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CW AND Q-SWITCHED PERFORMANCE OF END-PUMPED Yb:YAG
LASER WITH ELLIPTICAL MODE GEOMETRY
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We report the high beamquality diode end-pumpedQ-switchedYb:YAG laseroperatingat 1030 nm wavelengthwith
elliptical cavity modecon�guration operatingat 1–100kHz repetitionrates. We have performedmeasurementsof highly
astigmaticthermallensin laseractive elementby meansof Shack–Hartmannwavefront sensorthat providesnecessarydata
for lasercavity design.With optimizedlasercavity theoutputbeamquality parameterM 2 doesnot exceed1.2valueevenat
maximumpumppowerof 50W.
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1. Intr oduction

Yb:YAG mediumwasdemonstratedto bea promis-
ing candidatefor ef�cient diodepumpedlasersystems.
The lossescausedby excited-stateabsorption,upcon-
version, and concentrationquenchingdue to simple
energy level structureof Yb:YAG are negligible [1].
Nevertheless,despitevery low quantumdefectin this
mediumthe averagepower andbeamquality of these
solid statelasersarelimited by theonsetof thermoop-
tic distortionandbirefringence[2,3]. A varietyof res-
onatordesignsand novel pumpingschemeshasbeen
inventedin orderto minimizetheseeffects.Oneof the
mostsigni�cant stepsin achieving highaveragepowers
wasthe developmentof thin disk laser[4]. However,
this designtendsto be quite complex dueto multiple
passesof pumpbeamthrougha shortactive element.
End-pumpedschemesoffer morereliableandlessex-
pensive laserdesignsyielding anoptical to opticalef-
�ciency of morethan40% [5,6]. Traditionallya rod-
shapedactiveelementwasusedin suchset-ups.Unfor-
tunately, this leadsto depolarizationlossesdueto ther-
mally inducedbirefringencein laseractiveelement[7].
Thin slabactive elementgeometryis attractive dueto
ef�cient heatremoval andoffersmoreconvenientdis-
tribution of thermallyinducedstressin active element,
thus offering signi�cant improvementof high power
diode pumpedsolid-statelaser operation[8]. How-
ever thereis a limiting factorof crystalfracturedueto

stress,inducedby non-uniformthermalexpansion,as
in anend-pumpgeometrytheheatloadis concentrated
in a small volumewhile the restof the lasercrystalis
cooled. The employment of elliptical modecon�gu-
ration allows for a larger modeareain active element
andconsequentlyfor higheroutputpulseenergiesand
averagepower scaling,asin that casethe heatload is
distributedin larger volumewithout losing in cooling
ef�ciency [9,10]. Nevertheless,this approachleadsto
the formationof power dependentastigmaticthermal
lenswhich canseriouslyaffect the resonatorstability
[11], thereforeit requiresa nontrivial lasercavity de-
sign, employing cylindrical opticsandaccountingfor
thedynamicfocusingpowerof thermallens.

In this contribution we report diode end-pumped
Yb:YAG laserwith elliptical cavity modecon�gura-
tion. We presenttheresultson numericalmodellingof
lasercavity basedon the measurementsof astigmatic
thermallensin anactive elementandon the laserper-
formancein 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-
quently, 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
laseractiveelementby meansof Shack–Hartmannsensor.

been already published[12], however the measure-
mentshave beenperformedonly for caseof symmet-
rical pumpandlasingmodeswith pumppower not ex-
ceeding6 W. Therefore,in order to have moreaccu-
ratedatafor laserdesign,we have performedthether-
mal lensmeasurementsfor elliptical pumpcon�gura-
tion andfor higherpumppowers.As anactiveelement
we have usedYb:YAG crystalof 5% dopingconcen-
tration. The crystalwasshapedasa thin plate1 mm
high,7 mm wide,and5 mm long. Thecrystalwasput
betweentwo sapphireplateson a water-cooledcopper
heatsink. Suchcon�guration utilizes the largestsur-
faceareafor effectivecoolingof thin plate-shapedlaser
crystal and this is especiallyeffective when the heat
load is distributed in a large crystal volume [10]. In
orderto achieve higherpumppower densitieswe have
chosena pumpschemewherethe laseractive element
is longitudinally pumpedfrom both ends. We have
usedtwo highbrightnesspolarizationpreservingdiode
laserpumpmodulesof 40 W maximumopticaloutput
power at 940nm wavelength.Thesemodulesarepro-
ducedby Light Conversion,Ltd. andcontainspecial
assembliesof micro-opticelementsthatareusedfor the
shapingof diodelaserbars' radiation.Thepumpbeam
from the modulesfocusesto almostsymmetricbeam
spotof » 250¹ m in diameterandhasa comparatively
low divergence(beamquality parametersin different
planesareM 2

