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Abstract: The availability of high-power and high-brightness blue diode lasers makes them
attractive as low-cost pump sources for broadly tunable Alexandrite lasers. In this paper we
investigate the performance of an Alexandrite laser pumped by a high-power fiber-delivered blue
diode module. Output power 1.84 W is achieved, the highest power from blue diode pumped
Alexandrite to date. Excellent pump absorption is demonstrated of scrambled pump polarization
on both a-axis and b-axis of Alexandrite crystal. Wavelength tuning and dual wavelength
operation is produced using the self-birefringent filtering of the Brewster-cut Alexandrite crystal.
An analysis is made of laser efficiency and mode formation including the creation of higher-order
Laguerre-Gaussian vortex modes (LG, and LGy,). Performance is compared to red diode
pumping and prospects for further optimization and power-scaling are discussed.
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1. Introduction

Alexandrite is a broadly tunable solid-state laser in the useful near-IR wavelength region
(~700 - 800 nm). It has very favourable thermo-mechanical properties, including high thermal
conductivity and mechanical strength that allow for high power scalability [1]. Its long upper-state
lifetime (~260 ps at room temperature) is suitable for high energy Q-switched operation [2], and
with harmonic conversion direct production of tunable UV and deep UV can be achieved. To
address its many potential applications including in medical therapeutics, remote sensing, and
quantum technologies, it is important to realise high-performance operation of Alexandrite in
low cost and compact format with potential for power scaling. The main recent development in
diode-pumped Alexandrite has been using red diode pumping, but the maturity of high power
blue GaN-based laser diodes with higher-brightness than red diodes and low cost ($/W) makes
them of interest for pumping Alexandrite. The aim of this paper is to make an investigation of
high-power blue diode pumping of Alexandrite for which we use a fiber-coupled blue pump
module, for the first time to our knowledge.

The energy level system of Alexandrite is shown in Fig. 1(a). Four-level laser emission occurs
from the 4T, — *A, vibronic transition which at room temperature has a broad fluorescence
spectrum with a useful lasing wavelength band extending from ~ 720-820 nm [3]. At elevated
temperatures the lasing wavelength has been extended as far as 858 nm [4]. With high inversion
to overcome ground-state absorption loss, lasing wavelength as short as 701 nm has been
produced [1]. There is also a long-lived three-level transition 2E — “A, with a pair of narrow
lines, the so-called R-lines, at 680.4 nm and 678.9 nm. Alexandrite is a biaxial crystal with
strong birefringence along three orthogonal principal axes with distinct refractive indices and
absorption/emission cross-sections. The laser emission is strongly polarized parallel to the crystal
b-axis which possesses the largest emission cross-section. Figure 1(b) shows the three distinct
absorption spectra for polarisation parallel to the three crystal axes. It is noted that there is a
pronounced difference in spectral shape between the three axes, however in all cases there are
two main peaks: in the yellow-red (centred at 590 nm, for b-axis) corresponding to the A, —
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4T, band and in the blue (centred at 420 nm) corresponding to the 44, — 4T band. The broad
spread of these two main vibronic bands of Alexandrite provides absorption covering the entire
visible spectrum. It is another of Alexandrite’s attractive features allowing efficient broadband
lamp-pumping [1], pumping by visible semiconductor (diode) lasers [2,3,5], and other visible
sources including Kr-ion [6], dye [5], frequency-doubled Nd:YAG and Nd:YVOy laser [6,7] and

even using LED pumping [8].
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Fig. 1. a) Energy level structure; and b) absorption spectra of Alexandrite (after [1]), dashed
lines indicate key diode wavelengths: red 638 nm; green 520 nm; blue 445 nm.

