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We reportthe high beamquality diode end-pumped)-switchedYb:YAG laseroperatingat 1030 nm wavelengthwith
elliptical cavity modecon guration operatingat 1-100kHz repetitionrates. We have performedmeasurementsf highly
astigmaticthermallensin laseractive elementby meansof Shack—Hartmanwavefront sensorthat providesnecessarylata
for lasercavity design.With optimizedlasercavity the outputbeamquality parameteM 2 doesnot exceed1.2 valueeven at

maximumpumppower of 50 W.
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1. Intr oduction

Yb:YAG mediumwasdemonstratetb be a promis-
ing candidatdor ef cient diodepumpedasersystems.
The lossescausedvy excited-stateabsorptionupcon-
version, and concentrationquenchingdue to simple
enegy level structureof Yb:YAG are nggligible [1].
Neverthelessdespitevery low quantumdefectin this
mediumthe averagepower and beamquality of these
solid statelasersarelimited by the onsetof thermoop-
tic distortionandbirefringencq2, 3]. A varietyof res-
onatordesignsand novel pumpingschemesashbeen
inventedin orderto minimizetheseeffects. Oneof the
mostsigni cant stepdn achieving highaveragepowers
wasthe developmentof thin disk laser[4]. However,
this designtendsto be quite complex dueto multiple
passe®f pumpbeamthrougha shortactive element.
End-pumpedschemeffer morereliableandlessex-
pensve laserdesignsyielding an optical to optical ef-

ciency of morethan40%[5, 6]. Traditionally a rod-
shapedctive elementwasusedin suchset-upsUnfor-
tunately this leadsto depolarizatiodossesdueto ther
mally inducedbirefringencen laseractive elemen{7].
Thin slabactive elementgeometryis attractize dueto
efcient heatremoval andoffers more corvenientdis-
tribution of thermallyinducedstressn active element,
thus offering signi cant impraovementof high power
diode pumpedsolid-statelaser operation[8]. How-
ever thereis a limiting factorof crystalfracturedueto

°c LithuanianPhysical Society,2009
°c LithuanianAcademyof Sciences2009

stress,inducedby non-uniformthermalexpansion,as
in anend-pumpeometrythe heatloadis concentrated
in a smallvolumewhile therestof the lasercrystalis
cooled. The emplogyment of elliptical mode con gu-
ration allows for a larger modeareain active element
andconsequentlyor higheroutputpulseenegiesand
averagepower scaling,asin thatcasethe heatloadis
distributedin larger volume without losing in cooling
efciency [9, 10]. Neverthelessthis approacHeadsto
the formation of power dependentstigmaticthermal
lenswhich can seriouslyaffect the resonatorstability
[11], thereforeit requiresa nontrivial lasercavity de-
sign, emplgying cylindrical optics and accountingfor
thedynamicfocusingpower of thermallens.

In this contritution we report diode end-pumped
Yb:YAG laserwith elliptical cavity mode con gura-
tion. We presentheresultson numericalmodellingof
lasercavity basedon the measurementsf astigmatic
thermallensin anactive elementandon thelaserper
formancen freerunningandQ-switchedmode featur
ing a high beamquality (M 2 < 1.1) evenat maximum
laserpowers.

2. Measurementof thermal lensing

Elliptical pump geometryleadsto non-symetrical
temperaturedistribution in laser crystal and, conse-
guently to astigmaticthermallens. The dataon ther
mally induced lens in diode pumped Yb:YAG has
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Fig. 1. Set-upfor measuringthe thermallens focusingpower in
laseractive elementy meansf Shack—Hartmaneensar

