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Abstract

Abstract

Mid-infrared (Mid-IR) laser, in the 3-5 um épectral region, is within the
atmospheric window, so it is widely used in communication, environmental monitoring
et al. In this paper, the signal laser, emitting from Nd:YVOs crystal which is pumped
by diode pumped alkali laser (DPAL), is mixing with DPAL in the cavity, which
generates narrow linewidth mid-IR laser. The specific contents of this paper include the
following aspects:

In theory, the process of difference frequency generating of interacting beams is
firstly analyzed, and then the tuning properties of mid-IR laser that is obtained by
difference frequency generation (DFG) based on DPAL is discussed. Based on the
coupled wave equation, the calculation model of conversion efficiency is established,
which shows the main factor affecting the conversion efficiency is the phase mismatch.
In order to improve the conversion efficiency, interacting beams should satisfy the
phase matching as much as possible. Compared with birefringent phase matching and
quasi-phase matching, the two common techniques for phase matching, we finally
choose the later one. Because the effective nonlinear coefficient of MgO-doped
periodically poled lithium niobate (MgO:PPLN) crystal is larger than others’, it is used
for mid-IR generation of DFG.

In terms of experiments, the optical paths of pump light, signal light and idler
laser, e.g., mid-IR laser, generation by DFG are designed and built, respectively. The
spot of laser diode (LD) that is focused by an off-axis parabolic mirror lies in the center
of rubidium (Rb) vapor cell. The incident angle of LD laser for passing the Rb vapor
cell is equal to Brewster angle and a linearly polarized rubidium laser with a wavelength
of 794.77 nm and line width of 0.09 nm can be obtained. After end-pumped by Rb laser,
the Nd:YVOy4 crystal emits Nd:YVO; laser with wavelength of 1063.75 nm and line
width of 0.18 nm. In order to facilitate the collinear transmission of Rb laser and

Nd:YVOs4 laser in MgO:PPLN crystal, a linear resonator is designed. Narrow linewidth

1
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mid-IR is generated by DFG of interacting beams. When the power of Rb laser is 9.33
W, the power of mid-IR laser is 3.74 mW and the slope efficiency is 0.047%.

The factors that affect the slope efficiency are analyzed. Firstly, the thermal lens
effect of Nd:YVO4 cryétal is studied. When the power of Rb laser is 2 W, the focal
length of Nd:YVO; crystal is ~ 2600 mm. Then the spot sizes of interacting beams in
the resonator are calculated based on the ABCD transfer matrix of the resonator,
respectively. The spot radius of the Nd:YVO4 laser TEMoo mode is ~ 0.44 mm, which
is 1.4 times the length of Rb laser’s, and the spot radius of LD is ~ 0.40 mm, which is
1.17 times the length of Rb laser’s. Finally, the acceptance bandwidths of DFG for
temperature of crystal, the linewidth of Rb laser and poling period of crystal are
calculated, respectively. As for acceptance bandwidth for temperature of crystal, the
theoretical acceptance bandwidth of temperature of crystal is 2.68°C and the practical
temperature acceptance bandwidth is 2.7°C based on the experimental data. As for the
acceptance bandwidth for linewidth of Rb laser, the linewidth of Rb laser is 0.09 nm,
which meets the requirement of acceptance bandwidth for linewidth of Rb laser. As for
the acceptance bandwidth for poling period of crystal, because the fabrication process
of nonlinear crystal is defective, the error of poling period is high, which limits the

conversion efficiency.

Key Words: Mid-infrared laser, Narrow linewidth, Quasi-phase matching, Difference

frequency generation, Diode pumped alkali laser
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Figure 1.1 Absorption coefficients of different wavelengths in water molecules
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Figure 1.2 AIM-132 advanced short range air-to-air missile
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% OPO IR, RMEFIEAEEN, HAIEEA 9 nm, A VBG /F
REIREE T, B AR AN 2 SRR ZE 0.7 nm, BUI T K O 2907.55 nm,
BRMHEIHEN 517 W, SRAEN 22.5%. Mok, EiT % MgO:PPLN #&
16F VBG B TAEEEE, TTLASCHLEIETERE LN 8 nm (I H L SMNED .
A

VBG

1064,4nm+1679.1n
m

1064.4nm ~ 2007.60m

MOPA taser |l W

. M3
Focusing M1 M2
lenses

B 1.5 $yHRERRE s r sl B E

Figure 1.5 Schematic structure of generating narrow linewidth mid-IR

o

2017 &, Tinglun Xing £ APH&i+ T —/4~%F MgO:PPLN &&H] OPO, 5E
WKREME 1. 6 fix. FABYBEKT B BOEIRES MgO:PPLN & flH
IR, BN B KA 1065nm. LA ML THITEREN, T
MHMEFER TR 39nm. AT FREERE M PLIEOET, EEREABAT
R, BEENRMNATEASR 0.35nm, M FRLINERINIL TS 035nm. BT



BT B4 RAEE BBOCR N R & T P S E R A

PR BRI TAEEE, W A sMEO TSR 2.85-3.05um . 245
N 3.031 um B, BEESTHETH BhZN 2.67 W, JOEEA 17.4%.

Ixolator 2.2 1.063 #m Fiber Laser
HR
Mirror)

R
A ’ WAfa] N
HR e
Mirror2 v
e ¢

o Bristol-721A laser
spectrum analyzer

B 1. 6 By AR R ARSI R 2 E 1
Figure 1.6 Experimental schematic diagram of generating narrow linewidth mid-IR
BARATLUE OPO SEHLH L AMEOY, (AR XM AR T BRI L4t
BRI, AEBEEEANBASER. WS sF 8, Faescil
ELR TR LN . BAMOLERENMESEREEN, EEEREEHER
e

M

1.2.2 LS EFRAMERIMIRITR

ZHiFEA (Difference Frequency Generation , DFG) & 5 —fhF| AR MR
HHRFB PO ARTER, M OPO BREMLFAL, FlunsE BTy
BeE T EAMSETIE, &7 LME RS IR B A IR LM k. BARMERIE
AR A T FE R AR, (B2 OPO REE R, M DFG FEKEE
HAE S HFERT S A JEL M Rk, #HET OPO, DFG AR TAILE:

(1) OPO FEERME, FHIOLRMIFEREEIE OPO SR F AL
MR, S EIRG IR 274 0 B0 E B AU

(2) OPO FEREERS, HTSERGIERFHEFCEREE%K
Bk, HRBEDIEST RSN SEER, BHEIRERLMEE, m
DFG 22 Bk &3 d i, T a Th 28 i 240 SR 4R v 22 Aidan e Th 2%
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(3) OPO XHILEHERIRE, EHM BB E, M DFG HRE B, wWH
FA it S D 2 I B 40

[ 1974 £E Pine % A\PY ¥ XA DFG SEELZELE A 4T SMEo sk B i LK,
TR X, BRSO SRS SR KA R ST B AR 1
RRE, BETJEMETOREMIELYREN DFG RLSMEERGEE AT, R
St FREH R ThER L R TR 5 A AT RS T B R .
2005 4E, Maddaloni %5 AP HEBUBEE LA BOEE S BEBOSE AR S5E S
o, EEUK BN S em ) PPLN @B Z MG, W RISEIRKIEEDY 2.9-3.5
um PPN, SIRBHREE SRR S AIZ 550 mW 1 3.9 Wi, Hit