Diode-pumping provides an order of magnitude increase in efficiency to lamp pumping and has
driven a renewed research and application-focused development in Alexandrite lasers. Compared
to other non-diode laser pump sources (e.g., frequency-doubled Nd: YAG lasers), diode lasers
offer significantly better overall electrical-to-optical efficiency with lower service requirements,
more compact format, and high-power scaling at very low pump cost. To date, almost all
diode-pumping has been with red semiconductor lasers near 638 nm although in-band pumping
directly to the narrow 2E line at 680 nm has been performed [9]. The 638 nm wavelength is the
most developed red diode for display applications including the development of high-power (tens
— 100 Watt) modules with multiplexed diode-bars or single-emitters coupled into fiber-delivered
units. Using red diode pumping significant advances in diode-pumped Alexandrite lasers has
been achieved in recent years, including output power > 26 W [10], high-energy Q-switched
pulsing to >3 mJ [2], broad tunability > 100 nm [3], harmonic conversion to UV [2], and systems
developed for space-borne Lidar [11].

Given the broad absorption spectrum of Alexandrite other diode wavelengths can be considered.
Green diodes near 520 nm are possible to use, but their development has been slower than blue
diodes and delivering relatively moderate powers and lower efficiency. Green diodes also operate
in the weakest absorption region of Alexandrite making it harder to achieve spatial overlap of the
pump with the laser mode over a long absorption depth in the laser crystal.

Blue diode lasers near 445 nm on the other hand have developed with spectacular success
outperforming other visible diode lasers including red diodes in terms of power, brightness, and
cost ($/W). Blue single-emitter diodes now provide the highest visible power 6 W compared
to ~2 W for red (and ~1 W for green diodes). They operate with ~ 40% wall-plug efficiency
comparable to red diodes and considerably exceeding green diodes. The smaller blue emitter
size (lower M? or beam parameter product) and higher power make them much brighter sources
(watts/area/steradian) which is an important property required for high power end-pumping of
solid-state lasers. Both blue and red diodes are power scaled by multiplexing single emitters
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or diode bars including fiber-coupling. Blue diode-bars and multiplexed single emitters at the
multi-100 W and multi-kW power levels now out-perform red diodes driven by industrial material
processing of metals, particularly copper for battery production where the high blue absorption is
a major enhancement for processing speed [12].

It is the purpose of this paper to investigate the use of high-power blue diode pumping of
Alexandrite based on the availability of high-power, high brightness and low-cost blue diode
modules. Prior work on blue-diode pumping of Alexandrite has been done by Fibrich et al.
[13,14] using a 3.5 W single-emitter diode laser, principally looking at cryogenic cooling of
Alexandrite, spectroscopy of Alexandrite with temperature, and laser operation in a microchip
structure with laser cavity formed by the coated crystal faces. In this prior work, demonstration
was made of three-level continuous-wave operation of Alexandrite at 680 nm at low cryogenic
crystal temperatures and vibronic four-level operation at 750 nm at higher temperatures producing
over 0.5W pumped by a single emitter blue diode at 445 nm.

In this paper, we present investigations and results of a Brewster-cut Alexandrite crystal pumped
by a high-power fiber-delivered blue diode module operating in the range 444-448 nm with > 10W
power. We achieve 1.84 W power, the highest power to date from blue diode pumped Alexandrite.
The blue pump absorption uses the “A; — *T'; band where the spectral response gives highest
absorption at the crystal a-axis. However, we demonstrate that there is also excellent absorption
on the b-axis to allow near to 100% absorption of unpolarized light as occurs in high-power
fiber-delivered pump modules. We perform a full spatial and mode formation investigation
and analysis of the blue-diode pumped Alexandrite laser, including the creation of high-order
Laguerre-Gaussian LGy, and LG, (vortex) modes. Wavelength tuning and dual wavelength
operation is demonstrated and analysed as function of crystal temperature and absorbed pump
power heating using the birefringent filter effect of the Brewster-cut crystal. A consideration
is made of the efficiency factors and impact of the high quantum defect heating that occurs by
blue pumping compared to red pumping, and prospects discussed for further optimization and
power-scaling.

