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Abstract: Macrodefect-free single crystals of Yb-doped KGd(POs),, a
noncentrosymmetric laser host which possesses second-order nonlinear
susceptibility, were grown using the top seeded solution growth slow-
cooling (TSSG-SC) technique, reaching a maximum ytterbium
concentration in the crystal of ~3.2x10% at/cm®. In order to evaluate the
potential for self-frequency doubling, the dispersion of the refractive indices
of KGd(POs), was studied and Sellmeier equations were constructed which
are valid in the visible and near-infrared. The Stark splitting of the two
electronic states of ytterbium was determined from absorption and emission
measurements at room and low temperatures, and this allowed to compute
the emission cross sections at room temperature. The fluorescence decay
time is quite long, 1.22+0.01 ms. Laser generation in the 1 pum range is
demonstrated with this new Yb host for the first time. Although the
maximum output power achieved, of the order of 100 mW, was limited by
the available crystal size and doping level, the more than 55% slope
efficiency obtained with thisfirst sample is rather promising for the future.
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1. Introduction

Solid-state laser sources in the visible play an important role in laser technology because they
are potentially interesting for numerous applications like high-density optical data storage or
laser displays. Bifunctional crystals, in which the laser effect and a nonlinear optical process,
e.g. frequency doubling, occur simultaneously, are very promising for such compact laser
designs because diode-pumped solid-state lasers operate mainly in the infrared. So far the
noncentrosymmetric hosts used for this purpose were doped mainly with neodymium [1].
More recently highly efficient laser operation in severa crystals exhibiting second order
nonlinearity, doped with ytterbium, was also reported. These include Y Ca;O(BO3); (Y COB)
[2], GdCa,0(BO3); (GACOB) [3], YAI3(BOs)s (YAB) [4], GdAI3(BOs), (GAB) [5], and
LiNbO; (LNB) [6]. The ytterbium ion is an interesting alternative to neodymium in the same
wavelength range near 1 um while the second harmonic is also in the green region. Thisisdue
to several important advantages. The ytterbium ion possesses higher energy-storage capability
because the radiative lifetime of the upper laser manifold is substantialy longer. Its simple
two-manifold electronic structure excludes a number of competitive processes such as
excited-state absorption, upconversion, and cross relaxation which can depopulate the upper
laser level and hence reduce the laser efficiency. The small Stokes shift between absorption
and emission, i.e. the small quantum defect, reduces the thermal load and facilitates efficient
operation at high powers. The development of new Y b-doped laser materials is motivated by
the significant advance in diode laser pumps; such lasers can be pumped by the more robust
InGaAs diodes delivering high powers in the 0.9-1 um range. Finally, ytterbium has no bands
in the green region, so the inevitable reabsorption losses of neodymium in the wavelength
range of the second harmonic can be avoided.

In this paper, we propose a new candidate for self-frequency doubling laser materia, Yb-
doped KGd(PO3), (KGP). The present work is devoted primarily to spectroscopic
investigations, i.e. polarized absorption and fluorescence measurements a room and low
temperatures, and lifetime measurements for the upper laser level a room temperature. We
report also, for the first time to our knowledge, room temperature laser operation near 1 um of
KY bo,024Gdo 976(PO3)4, in the continuous-wave regime. In addition, we verify that this crystal
is phase-matchable for second harmonic generation in the wavelength range covered by the
ytterbium ion.

The host KGP is amonoclinic acentric crystal with the space group P2, [7]. KGP exhibits
a broad transmission window extending from about 180 nm to 4 um which covers both the
fundamental and the second harmonic range. The rather large band-gap, on one hand, should
lead to high damage resistivity, on the other hand it allows in principle the use of this host aso
in the UV range (either as a nonlinear crystal or as a host for cerium). Another advantage of
KGP is its aimost isotropic thermal expansion [7] which is important for the crystal growth,
processing of laser elements, and during laser operation. The high hardness of KGP, close to
that of quartz in the Moh’'s scale, facilitates sample preparation and allows polishing the
surfaces with good optical quality. KGP is also chemically stable against moisture as well as
against weakly acidic and basic media.
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We were able to grow inclusion and macrodefect-free single crystals of Yb:KGP by
partial replacement of gadolinium by ytterbium, using the top seeded solution growth-slow
cooling (TSSG-SC) technique. Up to now, it was possible to grow single crystals of KGP with
ytterbium concentration in the solution as high as 15 at % [9]. This corresponds to =7.5 at %
in the bulk crystal since the actual ytterbium concentration in the crystal was found to be
reduced to about half of that in the solution (Table 1). The composition of the Yb:KGP
crystals was studied by electron probe microanalysis (EPMA) using a Cameca SX 50
equipment operating at an accelerating voltage of 20 kV and electron current of 100 nA.