THEHIT 1 mW. 2008 4, Asobe % APOM F —AMELE R E I WO BE I ZTH
PR, RN 38 mm B Zn:LiNbO: deh T 5550 ZEM, JBRBIESESEH
IR 3 HIN 444 mW 5 558 mW B, WJLURBIEK R 3.4pm « TEEL 60 mW
RSNk, 2010 4, Galli & ABMER — MR8 860 nm HIMES 4R
EEAERNER, R MK 1064 nm FEESRIERESHLE, 7
DA OB SRR KO 4.77 pm B R ALAMBOS, Rt DI R R OKON 30 mW. 2013 45,
Liao & \B2¥ it T — 3R MTEE N 2.66 - 4.77um MR LLANEOE2E, LI 454N
1.7 fims. BlEKIEEAN 760 - 870 nm. THEAN 1 W, £FEL4 100 kHz
BEKIE = A (Tizsapphire 6 AE A DFG FIZRHE G, BN 5408 S kHz I Nd: YAG
WS FI/ER DFG M5 506, RIESRFEREGRE—. BRHELNESEH
har RN 1 W Fl6 W, FRILEARTIFET 2 mW. LEL) 100 kHz
LA, BRI 0.05%.
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—| o
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; Yh FA
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R ey ML :
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Avguisttion
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B 1.7 f Lo i R 5
Figure 1.7 Schematic of the DFG source
2015 4, Karol Krzempek % AU ARG BOLE A H kK 7 5108 1.064
pm 1 1.566 pm B LLIMBOGIE A ZE SN B ZREEAE 508, XRRSENE
K9 40 mm ) MgO:PPLN @& Z45, AJSEIL LN 12 nm. FOEKHN
3322 nm W AMEOE, KB E 1. 8 B,

FIBER SOURCE

z {/

. 1

E 2 \’}1 @O“ 5m S
g / - \ Ee/YbDC N
P/

o

FREQUENCY CONVERSION

PPLN

.

50/50 Prucs 18W
COUPLER A=9750m :
| "
200 m SMF28 U seorase |
) § Ponn 2 30 mW |
A=1064am |
f rep = 800 k3 ™

B 1. 8 ETRABOLRMM P A HOLEREES

Figure 1.8 Experimental diagram of generating mid-IR laser based on fiber laser
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2018 4F, Dexian Yan % AP4LL Nd:YAG #0564 KTP-OPO fZZiHIE, 7E 2um
BRSO, SERREME 1.9 PR, REEEESHE-MKERS
mm FIFLE (GaSe) ffkm 2 BIBHAT 1 ZEARALIUHECAN T AR RLILAC . XFF 1 38
FAGLUCED, BT ASEEUS i K ARG 9 - 16um , 2% RYIEE IR 3.3
W B, JECHERMER N 0.12%. X [ ZABALITES, BT US4 B A 1 v

B~ 9-13.7um .

B2 1.064 um Laser
i 2 um Laser
Mid-infrared Output

B 1.9 EF GaSe BRI AHIIISL RIS E EP

Figure 1.9 Experimental setup for the DFG system based on GaSe crystal

2018 4, Peng Wang Z ABIFIH— KKy 1018 nm KIDGEFBUGERRE
MgO:PPLN &&= 4 B SR K 4 B4 1506 nm 1 1080 nm #I¥CE, BF AR —
AN A BOE R 5 X R SR, H&LP K2 7109 3189 nm
13819 nm, SEHHIIRTEE N 8.044 - 8.115 W, HAEKS 3189 nm KM
JTHERE KLY 8 W, KA 3819 nm MIHARETHEIEE Y 15 mW - 0.154 W,RER
MBI S BN 6.72%H 6%, LHIFEEIE 1. 10 B,

L fiberlaser

101811080
[ iy

Collimator

 fiber laser |

'Residual Signal
pump

B 1. 10 ETF PPLN Rk i3S ek s B & )

Figure 1.10 Experimental setup for the DFG system based on PPLN crystal
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ETLSAERMHHES BRI ERE T AN EHIEARGHA

2019 F, YiXin He S AP FZIMB AR BT T - EIER. FBIFEHHa
SMEOCTRIBIR, SRR 1. 11 fiw, DU EKA 1064 nm £ Nd:YAG #
J679 KTP-OPO HIZEIR, frth K I EA 1360-1600 nm (1550, BE{E S
SE I FREAF] BaGasSes S, B&F= A TERN 336 - 427 pm LIS}

Bot. ZBEKHR 3.58um B, HHRKEN 9.8%.

AR 4

M2

KTP-OPO
BwWi

Detector

M6 MS
HWP2

B 1. 11 BT BaGasSe, k2SR Y S21 35 B P 56!

Figure 1.11 Schematic diagram of DFG based on BaGasSe; crystal

1.3 AXFEAS

BRUATE 3 - Spum PASMEBAT RAWE D HE, AE AONMARR,
A FE L R BOR AR P AL AN B — B R U R . B Rl
RN BOLBR I BR B, MEDLES, HRAERE. L3l
edE. AREEULE. BHBOCRE. b MARFRAEOR, B E R
HBRRBIOLSEIRG SUETEF LI K PO, BEF N, T
FRMRECE TSN A FEEFRERENHEBAN B ERAMEE, X
RRALINSEBRGHB AT AONANR, BEEZRHFARMAR
YUBHIAT], EAA AR

ALK AR LT PSR AEEBIR, £t 2R MERITHE
CLRSEER B it SR EEATIT AL . R HE, FERETHWAMMITER AR
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B1E &L

TERR R RESE, ATIRLINEotHE R T ERRYE, KRR
WEBRERM T 2%, SRAE, S380HTEBL. B9l ARMBESE
SRESAEIRE . RGOSR, FIM ABCD JEREX RIS A %
SEIKNEAT T A0, 00 TS ECEUARRINER . AXEEAR
LIl

1 E i, AEMERNBPLIMNOCHRITAERMEN RENAT
AR M 2 AT I AP LD AN S PR B T B, 430 & R AR A
SERY, FRNRE T XHEMEARTROENSMIAINR, RENHT AL
R EEF A BRI

2B EMBANERA. AEEESN T SEREENNER, &
FHEW AR T SRR EHRE . 2 DFG KRN DPAL HY,
WS T AN R . RENE T SEUUEA TR KRR EARF B, )
A ML IS LRI AR BLUC AT, % be T ARG ECBOR T I AR £t SR i
BJG AT T AEAR TIERER, #2865 e LA AR FH.

B3 E SEANEAMR. AEERNATERENERTR, SRS
ERWIT. LD BRAEFRURIROCERR TR RFENE T NdYVO4 &K
YRR, HBITHIEOEREME Nd:YVOs BESRBME S, BERTTTRENAS
{55 6E MgO:PPLN @ik Z ML I8 7 5 -

B4 FE BIEARNEARVA. ERE\POIEORT)E, BeR A ABCD
SERENT I & S B MR IT AT 547, R EX ZRRARN RS EHET
b, BRI T/RRENBEZ R . FEEH AR SRR A B e vr iR
%, REMT T SEHEBRMEBIRMIRR.

