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High average power, all-solid-state external
resonator Raman laser
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As much as 3 W of average power at 1064 nm from a diode-pumped Nd:YAG laser, Q switched at 4 kHz, was
used to pump an external-resonator, crystalline Ba�NO3�2 Raman laser generating a maximum of 1.3-W output
at the first Stokes wavelength of 1197 nm. The slope efficiency was 63% with respect to the fundamental
power incident on the Ba�NO3�2 crystal. A reduction in the beam quality of the Stokes output from M2 � 1.4
at lower Stokes powers to M2 � 3.4 at higher powers is attributed to thermal loading of the Raman-active
crystal. © 2003 Optical Society of America

OCIS codes: 140.3550, 190.5650.
A number of recent reports1 – 7 have demonstrated that
highly eff icient frequency conversion can be achieved
through the use of stimulated Raman scattering (SRS)
in crystalline materials. Frequency conversion based
on SRS can have conversion eff iciencies that equal
or exceed second-order nonlinear processes such as
frequency doubling and optical parametric oscillation.
In fact, Cerny et al.1 recently reported a nearly
quantum-limited conversion efficiency of 85% for SRS
of 35-ps pulses (at 532 nm) in BaWO4 to the f irst
Stokes wavelength (at 559.6 nm).

Many applications of solid-state lasers require
diode-pumped sources with high average powers, high
Q-switched pulse-repetition frequencies, and high
beam quality. By contrast, most of the solid-state
Raman lasers reported to date have been based on
fundamental lasers with low pulse-repetition rates
and either very high peak powers (picosecond lasers)
or very high pulse energies (nanosecond lasers).

Scaling to higher repetition frequencies and higher
average powers exacerbates any thermal loading ef-
fects that arise from the inelastic nature of the SRS
process. The present authors and others previously
reported efficient operation of multiwatt average pow-
ers from diode-pumped intracavity Raman lasers2; it
was noted that the strong thermal lensing that can
occur in a Raman-active crystal makes resonator de-
sign critical and nontrivial. Whereas an intracavity
Raman laser conf iguration has the important benefit
of access to high intracavity f luence, it also entails sub-
stantial modifications to the design of the fundamen-
tal laser, which may be undesirable in many practical
situations.

In this Letter we report highly eff icient Raman
shifting of a diode-pumped multikilohertz Q-switched
Nd:YAG laser at 1064 nm by use of a simple external-
resonator conf iguration. Although strong thermal
lensing is still present in the Raman crystal, the design
of a resonator to accommodate it is straightforward.
Moreover, the external-resonator configuration can be
used as a simple add-on to a laser that already func-
tions eff iciently at the fundamental wavelength. We
also report M2 measurements of the Stokes output; we
0146-9592/03/060435-03$15.00/0
believe that this is the f irst time that the beam quality
of a solid-state Raman laser has been investigated in
a quantitative way.

External Raman resonators were used previously to
convert the output of low repetition rate, high pulse
energy (f lash-lamp-pumped) lasers.3 – 7 Eff icient
(typically 25–60%) Raman conversion was achieved
for fundamental pulse energies of �10 mJ and higher
and at low pulse repetition rates (1–30 Hz) at which
thermal effects are generally not significant.

The system described in this Letter comprises the
Nd:YAG fundamental laser laser, coupling optics, an
external Raman resonator, and an arrangement for ex-
tracavity frequency doubling; it is depicted in Fig. 1.

The Nd:YAG laser uses a coplanar folded slab
(CPFS) geometry and has been described in detail
elsewhere.8 The Nd:YAG slab is side pumped by
a 20-W diode emitting at 808 nm, and a ref lector
returns the unabsorbed pump through the slab. The
fundamental (1064 nm) laser beam is totally internally
ref lected 11 times inside the slab, traversing the gain
region twice per round trip of the cavity. The high
ref lector is a cylindrical mirror because there is strong
thermal lensing in the vertical plane and only weak
thermal lensing in the horizontal. For the experi-
ments described here, a f lat output coupler with 50%
ref lectivity at 1064 nm was used. The maximum cw
TEM00 fundamental output was 5 W. Pulsed output

Fig. 1. Experimental arrangement, showing the CPFS
fundamental laser, coupling optics, external (XTAL)
Raman resonator, and frequency-doubling stage. R,
ref lecting; T, transmitting; other abbreviations def ined
in text.
© 2003 Optical Society of America
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was obtained with an electro-optic Q switch, typically
operating at up to 10 kHz. The output beam was
measured to have M2 � 1.1 in both x and y planes.