Table 1. EPMA resultsfor Y b:KGP. K, denotes the distribution coefficient of the lanthanideionsin the crystal

Yb at % in solution Kyp Ked Y b concentration (cm’®) chemical formula
1 050 1.01 2.081x10%° K'Y bo.00sGo.005(PO3)4
3 053 1.01 6.656x10"° K'Y bo.016G0ogs4(PO3)a
5 048  1.03 1.007x10% K'Y by 024G 076(PO3)4
10 040 107 1.653x10%° K'Y b 040G 060(PO3)4
15 051  1.02 3.203x10%° K'Y b,077G0o.g25(PO3) 4

Although the dopant acceptance seemed not to be limited by the ionic radius of ytterbium
ion we found it difficult to incorporate high concentrations of ytterbium in the KGP structure.
In fact, the problem was related to the crystallization of the monoclinic but centrosymmetric
phase C2/c [10] instead of the desired structure P2; [7]. Further investigations on the
crystallization region of the P2;-phase of Yh:KGP indicate that this phase could crystallize
from solutions with an ytterbium concentration as high as 50 at %. Thus, assuming that the
ytterbium concentration in the crystal would be reduced again by about a half, it can be
expected that doping levels as high as 25-30 at %, i.e. ~ 1x10** cm™, might be reached in
single crystals grown by the TSSG-SC method [9]. All results on Yb:KGP reported in this
paper are based on a single growth of the composition K bg024Gdp ¢76(PO3)4 corresponding to
an ytterbium concentration of 1.007x10%° cm®. To avoid impurities in the grown crystal, it
was obtained from its sdf-flux and the optimized solution composition was
Y b,03:Gd,05:K ,0:P,05=0.3:5.7:34:60 mol %. Because of the high viscosity of the solution,
around 2 Dp, the seed holder was equipped with a platinum turbine rotating at the rather high
velocity of 75rpm. The axia temperature gradient was about 1.2 K/mm. The saturation
temperature amounted to 958 K. The temperature of the solution was decreased to 12 K below
the saturation temperature at a rate of 0.05K/h. An a*-oriented parallelepipedic seed of
undoped KGP was used to grow the crystal.

2. Optical Characterization of the KGP host

In a previous publication we characterized the undoped KGP in terms of transmission window
and orientation of the optical elipsoid [8]. The UV transmission edge of Yb-doped KGP is
slightly shifted to the visible due to the presence of ytterbium and the cut-off wavelength is
200 nm [9]. The orientation of the three principal optical axes of KGP, denoted as N, N, and
Ng, according to the refractive indices n,<n,<n, was determined with respect to the
crystallographic frame (a, b, c) at a wavelength of 632.8 nm. For a monoclinic crystal, one of
the principal optical axes coincides with the b crystallographic axis; in the case of KGP thisis
Np. Ng was found to lie at 37.3° clockwise from the ¢ crystallographic axis with the positive
direction of the b axis towards the observer.

In order to establish if self-frequency doubling is possible in Yb:KGP we examined as a
first step the dispersion of the three refractive indices of undoped KGP (Fig. 1). The refractive
indices were measured between 0.45 and 1.2 um with two semiprisms [11], oriented for
measurement of ng-nm and ny-ng, respectively, using the minimum deviation method. The
accuracy of the measurements was 10™.

