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Thulium cross-relaxation in a low phonon energy crystalline host
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We report on the cross-relaxation of Tm31 in a low phonon energy chloride host. The temperature and
concentration dependence for Tm31 cross-relaxation in the host YCl3 was studied between 300 and 500 K, in
crystals of YCl3 with concentrations ranging from 0.7 to 731020 ions/cm3. Crystals were grown from melts of
anhydrous YCl3 and TmCl3 powders under Cl2 atmosphere using a self-seeded vertical Bridgeman technique.
Fluorescence spectra and lifetimes resulting from quasi-cw pumping with a 0.5-W, 811-nm diode were col-
lected and analyzed for the spectral region 1100–2000 nm versus temperature for three crystals with varying
Tm31 densities. Each of the fluorescence spectra contain three broad features centered at 1200, 1490, and 1800
nm that reflect the populations of the first three excited levels of Tm31. Rates for multiphonon relaxation and
cross-relaxation were determined from the fluorescence lifetime data. An increase in 1200-nm fluorescence as
the temperature rises is evidence of an endothermic cross-relaxation process. This suggests a fundamentally
new mechanism for optical cooling. A macroscopic rate equation model with its temperature and concentration
dependence given by theories for phonon-assisted energy transfer is fit to the spectral data.

DOI: 10.1103/PhysRevB.66.245101 PACS number~s!: 78.30.Hv, 42.70.Hj, 63.20.Kr
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INTRODUCTION

Trivalent thulium (Tm31) is a widely used ion in solid-
state infrared laser systems. Two features in its electro
energy-level structure are of particular use. One is a str
absorption resonant with low-cost, high-powered, 800-nm
ser diodes that makes Tm31 an attractive sensitizing ion fo
diode pumping laser crystals. Another is an emission fr
the first excited state near 2mm, commonly used as a lase
transition or to sensitize 2-mm transitions in ions such a
holmium.

Commercially available diode pumped 2-mm thulium and
thulium-holmium based solid-state laser systems typic
use either oxide or fluoride host crystals such as yttrium a
minum garnet~YAG! or YLiF4 . Oxide and fluoride hosts ar
attractive because of their desirable mechanical propertie
crystal such as YAG is hard, nonhygroscopic, and condu
heat well. Because of the many applications~e.g., remote
sensing, infrared counter measures! for 2-mm lasers, exten-
sive studies of electron energy dynamics under optical pu
ing have been conducted on Tm:YAG,1 Tm:YLF,2 Tm-Ho
YAG,3,4 Tm:HoYLF,5 Cr, Tm, Ho:YLF.6 There have been
comparative studies of 2-mm laser materials7,8 and in the
search for additional hosts for Tm31, other oxides such a
Y2SiO5 , CaY4(SiO4)3O, and SrY4(SiO4)3O have also been
investigated.9

Investigations of rare-earth ions in low phonon ener
chloride host crystals have also been reported. The tric
rides, LaCl3 and YCl3 , were used to map the rare-earth e
ergy levels.10 The fluorescent lifetimes of the infrared leve
for most of the rare earths in trichlorides, including for Tm31

in YCl3 , were reported by Gandrud and Moos.11 While chlo-
rides tend to have poor mechanical properties, their lo
energy phonon spectra enable many more metastable s
and comparatively long infrared lifetimes. The reduction
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multiphonon radiation quenching in chloride crystals h
been exploited to demonstrate several different midinfra
laser transitions using rare-earth ions. Lasers based on31

in LaCl3 have been operated at 1.7, 5.2, and 7.2mm12,13with
this last transition operating at room temperature. Studie
midinfrared radiation from Er31 to identify possible infrared
laser transitions in YCl3 have been reported.14,15The concept
of using low phonon hosts to activate infrared laser tran
tions works in both chloride and sulfide hosts. Low phon
energy sulfides and chlorides have been used for Dy31-based
midinfrared lasers at 2.43 and 4.31mm in CaGa2S4 and at
2.43mm in KPb2Cl5 .16–19The use of KPb2Cl5 by Nostrand
et al.16–18 for a laser is especially interesting since it is
mechanically stable chloride crystal and demonstrates
practical chloride-based infrared lasers and amplifiers
possible. The midinfrared transitions of Er31 have been stud-
ied in the KPb2Cl5 host20,21and recently a room-temperatur
4.6-mm Er31 laser was demonstrated using KPb2Cl5 .22 Fur-
ther studies of the rare-earth ions Dy31 and Nd31 have fo-
cused on the KPb2Cl5 host.23–25

Aside from their ability to radiate in the midinfrared, low
phonon energy materials have attracted interest for exp
ments on optical cooling. Rapid multiphonon quenching
oxide and fluoride hosts generates large amounts of heat
associated problems such as thermal lensing and the nee
heat removal. The problem of heat generation in Tm31 lasers
is made worse when pumping with 800-nm diodes, since
cross-relaxation process used to transfer energy from
pumped state to the upper laser level is nonresonant
generates phonons to offset the energy excess. Prop
have been made for reducing heat generation in solid-s
lasers through the use of anti-Stokes fluorescence.26–28 Re-
cently optical cooling has been demonstrated
Tm31-doped29 and Yb31-doped30–32 materials.
©2002 The American Physical Society01-1
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In this paper we report the study of Tm31 cross-relaxation
in a low phonon energy chloride host. Our focus is inves
gating the effects reduced phonon energies have on the
centration and temperature dependence of the cr
relaxation processes that follow diode pumping at 800 n
We chose YCl3 as a host material because it has low phon
energies, readily incorporates a wide range of Tm31 densi-
ties, and is easy to grow. Figure 1 illustrates the lower ene
levels for Tm31. Low-cost 800-nm diodes are resonant w
the 3H4 level that when pumped, cross relaxes to the3F4
level ~the upper laser level in 2-mm lasers! as well as the
3H5 level. The two pathways for cross relaxation, labeledC1
andC2 , are indicated in Fig. 1. ProcessC1 , transfers energy
to the 3F4 , while C2 , populates both the3F4 and 3H5 lev-
els. While other energy transfer processes are possible, t
cross-relaxation processes, because they involve interac
with ground-state ions, have the largest effect on Tm31

excited-state dynamics. Both processes are nonresonan
require sufficient Tm31 density and phonon assistance to
effective. In oxides and fluorides,C2 is not directly observ-
able because the3H5 state is completely multiphono
quenched. However, in a chloride host, because the red
phonon energies enable the3H5 level to radiate, it is possible
to observeC2 , a process that is endothermic because it
sorbs phonons.

