
Continuous-wave, all-solid-state, single-frequency
400-mW source at 589 nm based on doubly resonant
sum-frequency mixing in a monolithic lithium
niobate resonator
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Sum-frequency mixing of two cw single-mode Nd:YAG lasers in a doubly resonant congruent lithium
niobate resonator generated two TEM00 beams of single-frequency 589-nm radiation. The primary
beam had a power of 400 mW and the secondary beam of approximately 15 mW by use of 320 mW of
1319-nm and 660 mW of 1064-nm Nd:YAG radiation incident on the lithium niobate resonator. This
corresponds to an optical power conversion efficiency of more than 40%. © 1998 Optical Society of
America
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1. Introduction

Coherent cw light sources in the visible region are
important for a number of scientific and technical
applications including metrology, remote sensing,
biotechnology, communications, and display technol-
ogy. Recently, frequency-doubled, diode-pumped
Nd31 lasers have been established as compact, effi-
cient, all-solid-state sources in the blue, green, and
red spectral regions. However, the region between
550 and 650 nm is not covered by these sources.
Laser radiation near 620 and 590 nm is required for
display technology and medical applications, respec-
tively.1 In addition, cw single-frequency radiation
at the sodium D2 line ~589 nm! is needed for labora-
tory spectroscopy and atmospheric remote-sensing
applications in the mesopause region.2 Of interest
for this application is cw sum-frequency generation
because the generated radiation has a narrow band-
width and can be locked to sub-Doppler features of
the sodium D2 line. Such a system could, for exam-
ple, replace the single-mode ring dye lasers currently
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used in narrow-band sodium lidar systems for atmo-
spheric temperature and wind velocity measure-
ments in the mesopause region, making a mobile
system feasible.3,4 The near-Fourier-transform-
limited dye amplifiers currently used in these lidar
systems require a minimum cw input power of '150
mW.

One approach to generate radiation at these wave-
lengths utilizes cw sum-frequency mixing of the out-
put of two Nd31 lasers. Recently, this approach was
used to generate 3.4 mW of single-frequency 589-nm
radiation in an external lithium niobate ~LiNbO3!
crystal without cavity enhancement.2 Recently, 212
mW of 618-nm radiation was generated by doubly
resonant intracavity sum-frequency mixing in a lith-
ium triborate ~LiB3O5 or LBO! crystal1 and 2.5 W of
629-nm radiation by an optical parametric oscillator
process and sum-frequency generation in a singly res-
onant discrete external resonator utilizing a dual-
grating periodically poled lithium niobate crystal.5

In this paper we report efficient doubly resonant
sum-frequency generation in an external monolithic
LiNbO3 resonator generating more than 400 mW of
cw single-frequency 589-nm radiation with more
than 40% optical power conversion efficiency in the
mixing process. To the best of our knowledge, this
represents the highest cw power reported for an all-
solid-state system at 589 nm and the highest nonde-
generate sum-frequency mixing efficiency reported
for cw sources. In addition, the external resonator
approach is not plagued by chaotic power oscillations
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Fig. 1. Schematic diagram of the experimental setup.
~i.e., the green problem! that can be a problem for
intracavity approaches.1,6

External optical resonators have been used to in-
crease the efficiency of sum-frequency generation for
more than three decades.7 Recent examples include
the use of both discrete and monolithic resonators.8–11

Monolithic resonators are simpler and more stable and
have potential for higher resonance enhancement than
discrete cavities. The use of a low-loss nonlinear ma-
terial such as LiNbO3 is essential for efficient sum-
frequency generation in a monolithic resonator.

2. Experiment

A schematic of the experimental setup for sum-
frequency generation is shown in Fig. 1. Two com-
mercially available Nd:YAG lasers, one emitting 0.7
W near 1064 nm ~Lightwave Electronics Model 126-
1064-700! and the other one emitting 0.35 W near
1319 nm ~Lightwave Electronics Model 126-1319-
350! are used as infrared light sources. These lasers
are based on a monolithic diode-pumped Nd:YAG
ring cavity12 and incorporate both a relatively fast
piezotuning mechanism with a 30-MHz tuning range
and a 30-kHz response bandwidth and a slow ~1-
GHzys! thermal tuning mechanism with a tuning
range of 60 GHz.13 Their narrow linewidth ~5 kHz
over 1 ms!, TEM00 spatial mode, and low amplitude
noise ~0.05% rms between 10 Hz and 10 MHz! com-
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bined with their tunability makes them well suited
for the generation of narrow-band, tunable radiation
near 589 nm.

