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Microscopic and macroscopic parameters of energy transfer between Tm3¿ ions
in fluoroindogallate glasses

D. F. de Sousa and L. A. O. Nunes
Instituto de Fı´sica de Sa˜o Carlos, Universidade de Sa˜o Paulo, Caixa Postal 369 CEP 13560-970, Sa˜o Carlos, SP, Brazil
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In this work a rate equations formalism is used to study the kinetics of the3H4 and 3F4 levels of Tm31 ions
in fluoroindogallate glasses. Emphasis is given to the determination of the microscopic and macroscopic
parameters of the energy transfer processes3H4 ,3H6→3F4 ,3F4 and 3H4 ,3H6→3H6 ,3H4. The 1/e time of the
3H4 level in function of Tm31 concentration was simulated by using the macroscopic energy transfer rates
obtained with the microparameters of energy transfer up to the quadrupole-quadrupole order of interaction. It
was found that the quadrupole-quadrupole coupling dominates the mentioned energy transfer processes in such
way that a reduction of about 22% in the estimation of the3F4 level steady state population is observed if only
the dipole-dipole coupling is taken into account.
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I. INTRODUCTION

Energy transfer between rare-earth ions has been a t
of interest in the study of solid-state lasers. Particularly,
optical properties of Tm31 ions have been studied in a var
ety of crystalline hosts, solutions, and glass matrices.1 The
Tm31 based laser at approximately 1800 nm (3F4→3H6

electronic transition! is attractive for medical and lida
applications.2,3 In addition, the Tm31 has a strong absorptio
band around 800 nm which matches the AlGaAs semic
ductor lasers wavelength. In order to achieve an optimi
solid state device at 1800 nm it is necessary to know in de
the fluorescence properties of the Tm31 ion in the host ma-
terial. Characteristics such as emission cross-section
pumping efficiency are crucial to determine the feasibility
the laser system.

It is well known that the pumping mechanism of the3F4

level is the cross-relaxation3H4 ,3H6→3F4 ,3F4 ~ion 1, ion
2→ ion 1, ion 2! which results in two Tm31 ions excited at
the upper laser level by one pump photon. The energy
gration 3H4 ,3H6→3H6 ,3H4 enhances the cross-relaxatio
probability as it spreads the excitation energy into the h
material. In this sense, these energy transfer probabilities
efficiencies are features directly related to the pump e
ciency. The energy transfer processes occurs between
earth ions mediated mainly by multipolar interactions. It is
common practice to attribute the dipole-dipole type inter
tion to treat the energy transfer among impurities diluted i
solid medium. Most of the papers that have studied the m
tioned Tm31:Tm31 interactions consider only the dipole
dipole coupling to describe the energy transfer.4–8 However,
high-order-energy transfer mechanisms, such as dip
quadrupole or quadrupole-quadrupole may be importan
rare-earth doped samples if the electronic transitions
volved in the energy transfer processes are electric qua
pole permitted and the interagent ions are close enough9–14

This is so because as the electric dipole transitions are p
forbidden in rare-earth ions, the electric quadrupole tran
tions can compete with electric dipole ones in the ene
transfer. Tonooka and co-workers15 estimated the contribu
0163-1829/2002/66~2!/024207~7!/$20.00 66 0242
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tion of the higher-order interactions in the Tb31→Nd31 en-
ergy transfer by means of Monte Carlo simulation. It w
found that the dipole-quadrupole interaction is the best
to describe the decay curves of the Tb31 1D2 level.
Tkachuck13,16 have studied the higher order interactions
Tm31 doped yttrium lithium fluoride~YLF! crystals and
concluded that the macroscopic rates must include
dipole-quadrupole and quadrupole-quadrupole interaction
order to fully describe the3H4 decay.

In a recent paper17 the energy transfer microparamete
for the processes 3H4 ,3H6→3F4 ,3F4 and 3H4 ,3H6

→3H6 ,3H4 for dipole-dipole, dipole-quadrupole, an
quadrupole-quadrupole coupling were calculated by me
of the Dexter18 and Kushida19 models. In this work, a rate
equations formalism is used to describe the kinetic beha
of the 3H4 and 3F4 levels. The already obtained microparam
eters are used to determine the average macroparamete
energy transfer that are related to the rate equations.
proceedings outlined here were previously used to treat
conversion photoluminescence between Nd31 ions in
ZBLAN glasses, YLF and YAG crystals, and also Cr31 in-
teractions in LiSrCaF.20–23 In these previous works the
dipole-dipole coupling was the only active mechanism
energy transfer. On the other hand, for Tm:Tm interactio
we have to obtain the expressions for the macroparamete
the high-order multipole couplings.