fast = 12 andM 2
slow = 27). The pump

beamwasreshapedto elliptical onewith transversedi-
mensionsof 280£ 1000¹ m2 in the lasercrystalusing
a systemof lenses(pumpshapingopticsPS).The re-
sultingpumppower from eachdiodelaserbarafterthe
reshapingof the beamwas26 W dueto the losseson
beam-shapers,lenses,andmirrors.

We employed a Shack–Hartmannwavefront sensor
for measurementof the phasedistortionsacquiredby
probebeamof He–Nelaserafter passingthe pumped

Fig. 2. Thermal lens focusingpower in horizontal (width) and
vertical (height)planes,dependingon pumppower, measuredby
Shack–Hartmannwavefront sensor. Thermallensis highly astig-
maticandits focusingpower maydiffer up to 10 timesin orthogo-

nalplanes.

laser crystal (see experimental set-up presentedin
Fig. 1). The Shack–Hartmannwavefront sensorwas
built usinga 40£ 40 lensletarraywith lensletsizeof
108 ¹ m anda Dalsa1M15 CCD camera.In order to
matchthedimensionsof pumpedregion in lasercrys-
tal andlensletarraywe useda magnifying4F imaging
lens system. Different valuesof the imaging system
magni�cation weresetfor thermallensmeasurements
in horizontalandverticaldirections,optimizingin this
way theresolutionof theregistrationsystem.

Variation of the thermally inducedlens's focusing
power, calculatedfrom data of wavefront distortion
measurements,versustotal pump power is presented
in Fig. 2. Theseresultsshow that the thermallensfo-
cusingpower differs up to 10 timesin horizontaland
verticaldirectionsat thehighestpumppower. Thermal
lensmeasurementswereperformedin non-lasingcon-
ditions only dueto technicallimitations andthe com-
plexity of experimentallaserresonator. However we
shouldnote that in lasingconditionsthe thermallens
canbe up to 3 timessmallerthan in non–lasingcon-
ditions,assimulatedemissiondominatesover �uores-
cenceandnon-radiative decay, thusreducingthe ther-
mal loading[12]. Therefore,theexpectedfocal length
of thermallens in lasingconditionsshouldbe within
» 300–600mm rangein horizontaland within » 30–
60mmrangein verticalplanes.
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Fig. 3. Resonatormodelusedin numericalcalculations.

3. Laser design

3.1.Numericalmodelling

Thegoalof thisnumericalmodellingwasto �nd out
optimumlaserresonatorparametersat which the laser
reachesstableoperationand is leastsensitive to ther-
mal lensing. Additionally, the effects of an elliptical
thermallenson the resonators'outputmodewere in-
vestigated.

Figure3 depictsthe resonatormodelusedin com-
puter simulations. Cylindrical lenses,CL1 and CL2,
wereconsideredto bethin. Theactive elementwasre-
placedby a variablestrengththin lens, which stands
for thermallens inducedin an active element. M1 is
sphericalmirror with R = 1500mm, M2 is �at out-
put mirror, CL1 andCL2 arecylindrical lensesof f cl
focal length,AE is active element,L is lenswith f =
500mm.

The modellingwasperformedin two spatialdirec-
tions: in vertical directionthe curvatureof cylindrical
lensesCL1 andCL2 hadaneffect on thebeamandin
thehorizontaldirection.Thethermallensis considered
to beastigmaticwith its focusingpower varyingin the
rangescorrespondingto thoseevaluatedfrom measure-
ments. The resonatorwasmodelledusingan AB CD
matrix formalismwell describedin [13]. All elements
in theresonatoraregivenacorrespondingAB CD ma-
trix and the path of the beamis computedafter one
completeroundtriparoundtheresonator. AB CD ma-
trices of the resonatorelementsare multiplied in the
orderin which thebeamhaspassedthroughthem.The
parametersof interest– stability parameter~m andout-
putbeamradius! –werecomputedusingthefollowing
relations:

~m =
A + D

2
; (1)

! 2 =
jB j¸

¼

s
1

1 ¡ m2 ; (2)

where¸ is the resonator's operatingwavelength,pa-
rameter~m representingtheresonatorstability is a half
traceof all systemAB CD matrixandis invariantwith

respectto theplaneof reference,andA, B , andD are
theelementsof thecavity AB CD matrix.

