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Photon avalanche and the mean-field approximation
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Starting from a microscopic description, we show the analogy between photon avalanche and second-order
phase transition. This justifies the validity of the mean-field approximation. Then we show that the rate
equations reproduce quantitatively the experimental results as soon as the Gaussian intensity profile of the
input beam is taken into account. Moreover, we apply the general Landau theory to the photon avalanche: the
absorption between the excited state is the control parameter of the transition whereas the ground-state ab-
sorption is an external field. By this way the impact of the residual nonresonant ground-state absorption is
clarified.[S0163-182@07)03913-1

[. INTRODUCTION was immediately identified The macroscopic point of view
was treated with the help of the general rate equation analy-

Demonstrations of upconversion pumped solid-state lasis and it has been shown that such a mean-field approach
sers have enhanced the interest in excitation mechanisms thgitves good qualitative description of most of the experimen-
result in emission at wavelengths shorter than that of theal results.
pump light. Efficient upconversion is possible in rare-earth (i) A pump intensity threshold corresponding to a bifur-
(RE)-doped materials with metastable, intermediate levelsation of the rate equation stationary soluti6i&?*
that can act as a storage reservoir for the pump energy. Sub- (ii) This threshold exists only for high enough active ion
sequent emission from higher lying states can be induced bgoncentratiorf:?32*
excited state absorptiofESA) of pump photons, or by en- (iii) A slowing down and a change of the excited state
ergy transfer processes. The photon avalanche is an uncopepulation rise shape at threshéft?
ventional continuous waves pumping mechanism because it But, unfortunately, different attempts to fit the d&fiao-
leads to strong upconverted emission without any resonamescence intensity versus pumping rate and transient sjgnals
ground-state absorptiofGSA). The pump wavelength is above the threshold were unsuccessful with rate
only resonant between the metastable state and a higher ezguation:®'® Moreover, some authors pointed out recently
ergy level. The main characteristic of such a process is #at this mean-field approach failed to give the qualitative
pump power threshold which clearly separates two differenfeature of the key metastable leVéthis theory predicts a
regimes: below, the upconverted fluorescence intensity isapid buildup of the population of that level versus pumping
weak and the crystal is transparent to the pump; above, thete and a subsequent depletion, while the experimental re-
fluorescence increases by orders of magnitude and the punsplts show a slow buildyp
light is strongly absorbed. In the same way, there is a change Our interest is twofold: to show that we do not lose any-
of the rise shape of the transient signals as well as a verthing of the microscopic model by doing the average field
important slowing down at the threshold. approximation and also to identify the reason for which pre-

Since its discovery in Bf-doped materiald,the photon  vious fitting above the threshold did not wa'!>°In doing
avalanche effect has been demonstrated in many other rarge, we confirm that the photon avalanche is a bifurcation
earth or N¥*-doped material$-?> Moreover, a recent study phenomenon. In the first part of this paper, starting from a
of Tm*"-doped Cdk demonstrated that, in this system, the microscopic description, we show that photon avalanche is
photon avalanche is the most efficient upconversion procesmalogous to second-order phase transition. Then, we explain
leading to population inversicfi.Blue laser emission under why the mean-field approach remains correct to describe this
avalanche pumping schemes was achieved in LiNB®* process. We use the well known Landau theory to emphasize
(Ref. 2 and LiYF,:Tm®" (Ref. 3. More recently® ava-  the physics contained in the rate equations. This powerful
lanche pumped upconversion YAJErP* green laser was formalism is very well adapted to study the impact of the
reported, although in this case, dynamics that explicitly veri+esidual ground-state absorption. By this way, we define the
fies the pumping mechanism was not presented. Unfortuabsorption cross section conditions for which the photon
nately, all these devices work only at cryogenic temperatureavalanche remains the main pumping channel for the upcon-
However, among bulk systems, they belong to the most efverted fluorescence. In the last part, we identify an experi-
ficient upconversion lasers. In order to optimize avalanchemental parameter, the pump beam profile, which reconcili-
pumped lasers, aiming, e.g., room-temperature operation, aes rate equations with experimental data.
good knowledge of the avalanche mechanism is a prerequi- As the photon avalanche experimental results presented in
site. this paper are related to the strong b{d&85 nn) emission of