II. EXPERIMENTAL SETUP

The used set of samples has the following nominal mo
composition: 30PbF2-15InF3-20GaF3-15ZnF2-(20-X)CaF2-
XTmF3, with X50.1, 0.5, 1.0, 2.0, 4.0, 6.0, and 7.
henceforth namedXTm. The Tm31 concentrations were
measured by energy dispersive x-ray analysis with a dig
microscope and the Link AnalyticalQX2000 software. The
measured concentrations range from (1.260.8)31020 up to
(15.060.8)31020 cm23. The refractive index of the
samples for the Sodium D line is 1.570. Optical absorpt
experiments in the ultraviolet-visible-near infrared ran
©2002 The American Physical Society07-1
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were done using a Perkin-Elmer Lambda 900 spectrop
tometer. Photoluminescence in the near infrared range~from
800 to 2000 nm! was performed using a Ti:sapphire las
operating at 778 nm to excite the Tm31 ions to the 3H4
level. This wavelength was chosen to permit a resonant m
surement of the luminescent signal. After being dispersed
a 0.25 m Czerny-Turner monochromator, the signal was
tected by an InAs photodetector, amplified by a Lock-in, a
recorded by the computer. For the lifetime measurement
the 3H4 and 3F4 levels, the pump source was a homema
dye laser~dye LDS 698! at 680 nm pumped by a Nd:YAG
laser at 532 nm. The signal was acquired by a photomu
plier tube RCA 31034~for the 800 nm signal! or an InAs
detector~for the 2000 nm signal! and recorded at a digita
oscilloscope Tektronix TDS 380.

III. RESULTS

Figure 1 shows the energy levels diagram obtained fr
the absorption spectra of the Tm31 in fluoroindogallate
glasses. The cross relaxation~CR! (3H4 ,3H6→3F4 ,3F4) and
the energy migration~EM! into the 3H4 level (3H4 ,3H6
→3H6 ,3H4) are also indicated. In Fig. 2 is represented
1/e time of the 3H4 Tm31 level as a function of concentra
tion. Such time constant is defined asF(t1/e)5F(0)/e,
whereF(t) is the luminescent signal andF(0) corresponds
to its intensity at time zero. As the 1/e time varies 3 orders o
magnitude with Tm31 concentration, the results are pr
sented in a log scale in order to obtain a better visualizat
As Tm31 concentration increases, the decay curves bec
faster and nonexponential characterizing the quench
mechanism produced by the cross relaxation. The solid
dotted lines in the figure are simulations of the 1/e time as
will be discussed later.

IV. DISCUSSIONS

A rate equations formalism was used to evaluate the ef
of the energy transfer in the 1/e time of the 3H4 level of
Tm31. Based on the energy levels of Fig. 1~a!, the following
rate equations can be written:

FIG. 1. ~a! Energy levels diagram of the Tm31 ions in fluoroin-
dogallate glasses.
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dn0

dt
52Rn02WETn2n01n2W201n1W10,

dn1

dt
52WETn2n01n2W212n1W10, ~1!

dn2

dt
5Rn02WETn2n02n2W202n2W21,

where n0 , n1, and n2 are the 3H6 , 3F4, and 3H4 levels,
respectively.Wi j is the transition rate from leveli to level j,
WET is the energy transfer parameter given in cm3/s andR
5sI /hn is the pumping rate, wheres is the absorption cross
section at the pumping energy (hn) and I is the intensity of
the pump light. These coupled rate equations can be ea
solved considering a low excitation density, in this casen0 is
constant and can be approximated by the total concentra
nt . In this case, we have for then2 level (3H4) the following
equation:

dn2

dt
5Rnt2n2S 1

t0
n2

1WETntD 5Rnt2
n2

teff
n2

, ~2!

where (t0
n2)215W211W20570s211470s21 is the inverse

of the 3H4 lifetime in the absence of energy transfer~low
concentrated sample! andteff

n2 is called the effective lifetime
of the 3H4 and is given by

~teff
n2!215

11WETntt0
n2

t0
n2

. ~3!

