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Energy-transfer processes in Yb:Tm-doped KY3F10, LiYF 4, and BaY2F8 single crystals
for laser operation at 1.5 and 2.3mm
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Energy-transfer processes have been quantitatively studied in various Tm:Yb-doped fluoride crystals. A
comparison between the three host crystals which have been examined~KY3F10, LiYF4, and BaY2F8! shows
clearly that the efficiency of the Yb→Tm energy transfers is larger in KY3F10 than in LiYF4 or BaY2F8. The
dependence of the energy-transfer parameters upon the codopant concentrations has been experimentally
measured and compared with the results calculated on the basis of migration-assisted energy-transfer models.
Using these energy-transfer parameters and a rate equation model, we have performed a theoretical calculation
of the laser thresholds for the3H4→3F4 and 3H4→3H5 laser transitions of the Tm ion around 1.5 and 2.3mm,
respectively. Laser experiments performed at 1.5mm in Yb:Tm:LiYF4 then led to laser threshold values in
good agreement with those derived theoretically. Based on these results, optimized values for the Yb and Tm
dopant concentrations for typical values of laser cavity and pump modes were finally derived to minimize the
threshold pump powers for the laser transitions around 1.5 and 2.3mm.
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I. INTRODUCTION

Since the pioneer work of F. Auzel,1 it has been clearly
recognized that a clever combination of sensitizer and a
vator ions could greatly enhance the efficiency of a ra
earth-doped laser material. Among all the sensitizers of
terest, the Yb plays a singular role. It has the advantag
present only two multiplets~the ground-state level2F7/2 and
the excited-state level 2F5/2! separated by DE
;10 000 cm21. This energy level diagram is highly favor
able for efficient absorption of the high-power InGaAs las
diodes emitting around 950 nm and, at the same time
avoid any undesirable excited-state absorption under inte
optical pumping.

First investigations of Yb-sensitized materials were p
formed in the context of materials for infrared quantu
counters~IRQC!.2,3 Recent applications of conversion of I
into visible light are visualization of IR laser beams,4 three-
dimensional display devices,5 or upconversion lase
systems.6–8

Pr31, Ho31, Er31, and Tm31 ions were successively ex
cited via energy-transfer processes starting from Yb31 ions
as sensitizers. Recently, laser operation of Tm:Yb:LiYF4 at
1.5 and 2.3mm originating from the3H4 to the 3F4 and 3H5
energy levels of the Tm31 ion, respectively, were
reported.9,10 The population mechanism for the3H4 emitting
level includes two consecutive Yb→Tm energy transfers
3H6(Tm), 2F5/2(Yb)→3H5(Tm), 2F7/2(Yb) and 3F4(Tm),
2F5/2(Yb)→3F2 , 3F3(Tm), 2F7/2(Yb). However, such
population mechanism is relatively complex because the
tical pumping cycle is also strongly affected by the Tm→Yb
back transfers: 3H4(Tm)12F7/2(Yb)→3H6(Tm)
12F5/2(Yb). Moreover, the second energy transfer, by
ducing the effective lifetime of the lower excited-state lev
PRB 610163-1829/2000/61~8!/5280~13!/$15.00
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3F4 , is essential to avoid any bottlenecking effect whi
would prevent the 1.5-mm laser emission under continuou
wave excitation. The sensitization of Tm31 by Yb31 was
studied in the case of ‘‘true’’ upconversion effect where t
emission wavelength was shorter than the excitat
wavelength.11,12 Both 1G4 and 1D2 levels were populated
after an excitation around 960 nm and led to efficient b
emissions respectively around 480 and 450 nm. The last
in the excitation process was carefully examined to sepa
forward and backward energy transfers between Tm and
necessary to reach such high energy levels. On the o
hand, less attention was paid on the initial steps necessa
reach the3F4 and 3H4 levels.

We present here a series of experiments made to ana
qualitatively and quantitatively the energy-transfer mec
nisms resulting in the emissions starting from the3H4 down
to the two lower excited states3H5 and 3F4 levels of the
Tm31 ions. The data were obtained for three fluoride cry
talline hosts KY3F10, LiYF4, and BaY2F8 codoped with Tm
and Yb. Fluoride materials have the advantage over oxi
of reduced nonradiative deexcitation rates via multiphon
emissions ensuring relatively good fluorescence quantum
ficiencies from the3H4 level. Compared to other low pho
non energy materials such as chlorides, bromides, or sulfi
the fluorides present a reasonably high thermal conductiv
a good enough mechanical hardness, and a high chem
stability—in particular, a nonhygroscopic behavior. T
three selected crystals were also chosen because the
single-site host materials for rare-earth~RE! ions which en-
sure homogeneously broadened absorption and emis
spectra. This last point is especially crucial to investigate
multipolar interactions between ions as will be develop
later. To obtain reliable measurements of the different
rameters, we have performed short pulse excitations dire
5280 ©2000 The American Physical Society



PRB 61 5281ENERGY-TRANSFER PROCESSES IN Yb:Tm-DOPED . . .
TABLE I. Crystallographic properties of KY3F10, LiYF4, and BaY2F8.

KY3F10 LiYF4 BaY2F8

Structure cubic
~fluorite!

tetragonal
~scheelite!

monoclinic
~BaTm2F8 type!

Space group Fm3m 141/a C2/m
~Schoenflies! (Oh

5) (C4h
6 ) (C2h

3 )
Crystallographic

positions for Y31 ions
~coordination number!

C4v(8) S4(8) C2(8)

Cell parameters a511.536 Å a55.16 Å a56.972 Å
c510.85 Å b510.50 Å

c54.26 Å
b599°458

Number of elements
by cell

8 4 2

Anisotropy isotropic uniaxial biaxial
Melting point '990 °C

~congruent!
'810 °C

~uncongruent!
'1000 °C

~congruent!
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into the 3F4 and 3H4 levels of the thulium ions and into th
2F5/2 of the ytterbium ions. Using increasing excitation i
tensities, it was possible to discriminate between the dif
ent energy-transfer parameters involved in the Tm-Y
codoped fluoride crystals.

The results were systematically compared, in the cas
dominant energy migration, with those deduced from the
ting of the measured fluorescence data to the rate equa
model. The experiments were then completed by record
the rise time obtained after square-pulse-shape excitatio
the Yb ions. The efficiency of the ytterbium codoping
deactivator, to avoid the bottlenecking effect for the tran
tion 3H4→3F4 and to recycle the energy back into the upp
laser level for stimulated emissions around 1.5 and 2.3mm,
is also discussed and the properties of the different stu
fluoride crystals are compared.

