Population mechanisms of the green Er3*:LiYF, laser
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In computer simulations the mechanisms that lead to room-temperature continnous-wave green
upconversion lasing in Er*":LiYF, are investigated. The rate-equation system considers the full
erbium level scheme up to 2Hyg,, ground-state depletion, excited-state absorption on the pump and
laser wavelengths, three interionic processes, stimulated emission, and the crystal and resonator data
of the experiments. Experimental results performed at the University of Hamburg, Germany, are
reproduced in the simulation. The influence of different parameters as pump wavelength, absorption
cross sections, interionic parameters, dopant concentration, and temperature is investigated. An
avalanche effect which exploits the strong cross relaxation from the upper laser level and the
upconversion from #1132 leads to an efficient population of the upper laser level. At higher dopant
concentrations the cross relagation becomes detrimental to stimulated emission due to the depletion
of the upper laser level. This concentration dependence can be considered as a general behavior of

rare-earth-doped avalanche lasers. © 1995 American Institute of Physics.

I. INTRODUCTION

One of the interests in solid-state laser physics has fo-
cused on compact blue and green laser sources for applica-
tions in the field of data storage. A possible way toward this
goal is the development of visible upconversion crystal la-
sers pumped by infrared laser diodes. Laser action on the
green Er'’ transition *S;,—*1,5,» at 550 nm has been
achieved at cryogenic temperatures in several host materials,
such as BaY,Fy,' YAIO,,> and LiYF,,** and at room tem-
perature in fluorozirconate fibers.>® Recently room-tem-
perature lasing in LiYF, under direct excitation’ and in an
upconversion-pumped regime®™'” has been demonstrated.
However, the population and deexcitation processes of the
upper laser level as well as the influence of excited-state
absorption (ESA) on the laser wavelength'' have not yet
been quantitatively understood.

In this article the results of a computer simulation of the
Er’*:LiYF, laser are reported. The rate-equation scheme
considers all excited levels up to *Hyy,. ground-state absorp-
tion {GSA) and depletion of the ground state, ESA on the
pump wavelength, three interionic processes as well as their
inverse processes, stimulated emission, ESA on the laser
wavelength, and the crystal and resonator data of the experi-
ments.

From the computer simulation the population mecha-
nisms of the laser system are quantitatively investigated. The
effect of the overlap between GSA and ESA on the pump
wavelength, the various impacts of the interionic processes
depending on pump wavelength, the influence of ESA on the
laser wavelength, as well as the concentration and tempera-
ture dependence of the output power are analyzed.

Il. SYSTEM PARAMETERS

The labeling of the levels considers the energetic order
of the Er*" level system starting with O for the ground state;
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see Fig. 1. Since the *H,,» and *S;, levels as well as the
*Fgp and *F 4 levels are thermally coupled with each other
they are treated as combined levels with a Boltzmann-
population distribution. The Er**:LiYF, parameter set used
in our rate-equation model is taken from Refs. 8—10 and
12—15. The intrinsic lifetimes 7 of the levels are given in Fig.
1. They include radiative transitions and multiphonon relax-
ation. The quenching of the intrinsic lifetimes due to ion-ion
interaction or ESA is considered in the rate equations. The
radiative transition rates are known from a Judd-Ofelt
calculation.' The radiative transitions from *Ss, and H
are weighted with their Boltzmann contribution to level 5 at
300 K, respectively, and are summed for each transition. The
same procedure was performed with the gy and *F 5 lev-
els contributing to level 7. The nonradiative transition rates
and the branching ratios are calculated in the same way as
shown in Ref. 13. The important branching ratios are given
in Table I{a).

Three ion-ion interactions W;; are included in the simu-
lation (see Fig. 1). The parameters W;; of these processes for
the sample doped with 1% erbium are given in Table I(b).
For the parameters W, and W, a concentration dependence
is experimentally observed.'* The parameters W), and W,
of the sample doped with 1% Er** are assumed to have half
the values measured'* for the 10% sample. This is consistent
with the results of rate-equation simulations performed in
Ref. 15. The parameter Wg, is derived from our computer
simulation (see Sec. IV).

