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Sum-frequency generation utilizing two cw single-mode Nd:YAG lasers and a congruent lithium niobate crystal

yielded 3.4 mW of very narrow-band (10 kHz over 1 ms) tunable 589-nm cw radiation.

This simple solid-state

light source is well suited for high-resolution spectroscopy of the sodium D, line, as was demonstrated with
both conventional and FM-modulated saturation spectroscopy. [ 1997 Optical Society of America

Tunable, single-mode lasers operating at the 589-nm
sodium resonance line have been utilized in numerous
scientific studies involving the sodium spectrum.
Such studies commonly utilize single-mode dye lasers
as narrow-band light sources. These dye lasers are
very sophisticated devices that have largely been
limited to laboratory use. This limitation generated
interest in using solid-state lasers to generate sodium
resonance radiation. An interesting coincidence of
nature is that the sum frequency of two Nd:YAG laser
lines, one near 1064 and one near 1319 nm, can be
made resonant with the sodium D; line. Nd:YAG
lasers have already been used for the sum-frequency
generation of both relatively broadband (=2 GHz) and
narrow-band (=150 MHz) pulsed sodium resonance
radiation.'™* Cw sum-frequency generation is of
interest because of its potential to yield very narrow-
band radiation, which can be locked to sub-Doppler
features of the sodium Dy line. Such systems could,
for example, replace the single-mode ring dye lasers
currently used in narrow-band sodium lidar systems
for atmospheric temperature and wind-velocity mea-
surements in the mesopause region.>®

In this Letter we describe the generation of very
narrow-band (10 kHz over 1 ms) cw sodium resonance
radiation by type I noncritical sum-frequency mixing
of the output of two cw Nd:YAG lasers in a congruent
lithium niobate (LiNbOj) crystal. This constitutes,
to the best of our knowledge, the first cw solid-state
source of sodium resonance radiation. Its linewidth
is more than 4 orders of magnitude narrower than
previous (i.e., pulsed) solid-state sources of sodium
resonance radiation.

The phase-matching temperature for the sum-
frequency mixing process in LiNbOs has been calcu-
lated from a dispersion equation’ to be 227.5°C, in
agreement with our experimental results. The tem-
perature phase-matching bandwidth is relatively small
(i.e., 7°C mm), and therefore good temperature stabi-
lization is required for our 50-mm-long LiNbOj crystal.

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
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as infrared light sources. These lasers are based on a
monolithic diode-pumped Nd:YAG ring cavity.® Their
narrow linewidth (5 kHz over 1 ms), TEM,, spatial
mode, and low amplitude noise (0.05% rms between
10 Hz and 10 MHz) combined with their tunability
makes them well suited for the generation of very
narrow-band cw sodium resonance radiation. These
lasers incorporate both a relatively fast piezo tuning
mechanism with 30-MHz tuning range and 30-kHz re-
sponse bandwidth and a slow (1-GHz/s) thermal tun-
ing mechanism with a tuning range of 60 GHz.°

The two vertically polarized laser beams are over-
lapped with a long-wave-pass dichroic mirror. The
coaxially propagating beams are focused into a LiNbO;
crystal with an antireflection-coated 50-mm focal-
length lens, resulting in foci with Rayleigh lengths zg
of ~10 mm. The congruent LiNbOj crystal is 50 mm
long by 5 mm wide by 3 mm thick, with the ¢ axis
parallel to the 50 mm X 3 mm surface and perpendicu-
lar to the 50-mm-long edges. The front and the rear
faces are tilted by 2° off normal to avoid backreflection
into the laser cavities.

The LiNbOj crystal is held between two gold-coated
copper blocks, which are heated to the phase-matching
temperature (227.5°C). Each copper block contains a
heater and a temperature sensor. One of these sen-
sors is connected to a temperature controller, which
controls the current for both copper-block heaters.
The current ratio between both heaters is indepen-
dently set to yield nearly identical block temperatures,
as determined after cross calibration of the sensors.
The copper blocks together with the inserted LiNbOg
crystal are enclosed in a Teflon block to reduce tem-
perature fluctuations. Two small openings permit
optical access to the LiNbO; crystal. This crystal oven
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has been shown to keep temporal temperature changes
to less than 0.05 °C, sufficient for maintaining stable
phase matching.

The sum-frequency-generated beam at 589 nm is
horizontally polarized. It is collimated with an un-
coated lens and separated from the infrared beams by
an isosceles Brewster prism followed by a beam dump
for the infrared beams. The extracted 589-nm beam is
passed through a sodium cell and reflected back onto it-
self by a flat mirror, resulting in two counterpropagat-
ing overlapped beams in the sodium cell. This setup
is used for sub-Doppler saturated fluorescence spec-
troscopy of the sodium Dj line.

When the lasers were operated with their nominal
output powers, the power of the generated 589-nm
beam was measured to be 3.1 mW after careful
optimization of beam overlap, crystal position and
direction, and phase-matching temperature. This
power corresponds to ~3.4 mW when corrected for the
reflection losses of the uncoated collimation lens. To
compare this experimental result with theoretical ex-
pectations, we used the theory of Boyd and Kleinman®®
(BK) to write the sum-frequency power P; as'!

