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We report on detailed spectroscopic investigations and efficient visible upconversion laser operation of
Er**:LiLuF,. This material allows for efficient resonant excited-state-absorption (ESA) pumping at
974 nm. Under spectroscopic conditions without external feedback, ESA at the laser wavelength of
552 nm prevails stimulated emission. Under lasing conditions in a resonant cavity, the high intracavity
photon density bleaches the ESA at 552 nm, allowing for efficient cw laser operation.

We obtained the highest output power of any room-temperature crystalline upconversion laser. The
laser achieves a cw output power of 774 mW at a slope efficiency of 19% with respect to the incident
pump power delivered by an optically-pumped semiconductor laser. The absorption efficiency of the
pump radiation is estimated to be below 50%.

To exploit the high confinement in waveguides for this laser, we employed femtosecond-laser pulses to
inscribe a cladding of parallel tracks of modified material into Er**:LiLuF, crystals. The core material
allows for low-loss waveguiding at pump and laser wavelengths. Under Ti:sapphire pumping at
974 nm, the first crystalline upconversion waveguide laser has been realized. We obtained waveguide-
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laser operation with up to 10 mW of output power at 553 nm.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Upconversion lasers are unconventional short-wavelength
sources as, for instance, visible radiation can be achieved with
the use of near infrared pump sources. Different rare-earth ions
allow for upconversion lasers, e.g. trivalent neodymium, thulium,
and praseodymium [1-3]. Many pumping schemes for upconver-
sion lasers use more than one pump wavelength, which limits
the compactness of these systems [1]. The goal of this work was
the realization of green upconversion lasers pumped with one sin-
gle wavelength around 970 nm, employing either Ti:sapphire or
semiconductor lasers. A similar scheme was first realized in vari-
ous Er**-doped materials by Johnson et al., although the pump
source was a flash lamp and co-doping with Yb3*-ions as well as
cooling down to 77 K were necessary to obtain upconversion lasing
in the visible spectral range [4].

Abbreviations: GSA, ground state absorption; ESA, excited state absorption;
OPSL, optically-pumped semiconductor laser; SE, stimulated emission; ESR, excited
state reabsorption.
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The most suitable host crystals for the Er**-ion are fluorides,
because they exhibit a low phonon energy which prevents the
intraionic non-radiative decay of the relevant emitting and inter-
mediate energy levels [5,6]. For this reason, upconversion lasers
based on the fluoride hosts LiYF4 and KYF, were more efficient than
those utilizing Y3Als0¢, as host material [7].

In erbium-doped materials the upconversion process is either
an intraionic or an interionic process. The intraionic process takes
place when two photons of the same wavelength are successively
absorbed by the same ion in two steps. In this case, first GSA takes
place, followed by ESA. The interionic process implies that, after
two ions have been excited by GSA, a non-radiative energy transfer
converts the de-excitation energy of one ion into a higher excita-
tion state of the other ion.

Three possible intraionic two-step excitation channels for Er3*:
LiLuF, are depicted in Fig. 1. For a low concentration of Er>*-jons,
intraionic processes are more likely than interionic processes [7].
In scheme A, the first photon at 970 nm populates the metastable
“111,-multiplet (GSA), from which the absorption of a second pho-
ton into the *F;;,-multiplet (ESA) may take place. This multiplet
decays then fast non-radiatively into the 4S3/2—multiplet. The laser
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Fig. 1. Er**:LiLuF, energy-level diagram [9] and the ESA-pumping processes for
laser emission at 552 nm and at 850 nm. Red waved arrows represent fast non-
radiative decays. Dashed arrows show possible ESR processes of laser photons. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

transition at 552 nm occurs from the 453/2—mu1tiplet into the ther-
mally coupled upper multiplet level of the *I;5/, ground state.

Pump schemes B and C require a pump source at 790 nm (B)
and 810 nm (C) [8,6], respectively. However, these schemes only
allow for a theoretical maximum photon-energy conversion of
72% and 73%, respectively, which is lower than the maximum
energy conversion of 88% regarding scheme A. This trend was also
confirmed by experimental results, which showed the highest effi-
ciency for green upconversion lasers pumped according to scheme
A[10,11].

