Monolithic diamond Raman laser
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A monolithic diamond Raman laser is reported. It utilizes a 13mm radius of curvature lens etched onto the diamond surface
and dielectric mirror coatings to form a stable resonator. The performance is compared to that of a monolithic diamond
Raman laser operating in a plane-plane cavity. On pumping with a compact Q-switched laser at 532nm (16pJ pulse energy;
1.5ns pulse duration; 10kHz repetition-rate; M? <1.5), laser action was observed at the first, second and third Stokes
wavelengths (573nm, 620nm and 676nm respectively) in both cases. For the microlens cavity, a conversion efficiency of
84% was achieved from the pump to the total output power, with a slope efficiency of 88%. This compares to a conversion
efficiency of 59%, and a slope efficiency of 74% for the plane-plane case. Total Raman output powers of 134mW and
96mW were achieved for the micro-lens and plane-plane cavities respectively.

Recent advances in diamond growth [1] have allowed
laser engineers to exploit the material's unrivalled
thermo-mechanical properties and large Raman gain
coefficient [2]. This has enabled, for example,
demonstrations of high average power continuous wave
(3], [4] and pulsed [5]-[7] diamond Raman lasers at hard
to reach, but commercially significant, wavelengths from
the ultraviolet to the mid-infrared [8], [9]. The yellow-
orange spectral region is of particular interest, with
applications in ophthalmology [10], [11]; however there
are few simple, robust and compact yellow orange lasers
available.

In this letter, the feasibility of compact and robust
monolithic diamond Raman lasers is demonstrated and
the performance characteristics are reported. A
comparison 1s drawn between a 2mm long device that
uses a microlens structure to form a stable cavity and a
1.6mm long plane-plane resonator. Conversion efficiencies
of 84% and 59%, respectively, are achieved despite modest
pump pulse energies of <20pd. These efficiencies are
comparable to the 64% reported in a conventional
diamond Raman laser pumped at millijoule levels [12].

The single crystal synthetic diamond used to achieve
these results was grown using chemical vapour deposition
by Element 6 Ltd. Its birefringence was <1x10¢ and it had
a specified absorption coefficient of <0.005cm™ at 1064nm.
The sample used for the plane-plane resonator was
3.6x2x1.6mms3, while that used for the micro-lens cavity
was 4x4x2mms3,

Microlens structures were created on the latter sample
using a multi-layer “resist-reflow” process, based on [13],
followed by an inductively coupled plasma etch using
Ar/Clo. An Ar/Cly plasma etch was chosen over more
conventional Ar/Oz recipes because the low etch selectivity
between diamond and photoresist enabled the fabrication
of micro-lenses with a larger radius of curvature. An array
of 8x8 spherical micro-lenses with a diameter of
approximately 400um and radii of curvature of around
13mm were etched on one of the 4x4mm? surfaces. This is
a relatively long radius of curvature for a microlens
fabricated by resist-reflow on diamond, and was chosen to
provide the largest possible cavity mode area, hence

reducing the risk of coating damage in the microlens
sample.

The back surfaces of both diamonds were coated for
high-reflection (HR) at 532nm, to double pass the pump,
and partial reflection (PR) at the first Raman shifted
wavelength of 573nm (70% reflectivity). The front
surfaces were coated for high-transmission (HT) at the
pump wavelength (~20% reflectivity) and HR coated at
573nm.

These coated samples were tested in the experimental
setup shown in Figure 1 and Figure 2. Both were pumped
with an Elforlight SPOT laser emitting Q-switched pulses
at 532nm with pulse durations of 1.5ns (full width at half
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Figure 1. Experimental setup used to achieve Raman laser action
in microlens and plane-plane diamond. HT: high transmission;
HR: high reflectivity; O.C.: output coupling.

Figure 2. Green to yellow/orange conversion using a monolithic
diamond Raman resonator. The photograph was taken at
maximum pump power with all three Stokes orders present.



maximum, FWHM) and pulse repetition rates between
1kHz and 10kHz. The results presented in this paper
were all taken at 10kHz; however, comparable conversion
efficiencies were observed at 1kHz.

