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Abstract

The temperature dependencies of the nanosecond multiphonon relaxation (MR) rates of the 3F; state of Tm®" in the
YLF crystal and of the °F; state of Ho®* ion in the YAG and LuAG crystals and of the microsecond MR rates of the
*Fy)» (*Hy)2) state of Er** ions in YLF were measured in the wide temperature range using direct laser excitation and
selective fluorescence kinetics decay registration. For YLF the observed relations are explained by 4-phonon process in
the frame of a single-frequency model with hwer = 450 + 30 cm™! for the *F5 state of Tm®>* and by 5-phonon process
with hwer = 445 cm™! for the *“Fy)y (*Hy)s) state of Er’". For YAG and LuAG crystals these dependencies are ex-
plained by the 3-phonon process with hw.; = 630 cm™!. The decrease of the relaxation rate with the temperature in the
range from 13 to 80 K was observed for the 4F9/2 (2H9/2) state of Er** in the YLF crystal. It is explained by the re-
distribution of excited electronic states population of erbium ions over the higher lying Stark levels with different MR
probabilities. A good fit of experimental temperature dependence (including the dropping part of the experimental
curve) was obtained for single-frequency model (hwer = 450 cm™') with Wy = 8.0 x 10* s7! and W, = 4.7 x 10* 57!
accounting Boltzmann distribution of population over two excited Stark levels of the excited state of erbium ions.
Employment of this model improves the fit between the experiment and the theory for the °F; state of Ho*" ion in YAG
as well. Strong influence of the parameters of the non-linear theory of MR, i.e. the reduced matrix elements U® of
electronic transitions and the phonon factor of crystal matrix 5 on the spontaneous MR rates was observed experi-
mentally. The smaller these parameters the slower the spontaneous MR 7. This fact can be used for searching new
active crystal laser media for the mid-IR generation. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Multiphonon relaxation (MR) rates were mea-
sured as a function of temperature for Ho, Er, and
Tm in YAG, YLF, and LuAG and fit to a model
that takes into account both the phonon energy
and the level-to-level transition rates. In many
approaches to this problem, the number of pho-
nons required for non-radiative transition is as-
sumed equal to the minimum number of phonons
(nmin) required to span the energy gap between
manifolds. However, here it was found that the
closest spaced levels with minimum number of
phonons bridged the energy gap may not have
sufficiently large transition rates because, for ex-
ample, of the low density of phonon states close to
the maximum energy phonon of a crystal. As a
result, the transition with increased phonon num-
ber (mmin + 1) gives larger contribution to the
overall MR rate due, for example, to higher den-
sity of effective phonon states than those for the
maximum phonon. Also, another pair of levels in
the manifolds that also require more phonons than
nmin to relax may decrease the overall MR rate
with the temperature increase due to smaller level-
to-level transition rate. MR in rare-earth doped
optical crystals was first studied in details in [1-4]
based on semi-empirical model. Super-weak elec-
tron—phonon coupling model was later developed
in [5-7].

This work is the continuation of our investi-
gation of the MR regularities in the rare-earth
doped laser crystals started in [8]. Since then more
than forty 1-5 phonon transitions were directly
measured and analyzed in the YAG, CGGG,
GGG, YA103, Y203, CaMoO4, YLF, LaF3,
Na0A4Y0,6F2'2, KY3F1(), CaF2 and Ser crystals
doped with Nd**; in YLF and LaF; doped with
Er’', in YLF, YAG and LuAG doped with Ho*",
and in YLF, YAG and LuAG doped with Tm*"
[8-14,16-18,20]. The regularities of MR rates de-
pend on: the number of phonons n, the structure
of crystal matrix, its lattice parameters, the type of
cations and anions of the lattice, the type of op-
tical center, the Stark splitting of the excited states
of rare-earth ions, and the type of rare-earth ion
(its ionic radius), on the type of electronic transi-
tion (on the values of its reduced matrix elements