E5E SWHRYE. AFFELLE T HEIN IEABTNEFENE,
MNTF—PHITERNFRIEE.
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2 B EPRRNERER

828 ERBRANIERER

21 —HAEEHEE

SRTEA AR, SR I A . A B BRI,
B 0P B 5 A B L L 45 A e o 5 0
B AEREIER, AR E 510 AL P %R

P:%u@E+meH¢mEﬂm):W+PM 2.1)
Hep o REFFHNBEEL: ERPIWEHBGBE; ¢ BN PIRLNEBRAL

%, m=1,23... FIEREHE; PFREMBERNEE; P ZIELEBIRRE.
EAIMRIE 5 AR
P =g, yE (2.2)

PV =g, (1(2)E2 + yVE® +) (2.3)

TEAR AR, SRS m RN, BT RIA RARALER ™ SRR

N, I RE SR RIS RE BB R, e BRI RN . BB
RBANIEL M B AFIE T 2R, LR EANE R AERERNA, €
HE T EEMAENRE. W IERIE NIRRT IR &I AU ks, ©
B BarAs s e e Rk, Wl 2.1 iR, EEBFEFE (Second
Harmonic Generation, SHG). }Z &7 4% (Optical Parametric Generation, OPG).
F14 ( Sum Frequency Generation, SFG). Y2 M K (Optical Parametric

Amplification, OPA). DFG #1 OPO.
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ETFSARERESBEOCRNELR T PLIEFTBANTR

SHG OPG

), a,
SFG OPA
o, @;
”, @,
DFG OPO
®,
o, i
B 2.1 ¥R KRN
Figure 2.1 Types of second order nonlinerity
BRAE T AR RN, S B AL R
PP =g yPE’ (2.4)

Her 7@ B IRt 2. AEXTUEY, BEERIES B AEER

FREEtE BT e, AT LA it A B R e et AR I SRR R 4
XM LR A, RTZBORPAAER, BES 242 WHITNE.

2.2 ESHNIBEK S
AR — TP BHES, EEN R BRI AEN R RAEIELMRR, X
LB AR AR AT & Maxwell T7EPT, 25 R TE XA

VxE=—é’—B
ot
oD
VxH=J+—
¥ > (2.5)
V-D=p

V-B=0

HP ENERE; DABEERE: H AHGEE.: B AWBNERE: JNE
MEE; p N EHEE. £ERENIEEART, LR Maxwell TEHHSH
S TP JAWY
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%2 B EHBORREIBE A

D=¢gE+P

J=0cE

B=uH

p=0
Hoep, RESFINEEY: o BARPHESE, EEENRT, Ho=0; 4,
RESHHHS R, BKERQ2.1). Q5HMQ.6)ARF

(2.6)

S°E __ O'P
or 0 ap

VxVxE+/JOO'Z;§+8OyO 2.7)

A RN R P 2 B RTE RS, BV eE =0, WAQNAWH

FE_ O (80E+PL) F*pM

o7 T r T @8
FEE B A S T LUK B3 TR E AR M ri AR AL 3R B P RIS
E@ﬁz%E@mﬁme+ac (2.9)
PM@ﬁ=%PM@@)&bm+m3 (2.10)
H o ZESE, kREH, BIAICHEBRRN
G @.11)

C

H e RIGHAERTSTHEREE, n(o) REMEA o MICHEN B PRI
z, BF

nz(w)=féfﬂ (2.12)

HIAES B PR 2 B P, BAVBRBOCHEAT &R IRIEMBARCLK A, Bl
S IR S AL R IR 18, W

|azE(a,)|<<l OE(o) o1
oz oz |
TEO) < ook (o) .14

BRI (2.8) ~ (2.14) 7] AR R IR BN T RE N
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ETHSAREHE RIS ER T DA ZIBARIHR

2ik@ = — 1,0 P" (z,0) (2.15)
4

RSN, BRI IWFDCHE 50X =S 8L R =5 51

WEP (z,0,). P (z,0) WP (z,0), BHHHCIEE,. EFE,, WH

P (z,0,) =537 (a)p;—a)s,coi) LE,(z,0,)E.(z,0,)
P (z,0,) =g, 27 (a)s;—a)p,a),.) E (z,0,)E, (z,a)p)
P (z,0,) =627 (0;0,,0,): E,(z.0,)E, (2,0,

i

(2.16)

e ERARQ.15), RIMBRSEICREZHRN, S0 BREREE, .

E FE. 75N

JE w’
P P (2) . * \—ibkz
(—a)p,a),.,—a)s)EiESe

N 2
oz kpc2 d
JE, & o . e
0,,25 :iﬁzm (—a)s;a)i,—a)p)EiEpe e (2.17)

aEi . a)iz 2) * iDkz
-§7=lk._czl (—a),.,a)p,a)s)EpEse

{

1E Kleinman X ARAFAFBILEIEI T, B RIS B4 MH L % R 5

Hd,, Bdg=y, MERKN

(GE "’ :
L=i—t-d EE/e""
Oz kpc
JE, . ! v ik
1 :lﬁdeﬁ»EiEpe A (2.18)
JE, .o

—t=i—=d E E."*
2 Veff ' p™s
oz ke

LZENEFLEREPEENESER L, aXQ.11). .12)F(2.18)81 ] sk
1551 H B IR DL 3758 R

wd  LE E
0L sinc(AkL)exp(—iék—L—j (2.19)
n.c 2 2

i =1

BIT UL H B ARARD G 6 58

20



328 ESBARNEREM

P=

Arn*d>. ’P P
— P Sine’ (Akéj (2.20)

2
ggn pnsn,.c/li

o n . n Mn 4 BIREH . B EMRIUCEREFRHHE, 2 2R
IR, Py PR A BIRFH . E SORMRSUCHIRME, Ak ZARALRACE,

YRS BHILLN, SENRFTIENMMAEEN

ni

n n
Ak=k -k —k =27+ -2r—=-2rx
7 A A

MRQ20)TTLLEH, REDEKH IS S BCREIEEEE L 38N
e BEAMRSE % L TR 55 B ThERBIE . ZIE2 M SRR AT SR
BERASRS, L SE S eMThi R e, WG T TR AN S AR
A, 0 2. 2 FR, SMAAIKREE Ak =08, WHUGKIH L IhRER,
3 p AL E SNl N

2.21)

W b

Normalized idler power
©o o o o o © © 9o
N w » [4;] (o] ~ (o] [<e]
T T T T T

=4
=

|

-10 -8

B 2.2 RIDEINTIRE S RIERAIKR

Figure 2.2 The power of idler laser versus phase mismatch

2.3 ETHEEBHCERMENEA
KLY, FSARBEMEBEOLEE (Diode Pumped Alkali Laser, DPAL)
W KB, BRI RECEESAEOLE, ERIIFERCCE N, TiRefR
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BT SUREEE R B AE LR P ASETBARNI T

IR R E. DPAL BEBER LD, AN FRERSRENmERE, I
B (Potassium, KD, #l (Rubidium, Rb) B4 (Cesium, Cs). 3* 2.1 2
BOLB MK WBBOLE KN ETFE,

£ 2.1 B 4RHRESBRELBNEREEK. RHELBEKEAETHE

Table 2.1 Pump wavelengths, laser wavelengths and quantum efficiency of DPAL

‘ EIHI K OBk 257
AR AR &R
D2)nm  (Di)/nm nm
K 766.70 770 99.56%  0.0888
Rb 780.25 795 08.15%  0.08B%
Cs 852.35 895 95.28%  0.25W0]

FAEC T Hofh 25 00 2846 59 DFG IR, DPAL HLSHETFLUT
=R

(1) FEEEHEATRERS. ARAEMEEN, BE®EHN DFG &
W (BHEULE. BEBORS) REE. DEREER, HBotEKE. R
2.1 7R, 8RE0G. B0 M BUE RIBOE I 25109 770 nm. 795 nm., 895 nm.

