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1. Introduction

Miniature laser devices that are constructed based on solid-state
waveguide (WG) structures are gaining scientific and industrial
interests owing to their hybrid functionality, highly compact
platform, and inherent robustness. Moreover, benefiting from
their small footprints, WG structures exhibit the ability of main-
taining small spot sizes and hence high intra-cavity intensities,
offering the attributes of reduced pump power threshold, high
optical gain, and efficient lasing performance! ™. Ever since
the pioneering report on laser operation of a glass WG in
19611, the merits of such a laser source have been highlighted
in a broad spectrum of waveguiding platforms, and their appli-
cations range from the visible wavelength to the mid-infrared
operating at the continuous wave (cw) and pulsed regimes'®~'),

With proper optical pumping, visible light trace may appear
in the crystal, especially in the case of Ln**-doped crystals. Such
a phenomenon is the so-called nonlinear anti-Stokes upconver-
sion (UC) resulting from excited-state absorption (ESA) and/or
from another kind of UC process that brings the excitation into
the high-lying energy levels'"'). Although such phenomena, for
most traditional laser devices that rely on the down-conversion
mechanism, are drawbacks that degrade laser performance, the
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Optical channel waveguides with depressed cladding configurations have been produced in Nd,Gd : CaF, laser crystals by
using ultrafast laser inscription. Waveguide properties are investigated in terms of guiding behaviors and localized laser-
induced lattice damages. Under an optical pump of 808 nm light, continuous-wave waveguide lasing at 1.06 um is achieved,
with a single-mode operation and a minimum lasing threshold of 98.8 mW. Furthermore, the visible emissions of Nd>*+ with
short wavelengths ranging from 415 nm to 550 nm and long wavelengths from 550 nm to 625 nm are observed upon 808 nm
laser excitation via the up-converted process. The intensity ratios of two wavelength ranges are proved to be tunable
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UC technology has rapidly progressed due to its unique advan-
tages in advancing diverse applications such as high-level
security fields!?), solar cell development!'>'*], biological imag-
ing!"!, novel wavelength generation, and visible laser emis-
sion!'®!”]. Combining these characteristics with the advances
of WG architectures could trigger interests in their use for a
broad range of integrated photonic applications'*"/,

The past decade saw the tremendous progress of femtosecond
(fs) laser inscription (FLI) as a flexible, versatile, and relatively
low-cost technology for WG fabrication in a wide range of
transparent optical materials'>*' %, The intrinsic mechanism
considered to be responsible for WG formation is the modifica-
tion of the refractive index (RI) induced by the nonlinear photo-
ionization processes of the light-matter interaction that occurs
at the laser focus. This method works particularly well with opti-
cal crystals, and numerous WG structures have been proposed
based on the single-line, double-line, and depressed cladding
designs®®!. A depressed cladding structure consists of an
unmodified core surrounded by a number of fs-laser-induced
low-index tracks. Such geometries, which were first proposed,
to the best of our knowledge, by Okhrimchuk et al in
Nd:Y;ALO,, (Nd:YAG)?*), have been proved to be superior
to their counterparts, particularly in terms of flexible cross
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sections (in both shape and size) and polarization-independent
guidance. Up to now, WGs based on cladding configurations
have been realized in crystals such as YAG and yttrium calcium
oxyborate (YCOB) for WG lasers and nonlinear optics applica-
tions20-26-281

CaF, crystals, co-doped with Nd** ions and nonactive ions
(such as Gd3>t and Y1), have received considerable attention.
The introduction of nonactive ions has proven to be an effective
method to suppress the formation of Nd** ions, therefore,
enhancing the fluorescence quantum efficiency'***°*?, The
extensive studies on these materials are mainly motivated by
a number of salient features, including high segregation coeffi-
cient allowing large concentrations of rare-earth ions, broad
absorption spectral bandwidth making them excellent for direct
diode-pumped laser operation, and broad gain bandwidth rais-
ing the prospect of developing ultra-short pulsed laser sources.

