WO 03/ 007438 PCT/ SG01/ 00147 Q SW TCHED LASER FI ELD OF THE I NVENTION 5 Thi s
I nvention relates to |asers and, nore particularly, to Qswi tched | asers.
BACKGROUNBRO®B/0THBES | NVENTI ON Q switching is widely used i nPCAS&0$06197
generate short pulses with high peak 10 powers, which are desirable in

| aser applications such as mcro-nmachining and |idar systens. Q sw tching
can be realised either actively or passively in solid state |asers. Active
Qswitch elenents include an acoustic-optical (AO nodul ator or an

el ectrical -optical (EO nodul ator. Passive Qsw tching el ements include
saturable absorbers like F2:LiF, Cr4+:YAG &GAs, and | nGaAsP. Passive

Qswitching 15 el enents are usual |l \ i HD%% he | aser cavity either
at the Brewster angle or wth ant |br'§W'§[3 L@%’%ng to reduce insertion
| oss. One known conventional Q sw tched pul se laser is shown in Fig. 1'.
The ' Q switched | aser has a |laser nedium 11, a punp cavity 12 and a
resonat or, WRIELD QFOTHECINVENTEDNot al reflection rear mrror 13-and an

out put coupl er 14 placed one either side of laser nmedium1l. A single
Qswitching element 31 (active or passive) is provided between | aser

medi um 115 apgisGidhtioncetiesto %erssé'rﬁdl @ Sitic AR 8D EwitdRE she pul se

wi dt h and the pul se energy. Large pulse energy and narrow pulse wdth are
difficult to achieve sinultaneously in lowto average 25 power |asers such

as a di ode epd- + Active Qswitching elenents are
general | yunagMBM&e%@@%ﬁi@g | ess than 10 nanoseconds. Passive
Qswitching wwth a saturabl e absorber produces short pul ses of picosecond

. duration without having to use node-|ocking. 30 However, passively
Q swi t ched | @sawitching ds avidelyi used rianlgsersf toagpherade i shwst poidsesswithr high peak

reasons. 40 aiks, RESCh S VacRisbie M Eder 3RSt SOLY LRI SNty IR
lidar systems. Q-switching can be realised either actively or passively in solid state
lasers. Active Q-switch elementé include an acoustic-optical (AO) modulator or an
electrical-optical (EO) modulator. Passive Q-switching elements include saturable
absorbers like Fy:LiF, 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 placed oh'e

either side of laser medium 11. A single Q-switching element 31 (active or

passive) is provided between laser medium 11 and output coupler 14. Such lasers

compromise between the pulse 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, lAaser. |

Active Q-switching elements are generally unable to broduce laser pulses less
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



-2 pulses in very short cavities (such as mcrochip lasers). This is
because a short cavity provides efficient |aser during the pulse build up,
t he pul sewaiodiobr4b®i ng |inearly proportional to the cavit PCrSey/boi47
Additionally, the pulse repetition rate of a passively Qswitched |aser is
not controllable. It is.generally in the range of a few 5 hundred kil ohertz
and dependent on the saturation characteristics of the passive Q sw tching
el ement and the pulse intensity in the |l aser cavity. The uncontrollable
high repetition rate usually results in a small pul se energy, in the range
of 10-6 joules. 10 SUMVARY OF THE | NVENTI ON An object of the present
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durati on, hanced peak powef and variable repetition rate. In. effect,
t he .conbl ngoiles. of an active Qswitching and a passive Q switching

el enent 'causes "m xed" or "double" Qswtching. Thus, a "double"

Q switched | aséer can be used to produce conpressed |aser pulses. The

active QGeEWSIGIMERY GFYME INVENTIONO control the pulse repetition rate
and ensures.that the population inversion is fully saturated in 30 the

| aser medium The role of the passive Qswitching elenent is to generate
the An object of the present invention is to provide a Q-switched laser having

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 laser 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
compressed lasér 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.



short | aser pul ses by increasing the power-|oss coefficient maxi rum WO
03/ 007438 PCT/ S(X01/00147 -3 Preferably, the active Qswitching elenent is
| ocat ed bwowamersshe | aser nmedi um and the passive Q swtcirCmgGol/ement . |t
is preferred that both the active Q@ switching element and the passive