EXPERIMENT

Four crystals of YCl3 with concentrations of 0.7, 1.5, 3.0
and 7.031020 Tm31 ions/cm3 were grown from melts of an
hydrous YCl3 and TmCl3 powders under Cl2 atmosphere us
ing a self-seeded vertical Bridgeman technique. Figur
shows the overlap of the unpolarized fluorescence spec
resulting from cw pumping with a 0.5-W, 811-nm diod
with the unpolarized absorption spectrum taken with a F
rier transform infrared~FTIR! spectrometer. Both spectr
were obtained at room temperature from the crystal with
greatest Tm31 doping. Fluorescence near 1200 nm from t
3H5 to 3H6 transition appears in the spectrum, a feature
found for Tm31 in oxide hosts.

Unpolarized fluorescence spectra resulting from gat
pumping with 0.35 W of incident power from an 811-n
diode and analyzed with an 0.20-m monochrometer, w
obtained at various temperatures between 300 and 500 K

FIG. 1. Lower energy levels of Tm31. Indicated are the transi
tions for pumping, cross-relaxation, and emission in Tm31.
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the three crystals with the lowest Tm31 densities. The diode
was run in quasi-cw mode with 50-ms pulses at a repetit
rate of 10 Hz. Pulsing the diode allowed for lock-in detecti
of the fluorescence between 1100 and 1700 nm with an
GaAs detector. The 50-ms pulse length is five times lon
than the longest rise time~10 ms for the 1800-nm fluores
cence from the3F4 state! which means the intensity of fea
tures in all the spectra reflect steady-state conditions. F
rescence detection between 1300 and 2000 nm used a liq
nitrogen-cooled InSb detector. Complete spectra w
obtained by overlapping spectra from the two detectors
matching their common feature centered at 1490 nm.

Each of the fluorescence spectra contain the three b
features seen in Fig. 2 that reflect the populations of the
three excited levels of Tm31 shown in Fig. 1. The mos
intense fluorescence feature is the broad emission cent
near 1800 nm that originates from the long-lived first excit
(3F4) state. Relative to the 1800-nm emission, the intens
of the feature at 1490 nm (3H4–3F4 transition! is controlled
primarily by the Tm31 density. Figure 3 compares fluore
cence spectra at 300 K for two crystals, one with 0
31020 Tm31 ions/cm3 and the other with 3.0

FIG. 2. Overlap of Tm31 absorption and fluorescence. Show
are unpolarized absorption and fluorescence spectra at 300 K
731020 ions/cm3 Tm31 in YCl3 .

FIG. 3. Effect of concentration of fluorescence. Compared
fluorescence spectra at 300 K for 331020 and 0.7
31020 ions/cm3 Tm31 in YCl3 .
1-2
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31020 Tm31 ions/cm3. The emission intensities, defined
* I (l)dl, are scaled so that for each spectra the 1800
feature is normalized to 1. The comparison shows that r
tive to the 1800-nm emission there is nearly a factor o
increase in 1490-nm emission as the Tm31 density is re-
duced while the relative emission at 1200 nm changes
less than a factor of 2.

Figure 4 depicts the fluorescence spectra of the least
centrated sample at 300 K and at 400 K. As the tempera
is increased from 300 to 400 K, there is a small reduction
emission at 1490 nm (3H4) and 1800 nm (3F4) but a dou-
bling in 1200-nm emission (3H5).

The combined effects of varying temperature and Tm31

density are summarized in Figs. 5~a!–~c!, that show for three
concentrations of Tm31, the relative intensities of the thre
emission lines: 1200, 1490, 1800 nm, as a function of te
perature. Figure 5 shows that above 400 K, rapid m
tiphonon quenching associated with high temperatures
duces fluorescence from all three levels. Below 400 K,
intensities~relative to the 1800-nm line! of the 1490 and
1200 nm lines decrease as the Tm31 concentration is in-
creased. However, from 300 to 400 K, for each Tm31 con-
centration there is a factor of 2 increase in 1200-nm emiss
as the temperature rises.

Lifetime measurements for each of the excited states w
obtained by gating the 800-nm cw pump and recording
transient rise and decay of fluorescence using an InG
photodetector at the exit slits of the monochrometer. Fluo
cence transients at 1490 nm~from the 3H4 level!, 1200 nm
~from the 3H5 level! and 1700 nm~from the 3F4 level! were
recorded between 300 and 500 K at 50 K temperature in
vals for three crystals. Figure 6 shows the room-tempera
decay of 1490-nm fluorescence originating from the3H4
level for the three crystals with Tm31 densities of 0.7, 1.5
and 331020 ions/cm3. Decays from the3H4 level are expo-
nential and concentration quenched since their time const
decrease as Tm31 density increases.

The temperature dependence of the lifetime for3H4 level
is shown in Fig. 7. For the crystal with Tm31 density 0.7
31020 ions/cm31, 1490-nm fluorescence decays are sho
for increasing temperatures. All three crystals and all th

FIG. 4. Effect of temperature on fluorescence. Compared
fluorescence spectra at 300 and 400 K for 0
31020 ions/cm3 Tm31 in YCl3 .
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levels shown a decrease in decay times as the temper
increases.

Table I summarizes the fluorescence lifetimes and th
uncertainties for each crystal as a function of temperatu
All decays from the3H4 and 3F4 levels were found to be
exponential and their lifetimes are characterized by an ex
nential time constant obtained from a fit of the intensities
a relationI 5I 0e2t/t. For the3H5 level, decays become non
exponential as the temperature increases. Nonexponentia
cays are marked in Table I with an asterisk and 1/e times
reported. Uncertainties tend to increase as the Tm31 density
is reduced and the temperature is increased, because in
cases the overall fluorescence is reduced. Lifetimes of
3H5 and 3F4 levels are strongly temperature dependent
show little variation with Tm31 density. For the3H4 level,
lifetimes depend on both temperature and Tm31 density, as
shown in Figs. 6 and 7.

THEORY

Chloride hosts are characterized by reduced multipho
relaxation rates which enables more radiative and ene
transfer processes than found in oxide hosts. For the Y3
host, Tm31 cross-relaxation is controlled by a distanc
dependent electric dipole-dipole interaction between nei
boring Tm31 ions, mediated by an electronic coupling to th
lattice phonons. Varying the Tm31 density demonstrates th
distance dependence of the dipole-dipole interaction. Vary
the availability of phonons by controlling the temperatu
demonstrates the role phonons play in the cross-relaxatio
well as the effect of increased multiphonon relaxation rat
Theories for energy transfer, both with and without phon
assistance, are discussed first. The theories are then us
construct a macroscopic rate model that describes the T31

dynamics.