In this work, we report on the fabrication of depressed clad-
ding WGs in Nd,Gd:CaF, crystals by using FLI. The single-
mode WG lasers at 1.06 pm have been realized along both of
the transverse polarizations. In the guiding regions, visible
UC of Nd>* ions with two wavelength ranges possessing tunable
intensity ratios is reported. This is, to the best of our knowledge,
the first report on WG lasers and UC in this material.

2. Experimental Details

The surfaces and end-facets of the Nd,Gd: CaF, crystal (2.0%
Nd3*-ions and 5.0% Gd3*-ions, atomic fraction) used in this
work are polished to an optical quality. Cladding WGs are fab-
ricated with an ultrafast Yb-doped fiber master-oscillator power
amplifier laser (IMRA FCPA p-Jewel D400) that delivers 360 fs
pulses with 500 kHz repetition rate. The central wavelength is
1047 nm. The laser beam is circularly polarized and focused
by a 0.4 numerical aperture (NA) aspheric lens into the sub-
strate. The substrate is translated perpendicular to the laser
beam axis at a speed of 20 mm/s. The average laser power depos-
ited on the sample is finely controlled and varied from 160 mW
to 100 mW with a step of 20 mW, which corresponds to pulse
energy changing from 320 nJ to 200 nJ with a step of 40 nJ.
Under these conditions, 16 tubular claddings, of 35 pm to
20 pm diameters, are inscribed with the center around
100 pm below the polished top surface (10 mm X 10 mm). In
order to enhance the laser-induced RI modification, the scan-
ning process is repeated with three overlapping scans for
each track.

To investigate the guiding behavior of the WGs, a linearly
polarized 633 nm diode laser is coupled into the WG core
regions through a typical end-face coupling arrangement. The
propagation loss a is estimated by the equation

Pout=Pin'(1_R)2'e_aL'T’

where R is the Fresnel reflection coefficient, L denotes the length
of the WG, and T is related to the mismatch between the pump
beam mode and WG mode, which, for single-mode WGs, can be
expressed as
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T= (7226010)22)2,
(e O
where w; and w, are the mode widths of the WG and pump

beam, respectively. The RI contrast is roughly approximated
by using the formula

2
sin“6
An= m
n

in which 0, is the maximum incident angle, where no change of
the transmitted power is occurring, and n is the RI of the
substrate.

A fiber-coupled confocal microscope (alpha300 R, WITec
GmBH) is used to investigate the confocal micro-photolumines-
cence (u-PL) properties of the fabricated WGI as a representa-
tive. A 532 nm excitation laser is focused to a diffraction-limited
spot size onto the WG cross section by using a 50X microscope
objective with NA = 0.55, exciting the transition of Nd** ions
from the ground state *Iy/, up to the *Gs, excited state. The
backscattered p-PL corresponding to the *F5 , to *I,, emission
band is dispersed by a 600 mm focal length spectrometer with
300 grooves/mm grating (UHTS 600).

For laser characterization experiments, a Ti:sapphire cw laser
(Coherent MBR 110, USA) generating a linearly polarized beam
at 808 nm is employed as the pump source. A half-wave plate is
used to control the polarization of the pump laser beam, so that
the lasing properties in both transverse electric (TE) and trans-
verse magnetic (TM) polarizations can be investigated. The
pump beam is coupled into the WGs with a convex lens
(f = 50.8 mm), which gives a diffraction-limited pump spot size
of about 35 pm (1/e* intensity diameter) at the focus, ensuring
good overlapping between the pump mode and the guided
modes. The output beam was collected by a 20X microscope
objective. Two dielectric mirrors are butt-coupled to the pol-
ished end-facets to form a Fabry-Perot cavity for the 1.06 pm
WG laser emission. After being separated from the residual
pump, the laser emissions from the WG are detected.

Similarly, the UC emission is excited with the polarized
808 nm Ti:sapphire laser. The same end-coupling system as
for the WG laser characterization is utilized, except no cavity
mirror is applied here.

