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| NVENTION 5 This invention relates to |asers and, nore parti cul y, to

Q switched | asers. BACKGROUND OF THE I NVENTION Q@ switching is w dely used
in lasers to generate short pulses with high peak 10 powers, which are
desi r abI¥OP3HH8er applications such as m cro- machi ni AgU/EMMMYar syst ens.
Qswitching can be realised either actively or passively in solid state

| asers. Active Qswitch elenments include an acoustic-optical (AO nodul ator
or an electrical-optical (EOQ nodul ator. Passive Qsw tching el enents -

i ncl ude saturable absorbers like FZ,LiF, Cro:YAG GAs, and I nGaAsP.
Passive Qswitching 15 elenents are .usually inserted into the |aser cavity
either at the Brewster angle or wth antireflection coating to reduce
insertion | oss. One known conveg-sWIRCHEDSWASERed pul'se | aser is shown in
Fig. 1. The 'Q switched laser has a |laser nmedium 1t, a punp cavity 12 and
a resonator, which 20 intludes a total reflection rear mrror 13 and. an

out put cou ei t her. side "of laser nedium 11. A single

Q switchi n?'@ﬁ@?@?ﬁ“%ﬁjﬁ?@@{ﬁ% or passive) is provided between |aser
medium 1 f and out put coupler 14. Such |l asers conpronm se: between the

pul se width and the pul se energy. Large pulse energy and narrow pul se
width are diney ﬁnt{ﬁnttontrgi%ﬁoé%@r%andnrn@rﬁes@awiarlvmcn(gwtdueﬂﬂss@ge 25 power
| asers such as a di ode end-punped Nd3: YVO4 | aser. Active Q sw tching

el ements are generally unable to produce | aser pulses less than 10 .
nanosecondBAGKSROLININORTHEHWNYENTQNM a sat urabl e absorber produces short
pul ses of picosecond . duration w thout having to use node-l ocking. 30
However, passively Qswitched | asers have a |limted range -of applications

for sever @-switetingds wiélgtused iﬂaEQél‘éefoy%Qle?éfét shael pLRes it AlYRO Pk
generate_ short 16 DEC 2005 WO 03/007438 PCT/ SQ01/ 00147 -2
10 powers, which are desirable in laser applications such as micro-machining and
lidar systems. Q-switching can be realised either actively or passi\}ely in solid state
lasers. Active Q-switch elements include an acoustic-optical (AO) modulator or an
electri_cai—opﬁcal (EO) modulator. Passive Q-switching elements include saturable
absorbers like FyLiF, Cr*:YAG, GaAs, and InGaAsP. Passive Q-switching
15 elements are usually inserted into the laser cavity either at the Brewster angle or -

with antireflection coating to reduce insertion loss.

~One known conventional Q-switched pulse laser is shown in Fig. 1. The Q-
switched laser has a laser medium 11, a pump cavity 12 and a resonator, which

20  includes a total reflection rear mirror 13 and an output coupler 14 p!ace‘d oné
either side of laser medium 11. A single Q-switching elément 31 (active ar
passive) is provided between laser medium 11 and output coupler 14. Such lasers
compromise between the puise width and the pulse energy. Large pulse energy

and narrow pulse width are difficult to achieve simultaneously in low to average

25 power lasers such as a diode end-pumped Nd*:YVO, I'aser. | |

Active Q-switching elements are generally unable fo broduce laser pulses léss
than 10 nanoseconds. Passive Q-switching with a saturable absorber produces
“short pulses of picosecond . duration without having to use mode-locking.
30 However, passively Q-switched lasers have a limited range of applications for
several reasons. Firstly, passively Q-switched lasers can only generate short




pul ses in very short cavities (such as mcrochip |lasers). This igqﬁy E? a
short cavity provides efficient |laser during the pulse build Jp a% se

width being linearly proportional to the cavity length. Additionally, the
pul se repetition rate of a passively Qswitched |aser is not controll able.
It is.geW@pHlor4s8in the range of a few 5 hundred kil ohBET/SCH04Aependent on
the saturation characteristics of the passive Qswitching elenent and the
pul se intensity in the laser cavity. The uncontrollable high repetition
rate usually results in a small pulse energy, in the range of 10-6 joul es.
10 SUMVARY OF THE | NVENTI ON An obj ect -@- the present invention is to
provide a Qswitched | aser having inproved pul se energy and narrower pul se
wi dt h. 15 The present invention provides a Qsw tched | aser including a
punp cavit pulsas limeery sHopdéautics{ssch ss piierpciip Vadeys)f OThig BNsscaube & étﬁﬁer
light, an actjve QO-switching elenent for controlling Qswitchin

osci | | at i ofEW P%@PSI ‘?@H?n’i ﬁsgfafi'd!"ﬂgaﬂ'@r P‘di(s,%c;’ruéig g% P§S§e‘f"l§'@i @@Ing

modul at i Qngﬁ%@ R:ﬁﬁd’héﬁl@%ﬁ%é’@a\@ﬁéﬁ m&lﬂiﬂaﬁﬁﬁﬁé GE& r&ie‘% ﬁ?ﬁbgga

oscillatio i aser n-sald | aser accord ng to selecte
saturation paemeiy]&mw@eddasems obt eoitroliakle sl iscgaDesaliytio ientpngbaianfew | n

acor wh chUaorag S EEEBR] UehkERt o e, st b S il e fmtdl o "

