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Theshapeof theplasmacloudgeneratedby pulsedaserablationof solid targetswhenthe
laserbeamimpactsontothetargetsurfaceat large angless investigatedTime—integrated
photographef theexpandingplasmacloudsclearlyshow thatplasmais producedhtlarge
impactanglestoo, andthatit always expandsperpendicularlyto the target surface. The
coneanglesf theexpandingplasmacloudsincreasavith theimpactangle indicatingthat
the kinetic enepgy of the plasmaparticlesis reducedat large angles.The intensity of the
plasmaemissiondropsat angleslarger thanabout60° to the surfacenormal, indicating
thatthe amountof plasmaproducedat suchlarge anglesis smallerthanduring ablation
atsmallanglesTheapparendiscrepang in theobsenedplasmaformationthresholdand
theon—surbceenepgy densityis explainedby themechanisnof plasmainitiation onlocal-
ized surfacedefectswhosesurfacesare placedat favourableanglesto theincominglaser
radiation.
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1. Introduction

In mostablationexperimentsdescribedn the literaturethe laserbeamimpactsper
pendicularlyontothetargetsurface.ln applicationsvherematerialejectedrom thetarget
surfaceitself is further used,the laserbeamis shiftedto a side of the target normalto
separaté from theexpandingplasmacloud. Theplasmacloud canthenbefreely usedfor
depositioror for someotherpurposeEvenin this casetheimpactanglesarekeptasclose
to the normalaspossibleandthe plasmacloud behaior is similar to the caseof perpen-
dicularimpactof thelaserbeamontothetargetsurface.Regardlesof theimpactangleof
thelaserbeam the plasmacloudalwaysexpandsperpendicularlyo the meanplaneof the
targetsurface.This is verified for anglesof up to about45° from the surfacenormal[1].
Thesimpleexperimentseportedn this article shav thatthe plasmais formedright up to
the grazingincidenceof the laserbeamontothe target surfaceandthatthe plasmacloud
alwaysexpandsperpendicularlyto thetargetsurface.

Initially onewould assumehat the laserbeamstriking the target at a large angleto
the surfacenormalwould hardlybe ableto ablateit dueto the increasedoeficient of re-
flectionatlargeanglesanddueto thereducedn—surbiceenegy density This conclusion
stemsfrom the idealizedpicture of target surfacebeingideally flat. In reality, however,
evenhighly polishedsurfacesshav mary surfaceirregularitiesandsurfacedefectsat sub-
micron scales Surfacesproducedby the usualmachiningtechniquesarehighly irregular
atsuchscalesFurther atlow enegy densitieplasmas initiatedatlocal surfacedefectsor
irregularitieseitherby favourablelaserbeamreflectionsthatenhancdocal electricfields
or dueto reducecheatflow into the bulk target materialthat preventscooling of the sur
facedefectwith the endresultthatit is overheatedandvaporized[2,3]. Evenwhenthe
laserbeamimpactsatthetargetsurfaceat agrazingangleto themeansurfaceplane,some
favourablyplacedsurfaceirregularitiescanstill befoundonthetargetsurface,althoughat
agreatlyreduceddensity soa smalleramountof plasmawill still be produced.

Severalapplicationsof laserablationmay benefitfrom this ablationgeometry Oneof
themis determinatiorof chemicalcompositionof target materialfrom spectralemission
of the laserproducedplasma.ln this application,a small amountof the target material
is vaporizedandionized by the laserradiation. The optical emissionfrom the resulting
plasmas thenusedo determinghechemicakompositiorof thetargetmaterial[4—6]. The
methodis inherentlysimpleandattractve dueto its speedandits capabilityof analyzing
microsamplesbut is still far from trouble-free.One of the difficulties associateavith it
is that the high densityof the producedplasmaoften resultsin optically thick spectral
lineswhich complicatethe interpretatiornof the obsened spectra.Thelessdenseplasma
producedy the ablationat largeimpactangleswvould in this casebe beneficial.

Anotherapplicationof interestare XUV andX-ray laserswherelaserproducedlas-
masserne as lasermedium. Such short—vavelengthlasersare of greatinterestasthey
areneededn mary importantapplicationsrangingfrom sub—micronlithography([7] to
the real-timeholographyand microscopy of biological specimeng8]. The lasingof the
plasmaproducedby the ablationof a capillarywall andfurtherexcited by a secondaser
pulsewas demonstratedecently[9], thus stressinghe importanceof further studiesof
laserablationat large or even grazingangles(asis the casewhenthe capillary wall is
ablatedfrom inside).
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2. Experimentabketup

A nitrogenlaser[10,11] wasusedasa sourceof laserradiation. The laserbeamwas
focusedontothetamgetsurfacewith aquartzplanocowex lens(160mmfocal length).The
on—tagetbeamcross—sectioandthe temporalpulseprofile werestudiedin detail before
[12]. The main parameter®f the laserbeamare summarizedn Table1. A 2 mm thick
sinteredboron-nitride(HDBN) platewas usedasa target. The target was placedinside
thevacuumchambemndall experimentsverecarriedoutin vacuumat a basepressuref
about0.1 Pa. The plasmacloud was obsened side—onwith a photographiccamera.The
low intensity of the plasmaemissionrequireduseof a high speedilm (ILFORD HP-5).
The film wasdevelopedfor maximalcontrastand positveswere printedonto very hard
photographigaper Sucha techniqueproducesa greatlyreducedgray scalewith black—
white transitioncorrespondingo anisophote . Theisophoteshapewasextractedfrom the
positiveswith thehelp of a digitizing table.

