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Photon avalanche and the mean-field approximation
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UniversitéClaude Bernard Lyon 1, UMR 5620, Baˆt 205, 69622 Villeurbanne Cedex, France

~Received 12 November 1996!

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. @S0163-1829~97!03913-1#
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I. INTRODUCTION

Demonstrations of upconversion pumped solid-state
sers have enhanced the interest in excitation mechanisms
result in emission at wavelengths shorter than that of
pump light. Efficient upconversion is possible in rare-ea
~RE!-doped materials with metastable, intermediate lev
that can act as a storage reservoir for the pump energy.
sequent emission from higher lying states can be induced
excited state absorption~ESA! of pump photons, or by en
ergy transfer processes. The photon avalanche is an un
ventional continuous waves pumping mechanism becau
leads to strong upconverted emission without any reson
ground-state absorption~GSA!. The pump wavelength is
only resonant between the metastable state and a highe
ergy level. The main characteristic of such a process
pump power threshold which clearly separates two differ
regimes: below, the upconverted fluorescence intensit
weak and the crystal is transparent to the pump; above,
fluorescence increases by orders of magnitude and the p
light is strongly absorbed. In the same way, there is a cha
of the rise shape of the transient signals as well as a v
important slowing down at the threshold.

Since its discovery in Pr31-doped materials,1 the photon
avalanche effect has been demonstrated in many other
earth or Ni21-doped materials.1–22 Moreover, a recent study
of Tm31-doped CdF2 demonstrated that, in this system, t
photon avalanche is the most efficient upconversion proc
leading to population inversion.23 Blue laser emission unde
avalanche pumping schemes was achieved in LiYF4:Nd

31

~Ref. 2! and LiYF4:Tm
31 ~Ref. 3!. More recently,13 ava-

lanche pumped upconversion YAlO3:Er
31 green laser was

reported, although in this case, dynamics that explicitly ve
fies the pumping mechanism was not presented. Unfo
nately, all these devices work only at cryogenic temperat
However, among bulk systems, they belong to the most
ficient upconversion lasers. In order to optimize avalanc
pumped lasers, aiming, e.g., room-temperature operatio
good knowledge of the avalanche mechanism is a prere
site.

Some papers tried to give a general and theoretical
proach to the photon avalanche. The microscopic mec
nism, responsible for the self storage of the metastable le
550163-1829/97/55~13!/8240~9!/$10.00
-
hat
e
h
ls
b-
by

on-
it
nt

en-
a
t
is
he
mp
ge
ry

re-

ss

i-
u-
e.
f-
-
, a
ui-

p-
a-
el,

was immediately identified.1 The macroscopic point of view
was treated with the help of the general rate equation an
sis and it has been shown that such a mean-field appro
gives good qualitative description of most of the experime
tal results.

~i! A pump intensity threshold corresponding to a bifu
cation of the rate equation stationary solutions.8,23,24

~ii ! This threshold exists only for high enough active io
concentration.8,23,24

~iii ! A slowing down and a change of the excited sta
population rise shape at threshold.2,8,23

But, unfortunately, different attempts to fit the data~fluo-
rescence intensity versus pumping rate and transient sign!
above the threshold were unsuccessful with r
equation.10,15 Moreover, some authors pointed out recen
that this mean-field approach failed to give the qualitat
feature of the key metastable level9 ~this theory predicts a
rapid buildup of the population of that level versus pumpi
rate and a subsequent depletion, while the experimenta
sults show a slow buildup!.

Our interest is twofold: to show that we do not lose an
thing of the microscopic model by doing the average fie
approximation and also to identify the reason for which p
vious fitting above the threshold did not work.10,15,9In doing
so, we confirm that the photon avalanche is a bifurcat
phenomenon. In the first part of this paper, starting from
microscopic description, we show that photon avalanche
analogous to second-order phase transition. Then, we exp
why the mean-field approach remains correct to describe
process. We use the well known Landau theory to empha
the physics contained in the rate equations. This powe
formalism is very well adapted to study the impact of t
residual ground-state absorption. By this way, we define
absorption cross section conditions for which the pho
avalanche remains the main pumping channel for the upc
verted fluorescence. In the last part, we identify an exp
mental parameter, the pump beam profile, which reconc
ates rate equations with experimental data.