II. MATERIAL PREPARATION

Crystals of KY3F10, LiYF4, and BaY2F8 singly doped
with Tm31 and codoped with Tm31 and Yb31 were grown
by using the Czochralski method in a homemade pull
apparatus especially designed for fluoride materials. G
care was taken during the crystal growth to control the
orinating atmosphere~mixture of Ar and CF4! and to avoid
melt contamination with oxygen or hydroxide as already
scribed elsewhere.13

KY3F10 is an isotropic crystal with a cubic-face-center
structureFm3m (Oh

5) similar to the fluorite structure.14 The
elementary cell contains eight formula units and has a
parametera511.54 Å. The trivalent rare-earth dopants su
stitute for the yttrium ions in sites ofC4v symmetry. KY3F10
is relatively easy to grow compared to other fluoride mate
als, melting congruently atT5990 °C as confirmed recentl
by reinvestigation of the phase diagram of the KF-Y3
system.15

LiYF4 is a uniaxial fluoride crystal well known as an e
ficient active medium for solid-state lasers with differe
rare-earth ions. It has a tetragonal structure similar
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CaWO4-scheelite structure with space groupI41/a (C4h
6 ) and

a point symmetry groupS4 corresponding to the site of th
Y31 ions. Czochralski pulling method is especially we
adapted to grow LiYF4 because of the uncongruently meltin
behavior of this material with a peritectic composition
49:51 ~YF3 to LiF ratio! at 842 °C, as recently
redetermined.16

BaY2F8 is a biaxial crystal with monoclinic structure—
space groupC2/m ~C2h

3 !—with a crystallographic position
for the RE ofC2 symmetry. It is isomorphic to BaTm2F8 and
has a congruent melting point atT5960 °C.17 Recent studies
have demonstrated the interest of BaY2F8 codoped with Tm
and Yb for upconversion laser systems.18 Compared to
LiYF4, it has a lower maximum phonon energy which si
nificantly reduces the nonradiative decay rates. Phys
properties of KY3F10, LiYF4, and BaY2F8 are summarized in
Table I.

After crystal growth and annealing, samples were orien
by x-ray-back-reflexion Laue techniques. For BaY2F8, the
sample was initially cut with two sides normal to the~010!
direction. This twofold-symmetry axis of the crystal corr
sponds to one of the principal axes of the optical indicatr
labeled axis 2. The sample was then placed between cro
polarizers and the two other dielectric axes were identified
the extinction directions when the sample was turned aro
~010!. The three principal axes were labeled following t
notation used by R. A. McFarlane.19 The principal axis ori-
ented 21° from thec axis was identified as axis 3 whereas t
orthogonal axis in the plane normal to axis 2 was labe
axis 1. Compared to the notation used by L. D. DeLoac20

for the measurements of the absorption and emission spe
of Yb31 in BaY2F8, the axis 1 corresponds toz, the axis 2 to
y, and the axis 3 tox.

The nominal Tm31 concentrations were varied betwee
0.5% and 1% and the Yb31 concentrations between 1% an
15%. Singly doped samples with a low concentration
Yb31 ~between 0.1 and 0.5%! were also grown to determin
the fluorescence lifetime of the2F5/2 level in the absence o
Tm-Yb energy transfers or radiation trapping effects. Af
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TABLE II. Concentration of Tm31 and Yb31 in the different samples of LiYF4, and KY3F10, and BaY2F8.
A concentration of 1 at. % represents 1.3931020 ions/cm3 in LiYF4, 1.5731020 ions/cm3 in KY3F10 and
1.2831020 ions/cm3 in BaY2F8.

Sample Number
Nominal concentration
~before crystal growth!

After growth ion concentration
~cm23!

LiYF4 1 1% Tm 1.2131020 Tm
LiYF4 2 0.5% Tm:5% Yb 0.6731020 Tm/6.831020 Yb
LiYF4 3 0.5% Tm:7% Yb 0.7131020 Tm/8.531020 Yb
LiYF4 4 1% Tm:5% Yb 1.231020 Tm/731020 Yb
LiYF4 5 1%Tm:10%Yb 1.3831020 Tm/12.231020 Yb
LiYF4 6 1% Tm:15% Yb 1.231020 Tm/18.931020 Yb

KY3F10 7 1% Tm 1.3731020 Tm
KY3F10 8 0.5% Tm:5% Yb 0.7431020 Tm/7.431020 Yb
KY3F10 9 1% Tm:5% Yb 1.331020 Tm/731020 Yb

BaY2F8 10 1% Tm 1.0831020 Tm
BaY2F8 11 0.5% Tm:5% Yb 0.831020 Tm/6.9431020 Yb
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crystal growth, the final dopant concentration was de
mined by inductively coupled plasma~ICP! analysis. Table
II contains the nominal and the real dopant concentration
the samples.

III. OPTICAL MEASUREMENTS

The absorption spectra were recorded with a Perk
Elmer Lambda 9 double beam spectrophotometer. A G
Thompson birefringent polarizer was added before the be
splitter to record polarized spectra for the anisotropic h
materials—LiYF4 and BaY2F8.

The emission spectra and the fluorescence decays
obtained by exciting the samples with a wide-band opti
parametric oscillator~GWU OPO model C-355! pumped by
the third harmonic of aQ-switched Nd:YAG laser~Spectron
model 404G!. All the emission spectra were taken by
single grating spectrometer~25-cm focal length ORIEL
monochromator! equipped with a 600 grooves /mm gratin
blazed atlB5750 nm or a 300 grooves/mm grating blazed
lB52 mm. The signal was detected by a photomultipl
tube with an extended response in the near infrared spe
region ~Hamamatsu model R5108! or two InGaAs photo-
diodes cooled with Peltier element~Hamamatsu mode
G5832-23 and G5852-21!. Then, it was fed into a Princeto
Applied Research Model 162 boxcar integrator and p
cessed by a personal computer interfaced with an ana
digital converter. The computer also controls the rotation
the spectrometer grating via a stepper motor. The spe
response of the system was recorded by means of a
brated tungsten lamp.

The fluorescence decays were acquired at discrete w
lengths corresponding to clearly identified optical transitio
of the Tm31 and Yb31 ions. The transient signals were a
eraged and stored with a fast digital oscilloscope~Tektronix
TDS 350!. To reduce the radiation trapping effects whi
affect the fluorescence signal, for example, in Yb:YAG,21 the
fluorescence lifetimes were recorded after excitation of t
powdered samples. The fluorescence kinetics during and
ter excitation with square-shape pulses were studied usi
CW InGaAs laser diode emitting at 960 nm~SDL model
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6362-P1!, directly modulated using an external square pu
generator to drive the injected current into the emitting jun
tion.

