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An external-cavity diamond Raman laser generating up to 2:0 W at 1240 nm from 3:3 W of 1064 nm pump power is
investigated as a function of pump polarization direction. The maximum conversion efficiency was 61%, and the
slope efficiency of 84% closely approaches the quantum limit of 85.8%. The lowest threshold for Raman lasing is
achieved for pump polarization parallel to the h111i axis, which we show is consistent with theory. © 2010 Optical
Society of America
OCIS codes: 140.3550, 140.3580, 160.4330, 190.5650.

Diamond has very high Raman gain and can be synthe-
sized with low impurities and defects [1]. Its exceptional
thermal conductivity, high damage threshold, and broad
transparency provide excellent prospects for a range of
efficient, compact, and high-power laser devices. The
1333 cm−1 Raman frequency, which is notably larger than
other Raman crystals (<1100 cm−1), provides a first
Stokes wavelength of 1240 nm for 1064 nm pumping,
which is interesting for a range of medical and defense
applications, and is also the first step toward the
1485 nm second Stokes wavelength in the “eye-safe” re-
gion. However, diamond Raman laser (DRL) develop-
ment is immature compared to other Raman crystals
and, as far as we are aware, highly efficient performance
in the IR has not yet been obtained.
Infrared DRL studies to date have focused on designs

in which the diamond is placed within the pump laser
cavity. A 1240 nm microchip DRL was first reported in
2005 [2], but few details are available. Recently [3], an
intracavity DRL based on a 3.3-mm-long diamond crystal
placed inside a Q-switched Nd:YVO4 laser resonator was
reported, but the conversion efficiency from the diode
pump was limited by round-trip losses to 4% (cf. >20%
diode to first Stokes conversion has been achieved with
other Raman crystals, e.g., [4]). The external cavity con-
figuration has the practical advantage of being easily
adapted to existing pump laser systems, while it also al-
lows straightforward determination of the efficiency of
the Raman conversion step. Conversion of 1064 nm using
other Raman crystals in external cavities is well docu-
mented, with conversion efficiencies from 1064 nm to
the first Stokes in barium nitrate of 60% [5] and in barium
tungstate of 62.6% [6]. In diamond, an external-cavity la-
ser pumped in the visible (532 nm) has been shown to
have efficiency of up to 65%, slightly higher than the re-
ported efficiencies of other materials despite the slightly
higher quantum defect [7]. An external-cavity DRL is thus
promising as an efficient wavelength converter in the IR.
In this Letter, we report an external-cavity DRL with up

to 61% conversion efficiency to the first Stokes and with a
slope efficiency very close to the 85.8% first Stokes quan-
tum efficiency. As in previous extracavity DRL experi-
ments [7], the diamond was cut for propagation along
the h110i direction. However, in this work we used anti-

reflection (AR) coatings on the end facets, rather than
Brewster-angled facets, to allow performance to be in-
vestigated as a function of pump polarization angle.
We show for the first time, to the best of our knowledge,
that the laser threshold is minimized for pump polariza-
tion parallel to the h111i axes, in accordance with the
crystal polarizability.

The DRL used a 6.9-mm-long AR coated (reflectivity
<0:4% per surface at 1240 nm), rectangular, Type IIa sin-
gle diamond crystal grown by chemical vapor deposition
(CVD) (Element Six, UK). The birefringence of the central
portion wasΔn < 1 × 10−6, measured using birefringence
microscopy (Metripol). The DRL was pumped by a line-
arly polarized, 4:5 W (0:9 mJ), Q-switched Nd:YAG laser
with 10 ns pulses at 5 kHz. It had a beam quality factor of
M2 < 1:5 and a power stability of �1%. An isolator was
used to prevent backreflections from the Raman cavity.
The pump amplitude was varied while maintaining a con-
sistent pulse shape by rotating a half-wave plate prior to
the isolator. A second half-wave plate after the isolator
was used to vary the pump polarization angle with respect
to the diamond crystal axis. The pump beam was focused
into the Raman cavity using a 100 mm focal length singlet
lens. The 115 μm pump spot size, which significantly un-
derfilled the cavity mode (∼360 μm at 1240 nm), was ex-
perimentally found to offer the lowest threshold without
damaging the crystal in the range of investigated input
powers. The slope efficiency was essentially independent
of pump spot size for values smaller than the cavity mode
size. The input and output coupler mirrors were placed
approximately 2 mm from the diamond crystal. The flat
input coupler was 98% transparent at 1064 nm, highly re-
flective (>99:9%) at 1240 nm, and 50% reflective at the
second Stokes wavelength of 1485 nm. The output cou-
pler had a 1000 mm radius of curvature (ROC) and reflec-
tivities of >99:9%, 50%, and 3% at the pump, first, and
second Stokes wavelengths, respectively. Power mea-
surements were made using a Newport 818P-010-12 head
(�0:5% repeatability). The pump input powers reported
are corrected for the loss through the input coupler.

