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T 2| Czech Technical University oM<= 2.0 um & T
um 2] CTH:YAG 2} 2.9 um 2| EnYAGE 0|235}0 A&E ZEsisE §80|
3 mm/J (Tm:YAG), 0.03 mm/J (CTH:YAG) 2 10.5 mm/J(Er:YAG) & 48
5t0] gtson] EnYAG 9 Z= 713 ddsio] &2 Eolsleien EnYAG
= hollow tube 2 FMEA|F{ ErnYAGE 0|38 AR X|Zo| JI5ME HA|

StCE

Ch Meeln slolx X2
HE 3= 242 DI Y50l BHF HEE HoYAG 2 fl9iNe
X

2 MFo| MEEIE MUl S20| MBAl HEIL HA He @7

=h Bl=7|2t 20|M X=
M2 0[=e XM THE £ 20[0] AIUERE= 2 #Hjolct

HlMete] X 2ojs MR MSE 2ol AME=sln Aoy, F=0 2Ft
A=ZE CHAISH7] ¥stod PDT of 2|8k Al=o0| O]=2 SlE{e] Health ONEO|A|

630 nm Ho|MZE =AM ZHits Jhsds Ho FUCL oL, FiF

22 =51, &4 F0[7] it 2ot Zl WHOM SZfsts sentitizer o
ot 1417t o2 st DCtst 2o|X ZALE 27| {8 AA[ZE ZAIH

Hx Esiof.
FiLtcte] Alberta Cancer Research Center oAM= XzlMete] PDT X|
T S0 Al®E M= photosensitizer 0ff CHSt GIPE £sIT AN

sentitizer 2 AIZE S Ho| AR S Sof oist dalgol Hs0f

0

M=Z& otF St sensitizer JHEre] of2{20] UCtT SiCh.
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ot Qtnt glojd X2
2{A|o} Pavlov State medical UniversityolA{ Ar &g{|0|XZ photo-

=1 3 Zof Al™ X3t7t go|x & o & Aof dlsl 1/2 2 E0{E0 &

H
M
1<)

eic

LI,

L gate] FHAUSH Jag FolM YHAdEE O =xg EXNsieE
adaptive optics 7|&=2 0|&3510{ &EEsh= 94771 Univ. of California San
Diego oAM= =7 )Ch otlnf £=0] femtosecond 2|0|X 22 2|5l
7 E £909| Laser Zentrum Hannover O|A EV|E 0]83}0{ £8sl0] &=

Siet Zo, d&ak 2271 1 um ofstolnd, A= £8 milibar 0|5t0|A 2L}

=2 JEslet 22 FAIT LUSIUCH Y2 otmtofe] HIBAlo FAE

gl I 2fo|X X2

o
=alo| University of Heidelberg OjlA{= S5 ot XA AE|E FICHS}
X

7| gistol =ZHT ALA 047 HBASE 08510 A
2Z HINS BF Wuo| MR =R YN el FCH| o=

QUCE ¥29o| University Hospital Aintree oAM= 4 o] Ajgot HXIE

MTHPC sensitizer £ Al250{ 652 nm A4 gjo|x{et 652 nm filtered
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Xenon arc lamp 2 X|28t Z1} 25|24 Xenon lamp 7} o &2 ZDE 204

filered Xenon lamp 2| PDT A2 J7I5AM S =2o0{ £1 QUCHL

AL Felnt gjojxd x|=2
AtZet dAtoll UHME 5-ALA off oEt ¥a MSE 243510 7[&EL

AL gieigc) 43 ZolE University of MunchenoflA{ &Qien] 1 %

5-ALA 2} 60-90 2 2of X|iAIZIoM F X MSE HE T UUCL 292

AA
Fedral Institute of Technology OfAl= £0inie| HAMS EAMAJ0 HaMS

Of. MlZelxt glo|X X2

el=of lwamizawa Municipal general Hospital OffAME HEQF X|Z0fjA]
HPE sensitizer 2t Ar 07| AA2{0|XE 0|E5}0] 2AX[E 65 % 2o MIE
oo, 7i& 2 ZA37|= 4.6 cc 0O|AUCt Sensitizer FAF 2 2 Fof
200 mW 2f|0|X 2 15 87} ZAlst0] X|28l%ien] &9 37|17} 3™ #|0]
XME pt=slo{ ZAlstdian, M7 2[XE Hoistz| fistof 3 X2 Xof

SAE AISsIXCH

Il

X}. Photodynamic Therapy ef{0|X X|2
ghatotol PDT X|20f|= ALAO| 2|l Protoporphyrin IX (PPIX) 7} &X
A

=jo] o[Zio] &ESH ( 405 nm ) =HO| AAE LMAF= O, A9
Fedral Institute of Technology OfA{= PPIX o &EXc= AEIE HIMS

4ol osli monitoring st0f M XS BAMSIAUS0 EF, hexyl-ALA Tt



ALA HC} w27 s3Xdg Yo, 405 nmojAM 0.5 Jem2 MEZE X2
= UASS BEYen, FAlst 4371 S22] University of Regensburg Of| Ao
& Xenon light ( 400 - 700 nm )& 0|&5}0{ F+3F0|C|.

