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We reportthe obsenationsof the excimer laserinduceddysprosiumplasma. The time
evolution of Dyl andDyll selectedesonancéine intensitiesandline widthswasstudied.
It is foundthatthetime developmenif the plasmaplumecanbe significantlyinfluenced
by the presencef argonbackinggas.Thecomparisorof themeasurementsf dysprosium
atomicline widths madein vacuumandin argonshows a smallinfluenceof argonon the
measuredtarkline widths.

1. Introduction

Currentinterestin the spectroscop of rare earthelementshasbeeninducedby the
recentparity andtime-reversalexperimentgq1], the needfor a moreaccuratedetermina-
tion of thedensityof rareearthelementsn stellaratmospherel?, 3], andtheimportanceof
rareearthsn the physicsandtechnologyof lighting devices[4]. Thedysprosiunmetalis a
typicalmembeiof rare-earttelementgamily, which appearso be spectroscopicallinter-
estingin all encounteredasesHowever, thedataon Starkbroadeningf dysprosiuniines
arenotreportedn literature,yet[5]. A few recentpapernthespectroscopof Dyl, Dyll
andDylll arefocussednthemeasurementsf gf-factorg[6], lifetime measurement{s],
isotopeshiftsandhyperfinestructurg8], andaccuratdine positionsof differentspectrally
importantseriesof lines[9].
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Thelack of Starkbroadeningneasurementamongspectroscopiexperimentsnves-
tigating dysprosiums causeddy specificexperimentaldifficulties. This metalhasa high
melting temperaturd Ty, &~ 1680K) andits vaporis very corrosive [10]. To obtainhigh
enoughdensityof neutralatoms a significantlyhighertemperaturenustbereachedThis
precludeghe useof a standardaboratoryapproacHik e stainless-stedieat-pipeechnol-
ogy. The atomic beamtechnique[11] or sputteringdischage [12] do not supply high
enoughdensityof electronsjonsandatomsfor broadeningobsenations.However, there
aretwo promisingwaysto obtaina high plasmadensityandto studythe plasmabroaden-
ing effects.First solutioncould be a high-pressurelischage burnermadeof aluminaand
filled with Ar asa startinggasandDy-Hg amalgan 13]. Alternatively, a burnermadeof
quartz,filled with Ar asa startinggasanda Dy-basedmetalhalidecanbe used[13]. A
disadwantageof the dischage-basedechniqueis thata multicomponenplasmamustbe
studied However, a studyof a multicomponenDy-Hg-Ar plasmais animportanttaskfor
itself, becausat is the main constituentof a high-pressurenetal-halidedischage lamp
[4]. Secondsolutioncanbethe useof apowerful pulsedaserproducingatime-dependent
high densityplasmaplumeby simpleablationof a dysprosiumarget. The usefulnesof
this techniquefor investigationof Starkbroadeningof lithium atomiclines at high elec-
tron densitieshasbeenrecentlydemonstratedtl4]. In this work we reportthe resultsof
a preliminary experimentwhereexcimer laserablationof metallic dysprosiumwasused
for plasmaproductionandstudiesof the time evolution of Dyl 65° 1Sy +— 656p1P9 and
Dyll 6s2S,/, +— 6p ?P; resonancéne fluorescence.

2. Experimentatetails

The experimentalapparatuss shaovn in Fig. 1. The whole experimentalset-upcon-
sistedof a chambemvith a rotatingDy-metaltarget,an excimerlaser a 0.6 m monochro-
matorequippedwith a 1200g/mm grating,a photomultiplierfor the detectionof plasma
fluorescencea box-caraveragerandanA/D corverterfor the computeracquisitionof the
fluorescencsignal.