Energy transfer

For two ions designateds ~sensitizer! and a ~acceptor!
separated by a distanceR, the rate for electric dipole-dipole
resonant transfer of energy is given by Dexter’s formula,33

Wsa5~Ws /R6!~3/4p!

3~qc/pn!4QaE ~1/E4! f s
ems~E! f a

abs~E!dE, ~1!

whereWs , the rate in the absence of energy transfer, is
rate at which the sensitizer ions radiate. In this expression
is the index of refraction,Qa is the integrated absorptio
cross section of the acceptor ion*s(E)dE, andf s

emsand f a
abs

are the normalized@* f (E)dE51# emission and absorption
spectra withE the photon energy equal tohc/l. Equation~1!
can be written in the form

Wsa5Ws~Rcr /R!6, ~2!

where Rcr the critical interaction distance, is the distan
between sensitizers and acceptors for which the ene
transfer rateWsa is equal toWs . Therefore effective energy

re
1-3



ee

GANEM et al. PHYSICAL REVIEW B 66, 245101 ~2002!
FIG. 5. Summary of fluorescence intensity data. The fluorescence intensity for Tm31 infrared transitions versus temperature for thr
concentrations:~a! 0.731020, ~b! 1.531020, and ~c! 331020 ions/cm3 Tm31 in YCl3 . The room-temperature3F4 population for each
sample is normalized to 1.
en
t
ce and

on
transfer requires both sufficient ionic density and suffici
overlap of the absorption and emission spectra so that
critical interaction distance is of order of the typical distan
between sensitizers and acceptors.
24510
t
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Phonon-assisted energy transfer

In the absence of energetic overlap between donor
acceptor ions, energy transfer is still possible with phon
1-4
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THULIUM CROSS-RELAXATION IN A LOW PHONON . . . PHYSICAL REVIEW B66, 245101 ~2002!
mediation. Equation~1! is still applicable but the overlap
integral must be modified to include the phonon sideban
When the energy mismatch becomes of order 103 cm21,
multiphonon processes must be considered. The theor
Miyakawa and Dexter34 predicts that multiphonon-assiste
processes obey exponential energy gap laws. For m
tiphonon relaxation~MPR! the energy gap dependence is

WMPR~DE!5WMPR~DE50!e@2a~DE!#, ~3!

whereWMPR(0) is the rate in the absence of an energy d
ference. Similarly for multiphonon-assisted energy trans
the dependence is

FIG. 6. Concentration quenching of the3H4 level. Comparison
of 1490-nm fluorescence decays from the3H4 level at 300 K for
three concentrations: 0.731020, 1.531020, and 3
31020 ions/cm3 Tm31 in YCl3 . Solid lines are exponential fits.

FIG. 7. Multiphonon quenching of the3H4 level. Comparison
of 1490-nm fluorescence decays from the3H4 level at 300, 400,
450, and 500 K for 0.731020 ions/cm3 Tm31 in YCl3 . Solid lines
are exponential fits.
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WPAT~DE!5WPAT~DE50!e@~2bDE!#, ~4!

where

b5a2g ~5!

anda andg are

a5~qv!21$ ln@Ni /g~n11!#21% ~6!

and

g 5~qv!21 ln@11gs /ga#. ~7!

In these expressionsqv is the maximum energy of the lattic
phonons,Ni5DE/qv is the number of phonons involved i
the process, andn the phonon occupation number. Theg’s
are the electron-phonon coupling parameters,gs is for the
sensitizer ions, andga the acceptor ions. The exponenti
energy-gap laws, Eqs.~1! and ~2!, are approximations since
the parametera also depends on the energy gap as well
the temperature. However, becausea depends primarily on
qv, with all other dependencies appearing in the logarit
@Eq. ~4!#, a is usually treated as a constant for a given latti
Since a increases as phonon energies~qv! are decreased
low phonon energy lattices are associated with redu
phonon-assisted relaxation rates. Auzel35 has shown that ex-
perimentally the maximum lattice phonon energy~qv! is in
fact the most important factor in determininga, and worked
out a simplified experimental relationship inferred fro
room-temperature data for the dependence ofa on qv:

a~qv!5531022 exp~26.531023qv!, ~8!

wherea is in cm. This relationship is valid in the range o
phonon energies 175,qv,500 cm21. For YCl3 , with qv
5260 cm21, Eq. ~6! predicts thata5931023 cm. If we
assume thatga5gb , then substituting Eq.~5!, into Eq. ~3!
and usinga5931023 cm, the prediction for YCl3 is that
b56.531023 cm. Although these values fora and b are
inferred from room-temperature data, since their tempera
dependence also appears in the argument of the logarith
Eq. ~4!, it is assumed that their temperature dependenc
weak.

At low temperatures, relaxation processes that e
phonons can proceed through spontaneous emission. A
temperature is raised, phonon occupation increases, w
allows for stimulated emission of phonons. Therefore
temperature-dependent rates for phonon-emitting proce
are

We~T!5We~T50!~11n!Ne, ~9!

whereNe is the number of phonons (DE/qv) emitted to fill
the energy gap for the phonon-assisted process andn the
phonon occupation number.36

Phonon-absorbing processes require occupation of
phonon states, their rates have a stronger temperature de
dence given by

Wa~T!5Wa~T50!~n!Na, ~10!
1-5
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TABLE I. Measured fluorescence lifetimes for three emission wavelengths as a function of tempe
for three samples:~a! 0.731020, ~b! 1.531020, and ~c! 331020 ion/cm3 Tm31 in YCl3 . An asterisk~* !
indicates a nonexponential decay with a 1/e time reported.

~a! Tm31 density50.731020 ions/cm3

Temperature
~K!

3H5 t ~ms!
1200 nm

3H4 t ~ms!
1490 nm

3F4 t ~ms!
1700 nm

300 9.160.5 1.260.1 8.062.2
350 * 7.561.0 1.060.1 8.061.0
400 * 4.460.2 0.7460.01 5.161.5
450 * 1.860.1 0.5960.02 3.561.0
500 * 1.1560.1 0.3760.01 1.460.4

~b! Tm31 density51.531020 ions/cm3

Temperature
~K!

