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Abstract

Conversionof infraredlaserlight (near753 nm) into greenemissionhasbeenobtainedin Gd3Ga5O12Yb: Tm: Ho by a two-
stepprocess:absorptionfrom thefundamentalstatesof theions followedby a loopingmechanism.The latter is composedby an
absorptionfrom the5J7 (Ho) excitedstateandby a positivefeedbackprocess.A two-ion modelto describethedynamicsis given
andthegainandlossesof theioopareevaluated.

1. Introduction lanchecanoccur.Thisphenomenais ofparticularin-
terestin the casewhereabsorptionfrom the funda-

In a previouspaper [1] we presenteda studyde- mentalmanifold is weak andhasbeenstudiedmore
votedto the sensitizationof Ho

3~2 ~.tmlaseremis- than tenyears.More, up to now mostof thestudies
sion by Yb3~-Tm3~ions in Gd

3Ga5O12garnet.This hadbeendevotedto singlydopedmatrices:Pr
3~[2—

system is attractive for laserdiode pumping. We 4], Sm3~[5], Nd3~[6—9],Tm3~[10], Ni2~[11].
measured,with anintegratingcavity, the up-conver- Themodelthatwe givehereconcernstwo ions:Ho3~
sionenergylossquantumyield wheninfraredpump- andTm3~,bothhaving anactiverole. The Yb3~ion
ing theYb ion andweshowedthatin thetriply doped doesnot play an activeroleat low temperaturebut
crystal it is smallerthanin theYb-Ho doublydoped may at room temperature.The model showsthat a
one. Thismight be due to the existenceof efficient thresholdfor the avalancheexistsand that its theo-
down-conversionmechanismswhich bring the up- reticalvaluedependsoftheabsorptionfrom thefun-
convertedenergyin the 5S

2—
5F

4(Ho) levels towards damentalstate:the largeris theabsorption,thehigher
the 2 ~.tmemittinglevel,the 5J7 manifold.A positive isthe threshold.In our experimentthedensityof ex-
feed-backprocessmight result,increasingthepopu- citation remainedbelowthethreshold.
lation of the5J7 manifold.The purposeof this work
is to discussa candidateprocess.Theexcitationcho-
senis a continuouslaseronenear753 nm andcone- 2. Experimentalmethods
spondingto the

51
7—*

5S
2—

5F
4(Ho)excitedstateab-

sorption in such a way that a looping mechanism Thestudiedcrystalsweregrown in our laboratory
occurs.The result is the conversionof the infrared by the Czochralskimethod.TheconcentrationC(1)
excitationintoagreenemission.If thegainof theloop of onedopantin a samplecut at a distance1 (along
is positiveandgreaterthanthe lossesa photonava- the axis of the crystal) from the origin 1=0 of the
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crystal,andits coefficientof segregationk havebeen
(0)obtainedby usingthewell known relations:

whereg(l) is the crystallizedfraction of the meltat
C(0)=kC(melt) , (1) >- 300K

point 1. Theratio C(1)/C(0) isdeducedfrom theab-
sorptionspectraof the dopant.The coefficientsof

7Ksegregationof the Yb, Tm, Ho ions haveeachbeenfoundto beabout1.2. Theconcentrationsof the do-
pantsin the studiedsamplesaregatheredin Table 1.

Theinfraredexcitationspectrawereobtainedwith
740 745 750 755 760

acwtunableTi: sapphirelaserfrom Coherent(2GHz Wave~eng ~h(nm)

resolution)pumpedwith a Coherent300 argonion
laser. The laserbeamwas choppedat 10 Hz fre-
quencyandfocusedon the samplewith a 5 cm focal
lengthlens.TheHo greenemissionwasdetectedwith
a HamamatsuR1477 photomultiplier through a
emissionwith aJudsonInSbcell throughaninterfer- ~
Jobin-YvonH 1 OD monochromatorandthe 2 ~imHo
encefilter. Both detectorswerecoupledto a digital
9410Lecroy oscilloscope.The sampleswere placed
insidea liquid nitrogencooledcryostat.