2. Experimental blue-diode-pumped Alexandrite laser system and results
2.1. Experimental laser system

Figure 2 shows the experimental laser system used for this investigation. The blue-diode pump
laser was a fiber-delivered diode module with compact package dimensions 50 X 42 X 18 mm.
The module was mounted on a water-cooled heat-sink for temperature control. The diode delivery
fiber had a core diameter of 105 um and numerical aperture NA =0.22. The output pump power
was greater than 10W. Its wavelength varied from 444 nm to 448 nm as its power was increased
from low to maximum. The optical output from the delivery fiber was collimated with a lens (f;)
with focal length 35 mm and then focused with a second pump lens (f,) into the Alexandrite laser
crystal. The spatial quality of the focused pump beam was measured to have a beam propagation
factor M2 ~ 75. The polarisation of the pump beam was partially scrambled with a 60:40 power
split between its major and minor polarisation axes. A half-wave plate (HWP) was used to
orientate the polarisation for maximised absorption in the Alexandrite crystal.

The Alexandrite laser was formed by a Brewster-cut Alexandrite laser crystal in a compact
linear resonator with a dichroic plane back mirror (BM) with high reflectivity at lasing waveband
(700-820 nm) and high transmission at the pump wavelength (reflection loss <0.5% at 447 nm),
and a partially-reflecting plane front mirror acting as output coupler (OC). The cavity length
was approximately 16 mm. The Brewster-cut Alexandrite crystal was chosen in preference to a
plane-cut crystal since the stock we had were AR-coating for red-diode pumping and this coating
was too reflective (~40%) at the blue pump wavelength. The Brewster-cut Alexandrite crystal had
0.24 at.% Chromium doping and was in the form of a slab with 4 X 4 mm cross-section and 8 mm
length. The crystal was c-cut, with the b-axis in the direction of the horizontal plane containing
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Fig. 2. Experimental blue-diode-pumped Alexandrite laser system.

the Brewster-angle and the a-axis in the vertical direction. It was the same crystal (crystal 2) used
in one of our previous investigations [15] using red-diode pumping of Alexandrite, allowing us
to make some direct comparison between blue-diode and red-diode pumping laser performance.
The crystal was mounted and clamped on top of a water-cooled copper holder for temperature
control with heat conduction from the base of the crystal.

The refractive index of Alexandrite at pump wavelength (n ~ 1.76) is sufficiently the same as
at the lasing wavelength (n = 1.74) for the Brewster angle to be low Fresnel reflection loss at both
pump and laser wavelength for p-polarized light. Since the polarisation of the fiber-delivered
pump was partially scrambled there was a Fresnel reflection loss ~ 25% for the s-polarized pump
component at the crystal Brewster-face, resulting in a net (measured) reflection loss ~ 12% of the
total incident pump power. Accounting for the reflection loss and measured pump transmission
through the crystal the effective absorption coefficient for the blue pump was calculated to be
~0.7 mm~! and overall, the absorbed pump power was ~87% of the incident pump power.

2.2. Laser output power

Figure 3 shows the Alexandrite laser output power versus absorbed blue pump power for a crystal
holder temperature Ty = 10 o C, and output coupler with reflectivity Roc = 99%. Two pump
focal length lenses were investigated: f, = 75 mm and f, = 50 mm producing focal pump
diameter at the crystal of 310 pm and 230 pum, respectively. For the 75 mm lens, an output power
of 1.25 W was produced for 9.6 W of absorbed pump power. The threshold pump power was ~3.7
W, and a linear fit to the power data gives a laser slope efficiency of 21%. For the 50 mm pump
lens, an output power of 1.84 W was produced, the highest power to date for a blue-diode-pumped
Alexandrite laser. The threshold pump power was ~2.5 W, with a laser slope efficiency of 26%.
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Fig. 3. Laser power versus absorbed pump power with pump lens f = 75 mm (red data)
and 50 mm (blue data) (T, = 100 C; Roc = 99%).
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An investigation was made of output laser power as a function of Alexandrite crystal temperature.
Figure 4 shows laser output power as a function of crystal holder temperature varied from 10°C
to 60°C at fixed absorbed pump power of 8.9 W and f, = 75 mm pump lens. Laser power is
notably highest at lower temperatures and decreases at higher temperatures. It is noted that this
trend is opposite to normal experience of Alexandrite laser operation when performance usually
observed to increase somewhat with higher temperature. The exact reason is unknown but may
be a feature of Brewster-cut crystal and the detailed pump-induced internal heating of the crystal
that will be discussed further in Section 2.4. The pronounced temperature dependence of laser
power was the reason the laser crystal was operated at 10°C in the results shown in Fig. 3.