FIG. 2. 1/e time of the 3H4 level in function of Tm concentra-
tion ~solid squares! and simulations of the effective3H4 level life-
time with all the multipole couplings in the hopping model~solid
line!. The dotted, dash-dotted, and dash-dotted-dotted lines
simulations and with only dipole-dipole, dipole-quadrupole, a
quadrupole-quadrupole couplings, respectively, in the hopp
model. The dashed line is a simulation with all the multipole co
plings in the diffusion model.
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The expressions forn2(t) andn2(`) are obtained by in-
tegrating Eq.~2! for a pump pulse and a steady state pum
ing, respectively, with the results

n2~ t !5n2~0!e2t/t
eff

n2
and n2~`!5Rntteff

n2. ~4!

It is worth noting that the above rate equations treatm
is an approximation and the obtained decay constants re
sent an average of the 1/e decay. The effective lifetime is a
function of the Tm31 concentration (nt) and of the energy
transfer parameter (WET), which can be calculated on th
basis of the microscopic parameters of energy transfer.24,25,27

The expression forWET will depend on the energy migratio
regime ~diffusion limited energy transfer28 or hopping
model25! and on the multipole order of the interaction. Fo
lowing the same procedure outlined in Ref. 29 for the dipo
dipole energy transfer rate (WET

dd) in the hopping and diffu-
sion models, theWET

dq and WET
qq parameters can also b

obtained. This is done by using the Inokuti-Hirayama30 and
Martin31 expressions for the donor decay curve in the sta
and diffusion assisted regimes, respectively.

In the hopping model, the excitation energy jumps amo
the donors until a donor-acceptor interaction or a nonra
tive decay occurs. In this case, the donor luminescenc
described by

F~ t !5r (s)~ t !e2t/t j1
1

t j
E

0

t

F~ t2t8!r (s)~ t8!e2t8/t jdt8,

~5!

wheres indicates the multipole order of interaction and c
be 6, 8, or 10 for dipole-dipole, dipole-quadrupole,
quadrupole-quadrupole, respectively,t j is the jump
time andr (s)(t)5exp@2t/t02nd(4p/3)G(123/s)(Cd-d

(s) t)3/s#
5exp@2t/t02(A(s))3/st3/s#, nd is the donor concentration, an
Cd-d

(s) is the microparameter of energy transfer between
donors that depends on the multipole order. This function
be written as

r (s)~ t !5E
0

`

e2WtF~W!dW, ~6!

where F(W)dW5(A/4p)1/2W23/2e2A/4WdW is a normal-
ized function which gives the probability that the trans
rate will be betweenW and W1dW. The jump timet j
5A/6 is given by the maximum ofF(W). A critical radius
Rc where the donor-acceptor interaction is equal to
donor-donor interaction can be defined such asPd-a

(s) 5R0
s/t0
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5Rc
s/t j , where R0 is the critical distance at which th

donor-acceptor interaction is equal to the spontaneous d
rate (1/t0). The energy transfer rate is equal to the numbe
acceptors that falls into this strong interaction sphere per
time:

P(s)5
4p

3
Rc

3na

1

t0
5WET

(s)na , ~7!

wherena is the acceptor concentration.
In the diffusion limited regime, the expression for the e

ergy transfer rate is obtained by makingx→` in the expres-
sion for the donor decay31

F~ t !5F~0!expF2
t

t0
2

4p

3
naGS 12

3

sD
3~Cd-a

(s) t !3/sS 11a1x1a2x2

11b1x D (s23)/(s22)G , ~8!

where x5D (s)(Cd-a
(s) )22/st122/s, the values of the constant

a1 , a2, and b1 depend on the multipole order of th
interaction31 and the diffusion constant is given byD (s)

5@1/(2s210)#(4p/3)[s22]/3nd
[s25]/3Cd-d

(s) . In this case, we
have that

F~ t !5F~0!expF2
t

t0
2

4p

3
naGS 12

3

sD
3~Cd-a

(s) t !3/sS a2x

b1
D (s23)/(s22)G . ~9!

The above equation can be simplified to take the form

F~ t !5F~0!expF2
t

t0
2WET

(s)nat G . ~10!

Table I lists the expressions forWET
(s) in the two models. It

TABLE I. WET
(s) parameters obtained for the diffusion limited an

hopping model,nd is the donor concentration.

