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The photon-avalanche effect, which involves both absorption from a metastable intermediate level and
cross-relaxation energy transfer, introduces a new trend in the achievement of efficient up-conversion
lasers. In this paper, we report a quite general theoretical treatment of this process which is successfully
applied to the case of LiYF,:Nd*". This model shows clearly that the avalanche effect may occur, above
a pumping threshold, only if the cross-relaxation energy-transfer probability is higher than the relaxa-
tion rate from the up-converted excited state to the levels located below the metastable intermediate

state.

I. INTRODUCTION

Several recent demonstrations of up-conversion-
pumped solid-state lasers have renewed the interest in ex-
citation mechanisms that result in emission at a wave-
length shorter than that of the pump light. Efficient up-
conversion is possible in rare-earth-doped materials with
metastable, intermediate levels that can act as a storage
reservoir for pump energy. The rare-earth-doped solid-
state up-conversion lasers mentioned in the literature
were pumped via excited-state absorption! ~® or energy-
transfer processes.” '®* These up-conversion lasers are
tabulated in Table I with their pump wavelength, emis-
sion wavelength, operating temperature, and approxi-
mate overall efficiency. In this table, it appears clearly
that the LiYF,;:Nd3",>* LaCl;:Pr**,% and LiYF,;Tm*"
(Refs. 7 and 8) laser systems, which are pumped by an
avalanche mechanism, belong to the most efficient up-
conversion laser systems. So, the investigation of this
process seems to be necessary to get a better knowledge
of the mechanism and find good candidates as solid-state
up-conversion lasers which may operate at room temper-
ature.

The phenomenon of photon avalanche was first
discovered in Pr’*-based infrared quantum counters.'’
A LaCl, or LaBr; crystal doped with Pr’" was exposed
to laser-pump radiation, in which the frequency matches
the excited-state transition absorption *Hs=—>P,. When
this radiation was slightly in excess of a certain critical
intensity, Pr™" fluorescence increases by orders of magni-
tude and, correspondingly, pump absorption was
sufficient to cause a dimming of the laser light on passing
through the crystal. This phenomenon was due to an
efficient cross-relaxation energy transfer between the
lowest infrared levels of Pr** which induces the excited-
state absorption used in the quantum counter process.
Such an avalanche process was also observed with other
rare-earth-doped  crystals such as LaBr;Sm**,%
LiYF;:Nd**,»*  LaCl:Pr®",® LiYF,Tm?*,”® and
YAIO;:Tm3*. 2!

The main goal of this paper is to study the avalanche
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process from a theoretical point of view and to apply the
theory to the experimental results obtained in the case of
LiYF,:Nd®*. Section II is devoted to the theory of
cross-relaxation-induced excited-state absorption and to
the critical parameters leading to the possibility for the
avalanche to be observed. Section III describes crystallo-
graphic and optical properties of LiYF,;:Nd>" as well as
the experimental equipment used in this study. The ex-
perimental results are presented in Sec. IV and their in-
terpretation is given in Sec. V. Finally, some conclusions
are drawn in Sec. VI.

II. THEORY

The avalanche phenomenon may occur in the case
where an efficient cross-relaxation energy-transfer in-
duces an excited-state absorption mechanism. Neverthe-
less, this is not a sufficient condition for the avalanche to
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FIG. 1. General energy scheme for an avalanche process.
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happen. The theoretical development which follows will
permit us to determine the necessary and sufficient condi-
tions to observe an avalanche.

Figure 1 shows the general energy scheme for an
avalanche process. The nonresonant absorption from the
ground state populates the level 2', which relaxes nonra-
diatively to the metastable level 2. The resonant absorp-
tion 2==3', followed by the nonradiative relaxation
3'=23, leads to the population of the emitting level 3.
Then the cross-relaxation process, noted by the dotted ar-
rows in Fig. 1, permits a very efficient population of level
2 and enhances the excited-state absorption 2=23’. Since
the phonon relaxations are fast compared to all other
processes involved, the excitation process can be ade-
quately described by the following rate equations where
ny, n,, and n; denote the populations in level 1, 2, and 3,
respectively:
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with
ny+n,+n;=1.

The nonresonant absorption from the ground-state and
the resonant excited-state absorption are characterized by
pumping rates R; and R,, respectively. W, and W, are
the relaxation rates of levels 2 and 3, respectively. The
branching in the decay of level 3 is described by the pa-
rameter b with (1—5 )W, being the decay rate to level 2.
The energy-transfer process that couples the Nd*" ions is
described by the parameter s.

