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We report the observationsof the excimer laser-induceddysprosiumplasma.The time
evolutionof DyI andDyII selectedresonanceline intensitiesandline widthswasstudied.
It is foundthat thetime developmentof theplasmaplumecanbesignificantlyinfluenced
by thepresenceof argonbackinggas.Thecomparisonof themeasurementsof dysprosium
atomicline widthsmadein vacuumandin argonshows a small influenceof argonon the
measuredStarkline widths.

1. Introduction

Currentinterestin the spectroscopy of rareearthelementshasbeeninducedby the
recentparity andtime-reversalexperiments[1], the needfor a moreaccuratedetermina-
tion of thedensityof rareearthelementsin stellaratmospheres[2,3], andtheimportanceof
rareearthsin thephysicsandtechnologyof lighting devices[4]. Thedysprosiummetalis a
typicalmemberof rare-earthelementsfamily, whichappearsto bespectroscopicallyinter-
estingin all encounteredcases.However, thedataonStarkbroadeningof dysprosiumlines
arenotreportedin literature,yet [5]. A few recentpapersonthespectroscopy of DyI, DyII
andDyIII arefocussedon themeasurementsof gf -factors[6], lifetime measurements[7],
isotopeshiftsandhyperfinestructure[8], andaccurateline positionsof differentspectrally
importantseriesof lines[9].
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Thelack of Starkbroadeningmeasurementsamongspectroscopicexperimentsinves-
tigatingdysprosiumis causedby specificexperimentaldifficulties.This metalhasa high
melting temperature(Tm

� 1680K) andits vaporis very corrosive [10]. To obtainhigh
enoughdensityof neutralatoms,a significantlyhighertemperaturemustbereached.This
precludestheuseof a standardlaboratoryapproachlike stainless-steelheat-pipetechnol-
ogy. The atomic beamtechnique[11] or sputteringdischarge [12] do not supply high
enoughdensityof electrons,ionsandatomsfor broadeningobservations.However, there
aretwo promisingwaysto obtaina highplasmadensityandto studytheplasmabroaden-
ing effects.First solutioncouldbea high-pressuredischargeburnermadeof aluminaand
filled with Ar asa startinggasandDy-Hg amalgam[13]. Alternatively, a burnermadeof
quartz,filled with Ar asa startinggasanda Dy-basedmetalhalidecanbe used[13]. A
disadvantageof the discharge-basedtechniqueis that a multicomponentplasmamustbe
studied.However, a studyof a multicomponentDy-Hg-Ar plasmais animportanttaskfor
itself, becauseit is the main constituentof a high-pressuremetal-halidedischarge lamp
[4]. Secondsolutioncanbetheuseof apowerful pulsedlaserproducinga time-dependent
high densityplasmaplumeby simpleablationof a dysprosiumtarget. Theusefulnessof
this techniquefor investigationof Starkbroadeningof lithium atomiclines at high elec-
tron densitieshasbeenrecentlydemonstrated[14]. In this work we reportthe resultsof
a preliminaryexperimentwhereexcimer laserablationof metallicdysprosiumwasused
for plasmaproductionandstudiesof thetimeevolutionof DyI 6s2 1S0

��� 6s6p1P0
J and

DyII 6s2S1� 2 ��� 6p 2PJ resonanceline fluorescence.

2. Experimentaldetails

The experimentalapparatusis shown in Fig. 1. The whole experimentalset-upcon-
sistedof a chamberwith a rotatingDy-metaltarget,anexcimerlaser, a 0.6m monochro-
matorequippedwith a 1200g/mmgrating,a photomultiplierfor thedetectionof plasma
fluorescence,abox-caraverager, andanA/D converterfor thecomputeracquisitionof the
fluorescencesignal.