A second laser transition at around 850 nm is also possible fol-
lowing the decay *Ssj, — *I;3)2 (Fig. 1). For this laser, the pumping
scheme B is more favorable, as it depletes the long-living laser ter-
minal level (see Section 2).

The most common upconversion laser material is Er®>*:LiYF,, but
even more efficient cw upconversion bulk lasers have been
obtained with Er*":LiLuF, [12]. LiLuF, is isomorphic to LiYF,
(Lu**-ions substitute Y**-ions) and, when doped with Er**-ions,
shows comparable spectroscopic features. Er>*:LiLuF, crystals have
been pumped with either a Ti:sapphire laser or an OPSL [12,13]. In
these experiments, a high pump fluence was required for the ESA-
pumping process in order to obtain a reasonable efficiency.

Detrimental interionic processes quench the lifetime of the
laser emitting multiplet at high Er**-concentrations. Therefore,
we used low-doped (<1.5 at.%) Er>*:LiLuF, crystals in this work.

With respect to the requirement of a high pump fluence, wave-
guide geometries could be beneficial for upconversion lasers. The
first demonstration of an erbium-based upconversion laser in
ZBLAN fibers has been reported by Whitley et al. [14]. An alterna-
tive approach is the waveguide inscription by writing multiple
tracks with femtosecond-laser pulses defining a cladding buried
inside a crystalline material, as demonstrated in Nd3*:YAG [15].
In this case, one benefits from the advantage of the waveguiding
geometry as well as from the superior spectroscopic and thermo-
mechanical properties of crystals compared to glasses.

In this paper, we present the spectroscopic analysis of GSA and
ESA at possible pump wavelengths of Er>*:LiLuF, in order to under-
stand and further underline its suitability as an upconversion-laser
medium. Additionally, the influence of ESA at the laser emission
wavelengths is considered. It will be demonstrated that the occu-
pation of the involved energy levels varies for different regimes
(under spectroscopic and lasing conditions). Although the cw-ESA
spectrum does not show net gain at the laser wavelength (see Sec-
tion 2), cw lasing is possible when the material is placed in a res-
onant cavity (see Section 3). Afterwards, laser experiments with

more than 750 mW of cw output power are presented. This repre-
sents to the best of our knowledge, the highest cw output power of
any room-temperature crystalline upconversion laser. Moreover,
the first crystalline upconversion waveguide laser is presented.

2. Spectroscopic analysis

In order to realize an upconversion laser pumped by a single
wavelength, a resonance between GSA and ESA must be present.
The region around 970 nm is the most efficient pumping channel
regarding photon energy conversion (see scheme A in Fig. 1).
Spectroscopic measurements have been carried out in the spectral
regions of pump and potential laser emission wavelengths, where
ESA either favors or could be detrimental for the emission perfor-
mance of the lasers.

For all the spectroscopic investigations an a-cut sample of an
Er’*:LiLuF, crystal fabricated by AC Materials has been employed.
It had an Er**-concentration of 1.3 at.% and a length of 10 mm.

The polarization-dependent GSA spectra have been recorded
with a Varian Cary 5000 UV-vis-NIR spectrophotometer. GSA cross
sections have been derived by employing the Lambert-Beer law.

The setup to measure polarization-dependent ESA spectra was
based on the one developed by Koetke and Huber [16]. The probe
beam consisted of a white light source emitting a broad spectrum
between 440 nm and 1750 nm (assembled system of FemtoPower
1060 and SC450-PP-HE by Fianium). The pump beam was delivered
by a tunable cw Ti:sapphire laser (Spectra Physics), emitting a max-
imum output power of ~3.5W in the investigated wavelength
range. Spectra were recorded for different pump wavelengths
between 967 nm and 975 nm and combined to one spectrum. In
this way saturation artifacts due to scattered pump light were
eliminated. As specified in [16], the obtained spectra are a superpo-
sition of GSA, SE, and ESA characteristics in dependence of the
occupation of the involved energy levels. Nevertheless, in spectral
regions where only GSA is present, a calibration of the total excita-
tion density can be performed by comparing the respective GSA
peaks with the previously determined GSA cross sections. After-
wards, the GSA characteristics can be subtracted from the spec-
trum. What remains is a superposition of ESA and SE
characteristics, where dominating ESA yields negative values and
dominating SE yields positive values. For simplicity, in this work
this superimposed ESA and SE spectrum is named ESA spectrum
and the label ogsa on the y-axes in Figs. 2 and 3 represents the
effective cross section, namely:

