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Abstract: A readily configurable and scalable 2 pm laser source with multi-channel/wavelength
fiber output could be advantageous to 2 pm applications such as spectral-beam combination or fiber
communications. We report the first experimental realization and characterization of a two-channel
holmium-doped zirconium fluoride glass waveguide array laser pumped by a single thulium fiber
laser at 1945 nm. Specific laser wavelengths are selected by fiber Bragg gratings (2076.7 nm and
2074.4 nm), and single channel powers of >100 mW are achieved. Design and assembly details,
and considerations for future improvements are discussed, including the potential extension to and
beyond a 12 channel source.

Keywords: holmium ZBLAN; waveguide laser; 2 um laser; depressed cladding; multi-spectral laser;
MIR; mid-infrared

1. Introduction

2 pum laser sources are used in applications such as environmental sensing, biomedical
therapies, remote sensing, directed energy, and 2 pm-band fiber communications [1-5].
Applications such as fiber communications and spectral beam combination require mul-
tispectral output which is typically achieved using completely distinct and independent
master oscillators [6] or wavelength switchable sources [7]. The ability to bring multiple
2 um-band master oscillators into a single compact device will lead to smaller footprints
and simpler design concepts for multiplexed signal generators in a 2 um optical network, or
as an integrated suite of spectrally distinct master oscillators for spectral beam combination.

Several developments now present an opportunity to develop such a compact multi-
spectral laser device emitting in the 2 um band. In 2015, Lancaster et al. [8] demonstrated a
free-space laser architecture using an ultrafast-inscribed depressed-cladding waveguide
(WG) in a holmium-doped zirconium fluoride glass (Ho:ZBLAN), achieving over 1 W of
lasing at 2 um from a single WG. The considerable efficiency (>42%) of this Ho:ZBLAN “WG
chip” laser represented an opportunity to realize multiple high power master oscillators in
compact laser arrays of sub-millimeter pitch. Unfortunately, bulky free-space optics were
needed to couple the large mode-area/low numerical aperture (NA) WGs to compact fiber
components with very different mode-areas and NAs. In other later work, the free-space
lenses were replaced by terminating the single mode fiber (SMF) with specific lengths of
graded index fiber in a so-called graded index fiber tipped (GIF-tip) configuration [9]. In
that work the GIF-tip directly mode-matched small-core SMF to large-mode area erbium-
doped ZBLAN WGs in a duplexed mode-locked 1.5 um laser, demonstrating a way to
fiber-couple the entirety of ZBLAN WG lasers. More recent work [10] enhanced this
approach by adding a mode-expansion coreless fiber section to further improve mode
matching. In addition [10] also generalizes the design principles for tailoring such GIF-tips
for operation at other wavelengths and WG geometries.

By combining these key design features and innovations, herein we report on the
development and characterization of a compact multispectral 2 um laser array based on
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ultrafast-inscribed, wide-mode-area depressed cladding WGs in a Ho:ZBLAN substrate em-
ploying fiber Bragg gratings (FBGs) end mirrors for independent narrowband wavelength
selection, tailored GIF-tips to mode-match between SMF and wide mode area WGs, and
pumped by a single thulium fiber laser source. It is our understanding that this represents
the first demonstration of a fiber-coupled, n-wavelength scalable multi-spectral 2 um laser
array employing a single element gain medium.

2. Materials and Methods

A schematic of the multichannel Ho:ZBLAN WG laser design is shown in Figure 1.
Each laser cavity is formed between a partially reflective FBG in SMF and a common
R = 95% free-space resonator mirror, coupled through a holmium-doped ZBLAN WG for
gain, with laser output emitted from both ends of the cavity. The free-space resonator
mirror face is abutted against one ZBLAN WG facet, and at the opposite WG facet light is
coupled between the WG and SMF using a section of custom-designed mode-matching
fiber (e.g., GIF-tip). In-band pumping is provided by a home-built 1945 nm thulium fiber
laser coupled into the cavity through the FBG. Forward-propagating signal is collected
as a free-space output through the free-space resonator mirror at C;, Figure 1. Counter-
propagating signal light is separated from the pump light path via a wavelength division
multiplier (WDM) and is collected as direct fiber output at B;, Figure 1. The ~200 cm SMF
length was chosen to be long enough to facilitate any re-splicing as might be required
during setup, but would ideally be kept to a minimum for most applications. Specific
physical parameters for each channel are tabulated in Table 1.
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Figure 1. Schematic overview of the laser design. The laser cavity is pumped by a thulium fiber laser
and comprises an fiber Bragg grating (FBG) output-coupling mirror, a GIF-tip (SMF/Coreless/GIF
sections, described in text), the waveguides (WGs) embedded in the holmium-doped zirconium glass
(Ho:ZBLAN) substrate, and a partially reflective bulk resonator mirror. Pump power is monitored
at A, counter-propagating signal light as a fiber output at positions B;. and forward-propagating
signal light as free-space output after a 2000 nm long-pass filter (LPF) at positions C;, In this diagram
channel 1 is displayed above channel 2.