(2) WHEHIEIEE7E . DPAL 8 H 8% A R B B0 S AL RO 2R 1)
KL A . HSELESUTIEH R A8 E TEAE AL &R &1, FH DPAL
R Nd:YVO4 ga 7= Nd:YVOs BO6 R 568 e 98 52 R E AL 38 IR ),
it FFERBEE MRS . BRI B BOLRME R AREDY 1.8 nm

(#1 1.6 THz@1064 nm), LD ZZi# Nd:YVO4 s FIIE 2548 5505 0.8 nm*! (£ 0.7
THz @1064 nm).

(3) RBCHE BB KMIIRTEE . DPAL 2 —FSIAELEE, TEitik
FTootE Gt FRERS), BB BobBRRK R E B IR T D1 &k, LIRSS
BV PR IR T 6 I K R OB AT TR G IR R TR RS E M BRI .

TEENR A, BFARSERFEMRERERESE L, BITEBEIRBACE
HRZERATRL BKEKHNSENRNES L. ARMLRERBAN, B
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# 28 ZRBORMEIL R

T BRI R b AR B A5 50k RILSE SRk K EZI
Rilf, £ EZRE R, BATEFEHRANIOE. RN ILIERRCRE

s, B

LI S (2.22)

Hepa o A F A3 BIRERDE FSEMRAERRK.

ARZEEYE DPAL, RHDESE S MBS RNE 2.3 R, ZfE50
M TERE Y 1 -1.1 pm B, EAIR AR DPAL A BASEIA FIRAC A IETa
SO A B YERT, FRAFL K AR TS B 2.901 - 3.878 um , HABOENTR
TORRT, WDEEKATIETEE D 4.90 - 8.532um , HECE ARG, WEDE
ﬁ&%ﬁ%ﬁﬁﬁzwmamhmo$iu%ﬁ%%§ﬁ%,uﬁﬁ%mmmn
W REEN, BT 0795 - 010603145 TFESEHL P LA R -

9000

K laser
— Rb laser
Cs laser

8000

7000

6000

5000

Idler wavelength (nm)

4000 +

ol \

1000 : 1025 1050 1075 1100
Signal wavelength (nm)

B 2.3 LB K ERESREKIXER

Figure 2.3 Signal wavelength versus idler wavelength

2.4 1A CE S ARG ITED
B 22 HEAM, AT RBRRIERNNIDE REREMAMLKEEAM=0.
5T & BB BT S, AEEKHSEAERARKITH RSB AGBIRF
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ETESEREREBROLSRIER S P AN EFTRABIBA

fEm A FEE, H A Ae 0% S2 0L A £ U0 S A9 3 226 R T B XU St 4R Az DT B
(Birefringent-Phase Matching, BPM) F1#E £z VL (Quasi-Phase Matching, QPM).

2.4.1 WirstAGITAD

A d AP TE USRS, AN RS B G A R — Sk i A . 3 i
PR, TR I A O AT S R R B RO, B SRS S A 6 G e SR
SEARGIICEE S5 o XA S AR RL UG HC 73y 5 AR AL UG B AR B AR AL VL S (FR il S AR
(WAUN PR

BB BEIERTT RS SO TS R A SRR, SRR T TR
M 5%, HLRESEAMAS A, BSEUE iy R JE& T
e, MTTSCEABAIILED, X2 A EAEALULES (Angle phase matching, APM).
MRS ENRE TEXAMEEAE, WSENCZRBER T AHMKE, EAEH
ALV T ARR N IG FARGLILAS . X TR BT S, ZESEFEN N AHEE
FERAETTS, BRI R BB o s, HATH R, NEEENFT7
A AR T 2, B— R N e . B 2.4 IR, e RIS R A,
HARANEN, REANSIEECHIT AN, e 65 En, 50 680475
FIHE,

f P ﬁ p
St Jekh

B 2. 4 BB 4T S R ER

Figure 2.4 Refractive index ellipsoid of uniaxial crystal
RFES B RIRIR T NRIANRE, 7T LUK A AR AL RS 7> 79 [ SRARAZILACAN 1T
FARGIILES, EATRSS R ARG IL AL S AR U0 2. 2 s
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% 2.2 AEMEMIKERKSE

Table 2.2 Types of angle phase matching

NI EiE mEER RIRES UL R %A

Ay AY o a) -4 a) (-4

I KARMIUCEE EHRHSGIK ete—o0 ™ =jn1 +;)1n2
3 3

S A Y = e a)] o a)z o

[ KARAZICEE S SiE  o+o—e s =;”1 +;‘”z
3 3

AT FEEEE ote—o 7 =—n+2n

IRAEIE EHMSE cromo m="tn+2n
3 3

N AN = e a’] o 602 e

IMZKAEAIILEL TARHRE  o+e—e m=_th
3 3

[ZABRITE  fBEEE ctoe 7 =—inf +2n8

i BEARLILA, RE AR SR, AT,
ﬁﬁ&ﬁ@ﬁ@,ﬁ$%ﬁoﬁ%,ﬁgmﬁmm%ﬁ%mﬁﬁ@ﬁwxﬁgm
fh, SERUALEAR T Heds, Hi8E6 T S I T2 MB3 RIOTHE, EITER
SR TSRS T, TR . it f AR LR i 7E i 5
A |

(1) ZEdRLR bt Bihth, SB B EARRITIRRT, 2Bt 1807 13 R
EHET I, RIRA R AN S BRI RT 2T, NS B RE LB,
W 2. 5 FiR, A o QEHESIREN 20 AHE, EIRAIIESN
d, TR BNIE BT BIES L EFGEATF. REERS BN, FHLH L
TR, B2 EHF SRS B R EIEN, FIEL, B
A R I T S R AR TR
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|
' 20

LN
—

Bl 2.5 R HIE B R
Figure 2.5 Walk-off effect of SHG

(2) BANSERRARER —E KU, ARSI, B ASL
RS 5 ARG KL

(3) SUEAHLIULACARLL, A AR OLUGEC BTk B R e v i R AR e P R 3L
BN, ZENHENIEEIL,

(4) f8 EARAIUCAD 75 20 AR UCEC A 4 e SELAR AL UL AT, BRIk 7% ZEARE
IR E IS RN BT U E .

IR EFLIUCED (Temperature Phase Matching, TPM), X#R AN IEIG A ALILAD
(Noncritical Phase Matching, NCPM), BEfJREEZZSENMEREP RN ES &
B TARBER 5%, BT DOBT AR S 1 TIERE R 2 B i h it =,
BRASLUSENRIEMILE. FIFREMAMILE, TUAAEZESELS SHOL
M RA, FTUSERE TR A—BREE 0%, AL ERBN. T
EREEGR AR

(D \BTFREGHELZS5REME E FNERFHEERXA, FrUERIEL
MRS TERE AR, FEAMER, FEBETRNHSERRE
TAEIRE.

