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Abstract: The laser performance of a 5% Yb doped Lu,SiOs (Yb:LSO) has
been investigated in quasi continuous-wave pumping regime along the three
principal dielectric axes of the crystal, to obtain a complete characterization
of its laser properties. The comparison among the obtained results for
differently polarized lasers, in term of relative slope efficiency and absolute
efficiency, allows the exploitability of different orientations of the material
in order to be determined to obtain efficient laser sources. The laser slope
efficiency and the energy conversion efficiency were similar for emission
polarized along the three indicatrix axes, with noticeable maximum values
of slope efficiency around 90% for polarization along the Y and Z axes.
Tunable laser action has been obtained in the range 990 nm - 1084 nm, with
sizeable differences in the shape of the tuning curve for polarization along
the X, Y and Z axes. In particular, the tuning for polarization along the Z
axis is relatively flat and uniform in the range 1023 nm - 1083 nm.
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1. Introduction

A huge number of studies on Yb doped solid state media have been published in the last
decade. This widespread interest is motivated by the occurrence of several interesting
features, and in particular: the small quantum defect (generally about 10%) that allows a low
thermal load and high efficiency [1]; the broad absorption band that relaxes the requirement
of tight wavelength control of the pumping wavelength, useful when pumping with
semiconductor lasers; the generally broad emission spectrum of a large number of Yb-doped
materials allows the realization of widely tunable sources and femtosecond oscillators [2].
Moreover there is a large availability of hosts that can be doped with Yb*", resulting in a
broad variability in the spectroscopic, optical and thermomechanical properties, which results
in the possibility to finely tune the choice of the material according to the specific application
needs.

A further broadening in the palette of the available hosts has been achieved by the
development of transparent ceramics, derived from isotropic single crystals [3,4]. Ceramics
can offer unique advantages for specific laser applications with respect to their crystal
counterparts, due to their higher flexibility in the fabrication and structuring of large high
quality active media for high power applications [5].
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In this framework Yb doped oxyorthosilicates and in particular Lu,SiOs (LSO) as well as
its isomorph Y,SiOs have attracted some attention in the literature. These materials are
optically biaxial crystals with three principal dielectric axes, and they combine a relatively
high thermal conductivity, a very large tunability and broad absorption spectra [6]. LSO
shows, with respect to YSO, a higher thermal conductivity when doped with Yb because the
Yb molar mass is closer to Lutetium than to Yttrium [7].

Due to the anisotropy of the crystal structure in these materials the absorption and the
emission spectra depend on the orientation of the polarization of the interacting radiation with
respect to the principal dielectric axes. This feature offers a further degree of freedom in the
design and development of laser devices. Until now, Yb:LSO has been studied in literature
for CW, tunable laser emission [6, 8], for the generation of ultrashort pulses [7,9] and for the
amplification of high-energy pulses [10]. Nonetheless, literature studies published so far
focused their attention on only one polarization direction (typically along the X indicatrix
axis, according to the classification described by Jacquemet et al. [6] and Jolly et al. [10]). In
order to fill this gap we present in this work a complete characterization of the laser properties
for a 5% Yb:LSO crystal. The laser emission properties (slope efficiency, tuning range) are
characterized under laser diode pumping in uniform excitation conditions, with polarization
along the three principal dielectric axes available with this crystal. To our knowledge this is
the first analysis carried on the laser performances of the three available polarizations of this
interesting Yb host.

2. Experimental set-up
2.1 Sample growth, orientation and spectroscopy

The Yb:LSO sample used in this work was grown by the Czochralski method using an
iridium crucible with a diameter of 100 mm. The crucible was heated by induction at a
frequency of 8 kHz. The growth atmosphere was Ar gas flow, and an undoped LSO single
crystal was used as a seed. The pulling rate was 1 mm/hour and the rotation rate was 10 rpm.
The Yb doping level was 5 at.%. SN purity Lu,0; and Yb,03; powders and 4N purity SiO,
powders were used as raw materials.

LSO has a monoclinic crystal structure, the space group is C2/c, and point group C,;, [11,
12]. The space group comprises the twofold rotation axis along the b direction of the lattice
cell, and glide plane perpendicular to b, with translation component parallel to c. The axes a
and c are perpendicular to b, and they form an angle of about 122°.

