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We reporton aninjectionseededri:Sapphirdaserpumpedby the seconcharmonicof a Nd:YAG laser
Theresonancdetweenthe low power seedlaserandthe slave cavity is achieved usinga ramp-holdand
fire technique Dueto thetriangularcavity designthespatialbeamprofile is excellent,andcombinedwith
thenarrav linewidth pulsesthe corversionefficienciesfor non-linearfrequeny generatiorareexcellent.

I. INTRODUCTION

Injection seedings the mostfrequentlyusedtechniqueto
producesingle-longitudnalmodeoutputfrom pulsedasersn
the ns-rgime. It is accomplishedy pre-populatinga single
longitudinalmodeof a slave cavity with photonsfrom a nar
row linewidth lasersource. Provided that the seedradiation
is sufficiently strong,modecompetitionwill establishsingle
longitudinalmodeoscillationin the cavity. Thewavelengthof
thelaserpulsesis easilytunablevia tuning of the seedlaser
However, the slave cavity mustbe in resonancavith the fre-
gueng of the sourcewhenthe slave cavity Q-switchis fired,
or (if a pulsedlaseris usedasa pump)whenthe pumppulse
arrives.

Currently the mostcommonmethodto ensureresonance
of the slave lasercavity with the seedlaserfrequeny is the
pulse build-up technique[1]. When on resonancean in-
jection seededaser has a shorter pulse build-up time than
an unseededone, since the laser pulse builds up from a
pre-populatednoderatherthanfrom spontaneousmission.
Hence adjustingthe cavity lengthsuchthatthe averagepulse
build-up timeis minimizedleadsto seededaseroutput. How-
ever, a feedbacksignalis only obtainedonceafter eachlaser
shot. This leadsto difficulties at low repetitionratesandin
mechanicallynoisyenvironments.

A different technique,which has since beendubbedthe
ramp-and-firaechniquewasintroducedby our groupseveral
yearsago([2]. In this approactthe light leakageof the seed
laserthroughone of the cavity mirrors is monitoredwith a
photodiode,while a piezostackmountedon oneof the cavity
mirrors rapidly rampsthe cavity length. Typical ramptimes
areontheorderof 30 us. The photodiodesignalis produced
by interferencébetweerthepartof theincidentseedight that
doesnotpasshroughthe completecavity andthepartthathas
madeoneor morecompleteroundtripsthroughthe cavity. As
the cavity lengthis rampedthe interferencesignalreachesa
maximum whenthesewo partsof theseedeamarein phase.
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At this pointthe seedaseris in resonancevith thecavity and
the Q-switchcanbefired. In analternatie version,therapid
changeof the cavity lengthis producedby the changein op-
tical pathlengthdueto heatingof the laserrodsby the flash-
lamps[3]. Optimumseedings achieved for every lasershot
evenin the caseof extremelynoisy ervironments[4]. How-
ever, thedravbackof the ramp-firetechniques thatthelaser
pulseoccursat a randomtime during the ramppulse. Thus,
synchronizatiorof differentlasersystemss difficult.

Finally, the corventionalditherlock techniqués available,
in which the slave cavity is constantlykeptin resonancevith
the seedlaserby modulatingits lengthand applying a feed-
backsignal[5]. Thelatterhasa disadantagevhenflashlamp
pumpingis employedsincethehighthermalloadonthelaser
rod changegheindex of refraction,which asa consequence
radically altersthe optical pathlength, makingit difficult to
keeptheslave laserin resonanceavith the seecheam.

We demonstratein this paper an injection seeded
Ti:Sapphire laser pumpedby the secondharmonic of a
Nd:YAG laserwith Fouriertransformlimited pulsesin the
ns-reggime by extending our earlier methodto a ramp-hold-
fire technique6, 7]. The excellentspatialprofile of our laser
beampairedwith thenarrav linewidth leadsto excellentnon-
linearcorversionefficiencies.We demonstratsecond SHG)
andthird harmonicgenerationTHG).

1.  EXPERIMENT AL SETUP

The slave cavity hasa ring designconsistingof a spheri-
cal high reflector (radiusof curvaturer = 2m) mountedon
a piezostack,a Brewsterangledispersionprism (for limited
frequeng selectionjandaflat 80%outputcoupler(cf. Fig. 1).
The BrewsterangleTi:Sapphirecrystal (20 mm long, 0.125”
diameteyc-axisparallelto thelaserpolarization3.5cm~1 ab-
sorptionat532nm)is pumpedy theseconcharmonioof a Q-
switched flashlamppumpedNd: YAG laser(modifiedMolec-
tron YD-32). The pumpradiationis slightly focused(f=50
cm) 4 cmin front of the Ti:Sapphirecrystal. The pumpbeam
hasa diameternof approximatelyl mm attheinputfaceof the
Ti:Sapphirecrystal, which is slightly larger than the eigen-
modeof the cavity (waistdiameter= 0.5mm).
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FIG. 1. Experimentaketupof the cavity. Lasingoccursonly in the
counterclockwisedirection,sincethe seedaseris only propagating
in this direction.