(2) MM TAERE FELREH, B LFRIEEERNBEARIZER, TI1E
B Z, B RRE.
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52 2 EHBORIEIREM

2.42 FERMTEIER

H 2.4.1 W4, SURSHEAILRFEARZ, FHAMNXIRE—MizHE
S M AR —— WA AL ITES . XU ST AR CLICEC AR RS2, e R R A S
%#ﬁﬁ&%%ﬁﬁ%@ﬁ%ﬁﬁz,m@z6%%,ﬁﬁﬂmﬁ,§iﬁmﬁ
FEREEEOGIES - MRSk, EMA LR, EE - MHETKE
«kzdfmwmmh%%%%ﬁ%%ﬁ;ﬁ&%:%ﬁ$&§@<paum,
EoAS B AR AR A S, FIULRE TR, JHMRLAT RS, Wk
S LR R AR B T 2. 7 BT ISR, N b VA A 4 7 Pk L (K AR A
FIARR, AR (BL2L 9 EHA) HukAs & ik sh s B AR TS 4R, BiRE
SEUARAI LR, REEFNERSE. FLERBHRNLSE,

+ - - +
TEARAL
N ULAC
g Ny =0
#J ABL
g A
- Ne=0 AEABLL
VLYC
Ne#0
i
0 I 21, 31, 41,
TE FAd P 4 8 i

& 2. 6 FALULAE. JRAROrULReIvEAR A L RN R

Figure 2.6 Schematic of phase matching, non-phase matching and quasi-phase matching

BT 2,

) PE—

WAL A

B 2.7 AR doREE

Figure 2.7 Schematic of periodically polarized crystal
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TS AEREBESBEMHENERE DA ETRARBTA

B AR R A A RS, BB ZEER T R S R NS, E
NS R AR MRS R EUv 4, ERIE DY

dQ :dw Gm (2 23)
Hep G, R EM R, HERIERH

G, = 2 sin(mz D) (2.24)
mr

Forb D=1 /A, FRE Rk E5t, m(m=1,2,3..) RARGLUCER (M AL, 8% R
FI—r AR AIUCAL, W m=1, b5
Gm = 2 Sil’l(iZ'D) (2.25)
T

B (2.23)F1(2.25) 8T 40, 7552 D=05%4F, ALt KRR
B, A

2
d,=—d 2.26
0~ % (2.26)

TEIELR P 27045 o (5 R JR) SR ARAL AR A X AR R B B AT IR A, 8 SR AL B
AT SRR R EDN

g =20 (2.27)

m A
Hrp A RARLAE R AR RIRAL
TEZBBRL, IR RS, BEMRAE I A IR Gk, #E

=R AUN PN SR

27
Akngk—km:kp—ks—k,.—T\— (2.28)

Q2. 20)F &1, RA UMM REE F Ak, = 0 7 8% & OKTh R KRSV,
BRI AR L B AR IR AL R B A BN

A=2=—2F
k,—k, K,

BERERRZ, NERXITSAEAILEE ZEM ML, 28R
BURTARALRECE, B SOB A B B Ak, RoNEMRALIL R AR R ECE,

T2 T Ak =08 Ak, =0

(2.29)
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52 8 EHBRIE LM

BEE BAREIE TSR E R, WEARALICE R AT 28 AR SR M e S U
t, HLAA: |

(1) BELHVSE a7 FAE R LSS BURALIT RS, B StAR XS T A AR AL
ICACT S, ARG U R AR N T AE AL B UL, 7 ik () 381325 BA ¥ B Py A e S
FARIICER, BT LMER RHRR IR R, RESELHTIR.

(2) SXAFSHARALIIE AR R, HEHAITEN 2B R RIR SRR ZXK,
SEHHRIR T I TAT (e +e — ) AT LASSHUABALITHD, X B3 AR FRERAE Ao
R R R R, KA AR R BRI AR R, NTRIESE
pit haiRoIE S PN

(3) #H RIS, SN TR . RRrIRALRE A
TR KSR EHSHMS BN T, FULiE EREERT SIS ERA
R [ H

(4) BT LAe A AR B 4 A AR AR G ITEC A 19 4k BN A GaAs &
th. dES M RAGERIOZ RN, TURSFAE ARFEER RS, AT/ERAAN
1 5REF R UAERERE, FERERA.

(5) RESERFE&NREEE, §B M REMERERRAER, R
SEHIME S 800 2 AR LK) R i

2.5 JE&MRESREEH

JEL MRS AR R AR (GRS 2 M) 1R T 5a ot 3R R 37
R, BBLIRLR M0 G ik R AR R AR B e BRI o . S ARIE L 24
EJLHERRR, &R E QRS SRR, —okil, JF&iE
o Bk B A R RBEE SRR IR AL R B AL ECTE
PRl e Y R B s REITRI RV mIRE KRR E; ARAIILECH) SV
M. RTFRE. AFEEREELEX: ARAEENES; MiitRe, 4~
SR MREE, AEMI4AR. BAEEMMTS L, FREAZHEAR
Z @, BRIFRE R R DR R AR R, ROZARYE SR & TR
EARAEN Sk . RIEARWMALILE, 7 LHEHR DRI PR
2 WYTHT f A A UEAR AL UL AT A A
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BT SAR R SR BOLR I A= L& 58 P ALA ZMBORIET A

HEL AR T A B Ve B — AN T 4pm , B ILRMZEE KTP 28 & 4 (41

U KTP @A, KTA g, RTA GafR%E). LINbO; ffh%E. AT HEngiE Wit 7 ##
B S FPIELR M BRSO s, R T LR L SRR A, LR 2.
3[44, 45]:

R 2.3 ERLBEREERE

Table 2.3 The main properties of several common crystals

FRMEEN  mwzy  BORE
Rk BV (um) ’

(pm/V) /em@1-4pm  GW/cm’
dyy = 2.2+ 0.1
KTP 0.35-4.5 < 0.001 1.3
d32 - 37 i 02
KTA 0.35-5.2 dyy =24+0.2 < 0,01 0.6
dyy = 2.3+ 0.5
RTA 0.35-5.3 d;, =3.81+0.7 < 0.01 0.4

ZGP 0.74-12 dsg = 689 +10.3 < 0.01 30
AgCa$; 0.5-13 ds = 23.6 + 2.4 < 0.09 0.025
AgCaSe; 0.71-19 dsg = 39.5 + 1.9 < 0.09 0.025

GaSe 0.62-20 dyy =54 + 11 <0.1 0.03

HEMALIC BB 55 — P SEIAR AL UL T 1) 77 V2, T AR AN & 12 B D5 Y B A%
ez —, IR AL ILAC &R A L% 2. 41,
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2.4 FRAIILER S AR B

Table 2.4 The main properties of QPM crystals

FERTE SN ARK  EREERER R SRE

(um) (pr/V') H(pmNV)  (kV/mm) (GWiem®)
PPLN  04-55 ds3=272  desy =16 21 0.27
PPKTP 028-45 dy; =168  dery =9 21 0.58
PPLT  035-45 dss =107  depp =53 2 1.0

MF2. 3 5% 2 4 TLEH, ZGP AkMIELMEREH68.9£10.3pm/V,
B AR R MRS R, A M AL AR SR S A, (ER
RS A, A, KPR E] T S MR A . PPLN @isde& it 2805 27.2pm/V
ARG RSN 16pm/V , EHTEEEIK, J0.4-55um, BEBNTLAIEDE
PeAEIRAUE SRR, Hehh, ABLLTEARSE, PPLN @K% TAEK, AR,
E R TR, T LSBT A0 o S AT B AR AL, R H TR A SO
Z BRI i

KRR g K AR IR B TS R AR, FIA Sellmeier 7772171 A] LA
WESENEREFRHE, ZTEN

Grbf  BrhS g g (2.30)

n*=a, +bf+
1 lf 2,2—(a3+b3f)2 lz_asz 6

f=(T-245)(T +570.82) (2.31)

e, TRERE, BIRC. HMBHEEENBRME. BRIKER
3, ST B2RIKREE N 5mol%M MgO:PPLN ffk, BATFTLIRAER 2.5 MK 2.6
B3l S 8E.
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2 2.5 Sellmeier 5T S a FEE

Table 2.5 Value of parameter 4 in the Sellmeier function

ZH a a, a, a, as g
o 5.653 0.1185 0.2091 89.61 10.85 1.97x107
et 5.756 0.0983 0.2020 189.32 12.52 1.32x107

