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Abstract

F~colorcenterin LiF crystalsis auniquespecieof color centersconcerningits photothermalstability, its broadabsorption
band,centeredat 0.96jsm, andits broademissionbandpeakingat 1.12jim, beinga tunablelaseroperatingin therangefrom
1 .08 jim to 1 .22 jim. Theluminescencequantumefficiencyofthemaintransitionin thelaseropticalcyclewasdetermined,at
roomtemperature,anditsvalueis 0.5±0.1. This valuewasobtainedusingamethodcorrelatingthe absorption,excitationand
photoacousticspectra.Besides,theluminescencequantumefficiencyof thefundamentaltransition oftheF~color centerwas
determined.Also wasestimatedtheenergytransferefficiencydueto theoverlappingof theF~centeremissionandtheF~center
absorptionbands.Possiblenonradiativedeexcitationmechanismsaccountingfor the small luminescencequantumefficiencyof
theF~colorcentersin LiF arealsodiscussed.

1.Introduction sorptionof light and arenot a laseractivemedium
due to their low thermalstability [2,3]. Thesetwo

Colorcenterlasersrepresentavery importantclass centerspresenta mechanismof energytransferdue
oflight sources,duetotheirtunability,coveringa very to theoverlappingof theF~centeremissionandthe
broadspectralregion, andtheir capabilityof short F~centerabsorptionbands.
pulsegeneration.In particular,the laseractiveme- In this paperthe determinationis reportedof the
diumF~colorcenterin theLiF matrix presentsvery LuminescenceQuantumEfficiency (LQE) for F~
goodphotothermalstability, evenat room tempera- andF~centersin LiF crystalsat room temperature.
ture [1], allowing high intensityoptical excitation TheLQE,definedastheratiobetweentheemittedto
withoutdestructionof thecentersinvolvedin thelaser the absorbedphotonsnumberin a given excitation,
transition.It canbe usedfor obtainingQ-switching is importantfor the laserdevelopment,concerning
andmode-lockingregimesof Nd lasers.Thelaserac- optical pumpingefficiencydetermination,for exam-
tioninLiF: Fi wasattainedfor thefirst timein 1978 ple, as well asfor the basicunderstandingof theop-
in the pulsedmode andin 1981 in the CW mode. tical system. The understandingof physical pro-
Thislaseris tunablefrom 1.08to 1.25l.tm, andusing cesses,like radiativeandnonradiativedecay,is still
a mode-lockedneodymium-glasslaserasthe pump verypoorly known for this specie.The LQE param-
source,subpicosecondspulsescouldbeobtained[1]. eterdeterminationis nota straightforwardmeasure-
All theseresultswereobtainedat roomtemperature. ment, andthemajority of the employedmodelsin-
F~centersarealso presentin LiF, in the neighbor- troducesa largeuncertaintyin the obtainedvalues.
hood of the F~centers;they presentnonlinearab- Among thesemodelsone canpoint out the calori-
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metric ones,that are practical andcomprehensive, where jO~L) is the beam intensity incident on the
The modelsbasedon thephotoacousticeffectare,in sample,/3(2) is the optical absorptioncoefficientof
general,moresensitive[4—7]. the sample,1 is thesamplethicknessandA is a func-

The basic principle of the photoacousticeffect is tion dependenton the geometricparametersof the
simpleto understand[8]: whena materialis excited photoacousticcell, on the thermalpropertiesof the
by a modulatedlight beam,thenonradiativedeexci- sampleandthegas,andon themicrophonesensitiv-
tation componentgeneratesheat, giving rise to a ity (moredetails in the experimental).For a fixed
pressurewavepropagatingfrom theexcitationregion geometry,sampleandtransducer,A is aconstantrep-
throughoutthematerial.This pressurewavefollows resentingthecell sensitivity.
thesamemodulation frequencyas the illumination Ontheotherside,theexcitationsignalintensitycan
beamandcanbe detectedby amicrophoneor apie- bewritten as [5]
zoelectrictransducer.