A key component of this laser design is the mode-matching GIF-tips employed to cou-
ple light from the SMFs to the WGs. These are fusion-spliced combinations of coreless and
graded-index fibers designed and fabricated as adapted from [11]. Briefly, the fabrication
process involves first splicing a length of SMF to a length of coreless fiber. The resulting
spliced SMF/ coreless fiber is then cleaved within the coreless fiber section at an offset from
the splice point, leaving behind a length of SMF terminated by a designed length of coreless
fiber. The process is then similarly repeated with GIF to add the desired length of GIF to
the SMF/ coreless fiber stack. The geometric parameters of the GIF-tips are noted in Table 1.
For mode-matching the key performance characteristics of a GIF-tip are divergence and
beam diameter at the GIF-tip face. The GIF-tip divergences were determined by measuring
the Dy beam diameters at 1945 nm with a pyroelectric scanning-slit camera (Ophir, NS2s-
Py/9/5/STD) over ~4 mm of propagation. As the closely spaced pair of beams overlap in
the far-field, a 7.9 x magnifying imaging relay was fitted to the camera to image the beams
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near the WG aperture where the two beams are still distinct. The measured beam diameters
as a function of propagation length are plotted in Figure 2 and the divergence (half angle)
is taken as the asymptotic slope of the hyperbolic fit of Gaussian beam radius as a function
of propagation distance.

Table 1. Physical parameters associated with each laser channel.

Parameter Channel 1 Channel 2
FBG
FBG reflectance 88% 96%
FBG peak wavelength (nm) 2076.65 2074.36
FBG bandwidth (FWHM, pm) 180 150
GIF Tip
GIF length (um) 70 71
Coreless fiber length (um) 165 162
WG
WG core diameter (um) 40 40
WG cladding diameter (um) 110 110
WG length (mm) 11.75 11.75
Cavity
Laser cavity physical path length (cm) 220 £ 15 220 + 15
Laser cavity optical path length (cm) 334 £ 22 334 £+ 22
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Figure 2. Dy, Beam diameter as a function of propagation distance for beams emitted from the
WGs (~2075 nm) and GIF-tips (1945 nm), presented for (top) channel 1 and (bottom) channel 2
(—2000 pm to 0 um omitted for clarity). The resulting divergences (half angle) are presented next to
their respective fits, and the beam waists were 35 pm.
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The WGs’ free-space emissions at ~2075 nm were similarly measured except that,
due to equipment availability, a 2D pyroelectric camera (Ophir, Pyrocam VI) was used
instead. These are also presented in Figure 2. The divergence and beam waist of 1945 nm
emission from SMF was similarly determined and compared using both imaging systems,
confirming the equivalence of both methods within error as well as establishing a spatial
resolution limit of 12 um for these measurements.

GIF-tip and WG beam measurement and propagation fit results are presented in
Table 2. In all cases the measured beam waist diameters are 35 um, agreeing well with the
intended beam waist diameters for the GIF-tips and the expected mode field diameters
for the WGs. The difference in the GIF-tip and WG divergences is primarily attributed
to the ~7% difference in wavelengths used in each measurement. The position of the
beam waist relative to the optical facets could not readily be determined as there was no
means to calibrate the absolute position of imaging plane relative to GIF-tip/WG facet.
Assuming the waist of the beam emerging from the GIF-tip is at the GIF-tip interface
(per the intended design), these results suggest good mode overlap should be expected
between the fundamental modes of the WG and the GIF-tip beams for efficient coupling in
both directions.