As the photon avalanche experimental results presente
this paper are related to the strong blue~485 nm! emission of
Tm31 ions in a 5 at. % doped yttrium aluminum garn
~YAG! single crystal after red cw pumping, we focus also
this trivalent RE ion for the theoretical treatment. But, wh
8240 © 1997 The American Physical Society
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55 8241PHOTON AVALANCHE AND THE MEAN-FIELD APPROXIMATION
ever is the photon avalanche system, the results are an
gous.

II. MICROSCOPIC DESCRIPTION
AND MEAN-FIELD APPROACH

To keep the clarity of this paper, we remember the mic
scopic description of the photon avalanche process leadin
the strong blue emission~1G4→3H6! of Tm

31 after red exci-
tation resonant with the3F4→1G4 transition.

3 It is schema-
tized in Fig. 1. As all ions are initially in the ground state
~no thermal population of level 2!, the effect of the pump is
minimal. If one ion is promoted to the metastable state
whatever is the mechanism of population of this state, it m
be further excited to level 4 by absorption of the pump ph
ton. Then, due to high concentration this ion can inter
with two neighbors: a first cross relaxation energy trans
~CR! promotes one neighbor ion into the3F4 level, the initial
excited ion decaying to the3H4 state 3 from which anothe
CR results in two other ions in the metastable level. No
three ions are available for further absorption of the pu
light. After, by the same feeding process, nine ions are
cited to the metastable state and so on. This descriptio
phenomenologically identical to that given for the mo
simple photon avalanche case where only one CR
involved1,2 leading to only two ions in the metastable sta
and so on.

Just by having a look on that microscopic process we
an evident analogy with second-order phase transition of
romagnetic spin systems. For the avalanche, each ion ex
in the metastable state interacts, due to the pump beam
the CR, with its neighbors in such a way that they all lie
this state. The avalanche~without GSA! excited population
is the result of the competition between the self stora
which puts all the ions in the metastable state, and the lo
of the level 2, which have the opposite effect.25 The pumping
rate between excited states controls the interactions betw
ions by allowing or not the CR. For the avalanche as wel
for spin systems, the interactions between ions connect t
with each other in order to put all of the ions in the sam
state ~metastable state or spin aligned state respective!.
While the pumping rate between excited state controls th
interactions for the avalanche, the temperature is the con
ling parameter in the case of the ferromagnetism. Moreo

FIG. 1. Microscopic description of the photon avalanc
pumped1G4→3H6 emission of Tm31.
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as an external magnetic field for spin systems, the resid
absorption from the ground state can be seen as an ext
field which puts all the ions in the metastable state whate
the control parameter~excited state pumping rate! may be.
This analogy of the photon avalanche as such a nonlin
process is very important because many studies were d
on this general field and especially on the validity of t
average field approximation. Normand26 demonstrated, as a
general rule, that the mean-field approach~rate equations! for
second order phase transition and more generally for bi
cation, is valid except in the extreme vicinity~1024–1025! of
the bifurcation point, for which the fluctuations take a gre
importance.

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

dn4 /dt5R2n22W4n42s4n1n4 , ~1!

dn3 /dt5R1n12~W31W3
NR!n31b43W4n41s4n1n4

2s3n3n11Q23n2
2, ~2!

dn2 /dt52~R21W2!n21b42W4n41~b32W31W3
NR!n3

1s4n1n412s3n1n32~Q2212Q23!n2
2, ~3!

n11n21n31n451. ~4!

