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Abstract: We demonstrate a diamond Raman laser intracavity-pumped by
a red semiconductor disk laser (~675 nm) for laser emission at around 740
nm. Output power up to 82 mW of the Stokes-shifted field was achieved,
limited by the available pump power, with an output coupling of 1.5%. We
also report wavelength tuning of the diamond Raman laser over 736 -
750 nm.
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1. Introduction

Semiconductor disk lasers (SDLs), also known as vertical-external-cavity surface-emitting
lasers (VECSELs), have emerged as a commercial laser technology with great potential in
terms of spectral coverage and power scalability. Direct emission of SDLs ranges from ~650
nm [1] to ~5 um [2], while shorter wavelengths have been reached via nonlinear frequency
upconversion [1]. Though bandgap engineering provides exceptional wavelength flexibility,
there are certain spectral regions that cannot easily be reached by SDLs. One of these
‘difficult’ spectral regions is the 700-800 nm range, which coincides with the so-called
‘therapeutic [optical] window’, interesting for applications such as photomedicine [3-4]. Red-
emitting SDLs utilize strained GalnP/AlGalnP quantum well (QW) heterostructures [1, 5],
providing TE-polarized optical gain from ~640-700 nm [6]; however, we demonstrated that
longer wavelengths can be achieved (716-755 nm shown) via the insertion of InP quantum
dots (QDs) within the GalnP QW layers, to form a dot-in-a-well (DWELL) structure [7]. The
output power of those lasers was limited to a few tens of mW due to non-optimised thermal
offset of gain and resonances in the complex gain structure. More recently the longer
wavelengths of this spectral region have been reached via frequency up-conversion;
Rantamiki et al. demonstrated a frequency—doubled wafer-fused AlGalnAs QW SDL emitting
up to 1 W at 785 nm [8].

Here we propose a different method to achieve laser operation in the 700-800 nm
spectral region, which is based on intracavity Raman conversion of a QW-based red-emitting
SDL operating at ~675 nm. Intracavity-pumped Raman lasers are a convenient means to shift
the emission wavelength of continuous wave lasers [9], and with a fixed Stokes shift and no
phase-matching requirements they can track the broad tuning range of the SDLs. We have
previously demonstrated Raman conversion of tunable infrared SDLs based on InGaAs [10-
11] and subsequently cascaded nonlinear conversion to the yellow-orange spectral range was
achieved [12-13].



Among the several crystalline Raman media available, synthetic single-crystal diamond
grown via chemical vapour deposition (CVD) is one of the most promising as it has good
optical quality (birefringence An~10, absorption coefficient <1% cm), very large Stokes
shift (1332 cm™), high Raman gain coefficient (values up to ~20 cm/GW at 1 um reported),
unrivalled thermal conductivity (~2000 W m™! K!), and broad optical transparency (from 225
nm to 2.5 um and >6.5 um) [14-17]. Diamond Raman lasers have been developed both in
pulsed [18-19] and continuous-wave [13, 16, 20, 21] operation, and have been used for the
generation of ultraviolet [22], visible [18], near infrared [11, 13, 16, 20, 21] and mid infrared
light [23].

2. SDL design and characterization

The semiconductor disk laser (SDL) structure used in this work consisted of an
(Alo.6Gag4)o.s1Ing 40P based active region, incorporating 20 compressively-strained, 6-nm-thick
Gapaslng saP QWs, which were grouped in pairs at the ten available standing wave field
antinodes for resonant periodic gain (RPG). The pump absorbing barrier material was lattice-
matched to the GaAs substrate. The gain region was grown on top of a highly reflective (HR)
distributed Bragg reflector (DBR), having 40.5 pairs of Alo4sGagssAs/AlAs with the
reflectance stopband centre wavelength at 680 nm. The subcavity was set to be resonant at the
design emission wavelength of 675nm with a 15nm offset between the QW
photoluminescence peak at room temperature and the RPG wavelength. A commercial
frequency-doubled YVO, solid-state laser emitting at 532 nm was used to pump the SDL,
with a focus diameter Jpump = 75 um. For thermal management, an uncoated, 500-pm-thick
CVD-grown single crystal diamond was optically contacted to the intra-cavity surface of the
SDL and the bonded structure was clamped into a water-cooled brass mount with the
circulating water kept at ~7 °C.