The Raman lasing threshold as a function of pump po-
larization is shown in Fig. 1. Minima in thresholds occur
when the pump polarization is approximately �55° from
the ½100� crystal direction (axes are defined in Fig. 2).
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Maximum thresholds are observed when the pump polar-
ization is aligned with the ½01�1� and ½100� axes. The thresh-
old behavior is consistent with the Raman polarizability of
diamond as a function of the pump polarization direction.
The scattering probability, and thus the Raman gain, can
be deduced from the three Raman scattering tensors cor-
responding to the triply degenerate F2g vibrational modes
of diamond’s Oh point group. For spontaneous Raman
scattering, the relative scattered intensity [8] is given by

IS ∝ jeTSR1epj2 þ jeTSR2epj2 þ jeTSR3epj2: ð1Þ

ep and es are unit vectors aligned with the pump and
Stokes polarization, respectively. R1−3 are the scattering
tensors, which are given in [9] for the orientation de-
scribed in Fig. 2. At a pump polarization angle of 54:7°
to ½100�, the calculated scattered intensity peaks at a value
1.33 times that for 0° or 90°. Given that the Raman gain
coefficient is proportional to the scattered Stokes inten-
sity [10], the lasing threshold is expected to be reduced
by a factor of 1.33. By inverting and scaling the calculated
relative scattering intensity values, an excellent match is
obtained with the measured lasing thresholds (see Fig. 1).
The significance of the 54:7° polarization angle is ap-

parent when viewing the structure of the crystal lattice
along the ½011� direction of laser propagation, as shown
in Fig. 2. The polarization direction is parallel to the cova-
lent bonds directed along the h111i axes that connect the
two interpenetrating face centered cubic lattices that ri-
gidly vibrate against each other at the frequency of the
first order Raman mode [11]. When the pump electric
field is aligned with these bonds, the change in polariz-
ability and the Raman gain coefficient are maximal. An
analysis of the Raman tensors over all angles suggests
this angle provides the maximum gain coefficient avail-
able in diamond for linearly polarized pumping.
To date, investigations of Raman lasers and stimulated

Raman scattering along with accompanying measure-
ments of the Raman gain coefficient, g, are mostly for
pump polarizations along the h100i or h110i directions.

The most recently published direct measurement of g for
single crystal CVD diamond, >12:5 cm=GW at 1064 nm
[12], appears to be performed for a probe laser propagat-
ing along h100i (assuming the growth direction is
h100i). As a result, the probe polarization was in the
f100g plane and thus at least 35° from the h111i direction.
This suggests g for pump polarization along h111i
is >16:6 cm=GW.

Figure 1 also shows the dependence of Stokes output
polarization on input polarization for input power twice
above threshold. When the pump polarization is aligned
with ½01�1�, there are two orthogonal Raman modes of si-
milar magnitude. Since they compete for available pump
power and the Raman intensity builds up from noise, the
ratio of the two modes in each pulse varies from pulse to
pulse. The time-averaged Stokes output thus has an
elliptical power distribution when measured through a
polarization analyzer. The data points within the shaded
region of Fig. 1 are the major axis angle of the ellipse. The
ellipticity increases as the pump polarization angle devi-
ates from ½01�1�, and once the angle is greater than 10°–15°
(pump power dependent), one mode dominates and the
Stokes output polarization is linear. It should be noted
that the only case where the pump and Stokes polariza-
tion angles are equal is for pump polarizations along
h111i directions.

