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Instituteof Physics,P.O.Box304,HR-10001Zagreb,Croatia

Received10December1997

UDC 539.19

PACSnumber:33.20.-t

By using several continuouswave (CW) single longitudinal-modesemiconductorlaser
diodesin theredspectralregion,wehaveexcitedLi2 moleculefrom theX 1Σ
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and observed the fluorescenceof the resonanceA
�

X lines togetherwith collision-
inducedlines. Comparisonwith theoreticalsimulationsshows a very good agreement.
Theuseof two or threediodelasersis discussedin view of two- or three-stepexcitationof
Li2 moleculeto thehigherRydberg or ionizedmolecularstates.

1. Introduction

Semiconductordiodelasers[1] have beenwidely usedin the infraredandrecentlyin
theredspectralregion,offeringarelatively inexpensiveinstrument,butwith ahighspectral
monochromaticityandmodestto relatively highpower. Theexcitationof alkali atomsand
moleculeshaving spectrumin thevisiblespectralregionis certainlythefirst stepto several
interestingapplications,like selectiveexcitationleadingto ionization.

We wereinterestedin usingseveralCW singlelongitudinallaserdiodesfor thestep-
wiseexcitationof Li2 moleculeto highly excitedstatesor evenionizedLi

�
2 species.This
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in turnmayhelpin igniting theelectricdischargeor helpin guidingtheelectricdischarge
in denselithium vapour.

We presentthefirst resultsin our extensive researchwherewe studiedthefirst excita-
tion stepanddiscussthesecondstepof excitationof Li2 molecule.

2. Experiment

Theexperimentalarrangementusedfor laserinducedfluorescence(LIF) mesurements
is shown in Fig. 1. Themainpartsarethesemiconductorlaserdiode,thecrossedheat-pipe
oven(HPO)[2] filled with lithium, thesystemfor dispersinganddetectionof fluorescence,
andthedata-acquisitionelectronics.

Fig.1.Experimentalapparatus.

Two semiconductorlaserdiodeswere usedin the experiments.The first was a red
InGaAlPsemiconductorlaserdiodewith a wavelengthcloseto 670nm, enclosedwith a
lensin a single,commerciallyavailablelasermodule.The maximumoutputpower was
3 mW. The distancebeetwentwo adjacentlongitudinalmodesof the diodewas0.2 nm.
The seconddiodewasSANYO DL-4038-021InGaAlP semiconductorlaserdiode. It is
a red laserdiodewhich operatesnear636nm with a maximumoutputpower of 10 mW.
The modeseparationwas0.08 nm. In our experiments,we usedlaserdiodesoperating
in thesinglelongitudinalmodeat higherdriving currents.Small,but observableamount
of power in several side modeshasbeenobserved, even in the single-modeoperation.
The frequency of laserradiationis determinedboth by the lasertemperatureandby the
injection current[3]. Therefore,goodtemperaturecontrol anda stablecurrentsupplyis
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essentialfor adequatefrequency characteristicof laserdiodes.That is achievedwith the
home-madeelectronicdevice, the main partsof which arethe currentlaserdiodedriver
(LDD200-1P, WavelengthElectronics),andthetemperaturecontroller(MPT-2500,Wave-
lengthElectronics).The laserdiode is mountedwith a goodthermalcontactto a small
cooperplate to which a Peltier termoelectriccooler is bonded.To the othersideof the
termoelectriccooler, a brasswater-cooledblock is attached.Thethermistoris placedin a
cooperplatefor sensingthe temperatureof thediode.The temperaturestability within 5
mK couldbeachieved.The temperaturerangefor theoperationof thediodewasfrom 8	
C to 20

	
C, andthecurrentsusedfor thesingle-modeoperationswerein therangefrom

54mA to 75mA. Themeasuredtuningcharacteristicswith singlelongitudinal-modehops
areshown in Fig. 2afor the670nmlaserdiode,andin Fig. 2b for the636nmlaserdiode.
Power-versus-currentcharacteristicsat differenttemperaturesfor the 636nm laserdiode
areshown in Fig. 2c.

Thecrossedheat-pipeoven(HPO)wasusedfor generatingLi vapour. Thelaserbeam
entersthe vapourthroughonearm of the cross,and the LIF is observed at right angle
throughtheotherarmof theheat-pipeoven.TheHPOwasfilled with argon(servingasa
buffer gas)andLi metal,andwasheatedto about700

	
C. Ourheat-pipeovenwaspumped

with a rotaryvacuumpumpandcouldreachthepressureof 2.5Pa.


 � 
 � 
 
 � � � � � � � � � � � � � 
 � �
 
 
 � �

 
 
 � �

 � � � �

 � � � �

 � � � �

 � � � �

 � � � �

 � � � �

 � � � � � � �

� � � �

λ

� ��

� 
 � 
 �  � � � � �  � � � � �  � � � � �  � � � � �  � � � 
 �  � �  

Fig. 2. (a)Modehopsof the670nmdiodelaseratdifferenttemperaturesof thediodelaser.

