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^7\ ^=5000 cm"1 §£O|n^, Tm:YAG Ei|0|xi(2.01 j*m)2\

a =60 cm"1 O|SS, 7|g-S.| Nd:YAG â |O|x-] (1.06um, a =

1 cm"1 )0j| am 60bH(Tm:YAG)oi|Ai 5000UH(EnYLF)o|-^- #=

Ho:YAG aflo|x-^ ^-gi i(-§o| 2.1 ̂ m S.A-\ Tm:YAG °| 2.01

^7(- a=28 cm"1 § 5 = o | s s Tm:YAG H |̂O|X|CH| a|e|j ^p a

\±. Tm:YAG z\\O\x] a| Er:YLF

endoscopej o|g£.l- o\M\ X\!=LO\

2um E |̂o|xj-g- A|-gs|-o^ - y § m^-oflA-l •y^oil 1mm

I o| U.B y\^2\ CO2

Er | | ^ ^ ^ ^ ^

0| EnYAG

0.3^m - 2.3^m T?\T:\°V W-3\5J\ # g quartz

Tm:YAG fe i , ^ ^ S # 0 | 7 fe§W Er;YLF fe

n^a^i, ^ e ^ l ZrF, Sapphire fiber ^

2j-^ a||o|x-i g^oj l $|oftl- S # ao|7ii-r S # ^ ^ o | 7i°| 30-40%
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*\\ 3 H Er §J Ho/Tm s||o|x-j

Er

*|2fs| Hard Tissue *|MO||Ai

Ho §J Tm

g Er 31 Ho B||o|*fe 7i°| lamp

1-1 cH|A-ief ^ o | lamp op\^ ° | s g Nd:YAG £ilo|x-j

diode z]\o\x] op\^°g. u f f l b ^A||O|| O\B\ Er §J Ho si|o|xi= diode

a s m , £ |S§ Nd:YAG H||o|xi7r lamp O:|7|̂ cH|Ai diode E |̂O|X-| op\

| ° £ uff l^l S 5 !& SSI # S S Ei|o|xi^oMAi£ lamp oj7|^ Nd:YAG

E)|0|xi7r diode Ei|o|xj^ ufflfe t|| &&. £ g # «>JI °{cK A ^ § Nd:YAG

ŝ |o|x•̂ 7̂  diode E |̂o|xi o j 7 | g o g ufflSA-j cflg^AKjn ufaf Nd:YAG

§ 805 nm diode Ei|o|x|s| ^ g o | 10,000 Aĵ J-77|-x| a § = l ^ l ^ISi

diode Ei|o|x|o| i^gmAj =o| g ^ 0 | gJ£h£S ^ ^ | ^ 7 1 | =!

Nd:YAG E||O|^7|- diode

L-K O|-5|E. 805 nm diode

0| ^ ^ ^ | § | - B ^ X | g foH. diode Ei|o|xi o^7|^ Nd:YAG Ej|o|x-]7^ ^x[J 7|-

lamp oi7|goi| d|§(| 2 dH o|^sj 2i7r£l #E||O|CK

o|oi| ysH, Er 5! Ho(Tm) Ei|o|xi^ A1ggcE7F 7J2) g i i £ | ^ § o | cfl

o^7|o|| S f i f l - 785 nm sf 970 nm diode
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JLP\O\D\, ^ g o m

diode &||o[xi (*p|g Er §J Ho(Tm) a)|o|xio| A ^ S ^ O\E^ # U - O | C K C\

diode Bi|O|xi op|^g Yb:YAG 2f Tm:YAG EH]01

. SlcH ° l s g d i o d e Ei|o|xi op |§ Tm:YAG s| &mQ7\ ^ ^ ^ Si

OD^, Er

diode EH|o|x-i

i s w o g Er §J Ho(Tm)

i ojo] Er S| Ho(Tm)

o|ojj ccj-af o h o ^ 7 | ^ ° | lamp 0^7j g

ai|o|x-i°[ £ j ^ ^ ^ o [ ^ ^ t . K diode Eflo|x-j

Er Ĵ Ho(Tm)
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Tm:YAG

Tm:YAG m

1. 2//m Tm:YAG £̂  01 x̂  host material^

Tm:YAG[1-3] Hi|0|x-jo| 2.01 3-1

Tm3+ion°| So|o||

K Tm:YAG Hi|O|x-j^ o||u)x 3-level

g Tm
+3

Tm:YAG 3-1

7S5nm ^Cros.s-ReiaxationCfor lan?e Tm concentration)

* \

2.01 tim

3-1 Tm+d:YAG eflo|*i o||Mx|
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o

1.5

O 1
V)

XI

0.5

. _ '\L:_

, — .