Aldotel  setx|2o| A0 XejMol olE=I ULt OFEL
Tabarak Children’s Hospital OfjAl&= Ar 20|X Q| XM mlEE 0|835t0{ &
SE XFot7Iz stn, F2ollE AEel 477 nm TH|EO|XME X2t AL

0{, diode 0{7| T A O|XME 0|R5l0{ EEE 0}7|A|Z|&= bilirubin o T|FE

o
[0

2ol S3o| JHssiAl SHUCH
Rt LAIZOl Sl Bfolx %
HAIZ M Jlstel 70| 228 4 um HEE NeEoR HZo|

= mm 0|5te] &2 AZZ2 Salisot &F "ot Adee 2 =0 o|g

I

=
25iM siZske Jlae LSOl JisMe AZsigch ZMRel xAS

Hstste 2de HMRII 7H=50iX|H ZM w20 crosstalk 7 Z4isio{ P4t

_,..
lo)

ZA22 X5I5lAH =1 olE ZHAMSIZ| et oAFIF Z2I=9| Institute of

Electronic Materials technologyoijA{ %=8i=|T QIC}.

-~

22| minimally invasive 2|28 ZIttnl Al=0] U0 LHA|ZS EZ=0]
o ZUst =8 fsiMe 22 729 WAlZo| ER35iC) o2 == 1 mm
olstel WA|Zez Al&siH Aoz 3Eg5E & 1 mm 0fste WAL

70| 7= UCt 7|EL| 7 42 0.5 mm X oA 10,000 pixel

ot H MEE 0|&sl0f =H fojX MEE FHwFE Zefoto] 0.89 mm
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Aol WAIHE Jiesto] Ho:YAG & 0|88 U220l goniotomy of A}
& Al=o|c} =8t LAY S high-definition TV 0O 9iZsH= oiE 3l
0l 1024 x 1024 pixels, 30 full frames/sec, 2} 24 bit true-color of 2|5t N

2ot WAIE =& JhsstA g Zolcth

—
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nx
l._

20| X2E 95t M MAA| Qswitched Bl THFZ | 2fjo|X
o=

= BURE 247 o8y M

[wes

R oL} e Tohoku CH{Sof{A{
W=l hollow tubeE 0|®3}0{ Czech Technical University ofjA{= LHZ 540
2+7

um, 700 um, 1000 um hollow tubezZ 1.06 um &g 2t2Z+ 397 GW/cm

Ir

331 GW/cm? 2} 185 GW/cm’E FH&AIZ20{ 0.532nm = 1000 umoi|A{ 48
GWjem® of M&g dZslo) DHFEH oI =& NBE IS
It Ol= FDA oAM= zjo|Xet 2Mwel HEE H=E 0|&3SHX] 21
hollow taperE 0|&35}0{ 355nm, 632nm 2! 2.94 um 2| UV, VIS 4! IR 2iod
HMEtoll 22X DEEo MEES JtsA o0 20|X glel ExF Gaussian

mode Z Mgtz of otnto| atat s=nf 2 FLU F=ofe &&0| JsstAH

Z2o| ZIHHojMZ 2 um O|&F HeMe|l EMo| &

)
Ol
o
o)
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—i‘—.
—
o
o
o)
e

Inorganic Materials OjlAM= 2 um O[Ale] AMe|M mIEte| MLo| 78 2o

\J
b
x
0
M

[Zoff LITT ( Laser Induced Thermotheraph ) 7t 805 nm 2}
980 nm diode Z{{O|XME 2-3 WE 2-10 E7} 2432 ZTA}S510{ Chelyabinsk