The high symmetry axis along b is also one of the principal axes of the dielectric tensor.
In the orthogonal reference frame made by the lattice axes a, b and by the reciprocal lattice
axis c¢* the dielectric tensor is not diagonal. As recently shown by Jellison et al. [12], in the
visible and in the near infrared the real part of the dielectric tensor is symmetric; the only
non-zero off-diagonal term ¢;, is small and nearly constant with respect to the wavelength.
Therefore the real part of the dielectric tensor can be diagonalized by rotating the reference
frame by a small angle around b. This new reference frame is therefore the principal dielectric
reference frame, and its axes D;, D, and b are coincident with the indicatrix axes.

For the sample used in this experiment, we first determined the orientation of the a, b, and
¢ axes by means of X-ray diffraction (back-reflection Laue method). A plane parallel slab was
then cut with the facets perpendicular to the » axis. On this slab, we then further verified the
orientation of the two indicatrix axes with respect to a and ¢ by means of transmission
measurements with crossed polarizers. Then the slab was cut in its final parallelepiped shape
with the two remaining edges parallel to the indicatrix axes. The resulting orientation of the
sample is depicted in Fig. 1. The dielectric axis D; is the one closer to a.
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Fig. 1. Orientation of the sample with respect to the (direct) lattice axes a,b,c, and to the
reciprocal lattice axis ¢* and with respect to the dielectric principal axes D, and D, (indicatrix
axes). Dy, D, and b are mutually orthogonal. The angle & is about 16°, f = 122°.

The dimensions of the sample are 3.65 mm along D;, 7 mm along D, and 1.29 mm along
b. From the results provided by Jellison ef al. [12] it turns out that between 200 nm and 850
nm for the refractive index it is n(b)<n(D;)<n(D,). Using the standard convention for the
nomenclature of the axes of biaxial crystals (ny<ny<ny) the axes association is therefore b—X,
D,—Y, D,—Z. It must be noticed that according to [12] the difference between ny and ny is
very small, so from the measurement of the refractive indices the X and Y axes can be easily
exchanged. In the following part of the paper we then will use the labeling b, D;, D, because
it is more closely related to the lattice axes than to the determination of the refractive indices.
Anyway, the connection with the standard nomenclature has been established above.

We note that for the angle & between D, and a we found a slightly larger value (16°) than
the value estimated in Ref. [12] (about 10°). This discrepancy can depend from several
reasons: firstly, the exact value of & depends from the off-diagonal term ¢&;,, which is
determined in [12] with a relatively large error due to its small value. Accounting for the
random measurements errors in [12], & can range from 3.1° to 13.8°. Moreover, both our
measurements and those reported in [12] are affected by a systematic uncertainty in the
orientation of the sample, of the order of 1°, and this could also affect the determination of 3.
Finally the data of Ref. [12] are measured on an undoped LSO sample. Yb doping could
slightly modify the values of the dielectric tensor elements.

In LSO, Yb substitutes Lu, and it can occupy two different lattice sites [13], with different
energy levels positioning [14]. The overall absorption and emission spectra result therefore
from the superimposition of the spectra of the two different sites. The upper laser level
lifetime is 0.95 ms [6]. The thermal conductivity is anisotropic, and the values of the principal
components of the thermal conductivity tensor are 2.26, 3.14 and 3.67 W m™' K™' in undoped
LSO [15].

It must be noticed here that the direction of the axes of the indicatrix correspond to the
principal dielectric reference frame. As it has been pointed out by Petit et al. [16,17] for
monoclinic crystals this frame does not necessarily diagonalize the imaginary part of the
dielectric tensor (which describes the absorption and the fluorescence). The reference frames
that diagonalize the imaginary part of the dielectric tensor for absorption or emission are in
principle different both from the principal dielectric reference frame and from each other.

To our knowledge, the characterization of principal reference frames for absorption and
fluorescence was never reported in literature for Yb:LSO. This requires specific measurement
techniques of the direction and polarization properties of the fluorescence spectra that were
not carried out for this paper, and will be the subject of possible further activities.