3. Excitedstateabsorption _____________________________________
740 745 750 755 760

‘~JoveIength(nm)
The laserexcitation spectrumof the Ho green

emission(near540 nm, transition5S
2—

5F
4—~

5I
8)is Fig. 1. Laserexcitation spectraof the Ho greenemissionin the

shown in Fig. 1 at 300 and 77 K, in the doubly Yb(5%)—Ho(3%)doubly dopedsample(a)andin theYb(5%)—
Yb(5%)—Ho(3%) dopedsample(a) andin thetn- Tm(5%)—Ho(0.5%)triply dopedsample(b).

ply Yb(5%)—Tm(5%)—Ho(0.5%)dopedone(b) (a
schemeof theYb—Tm—Ho levelsis given in Fig. 2). Tm—Hofundamentallevels(seetheabsorptionspec-
Becausein this rangeof wavelengths(at leastup to trum (curve1) in Fig. 3) thereis no difficulty to at-
762 nm) thereis nopeakof absorptionfrom theYb— tribute the absorptionof the laser beam by the51

7—*
5S

2—
5F

4(Ho)excitedstatetransition,the~I7level
Table 1 beingfedfirst by a structurelessvibronic absorption
Compositionof Gd3(l...~y..~)Yb~TmyHorGa5OI2crystals. from thefundamentalstates.More, thesimilaritybe-

tweentheexcitationspectrumofFig. lbat 300Kand
x y z Yb Tm Ho__________________ ______________________ the absorptioncross-section7a(~~)of the

5I
7—~

5S
2—

(at.%) (1020ions/cm
3) 5F

4(Ho) transitionrepresentedin Fig. 4 is clear.This
cross-sectionwasdeducedfromMcCumberrelations

5 0 0 7.0 0 0 connectingemissionand absorptionspectra [12].
0 5 0 0 7.9 0 The emissioncross-sectionCe(W) is related to the
5 5 0 8.5 8.8 0
5 0 0.5 8.0 0 0.74 emissionspectrumf(w)at frequencyw:
5 0 3 8.6 0 4.6
5 5 0.5 7.7 8.9 0.76 f(w) 0’~Ue(W) (wn/2irc)

2 , (2)
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0
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7~2 WaveIeng~h(nm)

Tm
3~ Ho3~ Yb3

Fig. 4. Excitedstateabsorptioncross-sectionof the transition
Fig. 2. Schemeof theenergylevelsand mechanismsinvolvedin ~I7~~*‘5

2—
5F

4 (Ho).
themodel of Sect.4. Thedashedlinesrepresentnon considered
levels.

___________________________ lion. It is calculatedby Boltzmanlaw andrequires
thepositionsoftheStarksublevels.TheHo ions sub-0.6
stitute theGd onesandarein D2 symmetrysites.In

0.5

this caseeach25±

1L~,manifold of Ho3~is split into
2J+ 1 sublevels,labeledT

1, F2, F3, F~corresponding

to the irreducible representationsof the D2 point
group. Becauseneitherelectricnor magneticdipole

—

transitions are allowed between sublevelscorre-
0.0 spondingto thesameirreduciblerepresentation[14]

750 755 760 765 770 775 780
W~veIenght(nn~) the positionsof someof them cannotbefoundwith-

out crystal field calculationevenwith low tempera-
Fig. 3. Curve (1): Partoftheabsorptionspectrumat10Kof the ture absorption and emission measurements.So
Tm(5%) dopedsamplecorrespondingto thetransition

3H
6—~

3H
4. Boltzman’slaw was appliedusingonly the rangeof

It is structurelessup to 762 nm. Curve(2): Emissionspectrum
at 10 K correspondingto the ‘S2—

5F
4—~

5I
7transition in the energyin which theStarksublevelsof a given mani-

Yb(5%)—Ho(3%)dopedsample. fold aredistributed,thedistributionbeingtakenasa
continuousone.

wheref(w) is normalizedsuchthat Weseefrom Fig. 4 that theexcitatedstateabsorp-
tion cross-sectionpeakoccursat 753.9 nm andits

l/r=8~Jf(w) dw/2~. (3) valueis l.36x l020 cm
2 (at 300 K). Thisvalueis of

the sameorderof magnitudeasthe oneobtainedin
In Eq. (3) theradiativelifetime wastakenfromRef. YAG:Ho [15] andtherangeof the spectrumis the
[131 andthe emissionspectrumf(w) of the ~S2— same.At 77 K, we seefrom Fig. lb that the peakoc-
5F