Table 2. GIF-tip and WG beam measurement and propagation fit results.

Channel 1 Channel 2
Parameter
GIF-Tip WG GIF-Tip WG
Measurement wavelength (nm) 1945 2077 1945 2074
D4s Waist Diameter (ium) 35 36 34 37
Radial Divergence (deg) 2.1 2.3 2.0 2.2
M2 1.0 1.1 1.0 1.1

To arrange the multiple GIF-tips as an array, the GIF-tip terminated fibers were rigidly
pre-positioned into a glass V-groove array to affect a 500 um pitch matching the Ho:ZBLAN
WG pitch. The GIF-tips were set to protrude the V-groove by 300 pm, and bonded with UV-
curable epoxy (NOA63, Norland Products Inc., Jamesburg, USA). This allowed the fibers to
be aligned with their corresponding WGs as an array in a single alignment procedure. An
image of the dual-channel GIF-tip array assembly is shown in Figure 3b.

<Coreless »
“— WG—»

Figure 3. Ho:ZBLAN WG laser images. (a) From left to right the image shows the pair of delivery
fibers with their GIF-tips mounted onto the V-groove array, the Ho:ZBLAN substrate including the
WG’s visible owing to their fluorescence emission, and the 95%R resonator mirror laminated onto the
end of the Ho:ZBLAN substrate. (b) Close-up view of the V-groove array with two UV epoxy regions
clearly visible and the protrusion of the GIF-tips from the V-groove facet evident. (c) Close-up view
of the free-space junction between the V-groove array and the WGs. Segments of the optical sections
are noted, with boundaries indicated by red dotted-lines.
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The array of WGs were fabricated by ultrafast-laser inscription into 2.5 mol% holmium-
doped zirconium fluoride glass (University of Adelaide, Adelaide, Australia) as described
elsewhere [8,12]. The waveguides have a nominal 40 pm core diameter, 110 um cladding
diameter, and 11.75 mm length, inscribed as a linear array with a 500.0 pm pitch. As the
inscribed cladding is highly lossy, guided modes will largely be confined to diameters
comparable or smaller than the core diameter.

The facet adjacent to the broadband 2 um resonator mirror is polished to be perpen-
dicular to the WG, facilitating laminated contact between the mirror and the facet. In this
work the resonator mirror is R = 95% at 2075 nm and serves as a second output coupler.
The small output coupling of this mirror aids in diagnostics and assembly but could be also
replaced by a high reflector mirror coated directly on the WG chip. The facet adjacent to
the GIF-tip is polished at an angle of 2° relative to the WG axis to mitigate potential etalons,
and the GIF-tip array plane is tilted relative to the WG array plane to account for refraction
into the WG chip. Because the GIF-tip face and WG facets are not parallel they cannot
be brought into a laminated contact and instead were typically held at a nominal gap of
~1 um. Both WG facets are broad-band anti-reflection (AR) coated around 2 um (Edmond
Optics) to reduce losses, whereas the GIF-tip face is uncoated in this work. The coating on
the WG facets protects the optical surfaces from atmospheric moisture degradation of the
fluoride glass.

The spectra of the fiber-side output (B;, Figure 1) was collected by a wavemeter (Bristol,
771A-IR) and averaged over 64 scans of approximately 1 s duration each. Higher resolution
spectra were also taken using a 1.5 GHz free-spectral range (FSR) scanning Fabry-Pérot
interferometer (Thorlabs, SA200-18C) at a scan rate of 36 GHz/s to examine the underlying
longitudinal modes.

To facilitate an indirect measurement of the 1945 nm pump power being supplied to
the WGs during operation, the output power of each GIF-tip was measured by thermopile
power sensor (Thorlabs, S401C) and calibrated against the power observed at A Figure 1.
Optical pump powers of 924 mW (channel 1) and 883 mW (channel 2) were used for the
results presented herein. Laser output power was measured by thermopile power sensors
(Thorlabs, S302C) at the positions B; and C;, Figure 1. All power measurements are reported
as an average of 100 measurements over 1 min of collection.