U® were found). They were explained [13,15,
16,19] in the frame of the non-linear mechanism of
the theory of MR in the single-frequency ap-
proximation of crystal lattice vibrations developed
in [5-7,13,15,16,19,21]. This mechanism accounts
both point—charge and exchange—charge interac-
tion between rare-earth ions and the ligands [5-7].
Exponential dependence of MR rates versus pho-
non number was established at 7 =0 K:

W (T =0K) ==y, (1)

where W is the electronic and # is the phonon
factor of the lattice in the single-frequency ap-
proximation. For further examination of the non-
linear theory of MR it is interesting to measure
temperature dependencies of the rates for different
multiphonon transitions in rare-earth doped crys-
tals. Such information is also very useful for the
analysis of new laser materials for laser generation
in the rare-earth doped oxide and fluoride laser
crystals, specifically in the mid-IR spectral region.

2. Experimental details, results and discussion
2.1. The ’F; state of the Tm®" ion in the YLF crystal

2.1.1. Experimental details

The *F; state of the LiYF4:Tm®" (1%) crystal
was excited through the *F, state which is sepa-
rated from the lower lying 3F; state by the small
energy gap of AE ~ 500 cm™! (Fig. 1(a)). A pulsed
tunable Oksazin-17 dye laser (f, =5 ns, Agen =
632-670 nm) pumped with copper vapor laser
(t, = 10 ns, f = 10 kHz) excited the laser materials
(Aex = 657.1 nm). Because the MR rate is so high,
only a small fraction of the excited atoms relax by
spontancous emission. To compensate for the low
fluorescent emission, a time-correlated photon-
counting registration technique was used. It con-
sisted of a MCA Trump-Plus PC Plug in Card;
EG&G Ortec, EG&G NIM Electronics; PMT-79
with S-20 photocathode; and a MDR-23 mono-
chromator with spectral resolution 13 A/mm). The
monochromator was set at the registration wave-
length, A, = 688.2 nm. The signal was recorded
with time resolution less than 0.5 ns.
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Fig. 1. The energy level diagram of rare-earth ions manifolds classified in the intermediate coupling approximation in: (a) YLF:Tm?";
YLF:Er**; and (c) YAG:Ho*". For two manifolds of erbium the notation in the LS-coupling approximation is given in brackets.

2.1.2. Results and discussion

The measured temperature dependence of the
short initial stage decay of the *F; state of Tm®" in
YLF is presented in Table 1. The contribution of
the radiative relaxation was  negligible
(4 = 1940 s71). The MR rate Wy was calculated
using equation Wyr = 1/Tmeas — A4, where A =
1940 s=' is the radiative probability calculated
using Judd-Ofelt theory. Intensity parameters Q;

were taken from [22]. The excited-state notations
determined in the intermediate coupling approxi-
mation rather than LS-coupling, the reduced ma-
trix elements of electro-dipole transitions U*¥) and
thulium magnetic-dipole operators M were taken
from [23]. Single-exponential kinetics decay with
T =78 ns was measured at 7 =77 K [16,17]. At
T =295 and T = 343 K a non-exponential decay
was observed. To determine the reason of this, the

Table 1

The temperature dependence of the lifetime of the *Fj state in the YLF:Tm*" crystal
T, K T, NS T, K T, NS T, K T, NS
77 78 £ 1 343 41 £1/88.1 473 27+1
295 54+1/595+£5 423 361 - -
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dependence of kinetics decay versus fluorescence
excitation (Ae) and registration (4.,) wavelengths
were measured. The curve fitting with two expo-
nential functions with different decay times 7; and
7, was done. In Table 1 and thereafter the non-
exponential nature is marked by a slash between
the lifetimes of initial and final stages. The first
exponential component of the curve at 7 =295 K
does not depend on the excitation and registration
wavelength (7 = 54 ns). On the other hand, for the
second exponential component different decay
times were obtained (from 580 to 610 ns). How-
ever, the accuracy of determination of the latter
ones was very poor. The same is true for 7 = 343
K. At T=423 K (t=36 ns) and 7T=473 K
(t =27 ns) the single-exponential kinetics decay
was observed.

