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Crystal growth and spectroscopic characterization of Tm3¿-doped KYb„WO4…2 single crystals
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In this paper we present the crystal growth and optical characterization of thulium-doped KYb(WO4)2

~hereafter KYbW!. We grew thulium-doped KYbW monoclinic single crystals with optimal crystalline quality
by the top-seeded-solution-growth~TSSG! slow-cooling method. Thulium spectroscopy was characterized in
this host. The Judd-Ofelt parameters determined wereV250.14310220 cm2, V450.21310220 cm2, and
V650.10310220 cm2. The room temperature lifetimes measured for KYbW:Tm 1% weret(1G4)
560–70ms, t(3H4)590 ms andt(3F4)5200 ms. We calculated the emission cross section for several chan-
nels. There was an important blue emission after pumping resonantly to the stoichiometric ytterbium at 980
nm, and we studied the emission channels of thulium. The presence of thulium luminescence is proof of the
large transfer of energy in this compound.

DOI: 10.1103/PhysRevB.66.144304 PACS number~s!: 78.20.2e, 78.55.2m, 42.55.2f, 81.10.2h
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I. INTRODUCTION

The monoclinic phases of the double potassium rare-e
tungstates@KRE(WO4)2 , R5Gd and Y# are well known
hosts that are an interesting area of research into rare-e
doped solid-state lasers. KYbW crystals belong to this fam
of tungstates. Their special feature is that they form an yt
bium stoichiometric material.

Ytterbium ions have several advantages. They have a
absorption cross section and broad band absorption in
900–1000 nm (11 111–10 000 cm21) spectral range, which
is suitable for the laser diodes. Energy transfer from yt
bium to another lanthanide such as erbium, thulium, h
mium, neodymium, etc., is efficient, which means that th
others ions can be excited indirectly to receive luminesce
from them. Lanthanide doping of this crystalline host offe
several interesting applications with the stoichiometric ytt
bium used as sensitizer.

The aim of this paper is to develop a diode-pumped la
source that operates at visible and IR ranges and is base
thulium emissions sensitised by ytterbium. To our know
edge, this is the first time that Tm31 spectroscopy has bee
studied in this host. The usual laser transitions of thulium
infrared emission at 1.8mm (3F4→3H6 transition, energy
>5900–5000 cm21, l>1.7–2 mm), which has applica-
tions in medicine and remote sensing, and blue visible em
sion at 450 nm (1D2→3F4 transition, energy
>22 727–21 275 cm21, l>440–470 nm).1 Thulium tran-
sition at 1.5mm (3H4→3F4 transition, energy
>6760–6475 cm21, l>1.48–1.54mm) is also interesting
because of its eye-safe region and optical communicat
due to the third optical transmission window of the sili
fibers. Laser action at 1.5mm of thulium ion has been rea
lised by sensitization with Yb in YLF fibres after excitatio
by diode and YAG:Nd31 pumping.2–4

Tm31 can be directly excited into its3H4 emitting level
with high power and well-developed GaAlAs laser diod
around 800 nm. The thulium concentration must be h
0163-1829/2002/66~14!/144304~8!/$20.00 66 1443
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enough to ensure that pumping is efficient pump but l
enough to minimize concentration quenching effects due
cross relaxation type (3H413H6→3F413F4) and nonradia-
tive energy transfer between active ions. However, in
crystalline materials the lifetime of the3F4 terminal level of
the laser transition is longer than that of the3H4 emitting
level. This creates a detrimental bottlenecking effect dur
the optical cycle. Codoping with a deactivator such as Ho31,
Yb31, and Tb31 reduces the3F4 lifetime.5

The first report of continuous wave~CW! room-
temperature laser operation of the 2mm emission of Tm31,
pumped by diode laser was in YAG:Tm31.6 However, one
problem with thulium is that it depends strongly on the pum
diode temperature because of the relatively narrow Tm
sorption bands in YAG and YLF. With tungstates, this las
emission was achieved in 1997 by Kaminskiiet al.7,8 in
KGW:Tm31:Er31:Yb31 at 1.92 and 1.93mm and in 2000
by Bagaevet al.9 in KYW:Tm at 1.95mm. The 2-micron
laser is useful for spectroscopically sensing hydrocarb
gases that absorb around these wavelengths.10 The main
problem with this process is the up conversion via1G4 mul-
tiplet. A 2.3 mm laser action has already been achieved
compounds: YAG:Tm:Cr,11 YAL:Tm, and Tm:Ho: YLF.

