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Single crystals of disordered NaLa(WO,), and NalLa(MoO,),
doped with Yb™ are grown by the Czochralski method from
the melt. Continuous-wave laser operation with Ti:sapphire
laser pumping is demonstrated at room temperature without

Double tungstate and molybdate compounds with the
general formulae MT(WO,), and MT(MoO,), where M is a
monovalent alkali cation (Li—Cs) and T is a trivalent cation
(Y, La or rare earth Ln) exhibit ordered phases with sepa-
rate sites for M and T cations and disordered phases where
M and T cations are randomly distributed over the same
cationic sublattice [1]. Some of the optically passive or-
dered phases like the monoclinic KGd(WO,),, KY(WO,),,
and KLu(WO,), are established laser hosts with very large
absorption and emission cross sections of the active dopant.
The sodium compounds NaT(WO,), and NaT(MoO,), rep-
resent disordered phases with tetragonal structure at room
temperature. For T = Y, La, Ce-Er, they exhibit also a
congruent melting character. Hence their growth with ac-
tive Ln-dopants by the Czochralski method is very attrac-
tive for the synthesis of novel crystalline laser materials.

The revived interest in tetragonal sodium double tung-
states and molybdates is due to their potential to ensure
larger tunability and bandwidths in mode-locked diode-
pumped solid-state lasers in comparison to ordered crystals.
This is especially true for doping with Yb™ which, due to
the stronger electron—phonon coupling to the lattice, exhib-
its intrinsically broader linewidths than the Nd* ion. Hence,
the requirements to the pump laser diodes are reduced and
Yb-doped disordered hosts hold a greater promise for the
generation of mode-locked pulses shorter than 100 fs. It

special cooling. Tunability from 1017 to 1057 nm and from
1015 to 1053 nm is achieved for Yb:NaLa(WO,), and
Yb:NaLa(MoO,),, respectively. A maximum output power of
205 mW is obtained with Yb:NaLa(WO,),.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

should be added that Yb™ possesses longer energy-storage
lifetime and smaller quantum defect than Nd*, and that it
can be pumped by the optically more robust InGaAs laser
diodes operating in the 900—1000 nm spectral range [2].
Finally, the relatively simple two-manifold structure of
Yb™ prohibits excited state absorption, up-conversion and
cross-relaxation processes.

The sodium lanthanum crystals NaLa(WO,), (NaLaW)
and NaLa(MoO,), (NaLaMo) were studied in the past as
room temperature hosts only for Nd* lasers. Lamp-pumped
pulsed laser operation of Nd:NalLaW was reported for the
4F, 41, transition at 1063.5 nm [3, 4] and for the 4F, —4I,.,
transition at 1335.5 nm [5]. Lamp-pumped operation of
Nd:NaLaMo was demonstrated not only in the pulsed re-
gime at 1059.5-1065.3 nm [6, 7] and 1338—1344 nm [5]
but also in the continuous-wave (cw) regime at 1065.3 nm
[8]. In addition NalLaMo, which is an efficient Raman ac-
tive medium [9], when doped with Nd*, was shown to be
an efficient self-converting Raman crystal both in the pico-
second [10] and in the nanosecond [11] regime.

Here we report on the cw laser performance of
Yb:NaLaW and Yb:NaLaMo crystals at room temperature.
Note that the isostructural NaGd(WO,), or NaGdW, was
the first and so far only disordered laser crystal of this type
for which room-temperature cw laser operation could be
demonstrated with Yb™ doping [12].
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Yb-doped NaLaW crystals were grown for the first
time in nitrogen atmosphere [13] but only unpolarized
spectra were reported in this initial work. The growth of
Yb:NalLaMo, also in nitrogen atmosphere, has been re-
ported only very recently [14]. The Yb:NaLaW [15] and
Yb:NalLaMo crystals for the present work were grown in
air by the Czochralski method. In both cases the melts
were held in Pt crucibles. Typical growth conditions were
about 10 rpm for the rotation rate and 1 mm/h for the pull-
ing rate. The crystallization temperature decreased with
increasing Yb concentration. We succeeded in growing
Yb:NaLaW crystals with sufficient optical quality for Yb
concentrations as high as 15 mol% in the melt. Deteriora-
tion of the crystal quality for higher Yb content and the
inability to grow crystals with more than 40 mol% Yb
is associated with the incongruent melting character of
NaYb(WO,),. Yb:NalLaMo crystals were grown for
2—10 mol% Yb content in the melt. The fluorescence life-
time of Yb:NaLaW is 220 ps [15] and the fluorescence
lifetime of Yb:NalLaMo amounts to 280 us [14]. For com-
parison, the lifetime of Yb:NaGdW is 320 us [14].