3. Results

Observed lasing performance for each channel is tabulated in Table 3, with total output
power presented as the sum of the outputs from both ends of the cavity (B; and C;, Figure 1).
It was observed that output powers at lower pump powers were unstable, likely due to
the presence of a competing cavity between the uncoated GIF-tip face and the free-space
output coupler, the potential etalon formed between the FBG and the GIF-tip face, as well
as feedback to the pump laser from the GIF-tip face. To allow for experimental flexibility
the WG substrate and the fiber array are mounted on independent multi-axis positioning
stages, although it would be preferable to have rigidly bonded these two structures to a
common baseplate. Because of this, there is also the potential for alignment instability
(thermally or mechanically induced) between the V-groove and the WG chip which may
also contribute to the observed power instability. Future work to improve this design will
incorporate both anti-refection coatings on the GIF-tip face as well as a common rigid base
between the fiber array and WG elements.

High and low resolution spectra of the fiber-side outputs of the laser are presented
in Figure 4. At low resolution the spectra exhibit the expected pair of distinct spectral
channels (2074.3 nm and 2076.5 nm) and compare well with the measured FBG reflection
peaks (2074.4 nm and 2076.6 nm). The signals are more than 25 dB above the background,
and the observed linewidth is instrument resolution limited (~0.2 nm, FWHM) but in
agreement with the FBG bandwidths. At higher resolution the longitudinal modes are
observed, revealing that the modes are not evenly spaced over the measurement timeframe,
attributed to changes in the optical path length on the timescales of the measurement
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and intra-cavity etalons. The average mode spacing was determined by examination of
the average of the Fourier transform of nine individual scans giving an average mode
spacing 46 = 3 MHz, in agreement with the predicted FSR of 45 + 3 MHz of the laser
cavities. Occasionally the longitudinal modes would be stable through a few scans for
the characterization of a single mode, giving an instrument-resolution limited FWHM of
<6 MHz. Intensities were also observed to rapidly fluctuate between individual modes,
again explainable by parasitic intra-cavity etalons and vibrations.

Table 3. Experimental parameters associated with each laser channel.

Parameter Channel 1 Channel 2
Power

Input power (mW) 924 883

Total (B; + C;) output power (mW) 103 60.5
Peak Efficiency 11.1% 6.85%

Spectral

Output Wavelength (nm) 2074.3 2076.5

* Bandwidth (FWHM, nm) <0.2 <0.2
Longitudinal mode spacing (MHz) 46 =3 46 =3

* Individual mode linewidth (MHz) <6 <6

* indicates an instrument-resolution limited result.
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Figure 4. (top) Spectral line shapes of Channel 2 (blue) and Channel 1 (green) as observed at their
fiber-side outputs, each normalized to 0 dB. The line widths are instrument resolution limited.
(bottom) Single scan of a 1.5 GHz FSR Fabry-Pérot Interferometer of the fiber-side outputs. 50 MHz
scale bar for the x-axis is shown and observed detector voltage (y-axis) is scaled for best visibility.
Observed mode spacing is ~46 MHz + 3 MHz, with variations owing to cavity fluctuations occurring
over measurement timeframes.
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The most complicated part of the assembly process is aligning the fibers with their
corresponding WGs in three angular and three spatial dimensions. This was greatly
simplified by employing a commercially available glass V-groove array allowing the fiber-
array assembly to be aligned to the array of WGs in one alignment procedure. Because these
two components are not bonded to a common baseplate but were instead held in place
by their positioning hardware, they remain more susceptible to transient misalignment
due to thermal and vibrational perturbations than they might have if rigidly bonded to a
common baseplate.

4. Discussion

The laser concept presented here is fundamentally a hybrid fiber/WG photonic device.
Through the use of ultrafast laser inscribed WGs, parallelized lasing channels of compact
pitch (500 pm) result in numerous independent lasers in a compact footprint. As each
channel’s lasing wavelength is selected by an FBG, the lasing wavelengths can readily
be reconfigured to match required application requirements anywhere along the gain
pedestal of the Ho:ZBLAN substrate. For example, one might select wavelengths aligned
with atmospheric transmission windows for propagation through air, tailor the output
wavelengths to optimal gain in an array of amplifiers, or select a set of wavelengths with a
specific spectral fingerprint in a molecular sensing configuration. Although in this work
the FBGs were directly fusion-spliced into the cavity to limit intra-cavity losses, the design
can conceivably accommodate connectorized FBGs. This would enable complete and
independent reconfiguration of any or all of the device’s multiple wavelengths across the
entire Ho:ZBLAN gain bandwidth without any specialist equipment or training.