After passing through suitably chosen spherical
and cylindrical mode-matching lenses, the two verti-
cally ~s-! polarized Nd:YAG laser beams are over-
lapped by use of a long-wave-pass dichroic mirror.
The coaxially propagating beams are focused into the
monolithic LiNbO3 resonator with an antireflection-
coated 250-mm focal length lens resulting in mode-
matching efficiencies of approximately 90%. Focal
parameters in the resonator are estimated to be zR 5
14 mm for both beams and w0 5 51 mm for the
1319-nm beam and w0 5 46 mm for the 1064-nm
beam, where zR is the Rayleigh length and w0 is the
minimum beam radius. The laser powers incident
on the resonator were measured to be P1 5 0.32 W at
1319 nm and P2 5 0.66 W at 1064 nm. The phase-
matching temperature for the sum-frequency mixing
process in congruent LiNbO3 was calculated from a
dispersion equation14 to be 227.5 °C, in agreement
with our experimental results. The temperature
phase-matching bandwidth of congruent lithium nio-
bate is relatively small ~i.e., 7 °C mm!. The crystal
oven used to maintain the resonator temperature at
the phase-matching temperature has been described
previously.2

The monolithic LiNbO3 resonator shown in Fig. 2 is
Fig. 2. Monolithic lithium niobate resonator for sum-frequency generation of 589-nm radiation.



Fig. 3. Fractional power at 1064 nm reflected by the LiNbO3 resonator while tuning the laser toward lower frequency. The resonator
mode is clearly asymmetric with the near-linear low-angle ramp being the self-locking region.
similar to a design previously used for second-
harmonic generation.15 It is '13 mm long by 5 mm
wide by 1.5 mm thick with the c axis in the resonator
plane at an angle of 84° relative to the 10-mm-long
edges. Three surfaces of the LiNbO3 crystal define
the optical cavity. A curved surface ~r 5 28 mm!,
coated for 97% reflection of s-polarized radiation at
1064 and 1319 nm and approximately 96% transmis-
sion of p-polarized radiation at 589 nm, couples the
infrared beams into the cavity and couples out the
generated 589-nm beam. Two flat total-internal-
reflection ~TIR! surfaces complete the ring. The geo-
metric round-trip length Lrt of the near-confocal ring
resonator is Lrt 5 25.4 mm, which together with the
ordinary refractive indices of congruent LiNbO3 for
the s-polarized infrared beams @no~1064 nm,
227.5 °C! 5 2.234, no~1319 nm, 227.5 °C! 5 2.221#14

results in free spectral ranges of approximately 5.3
GHz. One of the long resonator legs is perpendicu-
lar to the crystal’s c axis, with type I noncritical phase
matching at 227.5 °C resulting in sum-frequency gen-
eration along this leg over its length Lpm 5 11.5 mm.
The generated p-polarized 589-nm beam is purely
extraordinary only along the generating leg of the
resonator, but after reflection it has both ordinary
and extraordinary components. The reflections on
the TIR surfaces are therefore bireflections, i.e., the
angles of incidence and reflection do not equal each
other as shown in Fig. 2. As a consequence, the
generated 589-nm beam is coupled out of the resona-
tor at an angle different from that of the reflected
infrared beams. In addition, the portion ~'4%! of
the 589-nm beam that is reflected on the coated sur-
face undergoes further bireflections on the following
round trip ~not shown in Fig. 2! and is emitted as a
spatially separate second output beam containing
somewhat less than 4% of the power of the primary
589-nm output beam.