#74466 - $15.00 USD Received 28 August 2006; revised 21 December 2006; accepted 23 December 2006
(C) 2007 OSA 5 March 2007 / Vol. 15, No. 5/ OPTICS EXPRESS 2362



1,625
1,620+
1,6154
1,6104
1,605+
1,600
1,595+
1,590 4
1,585+
1,580+

1,5754

T T T T T T T T

T
o4 05 06 07 08 09 10 11 12 13
A (um)

Fig. 1. Dispersion of the principal refractive indices of KGP at room temperature.

As can be seen from Fig. 1 the three refractive indices are nearly equidistant. KGP is an
optically negative biaxial crystal since the 2V, angle between the two optic axes[12], lying in
the Ny-Ng plane, is 94.2° at 632.8 nm. The data points in Fig. 1 were fitted using one UV pole
and an IR correction term with the Sellmeier equation,

n’= A + B/[1-(C/1)?]-DA?
Table 2 summarizes the Sellmeier coefficients obtained for KGP at room temperature.

Table 2. Sellmeier coefficients of KGP

Principal

-2
refractive index A B C (um) D (um")
Np 1.7404 0.7479 0.1374 0.0138
Nm 1.7624 0.7667 0.1304 0.0193
Ng 1.7728 0.7782 0.1391 0.0091

Estimations based on these Sellmeier equations indicate that KGP is phase-matchable for
type-1 second harmonic generation near 1 pm both in the Np-N,, (oo-e type interaction) and in
the N-Ng (ee-0 type interaction) principal planes. It should be outlined that biaxial crystals
have in general greater potential for self-frequency doubling because they offer greater variety
of phase-matching configurations. Considering for instance the preferable type-l interaction,
uniaxia crystals allow only one phase-matching configuration (0o-e or ee-0 depending on
whether they are negative or positive). As can be seen in the case of KGP, both o0o-e and ee-0
phase-matching are possible and their effective nonlinearity is nonvanishing for point group 2
[13]. Thus one has greater freedom to select the polarization of the fundamental in such away
that the gain is also maximized.

3. Spectroscopic Characterization of Yb:KGP

All further results reported here were based on a single Y b-doped KGP sample which was cut
and polished as a cube, accurately oriented along the N, Ny, and Ng principal optical axes,
with dimensions of 2.34, 2.68, and 2.47 mm aong these axes, respectively.

The polarized optical absorption of K'Y by 024Gdoe76(POs)4 in the temperature range from 6 to
300 K was measured using a Cary Varian 500 spectrophotometer equipped with a Leybold
RDK-6-320 closed-cycle helium cryostat. The absorption band associated with the ytterbium
transition 2Fy,—Fs, in KGP extends from 9750 to 10800 cm™ (1025-925 nm) at room
temperature (Fig. 2). It is characterized by three main peaks centered at 10230, 10305 and
10586 cm™. As ytterbium has an odd number of electrons in the 4f shell, polarization
dependent selection rules are not expected but the intensity of the individual peaks may still
vary. The anisotropy observed in the absorption spectra of Yb:KGP is rather low and the
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absorption cross-section is maximized for E//Ny,. Its maximum value at 977 nm (zero line
transition), calculated with the exact Yb* concentration of 1.007x10%° cm™, amounts to
1.17x10™ cm?. For E//Ng and N,, the corresponding maximum absorption cross sections at
the same wavelength amount to 0.72x10%° and 0.80x10% cm?. Fig. 2 shows the evolution of
the absorption coefficient for E//N,, with the temperature from 6 to 300 K. From the lowest
temperature spectra we determined the energies of the three Stark sublevels of the exited state
multiplet ’F,. These energies are indicated in the inset of Fig.2 where the levels are
designated as ?F5,(0'), (1'), and (2'). When the temperature is increased, an additional peak
emerges a 10140 cm™ which is probably related to the thermal population of the F(1)
sublevel with transition to ?Fs,(0’) but it is smoothed at room temperature.

35
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Fig. 2. Temperature evolution of the optical absorption of KY by 4G g76(PO3)4 for E//Np,.
Inset: schematic diagram of the Stark sublevels and absorption transitions.

