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Efficient 5.3 W cw laser at 559 nm by intracavity
frequency summation of fundamental

and first-Stokes wavelengths
in a self-Raman Nd:GdVO4 laser
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We report the generation of 5.3 W cw laser emission at 559 nm by sum-frequency mixing of the fundamental
and first-Stokes fields generated within an Nd:GdVO4 self-Raman laser. A high overall diode-to-visible con-
version efficiency of 21% is demonstrated. We discuss the balance that must be maintained between the two
nonlinear processes of Raman generation and sum-frequency mixing in order to obtain maximum emission
at 559 nm. © 2010 Optical Society of America
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Stimulated Raman scattering (SRS) in crystalline
materials provides a simple and efficient means for
extending spectral coverage of conventional solid-
state lasers to the IR, visible and UV [1–3]. Intracav-
ity “self-Raman lasers,” utilizing common laser crys-
tal materials Nd:YVO4 and Nd:GdVO4, are
attractive since the laser gain medium (fundamental)
and Raman gain media are combined [4], with obvi-
ous benefits of additional simplicity and reduced loss
[5]. Combining intracavity SRS with intracavity
second-harmonic generation (SHG) is effective in
generating multiwatt average power outputs in the
yellow spectral region. Output powers at 586.5 nm as
high as 7.9 W have been achieved for the Q-switched
regime [6], and 2.5 W for the cw regime [7], from in-
tracavity frequency-doubled, diode-pumped self-
Raman Nd:YVO4 and Nd:GdVO4 lasers, respec-
tively.

While intracavity self-Raman lasers incorporating
SHG have now been explored in some detail, intrac-
avity sum-frequency generation (SFG) of the funda-
mental and Stokes has not been widely investigated.
High intracavity circulating powers at both the fun-
damental and the first Stokes wavelengths offers a
promise of high SFG conversion efficiencies and high
output powers at a range of wavelengths in the lime-
green spectral region, which are of interest for vari-
ous biomedical diagnostic and therapeutic applica-
tions. Quite recently, Chang et al. [8] reported
efficient (12.5%) conversion in a pulsed self-Raman
Nd:YVO4 laser with intracavity SFG, generating
1.67 W at 559 nm. Our own group has previously
demonstrated 0.77 W pulsed output at 559 nm from
an intracavity Q-switched diode-pumped Nd:YAG/
KGW Raman laser, with intracavity SFG in a beta
barium borate crystal [9].

In this Letter we report cw laser operation at
559 nm, based on intracavity SFG of the fundamen-
tal and first Stokes wavelengths oscillating in a

Nd:GdVO4 self-Raman laser. Continuous wave out-
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put powers up to 5.3 W have been generated with an
optical (diode to visible) efficiency of 21%. As well as
representing a substantial improvement over what
has been achieved in the pulsed regime, these are the
highest cw visible output powers and optical conver-
sion efficiencies yet demonstrated for cw crystalline
Raman lasers. By examining the relevant rate equa-
tions, we show that there is an optimal balance be-
tween the SRS and SFG processes, which maximizes
output power and efficiency.

The experimental arrangement for the 559 nm la-
ser is shown in Fig. 1. The pump source was a fiber-
coupled (200 �m diameter, 0.22 NA) laser diode
(LIMO) operated at 879 nm to match the 4I9/2− 4F3/2
absorption transition in the Nd3+ ion. This direct
pumping of the upper laser level for the 1063 nm fun-
damental is effective in minimizing thermal loading
of the Nd:GdVO4 crystal [10]. The pump light was
coupled into the Nd:GdVO4 crystal using two as-
pheric lenses with effective focal lengths 8 mm and
18.4 mm; these provided a pump spot diameter of
�430 �m, with (half angle) divergence of �63 mrad.

A 0.3 at. % Nd doped, a-cut GdVO4 crystal [4�4
�20 mm, antireflective (AR) coated for
879/1063/1173 nm] was selected as the self-Raman
laser medium. The laser operated on the 1063 nm
fundamental and was Raman shifted to the first-
Stokes wavelength of 1173 nm by means of the
strong Raman transition at 882 cm−1 [4]. A lithium