£ 2. 6 Sellmeier HEF S b HEE

Table 2.6 Value of parameter b in the Sellmeier function

¥ b b, b, b,
0t 7.941x107 3.134x10%  -4.641x10°  —2.188x10
et 2.860x10°  4.700x10®  6.113x10°  1.516x10™

B Sellmeier FHETI 41, HSBHEKEEH, SENEGERIFTHES
R TARRER R, B2 SEm TIERERERLN, 2EaHMAILRS
EBBIR, ISR SRR R AL A BSR4 S B e HIAE L ILES . an SRR~ %
HEACDY 795 nm KIHIBOE, 55 6R R H KN 1064 nm # Nd:YVOs #0t, 3F
M RRIAR B RIKE N S5Smol%MgO:PPLN &1k, H0(2.28). (2.30)1(2.31) 7 41,
ELNE B RS BAN TERERXRME 2.8, ANEFTEH, &E
f TAER B I, {3 FARAE BBV R BR4ERF S B ARALIL S, & &1k
I TAEREM 20°CHEHNE] 160°C, MMM E RN 22.04pm FEZE 21.5um .

ASCRABALE I 22.0pm « BRIREZ D Smol%MgO:PPLN & & {E 3R 1 &

B, B 2.8 ATLAVEH, HMEm TIERED 32.0°CH, SEXtRH ML
ULAC.
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& 2.8 RALRHEREREHRER

Figure 2.8 Poling period of crystal versus temperature of crystal

2.6 N

AEBNERHFHEAHRE, MET EHRNKMBEWITRE, FH AL
DPAL AREN, BitH 55 SREN=EPLINIOCHIRIER . RENAMW
Pk Bl AR AL ICEEE AR, 43 BRI SHARRLIL S 5 AR A UL BT, I8 I X Ll i
REE, BAEEEE. BT MgOPPLN SEAGERTEE . ARFLER
BORNSAE S, B A ES R, I BAREEAR AL LA I 0T T R
Wk, 556N NA:YVO, Bt KA, SEmRLERSERETERERN
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%38 ZERNEARHA

%38 SBANERHR

3.1 RiBFRISELE R
3.1.1 SRS SENKT
HVEA—MEAR, ERMER, WEEREER, SUNERRREN, &55
HAMIR R AR, LA R S EHIEM LA R AR R KA L,
AESEFTOROERSBEOCHEIER. AT RSB BIRE N,
RESERNOHAE, BIESREUSEAERE, fKTPAHNSERUA
(B84 f (Brewster Angle) HIZRSSE. WE 3.1 Fix, HEOEAERHE
RN NG B R EME —ANE O, WIRT I EE T A HECs Wik
MR R, MR AR TASE (o Wik MGESRER, Bik@Ed
NZEASR BB A RR DT 18 AT T NS R 2RIkt .

sfmix

B 3.1 RGN EREE

Figure 3.1 Schematic of Brewster window

BRSBTS A n BN TR AT BTS2 n, B0 53 —F0 90 5, JUAG 1 57
FrfN

0, = arctan 2 3.1)
n

B HARIRI S BN p RIRA s IRIRFT S04 » HISEVE /R 7 2 (Fresnel
function) T4, SXHIERZHET ZPEE NS A R T, KA mIRIRES p
TRk 2B G HIIRIE LA
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BT SR HE SR BRI E & 5 P AL AN E IBORIOBT 7T

tan (6, —6,)
__tan(f-6 32
" an(6,+0) G-2)

EINRIEE B
R, =|r (3.3)
Hoh o, WG, 6, 095 . 0, T2 0 it e

n,sin@ =n, sinb, 34

\

EESSPTE R n =1, WESKKEE DRI =145, 7T LR HATE ks
ff160,=55.4° . ¥%3(3.2)s BIHFGHER, ALK RIS p IR S EE

MRS RGN AMKRWE 3.2 iR, AEFRETLLE S, BN A R0E T
6, ZRIGHRITERN 0, JUHFTHE p WikiZ BT tE T o2k

RET . MARMBEN 54 <6, <57, p MRS RIS SN

AT

K, HEO0=0, bEH/NME, REFRDLTEREDY 0-0.0263%, XUt HANF M6, 1
R MIE, ZEXANRFBEWEETE, MESESKANAI 5HE
A0, 2 FEREE A, WRETEMNEMIEAR, p RIRKSE IR

BT AT I=EME L.
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B 3.2 SERHRAESAFARRER

Figure 3.2 Reflectivity of laser versus angle of incidence

3.1.2 FSHEenRERTT

BEE S FIE T EMAREENRS, BMnYme (Off-axis Parabolic
Mmm>a%&%%ﬁm%%%%%#z~om%ﬁﬁﬁﬁﬁﬁﬁﬁ%%,%F
A EkE, TSI S TR, BAXMIAER, REREICHN
RE. E 3.3 (@ fin, BHuYES Mﬁ%ﬂ%y% BHTRPATT y
B MR R HEE L, ERFFTARSRETAS AS2EH
WEERAE A, LT x0y P L, ZTFHESMUYHENETH. <528
Hh AT S O I BE B R, F fEaR. WE 3.3 (b) FR, HFATHREN
HORILLERT, NS4 5 y BERAN o, BREXFABMN TAEFE 0y £, i
P R BB IR /NEE R M o B KT, ECBRTEIRE x FHAT y HJ7 )
MIR~FA RIS 3 M o REERR. PR A\E LR = 200 mm K0
T4 X YR B2 9 40 mm I PAT R EAR, BT 56 EI 2 o AREE,
FERIEBER B 3.4 Fim. NEFRTTUEH, FATERECHAIRA o £
B E B R B EEEE, XU R I T R R & T TR,
JHEEAT NS T 1, B/ o BEIRE R AN P, 1IN R LRI 5.
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B 3.3 BEEREREAR SRR
AT LR b)RELRA o

Figure 3.3 Schematic of focusing laser by off-axis parabolic mirror

(a)Parallel with optical axis; (b)Angle & between optical axis

0.40 -

o o o
(] w w
(4] o [3;]
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Length of focal sopt (mm)
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o
T
e
Ay
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o
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oo L—— ¢ 0.0y e e
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B 3.4 ARERSREANKRR

Figure 3.4 Diameter of spot versus angle of deviation
BRI RAZR, BHIYEENEERK, £ ERENTN IR
/N, ATRERECHIIESE, ALRERRHHERS 75 mm, HHE f
= 86 mm MBI EEE RGN HHETRE. RATIENEBAEROLE
B ERENRHENER, WEMEKDHRE | mm, WETHEFEMRIL 17 ML
BROCER. WESRE 3.5 R, £58 9 MiE ERARERR/D, KR
BB ERLN 0.80 mm.
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Figure 3.5 Diameter of spot at different positions

3.1.3 SRR A R

K 3. 6 2cHgmEem E SR EER. ETFEXKELH VBGSHELD f
B 78024 nm. RE 0.13nm, A TFHTFEAEE 30 W. ELK LD
WEM 200 Hze 525H 10%E98T 2% (Thorlabs, Inc., Model: MC2000) 1 il ik
R, BXRERAKERE, HEE =3emm BRMME (M) KE
FHERBNES. RENMESS 80kPa MF K (CHY BEE—TMERKE
X8 mm PHIKERN, ZREFRANEOKTFTE<0.1 mrad, HEHSENRE
WPIEBEE 157.5°C . CHafENGEMAAE, TR UINSE4n IR 3 iR e, & rTEL
IR 2Ps, Be g F BRI F I 2P1p BERIRHEE. N T REARBOLELIESE
HREE, KR A B AT SO 5 S ENFTE RIS A S TR iR
i, FRBOCHA p WIREIZRIRG
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M, M, Oven M;
Bl 3.6 SnBOLEREHE

Figure 3.6 Schematic of Rb laser
SR Ms B RR S 2R T0%0T, HnEOERH H RS LD ThEMK R
WE 3.7 R, WEOCHBE KRB IIERAN 2.8 W, RRUFN 24.11%, HHBEN
N 17.45%. WHOCREOCBAKIE 3. 8 iR, HWEEA OB K N 794.77 nm,

255 4 0.09 nm.