The SDL gain structure was incorporated in a 4-mirror cavity, with the DBR of the SDL
structure as one plane end mirror, a HR folding mirror of 100 mm radius of curvature, a plane
folding mirror and a plane end mirror. A maximum output power of Pp.x=0.8 W
(OC=17.2%) was achieved for 4.1 W absorbed pump power, with a slope efficiency of
Naife = 28% with respect to the absorbed pump power. The internal loss of the SDL was
estimated via Caird analysis to be LsprL = 0.6% [24]. Wavelength tuning across a ~20 nm
range (669.4 — 688.7 nm) was achieved using an intra-cavity 2-mm-thick quartz birefringent
filter (see Fig. 1).
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Fig. 1. Tuning curve of the red-emitting SDL in a high-finesse cavity (mirror transmission: 0.0007% at 675 nm) with
a 2-mm-thick quartz birefringent filter.



3. CVD diamond characterization

The aforementioned diamond heatspreader and the diamond crystal now to be described for
nonlinear frequency conversion were custom fabricated by Element Six Ltd. The dimensions
of the CVD diamond used as the Raman medium were 2 x 2 x 8 mm®. The crystal was
specified to have low absorption and low birefringence. Measurements of the birefringence
(An) provided by the manufacturer (using the Metripol technique) varied from 2.2 — 2.7-10°¢
in the direction of propagation.

In order to reduce intracavity losses, an anti-reflective (AR) coating was applied to both
2 x 2 mm? facets, allowing the 8 mm length of the crystal to be utilized for efficient Raman
conversion. The centre wavelength of the AR coating was 710 nm with a specified (by the
coating manufacturer) reflectance coefficient of Rar <0.1% from 670 to 750 nm. The
diamond Raman crystal was cut for beam propagation along a <110> direction and oriented so
that the horizontal polarization of the SDL was parallel to a <111> direction to have access to
the largest Raman gain coefficient [16, 19]. For this crystal orientation the Raman gain
coefficient in diamond has been estimated to be ~41 cm/GW at a pump wavelength of 670 nm
[17].

We estimated the loss associated with the insertion of the diamond in the SDL cavity
using Caird analysis. The total round trip loss in the SDL cavity was calculated to be 2.0 +
0.4%, of which, from the previous Caird analysis, 0.6% was due to the SDL, leading to
estimated diamond round trip losses of 1.4 £ 0.4%. The reflectivity of the AR coating was
~0.05% at 675 nm (from the theoretical curve provided by the coating manufacturer), so the
round-trip loss due to the AR coating is ~0.2%. The remaining round trip loss (~1.2 = 0.4%)
was therefore assumed to be mostly due to absorption induced by the presence of nitrogen
impurities. The corresponding absorption coefficient is estimated to be <0.0075 = 0.0025 cm'!
at 675 nm, which is comparable with the absorption loss measured for other diamond Raman
crystals [16, 20, 21].

4. Experimental realization and results

The experimental configuration is illustrated in Fig. 2. The pump beam is focused onto the
SDL chip to a @, =75 um spot size by a 300 mm focal length plano-convex lens. The SDL-
diamond heatspreader composite was clamped into a water-cooled brass mount (water
temperature 7 °C) for thermal management. All mirrors of the fundamental cavity were HR
for both fundamental and Stokes shifted fields. The folding mirrors (FM) had radii of
curvature of 100 mm (FM1) and 50 mm (FM2), while the end mirror (M3) had radius of
curvature of 50 mm. The cavity for the fundamental 675 nm field consisted of three cavity
arms: SDL-FM1 =61 mm, FMI1-FM2 =400 mm and FM2-M3 =82.5 mm. A 4-mm-thick