Fig. 1. (Color online) Experimental arrangement for the

559 nm laser.
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triborate (LBO) crystal, with dimensions of 4�4
�10 mm (AR coated for 1063/1173 nm, cut for non-
critical phase matching, �=90°, �=0°) was selected
for sum-frequency mixing of the fundamental and
first Stokes. The temperature required to phase
match the sum-frequency interaction was 91°C [11].
The crystal was mounted in a copper block whose
temperature was controlled by a resistive heater. A
plane input mirror (M1) and concave (radius of cur-
vature 300 mm) output coupler (M3), both coated for
high reflectivity (R�99.994% at 1063 nm and R
�99.996% at 1173 nm) and high transmission �T
�95%� at 559 nm were used. A flat intracavity mir-
ror (M2) coated high transmission at 1063/1173 nm
and high reflectivity for 559 nm was used to reflect
the backpropagating sum-frequency light. The reso-
nator components were arranged with typical separa-
tions of 0.5–1 mm, and the overall resonator length
was �37 mm. Strong thermal lensing has previously
been identified as a major design consideration in cw
intracavity self-Raman lasers [12]. An ABCD-type
analysis of the resonator showed that the resonator
should tolerate thermal lensing in the Nd:GdVO4
crystal with focal lengths as short as 19 mm.

The laser power scaling performance at 559 nm is
shown in Fig. 2. The threshold for lasing at the fun-
damental �1063 nm� was low, at around 190 mW; for
the Stokes wavelength and 559 nm, threshold was
around 2.2 W. Maximum output power was 5.3 W at
559 nm, limited by the available power from the laser
diode, with an overall optical to optical (880 nm
pump to 559 nm) conversion efficiency of 21%. The
beam quality parameter �M2� for the 559 nm output
was found to increase with pump power from M2�4
at low pump powers up to M2�10 at maximum pump
power. M2 for the fundamental varied similarly with
diode pump power, from �4 near threshold to �13 at
maximum pump power �27 W�. The residual power at
the first Stokes wavelength was too weak for an M2

measurement; however, the residual first-Stokes
beam was cleaner and smaller in diameter compared
with the fundamental, likely owing to Raman beam
cleanup [12,13]. The residual fundamental and first
Stokes powers leaking through the output coupler
were used to estimate the intracavity fundamental
and first Stokes powers. For a pump power of 24 W
(generating 4 W @ 559 nm), the intracavity powers

Fig. 2. Laser output at 559 nm as a function of diode

power incident on the self-Raman crystal.
at the fundamental and first Stokes were estimated
to be �1.5 kW and 800 W respectively. By compari-
son, the intracavity fundamental power is similar to
that determined for the resonator set up for SHG of
the first-Stokes (�3 W at 586.5 nm for 24 W incident
pump), but the intracavity first-Stokes power in the
latter case was significantly higher, at �1.05 kW.
These differences indicate different dynamics for the
lasers employing intracavity SHG and intracavity
SFG.

The cw power output is the highest reported to
date from a crystalline self-Raman laser with intrac-
avity SFG and is well in excess of that reported for
pulsed operation at 559 nm. The difficulty for sum-
frequency mixing in pulsed lasers is that they typi-
cally generate an intracavity fundamental field that
is rapidly and substantially converted to the Stokes
field. There is a limited time, therefore, for which
both fields coexist in the cavity and so for sum-
frequency mixing to occur, leading to low efficiency.
For example, in the case of [8], the fundamental and
first-Stokes pulse durations were each 32 ns FWHM,
and the SFG pulse at 559 nm had 5.4 ns FWHM.

The situation is very different for the cw laser,
where the fields are in steady state; this enables
higher output powers and efficiencies. Quantitative
modeling of this laser requires accurate knowledge of
the resonator losses and mode-size variation
throughout the cavity, which are complex to deter-
mine with high accuracy. Here, we present a qualita-
tive rate-equation analysis to explore the dynamics of
559 nm generation. We take an approach after [14] to
construct appropriate rate equations for the present
laser. The most relevant rate equation is the one con-
cerned with the Stokes field,

dPS

dt
=

2cPFPSgRlSR

lASR
−

4

�1 + �F/�S�

cklSF
2 PFPS

lASF
−

PS

�S
,

�0.1�

where PF and PS are fundamental and Stokes intra-
cavity powers and �S is the lifetime of Stokes pho-
tons. In the self-Raman and SFG crystals, ASR and
ASF are the mode areas for the respective beams and
lSR and lSF are the crystal lengths. l is the optical cav-
ity length, gR is the Raman gain coefficient, �F and �S
are the fundamental and Stokes wavelengths, and k
denotes the strength for the sum-frequency process.