4—~
5I

7transitionwasexperimentallyrecordedin the cursat 753.74nm.
Yb—Hodoublydopedsample. The intensity1(t) of the transmittedbeamby the

The
51

7—6
5S

2—
5F

4(Ho) excited-stateabsorption sampleshowsthe timeevolutionof the excitedstate
cross-section(7a(W) wasthenobtainedknowing first absorption.1(t) is representedin Fig. 5a, the laser
theemissioncross-sectioncle(w): wavelengthbeingat 753.74nm, thesamplethetriply

Yb—Tm—Ho oneandthe temperature77 K. A time(4) t=0,whenthelaserbeamis turnedon, thereis only
(N2/N1)e is the ratio at thermalequilibrium of the absorptionfrom the fundamentalstatesof the ions
two excitedstatepopulationsinvolved in the transi- becausethe5J7(Ho) level is empty.Thenthe 17(Ho)
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shallidentify which oneslater),this absorptionhay-
ing a vibronic origin andbeing structureless.Then,
directlyor via transfermechanisms,the 5J7 (Ho) level
is fed. Wewantto examinenowwhathappenstothe
51

7(Ho) populationwhenthe laserbeamis simulta-
neously absorbedby the

51
7—*

5S
2—

5F
4(Ho) transi-

lion. The result is given by a laserexcitation spec-
ci

trum of the 2 sm Ho emissionbecausethis last one
originatesfrom the ~I7level andits intensity is pro-
portional to the 17 population.Sucha spectrumis
giveninFig. 6 (uppercurve)at 77KfortheYb(5%)—

I Tm(5%)—Ho(0.5%) sample. We can seethat its
0 12 24 36 48

peakscorrespondexactly to the onesof the greenTime (ms)
__________________________________________ emissionlaserexcitationspectrumthatwe haveFe-0.5

portedagainonthesameFig. 6 (lowercurve). More,
(b) we canseethat thefirst spectrumappearsin positive

values.Thisindicatesthatwhenaexcitatedstateab-
0 0 sorptionoccursfrom the~I7level it doesnotdecrease

0

its populationbuttothe contraryit increasesit. This
0.25 fact provesthat a positivefeed-backprocessoccurs.

0 Theorigin of this processwill beelucidatednext.
The following study was done at 77 K. We re-

0 corded(Fig. 7) the decaytime n ( I) of the Ho green
emissionafter a directpulsedexcitationin the

5S
2—

C
5F

4(Ho) levelsfor the threesamples:(1) Yb(5%)—
0 .21 .48 .72 .96 12

Power(w) Ho(0.5%); (2) Yb(5%)—Ho(3%); (3) Yb(5%)—
Fig. 5. (a) Time evolution of the flux of photons1(t) of the Ho(0.5%)—Tm(5%).Becausethe decaysarenotex-
transmittedlaserbeamatdifferentincidentpower: (1) 0.113W, ponentialtheyhavebeenfittedby thewell-knownIn-
(2) 0.580 W, (3) 1.17 W. (b) Ratio [1(0 )—I(cc)]/I(0) versus okuti—Hirayamaexpression(dipole—dipole interac-
incidentpowershowinga saturationeffect. tion) [16] andthe quantumyield ~j of the energy

transfersthat theyexhibit has beencalculatedwith
level fills andthe transmittedintensitydecreases.At theformula
long time the transmittedintensity I(oo) becomes

Fig. Sb shows the ratio [I(0)—1(cc)]/I(0) as a
functionof theincidentpower.The dataabove0.72 77K
constantandits valuedependsof theincidentpower.
W exhibita saturation.At 1.17W incidentpowerthe
coefficientof absorptionperunit length in the ex-
citedstate5J7, calculatedby the relation

[I(0)—l(cc)]/I(0)=exp(—kl) , (5)

whereI is the length of the sample,hasbeenfoundto
bek=l.l cm_i.

