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ABSTRACT

Extremely short (1.6 ns) highspeak-power (> “10 kW) pulses of lasers at the
eye-safe wavelength region about'd.5 umsare obtained by intracavity optical
parametric oscillators (OPOs). We demonstrated a compact efficient eye-safe OPO
pumped by a diode-pumped passively Q-switched Nd:GdV Oy, laser to produce peak
powers at 1571 nm higher than 20 kW with pulse widths of 0.7ns . On the other
hand, we overcome the instablility in the IOPO by using two-mirror structure .At
the same time, we raise the pulse energy to 1.5 times. Due to its stability, we try
to apply the two-mirror structure to tune wavelengths by temperature. As a result,
we can get the curve slope about 0.4nm/°C. By the way, using Nd:Gdo.7Y0.3VOs4
crystals may get 3 times the pulse energy by using Nd:YVO, crystals and 1.8 times

the pulse energy by using Nd:GdV O, crystals.
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B. Nd:YVO, Bl 4 P2 I+

Formula Nd:YVO,
Crystal Structure Tetragonal
Moh Hardness 4-5

Melting Point 1825°C
Thermal Conductivity 52Wcem'K®
Density 4.22 g/lcm®
Specific Heat 0.59 Jg''K™"

Thermal Expansion®
(x 10° °C™)

4.43 (along a axis)
11.4 (along c axis)

Lattice Constant? (nm)

0.712 (a axis) 0.629 (c axis)

Index of Refraction

1.97
at 1064 nm
Fluorescence Lifetime’ (us) 98
Cross Section' (cm?) 20 x:107°

Nd:GdVO, ot

A. Nd:GdVO, 5L+ Pri 1%

Nd:GdVO. FuEL A 1%

Chemical Formula

Gd.99Nd 01VO4

Dopant Concentration Nd**, at.%

1.0+/-01

Crystal Structure

Zircon tetragonal, a=b=7.212, ¢=6.350

Space Group 141/amd
PR Nd:GdVO, Bt v i3
W
500 630 850 1064 1300 1400 1550
(nm)
No 2.0488 | 2.01685 | 1.99490 | 1.98535 | 1.97889 | 1.97683 | 1.9741
Ne 2.3122 | 2.25431 | 2.21482 | 2.19813 | 2.18742 | 2.18419 | 2.1801
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Nd:GdVO, fusk _%'E’ﬁ]’ 14

Lasing Transition

4F3/2 - *111/2

Lasing Wavelength, nm 1062.9
Emission Cross Section, (E//c, at 1064 nm) cm? | 7.6x107"°
Absorption Cross Section, (E//c, at 808 nm) cm?: | 4.9x107"°
Density: 5.48g/cm’®
Mohs hardness: 46-5
Linewidth: 3 nm
Relaxation Time of Terminal Lasing Level: 100us
Absorption Coefficient, (E//c, at 808 nm) cm 74
Thermal Conductivity, W/(mxK): <110> 11.7
Density, g/lcm® 5.47
B. 7 700nm~900nm F'EFJEKJPBL[&%% o
Nd:GdVOgy
0.7
0.6 -
05 -
204 -
£0.3
0.2 | MJ
0.1 1
0.0 -

650 700 750 800 850 900 95C

wavelength(nm)

E28 e Ras N e I H % Nd:YVO, ﬁlj% ’ ﬁgﬁpfjpgll’sfﬂ?j 806.96nm - fEl

R W IR R 808.5nm -
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Z v Nd:GAVO, F'J® Nd:YVO, fkk

(emission cross section at 1064 nm)

Nd:YVO, Nd:GdVO,
Laser wavelengths 1064.3 nm 1062.9 nm
1342.0 nm ~1340 nm
Emission bandwidth
, , 0.8 nm No data
(linewidth at 1064 nm)
Effective laser cross section 192 19 =2
15.6 x 10" “cm 7.6 x10 "cm

Parallel to c-axis

Polarization Parallel to c-axis
Radiative lifetime(microseconds)
. ~ 100 us ~ 95 us
at 1% Nd doping
Pump wavelength 808.5 nm 808.4 nm
Peak b ti
eak pump a §orp ion 41 em” ~ 57 e
at 1% doping
Thermal conductivity, W/mK 5.1 11.7
Doping concentration range 0.1-3.0% 0.1-3.0%
Other possible dopants Tm;, Ho, Er Tm, Ho, Er
ﬁﬂé‘[ﬁ'[@ﬁfj%ﬁ :Nd:GdVO4 '] ¥ Nd:YVOq4
Nd:GdVO, Nd:YVO,
Crystal Structure, Space Grou Tetragonal, 141/amd Tetragonal,
Y » oP P gonal, 14 144/amd
Lattice constants, nm 0.721 0.721
0.635 0.629
Melting temperature, °C 1780 1825
Thermal expansion @25°C, 1.5 4.43
x1°°C 7.3 11.4
Specific heat @25°C, cal/mol K 32.6 24.6
dn/dT, x10°/°C 4.7 2.7
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I Nd:GdyY1,VO4

A. 7 750nm~850nm F&ﬂgiva@%% o
a-cut
Nd:deYl_xVO4
1.2
—— X=0.2
1.0 1y oo
X=0.6
0.8 1

absorption
o
(o))

0.4 1
0.2 k‘
0.0 |

760 780 800 820 840
wavelength(nm)

B. LA PRI

AT NAIYVOS 10 N:GAVO, » I L1 7 25 15 28
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3.2.2 Cr:YAG

A. 7t 800nm~1500nm FL%JE{UPBL{%%'% .

Cr:YAG-total
1.0
— T0=30%
To=40%
o —
e T0=70%
C
S 0.6
I
3
o 04
4y}

O
N

0.0 '
800 1000

1200

1400

wavelength(nm)

B. i E B

Mechanical Properties

Mohs hardness

8.5

Thermal conductivity, W x °K™" x cm™

0.12

Termo optical factor (dn/dt)

8.0 x 10 x °K’
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Spectral Properties

Operating transition 3A2 - 3T2
Absorption band, nm 900 - 1150
Emission band, nm 1340 - 1580
Dopant level, at/cm® 10" - 10"®
Damage threshold at 1064 nm, 10 ns, MW/cm? 500
Upper-level lifetime at 300°K, ms 3.6
Quantum yield at 300°K, % 12
Absorption cross section:at;1064 nm, ¢m?> 5.0x 10"
Emission cross section at 1420'nm, cm? 45x107°

3.3 PQS ¥R
* [

B 7225 PSR e At bl F238 - HORLES PRt — Sl ipodnbee - st S
FU OB Q BHIRFAVE - T BRI T S5 TIRS D P T ([l A
(To=40% - To=50% ~ To=60%! | > To=70%){i Cr-YAG Hi =8I © 7 [fil-
FESTS o ST AR To=40% » To=50% ~ To=60%! | To=70%f3L # i
il e TP ORR T > I ATES  YREE R AR -
PPoilfil= pERAVIRIE ™ BT IR A R P R ey D[Ry -
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b 3.3-4 -

55 PpR RN > FIRT AR TR

R threshold(W)| Pave. (mw) p.w. (ns) | PeakPower(kW)
70% 10 35 5.5~6.6 8
60% 13 60 4.3~4.7 15
50% 17 95 3.5~3.7 30
40% 20 120 2.7~3.0 55

bAgE > =5 PSS AE i 60%f Cr-YAG » dsigtl =t ,wf 2 SRR EE >
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peak power (kW)

Pulse width(ns)

