High-spectral-resolution fluorescence light
detection and ranging for mesospheric sodium

temperature measurements

C.Y. She, J. R. Yu, H. Latifi, and R. E. Bills

The principle and practice of narrow-band light detection and ranging (lidar) for temperature measure-
ments are discussed, with emphasis on a new two-frequency technique for measuring mesospheric Na
temperature and density profiles. The uniqueness of this narrow-band lidar lies in the transmitter whose
line-shape function can be measured directly. The frequency of the laser output can be monitored
simultaneously during data acquisition with Doppler-free fluorescence spectroscopy by using a laboratory
Na cell. These measurement techniques along with the procedures for data analysis are described in
detail. At present the absolute temperature accuracy at the Na layer peak is =3 K (+4 K) with a vertical
resolution of 1 km and an integration period of 5 min (2.5 min). Potential applications and further
improvements in this lidar technique are also discussed.
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Introduction

Atmospheric temperature, together with its spatial
and temporal variations, is the fundamental parame-
ter that needs to be determined accurately in studies
of atmospheric chemistry and dynamics. No known
technique can be used to measure the temperature
through all atmospheric regions. In the upper strato-
sphere the mesosphere and lower thermosphere re-
gions, which are too high for aircraft or a balloon
technique and too low for orbiting satellite measure-
ment, are difficult to study experimentally. Rocket
launched falling spheres,' grenades,” airglow observa-
tions,® and nadir viewing satellites* such as Nimbus 6
and 7 have all provided useful information on the
temperature of the mesopause region. However, none
of these techniques is capable of providing the tempo-
ral resolution and long-term coverage needed for de-
tailed studies of small-scale temperature variations.
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Light detection and ranging (lidar) is one of the
remote-sensing techniques that offer the greatest
promise for high-resolution observations of the tem-
perature structure of the atmosphere. Existing lidar
techniques for temperature measurements that could
be used routinely rely on broadband Rayleigh scatter-
ing from which vertical air density distribution is
measured. By assuming hydrostatic and local thermo-
dynamic equilibrium, atmospheric temperature pro-
files can be calculated from the molecular backscatter
profile. Stratospheric and mesospheric temperature
profiles can indeed be obtained this way, although its
accuracy at upper altitudes is impeded somewhat by
the lack of an accurate end-point value in tempera-
ture and by the presence of stratospheric aerosol
layers. Broadband Rayleigh lidars are now used rou-
tinely to measure temperature profiles from ~ 30- to
80-km altitude.® Air density, however, cannot be
determined by broadband molecular (Rayleigh) scat-
tering with any accuracy in both the troposphere/
lower stratosphere (below 30 km) and the upper
mesophere (above 80 km) because of, respectively, the
interference of aerosol and the small signal resulting
from increased distance and reduced molecular den-
sity.® For tropospheric measurements Shimizu et al.”
have proposed the use of a narrow-band lidar to-
gether with an atomic vapor blocking filter to permit
molecular scattering to be detected and temperature
determined by completely rejecting the aerosol-
scattering contribution. The details of this tropo-
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spheric measurement technique are not discussed
here. Theoretically one can extend the broadband
Rayleigh technique to measure temperatures at alti-
tudes that exceed even 100 km. However, to study
gravity wave perturbations at mesopause heights,
signal levels of the order of 10*-10° counts are
required.® To measure atmospheric temperature pro-
files with high accuracy and resolution at this signal
level, a more efficient method is needed. Since the Na
fluorescence cross section is more than 14 orders
higher than the Rayleigh-scattering cross section® at
589 nm, depending on air density and the natural Na
abundance near the mesopause,’ the signal level of a
Na fluorescence lidar is typically 2 x 10* times
stronger than that of a Rayleigh-scattering lidar with
the same laser power and receiving telescope aper-
ture. The structure of the Na D, electric—dipole
transition has been determined to fractions of mega-
hertz accuracy.”® The Na D, fluorescence spectrum
consists of two groups of lines, D,, and D,,, which are
formed by the hyperfine levels of the Na ground state.
It shows two distinct Doppler-broadened peaks sepa-
rated by ~1.772 GHz. Since the Na atoms are in local
thermal equilibrium with air molecules and the Dop-
pler-broadened fluorescence spectrum is temperature
dependent, the mesopause temperature can therefore
be determined with great accuracy and resolution by
anarrow-band Na fluorescence lidar.

