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Abstract: High resolution spectroscopy, metrology and quantum technologies (e.g. trapping
and cooling) require precision laser sources with narrow linewidth and wavelength tunability.
The widespread use of these lasers will be promoted if they are cost-effective, compact and
efficient. Alexandrite lasers with a broad tuning band pumped efficiently by low-cost red diodes
are a potential candidate, but full performance as a precision light source has not been fully
achieved. We present in this work the first continuous-wave (CW) and single-frequency
operation of a unidirectional diode-end-pumped Alexandrite ring laser with wavelength
tunability. An ultra-compact bow-tie ring cavity is developed with astigmatic compensation
and a novel ‘displaced mode’ design producing CW output power > 1 W in excellent TEMgg
mode (M? < 1.2) when using a low brightness pump (M? > 30). Wavelength tuning from 727 -
792 nm is demonstrated using a birefringent filter plate. This successful operation opens the
prospects of precision light source applications.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

With the development of the high power red-diode laser, diode-pumped Alexandrite
(Cr¥*:BeAl,0,) lasers have become more widely investigated [1-13]. The relatively high
absorption coefficient in the spectral region of red diodes guarantees sufficiently high
absorption for the gain medium and a small quantum defect between pump and laser photons
[6]. The Alexandrite laser, as an alternative to the Ti:sapphire laser, has a broad emission band
(701-858 nm) [14,15] and its long upper state lifetime (260 ps at room temperature) [16]
enables good energy storage potential for Q-switching. Excellent thermo-mechanical properties
including high thermal conductivity (23 Wm=K-1) and high fracture resistance, allow high
power operation of Alexandrite [16]. Scheps et al. demonstrated the first diode-pumped
Alexandrite laser in 1990 [1] and subsequently achieved 25 mW output power with a slope
efficiency of 28% in 1993 [2]. Output power of 1.3 W with 24.5% slope efficiency was
achieved under diode-bar-pumping in 2005 [3]. A high brightness tapered diode laser (TDL)
was utilized as pump and achieved 200 mW output power with a slope efficiency of 38% in
2013 [4]. In 2014, a diode-end-pumped Alexandrite laser was operated to obtain multi-ten watt
(> 26 W) continuous-wave (CW) output power with a slope efficiency of 49% [6]. Diode end-
pumped Alexandrite produced a TEMgo mode with a slope efficiency of 54% in 2018, which is
the highest slope efficiency diode-pumped Alexandrite laser to date [10]. These and other
studies have shown that diode-pumping of Alexandrite lasers is a promising route to
compactness, simplicity, low cost and high efficiency.

It would be desirable for diode-pumped Alexandrite lasers to have narrow linewidth,
controlled wavelength tunability and high output power to enable a multitude of precision
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applications, including light source for LIDAR [17-20], high-resolution spectroscopy [21] and
quantum technology applications [22]. Flash-lamp-pumped Q-switched unidirectional
Alexandrite ring lasers when injection seeded by Ti:sapphire or diode lasers were developed
for Lidar or spectroscopy applications [17-21], but the overall laser systems were complex,
bulky and low in efficiency. Recently, a Q-switched bi-directional Alexandrite ring laser [12]
and a Q-switched ring system in unidirectional single-longitudinal mode operation achieved by
injection seeding under pulsed diode-pumping have been developed for LIDAR applications
[13].