The fluorescence spectra were recorded at both 300 and 10K in a 90° geometry.
Excitation was provided by a 200 mW InGaAs diode laser emitting at 940 nm which was
modulated at 1 kHz. The fluorescence was dispersed by a 0.46 m double monochromator
(Jobin Yvon - Spex HR 460). The detector was a cooled Hamamatsu NIR R5509-72
photomultiplier connected to a lock-in amplifier (EG& G, 7265 DSP). A closed-cycle helium
cryostat (Oxford CCC1104) was used to cool the sample for the low temperature
measurements.
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Fig. 3. Emission spectraat 300 K (solid line) and 10 K (dash-dotted line) for E//Ny,

From the low-temperature polarized fluorescence spectra (Fig. 3) we determined the four
sublevels of the ground state 2F,,. Four main lines were found a 10245, 10120, 9947 and
9863 cm™ accompanied by phonon added pesks. These correspond to the transitions
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Fe2(0')—>F212(0), 2Fsia(0')—=Fo2(1), Fe2(0)—>F212(2), and *Fsia(0')—Fp(3), respectively.

A dim peak corresponding to the transition from the thermally populated ?Fs,(1’) sublevel to
2F,5(0) is also seen at 10305 cm™. The reduced intensity of the emission associated with the

2F5,(0')—F+1»(0) transition is a consequence of the reabsorption at this wavelength. The Stark
sublevels of the ground state manifold 2F,,, derived from the 10K spectrum, are at 0, 125,

298, and 382 cm'>.

The reciprocity method [14] was used to compute the emission cross sections from the
absorption cross sections at room temperature and the determined level positions. Fig. 4

shows the calculated emission cross-sections o, together with the corresponding absorption

Cross sections o, for the three orthogonal polarizations.
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Fig. 4. Measured absorption and calculated emission cross-sections of Yb:KGP at room

[
U i
1020 1050 900 930

960 990 1020 1050

Wavelength (nm)

temperature for the three orthogonal polarizations.

By averaging the calculated oy(v) by the reciprocity method over the three polarizations,
aradiative lifetime of 7,5=1.57 ms was obtained a room temperature using the Fiichtbauer-
Ladenburg equation [14]. The fluorescence decay time was measured by the pinhole method
which avoids radiation trapping (Fig. 5). The extrapolated for zero diameter result, at room

00
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990

1020

X

temperature, was 1.22 (+0.01) ms but the deviation from this value for al the pinhole

diameters used, between 0.6 and 2.1 mm, was only +1%. Thus, reabsorption was negligible in

K'Y by 024Gdg.976(PO3)4 probably because of the low ion doping level in the crystal. This leads
to an intrinsic quantum efficiency of 78%. Comparing the spectroscopic results with the

available data on other acentric Yb-hosts such as Ybh:YCOB [2], Yb:GdCOB [3], and

Yh:YAB [4], it can be concluded that one feature which distinguishes Yh:KGP is the
relatively short oscillation wavelength that can be expected. From Fig. 4, lasing can be
expected on the 2Fsy(0')—°F4»(2) transition, a wavelengths near 1010 nm. This was
confirmed in the following laser experiments.

Fig. 5. Dependence of the fluorescence lifetime of KYbgo4Gdoe7s(POs)s On the pinhole

diameter.
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4. Laser operation of Yb:KGP

A standard astigmatically compensated Z-shaped cavity was used as a laser setup. The pump
source was a home-made Ti:sapphire laser (960-1025 nm, FWHM<1 nm, max. 3W). The
estimated pump waist in the focus of the f=6.28 cm anti-reflection coated lens was =30 pm.
The resonator (depicted in Fig. 6) contained two folding mirrors (M1 and M2), and two plane
reflectors (rear mirror M3 and output coupler M4). M2 was highly transmitting at the pump
wavelength (977.1 nm). The pumping was in a single-pass. The transmission of the output
coupler T, ranged from 1 to 5%.