3. Results and Discussion

Figure 1(a) shows the cross-sectional images of the produced
WGs observed with an optical microscope. Zoomed-in images
of WGs fabricated with 320 nJ pulse energy and with diameters
of 35 pm (WG1), 30 pm (WG2), 25 pm (WG3), and 20 pm
(WG4) are shown in Figs. 1(b)-1(e), which reveal distinct guid-
ing boundaries without any cracks in the guiding cores or in the
bulk. The intact cores are expected to preserve comparable opti-
cal properties to the substrate and, hence, possess potentials for
laser generation.
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Fig. 1. (a) Microscopic image of the end-facet of the Nd,Gd:CaF, sample with
16 cladding WGs deeply embedded beneath the surface. (b)-(e) The cross sec-
tions of WG1-WG4.

Figure 2(a) displays the output intensity (normalized) distri-
butions measured under TM polarization. It is worthy to point
out that these WGs could support arbitrary polarizations, and
the mode distributions do not exhibit significant polarization
dependence as a result of the symmetric morphology of the clad-
ding structures. Strong optical confinements are obtained from
all WGs. Particularly, single-mode guidance is observed from
structures with a diameter of 20 pm due to the relatively small
guiding areas. Furthermore, a WG produced with 200 n]J laser
energy and 25 pm diameter, although possessing a larger size,
also supports single-mode guidance owing to the low inscription
energy that induces small RI modification. The propagation
losses of the WG are shown in Fig. 2(b), which reveals that,
in general, reduced propagation losses are obtained with larger
guiding cores and higher irradiated laser energies. The mini-
mum value is estimated to be around 0.87 dB/cm for WG1, with
negligible differences for TE and TM polarizations. Hence, all of
the results described hereafter are implemented with WG1. The
RI contrast of WG is estimated to be around 7 x 1073,

Figure 3(a) shows the p-PL emission spectra obtained from
the unmodified bulk region, WG area, and laser-induced track,
corresponding to the spots A, B, and C in the inset, respectively.
It can be observed that, at the center of the damage track, the p-
PL intensity suffers from a strong quenching, while spectra from
both WG and bulk are identical without any variance of spectral
distribution and intensity. In order to obtain the detailed modi-
fication of p-PL properties, the spatial dependences of the emit-
ted intensity, peak position, and line width (FWHM) of the
867 nm line are investigated, as displayed in Figs. 3(b)-3(d),
respectively. Meanwhile, for easy visualization and comparison,
Figs. 3(e)-3(g) show the one-dimensional (1D) profiles corre-
sponding to the positions indicated by the dashed lines in the
inset of Fig. 3(a). It is clear that obvious intensity reduction in
company with broadening of the emission line occurred at
the filament locations, indicating high density of lattice defects
and imperfections in these areas. In addition, blue shift of the -
PL emission spectra in the filaments can be observed, which is
aroused by lattice damages and expansive stress. These results
coincide well with that obtained from WG structures in
Pr :CaF, crystals fabricated by FLI®!. At the same time,
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Fig. 2. (a) Mode intensity distributions from the fabricated cladding WGs at

633 nm under TM polarization. (b) Propagation losses of WGs obtained under
both TM and TE polarizations.

identical p-PL intensity, peak position, and FWHM profiles
are observed in the WG volumes and the bulk, which means that
the core guiding region is composed by a high-quality unirradi-
ated crystalline network, which preserves the original properties
for laser and nonlinear optics applications.

The laser output power from WG1 versus incident power is
measured by using output couplers with 9% and 70% reflec-
tance, the results of which are shown in Figs. 4(a) and 4(b).
As can be seen, by using the 9% output coupler, the WG laser
system exhibits a lasing threshold as low as 98.8 mW and
1142 mW at TM and TE polarizations, respectively, while
higher slope efficiency of around 13% is obtained with the
70% coupler, which leads to a maximum output power of
35 mW with 440 mW incident pump power, corresponding
to an optical-to-optical conversion efficiency of around 8%.
One can expect better lasing performance by further optimizing
the WG structures and decreasing their propagation losses
through, for example, increasing scan times for each track or
enlarging the WG diameters. Figure 4(c) shows the generated
WG laser spectrum, centered at 1059.91 nm with an FWHM
of 6.7 nm. The inset of Fig. 4(c) demonstrates the lasing mode
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Fig. 3. (a) The room temperature p-PL emission spectra of Nd** ions obtained from the WG area (blue), the filament (green), and the bulk of Nd,Gd:CaF, crystals
(red). The inset of (a) shows the cross section of WG1. The spatial two-dimensional (2D) distributions of (b) intensity, (c] peak shift, and (d) FWHM of 867 nm
emission line obtained from the WG cross section. 1D distributions of (e) the emitted intensity, (f) energy shift, and (g) FWHM corresponding to the regions