Here, both free-space and fiber-coupled laser output were also simultaneously demon-
strated, with the fiber-coupled output collected as a counter-propagating signal to the pump
laser. This was made possible because the similarity of pump/laser wavelengths afforded
by in-band pumping allow the fiber components to support and couple both wavelengths
similarly. However, if the pump were instead coupled into the opposite side of the cavity
using a dedicated SMF/GIF-tip, this architecture could still result in a fully fiber-coupled
and reconfigurable, compact multi-spectral laser device for a number of rare-earth doped
ZBLAN substrates with disparate pump/laser wavelengths.

Compared to the other reported Ho:ZBLAN depressed-cladding WG laser [8], the
absolute efficiencies measured here are low (<15% vs. ~42%). However, these results are not
directly comparable due to different dopant concentrations, lengths and diameters of WGs,
different intracavity losses, potential glass quality differences, and the different output
coupling arrangements employed in each work. Exploration of all of these parameters were
beyond the scope of this work. It does, however, suggest that improvements in this work’s
design, including addressing instability-inducing power losses, should result in a better
overall efficiency. Applying anti-reflective coatings to the GIF-tip facets could be an obvious
first step in this direction, as well as a more rigid mounting arrangement between GIF-tip
and WG substrate to limit vibration induced misalignment between these components.

In principle this design can scale to as many WGs as can be physically fit into the
ZBLAN substrate, provided heat loads are adequately managed. During WG inscription,
stress-induced cracking between WGs limits pitches to no smaller than ~500 um (for
the WG geometries used herein). The present substrate dimensions (~2 x 7 x 12 mm?),
allowing for a ~0.75 mm margin at the edges of the WG array, can accommodate up to
twelve independent channels. To date we have been able to procure substrates of up to
~40 mm in length, which in principle could support over 75 parallel lasers, (150 if WGs
were written from both the top and bottom surfaces of the substrate). However, the largest
V-groove array available as a standard product from our commercial supplier is 8 mm in
width, so larger V-groove arrays with suitable tolerancing would need to be sourced to
realize these extended configurations.

Aside from limitations of the physical geometry thermal management is frequently a
scale-limiting factor. In this work up to 850 mW of power per channel is dissipated without
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any specific thermal management. Managing the thermal load of more lasers across the
substrate width remains a challenge to be addressed in future work and, although standard
active thermal management strategies might be employed, an overall increase in laser
efficiency may also be a viable strategy whilst also improving output power.

5. Conclusions

The laser design presented here is a compact 2 um oscillator capable of multiple inde-
pendent spectral channels, in this case demonstrating two channels. The design can be used
as either an intrinsically fiber-coupled laser through use of a reflective broadband mirror
on one end of the cavity, or as a free-space laser through the use of a completely reflective
FBG at the other side of the cavity. Here, both were employed simultaneously as an experi-
mental convenience. The lasing wavelengths are also easily reconfigurable across the gain
bandwidth of the Ho:ZBLAN substrate through a straightforward replacement of the FBGs,
making this design highly adaptable to specific multispectral application requirements.

The observed efficiency is lower than reported in similar, indirectly comparable works,
which suggests that the efficiency could exceed 45% with further design improvements.
Given the clear drawbacks of an uncoated surface within the cavity (e.g., GIF-tip face)
and the mechanically decoupled fiber-array /WG components, there are obvious routes
to progress towards this goal. However, there are a number of other physical parameters
which also may be limiting (WG geometries, dopant concentration, etc.)

In principle this laser can scale to as many WGs as can be physically fit into the ZBLAN
substrate provided heat loads are adequately managed and appropriate V-groove arrays
can be sourced. Currently that is limited twelve independent channels by commercially
V-groove availability, but over 75 could potentially be accommodated by available ZBLAN
substrates. Thermal management in larger scales of this device remains a challenge to be
addressed in future work, although increasing overall laser efficiency to approach that
demonstrated in other similar work would both help manage thermal load and improve
output power.
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