To protect the CPFS laser from optical feedback that
could cause damage to the Nd:YAG crystal, we in-
serted a combination of a quarter-wave plate (QWP)
and a polarization beam-splitting cube just before the
Raman resonator. The fundamental pump light cou-
pled into the Raman resonator was therefore circularly
polarized. Two antiref lection- (AR-) coated cylindri-
cal lenses �f1x � 204 mm, f2y � 204 mm� were used to
couple the asymmetric fundamental output into the ex-
ternal Raman resonator. The input mirror to the Ra-
man resonator was highly transmitting �.95%� at the
fundamental and was highly ref lecting (HR; �99%) at
the first Stokes wavelength. With the pump laser op-
erating at 4 kHz, which is where the average output
power from the Raman laser was greatest, 2.88 W of
fundamental power was incident upon the Raman crys-
tal. The corresponding pulse energy was 720 mJ, and
the pulse duration was 7 ns (FWHM). Longer pulses
were obtained for lower pulse repetition frequencies
and (or) less power from the pump diode.

Ba�NO3�2 was chosen as the Raman-active crystal.
The spontaneous Raman spectrum for Ba�NO3�2 is
dominated by a strong, narrow �0.4-cm21� peak at
1047 cm21, which corresponds to a symmetric breath-
ing mode vibration of the NO3 molecular group. The
Raman-gain coefficient is 11 cm�GW for pumping at
1064 nm (47 cm�GW for pumping at 532 nm), which
is to our knowledge the highest Raman gain reported
to date. Ba�NO3�2 is an isotropic material with
cubic symmetry; its physical, chemical, and optical
properties are reported in Ref. 9.

Thermal loading of the Raman crystal gives rise to
a number of thermo-optic processes, including thermal
lensing and thermally induced birefringence. These
effects are strong in Ba�NO3�2, which has relatively
low thermal conductivity: Kc � 1.17 W m21 K21

(Ref. 9) and a moderate thermo-optic coeff icient:
dn�dT � 2 3 1025.9,10 Thermal lensing powers in
Ba�NO3�2 Raman crystal have been measured by
lateral shearing interferometry and are reported in
Ref. 11. Based on those measurements, it was antici-
pated that negative thermal lenses would develop in
the Ba�NO3�2 crystal, with focal lengths of the order
of �2�100 mm.

The fundamental 1064-nm beam from the CPFS
laser gave an average mode size in the Ba�NO3�2
crystal of �160 mm. The external Raman resonator
was 65 mm long and was defined by a f lat input
mirror with high transmission at 1064 nm and high
ref lectivity at 1197 nm and by a curved (100 mm, con-
cave) output coupler with high ref lectivity at 1064 nm
(to double pass the unconverted fundamental) and
�30% transmission at 1197 nm. The Ba�NO3�2
crystal (from Crystal Associates) was of dimensions
5 mm 3 5 mm 3 50 mm, with end faces antiref lection
coated at 1064 nm.

The performance of the Raman laser is shown in
Fig. 2. The maximum output power achieved at the
first Stokes wavelength (1197 nm) was 1.32 W, cor-
responding to an overall optical-to-optical (1064-cm to
1197-nm) conversion eff iciency of 46% with respect to
the power incident upon the Raman crystal. Thresh-
old for the Raman resonator was 0.7 W at 1064 nm,
and the slope efficiency (well above threshold) was
63%, reasonably close to the theoretical maximum of
88% as determined by the ratio of the Stokes and fun-
damental photon energies.

The temporal characteristics of the incident funda-
mental, the Stokes output pulse, and the depleted fun-
damental (rejected by the polarizer) were measured
with a 2-GHz oscilloscope and a 5-GHz germanium
detector and are shown in Fig. 3. Where maximum
Stokes output was achieved, the Stokes output pulses
were of �5-ns duration (FHWM), slightly shorter than
the 7-ns fundamental pulses.