The Dy tagetwasplacedin a vacuum-tightchamberevacuatedoy meansof a roots
pumpsystem Beforeuse,the metalsurfacewaspolishedwith a fine polishingpaperand
washedn alcohol. Themeasurementgeremadeeitherin vacuum(betterthan10~2 mbar)
or in argon atmosphereln the latter case the high-purity argon (at pressuresip to 100
mbar) was usedas a backinggas. An excimer laseroperatingat 308 nm was usedfor
ablationof Dy samplesThelasemulsedurationwasabout20ns(FWHM), laserrepetition
ratewasfixed at 5 Hz, andthe maximumpulseenegy measuredn front of the vacuum
chamberentrancewvindow wasabout25 mJ. The centraluniform part of the laserbeam
wasisolatedby anapertureandfocussedy asphericahuartzlensof 300mmfocallength
(diameter:40 mm). Thelaserbeamfocussedo a waistof about20 um, hit the Dy-surface
atnormalincidence.The fluenceof the laserbeamwasvariedby calibratedquartzplates
of differentthicknesutinto thelaserbeam.
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Fig. 1. Experimentalarrangementor laserablationand measuremensf the Dy-plume
emission.

The relatve sensitvity of our detectionsystemand the resolution power of our
monochromatohave beendeterminedndependentlybeforefluorescenceneasurements.
The overall detectionsystemsensitvity was measuredisinga standardungstenribbon
lamp. The resolutionof the monochromatocanbe varied by changingthe width of the
entranceandthe exit slits. We have found that 20 ym wide monochromatoslits arean
optimal choiceto obtaina high throughputanda high resolutionpower. The monochro-
mator resolutionwas determinedusinga HeNelaserand observingthe diffusedlight of
thelaserline at632.8nm. Typically, the 20 ym wide entranceandexit slits producea pure
triangularinstrumentaprofile with the 0.045nm FWHM.

Optical emissionof the lasergenerateglumewas monitoredparallelto the rotating
Dy-targetsurface.Therotatingtargetensuresnevenwearof the Dy surface,andprevents
"sinking” of Dy plumeinto the cratercausedy etchingactionof subsequeriaserpulses.
Thefluorescencef theplasmaplumeobtainedy laserablationwasnotspatiallyanalyzed
atthis stageof our experiment.The fluorescencavascollectedwith alargeaperturdens,
andthe fluorescencepotwasimagedonto the entranceslit of the monochromatovia a
large diameteroptical fiber bundle. The bundleexit facetwasfixedto the entranceslit of
the monochromatorThe dispersedight wasdetectedy a blue-sensitie photomultiplier
andthe photocurrentvasfed into a box-caraverageran AD/DA corverter andstoredin
a personalcomputerfor further processing.The signalfor the triggering of the box-car
averagemwasobtainedrom afastphotodiodemonitoringa smallpartof thelaserbeam.
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3. Resultsanddiscussion

We studiedgeneralkspectrafeaturesof lasergenerateghlasmaplume(in vacuumand
in argon backinggas): the enegy thresholdfor the plasmaformation,the time evolution
of resonancéine intensities,the time evolution of neutralandion line-widths, andthe
conditionsto detectthe impurities(accordingto the manufcturerdeclaratiorthe sample
is 99.9%pureDy containing0.1%Ho andY asimpurities[15]).
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Fig. 2. Characteristigart of emissionspectrumof dysprosiunplasmaplume. The spec-
trumrepresentshefluorescencnducedby excimerlasempulsesn vacuum,usingthe 400
ns delayafterthelaserpulse,and100ns gatewidth.