BRF was inserted at Brewster’s angle within the SDL cavity, but outside the Raman
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Fig. 2. Schematic of the cavity configuration. FO - Pump focusing optics, FM - folding mirror, M3 — end mirror for
both the VECSEL and the Raman laser, HR — high reflector, ROC — radius of curvature, BRF - birefringent filter,
DCM - dichroic mirror, OC - output coupler for the Stokes shifted field, PM - power meter, OSA - optical spectrum
analyser.



resonator, for wavelength tuning and spectral narrowing of the SDL field. A narrow
fundamental spectrum is important for efficient Raman conversion, as the presence of
multiple peaks reduces conversion efficiency for each of the fundamental modes, due to
competition for the available fundamental pump field [13]. FM2-M3 contained the 8-mm-long
diamond crystal, positioned at the beam waist, calculated to be @p ~ 39 um in both the sagittal
and tangential directions, and oriented for Raman excitation along <111>. This nearly round
beam waist was achieved with small folding angles (<10°) at both folding mirrors, FM1 and
FM2. The Stokes shifted field was separated from the fundamental by a dichroic mirror
(DCM) with HR > 710 nm and high transmission, HT < 690 nm, placed inside the cavity with
a small tilt of 7°. The coupled cavity for the Stokes shifted field was completed by a plane
output coupler (OC) mirror with transmission of 1.5% from 690-795 nm. The combined
distances between FM2-DCM and DCM-OC was 190 mm in order to match the beam waist
size of the Stokes shifted field to that of the fundamental field inside the diamond crystal. The
leakage through FM1 was used to monitor the intracavity power of the fundamental field. The
optical spectra of both the fundamental and the Stokes shifted fields were monitored through
FM2 using a fibre-coupled optical spectrum analyser (Anritsu MS9710C).

Figure 3 illustrates the power transfer curve for the maximum available output coupling
of the Stokes field (1.5% OC). The laser threshold of the fundamental field was at ~0.7 W of
absorbed pump power. Raman conversion was observed when the absorbed pump power was
greater than 2.8 W and the intracavity power of the SDL was at least 10 W. Above threshold,
the Raman laser output power increased linearly (slope efficiency ~7%) up to 82 mW, limited
by the maximum available absorbed pump power (4 W). The spectra in the inset of Fig. 3
show that both the SDL and the Raman laser emitted within a single etalon peak (etalon due to
the plane heatspreader in the SDL cavity) with emission linewidth <0.05 nm (~1 ¢cm™). Note
that the spectral resolution of the optical spectrum analyser is 0.05 nm, thus this measurement
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Fig. 3. Power transfer measurement of the Raman laser output power (dark red squares) through an OC = 1.5%,
together with the monitored fundamental intracavity field (red circles). The inset shows the emission spectra of the
SDL (red, left) and the Raman laser (dark red, right) at the maximum power.



is instrument-limited and the actual linewidths are likely to be narrower. While the
fundamental emission did not show substantial spectral broadening as in our previous works
[13], the SDL intracavity power did not clamp at its value at the Raman threshold (10 W), but
gradually increased with the pump power up to 12 W. This rise of the fundamental intracavity
power above the Raman threshold has been observed in other experiments and can be
explained by suboptimal and power-varying spatial and spectral overlaps between the
fundamental and the Stokes fields along the Raman crystal [13, 25].

For Raman laser emission of ~65 mW we measured the beam propagation factors (M?)
to be ~1.8 for the SDL and ~1.55 for the Raman laser. The polarization of the SDL was
measured to be horizontal, which is to be expected when there is an intracavity birefringent
filter inserted at Brewster’s angle, while the polarization of the Raman laser was found to be
~13 degrees off horizontal. Rotation of the diamond crystal (£10° from the initial position) did
not change the polarization of the Raman laser, thus we believe that the observed polarization
mismatch was due to birefringence of the diamond sample rather than a misorientation of the
Raman crystal as in [10].