The excited-state absorption cross section correspon
to the 3F4→3F2 transition was measured by using an expe
mental setup22 based on a pump-probe technique in whi
the probe beam is provided by a broadband tungsten-halo
lamp and the pump by a homemade continuously tuna
~between 1.45 and 1.75mm! color center laser~CCL! with
(F2

1)H in NaCL:OH as active centers.

IV. FIRST STEP ENERGY-TRANSFER RESULTS

The first energy-transfer mechanism involved in the 1
and 2.3-mm laser emissions of Tm:Yb-codoped fluorides
illustrated in Fig. 1. After excitation into their2F5/2 level, the
Yb ions transfer their energy to the Tm ions via multipol
interactions. This first step—called step 1 in the following
can be summarized as

FIG. 1. Scheme for energy-transfer step 1 between Yb31 and
Tm31 ions.
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Yb31~2F5/2!1Tm31~3H6!→Yb31~2F7/2!1Tm31~3H5!.
~1!

It is immediately followed by a fast multiphonon relaxatio
from level 3H5 down to the metastable level3F4 . Energy-
transfer step 1 is far from being resonant—the energy m
match, which is defined as the energy gap between the
est sublevel of the2F5/2 level and the highest sublevel of th
3H5 multiplet, is nearly equal toDE;1300 cm21 and neces-
sitates the emission of at least three phonons in fluoride c
tals ~the maximum phonon energy of which being\v
5500 cm21!. Because the energy of the Yb ions before s
1 exceeds the final energy of the Tm ions, the energy tran
could be qualified as an exoenergetic energy transfer wi
relatively high probability compared to an endoenerge
one. The other favorable factor to step 1 resides in the
that the absorption and emission spectra of the Yb ions o
lap very strongly~Fig. 2!. This greatly enhances the energ
migration among the Yb ions. As it is well known since th
early works of Yokota and Tanimoto23 and Burshtein,24 the
migration assisted energy transfers significantly increase
probability of interaction between sensitizer and activa
ions of different species. The excitation energy jumps fr
one excited sensitizer site to a neighboring one unti
reaches a sensitizer close enough to an activator to a
efficient energy transfer. Moreover, when the energy-tran
efficiency is reduced by back transfers from the activator
the sensitizers, the migration may favor the trans
sensitizer→activator compared to the back transfer beca
of the relative concentrations of the codopants (NS@NA).

The energy transfer between Yb and Tm represented
Eq. ~1! can be clearly evidenced by comparing the fluor

FIG. 2. 2F7/2↔2F5/2 absorption and emission spectra of Yb31 in
LiYF4 and in KY3F10.
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cence decays of the Yb31 ions ~transition 2F5/2→2F7/2! in a
singly doped crystal and in Tm:Yb codoped crystals af
direct excitation of the Yb with nanosecond laser pulses
l5960 nm. The samples singly and codoped with Tm:
were carefully crushed and thin layers of powder we
pressed between two glass slides. The layer thickness
reduced as much as possible to avoid radiation trapping
fects while keeping a reasonably high fluorescence signa
noise ratio. To control that reabsorption had only limit
effects on our experimental measurements, a comparison
made between the emission cross-section spectra obtaine
using the reciprocity method and the Fuchtbauer-Ladenb
formula, assumingtR5tF .25 When bulk samples or thick
powdered layers were used, the emission spectra that w
derived by using the two methods were significantly diffe
ent, i.e., the relative peak intensity of the spectrum obtai
from the emission line shape function was systematica
smaller than that appearing on the emission spectrum
duced from the absorption. The distortion, attributed to
reabsorption from the ground-state level, disappears w
the layer of the powdered sample was thin enough. The t
internal reflexion that could appear within each individu
grain of powder has less effect in a fluoride than in an ox
material such as YAG or YVO4 because of the lower refrac
tive index. Therefore no further attempt was made to use
method described by Sumidaet al.20 to avoid radiation trap-
ping. Figure 3 shows the decay curves recorded for codo
LiYf 4 and KY3F10 samples compared to the decay curv
recorded for singly doped Yb:LiYF4 and Yb:KY3F10 crys-
tals. Similar results were observed in the case
Yb:Tm:BaY2F8. As shown in Fig. 3, the fluorescence dec

FIG. 3. Examples of decay curves from the2F5/2 level in singly
doped LiYF4 and KY3F10 and codoped with Yb31 and Tm31 ions.
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curves exhibit in all cases a single exponential behavior ty
cally over threee-folding times. The excitation pulse inten
sity was limited to avoid any undesirable upconversion
fect. The exponential decay mode of the Yb fluorescenc
the codoped systems is characteristic of migration assi
energy transfer. In the simplest model, the energy-tran
rate can be directly determined by using the fluoresce
lifetimest(2F5/2)Yb andt(2F5/2)Yb,Tm measured in the singly
doped and codoped samples, respectively. Indeed, the
namics for the2F5/2 level population can be described by th
rate equation

dn~2F5/2!Yb

dt
52

n~2F5/2!Yb

t~2F5/2!Yb
2K1n~2F5/2!Yb , ~2!

whereK1 represents the energy-transfer probability for s
1. We will also use the energy-transfer parameterW1 which
is related to the energy migration probability byK1
5n(3H6)Tm3W1 . Assuming that the migration-assisted e
ergy transfers strongly dominate over the direct sensitiz
activator transfers, the energy-transfer probability is fou
time-independent and can be related to the effective lifetim
by

K15
1

t~2F5/2!Yb2Tm
2

1

t~2F5/2!Yb
. ~3!

However, the sensitizer and the activator concentrations u
in our study never reach the critical regime known as the
migration regime where the energy-transfer parameter
comes a value independent of the sensitizer concentra
ThereforeW1 must be determined for each composition to
effectively usable in rate equations. The thulium ion dens
brought into the3F4 level is kept low enough to assum
n(3H6)Tm equal to the thulium concentration. The differe
values ofW1 deduced from Eq.~3! for each sample are liste
in Table III. Considering crystals with similar Yb and Tm
concentrations~samples 1, 6, and 8!, W1 turns out to be
much larger in KY3F10 than in LiYF4 or BaY2F8.

To describe more precisely the dependence of the ene
transfer probabilityK1 with the concentrations of Tm and Y

TABLE III. Lifetimes of the 2F5/2 level in singly doped crystals
and codoped with Yb31 and Tm31 and energy-transfer paramete
W1 (10218 cm23 s21) for energy-transfer step 1.