A. Stationary solutions

The system (1) can be solved explicitly in the long-time
limit. The stationary solution for the level 3 population

dny _ is
ar —Rn,+W,n,+bW3ny—snn;,
dn 4AR 1/2
T:=R1n,—(W2+R2)n2+(l—b)W3n3+2sn1n3 ,» (1) n§°=2—lf4~ —1-+sgn(B) |1+ le ] ] ) (2)
dn,
7=R2n2—W3n3-sn1n3 ) with
TABLE I. Examples of rare-earth-doped solid-state up-conversion lasers.
Laser emission Pump
wavelength wavelength Temperature Overall
Ion Host (nm) (nm) Mechanism (K) efficiency Reference
Er’t/Yb®t BaY,Fy; 670 ir flash lamp energy transfer 77 9
Ho**/Yb®*  BaY,Fy 551.5 ir flash lamp energy transfer 77 9
sequential two-photon ~0.4% at
Er’t YAIO; 550 792.1+839.8 absorption T=<77 30 K 1
room
Er*t BaYb,F; 670 1045 energy transfer temperature 10
energy transfer plus
797 sequential two-
Er*t LiYF, 551 or diode 791 photon absorption T<90 02% at 40 K 11,12
sequential two-photon
Na** LaF, 380 7884591 absorption T=90 3% at 20 K 2
730 603.6 avalanche T <40 11% at 12 K 34
Nd** LiYF, 413 603.6 avalanche T<40 43% at 12 K 34
781+ 647.9 sequential two-photon  room
Tm3™* LiYF, 450.2 pulsed lasers absorption temperature  1.3% 5
Prit LaCl, 644 677 avalanche 80=—=300 K 80<T7T <210 25% at 80 K 6
Er’* CaF, 855 1510 cooperative transfer 77 17.8% 13
469.7 969.3 energy transfer T=35 0.3% 14
469.7 653.2 energy transfer T=<35 4.6% 14
Er*t LiYF, 560.6 969.3 energy transfer T<35 2% 14
sequential two-photon
Tm?* LiYF, 450.2 784.54 648 absorption T=<70 2% at 15 K 7,8
Tm3* LiYF, 483 628 avalanche T=130 7.5% at 26 K 7,8
Tm3* LiYF, 483 647.9 avalanche T <160 8
455,510,649, room
Tm’*/Yb’"  BaY,Fy 799 960 energy transfer temperature 15
Ert LiYF, 551 1550 cooperative transfer T=95 ~7.5% at 9 K 16
Er** LiYF, 467 1550 cooperative transfer 70 17
470,554,555 792.4 cooperative transfer 10 18
552 792.4 cooperative transfer 40 18
Er’t BaY,F; 617,669 792.4 cooperative transfer 20 18
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=" [R,+Wy(1+b)—W,],

1

B=
R,

[Wy(W;3+s)—R,(s—bW;)+R,W;+RR,].
As we mentioned before, R is the pumping rate from the
ground state which corresponds to a nonresonant absorp-
tion. Thus we may assume that R, is very small com-
pared to all the other terms. So

44R, |'” 24R,
B? = B?
This leads to the following solutions for n3°: if B >0,
o R|R,
" T WL (W,+s)—R,(s—bW,)+R,R,+R, W,
R,R
~ 1432 1 , (3)
s—=bW;3 Ryjmiy— R,
and if B <0,
w_ —Wy(W3+s)+R,(s—bW3)—R R, —R W,
"3 s[W5(1+b)+R,— W,]
R, — R jimic
~(s— R 4
=W ) IW.(1+5)+ R, —W,] @
where
R _ Wys+Wy) s
2 Limit — s—bW,
Note that

B <0=R;,>R;imi »
B>0=R, <Rjjimi -

If s <bW,, B>0. So, only the first regime exists, what-
ever the excitation power is. On the other hand, if
s>bW,, the two regimes exist. Above the threshold
(R,=R,imi), there is the avalanche effect. In con-
clusion, the avalanche effect may occur only if the cross-
relaxation probability (s) is higher than the relaxation
probability from level 3 to level 1 (bW5).

B. General solution under low excitation density

In the system (1), the analytical expression of n;(¢)
cannot be found explicitly in the general case. Neverthe-
less, for low excitation densities, it is reasonable to as-
sume that n; =1. So, if we do the variable change

n=1—a,;,
n,, nj, and a, are very small compared to 1. Then, we

may neglect the term sa 75 in the first order. The system
(1) is then reduced to the following linear system:

dn,

dt =—an2+ﬁn3+Rl s

_dn3 =R,n,—yn (6)
dt iy —Yn3,

a,=n,+n,,
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with
a=R,+R,+W,, B=(1—b)W,+2s—R,,
Y:W:; +s .