Q switching elenent are | ocated between the 5 |aser nmedium and an out put
coupler of the laser. In a preferred formof the invention the passive
Qswitching element also preferably acts3as the output coupler. The
passive Qswitching el enent can be a saturable absorber. Preferably, the
passive Qswtching elenment is uncoated. 10 The saturabl e absorber can be
selected fromone of LiF, FZ :LiF, GaAs, GaAs wafer, SF6, |nGaAsP, |nGaAsP
waf er or Cr4+: YAG The active Qswitching elenment is preferably an

acousti c- opﬂref@rabipntheaadiveoﬂ-mitcféih@ellemenbist locatednbbetwegnothe 1aSeiT hreedium

Q switched | asey includes.an wta | e pu sour In t into .
the |aser ﬁBa & PRl %Lprps"‘é '(% {Tﬁfeis é’ﬁ%f%H&ﬂp”@f ﬂagh &
laser nedi yitcHing A @HHQﬁe%s% Q- é\ﬁfrﬁrngi bmﬁentaalb%eétee'me@hrtﬂé
an optic fibre couplted |aser diode array or- | ash-

preferred tmerm@h@mdanmeutm&seuplleagftrwasew or cool i ng the I aser rredl um

The cool i ng neans. can, for exanple, be a thernoelectric cooler: The |aser
medi um preferably has a doped portion. It is preferred that the doped 25

portion is gppedorefdrfeditfolriast tREeinvahfor®athieh pb@éiveTQesWMﬁﬁ%r@émé'ﬁ‘t Cé‘l@obe :
a | aser crystal or a conposite laser crystal. The rare earth ion can

one. of Nd, Praferahly actsrgs the outpubeupier. The ressiver@tswaiehisg elament icas bsma a
passive Q S%fu?%l@gal%o‘?ﬂgﬁt ﬁ%\’&%@gqﬂé'%é/ssive Q-switching element is uncoated.

10 The saturable absorber can be selected from one of LiF, F3"LiF, GaAs GaAs
wafer, SFg, 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 light 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 taser 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 portioh 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. '

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 10‘6



30 shortens the | aser pul ses and enhances the pul se energy (usually from
about 1e WO 03/007438 PCT/ S01/00147 -4 joules to 10-3 joules). The peak
power of wbe3doubs y Q switched |aser is also increased sipgmiSGovemuty
(usually fromabout 37.5 kWto 120 kW. It has al so been found that

sat urabl e absorbers, such as GaAs wafers or Cr4+:YAG 5 absorbers, can act
as both the passive Qswitching el enent and the output coupler in solid
state lasers. This has several advantages4uay enabling a sinpler
configuration for the laser and a short cavity length. In particular, the
saturabl e absorbers do not need coating to reduce insertion |oss. The
surface refl.egtiqn pfs .t he saturabl e absorb i n, fact Rrovjdes the .
resonat or W eﬁg?hﬂi héoﬂgﬁ)es?g‘Pyp?L%( P@@%aﬁ(th@opoﬁﬁég ‘ﬁ?ﬂ’\é‘*"?‘ﬁatlﬁﬁﬁr halsone
Fabry- Per ot iggehsédsighmichate uang frot Bbeti $7.530996 RROKIVEhar acteri sti cs.
The abovenentioned inprovenents can be explained wth the well-known
formula for the pulse width of passive Qswtching: 15 ap=1.761, (1).
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| arge as possible for short pulses. In a purely passively Q sw tched |aser,
the maxi nuSPHBIENIMEPHY stristiasers. Jihisehassexaral advaniagesfly whablingng simplere

maxi num 25 ﬁé‘\%'. - ﬁ&ﬁ{f | va. Q- S i ng
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power -t oss ,coefficjent is increased si,gni ficantly due to the insertion of
the active &&fRlygablegabsorber in fact provides the resonator with both the necessary

10 feedback 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
2, |
7, =176, (1)
where 1, is the pulse width;. .
Tr is the cavity round-trip time; and
20 . ARis the 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 paésively Q-switched laser, the
maximum modulation depth is given by AR = 1-exp(-Aq) where Aq is the maximum

25 change in the power-loss coefficient of the passive Q-switching element.