This idea was first applied by Gibson et al.'! who
were able to deduce the temperature near the peak of
the Na layer. More recently Fricke and von Zahn'?
obtained Na temperature profiles with 1-km resolu-
tion and 10 K accuracy by using an excimer-pumped
dye-laser system. They pointed out that the ratio of
the fluorescence signal at the stronger D,, peak to
that at the minimum between the two peaks is an
extremely sensitive indicator of temperature. How-
ever, since the frequency of a pulsed laser is neither
reproducible nor predictable, they had to measure the
frequency of each individual laser pulse and interro-
gate a wide-frequency scan to cover enough of the
relevant spectrum. Although the full wave at half-
maximum (FWHM) can be estimated, the detailed
line shape of their laser cannot be determined, which
limits efficiency and accuracy. The Bonn group dem-
onstrated the capabilities of routine Na temperature
measurements and have published several excellent
lidar studies of the mesopause temperature structure
above Andoya, Norway.'*™*

To determine the mesospheric temperature from
the ratio of fluorescence signals at two frequencies,
the laser line shape and the absolute frequency of the
tunable laser must be known and should remain
constant from pulse to pulse. To accomplish this She
et al.” recently used a laser system that is based on a
stabilized cw single-mode tunable dye laser and fol-
lowed it by a pulsed dye amplifier. The pulsed dye
amplifier is pumped by a doubled yttrium aluminum
garnet (YAG) laser. Temperature measurements near
the Na layer peak of +3 K and a vertical resolution of
1 km have been demonstrated with an integration
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period of 5 min. We discuss the physics background of
the Na temperature measurement based on the nar-
row-band fluorescence lidar and in particular the
details of the two-frequency Na temperature lidar.
The measurement of the laser line shape, the use of
Doppler-free fluorescence spectroscopy for absolute
frequency monitoring, the procedures for data analy-
sis, and the factors that affect the accuracy of meso-
spheric temperature measurements are discussed.

Na Fluorescence Spectra and Temperature
Determination

The energy levels of both the ground state (3s 2S,,,)
and the excited state (2p *P,,,) of the Na D, transition
are shown in Fig. 1(a). The hyperfine splittings of the
excited state were experimentally determined to
within +0.4 MHz," while the splitting of the ground
state was first determined to be' 1771.62615(25)
MHz and then more recently to be'” 1771.626129(2)
MHz. Doppler-broadened fluorescence spectra at sev-
eral atmospheric temperatures of the transition are
shown in Fig. 1(b). The characteristic double peaks
are the result of the hyperfine splitting in the Na
ground state, while the width of the individual peaks
is the result of thermal Doppler broadening. Since the
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Fig. 1. (a) Energy levels and (b) Doppler-broadened fluorescence
spectra of Na D, transitions. The six electric-dipole allowed
hyperfine transitions are labeled in descending order of transition
frequencies as described in TabloI.



energy levels of the Na atom are known to a high
degree of accuracy and at the mesopause the colli-
sional broadening is negligible, the shape function of
the Doppler-broadened Na D, fluorescence spectrum
depends only on temperature. The mathematical
function is precisely known and is given as

6
gW) = (D/=T)"* D A, exp[-D( — v,*/T], )
n=1

where D = m\,/2k; = 497.6165 K (ns)®. The parame-
ters m, A\, = 589.158 nm, kg, A,, and v, are, respec-
tively, the mass of the Na atom, the mean Na D,
transition wavelength, the Boltzmann constant, and
the relative line strengths (or transition probability)
and frequencies of the six electric—dipole-allowed D,
transitions. Table I gives numerical information'®*
about these transitions. Here the weighted center of
the six transitions, weighted by A,, is used as the
zero-frequency reference. It is apparent from Fig.
1(b) and Eq. (1) that the local temperature may be
determined either by fitting the measured fluores-
cence signal over a selected range of frequencies to
the temperature-dependent theoretical function, i.e.,
the scanning method as carried out by Fricke and von
Zahn," or by comparing the measured ratio of fluores-
cence intensities at two properly chosen frequencies
with the calculated temperature-dependent intensity
ratio, i.e., the two-frequency method as carried out by
She et al.’® Everything else being equal the tempera-
ture accuracy that is obtained with either the scan-
ning method or the two-frequency method should be
comparable. Since at a given temperature the spec-
trum of the laser-induced fluorescence is the convolu-
tion of the laser line shape with the thermal Doppler-
broadened Na D, fluorescence spectrum, as shown in
Fig. 1(b), one must then use a narrow-band laser
system with a measurable line-shape function to
retrieve experimentally the spectral, thereby temper-
ature-dependent, information from the induced fluo-
rescence of atmospheric Na atoms. Since the strength
of the detected fluorescence signal depends on the
excitation frequency, the success of either method
depends on having a stable, tunable, and narrow-
band laser transmitter whose center frequency as
well as line shape can be characterized accurately
against a known absolute frequency scale. Such a
frequency marker should be conveniently available

during the data acquisition phase of the lidar opera-
tion.