The first term is the rate of generation of first-
Stokes photons, the second term accounts for loss of
these photons through sum-frequency mixing with
the fundamental, and the third term accounts for
passive resonator losses. The loss of Stokes photons
through the sum-frequency process is determined
first by estimating the output power at the SFG
wavelength PSF

out, neglecting depletion of the funda-
mental and Stokes fields (the depletion is actually of
order 1%),

PSF
out =

8klSF
2 PSPFTSF

ASF
,

where
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k =
2�2deff
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where deff is the effective nonlinearity for the sum-
frequency process, n is the refractive index of the
SFG crystal, �SF is the sum-frequency wavelength,
and TSF is the output-coupler transmission at the
sum-frequency wavelength. This power is then ex-
tracted from the Stokes and fundamental fields in
the ratio �F: �S, since equal photon numbers are ex-
tracted from the fields.

The required balance between Raman and sum-
frequency processes is highlighted by noting that
both the Raman and SFG terms have the same form
with regard to the fields; i.e., both are multiples of
PFPS. Hence, we can rewrite the equation as

dPS

dt
= PFPS�
 − �� −

PS

�S
, �0.3�

where 
 and � are collected constants for the Raman
and SFG process. 
 and � are of similar order of mag-
nitude for the present laser design, and we deduce
that 
 must be bigger than �, since a macroscopic Ra-
man field is generated. By inserting appropriate val-
ues for the Nd:GdVO4 and LBO crystals from the
present laser, and setting equal spot sizes in the two
crystals, we calculate that �=0.48
 and hence the
first term in Eq. (0.3) shows a net gain for the Stokes
field; for a measured intracavity fundamental field of
1.5 kW, the round-trip Raman gain for the first-
Stokes is 4.3% and the round-trip Stokes loss due to
the sum-frequency process is 2.1%. In principle, there
exist laser designs for which the SFG is too strong
and so prevents the buildup of the Stokes field; the
first term in Eq. (0.3) can become negative, and the
Stokes field will always see net loss. Physically, this
situation corresponds to Stokes photons being re-
moved by SFG at a faster rate than they are ampli-
fied by the Raman process. For relatively weaker
SFG there exists a balance where the cascade to the
Stokes wavelength proceeds to just the right extent
so that the maximum value of PFPS is achieved to
maximize the SFG output.

We note that the 559 nm laser performed stably for
all incident pump powers without sign of rollover in
output power or resonator sensitivity. This is in con-
trast to previous observations [9,14] of cw yellow la-
sers, where alignment sensitivity and rollover were
observed, indicating the onset of thermally induced
resonator instability. We also note the higher M2

�10 of the 559 nm output at maximum pump power,
compared with the yellow laser M2�6 [7]. Most
likely this is a consequence of the observed Raman
beam cleanup of the Stokes field benefiting the
second-harmonic beam quality to a greater extent
than the sum frequency.

The analysis of thermal lensing in the self-Raman
crystal is complex and, as noted in [12], is stronger
than can be accounted for by the processes of diode
pumping and SRS alone. There also appears to be an

additional heating mechanism, associated with
Stokes generation, that has yet to be identified [12].
Complicating the analysis is that each process depos-
its heat with different spatial profiles. Heat deposi-
tion associated with diode pumping is determined by
the pump spot size and divergence, absorption depth
in the crystal, and overlap with the resonator mode,
while heat associated with SRS and the other (as yet
unidentified) mechanism is deposited over the more-
confined region where the Stokes photons are gener-
ated. While the thermally induced change in refrac-
tive index distribution may be approximately
parabolic (acting like a simple lens) over the region
where heat deposition occurs, outside this region the
temperature will decrease more slowly so that larger
modes experience an effectively weaker but highly
abberated thermal lens. At this stage we are unable
to distinguish whether the improved power scaling
and reduced beam quality at 559 nm reflects reduced
thermal loading (which could be consistent with re-
duced intracavity Stokes power) or larger fundamen-
tal and Stokes modes interacting with the strong, ab-
berated thermal lens.

In conclusion, we have demonstrated 5.3 W cw la-
ser emission at 559 nm with high efficiency (21%
pump to visible) from intracavity sum-frequency mix-
ing of fundamental and first-Stokes emission in a
self-Raman Nd:GdVO4 laser. The output power was
limited by available power from pump laser diode. In-
spection of rate equations shows there is an optimal
balance between the nonlinear processes of Raman
generation and sum-frequency mixing.
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