Opsa = Z%(GSEJ — Opsai) With Zni = N, (1)
where n; are the population densities of the excited states, n, is the
total excitation density and os; and ogsu; are the SE and the ESA
cross sections of the excited states, respectively. Fig. 2 displays
the GSA and effective ESA spectra of Er**:LiLuF, for 7- and o-polar-
izations in the wavelength range around 970 nm. The spectral res-
olution was 0.6 nm, which is comparable to the minimum width
of the spectral features. Both, the GSA and ESA cross sections are
higher in m-polarization. To find the optimum pump wavelength,
an effective ESA-pump cross section opymp Was defined as:

Opump = V —OESA * OGsA- (2)

The maximum of the product between o¢ss and oss gives an indi-
cation of the highest ESA-pumping efficiency. The square root aver-
ages the product to a quantity that has the unit of a cross section.
The minus compensates for the chosen negative sign of ogss for
dominating ESA cross sections in Fig. 2. The highest values of
Gpump are: 6.0-107%' cm? at 4p; = 974.2 nm and 5.3 - 107! cm? at
Jpz =972.0nm in m-polarization as well as 2.6-10"2'cm? at
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Fig. 2. ESA spectra in Er**:LiLuF, in 7- (a) and o-polarization (b). /1, /p» and Zpa, Ap, are for both polarizations the two wavelengths presenting the highest effective ESA-

pump cross sections Gpump (see text).
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Fig. 3. ESA measurements in Er*>":LiLuF, in 7n- and o-polarization in the spectral range between 440 nm and 880 nm. In the first inset, the green spectral range around the
possible laser wavelengths is highlighted. In the second inset, the spectral range around 850 nm, the other possible laser emission spectral range, is shown. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Jpa = 972.4nm and 1.5 - 1072 cm? at Jp, = 967.2 nm in o-polariza-
tion. The spectra depicted in Fig. 2(a) are similar to those reported
for m-polarization in [12,13] and also to the spectral characteristics
of Er*":LiYF4 [16]. However, the higher resolution of the spectra
reported here allows for a more precise refinement of the ESA cross
sections as the narrow peaks are nearly fully resolved. Moreover,
this is the first time that o-polarized ESA spectra for Er**:LiLuF,
are presented (Fig. 2(b)).

In contrast to desired ESA at the pump wavelength, ESA is det-
rimental when it occurs at the laser emission wavelength. In Fig. 3
the polarization-dependent ESA spectra in the spectral region
between 440 nm and 880 nm for Er**:LiLuF, are shown. The reso-
lution of 0.15 nm is higher than for the spectra previously reported
in [17]. The first inset shows a slightly negative ESA signal at the
expected laser emission wavelengths (540.6 nm, 551.6 nm and
552.6 nm, see Section 3) predicting at a first glance that cw laser
emission should not be possible. However, we will show that such
an interpretation is not correct.

In time-resolved ESA spectra of Er’*:LiYF, for time intervals
shorter than the radiative lifetime of the emitting *Ss/;-multiplet
(t =400 ps), in fact SE is the dominant process around
2=552nm [17]. For longer time intervals (t > ), ESA becomes
the dominant process. So, only pulsed upconversion lasing should
be possible without ESA complications. The spectra in Figs. 2 and 3
are valid for ¢t > 2 ms and thus compatible with the results reported
forlong time intervals in[17]. The variation in dependence of time of
such ESA spectra demonstrates how the population densities of the
involved energy levels can change even under spectroscopic condi-
tions. According to these considerations, the measurements under

spectroscopic conditions show that at least pulsed-laser operation
in the green spectral range should be possible.