50

—O— To=70%
To=60%
To=50%

A0 I o To-a0%
30 |-
2 |
°r M
0||||||||||||||||||||||||||
20 22 24 26 28 30 32 34 36 38
Incident pump current (A)
il 333 i FERSIRE A PO -
| M
4 -
===
2+ =O— To=70%
To=60%
To=50%
—<>—T0=40‘V0
0 | L | L | L | L | L | L | L | L |
20 22 24 26 28 30 32 34 36 38

Incident pump current (A)

B 334§ AR PO -

28
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4.2.4 15T fiel(Phase matching)
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AN R AT

1. _F'[it » TH M ﬁJEHJ % (Energy conservation)! | % &1 < 1% (Momentum
conservation)fﬁ%ﬁfﬁjyﬁ :

Energy conservation

e B ¢ I EE i
foBl E=ho » Hlo=24 =21 LT E] Ba o

Momentum conservation

on cn n n
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FliMaxwell's equation :

VxH = j+a—@=j+—a(‘9"E+®
ot Ot
Vxéz_a(ﬂom
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*l Hl ) Q3=80;(LE+Q’M,(@M)i =2d'ijkE]E,a
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dE . - ' * —i(ka—k,—k,)z
6 _ﬁ &Eli — |a)l &d ijk E}jE %€ (k3—ky—ky)
dt 2\ g, g,

dE / / -

aE R ﬂ" E % +iw, IJkEuE 5€ o)
dE, o, U Ho o

- . i ) —i(k +ko—kg)z
P —_2\/§E3j —law, ?jd ijk En EZ&e

=, 7 =AY R VR i) dE| dE
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(N (1 (1
dE,, . » EliAk =k, -k, =k
¥ _ —ia)3 &d ik Eh EIKe—Akz l: 3 1 2
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sin’ lﬂ@ﬁ
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(. IRL)
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Pl 4.2.4-2 » 25 P03 Ak=0 F s~ Uit o [fij Ak=0 » A[[RLAFIA
U Pl o fo i

= AR Pl A
Lo Z5 R A p bl e OB ~ TR p J:ﬂﬁﬂ ?’g’ﬁ”"%@ﬁiﬁ"* 0 fiel
H Husﬁgw#[ BRI £y LS et ﬁ 5 S - fLH 4.2.4-3 - ﬁ@@@?ﬁm
A o e 7(0) 1 507, 90° p 1O ZHpEG it » =5 {97 1 K i A1 7 i
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fil (type Il phase-matching ) - v[lqgﬂ 4.2.4-4 -

4.2.5 H PP AR (] E 5

FI VA 585 sl B Rt 57 2 ESBLE ot £ IRl e
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= EHL ¢ SRS KTi0PO:
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Material Properties

Crystal Structure

Orthorhombic, Space Group Pna 24

Lattice Parameters

a=12.814A, b=6.404A, c=10.616A

Melting Point ~1150°C with Partial Decomposition
Mohs Hardness ~5

Color Colorless

Density 3:03 g/cm®

Specific Heat

0.1737 cal/g°C

Thermal Conductivity

k4=2.0, K2=3.0, k3=3.3 (x102 W/cm/°C)

Absorption Loss @1.064 ¢ m

< 1%/cm

Nonlinear Optical Coefficients (x107"

miV)

d31=6.5, d32=5.0, d33=13.7, d24=7.6,

d15=6.1

Refractive Indices @ 1.064 1 m

nx=1.740, n,=1.747, n,=1.830

Refractive Indices @.532 um

nN=1.779, n,=1.790, n,=1.887

Type Phase Matching

Type Il

Phase Matching Angle @1.064 ym

24° to x in xy plane

Spectral Bandwidth

5.6 A-cm

Angular Bandwidth

15-68 mrad-cm




Temperature Bandwidth 25 °C-cm

Walk-off angle 1 mrad

e i 2 A2 L (OPO)IUIEPH » FIPFAENIAH T T fil(phase matching)jiy =
FIHATH OB (signal)l' | > IRFER (idlern)iuidi = -
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4.3.2 PPLN F.Eﬁ)’?
= &% periodically poled LiNbO3

M1 U I (QPM O LA T RABFDR] 4 250~ R (7
%?”‘FF] l’gj]?d cﬁ’[ﬁﬁ’"’r@)—_fi} ]E[fjﬁ[ ['\;f‘, T\ E‘u pg[ R
- .lﬂ&* PPLN FIQTZE\E'JJE‘JX {7“«%;\%‘5 .

S G e o) e T

¢ [IEYT RS O - 0 1084nm (535 532nm, 980nm i

AFERY 480nm, 1550nm [ﬁiﬁ%@?‘y 775nm -
. T\ [ﬁj;}jﬁ}‘ﬁﬁ@é& °

Signal: 1.35 - 2um
ldler: 2 —Sum
OPO
Pump, eg 1064nm
%Fﬂif:“ PPLN foggfEg
Transparency Range 420 - 5200 nm

Ne = 2.146, n, = 2.220 @ 1300 nm
Refractive Indices Ne = 2.156, n, = 2.322 @ 1064 nm
Ne = 2.203, n, = 2.286 @ 632.8 m

Optical Homogeneity ~5x10° /cm

no2(L) = 4.9048+0.11768/(AI? - 0.04750) -

Sellmeier Equations 0.027169 22
(n in M) ne2(L) = 4.5820+0.099169/()\*- 0.04443) -
0.021950 22
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Crystal Structure

Trigonal, space group Rz

Cell Parameters

a=0.515,¢c=13.863,Z2=6

Melting Point 1255 +/-5°
Curie Point 1140 +/-5°
Mohs Hardness 5

Density 4.64 g/cm®

Absorption Coefficient

~ 0.1%/cm @ 1064 nm

Solubility:

insoluble in H,O

Relative Dielectric Constant

eT1l1/eq: 85
eT33/eq: 29.5

Thermal Expansion Coefficients

at 25°

la, 2.0 x 10°/K @ 25°
Ic, 2.2 x 10°%/K @ 25°

Thermal Conductivity

38 W/ /m 7K @ 25°

NLO Coefficients

dss = 34.4 pm/V
d31 = d15 = 5,95 pm/V

Electro-Optic Coefficients

gT33 =32 pm/V, 9533 =31 pm/V
gT31 =10 pm/V, 9531 = 8.6 pm/V
g9’ = 6.8 pm/V, g%, = 3.4 pm/V

Half-Wave Voltage, DC
Electrical field ||z, light ™ z
Electrical field ||x or vy, light ||z

3.03 KV 4.02 KV

Damage Threshold

200 MW/cm? (10 ns)

Efficiency NLO Coefficients

der=5.7pm/V or—14.6xdss(KDP) for frequency
doubling 1300 nm;

der=5.3pm/V or—13.6xdss(KDP) for OPO pumped at
1300nm;

der=17.6pm/V or—45xdss(KDP) for

quasi-phase-matched structure;
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phase matching
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Pumping - idler + signal

As
Ap
—
—» Nonlinear crystal
_— >
Ai

B 4241 — (WS RO G DA SRR 1 - e
2~ AT (IR -

Conversion efficiency

1 : ,\

Ni

ESNER

-1 0 1
AK;
[fi4.2.4-2 3’@[“?’?}‘%@@%&1@%&&7@%&' ° ’ﬁl}’ﬁ“’i’%%%ﬁ"ﬁlﬁﬂji'%’ ElgE
I o

46



Optical
axis

Beam
propagation

Critical Phase Matching
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Type | Phase Matching
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e R N PRGN " P S R R i) R