The Yb:NaLaW sample used was grown with 5 mol%
Yb in the melt but the amount incorporated into the crystal
was 1.1 x 10” cm” (segregation coefficient K ~ 0.6). The
tetragonal and hence disordered structure was confirmed
by X-ray diffraction: the lattice cell parameters were
a=535193) A and ¢ = 11.640(1) A. The segregation co-
efficient for Yb:NaLaMo was 0.3—0.4. The sample used
here was grown with 8 mol% Yb in the melt and the den-
sity in the crystal was 1.3 x 10” cm”. Its tetragonal struc-
ture (a = 5.3387(4) A and ¢ = 11.729(2) A) and disordered
character were verified, too. In both hosts the main Yb™
absorption line near 977nm is stronger for the
n-polarization. Figure 1 shows the optical densities for
Ellc (m) and Hllc (o). For the Yb:NaLaW sample the
c-axis was in the surface plane and it was out of plane for
the Yb:NalLLaMo sample, as can be seen from the presence
of a weak shoulder at 935 nm for the m-polarization spec-
trum in Fig. 1. The maximum small signal absorption at
Brewster angle was ¢, = 50% and 52% for the 3.4 mm
thick Yb:NaLaW and the 2.5 mm thick Yb:NalLaMo sam-
ple, respectively.
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Figure 1 (online colour at: www.pss-rapid.com) Optical density
measured at normal incidence for the Yb:NaLaW and
Yb:NaLaMo samples used.
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Figure 2 Schematic of the laser set-up.

The three-mirror astigmatically compensated laser cav-
ity, see Fig.2, consisted of a RC = —-5cm end mirror
M, a RC=-10cm folding mirror M, through which
the Ti:sapphire laser pump beam was focused by an
f=6.28 cm lens L, and a plane output coupler M, of trans-
mission 7. The total cavity length was 65 cm. The pump
power incident on the crystals was limited to 1.9 W. The
crystal samples were uncooled. The pump beam was fo-
cused to a spot of about 22 um (Gaussian waist).

The optimum pump wavelength (976.6 nm) corre-
sponded both for Yb:NaLaW and Yb:NalLaMo to the
main absorption peak. At the maximum incident pump
power (1.9 W) the absorption of the Yb:NaLaW crystal
was bleached down to =20% and that of Yb:NalLaMo
down to ~24%. Lasing had a recycling effect and, depend-
ing on the output coupler used, the absorption increased
(see Table 1).

The maximum output power (205 mW) was obtained
for Yb:NaLaW with 7. = 1.1% (Fig. 3). Using output
couplers with 7T,. = 3% and 5.4%, the intracavity power
decreased and the recycling effect was suppressed (see the
a values in Table 1). Hence, these output couplers did not
yield higher output powers although the slope efficiency
slightly increased. In the case of Yb:NalLaMo P, was al-
most the same for the three output couplers used. The same
holds for the maximum pump efficiency 7, for both crys-
tals. In general Yb:NaLaW showed better laser perform-
ance in terms of threshold, efficiency and output power
than the Yb:NalLaMo crystal although the small signal ab-
sorption was quite similar. At present, the reasons for this
can be attributed only to the crystal quality.

Table 1 Parameters of the Yb:NaLaW and Yb:NaLaMo lasers
achieved. P,: absorbed pump power at threshold, P, : maximum
output power, 7: slope efficiency with respect to the absorbed
power, 77, maximum pump efficiency with respect to the ab-
sorbed pump power, A : generation wavelength, a: crystal ab-
sorption for maximum incident pump power (1.9 W) in the lasing
state. Note that T, is specified near 1030 nm. At 1025 nm the
transmissions (1.2, 3.2 and 5.7%, respectively) are slightly higher.

sample Yb:NaLaW Yb:NaLaMo

T,. (%) 1.1 3 5.4 1.1 3 54

P, (mW) 100 110 200 150 160 240
P (mW) 205 181 132 113 120 109
n (%) 30,5 340 353 179 228 30.0
n, (%) 269 289 258 144 177 175
A, (nm) 1034 1029 1027 1030 1025 1023
o (%) 394 323 264 415 360 33.0
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Figure 3 (online colour at: www.pss-rapid.com) Output power
versus absorbed power of the Yb:NaLaW and Yb:NalLaMo la-
sers for Ellc and T,. = 1.1%.

The spectroscopic data available at present for the dif-
ferent Yb-doped sodium tungstates does not allow to at-
tribute the differences observed in the laser performance to
the emission or gain cross sections, or to different lifetimes
because of insufficient accuracy and comparability of the
data. The most essential difference that we observe in
comparison to Yb:NaGdW [12] is the stronger bleaching
of the absorption for lower small-signal absorption levels
as in the present work. This results in lower thresholds and
increased efficiencies with respect to the absorbed pump
power but for the same incident pump power the absolute
output power that can be achieved with higher small-signal
absorption values can be about 50% higher [12].

The insertion of a two-plate Lyot filter did not affect
the maximum output power but allowed tuning between
1017 and 1057 nm for Yb:NaLaW and 1015 and 1053 nm
for Yb:NaLaMo (Fig. 4). Note that the reduction of the re-
cycling effect additionally confines the achievable tunabil-
ity in the cw regime while in a mode-locked laser this ef-
fect will be absent. Nevertheless we obtained slightly
broader (FWHM = 25 nm) tunability both for Yb:NaLaW
and Yb:NalLaMo in comparison to Yb:NaGdW [12].
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Figure 4 (online colour at: www.pss-rapid.com) Wavelength
tunability of the Yb:NaLaW and Yb:NaLaMo lasers for an inci-
dent pump power of 1.9 W.

Yb:NaLaMo tends to generate at slightly shorter
wavelengths in comparison to Yb:NaLaW: about 4 nm for
the corresponding maxima in Fig. 4 or according to Ta-
ble 1.

In conclusion, disordered crystals of NaLaW and
NaLaMo doped with Yb were grown by the Czochralski
method and laser operation demonstrated for the first time.
The power levels and tunability achieved at room tempera-
ture in the cw regime are promising for the the realization
of mode-locked operation in the sub-100 fs regime.
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