0.75 0.76 0.77 0.78 0.79 0.8 0.81 0.82

Wavelength (um)

3-2 Tm:YAG Bflo|*j£|

3-2fi| S OIS.{

785 nm

nm 5 * | 2 | Nd:YAG, (« = 8 cm'1

3 level o|Bfe KJL\ S ^ E 7 ^ a x |

Tm:YAG

<fe 0 S op | (end-pumping)

°[B 3H4

B a n 3-1 o||Ai

H6)H| Tm+3 o | ^ M # 3H4 i S ^ l S

785 nmof|Ai 3cm"1 S £ 0 | S M 808

nfl Zl£| ax | ^c\. O\B\A\

& M W C\O\2.E. E||o|xi

ing intensity)^

fast decay

- ^ ^ ? l 3F4(3H6) Tm

CH|
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1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

150 200 250 300 350 400

Temperature of Tm:YAG

3-3 TmrYAG z\\0\x\ 300 °K)

cross-relaxation o|

"cross-relaxation" op\

ef 4 x 1020 /cm3 o|#(doping concentration ef 2.2%oj|

Tm doping o|

•!)•¥• §!"•& S^r^S-l2!- o|oj|

Boltzmann

oil 2| t* population

fer^cHI 2|*l- population°| 3-32f
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j ° . ^ . cross-relaxationll

doping rodfi

(785nm)0i|Ai rao|c£B^ g ^ i | g

nm (ff=0.61cm'1)L-r 804.4 nm(

"wing-pumping" ^ S S M%t\S

^ J ! 6% doping HJ rod» Al-g

o| Tm:YAG 7H

^ ° S , 0|D| afg.

el ^ l #

Tm:YAG

798

^ ^ Nd:YAG

Tm:YAG ^ lO|So] | Nd:YAG

2.

7\. 9S0i7| Nd:YAG

| i h= MUT

(Military University Technology)oflA| D|-O|SH Ei|o|x-j op| JI*| | si|o|x-j ^ §

71 Q-switch ^ g , Xi| 2

(1)
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CD

(D

O

b

14

1 2

10

| 6
o

Q_

o

5%

y

degradation of power , •

= 0.6965X - 3.978 ^/

/•*

/ ' y = 0.6643x - 3.86

ft' • Wthout damage
a m VWh overtemperature

10 20

Drive Current (A)

30

3-4.

ife- Thomson CSF

TH-C1315F, SN:1141) S

3-4 g

t m end-pumping

15W B^o|x-j ( H ^

804.6 nmOflA-i s|qj 15W(27.4A)

5 o / o

JLX\\Z\\O\X\

3-5 fe

# 0|

peaks
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Erission Spectrum of Laser Doce

300

250
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>

!E 100
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0 rnmmff0^iw

Bficiert cooling (TCFIOQ

- - - Oxtrdledcodirg(To=283

'•<: V

795 797 799 801 803 805 807 809

3-5

Nd:YLF°| #

Nd:YAG°|

Nd:YAG

opi urn

0\\M

o i 4 o f e Nd:YAG # 2 | 805nm

807.7nm ofl n

Nd:YAG0l|

of 285E

|2j Sub peak
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s| 5 ^ ? r 60-90% S £ ^ 3.711 T:\O\7[

nr LDfi ^5=£ cooling(TE cooling #)5H

crystal

(2) S||0|X| g S

H volumea| ^

A|-g : of 95o/o 0|Ah) ^ op I power 14 s ^ thresholds £ [ ^

^ Tialfe- 230 dpt/kW

15HH o| 1 4 1

15dpVkW)

Q.

g
b

2.8

2.6

2.4

2.2

y = 0.4217X - 2.1637

R2 = 0.9963

10.5

3-6

11 11.5 12

Diode Powe (W)

Nd:YAG

12.5
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51101 * i

Roc=0.3m

3-7

Passive Q-switch Nd:YAG

3-8 fe Hi! 3-6s| H h £ ^ ii£!!