P; = 4w1wz03d% eXP(_Of’l)Ple%’ (1)
mTENC NG

where P; are the powers, w; are the angular frequen-
cies, n; are the refractive indices of the crystal, deg
is the effective nonlinear coefficient, [ is the crystal
length, o’ = (a; + as + a3)/2, a; are the absorption
coefficients, €y is the permittivity of vacuum, c is the
speed of light in vacuum, and % is the dimensionless
BK focusing factor.!® The subscripts 1, 2, and 3 refer
to the 1319-, 1064-, and 589-nm beams, respectively.
For noncritical phase matching, zero absorption, and
foci in the center of the crystal, the BK focusing factor

h can be written as!®
]f dTexp(iamr)
3

1+ir 2)

h(é) = ﬁ

where the focusing parameter ¢ = [/(2zg) is the ratio
of crystal length [ and the confocal parameter 2zg
and o, is the optimum phase-matching parameter, a
function of ¢. Figure 2 shows the BK focusing factor
h as a function of the focusing parameter ¢. This
curve is identical to the curve for no double refraction
(i.e., B = 0) in BK’s Fig. 2.1 BK’s focusing factor A
had a maximum of A(¢ = 2.837) = 1.068. However,
the value of & varied quite slowly with the focusing
parameter &, i.e., h was within 10% of its maximum for
1.56 < &£ < 5.31.
For our experimental setup with ¢ = 2.5 and
h = 1.063, and relatively small absorption (a'l << 1),
Eq. (1) can be written as
P3 = (1 - all)‘ylplpg , (33)
with
4w1w2w3h 2 -1
= —— 5 der = (1.020.25(Wm)™~, (3b)
mTENC NG

where der = d3; = (5.77 = 0.71) X 10712 m/V for
congruent LiNbOs3."? For a 50-mm-long crystal (I =
0.05 m) and o’ = 1 m~1,** this results in a sum-
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frequency power Ps of

P; = (0.048 = 0.012)W P, P,. (4)

With our lasers operating at output powers of 0.35 W
at 1.319 nm and 0.7 W at 1064 nm, the laser powers
coupled into the LiNbOj crystal were estimated to
be P; = 0.25 W and P, = 0.58 W. Losses were due
mainly to the Fresnel reflection on the uncoated crystal
surface (n = 2.2) and the transmission loss of the
dichroic mirror. This resulted in a calculated sum-
frequency power of P3 = (7.0 = 1.7) mW inside the
crystal or of (5.9 + 1.4) mW outside the crystal after
Fresnel reflection at the LiNbOs—air interface.

The calculated power of (5.9 = 1.4) mW was
significantly larger than the measured power of
3.4 mW. This discrepancy probably was mostly due
to the imperfect overlap of the infrared laser beams in
the LiNbOj crystal. No evidence of photorefractive
damage was observed, corroborating earlier experience
with pulsed sum-frequency generation of 589-nm
radiation in LiNbO;.?

Our system was used to measure sub-Doppler
spectra of the sodium Dy line. Saturated absorption
spectroscopy’® is commonly used for this purpose.
The experimentally simpler technique of saturated
fluorescence spectroscopy has found use for appli-
cations such as tuning or locking a laser, where a
Doppler-broadened background causes no problem.’
A detailed review of saturated fluorescence spec-
troscopy of the sodium D lines was given recently.'®
For conventional fluorescence spectroscopy, the laser
beam passes through a sodium cell and the sodium
fluorescence is measured with a photomultiplier
tube (PMT). Recording the sub-Doppler features with
saturated fluorescence spectroscopy is done with a flat
mirror added behind the sodium cell (Fig. 1). The
flat mirror reflects the beam back onto itself, thereby
establishing the required counterpropagating beams.
Our 589-nm light is wavelength tuned with the ther-
mal tuning mechanism of one of the Nd:YAG lasers.
Figure 3 shows a saturated fluorescence spectrum
recorded with this simple setup and our new light
source. The three narrow-band sub-Doppler features
are clearly visible.

With the simple addition of a lock-in amplifier
for processing the PMT signal, frequency-modulated
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Fig. 2. BK focusing factor A4 as a function of the focusing
parameter £.
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Fig. 3. Saturated fluorescence spectrum of the sodium D,
line, showing sub-Doppler features at the Dy, peak, the Dy,
peak, and the crossover resonance.
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Fig. 4. Frequency-modulated saturated fluorescence spec-

trum of the sodium Dy line, showing sub-Doppler features

at the Do, peak, the Dy, peak, and the crossover resonance.

saturated fluorescence spectroscopy can be imple-
mented.'” The reference sine-wave output of the lock-
in amplifier is used as input to the fast piezo tuning of
one of the Nd:YAG lasers. Amplitude and frequency of
the frequency modulation were near 3 MHz and 1 kHz,
respectively. The resulting frequency-modulated
spectrum, essentially a derivative of the conventional
spectrum, is shown in Fig. 4. The Doppler-broadened
background is strongly suppressed, while the narrow
Doppler-free features are enhanced. The center of
the sub-Doppler feature is characterized by the zero
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crossing of the signal, which makes it ideally suited for
frequency-locking purposes.

In conclusion, more than 3 mW of very narrow-band
tunable ew sodium Dy resonance radiation has been
generated by sum-frequency generation in congruent
lithium niobate.
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