In the present invention with mixed Q-switching by simultaneously using active
and passive Q-switching elements, the maximum value of the power-loss
coefficient is increased significantly due to the insertion of the active Q-switching

30 element. This means that no laser oscillation can.occur at all in the cavity during



30 elenent. This nmeans that no |aser oscillation can. occur at all in the
cavity during WO 03/007438 PCT/ SGOL/ 00147 -5 its low Q state. Wen the
active QwaioBobisgy el ement is in its high Qstate, the peoegrsGiosa47s then
| ow, being dependent only on the absorption characteristics of the passive
Qswitching elenment, and the mnimumloss is then the sane as that in
passive Qswitching. Therefore the value of ORis increased significantly,
and in 5 turn the pulse width in the si mdjianeous Q sw tching of the active
and passive. Q@ switching elenents is shortened according to Eq. (1). The

I ncrease in pulse energy can be explained by referring to the expression
for the tot; g Ln it ]l i 10 = : : 5 - ),
(2) vye vvherlfeg Iéﬁ\lﬁgi ?%éé't 3@2%‘:%%%&?&?%@9'” rgl@meg\(gg\y:\ %Jiyépls%%asﬁé%’ ﬂgeli S
the |inear ponear-lossis thest lowsibeing dependent ardy phehe ratisorptiomectiraci@ristics be
reflectivit f _the cqupl.er: ni, is the initial.inversion, popuylation; and
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The increase in pulse energy can be explained by referring to the expression for
the total energy in a Q-switched pulse:
10
_ViinQ/R) (o -n,
ye
where E is the total energy;

E ), )

V and 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
n; is the final inversion population.

20 When the 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—switéhirig, once the gain exceeds the loss in the cauvity, the“léser
pulse starts to build up slowly. This brings about the depletion of the upper
population and leads to a.reduction in the absorption .of.the passive Q-switching -
element, in turn speeding uﬁ pulse build up. The .initial inversion population,

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



In passive Qswitching, once the gain exceeds the loss in the cavity, the
.laser pulse starts to build up slowy. This brings about the depletion of
t he upperwopopui4at i on and | eads to a. reduction in the ab®ompsGoomief. the
passive Qswitching elenment, in turn speeding up pulse build up. The .
initial inversion population, 30 therefore, is very dependent on the
saturabl e absorption characteristics and the WO 03/007438 PCT/ SG&01/ 00147
-6 punp power |levels as well. In |ow contgnuous wave (CW punping, this
initial value (and thus the pul se energy) is usually small as observed in
nost passively Qswtched lasers. 5 In the m xed or double Q sw tching

t hat ti hi el t ..
enour st naPTRBREE fER s WEL bh Tow RERERLY Svand, EkhaBltPine, Rcinial
passi ve Q svalueland thustisapuederdrgpyis @slizly small BS obbHied ROnbsy éssJé'J%S
| eads to a nuch |gher%%ul se energy. 10 BRI EF DESCRI PTI ON OF THE

Preferred eRpdMi the present invention will now be described, by
way of exanple only, with reference to the drawi ngs, of which: 15 Fig. 1
is a schematic diagramillustrating one known conventional Qswtched solid
stat e | aSerin thegnixedi ar doubdd Qvawitchidg ammmuké irsthegpriesgniin@estion, the cactivg i d

state | aser_.accordin to.a first, pr erre enbodj nent of the-
present - i nvEmRWIKHING Elgment ensyres t H?? z'ﬁ} |R9PH%g'Qf‘dﬂ’l"‘Prlsl%'§r"a@¢P@Q?nt of

Q swi tched gl bﬁ'ss%@t@-slnﬁt%ﬁfngaéléﬁ{&'h Thd BlvdysS8 Qéldtopflﬁf gé{&&eﬂ”@é’f L of

the present invention; Fi gr am | stratin
experi nent deadstap rotich htgl‘lerpmse@mngy 25 laser of Fig. 3; and Fig. 5
illustrates a tenporal evolution curve of a |laser pulse fromthe Q sw tched

10 BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments 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 illustrating 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 illustrating an experimental setup of the Q-switched
25 laser of Fig. 3; and

