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Continuous-wave, all-solid-state, intracavity
Raman laser
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Continuous-wave operation of a diode-pumped solid-state Raman laser at 1176 nm is reported. The intra-
cavity Raman laser, based on a Nd:YAG laser crystal and a KGd�WO4�2 Raman crystal, reached threshold
for 4 W of diode input power and gave up to 800 mW of output power at an overall conversion efficiency of
4%. © 2005 Optical Society of America

OCIS codes: 140.3550, 190.5650.
Solid-state Raman lasers are a practical, efficient,
and versatile class of laser devices.1 They are usually
employed to obtain access to the infrared or visible
spectral region, either directly or in combination with
frequency doubling.2 They may be readily diode
pumped, are simple to construct, and can be config-
ured in a variety of ways, for example, using
intracavity–extracavity resonators, different Raman
crystals, and different pump lasers. The temporal
output characteristics of Raman lasers can be quite
diverse, ranging from a high pulse energy, low repeti-
tion rate format3 to a high repetition rate, multiwatt
average power format.4 While pulsed operation of
solid-state Raman lasers is well established, the de-
velopment of continuous-wave (cw) solid-state Ra-
man laser sources is very much in its infancy.

Cw Raman laser action has been successfully
achieved using various noncrystalline media, includ-
ing resonant Raman media (usually vapors), optical
fiber, and H2 gas (utilizing very high-finesse optical
cavities5). Most recently, all-silicon cw Raman lasers
have been reported6 and hailed as a major advance in
the development of optical computing. Each of these
systems has merits, limitations, and areas of applica-
tion. The present work is aimed at developing robust
diode-pumped cw Raman sources based on crystal-
line Raman media with infrared output powers of
around 1 W that may ultimately be frequency
doubled to the yellow-orange spectral region, where
there is a demand for cw sources for biomedical ap-
plications.

Recently Grabitchov et al.7 reported operation of
what is to our knowledge the first cw Raman laser
based on crystalline Raman media. Using a 5 W Ar+

laser at 514 nm to pump an external resonator com-
prising a 68 mm long Ba�NO3�2 crystal and two mir-
rors, they achieved 164 mW output at the first Stokes
wavelength of 543 nm. Previously, all-solid-state Ra-
man lasers had used Q-switching (electro- or acousto-
optic) to achieve high peak powers for efficient fre-
quency conversion. The work of Grabitchov et al.
shows that cw Raman laser action in crystalline sol-
ids is in fact possible and can be expected to fuel sub-
sequent activity in this area. Most recently,8 the
same group also reported preliminary results of
diode-pumped self-Raman lasers, based on Nd:YVO4
and Nd:KGd�WO4�2 crystals that produced �25 and

6 mW output power, respectively.
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In the present work, an intracavity resonator con-
figuration is employed for stimulated Raman scatter-
ing so that high intracavity powers can be reached.
Clearly this should be beneficial in the development
of cw Raman lasers, where it is desirable to have low
threshold operation. Using separate laser and Ra-
man crystals enables the resonator mode sizes in
each crystal to be individually optimized, and this is
particularly important when one is scaling the out-
put to powers around 1 W. Good mode matching of
the diode pump spot and the fundamental resonator
mode in the laser crystal yields efficient extraction of
laser gain, while a smaller mode size in the Raman
crystal promotes a low Raman laser threshold. Nd:
YAG was chosen for the laser crystal, and
KGd�WO4�2 was selected as the Raman material of
choice; the latter is readily available in lengths of up
to 5 cm and has good thermal properties and a high
damage threshold and Raman gain around
5 cm/GW.9

The design of the intracavity cw Raman laser is
shown in Fig. 1. The pump source is a fiber coupled
laser diode (Jenoptik JOLD-30-CPXF-1L) that can
produce up to 30 W at wavelengths around 808 nm
from a 400 �m diameter fiber �NA�0.22�. The diode
output was launched via two lenses into the Nd:YAG
crystal (5 mm diameter�5 mm length, 1% doping),
giving a pump spot size (beam radius) of approxi-
mately 250 �m. The pumped face of the Nd:YAG
crystal is coated for high reflectivity at 1064–1176
nm, and the second surface is antireflection coated
for the near infrared. The KGd�WO4�2 crystal had di-
mensions of 5 mm�5 mm�50 mm, cut for propaga-
tion along the optical Np axis, and broadband antire-
flection coated for 1064–1150 nm. The laser resonator
is defined by the coated plane face (M1) of the
Nd:YAG laser crystal and a flat end mirror (M2) that
was nominally coated to have high reflectivity at
1064–1200 nm. When the transmission of this mirror
was measured accurately at normal incidence, it was
found to have 0.25% transmission at 1176 nm.
Fig. 1. Experimental arrangement of the cw Raman laser.
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Laser operation at the fundamental (1064 nm) was
investigated by replacing mirror M2 with a 5% trans-
mitting output coupler and without KGd�WO4�2 in
the resonator. The cavity length was �35 mm long
[to provide an optical path length similar to that
when KGd�WO4�2 was present]. Up to 8 W of cw out-
put was obtained in a multimode beam. Under these
conditions (5% output coupling), the intracavity
power at 1064 nm would be around 160 W.