To determine the frequency of the laser output to
an accuracy of a few megahertz we use a laboratory
Na vapor cell for the two-frequency method. The Na
cell is heated to ~325 K so that its fluorescence
induced by the cw laser can be monitored easily with a
photomultiplier operated in the current mode. The
fluorescence spectrum is not a sensitive function of
the cell temperature. The Doppler-broadened width
at 325 K, which is calculated to be 1.36 GHz FWHM,
is too broad to be useful as an accurate frequency
reference to set the frequency of the lidar transmit-
ter. Fortunately the rear window of the vapor cell
reflects laser light in the backward direction. Under
the simultaneous illumination of two counterpropa-
gating beams at a saturated laser intensity the Na
fluorescence spectrum shows Doppler-free features at
D,, and D,, peaks as well as at the crossover reso-
nance. These features are similar to those observed
with the well-known Doppler-free saturated absorp-
tion spectroscopy.'® The resulting fluorescence spec-
trum is shown in Fig. 2(a). In addition to the highly
distorted Doppler profile the three Doppler-free fea-
tures are clearly seen. To make sure that these
Doppler-free fluorescence features are indeed the
result of simultaneous illumination of two counter-
propagating beams, we repeated the experiment and
purposely enhanced the reflected beam by using a
mirror to send the laser beam back into the cell. The
result is shown in Fig. 2(b). Notice that the Doppler-
free features, especially at the D,, and crossover
frequencies, are much enhanced. Using these Doppler-
free features as the frequency markers, we show the
result of a mesopause Na fluorescence scan that is
taken with our lidar system as data points in Fig. 2(b).
Each data point represents the fluorescence of the Na
layer at 92 x 0.5 km averaged over 1200 laser shots,
normalized by Rayleigh scattering, and corrected for
Na absorption. This scan is seen to be consistent with
a theoretically calculated Doppler-broadened spec-
trum at a temperature of 187 K [shown by the dashed
curve in Fig. 2(b)].

In previous papers™* we stated that because of the
theoretical and experimental uncertainties we can
only assign the location of these features to within
+10 MHz, respectively, at v, = —648.8 MHz, v, =
1066.9 MHz, and v, = 200.3 MHz. In an attempt to

15,19

Table ). Parameters and the COM’s of the Na D, Hyperfine Transitions®
Transition Offset (GHz) Relative Line Strength
Group n 2812 2P, v, COM (GHz) A,
1 F=1 F=2 1.0911 5/32
D,, 2 1 1.0566 1.0683 5/32
3 0 1.0408 2/32
4 F=2 F=3 —-0.6216 14/32
D,, 5 2 —-0.6806 —-0.6410 5/32
6 1 —-0.7150 1/32

°F is a quantum number of the energy level that denotes the angular momentum of the atom. COM is the center of mass of the transition

group.
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Fig. 2. Saturated Na D, fluorescence spectra (a) with the reflec-
tion from the window of the Na cell and (b) with enhanced
reflection from a mirror. Three dominant Doppler-free features are
seen clearly. They are located at v, near the D,, peak, v, near the Dy,
peak, and v, at the crossover resonance that is between. Shown also
in (b) is the fluorescence signal from a mesospheric Na layer at 92
km and the theoretical Doppler-broadened spectrum for T = 187 K
(shown by the dashed curve).

shed light on the logic behind these frequency assign-
ments, we discuss briefly the absorption (and fluores-
cence) spectroscopy of Na D, transitions. Since the
triplets in either the D,, or D,, transitions cannot be
resolved completely, they may be considered as over-
lapped absorption lines with their peaks located at
their centers of mass (COM’s), respectively, at
—0.6410 and 1.0683 GHz as listed in Table I. COM is
calculated by using line strengths as the weighting
factors.