77

4. Positivefeed-backand looping mechanism 740 745 750 755 760

Wavelerigft (rim)

We havesaid that at first the laserexcitationwas Fig. 6. Correlationbetweenthe2 ~im(uppercurve)andthegreen

absorbedby theYb—Tm—Ho fundamentalstates(we (lowercurve)Hoemissionlaserexcitationspectra.
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followedby theTm-+ Ho transfer
3F

4(Tm),
51

8(Ho)—.*
3H

6(Tm),
51

7(Ho) . (9)

We note thatat 77 K the back-transferof (9) does

not exist. (8) and(9) havebeenstudiedpreviously
a:

~ ‘ thefeed-backprocesswith a certainefficiencyandso(2) inGd3Ga5O12[18,19].CC, Letus startwith oneion in the
51

7(Ho)level.If byexcitedstateabsorptiontheion is sent into the
5S

2—

001: ____________________ - -~

5F
4(Ho) levels,it will returnto the

51
7(Ho)level by

5~) 00 . 150 200 250 &.0Time (118) a 1oopexists.But thenumberof 5J7 ionsfoundat the
Fig. 7. Time evolution of the greenHo emissionaftera direct endof the loop is generallydifferent from oneand
laserpulsedexcitationin the‘S2—’F4 levelsat77K: (1) Yb(5%)_ canbecalledthegainof the loop.Weunderstandthat
Ho(0.5%), (2) Yb(5%)—Ho(3%), (3) Yb(5%)—Ho(0.5%)—
Tm(5%). if thegain is largerthan the losses,the dynamicsof

thesystemwill bequalitativelydifferentfrom thecase
whereit is smaller: in thefirst casewehavea photon

~i=l_Jn(t)[rn(0)]dt, (6) avalanche(asisprovedintheappendix).Nowwe wantto describethedynamicof the loop-
0 ing mechanismand find its gain in the Yb—Tm—Ho

wherer=63.2 ,.ts is the lifetime of the level givenby triply dopedsampleat 77 K aftera continuouslaser
thefit. Forsamples(1), (2), (3) thevaluesof ,~are excitationat 753.74nm. Weproposethe modelrep-
respectively1.7%,41%, 56.8%.The weakvalueof~ resentedin Fig. 2. Thecorrespondingrateequations
forsample(1) (thedecayis almostexponential)de- are
spite the presenceof 5% Yb shows that transfers ~ =R,.~2— n4/ r4 — a1 n4n
Ho—~Yb,if any,canbe neglectedin all the samples.
In factinspectionof resultsfor sample(2) showsthat ~3 = — fl3/t3 + b3/r4n4 — a2n3 n’1
a Ho—Ho cross-relaxationmechanismexistsbut we ñ2 = — n2/t2— Rn2+ b2/r4n4 + a1 n4 n’1
canneglectit in samples(1) and(2) becausetheHo
concentrationis much weaker.Comparisonof re- + (CTm/CHo)a~sn~ni

sultsfor samples(1) and(3) provesthattheTm ions 1 =n +n2 +n3+n4,
are responsiblefor the deexcitation of the

5S
2—5F

4(Ho) levels. There are no Ho—~Tmresonant fl3fl3/T3+Rfli+(CH0/CTm)aifl4fli —a’1n~n’1,
transfersbutthemostnearlyresonantoneis = —n~/r;+ (1 —b’)/r’3n’3 +2a’1 n~n~

—

5F~(Ho),3H
6(Tm)-.+

51
7(Ho),

3H
4(Tm) . +(CH0/CTm)a2n3n’i—a’2n’2n1,

(7)
l=n’~+n’2+n’3, (10)

Its energygap is only about 100 cm’ (seeFig. 3).
Morever,the backtransferof (7) hasbeenclaimed with the initial conditions: n1 =n~= 1 andn2=n3=
to be efficient in YAG:Tm:Ho [17] at room tern- n4=n2=n3=0.
peraturedespiteof the unfavorableenergygap (it is In Eqs. (10) then,, n~arefractionsofpopulations,
negative). i.e. populationsdividedby the Ho or Tm concentra-

We proposetransfer(7) to bethe first stepof the tions,CH0 or CTm, respectively.
feed-backprocess.The secondone is thewell known In themodelwe haventakeninto accountthe res-
Tm—Tmcross-relaxationprocess: onanttransfer[1]
3H