The pump was attenuated using a combination of a half
wave-plate and a polarizing cube. It was then focused
using a 50mm focal length lens. In the case of the
microlens sample, it was focused through a single
microlens structure onto the back surface of the diamond.
This resulted in a pump spot radius of 9um, which was
found to provide slightly better performance than a pump
spot size of 18um. The microlens cavity had a
fundamental mode radius of 24um. Pump light
propagated along a <110> direction in the diamond, and
was polarized along a <100> direction in the micro-lens
case, whilst in the plane-plane system, pump light
propagated along a <100> direction and was polarized
along a <110> direction.

This set-up resulted in Raman conversion of the green
pump at 532nm to the yellow at 573nm when the pump
pulse energy reached 1.5ud for the micro-lens case and 3.7
ud for the plane-plane case. The pump energies quoted
are corrected for the 20% reflectivity of the front coating
on both diamonds. The reflectivities at the 2nd Stokes
wavelength (620nm) of the coatings deposited on the back
and front surfaces of the diamonds were 50% and 40%,
respectively. Even with this relatively high combined
output coupling of 80% per round trip, a significant
fraction of the pump power was converted to the 2nd
Stokes wavelength: 59% and 25%, respectively, for the
microlens and plane-plane cases at maximum pump
power (blue triangles in Figure 3a and Figure 3b). A small
amount of 34 Stokes emission was also present as the
pump pulse energy reached maximum (red circles in
Figure 3a and Figure 3b). Clamping of the 1st Stokes
(green squares in Figure 3a) is observed for the microlens
resonator when the 2nd Stokes rises above threshold, but
not in the plane-plane case (green squares in Figure 3b).
In the case of the microlens cavity, the pre-defined cavity
mode confines the 1st Stokes, allowing the 2rd Stokes to
efficiently extract energy. In the plane-plane cavity,
however, the cavity mode is less restricted, hence
potentially less conducive to efficient 2nd Stokes
generation. These power transfer curves were measured
using a set of calibrated filters. The output at 620nm was
measured in both the forward and backward (towards the
pump) directions, as backward emission contributed a
significant fraction of the total power in this case. Output
at the 37 Stokes in the backward direction was not
measured because the dichroic mirror required to make
the measurement reduced the incident pump power to
below the threshold for the 34 Stokes.

Using this approach, a slope efficiency of 88% for the
combined Raman output energy (black triangles and solid
line in Figure 3a) was measured for the microlens cavity,
equating to 84% pump to combined Raman conversion
efficiency at the highest pump pulse energy of 16ud, seen
in Figure 3a. A reduced conversion efficiency of 59% was
measured in the plane-plane case, with a slope efficiency
of 74% (black triangles and solid line in Figure 3b). The
maximum average powers of the combined Raman

outputs were 134mW and 96mW, respectively, for the
micro-lens and plane-plane cases.

The Raman output in the microlens case had an M2 of
6.8 x4, 1.9 x 1.5 and 1.5 x 1.3 for the 1st, 2nd and 3
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Figure 3. Energy transfer characteristics for the 1st (green
squares) 2nd (blue triangles) and 3rd Stokes orders (red circles)
and the combined Raman output (inverted black triangles) of (a)
the microlens and (b) the plane-plane diamond Raman lasers,
with () the conversion efficiency from pump to combined Raman
in the microlens and (d) plane-plane cavities.
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Figure 4. (a) Incident pump pulse (solid) compared with depleted
pump pulse for the microlens case (dashed black), the
measurement was taken at moderate pump powers. The 1st
Stokes pulse at 573nm in the microlens case: (b) below the second
Stokes threshold, and (¢) at maximum pump energy with both
2nd and 34 Stokes oscillating.

