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Theshapeof theplasmacloudgeneratedby pulsedlaserablationof solid targetswhenthe
laserbeamimpactsontothetargetsurfaceat largeanglesis investigated.Time–integrated
photographsof theexpandingplasmacloudsclearlyshow thatplasmais producedat large
impactanglestoo, andthat it alwaysexpandsperpendicularlyto the target surface.The
coneanglesof theexpandingplasmacloudsincreasewith theimpactangle,indicatingthat
thekinetic energy of theplasmaparticlesis reducedat largeangles.The intensityof the
plasmaemissiondropsat angleslarger thanabout60

�
to the surfacenormal, indicating

that the amountof plasmaproducedat suchlarge anglesis smallerthanduring ablation
atsmallangles.Theapparentdiscrepancy in theobservedplasmaformationthresholdand
theon–surfaceenergy densityis explainedby themechanismof plasmainitiation onlocal-
izedsurfacedefectswhosesurfacesareplacedat favourableanglesto theincominglaser
radiation.
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1. Introduction

In mostablationexperimentsdescribedin the literaturethe laserbeamimpactsper-
pendicularlyontothetargetsurface.In applicationswherematerialejectedfrom thetarget
surfaceitself is further used,the laserbeamis shifted to a sideof the target normal to
separateit from theexpandingplasmacloud.Theplasmacloudcanthenbefreelyusedfor
depositionor for someotherpurpose.Evenin thiscase,theimpactanglesarekeptasclose
to thenormalaspossibleandtheplasmacloudbehavior is similar to thecaseof perpen-
dicularimpactof thelaserbeamontothetargetsurface.Regardlessof theimpactangleof
thelaserbeam,theplasmacloudalwaysexpandsperpendicularlyto themeanplaneof the
targetsurface.This is verifiedfor anglesof up to about45

�
from thesurfacenormal[1].

Thesimpleexperimentsreportedin this articleshow thattheplasmais formedright up to
thegrazingincidenceof the laserbeamonto the targetsurfaceandthat theplasmacloud
alwaysexpandsperpendicularlyto thetargetsurface.

Initially onewould assumethat the laserbeamstriking the target at a large angleto
thesurfacenormalwould hardlybeableto ablateit dueto theincreasedcoefficientof re-
flectionat largeanglesanddueto thereducedon–surfaceenergy density. Thisconclusion
stemsfrom the idealizedpictureof target surfacebeingideally flat. In reality, however,
evenhighly polishedsurfacesshow many surfaceirregularitiesandsurfacedefectsat sub-
micronscales.Surfacesproducedby theusualmachiningtechniquesarehighly irregular
atsuchscales.Further, at low energydensitiesplasmais initiatedatlocalsurfacedefectsor
irregularitieseitherby favourablelaserbeamreflectionsthatenhancelocal electricfields
or dueto reducedheatflow into thebulk targetmaterialthatpreventscoolingof thesur-
facedefectwith the endresult that it is overheatedandvaporized[2,3]. Even whenthe
laserbeamimpactsat thetargetsurfaceatagrazingangleto themeansurfaceplane,some
favourablyplacedsurfaceirregularitiescanstill befoundonthetargetsurface,althoughat
a greatlyreduceddensity, soa smalleramountof plasmawill still beproduced.

Severalapplicationsof laserablationmaybenefitfrom this ablationgeometry. Oneof
themis determinationof chemicalcompositionof targetmaterialfrom spectralemission
of the laser–producedplasma.In this application,a small amountof the target material
is vaporizedand ionizedby the laserradiation.The optical emissionfrom the resulting
plasmais thenusedtodeterminethechemicalcompositionof thetargetmaterial[4–6].The
methodis inherentlysimpleandattractive dueto its speedandits capabilityof analyzing
microsamples,but is still far from trouble-free.Oneof the difficultiesassociatedwith it
is that the high densityof the producedplasmaoften resultsin optically thick spectral
lineswhich complicatethe interpretationof theobservedspectra.The lessdenseplasma
producedby theablationat largeimpactangleswould in thiscasebebeneficial.

Anotherapplicationof interestareXUV andX-ray laserswherelaser–producedplas-
masserve as lasermedium. Suchshort–wavelengthlasersare of great interestas they
areneededin many importantapplicationsrangingfrom sub–micronlithography[7] to
the real–timeholographyandmicroscopy of biologicalspecimens[8]. The lasingof the
plasmaproducedby theablationof a capillarywall andfurtherexcitedby a secondlaser
pulsewasdemonstratedrecently[9], thusstressingthe importanceof further studiesof
laserablationat large or even grazingangles(as is the casewhen the capillary wall is
ablatedfrom inside).
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2. Experimentalsetup

A nitrogenlaser[10,11] wasusedasa sourceof laserradiation.The laserbeamwas
focusedontothetargetsurfacewith aquartzplanoconvex lens(160mmfocal length).The
on–targetbeamcross–sectionandthetemporalpulseprofile werestudiedin detailbefore
[12]. The main parametersof the laserbeamaresummarizedin Table1. A 2 mm thick
sinteredboron–nitride(HDBN) platewasusedasa target. The target wasplacedinside
thevacuumchamberandall experimentswerecarriedout in vacuumatabasepressureof
about0.1 Pa. The plasmacloud wasobservedside–onwith a photographiccamera.The
low intensityof theplasmaemissionrequireduseof a high speedfilm (ILFORD HP–5).
Thefilm wasdevelopedfor maximalcontrast,andpositiveswereprintedontovery hard
photographicpaper. Sucha techniqueproducesa greatlyreducedgrayscalewith black–
white transitioncorrespondingto anisophote.Theisophoteshapewasextractedfrom the
positiveswith thehelpof a digitizing table.