T TR 1AW YR

A0y PulseWidth NMEPSATIIED: PeakPower
Crystal power (ns) Rate (kW)
(W) (kHz)
Nd:YVO, 1.2 1.4 62.5 >10
Nd:6dVO, 1.2 0.7 455 >20

F5.0-1 (T Rl /7 TR LR
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Coupling lens AQ E i l

sosnm 2:1 ¥ Nd:YVO: & : KIP CriVAGE
.pu F N GdVO, i OPO cavity —»
‘ Laser cavity — ¥

il 511 BB 5B Nd: YVO, ! Nd: GAVO, PP T [T /1 87 - i i

U L Q I NG $53CrYAG » 1| % T[] OPO [ i Bpes -

RN
SN

O Nd:GdVO4

—_
N

B o Nd:YVO4

N o o =
B (o2} (0] o
I I I I

Average output power at singal wavelength(W)
-
N
|

©
o

0 2 4 6 8 10 12 14 16 18

Incident pump power (W)
B 5.1-2 SR Nd: YVO, ' N GAVO, e T [filfg7s /1 #F » Fefl | 4 £ 7 1573nm ']

15700 P4 St e e g -
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O Nd:GdVO4
60F ¢ Nd:Yvos

(&)
o
|

repetition rate (kHZ)
N
o
|

30 |-

20 |-

10

o b
2 4 6 8 10 12 14 16

Incident pump power (W)

[/ 5.1-3 SSHIIH] N: YVO, | % Nd: GAVO, ofe il /7 ¥F » il %7 1573nm I'| %

1574nm 4 O AT Hk e ekl

25
O Nd:GdVOy
O]

20F o Ndyvoy
=
S
>
© 15
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c
()
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L 10
>
a

5_

ot o )]

2 4 6 8 10 12 14 16

Incident pump power (W)

q‘?ﬁ' 5.1-4 ST |0 ] Nd: YVO, I'J = Nd: GAVO, & T+ fﬁJfﬁﬁﬁ B Bl E 7 1573nm ']

1571nm ¥ TR RIS DA R
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Nd:YVO4

)

A 1.66ns

o i At WWMWM

[ 505 j0"'] Nd: YVOq HHTAS f1 0T FF AR S0k 1) 0GB o i) » P s

Tl [T 10W BREIVIHEY Qﬁ‘f{fj °

Nd:GdVO4

[ 5.1-6 j1"'] Nd: GdVO, iﬁ'}’fﬁﬁ FERT > BB S A ) L POt R o PR

Tl T 10W BRIVIHEY Qﬁ‘f{fj °
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Trigger  Display © s N e Math A Utilities  Help

Measure P1wwicth(C4) P3wicth( C2)
value T ps 11.819ns

status

3 cle

[ 5.17 %] Na: GAVO, it + T8 ETREIIMAREIY Wik e « Sy
= P o

S LW FEVHORE - O e
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* [iifil
I A 2 U E HIRIEEORERE s ZR0055 g o P - HRL

SR 1 1064nm > P FOPERT S b 1064nm PR 1 15730m F
% SPIRL B KTP 94 1573nm i 1L 3 K S v 8607 e b R
PR B iy KTP S il H 5 el sl o F0RLIER)S o S IR
RS S R PRI £ 7 o PR P TR R S R
FEE[E A UPEERL ¢ SR R B AR ey ﬁ@*i%ra@ﬁi] 7
P2 S B JARIOTEIGH < HORL 25 PR S Lo i - RL Y
A

CERR T RSB R 2 e AR iﬂjE'Jﬁ’?Fé'H#a i/ (shared )
[ (two-mirror ) » ZV {1 pipogfiay Eisog ( three-mirror ) = £ ket 24 -
FIP = EUB AR s i o 1 e el e }ﬁfﬁ PEP AR LN B g -

Y (PUR AT Rl R [ A RIEOSE S EOp > ] 7 A 2 PRI ARt
IFJ <RI J%ﬂr ifiFrJ,JT;ﬁE?J‘ﬁ[',%%_l— 1573nm '] %> 1064nm ﬁ,' FHC {0
M T A oA i St R T A 2 B e i
FEEVEURE o

b [ R o =5 [P 1 Nd:GAV Oy fiufiach=hfe =gkl - 1) ™ k)]
Nd:GdVO, £ I %5 /1 7T q"‘ﬁ‘]‘ﬂm fjl = Re7e 7 g (two-mirror & three-mirror )
[ PR

FEIHORRY TR > 25 IR B E e Aot o (A DR Ry P 2 RS
WA pRRElE -

PR g TR » 5 PR R S e R R o B Q R
Nd:GdVO/KTP/Cr* :YAG ' [* | S By =i 38 * FLl = S5t 55 o :'Ejr,-rulm &
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[T O R 2 o PRGN SRS ] two-mirror > BETRT 5
i o[ three-mirror > [ELRLE b+ % §E1481 (mode-locking) izl 44 - Bl | i fif
SpE 2 I EEL three-mirror ﬁlﬁﬁ”f o (NI ffiH] two-mirror ’éﬁfr% ’ Elféﬂﬁﬁ%ﬁif%f
WAt | e (F! illF= i =15 r’FE‘lE R ff = > T ST Y
SR SIS ] O

® [¥WRHA]

JUAE 5.1 PSS o T 5.2 FH PP I RIFVE ST o KTP o e i P b 52
BRI R« 0T 5 wﬁﬁ%ﬁaﬁwﬁﬁc Nd: GdV Oy il

Fre s SRR T RO Ul (three-miirror ) » D1 5.2-1 < Z5 UK
B A 1k 5 2% 53 PPN » i SR AR I SO g
808nm i~ HFH(R<0.2%) » pi— JIPIEE -F 808nm =y ' I (T>95%) | > 5
1064nm ']+ 1573nm <9 FPIR(R>99.8%) < OPO M = ol #4741y KTP ~
I g CrYAG (i RRE - SLBRIS, - HIIII 5.1 - PR SR
kL 59mm > OPO MEFES % A5 25mm i {%zl}'lﬂﬁiiﬁruyw? S
FRAVIERR T » T SRR TR TR S OB - 2 BRI
et B R S

bl FEREE 5P ELR = EURl (shared ) fo'E (two-mirror ) > J[1f1 5.2-2 -
1 [ﬁ L W H S KTP [ﬁj Tt two-mirror [*|FF{RIH Y KTP £ 20mm = [ﬁj
BRI x I(0=90" > o =0)[Y57= FIZ]2H i AR U [l > Pilpe e s
e SRS R = Bl ~ PN IREPL D I R g o T KTP
IRl - 1573nm 1'% 1064nm = fuffes P - PAIF= > & two-mirror 5
™ OPO = RIEETSAPYIIFSE - 1)h #E CrivYAG Ly - 77l )
OPO M- PRLER S = Frfih " o BRIV ) % OPO =4, *wéfﬂ
%L59mm -
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o [¥Ri]

Q%\I 5.2-3 &> STl ™' two-mirror I') % three-mirror {72 T+ [l PR > vl
P 7 1571nm = ot S ﬁJEKEIfJF—J,}%l’%Eq%[ ° T iy s 15W
AR5 o R 125 M0 =St o iRl three-mirror pUZpes » [* B £ B
s L2W > i [t two-mirror 4 - ﬁHF,J"‘Z’rE:U A4 0.7W pufiarcl’ o FEE5%
= AiypRi ek E] OPO @A P S g [ £ 8% 4.7% - 4}
= U BrEEk (1064nm)! 79?*%‘7&'(1571nm)ﬁ@’ﬁ@?3@!?7’% R H PR
A RFPRATN LeCroy 9326 Byt = P 5 (500MHz A7) e mel e 1 7% (2 feefi]
[P S A9 £10%