In this paper, we report the successful demonstration of a unidirectional single-frequency
wavelength-tunable CW Alexandrite ring laser under continuous diode-pumping at 638 nm
with an ultra-compact design. Developments and results of the unidirectional Alexandrite ring
system are described in detail. In Section 2, to assess the potential of Alexandrite Brewster-cut
rod, we present results from a compact linear cavity design producing 1.7 W CW output power
from 5.4 W pump power and with a slope efficiency of 36.3%. In Section 3, we describe a bow-
tie ring cavity design with an Alexandrite Brewster-cut rod with astigmatic compensation.
Single-frequency emission is demonstrated from unidirectional operation of the ring laser by
employing an optical diode (a Faraday rotator combined with a half-wave plate) to prevent
formation of spatial hole burning that would otherwise arise from the standing-waves in a bi-
directional cavity. Single frequency output with CW power in excess of 1 W at emission
wavelength of 752 nm is demonstrated in a TEMg mode with M? < 1.2. Wavelength tuning
from 727 to 792 nm is achieved using a birefringent filter (BiFi) plate. In section 4, the results
of the unidirectional ring cavity design of this paper are summarised, and some of the potential
strategies are highlighted for further optimisation and development of the diode-pumped
Alexandrite ring laser with narrowband, stabilised wavelength tunability and higher power
operation.

2. Compact linear diode-end-pumped Alexandrite laser

Prior to ring laser operation, this section describes an initial study of a diode-end-pumped
Brewster-cut Alexandrite crystal using a compact linear laser cavity to assess the power and
efficiency potential. Figure 1 is the schematic of the compact diode-pumped Alexandrite laser.
A c-cut Alexandrite rod with Brewster-angled end faces was used with a length of 8 mm, a
diameter of 4 mm and Cr® doping concentration of 0.22 at.%. The Alexandrite crystal was
mounted in a water-cooled copper heat-sink with its b-axis and Brewster faces orientated
horizontally in a plane-plane compact linear cavity. The absorption coefficient of the
Alexandrite rod was measured to be 6.6 cm™ with a He-Ne laser (633 nm). The crystal
temperature was maintained at 20°C. The compact linear cavity with a cavity length of 13 mm
was formed using two plane mirrors: a dichroic back mirror (BM) which was highly-
transmitting (R < 0.2%) for pump (~638 nm) and highly-reflecting (R > 99.9%) at laser
wavelength (~755 nm), and an output coupler (OC) with a reflectance of 98.8% at the laser
wavelength.

Alexandrite Beam shaping Pump
rod optics module

PW
HH )

oc BM oM, HWP

Laser
output

Fig. 1. Schematic of diode-pumped Alexandrite Brewster-cut rod with compact linear laser
cavity. BM is a dichroic back mirror, OC is an output coupler with R = 98.8%, f is an aspheric
pump lens with focal length of 50 mm. HWP is a half-wave plate for matching pump polarization
to the crystal b-axis. (CM; is a curved dichroic mirror that will be used when converting to the
ring laser.)
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Pumping was achieved with a multi-bar red-diode module, as described previously [6,8,9],
operating nominally at central wavelength of 638 nm with bandwidth (FWHM) of 1.5 nm. The
diode module is capable of providing 65 W power in CW mode with beam quality factor M?
~240 in horizontal (M%) and ~30 in vertical (M2,). Beam quality measurement throughout this
paper were made using 1SO standard D4-sigma method. Due to its highly-multimode character,
the pump beam was spatially filtered in the horizontal direction with two square mirrors acting
as a slit aperture to allow a control of the beam quality in the horizontal direction, and then
reshaped with a cylindrical lens telescope to match the horizontal size and divergence to the
vertical direction. Thus, the horizontal M value can be improved by narrowing the slit aperture
but at the expense of decreasing the power.

The pump power of 5.8 W in CW mode with M2, ~30 and M?, ~30 was available by setting
the aperture size to be 1.5 mm. A half-wave plate (HWP) was used to orient the pump light
with high polarisation purity of ~99% parallel to the high absorbing b-axis of the Alexandrite
rod. Pump absorption in the crystal was ~98%. An aspheric pump lens (f,) with focal length of
50 mm was used to focus the pump beam through a concave-convex mirror (CM;) to a spot
located near the input face of the rod with measured waist radius ®x ~62 pm and @y ~64 pum.
The purpose of adding CM; with 50 mm radius of curvature in the compact linear laser system
was to facilitate later alignment for the 4-mirror bow-tie ring cavity, without having to re-adjust
the pump beam. CM; was highly-transmitting for pump and highly-reflecting at laser
wavelength.