3H5 t ~ms!
1200 nm

3H4 t ~ms!
1490 nm

3F4 t ~ms!
1700 nm

300 8.660.2 0.960.01 9.960.03
350 7.560.3 0.8560.02 8.060.05
400 4.260.1 0.7260.01 5.960.02
450 * 1.560.1 0.5560.03 2.560.02
500 * 0.5560.1 0.2960.03 0.6860.1

~c! Tm31 density5331020 ions/cm3

Temperature
~K!

3H5 t ~ms!
1200 nm

3H4 t ~ms!
1490 nm

3F4 t ~ms!
1700 nm

300 9.560.5 0.7260.03 9.16.02
350 7.460.2 0.5560.02 8.160.2
400 4.560.1 0.5260.02 5.660.3
450 * 1.760.1 * 0.2860.2 2.460.2
500 * 0.3560.2 * 0.260.1 0.960.1
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where Na is the number of phonons absorbed.35 The tem-
perature dependence of the phonon-assisted transfer
Eqs.~6!, ~9!, and~10! results from a Bose-Einstein distribu
tion of the phonon occupation number:

n5~e@qv/kT#21!21, ~11!

whereqv is the highest allowed phonon energy~260 cm21 in
YCl3). The maximum allowed phonon energy is the mo
important parameter in controlling both the temperature
energy-gap dependence of all phonon-assisted relaxa
processes.

Equations ~9! and ~10! are for the idealized case o
phonon-assisted energy transfer from a single level. In g
eral energy transfer originates from a Stark multiplet with
width of several hundred cm21. Since the Stark levels ther
malize on a time scale that is short compared to ene
transfer rates, the observed rates are given by a weig
average,

W~1/Z!(
i

qiWi exp~2D i /kT!, ~12!

whereD i is the energy difference of thei th level from the
bottom Stark level,qi is the degeneracy of thei th level,Wi
24510
tes

t
d
on

n-

y-
ed

is the multiphonon relaxation rate from thei th level given by
either Eqs.~9! or ~10!, andZ is the partition function asso
ciated with the Stark multiplet,Z5( i exp(2Di /kT).36

DISCUSSION

Our approach to understanding the emission and lifet
data within the theoretical framework for energy transfer,
to identify all the relevant radiative and nonradiative pr
cesses and describe their effects on excited-state popula
with coupled time-dependent rate equations. Lifetime d
for all three excited states as a function of temperature
density were analyzed to determine the rate constants fo
model. Nonradiative processes are assigned the temper
dependence of either Eq.~9! or Eq. ~10! depending on
whether the process is phonon absorbing or phonon emitt

While theories of energy transfer based on migratio
assisted excitation37 or the Foster-Dexter mechanism33,38 are
available to predict the time dependence of fluorescence
cays, these theories are not adequate for describing mul
coupled levels. Our approach is to use a macroscopic
model with coupled time-dependent equations to describe
excited-state dynamics. The macroscopic rate model de
oped will account for the change of the3H5 decays from
1-6
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THULIUM CROSS-RELAXATION IN A LOW PHONON . . . PHYSICAL REVIEW B66, 245101 ~2002!
exponential to nonexponential as the temperature is
creased. The change in decay behavior arises because
peting energy-transfer terms in the rate equations have
ferent temperature dependencies.

The analysis procedure consists of identifying the m
probable energy-transfer processes, which include spont
ous emission, cross-relaxation, upconversion, and m
tiphonon relaxation, all shown schematically in Fig. 8. A s
of coupled macroscopic rate equations for the tim
dependent level populations@Eqs. ~13a!–~13d!# are ex-
pressed, each with unknown rate constants. Each rate
stant is determined individually, with an estimate of its val
made using the available fluorescence lifetime and inten
data. For the constants associated with phonon-assisted
ergy transfer, the values are compared to the existing mo
for either their temperature or density dependence. Spo
neous emission rates are assumed to be temperature and
sity independent. Once most of the rate constants are kno
results from the entire rate model are fit to the transient em
sion data to determine the remaining unknown rates. Fin
the rate model results are compared to the data for emis
intensity versus temperature for all three excited states.

Energy-transfer processes

The fluorescence feature centered at 1490 nm~Figs. 2 and
3! results from the3H4 to 3F4 transition. There is no overlap
of the 1490-nm feature with either of the two absorptio
3H6–3F4 and 3H6–3H5 , which illustrates the nonresonan
nature of the cross-relaxation processes shown in Fig. 1.
lack of overlap shows that cross-relaxation to either the3F4
or 3H5 results in an energy mismatch that necessitates
assistance of phonons. Additional phonon-assisted ene
transfer processes connecting the four lowest levels of Tm31

are present, these include upconversion and multiphonon
laxation. Figure 8 is a schematic diagram of the four low
energy levels for Tm31:YCl3 with the primary energy-

FIG. 8. Phonon-assisted nonradiative energy-transfer proce
and associated energy gaps for Tm31 in YCl3 .
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transfer processes indicated. All processes shown in Fi
require either phonon creation or annihilation to bridge
energy gap (DE). For each process the energy gap is co
puted using the low-temperature energy-level data of Diek10

for Tm31:YCl3 . Since each of the four levels in Fig. 8 is
multiplet of Stark levels, the energy gaps listed are the m
mum possible. For example, the gap for processC1 is the
energy difference between the transition up from the low
Stark level of the3H6 to the highest level of the3F4 and the
transition down from the lowest Stark level of the3H4 to the
highest level of the3F4 . Processes with positive energy ga
indicate energy excess~exothermic!, and processes with
negative gaps indicate energy must be absorbed to com
the transfer~endothermic!. The number of phonons each pro
cess either emits~positive number! or absorbs~negative
number! is obtained by dividing the energy gap by the ma
mum lattice phonon energy for YCl3 , qv5260 cm21. C1 is
the rate for the well-known ‘‘two for one’’ process shown
Fig. 8 where an ion in the3H4 level cross-relaxes with a
ground state3H6 ion to produce two3F4 ions. Processes
C3 , U1 , and U3 are documented in Tm31:YAG by Shaw
et al.1 Cross-relaxation to the3H5 (C2) and up-conversion
from the 3H5 (U2) has not been observed for Tm31 in fluo-
ride and oxide hosts because of strong multiphonon quen
ing of the 3H5 . Use of a chloride host for this work allow
the study of energy transfer into and out of the3H5 state.