Thefluorescencelight wasfocusedontotheentraceslit of a “JobinYvonTHR” 1.5m
gratingspectrometerequippedwith aHamamatsuR936photomultiplier. Theoutputsignal
wasfed into aSR510lock-in amplifierandstoredin aPC.Thefluorescencespectrumwas
scannedusingaholographicgratingwith 2400grooves/mmoperatingfrom 200nmto 800
nm.Theresolutionof thesistemwas0.02nmwith the50µm slit widths.
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Fig. 2. (b) Modehopsof the636nmdiodelaseratdifferenttemperaturesof thediodelaser.
The points correspondto the wavelengthsof the single longitudinalmodes.(c) Power-
versus-currentcharacteristicsof the 636 nm laserdiodeat different temperaturesof the
diodelaser.
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3. Results

Li2 moleculesin theHPOareexcitedby diodelasersoperatingin thesinglelongitu-
dinal mode.For a clearfluorescencespectrum,it is very importantthat thewave number
of thesinglelongitudinalmodeusedfor theexcitationcoincideswith thewave numberof
themoleculartransition.Thewave numberof a moleculartransitionis determinedwithin
theDopplerwidth of thegivenmoleculartransition[3].

The exact positionsof lines of the A-X moleculartransitionswerecalculatedusing
theDunhamcoefficientsof KuschandHessel[4]. For theevaluationof Franck-Condon
factors,the dipole momentof Schmidt-Minket al. [5] andthe statepotentialsof Kusch
andHessel[4] wereemployed.

With the diodelaserwavelengthsetat 670.093nm (diodetemperatureTd m 9 n 1 o C,
currentthroughthediodeId m 70n 5 mA andanoutputpowerof 1.6mW), thetransition

p
v q q m 0 r Jq q m 19sut p v q m 4 r Jq m 18s

wasexcited.Thevapourtemperaturewas715 o C, correspondingto thelithium concentra-
tion [Li] = 6 n 05 v 1015 cmw 3 andmolecularconcentration[Li 2] = 1 n 62 v 1014 cmw 3 [6]. Fig-
ure3ashows fluorescencespectrumandthetheoreticalsimulationof theFranck-Condon
factorsfor thecorrespondingtransitions.

With the diodelaserwavelengthsetat 672.36nm (diodetemperatureTd m 16n 4 o C,
currentId m 74n 2 mA andanoutputpowerof 1.55mW), thetransition

p
vq q m 1 r Jq q m 9sut p v q m 5 r Jq m 10s

wasexcited.Thevapourtemperaturewas680 o C, correspondingto thelithium concentra-
tion [Li] = 2 n 99 v 1015 cmw 3 andmolecularconcentration[Li2] = 6 n 9 v 1013 cmw 3. Figure
4a shows the correspondingfluorescencespectrumandthe theoreticalsimulationof the
Franck-Condonfactorsfor thecorrespondingtransitions.

With the wavelengthof thesecondlaserdiodesetat 636.489nm (diodetemperature
Td m 14n 9 o C, currentthroughthediodeId m 76n 3 mA, outputpowerof 7 mW) thetransi-
tion p

v q q m 2 r Jq q m 9sut p vq m 10r Jq m 10s
wasexcited. The temperatureof lithium vapourwas680 o C. The observedfluorescence
spectrumandthetheoreticalsimulationareshown in Fig. 5a.

Becauseof the selectionrulesfor a 1Σ xu – 1Σ xg transition[7], the fluorescencelines
in Figs.3ato 5aappearasPr R doublets.In Figs.4aand5a,besidestheStokesdoublets,
the fluorescencespectrumshows oneanti-Stokesdoubletand two anti-Stokesdoublets,
respectively. Theintensitiesof thedoubletshaveanoscillatoryenvelope[7].

Figures3b, 4b and5b show partsof the fluorescencespectrashown in Figs. 3a, 4a
and5a,respectively, with thecollision-inducedrotationaltransitionsin Li2 molecule.The
satellitelinesoriginatingfrom thecollision-inducedrotationallevelshave thestructureof
Pr R doubletsandaregroupedaroundthe parentPr R doublet.Only satellitesof even ∆J
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appearbecauseof the selectionrulesfor inelasticcollisionsof a homonuclearmolecule
[7].
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Fig. 3. (a) Li2 (A æ X) fluorescencespectrumwith the theoreticalsimulation.Transition
(vç çéè 0 ê Jç çéè 19ëìæîí v ç�è 4 ê Jç�è 18) in lithium vapourat 715 ï C was excited by the
670.093nm singlelongitudinal-modediodelaserwith theoutputpower of 1.6 mW at an
argonpressureof about160Pa,(b) Detail of theLi2 (A æ X) fluorescencebandvç è 4 æ
vç ç è 0, with thelinesresultingfrom collision-inducedtransitionswhicharesuperimposed
on thebroadwingsof Li 670.8nmself-broadenedresonanceline.
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Fig. 4. (a) Li2 (A P X) fluorescencespectrumwith the theoreticalsimulation.Transition
(vQ Q R 1 S JQ Q R 9TUPWV v Q R 5 S JQ R 10); in lithium vapourat680 X C wasexcitedby the672.36
nm singlelongitudinal-modediodelaserwith an outputpower of 1.55 mW at an argon
pressureof about170Pa, (b) Detailof theLi2 (A P X) fluorescencebandvQ R 5 P vQ Q R 0,
with thelinesresultingfrom collision-inducedtransitions.