The temperature dependencies of MR rate from
the 3F; state of YLF:Tm was analyzed in the single-
frequency model. In this simple model [4] theoret-
ical dependencies were calculated in accordance
with the following equations:

n(w,T) = (exp(hwos /kT) — 1), (3)

where 7 is the number of phonons involved in the
process; n(w,T) is the population of a phonon
mode of frequency w at a temperature 7 described
by the Bose-Einstein distribution. The experi-
mental points for Wyr in the temperature range
from 77 to 473 K are presented in Fig. 2. Also the
theoretical curves indicate the expected tempera-
ture dependencies for fixed numbers of phonons
n=73, 4 and 5 when the energy “gap” AE between
3F; and 3H, was varied between AEn, =
1700 cm~! and AE,,x = 1996 cm~!. The variation
in this energy gap due to Stark splitting. In the
frame of this model 3-phonon process can be
possible only between the lowest Stark level of *F
and highest Stark level of 3Hy that is for AEy;, =
1700 cm~! with maximum phonon frequency
hwer = 570 cm™' for YLF crystal. But it is seen
that both 3-phonon and the 5-phonon processes
(see Fig. 2, curves 1, 4 and 5) fail to describe the
experimentally measured temperature dependence.

Wi(T) =W (T =0K) (n(w,T)+1)", (2) The theoretical curves which has been drawn in for
4.0e+0 C — T — T 4 T
[ YLF:Tm*(1%) n= : ] 1.n=3 ]
35e+0 [ 3F, > 3H, 1 heo =570 cm .
I S 1 AEppjn = 1700 cm”
L -1 4 =.
3.0e+0 [~ Arag=1940s q2 = 1
r n 1 ho =500 cm
F Wur M=Wo (™ *1)1 1 A Emax = 1996 cm’™!
_ 2.5e+0 [~ n; = [exp(ho ; /KT)-1] 3 n=4
~ r ] -
= r 1 ho=425cm™
- 2 E - = -1
T 2.0e+0 ] A Epjn = 1700 cm
- I _1 E
FWp=1.310"s 14.n=5
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Fig. 2. Temperature dependence of experimental rates for the >F; state in the YLF:Tm** crystal and the fitting curves for the single-

frequency model.



Y. V. Orlovskii et al. | Optical Materials 18 (2002) 355-365 359

the temperature stimulated emission by 4-phonon
processes (hwy = AEqyi,/4 = 425 cm™!, curve 3 in
Fig. 2 and hwy = AEp. /4 = 500 cm™!, curve 2 in
Fig. 2) depict the boundaries of the area which
covers all experimental points. Thus, the single-
frequency model describes well the whole mea-
sured temperature dependence of relaxation by
4-phonon process with hwer =2 (hw; + ha,)/2 =
450 430 cm~!. The value of effective phonon
obtained coincides well with the value of effective
phonon Awy = 480 + 20 cm™!, which stimulates
ng — 4G5/2 3-phonon transition in the YLF:
Nd’* crystal with the temperature increase [14].
Also, this result is in agreement with the Raman
spectra of the LiYF, crystal lattice, which was
studied recently in [24,25].