The inverse processes of these ion-ion interactions are
also taken into account [see Table I(b}, not shown in Fig. 1].
Since for Wy, and Wy, there is a full spectral overlap be-
tween the involved manifold transitions the normal and in-
verse parameters are assumed to have the same values. For
W, there is only a phonon-assisted overlap. The processes
*113p—"115/2 and *11372— *I4)5 have stronger transitions in
the relevant area than the inverse processes due to different
Boltzmann populations of the same transition in absorption
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FIG. 1. Energy-level scheme of Er**(1%):LiYF, indicating the processes
that are relevant for the population and deexcitation of the %S+, upper laser
tevel at the pump wavelength A, =810 nm. (a) Excitation of the upper laser
level via GSA Ry; and either ESA Ry or upeonversion Wa,. (b) The ava-
lanche effect including cross relaxation Wsy. upconversion Wy, and ESA
Raz. Solid and open dots indicate the positions of excitations before and
aftzr the transition, respectively. Two cross-relaxation transitions Wy, one
upconversion transition Wy;, and three ESA transitions Ry, are necessary to
complete one avalanche cycle. The result is an enhancement of the pop-
alation of the upper laser level by a factor of 1.5 without pump absorption
from the gronnd state. Many avalanche cycles lead to the efficient popula-
tion of the %S5 upper laser level and to inversion on the laser transition. (¢)
Stimulated emission R, ¢ and reabsorption R .. on the laser wavelength at
351 nm.

and emission. A brief evaluation of normal and inverse pa-
rameter considers the assistance of one phonon with energy
By, =400 em™! and includes all Stark transitions in the
phonon-assisted overlap region with the same atomic cross
sectirm and the Boltzmann populations of the initial levels at
300 K. Summing all contributions for the normal and the
inverse process results in W, =2.3W;,, which is used for
the determination of Wy,. With an assumption of W, = Wy,
the experimental results for the laser output could not be
reproduced in the simulation. Experimental investigations of
the parameters Wy, and Wy, are in progress.

The following set of parameters given by the exper-
iment®!? is used in the simulation: crystal lulgth =4 mm,
dopant concentration Ny=1.37x10% e¢m™ (1 at % on the
yitrium  site), a concentric resonator of optical length
{,=0.1 m, losses due to scattering and diffraction L,=0.05.
The crystal is pumped with a Ti:sapphire laser at the pump
wavelength A, =810 nm. 89 Fxpcrlments have also been per-
formed at A, =791 nm and A, =974 nm.’ 10 The corresponding
GSA and ESA transitions dnd cross sections oy; are given in
Table Iic). No significant ESA from the /5, level is present
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“transmits 7=

at 810 nm, whereas at 791 nm there is no ESA from the 1“/7
level.'® In the experiments the following cw power ranges of
the Ti:sapphire laser at 810 nm were achieved: Py,<3 W by
normal technique and P,,<<12 W with a feedback of the
pump wavelength from the outcoupling mirror of the erbium
cavity into the Ti:sapphire cavity.® The incoupling optics
=0.9 of the pump light into the crystal. The
pump and the laser beam are assumed to have a radially
homogeneous profile. The average radius of the laser beam
within the crystal is approximately rp,0.=20 um and the
overlap between pump and laser mode has been estimated to
be 7;=0.9.

The laser transition starts from the second Stark level of
453;2 {Boltzmann population b5,=0.402 at 300 K, degen-
eracy gs,=2) and terminates in the eighth Stark level of
Hosra (bog=0.042, g4=2) at Ay, =351.3 nm. Additional re-
absorption losses R eas due to ESAM from #1 ., (h,,=0.220,
g11=2) into Hglm (bgy=0.142, gy44=2}) are considered dy-

namically. The atomic cross sections at 551.3 nm and the
corresponding emission and absorption cross sections are
given in Table I(c). The transmission of the outcoupling mir-
ror is T=3%.