Absorption cross section spectra of the Yb dopant are shown in Fig. 2(a), measured with a
spectral resolution of 3 nm. The absorption peaks at about 900 nm, 920-925 nm and 975-980
nm are due to the transitions from the lowest level of the lower *F, multiplet to three levels
of the upper *Fs, multiplet [18]. Peak broadening and/or slight shifts and other subpeaks in
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900-1020 nm spectral region can also be due to the fact that there are two Lu sites of different
symmetry and Yb*" energy level positioning as mentioned above.
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Fig. 2. Absorption cross section of the 5% Yb doped LSO. (a): absorption cross section of the
transition 2F7,—°Fs; of the Yb** ion, for polarization parallel to the three principal dielectric
axes. (b): near IR to UV absorption spectrum of the sample for polarization along the D,
dielectric axis.

It is useful to compare these spectra with those previously reported in literature, in order
to establish a connection with previous results. The absorption cross section spectra that we
measured are similar to those reported in [10], with the correspondence (D;, b, D, this work
— X,Y,Z in [10]). Indeed the spectrum for D; polarization can be discriminated from the
other two because its peak near 970 nm is relatively weak in comparison with the plateau a
shorter wavelengths, with respect to the spectra for » and D, polarization; the spectrum
polarized along b features a peak at about 1005 nm which is not present on the D,
polarization. By comparing these features with the spectra published in [10] it appears that
with respect to our results the attributions of the axes X and Y in [10] have to be exchanged.
A further difference is that we have measured a somewhat lower peak absorption cross
section for all the three polarization axes, and in particular for the » (Y in [10]) polarization,
which is about 30% lower.

Figure 2(b) show the absorption spectrum on a broader spectral range, from UV to near
infrared. Sharp increase of absorbance below 270 nm is due to charge transfer (CT)
absorption transition from oxygen ligands forming the top of valence band towards Yb*'[19].
Comparing analogous spectra for the Yb-doped LuAG [20] and LSO hosts, the shift toward
higher energy by about 10 nm that appears in the former case can be due to slight variation of
the absolute position of oxygen levels at the top of valence band induced by site symmetry
and crystal field strength, and by small shifts in the positioning the ground state of Yb*"
which determines quantitatively the onset of this CT transition [21-23].

2.2 Laser experimental set-up

The sample has been characterized in a V-shaped laser cavity as shown in Fig. 3. The crystal
is optically pumped with a diode laser with emission wavelength of 969 nm coupled to a fiber
with a 100 pm core diameter and a NA of 0.12. The pump beam is focused on the sample by
means of a pair of achromatic doublets (focal length 60 mm, clear aperture 30 mm). The
doublets assembly was set at about 60 mm from the fiber end and from the sample; this
arrangement gives a unit magnification ratio resulting in a waist radius of 70 pum at //¢” and a
Rayleigh range of about 0.58 mm in air (corresponding to about 1.05 mm in the crystal). The
waist radius on the crystal is slightly larger than the fiber radius because of the residual
spherical aberration of the lens pair. The pump beam characterization was carried out with a
CCD camera and a beam analysis software. The pump beam is injected into the cavity
through the dichroic flat end mirror M1, having a high transmission for wavelength shorter
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than 980 nm and high reflectivity for wavelength higher than 990 nm. The pump beam is
unpolarized.

The cavity is folded by a small angle by a dichroic mirror FM (high reflectivity for A> 990
nm, high transmission for A<980 nm) with a radius of curvature of 100 mm. The residual
pump beam is transmitted by this mirror. The non-tunable cavity is completed with a fused
silica plate set at the Brewster angle for the polarization selection and with a flat output
coupler mirror for which various transmissions (Toc) between 1.7% and 18.4% have been
used. The tunable cavity (see the inset in Fig. 3) is realized by removing the Brewster plate
and inserting a prism (made of SF10 glass) set at the minimum deviation configuration, and a
flat output coupler. The prism apex angle is 60° and it can be set with both faces close to the
Brewster angle, so that the prism itself acts as a horizontal polarization selector. Wavelength
selectivity is further enhanced by the slit set near to the prism apex.

The crystal does not have antireflection coating, and it was carefully oriented so as to
reinject the Fresnel reflection at the surfaces back on the cavity axis, in order to minimize
reflection losses. The crystal was placed as near as possible (less than 1 mm) to M1.

FM Yb:LSO M1
L1 \HF WM Fiber coupled
Ll | diode laser
L2
Brewster
Pris _ Slit plate oc | T

ocC

Fig. 3. Set up of non tunable and tunable laser cavities. See the text for detailed description. L1
=59 mm, L2 =200 mm.