Output Power (mW)

10 20 30 40 50 60
Crystal temperature (°C)

Fig. 4. Laser output power versus crystal temperature (f, = 75 mm, P, = 8.9 W,
Roc = 99%).

2.3. Spatial quality

An investigation of spatial beam quality of the laser was performed using a beam profiling
camera system. Figure 5 shows the spatial mode size (diameter) and the corresponding M? beam
propagation factor both measured using the second moment method and for the horizontal (x)
and vertical (y) directions, for both pump lens cases f, = 75 mm (Fig. 5(a)) and f, = 50 mm
(Fig. 5(b)). The spatial size is slightly elliptical with smaller horizontal than vertical size. This is
expected due to the Brewster-cut of the crystal that reshapes the pump size in the horizontal and
introduces astigmatism in the laser mode. The spatial quality is near diffraction-limited M? ~ 1
near threshold, with operation in fundamental mode. As fundamental mode diameter underfills
the gain region (d, = 310 um for f, = 75 mm; d,, = 230 um for f, = 50 mm), higher-order mode
formation occurs increasing M up to ~2.5 — 3.0 at maximum pump power.

A simple cavity analysis was made to predict laser mode size and understand spatial quality.
In our modelling, the pump-induced thermal lens produced at the input face of the Alexandrite
crystal with focal length f is taken together with the plane back mirror as equivalent to a back
cavity mirror with radius of curvature R; = f. The fundamental (Gaussian) mode diameter size
at the back mirror (the gain medium location) is given by laser mode theory

4 ) ) )
di =2w; =2 — =21=] | = 1
] : ( n ) (81(1 - 8182) n] \D )

where A is laser wavelength; L is the cavity length accounting for refractive index of Alexandrite;
gi=1-L/Ry=1-LJf, go=1-L/R, =1 are the cavity g-parameters. The latter solution
in Eq. (1), is valid for compact cavity L < f, as in our case, and where pump-induced lens
dioptric power D = 1/f. For the vertical direction in Brewster-cut crystal the effective cavity
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Fig. 5. Laser beam size (dy; dy: blue open; closed squares) and M? (M,%; Mg: red open;
closed circles) vs absorbed pump power, for pump lenses (a) f, = 75 mm; (b) f, = 50 mm.

length L = L, = l,;; + lg/n =~ 12 mm, crystal length I = 8 mm, air length /,;, = 8 mm and we
take A = 765 nm in experiments. Table 1 shows a summary of key results of pump size, pump
threshold, vertical laser mode diameter and beam quality, and dioptric lensing power for the
Jp =50 mm and 75 mm pump lenses.

Table 1. Summary of laser parameters for the two pump lens

cases
fp=50mm | f, =75mm

Pump diameter d,(um) 230 310
Pump threshold power P;h(W) 2.5 4.0
Laser mode diameter d, (um) 175 210
Beam quality at threshold M 1.0 1.0
Dioptric lens power per unit pump power 2.5 1.4
D()y(m’1 w-l )

Comparing the two pump lenses, the ratio of pump focal areas, and hence reciprocal of focal
pump intensities, is (310pum/230um)> = 1.82, the corresponding ratio of threshold pump powers
~3.8W/2.5W = 1.52, and the ratio of lensing strength Dy, per watt of pumping ~2.5/1.4 = 1.79.
All these ratios are comparable as expected, although it is noted that the pump beam Rayleigh
length in Alexandrite crystal for the f, = 50 mm lens is approximately equal to the pump
absorption depth 1/a@, ~ 1.4mm and its effective pump diameter over the region of pump
inversion is somewhat larger than its focal diameter.

When going up to maximum pumping the thermal lensing power D increases and the
fundamental mode size would be predicted to decrease by Eq. (1). The fundamental mode
increasingly under-fills the pump volume allowing the onset of higher-order modes with increasing
M? producing multimode beam diameter given by dy; = e dy where d; is the fundamental
mode diameter. It is noted from the mode diameter results of Fig. 5, that even in multimode
operation there is significant underfilling of the gain region, and the impact of this will be analysed
further in discussion section of this paper.