In this paper we present the growth of a Tm31-doped
KYbW crystal and the determination of the energy positi
of 61 thulium sublevels taken from the polarized optical a
sorption at low temperature. We present the roo
temperature optical absorption cross sections of the en
levels and use them to calculate the stimulated emiss
cross section of the 1.8mm emission. We present the lum
nescence of thulium in KYbW at RT and 6 K and the lifetime
measurements of the energy levels after ytterbium excitat
We used Judd-Ofelt theory12,13 to calculate the theoretica
lifetimes of the energy levels. Finally, we discuss the mec
nisms of Yb-Tm energy transfer.

II. CRYSTAL GROWTH

We grew KYbW: Tm31 single crystals by the top-seede
solution-growth ~TSSG! slow-cooling method using
©2002 The American Physical Society04-1
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TABLE I. Details of crystal growth. A: Temperature gradient in the solution, K/mm.
Tm2O3 /(Yb2O31Tm2O3) ratio in the solution, mol%. C: Seed orientation. D: Cooling rate, K/h. E: Cool
interval, K. F: Crystal weight, g. G: Growth rate (3 1024), g/h. H: Macrodefects. I: Crystal dimension
along c direction, mm. J: Crystal dimensions alonga* direction, mm. K: Crystal dimensions alongb
direction, mm. L: Temperature of saturation K.

A B C D E F G H I J K L

0.13 0.5% Tm b 0.1 10 2.83 283 – 16.00 8.3 5.35 1177
0.13 1% Tm b 0.1 17.2 3.95 230 – 15.74 9.97 6.62 1177
0.13 3% Tm b 0.1 15 3.92 261 – 15.18 10.03 7.25 1175
0.13 5% Tm 2b 0.1 20 4.99 249 – 15.20 10.38 7.50 1176.
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K2W2O7 solvent according to the method describ
elsewhere.14,15 We carried out crystal growth experiments
1175–1180 K as temperature of saturation with a ratio
11.5% / 88.5% solute/solvent molar of the phase diagram
obtain samples with different thulium concentrations,
fixed Tm2O3 /(Yb2O31Tm2O3) molar ratios of ytterbium
oxide substitution at 0.005, 0.01, 0.03, and 0.05. The cruc
was placed in a vertical furnace such that the axial temp
ture gradient in the solution was about 1.3 K/cm~hot bot-
tom!, while the radial temperature gradient was abou
K/cm ~hot crucible wall!.

After the solution homogenized, we determined the sa
ration temperature with a KYbW seed in contact with t
free surface of the solution. We chose the crystallographb
axis as the orientation of crystal growth to increase
growth rate and grow inclusion-free crystals, as we have p
viously described. We decreased the temperature of the s
tion at a rate of 0.1 K/h for about 10–20 K. Crystal rotati
was at 40 rpm. After 8–10 days, we removed the crys
slowly from the solution and cooled them to RT at 15 K/h
prevent thermal shocks.

In summary, the dimensions of the crystals were typica
8.3–10.4 mm35.3–7.5 mm315.1–16 mm in thea* , b, and
c crystallographic directions, respectively. They ea
weighed about 2.8–5 g. Our crystal growth conditions
lowed an average growth rate of 0.025–0.030 g/h. Tab
shows the main information about crystal growth and Fig
shows a photograph of a KYbW:Tm single crystal.

The composition of the single crystals was measured
EPMA with a Cameca Camebax SX 50 equipment. The d
tribution coefficient of the thulium in KYbW was determine
by

KLn315
@mole Tm31/~mole Tm311mole Yb31!#crystal

@mole Tm31/~mole Tm311mole Yb31!#solution

,

~1!

where Ln31 are trivalent thulium ions.
For the constitutional elements K, W, Yb, and O, we us

undoped KYbW as standard reference. To measure thul
we used the La line and the REE2 standard. These measu
ments provide a distribution coefficient of Tm31 close to
unity. This ensures the homogeneous distribution of thuli
in KYbW, which is necessary for laser applications. Table
14430
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shows the EPMA results. For the spectroscopic character
tion, we oriented the samples using their morphology a
x-ray diffraction.

III. THULIUM SPECTROSCOPY

A. Absorption studies

We performed the polarized optical absorption of thuliu
at RT and at low temperature~6 K! using a Cary Varian 500
spectrophotometer. We cooled the sample for the 6 K exp
ments with a Leybold RDK-6-320 closed-cycle Helium cr
ostat.

