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Abstract

Conversion of infrared laser light (near 753 nm) into green emission has been obtained in Gd;GasO,,: Yb: Tm:Ho by a two-
step process: absorption from the fundamental states of the ions followed by a looping mechanism. The latter is composed by an
absorption from the I, (Ho) excited state and by a positive feedback process. A two-ion model to describe the dynamics is given

and the gain and losses of the loop are evaluated.

1. Introduction

In a previous paper [1] we presented a study de-
voted to the sensitization of Ho** 2 um laser emis-
sion by Yb**-Tm3* ions in Gd;GasO,, garnet. This
system is attractive for laser diode pumping. We
measured, with an integrating cavity, the up-conver-
sion energy loss quantum yield when infrared pump-
ing the Yb ion and we showed that in the triply doped
crystal it is smaller than in the Yb-Ho doubly doped
one. This might be due to the existence of efficient
down-conversion mechanisms which bring the up-
converted energy in the *S,—°F,(Ho) levels towards
the 2 um emitting level, the °I; manifold. A positive
feed-back process might result, increasing the popu-
lation of the °I, manifold. The purpose of this work
is to discuss a candidate process. The excitation cho-
sen is a continuous laser one near 753 nm and corre-
sponding to the °I,-3S,—°F,(Ho) excited state ab-
sorption in such a way that a looping mechanism
occurs. The result is the conversion of the infrared
excitation into a green emission. If the gain of the loop
is positive and greater than the losses a photon ava-

lanche can occur. This phenomena is of particular in-
terest in the case where absorption from the funda-
mental manifold is weak and has been studied more
than ten years. More, up to now most of the studies
had been devoted to singly doped matrices: Pr3* [2-
4], Sm3* [5], Nd** [6-9], Tm3* [10], Ni2* [11].
The model that we give here concerns two ions: Ho3*
and Tm3*, both having an active role. The Yb*™ ion
does not play an active role at low temperature but
may at room temperature. The model shows that a
threshold for the avalanche exists and that its theo-
retical value depends of the absorption from the fun-
damental state: the larger is the absorption, the higher
is the threshold. In our experiment the density of ex-
citation remained below the threshold.

2. Experimental methods

The studied crystals were grown in our laboratory
by the Czochralski method. The concentration C(/)
of one dopant in a sample cut at a distance / (along
the axis of the crystal) from the origin /=0 of the
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crystal, and its coefficient of segregation k have been
obtained by using the well known relations:

C(H/CO)=[1—-g(DH1",
C(0) =kC(melt) (1)

where g(/) is the crystailized fraction of the melt at
point /. The ratio C(/)/C(0) is deduced from the ab-
sorption spectra of the dopant. The coefficients of
segregation of the Yb, Tm, Ho ions have each been
found to be about 1.2. The concentrations of the do-
pants in the studied samples are gathered in Table 1.

The infrared excitation spectra were obtained with
a cw tunable Ti:sapphire laser from Coherent (2 GHz
resolution) pumped with a Coherent 300 argon ion
laser. The laser beam was chopped at 10 Hz fre-
quency and focused on the sample with a 5 cm focal
length lens. The Ho green emission was detected with
a Hamamatsu R1477 photomultiplier through a
Jobin-Yvon H10D monochromator and the 2 um Ho
emission with a Judson InSb cell through an interfer-
ence filter. Both detectors were coupled to a digital
9410 Lecroy oscilloscope. The samples were placed
inside a liquid nitrogen cooled cryostat.

3. Excited state absorption

The laser excitation spectrum of the Ho green
emission (near 540 nm, transition 3S,-’F,—5I;) is
shown in Fig. 1 at 300 and 77 K, in the doubly
Yb(5%)-Ho(3%) doped sample (a) and in the tri-
ply Yb(5%)-Tm (5% )-Ho(0.5%) doped one (b) (a
scheme of the Yb—-Tm-~Ho levels is given in Fig. 2).
Because in this range of wavelengths (at least up to
762 nm) there is no peak of absorption from the Yb-

Table 1
Composition of Gd;(; —x_,_: Yb,Tm,Ho,GasO,, crystals.

X y z Yb Tm Ho
(at.%) (10%ions/cm?)

5 0 0 7.0 0 0

0 5 0 0 7.9 0

5 5 0 8.5 8.8 0

5 0 0.5 8.0 0 0.74
5 0 3 8.6 0 4.6
5 5 0.5 7.7 8.9 0.76
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Fig. 1. Laser excitation spectra of the Ho green emission in the
Yb(5%)-Ho(3%) doubly doped sample (a) and in the Yb(5%)-
Tm(5%)-Ho(0.5%) triply doped sample (b).