The crystal was soldered with Indium on a copper heat sink on its D;-D, face. For the
investigation of the lasing properties with polarization along the D; and D, axes the beam
propagation direction was set along the b axis and the crystal was thus end-cooled with
respect to the laser and pump beam propagation direction. In the following this will be
referred to as A configuration. For the analysis of the laser behavior with polarizations along
the D, and b axes the beam propagation direction was along the D; axis and the crystal was
side-cooled with respect to the beam propagation: this arrangement will be referred to as B
configuration. Two different heat sinks were used as exemplified in Fig. 4. The propagation
along the D, axis does not allow an efficient pumping because the crystal is much longer than
the depth of focus of the pump beam. The orientation of the beam polarization (as determined
by the position of the Brewster plate or of the prism) with respect to the crystal axes is
obtained by rotating the sample and the heat sink around the beam propagation axis.
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Fig. 4. Arrangement of the crystal and of the copper heat sink for the measurement with the
different axes orientations, i.e. configurations A and B as defined in the text. The orientations
of the principal dielectric axes in the two configurations are also shown.

To reduce the impact of thermal effects, the pump laser diode is operated with rectangular
pulses at 10 Hz of repetition frequency and 20% of duty factor. For both configurations the
maximum laser power incident on the sample was 19.1 W (peak power, i.e. during the pump
on period). In order to compare the performances of the samples, the geometry of the set-up
has been kept constant through all the measurements. Lasing emission spectra were analyzed
with a spectrometer equipped with an optical multichannel analyzer (EG&G OMA 2000),
with an overall wavelength resolution of 0.2 nm.

3. Measurements of laser performances
3.1 Slope efficiencies and threshold measurements

The laser performance of the sample was tested with the two alignment described in Fig. 4.
Several output couplers were used with different values of transmission, ranging from 1.7%
to 18.4%.

In order to properly evaluate the absorbed pump power we monitored the power of the
residual pump beam transmitted by the sample with an auxiliary power monitor placed behind
the folding mirror FM (see Fig. 3). The correction for the Fresnel reflection at the crystal
interfaces was also properly applied. As it was pointed out in previous papers [24] the actual
sample absorption in lasing conditions (that is under high pump and laser power density) is
usually different from the unsaturated absorption (i.e. with low incident power density, that
can be calculated from the spectroscopic data), as it is influenced by two counteracting
effects: on one hand the absorption saturation caused by the high pump power density (which
reduces the power deposition into the sample), and on the other hand the rapid deexcitation of
the lasing ions from the upper laser level to the ground level, which restores the population on
the ground level and thus the absorption of the pump beam. The balance of these two effects
depends both on the pump power density and on the laser intracavity power density, and thus
on the transmission of the output coupler.

Figures 5 and 6 show the obtained output power as a function of absorbed pump power.
Figure 5 refers to the configuration A shown in Fig. 4, that is with propagation along the b
crystal axis and polarization along the D; and D, axes. In this orientation the unsaturated
absorption of the crystal was about 16%. In this configuration, if we take out the Brewster
plate polarizer from the cavity, the laser action occurs spontaneously with polarization along
the D; direction, whereas lasing with polarization along the D, direction can be obtained only
by forcing it with the polarizer. Anyway, the measurements reported in Fig. 4 were acquired
with the intracavity polarizer for both polarizations to ensure uniform test conditions.
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Fig. 5. Quasi-CW output power as function of absorbed pump power for the lasing
configuration A (see Fig. 4) for various values of Toc.

The lasing wavelength for the D, polarization is 1057 nm for Toc = 1.7% and it slightly
drifts to 1056 nm for increasing values of Toc. For lasing along the D, polarization the
behavior is more complex: for Toc = 1.7% the lasing wavelength is 1056.2 nm. For increasing
values of Toc the laser emission occurs on two lines, at 1056 and 1040 nm. Finally, for the
highest value of Tq the lasing wavelength further shifts to 1033.8 nm.
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Fig. 6. Quasi-CW output power as function of absorbed pump power for the lasing
configuration B (see Fig. 4), for various values of Toc.

Figure 6 refers to the configuration B, i. e. with propagation along the D; axis and
polarization along the » and D, axes. Without the intracavity polarizer, lasing occurs with
polarization along the D, axis. Again, the measurements of Fig. 6 were acquired with the
intracavity polarizer for both polarizations. In this case the unsaturated absorption was about
49%, mainly due to the longer absorption length of the sample.