Under the simultaneous illumination of the coun-
terpropagating narrow-band laser beams, atoms expe-
rience velocity-dependent absorption (thus Doppler-
free fluorescence). At each allowed transition atoms
at rest can absorb photons from both laser beams,
which leads to saturated absorption at these frequen-
cies. This is not the case for moving atoms. In
addition for each pair of allowed transitions at the
frequencies v, and v; from a ground level there exists a
crossover resonance at their mean frequency (1/2)
(v; + v;). For D,, or D,, transitions these crossover
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resonances with a common lower level, as depicted in
Fig. 3(a), are due to saturated absorption of atoms
whose longitudinal motion gives a Doppler shift of
(1/2)|v; = v;|. Since there are three allowed transi-
tions in each D, transition group, there should be
three crossover resonances in each group. Including
those crossover resonances with the weighting fac-
tors given in Table II, the COM’s for the D,, and D,,
Doppler-free transition frequencies are calculated to
be —0.6567 and 1.0656 GHz, respectively. Since the
exact line shape of these features is strictly speaking
intensity dependent, we used the average of these
values and the values in Table I, where the contribu-
tion of the crossover resonances is ignored and set the
COM’s at v, = —648.8 MHz and v, = 1066.9 MHz in
the previous papers.'>"

Because the ground levels of the D,, and D,
transitions are separated by 1.772 GHz, an atom
moving along the beams with a speed corresponding
to a Doppler shift of 886 MHz can interact resonantly
with both counterpropagating beams, if the transi-
tions from both ground levels to a common upper
level are allowed. One beam could excite such an atom
from one ground level, while the other beam could
then deexcite it to the other ground level. In this
manner the counterpropagating beams together recy-
cle the atom between its two ground levels. As a result
all atoms in this speed group can absorb photons from
both beams, thereby increasing the probability of
their excitation. An atom with a Doppler shift other
than 886 MHz can absorb photons only from one of
the two beams depending on its direction of motion.
For this Doppler-free transition with a common
upper level to occur, as depicted schematically in Fig,.
3(b), the laser frequency should be (*%)(v; + v;) = v, —
886 = v; + 886 MHz, where v, and v, are the allowed
transition frequencies from different ground levels.
There are two such crossover resonances resulting
from the pairs of transitions indicated in Table II as
5-1 and 6-2. The third relevant type of crossover
resonance, which consists of two upper levels (sepa-
rated in frequency by A) and two lower levels, is

———
- 0
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'Vi _vl
Vi -Vj -Vj+A
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Fig. 8. Schematic energy diagrams for crossover resonances (a)
with a common lower level, (b) with a common upper level, and (c)
with two lower and two upper levels. In (¢) transitions from at least
one upper level to both lower levels must be allowed. The arrows
indicate the crossover resonance at the mean frequency of the two
allowed transitions, v; and v;. At mesopause temperatures only the
common lower level in (a) is populated, while both lower levels in
(b) and (c) are populated.



Table 11.

Parameters and the COM of the Doppler-free Na D, Hyperfine
Transitions Including Crossover Resonances

Relative
Offset COM Line
Group Transition  (GHz) (GHz)* Strength
1 1.0911 5/36
1-2 1.0738 10/36
1-3 1.0660 7/36
D,, 2 1.0566 v, = 1.0656 5/36
2-3 1.0487 7/36
3 1.0408 2/36
4-5-1 0.2347 24/94
4-6-2 0.2175 20/94
Crossover 5-1 0.2053 v, = 0.2039 10/94
5-6-1-2 0.1880 16/94
5-1-3 0.1801 10/94
6-2 0.1708 6/94
6-2-3 0.1629 8/94
4 -0.6216 14/60
4-5 —0.6507 19/60
4-6 —0.6683 15/60
D,, 5 —0.6806 v, = —0.6567 5/60
5-6 -0.6978 6/60
6 -0.7150 1/60

¢COM is the center of mass of the transition group.