o\\ s^=i 7|g SH(TEMOO)°| y g #

L& 3-72| ̂ S^I^lAi Nd:YAG o|| ^ - ys fe 7|g H ^ gjfi|

2.E. poweroil a\z\ 1 mmoflAi 0.5 mm g5E.^. 5[o(-x|a=| x̂ |

2 aisirl- ^ - ^ S £|f!- § t ! ^ S ^ l ^ l S&|A^oj|Aio| SpOt s i z e ^ 0.9 mm o||

Ai 0.09 mm £ 5|-o^fe ^ S U ^ 2iq. End-pumping DPSSL E-l|oi^ai

pumpings| ^ y ^ j o j Qtgs. pump-modesf laser modeS ^^ |A j? | ^ 5Jo| n|)

^ gSoHJj S = ^ s i Rayleigh ^o|2f pumpofl °|f[ S ^ ao|2| 1/2 oil §H

M.m^2l opW o\^o\x\c\. i|cHs| 12 W 1J§A| Efl

spot radius^ °j= 0.28 mm Sim n^] 3-7°| folding mirror

full mirrorAj-oloil ^ |x| t j - KTPo)|A-j°| spot radiusb sf 0.17mm § £ ^ 7j|>+
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5 10

Pump Power (W)
15

3-8 Til Ah

spot 37|(diameter)7|- 500 urn

4 cm'1§£0|HS S = # s j Rayleigh range, z R

s|o|: &c\. o|nn s|^t[°| s=a- M2 -b ef 185

=• ef 21E(Full angle)

. °|5HAi^ pump

t[o\ Nd:YAG°| B^ ^

-*^£-fe- ef 1.25 mm

um O|

um g

E matching

1.3 0|H

fiber coupled diode

900

700

(3) E||O|XJ
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L =55 mm

Nd:YAG Toe = 5%, Roc =0.5m

3-9

s-ilo|̂ -ife- ZLBJ 3-7 af a-E- S t ! i§£!?|2f Z L U 3-9H(- 1J--S-

3-10n|-

coating

i\ B^|o|x-jg # ^ o | fi§gc^ 60%2j optical to optical efficiencyCHI

7-8watt°i

relaxation oscillation^

^ 2f 17 kHz

(4) T ^ t ^ Q-switch -^f

! Q-switch MMB ^HJ 3-74 &&

fe SL 3-1 CH| s^fElcH 9J.c\.
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CD

O
D_

CD
C/3
03

o.u

4.0

3.0

2.0

1.0

n n

• Toc=5%,

• Toc=5%,

ROC=O.5T\

L1=155rm

•
•

•

L=55wi

•

•

•

5 10

Dode Power (\N)