Sample t(2F5/2)Yb

~msec!
t(2F5/2)Yb,Tm

~msec!
W1

LiYF4:0.5% Yb ~no. 12! 2.1
LiYF4:0.5% Tm:5% Yb~no. 2! 2.1 1.26 4.7
LiYF4:0.5% Tm:7% Yb~no. 3! 2.1 1.09 6.2
LiYF4:1% Tm:5% Yb~no. 4! 2.1 0.85 5.8
LiYF4:1% Tm:10% Yb~no. 5! 2.1 0.57 9.1
LiYF4:1% Tm:15% Yb~no. 6! 2.1 0.6 9.9

KY3F10:0.5% Yb ~no. 13! 1.77
KY3F10:0.5% Tm:5% Yb~no. 8! 1.77 0.66 12.8
KY3F10:1% Tm:5% Yb~no. 9! 1.77 0.44 13.1

BaY2F8:0.5% Tm:5% Yb~no. 11! 2.04a 1.09 5.1

aReference 12.
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ions, we have plotted in Fig. 4 the value ofK1 versus the
productNTm3NYb in the case of KY3F10 and LiYF4. As can
be seen in the case of LiYF4, below a critical Yb concentra-
tion of about 15%, the energy-transfer probability for t
first step can be expressed as

K15NTm3NYb3a1 ~4!

and consequently

W15NYb3a1 , ~5!

wherea1 is a constant equal toa150.85310238cm6 s21 in
LiYF4 anda151.87310238cm6 s21 in KY3F10, which again
shows clearly that energy transfers are more efficient
KY3F10 than in LiYF4. Relation~4! is consistent both with
the migration-assisted energy-transfer models from Yok
and Tanimoto and Burshtein. In both models, the migrati
controlled energy-transfer probability is linearly depende
on the product of the codopant concentrations. In the Bur
tein model~also called the hopping model!, which applies
when the probability of energy migration among the Yb se
sitizers is higher than the probability for direct Yb→Tm en-
ergy transfer on the microscopic scale—which should be
case here because of the nonresonance between the3H5~Tm!
and 2F5/2~Yb! levels—K15KH with

KH5@p~2p/3!5/2CYbTm
1/2 CYbYb

1/2 #NTmNYb , ~6!

where CYbX ~X5Tm or Yb! represents the energy-transf
microparameters. These microparameters are related to
energy-transfer probabilitiesPYbX between two ions sepa
rated by a distanceR by PYbX(R)5CYbX /R6. The KH pa-
rameter described by expression~6! is deduced by assumin
a statistical distribution of acceptor and donor ions amo
the available sites in the host and a migration model w
random hopping between the sensitizers. The hopping m
seems well adapted whenCYbYb.CYbTm. On the other hand
within the diffusion model developed by Yokota and Ta
imoto, which applies whenCYbYb,CYbTm, the energy-
transfer probability remains linearly dependent versusNTm
3NYb andK15KD with

KD5$@16p2/~3323/4!#CYbTm
1/4 CYbYb

3/4 %NTmNYb . ~7!

At this point, use can be made of the experimentally de
mined transfer probabilityK1 . Thus, according to expressio

FIG. 4. Variation of the energy-transfer probabilityK1 for the
energy-transfer step 1 as a function of the productNTm3NYb .
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~4!, thea1 parameter could be used to derive values for
products of the microparameters appearing in expression~6!
and~7! and compare these products with those which can
obtained with the aid of the absorption and emission cro
section spectra of the transitions involved in the ener
transfer process, i.e.,

CYbX5
3c

8p4n2 E sEms
Yb ~l!3sAbs

X ~l!dl. ~8!

However, the overlap between the absorption and emis
spectra of the Tm and Yb ions, respectively, is so weak
it is not possible to make this comparison as such. On
other hand, the absorption and emission cross-section sp
of the Yb ions, which enter into the calculation of th
Yb↔Yb migration parameter, overlap more strongly,
shown in Fig. 2, so that theCYbYb value can be determine
much more accurately. In the case of LiYF4, the absorption
and emission spectra of Fig. 2 are averaged over the t
polarizations while polarized spectra are given in Ref.
The microparameter was then found almost two times lar
in KY3F10 than in LiYF4 (CYbYb~KY3F10)5571
310241cm6 s21 and CYbYb~LiYF4!5363310241cm6 s21!.
Consequently, use can be made in fact of the above exp
sions~6! and~7! to calculate and compare theCYbTm

(1) micro-
parameters for the energy-transfer step 1 obtained with
two models, knowing the values ofa1 and CYbYb from the
fluorescence decay and spectral data, respectively. The
sults are presented in Table IV. The Burshtein model se
to lead to coherent results because theCYbTm

(1) parameter is
smaller than the Yb↔Yb migration parameterCYbYb. On the
other hand, the Yokota-Tanimoto model leads to a contra
tion because in this caseCYbTm

(1) !CYbYb which is clearly not
the domain of validity usually admitted for the diffusio
model. The calculated decay curves using the micropar
eters of Table IV and the complete Burshtein model—a
taking into account the direct energy transfer—are descri
by

I ~ t !5I 0 expS 2
t

t
2gAt2KHt D , ~9!

where g5 4
3 p3/2CYbTm

1/2 NTm. Because of the non-negligibl
effect of g compared withKH , this leads to nonexponentia
decays at short time, in contradiction with the experimen
data~see Fig. 3!. Therefore our conclusion is that theCYbTm
parameters calculated by using the Burshtein model
probably overestimated but remain interesting as indica
values for this type of nonresonant energy transfer. Mo
over, it is clear, whatever the model considered, that
higher energy-transfer probabilityK1 in KY3F10 compared to
LiYF4 cannot be fully quantitatively attributed to the migr

TABLE IV. MicroparametersCYbTm
(1) ~cm6 s21! for the energy-

transfer step 1 in KY3F10 and LiYF4.

a1 CYbYb

CYbTm
(1)

~Bürshtein!
CYbTm

(1)

~Yokota!

