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Using 308 nm laserablation,we have producediithium, zinc and lithium-zinc plasmas
andhave studiedtheir spectraltemporalandspatialcharacteristicdn purelithium plume,
linear Stark effect is obseredin n?D-22P transitions(n = 3,4,5,6) upto 0.3 us after
the laserpulse. In pure zinc plume, both atomic andionic spectrallines are obsened.
Time evolution of spectralline intensitiessuggestghat the mechanisnresponsibleor
populationof atomiczinc stateds a cascad®f ion-electrorrecombinatiorprocessest he
ablationof Li-Zn alloy shavs muchfasterdecayof Zn spectrafeatureshanof Li spectral
lines. Thereforethedecompositiorof plumeinto shellsof differentcoloursis obserable.

PACSnumber:52.50.Jm UDC537.53
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1. Introduction

TheLi-Zn systemthesimplestexampleamongalkali-metal-group-l1Bmoleculeshas
beenstudiedrecentlyby preparingexcited moleculeswithin heat-pipeovensthroughthe
photochemicateactiong1]. Thesestudieshave indicatedthe needof preparingexcimers
in molecularbeams[2, 3] in orderto achieve state-specifiexcitation. However, when
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lithium andzinc aremixedin the oven, high temperaturef the alloy is neededo obtain
a sufficient vapourpressurdor an appropriateexpansionandcooling of moleculesn the
beam[4]. The expansionof lasergenerategplasmathroughan orifice is a widely used
methodto producecold moleculedrom thealloys which have a high meltingtemperature
anda low vapourpressureof oneof the elementd5, 6]. Sucha sourcecanalsoproduce
exciteddimer moleculedirectly in thelasergenerategplume,asobsenedin the caseof
Pk, [7], Nag [8] andCuw, [9].

The pulsedlithium atomicbeamwasproducecdby CO;-laserinducedablationof a Li
metaltargetin the low-enegy-densityregime whenno plasmaforms on the surface,in
orderto studycollisionsof lithium Rydbeg atomswith buffer gaseg10, 11]. Theablation
of lithium andzinc hasalsobeenusedin variousapplicationssuchasa matrix isolation
spectroscop(lithium) [12] or in basicstudiesof ablationproces®of metals(zinc)[13, 14].
Thelaserablationof multicomponentargets[15] suggestshatdifferentablationprocesses
couldbeexpectedwvhendealingwith alloys suchasLizZn.

We have undertalenthe presensstudywith the aim to characteriz@lumesformedby
308 nm XeCl-laserablationof lithium, zinc and lithium-zinc targets. We obsened the
spectraof lasergenerateplume and performedtheir temporaland spatialanalysedor
varioushbuffer gasesand laserfluences.Preliminaryresultshave beenreportedrecently
[16].

2. Experiment

The experimentalsetupis shavn in Fig. 1. A XeCl-excimer laserat 308 nm was
usedfor ablation.The laserenegy could be variedup to 150 mJ per pulseandthe pulse
halfwidthwasabout20ns. Thelaserbeamwhichis initialy 2cmx 1 cm,wasfocusedby a
quartzlensof a30cmfocallength,producingawaistof about80 um onthetargetsurface,
with a maximumpower of about10° MW/cm?. Calibratedquartzplateswereusedto re-
ducethefluence Thetargetwasplacedinsidea smallvacuumchambel10£) which could
beevacuatedy a Rootspumpsystendown to 10-* mbarand/orfilled with differentgases
(Ar, He,Hs) up to atmospheripressureThelight from the plumewasprojectedontothe
planeof the openingof a bundleopticalfiber (diameter3 mm) by alens.The opticalfiber
wasconnectedo a 0.6 m scanningnonochromatoiSpectrallydispersedluorescencavas
detectedby a photomultiplier(HamamatsiR2949).The signalwas sentto a box-carav-
erager(StanfordResearctiModel 250) whereit wasprocesse@ndthe outputwassentto
anIBM compatiblePC.A fastphotodiodecollectingthe scatteredaserlight, wasusedto
triggerthegateof abox-caraveragemta certaintime delayafterthe beginningof thelaser
pulse. Signalsfrom the photomultiplierand from the gateof the box-caraveragerwere
monitoredwith a 100 MHz oscilloscopeThe temporalselectionof the measurespectra
could be achieved in the rangefrom about20 nsto 15 us after the laserpulse. Spatial,
temporalandspectrabnalyse®f theplumewereperformedThespatialanalysisvasper
formedby selectinga certainpositionof the openingof the opticalfiber alongtheimage
of theplume.Thetemporalparticularsetof delayandgateparametersvhile scanninghe
monochromataqior by settingthemonochromatoatthewavelengthof thedesiredspectral
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featurewhile scanninghe delayof the box-cargate.
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Fig. 1. Experimentaketupfor laserablationof lithium, zincandLiZn alloy targets.