We compare performance of the Raman laser for input
polarizations along the ½100� and ½11�1� directions as shown
in Fig. 3. For ½100�, higher threshold for first and second
Stokes are observed, consistent with the lower gain at the
pump polarization and the perpendicularly polarized first
Stokes polarization. Both pumping polarizations lead to
similar maximum conversion efficiencies to the first
Stokes of 61% and total Stokes of 65%. Prior to the onset
of second Stokes output, the slope efficiency is 84% and
closely approaches the first Stokes quantum efficiency of
85.8%. In terms of photon conversion to a single Stokes
order, the efficiency is 71%, which we believe is the high-
est for any crystalline Raman laser yet reported.

To provide further evidence of the near quantum lim-
ited operation, the double-passed residual pump power
was recorded, as also plotted in Fig. 3. It was measured
from the reflection off a slightly tilted AR coated window
placed prior to the DRL cavity. The powers measured be-
low threshold were used to scale the readings. Below
threshold, the residual pump increases linearly with in-
put power, as expected. Above threshold, the residual

Fig. 1. First Stokes threshold and polarization angle for vary-
ing pump polarization angle. The shaded regions represent
areas where two orthogonal polarizations are above threshold
for 1:4 W of pump.

Fig. 2. Diamond crystal lattice as viewed along the direction of
laser propagation. Dashed lines represent bonds not contained
within a plane parallel to the page.
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pump power rapidly rolls over and remains approxi-
mately constant thereafter. In fact, we systematically ob-
serve a slight decrease in the measured residual pump
power for input powers up to 2–3 times threshold. This
indicates that each additional pump photon leads to the
generation of fractionally more than one Stokes output
photon on average. We attribute this phenomenon to
an increasing temporal overlap in the Stokes and pump
pulses as the input pulse energy is increased. Measure-
ments of the temporal pulse dynamics show that, near
threshold, the peak of the Stokes pulse is as short as a
few nanoseconds in duration and occurs approximately
2–3 ns after the peak of the pump pulse. As pump power
is increased, the Stokes pulse broadens up to 8 ns and the
peak becomes aligned with the peak of the pump pulse.
Since the rate of pump depletion and first Stokes genera-
tion depend on both the pump and Stokes intensity, a
greater fraction of the pump pulse is above threshold
at higher pulse energies. Despite this effect, the mea-
sured slope efficiency is slightly less than the quantum
efficiency owing to minor parasitic losses at the pump
and Stokes wavelengths. Once the second Stokes thresh-
old is reached, partial conversion of first Stokes to
1485 nm hinders subsequent conversion of the pump
to the first Stokes. This is observed by a small positive
slope in the residual pump signal.
For applications, it is often desirable to obtain efficient

performance at a selected Stokes order. It is clear from

Fig. 3 that, to maintain near quantum limited first Stokes
slope efficiency, second Stokes operation must be sup-
pressed. A straightforward method to suppress the sec-
ond Stokes is to minimize the input and output mirror
reflectivities at 1485 nm. In our case, there is scope to
reduce the reflectivity of the input coupler. We have also
found that second Stokes can be further suppressed by
increasing the cavity mirror ROC, presumably owing to a
reduction in the intracavity first Stokes power density.
For example, by increasing the output coupler ROC from
100 to 1000 mm, an additional 0:2 W of 1240 nm power is
achieved before the second Stokes threshold is reached
(the corresponding increase in first Stokes threshold is
only a few tens of milliwatts). Alternatively, the laser cav-
ity can be designed for maximum second Stokes power in
order to develop an efficient pulsed laser operating in the
eye-safe region.
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Fig. 3. Stokes powers and residual pump power for increasing
pump input. Filled markers are for pump polarization aligned
with ½11�1�. Hollow markers are for pump aligned with ½100�.
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