KY3F10 1.87310238 57.1310240 1.54310240 6.84310243

LiYF4 0.85310238 36.3310240 0.50310240 1.14310243
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tion effects and that part of it must be attributed to the e
ciency of the final Yb-Tm transfer step. Obviously, a critic
criteria for multipolar interactions could be the average d
tance between the Yb and Tm ions. But, the distributions
the different sites surrounding a given position for a ra
earth ion are equivalent in both lattices. To find whyCYbTm
could be higher in KY3F10, we have compared the energ
mismatches between the emission spectra of the Yb31 ions
~transition 2F5/2→2F7/2! and the absorption spectra of th
Tm31 ions ~transition 3H6→3H5!. For that, we have deter
mined the Stark sublevel positions of the multiplets involv
in the energy-transfer process and foundDE51152 cm21 in
KY3F10 and DE51311 cm21 in LiYF4 which effectively
should favor the energy transfer in the case of KY3F10.

V. SECOND STEP ENERGY TRANSFER RESULTS

As shown in Fig. 5, in the second step—called st
2—energy transfer corresponds to the relaxation/excita
scheme

2F5/2~Yb!13F4~Tm!→2F7/2~Yb!13F2,3~Tm!. ~10!

This energy transfer is then immediately followed by rap
multiphonon relaxations bringing the Tm31 ions from the
3F2,3 down to the3H4 level. The microparameterCYbTm

(2) for
the second step energy transfer was directly estimated
recording the excited-state absorption~ESA! spectrum of
Tm31 in the appropriate spectral domain, i.e., in the spec
domain of the3F4→3F2,3ESA transition around 1mm. The
ESA measurements were performed after direct excita
into the 3F4 level with a color center laser tuned atl
51680 nm by using the pump probe technique describe
Ref. 22. Figure 6 shows the resulting ESA spectra and
emission spectra of the Yb31 ions (2F5/2→2F7/2). The over-
lap integrals then allow us to calculate the microparame
for the step 2:CYbTm

(2) (KY3F10)521.7310241cm6 s21 and
CYbTm

(2) (LiYF4)532.7310241cm6 s21. In this case, the di-
rect energy transfer appears slightly more efficient in LiY4
than in KY3F10. However, the migration among the Yb31

ions will appear as the dominant process and once again
overall energy transfer between the Yb31 and Tm31 ions will

FIG. 5. Scheme for energy-transfer step 2 between Yb31 and
Tm31 ions.
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5286 PRB 61A. BRAUD et al.
be enhanced in KY3F10. To fully characterize the step 2, th
fluorescence decay curves from the2F5/2 level of the Yb31

ions were recorded again after direct excitation with sh
laser pulses as a function of the excitation pulse ene
When the pump energy increases, the Tm31 population in the
3F4 level builds up and the second step gives a signific
contribution to the fluorescence lifetime of the2F5/2 level
which becomes progressively shorter. The fluorescence
cay curves remain purely exponential which now enables
to deduce simply a value of the energy-transfer probab
K2 for the step 2 from the effective lifetime of2F5/2 level at
low excitation density and at higher excitation density us

K2~E!5
1

t~2F5/2!E
2

1

t~2F5/2!E50
, ~11!

whereE is the excitation density. Assuming that this seco
step energy transfer is mainly assisted by migration,
should obtain a linear dependence of the energy-tran
probability K2 with the productn(3F4)Tm3NYb , i.e.,

K25a23n~3F4!Tm3NYb . ~12!

The evolution ofK2 versus the pumping density is reporte
in Fig. 7 for two samples of LiYF4. As can be seen in the
figure, the energy-transfer probability is linearly depend
on the pumping density. This confirms the validity of rel
tion ~12! since if we assume in a first approximation a ne
ligible depletion of the3F4 population because of energy
transfer step 2, the3F4 population densityn(3F4)Tm appears
to be proportional to the pumping density. At higher pum

FIG. 6. Excited-state absorption spectrum of Tm31 (3F4

→3F2,3) and emission spectrum of Yb31 ions (2F5/2→2F7/2) in
LiYF4 and in KY3F10.
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energy,K2 is no longer proportional to the pumping densi
because the depletion of the3F4 level becomes preponder
ant.

To obtain a realistic value ofa2 , we have used two dif-
ferent methods to determine the energy-transfer param
W2 which is derived from formula~12!:

W25a2•NYb . ~13!

First, it is possible to modelize the observed lifetime sho
ening of the2F5/2 level by knowing the population density i
the 2F5/2 level with a good accuracy. We thus placed
aperture of 400mm in front of the sample to impose th
geometry of the excitation. Then, the incident energy w
measured with a joulemeter positioned behind the apert
Using the previously calculated energy-transfer param
W1 for the step 1 and knowing the exact excitation geome
the reduction of the lifetime of the2F5/2 level was fitted with
a classical rate equation model and the energy-transfer
rameterW2 was deduced. As we noticed above, the fluor
cence decay curves of the2F5/2 level still remain exponentia
even at high pumping density. This is the main characteri
which justifies the use of the rate equation model to desc
the Yb luminescence dynamics. This rate equation mode
given by

dn~2F5/2!

dt
52

n~2F5/2!

t~2F5/2!
2W1•n~3H6!•n~2F5/2!

2W2•n~3F4!•n~2F5/2!1W3•n~3H4!•n~2F7/2!

1
P•sabs

h•n•S
•n~2F7/2!,

dn~3F4!

dt
52

n~3F4!

t~3F4!
1

n~3H4!•b

t~3H4!
1W1•n~3H6!•n~2F5/2!

2W2•n~3F4!•n~2F5/2!

12•WSQ•n~3H6!•n~3H4!,

dn~3H4!

dt
52

n~3H4!

t~3H4!
1W2•n~3F4!•n~2F5/2!

2WSQ•n~3H6!•n~3H4!2W3•n~3H4!•n~2F7/2!

FIG. 7. Dependence of the energy-transfer probabilityK2 of the
energy-transfer step 2 on the excitation density atl5960 nm.
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with

NYb5n~2F7/2!1n~2F5/2!,

NTm5n~3H6!1n~3H4!1n~3F4!, ~14!

wheret(2F5/2), t(3F4), andt(3H4) are the lifetimes at low
concentration of the2F5/2, 3F4 and 3H4 levels, b is the
branching ratio of transitions which populate the3F4 level
starting from the3H4 level ~ 3H4→3H5 and 3H4→3F4), P
is the pump power,S is the area of the pump spot into th
crystal,hv is the energy of the pump photons, andsabsis the
absorption cross section at the pump wavelength. TheW3
parameter refers to the back transfer from Tm31 to Yb31 ions
@3H4(Tm)12F7/2(Yb)→3H6(Tm)12F5/2(Yb)# and WSQ is
the energy-transfer parameter of the so-called ‘‘se
quenching’’ process @3H4(Tm)13H6(Tm)→3F4(Tm)
13F4(Tm)#. The W3 and WSQ parameters are determine
independently as it will be explained in the next part of th
paper.