Some papers tried to give a general and theoretical apFm®* ions in a 5 at. % doped yttrium aluminum garnet
proach to the photon avalanche. The microscopic mechaYAG) single crystal after red cw pumping, we focus also on
nism, responsible for the self storage of the metastable levethis trivalent RE ion for the theoretical treatment. But, what-
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E E as an external magnetic field for spin systems, the residual
G 4 G, 4 — absorption from the ground state can be seen as an external
field which puts all the ions in the metastable state whatever
*H, 3 — *H, 3 — the control parametefexcited state pumping ratenay be.
3 3 . .
3;46 e f . 3}11 - f e This ana_logy of _the photon avalanche as suc_h a nonlinear
fon2  Ionl lon3 Ion2  Ioni Ion3 process is very important because many studies were done
on this general field and especially on the validity of the
E E average field approximation. Norm&idlemonstrated, as a

general rule, that the mean-field approactie equationsfor

'G, 4 - .
second order phase transition and more generally for bifur-
— H, 3 19 cation, is valid except in the extreme vicinity0 *—10°) of
- 2&"— f —‘—‘—\—‘-4—0 , the bifurcation point, for which the fluctuations take a great
fon2 Ton 1 Ion3 Ion2 Tonl Ton3 Importance-

As soon as we do not approach so tightly the critical
point, we may give a simple and clear interpretation of this
process by using the following rate equation description of
the microscopic process depicted in Fig. 1:

FIG. 1. Microscopic description of the photon avalanche
pumped'G,—>3Hg emission of Tm™.

ever is the photon avalanche system, the results are analo-

gous. dn4/dt=R2n2—W4n4—S4ﬂ1ﬂ4, (1)

dn3/dt: Rlnl_ (W3+W§R)n3+ b43W4n4+ SaN1Ny
Il. MICROSCOPIC DESCRIPTION )
AND MEAN-FIELD APPROACH — 83NN+ Qy3n3, 2

To keep the clarity of this paper, we remember the micro- dn, /dt=— (Ry+ Wa)Ny+ byWany + (baWa+ WAR)ng
scopic description of the photon avalanche process leading to 3

the strong blue emissioiG,—°Hg) of Tm*" after red exci- + 84NN+ 283n1N3— (Qpot 2Q,3)N3, €)
tation resonant with théF,—'G, transition® It is schema-
tized in Fig. 1. As all ions are initially in the ground state 1 n;+n,+n3+n,=1. (4)

(no thermal population of level)2the effect of the pump is
minimal. If one ion is promoted to the metastable state 2Except theQ;; terms, which will be explicited later in this
whatever is the mechanism of population of this state, it mayection, this system was used previouSly” It is assumed
be further excited to level 4 by absorption of the pump phohat the first step promoting at least one iorfig occurs via
ton. Then, due to high concentration this ion can interacthe nonresonant phonon sideband GSA above’fadevel
with two neighbors: a first cross relaxation energy transfefollowed by fast nonradiative decay fi,. Then, different
(CR) promotes one neighbor ion into tAE, level, the initial deexicitation channels can feed up the metastable level. So,
excited ion decaying to théH, state 3 from which another equations(1)—(4) involve the ground- and excited-state
CR results in two other ions in the metastable level. NowpUmping rate}; andR;, the single ion radiative relaxation
three ions are available for further absorption of the pumgatesw; of leveli and the branching ratids; from leveli to
light. After, by the same feeding process, nine ions are exlevel j. The multiphonon relaxation rate from level /3R,
cited to the metastable state and so on. This description i§ the only one which cannot be neglected. The CR energy
phenomenologically identical to that given for the mosttransfers are described by the parametarand s, which
simple photon avalanche case where only one CR ignduce nonlinear terms in the rate equations. At high excita-
involved-? leading to only two ions in the metastable statetion power, the metastable state population is high enough
and so on. for the following saturation processes to ocg{if®