Regarding the lasing wavelength, for the D, polarization it is 1057.4 nm for Toc = 1.7%
and it slightly drifts to 1056 nm for increasing values of Toc. For b polarization, lasing occurs
at 1057.4 nm with Toc = 1.7%; with Toc = 6.0% and 8.4% it moves at 1034 nm, and to
1031.7 nm with Toc = 18.3%. In all the mentioned configurations, the output of the laser was
found linearly polarized (coherently with the orientation of the intracavity polarizer) with a
polarization contrast better than 500:1, measured with a calcite Glan prism.

3.2 Tuning measurements

As exposed above, tunable lasing was obtained by inserting a prism into the cavity. Tuning is
obtained by adjusting the position of the prism near to the minimum deviation angle. The
tuning curves obtained for the laser output, for the various crystal orientations and laser
output polarization are shown in Figs. 7 and 8 respectively. The output coupler used in this
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case is the one with Toc = 1.7%. The figures also report the curves for the power conversion
efficiency i. e. the ratio between the output power and the absorbed pump power, for each
wavelength.
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Fig. 7. Tuning for A configuration (propagation along the b crystal axis and polarization along
the D, and D; axes, see Figs. 1 and 4), in quasi-CW pumping mode.
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Fig. 8. Tuning for B configuration (propagation along D, axis, polarization along D, and b
axes, see Figs. 1 and 4) in quasi-CW pumping mode.

For the A configuration (that is, propagation along the b axis, polarization along the D,
and D, axes) it was possible to obtain a smooth and continuous tuning in the range between
about 990 nm and 1090 nm, with a peak output power exceeding 1 W.

For the B configuration (propagation along D, polarization along D, and b) the output
power was higher (exceeding 2.5 W), because as exposed before with this orientation the
crystal absorbs a larger amount of the incident pump power. The tuning range for polarization
along the D, axis was even slightly broader than that observed in the A configuration
(stretching almost to 1100 nm), but with a wavelength jump between 1025 nm and 1030 nm:
when the prism position is adjusted to move the wavelength from 1025 nm to longer
wavelengths, at first the emission of the laser splits between two lines at 1025 nm and 1030
nm; a further rotation of the prism increases the relative power at 1030 nm until the emission
at 1025 nm is extinguished; from this point the continuous tuning toward wavelengths longer
than 1030 nm is resumed. For the emission polarized along the b axis, the peak output power
is even higher (up to 3 W) as well as the power efficiency (exceeding 30%), but with a
narrower tuning range (from 1004 nm to 1086 nm). Moreover, we observed wavelength
jumps (as described above) between 1072 nm and 1083 nm, and between 1050.8 nm and
1043 nm.
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4. Discussion

The measurements described above allow obtaining a clear comparison among the laser
performances that can be obtained with the different orientations of Yb:LSO. It must be
noticed that the conditions in the two configurations are not completely equivalent: in
particular the A configuration, with its short absorption length and small overall absorption,
features a more uniform pump power density deposition and probably a better geometrical
matching between the pump beam and the lasing modes, with respect to the B configuration
which has a stronger absorption and a longer absorption length (and then a more noticeable
defocusing of the pump beam along the propagation). The cooling conditions are also not
exactly equivalent, as exposed above.

The use of a different pumping and cooling geometry for the two orientations was not
deliberate, but it was forced by the small size of the available sample. In order to set a similar
geometry it would be necessary to cut from the sample a slice with a thickness of 1.3 mm
across the D; direction, but the resulting piece would have a too small contact surface with the
heat sink and would probably not withstand to the thermomechanical stress associated with
the pumping process.

On the other hand, the laser action along the D, polarization can be explored both in the A
and in the B configuration, and this information can be used to intercompare the results for
the X and Y polarization, independently from the geometrical differences.

Table 1 reports the slope and power conversion efficiencies obtained for the A
configuration (propagation along b, polarization along D; and D, polarization). It can be seen
that both in D; and in D, polarization the sample reaches very high slope efficiencies 7g;, as
high as 91.6% with respect to the absorbed pump power. To our knowledge, this is one of the
highest values of slope ever reported for Yb doped materials. Overall, the D; polarization has
a slightly better performance than the D, polarization, as for each value of Toc it features a
slightly higher value of the slope efficiency, of the energy conversion efficiency #grr and a
lower value of the threshold power for the laser action.