The high anisotropy of our tungstates, makes it necess
to measure the optical absorption with polarized light par
lel to the three principal directions of the crystal. The sam
for our absorption experiments was a prism
KYb0.993Tm0.007(WO4)2 whose polished faces were parall
to the principal planes~optical quality! to ensure parallelism
between the electrical field of the radiation and the princi
optical axis. Figure 2 shows the polarized optical absorpt
of KYbW:Tm31 at RT in the 30 000–5000 cm21 ~350–2000
nm! spectral range.

As well as the excited energy levels of thulium ion, th
spectrum shows a broad band at about 10 000 cm21 ~1000
nm! corresponding to2F7/2→2F5/2 transition of Yb31. We

FIG. 1. Photograph of KYbW doped with thulium single cryst
grown in theb direction.
4-2
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TABLE II. Summary of the EPMA results of the analysis of KYbW:Tm31.

KLn
31 @Tm31# (at.cm3) % Weight Stoichiometric formula

0.5% 1.47 4.831019 0.71360.018 KYb0.993Tm0.007(WO4)2

1% 1.23 7.9531019 1.16160.019 KYb0.988Tm0.012(WO4)2

3% 1.13 2.1931020 3.24060.026 KYb0.967Tm0.033(WO4)2

5% 1.07 3.4731020 5.21460.034 KYb0.947Tm0.054(WO4)2
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have already described spectroscopic characterization o
stoichiometric ytterbium in this host.16

The absorption cross section of the3H4 manifold of
Tm31 was the broadest. For P polarization the most inte
absorption was at 793.6 nm with an absorption cross sec
of 8.8310220 cm2 ~band width 3.5 nm!, while for polariza-
tion parallel to theNm at 801.8 nm, the absorption cros
section was 4.8310220 cm2 ~band width 1.4 nm!. However,
we increased the efficiency of the pump process by exci
Tm31 indirectly via energy transfer of ytterbium. This wa
because the ytterbium ion has a higher broad band in
2F5/2 energy level and a good absorption cross section to
excited. In this way we can choose the optimal Tm31 con-
centration to avoid phenomena such as nonradiative
cesses or Tm-Tm cross relaxation.

The splitting of thulium in KYbW was determined by 6 K
optical absorption~Fig. 3!. At low temperature, the therma
population of the sublevels of the ground state and any
bronic transition ~electron-phonon coupling! were mini-

FIG. 2. Polarized room-temperature optical absorption
KYbW doped with thulium.
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mized. To understand the energetic sublevels better, we s
ied the thermal evolution of the optical absorption of the1G4
and 3H4 energy levels~Fig. 4!. There were contributions
from thermally populated excited levels~117, 136, and
254 cm21) of 3H6 multiplet at 80 K.

Table III shows around 61 energetic positions of the s
levels of the Tm31 energy levels determined in the abov
spectral range. These energetic positions agree with thos
the literature for other hosts17,18 and their multiplicity are as
expected, if we assume only one center for the thulium
with C2 symmetry.

We can use the Judd-Ofelt10,11 theory to describe the ra
diative optical properties of lanthanide. This is a secon
order approximation for studying lanthanide one-photonf -f
transition.

We used the matrix elements given by Weberet al. in the
calculation.19 We treated the contributions of each polariz
tion configuration separately and calculated theVk

g,p,m set by
minimizing the differences between the measured and
theoretical oscillator strengths by(J8( f exp2fED,th)

2. We cal-

f FIG. 3. Polarized low-temperature absorption of KYbW dop
with thulium.
4-3
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M. C. PUJOLet al. PHYSICAL REVIEW B 66, 144304 ~2002!
culated thef ED,th value of eachJJ8 multiplet with the cor-
responding refractive indicesng , nm , andnp of the KYbW

matrix at the correspondingl̄ of the multiplet (n is the re-
fractive index of the medium, calculated using the Sellme
coefficients of KYbW host!.16 The JO parameters can b
used to calculate the radiative transition rates, the radia
lifetime and the luminescence branching ratios of each tr
sition.

As we were unable to separate the room temperature
tical absorption of some multiplets, we treated these mul
lets as a single set for the JO calculations. The quality
each fit is characterized by the root-mean-square~rms! de-
viations of the least-squares fitting.