Main criterion for the resonatorgeometryselection
was its stability within a broadrangeof thermallens
values,with specialattentiondevoted to high pump
power range.Anotherimportantoptimizationcriterion
is a goodcavity modeoverlapwith thepumpbeamin
active elementthat ensuresa high e�ciency of pump
conversionto laseroutput.In additionwewereseeking
for acircularbeampro�le atlaseroutput.Differentsets
of cylindrical lenseswereusedin numericalmodelling
in orderto �nd anoptimumperformacefor thermallens
valuesobtainedfrom measurements.Cavity con�gura-
tion wasoptimizedwith referenceto criteriamentioned
above,by changingpositionof cylindrical lensesinside
resonator, without altering the overall length of cav-
ity. In all cases,the distancebetweencylindrical lens
andactive elementwasslightly smallerthanthe focal
lengthof cylindrical lens.Obviously, themodeparam-
etersin horizontaldirectionarenot sensitive to cylin-
drical lens's focal lengthandposition. Main resultsof
numericalmodellingarepresentedin Figs.4–6.As we
canseefrom Fig. 4, the outputbeamradiusin verti-
cal directionremainsnearlyconstantfor thermallens
focal lenghtsabove 100 mm. For thermallens focal
lenghtsbelow 100 mm the outputbeamsizestartsto
rise,until theresonatorbecomesunstable(seeFig. 5).
In horizontaldirection, the outputbeamdiameterde-
creasesas the thermal lens focal length drops. Nu-
mericalmodellingshows thatfor f cl = 150mm cylin-
drical lens the outputbeamexhibits highestelipticity
ratiosat thermallensvaluesof 300–400mm in hori-
zontaldirection,andat 30–40mm in verticaldirection
(i. e. at expectedthermallensvaluesestimatedfor the
highestavailablepump). Switching to 300 mm focal
lengthcylindrical lenseswould result in lesselliptical
outputbeampro�le, but at a costof reducedresonator
stability rangein vertical direction,limiting it to ther-
mal lensefocal lengthvalueof 60 mm. A 200mm fo-
cal lengthcylindrical lensensuresstableresonatorfor
thermallensesabove25mm(in verticaldirection),and
hasthe smallestoutputbeamradiuswhenthe thermal
lensfocal lengthis below 100 mm (in vertical dirrec-
tion). Moderadiusvariationin lasercavity for different
valuesof thermallens(for f cl = 200mm) is shown in
Fig. 6. One can seethat the chosengeometryleads
to aproximately240£ 800 ¹ m2 beamspotsizewhich
changesby nomorethan10%whentheavailablepump
power is varied.
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Fig. 4. Outputbeamradiusversusthermallensfocal lengthat threesetsof cylindrical lensesCL1 andCL2 (for horizontalandvertical
directions).

Fig. 5. Resonatorstability versusthermallens focal lengthat threesetsof cylindrical lensesCL1 andCL2 (for horizontalandvertical
directions).

Fig. 6. Moderadiusvariationin lasercavity for differentvaluesof thermallens(for f cl = 200mm).
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Fig.7. Outlineof theresonatorwith elliptical modegeometry. Pumpbeamsfrom two diodelasermoduleswerefocusedontoathin Yb:YAG
slabfrom bothendsinto anelliptical spotwith transversaldimensionsof 280£ 1000¹ m2 . M1 andM2 arecavity mirrors(RM1 = 1500mm,
M2 is a planemirror), CL is cylindrical lens(f cl = 200mm), L is lens(F = 500mm), P is polarizer, PEis Pockelscell, FPis ¸= 4 phase

plate,PSis pumpshapinglenssystem.

Fig.8. Intensitydistributionof laserradiationin theactiveelement.
Thebeamspotdimensionsare150£ 1000¹ m2 .

3.2.Experimentalset-up

Theoutlineof theresonatorset-upisshown in Fig.7.
There are two identical cylindrical lensesCL intro-
ducedinto the resonatorto matchthe elliptical lasing
modeandpumpbeaminsidethe laseractive element.
Pockelscell modulatorcoupledwith a ¸= 4 phaseplate
wasemployedfor Q-switchoperationmode.

In thisset-upthepumpwasslightly non-collinearin
orderto avoid theopticaldamageof laserdiodemod-
ulesby counterpropagatingpumpbeams.