[ 5.2-3 1| [l 5.2-4 o FHEL (157 1nm) R EL PO LR IR EF B
S ﬁﬁFEJTJI%{:W o PR el Wi b sy Doy pozhsk o ey
T orliEkgs 12W Ei] > HEHIR T ERA o ST =] three-mirror '] % two-mirror
G EL A PO BRI {59 50, 46KHZ T W 7KKz b3~ - ffl 7 three-mirror
A o BRI R R [y T LIW R PR
A&l '“Afl_:ﬂgﬁﬂ:l I B B YA SR AT AL P R Q TJII;{FFLJ[{*I_
B (B Y 97 i) > two-mirror S HREREE! IR
iy * b Al SR BRAITLGE e P T 2 T AR [Ry7E 7 [l A4 three-mirror
I'}7 two-mirror > FHif! IP fasL > GEIFL TR T [l H sk 7 %o (i
[p' 5.2-5 > [l fay * sk 15W o it R M) two-mirror ZEE YT EFERI (33 1))
w (iR ] three-mirror SV A T EH- &1 (22 1) -

PR SRV A T A AR ERL T - [ 5.2-6 - fji"] two-mirror
HUE OB (> EITESROE A9 E 2.19ns o EUITETRER T = 16KW 5 i
] three-mirror ﬁ%ﬁﬂﬁﬁ?j 5 » EIREHR LI )] = 600~700ns » H REETERI

[T = 20kW I -

® SRS )Y T
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=5 U] two-mirror 7 - 3 Rl O ETE
FLRLAEISEFISARR » 85 I SEfoly o (18025 PTREE (SO k) » HERLSS
(P2 PR PR [ P e AT e =l R B T ey B PR 2
il FPR{IRfoae b= o AR S PR sk o 55 LR 6.2-7 « 7]
H fitting of B P il sk no R 19.4kW o B ERFTH Y 16KW R ‘ﬁ? two-mirror

AFL)?}F[ SR S P IR %@ﬁj} j:EAEI e

2RIV L qg[n%my;

® [l

(T2 = Ay PR B Q Fﬁjl%}% Nd:GdVOL/KTP/Cr*" : YAG [ |k 22 flr=
WA NP = e SR T AR F
e b N e N R U ey H il B0 P Q JF—%%

KR T [ FI Jq@ﬁr‘ﬁﬂjﬁﬁ o Fl q@fg‘rﬁ Sl fi [;E:l

Nd:GdVOL/KTP/Cr*" :YAG [ |- w%ﬁ%ﬁ# Ll = Fgt A

(P o7 T A T IJF” i @?ﬁiﬁrgﬁm;ﬂﬂ Qi TJ Nd $7s f %
B Pl Rl B E‘I«H 54? ’ l'éﬁ['u"“%«‘ -
B S R 15W O |

cavity cgg:ypef PulseWidth | Repetition Rate PeakPower

W) (ns) (kHz) (kW)
Three-mirror 1.2 0.7 45.5 20
Two-mirror 0.7 2.16 20 16

8 -mi 1% R
%EJif“two mirror @%ﬁ_

Lt (S

#52-1 i1 [ﬂ p JﬁzL?g;ﬁ% HHLA g‘,?w ST Jﬁijﬁﬁwfz

F two-mirror PuPEER - R LA 887 2 S Fgfg[?g_r—%%g;g% W Esjﬁq K 5t
o FEEI S o PR ST K S (optical damage) i )
R R R O -
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2 ST BRS¢
P two-mirror o SRSPIEIIES A SR R PRI R PR = o PSS

P T 2 S e R RS F A AL R AV E A (overlap) !L RN ?ﬁj@’&%&i

1% PRI F R P o O R R L S R R S S L

[PV AREE T o H YR -

3%5[15” two-mirror fUE & SEEFVRE

Gain medium ’ I KTP ’ J
CriYAG

1 Gain medium ’ KTP ’ J
CriYAG

4 b
[ [
Three-mirror >coupled cavity Two-mirror >shared cavity
fol i 2 ALY [ - P three-mirror {4V h =, - H | 12k [ i) (free space
. cC ¢C C . .
= LAY =~ =2 PSR TS EL R R BLEY  Bl— R
range RGO 5 5 1o ﬁ%ﬂiﬁlﬁu JALT B 5 P

FEPFE two-mirror [ F o EE TR [Eﬂ(free space-range) | lgaz*xﬂjﬁi— ; FJSFIQF& 2

_”Hll

754 mode-locking fiUZp 53
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Coupling lens ’Q Ii i i l

gosnm 2:1 = Nd:GdVO t kTP Cr: YAG
.V '4— OPO cavity —»-
‘ Laser cavity ~ 6cm —”

ﬁ?;ﬂ 5.2-1 three-mirror Eﬁ’&?#ﬁ%@' » U= 55 1571nm = HR/HR S50 KTP » F%j‘FEF%: ﬁ;’ﬁg%

S Bt Q F'ﬂ?fg Nd:GdVO,/Cr:YAG - I'| & % E[*] OPO pfjwrﬁg%_«'&?ﬁ% o

Coupling lens

- ................. . i ,
gosnm 2:1 —¥  Nd:GdVO KTP Cr: YAG

F *—3) Laser & OPO cavity ~ 6cm —"

ﬁ?;ﬂ 5.2-2 two-mirror Ef & #l)fﬁ@' @ 2 J%l-aaf 1571nm W= AR/AR FEP KTP #Tu_ @?EE i

SR BLE= Q B FTJ Nd.GdVO4/Cr.YAG @ 4 ’3[1[ OPO | uﬁ[rﬁq{ Bk -

1.4
o two-mirror

1.2 O  three-mirror o
1.0
0.8 -
0.6 -

04 |-

0.2 |-

Average output power at singal wavelength (W)

0.0

2 4 6 8 10 12 14 16 18 20
Incident pump power (W)

Q%ﬂ' 5.2-3 53 f[Ifft®'] two-mirror I'| % three-mirror 7Ei - {ﬁJﬁ%“’FE} s Bt 27 157 1nm L= ot 15

JapH g AR
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[8)]
o

® two-mirror
O  three-mirror

Repetition rate (kHz)
N w B
o o o
T T

BN
o
|

O||||||||||||||||||||||||||

2 4 6 8 10 12 14 16 18 20
Incident pump power (W)

qz\' 5.2-4 55|l ™ | two-mirror I'] > three-mirror [y {ﬁJ’Eﬁ’ﬁE} Fe{t 8 £ 7 1573nm '] % 1571nm

R POREE IR T O S

40 -
O  two-mirror o)

O  three-mirror

30 -

25

20

Pulse energy (unJ)