swi t chi ng €-swikchincalangabandtie pwmawsltﬁ Bﬁthwléébr@amq} dhe \tekintedliablecned

dur ati on, 5enha ced eak nd varla}t; repetition rate. In effect,
t he conbl n&igh o"ﬁpﬁ 'ona ig s freRi sq epary; ethe anpe afitly’ el enent
causes "m sg OF  "double” Q SWI tchl ng. Thus, a "double" Qswtched | aser

can be used to produce conpressed |aser pulses. The active Q switchi-ng
element is used to control the pulse repetition rate and ensures that the

popul atjon {,CtﬁF rat ed in 30 the laser nedium The role of
t he pasisof)vgt@@é\‘ﬁt @%Mﬁms S to generate the short |aser pul ses by
i ncreasing the power-loss coefficient maxi num 15 DEC 2005 WO 03/007438

PCT/ S&1/0Q147. Preferably, the, act]ve switching elepent, i s | ocated
bet ween t h&N gRigpt Hgdﬁ%ngresenq invention ltho prO\?Jde Y Q-switched laser hav}ng

improved pulse energy and-narrower pulse width. -

15 The present invention provides a Q-switched laser including a pump cavity, a laser
medium in said pump cavity for generating laser light, an active Q-switching
element for controlling Q-switching oscillation of faser light in said laser according
to a selected modulation rate, and a passive Q-switching element for Q-switching
oscillation of. laser’ light. .in said laser according -to selected saturation -

20 ~characteristics of said passive Q-switching element.

In accordance with the present invention; it has been found-that a Q-switched
laser which simultaneously employs an active Q-switching and a passive Q-
switching element can generate laser pulses with a relatively shortened duration,

25 enhanced peak power and variable repetition rate. In effect, the combination of
an active Q-switching and a passive Q-switching element causes "mixed" or
"double" Q-switching. Thus, a "double” Q-switched laser can be used to produce
compréssed laser pulses. The active Q-switching element is used to control the
pulse repetition rate and ensures that the population inversion is fully saturated in

30 the laser medium. The role of the passive Q-switching element is to generate the
short laser pulses by increasing the power-loss coefficient maximum.




and the passive Qswitching elenment. It is preferred that both_ the active
Q switching elenent and the passive Qswitching elenent are I.gc%%&ﬁ 2005
between the 5 l|aser nmedium and an output coupler of the laser. In a
preferred formof the invention the passive Qsw tching el enment also

pr ef er ab¥§0¥WF48 as t he out put coupl er. The passive Q ROU/2@hi0dIg7 el enent can
be a saturable absorber. Preferably, the passive Qswitching elenment is
uncoated. 10 The .saturabl e absorber can be selected fromone of LiF, FZ
:LiF, GaAs, GaAs wafer, SF6, |InGAsP, | nGAsP wafer or Cr4+: YAG The active
Qswitching elenent is preferably an,adoustic:optical nodul ator or an

el ectric-optical nodulator. 15 The Q switched | aser includes any suitable
punp source for punping light into the |aser nmedium The punp source can
ei ther end-punp or side-punp the |aser. nedium The punp source can be a

| aser dio a Jaser diode array, an.optic fibre coupled |aser diode
array_or adﬁeﬁ'ﬁ ¥i &'ﬁp‘?c"!@' CI!ISWI@%;EH @P i ds dacated: briweer dhe lasenmagisn has
means for \ I I Thg ok exanpl e, be
a ther mel%@fﬁ%gé(&)ﬂﬁr@§@&%ﬂﬁfgi§§ﬂ%di gﬁg@é@é&%ﬁ?%@%ég@& g}grt i on.

It is pref¥wilchingelamenhandithscppssie @smiichingicendenicate Whadtechbetweantthene rar e

earth iqn. ar I,trdrqgi r crystal or a conposite |aser
crystal 9 ‘Hﬁge-&ﬁg%@a@aar h |%@}§UE§'§E®%§3% Er, Ho, Tm Pr; C and Ti.
The conbi nation of an active and a passive Q sw tching el ement

advant ageagusl y 0 shaqrten he,|l aser pul ses and _enhances the pul se energy
(usual |y ﬁpoﬁl B Q[{ergor{n 63? syeationy the, Rrs3ives Craviching1 pispeNt algo oul es
to 10"3 j qsreReably 256 RAAK cRBEtodilel Mend BH&; sﬁﬁﬂc i gl so
incr easedqtsf'i gni f'{cant |y (usttPgiﬁ)l %?om.gb_gﬁfgl%ﬁ&S ) V\E@Q%%%éﬁ\?\!fn lzi%té‘has al so
been foundsat¥fablesabsarlgn o Prgfetablyethe passive [Q-switehingeslementois @odatedAG

10 The saturable absorber can be selected from one of LiF, Fy"LiF, GaAs,. GaAs

wafer, SFs, InGaAsP, inGaAsP wafer or Cr**:YAG.

The active Q-switching element is preferably an acoustic-optical modulator or an
electric-optical modulator,

15 '
The Q-switched laser includes any suitable pump source for pumping fight into the
laser medium. The pump source can either end-pump or.side-pump the laser
medium. The pump source-can be a laser diode, a laser diode array, an optic fibre
coupled laser diode array ora flash lamp.