Table IV shows theVk values obtained and rms for eve
optical direction. Table V shows the radiative transition rat
radiative lifetimes and branching ratios of thulium in KYbW

B. Emission spectra studies

We measured the room-temperature and low-tempera
fluorescence spectra with 90° geometry and excited with
frared radiation at 940 (10 638 cm21) using a narrow line
width OPO BMI pulsed with the third harmonic of a BM
Saga 1.2 J Nd:YAG laser. Pump energy was about 10
with a pulse duration of 7 ns and a pulse repetition rate of
Hz. Fluorescence was dispersed by a 0.46 m focal len
Jobin Yvon monochromator and captured by a R9
Hamamatsu PMT for the visible range and a R5509
Hamamatsu NIR PMT in the NIR range. The electronic s

FIG. 4. Evolution with temperature of the optical absorption
the 1G4 multiplet.
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nal was analyzed by a EG&G 7265 DSP lock-in amplifi
Samples for the low-temperature experiments were coole
for absorption.

Figure 5 shows the room-temperature emission chan
of KYbW:Tm. The emissions bands correspond well w
those reported for Tm31 in other crystalline lattices. Unde
infrared pumping at 975 nm, KYbW:Tm 1% had nine em
sion channels~see Table VI!. All these emission bands wer
from thulium ions excited by successive energy transfer a

f

TABLE III. Energetic sublevels (cm21) of Tm31 observed at 6
K in the host KYb(WO4)2. Following the symmetry rules, the
peaks belonging to M and G are the same, and P different.
indicated by~ ! the peaks that are not expected by symmetry, b
they also appear.

2s11LJ Pol Energy
(cm21)

2s11LJ Pol Energy
(cm21)

3H6 0 3H4 (G)P 12 602
One peak
missing

95 (G)P 12606

107 GM 12 714
117 GM 12 728
136 M (P) 12 741
152 M 12 790
183 G 12 801
227 P 12 881
254 M 12 905
279
346 3F3 (GM)P 14 491
517 One peak

missing
GM 14 510

(GM)P 14 528
3F4 GM(P) 5664 (GM)P 14 559

(GM)P 5711 GM 14 615
(GM)P 5724 GM 14 623
GM(P) 5765

GM 5864 3F2 GM(P) 15 078
GM 5875 Two peaks

missing
(GM)P 15 101

M (P) 5960 (M )P 15 122
(GM)P 5977
(GM)P 6000 1G4 GM 21 094

One peak
missing

(GM)P 21 121

3H5 GM(P) 8231 (GM)P 21 131
Two peaks
missing

GM(P) 8368 GM 21 245

GM(P) 8378 GM 21 350
(M )P 8413 (GM)P 21 534

(GM)P 8443 P 21 578
P 8480 (GM)P 21 610
M 8500

GM 8610 1D2 (GM)P 27 745
(GM)P 8659 GM(P) 27 810

(M )P 27 976
(M )P 27 988
(M )P 28 051
4-4
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TABLE IV. Phenomenologic parameter of Judd-Ofelt of Tm31 inside KYbW.

V231020(cm2) V431020(cm2) V631020(cm2) rms(D f )

G 0.04 0.07 0.09 3.2%
M 0.27 0.25 0.11 11.7%
P 0.12 0.32 0.09 16.4%
Unpolarized 0.14 0.21 0.10 10.4%
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pumping 2F5/2 multiplet of Yb31. We therefore had a larg
energy transfer in the KYbW material. Overall intensi
emission was larger in the second blue channel1G4→3H6

and in the far red 800 nm channel3H4→3H6. The low in-
tensity of the red channel (1G4→3F4) was due to a repopu
lation of this manifold via cross-relaxation3H4 , 3H6

→3F4 , 3F4.20

There was also a strong concentration quenching in
channel1G4→3H6, which is similar to the behavior of som
codoped Tm,Yb crystals,21 which was also due to cross re
laxation between thulium ions.

Figure 6 shows the 6 K optical luminescence of the blu
and the far-red channels, after pumping at 10 640 cm21 ~940
nm! also via excitation of the ytterbium ion. We deduc
14430
e

energies of the Stark sublevels of the ground3H6 multiplet
of Tm31 and included them in Table III.