3.0
|
I/
_ 25} ~
=
s 7
20}
3 2.0 /
| u
8 /
“_15— 0
o /
o ]
ol
n- L]
05} ./
1 L L " 1 1 " 1 1
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B 3.7 I¥OLTIES LD IERIRR

Figure 3.7 Power of Rb laser versus power of LD
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J
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B 3.8 bR

Figure 3.8 Spectra of Rb laser

3.2 Nd:YVO. 8945

B _F AR LSE Nd:YVOs SR A BORS N TG, FFRg 2
FAFEGEERS . 23 HERNERE, BABEARCEE TIRKNRERR, Bot#
HoRR WAk %, (HREHET Nd:YVOs BERAE BRI . TR RHEKULT
BTSN, EEREAEARTFREEANMENR. 3.1 BET
Nd:YVO, SRR IR R L B S 4. B3R 3. 1 741, NdYVO, fikiI%
B B ERTE A 25%10%em® , RBHEELEA (NA:YAG) &ikZEUAMEE

(2.8x10"%cm®) ME+1E, B NdYVO. kR FRRERTS.
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F 3. 1Nd:YVO, BEKIYESH

Table 3.1 Physical parameters of Nd:YVO;4 crystal

W2 g
B V075 & &
JR T2 (Nd*'1.0-at% )
1.26x10%

[ atoms/cm” |
#ute 5 2 H(300K)[W/(cm*K)]
HRE[g/com’ |
A R H(BOOK) [ x107/K |
AEBAB(B00K) (3n/0T)[x10°/K |
#1542 (n,@1064nm)
WA | om?” |
LV =AY
e (E R i % % (@808nm) [ em ™ |
ZH RSB (@1064nm) [ x10"cm? |
%45 (@1064nm) [ps]
18 55 28 %5 [nm ]

SRR [ke/mm’ ]

0.0523(]/ ¢);0.0510( L c)
4.22
4.43(l|c);11.37(Lc);
on, /8T =8.5;0m_ /0T = 3.0,
n,=1.9571;n,=2.1650
2.7x107"°
0.3
34(]] c);lO(J_ c)
25
90
0.8

480
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A BT A T B2 S, Nd:YVOs P LA B R AR s 32, RO TE
1N 3.9 fiom . WEHET LA H, Nd:YVO, G TR s 52 75 2 780 - 830 nm,
3 HAE T E A RESAREE. ZREEARERBmRET, Nd:YVO, i
PRSI L HIRI B R —RE. 20 o RIRIIE N Nd:YVO, ik, BIRH
SHRIR T A5 Sk c T AR E (E Lc), NdYVOs @t AR,

o B R E R IR U IEZE 809 nm FHE, ZRUIEHIE B TELN 1om, HAM=Ak
435I 7E 801 nm. 807nm F1 812nm Fif. 4Ll 7 wIRAVFE IR Nd:YVOs da

th, FRAORIEH E 5 Nd:YVO. Bk ¢ 7 FAT (Ell ), BLI Nd:YVOq

RARRIRBOEEINE 3. 9 LLFTR, mARTRBUEETE 808 nm Mk, Wi
B9 45 6nm. 5 Nd:YVOs SR FARRBUEA L, Nd:YVOs i kXK A
794.77 nm BINEOERIRBA KR, XAFT Nd:YVOs WL I 4, JotRER
1%, FUEER A T DL T8 Nd:YVOs S AEF= 4 Nd:YVO, B0, BIBLE P RIHE
TEAE AR F I AME 6 R Nd:YVO4 ¥k, EXERFHBUES Nd:YVOs Bt
EMEE R AN

1.0 [

G

T

0.8
0.6
0.4

0.0 -

Absorbance Coefficient (a.u.)

1 " 1 1 1 1 1 1
780 790 800 810 820 830 .
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E 3. 9 Nd:YVO, &R B

Figure 3.9 Absorption spectrum of Nd:YVOjy crystal
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3.3 55
AR SR SR A0SO TR Nd: Y VO, A A= 4E S B 308 BT T 115 5%,
HEEREINE3.10 fim. WEFRE—DZRE RS, N&YVO, 22— MURER R
o AT FEZSREL 2Sin N F 2 LD RHEIOER] 2P e b, A AL
RIS JE 7 F ZE LLCRR ST R % SRR B5E 2Py Be 4R, BEJE b T WARASBEA %P1
RN 7 UL B R ERIT I 2 R B BE A Be R AR BE MAOB I P AR L B I ot R R
Nd:YVOs fifh, A4 T HASBED Ton ML FIRIFIKIT R *Fsn, BIRZAEH ML
T EELATOAR S POT T sORIE B “Fan BB, JRLF A Fan RERIREE “Tiin
Redk, =74 Nd:YVOs .

%

N Py,

E b Pi T Fspt’Hop |
\ .

X Fip ;

f!b“\xif;\w«% .

‘ Rb laser ; Rb laser Lasing :
;;Pump —_— Y,
*Sin Ion ’

Energy level Energy level diagram of Nd:YVOQ,

' diagram of Rb atoms

b

& 3.10 dEFE Nd:YVO, BB REE

Figure 3.10 Energy levels diagram of Rb atoms and Nd:YVO,

Beam shaping system

Rb cell
/

L NdYVO, -
M, M, Oven M; M,

B 3.1 E5hKSRRER

Figure 3.11 Schematic of signal laser
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B 3. 11 REIES MR B8R, K M. Mo, LD YIRS RE
MISHU55 3.1.3 TR, Ms 2 —HEXEH, ERAREHEA KA 795 nm
BB (EITE>99%). KN 1064 nm B (RETFE>99.5%) K. MafE
RIELLAME B, ERREEAX 1064 nm BRI, RiTEA
97%. Nd:YVOs SRR LWEN 0.3-at%, TR 3x3x10 mm?, ¥5E a Bl
F, HFTEE WKy 795 nm #1064 nm KIIEERE, ETE>99.5%. HTA
ST S FR4UEOEME I Nd: Y VO, SR R IR, 3T E 7 IRk 5 o MR PR L,
TEAME s 1 KR, SR 7 RIRITE R Nd:YVOs Bk, BERRRE
FRIEALBCE, R KR A A T Eot R, 8 R AR 4w on ) B
5t. T B Nd:YVOu Sk RGBSR R0N, A RE AR E TRERIIT.

fEF — A 1064 nm BB GBS >70%) B IS A (Thorlabs, Inc.,
Model: FL1064-10) XT#iH ML L0 AME STl E, @l maHEote ik
% (Avantes, Model: AvaSpec-ULS3648) 56kt 3. 12 Az, Nd:YVOs Bt
e 1063.75 nm, 2858 0.18 nm. HNEOCIEAN—FRABORE, HE&TEN
0.09nm, M SAkEseR%E, Fib@EiTMmBIaREE NdYVO. ik, HHHILE
HEE .