20 ,
It is preferred that the Q-switched laser has means for cooling the laser medium.
The cooling means can, for example, be a thermoelectric cooler:

The laser medium preferably has a doped portion. - It is preferred that the doped
25 portion is doped with at least one rare earth ion. The laser medium can be a laser

crystal or a composite laser crystal. The rare earth ion can be one of Nd, Er, Ho,
Tm, Pr; Crand Ti. ' S '

The combination of an active and a passive Q-switching element advantageously
30 shortens the laser pulses-and enhances the pulse energy (usually from about ‘!0‘6




5 absorbers, can act as both the passive Q sw tching el enent anﬁ:ﬁosﬁ Oléh[%ut
coupler in solid state lasers. This has several advantages by e 'rcg
sinpler configuration for the |laser and a short cavity length. In
particular, the saturable absorbers do not need coating to reduce

i nserti ONOP¥WE4I8The surface reflection of the saturaBCES@USBMDer in fact
provi des the resonator with both the necessary 10 feedback for the | aser
action and the Fabry-Perot oscillation to enhance saturable absorption
characteristics. The abovenentioned i nprovenents can be explained with the
wel | -known fornmula for the pul se wi dt-H-of passive Qswitching: 15 V =1.76
k, (1) where tip is the pulse width;. TRis the cavity round-trip tinmg;
and 20 AR is the maxi mum nodul ati on depth with respect to the intensity.

For a fixe{bulé%vtot YOF?cﬁtﬂéé) Thep aap%mtatth@raoﬁb@a@'smﬁgd REFSs %[é%t AR has

to be as arge as_possible for short pul ses passi vely

Q swi tchedmlcﬁﬁé’é?d Signﬁ'can%uwﬁﬂymﬂawt&? Gpttn 129 kg\’)ven by AR = 1-exp(-Aq)
where Agq is the maxi num 25 change in- the power-|oss coefficient of the
passive Qswitching element In the present invention with m xed @ switching -
by sinmul t alidbesslsp hmhrfgjmi:mat/satuzablie e,thwﬂiere sﬁ)ch%ll}dﬂsr\ﬂaf@is&ifmf*WAGhe

maxi mum vaé f the pO\eB 05S,, coeffici I s increased significantly due
to the i'ns ﬁﬁqf@?rsoPaFrPec &% b9@1 thes Raseive -chlamér%ﬁne"tmn% tﬁ%dﬂgpqthat no

| aser osci tduidlerdn sofifd -stRs t 5 WO
03/007438 Pé?fj/] SX1/ 001547 ?%ger?sﬂﬁ%\'/]vas %g%;?!a a)V%h ér?e{ghﬁev g@%b}@% Q S ﬁchhl ng

el enent i sCoMigHEation;fgn the. laser and ﬁh%horbssww leagth. ins patiisular, dhe saturalbje
dependent t.

apenien: kb8 doorHea BbiAl 1 NALRGTRLIAN il e MR BRectRn,of |
passi ve Q thai safuiable. absmrber ir fact Ipww@éwma)fesﬁﬁaios withc bethsthe se@Bsarycant |y,
and I N 14 feedhack for the laser action and the Fabry-Perot oscillation to enhance saturable |

absorption characteristics.

The abovementioned improvements can be explained with the well-known formula
for the pulse width of passive Q-switching:

15
2T, '
7p =176 | U
where 1, is the pulse width;.
Tr Is the cavity round-irip time; and
20 . ARisthe maximum modulation depth with respect to the intensity.

For a fixed cavity length, the above equation clearly indicates that AR has to be as

large as possible for short pulses. In a purely péssiv‘ely Q-switched laser, the

maximum modulation depth is given by AR = 1-exp(-Aq) where Aq is the maximum
25 chang? in the power-loss coefficient of the péssive Q-switching element.

In the present invention with mixed Q-switching by simultaneously usiﬁg active
and passive Q-switching elements, the maximum value of the power-loss
coefficient is increased significantly due fo the insertion of the active Q-switching
30 element. This means that no laser oscillation can.occur at all in the cavity during




5 turn the pulse width in the sinultaneous Q sw tching of the il%tmlz:g
passive. Q@ switching elenents is shortened according to Eq.
increase in pulse energy can be explained by referring to the expression
for the total energy in a Q@switched pulse: 10 Vhvin(1/R) YE where E is
the tot WOEHE#S: V and y are the cavity constants; aPCEHSEH&0I4T near
power -1 oss coefficient; 15 h v is the photon energy; Ris the reflectivity
of the coupler; nj is t he initial inversion population; and of is the
final inversion population. (2) 20 Wien the passive Qswtching elenent is
used as the output coupler, all the paraneters except n; in Eq. (2) are
the sane in both passive Qswitching and in the present invention where.
doubl e or m xed Q switching occurs. However, the initial inversion
popul at i on its;lowsQgtate.e Whew éhe actwiafﬂ-spﬁtemagteleme‘lﬁriﬁlll@ﬁts Highs QlLéthfRg thé an

25 I n passive Q swtchi ng,

h
el e o BolbEIEAIE i 1655 Belod RPehdSht SR 91 tHe absRHEn chaacrebEn ot &
bui | d up sftlme!vbassn?é”l(lssvhtmﬁqselérh@h'lt ahb%@ﬁ'%ﬁﬁ.lhpl&sgfls ineg th@@élg é?@ﬁt}at ' 0“

and |l eads to a. .reduction in the absorption of. the passive i ng
el enent, i M PedsivesBeswichiggu pherefose theuvaive qﬁJAR*Immcreaaed sighificantly ahdin

| at f d ent, t bl b t
Char act ey 1 4T BERE vilifhn' (G KRLRRERE B isRhg ! fus Al Brespshadapun
power | evebwiteingeleinentsiisl shortenet acvortiag wWoES. (1 punping, this initial

The increase in pulse energy can be explained by referring to the expression for
the total energy in a Q-switched pulse:
10 '
Vhvin(i/ R
R, @

‘where E is the total energy;

E=

© Vand y are the cavity constants;
g is the linear power-loss coefficient;
15 - hv is the photon energy;
' R Is the reflectivity of the coupler;
n; is the initial inversion population; and
ne is the final inversion popufation.