been already published[12], however the measure-
mentshave beenperformedonly for caseof symmet-
rical pumpandlasingmodeswith pumppower not ex-
ceeding6 W. Therefore,in orderto have more accu-
ratedatafor laserdesign,we have performedthe ther
mal lens measurementfor elliptical pumpcon gura-
tion andfor higherpumppowers.As anactive element
we have usedYh:YAG crystal of 5% dopingconcen-
tration. The crystalwas shapedasa thin plate1 mm
high, 7 mm wide, and5 mmlong. The crystalwasput
betweentwo sapphireplateson a watercooledcopper
heatsink. Suchcon guration utilizes the largestsur
facearedfor effective coolingof thin plate-shapethser
crystal and this is especiallyeffective when the heat
load is distributedin a large crystalvolume[10]. In
orderto achieve higherpumppower densitiesve have
chosema pumpschemewherethe laseractive element
is longitudinally pumpedfrom both ends. We have
usedtwo high brightnesgolarizationpreservingliode
laserpumpmodulesof 40 W maximumoptical output
power at 940 nm wavelength. Thesemodulesare pro-
ducedby Light Cornversion,Ltd. and containspecial
assembliesf micro-opticelementshatareusedfor the
shapingof diodelaserbars'radiation. The pumpbeam
from the modulesfocusesto almostsymmetricbeam
spotof » 2501 m in diameterandhasa comparatiely
low divergence(beamquality parametersn different
planesareM 2., = 12andM3,, = 27). The pump
beamwasreshapedo elliptical onewith trans\ersedi-
mensionsof 28CE 10001 m? in the lasercrystalusing
a systemof lenses(pump shapingoptics PS). The re-
sultingpumppower from eachdiodelaserbarafterthe
reshapingof the beamwas26 W dueto the losseson
beam-shaperfgnsesandmirrors.

We emplo/ed a Shack—Hartmanmwavefront sensor
for measurementf the phasedistortionsacquiredby
probebeamof He—Nelaserafter passingthe pumped
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Fig. 2. Thermallens focusing power in horizontal (width) and

vertical (height) planes,dependingon pump power, measuredy

Shack—Hartmanwavefront sensor Thermallensis highly astig-

maticandits focusingpower may differ up to 10timesin orthogo-
nalplanes.

laser crystal (see experimental set-up presentedin
Fig. 1). The Shack—Hartmanmvavefront sensorwas
built usinga 40f 40 lensletarray with lensletsize of
1081 m anda DalsalM15 CCD camera.In orderto
matchthe dimensionof pumpedregion in lasercrys-
tal andlensletarraywe useda magnifying4F imaging
lens system. Differentvaluesof the imaging system
magni cation weresetfor thermallensmeasurements
in horizontalandvertical directions,optimizingin this
way theresolutionof theregistrationsystem.

Variation of the thermally inducedlens's focusing
power, calculatedfrom data of wavefront distortion
measurements/ersustotal pump power is presented
in Fig. 2. Theseresultsshowv thatthe thermallensfo-
cusingpower differs up to 10 timesin horizontaland
verticaldirectionsat the highestpumppower. Thermal
lensmeasurementsereperformedn non-lasingcon-
ditions only dueto technicallimitations andthe com-
plexity of experimentallaserresonatar However we
shouldnotethatin lasing conditionsthe thermallens
canbe up to 3 timessmallerthanin non-lasingcon-
ditions, assimulatedemissiondominatesver uores-
cenceandnon-radiatve decay thusreducingthe ther
mal loading[12]. Therefore the expectedfocal length
of thermallensin lasing conditionsshouldbe within
» 300—-600mm rangein horizontaland within » 30—
60 mmrangein verticalplanes.



R. Antipenlov etal. / LithuanianJ. Phys.49, 163—170(2009) 165

Vertical

D1 D2 D3 ‘ D4 . D5

M1 CL1 AE CL2 L M2

Horizontal H H .
D1 D2 D3 U D4 D5

Fig. 3. Resonatomodelusedin numericalcalculations.

3. Laser design
3.1.Numericalmodelling

Thegoalof thisnumericalmodellingwasto nd out
optimumlaserresonatoparameterst which the laser
reachesstableoperationandis leastsensitve to ther
mal lensing. Additionally, the effects of an elliptical
thermallens on the resonatorsoutput modewere in-
vesticated.

Figure 3 depictsthe resonatomodel usedin com-
puter simulations. Cylindrical lenses,CL1 and CL2,
wereconsideredo bethin. Theactive elementwasre-
placedby a variable strengththin lens, which stands
for thermallensinducedin an active element. M1 is
sphericalmirror with R = 1500mm, M2 is at out-
put mirror, CL1 and CL2 are cylindrical lensesof f
focal length,AE is active elementL is lenswith f =
500mm.