Figure 2 shows the results of the output power of the compact linear diode-end-pumped
Alexandrite laser versus incident pump power on the crystal.
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Fig. 2. Laser output power against CW incident pump power for the compact linear diode-end-
pumped Alexandrite laser with R = 98.8% Output Coupler. Line is linear fit to the power curve.
Inset: Spatial mode profile of the output beam with M? = 1.1 at 1.7 W output power.

The slope efficiency was 36.3% and output power of 1.7 W was produced at the incident
pump power of 5.4 W, corresponding to an optical-to-optical conversion efficiency of 31.5%.
The laser threshold was 760 mW. The inset of Fig. 2 shows the spatial profile of the output of
the compact linear cavity. The laser beam had a TEMgo beam profile with M? value of 1.1 in
both x and y directions at maximum pumping power. The spectrum of the Alexandrite laser
was centred at a wavelength of ~755 nm.

3. Diode-end-pumped unidirectional Alexandrite ring laser

This section describes an investigation of the diode-end-pumped Alexandrite laser using a bow-
tie ring cavity design for single-frequency, tunable and TEMq operation. Figure 3 shows the
Alexandrite ring cavity configuration including the Brewster-angle cut crystal as used in the
compact linear cavity.
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The 4-mirror bow-tie ring cavity incorporated astigmatic compensation using the two
identical curved (concave-convex) mirrors (CM; and CMy) with 50 mm radius of curvature.
Mirror CM; was presented in the compact linear cavity in Section 2. The folding angles (61, 82)
of these mirrors was selected as 61 = 06, = 28° to optimize the compensation of the astigmatic
distortions introduced by the Brewster-angle cut rod [23,24]. Mirror M3 was the same as the
BM for the compact linear cavity in Fig. 1, OC was an output coupler with a reflectance of
99.0% at the incident angle (01/2) of 14°. The unidirectional operation of the ring laser was
achieved by introduction of a TGG Faraday rotator (FR) and a half-wave plate (HWP) to
compensate the rotation. A quartz birefringent filter (BiFi) plate with a thickness of 0.5 mm
was inserted at Brewster angle to allow wavelength tuning of the output. Our design was
configured to have an ultra-compact cavity. The total cavity length was only ~380 mm, and the
overall footprint of the laser had dimensions 140 x 90 mm. Here, the crystal temperature was
increased to 40°C, as Alexandrite experiences increased performance at elevated temperatures
[14,15].

For the pump module, the size of the slit aperture was increased from 1.5 to 2.7 mm,
providing an increase in pump power to 10.8 W. The horizontal beam quality of the pump laser
increased to M2, ~50, while the vertical beam quality remained the same (M? , ~30).

Alexandrite

~90 mm

- p Laser
p, output

[P »|
= g

~ 140 mm

Fig. 3. Schematic of the diode-pumped unidirectional Alexandrite ring laser. CM; and CM, are
curved mirrors. M3 is a HR mirror for laser. OC is an output coupler with R = 99.0% at the
incident angle (0:/2) of 14°. The laser wavelength of the unidirectional Alexandrite laser could
be tuned using the birefringent filter (BiFi). The unidirectional operation of the ring cavity was
achieved using a TGG Faraday rotator (FR) and a half-wave plate (HWP;). The unidirectional
laser output P;, P, could be switched by rotation of the HWP;. HWP, is a second half-wave plate
for additional polarization control.