15

3-10

S. 3-1. Cr+4:YAG Q-switch

Il2ft4

m± mm

Tini=81.8%,

Lo=200mm,

L1=165mm,

Toc= 15%

0.56W

3.3 kHz

300 ns

#JL : m± $

Tini=86.6%,

Lo=200mm,

L1=165mm,

Toc= 15%

0.73W

5.3 kHz

200 ns

Tini=86.6%,

Lo=200mm,

L1=155mm,

Toc= 15%

0.76W

5.7 kHz

200 ns

i ^ S 5! 3 ^ ^ - jitter : +- 20% § £

Tini=86.6%,

Lo=200mm,

L1=155mm,

Toc= 20%

0.67

5.2 kHz

180 ns
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3. 3-1 g

Cr:YAG Sj S\™ ̂ y\^H\m^t -B^S^I 2|*| ^ # g g- 86% §J 15%

MUT0l|Ai x||*t3[ V:YAG ^ = g Q-switchfi- o|g^(*|

Q-switch E||O|*| m^€: L3Watt

i^ni AR/AR o|

SJEJ-& f i L S ^ I ^^l-Sl^K t . ^ ^r^- Q-switchS pump source

(5) X|| 2 J l ^ ^

^| 2 iEEHl- |̂0|X-| ^ g g ZLH 3-72f ^ g S t ! gS?|2f Z1U 3-112^

o|#§|-oi ^S§fS5l«^. S t ! S 3 ̂  I oil A| g ^ i f c ! SHG -^

100mW 532 nm m^m ^ S l ^ . ̂ r#S Q-switch» A(-g

Sim 460mW°| SHG ^J# ^21cK (81% initial

transmission Cr:YAG A ^ S g ^ ) # ^ ^ s | ^ ^ £ ef 200 ns Sso l M

"green problem"o| o^7|-

^Hfe Nd:YVO4 °| §^o||Ai^ o|Bjt!-

H| 2 I e ^ 3 4

3-11 ^ ^h& ^JSS^l^l^ o\gt\oi xj\ 2

^^j7|oj|Ai£ 24AS 0i7|g a|| °f 420 mW°| SHG

KTP W 3 0 | | 532nm
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L=175mm

«

' — '
1
1

r-|

•

Nd:YAG A/2 PQ KTP R=0.3m

3-11 Ĥ| 2

3-2

Tini=86.6%, Lo=260mm,

L1=150mm,

0.28W

11.5 kHz

150 ns

Tini=79.4%, Lo=260mm,

L1=125mm,

0.46W

5.26 kHz

80 ns

i ^a : § ^ y ^ - S §| m ^ jitter : +- 20% § £

^ 82%°|

halfwave plateS

(6)

Btl CnYAG

3-11

10%

p o | a n d o| MUTO||Ai
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q. Wing § g Tm:YAG g7||, *H*|-

7H^-Sfe Tm:YAG E^O|X^] pumping^ S

wing pumping g H ° | Tm:YAG si|O|x-j ^ | §

(1) Tm:YAG

2mm, 30mm£l 2% doping^ Tm:YAG

^ f f l polishing^ c ^ ^ H ^ s ^

Xj

wing-pumping ^ ^ | #

3-1221- &&

Tm:YAG

3-12 Tm:YAG
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o|

Tm:YAG

3-124

ic cooler)- A|-o|oj[

fang

3-1

3-1

(2) Tm:YAG

Tm:YAG E||O|X-) ^ § g ^

g 16A

3-13 2f

Hfe SLI

O|D| e- 802nm
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5stacks
LD

1

I

LD
Driver

—

Pumping
Optics

Output
Coupler

3-13 Tm:YAG

3-14 g gi>

. Linear fitting^ fh gaif B||O|X-|

794.4 + 0.24*

Sife sub peak 798 nm, 804.4 nmo||Ai ^ g s f e

S! 41.6SE

15E

diode si|o|xi# TmrYAG f|- gjA(.

Tm:YAG

Tm:YAG

o|
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S 800.4 -

0) 800.0 -

3-14 . —1 -"T C3 "

(3)

31 o 1*1

am

C\0\SLE.

3-15 g- ^

3mm

Tm:YAG # a

] ^ 7 i £ f e Qf 80cm Oil i ^ f e

g 97% hemispherical

3 . 2
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3 mm

Fig. Interferogram from a laser diode pumped Tm:YAG crystal.
Pumping power: 60 W, Temperature Increment: 20 K,
Thermal focal length : 800 mm.

3-15 ^

3-2
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2 m Tm:YAG B||o|*j ^ A|*j (2

S| wing pumping fi^fSp. 2i^ njo|£=.

2 * ^ £ O | f e #^n f§ - pumping

E.\\O\X] c\o\2.E.

o| ^*\2.\£\ Tm:YAG

g Tm:YAG

. 1 *M

2.02 pm

A ^ ^ n i Tm:YAG

CtH, 4 | j l 1.2 Wfi| fi^# ^ # ^r SlSiq. °l fll. S ^ O:I7I ft^& 2f 1.6 W

o|2iJl, ^ | #71 s#(slope efficiency) §J ij-^j- ^#(optical to optical

efficiency)^ z]-zj- 29%n^ 20%o|Stq. g H-feMS pumping Tm:YAG Ei|0|x-)

e^^oilAi^ 785 nmf ^ ^ 4 § ° g ^ ° o i £tel#o|| o j^s j i |q | o^^ * a

7.5 W°J £H|o|x-j c^o|SH# o |SS^ , Tm o|£O| 6% ^ 7 H ! Tm:YAG

^ g . 2.02 um# i ^ ^ Tm:YAG

1. pumping Tm:YAG

7\. S^JiiFa pumping Tm:YAG s||o|xi

| ^ Tm:YAG
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3-1 62|- ^C\. B]|O|X|

, Op | S*f7i|, Tm:YAG

iS 3 mm ^ 0 | 5 mm°|

HT(High Transmission)

3.7%

Tm:YAG ^ | j

S ^ S ^ K Tm:YAG

Op\ n\Q°\ 785

2.02 pmoj|A-j HR(High Reflection)

50 mm°l

Tm:YAG

2 urn

785

Tm:YAG o | ^

3-16
LD:

Tm:YAG

L2:

Tm:YAG

l ^ , OC:
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(Thermo-Electric Cooler)

2 pm

20

-g B)|o|xj

Infrasil*

100 , . ,

80

o 60
CO

c
40 }

20 II

j

( » •

700

2.0 T

1.6 |

1000 1300 1600 1900 2200

Wavelength (nm)

1900 2000 2100 2200 2300
Wavelength (nm)

(a)
3-17 Tm:YAG

, (b)SU 3 ©
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°i7l-g- Ei|o|x] c(-o|2.Hfe- SLI(Semiconductor Laser International corp.)