As we mentioned before, R, is the pumping rate from the
ground state which corresponds to a nonresonant absorp-
tion. Thus we may assume that R, is very small com-
pared to the other terms. This leads to

asz"‘}"Wz, Bz(l_b)W};‘f‘zS .
The analytical solution of the system (6) is

ny()=[1+(C—0.5)"P+E—(C+0.5)e =P~ BNy

)
with
D=0.5(at+7y),
E=0.5V(a—y)?+4R,8,
c=_Er_,a—yv _yla=y? _aty
2R,B  4E 8R,BE 4E
o R R,
n3 +R s.

© W,y(W;3+s)—R,(s—bW3)+R,R, +R W,

Equation (7) is a good solution as soon as the coefficients
in the exponential part are negatives, so n;(¢) does not
diverge. This leads to stable solutions only if

Wz(s+ W3)

S<bW3 OrS>bW3, R2<R2]imit= s—bW
3

In other words, this analytical solution for n;(¢) is valid
only below the avalanche threshold.

C. Numerical approach

As, in the system (1), the analytical expression of n;(¢)
cannot be found explicitly in the high excitation density
regime, we have to solve numerically the equations. A
numerical resolution of the time evolution of the
transmission using the formula

dl hc
T=1—(Rn;+R,n,)——, 8
(Rn, 2h3) T (8)
where d is the Nd*" concentration, / is the sample thick-
ness, and I is the pump intensity, may be done also.

III. MATERIAL AND EXPERIMENTAL EQUIPMENT

Such an avalanche process was recently observed in the
case of LiYF,:1 at. % Nd3**, which is a relatively efficient
up-conversion laser at low temperature>* and the
energy-level diagram describing the process is presented
in Fig. 4 of Ref. 4. The excitation laser frequency was in
resonance with the excited-state absorption transition be-
tween the lower Stark components of the *F;,, and *D; ,,
manifolds and the anti-Stokes lasing transitions come
from deexcitation of the 2P;,, level. In this work, we
recorded the power dependence of the laser intensity
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transmitted by the sample and of the anti-Stokes emission
intensity in this material to try to get a better knowledge
of the parameters involved in this phenomenon.

A. Material

The lithium yttrium fluoride has the quadratic scheel-
ite structure. The sample used in this study is an optical-
ly polished thin plate of 5X1.73X 1.29 mm?, the ¢ crys-
tallographic direction being parallel to the higher dimen-
sion. The excited-state absorption transition between the
lower Stark components of the *F;,, and *D, ,, manifolds
has no preferential polarization. For our measurements,
the crystallographic ¢ axis was transverse to the laser axis
as in previous work.>

B. Experimental equipment

The experimental setup is presented in Fig. 2. The
sample is placed in a liquid-helium optical cryostat with a
heating gas system and a regulator device allowing the
temperature to be varied between 1.6 and 300 K. Laser
excitation was achieved by a Spectra Physics model 380
ring dye laser pumped by a cw Coherent 10-W argon
laser. The wayelength of the excitation laser beam was
fixed at 6036 A, which is the wavelength of the excited-
state absorption transition between the lower Stark com-
ponents of the *F,, and *D,, manifolds. The laser
beam was chopped and focused on the sample. The violet
anti-Stokes emission related to the *P;,=—*I,, , was
collected at 90° to the laser beam direction and analyzed
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FIG. 2. Experimental setup.
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by a 1/4-m Jarrel Ash monochromator followed by a
EMI 9789QB photomultiplier. Simultaneously, the laser
intensity transmitted through the sample was sent to a
photodiode. These two signals were analyzed by a
LeCroy 9410 digital oscilloscope or to a lock-in amplifier.
This experimental setup was controlled by a personal
computer.

IV. EXPERIMENTAL RESULTS

The first study was to record the time evolution of the
transmitted laser light intensity and of the violet anti-
Stokes emission intensity during the illumination of the
sample. The laser beam was fixed at 6036 A. The select-
ed anti-Stokes fluorescence was the intense 2P; , =—*I, ,,
line located at 4130 A, which is known to be a very
efficient laser emission after up-conversion pumping.’
Figure 3 shows the experimental result obtained at 165 K
using an excitation power of 110 mW focused on the sam-
ple with a 80-mm lens. The transmitted laser light as
well as the violet fluorescence are constant. At liquid-
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helium temperature, the experimental result is quite
different concerning the anti-Stokes emission time depen-
dence. Indeed, Fig. 4 shows that, for the same excitation
condition, the anti-Stokes fluorescence shows a rise time
over about 15 ms, and then it becomes constant. We
looked at the excitation density evolution of this rise time
either by using lower laser power [Figs. 5(a) and 5(b)] or,
to get higher excitation density, by using a shorter focal
lens [Fig. 5(c)]. It is clear that this rise time increases
with the excitation density. Finally, at very high excita-
tion density (160-mW focused with the 50-mm lens), the
violet emission becomes extremely intense and the experi-
mental curves presented in Fig. 6 show that now, the es-
tablishment of the violet anti-Stokes fluorescence is quite
long and presents a bending point; in the same way, the
transmitted laser light decreases of about 12%. This
behavior is characteristic of an avalanche process.