4,
3H

6—+
3H

5,
3F

4
51

6(Ho),
3H

6(Trn)—+
51

8(Ho),
3H

5(Tm) , (11)

(andthen
3H

5 —6

3F
4deexcitation) (8) and we haveassumedthat the absorptionfrom the

fundamentalstateswasonly duetoTm (TheHo con-
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centrationis 10 timesweakerthan the Tm oneand 1.17 W. Eqs. (13) showsthatwe did not takeinto
thelaserwavelengthis closetothe 3H

4(Tm) absorp- accountthe variationof theflux of photons,I, inside
tion peaksandfar fromthe Yb ion ones.) the sample.Therefore,calculatedpopulationshave

The coefficientsa, anda describingthe transfers at a giventimethesamevalueat all pointswithin the
havebeencalculatedfrom thequantumyieldsij, and pumpedregionof the sample.
i~ of the transfersusing relations such that for The experimentalI(t)/1(0) ratio wasexpressed
example usingtherelation

flcR=ai/(l/T3+ai), (12) I(t)/I(O)=exp{—[CHon2a+CTm(n~+n’s)a’][},

where~CR was obtainedby decaytime analysisand (14)
(6). Eq. (12) meansthat in our modelall thedonor where1=0.34 cm is the thicknessof the sample.Eq.
ions in a giventransferhavethe sametransferyield, (14) canbeestablishedconsideringthat
independentlyoftheacceptordistribution.Of course
it isanapproximation(for examplethedecaysin Fig. 1(t)= I exp[ — (CTm fl 17+ C1.~0fl2 17)1]
7 arenotexponential)butthis istheconditionwhich

I(0)=Iexp(—CTmaI), (15)
allowsusto userateequations.

In (10) b1, b2, b3 arerespectivelythebranchingra- whereIis theflux of photonsofthelaserbeambefore
tios of the n4 spontaneousdeexcitationtowardsthe thesample.
n1, n2, n3 levels andb’ is the oneof the n’3 deexcita- Theresultof thefits (circlesinFig. 8) areinagree-
tiontowardsn’1. b1, b2, b’ werecalculatedasradiative ment with the experimentaldatawith the valuesof
transitions using Judd—Offelt analysis and b3 is thefitting parameters:
l—b1—b2.

All the numericalvalues of the parametersin- a= l.73x lO_20cm
2, a’=6.16x10_22cm2,

volved in (10) aregatheredin Table2. S=5.44xl0~cm2. (16)

Thevalueof aat 77 K islargerthantheoneobtained
5.Resultof fits anddiscussion at 300 K in Sect.3 asexpected.

Fig. 8 (curve3) showsthetransmissionT_—I(t)/1
Wehaveusedsystem(10) to fit simultaneouslythe ofthesample.It visualizesat t= 0 theabsorptionfrom

time evolutionof the greenHo emission(curve2, theTm fundamentalstate.Wefind that it isnotweak,
Fig.8) andtheratio 1(1)11(0), 1(t) beingthe inten- asit is the casein the systemsthatexhibita photon
sity of the transmittedbeam by the Yb—Tm—Ho avalanchedescribedin theliterature.More, sincethis
dopedsample.We hadthreefitting parameters:the absorptionis energytransferredtotheHo ions (with
absorptioncross-sectiona and a’ of the 5I

7—o
5S

2--- a quantumyield near200%), the Ho ion pumprate5F
4(Ho) and

3H
6—+

3H
4(vibronic)(Tm) transitions isstrongsincetheHoconcentrationisabout10 times

respectivelyandthe areaSof thelaserbeamfocused lessthantheTm concentration.Theconsequencesof
on the sample.They are relatedto the yields R and this importantfactarediscussedbelow.
R’ by therelations Nextwe calculatethegainof ourloop.Forsimplic-

ity, an equivalentthree-levelsystemdescribedin theR=Ia/S andR’=Ia/S, (13) . .

appendixandrepresentedin Fig. Al will beused.The
whereI is theflux of photons(photon/s)of the in- roleof our transfers(7), (8), (9) is playedby the
cidentbeamcorrespondingto an incident powerof cross-relaxationmechanismin thethree-levelsystem

Table2
Numericalvaluesoftheparametersinvolved in system(10). Thelifetimes taregivenin ms.