2.2. The *Fy; (*Hy),) state of the Er™ ion in the
YLF crystal

2.2.1. Experimental details

For direct measurements of kinetics of fluores-
cence decay of the *Fy/, (*Hy)») state (Fig. 1(b)) in
YLF:Er*" (0.4%) crystal at T less or equal 270 K
the LiF:F; color center laser (7, = 50 ns, Agen =
810-1210 nm) pumped by Alexandrite laser
(f =20 Hz, t, =70 ns, Agy = 720-760 nm) was
used. The 25° cut BBO non-linear crystal was used
for type I SHG. The fluorescence was registered at
412.8 nm. For T > 270 K 398 nm excitation into

anti-stokes phonon side-band was realized with a
D, Raman cell pumped in a back scattering ge-
ometry by the third harmonics of YAG:Nd laser
(f =10 Hz, ¢, = 4 ns). Fluorescence registration at
413.6 nm was done. For the fluorescence selection
and registration ARC-750 spectrometer and R928
Hamamatsu PMT were used. Signal acquisition,
recording and treatment was provided by Tek-
tronix TDS-380 (350 MHz bandwidth) digital av-
eraging oscilloscope. The closed-cycle Janis
cryostat with temperature controller was used for
YLF:Er*" crystal cooling in the range from 13 to
270 K and heating from 300 to 475 K.

2.2.2. Results and discussion

The measured temperature dependence of the
fluorescence kinetics decay lifetime of the
*Fyj» (*Hy)») state of Er't in YLF is presented in
Table 2. The experimental points for Wy in the
temperature range from 13 to 475 K are presented
in Figs. 3 and 4. The MR rate Wy was calculated
using equation Wyr = 1/Tmeas — A, where A4 =
3340 s~!' is the radiative probability calculated
using Judd—Ofelt theory with intensity parameters
Q; taken from [26]. Other parameters including
magnetic dipole operators M for erbium transi-
tions and manifolds notations in the intermediate
coupling approximation were taken from [23].
Therefore, the manifold in study indicated previ-
ously by many authors as *Hy, is classified now as

Table 2

The temperature dependence of the lifetime of the *Fy/; (*Hy») state in the YLF:Er*" crystal
T, K T, US T, K T, US T, K T, US
13.6 124+£0.2 75.3 13.3+£0.2 220.1 10.5£0.2
13.8 12.3+0.1 80.4 13.5+£0.2 230.1 10.0+0.20
14.3 12.6 £0.1 90.5 13.2+0.2 240.4 9.6+0.2
19.6 12.7+0.2 101.4 13.1£0.2 250.4 8.6+£0.2
20.5 12.7+£0.5 110.4 13.3+£0.2 260.3 8.9+0.2
24.6 12.6+0.2 120.4 13.2+0.2 270.2 8.2+0.2
29.3 12.7+£0.2 130.4 12.8+0.2 297.3 7.6+0.2
34.6 129+0.3 140.4 12.3+£0.2 301.2 7.2+0.1
40 12.7+£0.2 150.3 124+0.2 326.0 6.9+0.1
44.8 12.6 0.2 160.4 12.1£0.2 350.9 6.2+0.1
49.9 13.1+£0.2 170.2 11.9+£0.2 375.8 55+0.1
54.9 13.1£0.2 180.3 11.5£0.2 400.6 5.1+0.1
60 13.4+£0.2 190.2 11.1+£0.2 425.2 44+0.1
65 12.8+0.2 200.2 10.6 £0.2 449.6 4.240.1
70.3 13.2+0.2 210.2 10.5+£0.2 474.5 3.84+0.2
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Fig. 3. Temperature dependence of experimental rates for the *Fy/>(*Hy)») state in the YLF:Er’" crystal and the fitting curves for the

single-frequency model.
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Fig. 4. Temperature dependence of experimental rates for the *Fo/>(*Hy)») state in the YLF:Er’* crystal and the fitting curves for the
single-frequency model accounting Boltzmann distribution of population over two Stark levels of the excited state.
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“Fy),. The temperature dependence of MR rate
from the *Fy), (*Hoj) state of YLF:Er'' was
analyzed in single-frequency approximation of
phonon spectrum. (Fig. 3). The theoretical curves
indicate the expected temperature dependencies
for fixed numbers of phonons n = 4, 5 and 6 when
the energy “gap” AE between the *Fy), (*Hy/) and
“Fs)p; *Fs), states is varied from AE;, = 2217 to
AE.x = 2446 cm~! due to Stark splitting of the
“Fo/» (*“Hy)p) state with Wy = 7.4 x 10* s7! calcu-
lated from the low temperature fit. The best fit in
the frame of this model was obtained for the 5-
phonon process (n=5) with hwer = AEyin/S =
445 cm™' (curve 3 of Fig. 3). As a result, the
transition with increased phonon number (7, +1)
gives larger contribution to the overall MR rate due,
for example, to higher density of effective phonon
states than those for the maximum phonon.