The rate equations used in this simulation are similar to
those given in Ref. 13. They additionally consider the levels
T (*F5;0+4F5,) and 8 (*Hy) as well as the ESA rate on the
laser wavelength.

lll. RESULTS OF THE COMPUTER SIMULATION

The rate equations have been calculated with the param-
eters given in Sec. II. The excitation mechanisms of the laser
and the most important transitions for the 810 nm pump
wavelength are indicated in Fig. 1. The upper level of the
green laser emission is partly populated via two-step absorp-
tion of infrared pump photons and via upconversion from the
ESA pump level (left-hand side of Fig. 1). An avalanche
effect including a cross relaxation, an upconversion, and
ESA leads to efficient inversion on the laser transition (cen-
tral part of Fig. 1). Stimulated emission is partly reabsorbed
by parasitic ESA (right-hand side of Fig. 1). These mecha-
nisms are explained in the following section.

The dependence of the main population densities and the
dominating transition rates on 810 nm input power can be
examined in Fig. 2. The levels *Hop, *Fsj. *Fap, *Fop, and
*1,y> are depopulated mostly via multiphonon relaxation into
the next lower-lying level; compare the branching ratios in
Table I(a). Since the feeding of the *F ]evel via ESA from

M s strong also the transitions Fg,»,+ Fapy— [v—,,q and
i H“,», h'we xwmncunt rates which are com-
parable to the rate *1,;,,—*F 5,5+ *F,,. For simplicity these
rates are not included in Fig. 2(b). All other rates have rela-
tively small values.

The threshold and slope efficiency of the laser output
significantly depend on the chosen pump wavelength. The
transitions and cross sections that correspond to the experi-
mentally and numerically investigated pump wavelengths are
given in Table I{c). The input-output curves calculated in the
computer simulafions are shown in Fig. 3. The lowest thresh-
old (P,,=0.7 W) and highest slope efficiency (1.5% versus
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TABLE 1. (a) Branching ratios with a value of more than 2%. (b) Interionic -processes and their inverse
processes, corresponding relaxation and upconversion transitions, and parameters used in the simulation. (c)
Different GSA and ESA pump transitions used in the experiments (Refs. 8~10), Boltzmann-weighted pump
cross sections oy; (Ref. 15), laser and ESA on the Jaser wavelength, atomic cross section o at 551.3 nm,
corresponding emission and absorption cross sections g, =osybsy, Tus=0wbos (Ref. 15), and atomic cross
section o g for ESA at 551.3 nm calculated from Ref. 15.

(a) Initial level Branching ratio
?'Hs;lz ﬂg7=0.978
Fojpt+F3 B7=0.985
4F7,v, Bes=0.941 Bep=0.051
S;,; +2H 15 Ps3=0.306 Bs;=0.179 Bso=0.488
I B4 =0.903 B1a=0.087
o B2,=0.999
Tiim By =0.387 Boy=0.613
Tar Bio=1.000
Interionic Relaxation Upconversion Parameter
(b} process process process (107 ¥ em’s™1)
Wy (normal) 4113/2—*4’151’2 4L]13/2‘"419/2 Wy=15
W3y (inverse) =132 15— s Wa=6
W3, (normal) Hin—*isn = Fan Wa=9
Wy (inverse) Frn—*1i1 isp—*n Wea=9
Wy (normal) *Hyyp~*lap [15/1“’ i3 W5=600
W3 (inverse) Dysp—="Tysi2 Hop—Hyip /13=600
Wavelength Cross section
(c) {nm) Process Transition (107 em?)
791 GSA 1,;,«;*» Ty T =0.085
ESA ]n/z“‘" H“,q o5=0.25
810 GSA Hispn—tTop 753 =0.058
ESA Hir—Fapn 05=0.5
974 GSA Hisn— i T =0.18
ESA in—tFya =15
551 st. B RATYIT s P os5=3.0
453/2%411512 ey = 2.0
152283 Typs=0.2
reabs 4113,2—1‘»2}19/2 a3=0.05