State medical AcademyoijA| MEMoZ AlEEUCt ZFS] metastates X[Z 0|
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U M2 TEE 2Ho|HE 0|85t =RA2Z 7igs5iol X &25h=
Laser Induced Thermotherapy (LITT) 7} Free University BerlinO|A 3=

o Zto| W=ofM 2ot hemoglobin 2 £ot7t 7t F2 20[X{2l Nd:YAG

rfo

BO[XME T S50 ALBstn ULH, 2= ETE 1 2F 30-40 L2

Tof &

0>
o>
2

| et x| 271 el

>{|

b 2fjojx ZIct
=2 LMTB ( Laser-und Medizin Technologie Berlin ) oAM= FTIR £

Il

LEMYS 08 3 X 3 mm o MAEX ZAIM 2 % o A2 waet =

Hop Fo xmEg mE 5 Aqen] ez gfel x| Xt Z{o{7t oy

7t 2lo| Xt M Mol &S AE
,\1]71|J§l<_3_§ g}: 5 HHOlo{of OHo | '_-_=|

ot o LHZtof Z]elsty sUEel TEA
of &2 M=o &42 Fof duist=s Bt A=, 0= University of
Michigan 2| Center for Ultrafast Optical Science 0i|A{= femtosecond 2{{0|X]
£ mFL} £9| &0 Z&A|# photodisruptionol] 2|5 XFELoM 21 HaA

o 2o|xjet= el el ofst 42 FX| g JUS =

LHE LHESIR2M,

mjo

Al

2
rir

Eli

i

5| {k2to| dsto Fobof olEl= Aoz 1.7 um 1}



22 um o MM mHE 0[50 10 um HUT| $&2 AHE £ AN
ond, 775 nm o] JIA|YGoAM= 2.6 ul, 150 fs, 1 khz 2| FOo|X} Alzls

£0[7] /& umFoff &HE 20| ALBSHE ST 4SH0|UC.

3. o2& Bo|X &K F

=290

02

o2g dlolNs TR o A% 2 S0l Yof F2 cHBoe M
ol pom MAFoE wHAol B0l ME Btisls FA0f met A2

O[X &M MUS B 7[20ict 228 20X 4ol 53

-

g&= ol
a5 ACEH B o2 Bo|N 77|E ontEn LT oiE0| JtE S4TE
2 olat=ln A= dl, ol= ctofel AlE EFat mFote| =

Patgoln Hisl, X|otg, &A=& S92 2o|X
XZE CE JIE Zisn ddsioiol S22 H4EH0| oha WA ofla=n )
Cl. Oj=2f 2025 ol 65 A o[F2o| HAES 1990 Ho| 6 Hiof E& ==

Y=o ojet ZRE oftmf, A, H|Rnt §of o2& 2o|xe| HFo| M

1=}

=}

X|2tZ =|o|x A[Zto|z Diode 2j0|XMe| Y, HHelM, nE 8, X7}
Z1 89| 2Fo| oi Diode z0|X2| 2fzto] ofjat=lut, CHE flojx{of u|sH
of XMZstod MARQl o= IX| YCh X|oje] =ui, ZHE B|El nstof
AlE == Argon 2|o|&L}, Soft Tissue X|Z0| AIE=/E= CO2 2! NA:YAG &
O[X= ojo| ZE{aelZ2M uHE $AET0 of&=0, XS 240X SofA
ErYAG 2t 723t S4F0| of&EiCt.

7o 2ojd AEE 22 9 o4 H MHe| ATFRI IS
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Ci2 Meje] ofx|7} giv| mSo wuEe| o7 Zvjof wal AR PRIt 3
NS o2 MUS|DT AIol= ofAEDl ofLla} A $R2F SojLbs
=Mo[Ch Yoze| TSnE #o[xl= CO2, ErYAG, Ruby 20[x7} Fegt
Zoz MUSH cfE m=g oM Ak of2] Jix| m2nig #Ho|NE

2 Eofstd Al HRE2 =3l UL

|

olntEe0| M= AlH™EEZ0 0] PRK (Photorefractive Keratectomy),
LASIK & LTK &9 Ctst 2fo|X A[Z27|=0| S&of wat A, ZAl K &t
Al X220 &&0] 7t53510{ AlH nAE 2fojNe| H=E atst HF0] of el
Ct gt otmtof] UMEZ Bo|X X|Zo ZHHel, Al5Yd ! wE 3|50 w2t
20| XLz ZuE A2z MYECE nE Ho|MsE 129 7Ies

QstH, X|HAl X20|7| Y2 MAM2E R e MBI SEE

F

Zoz ML}, AX| 71240| $300,000 - $500,000 2 0§ TIIO|O{M EE
of 7&o0] Htsn 2uhelel Ba SA} JlHAMHS 2E + US U
HYEICE