Macroscopic rate equations

The relative populations of the four lowest excited leve
are modeled with the coupled time-dependent rate equati

dn3 /dt5P~ t !n02A30n32A31n32A32n32C1n0n3

2C2n0n31U1n1
21U2n1n22M32n3 , ~13a!

dn2 /dt52A20n22A21n21A32n31C2n0n32U2n1n2

1U3n1
21M32n32M21n2 , ~13b!

dn1 /dt52A10n11A31n31A21n212C1n0n31C2n0n3

22U1n1
22U2n1n222U3n1

21M21n22M10n1 ,

~13c!

dn0 /dt52P~ t !n01A1n101A20n21A30n32C1n0n3

2C2n0n31U1n1
21U2n1n21U3n1

21M10n1 ,

~13d!

whereni is the time-dependent population of thei th level. In
these equationsn0 is the ground (3H6) level, n1 the 3F4 , n2
the 3H5 , and n3 the 3H4 . The Ai j ’s are the spontaneou
emission rates from thei th level to thej th level determined
by multiplying the branching ratiob i j by the total radiative
relaxation rateAi . The P(t) term represents the duration o
the quasi-cw pump pulse. TheMi j ’s are the multiphonon
relaxation rates to the nearest lower level. With the excep
of C3 the rate equations include nonlinear terms that rep
sent the cross-relaxation and up-conversion processes

es
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grammed in Fig. 8. According to Eqs.~9! and~10!, phonon-
absorbing processes are less probable than phonon em
processes, and therefore processC3 that requires the absorp
tion of nine phonons will be negligible compared to the oth
rates.

Determination of rate constants

The intensities of features in the infrared fluorescen
spectra summarized in Fig. 5 show two distinct temperat
regimes. Above 400 K multiphonon relaxation is the dom
nant process. Increasing the temperature from 400 to 50
results in rapid fluorescence quenching of all levels as
multiphonon rates become much greater than the rates
radiative processes. Below 400 K the multiphonon rates
small compared to the radiative rates. The distribution
energy among the excited states depends on energy tra
processes that for most of the Tm31 densities studied hav
rates that are of the same order as the radiative rates. Th
fore, in estimating parameters for the macroscopic r
model, the high-temperature lifetime data are used to de
mine multiphonon relaxation rates, and the roo
temperature data determine the cross-relaxation,
conversion, and radiative rates.

Cross-relaxation rates

For a dipole-dipole interaction, the phenomenological r
constants (Ci) for cross-relaxation are given by

CiN5cmi /R
6, ~14!

where i refers to either process 1 or 2,R is the distance
between interacting ions,N is the density of ions in the lat
tice, andcmi is the microparameter for excitation migratio
associated with thei th process.39 For either of cross-
relaxation processesC1 or C2 to occur, excited-state3H4
ions must interact with ground-state3H6 ions. Since incident
pump powers~0.35 W! are low, most ions remain in th
ground state. Under these conditions the typical distancR
between an excited-state ion and a ground-state ion is a
equal to the average distance between randomly distrib
ions in the lattice, given by

R5~1/N!1/3. ~15!

Substitution of Eq.~15! into Eq. ~14! results in

Ci5cmiN. ~16!

For a given electric dipole-dipole interaction the phenome
logical rate constants for cross-relaxation are proportiona
the microparameter and should increase linearly with io
density, while the multiphonon and radiative rate consta
are density independent.~It will be argued in the next section
that up-conversion into the3H4 is negligible.!

To estimate the rate constants for cross-relaxation we
the room-temperature inverse lifetimesW3 for the 3H4 level
~Table I! to the relation

W35A31cmN, ~17!
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where cm is the sum of the microparameters for the tw
cross-relaxation processes,cm5cm11cm2 . Equation~17! as-
sumes that at room temperatureM32 is negligible. The data
points and fit that results incm52.3310218 cm3 sec21 and
A35700 sec21 are shown in Fig. 9. Extrapolation to th
critical density where the total cross-relaxation rate equ
700 sec21 gives Ncr5331020 ions/cm3, which corresponds
to an average critical radius at room temperature ofRcr
515 Å.

The temperature dependence of the cross-relaxation
cesses must arise from a temperature-dependent micropa
eter since the Tm31 density is fixed. Figure 8 shows thatC1
emits three phononsNe5DE/qv53 and has a temperatur
dependence given by Eq.~9!. C2 absorbs three phononsNa
5DE/qv53 and has a temperature dependence given
Eq. ~10!. Combining Eqs.~9! and ~10! results in

cm~T!5cm1~T50!~11n!31cm2~T50!n3. ~18!

Our rate modeling showed that the zero-temperature mi
parameters are approximately the same—cm1(T50)
'cm2(T50)5cm(T50). Substituting the room-
temperature phonon occupation numbern50.4 with the
room-temperature result forcm into Eq. ~18! results in
cm(T50)58.4310219 cm3 sec21.

Up-conversion rates

All up-conversion processes shown in Fig. 8 invol
excited-state ions. Since the density of excited-state ion
much less than the density of ions in the lattice, the aver
distance between ions undergoing up-conversion is m
greater than for cross-relaxation. Up-conversion out of
3F4 ~processesU1 and U3) is favored over up-conversion
out of the 3H5 ~processU2), because both the sensitizer an
acceptor ions are in the same3F4 state. As a result the stron
overlap between their emission and absorption spectra
creases their critical interaction distance@Eq. ~1!#. For the

FIG. 9. Cross-relaxation rate of the3H4 level versus Tm31

density~markers! compared to a linear fit~solid line!.
1-8
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THULIUM CROSS-RELAXATION IN A LOW PHONON . . . PHYSICAL REVIEW B66, 245101 ~2002!
two up-conversion possibilities from the3F4 , the exother-
mic (U3) should be much greater than the endotherm
(U1). Therefore onlyU3 , up-conversion into the3H5 is
considered. Because the3H5 lifetimes are nonexponentia
and strongly affected by multiphonon and cross-relaxation
is not possible to estimate the up-conversion rates from t
inverse lifetimes. The up-conversion ratesU3(N,T) were
treated as free parameters in the rate equation model an
made to the transient rise and decay of 1200-nm fluo
cence. Fitting the rate equation model to the transie
showed the up-conversion rateU3 to be negligible for all
concentrations and temperatures studied. At the low exc
tion pump powers used in the experiment, the density
excited-state3F4 ions was never sufficient for significan
interactions resulting in up-conversion. The density indep
dence of the3F4 lifetime ~see Table I! is consistent withU3
being small compared to the other processes and allows
estimate an upper bound for theU3 rate constant of,3
310220 cm3 sec21.