The modellingwas performedin two spatialdirec-
tions: in vertical directionthe curvatureof cylindrical
lensesCL1 andCL2 hadan effect on the beamandin
thehorizontaldirection. Thethermallensis considered
to beastigmatiowith its focusingpower varyingin the
range<sorrespondingo thoseevaluatedrom measure-
ments. The resonatomwas modelledusingan AB CD
matrix formalismwell describedn [13]. All elements
in theresonatoaregivenacorrespondind\B CD ma-
trix and the path of the beamis computedafter one
completeroundtriparoundthe resonatar AB CD ma-
trices of the resonatorelementsare multiplied in the
orderin whichthebeamhaspassedhroughthem.The
parametersf interest— stability parameterm andout-
putbeanradius! —werecomputedisingthefollowing
relations:

A+ D
= 1
m B (1)
S
iBj 1
2= 1Bl .
' Ya 1j m2’ 2)

where, is the resonatos operatingwavelength, pa-
rametema representingheresonatostability is a half
traceof all systemAB CD matrix andis invariantwith

respecto the planeof referenceandA, B, andD are
theelementf the cavity AB CD matrix.

Main criterion for the resonatoigeometryselection
was its stability within a broadrangeof thermallens
values, with specialattentiondevoted to high pump
power range.Anotherimportantoptimizationcriterion
is a good cavity modeoverlapwith the pumpbeamin
active elementthat ensuresa high e ciency of pump
conversionto laseroutput.In additionwe wereseeking
for acircularbeampro le atlaseroutput.Differentsets
of cylindrical lenseswvereusedin numericalmodelling
in orderto nd anoptimumperformacdor thermallens
valuesobtainedrom measurement£avity con gura-
tion wasoptimizedwith referenceo criteriamentioned
above, by changingpositionof cylindrical lensesnside
resonatarwithout altering the overall length of cav-
ity. In all casesthe distancebetweencylindrical lens
andactive elementwasslightly smallerthanthe focal
lengthof cylindrical lens. Obviously, the modeparam-
etersin horizontaldirectionare not sensitve to cylin-
drical lens's focal lengthandposition. Main resultsof
numericalmodellingarepresentedh Figs.4—6.As we
canseefrom Fig. 4, the outputbeamradiusin verti-
cal directionremainsnearly constantfor thermallens
focal lenghtsabore 100 mm. For thermallensfocal
lenghtsbelov 100 mm the outputbeamsize startsto
rise, until the resonatobecomesinstable(seeFig. 5).
In horizontaldirection, the outputbeamdiameterde-
creasesas the thermallens focal length drops. Nu-
mericalmodellingshaws thatfor f = 150mm cylin-
drical lensthe outputbeamexhibits highestelipticity
ratios at thermallens valuesof 300—400mm in hori-
zontaldirection,andat 30—40mmi in vertical direction
(i. e. at expectedthermallensvaluesestimatedor the
highestavailable pump). Switchingto 300 mm focal
lengthcylindrical lenseswould resultin lesselliptical
outputbeampro le, but ata costof reducedresonator
stability rangein vertical direction, limiting it to ther
mal lensefocal lengthvalue of 60 mm. A 200 mm fo-
cal lengthcylindrical lensensuresstableresonatoifor
thermallensesabove 25 mm (in verticaldirection),and
hasthe smallestoutputbeamradiuswhenthe thermal
lensfocal lengthis belov 100 mm (in vertical dirrec-
tion). Moderadiusvariationin lasercavity for different
valuesof thermallens(for f ; = 200mm)is shavn in
Fig. 6. One canseethat the chosengeometryleads
to aproximately24CE 800 * m? beamspotsize which
changedy nomorethan10%whentheavailablepump
power is varied.
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Fig. 4. Outputbeamradiusversusthermallensfocal length at threesetsof cylindrical lensesCL1 andCL2 (for horizontaland vertical
directions).
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Fig. 5. Resonatostability versusthermallensfocal length at threesetsof cylindrical lensesCL1 and CL2 (for horizontaland vertical
directions).
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Fig. 7. Outlineof theresonatowith elliptical modegeometry Pumpbeamsrom two diodelasermodulesverefocusedontoathin Yb:YAG

slabfrom bothendsinto anelliptical spotwith transersaldimensionf 280 1000t m?. M1 andM2 arecavity mirrors(Ry: = 1500mm,

M2 is a planemirror), CL is cylindrical lens(f ¢ = 200mm), L islens(F = 500 mm), P is polarizer PEis Poclelscell, FPis ,= 4 phase
plate,PSis pumpshapingenssystem.
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Fig. 8. Intensitydistribution of laserradiationin theactive element.
Thebeamspotdimensionsare15CE 1000t m?.