IEX(A)=BiO{l—exp[-—13(2)11}[l—F(A)] , (5)

whereB is afunctiondependentontheexperimental
2.Theory arrangementand on the optical propertiesof the

sample,beingalsoamultiplicative factor.
The luminescencequantumefficiency (LQE) for Thesignalsobtained(~PAand~EX) werecorrected

anoptical transitionin a sampleexcitedwith mono- concerningthewholesystemspectralresponse(lamp
chromaticlight (A) is definedastheratio plus monochromator).This was doneusinga total

~(A)= ~ N (2 )/N (2) (1) absorberassamplein the PA cell to obtain the lightintensity incidenton thesample.Thus, there is no
wavelengthdependenceon theconstantsA andB.

where N~is the number of emitted photonswith Theadditionof Eqs.(4) and(5) gives
wavelength2e andNais thenumberofabsorbedpho-
tonswith theexcitationwavelengthA. JPA(A) IEx(2) A

The conversionefficiency of the absorbedlumi- A + B = 1 —exp[ —/3( ) ] , (6)
nousenergy (Ea) into thermal energy (ET) is de-
finedas whereI, (1) = i, (A)/ ~ (A) arethe normalizedintensi-

ties.

F(A) = ET = Ea E~ The methodologyemployedin the LQE determi-
Ea Ea nation needs the three spectra, photoacoustic

hNa(2) c/A— ~ hNe(Ae)c/2~ (IpA(A)), excitation(IEX(A)) andabsorption(/3(2))

= hN (A) c/A , (2) spectra.If the threespectraareknown theabsolute
— a valuesforA andBcanbeevaluatedby fitting Eq. (6)

F(2) = 1— (A/Ae)l1(A) , (2a) for severalwavelengths.To avoid backgroundprob-
lemsonecando thefollowing [5]:

whereh is Plancksconstant,c is thevelocityof light
and A~is the wavelengthof the maximum of the JPA(A1)—JPA(A2) IEx(A1)—IEx(A2)

emissionband; in other words, Ee is calculatedas A + B
Ee= (hc/2e)~.eNe(Ae).

TheLQEcanthenbewritten as =exp[—fl(A
1)1]—exp[—fl(22)/] , (7)

= (Ae/2) [1 —F(A)] (3) whereA~and22 are differentwavelengths.To get a
good statisticsseveraldifferentvaluesfor A andA2

showingthat theLQEcanbecalculatedfromF(A). wereusedto adjustA andB. In a simplified notation
Theintensityof a photoacoustic(PA) signalgen- Eq. (7) canberewrittenas

eratedin asampleilluminated with choppedmono-
chromaticlight (A) canbedescribedas [5] + =~p. (7a)

A B
ipA(A)=Azo(A) {l—exp[—/3(A)l]}F(A) , (4)
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OncetheA andB valuesareknown, theLQE can
beobtainedfrom

w~s

~ ________________= (8)A 1EX(A)/B+1PA(A)/A

3.Experimental

The LiF crystalswere grown by the Czochralski

werecut andpolishedin the following dimensions: Mmethod.Four sampleswerestudied.Thesesamples 5 cm
1 X 1 x 0.25cm3 (samples1 and4) and1 X 1 X 2 cm3 Fig. 1. Schematicdrawingofthephotoacousticcell (S — sample;
(samples2 and3). Samples1 and4 weregrown at M— microphone;W — window).

our crystalgrowth laboratoryandsamples2 and 3
weregrown at theGeneralPhysicsInstitute,Russia. signal.The volumeofthecell is around60 mm3.The

Sample1 waselectron-irradiatedandsamples2, 3 and detectionelementis a low cost electretmicrophone
4 werey-irradiated. with —65±4 dB sensitivity (0 dB REF 1 V/j~tbarat

The optical absorptionspectrawere obtainedus- 1 kHz). When carbonblackwas usedasabsorbing
ingaCary1 7Dspectrophotometerandtheexcitation material in thePA cell a0.5 V/W sensitivity wasob-

spectrawereobtainedcollectingtheemittedlight us- servedin thesystem.Themodulationfrequencycho-
ing a right angleoptical path, in the samearrange- senwas40 Hz, dueto thebettersignalto noiseratio
mentusedfor thephotoacousticexperiment.Special andthetime constantof thelock-in amplifierwasset
carewastaken to avoid autoabsorptionof the F~ to 30 ~.

centersby makingtheexcitationlight incidentonthe
borderof thesample,sincethereis asmallStokesshift
betweentheabsorptionandtheemissionspectra.