The decrease of the relaxation rate with the
temperature in the range from 13 to 80 K can be
explained by the redistribution of excited elec-
tronic states of erbium ions among the Stark levels
with different MR probabilities. Fig. 4 presents the
fit of experimental data using the following equa-
tions accounting Boltzmann distribution of pop-
ulation over the Stark levels of the excited state of
erbium ions:

M (T) = (n(w, T) +1)" > Nilly, (4)
where

N; = exp(—AE;/kT)/ > exp(—AE,/kT) (5)
and

n(o, T) = (exp(ho/kT) —1)". (6)

A rather good fit was obtained accounting second
Stark level of the *Fy,, (*Hy)y) state, only, with
energy gap AE, =61 cm™! and single-frequency
approximation with hwer = 450 £ 5 cm~!. Almost
two times difference of the values of Wy = 8.0x
10* s=' and Wy, = 4.7 x 10* s~ was found. Hence,
we see, that another pair of levels in the manifolds
that also require more phonons than sy, to relax
may decrease the overall MR rate with the tem-
perature increase due to smaller level-to-level
transition rate. The values of Stark splitting of the
“Fy/» (*Hy)) state was taken from [27]. The value

of the effective phonon obtained is in the range
with the value of effective phonon found for the
warm-up stimulation of the 3F;—H, 4-phonon
transition in the LiYF,: Tm*" (1%) crystal (hwer =
450 4+ 30 cm™!). The very interesting result is that
the probability of spontaneous multiphonon
emission from different Stark levels might differ
almost two times because of different intra — state
Stark — to Stark squared matrix elements.

2.3. The F; state of the Ho’" ion in YAG and LuAG
crystals

2.3.1. Experimental details

For direct measurements of the kinetics of flu-
orescence decay of the °Fs state in YAG:Ho>" and
LuAG:Ho’" (see Fig. 1(c)) the same laser source
was used as for the excitation of the *F; state of
YLF:Tm*". As the result at A, = 638.8 and
/reg = 670 nm, the single-exponential kinetics de-
cay with t = 388 ns in YAG:Ho’" and t = 348 ns
in LuUAG:Ho®" was measured at 7' = 77 K [16,17].
For T = 295 K the kinetics decay (with © = 375 ns
in 0.1-2.0% YAG:Ho'" and t =343 ns in 0.1-
1.0% LuAG:Ho’") does not depend on concen-
tration of Ho’" ions. For this reason the YAG:
Ho’" (2%) and LuAG:Ho’" (1%) crystals were
used for the temperature dependence measure-
ments of the MR rates as the fluorescence signal
was very weak for YAG:Ho*" (0.1%) and
LuAG:Ho"" (0.1%) crystals at high temperatures.
At T'=773 K the small non-exponential nature
was observed in LuAG:Ho’", which obviously
deals with the scattering of pump laser light.