TheDy targetwasplacedin a vacuum-tightchamberevacuatedby meansof a roots
pumpsystem.Beforeuse,themetalsurfacewaspolishedwith a fine polishingpaperand
washedin alcohol.Themeasurementsweremadeeitherin vacuum(betterthan10� 3 mbar)
or in argon atmosphere.In the latter case,the high-purity argon (at pressuresup to 100
mbar)was usedas a backinggas. An excimer laseroperatingat 308 nm was usedfor
ablationof Dy samples.Thelaserpulsedurationwasabout20ns(FWHM), laserrepetition
ratewasfixedat 5 Hz, andthemaximumpulseenergy measuredin front of thevacuum
chamberentrancewindow wasabout25 mJ.The centraluniform part of the laserbeam
wasisolatedby anapertureandfocussedby asphericalquartzlensof 300mmfocal length
(diameter:40mm).Thelaserbeamfocussedto a waistof about20µm, hit theDy-surface
at normalincidence.Thefluenceof the laserbeamwasvariedby calibratedquartzplates
of differentthicknessput into thelaserbeam.
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Fig. 1. Experimentalarrangementfor laserablationandmeasurementof the Dy-plume
emission.

The relative sensitivity of our detectionsystemand the resolution power of our
monochromatorhave beendeterminedindependently, beforefluorescencemeasurements.
The overall detectionsystemsensitivity wasmeasuredusinga standardtungstenribbon
lamp. The resolutionof the monochromatorcanbe variedby changingthe width of the
entranceandthe exit slits. We have found that 20 µm wide monochromatorslits arean
optimal choiceto obtaina high throughputanda high resolutionpower. The monochro-
matorresolutionwasdeterminedusinga HeNelaserandobservingthe diffusedlight of
thelaserline at632.8nm.Typically, the20µm wideentranceandexit slitsproduceapure
triangularinstrumentalprofilewith the0.045nmFWHM.

Optical emissionof the laser-generatedplumewasmonitoredparallelto the rotating
Dy-targetsurface.Therotatingtargetensuresanevenwearof theDy surface,andprevents
”sinking” of Dy plumeinto thecratercausedby etchingactionof subsequentlaserpulses.
Thefluorescenceof theplasmaplumeobtainedby laserablationwasnotspatiallyanalyzed
at this stageof our experiment.Thefluorescencewascollectedwith a largeaperturelens,
andthe fluorescencespotwasimagedonto the entranceslit of the monochromatorvia a
largediameteropticalfiber bundle.Thebundleexit facetwasfixedto theentranceslit of
themonochromator. Thedispersedlight wasdetectedby a blue-sensitive photomultiplier
andthephotocurrentwasfed into a box-caraverager, anAD/DA converter, andstoredin
a personalcomputerfor further processing.The signal for the triggeringof the box-car
averagerwasobtainedfrom afastphotodiodemonitoringa smallpartof thelaserbeam.
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3. Resultsanddiscussion

We studiedgeneralspectralfeaturesof lasergeneratedplasmaplume(in vacuumand
in argonbackinggas): theenergy thresholdfor theplasmaformation,the time evolution
of resonanceline intensities,the time evolution of neutraland ion line-widths,and the
conditionsto detectthe impurities(accordingto themanufacturerdeclarationthesample
is 99.9%pureDy containing0.1%Ho andY asimpurities[15]).

Fig. 2. Characteristicpartof emissionspectrumof dysprosiumplasmaplume.Thespec-
trumrepresentsthefluorescenceinducedby excimerlaserpulsesin vacuum,usingthe400
nsdelayafterthelaserpulse,and100nsgatewidth.

Thespectrumof atomicandionizeddysprosiumis a very complex one[16,17],with
many strongresonancelines andhundredsof weaker lines originatingin transitionsbe-
tweenexcitedstates.Evenwith thecomputerdataacquisitionandlaternumericalanalysis
of digitally recordedspectra,the analysisof sucha spectrumis a ratherdemandingand
time-consumingtask.Therefore,we havechosenfor theanalysisa smallpartof thespec-
trum containingresonancelinesof atomicandionic dysprosium.Figure2 representsthis
sectionof thedysprosiumplasmaplumespectrum,showing severalDyI andDyII linesand
atomiclinesof bothimpurity elements.In thissmallspectralrange,thesystemspectralre-
sponseis almostflat. Theidentificationof spectrallinesappearingin theplumespectrum
hasbeenperformedusingthe standardtablesof atomicenergy levels, wavelengthsand
transitionprobabilities[16]. A simplifieddysprosiumterm-diagramshowing theorigin of
theresonancelinesof atomicandionizeddysprosiumis givenin Fig. 3. Thegroundstate
of dysprosiumatomhastheconfiguration4f10(6s2 5I8) 1S0 andthefirst excitedstatehas
theconfiguration4f10(6s6p5IJi) 1 � 3P0