Tm-Ho fundamental levels (see the absorption spec-
trum (curve 1) in Fig. 3) there is no difficulty to at-
tribute the absorption of the laser beam by the
’1,—-38,-°F,(Ho) excited state transition, the I, level
being fed first by a structureless vibronic absorption
from the fundamental states. More, the similarity be-
tween the excitation spectrum of Fig. 1b at 300 K and
the absorption cross-section o,(1) of the 31,-°S,—
’F,(Ho) transition represented in Fig. 4 is clear. This
cross-section was deduced from McCumber relations
connecting emission and absorption spectra [12].
The emission cross-section g.(w) is related to the
emission spectrum f () at frequency w:

flw)=0.(w) (wn/2mc)?, (2)
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levels.
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Fig. 3. Curve (1): Part of the absorption spectrum at 10 K of the
Tm(5%) doped sample corresponding to the transition *Hg— *H,.
It is structureless up to 762 nm. Curve (2): Emission spectrum
at 10 K corresponding to the 3S,—°F,—°I, transition in the
Yb(5%)-Ho(3%) doped sample.

where f(w) is normalized such that

1/1=87tjf(w)dw/27z. (3)

In Eq. (3) the radiative lifetime was taken from Ref.
[13] and the emission spectrum f(w) of the 3S,-
5F,—°I, transition was experimentally recorded in the
Yb-Ho doubly doped sample.

The 31,-7%S,-°F,(Ho) excited-state absorption
cross-section o, (w) was then obtained knowing first
the emission cross-section o, (w):

0a =0.eXp(Aw/kT) (N2/Ny)e , (4)

(N,/Ny). is the ratio at thermal equilibrium of the
two excited state populations involved in the transi-
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Fig. 4. Excited state absorption cross-section of the transition
*1,-38,-°F,(Ho).

tion. It is calculated by Boltzman law and requires
the positions of the Stark sublevels. The Ho ions sub-
stitute the Gd ones and are in D, symmetry sites. In
this case each 2°*!L, manifold of Ho3" is split into
2J+ 1 sublevels, labeled I'y, I, I's, I'y corresponding
to the irreducible representations of the D, point
group. Because neither electric nor magnetic dipole
transitions are allowed between sublevels corre-
sponding to the same irreducible representation [14]
the positions of some of them cannot be found with-
out crystal field calculation even with low tempera-
ture absorption and emission measurements. So
Boltzman’s law was applied using only the range of
energy in which the Stark sublevels of a given mani-
fold are distributed, the distribution being taken as a
continuous one.

We see from Fig. 4 that the excitated state absorp-
tion cross-section peak occurs at 753.9 nm and its
value is 1.36 X 1020 ¢cm? (at 300 K). This value is of
the same order of magnitude as the one obtained in
YAG:Ho [15] and the range of the spectrum is the
same. At 77 K, we see from Fig. 1b that the peak oc-
curs at 753.74 nm.

The intensity 7(¢) of the transmitted beam by the
sample shows the time evolution of the excited state
absorption. I(¢) is represented in Fig. 5a, the laser
wavelength being at 753.74 nm, the sample the triply
Yb-Tm-Ho one and the temperature 77 K. A time
t=0, when the laser beam is turned on, there is only
absorption from the fundamental states of the ions
because the 31,(Ho) level is empty. Then the 3I;(Ho)
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Fig. 5. (a) Time evolution of the flux of photons /(¢) of the
transmitted laser beam at different incident power: (1) 0.113 W,
(2) 0.580 W, (3) 1.17 W. (b) Ratio [I(0)-I(c0)]/I(0) versus
incident power showing a saturation effect.

level fills and the transmitted intensity decreases. At
long time the transmitted intensity /(co) becomes
constant and its value depends of the incident power.
Fig. 5b shows the ratio [I(0)—I(c0)]1/1(0) as a
function of the incident power. The data above 0.72
W exhibit a saturation. At 1.17 W incident power the
coefficient of absorption per unit length in the ex-
cited state °1,, calculated by the relation

[1(0) =1(e0)1/1(0) =exp(—kI) , (5)

where /is the length of the sample, has been found to
bek=1.1cm~"
4. Positive feed-back and looping mechanism

