Sum frequency generation of sodium resonance radiation
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We have generated pulsed, high power, sodium resonance radiation by sum frequency mixing the 1.06 um and
1.32 um outputs of two Nd:YAG lasers with an average power conversion efficiency of 30%. The wavelength
of the sum radiation was tuned across the full Doppler width of the sodium-vapor D, absorption by tuning the
wavelength of either Nd:YAG laser with intracavity etalons. The wavelength of the 1.32 um Nd:YAG laser
was also tuned by injection seeding with a GaInAsP/InP diode laser. We have used this sodium resonance
radiation for the lidar observation of the earth’s naturally occurring atomic-sodium layer at 90 km altitude.

An interesting coincidence of nature is that the sum
frequency of two appropriately tuned Nd:YAG lasers,
one operating near 1.06 um and the other operating
near 1.32 um, may be made resonant with the sodium
D, transition wavelength.! This source of sodium res-
onance radiation has several advantages over the more
commonly used dye lasers. It can be scaled more
easily and reliably to high peak powers with high beam
quality, and for some applications? has the potential
for all solid-state operation. The spectral content of
the sum radiation may be made to cover more uniform-
ly the sodium Doppler-broadened absorption profile.
In addition, the sum frequency may be tuned by tuning
the frequency of an injection-seeding diode laser.

A schematic of the apparatus for sum frequency
generation of sodium resonance radiation is shown in
Fig. 1. The outputs of the two Nd:YAG lasers were
made to propagate coaxially using a dichroic mirror
and then focused into a 5-cm-long lithium-niobate
crystal held at the phase-matching temperature of
224°C. The sum radiation, generated in the crystal,
was then directed into a sodium-vapor cell where reso-
nance fluorescence was observed whenever the sum
radiation was tuned to the sodium D, transition. The
wavelength tuning curves of the 1.06 um and 1.32 um
Nd:YAG laser transitions, using solid intracavity tilt-
able etalons, are shown in Fig. 2. The 1.06 um laser
had a tuning range of ~6 A, while the 1.32 um laser had
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a tuning range of ~5 A. By operating the lasers near
the center of their tuning ranges as indicated by the
arrows in Fig. 2 (1.064591 um and-1.319250 um) it was
possible to generate sodium resonance radiation
(0.589159 um). Inaddition, it was possible to tune the
sum radiation over a 3 A range, nearly centered at the
sodium D, transition, easily encompassing the Dopp-
ler-broadened, sodium vapor absorption profile of 0.03
A (8 GHz) width. Since the sodium D; transition is
nearly 6 A from the sodium D transition it was not
possible to generate radiation resonant with the D;
transition. (The D; and D, could both be reached
using the larger 1.06 um tuning range of a Nd:glass
laser.)

The spectral content of the Nd:YAG lasers as well as
the sum radiation were monitored with separate
Fabry-Perot spectrum analyzers. The typical spectral
output of the lasers when operated continuously in the
TEMg, mode is shown in Fig. 3. Both the 1.06 um and
1.32 um Nd:YAG lasers usually operated on three adja-
cent longitudinal cavity modes. The sum radiation
then consisted of 9 (3 X 3) separate frequencies with a
spectral range equal to the sum of the Nd:YAG laser
spectral ranges and with a frequency density greater
than either Nd:YAG laser. The higher frequency den-
sity of the sum radiation is important for uniform
spectral coverage of the Doppler-broadened sodium
spectrum. Complete frequency coverage of the sodi-
um spectrum should be possible by operating each
Nd:YAG laser over a broad spectral range, through
intracavity frequency modulation, such that the cavi-
ty frequency interval of the two lasers differ by the
sodium natural linewidth of 10 MHz. Under these
conditions it should be possible to generate sodium
resonance radiation at intervals of 10 MHz over the full
Doppler-broadened absorption profile. In order to
obtain such complete spectral coverage from a dye
laser, the dye laser cavity must be very long (15 m).4
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Fig. 1. Schematic of the laser system for sum frequency generation