The Stokes output occurred in a TEM00 mode, and
its beam quality was measured for three Stokes out-
put powers. Near- and far-field profiles (taken with
a Spiciron beam analyzer) are shown in Fig. 4. The
beam quality was good �M2 � 1.4� at lower Stokes
powers (0.63 W), but at higher powers aberrations be-
came apparent and the beam quality deteriorated to

Fig. 2. Output power at 1197 nm from the external Ra-
man resonator as a function of average fundamental power
incident upon the Raman crystal. Pulse repetition rate,
4 kHz.

Fig. 3. Oscilloscope traces showing the incident pump
pulse at 1064 nm, the pulse at 1197 nm from the Raman
resonator, and the unconverted 1064-nm pulse (rejected
by the polarizer. [Note that the fundamental pulse
duration ��12 ns� is longer than that for which the highest
frequency conversion was achieved.]
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Fig. 4. Beam profiles in the near field (top row) and the
far field (bottom row) for the 1197-nm Raman laser output
at different output powers: 0.63 W (left), 1.05 W (center),
and 1.32 W (right).

M2 � 2.5 for 1.05-W Stokes output and to M2 � 3.0 for
1.32-W Stokes output. An ABCD analysis of the Ra-
man resonator as a function of thermal lens strength
in the Ba�NO3�2 crystal found that the resonator be-
came unstable when the thermal lens’s focal length
was as short at 28.5 mm. In the absence of thermal
lensing, the resonator mode size in the Raman crystal
was �160 mm. The resonator mode increases as the
thermal lens becomes stronger, and, for a thermal lens
of 2100 mm, the average resonator mode size in the
Ba�NO3�2 crystal was predicted to be 244 mm. This is
significantly larger than the pump mode �160 mm�, and
this poor mode matching may account for the degrada-
tion of beam quality because the Stokes mode is propa-
gating through the aberrated (nonparabolic) region of
the thermal lens.

The beam profile of the fundamental output from
the CPFS laser was also observed to become slightly
aberrated at higher Stokes outputs. This aberration
is attributed to birefringence in the Ba�NO3�2 crystal,
which allows some of the unconverted fundamental to
be fed back to the CPFS laser, modifying its spatial
characteristics.

Some improvement in the beam quality of the Stokes
output is expected, through improved mode matching;
our modeling shows that a resonator formed by two
mirrors, each with 100-mm radius of curvature, will
provide significantly improved mode matching. How-
ever, our observations suggest that the strong thermal
lensing and the thermally induced birefringence in the
Ba�NO3�2 crystal may impose a limit on the beam qual-
ity that can be obtained at high average powers and
high pulse-repetition frequencies.

To develop higher beam quality systems we may
need to consider a trade-off between Raman gain
coeff icient and thermal properties. For example,
some tungstate crystals such as KGd�WO4�2 have
much better thermal properties and therefore much
weaker thermal lensing than Ba�NO3�2, while they
have lower gain coefficients.
Frequency doubling of the f irst Stokes output gener-
ates output in the orange at 599 nm. In preliminary
experiments, as much as 270-mW output was gener-
ated by extracavity doubling by use of type I phase
matching in lithium triborate (LBO, Fig. 1). This rel-
atively low doubling efficiency ��20%� could be due to a
number of factors, including the elliptical polarization
of the Stokes output (as a result of the circularly polar-
ized fundamental and thermally induced birefringence
in the Ba�NO3�2 Raman crystal) and the relatively poor
beam quality of the Stokes output at higher powers.
Bulk or periodically poled KTP could be alternatives to
the LBO.

In conclusion, we have demonstrated eff icient fre-
quency conversion of a diode-pumped N:YAG laser at
1064 nm to the f irst Stokes wavelength at 1197 nm by
using an external Raman resonator. To our knowl-
edge, this is the first time that such high average pow-
ers have been obtained at high pulse repetition rates
by use of an external Raman resonator.

H. M. Pask’s e-mail address is hpask@ics.mq.edu.au.
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