We have said that at first the laser excitation was
absorbed by the Yb-Tm-Ho fundamental states (we

shall identify which ones later), this absorption hav-
ing a vibronic origin and being structureless. Then,
directly or via transfer mechanisms, the I, (Ho) level
is fed. We want to examine now what happens to the
I,(Ho) population when the laser beam is simulta-
neously absorbed by the I,-3S,-°F,(Ho) transi-
tion. The result is given by a laser excitation spec-
trum of the 2 pym Ho emission because this last one
originates from the 31, level and its intensity is pro-
portional to the I; population. Such a spectrum is
givenin Fig. 6 (upper curve) at 77 K for the Yb(5%)-
Tm(5%)-Ho(0.5%) sample. We can see that its
peaks correspond exactly to the ones of the green
emission laser excitation spectrum that we have re-
ported again on the same Fig. 6 (lower curve). More,
we can see that the first spectrum appears in positive
values. This indicates that when a excitated state ab-
sorption occurs from the °I, level it does not decrease
its population but to the contrary it increases it. This
fact proves that a positive feed-back process occurs.
The origin of this process will be elucidated next.

The following study was done at 77 K. We re-
corded (Fig. 7) the decay time n(¢) of the Ho green
emission after a direct pulsed excitation in the 3S,-
5F4(Ho) levels for the three samples: (1) Yb(5%)-
Ho(0.5%); (2) Yb(5%)-Ho(3%); (3) Yb(5%)-
Ho(0.5%)-Tm(5%). Because the decays are not ex-
ponential they have been fitted by the well-known In-
okuti-Hirayama expression (dipole-dipoie interac-
tion) [16] and the quantum yield 7 of the energy
transfers that they exhibit has been calculated with
the formula

77K

vaat

77K LJ\J\“

740 745 750 755 760
Wavelength (nm)

Intensity

Fig. 6. Correlation between the 2 um (upper curve ) and the green
(lower curve) Ho emission laser excitation spectra.
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Fig. 7. Time evolution of the green Ho emission after a direct
laser pulsed excitation in the 3S,-°F, levels at 77 K: (1) Yb(5%)-
Ho(0.5%), (2) Yb(5%)-Ho(3%), (3) Yb(5%)-Ho(0.5%)-
Tm(5%).

1=1- [ ()0 at, (6)
0

where 1=63.2 ps is the lifetime of the level given by
the fit. For samples (1), (2), (3) the values of n are
respectively 1.7%, 41%, 56.8%. The weak value of %
for sample (1) (the decay is almost exponential ) de-
spite the presence of 5% Yb shows that transfers
Ho- YD, if any, can be neglected in all the samples.
In fact inspection of results for sample (2) shows that
a Ho-Ho cross-relaxation mechanism exists but we
can neglect it in samples (1) and (2) because the Ho
concentration is much weaker. Comparison of re-
sults for samples (1) and (3) proves that the Tm ions
are responsible for the deexcitation of the 3S,—
>F4(Ho) levels. There are no Ho—»Tm resonant
transfers but the most nearly resonant one is

*S; — °F4(Ho), *H¢(Tm) - °I;(Ho), *H4(Tm) .
(7)

Its energy gap is only about 100 cm~! (see Fig. 3).
Morever, the back transfer of (7) has been claimed
to be efficient in YAG:Tm:Ho [17] at room tem-
perature despite of the unfavorable energy gap (it is
negative).

We propose transfer (7) to be the first step of the
feed-back process. The second one is the well known
Tm-Tm cross-relaxation process:

3H4, 3H6—’ 3H5, 3F4

(and then *H; — 3F, deexcitation) (8)

followed by the Tm—Ho transfer
*F4(Tm), *Is(Ho) - *Hs(Tm), *I,(Ho) . (%)

We note that at 77 K the back-transfer of (9) does
not exist. (8) and (9) have been studied previously
in Gd;GasO,, [18,19].

Let us start with one ion in the I, (Ho) level. If by
excited state absorption the ion is sent into the 3S,-
>F.(Ho) levels, it will return to the *I,(Ho) level by
the feed-back process with a certain efficiency and so
a loop exists. But the number of °1, ions found at the
end of the loop is generally different from one and
can be called the gain of the loop. We understand that
if the gain is larger than the losses, the dynamics of
the system will be qualitatively different from the case
where it is smaller: in the first case we have a photon
avalanche (as is proved in the appendix).