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

30 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS



solid state |aser of Fig. 3. 30 DETAI LED DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS WO 03/007438 PCT/ S&01/00147 -7 Fig. 2 shows a Qswitched solid
state | aswp oaoewsgling to a first enbodi ment of the preseRCTISGWenHoNn. The
| aser has a |laser nedium 11, a punp cavity 12 and a resonator, which
includes a total reflection rear mrror 13 and an output coupler 14 placed
one either side of laser nmedium 11. 5 A punp source (not shown) is used for
generating punping light used to punp the7daser nedium 11. The punp source
may be put inside or outside the punp cavity 12, depending on the type of
punp source used. If the punp source is a flash lanp, it is usually put

.' ide th t (.S ' ' :
0106 e PR oLt YR PO i, bRy bR e
source is | prederd inusisticre 'ﬁwruasmvms/ alRseilmeediasern 1radpumpldavign1Reamd taher

end- punped or side- ed. An actlve Qswitching elenent 15 is | ocated
bet ween | asé@SQﬂ?&%Nﬁ‘l‘riW niciHass intal refeeinnrear ”i'gf 63 2 HfRui goupler 14

Q swi tchi ngﬁﬁléﬁﬁw%@e Iéeaéeq]ﬁﬂqqng a loss of resonant |aser

l'i ght passi rou he ac sw tching el enent is an AO nodul at or
15. A passive Q switching el errent 16 I s placed- between AO rmdul ator

15'.and the, 20 out fo i aSSI v 8svm t ching, el e I S
st ur bl o aAsBTEEdESe (efRhawel i wodlf ch tRpaiating b §d, o SsSa T bump e
L Li F, GaAs, |dgfmed@ler 11.5The pd cP ik M866Re MBFMESTUtASIEE Rloutsids tlYeA‘EUH\-B‘g%\hﬁser

medi um 11 can have an undope i on and” doped portion, the d

portion bei g, d@peddmgtcbn eilne Itmpf @mmp aoeroeaus .i lbithe Raimp saurde isoasflash

i ncl ude Nd, Ianl’?fa, it'is usug]ly put.|n3|de %e pump caylty 12. If the pump source is a laser '

10 diode, a laser diode array of an optic fibre coupled laser diode array, the 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 (Y3Als045), YAIOs, Al,Os, YLF

(LiYF4), GSGG (Gd3Sc3Alz042), GSAG (GdzSczAlz01,), GGG (GdiGas012), YVOy,
30 glass, LaF;, BeAl,O4 or BaY, Fs Alternatively, the laser medium can be a

compound laser crystal, such as YAG (Y3Als012), YLF (LiYF4) and YVO,.



Exanpl es of suitable |laser crystals include YAG (Y3AI 5012), YAIO03, Al 203,
YLF (LiYF4), GSGG (GJ3Sc3Al 3012), GSAG (Gd3Sc3Al 3012), GGG (&d3Gab012),
YVO4, 30wgloaser43gaF3, BeAl 204 or BaY2 F8. Alternatively, PChsSGoas@n7 medi um
can be a conpound |aser crystal, such as YAG (Y3AI5012), YLF (LiYF4) and
YVO4. WO 03/007438 PCT/ S&1/00147 -8 In this. preferred enbodi nent, the

| aser medium 11 is a laser crystal doped with one rare earth ion. Both
sides of the laser crystal 11 are depositgd with anti- reflection |ayer at
the | aser wavelendgth. 5 The first preferred enbodinent is different in
construction fromthe conventional Q switched |laser as shown in Fig. 1.
Nanmely, in the preferred enbodinent in Fig. 2, .an active Q sw tching

el enent (the AO nodul ator 15) and a passive Qswitching elenent (the

sat urabl e ammlb@efb@ﬂedaembedwhememes iaser traedians Y .is lanlasentonasal ddfed bsth

conventional Q sw tched |aser on a single Qswtching el epent 31
(ei t her act PVE &€ &%@1 %9 %316810 § laserigrysial (14 ake deResitagywith anti-

embodi ment @i éclﬂenméfe?%tthé %%PWQQ%{?"?? sane reference_ nurreral_s have been

used to refer to integers correspo g tointegers 15 in the first
enbodi nedt of Fig. 2. The main difference between the first and second

Fenoved 1n THE COHRF bumpRaent %ﬁ@f'nfﬂagﬁ%' o e o capreniaTA -1
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characteristics. The
(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 integers 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 absorber 17 are not
coated with an anti-reflection coating. Nor is saturable absorber 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 to enhance its saturable absorption characteristics. The

25 combination of output coupling and passive Q-switching in saturable absorber 17
makes it possible to realise hughly compact, lasers with a short pulse width and
high peak power.