One strategy for TEMq operation of an end-pumped solid state laser is a design to produce
a laser mode waist with the size and location to match to the pump beam at the pumped end-
face of the crystal, where the majority of the inversion volume is located [6,7,25-27]. In this
bow-tie ring cavity, we employed a cavity design using a laser mode waist radius ~20 pum that
was significantly smaller than the pump radius ~64 pum but with the waist location displaced
from that of the crystal end face. The displaced location of the laser waist was chosen to allow
the expansion of the laser mode to match to the pump size at the pumped end-face of the crystal.
We denote this as the ‘displaced mode’ cavity design, as sketched in Fig. 4. The benefit of the
‘displaced mode’ cavity design with a small waist size (and hence high divergence angle) is
that it allows the use of curved mirrors with short radius of curvature, thereby enabling the
cavity to be more compact. The pump size cannot be reduced to this small laser waist size due
to its high M? and its Rayleigh length needing to be matched to the absorption depth (~1.5 mm)
of the crystal.
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Fig. 4. The ‘displaced mode’ cavity design concept. The dashed line indicates the location of the
laser mode waist in air. The aim of the design is for the expansion of the laser mode to match to
the pump beam waist at the pumped end-face of the crystal.

Figure 5(a) shows the results of the unidirectional ring laser output power against incident
pump power, without the intracavity BiFi. With pump power of 10.8 W, the unidirectional ring
laser produced output power of 1.05 W (in single direction P, as shown in Fig. 3). This
corresponds to an optical-to-optical conversion efficiency of 9.7% and a laser slope efficiency
of 11%. The laser output was in a fundamental TEMg mode with M2, = 1.12 and M?, = 1.16,
as shown in Fig. 5(b). The inset of Fig. 5(b) shows the spatial profile of the output of the
unidirectional Alexandrite ring laser. The lower slope efficiency compared to the compact
linear cavity was consistent with the high insertion losses of multiple intra-cavity elements.
Small deviations from linearity occurred in the power curve which was attributed to the
variation of the laser spatial mode induced by thermal lensing at mid-pumping power.
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Fig. 5. (a) Laser output power (P,) against CW incident pump power for the diode-end-pumped
unidirectional Alexandrite ring laser with R = 99.0% output coupler under single-frequency
operation. Line is linear fit to the power curve. (b) M? caustic fit for the single-frequency output
of the unidirectional ring laser. Inset: Spatial mode profile of the single-frequency output with
M? < 1.2 at maximum output power (1.05 W).

The spectrum of the laser was investigated by analysing the laser output with a solid Fabry-
Pérot (FP) etalon with 6.9 GHz free spectral range and finesse of 50, corresponding to a
resolving power ~140 MHz. The ring pattern produced by the interferometer was viewed on a
CMOS camera via imaging in the focal plane of an f = 150 mm lens. Single longitudinal mode
(SLM) output was achieved in the unidirectional ring laser at emission wavelength of 752 nm,
which is seen in Fig. 6 by the single ring pattern (per free spectral range) observed on the etalon.
It is noted that the cavity mode spacing of 750 MHz (for the optical path length ~400 mm) was
readily resolved by the FP etalon, and the single ring pattern confirmed the single longitudinal
mode operation. To the best of our knowledge, this is the first demonstration of unidirectional
single-longitudinal mode operation with a CW diode-pumped Alexandrite ring laser. Since the
cavity was not stabilised nor narrowed with an etalon, the spectrum could fluctuate and even
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operate on more than single mode on occasion. Further optimization can be expected by adding
of an intracavity etalon for enhanced spectral narrowing and a piezoelectric control of cavity
length for wavelength stabilisation.

Fig. 6. Spectral ring patterns from a Fabry—Pérot etalon showing single-longitudinal mode
operation at output power of 1.05 W and laser wavelength of 752 nm.

A brief investigation was conducted to explore the wavelength tunability of the
unidirectional Alexandrite ring laser. Wavelength tuning was achieved by introducing the BiFi
plate into the laser cavity and adjusting its angle. In an initial study, the variation of the CW
output power as a function of emission wavelength is shown in Fig. 7(a), and in a later
implementation in Fig. 7(b). The tuning curves were obtained at maximum pumping power
with unidirectional laser output in P, direction.
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Fig. 7. Wavelength tuning curves for the unidirectional Alexandrite ring laser, (a) using one half-
wave plate (HWP;), and (b) using two half-wave plates (HWP; and HWP,).