2.3.2. Results and discussion

The measured temperature dependence of life-
time of the °F; state of Ho*" in YAG and LuAG is
presented in Table 3. The contribution of the ra-
diative relaxation to the measured lifetimes is
negligible (4 = 5460 and 4160 s~' for YAG:Ho*"
and LuAG:Ho’", respectively). The radiative
probabilities 4 were calculated using Judd-Ofelt
theory with intensity parameters ; taken from
[28,29], respectively for YAG and LuAG, and
other parameters including magnetic-dipole oper-
ators M for holmium were taken from [23].
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Table 3
The temperature dependence of the lifetime of the °Fs state
T, K T, NS T, K 7, NS T, K T, NS
(a) YAG:Ho*" crystal
77 388+ 5 423 290 +38 603 220 + 30
295 375+5 473 265+ 6 607 210+ 15
333 353+5 508 254 +38 653 172+5
373 33245 553 224+6 693 160 £ 15
(b) LuAG:Ho*" crystal
77 348 +3 473 225+3 673 138+ 1.5
295 343+2 523 197+1.5 723 124+ 1.5
373 292+6 573 175+ 1.5 773 29.4/115£5
423 257 +£2 623 155+1.5 -

The temperature dependencies of MR rate
(Wwr) from the °Fs state in the YAG:Ho*" and
LuAG:Ho’" crystals were analyzed using a single-
frequency model of phonon spectrum. Fig. 5 pre-
sent the experimental points of Wyr for
YAG:Ho’" in the temperature range from 77 to
693 K. The theoretical curves indicate the expected
temperature dependence for the emission of fixed
numbers of phonons » = 3 and 4 when the energy
“gap” AE between °Fs and °1, is varied between
AE i, = 1894 cm~! and AE,,x = 2463 cm~! due to
Stark splitting. The values of Stark splitting for the
YAG:Ho®" crystal [30] were used during this
analysis for both YAG and LuAG crystals. Two
phonons (n = 2) with maximum phonon frequency
allowed for YAG (hwer = 850 cm™') does not

bridge the minimal energy gap AEy,. A compari-
son of the experimental and theoretical depen-
dencies shows that for both garnet crystals the fit is
poor for 4-phonon processes. At the same time the
temperature stimulation of multiphonon emission
at low temperatures range from 77 to 400 K is
described well by a model using a 3-phonon pro-
cess with W, =25x10°s"' for YAG and
Wy =2.87 x 10° s7! for LUAG and with hws =
820 cm™! that is close to the maximum phonon
frequency allowed (see curve 4 in Fig. 5 for
YAG:Ho"" and Fig. 6 for LuUAG: Ho®"). Whereas
in the high temperature range of 400-800 K the 3-
phonon process with lower hw.; = 630 cm™! and
the same /¥, parameter will be more effective (see
curve 3 in Figs. 5 and 6).

9.0 \ \ \ ~—1 l.n=4
YAG:Ho0%*(0.1-2%) /=4 2 ho=470 cm’!
50 SF>S1, 7 | AE,, =1894 cr’!
70 - 4 v L 1 2.n=4
Praq = 54605 /17:7;/ 3 ‘ he=615 cm'!
6.0 - AE,, =2463 cnr!
S 50 - 3.n=3
= ho=630 cm!
‘v 40 AE_. =1894 cm!
= 3.0 4.n=3
[ ho=820 cm’!
2.0 [~ AE_ =2463 cm’!
1.0 r
00 { . al L S IS IS (U I —

0 100 200 300 400 500 600 700 800

T,K

Fig. 5. Temperature dependence of experimental rates for the 3Fs state in theYAG:Ho®" crystal and the fitting curves for the single-

frequency model.
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frequency model.

Normalization of the experimental MR rates
dependence for YAG using the experimental
points for the temperatures higher than 295 K with
the help of single-frequency model for 3-phonon
process with hw; = 630 cm™! gives a good fit for
all experimental points except for the low tem-
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peratures (curve 1 of Fig. 7). To have a better fit
with the theory an approximation of the Stark
splitting of the SFs state of Ho'" in YAG by two
levels with AE = 56 cm™! was used. Same equa-
tions as for description of the *Fy/, (*Hy),) state
MR rate temperature dependence in YLF:Er’"
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Fig. 7. Temperature dependence of experimental rates for the SFs state in the YAG:Ho®" crystal and the fitting curves for the single-
frequency model: 1 — normalized to the experimental points at high temperatures; 2 — accounting Boltzmann distribution of population
over two Stark levels of the excited state.
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Table 4
Some parameters of optical transitions in laser crystals
Crystal Transition UuduWy® Aeg + Apmg, 57 n, number of Tmeas, 77 K Wy, s~
phonons
YAG:Ho SFs-1y 0.0001 5460 3 388 ns 2.6 x 10°
0.0059
0.0004
YLF:Tm 3F3—H, 0.081 1940 4 78 ns 1.3 x 107
0.344
0.264
YLF:Er 4Fo/—*Fs) 0.0134 3340 5 13.5 ps 7.4 x 10*
0.0497
0.0141