Nevertheless, in Er*>*:LiYF, even cw upconversion laser emission
in the green spectral range can be obtained [7].In[11,17], the reab-
sorption of photons at the laser wavelength from excited energy
levels, ESR, has been recognized as probable transition in Er**:
LiYF,4. The intermediate 4113,2—multiplet is populated by non-radia-
tive decay from upper energy levels because of its relatively long
lifetime of 10 ms. This may allow for efficient ESR at the laser
wavelength via the transition *I;3, — 2Hgj2 (see Fig. 1). Although
the corresponding cross sections should be low due to the forbid-
den spin-flip required for this transition, ESR might become strong
due to an increasing population density Ny, , under cw excitation.
The change of n; under spectroscopic conditions then leads to the
negative ogsa signal at the laser wavelengths observed in Fig. 3.
The adopted pumping scheme A (see Fig. 1) efficiently depopulates
the intermediate “;, o-multiplet. Thus, its contribution to the
detected ESR in the green spectral range should be much lower
than that of the 4113,2—multiplet. Due to the small ESR probe-signal
strength during spectroscopic investigations, the recycling effect to
the upper laser multiplet “Ss; (via 2Hgj2) is small in the ESA mea-
surements, yielding a negligible effect on the population densities
n;. However, n; are expected to be significantly different under las-
ing conditions, when a strong photon flux at the laser wavelength
is present.

Simulations performed for this work and previously [18] about
Er**:LiLuF, and more recent works about Er**:LiYF, by Toma et al.
[19,20] describe the conditions for pure cw operation of the laser in
the green spectral range and the possible conflict with emission
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around A = 850 nm, as well including the earlier mentioned ESR
transition *I;3, — *Ho, at 552 nm. The solutions of the rate equa-
tions of the system reveal the contribution of the laser photon flux.
During laser experiments, the existing photon flux at the laser
transition 4S3/2 — 4115/2 can saturate the ESR-loss and enhance the
recycling efficiency into the 4S3/Z—multiplet, allowing for cw laser
operation. Consequently, although Toma et al. did not compare
their conclusions with the apparently contradicting spectroscopic
results, this explains why - despite the presence of ESR — cw laser
operation is still possible. By an appropriate evaluation of the pop-
ulation densities n; under lasing conditions, one could in principle
rescale the proportion between ESA and SE spectra in Fig. 3. It is

evident that a total negative signal of only roughly 1 - 1072! cm?
showing the dominance of ESR against SE in the green spectral
range under spectroscopic conditions can easily become positive
under lasing conditions. Even a slight bleaching of the ESR from
the 4113/2—multiplet can lead to an increase of the occupation of
the laser-emitting 4S3,2—multiplet via recycling and consequently
to a slight enhancement of SE. Absolute ESA and SE cross sections
have been reported in [21]. However, the authors did not consider
the population densities of the involved energy levels and their
variation. Consequently, it is not possible to draw a direct compar-
ison with the measurements reported here.

In Er**-doped fluoride crystals, laser emission is also possible
around 850 nm on the transition #Ss;, — *I;35,. In this case, the pref-
erable way to populate the laser-emitting *Ss/,-multiplet is via the
pumping process B in Fig. 1. The pump-ESA process starting from
the long-living final “I;3,-multiplet promotes its depletion and
favors a laser process which would be otherwise self-terminating
[8,22]. Nevertheless, theoretical works about Er**:LiYF, demon-
strate that also at 850 nm cw laser emission is possible with a high
threshold when the pumping scheme A in Fig. 1 is adopted [23].
Additionally, laser competition between green and the 850 nm laser
emission can occur [20]. The second inset in Fig. 3 shows that also
around 850 nm ESR is present. As for the green laser emission, this
process starts with the highest probability from the 4113/2—multiplet.
The spectra in Fig. 3 show the situation under spectroscopic condi-
tions, which means at a specific occupation of the involved energy
levels. If a laser photon flux at around 850 nm is considered for the
transition *Szj, — *I;352, the reversed transition *I;3, — *S, is sim-
ilar to the GSA reabsorption process that a quasi-three-level laser
experiences. Consequently, the laser can run at this wavelength,
but the laser threshold is higher than in absence of the ESR process.
One can expect that during spectroscopic measurements for short
excitation times, SE is dominant also in the 850 nm spectral range.