Fig. 4 is a schematic diagram of an experimental setup using the second
30 embodiment. The laser medium 11 is a Nd**:YVO, laser crystal with a dimension
of 3 x 3 x 5 mm?® and is doped with 0.5% Nd*. Laser crystal 11 is coated on both



25 conbi nation of output coupling and passive Qswitching in saturable
absorber 17 nekes it possible to realise highly conpact, lasers with a
short pulwe osjoatabs and hi gh. peak power. Fig. 4 is a schemramiscodbagr am of
an experinmental setup using the second 30 enbodinent. The | aser nedium 11
s a Nd3+: YVO4 | aser crystal with a dinension of 3 x 3 x 5 m8B and is
doped with 0.5% Nd3+. Laser crystal 11:s coated on both WD 03/007438

PCT/ S®01/00147 -9 ends to replace the regr reflection mrror 13 and reduce
insertion |loss. The coating on the crystal end 23 facing the lenses is
dichroic with high reflection at 1064nm and high transm ssion at 808nm
and the other .end 25 is, high-transm ssjon coat at 1064nm_ 5 Laser

d
crystal 11 PRAgiIeRlasR theaas rﬁﬁq’%@@rmﬂf%d'@ %1'?‘?5@1'-@9 ipgRRtion dossy ecepatingn
an optical gk i 3 : £ e
21 1o sow o BEEAFEl End o3 Peholi RHEROR BichrdiP Ygih biofielioaic & Sosmi?
the fibre aadlhigi2transmissidreake808nmharnd thet othier eal| 35nisthigiy-tranamisiort osated
| enses 22, ng §€ 10 reduce the beam wai st size by about 1.8 tines to <
0.45m  The2BdP8&¥iMye punp beam size incident on the |aser crystal 11 .is
adj ustedsby noving | enses 22 along the optical axis to ensure that the
| aser operates in the fundanental node. The active Qsw tching el enent 15
i s an AO nolasen eystal 13 iTesdpasspadwithsavlasehdiogecreayed that is soapledtwitabhe

absor ber, bej . CO cial aval | abl e. bul k Ga fer, with. t.h

aur f aces m pPital Tofe SRR 2 Che A nseotintd powet s ine ford ceble 21 sow
un- sat ur abl gt 808AMPAh@RhE Qéﬁ'n}:ab%t@fé iPEetflal26™C. 1 THRASHIE heath tord theMipie01
spectroneter. Two sanples- of. GaAs wafers --.were tested in 20 experinents

havi ng t hi cRalles2t isfreghaped wittaadset of eallimaiinge and iecysingl lehsesy22, which
10 reduce the beam waist size by about 1.8 times to < 0.45mm. The effective pump
beam size incident on the laser crystal 11 is adjusted by moving lenses 22 along

the optical axis to ensure that the laser operates in the fundamental mode.

The active Q-switching element 15 is an AO 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 ch" 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. Aithough
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 better results.

25 A thermal electric cooler (TEC) 41 cools laser crystal 11 to reduce thermal effecté._
Thermal dissipation is well managed by wrapping laser crystal 11 tightly with
‘thermally conductive ﬁlmé and inserting it into a métched rectangular hole iﬁ 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. |

30 '



no significant conclusion can be drawn regarding the effects of the wafer
thi ckness on the |aser performance, it was found that the GaAs wafer with
0. 5nm t hiwbraeser43gjave better results. 25 A thernal el ectriPCTSoOl/@014{ TEC) 41
cools laser crystal 11 to reduce thermal effects. Thermal dissipation is
wel | managed by w apping |laser crystal 11 tightly with thermally
conductive filns and inserting it into a matched rectangular hole in a

much bi gger heat sink, which is cool ed effgectively by the TEC 41. The
tenperature of both the diode array 20 and the heat sink is.set at 20 C.
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For .comparison, separate experiments 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 power. A flat
surface:iwas,.chosen for the coupler because the GaAs wafer ‘had: flat ‘surfaces.