The spectralresponsef the systemwas measuredvith a calibratedtungsternribbon
lamp. The spectralresponseurve is almostflat from 400 nm to 600 nm, decreasindin-
earlyto 20%at 800 nm. The spectrashavn in Figs.2, 5 and7 werenot correctedor the
spectraresponsef the system.

The targetswere purelithium, zinc metalandtheir alloys. The alloys were prepared
in heat-pipeovens[1]. Thetargetswererotatedin orderto getuniform plumes.Thatwas
especiallyimportantfor lithium sincethe laserbeameasily createsa craterin the target
which causespatialinstability of the plume.

3. Results and discussion

Whenthelaserpulsehitsthesurfaceof thetarget,it vaporizesaandionizesthe material.
Looking with the naked eye (time-areragedpicture), the light-emitting plasmachanges
shapavhenthebuffer gasand/orits pressur@arechangedUndervacuumconditions(P <
10—2 mbar),a brightwhite spotis obseredattheplacewerethelaserhits thetarget.Very
low intensityemissionblueor green)extendsin almostthewholevacuumchamberWhen
abuffer gasisintroducednto thechambeytheregionof thisweakemissiorsuddenlystarts
to shrinkandformsasmallbrightball of emittinglight (of 5to 15 mmdiam.at2 - 5 mbar).
This ball of light canhave shellsof differentcolours(e.g. ablationof LiZn alloy creates
greeninnerandreddishoutershells).As the buffer gaspressurés increasedat about100
mbar), the ball shrinksinto a small very bright white spoton the target surface. Small
evaporatedarticlesof a sizeof afew micrometerghatwereleaving the target, could be
seenwith thenakedeye in theincominglaserbeam.
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Fig. 2. Spectraof lithium plasmafor differenttime delaysin Ar buffer gasat the pressure
of 5 mbar. The light from the completeplume of aboutl cm in diameterwasfed to the
monochromatorG is the gateandD the delaysettingof the box-caraveragera) D = 30
ns G =100ns b)D =130 ns G = 100 nsc) D = 230 ns G = 100 ns. Laserpulse
enegy was25mJ,

3.1. Ablation of pure lithium metal

Theplumeof lithium plasmais obsenedfor alaserpulseenegy abore 10 mJ.In Fig.
2 we presenspectraof the excimerlasergeneratedithium plasmain theregionfrom 390
nmto 690nmfor differenttime delaysafterthebeginningof thelasempulse integratedover
100ns. Thelight from the entire bright ball wasfed into thefiber. In thatspectralrange,
only neutrallithium atomicspectralfeaturescould be seen.For shorttime intervals after
thelaserpulse(up to 100 ns),continuumemissionis obseneddueto the spectraloverlap
of highly broadene@tomiclines. The mostprominenteffect canbe seenasa broadening
of then 2D — 2 2P transitions(n = 3, 4, 5, 6), while then 2S — 2 2P transitions(n =
4, 5) exibit wealer broadeningvith aslightredasymmetryTheforbidden3,42P — 2 2P
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transitionswerealsoobsened. Then 2D — 2 2P transitionsaresymmetricandtheir full-
width at half maximum(FWHM) reached 2 nm at atime delayof 30 ns. The linewidths
were found to increasealmostlinearly whenincreasingaserpulseenepy or the buffer
gaspressureand decreasexponentiallywith increasingtime delay The obsenations
indicatea high electrondensitywithin the first few hundrednanosecondafter the laser
pulse. Similar plasmaconditionswere obtainedby Ya’'akobi [17] by the methodof an
explodinglithium wire. The mainbroadeningnechanisnhasbeenexplainedasthelinear
Starkeffect. Preliminarycomparisorshawvs thatthe electrondensitiesof 10'7—10% cm=3
areobtainedn the present