In conclusion, the spectroscopic investigations have revealed
that a pump wavelength of 974.2 nm in m-polarization is needed
for the most effective resonance between ESA and GSA in Er**:
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LiLuF,. It has been shown that under spectroscopic conditions with
relatively long time scales ESR processes are present on both pos-
sible laser-emission-wavelength regions of Er**:LiLuF, upconver-
sion lasers. Nevertheless, under lasing conditions with a laser
photon flux being present, the population densities of the involved
energy levels are different. ESR processes can be bleached and the
population can be recycled into the laser-emitting level. Conse-
quently, such as in Er**:LiYF,, efficient cw lasing is possible also
in Er3*:LiLuF,.

3. Laser experiments
3.1. Experiments with bulk crystals

As mentioned above, a high pump fluence is essential for
upconversion lasers based on Er**:LiLuF, crystals. Due to its good
beam quality, a Ti:sapphire laser allows for tight focusing and thus
for a high pump intensity. Another approach to achieve high pump
power at a good beam quality in the required wavelength range is
the use of OPSLs based on GaAs-InGaAs [24].

The previously described Ti:sapphire laser as well as a more
powerful OPSL (Coherent) with a maximum output power of about
10 W and a tunability range of roughly 20 nm between 960 nm and
980 nm were thus employed as pump sources.

First, upconversion laser emission was obtained in a hemispher-
ical resonator geometry when pumping with the Ti:sapphire laser.
After a focusing lens with f = 40 mm, a flat input coupling mirror
was positioned almost in contact with a 1.0 at.%-Er**-doped,
2.40 mm-long LiLuF, crystal. The mirror was coated highly trans-
missive for the pump wavelength and highly reflective for the laser
wavelength at 551.6 nm. Output coupling mirrors with a radius of
curvature of 50 mm and different transmissions between 1.0% and
5.8% at the laser wavelength were employed. A reflectivity exceed-
ing 85% for all output coupling mirrors at the pump wavelength
ensured a double-pass pumping. The length of the sample allowed
for a good overlap between both pump and laser beams with a
beam waist of roughly 30 um, ensuring the required high pump
intensity. When pumping at /p = 974.2 nm (see Section 2), an
absorption of 13% per single-pass was measured at the laser
threshold and an absorption efficiency of 24% per double pass
was estimated, considering the further bleaching of the crystal
during the second pass. In Fig. 4(a) the output power is plotted ver-
sus absorbed pump power. A maximum slope efficiency of 20.7%
and an output power of almost 80 mW at a laser wavelength of
J11 = 551.6 nm was achieved with an output coupling transmis-
sion of 4.1%. The absorption efficiency and the maximum output
power are comparable with results presented previously in a sim-
ilar setup [12], while the laser threshold has been lowered to less

0.5at. % Er’":LiLuF,, /= 4.5mm, A ,=551.6 nm
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Fig. 4. Upconversion-laser input-output curves with Er**:LiLuF, crystals. In (a), the laser emission at ;; = 551.6 nm with respect to the absorbed pump power in a twofold
hemispherical resonator with the Ti:sapphire laser as pump source is reported. In (b), the laser emission with respect to the incident pump power in a fourfold laser cavity

with the OPSL as pump source is shown.
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Fig. 5. Rhombic and elliptical claddings inscribed into 1.3 at.% Er**-doped LiLuF, crystals. In (a) and (c), microscope pictures of the rhombic and elliptical structures are
depicted. In (b) and (d), an image of the guided mode of a HeNe laser is shown for a rhombic and an elliptical cladding, respectively. The direction of the electric field vector E

parallel to the c-axis is also shown.

than 130 mW of absorbed pump power or 680 mW of incident
pump power.

To increase the absorption efficiency, a longer crystal was
employed in the hemispherical resonator already presented in
[12]. In this setup, four passes are realized by a suitable coating
on the two facets of the crystal and a hole in the input coupling
mirror of the concentric cavity.

Substituting the Ti:sapphire laser by an OPSL as pump source,
the performance could be considerably increased in terms of max-
imum pump and output power. Previously, at absorbed pump
powers higher than 1 W thermal problems arose and a pump duty
cycle of 50% had to be imposed [13].

