AN, 38 5 R 795 nm (1 OG5S,
(F =3)—>5P,,) [FFERT DA B sk b, X
o388 3o O A O A TR RS AN RIS 41 BB
A7 2, S G T R R PR P R AR A T —
ASE R

5 Kk #

LRI, XOEF WS Bl 42 8 306 b A Tk 4
BB, Bl J 28 A BN BTG WA AR i
JEHI N ARRCRBAR . R THICRCR, LB R
AT A R S R O R OR K SR R
A RGE I PUR UM R B SE B R DR 0 e
o

(1) AR . H AT R EAR A I N 2 —
TR A T 78 OR JRART G IR O A2, T M i e
B4 7 3T LR K B v 3R D' F) IR AU [
i ik A] LB OB

(2) FEAZ A G R A B T4 58
WS LR, S IR A2 S A SR R D Z (A1 26 FE IE
P R R



1 AT, 45 XU T WS i 28 RO s BT o ok Jg 45

(3) DT A5G o i I A 2 M S I R IR AR 2 i ek LA R P 0 <5 5 T A8

PRIGHEIRMERE 7 DR P ZRTEALR T IOET IR Bl <8 a8 SOt 1 A e B, 3 T AT
JCIER R S B AR R M 25 rT L R A B ) RS R SR BT s A 5 o0 A o BUG T

AT M3 B X L[] MR MAC ) < G i LB A R P g AR
KA HEM KRS
6 % %

AR SCRAA 3t DABB <5 Ji J1 RE, JRAHOL Y 2

SE Lk

[1]

[4]

[5]

(6]

[7]

[8]

(9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

XU D,CHEN F,GUO J,et al.. Investigation on 447.3 nm blue-violet laser by extra-cavity frequency doubling of a diode-
pumped cesium vapor laser[ J]. Optics & Laser Technology,2016,83(83) :119-124.
PAYNE S A,BEACH R J,DAWSON J W et al Diode pumped alkali vapor fiber laser:US,US7082148[ P]. 2006.
WANG Y,AN G. Reviews of a Diode-Pumped Alkali Laser( DPAL) :a potential high powered light source[ J]. Proceed-
ings of SPIE-The International Society for Optical Engineering,2015,9521.:95211U-95211U-13.
ZWEIBACK J,KOMASHKO A,KRUPKE W F. Alkali-vapor lasers[ C]. SPIE LASE, International Society for Optics and
Photonics,2010:75810G-75810G-5.
ZHDANOV B V,VENUS G,SMIRNOV V ,et al. . Continuous wave Cs diode pumped alkali laser pumped by single emitter
narrowband laser diode[ J]. Review of Scientific Instruments,2015,86(8) :021010-1126.
ZHDANOV B,EHRENREICH T,KNIZE R J. Efficient Optically Pumped Cesium Vapor Laser[J]. Optics Communica-
tions ,2006,260(2) :696-698.
KRUPKE W F,BEACH R J,KANZ V K, et al.. Resonance transition 795-nm rubidium laser[ J]. Optics Letters,2003,28
(23) . 2336-2338.
WANG R,YANG Z,WANG H,et al.. Methane-based in situ temperature rise measurement in a diode-pumped rubidium
laser[ J]. Optics Letters 2017 ,42(4) :667-670.
KRUPKE W F. Diode pumped alkali laser;US,6643311[ P]. 2003.
EHRENREICH T,ZHDANOV B, TAKEKOSHI T,et al.. Diode pumped caesium laser[ J]. Electronics Letters,2005 ,41
(7) .415416.
BOGACHEV A V. Diode-pumped caesiumvapour laser with closed-cycle laser-active medium circulation[ J]. Quantum
Electronics ,2012,42(2) :95-98.
HURD E J,HOLTGRAVE J C,PERRAM G P. Intensity scaling of an optically pumped potassium laser[ J]. Optics Com-
munications ,2015 ,357 :63-66.
RAE R T, IR, . MLEUE M LIPS PL R GE M TP LAt G AR [T ], w58 5 45 41,2017 ,24(5) :56-
59.
ZHANG Y SH,XU L,CHEN F,et al.. Mid-Infrared lasers used in airborne directed infrared countermeasures systems
and its key technologies| J]. Electronics Optics & Control ,2017 ,24(5) :56-59. (in Chinese)
WELLS J,KAO C,JANSEN E D,et al.. Application of infrared light for in vivo neural stimulation[J]. Journal of Bio-
medical Optics ,2005,10(6) :064003.
KASPARIAN J M,WOLF J P. Physics and applications of atmospheric nonlinear optics and filamentation|[ J]. Optics Ex-
press 2008 ,16( 1) :466-493.
FR R E LN, F PSS EIRG GEORSRLT]. + B ,2016,9(06) :615-624.
LI C,XIE J J,PAN Q K,et al.. Progress of mid-infrared optical parametric oscillator[ J|. Chinese Optics,2016,9(06) .
615-624. (in Chinese)
Fate, 30, B, . LIRS GG BTSSR R AR LT . 5 5 R 3K, 2015,13(5) :58-