Jp [17]. Thestrongtransitions
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Fig. 3. Partial term diagramof DyI andDyII , showing ionic andatomicemissionlines
measuredin this experiment.Groundstateof DyI is 4f10 � 5IJ � � 6s2 1S0) andfirst excited
stateshaveconfiguration4f10(5IJi)(6s6p1 	 3P0

J2)J’. Groundstateof DyII is 4f10 (5I8 � 6s1
 2
andfirst excitedstateshaveconfiguration4fw (xIJi or xHJi) 6p.

arelimited solely to the 6s2 1S0 ��� 6s6p1P0
Jp array. In all transitionsobserved in this

experiment,thereis no changeof thecorequantumnumbersα1L1S1J1. Thus,for a given
α1L1S1J1, therearethreestrongdipole-allowedlinescorrespondingto 
 J=J1 ����� 
 J’ = J1,
J1 � 1� transitions.Thelinescorrespondingto transitionsfrom the6s6p3PJ levelsand/or
to a changein core quantumnumbersα1L1S1J1 are significantly weaker. Dysprosium
ion hasthegroundstateconfiguration4f10 (6s 5I8 � 2S1
 2 andthefirst excitedstateshave
4fw(6p 5IJi) 2PJp configuration.Thestrongtransitionsbelongto thearray6s2S1
 2 ��� 6p
2P0;1
 2	 3
 2 for whichα1L1S1J1 doesnotchange.Thestronglinesaremorenumerousthan
in theneutral-atomexamplebecauseonecanhaveanarrayof linescorrespondingto any of
thedipole-allowed 
 J=J1 � 1/2����� 
 J’ =J1 � 1/2,J1 � 3/2� transitions.In thisexperiment,
wewerefocussedto theobservationof neighboringresonancelinesof DyI (6s2 1S0 (J=8)
��� 6s6p1P0

J (J=7)at404.597nm),andDyII (6s2S1
 2 (J=6) ��� 6p2PJ (J=7)at405.056
nm).
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Fig. 4. Determinationof thethresholdenergy for ablationin vacuum(solid symbols)and
in argon(opensymbols).Maximumpulseenergy was25mJ. Maximumpulseenergy was
25mJ, andthelaserspotsizewas1 mm � 0 � 3 mm. Laserbeamwasfocussedby a300mm
focal lengthquartzlens.

In thefirst partof ourexperiment,we investigatedthethresholdfor theplasmaforma-
tion in vacuumandin argonbackinggas.Theintegral intensity(theareaunderthespectral
line) of theDyI 404.597nmline wasmeasuredfor differentlaserfluences.Whenablation
hasbeeninducedin argon,ahigherthresholdfor plasmabreakdownhasbeenmeasured.A
least-squarelinearfit proceduregivesthethresholdfor theplasmaformationin bothcases
(seeFig. 4). The thresholdfor the plasmabreakdown is lower in the vacuumcase,but
the line intensitiesincreasemuchfasterwith the increaseof laserfluenceif ablationhas
beeninducedin argon.Thiscanbeexplainedby examiningtheroleof argonbuffer gasin
plasmacreation[18]. If a pulsedlaserbeamirradiatesthedysprosiumsurfacein vacuum,
the illuminatedarea(within thebeamwaist) is heateddependingon theabsorptioncoef-
ficient of dysprosiummetal.Theabsorbedenergy causesthelocal increaseof thesurface
temperature,leadingto themeltingof thetargetarea.Meltedmetalevaporatesin theform
of clusters,moleculesandatoms.The evaporateddysprosiumatomscanbe ionizedin a
two-photonionizationprocessby excimerlaserphotons(theexcimerlaserphotonenergy
is 32467cm� 1, andDyI ionizationpotentialis 47900cm� 1). The two-photonionization
of DyI is a sourceof seedelectronsin dysprosiumvapor. In addition,becauseof highsur-
facetemperature,someseedelectronscanbeemittedby surfacethermionicemission,too.
Theseedelectronsarevery importantin plasmabreakdown andplasmaheatingprocess.
They gainenergy by theinversebremsstrahlungprocess,which is themainmechanismof
absorptionof laserradiationin thedysprosiumvapor[18]. During this process,seedfree
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electronsbecamemoreandmoreenergeticandfinally becameableto ionizeneutralvapor
atoms,inducinganavalancheplasmabreakdown. If theplasmaablationprocesshasbeen
inducedin anargonatmosphere,theprocessof melting,evaporation,seedelectronproduc-
tion andplasmainitiation is accompaniedby simultaneousplasmaheatingandbreakdown
in a thin argon layer in a closecontactwith the melteddysprosiumspot.Thus,the laser
radiationheatsnotonly themetalsurfacebut indirectlytheargonbuffer gas,too.Thismay
explain a higherthresholdfor plasmaformationin argon.Whenlaserfluenceis over the
thresholdlevel, thehot argon-dysprosiumplasmamixture is moreefficient in collisional
excitation of dysprosiumatomsandions, producingstrongerspectrallines comparedto
thevacuumcase.