Table 1. - Slope efficiency #s1., power conversion efficiency #grr and threshold power Py,
for propagation along b, polarization along D; and D; (A configuration of Fig. 4), and
various values of the transmission of the output coupler Toc.

Toc Pol.  nsi%  nee% Py (W) Pol.  nsi%  nere% P (W)
1.7% D, 79.6 71.8 0.12 D, 82.7 72.0 0.13
6.0% D, 91.6 76.0 0.19 D, 91.0 72.3 0.31
8.4% D, 90.6 71.4 0.32 D, 88.4 62.9 0.45
183% D, 78.9 42.7 0.70 D, 70.6 31.3 0.89

These high values of slope efficiency are due to the very high quality of the material
(featuring very low parasitic losses) but also to a very favorable geometric condition, as
explained above, that is a rather short crystal length and a rather low absorption: both
elements contribute to have a very uniform pump intensity distribution along the sample
length.

Table 2. - Slope efficiency #s1, power conversion efficiency #grr and threshold power Py,
for propagation along D, polarization along b and D (B configuration of Fig. 4), and
various values of the transmission of the output coupler Toc.

Toc Pol.  5si%  nere%  Pu (W) Pol.  5si%  nere%  Pu (W)
1.7% b 53.3 46.5 0.56 D, 57.2 52.0 0.42
6.0% b 63.1 52.8 0.91 D, 67.1 58.1 0.69
8.4% b 64.6 53.1 1.05 D, 68.2 56.5 0.93
184% b 60.6 46.5 1.41 D, 60.4 45.8 1.47

Table 2 reports the values of slope efficiency, energy efficiency and lasing threshold
obtained with the B configuration (propagation along D;X, polarization along » and D,). It
can be seen that for this configuration the D, polarization has overall a slightly better
performance than the b polarization, with slightly higher values of slope efficiency and
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energy conversion efficiency, and lower values of threshold pump power. The only exception
is with the OC having transmission of 18.4% where the b polarization gave slightly higher
efficiencies and a slightly lower threshold. Fairly high values of slope efficiency, as high as
68%, were also obtained in this configuration.

The residual impact of the geometric conditions (mainly, the pump defocusing along the
sample length) can be estimated by comparing the performance obtained for D, polarization
with propagation along the b axis (Table 1), where the absorption length is 1.29 mm, and
along the D; axis (Table 2, absorption length 3.65 mm). The poorer matching between the
pump beam and the laser beam reduces the best slope efficiency from 91% to 68.2%, and
increases the minimum threshold from 0.13 W to 0.42 W.

In order to obtain a clearer insight regarding the impact of the different geometrical
conditions of the configurations A and B on the laser performances, we carried out a Caird
analysis on the slope efficiencies obtained with the different output couplers. The values of
slope efficiency #s. of Tables 1 and 2 were fitted with the following equation

)“P T, ocC

—n 2r 1
”PAL T, +L M

N

where Toc is the output coupler transmission, L are the round-trip parasitic losses and #p is
the pump coupling efficiency [25], 4 and 4, are the pump and the lasing wavelength
respectively. L and #p were used as fitting parameters. For the A configuration, polarization
along D; we obtained #p = 0.96 and L = 0.0014, whereas for the B configuration, D,
polarization we obtained 7p = 0.74 and L = 0.0021. This result confirms that the lower overall
efficiency of the B configuration was mainly due to a poorer pump matching, whereas the
round trip losses (which include not only the internal losses in the crystal, but also the
residual losses on the mirrors and the residual Fresnel reflections at the crystal surfaces) were
very low and almost comparable in both configurations. We did not extend this analysis to the
other two cases of Table 1 and 2 (configuration A, D, polarization and configuration B, b
polarization) because in these cases a shift of the lasing wavelength was observed when
changing Tqc, and this could make Eq. (1) not applicable.

From these results it can be also inferred that in the same geometrical conditions the b
polarization would perform less well than the D; polarization.

In order to compare the tuning performance between the different orientations it is better
to refer to the power conversion efficiency, rather than to the output power, because as we
have explained above the crystal absorption changes significantly for the different
orientations here considered, and so it does the laser output power. The power conversion
efficiency provides a comparison that is less affected by the overall absorption.