0.63 mmgj 2J0[ 1 m g - ^ o f l °JHE|CH %lo.a\,

& 785 nm, 7H:TIrir(Numerical Aperture) 0.22^. ° 1 ^ W^.^. *M

7.5 W7F 7 f e W - s\\o\x\ c\0\2.E.2\ E ^ 7 ^ §J & E ° } S S » ^l^rOi

*[A|^CK %M~m ^A\ L-\2.^ 5||0|

^ ^ | F 50.5 mmeJ @S M ^

23.5 mmoj b|^S £H^« O|g^ol o | ^

° | 0.3

Tnr.YAG

^B iHE! J4Ss| fflsfe Ei|o|xi

wavelength)

S a & i | | i ^ | H | |H # } S # f e 18 AOIJL, & ^

16.9 A?;̂ x| A ^ ^ o j c K ^ § H ^ e £i|o|xi cjo|£=fe- S#7|- 1

0.3

25°ci] an =5|- S#o]| a\B ty%m ^ 4

16.9 A^ n||, § ^ n ^ 0 | 785

^ S | ^ | g}|S(FWHM)^- °f 1.7 nm S i S i c

EiJ o | x-j 7H|5fA| e # s#(excitation efficiency, VtxJB

f. w?5\, Tm:YAG
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782 784 786 788
Wavelength (nm)

790

3-18

: 7.3 A(2.1 W),q|A|£j: 12.2 A(4.8 W), §-£j: 16.9 A(6.9 W))

. oi&it!- M # S # S

= —^ Jv
p^( r, z) dV

o p I'M. Vu

(1)

?Ws.#(quantum efficiency, r)Q)2\ ^ I ^ ^ °lx|-(stokes factor,

r(upper state efficiency), pfe- o p | \
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e ion)

Tm:YAG ^ § # 785 nm^ ^ft |7| *h 3 ° ,

cross relaxation ^&o|| s|§H ° f ^ s g o | 10| y ^ c K

^ ) - — (1-/8)
% % (2)

, ^ 3H4 S^|Oj|Ai ^A^ * IO|§ 3F4

^ # S.^ A|7j(intrinsic relaxation

lifetime)o|ji cofe J ! -^ &s r A|TJO| Sgj-o| E|fe Tm o|^2| S7»o|cj-. ££

t-K CriK^ r r& A ^ = | ^ § o | T m 0 | g o | ^ 7 » 2 f 0| CC[|o| ^ g - £ ^ A|7J

s Tm o|^2| l7F#o]| txf^ g ^ a ^ A|7Jg Armagan #o | O|D|

^ 7 | ^SHAi Armagano) l i z H

r. Armagan°| g a H e!S*F21# nil, g f ^ ^ # & ef 1.952J ^ } ° ^

fiffl 0p\ Tm:YAG

F. 785 nm^ op\t[Jl 2.02 pm^ ^ S S f e 3 ^ Tm:YAG°| ^ ^ ^

Tm 0|£0| 6% ^ 7 ^ Tm:YAG

o| § ° ofX(. j - ° o | 1.95 0|HS,
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fe 25 3-19011 ^

870||Ai 89%77|-x| Tm:YAG

S ¥ 7 ^ 14 A ^ [£H # ^ 7 F S|cfl7F

«^g 4.9

o|

Nd

g 784.6 nm ô

^ 0 | 2f 660j|

. at.%

Nd:YAG

4 5

Pump power (W)

3-19 a Tm:YAG
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2. pumping Tm:YAG e||o|x|

rB Tm:YAG

K Tm:YAG

o| PCZ_O| 15, 20, 25 °C£

B Tm:YAG

sit!-

25°C0j|A-j fe 785 nmOi| Dj

800 -

0 -

3.5 4,0 4.5 5.0
Pump power (W)

5.5 6.0

3-20 £||o|x|

(•
4 s Tm:YAG

15°C, • : 20°C, A: 25°C)
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3.7%°j