Tuning of the fundamental field was possible via rotation of the BRF inside the
fundamental cavity. For an absorbed pump power of 3.7 W the SDL emission was tunable
over 12.5 nm (between 670.4-682.9 nm), limited by the free spectral range of the 4-mm-thick
BRF. Figure 4 shows the simultaneous tuning of the fundamental and the Raman lasers
(OCsiokes = 1.5%) when the Raman field was allowed to oscillate. Almost the entire tuning
range of the red SDL was Stokes shifted (670.8-682 nm), resulting in wavelength tuning of
the Raman laser over 13.8 nm (from 736.6 to 750.4 nm), with maximum output power of
70 mW at 741.5 nm. This peak wavelength corresponds to the peak of the SDL tuning curve
as shown in Fig. 1; however, Fig. 4 shows that the fundamental power emitted through the HR
of the SDL during Raman oscillation, on the order of tens of uW, was higher at shorter
wavelengths. This discrepancy between the tuning curves can be explained by noting that the
transmission of the cavity optics (mirrors, Raman medium) are wavelength dependent, thus
the shape of the tuning curve is set by the interplay between the SDL gain bandwidth, loss due
to Raman conversion, and small changes in the spectral response of the optical elements
within the two cavities.
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5. Data analysis

The results of these characterization measurements can be used to estimate the effective
Raman gain of this laser and compare it with previous estimations of the Raman gain
coefficient of diamond. In contrast to the Raman gain coefficient, the effective Raman gain
depends on the spatial and spectral properties of the laser system and is therefore indirectly
dependent on the pump power [25]. The effective Raman gain can be determined from the
model of an intracavity Raman laser, such as those reported in [13] and [25]. To calculate the
effective Raman gain we need to know the total round trip loss for the Raman laser, the
fundamental intracavity power and the beam sizes of both the fundamental and the Raman
fields along the diamond. The total round trip loss for the Raman laser (Lz) is given by the
summation of the HR mirrors transmission (Trpe = Tyz ~0.001% at 740 nm), the dichroic
mirror transmission (7pcir~0.01% at 740 nm), the output coupler transmission (Toc = 1.5%),
and the losses associated with the Raman medium. Here we assume Laigmond = 1.4 £ 0.4% as
we measured in Section 3, although we expect the absorption loss at 742 nm to be slightly
lower than at 675 nm as the absorption coefficient of diamond is usually smaller at longer
wavelengths [15, 17]. The total loss is given by:

Lp=L, 42T, +2T . + Ty + e =29+0.4% 0

The effective Raman gain at the Raman threshold (g.;) can be determined from the
following equation [9]:

(1 —Ly )eXI{4g eff,zh] f,thlcr ) = (1 —L, ) eXIi4geﬁ',thPf be / L i )

where Lz = 2.9 + 0.4% is the total loss for the Raman laser, /.- = 8 mm is the length of the
Raman medium, P = 10 W is the fundamental intracavity power at the Raman threshold,
and Ayn = mogy’ is the average pumped area along the Raman medium at the Raman
threshold. Note that, compared with [9], the backward stimulated Raman scattering is taken
into account with an additional factor of 2 in the exponential. For the calculation of the
average beam size (w) we use the definition given in [13]:

@

©)

where wy is the TEMgy beam waist radius, M? the beam quality factor, A the laser vacuum
wavelength, and » the refractive index of the Raman medium. The TEMyy beam waist radius
of the SDL beam at the Raman medium was calculated to be 19.5 um. We did not measure the
beam quality (M?) of the SDL at the Raman threshold, but it is reasonable to assume it was
less than 1.8 (as measured at the ~65 mW output power), thus the average pumped area (4;)
and the effective Raman gain at the Raman threshold (g.) are estimated to be < 2.34 - 10°
um? and < 21.5 + 3.0 cm/GW, respectively.

