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In this Letter we report the realization of a femtosecond-
laser-written diode-pumped Pr:LiLuF, visible waveg-
uide laser. The waveguide studied in this work con-
sisted of a depressed-index cladding, whose design and
fabrication were optimized to minimize the propagation
loss. Laser emission has been achieved at 604 nm and
721nm , with output power of 86 mW and 60 mW respec-
tively and slope efficiencies of 16% and 14%. In addition,
we obtained, for the first time in a praseodymium-based
waveguide laser, stable continuous-wave laser operation
at 698 nm (3 mW of output power and 0.46% of slope ef-
ficiency), corresponding to the wavelength necessary
for the clock transition of the strontium-based atomic
clock. The waveguide laser emission at this wavelength
is mainly in the fundamental mode (i.e. the larger prop-
agation constant mode) showing a nearly gaussian in-
tensity profile. © 2023 Optica Publishing Group
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The necessity for miniaturized optical devices led to the search
for compact laser sources emitting in the visible range. A com-
mon solution is to employ laser diodes, but these devices have
some undesired characteristics as, for example, a poor beam
quality and the presence of aging effects and frequency run-
away [1]. Another class of durable and stable laser emitters
are solid state lasers (SSLs). SSLs possess emission regions
often not covered by laser diodes and are stable, have quasi-
diffraction limited output beam, and do not show the afore-
mentioned aging effects, making them ideal for long term and
aerospace applications. In addition, SSLs have the advantage of
a narrower emission bandwidth, which translates in a greater
frequency stability, with respect to laser diodes, an important
feature for metrological applications. Moreover, the invention
and the availability of Watt-level InGaN-based laser diodes al-
lows the development of inexpensive and compact diode-based
optical pumping setups for SSLs [2]. An interesting ion that
has been successfully employed in SSLs operating in the visi-
ble spectrum is praseodymium. This ion possesses absorption
lines in the emission band of InGaN-based laser diodes (approx.
445nm) and a fluorescence spectrum with lines in all the visible

spectrum, from cyan, 480 nm, to deep red, 720nm [3].

Praseodymium-doped fluoride crystals have proven to be
an optimal platform for the development of high-efficiency vis-
ible laser sources [2]. Indeed, these crystals possess a lower
crystal field strength, which translates into a reduction of ex-
cited state absorption to the 5d excited levels of Pr3* [2], and
a lower effective phonon energy with respect to oxides, corre-
sponding to lower phonon-induced decay of the upper laser
levels of Pr3* ions [3, 4]. Both these effects lead to better laser
performance. In addition, fluoride crystals have the advantage
of being chemically stable and relatively not hygroscopic, mak-
ing them suitable for the fabrication of devices, especially those
requiring long-lasting performance. Another interesting feature
of the Pr3* emission spectrum is that, if embedded in fluoride
crystals, it includes all the lines necessary for strontium-based
optical atomic clocks [5]. These lines are, for example, 689 nm
and 698 nm, employed for cooling and clock in neutral strontium
atoms.

SSLs usually employ an external cavity to achieve lasing. In
the years, many techniques were tested to fabricate more com-
pact and lightweight SSLs. Davis et al. [6] demonstrated that it
is possible to produce a localized refractive index change in a
transparent dielectric by direct irradiation with a focused fem-
tosecond laser pulse, opening the door to the fabrication of 3D
optical waveguides in the bulk of a target host. Since then, many
works have been published, reporting the operation of waveg-
uide laser in the range 1pum-2pum, using as active ion Nd3*,
Tm3* or Yb3+, [7-11], only to cite a few examples. On the con-
trary, only few results regarding praseodymium-based visible
waveguide lasers have been published [4, 12-16], mainly due
to the difficulty of obtaining such materials with low phonon
energy and a waveguide with low propagation losses in the
visible range. Laser emission in waveguides offers several ad-
vantages compared to bulk emission, i.e. lower lasing threshold,
the possibility of beam shape control and integration in complex
3D photonic devices.

In this Letter we report, for the first time to the best of our
knowledge, the operation of a femtosecond-laser-written waveg-
uide laser based on Pr:LiLuF, (Pr:LLF). Laser emission has been
achieved at 604nm, 721 nm and, for the first time in a waveg-
uide laser, 698 nm, corresponding to the line necessary for the
operation of strontium-based atomic clock.
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To fabricate a praseodymium-based waveguide laser by di-
rect femtosecond-laser irradiation we employ lithium lutetium
fluoride, LiLuF4 (LLF), as host. LLF is a tetragonal crystal,
a = 5124A ¢ = 1054 A, with a scheelite-like structure and
it is thus isomorph to LiYFy [17] but shows better properties
in terms of crystal growth and thermomechanical properties
with respect to YLF [18]. In this host, the Pr3* absorption line
lies at 444 nm for 7t polarization (E//c). The emission spectrum
covers all the visible range and depends on the polarization of
the emitted radiation. The 7-polarized fluorescence spectrum of
Pr:LLF for the 600-750 nm spectral range is composed by three
main peaks: 604 nm (*Py —3Hg), 698 nm (*Py —3F3) and 721 nm
3Py —3Fy). Absorption and fluorescence spectra can be found
in [3].