# [£[), 0p\

I , EH|O|

6, 15,

6, 15, 23°CS §7fA|a tt|, Zf2| 2.4, 2.7, 3 W£ # 7 ^ 5 1 ^ . ^ § x|x|q)o|

&E7|- 6°C0|JL tt|7|^2| # ^ 0 | 5.9 W fj nfl, E||0|x|o| # ^ g 900 mW°l

5!^M i^£|SiDK o! ecu, 7|#7| s#(slope efficiency) gj §*|- J:#(optical

to optical efficiency)^ z^zj- 26%sf 15%2J 2} °M ^|

1000

4 5
Pump power (W)

3-21 Tm:YAG ^ Tm:YAG

°C, • : 15°C, A : 23°C)
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50 mm°i

nil »<M§ f

| ^ 2f 19 2 5 S I S ^ 0.17

6°c

^ 1.6 W7;|-X|

K o j

5.9 W

2o%°i a ^

- o o of 29%,

3 4 5
Pump power (W)

3-22 Tm:YAG f g Tm:YAG ^

°C, • : 15*0, A : 23°C)
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X\X\C\\o\

. Tm:YAG

.O\ E]\O\X\

W

200 | ^ 890 mW

IsHA-ĵ . ^ ^ o [ YAG S § S diffusion g J S ^

Tm:YAG

Tm:YAG

Tm:YAG s. qf 87o/o

, # ^ s # ^ 2f 66%

3%?J 1.2 WS|

100 150
Time (sec)

200

3-23 Tm:YAG
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Er:YLF

^ Er:YLF ^ £ o

3um
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Diode pumped, intracavity frequency doubled,
passively Q-switchcd Nd lasers
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ABSTRACT

The analytical model of intracavity frequency doubled end pumped laser has been worked out and applied to optimize the
major components (pump parameters, non linear crystal parameters, cavity geometry) of such laser. The experiments of
cw and passively Q-switchcd intracavity doubled Nd lasers were carried out. About 1 W of averaged green power, with
pulse energy of 150 uj , pulse duration of 40 ns were achieved for 10 W fiber coupled pumping diode. The directions of
optimization of such lasers were formulated.

Key nvn&r. diode pumped lasers, frequency conversion, passive Q-swiiching

1. INTRODUCTION
Lasers of high spectral brightness beams and low losses on fundamental frequency are required for efficient intracavity
II harmonic conversion (see '•*). Three main methods of frequency conversion were applied namely, external single pass
conversion (EQ, intracavity conversion (IC) and resonant external cavity conversion (REC). Two first methods were used
mainly for Q-switched lasers, although some attempts to intraeavily conversions of high power O v lasers were
demonstrated as well. The last method required the single frequency work on fundamental wavelength and precise mode
matching and frequency tuning of both cavities, thus it did not found practical application till advent of diode pumped
lasers. The flashlamp pumped green laser systems, especially of higher average power, require water cooling, complicated
high voltage supply and have overall efficiency 3bout 1 %, thus there were seldom not competitive to other green sources
(e.g. gas Ar or He-K'c lasers). The advent of efficient reliable, room temi>craturc laser diode arrays in the middle of
SO-ties completely changed the situation. Frequency doubled diode pumped lasers have found strong market position since
beginning of 90-tics due to their compactness, liigh efficiencies, reliability and unique, comparing to other laser sources,
properties. It was possible lo construct green lasers with output power starting of pan of mW ending far beyond 100 \V
(see Table 1 *"") with optical efficiencies (with respect lo pump power) above 10%.

Table 1. Parameters of frequency doubled diode pumped lasers: IC - intracavity, R£C- resonant external cavity,
AO -acousto-optic Q-switch, R - ring cavity, uch- microchip, F-P.- linear Fabry-Pcrola cavity, Z - folded
cavity of Z-type, L- folded cavity of L- type.