HET=& 20|XE= CO2 20| E o|8st= PLC 7t FDA EFE |
|

0|5t 550| WwatM AlZ pRHM #H & 22z &zt TMR

S

g EX| MR &0 25t Ho:YAG L} Excimer 2{0|X{7}

,_
ol

o 2fo[M= FE D|Z0M JiEt=T Ao, M

20 0{2{20| U= otrlotelof A XEisto{ &F OtAlo} X[Hoi[Mel &8 &

1210} ZotM Z[E X

—

]
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02 26 oM 2 = UX0| 28 pm HEOAM EEISH= ErYLF 2|0
Mo AL ELALIL «=5000 cm? Fzo|of, TmYAG 20| (2.01 xm)2
A2 E4 A$I} «=60 cm™? 0|2z, 7|=2 Nd:YAG [0]X (1.06um, o=
1 cm™ )of| d[a| 60HH(TmM:YAG)0{|A{ 5000H§(Er:YLF)O|& Z7} EladsiC)
Ho:YAG 2|0|X= Xm0 2.1 um Z2Af Tm:YAG 2 2.01 yme} H|=5l}
Ol 2-6 offAM 2 = UKol ZXQ| mEUAM EFATIL 45| BEsIo &
LA LTIl ¢=28 cm? HTo|@Z Tm:YAG 2i{0|Xof u|si = Hi oA =9
E471 ECl m2tA, 2 oAFoAM = Tm:YAG 2f|o|X U ErYLF g[0|XE 7
2sto] &&3ste{n stod ol2{st Ho|MEE2 uFel mFAel S (ablation)o]
72/5t04 endoscopeE 0o|&¢t O|M| X|Z0| &nFo|ct LE &H =2 0Of

LA
[= =1

M

|Zst7| s 8! 2-7 oM & 5 UKO

Hl
=)
x
rr
0>
rd
(N
1z
fjo
S

=
2um 20[ME AIBSI0 MF LHFOAM aFol 1mm Hzo| oz FYHS
15| s Fi= iwvt M= Aot of A2 7|ES CO2
20|ME HEBH tF9 2F oA HF(1999:H0 FDAS IO E)sH= SR =L
2OAel Adeg 2oteix Ut

M Er 2fo|X= Etdst 255 SHo2 o, 1T, X(nSoM &S
EotE 23| Ws{7tn UCh #xf o| ErYAG 2fo|xe| &80 7t& = &
sf 2el2 2ol @ MESEHMoIct Loz XZE0M AIEHE= &
S9o xj&0| 0.3 um - 2.3 um V}X|QF £t} EL quartz2 o Y2
TMYAG & 37 TSE0| 758t EnYLF = 4R 0| =7tssich
metA, % 2ol ZrF, Sapphire fiber S2 AlR3H M&aX|7F S&5ln Ao
2ot Bllojx Hao Fofst ME Ro(Hul HEL&H0| 72l 30-40% 0]4H0]o

M o2 AGEl A7otHZ Hot AT
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H 3 & Er 2 HofTm 2|0|x AR &gt

M1 Mo o2& efojxo AIZ ST A MYo|Met Zo| Er 2o|X=

F
I
e
10
El

|2 R % oi2i=olAlm} x[Zpe| Hard Tissue X|ZofA Z&3t

>
0t
x
N
£
08

|1, olnjoiM T BHUE R|Z29| AlZte] MZE0| MU= A
0{, Ho ¥ Tm 2f0|x&e A& = Y AlHnFAA S5 AT HY=|
1 otntol =LA X|EOo|AME 4 &0 MUECE

SHAIX|e| o|2& Er U Ho #o|M= 72l lamp 0i7{of 2[5t &S
ALgsta Jout, a7l 1-1 oMt 20| lamp 0{7|& 2|2& Nd:YAG 20X
7t diode |o|X oi7|8goz HIFE FAM o2t Er % Ho 2j0|X % diode
2Ao|X o{7|EHo=Z uiE ez MYEIC,

T2{ut, 2|=2& Nd:YAG 20|} lamp 0{7[FOf|A] diode 2{|0}X 0{7]
o=z vipA & U2, Yt MAE 2 o[XMEoME lamp 0{7|E NA:YAG
g[0|X{7} diode BO|NMZ HIF|= O] E2 =22 Y UCL L4AE NAYAG
2flo| X7} diode 2{|0|X oi7|Ho=Z uinHA CHZFMMO| 2l Nd:YAG 0{7]
& 805 nm diode 2{{0|X<2 Fo0| 10,000 A[ZI7X] BHE=AH Ao,
diode 2fo|xo| mZEEM Sof FZo| LaAMES wXsHAH & Aol 2d=zE
Nd:YAG 2{|0|X{7} diode 2j0|X 0{7|EHoZ vi¥= WS TSI ACH =
Ll, Ol&l= 805 nm diode 2{0[X7} CHEFMA=Tn UYLt EE J(CHRHF JHA
0| 2&35| 5lat5lX| otolA|, diode {|0|A 0f7& Nd:YAG 20|X7} SX| 7}
ZiHO[A lamp 0{7|&of dls 2 b o|ate] TIel AtEfo[Ct.