Just by having a look on that microscopic process we see The inverse process of thg €R:
an evident analogy with second-order phase transition of fer-
romagnetic spin systems. For the avalanche, each ion excited
in the metastable state interacts, due to the pump beam and
the CR, with its neighbors in such a way that they all lie in
this state. The avalancHwithout GSA excited population
is the result of the competition between the self storage,
which puts all the ions in the metastable state, and the lossésllowed by rapid nonradiative decay frofhis to 3F,.
of the level 2, which have the opposite effé¢The pumping These two processes are taken into account in Elgs.
rate between excited states controls the interactions between) by the termsQ,4n2 and Q.,n 2 respectively.
ions by allowing or not the CR. For the avalanche as well as
fo_r spin systems, the interactions between_ions connect them IIl. THE LANDAU THEORY
with each other in order to put all of the ions in the same
state (metastable state or spin aligned state respeciively Now, we will deduce a potential from the rate equations
While the pumping rate between excited state controls thesia order to give a clearer description of the photon avalanche.
interactions for the avalanche, the temperature is the controAs in the Landau theor§/9, we will show that the deformation
ling parameter in the case of the ferromagnetism. Moreovef that potential versus the pumping rate clearly separates

3F4+ 3F4—>3H6+3H4 .
The upconversion process:

3F4+ 3F4—>3H6+3H5 y
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Ra=Ram,

% :g :2 FIG. 2. Potential curves calculated for three

£ g £ values of the control paramet®,, with the pa-

A A A rameters given in Table | and in the two cases:
R;=0 (—) andR;=10"3R, (-*).
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two different pumping regime&wo different phases in the A. Negligible external field (GSA=0)
Landau theory. By assuming negligible GSA, the expressions for the

Assuming quasiequilibrium of higher excited levels with ¢4 n.) and for the potentiall (n.) are
the metastable onésuch an adiabatic approximation being ‘PRZ( 2 P (n2)
correct below and around the thresholé&gs. (1)—(3) be-

come =—W,[1—Ry/Rpln,—{CR+Q}n3+--- ,  (9)
dn2 RZ
W:_WZ 1_R—(n) Na+ 73(N1) Wax(n1)RyNy 2 3
2th\111 U:Wz[l—R2/R2th]n2/2+{CR2+Q}n2/3+"' , (10)
—Q(nynj, ®)
5 with
N3(t) = 73(N1)RyN1+ 73(N1) Wag(ng)ng+ 73(N1) Q3n3,
(6)
RZth: WZ[ 7'4W42+ T4W43T3W32_ 1] - 1. (11)
Ny(t)=74(N1)RoN,, (7
where C=(2— 13W32) 738374 Wi+ (1 — D4g) Wy 74 745, 73W3,
7a(N1) = (Wa+sang) "5, 75(ng) = (Wa+ W3R+ sgn,) 7, + (1= bs) WaTs74S4
Way(Ny)=baWa+ WNR+ 250,
32(N1) = b3 W3+ Wj 3N in which
Wiy3(ng) =bygWs+5s4n4,
W,i=byW,+S,, Wa =bgWs+WAR+s,,
Q(ny1)=Q22+ Q2d 2— 73(N1)W3y(Ny) ], AT GO ’
Roin(N1) =Wy /[ 74(N1) Wy3T3(N1) Way(Ny) 7a=(Wyt+59) 7Y, 73=(Wa+WHR+s5) 2,

+ 74(N1)Wa(ng) — 1].

Then, as below and around the threshold we may repiace If Rop<O(7,Wyot+ 7,W,3m3W4,<<1), the time derivative

by 1—n,, Eq. (5) has the form of n, [Eq. (8) with (9)] does not contain any positive term, so
the population of level 2 could never grow and there is no
dn/dt= ‘PRZ(HZ)- (8) avalanche. This inequality gives the condition on cross relax-

ation for the avalanche to occur.R,>0, assuming that all
The time evolution ofn, is induced by the force ions are initially in the ground state, thd®y,, is the value
¢r,(N2) which is controlled by the pumping rat,. n, is  from which the self storage of level 2 becomes more efficient
the order parameter which satisfies the bifurcation equatiorfhan the losse¥ In the latter case, bearing in mind thé
We define the potentialU(n,) from the force Pr, @S e_xpression_, the pote_ntial curves are drawn_ in continuous
@Rz(nz)z—dU/dnz- The steady state solutionsof are the lines on Fig. 2 for different values dR, relative to Ry,