Multiphonon relaxation rates

Comparison of low-temperature~4.2-K! lifetime measure-
ments for the3F4 and 3H4 with room-temperature measure
ments, indicates that at room temperature multiphonon re
ation rates for these levels are negligible. Gandrud
Moos11 reported excited-state lifetime measurements at
K of 8.9560.55 ms for the3F4 , and 0.54760.0533 ms for
the 3H4 . At 300 K they report lifetimes for the3F4 and 3H4
states, of 8.2560.67 and 0.58860.037 ms, respectively, re
sults that are essentially the same as those for 4.2 K~within
the margin of error!. Their room-temperature result for th
3F4 is in agreement with the room-temperature results
ported in Table I. For the3H4 level, comparison of Gandrud
and Moos result with the Table I data indicates that th
sample with 1.431020 Tm31/cm3 is concentration quenche
due to cross-relaxation. Equation~17! predicts a weak tem
perature dependence to the cross-relaxation between 4
300 K that is not seen in their data. According to Eq.~17!, a
Tm31 density with a 1-ms lifetime at 4.2 K should shorten
0.7 ms at 300 K.

To estimate the multiphonon rates for the3F4 level, we
used the high-temperature~>350 K! fluorescence lifetime
data in Table I, for the sample with the lowest Tm31 density
(0.731020 cm3) in order to minimize the effects of energ
transfer. It is assumed that the inverse lifetime at 4.2 K~110
sec21! is the temperature-independent radiative rateA10. The
multiphonon rateM10 for the 3F4 is

M105W12A10, ~19!

whereW1 is the total relaxation rate for the3F4 level which
is taken to be the inverse lifetime in Table I.

Figure 10 is a plot of the multiphonon rates for the3F4
level at temperatures greater than 300 K@obtained from Eq.
~19!# compared with a fit to the theoretical temperature
pendence for an expected 20-phonon process@Eq. ~9! with
DE55149 cm21]. The multiphonon rates fit the temperatu
dependence for a 20-phonon process. ForM10 as a function
of temperature the result is
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M1050.0025~11n!20 sec21. ~20!

For the 3H4 level we also use the data for the sample w
the lowest Tm31 density, however, even this sample exhib
cross-relaxation. To determine the multiphonon rates we

M325W32A32cm~T!N, ~21!

wherecm(T) is given by Eq.~18! andW3 is the total relax-
ation rate for the3H4 level ~the inverse lifetimes in Table I!.
Figure 11 shows the values forM32 obtained from Eq.~21!
compared to a fit for a temperature dependence assoc
with a 15-phonon process@Eq. ~9! with DE54000 cm21].
The temperature dependence ofM32 is

M3250.15~11n!15 sec21. ~22!

Equations~20! and~22! predict the multiphonon rates at 30
K to be 15 sec21 for the 3H4 and 21 sec21 for the 3F4 ,
results consistent with our assumption that multiphonon ra
for these levels have negligible effects on room-tempera
lifetimes. The equations also predict that at 400 K m
tiphonon rates will overtake energy-transfer rates as
dominant relaxation process. This prediction is consist
with Fig. 5 that shows the onset of fluorescence quenchin
all levels at 400 K.

For the 3H5 level, a similar analysis to determine mu
tiphonon relaxation rates breaks down because the fluo
cence decay times and rise times are nonexponential~see
Table I!. The multiphonon rates for the3H5 were kept as free
parameters in the rate model.

FIG. 10. Multiphonon relaxation rate of the3F4 level versus
temperature~markers! compared to a fit for a 20-phonon proce
~solid line!.
1-9
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Radiative rates

The fluorescence intensityI is related to the spontaneou
emission rateA for ions radiating at frequencyn by

I 5NAhn, ~23!

whereN is the population of ions in the energy level. Ther
fore the population of thei th energy levelNi is related to the
fluorescence intensity of a single transition from that level

Ni5~1/hcb i j Ai !E l i j I ~l i j !dl, ~24!

whereb i j is the branching ratio for the transition that resu
in fluorescence of wavelengthl i j and the limits of the inte-
gration cover the spectral region associated with the tra
tion from level i to level j. Since the rate equations, Eq
~13a!–~13d!, model relative populations, not emission inte
sities, knowledge of the spontaneous emission rates ca
used in Eq.~24! to infer relative populations from the spe
tral data on relative emission intensities~Fig. 5!.

For the 3F4 level, the room-temperature inverse lifetim
W1 , represents the spontaneous emission rateA105

1
9 ms

5110 sec21, because the3F4 lifetime is not affected by in-
creasing the temperature from 4.2 to 300 K11 or increasing
the Tm31 density from 0.7 to 3.031020 ions/cm3 ~see Table
I!.

For the 3H4 level the zero-density relaxation rate of 70
sec21 inferred from Fig. 9 equals the total spontaneous em
sion rate for this level,A3 , because for the3H4 , the room-
temperature multiphonon rate is negligible. What is n
known for the3H4 level are the branching ratios,b32, b31,

FIG. 11. Multiphonon relaxation rate of the3H4 level versus
temperature~markers! compared to a fit for a 15-phonon proce
~solid line!.
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andb30. A search for 2400-nm fluorescence, that would c
respond to the3H4–3H5 transition, found none. We con
clude that branching to the3H5 can be neglected (b32
50). Branching to the 3F4 is clearly present becaus
1490-nm emission from the transition to the3F4 is used to
monitor the3H4 population. The branching ratiob31 is used
as a parameter in the rate model and its value determine
fitting the observed intensity of the 1490-nm emission re
tive to the other emission lines.

For the 3H5 level, it is expected that from the exponenti
energy-gap law, Eq.~3!, that multiphonon relaxation at room
temperature for a nine-phonon process (DE52139 cm21) is
significant. Gandrud and Moos report a lifetime for the3H5
of 8.061.0 ms at 4.2 K, which shortens to 5.5160.72 ms, at
300 K, a significant reduction that indicates effective m
tiphonon relaxation at room temperature. However, our m
surements for the3H5 lifetime at room temperature are 9.
60.5 ms, 8.660.2 ms, and 9.560.5 ms, for respective con
centrations of 0.7, 1.5, and 3.031020 Tm31 ions/cm3. All
our measurements are much longer than 5.51 ms and im
that had our crystals been cooled to 4.2 K, the lifetim
would be longer than those reported by Gandrud and M
for 4.2 K.