The seedradiationis suppliedto the cavity throughits out-
put couplerby a polarizationpreservingsingle mode fiber.
The external cavity diode seedlaser(EnvironmentalOptical
Sensors|nc., Model 2010)is protectedwith a total of three
Faraday-isolatorg-35 dB reverse attenuationeach)against
unwantedlaserlight from a clockwiselasing direction. Of
course,in the caseof successfukeedingthe clockwiselas-
ing directionis completelysuppressedTypical seedpowers
incidenton the outputcouplerwereas 2 m\W.

The signalsobsened by the photo diode are producedby
interferenceof the part of the beamreflectedby the prism
duringthefirst passwith beamghathave madedifferentnum-
bersof roundtripsin the cavity beforebeingreflectedout by
the prism (cf. Fig. 1). A digitized voltagerampis amplified
anddrivesthe piezo. Theinterferencesignalobsened by the
photodiodeis amplified,and electronicallysquaredwice in
orderto sharperthe maximum. The signal peakis detected
by differentiation. Whenthe resonanceés detectedthe elec-
tronics producesa latch signal, which stopsthe high voltage
rampappliedto the piezo. Thetime from the detectionof the
peakto thelatchsignalthatstopsthecounteris approximately
100ns. Thisis very shorton therelevanttime scales.Specif-
ically, the ramp slopeis 2.3V/us, and 630V is requiredto
drive the piezosthroughonefree spectralrangeof the cavity
(~ 250 MHZz); thus,in 100nsthe cavity resonancérequeny
is only shiftedby < 100kHz. Consequentlyonecanbecer
tain thattherampvoltageis actuallyheld almostpreciselyon
theinterferencemaximum.

Oncethe ramphasbeenstopped the electronicsalso pro-
ducesanactive feedbaclsignalto stabilizethecavity andcon-
trol fluctuationsdueto ringing in the piezo after the sudden
stopof theramp. This wasachiezed usinga sampleandhold
circuit combinedwith aPID controller

The secondandthird harmonicradiationare generatedn
a Lithium Triborate (LBO, LiB305) - Beta Barium Borate
(BBO, g-BaB;0.,) combination.The setupincluding the po-
larization direction of the different pulsesaswell asthe ro-
tation axes to achieve phasematchingof the crystalsis de-
pictedin Fig. 2. First, the beamdiameterof the fundamen-
tal (diameteras 1.0 mm) is reducedby approximatelya fac-
tor of two using a telescope. Second,the fundamentalis
doubledusing a type-I processin an LBO (5x5x10 mm?,
6 = 90.0°,® = 35.7°) crystal. After theLBO crystalthesec-
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FIG. 2: Setupof thethird harmonicgenerationDetailsseetext.

ond harmonicand the fundamentabeamhave polarizations
perpendiculato eachother Due to the more thana factor
of 3 highernon-linearcoeficient for the type-I versustype-
II summingprocessof fundamentabnd seconcharmonicin
BBO, we optedfor theformer. We useawaveplatethatis A\ /2
atw andX at2w, in orderto rotatethepolarizationdirectionof
thefundamentalbut leave the polarizationof the seconchar
monicunchangedA BBO (5x5x7 mn?, § = 47.5°) crystal
is usedfor frequeny summingof fundamentaland second
harmonic. The third-harmonicis polarizedperpendiculato
the fundamentaknd secondharmonicand can be separated
easilyusinga beamsplitting polarizer

LBO waschoserfor the SHG step(insteadof BBO), since
LBO shaws smallerbeamwalk-off, which leadsto a better
beamoverlapin the seconctrystal. Neverthelesghedistance
betweenthe two crystalswas reducedas much as possible.
We testeda BBO/BBO combinationin unseededperation.
Althoughthe SHGwasmoreefficientin the BBO crystal,the
overall THG efficiengy wasslightly smaller dueto thelarger
beamwalk-off in BBO.

. RESULTS

Fig. 3 (top) shows the rampvoltage and photo diode sig-
nal asa function of time whenthe electronichold signalis
disabled. The interferencemaximumwhenthe slave cavity
is in resonancevith the seedlaseris clearly visible. Due to
the inertia of the mirror/piezoassemblymechanicalinging
canbe obsered at the endof the ramp. The bottom part of
Fig. 3 shavs the ramp voltageand photo diode signalwhen
the hold signalis enabled.Specifically whena resonancés
detectedthe voltagerampon the piezois stoppedandis held
at a fixed value,which in turn holdsthe cavity in resonance
until thepumppulsearrives. Therampdurationwaschoserto
beabout300usin orderto suppreseffectsof themechanical
ringing of the piezostack,whenthe hold signalis triggered.
Theelectronicsholdsthe cavity lengthstablefor severalhun-
dredmicroseconds.