We used the reciprocity method22 to calculate the stimu-
lated emission cross section of the3F4→3H6 transition of
thulium, with the RT absorption cross section line shape a
the splitting determined at 6 K. We used the following equ
tion:

se~y!5sabs~y!
Zl

Zu
expF ~Ezl2hy!

kT G , ~2!

where Zl and Zu are the partition functions of the groun
energy level~lower! and excited energy level~upper!, re-
spectively, andEzl is the zero-line energy between the low
TABLE V. Radiative transition rates, branching ratios and radiative lifetimes of Tm31 inside KYbW.

l~nm! ENERGY (cm21) AJJ8(S
21) bJJ8(%) t rad(ms)

1D2→ 1G4 1454,7 6874 165.082 0.79 48
3F2 778,6 12844 920.758 4.41
3F3 747,1 13385 886.664 4.25
3H4 657,4 15212 4148.532 19.89
3H5 512,6 19508 82.949 0.39
3F4 453,1 22068 4305.884 20.65
3H6 357,7 27956 10340 49.59

1G4→ 3F2 1675,0 5970 11.883 047 401
3F3 1535,9 6511 36.134 1.44
3H4 1199,3 8338 19.281 0.77
3H5 791,5 12634 461.023 18.48
3F4 658,1 15194 968.647 38.83
3H6 474,3 21082 997.387 39.98

3F2→ 3F3 18484,3 541 0.012 0 840
3H4 4223.0 2368 8.22 0.69
3H5 1500,6 6664 166.419 13.97
3F4 1084,1 9224 562.072 47.2
3H6 661,7 15112 454.09 38.13

3F3→ 3H4 5473,4 1827 0.358 0.01 455
3H5 1633,2 6123 237.879 10.83
3F4 1151,7 8683 287.895 13.11
3H6 686,3 14571 1669.732 76.03

3H4→ 3H5 2327,7 4296 30.896 1.39 451
3F4 1458,6 6856 82.583 3.72
3H6 784,7 12744 2101.917 94.17

3H5→ 3F4 3906,2 2560 3.718 1.82 4917
3H6 1183,7 8448 199.641 98.17

3F4→ 3H6 1698,4 5888 95.428 100 10479
4-5
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ests energy sublevels of the ground energy level and
excited energy level. In our case the ratioZl /Zu was 1.27
and Ezl was 5564 cm21. Figure 7~b! shows the emission
cross section.

As a first approximation, light amplification is expecte
when the emitted light counterbalances the absorption los
If P is the population fraction of the excited energy level, th
condition can be described asseff5PsEM2(12P)sGSA,
whereseff is the effective emission cross section,sEM is the
calculated emission cross section andsGSA is the absorption
cross section. Figure 7~a! shows this condition for severa
polarization configurations in the 1.8–2mm spectral region.
Figure 8 shows the energy level diagram of Yb31 and Tm31

ions and the emission in the KYbW host.

FIG. 5. Room-temperature optical emission of KYbW:Tm.
14430
e

es.

A. Lifetime measurements

We investigated the fluorescence dynamics of the emit
levels as a function of Tm31 concentration at 300 K. The
theoretical interpretation of electronic energy transfer p
nomena was described in the classical Fo¨rster-Dexter model,
which describes the resonant interaction between pairs
spatially localized ions via electrostatic multipolar or e
change interactions. Miyakawa and Dexter,23 and Orbach ex-
tended the Fo¨rster-Dexter model to systems with nonres
nant energy transfer involving phonon absorption
emission. Energy transfer between ytterbium and thulium
via nonresonant energy transfer.

The concentration quenching of lanthanide ion fluor
cence in stoichiometric materials shows that linear dep
dence appears in the non-resonant cross relaxation.
phonon-assisted energy transfer~PAET! was discussed theo
retically by Strek.24 Because of the boson algebra propert
of the phonon system, the rate constant is the sum of
squares of all partial acceptor contributions arising fro
donor-acceptor interactions, so PAET is an incoherent p
cess. In a resonant system the rate constant is given by
square of the sum of all the partial contributions.

We used the above equipment to pump the sample
10 204 cm21 ~980 nm!. We analyzed decay time using th

FIG. 6. Low-temperature emission spectra.
TABLE VI. Emission channels observed in KYbW: Tm31 after pumping at 970 nm.