Diffusion model Hopping model

WET
dd 28(Cd-a

dd )1/4(Cd-d
dd )3/4nd 13(Cd-a

dd )1/2(Cd-d
dd )1/2nd

WET
dq 31(Cd-a

dq )1/6(Cd-d
dq )5/6nd

5/3 21(Cd-a
dq )3/8(Cd-d

dq )5/8nd
5/3

WET
qq 57(Cd-a

qq )1/8(Cd-d
qq )7/8nd

7/3 42(Cd-a
qq )3/10(Cd-d

qq )7/10nd
7/3
ole-
rk. The
not be
TABLE II. Microparameters of energy transfer obtained by Dexter~dipole-dipole! and Kushida~dipole-
quadrupole and quadrupole-quadrupole! models for the donor-acceptor (3H4 ,3H6→3F4 ,3F4) and donor-
donor (3H4 ,3H6→3H6 ,3H4) interactions as obtained in Ref. 17. The errors could be included in the dip
dipole and dipole-quadrupole terms because the real concentrations were measured by EDX in this wo
calculation of the quadrupole-quadrupole term does not depend on concentration and its error could
estimated.

Cd-a
dd (cm6/s) Cd-d

dd (cm6/s) Cd-a
dq (cm8/s) Cd-d

dq (cm8/s) Cd-a
qq (cm10/s) Cd-d

qq (cm10/s)

~260.2)310240 ~661)310240 ~5.560.5)310254 ~2262)310254 12310268 87310268
7-3
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TABLE III. Macroscopic parameters of energy transfer obtained by replacing the microparameters
Table II into the expressions of Table I for the hopping and diffusion models.nTm is the Tm31 concentration.

WET
dd WET

dq WET
qq

Hopping model ~3.8-5.0!310239 cm6 s21nTm ~2.5-3.0!310252 cm8 s21nTm
5/3 2310265 cm10 s21nTm

7/3

Diffusion model ~11-15!310239cm6 s21nTm ~5.0-6.0!310252 cm8 s21nTm
5/3 4310265 cm10 s21nTm
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must be noted that the concentration dependence is alw
stronger in the high-order mechanisms.

In a recent paper17 the energy transfer microparamete
for the cross relaxation and the energy migration represe
in Fig. 1 were calculated by Dexter18 and Kushida19 models.
It was shown that even though the Martin31 expression for
dipole-quadrupole interaction could fit the decay curves
the 3H4 level ~Fig. 4 of Ref. 17!, the adjusted expression di
not yield meaningful values for the energy transfer micro
rametersCd-a

dq and Cd-d
dq because they were not found to b

constant as concentration changed. The conclusion was
the Tm:Tm interactions in fluoroindogallate glass should
described by a combination of all the multipole couplin
and also that the diffusion limited regime is not valid in t
system. The microscopic parameters of energy transfer
the CR and EM processes were calculated and are liste
Table II, as theCd-d

(s) microparameters are larger than theCd-a
(s)

the condition for applying the hopping model is fulfilled.25

In this sense, theWET parameter in Eqs.~1! must be a sum
over all the energy transfer interactions in the Hopp
modelWET5WET

dd1WET
dq1WET

qq . The calculatedWET
(s) param-

eters are listed in Table III and were used to simulateteff
n2 @Eq.

~4!#. Such simulation is represented as a solid line in Fig
and was carried out using the mean values ofWET

(s) WET

54.4310239nTm cm6 s2112.8310252nTm
5/3 cm8 s2112.0

310265nTm
7/3 cm10s21. The good agreement between the c

culatedteff
n2 and the experimental 1/e time corroborates ou

previous assumption that the high-order interactions do
nate the Tm:Tm energy transfer. It was verified that the sim
lated curve is not so much sensitive to theWET

dd and WET
dq

parameters, but it is strongly dependent onWET
qq . The dotted,

dash-dotted, and dash-dotted-dotted lines are simulat
considering only dipole-dipole, dipole-quadrupole, a
quadrupole-quadrupole interactions, respectively. It can
noted that the quadrupole-quadrupole mechanism best
scribes the 1/e time of the 3H4 level which means that it is
the most important mechanism of energy transfer. T
dashed line in Fig. 2 represents the simulation of the3H4
effective lifetime using all the multipole coupling mech
nisms and theWET parameter obtained via the diffusio
02420
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model. It can be seen that the agreement is lost in this s
ation as an evidence of the inadequacy of the diffusion mo
to describe the system.