TABLE 1. On—tagetparametersf thelaserbeam.

wavelength(nm) 337.1
pulseenegy (mJ) 7
temporalpulseprofile approx.gaussian
spatialpulseprofile irregular
pulseFWHM (ns) 6

max.enegy density(J/cn?) 0.7
max.power density(MW/cm?) 90
burn mark (mmxmm) 0.3x1

3. Discussion

Themaximalon-tagetenegy densitywas0.7 J/cn? in the caseof perpendiculaim-
pact. The plasmaformationthresholdwasfoundto be about0.3 J/cn? in this case.The
expandingplasmacloud generatedvith thelaserbeamimpactingat variousanglesto the
surfacenormalareshowvn in Fig. 1. Note a characteristidarge forward directiity of the
expandingplasmaresultingin a highly elongatedsophoteshapesn the directionof the
surfacenormal. The forward directiity is a distinct characteristicef the laserproduced
plasmasandit increasesvith theincreasef the on—tagetenegy density[13,14].In case
of no preferentialdirectionof expansionthe angulardistribution of the evaporatedarti-
clesis givenby thecos @ function,whered is theanglebetweerthedirectionof theflight
of the particleandthetamgetsurfacenormal.In the caseof preferentiaforwarddirectiity,
the particledistribution is given by the cos™ @ function,with n > 1 [14]. By measuring
theanglesbetweerthe tangentgo the outerplasmaernvelopeandthe surfacenormal,the
exponentn canbejudged.Theresultsof this procedurearesummarizedn Table2.
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Fig. 1. Plasmacloudshapeasa functionof theimpactangleof thelaserbeamto thetarget
normal. Thetamgetsurfacecorrespondso the Y=0 plane(X-axis onthegraph).

TABLE 2. Particle directivities inferredfrom the photograph®f the plasmaclouds. The
exponentn, correspondso thecos™ yield directivities of Ref. 14.

impactangle coneangle n

0° 22°£3° 25£5
60° 34°+£5° 104£3
75° 70° £10° 2+0.5
86° 90° £ 20° ~1
90° 90° £ 20° ~1

Up to the impactanglesof about60°, the appearancef the plasmacloud remains
aboutthe samelt is only slightly widenedin the directionparallelto thetargetsurfaceas
thefocal spotis elongatedn thisdirectiondueto theobliqueimpactof thelaserbeamonto
thetargetsurface.At largerimpactanglesthe plasmabrightnesslecreaseandthe sizeof
the obsenablecloudbecomesmaller The plasmais still detectableat86°, althoughit is
very weakandshawvs no directivity anymore.

In the casewhenthe impactanglewas86° to the targetnormal,the maximalenegy
density projectedto the surface planewas reducedto 0.05 J/cn?, far underthe plasma
formationthreshold.Yet, the plasmais clearly obsenedin the secondcase,too. Thisis
alreadyexplainedby thefactthatplasmais initiated at surfacedefectswhosesurfacesare
placedatfavourableanglego theincominglaserbeam.
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Fig. 2. Two plasmacloudsemanateut of the endsof a 0.5mm diametercapillary bored
througha 3 mm thick coppertarget. The laserbeamdirectionis indicatedby the white
arraw.

Last,but notleast,it is interestingto notethatplasmais formedevenwhenthe axis of
thelaserbeamis parallelto thesurface.To provethis, asimpleexperimentwasperformed.
Thelaserbeamwasdirectedthrougha smallhole boredthroughthe targetin sucha way
that the laserbeamaxis was parallelto the hole axis. A coopertarget was usedin this
experimentasthe intenseblue—greeremissionof Cu I, andthe absencef fluorescence
of the target material, makes cooperplasmasnuch easierto detect. Two plasmaclouds
areobsenredin sucha case(Fig. 2). One expandsfrom the front hole openingtowards
thelaser andthe otherfrom the backhole openingin the oppositedirection.Both clouds
are relatively small and shav no preferabledirection of expansion.About an order of
magnituddarger numberof laserpulsesis neededo registerthe plasmaimageswith the
similar densityasin the caseof smallimpactangleswhich pointsto muchlover densities
andtemperaturesf plasmagyeneratedhis way.

4. Conclusion

The analysisof time—integratedphotograph®f the expandingplasmacloudsclearly
shaw thatplasmais producedatall impactanglesandthatit alwaysexpandsperpendicu-
larly tothetametsurface At constantaserenegy densitytheforwarddirectivity of plasma
particlesdecreasewith the increaseof the impactangle,indicatingthattheir kinetic en-
engy is reduced.The time—intgratedbrightnesf the plasmacloudrapidly decreaseat
angledargerthanabout60® to thesurfacenormal.Fromthis follows thatboththe plasma
temperatureandthe amountof plasmaproducedaresmallerat large angles.This is con-
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sistentwith expecteddecreasef densityof favourably placedsurfacedefectsneededo

initiate the plasmaformation.Theapparentiscrepang in the obseredplasmaformation
thresholdandthe on—surbiceenepgy densityis consistenwith the mechanisnof plasma
initiation on localizedsurfacedefectswhosesurfacesare orientedat favourableanglesto

theincominglaserradiation.
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VREMENSKI INTEGRIRANO FOTOGRAFSKO PROUCAVANJE LASERSKE
ABLACIJEPRIVELIKIM UPADNIM KUTOVIMA

Iz fotografijaoblakaplazmeproizvedenihlaserskom ablacijompri razli€itim upadnimku-

tovima, odretenaje ovisnostoblika plazmenogoblakao upadnomkutu i pokazandge da
seablacijadogadi kod vrlo velikih upadnihkutova.
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