Theactuallasingmodedimensionsin Yb:YAG crys-
tal were measuredby imaging the crystal plane into
a CCD camera. For this measurementa fusedsilica
plate was introducedin betweenthe Yb:YAG crystal
andcylindrical lensCL andthere�ection fromtheplate
was directedthroughthe imaging lens to CCD cam-
era. The measuredbeamspot transversaldimensions
were150£ 1000¹ m2 (seeFig. 8). The sizeof ellipti-
cal lasermodealonga majoraxiswascloseto thatof
thepumpspot;however, its extentalongtheminoraxis
was» 40%lessthanthepumpspotsize.

Fig. 9. Measuredlaseroutputpower dependenceon pumppower
in CW mode.

4. Laser performancein CW and Q-switchedlaser
regimes

As the �rst stepthe laserwas testedin CW oper-
ation regime. In this casethe Pockels cell modulator
wasswitchedoff andthelaseroutputthroughpolarizer
wasoptimizedfor maximumvalueatgivenpumppow-
ersby changingthe rotationangleof the phaseplate.
Suchcouplingof phaseplatewith polarizeris equiva-
lent to laseroperationwith anoutputmirror of variable
transmittance.Thedependenceof averagelaseroutput
power on pumpis shown in Fig. 9. We have obtained
a maximumlaseroutputpower of 8.3W (lasingwave-
length1030nm) at 52 W pumppower andthe lasing
thresholdwasabout15 W. Theseresultsarecompara-
ble to thosepresentedby othergroups[8,9]. Theaver-
ageslopeof this curve is 24%. Note thealmostlinear
growth of thelaseroutputwith pumppower indicating
negligible impactof thermo-opticaleffect on laserop-
eration.
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(a) (b)

Fig. 10. Laseroutputin Q-switchedmodeoperation:(a) averageoutputpower versusrepetitionrateat givenpumppowers,(b) laserpulse
energy versusrepetitionrateatgivenpumppowers.

We have calculatedthe optimum effective output
coupler transmittanceusing the values of average
power of radiationleakingthroughthemirror M2 and
have found out that it steadilygrows from 20–22%at
thresholdto the valueof 38% at the maximumoutput
power.

BBO crystalbasedPockelscell of 3 mm clearaper-
ture (LightGate3 from ClevelandCrystal Inc.) and
Pockels cell driver (PD4 from BergmannMessgeräte
EntwicklungKG) allowing the operationat repetition
ratesof up to 100 kHz were employed for laserop-
eration in Q-switchedmode. Switching of the cav-
ity to high-Q conditionswas performedby applying
» 2.12kV pulseto Pockels cell. The momentof cav-
ity dumpingwasregulatedby the pulsewidth of high
voltagedriving pulseandduringthemeasurementsthis
wassetto obtainthehighestaverageoutputpower. The
laser output pulse duration in this regime was 8 ns,
which correspondsto thedurationof cavity roundtrip.
The dependencesof measuredaverageoutput power
andcorrespondingenergy perpulseon laserrepetition
ratefor differentvaluesof pumppower arepresented
in Fig. 10.

The maximumaveragepower of » 5.5 W was ob-
tainedat repetitionratesof 30–100kHz. We have ob-
served a relatively fast drop of averagepower when
decreasingthe repetition rate below 30 kHz. That
is causedby the appearanceof irregular pulsing of
laseroutput when the lasercavity dumpingratesap-
proachtheinverseupperstatelifetime of Yb:YAG (¿ =
0.95¹ s) [14]. Theappearanceof thisphenomenonis a
functionof thehigh-Qphaseduration,i. e. dependson
themomentof cavity dumping. In thecasewhencav-
ity dumpingisperformedin earlystageof ampli�cation

thecirculatingpulsecannotextractthewholestoreden-
ergy form theampli�er mediumanda largefractionof
initial gain remainsat theendof thehigh-Qphase.In
thiscasetheactivemediumgainhasenoughtimeto re-
cover duringa following low-Q phase.However, after
settingthe cavity dumpingmomentcloserto the mo-
mentof ampli�cation saturation,the energy of ampli-
�ed pulseincreaseswhile theremaininggainat theend
of high-Qphasedecreasesandthegain cannotrecover
thepreviousvalueduringlow-Q phase.As aresult,the
systembecomesunstableandthe laseroutputexhibits
multi-energy behaviour. So,during themeasurements
thepulsewidth of high voltagedriving pulsefor Pock-
els cell wasadjustedfor maximumoutputpower, but
neverthelesskeepingthesystemin thestableoperation
conditions.We shouldnotethatat lower pulserepeti-
tion ratesthepumppowerwasreducedin ordertoavoid
opticaldamageof laseractiveelement.