Except theQi j terms, which will be explicited later in this
section, this system was used previously.10,15 It is assumed
that the first step promoting at least one ion in3F4 occurs via
the nonresonant phonon sideband GSA above the3F2 level
followed by fast nonradiative decay to3H4. Then, different
deexicitation channels can feed up the metastable level.
equations ~1!–~4! involve the ground- and excited-sta
pumping ratesR1 andR2, the single ion radiative relaxation
ratesWi of level i and the branching ratiosbi j from level i to
level j . The multiphonon relaxation rate from level 3,W3

NR,
is the only one which cannot be neglected. The CR ene
transfers are described by the parameterss3 and s4 which
induce nonlinear terms in the rate equations. At high exc
tion power, the metastable state population is high eno
for the following saturation processes to occur.27,28

The inverse process of the s3 CR:

3F41
3F4→3H61

3H4.

The upconversion process:

3F41
3F4→3H61

3H5,

followed by rapid nonradiative decay from3H5 to
3F4.

These two processes are taken into account in Eqs.~1!–
~4! by the termsQ23n 2

2 andQ22n 2
2 respectively.

III. THE LANDAU THEORY

Now, we will deduce a potential from the rate equatio
in order to give a clearer description of the photon avalanc
As in the Landau theory,29 we will show that the deformation
of that potential versus the pumping rate clearly separa
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FIG. 2. Potential curves calculated for thre
values of the control parameterR2, with the pa-
rameters given in Table I and in the two case
R150 ~—! andR151023R2 ~•••!.
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two different pumping regimes~two different phases in the
Landau theory!.

Assuming quasiequilibrium of higher excited levels wi
the metastable one~such an adiabatic approximation bein
correct below and around the threshold!, Eqs. ~1!–~3! be-
come

dn2
dt

52W2S 12
R2

R2th~n1!
Dn21t3~n1!W32~n1!R1n1

2Q~n1!n2
2, ~5!

n3~ t !5t3~n1!R1n11t3~n1!W43~n1!n41t3~n1!Q23n2
2,

~6!

n4~ t !5t4~n1!R2n2 , ~7!

where

t4~n1!5~W41s4n1!
21, t3~n1!5~W31W3

NR1s3n1!
21,

W32~n1!5b32W31W3
NR12s3n1 ,

W43~n1!5b43W41s4n1 ,

Q~n1!5Q221Q23@22t3~n1!W32~n1!#,

R2th~n1!5W2 /@t4~n1!W43t3~n1!W32~n1!

1t4~n1!W42~n1!21#.

Then, as below and around the threshold we may replacn1
by 12n2, Eq. ~5! has the form

dn2 /dt5wR2
~n2!. ~8!

The time evolution of n2 is induced by the force
wR2

(n2) which is controlled by the pumping rateR2. n2 is
the order parameter which satisfies the bifurcation equat
We define the potentialU(n2) from the force wR2

as

wR2
(n2)52dU/dn2. The steady state solutions ofn2 are the

extrema ofU (wR2
50), stable for a minimum and unstab

for a maximum. We may expandwR2
and U in a power

series in the order parametern2 in order to investigate the
deformation ofU under the variation of the control param
eterR2.

As typical values of the GSA pumping rateR1 lie between
2 and 5 orders of magnitude lower than the ESA pump
rateR2, we shall first neglect theR1 depending terms in the
expansion. Then we shall study the impact of these term
n.

g

.

A. Negligible external field „GSA50…

By assuming negligible GSA, the expressions for t
forcewR2

(n2) and for the potentialU(n2) are

w52W2@12R2 /R2th#n22$cR21Q%n2
21••• , ~9!

U5W2@12R2 /R2th#n2
2/21$cR21Q%n2

3/31••• , ~10!

with

R2th5W2@t4W421t4W43t3W3221#21, ~11!

c5~22t3W32!t3s3t4W431~12b43!W4t4t4s4t3W32

1~12b42!W4t4t4s4

in which

W4 j5b4 jW41s4 , W3 j5b3 jW31W3
NR1s3 ,

t45~W41s4!
21, t35~W31W3

NR1s3!
21.