Pump
fW)

0.030
1
4

0.62
0.38
0.88
10

12.6
331
1300

Active
medium
NdrYLF
NdrYAG
Nd:YAG
Nd:YV04
Nd:YVO<
Nd:YVO,
Nd:YAG
Nd:YVO,
Nd:YAG
Nd:YAG

Type of
lascra

IC-cw -FP
REC<w-R
RBC-cw-FP
IC-e\v-|icIi
IC-cw-nch
IC-CW-FP

IC-cw-FP-L
IC-cw-FP
IC-cw-Z
IC-AO-Z

Mode
transv/long

sm/mm
sm/sf
sm/sf
sm/sf
sm/sf
sin/sf
sm/sf
sm/sf

mm/mm

mm/mm

Nonlinear

crystal
MqOrUNbO,
Mr>O:UNbO,
MgOiLiNbO,

KTP
KTP
KTP
KTP
JCTP

KTP
KTP

Output
PowerfW]

0.0015
0.2
1.1

0.016
0.05
0.287
0.6
3.2
27
315

efficiency

' \%l
0.5
20

>25
2.6
13

32.5
6

25.4
8.2
24

Ref^year/

f5]/1986
[6J/1991
f7|/1996
[8]/1991
[9]/1994
[101/1998
fll]/1997
ri2]/1998
[131/1998
[14)/i998
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In the simplest, compacl pulsed green laser both passive Q-switcliing and intracavity doubling should be used ""'*. The
scope of interest of the paper was focused on passively Q-swicchcd, KM laser with inlracavily frequency conversion
pumped by 10 W fiber coupled bar. In (lie 2-nd chapter modeling of intracavity doubled laser was presented. la the 3-rd
clnpter experiments on passive Q-switching were presented and discussed.

2. MODELING OF INTRACAVITY FREQUENCY DOUBLED LASERS.
From the laser theory fundamentals it is well known (see e.g.') that in frequency doubled laser it is possible to extract ihe
same power on II harmonic as on (he fundtuncnl.il frequency if the optimum coupling condition is satisfied. This
condition do not depend on puinp level directly, for optimum nonlinear coupling it is necessary to determine only total
value of internal losses in the cavity. However in practical systems it is very difficult or may be impossible to achieve such
high conversion performance because of additional losses introduced by non ideal parameters of elements needed for
intracavity doubled lasers. The highest, to our knowledge, second harmonic optical efficiencies of 20 -30% wilh respect to
optical pump power were demonstrated in '"•'I-"- with more tha/i 50% optical efficiencies of output on fundamental
frequency were achieved in the same cavities. The proper cavity scheme, nonlinear crystal parameters and low loss optical
elements are crucial iu design of efficient imracavity doubled laser.

In the oplimization of intracavicy doubled end pumped lasers the following effects should be considered: pumping volume
parameters, type and length of nonlinear crystal, type, length and thcrmo-optical parameters of active mc4iun\,
fundamental mode size in dependence on pump power, possible inlracavity lenses including thermal lens, all possible
types of losses (including pump power induced losses). Let us assume the following schemes of intracavity doubled
passively Q-switched lasers (sec Fig 1)

Fig. 1. Schemes of intracavity doubled passively Q-switchcd lasers left • linear cavity , right - folded cavity case
AM - active medium , pQsw - passive Q-svvitch made of Cr4+:YAG, NC - KTP frequency doubling crystal

Let us notice that in both cases thermal Icnsing plays important role in defining the fundamental mode parameters, mode
matching efficiency and overall laser efficiency. There were elaborated analytical models for cw and passively Q-switched
lasers respectively. The detailed description of both models will be given elsewhere ' ' . Here we only describe the main
characteristics of cw doubled laser namely :

1- U harmonic efficiency 7]}/, defined as ratio of cw II harmonic output power !o pump power as a function of :
internal losses L , KTP crystal length Ic, walk of angle p pump power P , averaged pump beam diameter Wp , cavity

configuration parameters, thermal Icnsing power for given pump power etc.

2- merit function Pmcra as a product of mode matching efficiency walk off efficiency and intracavity mode magnification
being a function of pump, cavity geometrical and nonlinear crystal parameters

In the case of second model based on Dcgnan's approach " the following undimcnsional quantities describing iulracavity
passively Q laser were introduced namely: / / - nonlinear losses, / . - internal losses, O • passive Q-switch initial losses and
a • ratio of cross sections of absorbing and active media multiplied by intracavity magnification between nonlinear crystal
and active medium. For such 4 parameter set of data the main parameters of output can be calculated from analytical
formulas namely:

3- pulse energy as a function E2( a, N, L,Q)

4- peak power P2(CT , N. L, Q) and resulting pulse duration as a ratio of E 2 ( a , N, L, Q ) to P 2 ( a , N, L. 0 )