In order to solve these thermal issues, in the fourfold resonator,
a 0.5 at.% Er**-doped LiLuF, crystal with a length of 4.5 mm was
mounted on a copper heat sink which was cooled by a Peltier ele-
ment set to a temperature around 20 °C. The crystal presents a
good combination of low Er**-doping concentration (roughly a half
than in former experiments) and roughly three times extended
length. In this way, we obtained a high absorption efficiency as
well as still a good overlap of pump and laser beams. The experi-
ments carried out with this new setup are presented in Fig. 4(b).
Applying an output coupling transmission of 4.1%, a maximum
output power of 774 mW in pure cw operation was obtained at
J11 = 551.6 nm with a slope efficiency of 18.6% with respect to
the incident pump power of the OPSL at a pump wavelength of
Jp1 = 974.2 nm. The laser threshold was reached at 2.9 W of inci-
dent pump power and the overall optical-to-optical efficiency
was overcoming 10%. The slope efficiency with respect to the
absorbed pump power was estimated to be as high as 59%.

3.2. Waveguide fabrication and waveguide lasers

As previously mentioned, the waveguide geometry is
advantageous to provide the required pump intensity for efficient
upconversion laser operation, as the light confinement ensures a
very good overlap between pump and laser modes. Moreover, it
offers a convenient way of miniaturization of the system.

Femtosecond-laser-written waveguides have been proven to be
suitable for highly efficient laser operation also in the visible spec-
tral range [25]. Furthermore, visible laser operation was demon-
strated in femtosecond-laser-written waveguides inscribed in a
Pr**-doped LiYF, crystal [26]. Therefore, the same rhombic clad-
ding geometry has been inscribed into a 1.3 at.% Er*>*-doped, -long
LiLuF4 crystal. A chirped-pulse-amplification femtosecond-laser
system (Clark-MXR CPA-2010) with a center wavelength of
775 nm, a repetition rate of 1 kHz, a pulse duration of 160 fs, and
a pulse energy up to 1 mJ has been employed. Eight parallel tracks
have been inscribed, choosing a pulse energy of 0.6 1 and a writ-
ing velocity of 25 pm/s.

For a second sample, a -long, 1.3 at.% Er**-doped LiLuF, crystal,
the writing procedure has been optimized increasing the number
of the inscribed tracks to twenty-four in an elliptical shape, but
reducing the pulse energy to 0.3 i and increasing the writing
velocity to 250 umy/s. In both crystals, the claddings have been
inscribed along one of the a-axes in order to address the 7-polariza-
tion with its higher cross sections for the laser experiments. In our
first attempts both kinds of claddings had dimensions of approxi-
mately 20 x 30 um?. The corresponding microscope pictures are
shown in Fig. 5(a) and (c).

To investigate the waveguiding properties of such structures,
the beam of a polarized HeNe-laser at 632.8 nm was coupled
into the waveguides and transmission measurements have been
performed. Additionally, the near-field guided mode was imaged
via a 50x microscope lens onto the chip of a CCD camera
(DAT-WinCamD-UCD15).

In both claddings, the waveguiding was polarization-dependent:
only light in m-polarization was guided. The mode profiles are
shown in Fig. 5(b) and (d) for the rhombic and elliptical structures,
respectively.

The advantage in using the elliptical instead of the rhombic
claddings is the much lower waveguide loss. In the case of the
rhombic waveguides, a damping below 5.3 dB/cm has been evalu-
ated, while in the elliptical claddings it was below 0.5 dB/cm,
which is a promising value, when compared to similar structures
[27]. Both dampings represent maximum values with the assump-
tion of an ideal incoupling efficiency of 100% of the HeNe-laser
beam into the waveguides.

In the resonator depicted in Fig. 6(a), the radiation of the
Ti:sapphire laser at Jp; = 974.2 nm was coupled into the wave-
guides via a microscope objective lens (10x,NA = 0.22), which
also represented an intracavity lens for realizing a stable resona-
tor. The two flat mirrors M; and M, constituted the cavity. M;
was ideally antireflective and M, highly reflective at the pump
wavelength, while their transmission at the laser wavelength
determined the total outputcoupling transmission. The total
power emission corresponded to the sum of P,, deflected by Ms
(highly transmissive at the pump wavelength and highly reflec-
tive at the laser wavelength), and P;, which was imaged onto a
powermeter sensor by a second microscope objective lens
(50x,NA = 0.5).