In the first study, the unidirectional ring operation was able to be maintained from 727 to
792 nm over a total tuning range of 65 nm, shown in Fig. 7(a). The wavelength tuning curve
exhibited modulation with a periodicity of ~12 nm (with 5 main structures peaked at 728, 739,
751, 763, 777 nm). This periodic modulation is consistent with a birefringent filtering effect of
the Alexandrite crystal, which rotates the polarization of the intracavity radiation as a function
of the wavelength of the laser light when the beam path is not precisely along a crystal principal
axis (the c-axis in this case). As a result, the intracavity laser light experiences loss from
Brewster-cut faces of Alexandrite crystal except when the birefringence acts as an integer-
wavelength waveplate, and thereby resulting in the highest power at these discrete wavelengths
but preventing a smooth and continuous laser wavelength tuning. A potential reason for the
birefringent filtering is that the crystal cut is slightly mismatched with the Brewster cut. By
better crystal cut, smoother wavelength tuning should be expected.
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To improve the quality of wavelength tuning with the current Brewster-cut Alexandrite
crystal, some compensation was implemented by adding a second half-wave plate (HWP,)
between the FR and the BiFi into the ring cavity, shown in Fig. 3. Figure 7(b) shows the tuning
curve for this case. In this instance the wavelength was tuned more smoothly from 733 to 786
nm with considerably reduced modulation, with the polarization of the intracavity light partially
able to offset birefringent rotation in the laser crystal, albeit at the expense of lower output
power and slightly narrower tuning range.

It is also seen in Fig. 7 that abrupt termination of lasing occurred at the extremes of the
tuning range suggesting an extended tuning range appears possible. The tuning range is also
partially limited by the reduction of spectral coating performance of intracavity optics on either
wavelength side of the Alexandrite’s central lasing band ~755 nm. Further long-wavelength
extension is also possible by using higher temperature of the Alexandrite crystal [2,3,10].

4. Summary and outlook

We have reported the first demonstration of unidirectional single-frequency operation of a
diode-end-pumped Alexandrite ring laser in CW operation with wavelength tunability. Initially,
a diode-end-pumped Alexandrite laser using a compact linear cavity design was investigated,
CW laser output with power of 1.7 W and slope efficiency of 36.3% in a TEMqo, beam profile
with excellent M? value of 1.1 was demonstrated from 5.4 W pump power at 638 nm. Single-
frequency output was achieved in the unidirectional ring laser using a bow-tie cavity design
with output power in excess of 1 W (1.05 W) at emission wavelength of 752 nm. A slope
efficiency of 11% in a TEMg mode with good beam quality M? < 1.2 was demonstrated.
Emission wavelength was tuned between 727 and 792 nm using a birefringent filter (BiFi) plate.

These results show promise for the diode-pumped Alexandrite ring laser in single-frequency
operation with tunability. There is clearly scope for further improvement in efficiency, stability
and tuning performance, as the investigations were not fully optimized in this work. Further
optimization is expected to operate the system with better quality optics and intra-cavity
elements with reduced passive insertion loss, and operation at higher temperature for efficiency
performance enhancement and extension of tuning range to longer wavelengths [10]. An etalon
and a piezoelectric cavity length control can be added for further spectral narrowing and
wavelength stabilisation, respectively. The first successful demonstration of the unidirectional
single-frequency operation of the wavelength-tunable continuous-wave Alexandrite ring laser
opens the way for development of cost-effective and compact laser systems with narrow
linewidth, precise wavelength tunability and high power operation in realising applications in
areas such as Lidar light source, high-resolution spectroscopy and quantum technology
applications.
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