ThePAmeasurementsweredoneemployinganex- 4. Results
perimentalapparatuswherethelight from atungsten
filament halogenlamp was sent through a 0.25 m

4.1. Luminescencequantumefficiencyfor LiE:F~
monochromatorand then modulatedby a chopper.
The light beamwas thenfocusedonto thesamplein
the photoacousticcell; the PA signalwas amplified All theobtainedspectraweredecomposedingaus-
by a lock-in amplifierand then registered.The tung- siansin order to obtain the Fi bandisolatedfrom
stenlamp was chosendue to its flat emissionin the thebandsdueto othercolorcenterslocatednearthe
process,thatwaspreviouslyobtainedusinga photo- Fi center.
acousticcell containing a wavelengthindependent Theopticalabsorptionspectraobtainedfor thefour
absorber(carbonblack). Reproducibleresultswere samplesstudiedare shown in Fig. 2. It canbe seen
obtained normalizing the results of the measure- that theabsorptionintensityfor the F~centersis of
mentswith respectto thespectralresponseoftheap- thesameorderas for theF~centers.Up to now it
paratus.A spectralresolutionof 20 nm wasusedto wasnot possibleto obtainhigh concentrationsof iso-
provide enoughlight intensity in the samples(the latedF~centersandthusto avoid absorptionof the
resolutiondoesnot affect the measurementsdue to speciesin the pump wavelength.Sample4 presents
thebroademissionbandsoftheF~andFA centers). the highestratio betweenthe absorptioncoefficients
The PA cell wasdesignedand built at our facilities for the Fi~andF~centersand this sampleis laser
(Fig. 1). It is anopenphotoacousticcell madeoutof activein thepulsedregime [9].
Plexiglas,in a configurationwherethesampleactsas Theopticalexcitationspectrawereobtainedmon-
window for thecell,with indirectdetectionof thePA itoring the bandemissionof F~centerspeakingat
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Table 1

1.11 eV (1.12 j.tm), presentedin Fig. 3. Onecan see Luminescencequantumefficiency(LQE) for LiF: F~crystals

the banddue to the F~centerspeakingat 1.29 eV
(0.96jim) andat 1.55 eV (0.80jim) the banddue Sample LQE(n)

to the energytransferfrom the Fi centers,that ab- #1 0.4±0.1
sorbat1.55eVandemitat1.39eV (0.89jim), tothe #2 0.5±0.1

F~centers. #3 0.5 ±0.1

Thephotoacousticspectraobtainedcanbeseenin #4 0.5 ±0.1

Fig. 4. It isobservedthat thephotoacousticsignalin-
tensityfor the F~centersis muchhigherthanforthe
F~centers,althoughbothcenterspresentvery simi- possibletocalculatetheLQEvalues,presentedinTa-
lar opticalabsorption,foreseeingadifferentlumines- ble 1.
centquantumefficiencyfor them.

Consideringthe threespectra(absorption,excita- 4.2. LuminescencequantumefficiencyforLiE: FA
tionandphotoacoustic)andEq. (7a) onecanobtain
MEx/LVJ againstL~JPA/L~/3asshown in Fig. 5 for each
samplestudied.With thevaluesfor the constantsA Using the luminescencequantum efficiencyob-
andB obtainedfrom Fig. 5 andusingEq. (8) it was tamedfor the Fi centersandtheobtainedspectrait
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was possibleto estimatethe luminescencequantum Table 3

efficiency for the F~centers.Initially the energy Luminescencequantumefficiency(LQE) for LiF:Fr crystalsat
1.55 eV consideringtheenergytransferdueto theoverlappingoftransfer from the Fi to the Fi centers was theF

3- centersemissionandtheF~centersabsorptionbands

disregarded. _______________________________________________
Theintensityof thenormalizedphotoacousticsig- Sample F( 1.55 eV) LQE (~)

nalsgeneratedby theFj andF~centerscanbewrit-
#1 0 1.1±0.2

ten respectively as (see Eq. (4)) #2 0 1.1 ±0.2

IPA,F3-(
2)~4{1—exp[—5F

5(A)/]} FF2-(A) , (9) #3 0.2±0.1 0.9±0.2
#4 0.28±0.1 0.8±0.2

IPA,Fr(A)=A{l_exP[_PFr(A)l]}FFr(A)
(10)