20 When fife passive Q-switching element is used as the output coupler, all the
parameters except n; in Eq. (2) are the same in both passive Q-switching and in
the present invention where double or mixed Q-switching occurs. However, the
initial inversion population n; is quite larger in the presént invention, resulting in an
important difference between these two cases. '

25 _ '

‘In passive Q-swité:hirig, once the gain exceeds the loss in the cavity, the'leiser
pulse starts to build up slowly. This brings about the depletion of the upper
population and leads to a.redqction in the absorption .of.the passive Q-switching - .
element, in tumn speeding up pulse build up. The .initial inversion population,

30 therefore, is very dependent on the saturable absorption characteristics and the




val ue (and thus the pulse energy) is usually small as observedia st
passively Qswitched lasers. 5 In the m xed or double Q@ swtch gﬁgﬁai’ﬂ%
occurs in the present invention, the active Qswitching el enent ensures
that the initial population inversion is independent of the passive

Q swi t clWA§¥8fent and al ways equal to the saturat edPCEH@I0MARI s | eads to
a nmuch hi gher pul se energy. 10 BRI EF DESCRI PTI ON OF THE DRAW NGS Preferred
enbodi ments of the present invention will now be described, by way of -
exanmpl e only, with reference to the draw ngs,- of which: 15 Fig. 1 is a
~schematic diagramillustrating one kne@wn conventional Q swtched solid
state laser; Fig. 2 is a schematic diagramillustrating a @ switched solid
state laser according to a first preferred enbodi nent of

t he- pr esenpurm power ddvels 48 Wil -In Joi ScontiBERARELVE (GVA%@RAPIhY, il fidd N @

Q swi tched ?ol id state |aser according to a second preferfed enbodi ment of
the presenfalye (@Rg; this the-pyse gnergy) issusuatin smell @is afisarvied| in urast passivelan

exper i ment@lswiehetPiaebrst he *switched 25 laser- of Fig. 3; and Fig. 5
illustrates-a tenporal evolution curve of a |l aser pulse fromthe Q sw tched
solid state |aser of Fig. 3. .. 30 DETAI LED DESCRI PTI ON OF THE PREFERRED

@ swi 1 ched 48 i MO B Pettys i o BeSenbitumiBi. Meactie

present i r-aniiciing elemeritanenrebdsatahé Aiel Pﬁﬁﬂhﬁﬁﬁ ihbersonis Mdepaiddrt of 2 and a
resonat or,, whi ch, i n@%uc{es a total reflection rear mrror 13 and an out put

coupl er 14he passivg Crswitghipg slenentanst aways reqyabitauther satumted favep Bhisirce (not
shown) i s |eaetol0muBie RRhaE bilse Brg).ng | i ght used to punp the

10 BRIEF DESCRIPTION OF THE DRAWINGS

~ Preferred embadiments of the present invention will now be described, by way of
example only, with reference to the drawings, of which; '

15 Fig. 1 is a schematic diagram illustrating one known conventional Q-switched solid
state laser;

Fig. 2 is a schematic diagram ilustrating a Q-switched solid state laser according
to a first preferred-embodiment of the present-invention;.
20

Fig. 3 is-a schematic diagram illustrating a Q-switched solid state laser according
to a second preferred embodiment of the present invention:

| Fig. 4 is a schematic diagram ilustrating an experimental setup of the Q-switched
25 laser of Fig. 3; and

Fig. 5 illustrates a temporal evolution curve of a laser pulse from the Q-switched
solid state laser of Fig. 3.

30 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS




| aser medium 11. The punp source nmay be put inside or outside the
cavity 12, depending on the type of punp source used. |f the 'Ipﬁrﬁf_p&c?ﬂﬂﬁe
is aflash lanp, it is usually put inside the punp cavity 12. If the punp
source is a laser' 10 diode, a |laser diode array of an optic fibre coupled
| aser divW@&3/%438y, the punp source is |ocated outsi deCPG&/eETity 12. The
| aser nedium 11 can be either end- punped or side-punped. An active