Because of the discrepancy between our results and G
drud and Moos we did not use their low-temperature lifetim
measurement to determine the3H5 spontaneous emissio
rateA2 . To determine the spontaneous emission rate for
3H5 and the branching ratiob31 for the 3H4 , the rate model,
Eqs. ~13a!–~13d!, was fit to the room-temperature emissio
data for these levels for the crystal with the lowest Tm31

density, subject to the following constraints:

W25A21M21 ~25!

and

N3

N2
5

A2E
1300 nm

1600 nm

lI ~l!dl

b31A3E
1100 nm

1300 nm

lI ~l!dl

~26!

and that all other parameters in the rate model be kept fi
on the results from previous analysis, Eqs.~17!, ~18!, ~20!,
and ~22!.

For Eq. ~25!, the inverse room-temperature lifetime fo
the 3H5 level from Table I, 110 sec21, is used forW2 since
the 3H5 room-temperature decay is exponential and cro
relaxation to the3H5 , processC2 , is negligible for a low
density sample@Eqs. ~17! and ~18!#. ~The nonexponentia
3H5 decays occur at higher temperatures whenC2 becomes
a significant process for populating the3H5 .) Up-conversion
is also assumed to be negligible and is therefore not
cluded. Using the rate model to satisfy Eq.~26!, required that
b3150.14 andA2540 sec21. Substitution ofA2 into Eq.
~25! results in a room-temperature value forM21 of 70 sec21.

The spontaneous emission rate for the3H5 level, A2 , is
much slower than expected from the results of Gandrud
Moos11 but the room-temperature multiphonon rate is of t
order expected from the energy-gap law, Eq.~3!. The branch-
1-10
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ing ratio values,b3150.14, b3250, and the remainderb30
50.86, determined from the rate equation analysis are
sonable given that these same ratios for Tm31 in YLiF4 de-
termined from Judd-Ofelt analysis areb3150.095, b32
50.0385, andb3050.866.2

Comparison of rate model to data

From the preceding lifetime analysis, reasonable value
all parameters for the rate model, both spontaneous emis
rates and temperature-dependent energy-transfer rates
known, with the exception ofM21 for temperatures greate
than 300 K and any possible up-conversion rates. A fit of
entire model to the 1200-nm transients is used to determ
the remaining unknown rates, before comparing the mod
predictions to the temperature-dependent emission inte
ties.

Transient modeling

Fits were made using the entire rate model@Eqs. ~13a!–
~13d!# to the complete 1200-nm transients~including rise
and fall! between 300 and 500 K for the three crystals at e
50-K temperature interval. OnlyU3 ~the up-conversion rate!
and M21 ~the 3H5 multiphonon rate! were used as free pa
rameters. The spontaneous emission rates and branchin
tios determined by the previous analysis were kept temp
ture independent, while Eqs.~17!, ~18!, ~20!, and ~22!,
determined all the other temperature-dependent rates in
model. Branching from3H5 to 3F4 is presumed small and
b21 was set to zero.~A search for 4000-nm fluorescenc
corresponding to the3H5 to 3F4 transition found none and
b21 for other hosts is small, e.g., for Tm31:YLiF4 b21
50.021.2! Figure 12 is a representative transient show
1200-nm fluorescence compared to the fit using the
model. The transient shown in Fig. 12 is 1200-nm fluor
cence from the crystal with 1.531020 ions/cm3 at a tempera-
ture of 400 K. The fit requiredM215150 sec21 andU350.
Fits at all temperatures requiredU350, a result consisten
with our earlier assumption that the excited state dens

FIG. 12. Representative fit of the rate model fit to the transi
rise and decay of 1200-nm fluorescence from the3H5 at 400 K for
1.531020 ions/cm3 Tm31 in YCl3 . Fit is with U350, and M21

5150 sec21.
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resulting from the low excitation powers used~0.35 W!, are
insufficient to support up-conversion.

The 3H5 multiphonon rates for all three crystals are plo
ted versus temperature in Fig. 13. As expected, the3H5 mul-
tiphonon rates are density independent, however, neith
purely nine-phonon nor ten-phonon process describes th
The complexity of 3H5 multiphonon decay arises in pa
because only the lowest level of the Stark multiplet is able
decay by generating nine phonons. Relaxation from all ot
Stark levels must generate at least ten phonons. As the
perature rises, more ions populate the higher Stark le
shifting the temperature dependence to that of a ten-pho
process. Although the energy-gap law predicts slower m
tiphonon rates as the number of phonons increases, ther
more ten-phonon generating levels~greater degeneracy!, so
the net zero-temperature rate from the ten-phonon proce
is greater than for nine phonons.

A complete treatment of3H5 multiphonon relaxation re-
quires use of Eq.~12!, that determines the net multiphono
rate by averaging the rates from the individual Stark leve
weighted with an appropriate Boltzmann factor and deg
eracy. However, a fit to Eq.~12! is difficult because of its
many unknown parameters. For the purposes of developi
temperature-dependent rate model, it is more convenien
take a phenomenological approach. Assume that the3H5
multiphonon relaxation is from two levels separated by
energy of one phonon,qv5260 cm21, each with degen-
eracyq1 andq2 , respectively. The multiphonon rate can b
approximated by

M215~1/Z!@q1M21
1 ~11n!9

1exp~2qv/kT!q2M21
2 ~11n!10#, ~27!

t

FIG. 13. Multiphonon relaxation rate of the3H5 level versus
temperature~markers! compared to a fit for a mixed nine- and ten
phonon process~solid line!.
1-11
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TABLE II. Rates for phonon-assisted energy transfer~temperature dependent!. Zero-temperature (T50), zero-density (N50) rates
obtained from fits to the theoretical temperature dependencies are listed.

Process

Number
of

phonons Parameter
Zero-temperature

rate Uncertainty

Cross-relaxation:3H4–3F4 3 cm1 8.4310219 ~cm3 sec21! 61.0310219 ~cm3 sec21!

Cross-relaxation:3H4–3H5 23 cm2 8.4310219 ~cm3 sec21! 61.0310219 ~cm3 sec21!

Multiphonon from 3F4 20 M10 2.531023 ~sec21! 60.531023 ~sec21!

Multiphonon from 3H4 15 M32 0.15 ~sec21! 60.05 ~sec21!

Multiphonon from~lower! 3H5 9 M21
1 3.5 ~sec21! 60.9 ~sec21!

Multiphonon from~upper! 3H5 10 M21
2 2.6 ~sec21! 60.6 ~sec21!
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where Z5@q11q2 exp(2qv/kT)# is the partition function
for the two-level system andM21

1 andM21
2 are the respective

zero-temperature multiphonon rates from the 1st and
levels.