Table IV shows a comparison among the microparame
found in Refs. 13 and 16 and in Ref. 17 for the Tm31:Tm31

interactions in the infrared region. In these works, Dexte18

and Kushida19 models were used to calculate the ener
transfer microparameters. As the energy transfer micro
rameters depend on the overlap integral and on the intens
of the absorption and emission cross sections of the invol
electronic transitions, one can try to correlate the micro
rameters found in the two hosts with the aspect of inhom
geneous broadening that is stronger in glasses than in c
tals. For example, the Cd-a

dd is higher in the glass than in th
YLF crystal and this can be due to the broadening of
band profiles in glasses that provides a larger spectral o
lap if the energy transfer is nonresonant, as is the case
the other hand, the Cd-d

dd is lower in the glass, which denote
the compromise between overlap and intensity of the
volved bands. In case of a resonant process the intensi
crucial for a high-energy transfer parameter. The Cd-a

dq and
Cd-a

qq microparameters are greater in the YLF crystal than
the fluoroindogallate glass, this can be due to a higher in
sity of the quadrupole transition in the crystal. Armag
et al.7 have applied the Dexter model to calculate t
3H4 ,3H6→3F4 ,3F4 cross-relaxation microparameter
Tm31 doped yttrium aluminum garnet~YAG! crystal. The
energy transfer microparameter was found to be Cd-a

dd 527
310240 cm6/s, which is larger than the corresponding va
ues obtained for the YLF and fluoroindogallate glass. Su
difference can be attributed to the larger phonon energy
the YAG crystal as compared to YLF and fluoroindogalla
glass which favors the nonresonant3H4 ,3H6→3F4 ,3F4 en-
ergy transfer.

Xueyuan and Zundu26 calculated the Cd-a
dd microparameter

for the same cross-relaxation in Tm31 doped yttrium ortho-
vanadate crystal (YVO4) by means of Dexter model an
found Cd-a

dd '10310240 cm6/s. On the other hand
Bettinelli6 and co-workers used the Inokuti-Hirayama e
pression in the dipole-dipole approximation to fit the dec
ones
TABLE IV. Comparison between the energy transfer microparameters found in YLF crystal with the
obtained in the Fluoroindogallate glass~FG!.

Cd-a
dd Cd-d

dd Cd-a
dq1qd Cd-d

dq1qd Cd-a
qq Cd-d

qq Refs.
31040 cm6/s 31040 cm6/s 31054 cm8/s 31054 cm8/s 31068 cm10/s 31068 cm10/s

YLF 0.94 17.3 9.4 66.5 42 476 13,16
FG 2.0 6.0 6.4 24 12 87 17
7-4
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curves of the3H4 level of Tm31 in YVO4. Such procedure
leads to Cd-a

dd 518310240 cm6/s in a clear demonstration o
the overestimation of the cross-relaxation parameter w
using the dipole-dipole interaction to fit the decay curv
Martin32 and Li33 have applied the Yokota-Tanimoto~YT!28

model to fit the decay curves of the3H4 level of Tm31 in an
indium based fluoride glass and a Y2SiO5 crystal, respec-
tively. These two works obtained Cd-a

dd 513310240 cm6/s,
Cd-d

dd 53310240 cm6/s,32 Cd-a
dd 560310240 cm6/s and Cd-d

dd

57310240 cm6/s.33 This same feature (Cd-a
dd .Cd-d

dd ) was
observed in Ref. 17 when applying the YT model to the3H4
level decay curves in fluoroindogallate glass. Such resu
not expected as the cross relaxation3H4 ,3H6→3F4 ,3F4 is
nonresonant and, consequently, the spectral overlap is la
for the energy migration3H4 ,3H6→3H6 ,3H4.

FIG. 3. Temporal behavior of the3F4 level luminescence for the
~a! 1 Tm and~b! 4 Tm samples~open circles!. The solid lines are
the solutions of Eq.~11! using theWET obtained for the hopping
model. The used value forW10 in the simulations is indicated in
each curve.

FIG. 4. Integrated intensity of the3F4→3H6 ~solid circles! elec-
tronic transition in function of Tm31 concentration. The open
circles represent the simulated steady state population of the3F4

level obtained in the hopping model. The lines are guides to the
02420
n
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Concerning the3F4 level, the solution of the rate equa
tions for n1(t) is given by

n1~ t !5
n2~0!~2WETnt1W21!