2S11LJ→ 2S811LJ8
8 Energy wavelength

i 1D2→ 3H6 E>27900–27000 cm21 l>355–370 nm
ii 1D2→ 3F4 E>22500–21625 cm21 l>445–463 nm
iii 1G4→ 3H6 E>21140–20580 cm21 l>473–490 nm
iv 1G4→ 3F4 E>16000–15000 cm21 l>625–670 nm
v 1G4→ 3H5 E>13600–12650 cm21 l>735–790 nm
vi 3H4→ 3H6 E>12650–12000 cm21 l>790–830 nm
vii 3H4→ 3F4 E>7200–6870 cm21 l>1.39–1.45mm
viii 3F21 3F3→ 3H5 E>6870–6580 cm21 l>1.45–1.52mm
ix 3F4→ 3H6 E>5900–5000 cm21 l>1.70–2.0mm
4-6
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CRYSTAL GROWTH AND SPECTROSCOPIC . . . PHYSICAL REVIEW B 66, 144304 ~2002!
averaging facilities of a Lecroy digital oscilloscope. This e
cited the electrons to the2F5/2 ytterbium excited level via a
narrow linewidth BMI VEGA optical parametric oscillato
pumped by the third harmonic YAG:Nd laser. We analyz
the emission intensity with an Oriel Monochromator a
Hamamatsu PMT in the visible region. We also analyzed
temporal evolution of the up-conversion emissions. T
manifold 2F5/2 transferred energy to the thulium manifold

We studied the room temperature experimental deca
the 1G4 multiplet by measuring1G4→3H6 transition at
21 008 cm21 and 1G4→3F3 transition. The light decay is
fitted in both cases by an exponential rise time and an ex

FIG. 7. Emission cross section of KYbW:Tm at room tempe
ture.

FIG. 8. Diagram of energy levels and emission channels
KYbW:Tm.
14430
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nential decay time. The rise time was around 30ms and the
decay time was around 60–70ms. The decay time was
shorter than the Judd-Ofelt value (406ms), which suggests
that the decay of the1G4 level is affected by nonradiative
processes. Figure 9 show this evolution in relation to thuli
concentration. We can see that rise time and decay time
decreases when the thulium concentration increases.
same behavior was observed in the luminescence deca
the manifolds3H4.

On the other hand, the lifetime of the manifold3F4 in
relation to the increase in thulium concentration behav
strangely~see Fig. 10!. This could have been caused by o
of two different mechanisms. The first one is a reabsorpt
effect, which was strong in the emission channels in wh
b51. The mechanism involved is fluorescence reabsorpt
the so-called self-trapping process between3F4→3H6 reso-
nant transitions that produces radiative energy transfer
tween Tm31 ions. This has been mentioned recently in ra
earth-doped crystals such as Yb31-doped Y2O3.25 The
second mechanism is a repopulation of the emitting manif
via the 3H4 , 3H6→3F4 , 3F4 cross-relaxation mechanism th
is usually involved. In KYbW, this transfer must b

-

n

FIG. 9. Lifetime decay of1G4 manifold at room temperature

FIG. 10. Lifetime decay of3F4 manifold at room temperature
4-7
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phonon-assisted since the energy gaps3H623F4
55928 cm21 and 3H423F456860 cm21 are slightly dif-
ferent.

In summary, in all the visible emissions lifetimes decrea
if the concentration increases. The rise time of the deca
luminescence is also high in all cases. This rise time a
decreases if the concentration increases. Table VII shows
values of the lifetimes we studied.

V. CONCLUSIONS

In conclusion, we have performed the crystal growth
Tm31-containing KYbW single crystals with high crystallin
quality. We did the spectroscopic characterization of the t
lium ion in this host in terms of optical absorption and lum

TABLE VII. Experimental lifetimes of the radiative levels o
Tm31 in the host KYbW.

% Tm t( 1G4)(ms) t( 3H4)(ms) t( 3F4)(ms)

1% 65 90 199
3% 25 30 261
5% 10 9 278
ik
a

V

a

J

V

rt

le

14430
e
in
o
he

f

-

nescence. We measured the polarized optical absorptio
thulium from the room-temperature and low-temperature
periments to determine the energy position of the exc
energy levels of thulium and its splitting due to the crys
field, respectively. We obtained the Judd-Ofelt calculatio
from optical absorption measurements. We studied the lu
nescence of thulium in our host from the emission spe
and the lifetime measurement of the main transitions
pumping resonantly to the ytterbium ion~980 nm!. We stud-
ied the emission spectra for the 480, 800, and 1900 nm e
sions to determine the splitting of the ground state and
emission cross section of the 1900 nm emission
310220 cm2). Our promising results encourage us to co
tinue researching the laser action of thulium for the
emissions.
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