For the experiments, monocrystalline LiLuF4:Pr was grown
at University of Pisa in a Czochralski furnace from LiF,
LuF; and PrF; high purity powders [3]. The nominal dop-
ing in the melt was 1%. The obtained boule was oriented
through X-ray backscattering Laue technique in order to iden-
tify crystallographic axes and produce an a-cut oriented sam-
ple. Subsequently the crystal was polished to obtain laser-
quality optically flat facets. Final sample dimensions are
4mm(a) x4 mm(c) x8 mm(a). Due to the segregation effects [3],
the dopant concentration in the crystal is different from the nom-
inal doping in the melt. Measuring the absorption coefficient,
the effective Pr concentration can be determined by knowing
the absorption cross sections of Pr3* ions, reported in [2]. The
absorption measurement was carried out using a CARY 5000
spectrophotometer. The effective dopant concentration is esti-
mated to be 0.2%.

The fabrication of the waveguides was done in the Laser Lab-
oratory at the University of Salamanca. We used an amplified
Ti:Sapphire laser system (Spitfire ACE, Spectra Physics) that
delivers 60 fs pulses with a central wavelength of 800nm at a
repetition rate of 5kHz. The pulse energy was finely controlled
by a set of half-wave plate and a linear polarizer, followed by a
calibrated neutral density filter. Then, the beam was focused by
a 40 x microscope objective (Leica N-PLAN, N.A. 0.60) through
the sample surface (c-cut facet), while it was moved by a motor-
ized XYZ micro-positioning stage in order to obtain 8 mm long
structures.

For both transmission and laser experiments, the crystal was
placed in a copper holder connected to a thermoelectric cooler
(TEC) which allows cooling and temperature stabilization of the
sample through a custom-made setup. Different strategies [19]
were tested for waveguide inscription in the Pr:LLF sample.

Efficient structures were obtained based on both type-I
(weak) and type-II (severe) material modifications. In partic-
ular, depressed-index cladding waveguides were designed and
fabricated with different geometries, such as circular claddings,
improved circular claddings [20] or hexagonal claddings; a com-
parative study will be presented elsewhere. In this manuscript,
we analyzed in detail the best results, obtained with a depressed-
index cladding waveguide, designed to exhibit very low prop-
agation loss. It consisted of a tubular structure (radius of 20
microns) defined by parallel damage tracks with maximum sep-
aration of 2 um between them, and a set of additional tracks at
the sides, forming an “ear-like” structure. This kind of design,
even though it only supports leaky modes [21], has been demon-
strated to produce very good performance for waveguide lasers
inscribed in other host materials [20]. For the fabrication of the
waveguide, the pulse energy was set to 70nJ and the scanning
velocity was 0.60 mm/s.

A microscope picture of the waveguide cross section is shown
in Fig. 1. The measured horizontal radius is 19.6 pm and the
vertical one is 20.0 um. The coupling and transmission of polar-
ized radiation in the waveguide was explored. For that purpose,
the whole system was placed on a XYZ translation stage with
a 3-axes goniometer. A first optical characterization was per-
formed at 632.8 nm with a He-Ne laser. Several coupling lenses
have been tried in order to find the best performance, which was
obtained with a 30 mm focal length aspherical lens. As collec-
tion optics, an OLYMPUS PLN20 x microscope objective with
N.A. of 0.4 was employed, image-forming the intensity profile
of the mode of the waveguide on a beam profiler (BP, DataRay
WinCamD-UCD15). To control the positions of the optics, both
the coupling and the collection optics were placed on two 3D
precision translation stages (THORLABS MBT616D/M). The
waveguide shows very good confinement for rr-polarization,
as can be seen in Fig. 1, but shows very weak coupling of o-
polarization (E//a) in the tracks which constitute the cladding;:
this behavior is similar to that reported for cladding structures
in Pr:LiYFy [15]. The large size of the waveguide radius reflects
in a multimodal behaviour at visible wavelengths. The intensity
profile reported in figure 1 was acquired for the input alignment
condition at which the maximum output power was obtained.
To evaluate the propagation loss, input and output powers were
measured and, after subtraction of the Fresnel reflection losses
and the optics losses, an upper limit of 0.12dB/cm can be set
for -polarization (assuming the complete coupling of the inci-
dent radiation in the waveguide). This value is much smaller
than most of the previously reported femtosecond-laser written
waveguides in fluoride crystals, [13-15], and is similar to the
value reported in [16] for ultra-large area waveguides fabricated
with the helical inscription technique. For ¢ polarization, the
corresponding upper limit is about 15dB/cm. Finally, by mea-
suring the divergence of the output beam, it was possible to
estimate the reduction of refractive index at the damage tracks
due to the writing procedure, through the step-index waveguide
approximation [8], resulting in a An = —2-10™* at 632.8 nm.