ofoff Btslf, Er & Ho(Tm) 2fio|Xe= &L=t 79| 2 2{=&0| of
E50l|0{A 047|0of E2Et 785 nm 2} 970 nm diode 2{0|X 7} O}&l cHZF A4



L] @3 Ao 1Uto|n, FHojut mpEke| oty Y SollA oA

™
rlo
o
FU
0l

diode 20X 0{7|% Er Y Ho(Tm) fo|Xe| ALEsizl ofaie At®bo|ct of

ok, 2jolx| sgate

b = = |

oi20f diode 2f|0|X 07| Yb:YAG 2f Tm:YAG &|0]

T
Mot i7t=|n len], o|S9 =2 MIIA 522 ol88 MY #E0| 7|
Ci=fn RUo| 2[=2& diode 2|0|X 0{7|& Tm:YAG 9 &Esi7t Jith=ln U
20, Er 0[N A& Z&st HFol w2t AFSo| ®a[stn 450 55
diode #H|0|X 0{7|&e| AMESIT J|CH=ICY.

ZEZX2=2 Er ¥ Ho(Tm) 2lo|XEz &xf 2= Z2o0olAM afo|[x7t Ftat

, T2, Aot ® ez 2E EoM THE =

==

< gton

= S&0| 7[oi={ A0 Er ¥ Ho(Tm) 2fjo|xef AME MY 0

o2 J|&2| lamp 07| Ao Blsi M7|s=0] 51, wWef
M EEe| Sof ot HZEX|7t 2o glen, EX[7L £¥o|nd, IA2f0]X]
EHFel dH= a7t ZolM o[l E& FEAO| P48l diode 2{0[X

{7[g 2|2& Er ¥ Ho(Tm) gjjo[xe| H&o| Z[tiElCt
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M 3 & Clo|E Ho|Xx 0{7] Tm:YAG 7H&t

-

H 1 &E TmYAG E4 o7 & MA (1 AHE $+HE)

1. 2um Tm:YAG 2|0|X{ host materiale| & 3 EZUEM o4

Tm:YAG[1-3] 2f|o|{X<e| 2.01.m go|d mI2 18 3-1 oAt ZOo|
Tm*ion2| *Fy(&tZE2))t Hs (315 2l) AN Ato|oM2| ollifX] Zojof| ma} 2
MSHCE TmYAG 20X = ofjux] =aloz 2 uf 3-level 20|X HENS L
I Yooz siEglo BxE %2 Tm™ oj20| YT XS HJ| SEH &
B oot|g} 2o|x ZEIA| XfZE4(reabsorption)= AO{L|A| SiC|. w2fA ofE!

o 2%t #o|x WARHS WEed off 528 JEE s Eoh

Tm:YAG 2{0|X{O{|A 2flo|X tgtAiol Z0ist= olluX] =¢l= a8 31 nf &
C}.
:;HA b
H
H
.
s
785nm 2 ‘\Cros_s—-HeIaxation(for large Tm concentration}
P\
k3 1y
A 4 1

P

Fa

-

2.0Ium

<3
Tm™ -

a2l 3-1 Tm™YAG g|0o|X oix| =<
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25 F oo s e S

Absorption Coefficient (1/cm)

05 f------ e T ARRE T AR AT

0.75 0.76 0.77 0.78 0.79 0.8 0.81 0.82
Wavelength (um)

Og 3-2 TmYAG 2io|Xe| & g+ BX

T 0{7(otdE2 Ol 3-29

Tjok

= 23 EZoME 23 & 5+ UR0|
785 nm Q| W 0|&310] HITELICH) Tm™ o|258 *He nE2
047| AF|= npAolch J2{u E5H5= 785 nmojlA] 3cm” HTo|=Z 808
nm Z2x9| Nd:YAG, (¢ = 8 cm” ) S} d|mg uf J2| 2AX| Lot ot
3 level oj2t= Mo} E4I 32X grl=s M2 18] & o Cjo|2= 2{o|X
0{7] Tm:YAG 2{|0|X<e| 0{7| W 0{7|Z=(pumping intensity)S £ =+
U= CHHO0{7|(end-pumping) EFAl0] SotHo0|C}.
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Relative Threshold
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Temperature of Tm:YAG

2! 3-3 Tm:YAG go|X & 250 o2 28 x| #i5 (7|F 300 °K)

Hsl=d| o]2{st ZiE “cross-relaxation" 0{7| nfXo|ztn E2ct. oj2{st I}

0?.‘.