Thebandsaredegradedto thered.TheP V J Y 4T linesfor thefluorescenceV vQ R 10TUPV vQ Q R 1T lie verycloseto eachother, sothey arenot resolvedin Fig. 5b. Thesatellitelines
originatingfrom
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Fig. 5. (a) Li2 (A Í X) fluorescencespectrumwith the theoreticalsimulation.Transition
(vÎ ÎÐÏ 2 Ñ JÎ ÎÐÏ 9ÒÓÍÕÔ vÎUÏ 10Ñ JÎUÏ 10) in lithium vapourat 680 Ö C was excited by the
636.489nm single longitudinal-modediode laserwith an outputpower of 7 mW at an
argon pressureof about2800Pa, (b) Detail of the Li2 (A Í X) fluorescencebandv Î Ï
10 Í v Î Î Ï 1, with thelinesresultingfrom collision-inducedtransitions.

thecollision-inducedrotationaltransitionswith ∆J ÏØ× 2 arestronger[8] thanthosecom-
ing from the transitions∆J ÏÚÙ 2. In Fig. 3b, the satellitelines aresuperimposedon the
wide2P Û 2S-resonancelithium line.
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4. Discussion

Theexperimentalfluorescencespectraareall very well reproducedby thetheoretical
simulationsspectraof the given moleculartransitions.For excitationsshown in Figs. 3
and4, the power of the laserdiodewasonly 1.5 mW. From our experiencein working
with thediodelasers,wecanconcludethatthey areverypowerful in resonance-excitation
spectroscopy in densevapour.

Theexperimentalcollision-inducedrotationalstructureshows thesamemaincharac-
teristicsasit wasreportedin the literature[7–9]. By varying the noblegasinsideHPO
and the pressureof that gas,it will be possibleto examinethe behaviour of the cross-
sectionfor inelasticcollisionsfor a given transitionunderdifferentconditions.It would
beinterestingto studyfurtherhow thecollision-inducedrotationalstructuresbehave if we
interchangenoblegasAr with reactiveH2 or nonreactiveN2 moleculargases.We will try
to excitetheA Ü X transitionsin lithium vapourunderthesameconditionsasin thepresent
experiments,but with Ar replacedby H2 or N2.

For the two-stepexcitationof lithium molecules,we plan to simultaneouslyirradiate
lithium vapourwith a laserdiodeat670nm,andanotherlaserdiodeatabout635nm.The
first laserdiodeshouldexcite theX1Σ Ýg Þ A1Σ Ýu transition,andthesecondshouldexcite
the A1Σ Ýu Þ F1Σ Ýg transition.In the fluorescencespectrum,we expectto seethe strong
laserlines at a 636 nm and670 nm aroundwhich areR, P doubletsof a corresponding
molecularA Ü X andF Ü A transitions,respectively [10]. Whenwe achieve the two-step
excitation,it shouldbepossibleto ionizeLi2 moleculesby usingaphotonfrom thefirst or
thesecondlaserbeam.This would form Li Ý2 andfreeelectronalongthetwo overlapping
laserbeams,whichmayserveasapreionizationmediumbetweentwo electrodes.Electric
breakdown in suchacasewouldoccurata lovervoltage.

5. Conclusion

The availability of moderate-power diode lasersin the red spectralregion can help
in the excitation and ionizationof Li2 molecules.This may be usedfor further spectral
studiesof Li2 molecularstructureandcollision-inducedspectralfeatures.In addition,we
hopethatthecombinationof two diodelaserscanhelpin laser-assistedignition andlaser
guidingof electricdischargesin denselithium vapour.
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LASEROM INDUCIRANA FLUORESCENCIJA STANJA A 1Σ ßu
MOLEKULE Li2

Pomócu kontinuiranih jednomodnihlaserau crvenom dijelu spektrapobud–ivali smo
molekuluLi2 iz stanjaX1Σ ßg ustanjeA1Σ ßu (prijelazi: (và à á 0 â Jà à á 19ãÐäæå và á 4 â Jà á 18);
(và à á 1 â Jà à á 9ãUäçå v à á 5 â Jà á 10);(và à á 2 â Jà à á 9ãUäçå và á 10â Jà á 10)) i promatraliflu-
orescencijurezonantnihA è X prijelazazajednosasudaromuzrokovanimprijelazima.Us-
poredbaeksperimentalnihspektaras teorijskimsimulacijamatih spektarapokazujedobro
slaganje.Diskutiraseupotrebadva ili tri diodnalaserazatrokorǎcnopobud–enjemolekule
Li2 u višaRydbergovaili ioniziranastanja.
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