3.2.Experimentaket-up

Theoutlineof theresonatoset-ups shavnin Fig. 7.
There are two identical cylindrical lensesCL intro-
ducedinto the resonatorto matchthe elliptical lasing
modeand pumpbeaminsidethe laseractive element.
Poclelscell modulatorcoupledwith a ;=4 phaseplate
wasemployedfor Q-switchoperatiormode.

In this set-upthe pumpwasslightly non-collineaiin
orderto avoid the optical damageof laserdiode mod-
ulesby counterpropagting pumpbeams.

Theactuallasingmodedimensionsn Yb:YAG crys-
tal were measuredoy imaging the crystal planeinto
a CCD camera. For this measuremen& fusedsilica
plate was introducedin betweenthe Yb:YAG crystal
andcylindrical lensCL andthere ection fromtheplate
was directedthroughthe imaginglensto CCD cam-
era. The measurecbeamspottransiersaldimensions
were 15CE 10001 m? (seeFig. 8). The sizeof ellipti-
cal lasermodealonga major axis wascloseto that of
the pumpspot;however, its extentalongthe minor axis
was» 40%lessthanthe pumpspotsize.
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Fig. 9. Measuredaseroutputpower dependencen pumppowver
in CW mode.

4. Laser performancein CW and Q-switchedlaser
regimes

As the rst stepthe laserwas testedin CW oper
ationregime. In this casethe Poclels cell modulator
wasswitchedoff andthelaseroutputthroughpolarizer
wasoptimizedfor maximumvalueat givenpumppow-
ersby changingthe rotation angleof the phaseplate.
Suchcouplingof phaseplatewith polarizeris equva-
lentto laseroperationwith anoutputmirror of variable
transmittanceThe dependencef averagelaseroutput
power on pumpis shavn in Fig. 9. We have obtained
amaximumlaseroutputpower of 8.3W (lasingwave-
length1030nm) at 52 W pump power andthe lasing
thresholdwasabout15 W. Theseresultsare compara-
ble to thosepresentedby othergroups[8, 9]. Theaver-
ageslopeof this curve is 24%. Note the almostlinear
growth of thelaseroutputwith pumppower indicating
negligible impactof thermo-opticakffect on laserop-
eration.
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Fig. 10. Laseroutputin Q-switchedmodeoperation:(a) averageoutputpower versusrepetitionrateat given pumppowers,(b) laserpulse
enepgy versusrepetitionrateat given pumppowers.

We have calculatedthe optimum effective output
coupler transmittanceusing the values of average
power of radiationleakingthroughthe mirror M2 and
have found out thatit steadilygrows from 20—-22%at
thresholdto the value of 38% at the maximumoutput
power.

BBO crystalbasedPoclelscell of 3 mm clearaper
ture (LightGate 3 from Cleveland Crystal Inc.) and
Poclels cell driver (PD4 from BegmannMessgerate
Entwicklung KG) allowing the operationat repetition
ratesof up to 100 kHz were emplgyed for laserop-
erationin Q-switchedmode. Switching of the cav-
ity to high-Q conditionswas performedby applying
» 2.12kV pulseto Poclels cell. The momentof cav-
ity dumpingwasregulatedby the pulsewidth of high
voltagedriving pulseandduringthemeasurementtis
wassetto obtainthehighestaverageoutputpower. The
laser output pulse durationin this regime was 8 ns,
which corresponds$o the durationof cavity roundtrip.
The dependencesf measuredaverageoutput power
andcorrespondingnegy perpulseon laserrepetition
rate for differentvaluesof pump power are presented
in Fig. 10.