Now we want to describe the dynamic of the loop-
ing mechanism and find its gain in the Yb~Tm-Ho
triply doped sample at 77 K after a continuous laser
excitation at 753.74 nm. We propose the model rep-
resented in Fig. 2. The corresponding rate equations
are

na=Rn, —n,/ts—anant,

fiy=—n3/t3+ b3/ Tns—aynyn,
".12 = —nz/Tz—an +b2/T4n4 +a|n4nl1
+ (Crm/ Cuolaining ,

1=}’ll +n2 +n3+n4 P’
Ay =—n3/t5+ R+ (Cuo/ Crm)ainan' —ayniny,
nhy=—n5/t5+(1=b")/t5n5+2a nin;

+ (Cuo/ Crm)arnsny —ainzng
l=ni+n5+nj, (10)
with the initial conditions: n,=n =1 and n,=n;=
n4=n’2 =I1'3 =0.

In Egs. (10) the n;, n} are fractions of populations,
i.e. populations divided by the Ho or Tm concentra-
tions, Cy, or Crp, respectively.

In the model we haven taken into account the res-
onant transfer [1]

I¢(Ho), *He(Tm) - I3 (Ho), *Hs(Tm) , (11)

and we have assumed that the absorption from the
fundamental states was only due to Tm (The Ho con-
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centration is 10 times weaker than the Tm one and
the laser wavelength is close to the *H,(Tm) absorp-
tion peaks and far from the Yb ion ones.)

The coefficients a; and a describing the transfers
have been calculated from the quantum yields #; and
n; of the transfers using relations such that for
example

Ner =ai/(1/15+ay), (12)

where ncg was obtained by decay time analysis and
(6). Eq. (12) means that in our model all the donor
ions in a given transfer have the same transfer yield,
independently of the acceptor distribution. Of course
it is an approximation (for example the decays in Fig.
7 are not exponential ) but this is the condition which
allows us to use rate equations.

In (10) by, b,, b; are respectively the branching ra-
tios of the n, spontaneous deexcitation towards the
ni, Ny, ks levels and &’ is the one of the n4 deexcita-
tion towards n4. by, b,, b’ were calculated as radiative
transitions using Judd-Offelt analysis and b5 is
1=by—b,.

All the numerical values of the parameters in-
volved in (10) are gathered in Table 2.

5. Result of fits and discussion

We have used system (10) to fit simultaneously the
time evolution of the green Ho emission (curve 2,
Fig. 8) and the ratio I'(¢)/1(0), I(t) being the inten-
sity of the transmitted beam by the Yb-Tm-Ho
doped sample. We had three fitting parameters: the
absorption cross-section ¢ and ¢’ of the *1,-3S,—~
’F,(Ho) and *H¢—3H,(vibronic) (Tm) transitions
respectively and the area S of the laser beam focused
on the sample. They are related to the yields R and
R’ by the relations

R=1I0g/S andR'=Il0'/S, (13)
where [ is the flux of photons (photon/s) of the in-

cident beam corresponding to an incident power of

Table 2

1.17 W. Eqgs. (13) shows that we did not take into
account the variation of the flux of photons, 7, inside
the sample. Therefore, calculated populations have
ata given time the same value at all points within the
pumped region of the sample.

The experimental I(¢)/I1(0) ratio was expressed
using the relation

1(1)/1(0) =exp{ — [ Cuon20+ Crm(nz +n3)0’1l} .
(14)

where /=0.34 c¢m is the thickness of the sample. Eq.
(14) can be established considering that

I(t)=Texp[ — (Crmni0'+ Cuonz0)l] ,
I(0)=Iexp(—Crma'l) , (15)

where 7 is the flux of photons of the laser beam before
the sample.

The result of the fits (circles in Fig. 8) are in agree-
ment with the experimental data with the values of
the fitting parameters:

0=1.73x10"cm?,
S§$=5.44%10"%cm?. (16)

0'=6.16X10"22cm?,

The value of o at 77 K is larger than the one obtained
at 300 K in Sect. 3 as expected.

Fig. 8 (curve 3) shows the transmission T=1(¢)/1
of the sample. It visualizes at =0 the absorption from
the Tm fundamental state. We find that it is not weak,
as it is the case in the systems that exhibit a photon
avalanche described in the literature. More, since this
absorption is energy transferred to the Ho ions (with
a quantum yield near 200%), the Ho ion pump rate
1s strong since the Ho concentration is about 10 times
less than the Tm concentration. The consequences of
this important fact are discussed below.