Fig. 5. An exampleof thetimeevolutionof dysprosiumplasmaemission.

In thesecondpartof our experiment,we studiedtheinfluenceof argonon theplasma
dynamics.Weusedtheionic line at405.056nmandtheatomicline at404.597nmfor this
analysis.The intensityat the peakof atomicandionic line hasbeenmeasuredvs. time
delayafter the laserpulse,measuringthe evolution of ionic andatomicfluorescenceat
fixedargonpressuresfrom 10 to 100mbar. An exampleof time-dependenceof thepeak
line intensityof theatomicandtheionic resonancelinesat20mbarAr is shown in Fig. 5.
Themaximumof both,ionic andatomicline intensities,is reachedabout300nsafterthe
laserpulse.Thereis acertaindelaybetweenionic andatomicfluorescence,andtheproper
analysisof suchtime-dependentsignalscangive us the informationon the evolution of
ionic andatomiccomponentof theplasma.Thesimplifiedexcitation/deexcitationscheme
valid for theionic andtheatomiccomponentof theplasmais givenin Fig. 6. Theleading
edgeof the laserpulsecreatesa dense,fast-decayingpool of themixture of dysprosium
atomsand ions in the first and,probably, the secondionizationstage.In this stage,the
ionsdominatein theplasmabecauseof thehighplasmatemperatureandthehighelectron
density[18]. This plasmadecayswithin tensof nanosecondsto the plasmastatewhere
singly ionizeddysprosiumions dominate,andsubsequentlyto moreneutraldysprosium
plasma/vapormixture. Theupperlevel of monitoredDyII (andDyI) line denotedby Nu
is populatedby differentcollisionalandradiative channelsduringthedecayof the initial
pool of dysprosiumions. The total effective probabilityof populationof the upperionic
(andatomic)level Nu is denotedby Γpu. Theupperstatedecaysby spontaneousemission
(Γue)
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VEŽA AND MILOŠEVI Ć: SPECTROSCOPIC STUDY OF THE . . .

Fig. 6. Simplified excitation/deexcitationschemefor dysprosiumplasmaevolution after
excitationby anexcimerlaserpulse.

andin collisionswith neighboringparticles(Γuc), andthetotaleffectivedecayconstantof
this level is Γu � Γuc � Γue� Therateequationdescribingthetime evolution of ionic (and
subsequentlyatomic)populationin theradiatinglevel Nu canbewrittenas

dNu

dt � Np � t � Γpu � Nu � t � Γu � (1)

whereNp designatesthedensityof thepool of all ionsandatomscontributingto thepop-
ulation of particlesin the radiatingstateNu at the time instantt, by ionization, decay,
radiationandotherprocesses.The solutionof this differentialequationis a doubleex-
ponentialform dependenton aneffective populationtime τp andaneffective decaytime
τu:

Nu � t � � Np0
τu

τu � τp
� e� t � τu � e� t � τp � � (2)

where
Np � t � � Np0e� t � τp � (3)

Theinitial conditionsare

Nu � 0� � 0 and Np0 � 0� � 0 � (4)

whereNp0 designatesthe densityof all ionsandatomscontributing to thepopulationof
ionsor atomsin theradiatingstateNu, by radiation,decayandotherprocesses.Theresult
of suchan analysisfor ionic andatomicresonanceline is given in Fig. 7, showing the
influenceof theargonbackinggasto thepopulationandradiationdynamicsof anionic (6p
2P� J � 7) andanatomic(6s6p1P0 � J � 7) resonancestatein dysprosium.In theabsence
of argon, the effective populationtimesof ionic andatomic levels are the same.When
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ablationis inducedin the argon atmosphere,the (ionic andatomic)effective population
timesτp of theresonance

Fig. 7. Dependenceof effective populationtimesτp andeffective level life-times τu for
resonancestatesof DyI andDyII .

level Nu riselinearlyup to 40mbarof Ar pressure.At higherargonpressures,τp saturates
at a valueof about0.1 µs. It is importantto notethat the ionic processis fasterthanthe
atomicone: at thesameAr pressure,theeffective populationtime for theupperlevel of
theatomicline is about50%slower. On thecontrary, theeffective level decaytime τu of
theionic (andatomic)resonancelevel areidentical,andincreaselinearlywith Ar pressure
up to 40 mbar. The τu tendsto a constanteffective lifetime of about0,5 µs at higherar-
gonpressures.This behavior is reasonableandconsistentwith theexcitation/deexcitation
schemeshown in Fig. 6 andthemodelgivenby Eqs.(1-4).Thesubsequentdecayof dys-
prosiumplasmafirst givesrise to theappearanceof singly ionizedDyII, followedby the
generationof neutralDyI atoms.This chainof events,observed by the fluorescenceof
correspondingionic andatomic lines, is reflectedin fastereffective populationtime for
DyII comparedto theeffective populationtime of neutralDyI. We notethata very good
fit of both,ionic andatomicfluorescencedata(seeFig. 5), alsoindicatesthatour two-state
modelfor thedecayof dysprosiumplasmais basicallycorrect.In thecasethatthecascade
involvesthreeor evenmorestates,theexperimentaldatawouldhavemuchslower fall-off,
andthecorrectfitting functionwould bea morecomplicatedone(a sumof threeor more
exponentials).Thus,a very goodtwo-exponentialfitting functionconfirmsour modelof
plasmaevolution.

The evolution of plasmatemperatureandelectrondensitycanbe followedby moni-
toring the atomicline widths. However, the measuredline widths arebroadenedby the
instrumentalprofileof ourmonochromator, andmustbedeconvoluted.In Fig. 8, weshow
anenlargedview of theDyI resonanceline at 404.597nm (thesectiontakenfrom Fig. 2).
Theopencirclesrepresentthemeasureddata,andthefull line is theresultof a multicom-
ponentfit consistingof eightGaussianprofiles(correspondingto theeightwell separated
spectrallinesshown in Fig. 2). In thefitting procedure,theprogramvariedthepeakline
intensityand the line width in order to obtain the bestnonlinearleast-squarescurve fit
characterizedby theminimumof theχ2-testvalue.Theline positionswerekeptconstant,
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VEŽA AND MILOŠEVI Ć: SPECTROSCOPIC STUDY OF THE . . .

asdeterminedby literaturedatafor indicatedatomicandionic lines[16]. Thespectralline
profile

Fig. 8. Sectionof plasmaplumespectrumat 404.6nm showing thedetailsof theDyI res-
onanceline shapeandthe fitting curve approximatingthe convolution profile. The inset
illustratestheprocedurefor thedeterminationof thereal line width by numericaldecon-
volution.