Q swi-tching. element 15 is | ocated between | aser medium 11 and out put 15
coupler 14 for controlling Qsw tching oscillation by abruptly changing a
| oss of resonant |aser |ight passing tAr-ough. The active Q switching

el ement is an AO nodul ator 15. A passive Q switching elenent .16 is

pl aced. between AO. nodul ator .15 and the 20 output coupler 14. The

passi ve Q Biy. Rahons shwitthed 8ol statd bssy ﬂ:o@hﬁﬁg’fbeé rrlsﬁ emEesamlrﬁ%f fh’e
saturabl e absorber 16 are' LiF, FZ :LiF, GAs, 6, |In&AsP,

| nGaAsP waP&sed: nventiopadherlager haera asar madium c'Hn %E‘J‘BP&?@Vﬁhdapéﬁﬂ @ortion

and doped , RQ';K:E{ P@%MH one rare
earth ion. %%gp%@ggﬁzﬁﬁngggégﬁg ude 'W@?hﬁgo S%P&E‘E‘,Jr“%?eﬁ?“ !
Exanpl es oplaged ondbitherasiderofdasesmasdiunidl ude YAG ( Y3AI 5012) . YAI 03, Al 203,
YLF (LI.YF4), GSGG (Gd3Sc3Al 3012), GSAG (Gd3Sc3Al 3012), GG (Gd3Ga5012),

YV04, 30 gl ass, LaF3, BeAl 204 or BaY2 F87 Alternatively, the |aser nmedium

can be a Apuapusalirtagot shown)tisuses Hycnsratiepl GohLused ) and
YVO4. 16 c 2005Iég a?éggmﬁ P?J?’/ se%’u Ogﬂlﬁgp mmg @ |ssep?%ﬁ)éﬁﬂeﬁ4

enbodi nent asghhr@e BHMPSQUECSMRY, b Put Wﬁeaﬂf Q%‘i!@jthﬁ RUMp §ﬂ‘é|tYr are
earth ion. S el I I r ti-
reflecti on1lﬁg(§/éebreﬁg{iﬁt%rgiqé Q@ ﬁ;ﬁkmﬁ%tﬁ{ﬁé '{f%%‘hgtﬁe%ﬁﬂ% g‘?\rﬂe I odi nent
i s di ffereldmp, i iscrsualupul-ipsidertbennumyp cavilyelR.i dhihe m)mpsmurcelwlal Iasm'r as
shown iy Fiidge 1a 1AM Rioke élj?a)} BfaR’ %ftl §'hed cgmé)éj L8 Hiddl arra%r 1% pump

- source is located outside pump cavity 12. The laser medium 11 can be either end-
pumped or side-pumped.

An active Q-switching element 15 is located between laser medium 11 and output
15  coupler 14 for controlling Q-switching oscillation by abruptly changing a loss of

resonant laser light passing through. The active Q-switching element is an AO
. modulator 15.

A passive Q switching element 16 is placed- between AO modulator 15-and the . -

20 output coupler 14. The passive Q-switching element is a saturable -absorber 16.
Examples of a saturable absorber 16 are LiF, F,LiF, GaAs, GaAs wafer, SFg,
InGaAsP, InGaAsP wafer or Cr**:YAG.

The laser medium 11 can have an undoped portion and doped portion, .the doped
25 portion being doped with at least one rare earth ion. Rare earth ions include Nd,
Er, Ho, Tm, Tr, Pr, Crand Ti.

' Examples of suitable laser crystals include YAG (Y3Als042), YAIOs, AlOs, YLF

(LiYF4), GSGG (GdsScaAl;012), GSAG (GdsScaAlsO1m), GGG (GdsGasOyz), YVO,,

30 glass, LaF;, BeAl,Os or BaY. Fs. Alternatively, the laser medium can be a
compound laser crystal, such as YAG (Y3AlsO12), YLF (LiYF,) and YVO,.




an active Qsw tching elenent (the AO nodul ator 15) and a passive
Qswitching element (the saturable absorber 16) are enployed & DEC 2005
simul taneously. In contrast, 10 the conventional Q switched |aser only uses
a single Qswitching element 31 (either active or passive) in Fig. 1. Fig.
3 illustWap¥e8second enbodi nent of the present inveRET/BEIVITHE sane

ref erence nuneral s have been used to refer to integers corresponding to
integers 15 in the first enbodiment of Fi.g. 2. The main difference between
the first and second enbodi nents is that output coupler 14 in the first
enmbodi ment has been renoved in the seeénd enbodi ment. The saturable
absorber 17 acts as both the passive. Qswitching el enent and the 20
output coupler. In this case, the end surfaces of the saturable absorber 17
are not coated with an-anti-reflection coating. Nor is saturable absorber
17 positioned. at: _the Br ter angle. Instead, the surface reflection of
sat urabl e E‘o‘g@r preferes @mg(\é\@ment, 5E%\ﬁ§?é§19q1'§" rdsisiutaser wivstal goped wilh
necessary bRegiaclarolon! NBolrodiges 3F O hdp bystdl o AR aRRiH WiRCLAd.t I on to

enhance its saturable absorption characteristics. conmbr natiron of
out put coufsfieetipndayersd ths laserwvavglangth.ng i n saturabl e absorber 17 nmakes it
possible to realise highly conpact, lasers with a short pul se width and

hi gh. péak power. Fig. 4 is a schematic diagram of an experinental setup

using t he Flefinstiprefirethdmbladiment is Bifferémtde tomsdicion fidmithe SoNéationAIL | aser
crystal with % ai ms*nsig?igl of .3 X % )NS mB and i s doped with 0,5% Nd3+.
Laser crysPaliched 1aser as shawn g Figodn ar%eIY)E@%B@f%C{)ﬁWWWQBt ndi9.$401/ 00147

-9 ends togh Q%@@—M@hfn?%leﬁé@t’@%éh@"nﬁhﬁl‘éﬁfé 1|%)’>aﬁ&% %‘&g@gﬁi_@mﬁ%on | oss.