“Stimulated emission.
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FIG. 2. Results of the computer simulations for Er*(1%):LiYF, with
)\’.,=81D nm: (a) The population densities of the relevant levels; (b) the
important transition rates of the system. The rate given for an interionic
process is the net sum of the rates of normal and inverse process.
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input power at P;,>>4 W) is achieved at A\,=974 nm. The
output power at A\,=810 nm is approximately three times
lower. The threshold critically depends on the pump and la-
ser beam waist. At A,=810 nm threshold powers of P;,;=1.8
W and 1.0 W are calculated for r,.,4,=20 and 15 um, re-
spectively. This is the crucial parameter for the achievement
of laser-diode-pumped cw lasing. The performance at
A,=791 nm exhibits a higher threshold and a smaller slope
efﬁuencv than at A,=810 nm. These calculations are in
agreement with the expemnental results.® 10 The effects of
GSA and ESA cross sections and the influence of upconver-
sion from the ESA pump levels are discussed in the follow-
ing section.

IV. DISCUSSION OF THE POPULATION MECHANISMS

In this section the population mechanisms of the system
are analyzed. The influence of several parameters including
pump wavelength, GSA and ESA cross sections, interionic
upconversion and cross relaxation, dopant concentration, and
temperature is investigated.
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FIG. 3. Caleulated input-output curves of the 551 nm Ef** (1% ):LiYF, laser
for different pump wavelengths, The beam waist is r,.0, =20 pm for
A,=810 nm and 791 nm, rp.e=24 pm for A,=974 nm. Upper curve:
dbsgrbe-d pump power at A, =810 nm,

A. Pump excitation via GSA and ESA from the %/,
level

At the pump wavelengths 810 and 974 nm the BSA from
the */ 1172 level is exploited, see Table 1(c) and Fig. 1. In Fig.
4 the results of the parameter variation P, (W, 0ys, 037)
for Piy=3 W at A,=810 nm are given. The data show that
the best overlap between GSA and ESA cross sections leads
to the highest laser output at 551 nm, in agreement with
experiments.*~'" This explains the difference of the behavior
when pumping at 810 and 974 nm. The population mecha-
nisms are identical except for the smaller GSA and ESA
Cross 5u.tmns at X,,AS]O nm and the addltmnal multlphonorl

pump w avelength. Th;.:,e vafc,cts reduc,e the absorption dt]d
quantum efficiency of the green laser, respectively, when
pumping at 810 nm.

The pump wavelength 791 nm leads to different excita-
tion mechanisms because the ESA transition starts from the
130 level.’® This situation will be explained in Sec. IV E.

25
20 R Co3 927
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FIG. 4. Variation Py, (W, ons, 0o7) for EF Y (1%):LIYF, with Py=3 Wat
810 nm. The best overlap between GSA and ESA lead% to the hest laser
output. The experimental values are (rm-() 583107 em?, gy =5x10"Y
em®, and Wyy= Wey=9%107" cm®s™', The upconversion Wy, although
ta,e.dmg the upper laser level, decreases the laser output.
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B. Competition of ESA and interionic upconversion

At the pump wavelengths 810 and 974 nm the ESA from
4 112 dnd the upconversion W,y populate the upper laser
level * Sg/'y via multiphonon relaxation; see the left-hand side
of Fig. I. The results of the parameter variation Py, (W,,
+ Weg» 093, 027) shown in Fig. 4 demonstrate that a stronger
upconversion W, is decreasing the laser output, although the
net sum of Wy, and Wy, populates the upper laser level. This
can be explained by the following considerations. Owing to
the low dopant concentration and the small GSA and ESA
cross sections only a small part of the pump power is ab-
sorbed in the crystal (see Fig. 3). An increase of the popula-
tion of either the GSA or the ESA pump level would linearly
increase the absorbed pump power on the corresponding
transition. The upconversion W,, removes two excitations
from the ESA pump level, but transfers only one of them into
the upper laser level. Without upconversion both excitations
could be pumped via ESA into the upper laser level. Thus,
the detrimental effect of the upconversion W, is the transfer
of energy from the ESA pump level into the ground state
which leads to the deexcitation of the system.