Intensity (arb. units)

Time (Us)
Fig. 3. Temporalevolution of the emissionat 670.8nm (2P—2S transition)for different
argonbuffer-gaspressuresGatewidth was6 ns andlaserpulseenegy was25mJ.

case We notethatin experimentswith anexplodinglithium wire, the self-reversalon the
line shaped18] is readily obsened. The light trappingis definitely presentalsoin the
presenexperimenthowever, the self-reversalin the 2P — 2Sline shapds obsenedonly
above 500mbarbuffer-gaspressure.

Figure3 shaws typicaltime evolutionsof the 670.8nm fluorescenc¢2P — 2Stransi-
tion) for differentargonbuffer gaspressuresThey wereobtainedwvith themonochromator
setin the spectrawing of the 2P — 2Sresonancéransitionandby scanninghe delayof
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the box-cargatewhich was6 nswide. We notethattheintensitiesshovn in Figs.2 and3
cannot be easilycomparediueto differentintegrationtimes.

In orderto analyzetheobsereddependencef I(t), we assumeasimplemodelwhich
describeshe pumpinganddecayingnechanisnof the 2P upperstate. Therateof change
of theupperstateis givenby

dNyp
dt

= N@®)T — Nop(t)Top, 1)

whereN (¢) is thetotal densityof excitedatomsdecayingo the 2P statewith the effective
decayconstanT. AssumingN (t) = Ny e t/™ | Nop(0) = 0 andwith
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Fig. 4. Thetime constantsy andr, for the460.3nm line in Ar buffer-gasat pressureof
10mbar Laserpulseenegy was25mJ.

— 1 _ 1 .
I'=L1,T,p = L, thesolutionis

T2

Nop(t) (7= —e ™) @)

T2 —T1

Thefull line in Fig. 3 shavstheresultof thefit of thefunctionalform givenby Eq.(2). In
this particularcasethe satisactoryfit provesthe assumptiorof the above model,namely
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that one dominantpumpingprocessxists. The effective lifetime, 2, at zerobuffer gas
pressuras foundto beabout100ns. It increases$o aboutl.5 us whenthe buffer gas(ar-
gon)is introducednto thechambeat pressurdetweerb and10 mbar At higherpressure
of about30 mbar, it decreaset aboutl us. It is interestingto notethatthis dependence
appearso becloselycorrelatedvith thesudderformationof thelight ball andits shrinking
asthebuffer-gaspressurés increasedSincethe naturallifetime of the2P — 2Stransition
is only 27 ns[19], thelargedecaytimesareobviously dueto thelong pumpingtime of the
2Plevel anddueto theradiationtrappingeffectat higherbuffer gaspressuredt is striking
that the simple model presentedbore givesa good descriptionof the obsened intensi-
ties, sincethe 2P level populationis obviously underinfluenceof cascade$rom higher
lithium atomiclevels.If dominant,cascadeontributionsor several pumpingmechanisms
with differentrateswould give riseto slower decayof fluorescencén its tail (seefor ex-
ampleEq. (3) in Ref. 20). We assumeahatLi(2P) atomsaredominantlyproducedirectly
throughelectron-ionrecombinatiorinto the 2P state.However, lithium ionic lines could
notbeobsenedin thepresenexperimentdo supportheexistenceof excitedlithium ions,
becausenostprominentlinesarein the deepUV region, anda few linesavailablein the
visible partof the spectrumaremasledby the StarkbroadenedD — 2Ptransitionat460
nm.