The spectrumof atomicandionizeddysprosiums a very complex one[16,17], with
mary strongresonancdines and hundredsof wealer lines originatingin transitionsbe-
tweenexcitedstatesEvenwith the computerdataacquisitionandlaternumericalanalysis
of digitally recordedspectrathe analysisof sucha spectrumis a ratherdemandingand
time-consumindask. Therefore we have choserfor the analysisa smallpartof the spec-
trum containingresonancdines of atomicandionic dysprosiumFigure2 representshis
sectionof thedysprosiunplasmaplumespectrumshaving severalDyl andDyll linesand
atomiclinesof bothimpurity elementsin this smallspectrakange the systenmspectrate-
sponsas almostflat. Theidentificationof spectralinesappearingn the plumespectrum
hasbeenperformedusing the standardablesof atomicenegy levels, wavelengthsand
transitionprobabilities[16]. A simplified dysprosiunmterm-diagranshowing the origin of
theresonancdines of atomicandionizeddysprosiums givenin Fig. 3. Thegroundstate
of dysprosiumatomhasthe configuration4f19(6<* 51g) 1Sy andthe first excited statehas
theconfiguration4f'%(6s6p°l ;) 1P, [17]. Thestrongtransitions
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Fig. 3. Partial term diagramof Dyl andDyll, shaving ionic and atomicemissionlines
measuredn this experiment.Groundstateof Dyl is 4f10(51,)(6s* 1Sp) andfirst excited
stateshave configurationtf0(%l 5 )(6s6p>3P3,)J’. Groundstateof Dyll is 4f1° (lg) 65/,
andfirst excitedstateshave configuratiordf (*15 or*Hs;) 6p.

arelimited solely to the 65 'Sy +— 6s6p*P;,, array In all transitionsobseredin this
experimentthereis no changeof the corequantumnumbersa1L1S;J. Thus,for agiven
01L1S131, therearethreestrongdipole-allovedlinescorrespondingo {J=3} «— {J' = J,

Ji & 1} transitions Thelines correspondingo transitionsrom the 6s6p>P; levels and/or
to a changein core quantumnumbersai1L1S;J; are significantly wealer. Dysprosium
ion hasthe groundstateconfiguration4f'? (6s °1g) 281/2 andthefirst excited stateshave
4f"(6p°13i) %Py, configuration The strongtransitionsbelongto thearray6s2S, /, «— 6p
2P0;1/2’3/2 for whicha1L1$,J; doesnot changeThestronglinesaremorenumeroughan
in theneutral-atomexamplebecaus®necanhave anarrayof linescorrespondingo ary of

thedipole-alloved{J=3 £1/2} +—{J’ =% £1/2,3+3/2} transitionsln this experiment,
we werefocussedo the obsenationof neighboringresonancéinesof Dyl (65 1Sy (J=8)
+— 6s6p'P) (J=7)at404.597nm),andDyll (652S,/, (J=6)+— 6p?2P; (J=7)at405.056
nm).
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Fig. 4. Determinatiorof the thresholdenegy for ablationin vacuum(solid symbols)and
in argon (opensymbols)Maximumpulseenegy was25mJ. Maximumpulseenegy was
25mJ andthelaserspotsizewas1 mmx0.3 mm. Laserbeamwasfocussedy a 300mm
focal lengthquartzlens.

In thefirst partof our experimentwe investigatedhe thresholdfor the plasmaforma-
tionin vacuumandin argonbackinggas.Theintegralintensity(theareaunderthespectral
line) of the Dyl 404.597nm line wasmeasuredor differentlaserfluencesWhenablation
hasbeeninducedn argon,ahigherthresholdor plasméabreakdavn hasbeenmeasuredA
least-squarénearfit proceduragivesthethresholdor the plasmaformationin bothcases
(seeFig. 4). The thresholdfor the plasmabreakdaevn is lower in the vacuumcase,but
the line intensitiesincreasemuchfasterwith the increaseof laserfluenceif ablationhas
beeninducedin argon. This canbe explainedby examiningtherole of argonbuffer gasin
plasmacreation[18]. If a pulsedlaserbeamirradiatesthe dysprosiunsurfacein vacuum,
theilluminatedarea(within the beamwaist) is heateddependingon the absorptioncoef-
ficient of dysprosiummetal. The absorbednegy causeghe local increaseof the surface
temperatureeadingto the melting of thetargetarea.Melted metalevaporatesn theform
of clustersmoleculesandatoms.The evaporateddysprosiumatomscanbe ionizedin a
two-photonionizationprocessy excimerlaserphotongthe excimerlaserphotonenegy
is 32467cm™1, and Dyl ionizationpotentialis 47900cm™1). The two-photonionization
of Dyl is asourceof seecelectrongn dysprosiumvapor In addition,becaus®f high sur
facetemperaturesomeseedelectroncanbe emittedby surfacethermionicemissiontoo.
The seedelectronsarevery importantin plasmabreakdevn andplasmaheatingprocess.
They gainenepy by theinversebremsstrahlungrocesswhichis the mainmechanisnof
absorptiorof laserradiationin the dysprosiumvapor[18]. During this processseedfree
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electrondbecamamoreandmoreenegeticandfinally becameableto ionizeneutralvapor
atoms,inducingan avalancheplasmabreakdavn. If the plasmaablationproceshasbeen
inducedn anargonatmosphergheproces®f melting,evaporationseecelectronproduc-
tion andplasmainitiation is accompanietyy simultaneouplasmaheatingandbreakdevn
in athin argonlayerin a closecontactwith the melteddysprosiumspot. Thus, the laser
radiationheatsnot only themetalsurfacebut indirectly theargonbuffer gas,too. Thismay
explain a higherthresholdfor plasmaformationin argon. Whenlaserfluenceis over the
thresholdlevel, the hot argon-dysprosiunplasmamixture is moreefficient in collisional
excitation of dysprosiumatomsandions, producingstrongerspectrallines comparedo
thevacuumcase.