15

2 4 6 8 10 12 14 16 18 20
Incident pump power (W)

qz\' 5.2-5  S[Iff = | two-mirror '] > three-mirror & 7 [ﬁJEin#’FE} » Bl E] 7 1571nm o

et SO -
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(@)Three-mirror

----- 1064nm—f

(b)Two-mirror

£y

- 1064nm - 4.33ns

- e T i e

1573nm {ﬂ
T ﬂm“ﬁ 2.19ns P
VWWWWVJ mnwwz

[j' 5.2-6 ™) Nd: GAVO, Hitgjst /7 BT i B A M A el ) - i KL g

WMNVMWAUM

i A LW VO] -
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2-10

A “ ) » Peak power is about 19.4kW

1.87-10

1.73-10

1.6-10

1.33-10

1.2-10

4
4
4
4
1.47-10* I \ A
4
4
4

1.07-10

RPP

8000

— 9333.33 /
AW
|

6666.67 \

5333.33 | | k \ A
V V

4000

2666.67 \/\

1333.33 \/ \\/

. ™~

0 0.8 1.6 2.4 32 4 4.8 5.6 6.4 7.2

[ 5.2-7 F[" i fittiig

SERSEIS R g o o
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53 p I%“LE,,H

e

Py Z5{PE -k S22l (OPO) Py i flr - £ OPO fulERGAvAE »y
ST HRLE R IR~ 2R R 5 ORI > 25 PR R
AP 2 R R P R B 57 OPO IR - J1i
R If'ﬁﬁiﬁﬁﬁgﬁ PEPRARAG AR > (R R b IR - p 2
B P R o 2RISR Bl ek TR H
E PRI A 2T me o S RS E O - Rl

b R SR TR & S| AR E - A 2
ﬁﬁﬁf»’ﬁ*@%’ SR ORISR, > RUUE 5 (e,

[115.2 ST R T 5 (P twoamirror RIS ERAR L Tt

B RS (DR A 2 ™ 2 RS R R | 5 A R R A 9t o ST
[rRTIERRARE, o bl TR PSR R T ﬁg[@fﬁgj SO >
BRI (1 2 iy o RV, okt -

[l
Frot s SHITRH PPLN - p Rl ot 08 | [REE R A O I - [ prfafe
FAIE[ A AUT il (phase matching) - ﬁﬁ' J/%E”UI Pk (signal) I') k'ﬁf it"“ﬂ
Cidler) [yl £ SIREE) S A PPLN S - e i @ O e (tunable
laser) - FfEee b F[MEMA IS - TR ER PO o iR
B OPO fi Jjwﬁ EI " PPLN 5% - 1573nm ) ™~ S50 = 1064nm @) 457
Lo PPLN S gl SO o 5 e BRI © 2% S g sy o
T;’jﬁa?/ﬂ %TFJ%’(optical damage) FL‘ pLE TG -
L > Z el 5 | (two-mirror) o » s fit-PPLN Elfiiﬁl@%}ﬁ”i@r%ﬁf@ﬁ? > P50
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A8 18 PPLN RSSO (IR~ i (Sl s g
HYRA ST <R PPLN £ Fpy - Bﬂ%ﬁﬁw SRR R [ PR
b ZHIT Rl R R A

b= T SRR = A8 [T /7T © Nd:YVO, ~ Nd:GdVO, ')
Nd:Gdo.Y0.3VOas =153 BIFT G » = 78 T [T /7 BT e Pl e o S il s -
s PR -

o [HRRZPE]
AR 5.2 [l o 1) ES PR 7 | two-mirror IO < 7 5.3 25 PR HA T
e l‘:?ﬁt["_iﬁgﬁﬁ%? el A S R BRI AN P R
5"k = £k (shared) [V (two-mirror) » J[1fi! 5.3-1 « 7% two-mirror
[*[FFef M If PPLN £ 20mm = > S5 A =29.60¢m » HRypiFlF# > 3 1064nm
1"} 1573nm [opies S F5-PRLN etk J[m}g‘ o TR > B
fill PPLN FiO35 % o PjF= 5 twosmirrOoradie 0PO TR B ST
b%@wo“wmﬁ A CREL . OPOUM Y B4R = Fidi o - I
PRAVESPIERILT ) OPO TR R HRL 59mm - S b f AP
i FEFLE RIS S » TRV R IS O L 2
?[IPBL[SFFEJ—}LJH,, (ﬁ ,ZUIE} FJIII*F[\JjL e J °
Pl= P 25 R[OS A T R ST £ 0.25%Nd > 7-mm
~fiva -“’ﬁéu Nd: YVO, ; [Filf5455% 0.25%Nd*" > 8-mm <[ a —“”J:k,‘u Nd: GAVO, ; I'|
K57 0.27%Nd> » 8mm =Y a =) il Nd:Gdo7Y0.5VO4 » 119 Gd == Y L= )]
£5 0.7:0.3 - [P ZE B LRIV RER T 09% E 1064nm =5 1H(R<0. 2%) - =

0 = FE T [l /1T B PO R

® [ﬂ%ﬁj}ﬁ]
P g | Fpur:c@& Al DA [ﬁj]’[ﬁ'%%ﬂ\ PPLN ¥ Sellmeier equation - # ™
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o FSIUR 10 R TR Sellmeier equation < 24 (Fly o i it =it -
1 piks
WT1 Y {14617 U i (Phase matching) -

YREEIA 5 W RS

1 1 1
— +—

A, A A mE
N, n, n 1

AP S ﬂ’i

A > Ay Ay 5T I ERRELA (pump) ~ FEAEA (signal) | IHIEA (idlenfupk = > ny

N, 3 BIERREE (pump) ~ FHBESK (signal)!"| i FITRA (idler) T Taf=f » A 1S
PPLN [lofi st g -
F PR PPLN fi9 Sellmerier equation “# e ¥ »

a, +b, f a,.+b, f
n=a, +b f+—= 2 M AP L ()
2 —(a, +byf)? 2% a.?

f = (T-245°)(T +57082)

IR

158 al :=5.35583
158 a2 :=0.100473
157 a3:=0.20692
a4:=100
P 1.56 a5:=11.34927
=~ _2
= a6:=1.5334. 10
3 1.55 _
= bl:=4.629-10 '
154 b2:=3.862- 10 °
b3:=—-0.89- 10 °
1.53
ba :=2.657- 10 °
1.52
15230 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 A =29.76
30 180, —1.064
) o

Sellmerier equation 57 : 0.36nm/c -

2. pl- % i » PPLN ¥ Sellmerier equation i »
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2 _ a2+b1f _ 2 =t 1 J
n —al+m+b3f a4/1 ®) 'l:l {%Ji[[[_y\ F[\]IFME{‘J o

f =(T —24.5°)(T +570.5)

1.581'58
1.57 //
W // al:=4.5802
=Z 156
= /’ a2:=0.09921
5
2 . a3 :=0.2109
Ve a4 :=0.02194
- _
153 g bl:=5.2716- 10 °
~ b2:=-4.9143. 10 °
1.52 _7
b3:=2.2971- 10
//
151 51 Ap :=1.064
30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
30 V() 180 A :=29.75
Sellmerier equation 77 : O.45nm/°c o

PS.TF{fi ™ [fiv PPLN APl N=29. 6;4 m ’E’?Hﬁ;}%& Pefuff A=29.75um
g? » L REIROSE B s F IEAE*%* ”l’?@h’ﬁ JljﬁFT;’j I R
o [HEEHN] a—

B 5.3-2 2 14 5T I 75°%c~110%~145% I} % 180% > F{ [l 49 £ 7 1571nm
P P D ri@ﬁﬁfir—éj%f%qa' o Ty Il 15W R o i 75% -
110% ~ 145% '] % 180% = Yt s 53l 0.64 W~ 0.84 W~ 0.84 W~
0.75W - fE-30ef = iy * P2 OPO FAk e ok g et il 174 45
4.3% - 5.6% ~ 5.6%)| » 5% » [i'I'| fZH T 110~145% o B o i I
A o Bl T S (L0BAnm) ! | L OTRELITAE £ > i
OIETETA = RIS 1 LeCroy 9326 Kt = 1 B (S00MHz AT ) fesviée » ¥ i
TIPSR £10%