Next we calculate the gain of our loop. For simplic-
ity, an equivalent three-level system described in the
appendix and represented in Fig. A1 will be used. The
role of our transfers (7), (8), (9) is played by the
cross-relaxation mechanism in the three-level system

Numerical values of the parameters involved in system (10). The lifetimes 7 are given in ms.

7, T A 74 74 b,
9.4 0.550 0.063 17.1 0.722 0.177

0.042 0.327 56.8%

b’ m 2 Her n2
91.7% 96.7% 96%
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Fig. 8. Time evolution of: (1) I(¢)/I(0) ratio, (2) intensity of
the Ho green emission, (3) transmission of the sample. The cir-
cles are the results of the fits.

which leads to the following relation between quan-
tum yields:

2Heg =1, +2mnceny =1.622 . (17)
The absorption from the fundamental state is
R, =R’ (Crm/Cro)2ncrn> =21.7R’. (18)

The excited state absorption is the same in the two
systems: R,=R. The branching ratio 1 — B is such that

1—B=by+byn,m5=0.729 (19)

and then the quantum yield of the 3—2 deexcitation
is

n=(1-B)(1—-n,)=0.315. (20)

By using the formula (A.11) for the gain and the
losses we find that the gain of the loop is 146.6 s !
and the losses are 299.8 s~!. So we find that the
threshold of the photon avalanche is not reached in
our system. This is due to the high value of the ab-
sorption from the fundamental Tm state. Neverthe-
less this high value associated with the positive feed-
back mechanism leads to an intense Ho green
emission which would be smaller if we were in the
conditions for avalanche. To prove this we did a nu-
merical simulation of the time evolution of the green
emission with system (10) (see Fig. 9) with three
different values of ¢’, keeping the values of Table 2
for the other parameters and keeping ¢ and S given
by (16). Then the gain of the loop remains 146.6 s~ 1.
One value of ¢’ is the one at which the threshold for

5 )

(1)

—— } — —_
40 80 120 160 200
Time (ms)

Fig. 9. Numerical simulation with system (10) of the time evo-
lution of the green emission with different values of a: (1)
0.05x10~22 cm~2, threshold equal to gain; (2) 1.25x 1022
cm~2, threshold smaller than gain; (3) 2.45x1072% cm™~2,
threshold higher than gain.

avalanche is exactly the gain of the loop (curve 2)
(0'=1.25%10"2% cm?, it was calculated with (18)
introduced into (A.11)), one is such that the thresh-
old is low enough to be smaller than the gain (curve
1), and the third is such that the threshold is higher
than the gain (curve 3). Our system behaves as the
latter case and Fig. 9 shows that the intensity of the
green emission is larger at any time.

6. Conclusion

We have shown that a looping mechanism involv-
ing two species of ions occurs in
Gd;GasO,,:Yb:Tm:Ho at low temperature. It is
composed by an excited state absorption in the Ho
ions followed by a positive feed-back process involv-
ing the Tm ions. Both looping mechanism and ab-
sorption of laser pump by the fundamental level of
Tm ions have been included in a model to describe
the conversion of the infrared pump beam into green
emission. Despite the complexity of the system due
to numerous energy levels our fits are in agreement
with the experimental data. A simplified version of
the model allowed us to calculate the gain and the
loss of the looping mechanism from a theoretical
expression, leading for the first time to the determi-
nation of the threshold for photon avalanche in the
case of strong ground state pump transition. We show
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that the threshold is an increasing function of the ab-
sorption from the ground state: the weaker the last
one is, the easier it will be to obtain up-conversion
via photon avalanche. But we show also that in our
system the emission due to up-conversion is an in-
creasing function of the absorption from the ground
state so, a system that works below threshold can be
more efficient than a system working above. We con-
clude that the systems that exhibit photon avalanche
are not always the best ones to achieve up-conversion.
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Appendix: threshold of stability and of photon
avalanche

We consider here the simplest system that exhibits
a looping mechanism, represented in Fig. Al. There
is only one specie of ions. The loop is constituted by
the excited state absorption (yield R,) followed by a
cross-relaxation process whose efficiency is Hcg. De-
spite of the fact that this system has been extensively
modeled [4,8-10] no clear formula can be found in
literature to express the threshold of photon ava-
lanche whatever the pump rate in the ground state.
This question is of special interest because the pump
rate in the ground state can be modified by changing
the concentration of one ion in the case of a two-ion
system or by adding a second laser beam whose
wavelength is in resonance with a line of the ground
state absorption spectrum. The following equations

v N3

R.