The thermal lens in the Nd:YAG laser crystal was
estimated, from measurements of the resonator sta-
bility, to have a focal length of �10 cm. The resonator
was modeled numerically using the LASCAD pro-
gram (Las-Cad GmbH) to determine approximate
resonator mode sizes. Operation with 20 W output
power from the fiber was considered, as the laser ap-
peared to run reliably and stably at powers up to this
point. To estimate the available Raman gain, it is
necessary to estimate the resonator mode size in the
Raman crystal. Because the output at 1064 nm was
observed to be multimode, both the TEM00 mode and
higher-order modes up to TEMm,n with m=n=2 were
considered. Modes of even higher order exhibited
poor mode matching with the size of the pumped vol-
ume of the laser crystal. The length-averaged mode
size of a multimode beam �m=n=2� resonator mode
in the Raman crystal was predicted by LASCAD to be
236 �m, while the corresponding TEM00 mode size
was 136 �m.

The threshold for the Raman resonator occurs
when the single-pass gain at the Stokes wavelength
is sufficient to compensate for all losses at the Stokes
wavelength, as described by

R2�1 − L�exp�2gRILl� � 1,

where R2 denotes the reflectivity of mirror M2 at the
Stokes wavelength, gR is the Raman gain coefficient,
IL is the intensity of the fundamental laser, and l is
the length of the Raman crystal. L denotes the sum of
all other resonator losses at the Stokes wavelength.

To estimate threshold powers for the cw Raman la-
ser, we use the length-averaged mode sizes predicted
above. Because there is no information about the
relative powers in the nine spatial modes considered,
thresholds were calculated for the two extremes
(TEM00 and TEM2,2). The actual threshold for a com-
bination of modes will have some intermediate value.
Because it was difficult to accurately measure the
transmission losses of the mirror and crystal coat-
ings, the power (at the fundamental) required to
reach threshold was calculated as a function of over-
all losses. The actual loss is estimated to be at least
1%. The predicted fundamental thresholds for cw Ra-
man laser action are shown in Fig. 2.

For 1% output coupling loss (the minimum ex-
pected loss), the calculations predict that intracavity
fundamental powers of 117–354 W are required to
reach threshold. These powers are of the order of the
160 W intracavity power, which was estimated when
the laser was operated with 5% output coupling.
Since much higher intracavity powers (about a factor

of 5) can be anticipated in the absence of deliberate
output coupling at 1064 nm, it can therefore be con-
cluded that intracavity cw Raman laser action in
KGd�WO4�2 should be feasible with this configura-
tion.

The Raman spectrum of KGd�WO4�2 is relatively
complex and depends strongly on the orientation of
the crystal relative to the propagation direction of the
fundamental and on its polarization vector. For
propagation along the Np optical axis, as is the case
here, there are two dominant Raman peaks, one at
768 cm−1 and one at 901 cm−1. It can be seen from
Ref. 9 that the peak at 768 cm−1 is much stronger
when the fundamental polarization is aligned along
the Ng axis, while the 901 cm−1 peak is of similar
strength when the fundamental polarization is along
either the Ng or the Nm axis. The Stokes wavelength
for the Raman laser could not easily be predicted, ow-
ing to the similar Raman gains and the difficulties in
calculating the resonator losses at the two possible
Stokes wavelengths.

Cw Raman laser action could not be achieved using
the 5% output coupling at 1064 nm but was readily
achieved when mirror M2 (a high reflector) was used.
It was found that the Stokes wavelength was 1176
nm, which corresponded to a Raman shift of
901 cm−1. No other Stokes wavelengths were ob-
served. There was also some fundamental output (up
to 380 mW) at 1064 nm. Output at 1176 nm only was
selected for measurement using optical filters. The
spatial beam quality of the Stokes output was good
(lowest-order transverse mode).

The alignment of the cw Raman laser was opti-
mized for minimum threshold, and this corresponded
to 4.0 W power from the diode at �808 nm. The laser
output characteristic is shown in Fig. 3. A maximum
output power of 800 mW was achieved, and this cor-
responded to an overall optical-to-optical conversion
efficiency of 4% with respect to the power from the la-
ser diode. While the output power of 800 mW was re-
peatable, it was found that for diode input powers
above 20 W, the output power was very sensitive to
alignment and also to changes in temperature of the
water used to cool the optical crystals. On the other
hand, for input powers below 20 W, output powers of
up to 400 mW were maintained stably for periods of
up to 1 h.

The slope efficiency in the (almost) linear region of

Fig. 2. Predicted fundamental threshold powers for the cw
Raman laser.
the output characteristic is approximately 3% with
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respect to the diode power. Given the 0.25% mea-
sured transmission of mirror M2, and that the over-
all loss is expected to be at least 1%, it is estimated
that no more than 25% of the Stokes light generated
will be extracted into the output laser beam. Clearly,
any reduction in losses will cause a marked increase
in output power.