; U ~0) stable f - d tabl When R,<R,, only one stable solution is accessible. This
extrema ofU (¢g,=0), stable for a minimum and unstable ;g e tivial solution: no GSA leads to no excited state popu-

for a maximum. We may expangg, and U in a power |ation (n,=0). Beyond the critical valu®,y, the shape of the
series in the order parametss in order to investigate the potential changes fundamentally. A new solution appears
deformation ofU under the variation of the control param- and the trivial solution becomes unstable: the effect of fluc-
eterR,. tuations or of a small external perturbation is no longer
As typical values of the GSA pumping ra® lie between damped. The system acts as an amplifier; it moves away
2 and 5 orders of magnitude lower than the ESA pumpingrom the trivial solution and evolves to a new regime: the
rateR,, we shall first neglect th; depending terms in the avalanche solutiofnonzero excited state population without
expansion. Then we shall study the impact of these terms. GSA). This transformation of the potential leads to the very
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0.5

stead of having the excitation intensity threshBlg /o, we
have the little bigger value given by equatitib). That in-
creasing is not significant as soon Rg is more than one
order of magnitude lower thaR,.

The termaR; is identified with an external field in the
Landau theory of phase transitions. It induces a unique solu-
tion for the system whatever the, value may be, and so,
diminishes the difference between the two pumping regimes
(see Fig. 3 The changes in the potential well are presented
in Fig. 2 in dotted lines. The dynamics of the system is

A o o o directly linked to the shape of the potential. &0, the
R, system is in then,=0 position(R;=0). Then, we switch on
the pumping radiatioiR;#0), so the system now feels the

FIG. 3. Evolution of the excited state stationary population with macroscopic potential. It moves down the potential well
the control parametdR,. The curves are calculated with the param- more or less fast depending on the slope.
eters given in Table | and in the two case®{=0 (—) and Beneath the threshold, this external field imposes the
Ry=10"%R, (- - ). pumping regime: linear equatior(a;~1), exponential dy-

namics and very weak excited state population. Above the
simple bifurcation diagram of the stationary solution drawnthreshold, the system is described by the avalanche potential.
in Fig. 3—the unique zero solution loses its stabilityRaf;; As soon as the GSAESA, the GSA pumping rate does not
at this value of the control parameter a new branch of solughange dramatically the equilibrium value of the potential.
tion, which is stable, is generated. Concerning the stabilitygyt it is very important in the sense that, initially, it allows
we find the same result as in Ref. 8 where we studied thehe system to fall into the well. Indeed, it only acts on the
linear stability of the solutions of the rate equations systeMgystem by bending the potential aj=0 which makes the

system moving into the potential well, slowly in early time

B. Impact of the external field then faster.
GSA acts on avalanche as a very small external perturba- Around the threshold the potential is very flat. It means
tion and, in the expanded expressiongoandU this pertur-  that the forcep(n2) becomes weaker and weaker as we

0.4 -

Stable

0.3

0.2

0.1+

Excited state stationary population

suble . Unstable

0.0

bation leads to the following result: come nearer to the threshold. This is the critical slowing
down expected for second-order phase transftiorhen, the
e=aR;—{W,[1—R,/Roy] + bR In,— {CR,+ Q}n3+-- -, time to reach the stationary solution is at a maximum. By
(12)  integrating Eq(8) with the second order of E¢14), we find
for =1y,
U=-— aR1n2+{W2[l— RZ/RZth] + le}ng/Z
n,(t) =ny(oo)tanht/tc) (16
+{CRy+QIn¥/3+--- (13 2
. with
with
a=73Way, te=1/\aoilpn(Coslin+ Q) (17
b= (2— 75Wap) 7355+ 7sWay. The dynamics presents an hyperbolic tangent profile of time

constant, which, for a small GSAl ;,=R,/0>), is given by

The impact of the GSA on the potential is given by the
termsaR;n, andbR;n3/2. The first one describes the direct 1 /2
g1

feeding of the metastable state due to the GSA. As we will = aRyu(CRypt Q)
see later in this section, it changes deeply the shape of the ! ‘