If R2th,0(t4W421t4W43t3W32,1), the time derivative
of n2 @Eq. ~8! with ~9!# does not contain any positive term, s
the population of level 2 could never grow and there is
avalanche. This inequality gives the condition on cross rel
ation for the avalanche to occur. IfR2th.0, assuming that all
ions are initially in the ground state, thenR2th is the value
from which the self storage of level 2 becomes more effici
than the losses.25 In the latter case, bearing in mind theU
expression, the potential curves are drawn in continu
lines on Fig. 2 for different values ofR2 relative toR2th.
WhenR2,R2th, only one stable solution is accessible. Th
is the trivial solution: no GSA leads to no excited state pop
lation ~n250!. Beyond the critical valueR2th the shape of the
potential changes fundamentally. A new solution appe
and the trivial solution becomes unstable: the effect of fl
tuations or of a small external perturbation is no long
damped. The system acts as an amplifier; it moves a
from the trivial solution and evolves to a new regime: t
avalanche solution~nonzero excited state population witho
GSA!. This transformation of the potential leads to the ve
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55 8243PHOTON AVALANCHE AND THE MEAN-FIELD APPROXIMATION
simple bifurcation diagram of the stationary solution dra
in Fig. 3—the unique zero solution loses its stability atR2th:
at this value of the control parameter a new branch of so
tion, which is stable, is generated. Concerning the stabi
we find the same result as in Ref. 8 where we studied
linear stability of the solutions of the rate equations syste

B. Impact of the external field

GSA acts on avalanche as a very small external pertu
tion and, in the expanded expression ofw andU this pertur-
bation leads to the following result:

w5aR12$W2@12R2 /R2th#1bR1%n22$cR21Q%n2
21••• ,

~12!

U52aR1n21$W2@12R2 /R2th#1bR1%n2
2/2

1$cR21Q%n2
3/31••• ~13!

with

a5t3W32,

b5~22t3W32!t3s31t3W32.

The impact of the GSA on the potential is given by t
termsaR1n2 andbR1n2

2/2. The first one describes the dire
feeding of the metastable state due to the GSA. As we
see later in this section, it changes deeply the shape of
potential curves. The second term does not change the p
cal behavior of the avalanche as a bifurcation. It can be s
as an additional loss for the metastable level. Indeed, we
rewrite Eq.~12! as

w5aR12W2@12I /I th#n22$cR21Q%n2
21••• ~14!

with

I th5R2th/s231/~12bs1R2th/s2W2!, ~15!

whereI is the excitation intensity in photon cm22 units,s1
ands2 are the GSA and ESA cross section respectively
fined byRi5s i I . Now, if we forget theaR1 term, we may
see that Eq.~14! is equivalent to Eq.~9! with a new intensity
threshold. So the change of the potential versus the con
parameterR25s2I remains the same as in Sec. III A. In

FIG. 3. Evolution of the excited state stationary population w
the control parameterR2. The curves are calculated with the param
eters given in Table I and in the two cases:R150 ~—! and
R151023R2 ~• • •!.
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stead of having the excitation intensity thresholdR2th/s2, we
have the little bigger value given by equation~15!. That in-
creasing is not significant as soon asR1 is more than one
order of magnitude lower thanR2.

The termaR1 is identified with an external field in the
Landau theory of phase transitions. It induces a unique s
tion for the system whatever theR2 value may be, and so
diminishes the difference between the two pumping regim
~see Fig. 3!. The changes in the potential well are presen
in Fig. 2 in dotted lines. The dynamics of the system
directly linked to the shape of the potential. Att50, the
system is in then250 position~Ri50!. Then, we switch on
the pumping radiation~RiÞ0!, so the system now feels th
macroscopic potential. It moves down the potential w
more or less fast depending on the slope.

Beneath the threshold, this external field imposes
pumping regime: linear equations~n1'1!, exponential dy-
namics and very weak excited state population. Above
threshold, the system is described by the avalanche poten
As soon as the GSA!ESA, the GSA pumping rate does no
change dramatically the equilibrium value of the potenti
But it is very important in the sense that, initially, it allow
the system to fall into the well. Indeed, it only acts on t
system by bending the potential atn250 which makes the
system moving into the potential well, slowly in early tim
then faster.