TABLE 1. On–targetparametersof thelaserbeam.

wavelength(nm) 337.1
pulseenergy (mJ) 7
temporalpulseprofile approx.gaussian
spatialpulseprofile irregular
pulseFWHM (ns) 6
max.energy density(J/cm

�
) 0.7

max.powerdensity(MW/cm
�
) 90

burnmark(mm � mm) 0.3x1

3. Discussion

Themaximalon–targetenergy densitywas0.7J/cm
�

in thecaseof perpendicularim-
pact.Theplasmaformationthresholdwasfound to beabout0.3 J/cm

�
in this case.The

expandingplasmacloudgeneratedwith thelaserbeamimpactingat variousanglesto the
surfacenormalareshown in Fig. 1. Notea characteristiclarge forwarddirectivity of the
expandingplasmaresultingin a highly elongatedisophoteshapesin the directionof the
surfacenormal.The forwarddirectivity is a distinctcharacteristicsof the laserproduced
plasmas,andit increaseswith theincreaseof theon–targetenergy density[13,14].In case
of no preferentialdirectionof expansion,theangulardistribution of theevaporatedparti-
clesis givenby the � � �

�
function,where

�
is theanglebetweenthedirectionof theflight

of theparticleandthetargetsurfacenormal.In thecaseof preferentialforwarddirectivity,
the particledistribution is givenby the � � � 	

�
function,with 
��� [14]. By measuring

theanglesbetweenthetangentsto theouterplasmaenvelopeandthesurfacenormal,the
exponent
 canbejudged.Theresultsof thisprocedurearesummarizedin Table2.
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Fig. 1. Plasmacloudshapeasa functionof theimpactangleof thelaserbeamto thetarget
normal.Thetargetsurfacecorrespondsto theY=0 plane(X-axison thegraph).

TABLE 2. Particledirectivities inferredfrom thephotographsof theplasmaclouds.The
exponent� correspondsto the � � � � yield directivitiesof Ref.14.

impactangle coneangle �
0� 22����� � 25� 5
60� 34����� � 10� 3
75� 70����� � � 2� 0.5
86� 90����� � ��� �
90� 90����� � ��� �

Up to the impactanglesof about60� , the appearanceof the plasmacloud remains
aboutthesame.It is only slightly widenedin thedirectionparallelto thetargetsurfaceas
thefocalspotis elongatedin thisdirectiondueto theobliqueimpactof thelaserbeamonto
thetargetsurface.At largerimpactanglestheplasmabrightnessdecreasesandthesizeof
theobservablecloudbecomessmaller. Theplasmais still detectableat 86� , althoughit is
veryweakandshowsnodirectivity anymore.

In thecasewhenthe impactanglewas86� to the targetnormal,themaximalenergy
densityprojectedto the surfaceplanewasreducedto 0.05 J/cm! , far underthe plasma
formationthreshold.Yet, the plasmais clearly observed in the secondcase,too. This is
alreadyexplainedby thefactthatplasmais initiatedat surfacedefectswhosesurfacesare
placedat favourableanglesto theincominglaserbeam.
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Fig. 2. Two plasmacloudsemanateout of theendsof a 0.5mm diametercapillarybored
througha 3 mm thick coppertarget. The laserbeamdirectionis indicatedby the white
arrow.

Last,but not least,it is interestingto notethatplasmais formedevenwhentheaxisof
thelaserbeamis parallelto thesurface.To provethis,asimpleexperimentwasperformed.
Thelaserbeamwasdirectedthrougha smallholeboredthroughthetarget in sucha way
that the laserbeamaxis wasparallel to the hole axis. A coopertarget wasusedin this
experimentasthe intenseblue–greenemissionof Cu I, andthe absenceof fluorescence
of the target material,makescooperplasmasmucheasierto detect.Two plasmaclouds
areobserved in sucha case(Fig. 2). Oneexpandsfrom the front hole openingtowards
thelaser, andtheotherfrom thebackholeopeningin theoppositedirection.Both clouds
are relatively small and show no preferabledirection of expansion.About an order of
magnitudelargernumberof laserpulsesis neededto registertheplasmaimageswith the
similardensityasin thecaseof smallimpactangles,whichpointsto muchloverdensities
andtemperaturesof plasmasgeneratedthisway.

4. Conclusion

The analysisof time–integratedphotographsof the expandingplasmacloudsclearly
show thatplasmais producedatall impactangles,andthatit alwaysexpandsperpendicu-
larly to thetargetsurface.At constantlaserenergydensitytheforwarddirectivity of plasma
particlesdecreaseswith the increaseof the impactangle,indicatingthat their kinetic en-
ergy is reduced.The time–integratedbrightnessof theplasmacloudrapidly decreasesat
angleslargerthanabout60" to thesurfacenormal.Fromthis followsthatboththeplasma
temperatureandtheamountof plasmaproducedaresmallerat largeangles.This is con-
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sistentwith expecteddecreaseof densityof favourablyplacedsurfacedefectsneededto
initiate theplasmaformation.Theapparentdiscrepancy in theobservedplasmaformation
thresholdandtheon–surfaceenergy densityis consistentwith themechanismof plasma
initiation on localizedsurfacedefectswhosesurfacesareorientedat favourableanglesto
theincominglaserradiation.
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VREMENSKI INTEGRIRANOFOTOGRAFSKO PROUČAVANJELASERSKE
ABLACIJEPRIVELIKIM UPADNIM KUTOVIMA

Iz fotografijaoblakaplazmeproizvedenihlaserskomablacijompri različitim upadnimku-
tovima, odredenaje ovisnostoblika plazmenogoblakao upadnomkutu i pokazanoje da
seablacijadogadai kodvrlo velikih upadnihkutova.
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