Then
From the ratio of Eq. (9) to Eq. (10) one obtains

‘PA,F3-(’~) =A {l —exp[ —B~r(
2)1l}

F~
3-(2’)=’~~~ {l_exP[_PFF(A)/]}F(A) x{FFr(A)+[l_FFr(A)]

IPA,FF(

2) {l—exp[—/JF
3-(A’)l]}

(11) x{l-exp[-flFr(A)l]}FFI(A)} (13)

Having a value for FF~(2) one can get the lumi- and the ratio of Eqs. (9) and (13) allows the deter-
nescence quantum efficiencyusingEq. (3) and the mination ofFF3- (A) and jFj (2), shown in Table 3.
datafromtheabsorptionandthephotoacousticspec- Thesevaluesaretherealonesfor the samplestud-
tra. Theobtainedvaluesareshown in Table2. ied.The obtainedvaluesfor F j centersin samples1

If the energytransferfrom the F~ to the F~ cen- and 2 (seeTable3) do not correspondto the ex-
ters is considered,a different calculationhasto be pectedones,sincetheminimumacceptablevaluefor
done.Consideringthat in the energytransfermech- F ~, undertheemployedmodel,andconsideringthe
anismthereisabsorptionattheF ~ center(1.55eV), LQE equalto one (seeEq. (3)), isFF3- (1.55eV)=
emissionfromthe F~center(1.39eV), absorption 0.1. The errorson theseresultsaredue to the diffi-
at the F ~ center(1.29eV) andemissionfrom the cultiesin obtainingtheexperimentalvaluesfrom the
F j center (1.11 eV), then the PA signal intensity spectra, mainly from the photoacoustic spectra where
generated by the F ~ center will be added up by the spectral decomposition in gaussians was ren-

‘PA.Fj-.Fj (A) =A { 1 — exp[ — /

3F

3- (2)1]} dereddifficult due to thebackgroundnoise.Consid-
eringthe FF~valuesfor samples3 and4 andby com-

X [1—FFr (2)] { 1— exp[ — /J~-(X)l] } F~-~ paring them to the correspondingonesin Table2 it
(12)

was estimatedthat8% of theenergyabsorbedby the
where‘PA F~_.~(2) is the photoacoustic signal gen- F j centersis transferredtotheF~ centersin sample
eratedonly by the energytransferprocessdescribed 3 (F j /F j absorptionratio at thepeakequalto 1.5)
beforeandassumingthatflF~(2) andFFr(2) canbe and 10% in sample4 (F~/F~absorptionratio at
approximatedby /

3~~(A) andFFF (A), where A cor- the peakequalto 2). Extrapolation of this resultfor
respondsto the F~ centeremissionbandmaximum, a samplehaving equalF ~ andF~ centersconcen-

trationled to a 5% energytransfervalue.
Table2
Luminescencequantumefficiency (LQE)for LiF: F~crystalsat
1.55 eV disregardingtheenergytransferdueto the overlapping
of theF~centersemissionandtheF~centersabsorptionbands 5. Conclusions

Sample F(l.55eV) LQE ~ Theresults obtainedfor the LQE of LiF:F~crys-

#1 0.34±0.1 0.7±0.2 tals, shown in Table 1, agree withthevaluesfrom 0.3
#2 0.2±0.1 0.9±0.2 to 0.5 reported by Basiev [1] but disagree from the
#3 0.28±0.1 0.8±0.2 0.22 valueat room temperaturereportedby Geller-
#4 0.38±0.1 0.7±0.2_______________________________________________mann [10]. Thesevaluesarethe only onesreported
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in the literatureandthediscrepancyamongtheseval- concentrationled to a 5% energytransfervalue. Al-
uesevincethedifficulties in obtainingtheLQE. thoughthe LQE for theFA centersin LiF is high, its

In thepresentwork it was notobservedany influ- applicationasa lasermediumor a Q-switchingele-
enceof the irradiationprocess(y or electrons),cen- ment in a lasercavity is rendereddifficult dueto its
ters concentrationor the relative concentrationof low thermalstability [2]. This is the first reported
F~toF~centerson the LQE value.Theobtained LQE valuefor F~centersin LiF.
LQEvalue,notcloseto theunity, is unexpectedsince
other deexcitationsmechanisms,besidesthe lumi-
nescentradiative decay,are unknown. A possible Acknowledgements
nonradiativemechanismoccurringis the quenching
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