The maximumaveragepower of » 5.5 W was ob-
tainedat repetitionratesof 30—100kHz. We have ob-
sened a relatively fast drop of averagepower when
decreasinghe repetition rate belov 30 kHz. That
is causedby the appearancef irregular pulsing of
laseroutput when the lasercavity dumpingratesap-
proachtheinverseupperstatdifetime of Yb:YAG (¢, =
0.951 s)[14]. Theappearancef this phenomenois a
functionof the high-Q phaseduration,i. e. depend®n
the momentof cavity dumping. In the casewhencav-
ity dumpingis performedn earlystageof ampli cation

thecirculatingpulsecannotextractthewholestoreden-
ergy form theampli er mediumanda largefraction of
initial gain remainsat the endof the high-Q phase.In
this casetheactive mediumgain hasenoughtimeto re-
cover during a following low-Q phase.However, after
settingthe cavity dumpingmomentcloserto the mo-
mentof ampli cation saturationthe enegy of ampli-
ed pulseincreasesvhile theremaininggain attheend
of high-Q phasedecreaseandthe gain cannotrecover
the previousvalueduringlow-Q phase As aresult,the
systembecomesunstableandthe laseroutputexhibits
multi-enegy behaiour. So, duringthe measurements
the pulsewidth of high voltagedriving pulsefor Pock-
els cell was adjustedfor maximumoutput power, but
nevertheleskeepingthe systemin the stableoperation
conditions. We shouldnotethat at lower pulserepeti-
tion ratesghepumppowerwasreducedn orderto avoid
opticaldamageof laseractive element.

Fig. 11. Beamintensitypro le taken by a CCD cameraat» 4 m
distancegrom thelaseroutput.
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Fig. 12. LaseroutputbeamM 2 parametemeasuremert36 and48 W pumppower. Solid line correspondso verticalbeamsection dotted
line to horizontal.

5. Beamquality measurement

Beamintensitypro le wasmeasuredy CCD cam-
eraat » 4 m distancefrom the laseroutput. As seen
in Fig. 11, the outputbeampro le remainscloseto
Gaussiarone even at highestoutputpowers, however
whenthe pump power increaseshe symmetricalout-
put beambecomeslliptical. Accordingto numerical
modelling (seeFig. 4) the output beamdimensionin
horizontalplanedecreaseasthethermallensvaluein-
creases.This leadsto higherdivergencein horizontal
direction.

We usea methoddescribedn 1SO 11146standard
to measurehe laserbeamquality parameteM 2. The
beamis focusedby alensandthena numberof beam
spotmeasurementare madeby a CCD cameraalong
the beampropagtion direction. In our casewe kept
thelensposition x edandthe CCD cameravasbeing
moved to measuremenpositions. After determining
the beamwidth in every position a comparisonwith
Gaussiarbeampropagtionwasmadein orderto esti-
matetheM 2 parametepf thelaserbeam.

As we canseein Fig. 12, thebeamquality measure-
mentresultedin M 2 valuescloseto unity. The beam
guality in horizontal direction is slightly decreased,
whereasn vertical directionthe beamquality remains
very good. This probablyoccursdueto high elliptic-
ity of the beamin laseractive element,meaningthat
thebeamis moresensitve to thermallensandits aber
rationsalong the direction of larger beamdimension.
We can also seethat the laserbeamis slightly astig-
matic, asthereis a focusshift betweenrhorizontaland
vertical directions. However, the beamquality is ex-
cellenteven at higherpowersandthe astigmatisncan

beeasilycompensateldy employing simplecylindrical
optics.

6. Conclusions

In this work the operationof diode end-pumped
Yb:YAG laserwith elliptical modegeometrywasin-
vesticatedin CW and Q-switch regimes. In Q-switch
modethelaserproduced ns pulseswith averageout-
put powver up to 5.5W at pumppower of 52 W, while
in CW operationmode the 8 W output power was
achiered. We have measuredhe focusing power of
astigmaticthermallensin laseractive elementandex-
aminedthe quality of outputbeamat differentoutput
power. In spiteof stronglyastigmatichermallensdue
to optimized cavity designthe output beamexhibits
high spatialquality. Slightrise of laseroutputbeamel-
lipticity reachingthe ratio of 1.2 for the highestpump
powver was obsened. Neverthelessthe beamquality
parameteM 2 in both vertical and horizontalplaneis
closeto unity, thustheoutputbeamcanbeeasilyrecon-
structedo thecircularmodeby acylindrical telescope.
We believe thatsuchlaserdesignoffersgoodprospects
for power scalingof diodepumpedasers.
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