The coatin on the crystal en facing t enses roic th high

ref | ect i orPlgmentlias satusahle iwbgerber 46k ateseinployed stadianeouslyl t ecanttast, end 25
e PO R ehef S5 afont B SHE, et 0l S Aeng Al e

wth a ser e array
(either active or passive) in Fig. 1.

Fig. 3 illustrates a second embodiment of the present invention. The same
reference numerals have been used to refer to infegers corresponding to integers
15 in the first embodiment of Fig. 2.

The main difference between the first and second embodiments is that output
coupler 14 in the first embodiment has been removed in the second embodiment.

The saturable absorber 17 acts as both the passive Q-switching element-and the -
20 output coupler. In this case, the end surfaces of the saturable absotber 17 are not
coated with an anti-reflection coating. Nor is saturable abscrber 17 positioned at
- the Brewster angle. Instead, the surface reflection of saturable absorber 17 in-fact
provides the resonator with both the necessary feedback for the laser action and
the Fabry-Perot oscillation fo enhance its saturable absorption characteristics. The
25 combination of output coupling and passive Q-switching in saturable absorber 17

makes it possible to realise highly compact, lasers with a short pulse width and
high. peak power. ) '

Fig. 4 is a schematic dia_gram of an experimental setup using the second
30 embodiment. The laser medium 11 is a Nd**:YVO, laser crystal with a dimension
of 3x 3 x5 mm® and is doped with 0.5% Nd*. Laser crystal 11 is coated on both




optical fibre cable 21. The maxi num out put power fromthe fibre cable 21 is
30W at 808nm and the tenperature is set at 25 C. The punp bdabn B Hralihe
fibre cable 21 is reshaped with a set of collinmating-and focusing | enses
22, which 10 reduce the beam wai st size by about 1.8 tines to < 0.45mm The
ef f ect i WO B8 beam si ze incident on the | aser crystBCT/3GN08143d] ust ed by
novi ng | enses 22 along the optical axis to ensure that the | aser operates
in the fundanental node. The active Qswitching elenent 15 is an AO .
nodul ator. 15 The passive Q switching element 17 is a saturabl e absorber,
being a commercially available bulk GgAs wafer with. both surfaces
mrror-polished. The GaAs wafer is un-doped and has an un-saturable
absorption coefficient of 1.2 cm 1 neasured vvith an UV-3901 spectroneter.
Two sanpl egp [ v
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concl usi onoie e gusial anm%é@mngjthegienbm (sfdlelubm\uth high mﬂéo&on TahﬂOBMS on

i cknoss SEaBnBNEDsslhaBPant g i mbrine A B feh Flasiisslon w6859.41 cool <

| aser crysated064dmi o reduce thermal effects. Thermal dissipationis well
managed _by w apping | aser crystal 11 tightly with thermally conductive
films and inserting it into a matched rectangular hole in a nuch bigger
heat si nk, [ Jdak eRistst 16 re of
both the diode era %éﬁg%ﬁ@&k@g? ié?%dlégggéﬁ?&%@@ @%W@?%EC 2005
WD 03/ 0074q8|catmre;@blecm1zmhe rhexiium byiput powerirare the fiirelcablecd kt3ovg from

th t h f diff t
r egetql f Ymon t%gb? %ﬁ& (‘% t{m%—ﬂéléaﬁmsef%)g i Qiz -ﬁ}eeg'ﬂBEth%%‘E\ Om'ertlrﬁgnftﬁf ective
cavity | engbie i29 uahesnaﬂetpwmna sbe of b@mhﬁﬁhg tdhlt foB@thg! lér%eebzza'me due to

the ingerti t.he AO podul at or ower was The puI se
wi dt h 38 8&59% ev%%a“l“@f%siﬁ bﬂkﬁl&‘)m 'ﬁlﬁ%f“ﬁﬁﬁﬁ% \/QD ﬁﬁmmnaye@&esﬂwegbumg reduced
by beam size incident on the laser crystal 11 is adjusted by moving lenses 22 a!ong
the optical axis to ensure that the laser operates in the fundamental mode.
The active Q-switching element 15 is an AQ modulator.
15

The passive Q-switching element 17 is a saturable absorber, being a commercially
available bulk GaAs wafer with.both surfaces mirror-polished. The GaAs wafer is
.un-doped and has an un-saturable absorption coefficient of 1.2 cﬁ" measured
. with an UV-3901 spectrometer. Two samples of GaAs wafers were- tested in. .
20 -experiments having thicknesses of 0.625 mm and 0.5 mm, respectively. Although
no significant conclusion can be drawn regarding the effects of the wafer thickness

-on the laser performance, it was found that the GaAs wafer with 0.5mm thickness -
gave hetter results.