Dyl line at 404.597 nm Dyll line at 405.056 nm
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Fig. 5. An exampleof thetime evolution of dysprosiunplasmaemission.

In the secondpartof our experimentwe studiedthe influenceof argonon the plasma
dynamicsWe usedtheionic line at405.056nm andthe atomicline at 404.597nm for this
analysis.The intensity at the peakof atomicandionic line hasbheenmeasureds. time
delay after the laserpulse,measuringhe evolution of ionic and atomic fluorescencet
fixed argon pressure$rom 10 to 100 mbar An exampleof time-dependencef the peak
line intensityof theatomicandtheionic resonancéinesat 20 mbarAr is shovnin Fig. 5.
Themaximumof both,ionic andatomicline intensitiesjs reachedabout300 ns afterthe
laserpulse.Thereis a certaindelaybetweerionic andatomicfluorescenceandthe proper
analysisof suchtime-dependensignalscangive us the informationon the evolution of
ionic andatomiccomponenbf the plasma-The simplified excitation/de&citationscheme
valid for theionic andthe atomiccomponenbf the plasmais givenin Fig. 6. Theleading
edgeof the laserpulsecreatesa dense fast-decayingpool of the mixture of dysprosium
atomsandionsin the first and, probably the secondionization stage.In this stage,the
ionsdominatein theplasméabecaus®f the high plasmaemperaturandthe high electron
density[18]. This plasmadecayswithin tensof nanosecond® the plasmastatewhere
singly ionized dysprosiumions dominate,and subsequentlyo more neutraldysprosium
plasma/apormixture. The upperlevel of monitoredDyll (andDyl) line denotedby N
is populatedoy differentcollisionalandradiative channelgluring the decayof theinitial
pool of dysprosiumions. The total effective probability of populationof the upperionic
(andatomic)level Ny is denotedby I py. The upperstatedecaysby spontaneousmission
(Tue)
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Fig. 6. Simplified excitation/dee&citation schemeor dysprosiunplasmaevolution after
excitationby anexcimerlaserpulse.

andin collisionswith neighboringparticles(l",c), andthe total effective decayconstanof
thislevelis 'y = Myc+ IMNye- Therateequationdescribingthe time evolution of ionic (and
subsequentlgtomic)populationin theradiatinglevel N, canbe written as

dN

= NeOT =Nl , &
whereNp designateshe densityof the pool of all ionsandatomscontributing to the pop-
ulation of particlesin the radiatingstateN, at the time instantt, by ionization, decay
radiationand other processesThe solution of this differential equationis a doubleex-
ponentialform dependenbn an effective populationtime t, andan effective decaytime
Tu