Stokes, respectively, at maximum pulse energy. The M2 of
the pump was 1.5 x 1.4. Issues with optical damage to the

coatings made M2 measurements difficult for the plane-
plane case but values were no better than 3.6 x 3, 3.3 x 2.8
and 2.7 x 2.7 for the 1st, 2nd and 31 Stokes respectively.

The 1st Stokes emission was polarized along a <110>
direction in the diamond for both the microlens and plane-
plane cavities, as would be expected from the polarization
dependence of the Raman gain [3], [14]. No difference was
observed in Raman output power when the microlens
diamond was rotated for a pump polarization along a
<111> direction. Although, in theory, orientating the
pump along a <111> direction maximizes the Raman gain
for propagation along <110> [3], [14], the Raman laser
threshold is already small, so a significant change in
Raman laser output power would not be expected.

Coating damage was observed much more readily on
the plane-plane diamond than on the microlens crystal.
Since the samples were coated in the same run, this
might be indicative of poorer diamond surface quality in
the plane-plane case.

The 1.5ns incident pump pulse is shown in Figure 4a
(solid) along with the depleted pump (dashed). In the
microlens and plane-plane cases, the 1st Stokes pulse
duration (FWHM) was 1.2ns at low pump energies (below
the threshold of the 2nd Stokes), as shown in Figure 4b. At
maximum pump energy, however, depletion of the 1st
Stokes by the 2nd Stokes, as shown in Figure 4c, meant
the FWHM of the 1st Stokes pulse was not well defined.
In the microlens case, the pulse duration of the 2nd Stokes
was measured to be 1.6ns and the 3 to be 0.9ns. Pulse
durations of 1.1ns and 0.8ns for the 2nd and 3 Stokes
respectively were measured for the plane-plane device.
Due to the significant conversion from 2nd to 34 Stokes in
the microlens cavity, it appears depletion has artificially
increased the FWHM of the 20 Stokes at maximum
pump power.

The presence of three Stokes orders was confirmed
using an Ocean Optics HR4000 spectrometer, with the
spectrum shown in Figure 5. A spectrometer resolution of
0.13nm meant any sub-structure in the peaks was
unresolved.
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Figure 5. Typical spectral output in the microlens case showing
the 15t Stokes at 573nm, 2nd Stokes at 620nm and 3 Stokes at
676nm. Similar spectra were obtained in the plane-plane case.

The observation of Raman laser oscillation in the plane-
plane case suggests that gain guiding [15] plays a role in
transverse mode formation, since any thermal lens will be



very weak. However, further experimental work 1is
required to confirm this hypothesis and to elucidate any
role gain-guiding might play in the microlens case.

A pronounced diffraction pattern is observed in the 1st
Stokes output beam from the plane-plane cavity at high
pump energies (see Figure 6a). This may be the result of
interplay between the transverse mode and the spatially
varying pump depletion and hence gain. In the case of the
microlens cavity, the diffraction pattern is less
pronounced (see Figure 6b), perhaps due to the microlens
structure stabilising the transverse mode. A detailed
analysis of these effects will be the subject of future work.

Figure 6. The 1t Stokes output beam at maximum pump pulse
energy from the plane-plane (a) and micro-lens (b) cavities. (Not
to scale.)

This demonstration highlights the ease with which
emission at the 1st, 2nd and 3rd Stokes wavelengths can be
generated in monolithic diamond Raman lasers. However,
if only yellow output (573nm) is desired, the use of
coatings with greater transmission for the higher Stokes
orders is likely to improve the conversion efficiency to the
yellow by eliminating cascaded Raman conversion. This
may also improve the output beam quality at the 1st
Stokes wavelength, which is currently being deteriorated
by generation of higher Stokes components.

In conclusion, the feasibility of compact and robust
monolithic diamond Raman lasers has been
experimentally demonstrated. A conversion efficiency of
84% was achieved using microlens structures etched onto
the front surface to form a stable cavity. In a simpler,
plane-plane design, the Raman conversion efficiency was
still 59%. Multiple Stokes orders were observed, and with
further optimization of optical coatings, highly efficient
laser action at any one of these wavelengths should be
attainable.
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