[fi! 5.3-3 ') M [l 5.3-4 Ffire o GHBEA YR Y £ R SR ) e T R B S8
$Fm%%|’ﬂﬁi o PR Pl IR bR Ty Tk [ e e
12W > T HEER i = A e Tl 75% ~ 110°% ~ 145% I'} = 180° » I FiHd
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SAVEEA Tl {5455 35.7kHz ~ 35.7kHz ~ 41.7kHz '] = 41.7kHz = 3~ H1 >
110% -~ 145% I’} % 180°% — F'ﬁji["‘,ﬁlﬂq)ﬁf?fﬁgmé D b TE NI = e e
{5 LIW ~ 1IW '] 13W R - %@rﬁr‘F“E A ERA > BBV ST
235113~ 2003 I} 20 20 » VRET= B PORRAITR QU] AL OB Q BRI
FrevEd =) (iR A ey 55 it o 75° » EUPRIEC B IR
o A SRR G o F P 5.3-5 0 T P AT R 75% ~ 110°% - 145°%
1% 180% » E R s (RS ED 13.3KW ~ 12kW ~ 11KW '] 11kW o = sl
SRR AT e L PR ERLY > IR 5.3-7 ~ [ 5.3-8 - fjli™] two-mirror SlE
[ i » EYREI% GG 1.8~1.9ns < [filF5LRL two-mirror 45 - 25 PRI HH ]
mode- Iock(i/[lqﬁaﬂ' 5.3-8)I'] ¥ ZEmode- Iock(i/[lqgﬂ 5.3-7)pv ?ﬂ% Eﬁ%ﬁ » two-mirror
s o % ,Fqgﬁmfﬁ by 2V i mode-lock [If17 » 11" " PPLN [F st
T I'F'W'F}HEEIEJH% 1ZEmode=lock EJI?‘JI//{ i % o
b= T 25 YR P AR R S R IR P - R
AT 5.3-6 » TEb 15-30°c~180"C + A 10°C felER- A BT e HLR R0 A
[/ 75-1520nm~1580nm » 5% 0.4nm/%¢:e. iy =S |Fﬂiﬁ * Sellmeier equation <51 > v
PR bl 0.36nm e o B FIAEE T % o [N RS - 7 PR
Fefeb i 7 Opt.Lett pofliast s Rrom— HRUzid o 25 e Ry Bas iy IFE'FF]U’}T’?
] > FESR{ [ AY Sellmeier equation |é1?¢lf§a‘@ e fi— B = J%ﬂm
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Diode-pumped passively @-switched picosecond
Nd:GD.Y,-.VO; self-stimulated Raman laser

Y. F. Chen, M. L. Ku, L. Y. Tsai, and Y. C. Chen

Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan

Received April 16, 2004

An efficiency of 8.2% is demonstrated for a diode-pumped passively @-switched self-stimulated Raman laser

with an a-cut mixed vanadate crystal, Nd:GdygY,2VOy,.

At 2.2 W of incident pump power, the self-stimulated

Raman laser produces pulses as short as 660 ps at a Stokes wavelength of 1175 nm with 2.7 ud of energy

per pulse at a 66-kHz repetition rate.
OCIS codes: 140.3480, 140.3550.

Although stimulated Raman scattering (SRS) in
crystalline media has been proposed for more than
40 years,! the study of all-solid-state Raman lasers
has undergone something of a renaissance in recent
years owing to the discovery and development of new
Raman crystals.?-” Currently, the commonly used
crystals for SRS are Ba(NOs)s,® LilOs,? KGd(WOy4)s,°
and PbWO,.!! Kaminskii et al.'? recently proposed
yttrium orthovanadate (YVO,) and gadolinium ortho-
vanadate (GdVO,) crystals as promising candidates
for efficient SRS. Combinations of their stimulated-
emission and SRS properties make Nd-doped YVO,
and GdVOy crystals attractive self-SRS laser media.

More recently, a compact diode-pumped passively
Q-switched self-stimulated Raman laser was success-
fully demonstrated by use of a Cr**:YAG saturable
absorber with a c-cut Nd:YVOy4 or a c-cut Nd:GdVO4
crystal as the gain medium.!®* Experimental re-
sults revealed that conventional a-cut Nd:YVO, and
Nd:GdVO, crystals do not result in successful SRS
because their large emission cross sections signifi-
cantly limit energy storage capacities in passive
Q-switching operation. However, the thermal lens
power in c-cut Nd-doped vanadate crystals is ap-
proximately three times larger than that in a-cut
crystals because the thermo-optic coefficients dn/dT
and thermal expansion coefficients of the former
are strongly dependent on orientation of the crystal
axes. In other words, c-cut vanadate crystals are
not appropriate for power scaling.!® To solve this
problem, a new Nd-doped mixed vanadate crystal,
Nd:Gd,Y;-,VO,, was demonstrated by Liu et al. in
2003.1¢Y" The passive @-switching performance
based on Nd:Gd,Y;-,VO, crystal was found to be
substantially superior to that with either Nd:YVO,
or Nd:GdVOy, crystal. The significant improvement
reveals the possibility that an a-cut Nd:Gd, Y;-,VOy4
crystal can be used as a self-SRS active medium in a
passive @-switching operation.

In this Letter we report, for the first time to our
knowledge, an efficient picosecond diode-pumped pas-
sively @-switched self-stimulated Raman laser based
on an a-cut Nd:Gd,Y;-,VO4 crystal. At an incident
pump power of 2.2 W, an average output power of
180 mW was obtained from a Nd:GdygYo2VO,4 crystal
at a Stokes wavelength of 1175 nm with a pulse repe-
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tition rate of 66 kHz. The pulse width was generally
shorter than 800 ps; consequently the maximum peak
power was greater than 3.4 kW.

The experimental configuration for the diode-
pumped passively @-switched Nd:Gd,Y;-,VO4/
Cr**:YAG laser with self-frequency Raman conversion
is depicted in Fig. 1. The cavity mirrors have special
dichromatic coatings for efficient conversion at the
first Stokes component. The active medium was a
1.0-at.% Nd3*", 6-mm-long Nd:Gd,Y; VO, crystal.
Both sides of the laser crystal were coated for antire-
flection at 1064 nm (R < 0.2%). The pump source
was a 2.5-W 808-nm fiber-coupled laser diode with a
core diameter of 200 um and a numerical aperture
of 0.16. A focusing lens with 16.5-mm focal length
and 90% coupling efficiency was used to reimage
the pump beam into the laser crystal. The pump
spot radius was ~100 um. The input mirror was a
15-mm radius-of-curvature concave mirror with an-
tireflection coating at the diode wavelength on the
entrance face (R < 0.2%), a high-reflection coating
at the lasing wavelength (R > 99.8%), and a high-
transmission coating at the diode wavelength on the
other surface (T' > 90%). The Cr**:YAG crystal had
a thickness of 2 mm, with 70% initial transmission at
1064 nm. Both sides of the Cr*":YAG crystal were
antireflection coated at the fundamental wavelength
(R <0.2%). The flat output coupler had reflectivities
R >99.8% at 1064 nm and R = 55% at 1175 nm. The
overall laser cavity length was approximately 10 mm.

D
Laser diode
Focusing
lens Nd:Gd, Y, VO,
— ) Raman laser output
V)
Cr*:YAG

HR@1064~1175 nm (R>99.8%)
HT@808 nm (T>90%)

Fig. 1. Schematic of a diode-pumped passively @ -switched
self-stimulated Raman laser: HR, highly reflective; HT,
highly transmissive; PR, partly transmissive.