Nu(t) = Npo— 2 (/1 — gt/10), )
Tu—Tp
where
Np(t) = Npoe /. @3)
Theinitial conditionsare
Nu(0) =0 and Npo(0) =0, (4)

whereNpo designateshe densityof all ions andatomscontributing to the populationof
ionsor atomsin theradiatingstateN,, by radiation,decayandotherprocesseslheresult
of suchan analysisfor ionic and atomicresonancdine is givenin Fig. 7, shaving the
influenceof theargonbackinggasto thepopulationandradiationdynamicsof anionic (6p
2p,J = 7) andanatomic(6s6p'P°,J = 7) resonancetatein dysprosiumln the absence
of armgon, the effective populationtimes of ionic and atomiclevels are the same.When
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ablationis inducedin the argon atmospherethe (ionic and atomic) effective population
timest, of theresonance
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Fig. 7. Dependencef effective populationtimesty andeffective level life-timest, for
resonanceatatesof Dyl andDyll .

level Ny riselinearly up to 40 mbarof Ar pressureAt higherargonpressures;, saturates
at avalueof about0.1 ps. It is importantto notethatthe ionic processs fasterthanthe
atomicone: at the sameAr pressurethe effective populationtime for the upperlevel of
theatomicline is about50% slower. On the contrary the effective level decaytime Tt of
theionic (andatomic)resonancéevel areidentical,andincreasdinearly with Ar pressure
up to 40 mbar The 1, tendsto a constanteffective lifetime of about0,5 ys at higherar
gonpressuresThis behaior is reasonablandconsistentvith the excitation/deecitation
schemeshawn in Fig. 6 andthe modelgivenby Egs.(1-4).The subsequendecayof dys-
prosiumplasmafirst givesrise to the appearancef singly ionizedDyll, followed by the
generatiorof neutralDyl atoms. This chain of events,obsered by the fluorescencef
correspondingonic and atomiclines, is reflectedin fastereffective populationtime for
Dyll comparedo the effective populationtime of neutralDyl. We notethata very good
fit of both,ionic andatomicfluorescencéata(seeFig. 5), alsoindicateshatour two-state
modelfor the decayof dysprosiunplasmais basicallycorrect.ln the casethatthecascade
involvesthreeor evenmorestatesthe experimentadatawould have muchslower fall-off,
andthe correctfitting functionwould be a morecomplicatedone (a sumof threeor more
exponentials).Thus,a very goodtwo-exponentialfitting function confirmsour model of
plasmaevolution.

The evolution of plasmatemperatureand electrondensitycan be followed by moni-
toring the atomicline widths. However, the measuredine widths are broadenedy the
instrumentaprofile of our monochromatgrandmustbe decorwoluted.In Fig. 8, we shov
anenlagedview of the Dyl resonancéine at 404.597nm (the sectiontakenfrom Fig. 2).
Theopencirclesrepresenthe measuredlata,andthefull line is theresultof amulticom-
ponentfit consistingof eight Gaussiarprofiles(correspondindo the eightwell separated
spectralinesshowvn in Fig. 2). In thefitting procedurethe programvariedthe peakline
intensity and the line width in orderto obtainthe bestnonlinearleast-squaresurve fit
characterizetby the minimumof the x2-testvalue. Theline positionswerekeptconstant,
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asdeterminedy literaturedatafor indicatedatomicandionic lines[16]. Thespectraline
profile
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Fig. 8. Sectionof plasmaplumespectrumat 404.6nm shawing the detailsof theDyl res-
onancéline shapeandthe fitting curve approximatingthe corvolution profile. The inset
illustratesthe procedurdor the determinatiorof the real line width by numericaldecon-
volution.