2.4. Spectral behavior and its temperature dependence

Figure 6 shows the peak emission laser wavelength for the f, = 75 mm pump lens. Figure 6(a)
shows laser wavelength as a function of pump power at fixed crystal holder temperature of 15°C.
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The laser operates on a single narrow spectral band, but over a narrow pumping range near 6W
operates on dual wavelength with spectral separation ~13 nm. The individual spectral lines
tune to shorter wavelength with pump power at a rate of approximately -0.50 nm/W. Figure 6(b)
shows the wavelength tuning produced by varying temperature of the laser crystal holder at fixed
absorbed pump power of 8.9 W. The laser wavelength shifts with increasing temperature at a rate
-0.07 nm/°C. Between 25°C — 30°C the laser runs dual wavelength, again with 13 nm separation.
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Fig. 6. Lasing wavelength as a function of the a) absorbed pump power, and b) crystal
holder temperature.

This spectral tuning with crystal temperature was the same as seen in our previous work with
this crystal with red diode pumping with tuning rate -0.07 nm/°C [15]. The tuning behavior
can be explained by a birefringent filter effect produced by the birefringent Alexandrite crystal
combined with its Brewster-cut faces providing a reflection loss mechanism for s-component
of polarisation. In reference 15, we show for this Brewster-cut crystal that there is a vertical
misalignment of the c-axis ~ 4° which would be a reason for the birefringence to occur when
crystal is at Brewster angle. The wavelength shift with temperature is due to the variation in
crystal refractive index birefringence An(T) between b-axis and a-axis [15]. The dual wavelength
operation with 13 nm separation is the free-spectral range (Adpsg = /1(2) /AnL) of the laser crystal
with mean wavelength 1y ~ 760 nm and crystal length L ~ 8 mm.

The pump-power dependent wavelength shift can be identified as due to the internal crystal
heating produced by the absorbed pump. By comparing the rate of wavelength shift with pump
power -0.50 nm/W with the shift due to direct crystal holder temperature change -0.07 nm/°C, it
is deduced that the effective internal crystal temperature change with respect to absorbed pump
power as seen by the laser mode is approximately 7 °C/W. At maximum pumping of 9.6 W this
corresponds to an internal crystal temperature rise ~ 67°C. With crystal holder at 15°C, this
is an effective absolute temperature ~82°C seen by the laser mode, assuming minimal thermal
resistance between the copper holder and the crystal contact.

A theoretical estimate can be made of the expected temperature rise AT at the centre of
end-pumped Alexandrite crystal (r = 0) relative to its conduction-cooled edge (at r = ry) [16]

2
In (—02 +1
Wp

where the formula applies to approximating crystal as a rod (radius ry = 2 mm) with top-hat pump
beam (radius w, = 0.15 mm) and taking pump absorption coeflicient o, = 0.7 mm~", thermal
conductivity x = 23 Wm~'K~! and heating factor n, = np = 1 — Ap/ AL = 0.41 equal to quantum
defect np for pump wavelength A, = 447 nm and lasing wavelength A; ~ 760 nm. According

P
AT = T(0,2) - T(ro, ) = T2ePr@

drk )
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to Eq. (2), the increase in temperature per Watt of incident pump power P, is predicted to be
d(AT)/dP, = 6 oC/W. This value is consistent with 7 °C/W from the previous temperature
analysis of experimentally observed birefringence-induced wavelength tuning of the crystal.

As well as the slow wavelength tuning to shorter wavelength and occurrence of dual wavelength
operation with 13 nm separation seen in both Fig. 6(a) and 6(b), there is an overall trend to
lasing at longer wavelength with increasing temperature, whether due to us directly increasing
temperature of crystal holder or by pump induced heating. This can be seen in Fig. 6(a) with
wavelength jumping from ~ 750nm to 763 nm and in Fig. 6(b) with wavelength jump from
761 nm to 774 nm. The wavelength shift with temperature is well documented for Alexandrite but
with discrete jumps in our experiment due to the birefringent filtering by the Brewster-cut crystal.
It is also noted that more general wavelength tuning can be achieved by tilting the Brewster
crystal in the vertical or horizontal direction as detailed in our prior work [15].