potential curves. The second term does not change the physitoreover, for a long metastable state lifetimg=W,*,
cal behavior of the avalanche as a bifurcation. It can be seegiR,,,<Q. Inserting the expression &, [Eq. (11)] into Eq.
as an additional loss for the metastable level. Indeed, we may18) leads to

rewrite Eq.(12) as

7AW+ 7, WyamaWao— 1 ToO

p=aR —Wo[ 1= I/Ipln,—{cR+ Qi+ (14) tcm\/‘l T \/2 L9
aQ (o]

with

(18

Finally, the critical slowing down at threshold/ v, which

lin=Ron/ 02X (1 =0y Ro/ 72 Wo), (15 is the signature of photon avalanche, is proportional to
wherel is the excitation intensity in photon crunits, oy~ \o,/7,04. So the morer, is low compared tar,, the more
and o, are the GSA and ESA cross section respectively dethe slowing down should be spectacular. Examples of experi-
fined by R,=o;l. Now, if we forget theaR; term, we may mental rise curves are presented in Fig. 4 in the case of
see that Eq(14) is equivalent to Eq(9) with a new intensity YAG:5 at. % Tn?'. The different pumping regimes are
threshold. So the change of the potential versus the contralearly identified with a drastic slowing down at threshold
parameterR,= o,l remains the same as in Sec. Ill A. In- (250 ms for a metastable state lifetime of 12)nihe reason
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PO By differentiating Eq.(14) in the stationary regime ¢(g,
< _ .

% 1.0 7001, =0), we extract the expression

;g 0.5 - é)nz 1 21
T oode I JaR,  Wy(1—1/1g)+ 2(cR,+ O)N, (21)
& ° > 10Time (;r?s) 20 2 % n, is the solution of Eq(14) whenaR,=0 (e.g., the ava-

lanche solutioh
Nava= —Wo(1—=1/1 )/ (cR,+Q), when >y (22

Nava=0, whenI<ly,.

We inject these expressions in EG1) to find:

Blue Fluorescence (arb. units)

1

/ X= T (23

“‘l T T T ¥ T - 'l W2 1_ T

o 50 100 150 200 250 300 lth

Time (ms)
The GSA leads to the excited population
4x107

Nesa=xaRy. (24)

The susceptibility diverges at the avalanche threshold
(Curie law?®) because the potential is very flat and so, even a
very small perturbation acts significantly on the system. It
means that near the threshold the relative population induced
by the GSA is the biggest, but, when the input intensity
increases the susceptibility goes down and so the avalanche
60 80 pumping could become preponderant. From the expressions
of ngsa [EQ. (24)] andn,,,[EQ. (22)] we can determine the
intensity value for which the avalanche pumping is the main

FIG. 4. Experimental rise curves - -) of the n, population for  route, i.e.,Naa>10ngsa. We find easily
different pump intensities in YAG:5 at. % Th at 35 K using the

Blue Fluorescence (arb. units)

40
Time (ms)

experimental setup described in Ref. 8. Note the time scale at the Nave> 1mGSA<:>f(I):(1oaCU§,B_W§/It2h)I 2
apparent experimental threshdld=1.3,). Theoretical curves are
calculated for top hat- - -) or Gaussiar(—) input beam profile. +(10a02,8Q+3W§/Im)I —W§<0

with B=o/0,. This function is a parabola with its concavity
up or down depending on the sign of the quadratic coeffi-
cient.

First case: 8>B,=W3/(10aco 31 3).

The quadratic coefficient is positive, so the concavity is
up. Moreover, the derivative is positive whateverl,, and