indicated by dashed lines in the inset of (a).
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Fig. 4. cw WG laser output power as a function of the input pump power with (a) 9% and (b) 70% output coupler. (c) Spectrum of WG laser at 1059.91 nm. The inset
shows the spatial intensity distribution of the output laser with a single-mode profile.

emitted from WGI, confirming the single-mode operation at
1.06 pm, which is an intriguing feature of this laser device for
its applications.

Figures 5(a) and 5(b) exhibit photographs of visible UC emis-
sions observed in WGI1 and the bulk area, from which strong
confinement of luminescence in the WG can be observed, while
clear intensity quenching occurred in the bulk. Figures 5(c) and
5(d) show the UC luminescence spectra obtained under increas-
ing excitation power. When excited with the TE polarized laser,
as shown in Fig. 5(a), the luminescence consists of a short-wave-
length range (SWR) from 415 nm to 550 nm and a long-wave-
length range (LWR) of 550 nm to 625 nm, with each waveband
splitting into several subpeaks. In contrast, with TM polarized
laser excitation, the wavelength regions preserve the original
positions, whereas LWR is nearly absent, leading to a large
intensity ratio of SWR and LWR components. A key feature

of the spectrum, under both TE and TM polarized laser excita-
tions, is the steady increase of the luminescence emission with
the increasing excitation power.

In order to investigate the effect of polarization of the excita-
tion laser on the UC, the generated luminescence spectra are
measured as the half-wave plate rotating from angles of 0° to
90° under the same coupling conditions, corresponding to
polarization varying from TE to TM and then back to TE.
The results are shown in Fig. 6(a), further confirming the strong
polarization dependence of the luminescence spectra. To get a
clear picture of the competition between SWR and LWR, we
focus on two stationary peaks at 485 nm and 585 nm. In
Figs. 6(b) and 6(c), the experimentally determined luminescence
intensities are shown as a function of the angles of the polarizer,
which demonstrate strong periodic dependence of each peak on
the polarization. The intensity ratios between the two peaks are
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Fig. 5. Photographs of visible UC luminescence generated from (a) WG1 and (b) the bulk. UC spectra obtained from WG1 under (c) TE and (d) TM polarizations with

varying excitation powers.
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Fig. 6. (a) UC spectra from WG1 obtained with a rotating half-wave plate. Luminescence intensities of emission lines centered at (b) 485 nm and (c) 585 nm as a
function of the angles of the polarizer. The intensity ratios of (d) kgs/kgs and (e) hkgs/kgs as a function of the angles of the polarizer.

determined and presented in Figs. 6(d) and 6(e). The maximum
values of the spectral intensity ratio of Isgs/Isgs and Isgs/I4gsare
found to be 12.16 and 4.76, respectively. The variation of UC
spectra, in a first-order approximation, can be interpreted from
the perspective of ESA, whose cross sections show polarized dif-
ference in Nd>*-doped crystalline materials”®*, Additionally, it
is also noted that the higher luminescence intensity of SWR can
be obtained rather than that of LWR, indicating larger quantum
yields of Nd** ions for up-converted emissions in SWR. Such a
WG system provides us with the possibility for the construction
of UC WG lasers and controllable wavelengths of the UC
luminescence.

4. Conclusion

Cladding WGs are fabricated in a Nd,Gd: CaF, crystal by using
FLI under different inscription conditions. Propagation loss as
low as 0.87 dB/cm is obtained. WG lasers are realized with
low lasing thresholds and single-mode profiles. UC luminescen-
ces of Nd**-ions consisting of SWR from 415 nm to 550 nm
and LWR from 550 nm to 625 nm are achieved with tunable
intensity ratios of two ranges. These results make the WGs

fabricated in this work promising for constructing miniature
devices and integrated optical circuits for the 1 pm and visible
optical applications.
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