/ ny
H
o s

Fig. A.1. Scheme of the three level equivalent system.

N4

describe the time evolution of the populations of the
levels:

Ay =R ny —rsn, —ny /T, +n3(1—=B) /134 20n, 13,

(A.1)
H3 =Ryny —n3/t3—onyn;, (A.2)
l=n+n,+n;. (A.3)

They are not linear because #, in the last terms of
(A.1) and (A.2) is time dependent but this is not
essential in early times. More, the nonlinearity is not
essential in the sense that it is not responsible for
starting avalanche but to the contrary it destroys it
after a certain time. If we want to know if an ava-
lanche occurs in a nonlinear system with a non small
pump rate R, in the ground state, the best is to test
the instability of the associated linear system. So, we
shall learn much about the behaviour of the system
by replacing #, (t) by a constant 7, in the last term of
(A.1) and (A.2). Egs. (A.1) and (A.2) are now lin-
ear and their solutions approximate the ones of the
initial equations at early times. Making their Laplace
transforms we obtain the Laplace transform 7, (s) of
ni(t) as

fis(s)= (R R n,/s)
X[(S+r1+R2+1/‘62)(S+1/‘[3+0'}11)
—((1=b)/13+20n, —RH)R,]7". (A4)

We can express on; and the branching ratio 1 — B of
the 32 deexcitation with the quantum yield Hcg of
the cross-relaxation process and the quantum yield #
of 32 deexcitation:

Heg=on,/(1/15+0n,) , (A.6)
n=0(1-B)/%1/(1/13+on). (A7)

Then (A.4) becomes
, (A.8)

where Q(s) =52+ Bs+ Cwith

1
73(1 —Hcg)

(B is always positive )

B=1/T2+R1 +R2+
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1
B 73(1 —Hcg)

X[1/15+R; +RRy13(1 —Heg)

c

—Ry;(2Hcg +1-1)]. (A.9)

We know by using for (A.8) the standard methods to
inverse the Laplace transforms that the time evolu-
tion n3(¢) contains terms exp(at) where « are the
roots of Q(s). If at least the real part of one root is
positive the system is unstable. Let us find the signs
of the real part of the two roots.

(1) If the discriminant 4=B2—4C is negative (in
this case C is always positive) the roots are complex
and their real part is — B/2 which is always negative
so the system is stable.

(ii) If the discriminant 4=B?—4( is positive the
roots are reals and their product is C whose sign is
the one of the term in brackets in (A.9): 1/1,+
R, +R\Ry75(1 =Hcr) =Ry (2Hcg+n—1). If this
term is positive the two roots have the same sign and
because their sum is negative ( — B) they are negative
and the system is stable. If the term in brackets is
negative:

R, (2Hcr +n—1)>1/1,+ R+ R Ry73(1 —Her)
(A.10)

then the roots have opposite signs and one is posi-
tive: the system is unstable. The above discussion is
resumed as

RZ(ZHCR +7]— 1)> 1/'[2 +R1+R|R213(1—HCR)

< system unstable , (A.11)

where the symbol < means “equivalent”. Eq. (A.11)
has a very simple physical interpretation. Its left side
is the net gain of the loop: when an ion is removed
(—1) from the n, level by laser beam (this occurs
with a yield R,) it is returned back by the cross-relax-
ation process with a quantum yield 2H g and by the
32 deexcitation with a quantum yield 5. The right
side of (A.11) describes the losses from the n,: 1/1,
for the spontaneous deexcitation, R, and R,R,t;
(1 —Hcg) are losses of n, feeding by the laser pump
due to accumulation of population into the #n, and 75
levels, respectively.

So when the net gain of the loop is larger than the
losses the system is unstable and a photon avalanche

occurs. In fact in this case the nonlinearity in system
(A.1-A.3) due to the n, (¢) time dependence comes
into play and reduces the efficiency Hcg of the feed-
back mechanism (#,(¢) is a decreasing function of ¢
starting at 1 ). After a certain time the avalanche van-
ishes and populations reach stationary states. Never-
theless, two different regimes can exist, depending if
condition (A.11) is fulfilled or not, and distinguish-
able qualitatively at early times (see the numerical
simulation on Fig. 9). If the pump rate in the ground
state R, is strong, (A.11) shows that it will be diffi-
cult to achieve avalanche and if achieved, it will be
destroyed earlier by the nonlinearity and then hardly
seen.
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