2 Tm 0|29 =7t F 4 x 10 [cm® 0|4f(doping concentration 2 2.2%

2

siEh)e mi[4] Lojtcin sich 2Lt Tm doping Of E& oj&toj A

El

cross-relaxation 0| OLIH O|ZE Oh$ We Z472|et olof is

g0| =FHe=E wistH Elch g LM F IIX| HoM FX| ¥2

rr
0 &8

ro

0gk
ol
i
in]

| 871xl= & 0|l ChE 2 vietE=9 2] Boltzmann EEZE
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st population B7t2t xf EF=E E7iAM7l= ZIE Zalistct. of2{st
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3mm

Fig. Interferogram from a laser diode pumped Tm:YAG crystal.
Pumping power : 60 W, Temparature Increment : 20 K,
Thermal focal length : 800 mm.
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Diode pumped, intracavity frequency doubled,
passively Q-switched Nd lasers
J. K. Jabezyhski™ , K. Kopczynski', Z. Mierczyk, W. Zendzian', Cheol-Jung-Kim®*, Kwang-Suk-Kim™

* Institute of Optoelectronics , MUT, Warsaw, Poland
** Korea Atomic Energy Research Institute , Tacjon , Korea

ABSTRACT

The analytical model of intracavity frequency doubled end pumped laser has been wosked out and applicd to optimize the
major components (pump pararmeters, non lincar crystal paramcters, cavity geometry) of such lascr. The experiments of
cw and passively Q-switched intracavity doubled Nd lasers were carried ouf. About 1 W of averaged green poser, with
pulse energy of 150 pJ; pulse duration of 40 ns were achicved for 10 W fiber coupled pumping dicde. The directions of
optimijzation of such lasers were formulated.

Key words: diode pumped lasers, frequency couversion, passive Q-switching

. 1. INTRODUCTION

Lasers of high spectral brightness beans and low losses on fundamental frequency are required for efficient intracavity
Il harmonic conversion (sec '*). Three main metheds of frequency conversion were applied namely: external single pass
conversion (EC), intracavity conversion (1C) and resonant extamal cavity conversion (REC). Two first methods were uscd
mainly for Q-switched lasers, although some attempts to intracavily couversions of high power cw lascrs were
demonstrated as well. The last method required the single frequency work on fundamental wavelength and precise modc
matching and frequency tuning of both cavities, thus it did not found practical application till advent of diode pumped
lasers. The flashlamp pumped groen laser systems, especially of higher average power, require water cooling, complicated
high voltage supply aand have overall elficiency about 1 %, thus thcre were seldom not compelitive to other green sources
(e.g gas Ar or He-Nc lasers). The advent of efficient, reliable, room temperature laser diode arrays in the tniddle of
§0-ties completgly changed the situation. Frequency doubled diede pumped lasers have found strong market position since
beginning of $0-tics duc to their compactness, high efliciencies, reliability and unique, comparing to other laser sourccs,
propertices. It was possible {3 construct green lasers with output power starting of part of mW cnding far beyond 100 W
(sce Table 1 >**) with optical efficicncics (with respect to pump power) above 10%.

Table 1. Parameters of frequeacy doubled diode pumped lasers: IC - intracavity, REC- resonant external cavity,
AQ -.acousto-optic Q-switch, R - ring cavity, uch- microchip, F-P.- lingar Fabry-Perota cavity, Z - folded
cavity of Z-type, L- folded cavity of L- type. :

Pump | Active Type of Mode Nonlincar Output efficiency | pefivears
W] | medium lasera transv/long crystal PowerW] 1%]. -
0.030 | Nd:YLF | ICcw-FP sm/mm MeO:LiNbO, 0.0015 0.5 [5)/1986
1 | Nd-YAG | REC-cw-R savsf | MpO:LiNbO, 0.2 20 {61/1991
4 Nd:YAG | REC-cw-FP sm/sf MgQO:LiNbLO; - 1.1 >25 {71/1996
0.62 | NdYVO, | ICew-pch |-  sw/isf KTP 0.016 2.6 [&)/1991
038 | Nd:¥YVO.| ICcw-pch sm/sf KTP 0.03 13 [9)/1994
0.88 | Nd:YVO, | IC-cw-FP sm/sf KTP 0.287 325 {10)/1998
10 [ Nd:YAG | ICcw-FP-L sy/sf KTP 0.6 6 {111/1997
126 | Nd:YVO,| IC-cw-FP sm/sf KTP 3.2 254 [12)/1998
331 { NdYAG IC<cw-Z mm/mm KTP 27 8.2 {13)/1998
1300 | N&:-YAG | ICAOZ | mumm KTP 31s 24 [14)199%

