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RATE EQUATION DESCRIPTION OF MULTI-PHOTON CREATION OF COLOR CENTERS
AND SIMULTANEOUS ONE-PHOTON ANNIHILATION *

G.J. POGATSHNIK ± andD.S.HAMILTON
DepartmentofPhvsicsand InstituteofMaterialsScience,UniversityofConnecticut,Storrs, CT06268, US~A

Pumpingthelowest4f—.5d absorptionbandof theCe
3~ions in Ce3~:CaF

2with a 308 nm XeCI laserresultsin thephotoioni-
zationofCe~dueloanexcited-stateabsorptionwhich terminatesin theconductionband.The photo-electroncanbe trappedat
a Ce~ion with °h symmetrythusforming a divalent cerium ion color center.However,thesedivalentceriumions arephoto-
bleachedby both the308 nmexcitationlight andtheCe

3~fluorescence.The rateequationwhich describesthenumberofdivalent
ceriumions mustincludeboththetwo-stepcreationprocess,which is quadraticin thelaserintensity,aswell asalinearly depen-
dentbleachingmechanism.The solutionsto therateequationarein agreementwith theobservedgrowthandsaturationcharac-
teristicsofthenumberof divalentions.

1. Introduction which canbe photoionized(ni) andthe numberat cubic
siteswhich can act as electronacceptorsites (ne). The

Thephotoionizationof theCe3~ions in Ce3*:CaF
2by annihilationterm is linearin the laserintensitysincethe

the308 nm light from a XeC1excimerlaserresultsfrom Ce
2~centerscan be photo-bleachedby a single photon.

an excited-statetransition from theSd stateto the CaF
2 This term is also dependenton the numberof divalent

conductionband[1,21. Although thedominantsitesym- ceriumcentersanda bleachingcrosssectionb. The ion
metryof theCe

3~ions is C
4~,thereareafew Ce

3~ions densitiesare constrainedby the relation fl~+fld=fleO,

with cubic O~symmetry[31.TheCe3~ions at these°h wheren~
0is theinitial densityof Ce

3~ionsat cubicsites.
sitesactasefficientelectronacceptorsitesdueto thenon- We havealsoassumedthat n~>> n~

0andthat n~remains
local characterof their chargecompensationmechanism approximatelyconstant.
[4]. Theelectronsfrom thephotoionizationof theCe

3~ The solutionto eq. (1) can easilybe found for a train
ionscantrapat the°h sites,resultingin Ce2~ionshaving of laserpulses,wherethetime dependenceof eachpulse
cubicsymmetry.It is theseCe2+ ionswhichgive thecrys- is arectangularfunction of intensity I and durationAt
tal its reddishbrowncolorationfollowing exposureto the [7]. Theelapsedtimeis representedby t = NAt, whereN
308 nm laser. The Ce2~ions are known to be photo- is theaccumulatednumberof pulses.With theseapprox-
chromic [5,61 andtheycan be bleachedby the 308 nm imations and assumingfld(O) =(0), the solution to eq.
excitationlight aswell asthe310—370nm emissionof the (1) is
excitedCe3~ions.

nd(N)=fld(ce)[l —exp(—n
1aI~—bJ)NAt], (2)

wherefld(x) is thesteadystatenumberof divalentions,
2. Rateequations

n~0n1aI ~cD’
fld(°°)= = . (3)n1aI+b I+blnaWe havebeenableto describethe numberof divalent

cerium ions (nd) createdby the XeC1 laserlight with a Thesteadystatelimitislinearintheintensityforl.<<b/n1a,
rateequationoftheform andthensaturatesatn~for high intensityvalues.

For small valuesof the argumentof the exponential
dnd/d1=n~n~aI—ndbI. (1)

functionof eq. (2), thenumberofdivalentcenterscanbe
Thecreationtermis quadraticin thelaserintensity!,since approximatedby
two photonsarerequiredto photoionizethe Ce

34 ions. 2
nd(N)~nOn~aINAt. (4)The parametera is theproductof the 4f—~5dcrosssec-

tion, thecrosssectionfor theSd-.conductionbandtran- This quadraticbehaviorcorrespondsto the limit where
sition andaprobability for electroncaptureattheO~site. both N andI are sufficientlysmall, thus n~0 and the
Since it is a two-centerprocess,the creationterm must bleachingprocesscan beignored.
also involve thenumberof Ce3~ions at tetragonalsites
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Fig. 3. Initial salucofthc changeperlaserpulsein theabsorption

LASER PULSES of the 520 nrn probe beam.The valuesfor the Io~crintensity

Fig I Theabsorption(In I/i) of a 520 nn~probebeam due to points dependquadratically on thelaser ntensit~.as indicated
by the straight line ofslope 2.

the growth of the divaleni cerium centers with accumulated

exposureto the pulsed 308 nm laser. The laser intensities in tion hasa quadraticdependenceof the laserintensits.in
MW/cm~are:A, 10: B. 23: C’. 33 andD. 44.

agreementwith eq. (4) At highervaluesof theintensit\.
the relationshipis sub-quadratic,indicatingabreakdownused. The probe wavelength of 520 nm is strongly of theapproximationsthat led to eq. (4). For thesehigh

absorbedby theCci ions,but not by the Ce~ions. The intensityvalues,thereis significantphoto-bleachingofthe
samplesusedweregrownby Optovacandhada0.10/i C’e~

divalent population evenduring the first laserpulse. It
concentration. should alsobepointedout thatat high intensity, it is pos-

Theabsorptionat 520 nm asafunction of the number
sible to saturatethe excited Sd stale of the Ce~ ions.of XeCI laserpulsesis shown in fig. I. Thegrowth curves whichwill also resultin asub-quadraticbehavior.arewell describedby asingleexponentialin eq. (2). indi-

catinga singletype of centeris created.Thesteadystate
absorption values are clearly dependenton the laser
intensityand this relationshipis illustrated in fig. 2. The 4. Conclusions
curvedisplayedin fig. 2 is a least-squaresfit to eq. (3).
The asymptotichigh intensity limit, which corresponds Multiphoton transitionsin impurity dopedsolids can
to fl

0 is es.~.L_0.8and the other fit parameteris lead to a photoionizationprocess.This will result in the
/i/na= 58. Thelinearbehaviorat low intensityrepresents formation of color centers in systemswhere thereare
the competitionbetweenthe quadraticcreationandthe alternateelectronacceptorsites. If thecolorcentercan be
linear annhilationprocesses.The saturationbehaviorat photo-bleachedb~thesamewavelengthsthatarerespon-
high intensityreflectsthefinitenumberof electronaccep- siblefor its formation,thentheformation kineticscan be
br sites. describedby arate equationwhichincorporatesboth the

Theinitial slopeof thegrowth curvesfrom fig. I is dis- multiphotoncreationtermanda photo-annihilationterm.
playedin fig. 3. At low valuesof theintensity, theabsorp- For thecaseofCe

1 :CaF~,thesteadystateandsaturation
______________________________________ characteristicsandthe initial growth of the color centers

0.4
canbefully describedby thesolutionsto sucha rateequa-
tion. The modelingofsuchprocessesis an important part

0.3
z

andin thedevelopmentof materialsfor colorcenterlaser
D [9] and frequency-domainoptical storagetechnologies
0~

[10]
0cc 0.2 ~,,, of understandingthe solarizationofoptical materials [8].U.)
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