In typical avalanche experiment, the GSA is much weakeff (1,)=10a0,8(Co,l 1, +Q)>0. Then, we may conclude
than the ESA, then the impact of the GSA is only to allowthat, in that casef,(1) >0 whateved >1,, (see Fig. $and so
the system to leave from the initial positign,=0) to the the main pumping regime is never the avalanche pumping.
avalanche solution. However, if the GSA is more significant, Second case8<g,.
it could become the principal pumping chanfféln the right Now, the graph off (1) is a parabola with the concavity
part of equation(14) the direct population of the metastable down [f(x)=—0]. As f(l,,) remains positive, we may con-
state by the GSA is given by the teraR; whereas the clude that, at threshold, the metastable state is essentially
population due to the avalanche is given by the linear angbopulated via direct GSA. Moreover, there is only one root
quadraticn, terms. This leads to an easy way to determinegreater tharl, (see Fig. 5, f(l) is positive before that root
which kind of pumpingavalanche or GSAIs preponderant. and becomes negative whéns greater. So, just above the
Beneath the avalanche threshold, the GSA is obviously théhreshold, there is always a region where the GSA is the
main pumping route. Above the threshold, we shall use thenain pumping regime. We switch to the avalanche pumping
susceptibility of the external fieldR,; to differentiate the regime by improving the intensity. So theoretically, a regime
two mechanisms. We define it in a common way as: of avalanche pumping could happen providing tigat3;.

for which the experimental intensity threshold is equal to
1.3 will be given in Sec. IV.

C. Relative contributions of GSA and avalanche pumping
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FIG. 5. Calculated evolution of the functidifl) determined in . o . .
the text.f(I) measures the relative efficiency of the two pumping ~ FIG. 6. Calculated evolution of the limit ratia,/c, for which
mechanismgavalanche and G9AWhenf(l) is positive the GSA  the avalanche becomes the main pumping mechanism as soon as

is the main pumping mechanism, when it is negative this is thd >2ly. We take the case of YAG:TH using the parameters
opposite. given in Table | and the following concentration dependencies

wherec is in at %:s;(ms Y)=1.6 ¢? (Ref. 39, s,(ms })=1.16¢?
Experimentally, the excitation intensity value for which (Ref. 33, Q=0.3%%(c*+4.3) and Q,3=0.0%%(c’+4.%)
f(1)=0 should not be to big to be detected. We may takeRef. 28.
f(21,)<0 as the limit to detect the avalanche regime. It
means that fol >21y, the population due to the avalanche in material presenting the photon avalanche effect, the rare-
pumping is at least ten times bigger than that one given byarth doping level is usually high enough for the mean radius
the GSA pumping. If we choose to detect the avalancheetween active ions to be smaller than the average interac-
pumping for bigger value of the intensity, it will lead to a tion length. So, all the ions are connected to each other and
bigger limit for . f(2l,)<<0 leads to the limit org, no clustering effect has to be considered. Moreover, as al-

_ oy 2 ready mentioned in Sec. Il, the mean-field approach for
B<Bim=5 10 "Wp/[aRy(Q+2cRo)]. (29 phase transitions, and more generally for bifurcation, is valid

S0 B, depends on the rare earth host as the parameters 8KCept in the extreme vicinity of the critical poffft,for
Eq. (25). Moreover, for a given hostg;,, depends on the Which susceptibility and correlation length diverge. Experi-
rare-earth concentration as the parameters, andQ. The ~ Mentally we are not able to Investigate so .DFECISGW the
variation of 8, versus concentration is given on Fig. 6 in threshold, so the rate equation model should fit properly ex-
the case of YAG:Tr'. perimental data.

In the most simple photon avalanche céeee levels In the case of YAG:5 at % T, our experimental results
there is only one CR2? The treatment of the corres- obtained at 35 K are presented in Figs. 4 and 7. The transient
ponding rate equation system leads to the same expressiofignal of the upconverted blue fluorescence has been re-
for Eqgs. (8)—(25). The only difference arises from the ex- corded for more than 30 different pumping powers. Three of
pression of the constangs b, ¢, Q, andR,, (see Appendix ~ them are drawn in Fig. 4. Figure 7 shows the fluorescence
In a recent papet* the authors claimed a limit value @ in intensity from both the metastable and upconverted level
the three-level case, for the avalanche behavior nearly indé/ersus the input power under stationary conditipa).
pendent of the considered compound and much lower than The intensity profile of the pump laser beam, which is
our result. The difference arises from the fact that their limitroughly Gaussian, is an essential experimental parameter.
does not differentiate from the two pumping mechanisms. ItThis feature was first pointed out from a phenomenological
is only a visual limit for which the curve of the upconverted Model of the avalanchi&.Surprisingly, nobody, even the au-
population versus the pumping rate is not too far away fronthors of Ref. 32, applies this aspect to rate equations. In an
the pure avalanche ca&8=0). Moreover, as their numerical €xperiment, the transversal collected fluorescefprepor-
calculations are made at the threshold point, for which GSAional to the concerned populatipras well as the transmis-