shown in Fig. 8 is a convolution of the triangularinstrumentalprofile and the real line
profile determinedby Starkbroadening(a Lorentzianprofile [17]). Thefit shown in Fig.
8 demonstratesthata Gaussianprofile representsanexcellentapproximationfor theexact
convolutionof atriangularandaLorentzianprofile.Theverylow valueof theχ2 (thevalue
of 0.001is typical for all processedspectra)showsthatthisapproximationis theappropri-
ateone.Thenumericaldeconvolutionof theexperimentaldatahasbeenperformedusing
this approximation,andthe insetin Fig. 8 illustratesthedeconvolution procedure.First,
weconstructedthegraphlinking theratiosof theI/M (instrumentalprofilewidth/measured
linewidth)versusR/M (reallinewidth/measuredlinewidth).Knowingthisfunctionalrela-
tionship,eachline width obtainedin thefitting procedurecanbenumericallydeconvoluted
to obtainthereal (Lorentzian)line width. In Fig. 9, we show theresultsof this procedure
appliedto the atomicline DyI 404.597nm (the time dependenceof its real line width).
The line widthsaregivenversusthebox-cargatedelayafter the laserpulse.Thebestfit
obtainedis a simpleexponentialcurve showing a pureexponentialdecayof Dy plasmas.
Whenthedysprosiumplumehasbeenproducedin argon,anadditionalbroadeningof all
spectrallines hasbeenobserved. For example,argon pressureof about20 mbarbroad-
ensdysprosiumresonanceline by about20%. Unfortunately, the dependenceof the DyI
linewidth on the electrondensityandtemperaturewereneithermeasurednor calculated
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until now, andour datacannot supplythe absolutevaluesfor thesequantities.We plan
to determinethe plasmatemperatureand electrondensity, and to calibrateour relative
linewidth datain a new ablationexperimentusinga dysprosiumpelletcontainingtheCu
andAl atomsasimpurities.Thebroadeningof atomiclinesof thesetwo elementsis well
documented,andwill serve asa calibrationtool for the broadeningof Dy spectrallines
[19].

Fig. 9. Time developmentof theDyI resonanceline width showing anexponentialdecay
of dysprosiumplasmas.Theexponentialgrowthof theline width for smalldelayssuggests
a veryhotplasmaat thebeginningof laserpulse.

We studiedthe influenceof argonbackinggason the impurity lines of holmiumand
yttrium appearingin thevicinity of dysprosiumlines(seeFig. 2). Generally, thepresence
of argonenhancesimpurity lines,too.Underourexperimentalconditions,maximumof the
impurity fluorescenceis reachedat about40 mbarAr pressure.Theeffect of argonon the
line widths is similar, showing anadditionalline broadeningwhenrising argonpressure.
Thebroadeningeffect for the impurity linescouldnot bedeterminedaccuratelybecause
of thelow signalto noiseratio.

4. Conclusion

In our experiment,a standardexcimer laserwith a pulsedurationof about20 nshas
beenused.Therefore,theabsorptionof thelaserenergy in thesample,theablationprocess
andtheplasmaformationall happenessentiallyat thesametime (duringthe laserpulse)
andtheroleof eachprocesscannotbeclearlyidentified.However, this is thecaseencoun-
teredin many similarexperimentsonlaserablation,andit wasappropriatefor thepurposes
of our experiment.We measuredenergy thresholdfor dysprosiumplasmaformation,the
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time evolutionof DyI andDyII resonanceline intensities,thetime dependenceof neutral
DyI line-widths,andtheinfluenceof argonbackinggas.Theanalysisof theexperimental
datagivesthetime-dependenceof theatomicandionic resonanceline widths,andan in-
sightinto thedynamicsof of laser-inducedplasmas.Thecomparisonof themeasurements
madein vacuumandin argonshows a certaininfluenceof backinggasin therangeof 10
– 100mbarAr.
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SPEKTROSKOPSKO PROUČAVANJELASEROM IZAZVANE DISPROZIJEVE
PLAZME

Opisujese proǔcavanje laseromstvorenedisprozijeve plazme. Istrǎzvala se vremenska
ovisnostjakosti i širinaizabranihrezonantnihlinija DyI i DyII. Opazilismodanavremen-
ski razvoj plazmejako utječeprisutnostargona.Usporedbǎsirinalinija DyI izmjerenihu
vakuumui u argonupokazujemalenutjecajnamjereneStarkoveširinelinija.
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