Fig. 1. Microscope image (left) and intensity profile of the
m—polarized guided mode at 632.8 nm (right) for the waveg-
uide analyzed in this Letter.

Lasing of the waveguide was studied by pumping with an
InGaN-based laser diode, tuned to emit at 444 nm, in order to
match the absorption peak of Pr®* ions. The beam was collected
through a collimation lens followed by a couple of cylindrical
lenses (Schifter+Kirchhoff 5 AN-3-V-35), used to reduce the
beam astigmatism. Since the laser diode emission is polarized,
an half wavelength plate and a polarizing beam splitter were
used to regulate the pump beam power. A second half wave-
length plate was inserted to adjust the polarization of the pump
beam, in order to study the propagation of both 7r-polarization



Letter ‘

Optics Letters 3

and o-polarization at 444 nm. The maximum available power
after all these optical elements was about 1.7 W. The pump beam
was focused with an aspherical lens of 30 mm of focal length.
The focused beam was studied with the BP and has a waist diam-
eter of 60 pm in the horizontal direction and 40 pm in the vertical
direction. The corresponding value of M2 (horizontal direction)
is 20 and M?, is 1.7 (vertical direction). The definitions employed

for M2 and Mg, are those indicated in ISO 11146-1:2021 standard.

Due to the saturation of pump absorption, phenomenon ob-
served also in [8], coupling efficiency can be measured com-
paring the transmitted power with different incident power,
resulting in a value of (44 £ 2)% for m-polarization, the one
of interest for optical pumping of Pr>* ions. The same 30 mm-
focal-length lens was chosen for the laser experiments because
it allows the highest coupling efficiency of the pump beam in
the waveguide, resulting in the best compromise between waist
diameter and beam divergence, which must be limited due to
the numerical aperture of the waveguide (N.A.~ 0.03). Since the
pump coupling efficiency has been measured, both the threshold
power (Prp) and the slope efficiency (¢ = ‘ﬂ;o%), will be given
with respect to the power coupled in the waveguide (P). Here
Poyr is the laser output power.

The laser cavity was made by two plane mirrors, fig. 2.
The pump mirror is highly reflective at the laser wavelengths
(T=0.1% at 604 nm and T<10" for 698 nm and 721 nm ) and pos-
sesses high transmittance ( T>98%) at the pump wavelength.
Different output couplers (OCs) were used to obtain laser opera-
tion at the different wavelengths. Each mirror was installed in a
two-axes mount that allows fine tilt adjustment. The mount was
fixed over a 3D translation stage, allowing thus the positioning
of the mirrors butt-coupled to the crystal facets. An aspherical
lens of focal length of 20 mm was used to collect the laser emis-
sion and a 510 nm long-pass dielectric filter was used to remove
the residual pump. The laser intensity profiles were registered
with the BP placed in the conjugated plane of the waveguide
output. During laser experiments, the temperature of the sample
was maintained at 12 °C to maximize the cooling of the crystal
while avoiding moisture condensation on the sample. The whole
setup is schematized in fig. 2.
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Fig. 2. Schematics of the laser setup. LD: laser diode, CL: col-
limation lens, CYL: cylindrical lenses, HW1 and HW2: half-
wavelength plate, PBS: polarizing beam splitter, FL: focusing
lens, IC: input coupler, CRYS: crystal, OC: output coupler,
CLL: collection lens, LP: long pass dielectric filter.

Laser emission was achieved from the waveguide presented
in this Letter and the laser emission spectrum was acquired
using a QEpro spectrometer (resolution of about 1 nm).