Around the threshold the potential is very flat. It mea
that the forcew(n2) becomes weaker and weaker as
come nearer to the threshold. This is the critical slowi
down expected for second-order phase transition.26 Then, the
time to reach the stationary solution is at a maximum.
integrating Eq.~8! with the second order of Eq.~14!, we find
for I5I th

n2~ t !5n2~`!tanh~ t/tc! ~16!

with

tc51/Aas1I th~cs2I th1Q! ~17!

The dynamics presents an hyperbolic tangent profile of t
constanttc which, for a small GSA~I th'R2th/s2!, is given by

tc'
1

AaR2th~cR2th1Q!
As2

s1
~18!

Moreover, for a long metastable state lifetimet25W2
21,

cR2th!Q. Inserting the expression ofR2th @Eq. ~11!# into Eq.
~18! leads to

tc'At4W41t4W43t3W3221

aQ
At2s2

s1
. ~19!

Finally, the critical slowing down at thresholdtc/t2 which
is the signature of photon avalanche, is proportional
As2 /t2s1. So the mores1 is low compared tos2, the more
the slowing down should be spectacular. Examples of exp
mental rise curves are presented in Fig. 4 in the case
YAG:5 at. % Tm31. The different pumping regimes ar
clearly identified with a drastic slowing down at thresho
~250 ms for a metastable state lifetime of 12 ms!. The reason
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for which the experimental intensity threshold is equal
1.3I th will be given in Sec. IV.

C. Relative contributions of GSA and avalanche pumping

In typical avalanche experiment, the GSA is much wea
than the ESA, then the impact of the GSA is only to allo
the system to leave from the initial position~n250! to the
avalanche solution. However, if the GSA is more significa
it could become the principal pumping channel.30 In the right
part of equation~14! the direct population of the metastab
state by the GSA is given by the termaR1 whereas the
population due to the avalanche is given by the linear
quadraticn2 terms. This leads to an easy way to determ
which kind of pumping~avalanche or GSA! is preponderant.
Beneath the avalanche threshold, the GSA is obviously
main pumping route. Above the threshold, we shall use
susceptibility of the external fieldaR1 to differentiate the
two mechanisms. We define it in a common way as:

FIG. 4. Experimental rise curves~• • •! of then4 population for
different pump intensities in YAG:5 at. % Tm31 at 35 K using the
experimental setup described in Ref. 8. Note the time scale a
apparent experimental threshold~I51.3I th!. Theoretical curves are
calculated for top hat~- - -! or Gaussian~—! input beam profile.
r

t,

d
e

e
e

x5S ]n2
]aR1

D
R25cste,aR1→0

. ~20!

By differentiating Eq.~14! in the stationary regime (wR2
50), we extract the expression

]n2
]aR1

5
1

W2~12I /I th!12~cR21Q!n2
~21!

n2 is the solution of Eq.~14! when aR150 ~e.g., the ava-
lanche solution!

nava52W2~12I /I th!/~cR21Q!, when I.I th ~22!

nava50, when I,I th .

We inject these expressions in Eq.~21! to find:

x5
1

W2U12
I

I th
U . ~23!

The GSA leads to the excited population

nGSA5xaR1 . ~24!

The susceptibility diverges at the avalanche thresh
~Curie law29! because the potential is very flat and so, eve
very small perturbation acts significantly on the system
means that near the threshold the relative population indu
by the GSA is the biggest, but, when the input intens
increases the susceptibility goes down and so the avala
pumping could become preponderant. From the express
of nGSA @Eq. ~24!# andnava @Eq. ~22!# we can determine the
intensity value for which the avalanche pumping is the m
route, i.e.,nava.10nGSA. We find easily

nava.10nGSA⇔ f ~ I !5~10acs2
2b2W2

2/I th
2 !I 2

1~10as2bQ13W2
2/I th!I2W2

2,0

with b5s1/s2. This function is a parabola with its concavit
up or down depending on the sign of the quadratic coe
cient.

First case:b.b05W2
2/~10acs 2

2I th
2 !.