shavn in Fig. 8 is a corvolution of the triangularinstrumentalprofile and the real line
profile determinedby Starkbroadeninga Lorentzianprofile [17]). The fit shavn in Fig.
8 demonstratethata Gaussiarprofile representanexcellentapproximatiorfor the exact
convolutionof atriangularanda Lorentziarprofile. Theverylow valueof thex? (thevalue
of 0.001is typical for all processedpectrashavsthatthis approximatioris theappropri-
ateone.The numericaldecotvolution of the experimentaldatahasbeenperformedusing
this approximationandthe insetin Fig. 8 illustratesthe decowolution procedureFirst,
we constructedhegraphlinking theratiosof thel/M (instrumentaprofile width/measured
line width) versusR/M (realline width/measuretine width). Knowing thisfunctionalrela-
tionship,eachline width obtainedn thefitting procedureanbenumericallydecowoluted
to obtainthereal (Lorentzian)line width. In Fig. 9, we shaw the resultsof this procedure
appliedto the atomicline Dyl 404.597nm (the time dependencef its real line width).
Theline widths aregivenversusthe box-cargatedelayafter the laserpulse. The bestfit
obtainedis a simpleexponentialcurve shawving a pure exponentialdecayof Dy plasmas.
Whenthe dysprosiumplumehasbeenproducedn argon,anadditionalbroadeningof all
spectrallines hasbeenobsened. For example,argon pressureof about20 mbar broad-
ensdysprosiunresonancdine by about20%. Unfortunately the dependencef the Dyl
linewidth on the electrondensityandtemperaturevere neithermeasuredor calculated
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until now, andour datacan not supplythe absolutevaluesfor thesequantities.We plan
to determinethe plasmatemperatureand electrondensity andto calibrateour relative
linewidth datain a new ablationexperimentusinga dysprosiunpelletcontainingthe Cu
andAl atomsasimpurities. The broadeningf atomiclines of thesetwo elementss well
documentedandwill sene asa calibrationtool for the broadeningof Dy spectrallines
[19].
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Fig. 9. Time developmentof theDyl resonancdine width shaving an exponentialdecay
of dysprosiunplasmasTheexponentiabrowth of theline width for smalldelayssuggests
avery hot plasmaatthe beginning of laserpulse.

We studiedthe influenceof argon backinggason the impurity lines of holmium and
yttrium appearingn thevicinity of dysprosiumines (seeFig. 2). Generallythe presence
of agonenhancesmpurity lines,too. Underour experimentakonditions maximumof the
impurity fluorescencés reachedat about40 mbarAr pressureThe effect of argonon the
line widthsis similar, shaving an additionalline broadeningvhenrising argonpressure.
The broadeningeffect for the impurity lines could not be determinedaccuratelybecause
of thelow signalto noiseratio.

4. Conclusion

In our experiment,a standardexcimer laserwith a pulsedurationof about20 ns has
beenused.Thereforetheabsorptiorof thelaserenegy in thesampletheablationprocess
andthe plasmaformationall happenessentiallyat the sametime (duringthe laserpulse)
andtherole of eachprocessannotbeclearlyidentified.However, thisis thecasesncoun-
teredin mary similarexperimentonlaserablation,andit wasappropriatéor thepurposes
of our experiment.We measureanegy thresholdfor dysprosiumplasmaformation,the
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time evolution of Dyl andDyll resonancéine intensitiesthetime dependencef neutral
Dyl line-widths,andtheinfluenceof argonbackinggas.The analysisof the experimental
datagivesthe time-dependencef the atomicandionic resonancdine widths,andanin-
sightinto thedynamicsof of laserinducedplasmasThecomparisorof themeasurements
madein vacuumandin argonshaws a certaininfluenceof backinggasin therangeof 10
—100mbarAr.
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SPEKTROSKOPSKO PROUCAVANJE LASEROM IZAZVANE DISPROZIJEVE
PLAZME

Opisujese prowtavanje laseromstwrenedisprozijeve plazme. Istrazvala se vremenska
ovisnostjakostii Sirinaizabranihrezonantnitinija Dyl i Dyll. Opazilismodanavremen-
ski razwj plazmejako utjeCe prisutnostargona.Usporedbairinalinija Dyl izmjerenihu
vakuumui u argonupokazujemalenutjecajnamjereneStartove Sirinelinija.
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