-r3 r~ t’3 b1 b2 b’ ~1i
11CR 92

9.4 0.550 0.063 17.1 0.722 0.177 0.042 0.327 56.8% 91.7% 96.7% 96%
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0 0 0 (1) (2)

o.5~_

0 40 80 120 160 200
U 1 8 12 16 20 Time(ms)

Time(ms) . . . .

Fig. 9. Numericalsimulationwith system (10) of thetime evo-Fig. 8. Timeevolution of: (1) 1(t)/1(0) ratio, (2) intensityof . . .

lution of thegreen emissionwith different valuesof a: (I)theHogreenemission, (3) transmissionofthesample.The cir- 2
0.05x lO22 cm , thresholdequal to gain; (2) l.25X 10

desaretheresultsof thefits. 2 22 2
cm , threshold smaller than gain; (3) 2.45X10— cm
thresholdhigherthangain.

which leadsto the following relationbetweenquan-
tumyields: avalancheis exactlythe gain of the 1oop (curve2)

2HCR= oj~+2i~~1CR~12= 1.622. (17) (a’= 1.25 x l0_22 cm2, it was calculated with (18)
introducedinto (A. 11)), oneis suchthatthethresh-

The absorption from the fundamental state is old is low enough to be smaller than the gain (curve
— ‘ ‘ — ‘ 1), andthe third is such that the threshold is higher

Ri_R(CTm/CHo)211CR~7
2_2l.7R. (18)

than the gain (curve 3). Our systembehavesas the
The excitedstateabsorptionis the samein the two lattercaseandFig. 9 showsthat the intensityof the
systems:R2=R.Thebranchingratio 1—Bis suchthat greenemissionis largerat anytime.

l—B_—rb2+b3~2~=0.729 (19)

andthenthe quantumyield ofthe 3—62 deexcitation
is 6.Conclusion
1=(l—B)(l—,11)=0.315. (20) .

We haveshownthata looping mechanisminvolv-
By usingthe formula (A. 11) for the gain and the ing two species of ions occurs in
losseswe find that the gain of the loop is 146.6s’ Gd3Ga5O12: Yb: Tm:Ho at low temperature.It is
and the lossesare 299.8 s~

1.So we find that the composedby an excitedstateabsorptionin the Ho
thresholdof the photonavalancheis not reachedin ionsfollowedby a positivefeed-backprocessinvolv-
our system.Thisis due to the high valueof the ab- ing the Tm ions. Both looping mechanismandab-
sorptionfrom the fundamentalTm state.Neverthe- sorptionof laserpumpby the fundamentallevelof
lessthis highvalueassociatedwith thepositivefeed- Tm ions havebeenincludedin a model to describe
back mechanism leads to an intense Ho green theconversionof theinfraredpumpbeamintogreen
emissionwhich would be smallerif we were in the emission.Despitethe complexityof the systemdue
conditionsfor avalanche.To provethis wedid a flu- to numerousenergylevelsour fits are in agreement
mericalsimulationof thetimeevolutionof thegreen with the experimentaldata.A simplified versionof
emissionwith system(10) (seeFig. 9) with three the model allowed us to calculate the gain and the
different valuesof a’, keepingthe valuesof Table2 loss of the looping mechanism from a theoretical
for the otherparametersandkeepingaandSgiven expression,leadingfor the first time to the determi-
by (16).Thenthegainofthe loopremains146.6s~. nation of the thresholdfor photonavalanchein the
Onevalueof a’ is theoneat which thethresholdfor caseofstronggroundstatepumptransition.Weshow
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that thethresholdis anincreasingfunctionofthe ab- describethetimeevolutionof thepopulationsof the
sorption from the groundstate: the weakerthe last levels:
one is, the easierit will be to obtain up-conversion
via photonavalanche.But we show also that in our ~l2 =R

1 n~—r2n2 —n2/r2+n3(l—B)/r3+2an1n3~
systemthe emissiondueto up-conversionis an in- (A.1)
creasingfunction of the absorptionfrom theground
stateso, a systemthatworksbelow thresholdcanbe fl3 =R2n~—n3/x3—an1n3~ (A.2)
moreefficient thana systemworkingabove.We con- 1 = n1 + n2 + n3. (A.3)
eludethatthe systemsthatexhibitphotonavalanche
arenotalwaysthebestonesto achieveup-conversion. They are not linear becausen1 in the last terms of