The quadratic coefficient is positive, so the concavity
up. Moreover, the derivative is positive whateverI.I th and
f ~I th!510as2bI th~cs2I th1Q!.0. Then, we may conclude
that, in that case,f (I ).0 whateverI.I th ~see Fig. 5! and so
the main pumping regime is never the avalanche pumpin

Second case:b,b0.
Now, the graph off (I ) is a parabola with the concavit

down @f ~`!52`#. As f ~I th! remains positive, we may con
clude that, at threshold, the metastable state is essen
populated via direct GSA. Moreover, there is only one ro
greater thanI th ~see Fig. 5!, f (I ) is positive before that roo
and becomes negative whenI is greater. So, just above th
threshold, there is always a region where the GSA is
main pumping regime. We switch to the avalanche pump
regime by improving the intensity. So theoretically, a regim
of avalanche pumping could happen providing thatb,b0.

he
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55 8245PHOTON AVALANCHE AND THE MEAN-FIELD APPROXIMATION
Experimentally, the excitation intensity value for whic
f (I )50 should not be to big to be detected. We may ta
f ~2I th!,0 as the limit to detect the avalanche regime.
means that forI.2I th the population due to the avalanch
pumping is at least ten times bigger than that one given
the GSA pumping. If we choose to detect the avalan
pumping for bigger value of the intensity, it will lead to
bigger limit for b. f ~2I th!,0 leads to the limit onb,

b,b lim55 1022W2
2/@aR2 th~Q12cR2 th!#. ~25!

So blim depends on the rare earth host as the paramete
Eq. ~25!. Moreover, for a given host,blim depends on the
rare-earth concentration as the parametersa, c, andQ. The
variation ofblim versus concentration is given on Fig. 6
the case of YAG:Tm31.

In the most simple photon avalanche case~three levels!
there is only one CR.1,2 The treatment of the corres
ponding rate equation system leads to the same expres
for Eqs. ~8!–~25!. The only difference arises from the ex
pression of the constantsa, b, c,Q, andR2th ~see Appendix!.
In a recent paper,31 the authors claimed a limit value ofb, in
the three-level case, for the avalanche behavior nearly in
pendent of the considered compound and much lower t
our result. The difference arises from the fact that their lim
does not differentiate from the two pumping mechanisms
is only a visual limit for which the curve of the upconverte
population versus the pumping rate is not too far away fr
the pure avalanche case~b50!. Moreover, as their numerica
calculations are made at the threshold point, for which G
is the main pumping mechanism, they can not measure
limit of the avalanche efficiency.

IV. FITTING PROCEDURE

The rate equation analysis shows that the photon a
lanche is a macroscopic effect governed by the macrosc
force w~n2!. The validity of this mean-field approach
linked to the relatively high active ion concentration. Indee

FIG. 5. Calculated evolution of the functionf (I ) determined in
the text. f (I ) measures the relative efficiency of the two pumpi
mechanisms~avalanche and GSA!. When f (I ) is positive the GSA
is the main pumping mechanism, when it is negative this is
opposite.
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in material presenting the photon avalanche effect, the r
earth doping level is usually high enough for the mean rad
between active ions to be smaller than the average inte
tion length. So, all the ions are connected to each other
no clustering effect has to be considered. Moreover, as
ready mentioned in Sec. II, the mean-field approach
phase transitions, and more generally for bifurcation, is va
except in the extreme vicinity of the critical point,26 for
which susceptibility and correlation length diverge. Expe
mentally we are not able to investigate so precisely
threshold, so the rate equation model should fit properly
perimental data.

In the case of YAG:5 at % Tm31, our experimental results
obtained at 35 K are presented in Figs. 4 and 7. The trans
signal of the upconverted blue fluorescence has been
corded for more than 30 different pumping powers. Three
them are drawn in Fig. 4. Figure 7 shows the fluoresce
intensity from both the metastable and upconverted le
versus the input power under stationary condition~t5`!.