of sodium resonance radiation. The Nd:YAG lasers contained eta-

lons for wavelength tuning and acousto-optic modulators for Q-

switching the laser radiation. The 1.064 um Nd:YAG laser operated

with a 10% output coupler while the 1.319 um Nd:YAG laser operat-
ed with a 3% output coupler.
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Fig. 2. Tuning curves of the cw 1.06 um and 1.32 um Nd:YAG
lasers. Each laser was polarized and operated continuously in the
TEMj spatial mode. The wavelength of each laser was tuned by
manually tilting solid intracavity etalons which were coated for 15%
reflectivity per surface. The 1.06 um laser was tuned with a 0.5 mm
thick etalon and the 1.32 um laser was tuned with a 0.2 mm thick
etalon. The absolute wavelengths were measured by a vacuum
wavemeter. The 1.32 um Nd:YAG laser cavity was purged with
nitrogen gas in order to eliminate water vapor absorption lines which
significantly suppressed the long wavelength end of the tuning
curve, and prohibited the laser from operating at 1.31935 um,
1.31941 pm, and 1.31949 um. Sodium resonance radiation was
generated by sum frequency mixing radiation with wavelengths
indicated by the arrows.
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Fig.3. Frequencyspectraofthe cw Nd:YAG laser radiation and the
sum radiation as measured by three Fabry-Perot spectrum analyz-
ers. The lasers and sum radiation spectra were measured by confo-
cal Fabry-Perot spectrum analyzers, each with a free spectral range
of 2GHz and afinesse of about 200. The measured linewidth of each
frequency is limited by the finesse of the spectrum analyzer. The
1.06 um and 1.32 um Nd:YAG lasers had cavity mode frequency
intervals of 125 MHz and 150 MHz, respectively, while the sum
radiation had an average frequency interval of 61 MHz and a mini-
mum frequency interval of 25 MHz (150 MHz-125 MHz).

When the Nd:YAG lasers were Q-switched at a 1
kHz repetition rate, the 1.064 um laser had an average
output power of 900 mW within a 1 GHz spectral
range, the 1.319 um laser had an average output power
of 880 mW within a 1 GHz spectral range, and the 0.589
um radiation had an average power of 395 mW within a
2 GHz spectral range. The 1.06 um and 1.32 um lasers
had Q-switched pulse lengths of 100 and 200 ns, re-
spectively, while the sum radiation had a pulse length
of 100 ns. The high index of refraction (2.23) of lithi-
um niobate resulted in a 14% reflection of the Nd:YAG
and sum frequency radiation at the uncoated crystal
surfaces. After accounting for these losses we con-
clude that the average intracrystal frequency mixing
efficiency was 30% while the peak efficiency was ~40%.
These efficiencies were limited by incomplete tempo-
ral and spatial overlap of the Nd:YAG laser beams in
the lithium-niobate crystal. Even higher mixing effi-
ciencies should be possible by simultaneously mode-
locking and Q-switching the Nd:YAG lasers.

In addition to lithium niobate (LiNbOj3), we have
also sum frequency mixed the 1.06 um and 1.32 ym
Nd:YAG laser radiations in potassium titanyl phos-
phate (KTP) and lithium iodate (LiIO3). Like lithium
niobate, KTP also has a high nonlinear coefficient.
Our crystal of KTP was 4 mm in length and therefore
less efficient for sum frequency generation than the 5-
cm-long lithium-niobate crystal. Although lithium
iodate has a much smaller nonlinear coefficient than
lithium niobate its optical damage threshold is much
greater. Unfortunately, lithium iodate cannot be col-
linearly phase matched for sum frequency generation
of sodium resonance radiation (about 4° walkoff) and
phase matching occurs over a very narrow range of
angles (0.4 mr cm). Lithium niobate proved to be the
best of the three crystals for sum frequency mixing of
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Fig. 4. Temperature dependence of the sum frequency generation
of sodium resonance radiation in a 5-cm-long crystal of lithium
niobate.

our cw-pumped Q-switched Nd:YAG laser beams.
Since lithium niobate may be noncritically phase
matched by temperature tuning, the sum radiation
propagated collinearly with the Nd:YAG laser radia-
tion and had nearly diffraction-limited beam quality.
The problems associated with the use of lithium nio-
bate were its sensitivity to temperature which required
careful temperature control of the crystal and its low
optical damage threshold. As can be seen in Fig. 4,
optimal sum-frequency mixing occurs within a 0.1°C
temperature range in the vicinity of 224°C. The pow-
er oscillation to each side of the optimum crystal tem-
perature is a result of the (sin(x)/x)% dependence of the
sum frequency generation process and indicates that
the entire crystal had a nearly uniform temperature
distribution. We saw no evidence of photorefractive
damage® to which lithium niobate is susceptible at
lower temperatures.