2.5. Spatial mode formation

Figure 7 shows examples of spatial mode formation in the laser cavity with f, = 75 mm pump
lens at different pump powers for the two output coupling mirrors Roc = 99% and Roc = 99.5%.
For the case of Rpc = 99%, Fig. a-c show that with increasing pump power the laser spatial
mode goes from fundamental Gaussian mode to higher order mode in a mode superposition.
In the case of Roc = 99.5%, with increasing pump power the laser spatial mode goes from
fundamental Gaussian mode with M2 ~ 1.0 (Fig. 7(d)), to a pure Laguerre-Gaussian LGy vortex
mode (Fig. 7(e)) with central dark singularity with topological charge 1 and measured M? ~ 2.01
(theoretical LGy, vortex mode M? = 2.0). At higher power (Fig. 7(f)) we obtain a spatial form
we associate with a LGy, mode with topological charge 2, however it has a displaced pair of
singularities that can be associated with the cavity astigmatism arising from the Brewster-cut of
the crystal. The exact reason for the difference in the spatial with the two output couplers is not
well understood but it can be conjectured that the purer mode formation with Rpc = 99.5% must
be associated with the higher intracavity flux affecting mode competition. The pump distribution
is near-Gaussian, and this will give rise to a thermally-induced lens with spherical aberration
[17] and there is known to be a pronounced difference in lensing strength that has been observed
in Alexandrite between non-lasing and lasing [18]. Formation of structured modes with defined
singularities has interesting potential applications for optical trapping and levitation [19].

Fig. 7. Spatial mode patterns for Roc = 99% at pump power a) 4.5 W, b) 6.5 W, and c) 8.5
W; and in cavity with Roc = 99.5% at pump power d) 3.7W, e) 5.5 W, and f) 8.0 W.
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3. Discussion

The blue-diode-pumped Alexandrite laser has operated with good performance. A key parameter
for laser performance is the laser slope efficiency, which was 26% for the case of f, = 50 mm
pump lens and Roc = 99% output coupler. To understand the laser efficiency, a calculation
can be performed of the various laser efficiency factors. For the blue-pump wavelength
Ay = 447 nm, the Stokes efficiency ny = A,/ = 447/760 = 59% is the ratio of laser to
pump photon energy. We measured threshold pump powers with different output couplers
(Toc =1 —Roc = 0.25%, 0.5%, 1.0%) and performed a Findlay-Clay analysis [20] to deduce
an intracavity roundtrip loss L¢ =~ 0.35%. For output mirror Roc = 99% (Toc = 1.0%) we can
define a laser output coupling efficiency noc = Toc/(Toc + Lc) = 74%. The spatial overlap
between laser mode diameter d; ~ 180 um and pump diameter d,, = 230 um (produced by
f» =50 mm pump lens), gives a beam area overlap efficiency 7z = (dr. /dp)2 = 61%. Combining
these factors gives a predicted laser slope efficiency ns = nynocns = 26.6%. This is consistent
with our measured slope efficiency 26%. It highlights that efficiency could be significantly
improved with better optimization of output coupling mirror and better beam area overlap using
optimized focal pump size and cavity design. This prospect is evidenced by prior blue-pumping
at 445 nm of a “microchip” Alexandrite laser with cavity mirrors formed by the surface coatings
on the 2.5 mm long crystal, with Roc ~ 120 98%, where a slope efficiency of 39% was achieved
[14]. The output coupling efficiency in the simple monolithic cavity of Ref. [14] would be
near unity and with the small pump diameter d;, ~ 120 wm used should have high beam overlap
efficiency.

It is interesting to compare blue-diode pumping performance with red-diode pumping. For
this same Brewster-cut Alexandrite crystal used in this study was also used in a laser system with
fiber-delivered red-diode pumping at 637 nm [15]. A slope efficiency up to 49% was achieved
when operating crystal at 10 o C in a compact cavity [15]. The red-pump slope efficiency is
intrinsically higher due to the better Stokes efficiency 7y = 4,/ = 637/760 = 84% (1.42 times
higher than blue pump) but additionally a smaller red pump diameter d, = 150 um was used
in Ref. [15] then in our blue-pumped laser so a better beam mode area overlap efficiency is
expected.