The intensity profile of the pump laser beam, which
roughly Gaussian, is an essential experimental param
This feature was first pointed out from a phenomenologi
model of the avalanche.32 Surprisingly, nobody, even the au
thors of Ref. 32, applies this aspect to rate equations. In
experiment, the transversal collected fluorescence~propor-
tional to the concerned population!, as well as the transmis
sion, result from all the parts of the pump beam. The gr
importance of avalanche~as with other bifurcation pro-
cesses! rests in the fact that even a small change of the c
trol parameterR2 leads to a dramatic change of the syste
Therefore, inside the beam, we could find fractions of io
with very different fluorescence dynamics and intensities
cording to the incident intensity value versus the thresho
The summation of all these contributions may not be equa
that given by an average input intensity. We are theref

e

FIG. 6. Calculated evolution of the limit ratios1/s2 for which
the avalanche becomes the main pumping mechanism as soo
I.2I th . We take the case of YAG:Tm31 using the parameters
given in Table I and the following concentration dependenc
wherec is in at %:s3~ms

21!51.6 c2 ~Ref. 34!, s4~ms
21!51.16 c2

~Ref. 33!, Q2250.32c3/(c214.32) and Q2350.09c3/(c214.32)
~Ref. 28!.
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obliged to integrate over the Gaussian input intensity pro
of the beam. When the intensityI 0 at the center of the pump
beam is above the intensity threshold, the wings of the be
where the intensity is less thanI 0 but still above or around
the threshold, give rise to slower dynamics. So a Gaus
averaging should induce a great slowing of the fluoresce
rise. When the intensityI 0 at the center of the pump beam
beneath the intensity threshold, the effect is exactly the
posite. So, the input intensity for which the experimen
transient has the characteristic shape of the phase trans
~very slow quasilinear risetime! will be a little bit higher than
I th .

As the differential equations of Eqs.~1!–~4! cannot be
solved explicitly, the theoretical curves presented in Figs
and 7 are obtained by numerical calculation of Eqs.~1!–~4!.
To perform the resolution, radiative and nonradiative rel
ation rates as well as cross relaxation transfer rates w
measured by other spectroscopic experiments28,33,34 and
given in Table I. So, except the absorption ratesR1 andR2,
all the spectroscopic parameters are known and fixed. T
each experimental transient curve is fitted by resolving
system I for pumping rates between 0 ands1,2I followed by
integration over the Gaussian profile of the focused be
Indeed, as the blue fluorescence is recolted from an
tremely thin part of the sample, we may assume that
dimming of the pump beam across the sample does not a
the signal so that the mean value of the measured fluo
cence is given bŷ f &5* 0

` f (r )2pr dr in which f (r ) is the
recolted fluorescence coming from a ring of radiusr of the
input beam. Then, as for a beam waistr 0,

I5(I 0 /pr 0
2)e(2r2/r0

2), ^ f & is given by

^ f &5pr 0
2E

0

I0 f ~ I !

I
dI.

All the experimental curves are nicely fitted with the fo
lowing parameters:

FIG. 7. Experimental variation of the blue from1G4 ~s! and the
IR from 3F4 ~h! fluorescence versus the excitation power in YAG
at. % Tm31 at 35 K using the experimental setup described in R
8. Theoretical curves are calculated for top hat~- - -! or Gaussian
~—! input beam profile.
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R250.8260.25 10220I ,

R15560.5 1024R2 . ~26!

The theoretical transient curves are presented in Fig. 4
continuous lines. For comparison, theoretical curves ca
lated without such integration are also drawn in dotted lin
The impact of the Gaussian shape of the beam on the
shapes is as predicted phenomenologically before in this
tion. The apparent experimental threshold is equal to 1.I th
~I th51.9 kW cm22!. Concerning the evolution of the popula
tions versus pumping power, Fig. 7 shows the nice agr
ment between theory and experiments provided that
shape of the beam is taken into account. In particular, in
case of the metastable state population, instead of a r
buildup and subsequent depletion for excitation intens
higher than 10I th predicted by a top hat beam, the Gauss
integration leads to a continuous smooth buildup consis
with experimental results.9

Equation ~26!, gives the excited state absorption cro
sections2. We find 0.8260.25 10220 cm2 at 35 K. At room
temperature, photon avalanche is always efficient in t
material14 and, using the same fitting procedure we fi
s250.3260.1 10220 cm2. By recording excited state excita
tion spectrum of the1G4→3H6 fluorescence at room tempera
ture, the measured value ofs2 was 0.4310220 cm2.35 This is
in close agreement with our result and confirms the valid
of our model.