HR@1064 nm (R>99.8%)
PR@1175 nm (R=55%)

© 2004 Optical Society of America
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Spectral information on the laser was monitored by an
optical spectrum analyzer (Advantest Q8381A). The
spectrum analyzer, which employs a diffraction lattice
monochromator, can be used for high-speed measure-
ment of pulse light with a resolution of 0.1 nm. The
pulse temporal behavior was recorded by a LeCroy
digital oscilloscope (Wavepro 7100, 10 Gsamples/s,
1-GHz bandwidth) with a fast p—i—n photodiode.

A series of Nd:Gd,Y;_,VO, crystals with several
Gd compositions of x = 0,0.2,0.4,0.6,0.8,1.0 were
used in an experiment to investigate the qualifica-
tions for intracavity Raman conversion. First the
cw performance of Nd:Gd,Y;-,VO,; crystals was
investigated by use of an output coupler with reflec-
tivity R = 80%. The difference in cw efficiency was
found to be within =5%. Figure 2 shows the ratio
o/ayvo, as a function of Gd composition x, where o
and oyvo, are the stimulated-emission cross sections
of Nd:Gd,Y;-,VO4 and Nd:YVO,, respectively. The
solid curve is a least-squares fit to the experimental
data by use of a polynomial function. It can be
seen that there is a minimum stimulated-emission
cross section somewhere in the range x = 0.6—0.8.
In an intracavity SRS experiment, however, only
Nd:GdpgY2VOs and Nd:GdogYp4VOs crystals were
found to result in self-stimulated Raman conversion;
no Raman conversion was observed in the other mixed
vanadate crystals (x = 0,0.2,0.4,1.0). Even though
the Stokes shift decreased from 882 to 890 cm ™! when
Gd composition x increased from 0 to 1.0, this small
variation did not have a noticeable influence on SRS
results. The variation of o with composition factor
x, however, is believed not to be related to the crystal
lattice constants because x-ray diffraction results'®
have revealed that the lattice constants are linear
with Gd composition x. As discussed in Ref. 16, the
bowing effect of o in the Nd:Gd,Y;-,VO, crystals
almost certainly comes from a modification of the
local crystal-field environment. As the reduction of
stimulated-emission cross section can efficiently
enhance passive @-switching performance,’®?° the
superiority of Nd:GdygYp2VO, and Nd:GdggYo4VOy
crystals for intracavity SRS comes mainly from the
improvement of the energy storage capacity.

Figure 3 shows the average output power at a
Stokes wavelength of 1175 nm with respect to the
incident pump power from the laser diode. At 2.2 W
of incident pump power, the maximum average output
power reached 180 and 110 mW for Nd:GdgY(2VO,
and Nd:GdogY04VOs crystals, respectively. The
conversion efficiency from diode laser input power to
Raman output power was approximately 8.2% and
5% for Nd:GdgsYy.2VO4 and Nd:Gd Y04 VO, crystals,
respectively. The present conversion efficiency is
considerably higher than the ~0.7% obtained with
Nd:KGd(WO,), crystal.’®

Figure 4 depicts the pulse-repetition rate versus
the incident pump power for both self-stimulated
Raman lasers. It can be seen that increasing the
pump power increases the pulse repetition rate. The
maximum repetition rate was as much as 66 and
38 kHz for Nd:GdogYo2VOs and Nd:GdygYo4VOy4
crystals, respectively. Figure 5 illustrates the pulse
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energy versus the incident pump power for both self-
stimulated Raman lasers. As the stimulated-emission
cross section of Nd:GdygYo2VO, crystal is somewhat
larger than that of Nd:GdY(4VO, crystal, the SRS
pulse energy produced by use of Nd:GdgY(4VO,

0,

09 B
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0.6 A 4

0.5 1

Stimulated emission cross section ratio G/G.

0.4 L Il 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Gd-composition x

Fig. 2. Ratio o/oyvo, as a function of Gd composition:
experimental results from Ref. 16 (open squares) and the
present study (open triangles); a least-squares fit to experi-
mental data by use of a polynomial function (solid curve).
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Fig. 6. Typical oscilloscope traces for fundamental and
Raman pulses.

crystal is slightly lower than that by Nd:Gdg¢Y(.4VO4
crystal. Even so, Nd:GdygY(4VO4 crystal is superior
to Nd:GdyY(4VO, crystal in overall Raman conver-
sion efficiency, as shown in Fig. 3.

Typical time traces for the fundamental and Raman
pulses are shown in Fig. 6. The width of the Raman
pulse was found to be nearly the same for both lasers
and to be insensitive to the pump power; its value
was approximately 600—800 ps. As a result, the
maximum peak power was generally greater than
3.4 kW.

A picosecond diode-pumped passively @-switched
self-SRS laser has been efficiently demonstrated by
use of Nd:Gd,Y;-,VO, crystals with x = 0.6 and
x = 0.8. With an a-cut Nd:GdygY(2VO, crystal the
conversion efficiency for the average power is 8.2%
from pump diode input to self-Raman output, and the
slope efficiency is as much as 15%. Consequently the
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average output power can amount to 180 mW with a
pulse repetition rate of 66 kHz and a peak power of
>3.4 kW at an incident pump power of 2.2 W. These
results provide the incentive for scaling a self-SRS
laser by use of a Nd:Gdy7Yo3VO, crystal with low
Nd-dopant concentration.

The authors thank the National Science Council for
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NSC-92-2112-M-009-013. Y. F. Chen’s e-mail address
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ABSTRACT An efficient diode-pumped passively Q-switched
Nd:GdVOy/Cr**:YAG laser was employed to generate a high-
repetition-rate, high-peak-power eye-safe laser beam with an
intracavity optical parametric oscillator (OPO) based on a KTP
crystal. The conversion efficiency for the average power is 8.3%
from pump diode input to OPO signal output and the slope effi-
ciency is up to 10%. At an incident pump power of 14.5 W, the
compact intracavity OPO cavity, operating at 46 kHz, produces
average powers at 1571 nm up to 1.2 W with a pulse width as
short as 700 ps.

PACS 42.60.Gd; 42.65.Yj; 42.55.X

1 Introduction

Recently, neodymium-doped gadolinium ortho-
vanadate (Nd:GdVOy,) has proved to be an excellent gain
medium due to its high absorption coefficient and large ther-
mal conductivity [1-4]. Up to now, the output wavelengths of
the researches involving Nd:GdVOy crystals were mostly fo-
cused on 1.06, 1.34, 0.53, and 0.67 um [5-9]. One area that
demands particular attention is the so-called eye-safe region
of the spectrum near 1.5—1.6 wm. Extremely short (< 1 ns)
high-peak-power (> 10 kW) pulses of lasers at the eye-safe
wavelength region are practically valuable for applications
such as telemetry and range finders. One approach for high-
peak-power eye-safe laser sources is based on intracavity op-
tical parametric oscillators (OPOs) [10]. The advent of high-
damage-threshold nonlinear crystals and diode-pumped Nd-
doped lasers has led to a renaissance of interest in intracavity
OPOs [11-13]. Recently, we demonstrated a compact effi-
cient eye-safe OPO pumped by a diode-pumped passively Q-
switched Nd:YVOy laser to produce peak powers at 1573 nm
higher than 1 kW with pulse widths of 2.5 ns [14]. Compared
with Nd:YVOy lasers, all the experimental results to date have
revealed that Nd:GdVO;, crystals may be potentially more
competent than Nd:YVOy crystals in diode-pumped solid-
state lasers. Even so, diode-pumped Nd:GdVOy, lasers have
never been used to pump intracavity OPOs for generation of
an eye-safe laser beam.