Another factor to consider for blue diode pumping is the higher quantum defect heating
np = 1— 24,/ = 41%, compared to r7p = 16% for the red pump. This should lead to a factor of
2.6 times higher thermally-induced lensing strength for the blue pump, creating greater challenge
for power scaling and operation in high spatial quality mode. On the positive side, the Alexandrite
crystal in our system was demonstrated to be able to be strongly absorb both a and b polarization
components of the blue pump module. We achieved ~ 87% absorption of almost unpolarized
incident pump light, the main loss (~12%) coming from the s-polarisation reflection at the
Brewster crystal face. With use of suitably coated plane crystal faces, we would expect ~ 99%
pump absorption. This is highly beneficial for maximum absorption efficiency of unpolarized
high power pump modules that often use polarization-combined multiple diode emitters or due
to the polarization scrambling caused by fiber-delivery. Considering the absorption spectra in
Fig. 1(b), all three polarization states see good absorption in the blue. As seen in Fig. 1(b), at
445 nm wavelength, the a-axis absorption is significantly higher and the b-axis absorption similar
to the absorption with red pumping at 638 nm on the b-axis. For the case of the red pumping,
only the b-axis polarization component is well absorbed in Alexandrite, the other polarization
component has order of magnitude lower absorption cross-section. A double-pass scheme has
been devised to absorb both pump polarization states [21] for the red-pumping but is more
cumbersome to implement than a simple single-end-pumping scheme.

We can further confirm in this study that there was no evidence of any transient blue-induced
crystal degradation in Alexandrite that has been observed to occur in blue-diode pumping of
Ti:sapphire laser crystals [22].
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4. Conclusions

This paper presents an investigation of an Alexandrite laser with high-power fiber-delivered blue
diode-pumping at ~447 nm. A laser output power of 1.84 W is achieved, the highest power to
date for a blue-diode-pumped Alexandrite laser. Excellent absorption efficiency is demonstrated
on both the crystal a-axis and b-axis, with a net effective absorption coefficient ~ 0.7 mm™!
which is higher than with red pumping at 638 nm on the b-axis. An absorption ~ 87% of
almost unpolarized incident pump light was measured with inefficiency almost entirely due to
the reflection loss at the crystal Brewster face. This shows the potential for near 100% absorption
of even an unpolarized blue pump module near 445 nm with suitably coated plane crystal faces.

The laser slope efficiency was 26% which is good but an analysis of intracavity loss and spatial
mode size showed this could be improved considerably by optimization of laser output coupling
mirror and mode area overlap with pump volume using optimized pump size and better cavity
design. Spatial beam investigation was made of second moment mode size, beam quality M?,
and mode structure. The ability to generate vortex modes under certain cavity configuration was
shown.

An investigation of output wavelength showed narrow line lasing that tuned with both laser
crystal temperature and absorbed pump power. The rise in temperature of the laser crystal due
to pump absorption is correlated to the laser wavelength tuning with temperature variation of
crystal holder. Dual wavelength operation was achieved over narrow temperature or pump power
ranges. Both the wavelength tuning behavior and dual wavelength operation is fully quantifiable
by a self-birefringent filtering effect in the Brewster-cut Alexandrite crystal.

In comparison to red diode pumping, the blue pumping is less efficient with respect to absorbed
pump power, as expected by the lower Stokes efficiency of the blue pump. A key challenge for
power scaling Alexandrite will be the high quantum defect heating in the blue compared to red
diodes, meaning blue pumps are unlikely to displace red diode pumping at high power levels.
However, superior pump absorption is possible with blue pumping, especially for unpolarized
light as commonly occurring in high-power fiber delivered pump modules. This allows superior
efficiency with respect to incident pump power and overall higher electrical (wall-plug) efficiency
of blue diodes compared to red diodes. The recent availability of very high power and higher
brightness blue fiber-delivered pump modules (even to kW powers) means blue-pumping of
Alexandrite is a viable pump option to consider and lower cost ($/W) of blue pumping would
also be a commercial consideration for product development.
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