is the main pumping mechanism, they can not measure th@on, result from all the parts of the pump beam. The great
limit of the avalanche efficiency. importance of avalanchéas with other bifurcation pro-

cesseprests in the fact that even a small change of the con-
trol parametelR, leads to a dramatic change of the system.
Therefore, inside the beam, we could find fractions of ions

The rate equation analysis shows that the photon avawith very different fluorescence dynamics and intensities ac-
lanche is a macroscopic effect governed by the macroscopizording to the incident intensity value versus the threshold.
force ¢(n,). The validity of this mean-field approach is The summation of all these contributions may not be equal to
linked to the relatively high active ion concentration. Indeed,that given by an average input intensity. We are therefore

IV. FITTING PROCEDURE
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TABLE |. Spectroscopic parameters of the YAG:5 at. %%m

107 3 P 5o ® at 35 K. Theb;; values are calculated using thg intensity param-
1 Pt e ®- eters given in Ref. 38.
5 oQ
z 10 blue (n,) 7S
g ' o 7 (M9 12 (Ref. 39
s 10f o)/ 44
& Y W (ms™) 0.585 (Ref. 33
2] z
R W3R (ms™) 0.900 (Ref. 33
5 101 W, (ms ™} 1.75 (Ref. 33
= 3 y Qe
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FIG. 7. Experimental variation of the blue frot&, (O) and the Q,3=0.26
IR from 3F4 (O) fluorescence versus the excitation power in YAG:5 (Ref. 29

at. % Tn" at 35 K using the experimental setup described in Ref
8. Theoretical curves are calculated for top fat -) or Gaussian

(—) input beam profile. R,=0.82+0.25 102,

obliged to integrate over the Gaussian input intensity profile R;=5+0.5 10°“R,. (26)
of the beam. When the intensity at the center of the pump
beam is above the intensity threshold, the wings of the beanT,he theoretical transient curves are presented in Fig. 4 in
where the intensity is less thdg but still above or around continuous lines. For comparison, theoretical curves calcu-
the threshold, give rise to slower dynamics. So a Gaussial@ted without such integration are also drawn in dotted lines.
averaging should induce a great slowing of the fluorescenc&he impact of the Gaussian shape of the beam on the rise
rise. When the intensiti, at the center of the pump beam is shapes is as predicted phenomenologically before in this sec-
beneath the intensity threshold, the effect is exactly the option. The apparent experimental threshold is equal tdy1.3
posite. So, the input intensity for which the experimental(ly,=1.9 kW cm ). Concerning the evolution of the popula-
transient has the characteristic shape of the phase transiti®iens versus pumping power, Fig. 7 shows the nice agree-
(very slow quasilinear risetimavill be a little bit higher than ~ment between theory and experiments provided that the
- shape of the beam is taken into account. In particular, in the
As the differential equations of Eq$l)—(4) cannot be case of the metastable state population, instead of a rapid
solved explicitly, the theoretical curves presented in Figs. 4uildup and subsequent depletion for excitation intensity
and 7 are obtained by numerical calculation of E4$—(4).  higher than 10, predicted by a top hat beam, the Gaussian
To perform the resolution, radiative and nonradiative relaxintegration leads to a continuous smooth buildup consistent
ation rates as well as cross relaxation transfer rates wenith experimental results.
measured by other spectroscopic experinfénits** and Equation (26), gives the excited state absorption cross
given in Table I. So, except the absorption ragsandR,,  Sectiono,. We find 0.82:0.25 10°*° cn¥ at 35 K. At room
all the spectroscopic parameters are known and fixed. Thetgmperature, photon avalanche is always efficient in this
each experimental transient curve is fitted by resolving thenaterial* and, using the same fitting procedure we find
system | for pumping rates between 0 and,l followed by ~ 0,=0.32+0.1 10 ?° cn. By recording excited state excita-
integration over the Gaussian profile of the focused beantion spectrum of théG,—°Hg fluorescence at room tempera-
Indeed, as the blue fluorescence is recolted from an exure, the measured value of was 0.4<10” % cn?.* This is
tremely thin part of the sample, we may assume that thé" close agreement with our result and confirms the validity
dimming of the pump beam across the sample does not affeef our model.
the signal so that the mean value of the measured fluores-