By injection seeding a 1 kHz Q-switched 1.32 um
Nd:YAG laser with the output of a GalnAsP/InP diode
laser, the wavelength and spectral range of the 1.32 um
Nd:YAG laser, and, in turn, that of the sum radiation,
may be controlled. Figure 5 shows a schematic of the
Nd:YAG laser cavity and diode laser injection-seeding
configuration. The GalnAsP/InP diode laser® operat-
ed with a total output power of 3 mW on three longitu-
dinal modes separated by 10 A. Since the intermode
spacing of the diode laser was greater than the gain
bandwidth of the 1.32 um Nd:YAG laser, only one
mode of the diode laser fell within the gain region of the
Nd:YAG laser. With no intracavity frequency selec-
tive elements, the injection of as little as 1078 W of
diode laser radiation narrowed the spectral range of
the Q-switched Nd:YAG laser from >8 GHz to ~340
MHz, consisting of three simultaneously seeded longi-
tudinal modes. By either current or temperature tun-
ing the diode laser output frequency, the central oper-
ating frequency of the Q-switched Nd:YAG laser could
be tuned over a 16 GHz range. Injection seeding was
maintained over all of this tuning range since the 400
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Fig. 5. Injection seeding of a Q-switched 1.319 um Nd:YAG laser
with the output of a GaInAsP/InP diode laser. The diode-laser
radiation was injected into the Nd:YAG laser via the Brewster plate
while the Faraday optical isolator served to protect the diode laser
from the high power Nd:YAG laser radiation. The Q-switched
Nd:YAG laser operated with an average power of 1 W, a pulse
repetition rate of 1 kHz, and a pulse width of 3 us. The 1.32 um
Nd:YAG laser used in the injection-seeding study was not the same
laser as that used in the sum frequency mixing or lidar study.

MHz natural phase fluctuation linewidth of the diode-
laser radiation was greater than the cavity-mode spac-
ing of the Nd:YAG laser. In addition, by bistably
current tuning the diode laser between each Nd:YAG
pulse we have switched the central operating frequen-
cy of each Nd:YAG laser pulse by as much as 10 GHz.

We have also observed resonance fluorescence from
the earth’s sodium layer? using this source. Sodium
resonance radiation with an average power of 300 mW,
a repetition rate of 1 kHz, and a pulse length of 100 ns
was transmitted into the atmosphere coaxial with the
field of view of a Cassegrainian telescope. This tele-
scope had an aperture of 583 ¢cm? and a field of view
slightly larger than the 1 mrad divergence of the sodi-
um resonance radiation. The radiation backscattered
by the earth’s atmosphere was collected by the tele-
scope and then passed through a 80 A-wide interfer-
ence filter and polarizer for background reduction.
The radiation was detected by a photomultiplier tube.
The photomultiplier counts were recorded by a multi-
channel scaler as a function of the elapsed time after
the sodium resonance radiation was transmitted into
the atmosphere. Figure 6 shows the signal received
from the earth’s upper atmosphere. The signal at
early times, results from Rayleigh scattering in the
atmosphere while the peak at 600 us corresponds to
resonant backscattering from the sodium layer.
These data were taken by integrating all the photo-
counts received over a ¥ hour time span during the
evening of 25 August 1987.

We have demonstrated the efficient generation of
sodium resonance radiation by sum frequency mixing
the output of two Nd:YAG lasers, one operating at 1.06
um and the other operating at 1.32 um. The frequency
of the sum radiation may be tuned across the sodium
D5y Doppler-broadened transition either by the con-
ventional tilting of an intracavity etalon or by tuning
the frequency of a diode laser being used to injection



ALTITUDE ABOVE EARTH (km)
30 50 0 %0 110 120

200, T T T T T
AUGUST 25 1987

PHOTOCOUNTS

°
0300 40 500 600 700 B0 900
TIME AFTER LASER PULSE (us)

Fig. 6. Sodium resonance radiation backscattered by the earth’s

atmosphere. Photomultiplier counts per us are plotted as a func-

tion of the elapsed time after the sodium resonance radiation pulse is

transmitted into the atmosphere. The signal from the mesospheric
sodium layer occurs at a round-trip time of 600 us.

seed the 1.32 um Nd:YAG laser. The spectral distri-
bution of the sum radiation across the Doppler-broad-
ened absorption profile may easily be made more uni-
form than that of conventional dye lasers.
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