20 The pulée 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 usually-larger 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.



at 1064 nm optimsed for the above cavity specifications and punp power. A
flat surface: _was.chosen for the coupl er because the GaAs- wafer -had.
flat -surweme®7420 The pulse width fromthis AO Q sw t che@Cirasor/omas ar ound
20 ns at | kHz with an average-power of 0.75 W For a repetition rate of
more than 10 kHz, the pulse wdth was usually larger than 100 ns with
average powers over 3W In the case of the passive Q@ swtching el enent GaAs
wafer 17, the cavity could 25 have been _shartened down to | ess than 50nm
whi ch nmeant the pulse width could have been as short as 10 ns. At the set
cavity length of 110mm the pul ses were usually | ong, about 400 ns, and
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el ement, the AO. nodulator 15. 5 1t is noted that e average power in the.
m xed Q sw thi ng was |lower than that for the purely purely active.
Qswitching elenment, the AO nodul ator 15. This is because the GaAs wafer,
acting as the output coupler, had a- transm ssion of about 38% which was

hi gher than lt hmmtadlthammaé\lwagé pdaes inliheAhixedr@isiwitehingnivag lovedr than that fope
| aser nedlu 11 can be constructed hy persons skilled in the art.

exanpl e, enPyrely Ruyfely; gotive Qrswl hingp eigreenty thaenbs inpdigator a'hi d'i?i"S is

LﬁLLFEéESﬂ ReBcB B B, RBfG A the e’ GOl IR B Giskion oF
active Q@ 15&@&88%,r\ghlehavasrnighedthannae@bﬁmu@a valuedfi1mgo.el enment

si nul taneously generated |aser pulses w.th high energy, short duration and
variable repetition rate. Furthernore, the conbination of the output.

coupl er gid ARSnAARS cYAfi @r%ﬂb%@ E??ﬁé&umm‘f BSn B CERNRES by persons
advant ageously conpresse e pu rat ion and
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 13.

" 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 component 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..
It 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.



allows for a sinpler-structure to be used to construct. solid state | asers
wth .mxed 20 or double @switching.. It is understood that various

nodi fi catworng/00zBg er ati ons, variations and additions--to PCRSGOONHEUT uCti on
and arrangenent of the enbodi ment described. herein are considered as
falling within the ambit and scope of the present invention. WO 03/007438
PCT/ S&@1/00147 -12 The clains defining the I nvention are as follows: 1. A
Q switched laser including a punp cavity;l%laser mediumin said purp 5
cavity for generating laser light, an active Qsw tching el enent for
controlling @switching oscillation of laser light in said |aser according
to a -sel ected nodul ation rate, and a passive Qswtching elenent for Q
switching o ﬁ | lation of laser lig in said | aser according to sel ected
saturation i- 3@&%?’@@@@!%”’&'”&%@%@@5@%@ ©WSini t ching el enent. 10 2. The
Q switched | aser according to claim1l, wherein the active Q.swtching

el ement is |ocated between the | aser rredl um and t he passive Qswtching

el enent. 3.1The & Quivitched Itaaelemcaainmg di pump cavitp) mlés&rrmeﬂmtmnrﬂsw@lep@mp

both the_ active wi t chin t he passj ve chi ng el enent
are 15 Pocated B3 &aefﬂrt %r?qerg 1) Eﬂtgnda n36iiNE Sé’\ﬂ ing Jemerd for

| aser. 4. The Qg ' | t he
passive Qsw tchwgah%ejrge%\?ﬁg@? g%ﬁ%ﬂegtﬁgﬁ%&é@hﬁug%a?f I%tb E}eaf%cys@ﬁ{gegﬁa he
Q swi tched | aser S%lec’@ddm@ulatl@myram]e aod el aaaswe Q-switahirg nelelent pfossiQee
Qswitching ele bsorb The swi, t ched I ser

.S a sal ﬁ rabl 8
according to cl 2? NG, A5 eﬁlo[nhg sACHY A’Q 'ﬁb%%' bégser; d Q%Q'Bat 2ctedhe
Q swi tched | aSQrsﬁGﬁéIroﬂl dHarhSteABlicP ol passiva®-snfiching @l&hent he active

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

3. The Q-switched laser according to claim 1 or claim 2 wherein both the

_.active Q-switching element and the passive Q-switching element are
15 located between the laser medium and an output coupler of the laser.