The uncoated Y b:KGP sample was attached to a Cu-holder without active cooling and
positioned under Brewster angle between the two folding mirrors. We tried to pump this
sample with all possible polarizations. Continuous-wave laser operation was obtained for the
firg time in this monoclinic material at room temperature for pumping with E//N,
(propagation along Ng) and with E//N,, (propagation again along Ng). The laser always had the
same polarization as the pump due to the Brewster orientation. No generation was possible for
pumping with E//Ng although we tried this for propagation both along N, and along N,.

M1 M3
output Yb:KGP
__N
“ 70
M4 M2
L DUmp

Fig. 6. Laser set-up: Total cavity length, 129 cm; M1 and M2 are curved mirrors with radius of
curvature—100 mm, and M3 (rear reflector) and M4 (output coupler with transmission T,=1, 3,
or 5 %) are plane mirrors.

The input-output characteristics obtained for the two polarizations are shown in Fig. 7
against the absorbed pump power for two output couplers (To=1 and 3%).
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Fig. 7. Room temperature continuous-wave laser performances of Yb:KGP for E//Ny, (a) and
E/IN, (b). Solid lines are fits to the experimental points for estimation of the slope efficiency.

The relevant laser parameters (slope efficiency 7 with respect to the absorbed power,
oscillation wavelength 4, and threshold) are summarized in Table 3.
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Table 3. Slope efficiency (77), laser wavelength (A.), and threshold of the K'Y b 024G g76(PO3)4 laser in dependence on
the output coupler (T,) used

Too (%) 7 (%) AL (nm) threshold (mW)
E//Np E/INg E//Nm E/INy E//Np E/INy
1 53.2 313 1017.1 1016.3 51 73.8
3 55.6 - 1013.8 10135 70.5 127.8
5 - nolasing 10121 nolasing 131.8 nolasing

With a maximum incident pump power of roughly 2 W (corresponding to an absorbed
power of 206 mW at 977.1 nm), the maximum output power for E//Np, was 93 mW (To=1%).
The corresponding slope efficiency was 7=53.2%. Pumping with polarization parallel to Ny,
the maximum output power reached 72 mW for an absorbed power of 294 mW, also with
Toc=1%. In this case the slope efficiency was lower, 7=31.3%. The laser thresholds for E//N,
and E//N, were 51 and 74 mW, respectively, both for T,=1%. The lower slope efficiency and
higher threshold for E//N, can be explained by the lower gain.

For To=5% the output power reached 12 mW (only for E//N,) and reliable estimation of
the slope efficiency was not possible. The oscillation wavelength was as short as 1012.1 nmin
this case. The shorter wavelength at higher output coupler transmission istypical for Y b-lasers
and is related to the maximum of the gain curve. In this case we have obviously oscillation on
the 2F5/2(O, )—)2F7/2(2) transition.

Under lasing conditions the absorption of the sample was quite low (not more than 15%)
but almost constant. This is a consequence of the low Yb-ion density in the crystal and the
relatively low absorption cross-sections. Under non-lasing conditions the absorption was
completely bleached at the maximum incident power. However, in the lasing state, the
intracavity power in the three-level system of ytterbium increases the saturation intensity for
the pump and this balances the bleaching effect.

5. Summary

In conclusion, we successfully grew macrodefect-free single crystals of Y b-doped KGP using
the TSSG-SC technique. To the best of our knowledge, KGP crystals were doped with
ytterbium for the first time. The maximum ytterbium concentration in the bulk crystal
achieved until now is around 3.2x10” cm®. However, there are indications that it can be
increased up to about 1x10** cm®. By measuring the dispersion of the refractive indices of
KGP, we confirmed that this host possesses phase-matching properties for self-frequency
doubling of the Y b-laser. We determined the Stark splitting of the two electronic states of Yb
from absorption and emission measurements, both at room and low temperatures, and
calculated the emission cross sections at room temperature. The upper level lifetime of Yb
amounts to 1.22 ms at room temperature. Lasing has been demonstrated for the first time with
K'Y bo,024Gdo 976(PO3)4. Although the maximum output power achieved (93 mW) was limited
by the available size and doping level of the crystal, the more than 55% slope efficiency
obtained with thisfirst ssmple israther promising for the future.
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