C. Avalanche effect

Since the GSA is weak the two-step excitation of the
upper laser level via GSA and ESA would only lead to a
small inversion on the laser transition. Therefore, other exci-
tation mechanisms gain importance. The computer simula-
tion gives evidence that an avalanche process strongly sup-
ports the excitation of the crystal; see the central part of Fig.
1. The cross relaxation Wy from the upper laser level re-
populates the ESA pump level. In addition it excites the */ 5,
level from the ground state. Half of this additional excitation
is transferred jnto the ESA pump level by an upconversion.
Although the parameter W,; for this upconversion has a
small value at 1% Er'" concentration, the long 41’]3,3 lifetime
and its high population due to the cross relaxation lead to a
strong upconversion rate.

One avalanche cycle starts with two excitations in the
upper laser Jevel and finishes with three excitations in the
upper laser level (see Fig. 1), which is an enhancement factor
of 1.5. At moderate pump powers this excitation channel is
more efficient than the weak GSA. The laser output is nev-
ertheless increased by a stronger GSA. This has been con-
firmed in the experiment® and in the simulation (see Fig. 4).

The onset of the avalanche effect can be examined in
Fig. 3. Below | W input power the absorbed pump power is
rising over proportional with respect to the input power. At
threshold the rate of the half part of W, that populates the
ESA pump level is seven times higher than the rate of the
GSA. The GSA rate saturates below threshold, [see Fig. 2(b)]
because of the strong bleaching of the ground state; see Fig.
2(a). Above threshold the ground state is repopulated by the
operating laser transition and the GSA rate is linearly in-
creasing. The excitation via the avalanche effect, howevu
stagndtes because the population densities of the */ 15725
113, and 53,2 levels and, therefore, the rates of the interi-
onic processes from these levels remain approximately con-
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stant (see Fig. 2). At 12 W input power the GSA rate equals
the upconversion rate from *7,3,.

D. Decrease in slope efficiency with rising input
power

In Fig. 3 it is demonstrated that the absorbed pump
power does not rise linearly with input power but shows a
saturation effect. The output power is almost linearly rising
with absorbed pump power. As a result the output power
exhibits the same saturation effect. This decrease in the slope
efficiency of absorbed pump power and laser output power is
due to the depletion of the ESA pump level *1,,2; see Fig.
2(a). Above threshold the population densities of the */ 5,
#1132 and *S 5 levels and, therefore, the feeding of the ESA
pump level via the avalanche process saturate. The rlsmv
GSA rate cannot compensate for the depletion of the 4 upe
level via ESA, because the GSA cross section is one order of
magnitude smaller than the ESA cross section.

E. Pumping at 791 nm by ESA from the */,5, level

At }‘p=79 1 nm the system is pumped on the transitions
Ilw—#]g,ﬁ and *I,3,—*H,». There is no ESA from
*1,,,2 on this wavelength. 16 With the results of the preceding
subsections the small slope cfﬁc1ency exhibited at A, =791
nm can be understood. Since the *1 4, level is hlghly popu-
lated under cw excitation via the cross relaxation Wy, [see
Fig. 2(a)] one can expect an efficient absorption from this
Jevel. Two mechanisms are responsible for the nevertheless
poor -performance at this wavelength. First, the ESA cross
section is considerably lower at 791 nm. Second, the strong
upconversion Wy, from this level Wthh completes the ava-
lanche cycle when pumping from the 41,1 level becomes
detrimental to stimulated emission when pumping from the
#1412 level. Two excitations are lost for ESA pumping. One is
deexcited to the ground state and one may repopulate the
*I 13 level after contributing to the heating of the crystal by
multiphonon relaxation. Thus the positive effect of the up-
conversion W, is turned into its opposite. Its effect is worse
than the detrimental effect of the upconversion W,, when
pumping from the #1112 level because W, is stronger and it
does not populate the upper laser level.