Onthe oscilloscopewe obsene a large changeof time evolution of the fluorescence
while scanningthe monochromatoaround460 nm. In orderto clarify this obsenation,
the effective lifetimes were measuredvithin the line profile of the 4D — 2P transition
at 460.3nm. For eachsettingof the monochromatoin the linewing of the 4D — 2P
transition,the time dependencef emissionwas measuredandthe curvessuchasthose
shavn in Fig. 3 wereobtainedIn Fig. 4, we shav theresultof thefit, namely thevalues
of the parameters; andrs, versuswavelengthin the region of theline profile. We note
thatthenaturallifetime of the4D levelis (31 & 1) ns[21]. Theparameter; shouldreflect
a typical time of the processesvhich populate4D level. It is between0.5to 1 us. It is
possiblethata certainstructurein the dependencef 1 (\) exists,but large errorbarsdo
not allow a conclusion.The displayof the parametet, versuswavelength(lower part of
Fig. 4) shavs almostLorentzianshapewith a halfwidth of about0.09nm. (The spectral
resolutionof the monochromatois about0.02nm). Typical lifetimesin the wings of the
line profilesareaboutl us. For example,at 5 nm from the line center the linear Stark
broadenings dominant(seeFig. 2), hencewe canconcludethat the measurecffective
lifetime 7, atthatwavelengthreflectsa lifetime of a high-electron-densitplasma.n the
centerof the line, the effective lifetime amountss5—7 us which is mostlikely dueto the
light trapping(high densityof atomsin 2P states)ut alsoto the prolongedfilling of the
4D level.

3.2. Ablation of pure zinc metal

With atargetof purezinc, similar spatialshape®f plumeswereobsened,however, of
differentcolours(predominanthyblue).Figure5 shavstypical spectran thespectratange
from 400to 700nm. The spectrunshavn in Fig. S5awastakenat a smalltime delayafter
the laserpulse,with the narrov gateof the box-caraverager selectingthroughthe fiber
only the light from the almostwhite nucleusof the plume. Both atomicandionic lines
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of zinc wereobsenedwithin 300 ns afterthe laserpulse. Theionic transition4 2 Frjo =

42 Ds,/2 at492.3nmshaws apronouncedstarkbroadeninguitablefor diagnosticsFigure
5b shawvs the spectrunwhenonly light from the outerball wasfed throughthefiber. Only

linesof atomiczincstemmingrom metastabldp®Py 1 » levelswereobsened.Comparing
the obsenationsof temporalevolutionswith pure zinc and pure lithium, it appearghat
recombinatiorprocessesesponsibldor the spectralemissionfrom the plasmaarefaster
in zincthanin the purelithium.
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Fig. 5. Spectraof excimerlasergenerateainc plasmain theHs buffer gasat 6 mbar. a)

takenfrom thewhite spot,D = 100ns G = 100ns b) from the outerball, D = 100ns G =

3us. Laserpulseenegy was115mJ.

Figure6 shavstemporalevolution of atomiczincemissiorat481.05nm from different
spatialregionsin (a) He and(b) He atmosphereThetemporalevolution of the white spot
intensityis characterizetyy a strongpeakat thetime delayof about250nsandalongtail
which canalsobe seenasa well developedsecondmaximumat 3 us (Fig. 6b). Temporal
evolution of the outerball exhibits only onemaximumshiftedto about800nsor 4000ns,
dependingon the buffer gas.Neitherthe white spotnor the outerball temporalevolutions
canbe describeddy the simplemodelgivenabove. Rather the secondnaximumappears
to be the resultof a chainof reactionsprecedingthe populationof the relevant upper

Intensity (arb. units)
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state. Most probably Znt ions recombinewith electronsgiving rise to the population
of long-lived Rydbeqg statesof Zn which radiatvely fill the upperstateof the obsened
transition. This long-lived intermediatestateseemgo causethe secondarynaximumof
thefluorescencsignal.
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Fig. 6. Temporalevolution of characteristiemissionat 481.05nm from specificspatial
regionsof excimerlasergenerateainc plasmaa) with Hy buffer gasat 60 mbarandb)
with He buffer gasat 60mbar. Laserpulseenegy was115mJ.