It was observed that the Raman crystal became
quite hot during operation and generated substan-
tially more heat than is observed in our pulsed intra-
cavity Raman lasers. Indeed it was essential for the
KGd�WO4�2 crystal to be cooled for the cw Raman la-
ser to reach threshold and operate stably. In the ab-
sence of cooling, the crystal became hot to the touch
��60°C�, and laser action was erratic and could not
be maintained continuously. Heating of the Raman
crystal is detrimental to laser operation for two rea-
sons. It is well known that the Raman linewidth de-
pends on temperature such that the Raman gain de-
creases with increasing temperature. Second,
thermal loading of the Raman crystal results in the
development of divergent thermal lensing in the
KGd�WO4�2 crystal, which if sufficiently strong can
affect the optical stability of the resonator.

A strong blue emission was also observed when the
cw Raman laser was operating above threshold. The
blue emission was also present below threshold but
became substantially more intense above threshold.
It is much brighter (an estimated 100 times) than
was observed for the pulsed Raman lasers reported
in Ref. 2. The spectrum, shown in Fig. 4, is centered
at 475 nm and was �10 nm wide.

Fig. 3. Output characteristic of the Raman laser.

Fig. 4. Spectrum of blue emission from KGd�WO4�2.
We speculate that the blue emission is due to an
upconversion process in impurity Tm3+ ions. A trace
element analysis of the KGd�WO4�2 crystal (using an
inductively coupled plasma mass spectrometer) re-
vealed a thulium concentration of 20 parts in 106. It
is well known that, for a variety of host materials in-
cluding tungstates, sequential absorption of three
photons ��1 �m� populates the Tm3+�1G4� level, from
which there is strong blue fluorescence at �475 nm.
The spectrum shown in Fig. 4 is remarkably similar
to that reported for Tm3+NaY�WO4�2 excited at 972
nm.10 Considering the 0.25% transmission of mirror
M2, and the case where the output power is 800 mW,
one can see that the intracavity power at 1176 nm is
around 320 W. Such a high intracavity fluence may
account for the strength of the blue emission (com-
pared to what is observed for our pulsed Raman la-
sers). The origin of the blue emission and its possible
contribution to thermal loading and effect on the op-
eration of the cw Raman laser are a focus of ongoing
work.

In conclusion, a cw intracavity Raman laser gener-
ating up to 800 mW output at 1176 nm has been dem-
onstrated and investigated. The ability to access the
high intracavity fluences has made possible much
higher output powers than those reported previously
(180 mW), even though certain parameters (pump
wavelength, resonator finesse, Raman gain coeffi-
cient) were considerably less favorable. Frequency
doubling of the cw output may permit a new cw laser
source to be developed for the yellow-orange spectral
region.

This work was funded by the Australian Research
Council Discovery Grant Scheme. The author
(hpask@ics.mq.edu.au) gratefully acknowledges dis-
cussions with Jim Piper and R. P. Mildren.

References

1. H. M. Pask, Prog. Quantum Electron. 27, 3 (2003).
2. R. P. Mildren, H. M. Pask, H. Ogilvy, and J. A. Piper,

Opt. Lett. 30, 1500 (2005).
3. J. T. Murray, W. L. Austin, and R. C. Powell, in

Advanced Solid-State Lasers, M. M. Fejer, H. Injeyan,
and U. Keller, eds., Vol. 26 of OSA Trends in Optics and
Photonics Series (Optical Society of America, 1999), pp.
575–578.

4. H. M. Pask and J. A. Piper, IEEE J. Quantum
Electron. 36, 949 (2000).

5. J. K. Brasseur, K. S. Repasky, and J. L. Carlsten, Opt.
Lett. 23, 367 (1998).

6. H. Rong, R. Jones, A. Liu, O. Cohen, D. Hak, A. Fang,
and M. Paniccia, Nature 433, 725 (2005).

7. A. S. Grabitchov, V. A. Lisinetskii, V. A. Orlovich, M.
Schmitt, R. Maksimenka, and W. Kiefer, Opt. Lett. 29,
2524 (2004).

8. V. A. Orlovich, A. S. Grabitchov, V. A. Lisinetskii, V. N.
Burakevich, A. A. Demidovich, M. Schmitt, and W.
Kiefer, in Advanced Solid-State Photonics 2005
Technical Digest on CD-ROM (Optical Society of
America, 2005), presentation WA6.

9. I. V. Mochalov, Opt. Eng. 36, 1660 (1997).
10. Z. X. Cheng, X. J. Yi, J. R. Han, H. C. Chen, X. L.

Wang, H. K. Liu, S. X. Dou, F. Song, and H. C. Guo,
Cryst. Res. Technol. 37, 1318 (2002).


	Pubversioncover sheet
	mq2747.pdf