We also recorded the power dependence of the violet
anti-Stokes fluorescence line at 4130 A. The result is
presented in Fig. 7. The logarithmic plot shows first [Fig.
7(a)] a quadratic behavior and then [Fig. 7(b)] a slope of
2.7.

V. INTERPRETATION

Now, we want to apply the theory developed in Sec. II
to the LiYF,;:Nd** case. The energy levels 1, 2, 2', 3, and
3’ mentioned in the theoretical treatment are related to
the *Iy,,, *F; 5, 2H,, 5, *P3,, and *D;,, Nd*" mani-
folds. The measured values of the relaxation rates W,
and W, are, respectively, 1905 and 20000 s~ 1.3

A. Below the avalanche threshold

The experimental results presented in Figs. 4 and 5,
relative to the 2P, ,, population n4(¢), may be fitted using
Eq. (7), which is valid only below the avalanche thresh-
old. The three parameters are the branching ratio b and
the cross relaxation transfer probability s, which are con-
stant, and the pumping rate R,, which increases with the
excitation power. The best fits presented in Figs. 4 and 5
are obtained with »=0.2, s=15600 s, and R, =2900,
4100, 5300, and 5800 s~ L. It appears that the cross-
relaxation transfer probability s is larger than bW, =4000
s~ L According to the theory, that means that an
avalanche 1is possible above the threshold value
Ry jimi = 5846 571,

B. Above the avalanche threshold

Above the threshold, the only way to make a theoreti-
cal approach is to solve numerically the system (1). Fig-
ure 6(a) shows the result of modeling calculation using
the parameters b=0.2, s=15600s !, R,=7000 s~ ',
and R,/R,;=5882. This resolution is quite satisfactory
as it shows that now R, is larger than R, =5846 s 1.
Moreover, the value of R, /R is high as it was assumed
in Sec. II.

Figure 6(b) shows the result of modeling calculation for
the transmission using the same parameters. The agree-
ment between the experimental and calculated curves is
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perfect for an incident power I =73 kW/cm?. This per-
mitted us to estimate the excited-state absorption cross
section using the well-known formula

__ fiwR,
I

We found 0 =3.2X 1072 cm?. Using the Judd-Ofelt pa-
rameters of Nd*>" in this host calculated recently,? this
cross section may be approximately evaluated to
2X 1072 cm? at room temperature. This value is not ex-
actly comparable to the previous one, which was estimat-
ed using the avalanche experimental results at liquid-
helium temperature. Nevertheless, these two values are
in the same order of magnitude, which is quite satisfacto-

ry.

o

C. Stationary solutions

Using Egs. (3) and (4), the calculated power depen-
dence of the %P, ,2 population is drawn in Fig. 8. It is in
perfect agreement with the experimental results as it
shows that, for values of R, higher than ~5850 s~ !, ny
becomes much higher. Below this threshold, the loga-
rithmic plot of Fig. 8 indicated a quadratic behavior at
very low pumping rate (R, <1000 s™!) and then a slope
of 2.6 as it was observed experimentally (see Fig. 7).

VI. CONCLUSION

In this study, we tried to make a complete treatment of
the avalanche process from a theoretical and experimen-
tal point of view. Such a phenomenon may occur in the
case where an efficient cross-relaxation energy transfer in-
duces an excited-state absorption mechanism. The main
condition for a cross-relaxation energy transfer to be
efficient is the perfect coincidence between the energy
gaps involved in the process. Nevertheless, this condition
is not sufficient for the avalanche to happen. The
theoretical model shows clearly that the avalanche effect
may occur only if the probability of the cross-relaxation
energy transfer involved in the process is higher than the
relaxation probability from level 3 to level 1 (see Fig. 1).

In ( calculated n,~ ) (arb. units)

in (10°R, ) (arb. units)

FIG. 8. Logarithm of the calculated anti-Stokes fluorescence
(4130 A) intensity versus the logarithm of the pumping rate R,.
The dotted line and the marker line are theoretical fittings with
a linear function.
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Indeed, such a  condition is satisfied in
LiYF,:1 at. % Nd3", as probed by the theoretical treat-
ment of the avalanche experimental data. This is great
progress for the prediction of new materials giving rise to
an efficient up-conversion of pump light. The model
developed in this article may be used to interpret the
avalanche process whatever the material is. Now, we
plan to extend this theory to the case where two different
kinds of ion are involved in the process.
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