To achieve power enhancement in the resonator,
the laser frequencies must be in coincidence with
resonator modes. For the 1319-nm laser this is done
by locking its frequency to a resonator mode by mod-
ulating the laser frequency and locking the derivative
~lock-in amplifier output! of the 1319-nm photodiode
signal to its zero crossing with a proportional control-
ler. For the 1064-nm laser, the resonator modes are
asymmetrically broadened because of absorption-
induced heating in the resonator ~this phenomenon
also occurs for the 1319-nm laser but to a far lesser
extent because of its much lower intracavity power!.
The additional heating increases the refractive index
of LiNbO3, decreasing the frequency of the resonator
modes. If the laser frequency is decreased while ap-
proaching a resonator mode, the resonator frequency
is being continually decreased, i.e., the laser mode
keeps pushing the resonator frequency in front of its
own frequency until it reaches the resonance peak.
An example of the 1064-nm power reflected by the
resonator is shown in Fig. 3 with no 1319-nm power
incident on the resonator. Impedance matching is
relatively poor ~power reflectance .65% in Fig. 3! as
no 1319-nm radiation is present and no sum-
frequency conversion takes place. As the relative
laser frequency is decreased from approximately 5
GHz, the 1064-nm field builds up in the resonator,
therefore more 1064-nm power is absorbed in the
resonator. This results in improved impedance
matching, i.e., reduced reflected power and in heating
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of the resonator material shifting the resonator mode
to a lower frequency. The near-linear ramp of the
reflected power as a function of laser frequency is the
self-locking range between approximately 5 and 0.25
GHz ~Fig. 3! where negative feedback dominates the
tuning.16 Within this range, the thermally induced
cavity tuning near resonance leads to self-locking of
the resonator mode to the laser frequency, allowing
stable, self-locked operation for many hours. When
the laser frequency passes the resonance peak at 0.25
GHz, the heating of the lithium niobate is reduced
which in turn shifts the resonator mode to a higher
frequency and further reduces the heating. This
corresponds to a switch from negative feedback in the
self-locking region to positive feedback at 0.25 GHz,
resulting in a sudden increase in reflected power.
Asymmetric mode broadening in a monolithic
LiNbO3 resonator has been observed previously,15

and thermally induced self-locking of a resonator
mode and the resulting bistability has been analyzed
in some detail for a doubly resonant optical paramet-
ric oscillator,17 for resonator mirror absorption,18 and
for gaseous intracavity absorption.16 Note that for
gaseous absorption the asymmetry is reversed in
wavelength compared with a LiNbO3 resonator.
The absorption-induced heating lowered the crystal
oven temperature required for optimum phase
matching by approximately 1 deg and also induced
thermal lensing in the resonator.10 The complex in-
terplay of these thermal phenomena requires an it-
erative process to maximize the 589-nm output
power.

After careful system optimization an output power
of 400 mW was measured for the primary beam, with
the secondary beam containing an additional '15 mW.
These beams have clean TEM00 modes with an aspect
ratio near unity. No evidence of photorefractive dam-
age was observed, corroborating earlier experience
with pulsed and low-power cw sum-frequency genera-
tion of 589-nm radiation in congruent LiNbO3.2,19

3. Comparison with Theory

To compare the experimentally observed sum-
frequency power with theoretical expectations we use
the theory of Boyd and Kleinman20 ~BK! to write the
sum-frequency power P3 as21

P3 5 gSFLpmP1 P2, (1a)

where Pi are the beam powers in the nonlinear me-
dium, Lpm is the phase-matched length, and gSF is the
sum-frequency conversion factor with

gSF 5
4v1v2v3 h
pε0 c4n3

2 deff
2, (1b)

where vi are the angular frequencies, ni are the re-
fractive indices of the crystal, deff is the effective non-
linear coefficient, ε0 is the permittivity of vacuum, c is
the speed of light in vacuum, and h is the dimension-
less BK focusing factor.20 The subscripts 1, 2, and 3
refer to the 1319-, 1064-, and 589-nm beams, respec-
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tively. Assuming zero absorption and no astigma-
tism, the BK focusing factor h can be written for our
resonator as20

h~j! 5
1
4j U*

2j~12m!

j~11m!

dt
exp~ismt!

1 1 it U , (2a)

where the focusing parameter j 5 Lpmy~2zR! is the
ratio of the phase-matched length Lpm and the con-
focal parameter 2zR and sm is the optimum phase-
matching parameter, a function of j. The parameter
m describes the location of the resonator focus relative
to that of the phase-matched portion of the resona-
tor’s beam path with

m~a! 5 1 2
Lrt

Lpm
5 2~1 1 2 sin a!, (2b)

where a 5 6° is the angle between the phase-matched
resonator leg and the resonator symmetry axis ~see
Fig. 2! resulting in m~a 5 6°! 5 21.21. Figure 4
shows the calculated BK focusing factor h as a func-
tion of the focusing parameter j for both our resona-
tor, i.e., m~a 5 6°! 5 21.21, and the maximum for an
isosceles triangular beam path with phase matching
in one of the two equal-length legs, i.e., m~a 3 0°! 5
21. The Rayleigh length zR can be calculated from
the equation describing the curvature of a Gaussian
beam:

R~z! 5 zF1 1 SzR

z D
2G , (3)

after setting z equal to the distance from the focus to
the curved surface ~i.e., z 5 Lrty2! and the radius R~z!
equal to the radius of the curved surface ~i.e., R 5 28
mm!. This results in zR 5 13.9 mm, j 5 0.413, and
h 5 0.324 as indicated in Fig. 4. Inserting this BK
focusing factor h and the effective nonlinear coeffi-
cient of congruent lithium niobate22 @i.e., deff 5 d31 5
~5.77 6 0.71! 3 10212 myV# into Eq. 1~b! yields gSF 5
~0.31 6 0.08! ~W m!21. For the 11.5-mm-long phase-
matched path this results in a sum-frequency power
P3 of

P3 5 gP1 P2 5 ~0.0035 6 0.0009!W21P1 P2. (4)

By use of a similar notation as Ashkin et al.,7 the
intracavity powers Pi are described by a system of
two equations ~i 5 1, 2!:

Pi 5
1 2 ri

~1 2 Îriti!
2

Pmi, (5a)

where a lossless coating is assumed, Pmi is the mode-
matched incident power, ri is the power reflection
coefficient of the crystal coating, and ti is the round-
trip power transmission coefficient of the crystal, all
at the wavelength li. The crystal transmission co-
efficient ti can be written as the product of one factor
that is due the inherent material extinction coeffi-
cient a0 and one factor that is due to sum-frequency



Fig. 4. Boyd and Kleinman ~BK! focusing factor h as a function of the focusing parameter j for our resonator geometry ~solid curve!, our
resonator ~filled square!, and the maximum for an isosceles triangular beam path with phase matching in one of the two equal-length legs
~dashed curve!.
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conversion losses in the presence of the second infra-
red wavelength:

ti 5 ~1 2 a0 Lrt!~1 2 gRiPj!, (5b)

where j 5 2 for i 5 1 and j 5 1 for i 5 2, and Ri 5 l3yli
is the fraction of the sum-frequency power P3 sup-
plied by the field at wavelength li. The intracavity
powers Pi can be calculated by solving this system of
two equations @Eqs. ~5!#. As no analytical solution
exists, numerical solutions were obtained.

The mode-matched laser powers were approxi-
mately Pm1 5 0.29 W and Pm2 5 0.60 W, and the
extinction coefficient is a0 5 ~0.15 6 0.05! m21 for
congruent LiNbO3 at our infrared laser wave-
lengths.23 By use of these values and assuming im-
pedance matching, Eqs. ~5! yield calculated
intracavity powers of P1 5 2.7 W and P2 5 67 W
resulting in a calculated sum-frequency power of P3
5 0.62 W inside the crystal. Impedance matching
would require a crystal coating with a reflectivity of r1
5 89.2% at 1319 nm and r2 5 99.1% at 1064 nm.
With the existing coatings ~r1 5 r2 5 97%! the cavity
is undercoupled at 1319 nm and overcoupled at 1064
nm. A calculation that uses the existing reflectivi-
ties and g 5 0.0035 W21 yields calculated intracavity
powers of P1 5 3.2 W and P2 5 45 W, resulting in a
calculated sum-frequency power of P3 5 0.50 W in-
side the crystal. However, the experimental output
power was optimized by varying ~among other things!
the crystal temperature. This procedure optimizes
the trade-off between single-pass conversion effi-
ciency g and impedance matching. Maximizing P3
by varying g numerically in Eqs. ~5! yields a value ~for
our coating! of gopt 5 0.0018 W21, resulting in calcu-
lated intracavity powers of P1 5 7.6 W and P2 5 42 W
and a calculated sum-frequency power of P3 5 0.57 W
inside the crystal. At the 589-nm wavelength the
extinction coefficient of lithium niobate is of the order
of 2 m21, resulting in '4% transmission loss in ad-
dition to '4% reflection loss at the crystal coat-
ing.23,24 For the optimum g case, the calculated
output power for the primary beam is therefore ap-
proximately 0.5 W, somewhat above the experimen-
tal measurement of 0.4 W. This slight disagreement
is possibly due to the imperfect optimization of align-
ment, crystal temperature, etc. and also due to ther-
mal lensing in the crystal.

4. Conclusions

We have demonstrated the generation of 400 mW of
589-nm cw radiation by sum-frequency generation in
a monolithic lithium niobate resonator. Our system
is all solid state, highly efficient, single frequency,
and does not suffer from chaotic intensity fluctua-
tions common for intracavity approaches. Current
applications of this system include the generation of
sodium D2 resonance radiation for lidar probing of
the mesopause region of the Earth’s atmosphere.
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the National Science Foundation grants ATM
9402166 and ATM 9612823.
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