Regarding the tuning ranges, in the A configuration (propagation along b, polarization
along D; and D, polarization, see Fig. 7), a very broad tuning range, with a very similar
extension, was obtained both for the D; (from 994 nm to 1086 nm) and for the D, polarization
(from 993 nm to 1088 nm). The shape of the tuning curve shows some differences:, the tuning
curve for the D, polarization is more flat than the D; tuning curve and exhibits a more
uniform behavior in particular in the range from 1023 nm to 1083 nm. The peak power
conversion efficiency is similar for the two polarizations, with a slight advantage for the D;
polarization, which reflects the slightly higher values of slope efficiency found for the non-
tunable operation.

Considering the B configuration (propagation along D;, polarization along D, and b, see
Fig. 8), we see that for D, polarization the overall power conversion efficiency is similar to
that measured in the A configuration, but the tuning range now is more extended on the side
of longer wavelengths, reaching up to 1098 nm. This is probably due to the fact that with this
orientation the sample absorbs a larger portion of the pump power, allowing reaching lasing
threshold more easily in the red end of the emission band, where the emission cross section is
smaller. On the other hand, the wavelength span for shorter wavelength is slightly reduced,
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most probably due to the larger impact of the ground level absorption in the sample regions
subjected to a low pump power density.

Regarding the b polarization, its accessible tuning range is narrower than that recorded for
the D, polarization, spanning from 1003 nm to 1086 nm. Moreover, we have found it rather
difficult to have a smooth tuning along this wavelength range, with two wavelength jumps
between 1072 and 1083 nm, and between 1050.8 nm and 1043 nm. Therefore, b polarization
seems to be less favorable for tunable or broadband operation, even though the peak power
conversion efficiency is well comparable with the D; and D, polarization.

The tuning ranges here reported are among the broadest obtained with Yb doped
materials. To our knowledge, the broadest tuning ranges with Yb-doped materials were
obtained so far with orthosilicates as LSO, YSO and LYSO, with Yb:CaGdAlO,, and with
fluorites. In particular, Zhang et al. have obtained a tuning range from about 995 nm to 1100
nm with the Yb-doped orthosilicates LSO, YSO and LY SO [26]. Beil et al. recently reported
a tuning range extending from 1000 nm to 1090 nm and a CW output power of several watts,
with a thin disk laser based on Yb:CaGdAIO, (Yb:CALGO) [27]. Regarding Yb-doped
fluorites such as CaF, and SrF,, it was demonstrated a tuning range 1000 nm - 1072 nm and
1005 nm - 1077 nm respectively [28].

5. Conclusions

In this work we have extensively characterized the laser performance of the Yb:LSO crystal
along all its three principal dielectric axes. This characterization fills a gap in the literature,
where the Yb:LSO is usually employed in laser devices for polarization emission along its X
principal dielectric axis.

We have found that in terms of overall laser efficiency the three dielectric axes have rather
similar performance, even though the X polarization has a slightly higher efficiency than the
Z polarization and this latter in turn performs slightly better than the Y polarization. Anyway
the differences are not dramatic, and therefore in the design of a specific device or application
the choice of the crystal orientation and of the lasing polarization other than the X could be
driven by other factors than the overall efficiency (e.g. anisotropy of the thermal conductivity,
ease of growth along a specific direction, and so on), with small or no drawbacks in terms of
the laser efficiency itself.

We were able to reach very high levels of the laser slope efficiency and the power
conversion efficiency, as high as 91% for the slope efficiency for polarization along the D;
dielectric axis in the most favorable conditions. It must be underlined that this is one of the
highest slope efficiencies reported in literature not only for Yb:LSO, but in general for all Yb
doped materials.

Regarding the tuning range, our measurements have shown that both the D; and D,
orientation features a broad tuning range, which spans more than 90 nm. The tuning curve
along the two orientations shows some interesting differences, in particular the tuning for
polarization along the D, axis is significantly flat and uniform in the range from 1023 nm to
1083 nm (more than the tuning for polarization along the D; axis in the same range). This
feature could be advantageously exploited in specific applications, such as for the
development of ultrashort pulse amplifiers, because would result in a lesser distortion of the
pulse spectrum during the amplification with respect to other amplifying media.
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