F. Concentration dependence

The cross relaxation W, leads to efficient avalanche las-
ing at low dopant concentrations. On the other hand this
cross relaxation depletes the upper laser level. The effect of
the cross relaxation Wy at ditferent dopant concentrations is
shown in Fig. 5: At 1% concentration a stronger cross relax-
ation increases the laser output, which demonstrates the ava-
lanche effect. At considerably higher dopant concentrations
the rate of Wy, successfully competes with stimulated emis-
sion. This decreases the output power and limits the possible
range of dopant concentration. The parameter that repro-
duces the experimental results for the laser output at 1%
concentration and gives a good explanation of the experi-
mentally obﬂer\ed concentmtion dependence is Wso=W,3
=6(+)x 1072 m® s~ This is, to our knowledge the first
estimation of the cross-relaxation parameter in Er* *:LiYF,.
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FIG. 5. The influence of dopant concentration on the laser output due to the
quenching of the *S5, upper laser level via cross relaxation Wsy. The pa-
rameter which reproduces the experimentally observed concentration depen-
dence is Ws;=600<10""* cm® s™. The variation of the parameter Wi cor-
responds to the temperature-dependent Boltzmann population of the “Hiyn
level.

Owing to the quenching effect of the cross relaxation a
considerably higher erbium concentration cannot be used for
the enhancement of the GSA and ESA. This would otherwise
be useful for a better pump absorption and would increase
the laser output (see Fig. 4). In rare-earth-doped crystals with
a large number of energy levels in the visible range most of
the lifetimes of the levels are quenched by multiphonon tran-
sitions and hardly more than one metastable level can be
found in the visible energy range. The strong cross relaxation
required for the avalanche effect must start from a highly
populated (metastable) level. Thus, a coincidence of the ini-
tial levels of stimulated emission and cross relaxation is very
likely to occur. The observed concentration dependence can,
therefore, be considered as a general behavior of many ava-
lanche lasers.

G. Temperature dependence

The results of the computer simulation are obtained with
the assumption of a constant crystal temperature 7=300 K.
Thermal effects within the crystal are not included in the
calculation because the crystal is not very sensitive to those
effects in the e’xperimem:.9 It is, however, of importance to
discuss the influence of temperature on the crucial parameter
of the system, the cross relaxation Wy.

The data of Fig. 5 can be interpreted in two different
ways. The rate corresponding to the investigated cross relax-
ation is given by Rcg=Ws5,NsN,. In more detail this can be
written as

Rcer= Qs0bsiNsboiNyg. (1)

Here Qs is the cross-relaxation parameter and N; are the
population densities of the initial levels. bs; and by; are the
sum of the BoltTmann populations of all Stark levels of
4842+ H 1 and T sp, rcspectnelv that contribute to the
spectral overlap of emission from *S,,+2H,,, and absorp-
tion from */ 1572+

In the preceding paragraph the interpretation of Fig. 5
and the given values of Ws, are based on the assumptions
Wso= Qs and bs;=by;= 1. The variation of Wy, can, e.g.,
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correspond to a change of the host material which involves a
change in the spectral overlap. The increase in concentration
induces an increase of N5 and Ny in Eq. (1).