Let us notice that these parameters do not depend directly on pump rate. Averaged power and repetition rate depend on
initial small signal gain linearly proportional to pump rate. However, due to thermal Icnsing dependence on pump power



three first parameters a, M ,L depend on pump power. Let us tec results of modeling of influence of separate factors on
the output characteristics of cw intracavity doubled lasers with folded cavity and linear cavily Fig 2,3 respectively.
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After analysis of merit function dependence on pump power we concluded lhat scheme of folded cavity ( i .e . with internal
lens) is less efficient comparing to linear one. From the point of output energy extraction the folded mirror should be
used, however we showed the best choice in this case is flat mirror. More complicated situation is in case of Q-switched
iniracavity doubled laser ( sec Fig 4) because of 4 parameter set of variables.
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In this case cross section ralio as well as internal losses are crucial in optimization of such laser. The detailed estimation
of several other factors as mode matching efficiency, pump induced losses are bvyond scope of such simple model,
however the main directions of optimization can be derived with simplicity from it.

3. EXPERIMENTS

The cxpcriraenls were performed for both schemes and two gain crystals namely: Nd:YAG and NdtYVO*. As frequency
converter the KTP crystal of 8 mm length mounted on thermo-electrically controlled (TEC) heat sink was applied. We
found that, as a result of internal absorption of 1.064 um radiation, the KTP temperature increases .on 10 - 20 K. above
environment. Such temperature increase, partly compensated by TEC cooling decreases significantly performance of laser
because of severe polarization losses. This effect caused by birefringent filter (sec '"•") was examined in folded cavily
Nd:YVO< laser. It was demonstrated more than 30% depth of modulation in output power as a result of temperature
tuning of KTP in range of few K. Thus precise control of nonlinear crystal temperature with 0.5 K accuracy is required to
maximize and stabilize green laser output power. However even for such KTP tuning vre obtained not more than 0.6 W of
output green power for incident 8 W pump which demonstrates die severe internal losses of cavity. The theoretical
analysis showed that the role of internal tosses is not so important for Q-switchi<i& operation, thus u-c decided to focus
only on Q-switching experiments.
The best results of passively Q-switched frequency doubled output were obtained in Nd:YAG laser with linear cavity
(Fig la) of 130 mm length, high thermal lensing in the Nd:YAG rod ( ~ 20 m.'1 for absorbed pump power of 10 W)
caused limited pump power range up to 6-7 W for such cavity length. We used tliree Cr":YAG absorbers with initial
transmission of 0.8S , 0.82, 0.76 respectively prepared in the Institute of Optoelectronics l s . Because of lack of proper
intracavity frequency separator more than 50% of green internal power were wasted, thus we present here performance
characteristics calculated for internal power assuming 0.4S extraction efficiency.
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Comparing to results of passive Q-switching in the same laser working at 1.064 urn wavelength, the similar output energ\-
and averaged power were obtained , but about two times shorter pulses as a result of nonlinear effect of harmonic
converter. Thus, the green peak power of 5 V-W Has demonstrated with power enhancement factor of 10' with respect to
pump power. The overall optical efficiency of 15% with respect to pump power is higher than result of A. A.gncsi "
obtained for extra cavity frequency doubled passively Q switched laser. The oulput beam was diffraction limited and
single longitudinal mode of each individual pulse. Averaged over long exposition time (consisted of several dozens of
pulses ) multimodc spectrum width is of 50 GH7, indicating that mode hopping between following pulses occurs. Pulse
peak power and energy fluctuations were of 20%, temporal jitter of pulses was less than 5%. We suppose thai in proper
design of cavity with temperature control of nonlinear crystal and active medium the noisy parameters should be
significantly improved. We investigated in our experiments several passive Q-switches made of Cr'^YAG and we



observed also significant heating because of absorption ofl , II harmonic as well as pump radiation. Thus we conclude
that additional important factor in optimization of such type oflascr is quality of passive Q-switch.
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Output characteristics of diode-laser-pumpcd Tm:YAG laser
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Diodc-laser-pumped Tm:YAG laser of wavelength 2.02 nm has been manufactured and its excitation efficiency and output

characteristics have been investigated. The excitation efficiency was varied from 66 to 68% with respect to the pump power,

yielding pump power absorption of 87-89*. The output power was sensitively varied with the temperature of Tm:YAG rod When

the concave output coupler with a focal length of 25 mm and a transmittance of 3% was used, the maximum output power reached

up to 1.2 W. The slope and optical efficiency of this Tm:YAG laser was 29% and 20% at 6°C, respectively.

OCIScodes: I40.34S0, 143.3410. 140.3380.
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