For the orange (604 nm), a mirror with a transmission of 17%
at 604 nm was used. The maximum output power obtained was
86 mW with 7. equal to 16% and Prpy of 100mW. To achieve
lasing at 721 nm, the chosen mirror had a transmission of 46% at
721 nm and 96% at 604 nm, in order to suppress parasitic lasing
at this wavelength. The maximum output power was 60 mW,
e was 14% and Prg was equal to 280 mW. Data and linear
fit for both laser wavelengths are reported in fig. 3, where are

also shown the intensity profiles of laser emissions as insets.
The presence of multiple lobes is due to the multimodal nature
of the waveguide and the shape of the output beam depends
on the pump alignment. The intensity profiles were collected
at maximum output power and are stable reducing the pump
power. Finally, to operate the laser at 698 nm a mirror with 0.03%
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Fig. 3. Data and linear fit for 604 nm (Pty equal to 100 mW)
and 721 nm (Pt of 280 mW) wavelength. P; is the pump
power coupled in the waveguide while Pyt is the laser out-
put power. The scale bar in the intensity profiles corresponds
to 20 pm.

transmission at this wavelength was used, while its transmis-
sion at 604 nm and 721 nm is 77% and 0.05% respectively. The
maximum power obtained is 3mW while 7. is 0.46% and Prp is
25mW. Data and linear fit are shown in fig. 4. The low transmis-
sion of the OC, compared to those employed for the other two
lines, is due to the lower emission cross section of the 3Py —°F;
transition [2] with respect to that of 3Py —3F, transition. This
leads to the difficulty of obtaining free running laser emission at
this wavelength with a broadband mirror, owing to the compe-
tition with a transition of larger emission cross section. All the
laser emissions obtained are 7r-polarized.
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Fig. 4. Data and linear fit for 698 nm wavelength. (Pty is equal
to 25 mW) P, is the pump power coupled in the waveguide
while Poy;7 is the laser output power.

As it can be seen in Fig. 5, the waveguide laser at 698 nm
exhibited a very good intensity profile, constituted by a single
lobe, resembling a nearly gaussian mode. The values of Mi and
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M2 were measured by studying the laser beam focused by an
aspherical lens. The obtained values are 1.5(x) and 1.9(y). This
different behavior between the two axes can be understood in
terms of the different refractive index profile of the waveguide
along both axes due to the processing geometry, as well as due to
the presence of defects along the tracks produced during the fab-
rication process. To fully understand this result, we performed
numerical simulations of the waveguide fundamental mode by
solving the wave-equation and taking as input parameter the
refractive index decrease reported previously (An = 2-107%).
The solving method that we used was the imaginary distance
beam propagation method implemented on a finite difference
scheme of the wave equation [22]. The simulated index profile
and the obtained mode are shown in Fig. 5, where a fairly good
agreement between measured and reconstructed modal profiles
is shown. It is important to notice that even though the waveg-
uide shows many leaky modes in the visible, it is possible to
get laser emission just in a single mode, making it much more
convenient for any practical application of the laser.

Fig. 5. a) Refractive-index profile used in the numerical sim-
ulations. b) Calculated intensity profile for the fundamental
mode at 698 nm. c) Measured intensity profile of the waveg-
uide laser at 698 nm. The scale bar corresponds to 10 pm.

In conclusion, we reported the fabrication of the first Pr:LLF
based waveguide laser operating in the visible range. An
optimized-design optical waveguide was fabricated by femtosec-
ond laser direct inscription in a depressed-cladding configura-
tion, showing propagation loss as low as 0.12dB/cm. Lasing
was achieved at 604 nm and 721 nm, with output power greater
than those reported for Pr:YLF-based waveguide lasers employ-
ing waveguides of comparable dimension [14, 15]. This result
was reached using high quality materials and a carefully de-
signed low-loss waveguide. Employing ultra-large area waveg-
uides, higher output power can be obtained, at least for the
3Py —3Hg transition, but with a worse quality emission mode
[16]. Finally, we realized for the first time a waveguide laser
operating at 698 nm, corresponding to the line required for the
strontium-based atomic clock, where a few milliwatts are suf-
ficient for the clock transition [23]. The low emitted power
achieved at 698 nm could be justified by the low transmission
of the OC at this wavelength. In future experiments, a specifi-
cally designed mirror could prevent parasitic lasing at the other
two wavelengths, while enhancing emission at the desired one.
Miniaturization and stabilization of the whole system can be
reached substituting the mirrors with reflective coatings, obtain-
ing thus a compact and lightweight monolithic system with a
greater overlap efficiency between the pump mode and the laser
mode due to the lateral confinement provided by the waveg-
uide. Despite the current low output power with respect to laser
results obtained with the same active materials [2], this type of
approach offers interesting perspectives in developing small and
compact coherent devices with reduced frequency noise when

compared to classical laser devices, where refractive elements
such as etalons and birefringent plates are present and cause this
type of noise. This opens up interesting metrological applica-
tions for ultra-stable sources where powers of tens of milliwatts
are sufficient.
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