A fit to the data using Eq.~27! is shown in Fig. 13. There
are six observed Stark levels for the3H5 state in YCl3 ,10 one
level decays with nine phonons and five levels requ
greater than nine. For degeneracy valuesq151 andq255,
the fit shown in Fig. 13 usesM21

1 53.5 sec21 and M21
2

52.6 sec21. The fit to Eq. ~27! is poor, with the mid-
temperature points appearing as unusually slow multipho
rates compared to the temperature dependence given by
~27!. It is not possible to find a fit to Eq.~27! that includes
both the high- and mid-temperature data. We chose to g
greater weight to the high-temperature points since m
tiphonon relaxation becomes the more dominant rate as
temperature is raised. However, the fit chosen predicts a m
tiphonon rate of 370 sec21 at 400 K, clearly faster than th
150-sec21 rate for the 1200-nm transient shown in Fig. 12

The longer than expected3H5 lifetimes are not the resul
of radiation trapping. The lifetimes are independent
sample density~see Table I! and occur in the sample with th
lowest Tm31 density where re-absorption of radiation in
the 3H5 is weak. Care was also taken during the lifetim
measurements to pump small volumes near the sample
face. Again no dependence of lifetimes on the sample or
volume pumped occurred. It is not clear why Eq.~27! is
inadequate for describing the temperature dependence o
3H5 relaxation rates.

Intensity modeling

Estimates for all non-negligible rate constants for E
~13a!–~13d! are summarized in Tables II and III. The zer
temperature, zero density rates for the phonon-assisted
cesses, along with their uncertainties, are listed in Table
The number phonons for each process, also in Table I
substituted into Eq.~9! if the phonon number is positive o
Eq. ~10! if the phonon number is negative to determine t
exact temperature dependence. The spontaneous emi
rates are summarized in Table III along with their uncerta
ties and the wavelength of the transition and associa
branching ratio.

The complete rate model, using rate constants in Table
and III and their associated temperature dependencies,
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run with a pump termP(t) that matched the quasistead
state conditions under which the fluorescence intensity d
was obtained to predict the relative population of the fi
three excited-state levels. For comparison, relative pop
tions of first three energy levels,3H4 , 3H5 , and 3F4 , were
deduced from the fluorescence intensity data, Fig. 5,
weighting with the appropriate wavelength, spontaneo
emission rate and branching ratio, according to Eq.~24!. Fig-
ures 14~a!–~c! compare the predicted quasisteady popu
tions for all three crystals to those deduced from the data
Figs. 5~a!–~c! ~solid lines are the rate model, markers rep
sent data points!. Figures 14~a!–~c!, display excited-state
populations as a function of temperature relative to the roo
temperature population of the3F4 which for each crystal is
normalized to 1. For a smooth prediction, Eq.~27! was used
to represent the3H5 multiphonon rates, rather than the fiv
discrete values shown in Fig. 13. Equations~17!, ~18!, ~20!,
and ~22! were used for the other temperature-depend
energy-transfer rates. In generating the predictions show
Figs. 14~a!–~c!, only the Tm31 density appropriate for the
crystal and the temperature were varied in solving E
~13a!–~13d!.

The model accurately describes the temperature de
dence of the3H4 and 3F4 fluorescence intensities. The de
crease in fluorescence as the temperature is raised re
from the increase in multiphonon relaxation, Eqs.~20! and
~22!. The model predicts a shift downward relative to t
3F4 in both the3H4 and 3H5 emission as the Tm31 density
is increased because increased cross-relaxation shifts
population to the3F4 . Figures 14~b! and ~c! show that the
fluorescence data has the predicted shift downward in3H4

TABLE III. Rates for radiative processes~temperature indepen
dent!.

Transition
l

~nm! Branching ratio
Rate

~sec21!
Uncertainty

~sec21!

3F4–3H6 1800 1 110 610
3H5–3F4 4000 0~,0.1! 0 ,5
3H5–3H6 1200 1~.0.9! 40 65
3H4–3H6 800 0.86 600 650
3H4–3F4 1490 0.14 100 620
3H4–3H5 2400 0~,0.05! 0 ,40
1-12
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FIG. 14. Comparison of the rate model for the relative population of the three lower levels of Tm31 ~solid lines! to the measured relative
populations~markers!. The room-temperature3F4 population for each sample is normalized to 1.~a! 0.731020, ~b! 1.531020, and ~c! 3
31020 ions/cm3 Tm31 in YCl3 .
245101-13



io
th
-

t

d

te

st
ch
s

e

te

o
K
it
is

at
in

pe
m

ical

e
tric-

nce
the

ost

m-
eo-

r. It
om-
c-
an
ar
died

non

ing

lysis
is

of
o.

rted

,

ch

n

B
r

n

a
lid

d-

d

in

eny,

em,

. J.

, M.
d E.

G.
-

GANEM et al. PHYSICAL REVIEW B 66, 245101 ~2002!
and 3H5 emission, although the absolute level of emiss
intensity is not precisely predicted. The model predicts
observed increase in emission from the3H5 as the tempera
ture rises from 300 to 400 K. The increase in3H5 emission
results from the stronger temperature dependencies of
multiphonon (M32) and cross-relaxation processes (C2)
feeding the level, compared to the weaker temperature
pendence of the multiphonon process (M21) draining it.
However, above 400 K, multiphonon quenching domina
which prevents further increases in3H5 population. The
model predicts a slower decrease with temperature in3H5
population above 400 K than observed.

CONCLUSION

Even in a reduced phonon energy host, phonon-assi
cross-relaxation remains an effective energy-transfer me
nism for diode-pumped Tm31. The reduced phonon energie
enable radiation from the3H5 , a level that does not radiat
in traditional hosts, and allows for a detailed study of3H5
relaxation processes. Cross-relaxation of the3H4 level of
Tm31 in YCl3 has both endothermic~to the 3H5) and exo-
thermic~to the 3F4) channels. The exothermic rate is grea
but the endothermic rate is more temperature dependent@Eq.
~10!# and increases rapidly as the temperature is raised. H
ever, rapid multiphonon quenching of all levels above 400
prevents endothermic cross-relaxation from competing w
exothermic cross-relaxation. Therefore no temperature ex
where the endothermic and exothermic energy-transfer r
are in balance. To cool the crystal, a method for enhanc
cross-relaxation to the3H5 needs to be found.

A rate model that uses the theoretical temperature de
dencies for phonon-assisted processes shows that the
important parameter in describing the Tm31 dynamics is the
maximum lattice phonon energyqv. The critical radius that
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