Fig. 11. Beamintensitypro�le taken by a CCD cameraat » 4 m
distancefrom thelaseroutput.
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(a) (b)

Fig.12. LaseroutputbeamM 2 parametermeasurementat36and48W pumppower. Solid line correspondsto verticalbeamsection,dotted
line to horizontal.

5. Beamquality measurement

Beamintensitypro�le wasmeasuredby CCD cam-
eraat » 4 m distancefrom the laseroutput. As seen
in Fig. 11, the output beampro�le remainsclose to
Gaussianoneeven at highestoutputpowers,however
whenthe pumppower increasesthe symmetricalout-
put beambecomeselliptical. Accordingto numerical
modelling (seeFig. 4) the output beamdimensionin
horizontalplanedecreasesasthethermallensvaluein-
creases.This leadsto higherdivergencein horizontal
direction.

We usea methoddescribedin ISO 11146standard
to measurethe laserbeamquality parameterM 2. The
beamis focusedby a lensandthena numberof beam
spotmeasurementsaremadeby a CCD cameraalong
the beampropagation direction. In our casewe kept
thelensposition�x edandtheCCD camerawasbeing
moved to measurementpositions. After determining
the beamwidth in every position a comparisonwith
Gaussianbeampropagationwasmadein orderto esti-
matetheM 2 parameterof thelaserbeam.

As wecanseein Fig. 12, thebeamqualitymeasure-
mentresultedin M 2 valuescloseto unity. The beam
quality in horizontal direction is slightly decreased,
whereasin verticaldirectionthebeamquality remains
very good. This probablyoccursdueto high elliptic-
ity of the beamin laseractive element,meaningthat
thebeamis moresensitive to thermallensandits aber-
rationsalong the directionof larger beamdimension.
We can also seethat the laserbeamis slightly astig-
matic,asthereis a focusshift betweenhorizontaland
vertical directions. However, the beamquality is ex-
cellentevenat higherpowersandtheastigmatismcan

beeasilycompensatedby employing simplecylindrical
optics.

6. Conclusions

In this work the operationof diode end-pumped
Yb:YAG laserwith elliptical modegeometrywas in-
vestigatedin CW andQ-switch regimes. In Q-switch
modethelaserproduced8 nspulseswith averageout-
put power up to 5.5 W at pumppower of 52 W, while
in CW operationmode the 8 W output power was
achieved. We have measuredthe focusingpower of
astigmaticthermallensin laseractive elementandex-
aminedthe quality of outputbeamat differentoutput
power. In spiteof stronglyastigmaticthermallensdue
to optimized cavity designthe output beamexhibits
highspatialquality. Slight riseof laseroutputbeamel-
lipticity reachingtheratio of 1.2 for thehighestpump
power was observed. Nevertheless,the beamquality
parameterM 2 in both vertical andhorizontalplaneis
closeto unity, thustheoutputbeamcanbeeasilyrecon-
structedto thecircularmodeby acylindrical telescope.
Webelievethatsuchlaserdesignoffersgoodprospects
for powerscalingof diodepumpedlasers.
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NUOLATIN �ES IR IMPULSIN �ESVEIK OSIŠILGINIO KAUPINIMO Yb:YAG LAZERIS SUELIPTINE
REZONATORIAUS MODA

R. Antipenkov, D. Stu�cinskas,A. Varanavi �cius

Vilniausuniversitetas,Vilnius, Lietuva

Santrauka

Išnagrin�eta išilginio diodinio kaupinimo Yb:YAG lazerio su
eliptine modaveika. Kaupinantplokštel�es formos aktyv �uj�i ele-
ment�a eliptiniu pluoštu,susidarostipriai astigmatinistermol�ešis.
Atlikti termol�ešiomatavimai Shack'oir Hartmann'obangosfronto
matuokliu; gauti rezultataipanaudotimatematiškaimodeliuojant

lazeriorezonatori�u. Surinktoeksperimentiniolazerioiš�ejimo galia
nuolatin�esveikos re�ime siekia8 W (esant52 W kaupinimoga-
liai). Moduliuotoskokyb�esre�ime lazerisgeneruoja8 ns trukm�es
impulsus,o vidutin�e galia siekia5 W. Lazeriopluoštokokyb�espa-
rametrasM 2 neviršija 1,2netesantmaksimaliaikaupinimogaliai.