At pump powers greater than the Raman threshold the effective Raman gain (g.y) can be
calculated from the model of the intracavity Raman laser [25]:

L R Ae
4, P,
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where 4, = ([I; I dA)" is the effective area where Raman conversion occurs, and Iy and I are
the normalized intensity profiles of the fundamental and the Raman fields, respectively. With
Gaussian transverse profiles the definition of the effective area becomes 4, = (11/2) * (wf +
wr’), where oy and oz are the beam spot radius of the fundamental and the Raman fields,
respectively [25]. At ~65 mW output power the fundamental intracavity power (P was
measured to be 12 W, while the beam quality factors of the SDL and the Raman laser were
1.8 and 1.55, respectively, hence the effective area (4.) was 2.28-10° um?. Thus the effective
Raman gain (g.) at ~65 mW output power is estimated to be 17.2 + 2.4 cm/GW.

Comprehensive literature analyses of the available data on the Raman gain coefficient in
diamond have been carried out in [17] and [26]. Here it is worth noting that the reported
values cover a broad range due to uncertainties in the diamond orientation, pump polarization
with respect to the diamond crystallographic axes, pump emission linewidth, sample quality,
and differences in the methodology for the evaluation of the Raman gain coefficient [17, 26-
28]. On the other hand, it is well known that the Raman gain coefficient is wavelength
dependent, with increasingly larger values at shorter wavelengths [17, 26]. In the red spectral
range the Raman gain coefficient of diamond has previously been measured to be ~6.9
cm/GW at 694 nm for pump propagation along <111> [27] and 41+4 cm/GW at 670 nm for
pump propagation along <110> and pump polarization parallel to <111> [17]. Measurements
of polarizability and Raman scattering efficiency at different wavelengths (including red),
from which it is possible to estimate the Raman gain coefficient as shown in [26], are reported
in [28], but the pump source was unpolarized. Therefore only the measurement reported in
[17] can be directly compared to the system reported here; however, this value is at the top
end of the range in the literature and somewhat larger than the effective Raman gain
calculated above. A reduced effective Raman gain may be due to a suboptimal spatial overlap
between the fundamental and the Stokes fields, and to the relatively broad spectral emission of
the SDL, whose emission linewidth (~1 ¢cm!) was comparable to the spontaneous Raman
linewidth of diamond (1 - 2.5 cm™ [14, 29]).

With narrower SDL emission linewidth the performance of this system could be
improved in terms of Raman threshold and overall efficiency. One recent work has shown that
the effective Raman gain of an intracavity Raman laser can be enhanced by inserting
intracavity etalons [30], albeit with the detrimental effect of increasing the cavity losses.
Limiting the total cavity losses is crucial for the overall efficiency, and SDLs, as low gain
lasers, are particularly susceptible to loss. A more promising route to improved efficiency is
therefore with the expected further advances in the growth of ultra-low loss, low birefringent
CVD diamonds which will be beneficial for the reduction of absorption losses within both the
heatspreader and the Raman medium. Indeed, we note that the absorption loss measured for
the diamond used in this work is not state-of-the-art.

6. Conclusion

We report, for the first time to our knowledge, a diamond Raman laser pumped by a visible
semiconductor disk laser (SDL). We observed tunable emission from 736.6-750.4 nm,
maximum output power of 82 mW at 744 nm, good beam quality (M?~1.55) and narrow
linewidth emission (<0.05 nm). This work shows a novel way for semiconductor disk lasers to
reach the ‘therapeutic window’ (700-800 nm). The output power achieved by this diamond
Raman laser is higher than that obtained with a SDL based on InP QDs [7], and no sign of
thermal rollover was observed. While the output power is clearly lower than that achieved by
the frequency-doubled wafer fused SDL at higher wavelengths (1 W at 785 nm [8]), the
optical conversion efficiencies of the two lasers are actually comparable (~2%). This system
is therefore promising for future power scaling, and is indeed currently limited by the pump
power. Moreover, unlike frequency-doubling, this laser can be spectrally tuned with no phase-
matching requirements.
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