To confirm this first approach, a second method was u
It consisted in recording the buildup kinetic of the fluore
cence from 2F5/2 after a long pulse excitation atl
5960 nm. The current injected in an InGaAs laser diode w
directly modulated by an external generator to create
square pulse with a negligible rise time compared to the
laxation times involved in the evolution ofn(2F5/2)Yb and a
pulse duration long enough to reach an asymptotic va
The incident beam profile of the laser diode can be descr
by an asymmetric Gaussian distribution. This geometr
factor is important here since this second energy transfer
nonlinear process. This implies that the main difficulty f
step 2 is to determine exactly the2F5/2 excited-state spatia
distribution. Figure 8 shows that an evolution of the build
kinetics of the2F5/2 level population can be observed whe
the incident pumping density increases. Under limited ex
tation densities, the kinetics of the2F5/2 level tends to an
asymptotic value only fixed by the linear de-excitation p
cesses affecting2F5/2 ~radiative transitions and step 1!. Un-
der intense square-pulse excitation, we can observe tha
luminescence curve rapidly increases up to a maximum
then slowly decays to reach an asymptotic value significa
lower than the maximum. This is due to the greater e
ciency of the up-conversion step 2 which depends on
pumping rate. This maximum appears to be more p
nounced in KY3F10 than in LiYF4 which suggests that up
conversion energy-transfer step 2 is more efficient in KY3F10
than in LiYF4. For each sample, a second assessment ofW2
was obtained by fitting the rate equation model to the
luminescence buildup at several pumping densities. As
be seen in Fig. 8, this modelization is in very good agr
ment with the experimental data, especially for the samp
with Yb concentration around 5% in LiYF4 and KY3F10 in-
creasing the incident pumping density from 5 to 700 W/cm2.
For Yb concentrations above 10%, the simulation of the
minescence kinetics is not so satisfying throughout the ra
of pumping densities because shorter average distance
tween the Yb ions favor higher-order up-conversion p
cesses starting from the3H4 level. In order to minimize the
influence of such up-conversion energy transfers in the
termination of the energy-transfer parameterW2 , the simu-
-
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lation was carried out only for weak to moderate excitati
densities~below 70 W/cm2!. Values ofW2 derived by using
both methods are listed in Table V for LiYF4 and KY3F10.
Systematic errors are associated with all parameters ne
sary to describe the exact excited-state profile involved
these experiments. However, the results of both methods
sonably agree which validate the treatment used to desc
the step 2.W2 turns out to be larger in KY3F10 than in LiYF4
which confirms the preponderance of the migration ene
process in the second step. The value ofW2 obtained in
BaY2F8 and also reported in Table V is smaller than
LiYF4. It suggests that the step 2 is not very efficient in th

FIG. 8. Luminescence buildup kinetics of the2F5/2 level under
weak and intense square-pulsed excitations of LiYF4 and in
KY3F10.

TABLE V. ParametersW2 (10218 cm23 s21) for energy-transfer
step 2 obtained by using methods 1 and 2. Method 1 gives theW2

values obtained by fitting the rate equations to the Yb decay cu
and method 2 the values derived by fitting the rate equations to
Yb buildup luminescence kinetics.

Sample
W2

~method 1!
W2

~method 2!

LiYF4:0.5% Tm:5% Yb~no. 2! 110 40
LiYF4:0.5% Tm:7% Yb~no. 3! 185 90
LiYF4:1% Tm:5% Yb~no. 4! 140 120
LiYF4:1% Tm:10% Yb~no. 5! 300 400
LiYF4:1% Tm:15% Yb~no. 6! 600 450

KY3F10:0.5% Tm:5% Yb~no. 8! 250 340
KY3F10:1% Tm:5% Yb~no. 9! 260 470

BaY2F8:0.5% Tm:5% Yb~no. 11! 35
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5288 PRB 61A. BRAUD et al.
crystal. Average values for the energy-transfer parameterW2
were then derived from the results of methods 1 and 2
each sample. Figure 9 shows the evolution of this aver
energy-transfer parameterW2 versus Yb concentration in
LiYF4. As can be seen, the linear dependence ofW2 versus
Yb concentration predicted by Eq.~13! is in quite good
agreement with the observed results. The calculation of
slope yieldsa2530310238cm6 s21. In Fig. 9, the linear re-
gression leads to an initial value ofNYb52.131020cm23

which has no physical meaning since the theoretical va
for W250 should be, of course,NYb50. This discrepancy
might arise from the model of migration assisted u
conversion energy transfer: at low Yb concentration, a la
distance between two neighboring Yb ions would lead t
limitation of migration energy processes which implies th
below a critical Yb concentration, up-conversion energ
transfer step 2 cannot be described any longer in term
W23n(3F4)Tm3n(2F5/2)Yb as usually used in the rate equ
tion model, as it has been recently explained by Zubenko
Noginov.26

Another way to estimatea2 is simply to apply the Bursh-
tein model—expression~6!—using theCYbTm

(2) derived from
the overlap integral. The calculation leads to a value ofa2
52.2310238cm6 s21 which is much smaller than the valu
of 30310238cm6 s21 experimentally obtained. A part of th
explanation could be that the part of phonon-assisted en
transfer is not negligible in step 2. Therefore the value
CYbTm

(2) is certainly underestimated since these phon
assisted energy transfers do not appear into the calculatio
the spectral overlap integral@formula ~8!#. However, this ex-
planation is not sufficient to account for the discrepancy
tween the value ofa2 calculated by using the Burshtei
model and the value derived from the methods 1 and 2.
the Burshtein model appears not well adapted to predict
energy-transfer probabilityK2 . But, this model remains use
ful to give orders of magnitude.