25 Athermal electric cooler (TEC) 41 cools laser crystal 11 to reduce thermal effecté'
Thermal dlSSlpation is well managed by wrapping laser crystal 11 fightly w1th
'thermally condugtive films and inserting it into a matched rectangular hole in a
much bigger heat sink, which is cooled effectively by the TEC 41. The temperature

of both the diode array 20 and the heat sink is set at 20° C.
20 . ,




decreasing the repetition rate or increasing the punp power. Tgeﬁiée(ﬁtgst
pulse w dth obtained was 3.72ns at 10Hz at the sanme punp povt’e 003+
20W The pulse width increases linearly with the repetition rate, as shown
in Fig. 5. In particular, in Fig. 5(b), the pulse width was 26.6ns at
30kHz. 1§OPHY4Bonpari son, separate experinents were BEFFGIVHEB7on t he

I ndi vidual @ swtching eI ements in the cavity each tinme, either the AO
nodul ator 15 or the GaAs wafer 17. 15 In the case of the active

Q switching el ement AO nodul ator 15, the cavity length was 130 mm
slightly Ionger due to the use of a |leHsk- holder for a separate output.
coupler. The coupler was a flat-flat glass mrror with coating for 15%
transm ssion at 1064 nm- optimnm sed for the above cavity specifications and

punp povverTwAtgf[ilcaiz puReIprefles YRR PSA hd Q"-svhﬂ:ﬁe& %I’ 6f FiBecFﬁ ShaitfinGaAS
waf er had: grzfgraﬁrfaces 20 The pul se wd SW tcRed | aser
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than 100 ns with av case. o € passlv
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down to.l an the ul s vm dth co have n as
short ad ?@é#ﬁéﬁﬁ%@ ggbﬁe Ji- emm rhenéluq;ﬂysrggug@éfgy usual |y
| ong, aboudectEfsimg thed ﬂ@dhﬁaté%pﬁﬁdéa dred
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observed f¥gthgbtai as we(£ng At J Ol at\ihe samecRuImp pawer fevehef ZQWf Tgar at | on
using a punfdy Vﬂ&ﬁ'lﬁ&e%éé’“hﬁéétww‘?ltﬁ@‘w%et@HQa ?hﬁ%%ﬁ{ Ei \é

noted that the average power n that
for the pRardacuaninBoy5h) the pulge width visis26.8rseat@0kHz.t he AO nodul ator 15.
This i because the GAs vvafer acting as the output coupler, had a
transm ssi on of

For .comparison, separate expenments were performed on the individual Q-

switching elements in the cavity each time, either the AO modulator 15 or the
GaAs wafer 17.

15 In the case of the active Q-switching element AO modulator 15, the cavity length
was 130 mm, slightly longer due to the use of a lens holder-for a separate output
coupler. The coupler was a flat-flat glass mirror with coating for 15% transmission
at 1064 nm, optimised for the above cavity specifications and pump t)ower. A flat
surface::was..chosen for thé coupler because the GaAs wafer had: flat ‘surfaces.

20 The pulse width from this AO Q-switched laser was .around 20 ns at 1 kHz with an
average-power of 0.75 W. For a repetition rate of more than 10 kHz, the pulse
width was usuallyfarger than 100 ns with average powers over 3W. |

In the case of the passive Q-switching element GaAs wafer 17, the cavity could
25 have been shortened down to less than 50mm, which meant the pulse width could
have been as short as 10 ns. At the set cavity length of 110mm, the pulses were

usually long, about 400 ns, and had a repetition rate of around several hundred
kHz.




about 38% which was higher than the optinum val ue of 15% 1&9?%@:‘@%%
configurations of the |aser nmedium 11 can be constructed by

skilled in the art. For exanple, rear mrror in Fig. 2 can be replaced by
depositing a high reflection |ayer on the side of laser nmedium 11 facing
rear mi rWQP3PB38| n concl usion, the mixed or doubly Q BUN/S@WEH4E0lid state

| aser using an active @ 15 switching el enent and a passive Q sw tching

el enent sinul taneously generated | aser. pul ses with high energy, short
duration and variable repetiti-on rate. Furthernore, the conbination of the
out put .- coupl er and the passive Qsw tdhing elenent in the one conponent
advant ageously conpresses the pul se duration and allows for a
sinpler-structure to be used to construct. solid state |lasers with . m xed

20 or doublTkeGhainufhpéak powdr db%ewaaefénswﬁféa&é@way@?'m Whidh (fceeﬁécpns

alterations, variations and additions-to he construction and arrangenent
of the eanHm?e?R“ﬁéléﬁﬂilPﬂB@ﬂ‘Q & eHEhnaetive Q@mghla@ﬁmn@:ﬁ thel ADigodilatbi n t he
ambit and qgope of the present invention. . 1 6 DEC 2005 - 12 .. CLAIMS 1.
510 2. 20 4. 5. 25 6. 30 7.

5 ltis noted that the average power in the mixed Q-switching was lower than that for
the purely purely active .Q-switching element, the AO modu!atbr 15, This is
because the GaAs wafer, acting as the output coupler, had a transmission of
-gbout 38%, which was higher than the optimum value of 15%.

_10 Alternative- configurations of the laser medium 11 can be constructed by persons
skilled in the art. For example, rear mirror in Fig. 2 can be replaced by depositing
-a high reflection layer on the side of laser medium 11 facing rear mirror 1'3.

" In conclusion, the mixed or doubly Q-switched solid state laser using an active Q-
15 switching element and a-passive Q-switching element simultaneously generated
laser pulses with high energy, short duration and variable repetition rate.
Furthermore, the combination of the output. coupler and the passive Q-switching
element in the one corhponent advantageously compresses the pulse duration and’
. allows for a simpler-structure to be used to construct solid state lasers with mixed
20  or double Q-switching.. .
1t is understood that various modifications, alterations; variations and additions-to
the construction and arrangement of the embodiment described. herein are
considered as falling within the ambit and scope of the present invention. .