With the rhombic cladding, the first crystalline green upconver-
sion waveguide laser has been realized. However, the laser emis-
sion at A, = 540.6 nm was unstable and spiky with a quasi-cw
behavior. True-cw laser operation at /J;; =551.6 nm has been
recorded.

These results could be improved by adopting the elliptical
waveguides. Green cw laser emission has been obtained at
J13 = 552.6 nm with a maximum output power of 10 mW. The
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sum between the two contributions P; and P,. In (b), the laser emission in the green spectral range with respect to the incident pump power for two different total output
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article.)

input-output curves depicted in Fig. 6(b) refer to a total output
coupling transmission of 4.4% and 32%, respectively.

As predicted in [20], laser emission at /;4 = 849.8 nm could be
also achieved in both waveguides. In this case the laser output
was detectable, but unstable when operated without mirrors. Thus,
two plane mirrors M; and M, with nominal transmissions of 93.2%
and 93.4% at the laser wavelength, respectively were employed as
an external resonator. In this configuration, a maximum average
output power of 10 mW could be achieved in an elliptical cladding.
Nevertheless, the laser output was self-pulsed in all laser experi-
ments at this wavelength.

4. Conclusions

We performed detailed spectroscopic investigations of the
upconversion laser material Er**:LiLuF, with particular focus on
excited state absorption. The results prove that a pump wave-
length of 974.2 nm allows for an efficient population of the upper
laser multiplet “Ss/; via ESA. In these investigations ESR appears to
be the dominating process at the laser wavelengths around 552 nm
and 850 nm. This outcome seems to be in contradiction to the laser
results here and in previous reports [6-8]|. However, Toma et al.
[19,20,23] found steady state solutions for a rate equation system
implementing all involved energy levels and probable ESR transi-
tions at the laser wavelengths in Er**:LiYF,. From these results,
we conclude that the ESR from the long-living intermediate
4113,2—multiplet is bleached at high photon densities present in
laser resonators. As a consequence, at least for Er’":LiYF, and
Er’*:LiLuF,, but possibly also for other Er**-doped materials,
efficient cw lasing is possible despite a negative outcome of the
ESA spectroscopy. Future spectroscopic investigations focusing on
ESA will have to take this into account by evaluating the occupa-
tion of the involved energy levels in the lasing regime and possibly
record ESA spectra at high probe intensity.

In upconversion-laser experiments employing a 1.0 at.%-doped
Er**:LiLuF, crystal in a hemispherical-resonator configuration,
promising results with laser output powers of up to 80 mW at a
laser wavelength of 551.6 nm were obtained. A slope efficiency
exceeding 20% was achieved under Ti:sapphire pumping at
974.2 nm. Further experiments in a multi-pass cavity allowed for
an improved output power of up to 774 mW under pumping with
an OPSL. To the best of our knowledge, this represents the highest
cw output power of any room-temperature crystalline upconver-
sion laser. The slope efficiency with respect to the absorbed pump
power exceeding 50% even in a conservative estimation reveals the
great potential for a further increase of the output power.

Finally, crystalline femtosecond-laser-written waveguides with
rhombic and elliptical cladding configurations have been inscribed
into 1.3 at.%-doped Er>*:LiLuF, crystals. For the waveguides with
an elliptical cladding, the transmission of the fundamental mode
of a HeNe laser was measured to be below 0.5 dB/cm. This value
is low compared to similar structures previously reported [27]. In
this configuration, cw-laser output at 552.6 nm and self-pulsed
output at 849.8 nm with a maximum output power of 10 mW in
both cases were obtained under Ti:sapphire pumping. We demon-
strated the first crystalline upconversion waveguide lasers to the
best of our knowledge and the first step towards miniaturization
of the system. Further steps would be the use of diode-laser pump
sources, direct mirror coatings on the waveguide endfacets and
more compact incoupling-lens systems.
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