VI. SELF-QUENCHING AND THIRD STEP ENERGY-
TRANSFER RESULTS

To obtain a full description of the fluorescence dynam
in the ~Yb, Tm! codoped systems, it is necessary to take i

FIG. 9. Dependence of the parameterW2 of the energy-transfer
step 2 on the Yb31 ion concentration in LiYF4.
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account the cross relaxation which occurs among the
ions, i.e.,

3H6~Tm!13H4~Tm!→3F4~Tm!13F4~Tm!, ~15!

usually called self-quenching. This process leads to a red
tion of the lifetime of 3H4 which limits the energy storage
into the emitting3H4 level for the 1.5- or the 2.3-mm laser
transition. Decay curves of the3H4 level at very low Tm
concentration and atNTm51% in singly doped and codope
samples were registered and compared. A nonexpone
decay is observed at the beginning of the decay curve
NTm51% which clearly indicates that direct energy transfe
between nearest-neighboring ions occur. Because of
nonexponential character, the effective3H4 lifetime was ob-
tained by normalizing to unity the fluorescence decay cur
at time t50, by integrating over the entire decay curves a
by using the expression

t f5
1

I 0
E

0

`

I ~ t !dt ~16!

in which I 0 is the fluorescence intensity att50. By this way,
the measured3H4 lifetime was found equal to 1.2 ms a
NTm51.231020cm23 in LiYF4, 0.95 ms at NTm51.37
31020cm23 in KY3F10 and 1.32 ms at NTm51.08
31020cm23 in BaY2F8. Combining these results with th
3H4 lifetime at very low concentration~2, 1.9, and 2.2 ms in
LiYF4, KY3F10, and BaY2F8, respectively!, we deduced the
self-quenching probabilityKSQ. The self-quenching proces
between the Tm ions was previously investigated27 and a
quadratic dependence of the self-quenching probabilityKSQ
on the dopant concentration was observed:

KSQ5aSQ3NTm
2 ~17!

and therefore

WSQ5aSQ3NTm. ~18!

Relation ~17! then leads toaSQ52.3310238cm6 s21 in
LiYF4 and aSQ52.8310238cm6 s21 in KY3F10. The self-
quenching seems to be slightly stronger in KY3F10 than in
LiYF4. This result is consistent with the Stark sublevel p
sitions of the multiplets involved in the self-quenching sin
the energy mismatch in LiYF4 is larger (DE5655 cm21)
than in KY3F10 (DE5505 cm21). In BaY2F8, aSQ is of the
order of 1.43310238cm6 s21. It shows that the efficiency o
the self-quenching is quite weak in BaY2F8.

The 3H4 level population is also affected by another e
ergy transfer—denoted step 3—which corresponds to

3H4~Tm!12F7/2~Yb!→3H6~Tm!12F5/2~Yb!. ~19!

This third step back transfer described in Fig. 10 is obviou
a detrimental energy transfer which reduces the lifetime
the emitting 3H4 level. Following the same method used
quantify step 1, it is possible to calculate the energy-trans
probability K3 by using the expression

K35
1

t~3H4!Yb-Tm
2

1

t~3H4!Tm
, ~20!
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wheret(3H4)Tm andt(3H4)Tm-Yb correspond to the effective
lifetimes for the singly doped and codoped samples, resp
tively. The energy mismatch involved in this transfer is ve
large: DE52650 cm21 in KY3F10 and DE52520 cm21 in
LiYF4. However, the back transfer is enhanced by the h
Yb concentration which provides a very short avera
Yb-Tm distance. For example, with the samp
LiYF4~Tm1%:Yb15%), the calculation of the energ
transfer efficiency for step 3 using

h35
K3

K111/t~3H4!Tm
~21!

yieldsh3560%. The back-transfer probabilityK3 is plotted
as a function of the productNTm3NYb in Fig. 11 for LiYF4
and KY3F10. A linear dependence ofK3 versusNTm3NYb is
observed which indicates that the back transfer can be
signed to be a migration-controlled energy transfer eve
the presence of direct energy transfers is attested by the
exponential character of the3H4 decay curve. From the
slope presented in Fig. 11, we deduced a value ofa3 equal to

FIG. 10. Scheme for energy-transfer step 3 between Yb31 and
Tm31 ions.
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e
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0.58310238cm6 s21 in LiYF4 and 0.46310238cm6 s21 in
KY3F10. Step 3 appears to be slightly more efficient in LiYF4
than in KY3F10. This confirms the values of energy mis
match mentioned above whereDE is smaller in LiYF4 than
in KY3F10. Moreover, the energy-transfer parameterW3 , in-
troduced in the rate equation model, can be connected toa3
by the expression

W35a3•NTm. ~22!

Table VI lists all the calculated values ofW3 . The results
show that the back transfer is about of the same orde
magnitude in LiYF4 and in BaY2F8.

Finally, the energy-transfer parametersWi ~i 51 – 3 and
i 5SQ! could be calculated usinga i for different concentra-
tions of Tm and Yb. It implies however, as shown abov
that the Yb concentration is kept in a limited domain cor
sponding to the migration assisted regime (NYb>3%) but
still below the fast migration regime (NYb<10%).

VII. LASER THRESHOLD SIMULATION AND LASER
EXPERIMENTS

For an end-pumped solid-state laser, the threshold co
sponds to a round-trip gain averaged over the cavity mod

FIG. 11. Variation of the energy-transfer probabilityK3 of the
energy-transfer step 3 as a function of the productNTm3NYb .
TABLE VI. Lifetimes of the 3H4 level in singly doped crystals and codoped with Yb31 and Tm31 and
energy-transfer parametersW3 (10218 cm23 s21) for energy-transfer step 3.

Sample t(3H4)Tm

~msec!
t(3H4)Tm-Yb

~msec!
W3

LiYF4:1% Tm ~no. 1! 1.2
LiYF4:0.5% Tm:5% Yb~no. 2! 1.66 1.27 0.27
LiYF4:0.5% Tm:7% Yb~no. 3! 1.63 1.1 0.35
LiYF4:1% Tm:5% Yb~no. 4! 1.2 0.84 0.51
LiYF4:1% Tm:10% Yb~no. 5! 1.06 0.56 0.69
LiYF4:1% Tm:15% Yb~no. 6! 1.2 0.48 0.66

KY3F10:1% Tm ~no. 7! 0.95
KY3F10:0.5% Tm:5% Yb~no. 8! 1.47 1.06 0.35
KY3F10:1% Tm:5% Yb~no. 9! 0.95 0.68 0.60

BaY2F8:1% Tm ~no. 10! 1.32
BaY2F8:0.5% Tm:5% Yb~no. 11! 1.58 1.25 0.24
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equal to the round-trip losses. This condition, given by F
and Byer,28 is expressed as

d5E E E 2sSELs0~r ,z!@n2~r ,z!2n1~r ,z! f 1 / f 2#dV,

~23!

whered are the total losses per round trip,L the gain medium
length,sSE the effective emission cross section,n2(r ,z) and
n1(r ,z) are the population densities in the upper and
lower laser levels,f 2 and f 1 represent the fractional popula
tions in the upper and lower Stark sublevels, ands0(r ,z) is
the normalized cavity mode assuming a TEM0,0 mode. We
applied formula~23! for the 3H4→3F4 laser transition in
LiYF4 in the CW regime. At 1.5mm, the calculation off 1 / f 2
yields a value of 0.38~Ref. 13! and the effective emission
cross sectionsSE is equal to 4310221cm2. The spatial dis-
tributions of the population densities in the3H4 and 3F4
levels are estimated by solving the rate equations given
formula ~14! in the steady-state regime using the ener
transfer parameters defined above.