were used. The energy gap AE is that between the
lowest and highest Stark levels of the first group of
Stark levels with close values of energies. As the
result a very good fit between the theory and
experiment was obtained for n =3 (hwer =
640 cm™!') with Wy =2.7 x 10° s7! and W, =
2.0 x 10° s! (curve 2 of Fig. 7). The same proce-
dure can be used for LuUAG:Ho’". Unfortunately,
right now we do not know the Stark splittings of
the Ho*" states in LuAG.

It is interesting to compare the obtained values
of lifetimes for 3-phonon process in YAG:Ho*"
and 4-phonon process in YLF:Tm>". At a glance
it seems strange that the lifetime is five times
shorter for 4-phonon process when compared to a
3-phonon (see Table 4). But according to the non-
linear theory of MR this is not a strange result.
The reduced matrix elements U® are 2-4 orders
of magnitude larger for the 4-phonon transition
and, therefore, the electronic factor W of Eq. (1)
calculated in [16,17] is five orders larger for the 4-
phonon process than for the 3-phonon one (10"
and 10'* s7!, respectively). Also, due to larger
maximum phonon frequency in YAG (hwmax =
850 cm™!) comparing to YLF (hwmax = 560 cm™!)
and larger minimal distance between rare-earth
ion and the nearest ligands (Ry = 2.37 A) in YAG
in comparison with YLF (R, = 2.27 A) the pho-
non factor (7 ~ 1/R3 1/hwyay [16]) is smaller in
YAG. This gives additional reduction of the MR
rate for the 3-phonon process in YAG:Ho ", If we
compare 4- and S5-phonon transitions in
YLF:Tm*" and YLF:Er*" with the same phonon
factor # we observe more than two orders of

magnitude decrease of the MR rate for the
S5-phonon transition. This is in a qualitative
agreement with the power law of Eq. (1). Also, the
reduced matrix elements U for 5-phonon tran-
sition in Er'" are of one order of magnitude
smaller than for 4-phonon transition in Tm?".

3. Conclusion

It was found that in first approximation a simple
single-frequency model of crystal lattice vibrations
can predict rather well the temperature dependen-
cies of the MR rates of the *Fj; state of Tm** and of
the “Fy» (*Hy)») state of Er*" in YLF, and of the
5Fs state of Ho®" ion in YAG and LuAG. But some
observed peculiarities, e.g. the decrease of MR
rates for the *Fo (*Hypn)—*F3)2;*Fs/,  erbium
transition in YLF with the temperature increase in
the range of 13-80 K could not be predicted in the
frame of this simple model. Accounting of for
the Boltzmann distribution of population over the
Stark levels of the excited state and the difference of
the MR rates from different Stark levels of the ex-
cited state explains very well the obtained temper-
ature dependence in the single-frequency model. It
was experimentally found that the probability of
spontaneous multiphonon emission from different
Stark levels might differ almost two times.

Strong influence of the parameters of the non-
linear theory of MR, i.e. the reduced matrix
elements U® of electronic transitions and the
phonon factor of crystal matrix # on the sponta-
neous MR transition rates W, is proved experi-
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mentally. The smaller these parameters the slower
the spontaneous MR. This fact can be used for
searching new active crystal laser media for the
mid-IR generation.
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