w o B g
63.
LI H M,LIU G,MA D X, et al.. Differentiation of six species of phaseolus vulgaris by infrared spectroscopy combined
with statistical analysis[ J]. Optics & Optoelectronic Technology,2015,13(5) :58-63. (in Chinese)

(18]  akst, Bk, F 500, % RIS T RYAPRHE ) & G5 2 [J]. 65 452 £42,2016,24(1) :59-64.
YUAN L G,XUE Z L,LI H G,et al. . Measurement of normal emissivity of materials at low temperature[ J ]. Opt. Preci-
sion Eng. ,2016,24(1) :59-64. (in Chinese)

(197 SRHE, skl , ok oG, 55, S THOBAN 2 T WM SRR [1]. £ 5 58w H K ,2016,14(6) :22-25.
ZHU X,ZHANG ZH W ,ZHANG W J,et al.. Micro-Vibration metal detection based on laser heterodyne interferometer
[J]. Optics & Optoelectronic Technology,2016,14(6) :22-25. (in Chinese)

[20] 2 A, Tk, . SETHOLBIRR 4K B &g DLP B0t 5 3t [T ], o5 5ok w3 K ,2017,15(2)
14-19.
WANG X,DU H,WANG Z G,et al.. Design of 4K UHD DLP optical engine based on laser light source[ J]. Optics &
Optoelectronic Technology,2017,15(2) ;:14-19. (in Chinese)

[21] B4, 3%, KEF, 5. 2R 210 nm MEESREIMNIOEER[T]. X5 455 142,2016,24(10s) :212-215.
CUIL J ¥F,GAO T,ZHANG Y N, et al.. All-solid-state 210 nm quasi-continuous deep ultraviolet laser[ J]. Opt. Precision
Eng. ,2016,24(10s) :212-215. (in Chinese)

[22] SHIMODA R,SAKATA Y,FUJISE T,et al.. The adenoma miss rate of blue-laser imaging vs. white-light imaging during
colonoscopy :a randomized tandem trial[ J]. Endoscopy,2017,49(2) :186-190.

[23] CHEN M F,HO Y S,CHUNG C K,et al.. Examination of the developed scanning system for red-green-blue laser projec-
tor with a feedback control[ J]. Optical Review,2011,18(1) ;128-131.

[24] TOGASHI K,NEMOTO D,UTANO K,et al.. Blue laser imaging endoscopy system for the early detection and character-
ization of colorectal lesions: a guide for the endoscopist[J]. Therapeutic Advances in Gastroenterology,2016,9(1) :50-
56.

[25] ZIBROV A S,LUKIN M D,HOLLBERG L, et al.. Efficient frequency up-conversion in resonant coherent media[ J ].
Phys. Rev. A,2002,65(5) :882-886.

[26] MEIJER T,WHITE J D,SMEETS B, et al.. Blue five-level frequency-upconversion system in rubidium[ J]. Optics Let-
ters ,2006,31(7) :1002-1004.

[27] AKULSHIN A M,MCLEAN R J,SIDOROV A I et al.. Coherent and collimated blue light generated by four-wave mixing
in Rbvapour[ J]. Optics Express,2009,17(25) :22861-22870.

[28] AKULSHIN A M,OREL A A,MCLEAN R J. Collimated blue light enhancement in velocity-selective pumped Rbvapour
[J]. Journal of Physics B Atomic Molecular & Optical Physics,2012,45(1) :015401.

[29] AKULSHIN A,PERRELLA C,TRUONG G W et al.. Frequency evaluation of collimated blue light generated by wave
mixing in Rbvapour[ J]. Journal of Physics B Atomic Molecular & Optical Physics 2012 ,45(24) . 245503-245509.