4. The Q-switched laser according to claim 1 or claim 2, wherein the passive
' Q-switching element acts as an outbut coupler of the laser.

5. The Q-switched laser according to any one of claims 1-4, wherein the
passive Q-switching element is a saturable absorber.

20 6.  The Q-switched laser according to claim 5, wherein the saturable absorber
is uncoated.
7. . The Q-switched laser according to any one of claims 1-6, wherein the active

_Q-switching element is an acoustic-optical modulator or an electrical-optic
modulator.

25 8. The Q-switched laser according to any one of claims 1-7, wherein the Q-
switched laser has a pump source for pumping light into the laser medium.



Qswitching elenment is an acoustic-optical nodul ator or an electrical-optic
nodul ator. 25 8. The Q switched | aser according to any one of clains 1-7,
wherei n twWe 0§00=¥ t ched | aser has a punp source for punpi RgTISGghbo14Nt 0 t he
| aser medi um -WO 03/007438 PCT/ S&1/00147 -13 9. The Qswitched | aser
according to claim8, wherein the punp source side- punps or end-punps the
| aser nmedium 10. The Q swi tched | aser according to claim8 or claim?9,
wherein the punp source is a |aser diodel3a |aser diode array, an optic
fibre coupled laser 5 diode array or a flash lanp. 11. The Q switched _
| aser according to any one of clains 1-10, wherein the |aser nmediumhas a

doped porti @. 1ZhelQesvidtchad! labedatesaingaiocelait 8y whersihah&plinp vbercei sidéhe
doped portion is doped with at | east one rare earth ion. 10 13. The -

Q switched | aser PAERY o erd-pympsdhmiaser Mediteln the rare ear thionis
sel ectied fromone of Nd, Er, Ho, Tm Pr, C and Ti. 14. The Q sw.tched

| aser accor digng t i RNt 8 o dj [ S8

| aser cryst g‘lof'1 1@ e?_?efs @ sv(\ﬂ I(;:g%%g ﬁg@@g%%ﬁg%roag r%igaﬁswiez[,gﬁv\wegggpﬁmt he
| aser crystal is'souice iehbeaserdiodemaplaseofdidthCairagAh0d@)c, fibtal €Bupléd A88er
YLF (LiYE4), GSG%@?& Gd3Sc3Al ?ﬂglé) GSAG (Gd3Sc3Al 3012), GGG (Gd3Ga5012),
YWO4, glass, LaliPdesangyehadlasBid®Prs. 16, The Q switched | aser according
to any one of clains 1-15, wherein the laser nediumis a conposite |aser

crystal. 20147. TR Q-suitdcir thsersticorfiRg 8! A8 ReCORLIEIMS 1-90ehticheihNe
conposite laser crystal is a conposite Crystal of YAG (Y3Al 5Q12), YLF
(Li YF4), or YVO4laser medium has a doped portion.

12. The Q-switched laser according to claim 11, wherein the doped portion-is
doped with at least one rare earth ion. '

10 13. The Q-switched laser according to claim 12, wherein the rare earth ion is
~ selected from one of Nd, Er, Ho, Tm, Pr, Crand Ti.

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

15. The Q-switched -laser abcording to claims 14, wherein the laser crystal is
15 selected from one of YAG (Y3Als012), YAIOs, AlOs, YLF (LiYF,), GSGG
(Gd3Sc;Al3012), GSAG (GdssC3AI301z), GGG (GdgGa501z), YVO,, glass,

LaFs, BeAl,O4 or BaY, Fs.

16. The Q-switched laser according to any one of claims 1-15, wherein the
laser medium is a composite laser crystal.

20 17. The Q-switched laser according to claim 16, wherein the composite laser
crystal is a composite crystal of YAG (Y3Als012), YLF (LiYF3), or YVO,.