Fig. 4 shows the outputenepy of the Ti:Sapphirelaseras
a function of the pump enegy. The Ti:Sapphirelaserwas
operatingat 761.1nm, which is about20 nm from the gain
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FIG. 3: PiezoVoltageandinterferencesignalof the seeddiodelaser
asmonitoredby the photodiode. Thetop (bottom)figure shows the
signalswhenthelatchsignalonthe piezorampis disabled enabled)

peakof the Ti:Sapphirelaser[8]. The slopeefficienciesare
49.0%+2.1%for seededand 24.7%+-2.7%for unseedeap-
eration,respectiely. The lasingthresholdsvere6.2 mJand
7.8mJfor seededindunseededperationyespectiely. Asto
be expectedthethresholds slightly lowerin theseededase,
andthe outputeneqy is roughly twice that of the unseeded
case. The latter is due to the suppressiorof the clockwise
lasingdirection.

The pulse duration of the Ti:Sapphire as well as the
pulsebuild-up time were measuredising fast photo-diodes.
Fig. 5 shavs build-up time andpulsedurationfor the seeded
Ti:Sapphirelaser We measuregbulse-liildup timesof 65 ns
and88 nsfor theseededindunseededaserespectiely. The
reducedbuild-up timein the seedeatasels dueto the prepop-
ulation of a single longitudinalmode. The pulsedurationis
35ns(FWHM) whenthelaseris seeded.

In orderto checkthe performanceof our seedingsystem,
thelinewidth of theseedegulsediaserwasdeterminedising
a scanningb0 cm confocal Fabry-Perotetalon(Freespectral
rangel50 MHz). The Fabry-Perotwasslowly scanned100
sec)andthe outputsignalasa function of the etalonlength
wasmeasuredvith a photodiode. The latter was either di-
rectly recordedvia anA/D cardor integratedwith a gatedin-
tegrator (SRS 250) andthenrecorded. Hence, it is the time
averagedinewidth of thelasersthatis beingdeterminedthe
resultis 12.5 MHz (FWHM) (c.f. Fig. 6). The relationbe-
tweenthe Fouriertransformlimited linewidth Av of a Gaus-
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FIG. 4: Outputenegy of the Ti:Sapphirdaserasafunctionof pump
enepgy incidenton thecrystal.
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FIG. 5: Pulse buildup time and temporal shapeof the seeded
Ti:Sapphirdaser

sianlaserpulseandits durationAr is givenby [9]:

21n2
Av = .
v TAT

For a Gaussiamulsewith durationof Ar=35 ns, the corre-
spondinglinewidth Av yields Av=12.5MHz. Althoughthe
temporalpulse form of the Ti:Sapphirelaseris not strictly
Gaussianye concludethat our laserproduceg-ourier trans-
form limited laserpulses.

Sincethe resonancés found beforeeachlasershot, every
single shot provides Fourier transformlimited pulses. The
techniqueis insensitve to temperaturdluctuationsor other
slow variations. Vibrationscan causea problemwhentheir
bandwidthexceedgshetime responsef the PID controller.

The diodelasercould be tunedby 45 nm without lossin
performancef injection seeding.Larger scansrequireslight
realignmentof the slave cavity dueto the dispersionin the
prismusedin our resonatodesign.

Finally, Fig. 7 shavs the output enegy of the second
(380.55nm) andthird harmonic(253.7nm) versusheenegy
atthe fundamentatvavelength(761.1nm) of the Ti:Sapphire
laserfor seededperation. Using the relationships)syg =
I(2w)/I{w) andnTyg = 1 (3w)/I(w), wefind maximumef-
ficienciesof 34%(SHG)and11%(THG), respectiely. These
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FIG. 7: Outputenegy of the non-linearprocessessa function of
theenegy atthefundamental.

valuesarein goodagreemenwith predictionsby theprogram
SNLO[10].

In summary injection seedingof a Ti:Sapphire laser
pumpedby the secondharmonic of a Nd:YAG laser us-
ing a new ramp-hold-firetechniquewas successfullyimple-
mented. The resonatorfeaturesa particularly simple de-
sign. The Ti:Sapphirelaserproduceg-ouriertransformlim-
ited laserpulsesof 35 nsduration. Up to 25 mJat 761.1nm
were produced. Efficient SHG (34%) and THG (11%) were
demonstratedisingtwo type-l phasematchingrocesse# a
LBO/BBO crystalcombination.

Thetime responsef the rampsystemcould be improved
by employingelectro-opticcrystalsthatareorientedsuchthat
anappliedvoltageonly altersthe phaseput notthe polariza-
tion of the light. We have alreadydemonstratedhis intra-
cavity phasemodulationtechniqueto correctfor frequeng
chirp on the nanosecondime scale[11]. This schemecould
beadaptedor the presentaskandwould eliminatethe possi-
bility of mechanicatingingandthusenablefasterramptimes
whichwouldleadto theapplicabilityof thetechniquen noisy

ervironments.
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