[30] WALKER G,ARNOLD A S,FRANKEARNOLD S. Frequency translation of orbital angular momentum in four-wave mix-
ing[ R]. 2012 (No. arXiv:1203. 1520).

[31] AKULSHIN A M,NOVIKOVA I,MIKHAILOV E E et al. . Arithmetic with optical topological charges in stepwise-excited
Rb vapor[J]. Optics Letters, 2016 ,41(6) :1146-1149.

[32] YONG SUP IHN,KWANG-KYOON PARK, YOSEP KIM et al. . Intensity correlation in frequency upconversion via four-
wave mixing in rubidium vapor[J]. Journal of the Optical Society of America B,2017,34(11) :2352-2357.

[33] SCHULTZ J T,ABEND S,D RING D,et al.. Coherent 455 nm beam production in a cesium vapor[ J]. Optics Letters,
2009,34(15) :2321-2323.

[34] DEPAOLA B D,SELL J F,GEARBA M A et al. . Collimated blue and infrared beams generated by two-photon excitation
in Rb vapor[J]. Optics Letters,2013,39(3) :528-531.

[35] VERNIER A,FRANKEARNOLD S,RIIS E,et al.. Enhanced frequency up-conversion in Rb vapor[ J]. Optics Express,

2009,18(16) :17020.



&1 AT, 45 XU T WS i 28 RO s BT o ok Jg 47

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

&

SULHAM C V,PITZ G A,PERRAM G P. Blue and infrared stimulated emission from alkali vapors pumped through two-
photon absorption[ J]. Applied Physics B:Lasers and Optics,2010,101(1-2) :57-63.

AKULSHIN A,BUDKER D,MCLEAN R. Directional infrared emission resulting from cascade population inversion and
four-wave mixing in Rb vapor[ J]. Optics Letters,2014,39(4) .845-848.

AKULSHIN A,BUDKER D,MCLEAN R J. Amplified spontaneous emission in two-photon excited Rb vapour[ C]. Ico-
no/lat,2016.

AKULSHIN A M,BUDKER D,MCLEAN R J. Parametric wave mixing enhanced by velocity insensitive two-photon exci-
tation in Rbvapour[ J]. Journal of the Optical Society of America B,2017,34(5) :1016-1022.

AKULSHIN A M,NAFIA R,SUSLOV S A et al. . Amplified spontaneous emission at 5.23 pwm in two-photon excited ru-
bidium vapor[ J]. Journal of the Optical Society of America B,2017,34(12) :2478-2484 .

A, LR A A S TG TR 420 o B4 28 CHDBHOEIEL ) . o Bk ,2013,40(10) 554-57.

TAN Y N,LI Y M,GONG F Q,et al.. 420 nm Alkali blue laser based on two-photon absorption[ J]. Chinese Journal of
Lasers ,2013 ,40(10) :54-57. (iin Chinese)

GAI B,CAI H,YANG J,et al.. Efficient generation of collimated frequency upconversion blue light in rubidium vapor
[J]. Chinese Optics Letters,2015,13(12) :67-70.

GAI B,CAO R,XIA X, et al. . Modulation of a double-line frequency up-conversion process in cesium vapor[ J]. Applied
Physics B,2016,122(6) :1-7.

BREKKE E, ALDERSON L. Parametric four-wave mixing using a single cw laser[ J]. Optics Letters,2013,38 (12) .
2147-2149.

KARGAPOLTSEV,SERGEI V, VELICHANSKY ,et al.. Optical cascade pumping of the 7P3/2 level in cesium atoms
[J]. Quantum Electronics,2005,35(7) :591-597.

ETp

Mr €(1982—) 55 i B A, R F
FEO, WA 500, 2011 4 T i /R T
My R FEFFAFRI 277, L TAE T rh [
FRA B KB G 3 IS P BT 5
FrOtS W A B R S
F, EE G IR RBOLAS S
FIT A FFE . E-mail ; feichenny@ 126.

com

AT (1992—) , B I AR E N T+
WA ,2015 AT LU ZR D K2 4R A5 2
2500, BN E R B R %
HUBE -5 9 BEF 5% T s 2 0 R A0 Jol 3 5
| oA, EENFR AR oG 7
| Bi95. F-mail :13021908922@ 163. com