(A.l) and (A.2) is time dependentbut this is not
essentialinearlytimes.More, thenonlinearityis not
essentialin the sensethat it is not responsiblefor

Acknowledgements starting avalanchebut to the contraryit destroysit
after a certaintime. If we want to know if an ava-

Weareindebtedto DRETandRegionRhône-Alpes lancheoccursin a nonlinearsystemwith a non small
for financialsupportofthis research. pumprateR1 in the ground state,the best is to test

the instability oftheassociatedlinearsystem.So, we
shalllearn much aboutthe behaviourof the system

Appendix: threshold of stability and of photon by replacingn (t) by aconstantn1 in thelasttermof
avalanche (A.l) and(A.2).Eqs. (A.l) and(A.2)arenowlin-

ear and their solutionsapproximatethe onesof the

We considerherethesimplestsystemthatexhibits initial equationsat earlytimes.Makingtheir Laplace
a loopingmechanism,representedin Fig. Al. There transformswe obtaintheLaplacetransformñ3(s) of
is only onespecieof ions. Theloopis constitutedby n3 (t) as
theexcitedstateabsorption(yieldR2) followedby a ñ3(s)= (R2R1 n1/s)
cross-relaxationprocesswhoseefficiencyis HeR.De-
spiteof thefactthat thissystemhasbeenextensively X [(s+r1 +R2+ l/r2)(s+ 1/73+an1)
modeled[4,8—10]no clearformula canbefoundin —((1 —b)/r3+2an~—R1)R2] — . (A.4)
literature to expressthe thresholdof photonava-
lanchewhateverthe pumpratein the groundstate. We canexpressan1 andthe branchingratio 1 —Bof
Thisquestionisof specialinterestbecausethepump the 3—~2deexcitationwith thequantumyield HCRof
ratein thegroundstatecanbe modifiedby changing thecross-relaxationprocessandthequantumyield t~

theconcentrationof one ion in thecaseof a two-ion of 3—~2deexcitation:
systemor by adding a secondlaserbeam whose HCR=ani/(l/73+ani) , (A.6)
wavelengthis in resonancewith a line of the ground
stateabsorptionspectrum.The following equations ij = [(1 — B) / 73 ] / (1 / 73 + an1) . (A. 7)

R~ R1R2n1/s
(A.8)fl3 Then(A.4) becomesQ(s)

where Q(s)=s
2+Bs+Cwithri!

111f1 1
R

1 B=l/r2+Ri+R2+
ii I I TI(l—HcR)cii

(B is alwayspositive)
Fig. A. 1. Schemeof thethreelevel equivalentsystem.
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occurs.In fact in thiscasethe nonlinearityin system
r(l —HCR) (A.l—A.3) dueto the n1(t) time dependencecomes

into play andreducestheefficiencyNCR of the feed-
x [l/r~ +R1 +R1R2r3(l —HCR) backmechanism(n~(t)is a decreasingfunction of t

— R2(
2HCR+ ~— 1)] . (A.9) startingat 1). After a certaintimetheavalanchevan-

ishesandpopulationsreachstationarystates.Never-
Weknowby usingfor (A. 8) thestandardmethodsto theless,two differentregimescanexist,dependingif
inversethe Laplacetransformsthat the time evolu- condition(A. 11) is fulfilled or not, anddistinguish-
tion n

3(t) containstermsexp(at) wherea are the ablequalitatively at earlytimes (seethe numerical
roots of Q(s). If at leastthe realpart of one root is simulationon Fig.9). If thepumpratein theground
positivethe systemis unstable.Let us find the signs stateR~is strong,(A. 11) showsthat it will bediffi-
oftherealpartof thetwo roots. cult to achieveavalancheand if achieved,it will be

(i) If the discriminantA= B
2— 4Cis negative(in destroyedearlierby thenonlinearityandthenhardly

this caseC is alwayspositive) the rootsarecomplex seen.
andtheir realpart is —B/2which is alwaysnegative
sothesystemisstable.
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