In this paragraph the variation of W, (and simulta-
neously Wia) in Fig. 5 shall reflect the temperature depen-
dence of the cross relaxation Ws,. Only the emission from
H 1122 has a spectral overlap with the absorption from e 52
The >H,y; level is thermally populated from 4S3,2. This in-
volves a temperature dependence of the resonance of emis-
sion and absorption. Therefore, at room temperature the 4S3/2
lifetime is concentration quenched by the cross relaxation
Wy, whereas this effect is absent at low temperatures.'’
Equation (1) can be rearranged so that Wsy=bs;0;Qs0. The
variation of Ws, in the rate equations thus corresponds to the
temperature dependence of bs; in Eq. (1). The value of bg;
decreases with decreasing temperature. The temperatures
given in Fig. 5 are based on the assumption that Wi,
=W,5=6X10"2 m’ 57" at 300 K and that all Stark levels of
*H,,;p are contributing to the spectral overlap and to bs; in
the same way.

The temperature dependence leads to an even faster con-
centration quenching of the output power than calculated in
the simulation. At higher dopant concentrations the higher
pump absorption leads to a higher temperature within the
pump channel. This increases the parameter Wy, Also the
higher Boltzmann population of the terminating laser level
will reduce the laser output.

H. ESA on the laser wavelength

The excited-state transition *I;5,,—>Hy,, (see Fig. 1)
has a spectral overlap with the stimulated emission around
550 nm. Since the *I,3, level has a long lifetime and is
highly populated [see Fig. 2(a)], a significant portion of laser
light may be reabsorbed on this transition. The effect de-
pends on the spectral position of single Stark transitions and
the corresponding cross sections.

It has been demonstrated that this ESA is strong enough
to prevent laser action at room temperature in Er**:YAIO,
because it heavily influences the long-wavelength side of the
green fluorescence.!! In the host materials Cs;Er,Bry and
Ert:Cs;Lu,Bry the large size of the Br~ ion leads to a
smaller effect of the ligand crystal field and, therefore, a
smaller Stark splitting of the spin-orbit levels. This leads to
smaller wavelength ranges for all transitions. As a conse-
quence, there is no spectral overlap for emission and ESA in
these hosts.'®

In Er¥T:LiYF, the laser line is located between two ESA
peaks and the ESA cross section at 551.3 nm is extremely
small.'® The assumption of an ESA transition with a small
cross section [see Table 1{c)] leads to the result that above
threshold 5%-7% of the laser light is reabsorbed depending
on pump power. This demonstrates that the small ESA on the
Jaser wavelength affects stimulated emission in Er**:LiYF,
only slightly. With 3 W input power at 8§10 nm cw laser
(Jpé;’ration would terminate at a cross section oyg>1.2x107%0
cm’,
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V. CONCLUSIONS

In computer simulations the population mechanisms of
the room-temperature cw Er3+:LiYF4 laser at 551 nm have
been analyzed. We have shown that the pump light is mainly
absorbed via ESA from the I, level into the upper laser
level, The GSA transition is weak. Efficient population of the
ESA pump level is achieved via an avalanche effect which
exploits the strong cross relaxation from the upper laser level
and the upconversion from */3,. The upconversion from
*I1152» although populating the upper laser level, is decreasing
the laser output. It competes with the ESA which has twice
its efficiency for the population of the upper laser level.

The experimental results for the laser output power have
been reproduced in the simulation. The pump wavelength at
974 nm leads to the highest laser output, because GSA and
ESA cross sections are favorable at this wavelength. ESA on
the laser wavelength plays a minor role in Er**:LiYF, be-
cause of its small cross section at 551.3 nm.

The cross relaxation from the *H,, level is shown to be
the crucial process for the green erbium laser. For the first
time, the parameter for this cross relaxation and its inverse
process has been determined. The value is Wy
=W ;=6(x4)X10"2 m* s, A decrease of the slope effi-
ciency with rising input power is due to the saturation of the
avalanche effect above threshold and the depletion of the
ESA pump level. At higher dopant concentrations the cross
relaxation becomes detrimental to stimulated emission due to
the depletion of the upper laser level. This concentration de-
pendence can be considered as a general feature of rare-
earth-doped avalanche lasers.
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