23 (48 22) 666 8950, phone (48 22) 685 9678, c:mail;jabezy@sck wat. waw.pl



In the simplest, compact pulscd green laser both passive Q-switching and intracavity doubling should be used "5, The
scope of interest ot the paper was focused on passively Q-switched, Nd laser with intracavity frequency conversion
punped by 10 W Giber coupled bar. In the 2-nd chapter modeling of intracavity doubled laser was presented. In the 3-rd
chapter 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 ( sec ¢.g. ') that in frequency doubled laser it is possible to cxtract the
same power on I harmonic as on the fundunental frequency if the optimum coupling condition is satisfied. This
condition do nat depend on puwnp level directly, for optimum nontincac coupling it is necessary to determine enly total
value of internal losscs in the cavity, However in practical systems it is very difficult or may be impossible to achicve 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 efficicncies of 20 -30% with respect to
optical punp power were damonstrated in ‘', with more than 50% optical efticiencics of output on fundamental
frequency were achicved in the same cavitics. The proper cavity scheme, nondincar crystal parameters and Jow loss optical
elements are crucial iy design of eflicient intracavity doublcd laser .

In the optimization of intracavity doubled end purnped lascrs the following cffects shouid be considered: pumping voluinc
parameters, typc and length of nonlinear crystal, type, length and thermo-optical paramcters of active medium,
fundamental mede size in dependence on pump power, possible intracavity lenses including themual tens, 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)

AM  pQsw NC AM V pQsw j
l / g = //Mi"m——i —:‘;_/'J‘t/ I
t Bl YN [

—

\_gzzmros \ZEFRFCB i

Fig 1. Schemes of intracavity doubled passivcly Q-switched lasers left - linear cavity , right - folded cavity case
AM - active medium , pQsw - passive Q-switch madc of Cr4+:YAG , NC - KTP frequency doubling crystal

Let us notice that in both cases thermal lensing plays important role in defining the fund2mental mode parameters, node

matching efficicncy and overall laser cfliciency. There were claborated analytical models for ew and passively Q-switchad

lasers respectively. The detaited description of both models will be given elsewhere ', Here we only describe the main

characteristics of cw doubled Jaser namely :

1- 1l harmonic efficiency 773 defined as ratio of cw 11 hanmonic output power to pump power as a function of :
internal losses L , KTP crystal leagth le, walk of angle p pump power P, averaged puinp beam diameter Wp | cavity
configuration paramecters, thermal fensing power for given pump power etc.

2- merit function oy a5 a product of mode matching efficiency walk off efficicncy and intracavity mode magnification
being a function of purmp , cavity geometrical and nonlinear crvstal parameters

In the case of second model bascd on Degnan's approach ** the following undimensional quantitics describing intracavity
passively Q laser were introduced namely: N - nonlinear losscs, [ ~ intemal losses, Q - passive Q-switch initial losses and

@ - ratio of Cross sections of absorbing and aclive media multiplied by intracavity magnification between nontinear crystal

and active medium. For such 4 paramcter sct of data the main parargeters of output can be cileulated from analytical
formulas nainely:

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

4- pesk power P2(a, N, L, Q) and resulting pulse duration asaratio of E2(ax, N, L, @Yo P2, N, L, Q).

!-ct us notice that these paramcters 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 fensing dependence on pump power



three first parameters @, N, L depend on pump power. Let us sce results of modeling of influence of separate factors on

the output characteristics of cw intracavitly doubled lasers with folded cavity and linear cavity Fig 2,3 respectively.
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Fig 2a. CW II harmonic efficiency vs purnp power for
scveral internal losses , and constant Ic = §,
folded cavity case
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Fig 3a. CW II harmonic ¢fficiency vs pump power for
several internal losses , and constant fc=8;
linear cavity case
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Fig 2b. CW II harmonic ¢lficiency vs pumip power for
several I and constant L =0.01
folded cavity case.
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F3b. CW II harmonic efficiency vs pump power for
several Ic and constant L =0.01
{inear cavity case.