W102~teff
n2!21

~e2t/t
eff

n2
2e2W10t!, ~11!

whereW10583 s21 andW21570 s21 are, respectively, the
3F4→3H6 and 3H4→3H6 decay rates that were obtained b
Judd-Ofelt calculations. Figures 3~a! and 3~b! show the time
evolution of the3F4 level population~open circles! and the
simulations~solid lines! obtained with Eq.~11!. All samples
presented an exponential decay time after a faster risetim
the Tm31 concentration increases. It can be noted that
decay curve of the high concentrated sample is faster t
the low concentrated one, which is not predicted by Eq.~11!.
Such a result characterizes an energy migration within
3F4 level with a subsequent energy transfer to a lattice de
causing a reduction of the3F4 lifetime. Another possibility is
an upconversion mechanism in which two Tm ions in t
3F4 level interact in such way that one of them goes to
ground state and the other is excited to the3H4 level. The
best fitted solid line in Fig. 3~b! was obtained by the inclu
sion of the experimental lifetime of the3F4 level (texp

n1 ) in
Eq. ~11!.

The steady state population of the3F4 level is also af-
fected by the quenching mechanism as can be seen a
intensity of the 3F4→3H6 transition in function of Tm31

concentration. In the absence of quenching, the steady
population of the3F4 level @n1(`)# can be calculated by
doing dn1 /dt50, which gives the result

n1~`!5
n2~`!~2WETnt1W21!

W10
, ~12!

wheren2(`)5Rntteff
n2 is the steady state population of th

3H4 level. Substitutingn2(`) into Eq. ~12!, we havee.

FIG. 5. Steady state population of the3F4 level obtained by the
solution of the rate equations~1! with all the multipole couplings
~open squares! and with only the dipole-dipole coupling~open
circles! in the hopping model.
7-5
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D. F. de SOUSA AND L. A. O. NUNES PHYSICAL REVIEW B66, 024207 ~2002!
n1~`!5
Rnt~2WETnt1W21!t0

n2

W10~11WETntt0
n2!

. ~13!

A plot of n1(`) as a function of Tm31 concentration
would lead to a linear relation between these two quanti
which is not experimentally observed. The solid circles
Fig. 4 represent the integrated intensity of3F4→3H6 elec-
tronic transition in function of Tm31 concentration. The
open circles are simulations of the steady state populatio
the 3F4 level with W10 equal to (texp

n1 )21. The low signal gain
of the 3F4→3H6 transition will follow the same trends as i
Fig. 4, but as the pump density increases Eq.~13! does not
represent the steady state population anymore and the
mum concentration changes to high values.

Figure 5 shows the calculated population of the3F4 level
for the 4Tm sample obtained by the numerical solution of
rate equations in two cases: only the dipole-dipole inter
tion (WET53.2310218 cm3/s) and with all the multipole
orders included (WET51.4310216 cm3/s). TheWi j param-
eters were W21570 s21, W205470 s21, and W10

5(texp
n1 )215147 s21. It can be noted that the underestim

tion of the 3F4 population is about 22% for pump densitie
above 0.01 of the saturation intensity and could lead to
nificant errors in the estimation of some laser parame
such as the gain factor. It is also important to see the h
density of excited ions accumulated in the3F4 level due to
its long lifetime.
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V. CONCLUSIONS

The Tm:Tm energy transfer in fluoroindogallate glass
was analyzed by means of rate equations and microsc
parameters of energy transfer. The effective lifetime of
3H4 level was successfully described by the inclusion of
dipole-quadrupole and quadrupole-quadrupole coup
mechanisms in the Tm:Tm energy transfer proces
3H4 ,3H6→3F4 ,3F4 and 3H4 ,3H6→3H6 ,3H4. The results ob-
tained in this work are in good agreement with the previo
observations reported in Ref. 17 which showed that the m
tioned energy transfer processes between Tm ions in fl
oindogallate glasses is dominated by the dipole-quadrup
and quadrupole-quadrupole coupling mechanisms. It is
portant to note that if the high-order interactions are n
glected in the Tm31:Tm31 energy transfer, the3F4 steady
state population, which is an important parameter for
laser system, will be underestimated.
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