10F

08|

06

Intensity (a.u.)

04+

02}

PN

0 L
1062 1063 1064 1065 1066
Wavelength (nm)

B 3. 12 Nd: YVO, Bt G A
Figure 3.12 Spectra of Nd:YVOj laser
0 3.13 FiR, %4 Nd:YVOs @i ZEMBoRE RN, KA~ EX
BB LIRE BT M REERE, A8 RRE REZANE IR
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BT A RER 2B BOL R I 4 5 T SN E RO RIRT

NIRRT 51 RS FOETE da e 4 S R As, &R A AR RE BE RN . 1
. BTFHIBOCE S, HRBEEENT NdYVOs BiAREm-F2, Bot
W R AR A TR 2 A AN S), IR PGB RN . Nd: YV O fib i H0F 52 S B 47
TEARR) TR P9 O BOCHER MR B 1, BmA T SR 38 MOt PR RS, 38 T k22
ke, R T 2 BRI UL P OIMNEOLR R & .

Nd:YVO4crystal

qu laser

Heat sink
(@) ()
& 3. 13 MHERE Nd:YVO, Ba&KRER
()T (b)IE
Figure 3.13 Schematic of end-pumped Nd:YVOy crystal
(a) Side; (b) Front
NTREBZSENHERRE, FOEULSE 1063.75 nm UL A SLHE T

A, REXY Nd:YVOq di i i #0E 52 30U #E4T 24T« FEE IR UL B M B SR R,
WEN R PERER [ SRBECHIERBR, NdYVO. s #uE s AR

3g149]

ﬂKca)f) 1

/1= 03P (dn)dT) T=oxp(=acL)

(3.5)

HA K /WHFE, K, =0.054W/emK , o, HFRELEZE, o, =04mm, p Ky

WIHHITHER, dn/dT NIRHHHIITH RBIEF TR, dn/dT =47x10°/K ,
o NEBHRL AT, a=148cm™, L NAYVOs@EKKE, L=10mm.
M ((3.5)F1F Nd:YVO, A HE R E IR AR A 3. 14 FR.
MEHRHLLE H, Nd:YVOs SR #E SR EIE SIEOLMIhR R R I, TE9Ee
RIThZRERRS, BRBESENRBEEERK, X AERIILERAE /N,
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B 3. 14 PBEEESUWHEOETIRKXR
Figure 3.14 Focal length versus power of Rb laser

EEFUR P, BSE5FEEARATHRDOMNSE, —BERRAMILE
W3, A RMENE S ERBLHIE, BIXHRS B RN EANEM &+
P= A AR RIR0-3133), hANAT R B — SO E 1 D9 OPO MIZR IR, 381 OPO 3k
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Figure 3.15 Schematic of generating mid-IR
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Figure 3.16 Schematic of dispersing laser by prism
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Figure 3.19 Power of idler laser versus power of Rb laser
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Figure 4.1 Schematic structure of resonator
E 4o AR B B U T4 My 5P T8 Mo R, =88 Ms STIB0ot R
B, HENEOLAE SRS N IR AR R — A XY R R AR R

53



T ¥ FEEHEREBHOCR N ERE R AISEFEARIAR

4 B [1 v o 1 L1 o1 1
Mw=lc p |70 1o 1
1 1 [Pgs 110 7y 1[0 1
1 01 L+ 0 |1 lcen 1 01 £,
__1/ f T 1|0 1 0 1/ P 1 0 Peen 0 1
10 1 zceu 1 011 11 1 0]t 4][1 o @)
0 1/ 1 ][0 ng |0 1][-2/r 1]l0 1]|0 n,
(1 1

a1 0 1 sz 1 o0t 7,01t o 1 12 +1,
_0 O 1/ ncell 1 O ncell 0 1 0 1/ ncel] 1
1 o[t 4t ot LYt o 1 Lt 0
-1/ fp 1]10 1[0 my [[0 1][0 Unmys |[O 1][0 1

Hrp, @D s HRBOETE MgO:PPLN SR 47 5 2, AT iE I 20(2.30)F1(2.31)

KAF 1,05=2.1703 ; ALWHIWASKEBA T, AT A =1

BT Nd:YVOs Bt M LLAMEOE =P IS Ms 55 M M, #
Nd:YVO4 BIEH L AMBOCAE VIR IS PO A IR A% Far— 8 Xt L (K A S e R Ay

4, Bz] [1 15}[1 0 }{1 L}[l‘ 0]
Mo = =

C, D, [0 1][0 UYng ][0 1]]0 nyg,
1L 1 o)t Lt olft [ 1 o N
[0 1]'1/fT 1[0 1}[0 1}{0 1}[-1/12 1 (4.2)
1 47t o1 L)t o 1 L]t o
[0 LILO 7o ':0 I:I 0 1/mqe {0 J[O J

H A (4.2)5 45, A NA:YVO, BHETE MgO:PPLN SIS R, ATi8iE R (2.30)

231K 1y, =2.1502

SPTRT RE RIS 45 M5 R IR B B AR SR

A+ D,
2

<1 (4.3)

b 4,(1=1,2,3) W0 D, B2 BRAE RIS LB LM — Wi HE [g' lﬂ 7

.
BOCEIRIE R 2 NA:YVO, BERHERBNEME, SBEEERRER H

8 My b TEMoo BB 12 59150

54



4T EPBATEPLINOLHI AR

( & I Bl)m
T

{1_(“1)) }
2

A B T S B TE TR I P AR EOL T R R A R, T LB 22 B IR
s R RO B (R BE 42

w, =

(4.4)

a(@=w01+[lz} 4.5)

o,
Hiz BSERMEHES, HESRMME M.

RIEE 3. 14 &1, SEOCHITHEN 2 W B, Nd:YVO4 A KIHE GRS
392600 mm, RNEREHLEHSE, TUEHEMSENEIEREAARLME
HIEBEAE . I 4.2 Fias, Nd:YVO4 it TEMoo BERIGRE 422109 0.44 mm,
BRSO TEMoo BOEBEEARR 1.4 5. B 4.2 FriEEE LD 5#1#0t TEMoo
B EARDLRE R, HhBENSLRF A ENE LD REH A2
BTSSR, JeBEERLN 0.40 mm, EYEOLHBEFAM 1.17 5. H LD IR
9 14.9W B, K2 50%0 LD ThRE MRS K ERIL, EH H RS ET 30%HT,
ORI DI RN 3.16 Wo M LIREE T UE H, ZEAFRON o B0 AR AL
R S SR AR Y Gt

1.0
R E [~ Pump Beam ; = Nd:YVO, Laser
0.48 E |-~ Rb Laser | 4
: 0.8 S = Rb Laser
=
=
ey g 0.6
E 044 %
E @
~ 2 04 >
@
.E 144 146 148 150 152 154 156
= 040+ Distance from M_ (mm)
(-1 1]
&~
g
3 0.364
=]
0.32 1 Rb cell vapor RRRED
Nd:YVO, MgO:PPLN
T i T !

0 50 100 150 200 250 300 350
Distance from M (mm)

B 4.2 SRAENRATELR

Figure 4.2 The beam radius of lasers in the cavity
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Figure 4.3 Refractive of laser versus temperature of crystal
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Figure 4.4 Power of idler laser versus temperature of crystal
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Figure 4.5 The power of idler laser versus wavelength of pump laser
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Figure 4.6 Acceptance width of period versus the length of the crystal
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Figure 4.7 The ferroelectric domain structures of the MgO:PPLN crystal
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