B Fax: +886-35-729134, E-mail: yfchen@cc.nctu.edu.tw

In this work we report, for the first time to our know-
ledge, the generation of a laser beam from an efficient sub-
nanosecond intracavity OPO based on a diode-pumped pas-
sively Q-switched Nd:GdVOy, laser. With an incident pump
power of 14.5 W, the compact intracavity OPO cavity, oper-
ating at 46 kHz, produces average powers at 1571 nm up to
1.2 W with pulse widths shorter than 700 ps and peak powers
higher than 20 kW.

2 Experimental setup

A schematic of the passively Q-switched intracav-
ity OPO laser is shown in Fig. 1. Here a saturable absorber
Cr**:YAG crystal is coated as an output coupler of the OPO
cavity and a nearly hemispherical cavity is used to enhance
the performance of passive Q-switching. The OPO cavity was
formed by a coated KTP crystal and a coated Cr**:YAG crys-
tal. The 20-mm-long KTP crystal was used in type II noncrit-
ical phase-matching configuration along the x axis (6 = 90°
and ¢ = 0°) to have both a maximum effective nonlinear co-
efficient and no walk-off between the pump, signal, and idler
beams. The KTP crystal was coated to have high reflectivity
at the signal wavelength of 1571 nm (R > 99.8%) and high
transmission at the pump wavelength of 1063 nm (7> 95%).
The other face of the KTP crystal was antireflection coated
at 1571 nm and 1063 nm. The Cr**:YAG crystal has a thick-

Laser diode

Focusing Mirror

lens CrYAG

Nd: GdVO KTP
Eye-safe laser

HR@1063 nm (R>99.8%)
PR@1571 nm (R=80%)

HR@1063nm (R>99. 8%

HT@808 nm (T>90%) HTCIO63 nm (T>95%)
HR@1571 nm (R>99%)
FIGURE 1 Schematic of the intracavity OPO pumped by a diode-pumped

passively Q-switched Nd:GdVO, /Cr**:YAG laser
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ness of 3 mm with 80% initial transmission at 1063 nm. One
side of the Cr*T:YAG crystal was coated so that it was nom-
inally highly reflecting at 1063 nm (R > 99.8%) and partially
reflecting at 1571 nm (R = 80%). The remaining side was an-
tireflection coated at 1063 and 1571 nm. The active medium
was an a-cut 0.25 at. % Nd>*, 8-mm-long Nd:GdVO, crys-
tal. Both sides of the laser crystal were coated for antire-
flection at 1063 nm (R < 0.2%). A Nd:GdVOy crystal with
low doping concentration was used to avoid the thermally in-
duced fracture [15]. All crystals were wrapped with indium
foil and mounted in water-cooled copper blocks. The water
temperature was maintained at 25 °C. The pump source was
a 16-W, 808-nm fiber-coupled laser diode with a core diam-
eter of 800 um and a numerical aperture of 0.2. A focusing
lens with 12.5-mm focal length and 92% coupling efficiency
was used to re-image the pump beam into the laser crystal.
The pump spot radius was around 350 wm. The input mirror
was a 50-mm radius-of-curvature concave mirror with an an-
tireflection coating at the diode wavelength on the entrance
face (R < 0.2%), a high-reflection coating at lasing wave-
length (R > 99.8%) and a high-transmission coating at the
diode wavelength on the other surface (7 > 95%). The overall
Nd:GdVOq laser cavity length was approximately 59 mm and
the OPO cavity length was about 25 mm.

From the analysis of the coupled rate equations, the crite-
rion for good passive Q-switching is given by [16—18]

; ey

where Ty is the initial transmission of the saturable absorber,
A/ A is the ratio of the effective areas in the gain medium
and in the saturable absorber, R is the reflectivity of the output
mirror, L is the nonsaturable intracavity round-trip dissipative
optical loss, oy is the ground-state absorption cross section
of the saturable absorber, o is the stimulated emission cross
section of the gain medium, y is the inversion reduction fac-
tor with a value between 0 and 2 as discussed in [19], and S
is the ratio of the excited-state absorption cross section to that
of the ground-state absorption in the saturable absorber. Since
the ratio A/ Ay in the present cavity is generally greater than
10, the criterion for good passive Q-switching can be satis-
fied under the circumstance that the o value of the Nd:GdVOg4
crystal is comparable to the o, value of the Cr*": YAG crystal.

3 Experimental results

Figure 2 shows the average output power at
1571 nm with respect to the incident pump power. For all
pump powers the beam quality M? factor was found to be
less than 2.0. The average output power reached 1.2 W at
an incident pump power of 14.5W. The conversion effi-
ciency from diode laser input power to OPO signal output
power was 8.3%. The pulse temporal behavior at 1063 nm and
1571 nm was recorded by a LeCroy 9362 digital oscilloscope
(500-MHz bandwidth) with a fast InGaAs photodiode. The
pulse-to-pulse amplitude fluctuation was found to be within
+10%.

0.6 |- -

Average output power at 1571 nm (W)

0.0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Incident pump power (W)

FIGURE 2 The average output power at 1571 nm with respect to the inci-
dent pump power

Figure 3 depicts the pulse-repetition rate and the pulse en-
ergy at 1571 nm versus the incident pump power. It is seen
that the pulse-repetition rate initially increases with the pump
power, and begins to saturate at 40—46 kHz for an incident
pump power greater than 10 W. A typical temporal shape for
the laser and signal pulses is shown in the inset of Fig. 4.
As seen (Fig. 3), the pulse energy is nearly constant for a
pump power less than 10 W. Figure 4 shows a typical tem-
poral trace for the laser and signal pulses for a pump power
less than 10 W. It can be seen that the pulse duration of the
signal output was as short as 600-700 ps. As a consequence,
the peak power was found to be higher than 20 kW. On the
other hand, the stored energy is not fully extracted in a sin-
gle output pulse for a pump power higher than 10 W. Since
the remaining energy is sufficient to evolve the pump field,
the OPO threshold can be reached again and a second signal
pulse is produced, as shown in Fig. 5. The multiple-pulse out-
put makes the pulse energy to linearly increase with the pump
power beyond 10 W of the incident pump power, as seen in

50 T T T T T T T

O  pulse energy

repetition rate
40 |-

30

Pulse energy ( uJ ); repetition rate (kHz)

0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Incident pump power (W)

FIGURE 3 Dependence of the pulse-repetition rate and the pulse energy at
1571 nm on the incident pump power
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FIGURE 4 Typical temporal traces for the laser and signal pulses for pump
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FIGURE 5 Typical temporal traces for the laser and signal pulses for pump
power higher than 10 W

Fig. 3. The output energy of the main pulse for high pump
power is found to be approximately 15 pJ, nearly the same as
the value of the pulse energy at a pump power less than 10 W.
Since the pulse duration of the main pulse is typically shorter
than 700 ps, the overall peak power can still be higher than

20kW.

4

Summary

An efficient sub-nanosecond diode-pumped pas-

sively Q-switched eye-safe laser has been demonstrated by
using Nd:GdVOy, Cr*t:YAG, and KTP crystals to be a gain
medium, a saturable absorber, and a nonlinear crystal for an
intracavity OPO, respectively. A nearly hemispherical cav-
ity was employed to enhance the performance of passive
Q-switching. At an incident pump power of 14.5 W, the aver-
age output power at 1571 nm can amount to 1.2W with
a pulse-repetition rate of 46 kHz and a peak power > 20 kW.
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