cence is given by f)=[gf(r)2xr dr in which f(r) is the V. CONCLUSION
recolted fluorescence coming from a ring of radiusf the ) ) ]
input beam. Then, as for a beam waist,, We have shown that the rate equation analysis describes

well the photon avalanche. We developed for this two argu-
ments. The first one is theoretical: as the avalanche is a bi-
o £(1) fu_rcation, we may use the mean—fjeld approach to desqribe it
(f)y= wr%J =l without losing any physical meaning. The second one is ex-
| perimental: the fits work very well, with only two fitting
parameters, providing that the input intensity profile of the
All the experimental curves are nicely fitted with the fol- beam is taken into account.
lowing parameters: The photon avalanche effect arises from the microscopic

|=(lo/7r2)el""0, (f) is given by
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interactions between ion&ross relaxationwhich connect ACKNOWLEDGMENTS
them gach ot_her. The ex_cned state pumping rate contrpls We acknowledge Professor J. L. Barrat from the DPM
these interactions by allowing them or not. This microscopig

rocess leads to a bifurcation phenomenon when the intera _niversit’eLyon L and Dr. L. Bocquet from the Laboratoire
b P . . Ge Physique ENS Lyon for helpful discussions. We thank Z.
tions are strong enough to put all the ions in the same stat

The Landau theory approach gives a very clear descriptior% rukacz from ITME LaboratoryWarsaw, Polangfor pro-

the microscopic interactions between ions, with the excitecY'dmg us with the single crystals used in this study.
state pumping rate, induce a macroscopic force which Iead%PPENDIX: EXPRESSION OF THE CONSTANTS IN THE
to avalanche by connecting the ions to each other. The po- SIMPLEST CASE
tential, deduced from the force, is controlled by the excited
state pumping rate. This control parameter induces a funda- In the simplest photon avalanche case, only three levels
mental change of the potential curve which leads to a venare involved and the rate equation system is simplified in
simple bifurcation diagram. The transient signal of the fluo-
rescence is directly linked to the shape of the potential. So, dng/dt=Rpn,—Wsng—sgngny,
the experimental signature of the avalanche is a change of
the dyr?amics with agn important slowing down at the thrgsh- dn, /dt=Ryny = (Ry+W2)na + DgaWaNa 255N
old point. —szng,

We have given the analytical expression of the upcon-
verted fluorescence at the threshold and, thus, of the critical ny+n,+ng=1.

slowing down. This critical slowing down is directly linked . .
to the ratioB of the nonresonant ground state over the reso:r his '23 the same system asin Ref. 2 except that we add the
oN; term which takes into account the saturation effect

nant excited state absorption cross sections. We have shov&nZ h bl 32 he level hi
that the moreg is weak the more this experimental signature rom the metastable stateAs the leve| 2 as a much longer.
of the photon avalanche will be spectacular. We have disl-'fe“.me thqn the level 3 we may use the adiabatic approxi-
cussed the limit value o8 for which the photon avalanche Mation. This leads to the same expressions for the @0

remains the main pumping channel for the upconverted fluo(2® With the following constants:

rescence. That limit depends clearly on the spectroscopic a=b=1,
characteristics of the rare earth ion which are connected to
the host matrix and to the rare-earth concentration in this c=(2— 13W3,) 7353,
host.

The reconciliation between rate equations and experimen- Q=Q2,
tal results allowed us to investigate systematically the impact
of the different parameters entering the md8eind to dis- Rot=Wo/(73Wa—1).

cuss the efficiency of such an avalanche process in severAk a matter of fact, whatever is the avalanche system, there
thulium doped bulk or waveguide materidfsThese two as- is always a metastable level and so, the same calculation

pects will be the subjects of future papers. could be done leading to the same potential.
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