We notethat with the helium buffer gas, larger light intensitieswere obtainedwith
a considerablylarger characteristidifetime of the emissioncomparedo the caseof H,
buffer gas.This wasobsenedboth for the white spotandthe outerball. We believe that
themolecularbuffer gasis moreefficientin quenchinghe plasmacomparedo theatomic
buffer gas[10]. We notethat we have obsened a weakemissionfrom atomichydrogen
which could be an indicationthat reactionprocessesgre alsotaking place. However, no
excited molecularproductscould be obsenred (for exampleZnH). Thatdoesnot exclude
creationof productsin thegroundstate.

3.3. Ablation of lithium-zinc metal alloy

We performedablationof the lithium-zinc metalalloy thatwas preparedn the heat-
pipe oven[1]. Its composition(about50:50 molar ratio) was found suitablefor photo-
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chemicalproductionof LiZn excimers.Figure7 shaws spectraof lithium-zinc metalalloy

plumein the spectrarangeof 450 nm to 500 nm, for differenttime delaysafterthelaser
pulse.This particularspectrakrangewaschoserbecausé¢he blue-greercoloursdominate
themainportionof theplume,andalsobecausé.iZn excimeremissions expectedat470
nm [1]. The presenceof excited LiZn moleculeswas not detected.The reasonfor that
couldbethatmulticomponenplasmais
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Fig. 7. Spectrdrom theexcimerlasergenerateg@lasmeaof Li-Zn alloy in argonat 67 mbar
for differentsettingsof the delayandgateof the box-caraveragerlLaserpulseenegy was
115mJ

flying apartdueto alargemasddifferenceof Li andZn, andwhenit becomegold enough
to allow formation of moleculesthe densityof both componentsat the sametime and
placeis too low. This could be overcomeby preparingan alloy of specificcomposition.
We notethatin the caseof purelithium andpurezinc, we werenot ableto detectspectra
of theexciteddimerLiy or Zn, moleculesjn awide rangeof time delaysandspace.

FromFig. 7, onecanseethatlithium spectraffeaturegersistfor amuchlongertime.
This is the mainreasorfor the spatialregionsof the plumewith differentcoloursin the
caseof laserablationof the Li-Zn alloys, namelyreddishoutershell (2P — 2Stransition,
notshavnin Fig. 7).
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4. Conclusions

The ablationof lithium metalwith the 308 nm beamlaserresultsin the formation of
plasmédor laserpulseenegiesabore aboutl0 mJ. Theplasmas of low atomicdensitybut
with high electrondensitiesyhich causepronouncedroadeningf thenD — 2Plithium
transitionsby thelinear Starkeffect. An unusuakime evolution of the fluorescenceavithin
the4D — 2P line profile wasobsenedwhich is consideredo be aninterplayof effects
of radiationtrappingdueto large Li(2P) populationandthe linear Starkbroadeningdue
to a high electrondensity The ablationof zinc targetsleadsto the formationof multiply
ionizedatoms,which thenrecombineforming the highly excited atomsandlessionized
atoms.Thisis reflectedn theformationof differentcolourballsandof layersaroundthe
pointwherethelaserbeamhits the surface.
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SPEKTORSKOPSKASVOJST\A PLAZME METALA LITIJA | CINKA | Li=Zn
LEGURA PROIZVEDENIH ABLACIJOMPOMOCU XeCILASERA

Prowavali smo spektralna,yremenska prostornaswojstva litijeve, cinkove i litij-cink
plazmestworeneablacijompomatu laserana308nm. Kod Cistoglitija opazenje pri n?D-
2?Pprijelazima(n = 3,4, 5, 6) linearniStarlov efektu vremenudo0.3 s nakonlaserskg
pulsa.Kod Cistogcinkaopazenesui atomsle i ionske spektralndinije. Natemeljuvre-
mensle evolucije intenzitetaspektralnihlinija moze se zakljuCiti daje mehanizammasel-
javanja poludenih stanjaatomacinka kaskadarekombinacijskihprocesaizmetl iona i
elektrona.Pri ablaciji litij-cink slitine opaZenoje mnogobrZze gusenjezinkovih spektral-
nih pojavangyolitijevih. To je glavni razlograzdwajanjaoblatkalitij-cink plazmeu ljuske
razlicitih boja.

48 FIZIKA A 7(1998)1,37-48