A Qswitched laser including a punp cavity, a laser nediumin ﬁglg EU%S
cavity for generating laser light, an active Q@ swtching el ene %
controlling Q@switching oscillation of laser light in said |aser according
to a selected nodulation rate, and a passive Qsw tching el enent for Q
switching oscillation of laser light in said | aser according to sel ected
saturation characteristics of said passive Qswtching elenent, wherein the
passive Qsw tching el enent being a saturable absorber having reflectable
end surfaces for providing feedback for |aser action and generating
oscillation to enhance saturable 3?sor ption thereof, wherein the passive Q
swi tching el enent acts as an out puf "coupl er of the laser. The Qsw tched

| aser according to claiml1, wherein the active Qswitching elenent is

| ocat edCb&Mfeen the | aser medi um and the passive Qswtching elenent. The
Q switched | aser according to claim1l, wherein the saturable absorber is
not coated with anti-reflection coating. The Q- switched | aser according to
cl ai m 11. whér@iswitthesl laserinchblirg apeop bawty, 4 Bsposédiimriedaidlpomg an ori ent ati on

away from Brewster angle., The. O-swi tched | aser according to any one of
clainms 1-4, COARE| 9?"[9%@'”9 Ispy \alt @ng lYecﬂrsHthc@p%ﬁ%mengtoran acousti c-opti cal
nmoglul at or  oko@mLlIRIgESEwitemg oseMbiich foakiar RGN saiiRisEr sototdiied ol aser according
to any one of clains, 1-5 wherein the swi tched | aser has a punp source

for punpi ng SFPERE Makuption Bl 2082 RASAVE M-SWilcEIng elemerifidH aser according to
cl ai M6, wheggiihild\GsRith SR Rgitiif€aid RBPSOIIR G RIIRY the | aser nmedium
16 DEC 2005 -13 8. 59. 10. 10 7 )
saturation characteristics of said passive Q-switching element, wherein the
passive Q-switching element being a saturable absorber having reflectable
10 end surfaces for providing feedback for laser action and generating
oscillation to enhance saturable absorption thereof, wherein the passive Q-

switching element acts as an output coupler of the jaser.

2. The Q-switched laser according to claim 1, wherein the active Q-switching
15 element is located between the laser medium and the passive Q-switching

element.

3. The Q-switched laser according to claim 1, wherein the saturable absorber
is not coated with anti-reflection coating.
20
4. The Q-switched laser according to claim 1, wherein the saturable absorber
is positioned along an orientation away from Brewster angle.

5. The Q-switched laser according o any one of claims 1-4, wherein the
25 active Q-switching element is an acoustic-optical modulator or an electrical-
optic modulator.

6. The Q-switched laser according to any one of claims 1-5, wherein the Q-
switched laser has a pump source for pumping light into the laser medium.
30
7. The Q-switched laser according to claim8, wherein the pump source sidé~ ’
_pumps or end-pumps the laser medium. '




11. 12. 1s 13. 20 14. 2515. The Q@ swtched |l aser according to clglﬁr’rpé 050
claim?7, wherein the punp source is a |laser diode, a |aser diode*a Qy, Ugn
optic fibre coupled | aser diode array or a flash lanp. The Q switched

| aser according to any one of clains 1-8, wherein the |aser nediumhas a
doped portion. The Q switched |aser according to claim9, wherein the doped
portion is doped with at |least one rare earth ion. The Qsw tched | aser
according to claim 10, wherein the rare earth ion is selected fromone of
Nd, Er, Ho, Tm Pr, G and Ti. ThesQ switched | aser according to any one of
clainms 1-11, wherein the laser nediumis a |laser crystal. The Q sw tched

| aser a@cor dy i i i r t j selected from
one.of | $AG ( VSRR QIR sboorMBFURN BB SRT) wtBe il SR So1o. Gsac
( Gd3Sc3Al 301spcess I4sed GicHs @ 1a3er diddehiray| assptic fbe-GoupBeiAhse®t or BaY2 F8.

The Q sw tch | aser a ing to any one of clains .1-13, wherein the
- |l aser mnedi urﬁ%?%e%r@o%@%mpgser crystal. The Q swi tched | aser according
to claim 14, wherein the conposite laser crystal is a conposite crystal of
YAG (Y3A150]_ﬁ_2, YLE (LiYF4), OR YV04. ) .

5 9. e Q-switched laser according to any one of claims 1-8, wherein the laser

medium has a doped portion.

10.  The Q-switched laser according to claim 9, wherein the doped portion is
doped with at least one rare earth ion.

10

11.  The Q-swiiched laser according to claim 10, wherein the rare earth ion is
selected from one of Nd, Er, Ho, Tm, Pr, Crand Ti.

12. The Q-switched laser according to any one of claims 1-11, wherein the

15 laser medium is a laser crystal.

13.  The Q-switched laser according to claims 12, wherein the laser crystal is
selected from one of YAG (Y3Als042, YAIOs, Al,O3, YLF (LiYF,), GSGG
-(Gd3SC3A13012, GSAG (Gd3SC3A|3O12), GGG (Gd3Ga5012), YVOc;, glass,

20 LaFz, BeAl,O4 or BaY; Fs.

14.  The Q-switched laser according to any one of claims 1-13, wherein the
laser medium is a composite laser crystal.

25 15. The Q-switched laser according to claim 14, wherein the composite laser

crystal is a composite crystal of YAG (Y3Als042), YLF (LiYF4), OR YVO,.