V. CONCLUSION

We have shown that the rate equation analysis descr
well the photon avalanche. We developed for this two ar
ments. The first one is theoretical: as the avalanche is a
furcation, we may use the mean-field approach to describ
without losing any physical meaning. The second one is
perimental: the fits work very well, with only two fitting
parameters, providing that the input intensity profile of t
beam is taken into account.

The photon avalanche effect arises from the microsco

f.

TABLE I. Spectroscopic parameters of the YAG:5 at. % Tm31

at 35 K. Thebi j values are calculated using theVt intensity param-
eters given in Ref. 38.

t2 ~ms! 12 ~Ref. 36!

W3 ~ms21! 0.585 ~Ref. 33!

W3
NR ~ms21! 0.900 ~Ref. 33!

W4 ~ms21! 1.75 ~Ref. 33!

b3250.18
bi j b4250.43

b4350.14

s3 ~ms21! 40 ~Ref. 34!

s4 ~ms21! 17 ~Ref. 33!

Qi j ~ms21! Q2250.92
Q2350.26
~Ref. 28!
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interactions between ions~cross relaxation! which connect
them each other. The excited state pumping rate cont
these interactions by allowing them or not. This microsco
process leads to a bifurcation phenomenon when the inte
tions are strong enough to put all the ions in the same s
The Landau theory approach gives a very clear descript
the microscopic interactions between ions, with the exci
state pumping rate, induce a macroscopic force which le
to avalanche by connecting the ions to each other. The
tential, deduced from the force, is controlled by the exci
state pumping rate. This control parameter induces a fun
mental change of the potential curve which leads to a v
simple bifurcation diagram. The transient signal of the flu
rescence is directly linked to the shape of the potential.
the experimental signature of the avalanche is a chang
the dynamics with an important slowing down at the thre
old point.

We have given the analytical expression of the upc
verted fluorescence at the threshold and, thus, of the cri
slowing down. This critical slowing down is directly linke
to the ratiob of the nonresonant ground state over the re
nant excited state absorption cross sections. We have sh
that the moreb is weak the more this experimental signatu
of the photon avalanche will be spectacular. We have
cussed the limit value ofb for which the photon avalanch
remains the main pumping channel for the upconverted fl
rescence. That limit depends clearly on the spectrosc
characteristics of the rare earth ion which are connecte
the host matrix and to the rare-earth concentration in
host.

The reconciliation between rate equations and experim
tal results allowed us to investigate systematically the imp
of the different parameters entering the model36 and to dis-
cuss the efficiency of such an avalanche process in sev
thulium doped bulk or waveguide materials.36 These two as-
pects will be the subjects of future papers.
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APPENDIX: EXPRESSION OF THE CONSTANTS IN THE
SIMPLEST CASE

In the simplest photon avalanche case, only three lev
are involved2 and the rate equation system is simplified in

dn3 /dt5R2n22W3n32s3n3n1 ,

dn2 /dt5R1n12~R21W2!n21b32W3n312s3n1n3

2Q22n2
2,

n11n21n351.

This is the same system as in Ref. 2 except that we add
Q22n2

2 term which takes into account the saturation effe
from the metastable state.37 As the level 2 as a much longe
lifetime than the level 3 we may use the adiabatic appro
mation. This leads to the same expressions for the Eqs.~9! to
~25! with the following constants:

a5b51,

c5~22t3W32!t3s3 ,

Q5Q22,

R2th5W2 /~t3W3221!.

As a matter of fact, whatever is the avalanche system, th
is always a metastable level and so, the same calcula
could be done leading to the same potential.
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