After analysis of merit function dependence on pump power we concluded that scheme of folded cavity ( i.c. with internal
lens) is less efficient comparing o lincar one, From tle point of output cnergy extraction the folded mirror should be
used, however we sliowed the best choice in this case is flat mirror. Morc coniplicated situation is in casc of Q-switched
intracavity doubled lascr ( see Fig 4) because of 4 parameter set of variables.

_‘ 2 = 3

2

~ ~ \\\ .
~ N - " \\ ~
~ A
~.
¢
L33 as 555 0.83 0.8 0.95
T L=0.05 — a=4
‘‘‘‘ L -007 e a=G
-~ L-009
“~ a=16
Fig. 4a. Pulse energy vs. initial transmission for Fig. 4b. Pulse. cnergy vs. inital tmnsxr.ussxon ‘for
several internal losses , cross section ratio, se\'cfal internal losses , cross seclion rato |,
nonlinear losscs constant nonlinear losscs constant

In this case cross section ratio as well as internal losses are crucial in optimization of such laser. The detailed estimation
of scveral otber factars as mode mutching =fficiency, pump induced losses are beyond scope of such simple njodel,
however the inain directions of optimization can be derived with simplicity from it.

3. EXPERIMENTS

The experiments were performed for both scheines and two gain crvstals namely: Nd:YAG and Nd:YVO,. 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 pm radiation, the KTP temperature increases on 10 - 20 K above
environment. Such teraperature increase, partly compensated by TEC cooling decreases significantly performance of laser
because of scvere polarization lasses. This effect caused by birefringent filter (sec ') was examined in folded cavity
Nd:YVOq laser. It was demonstraied more than 30% depth of modulation in output power as a result of (cmperature
tuning of KTP in range of few K. Thus precise control of nonlinear crystal temperature with 0.5 X accuracy is required to
roaximize and stabitize green laser output power, However even for such KTP tuning we obtained not morc than 0.6 W of
output green power for incident 8 W pump which demonstrates the severc internal losses of cavity. The theorctical
analysis showed that the role of internal losses is not 5o inportant for Q-switching operation, thus we decided to focus
only on Q-switching experiments. o .
The best results of passively Q-switched frequency doubled output were obtained in Nd:YAG laser with lincar cavity
(Fig 18) of 130 mm length. high thermal lensing in the Nd:YAG rod (~ 20 m.” for absorbed pump power of 10 W)
caused limited pump power range up 16 6-7 W for such cavity length. We used three Cr*":YAG nbsorbers with initial
ransmission of 0.8 , 0.82, 0.76 respectively prepared in the Institute of Optoclectronics **, Because of tack of propes
intracavity frequency scparator more than 50% of green internal power were wasted, thus we present here performance
charecteristics calculated for internal power assuming 0.45 extraction efficiency.



The results of micasurements of averaged intemal power pulse cnergy

Fig 5,6.7,8 espoctively . Tepetition and pulse duration arc shown in
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Fig. 7. Repetition rate of II harmonic pulses vs. Fig. 8. Pulse duration of IT harmonic pulses vs.
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Comparing to results of passive Q-switching in the same laser working at 1.064 pro wavelength, the similar output energy
and averaged power were obtained , but about two times shorter pulscs us a result of nonlinear cffect of harmonic
converter. Thus, the green peak power of 5 kW was demonstrated with power enhancement factar of 10* with respeet to
pump powcr, The overall optical efficiency of 15% with respect to pump power is higher than resuit of A. Agnesi ™
obtained for extra cavity frequency doubled passively Q switched laser. The output beamt was diffraction limited and
singlc tongitudinal mode of each individual pulse, Averaged over long exposition time (consisted of several dozens of
pulses } multimode spectrum width is of S0 GHz, indicating that mode hopping between following pulses occurs. Pulse
peak power and eaergy fluctuations were of 20% , temporal jitter of pulses was less than 5%. We suppose that iu proper
design of cavity with temperature controf of nonlincar erystal and aclive medium the noisy paranicters should be
significantly improved. We investigated in our experiments several passive Q-switches madc of Cr*:YAG and we



observed also significant heating because of absomti i
12 ; : tption of I, If harmonic as well as pusp radiation. Th g <
that additional important factor in optimization of such type of lascr is quality of passixf: Q-Fs)wixch : e e concluce
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Gutput characteristics of diode-laser-pumped Tm:YAG laser
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Diode-laser-pumped Tm:YAG laser of wavelength 2.02 pm has been manufactured and its excitation efficiency and output
characteristics have been investigated. The excitation cfficiency was varied from 66 to 68% with respect to the pump power,
yielding pump power absorption of 87-89%. The output power was sensilively 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.

OCIS codes : 140.3480, 143.3410, 140.3380.
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