To check the validity of this treatment, we performe
measurements of laser oscillation under the conditions lis
in Table VII with a LiYF4~Tm1%:Yb10%) sample. A lase
threshold equal to 125 mW incident pump power in the cr
tal was obtained with an output mirror transmission of 2
The result of this laser experiment is plotted in Fig. 12. T
calculation of the round-trip gain averaged over the cav
mode for an incident pump power of 125 mW leads to
value of d53.0% using expression~23! and the rate equa
tion model. This result implies detrimental losses per rou
trip of 1% which appears to be a realistic value. It is to

TABLE VII. Parameters used in the laser experiment wi
Tm:Yb:LiYF4 ~1–10%! ~sample 5!.

Absorption coefficient:a57.4 cm21

Sample length:L50.23 cm
Pump beam waist:vp546mm
Laser beam waist:v1530mm

Energy-transfer parameters
W159.1310218 cm3 s21, W25350310218 cm3 s21

W350.69310218 cm3 s21; WSQ53.2310218 cm3 s21

FIG. 12. Laser curve with a LiYF4 ~1% Tm:10% Yb! sample
~experimental conditions are listed in Table VII!.
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noted that this value is overestimated since in this treatm
we do not describe the losses due to the high-order
conversion processes that become non-negligible and de
the emitting 3H4 level under laser experimental condition
However, these losses are limited since, when the laser
cillation takes place at 1.5mm, a significant reduction of the
up-conversion luminescence intensity in the blue is o
served, which corresponds to a diminution of the populat
in the 3H4 level due to the stimulated emission at 1.5mm.

Finally, expression~23! was used to optimize the Tm an
Yb concentrations for the laser transition at 1.5mm. Indeed,
Eqs.~5!, ~13!, ~18!, and~22! connected with expression~23!
enable us to determine the round-trip gain as a function
the Yb and Tm concentrations. The laser threshold was e
mated for the same incident pump power and therefore
crystal length was adjusted versus the Yb concentration
that 86% of the pump is absorbed by the sample. The rou
trip gain averaged over the cavity mode is plotted in a thr
dimensional graphic as a function of Yb and Tm concent
tions in Fig. 13. It is important to note that the variation
Yb concentration was kept within the domain of validity
the Eqs.~5! and ~13! mentioned above. As can be seen
Fig. 13, we found a gain maximum forNYb5831020cm23

and NTm51.531020cm23. These optimized codopant con
centrations show clearly that two types of energy transf
compete for the 1.5-mm laser transition: first, steps 1 and
which tend to populate the emitting3H4 level and second,
step 3 and self-quenching which can be considered as d
mental for the laser emission. It can be also pointed out
the optimized value for the Yb concentration does not app
to be a critical parameter above 6% ('8.4
31020 ions/cm3). On the other hand, because of the se
quenching which strongly affects the3H4 lifetime, the Tm
concentration must be kept around 1% ('1.4
31020 ions/cm3) to give the best laser performance.

Our modelization of the pump threshold can be used a
to describe the laser emission at 2.3mm ~transition 3H4
→3H5!. Compared to the emission at 1.5mm ~transition
3H4→3F4!, the only differences in expression~23! are the

FIG. 13. Calculated dependence of the round-trip gain ver
Yb and Tm concentrations atl51.5mm in LiYF4.
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stimulated emission cross section (sSE55.6310221cm2)
and the fact thatn1(r ,z) is now equal to zero because of th
very fast deexcitation of the3H5 terminal level via mul-
tiphonon relaxation. The round-trip gain at 2.3mm is plotted
in Fig. 14 as a function of Yb and Tm concentrations. T
optimized concentrations for this laser transition turn out
be NYb5531020cm23 and NTm5231020cm23. The ab-
sence of bottlenecking effect at 2.3mm explains why the
optimized Yb concentration is smaller than in the case of
1.5-mm laser operation. Therefore the dependence on
concentration appears to be critical aboveNYb55
31020cm23 since an increase of Yb concentration leads
an increase of the back-transfer effect which reduces the
of the laser transition. On the other hand, the optimized
concentration is slightly larger than in the case of the 1.5-mm
transition. This can be explained by the fact that the s
quenching reinforces the bottlenecking effect at 1.5mm by
filling the terminal level3F4 which is not the case at 2.3mm.

FIG. 14. Calculated dependence of the round-trip gain ver
Yb and Tm concentrations atl52.3mm in LiYF4.
pt

c

-

an
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e
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Moreover, considering the same incident pump power
both laser transitions, the round-trip gain is always large
2.3 mm than at 1.5mm because of two main reasons: th
larger emission cross section and the four-level characte
the 2.3-mm laser transition.

VIII. CONCLUSION

We have performed a spectroscopic and dynamic stud
various~Yb, Tm! codoped systems. The purpose was to g
values for the three main energy-transfer parameters ne
sary to describe the 1.5- and 2.3-mm laser transitions in three
different crystals of KY3F10, LiYF4, and BaY2F8. In addition
to these three main energy transfers, we also have accou
for the self-quenching process which occurs between
Tm31 ions and depletes the3H4 laser emitting level. The
results show notable differences between the three stu
crystals: the energy-transfer steps 1 and 2 which bring
excitation of the Tm31 ions into the 3H4 level are much
stronger in KY3F10 than in LiYF4 or in BaY2F8, while the
back-transfer and the self-quenching probabilities are ab
the same order of magnitude in the three crystals. The
dominance of energy migration process in the~Yb, Tm!
codoped systems is demonstrated which validates the us
a simple rate equation model. Moreover, the compari
with the classical migration assisted energy-transfer mod
confirms the experimentally observed dependence of
energy-transfer parameters on the Tm and Yb concentrati
Using the parameters determined through the analysis of
spectroscopic results in LiYF4, we also have performed
simulation of the round-trip laser gain at 1.5 and 2.3mm as a
function of the Tm and Yb concentrations. The optimu
concentrations for both laser transitions turned out to
slightly different and appear to be particularly critical in th
case of the 2.3-mm laser, while the Yb concentration can b
chosen in a larger range of values for the 1.5-mm laser tran-
sition. Further laser experiments are now underway incl
ing the use of crystals with these optimal codopant conc
trations and the investigation of other materials such
LiLuF4.
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