schematically depicted in Fig. 3(c). Although there
are two upper levels, at least one must be transition-
ally connected to both ground levels for the crossover
resonance to occur. There are five distinct crossover
resonances of this type involving transitions 4-5-1,
4-6-2, 5-6-1-2, 5-1-3, and 6—2-3 as listed in Table
II. These resonances occur at the laser frequency of
(B, +v) = v, — (886 + A/2) = v, + (886 + A/2)
MHz, while the atoms taking part in resonance are
moving with a Doppler shift of (886 + A/2). If each
upper level is connected to a separate lower level, asin
the case of the transition pair 3—4, the counterpropa-
gating beams cannot mix the two ground levels of the
atom and there will be no crossover resonance of this
type. Although a detailed study is necessary we
assume for simplicity that the relative strength of the
crossover transition at the respective mean frequency
is proportional to the sum of the line strengths of the
associated transitions. Using the weighting factors so
stated, we calculate the value of v, to be v, = 203.9
MHz; this is close to the previously used value of
200.3 MHz. Since the crossover resonances of all
three types exist at all intensity levels, we now
suggest the use of the COM’s calculated with the
inclusion of all crossover resonance contributions
given in Table II and assign the frequencies of the
three Doppler-free features as v, = —656.7 MHz, v, =
1065.6 MHz, and v, = 203.9 MHz. Although the
energy levels of the Na D, transitions are known to
+0.4 MHz," the position of the Doppler-free features
cannot be located experimentally to the same accu-
racy because of the natural and power-broadened
linewidth of each component as well as the frequency
jitters that exist in the ring dye laser. Because of these

experimental uncertainties, the error bar in v, v,, and
v, remains at =10 MHz. The experimental uncer-
tainty can be improved only after careful study of the
structure of the Doppler-free features. A more de-
tailed study of the saturated Na fluorescence spectros-
copy is under way.

Narrow-Band Lidar and Characterization of Its
Transmitter

A block diagram of the narrow-band lidar transmitter
that satisfies the requirements mentioned above is
shown in Fig. 4. Such a lidar instrument has been
used for the two-frequency mesopheric Na tempera-
ture measurements at Fort Collins, Colo."® The laser
beam starts from a tunable cw single-mode dye laser
that is pumped by a cw Ar-ion laser. Its output is
amplified by a pulsed dye amplifier, which is pumped
by an injection-seeded doubled YAG laser at a pulse
rate of 20 Hz. The output of this system consists of a
tunable, megawatt, narrow-band beam of pulses with
a measured FWHM of ~4.2 ns. The typical energy
per pulse has been measured to be 30 mdJ with 0.2% or
less of amplified spontaneous emission. To determine
the characteristics of this laser system, several moni-
toring devices are used. The center frequency is set by
tuning the cw single-mode dye laser, first monitored
with a wavelength meter for a general wavelength
selection and then with Doppler-free fluorescence
spectroscopy for accuracy. The wavelength meter
searches for the Na D, line. The saturated Doppler-
free fluorescence spectroscopy technique, which is
referenced to a vapor cell, can be used to set the
absolute frequency of the cw single-mode dye laser to
within +10 MHz. To determine the laser line-shape
function of the pulsed output a small portion of the
output is sent through a Fabry—Perot étalon to
measure the line shape. As the laser frequency is
scanned the transmission function of the pulsed
output through this étalon is recorded simulta-
neously with the transmission function of the cw
laser through a longer confocal Fabry—Perot interfer-
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ometer that has a free spectral range of 756 MHz. The
second transmission function is then used as the
frequency marker with which the line-shape func-
tion, i.e., the first transmission function, of the pulsed
output is compared.

By using a 500-MHz real-time oscilloscope the
intensity of the pulsed output I(¢) can be measured
with a fast diode. An example is shown in Fig. 5(a).
The measured rms intensity width for this example is
At = 1.93 ns. Although the intensity profile is not
symmetric, it is seen to be quite smooth because the
amplifier is pumped by an injection-seeded Nd:YAG
laser. If no phase modulation exists in the laser beam
the pulsed output is said to be Fourier transform
limited. In this case the amplitude of its normalized
electric field h(¢) is proportional to [I(£)]"% The trans-
form-limited power spectral density S,(v) of the pulse
is the absolute square of the Fourier transform of
h(t):

H) = [ k) expi2mv)dt. @

The transform-limited power spectral density S,(v) =
|H(v)|* for the intensity profile given in Fig. 5(a) has
been evaluated numerically, and its result is given in
Fig. 5(b). The rms spectral width of S,(v) is measured
to be Av = 0.0514 GHz, which gives rise to a
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Fig. 5. Intensity profile of (a) the pulsed output and (b) its

transform-limited spectrum (b).
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transform-limited product of AzAv = 0.10. This value
should be compared with the minimum uncertainty
product of the transform-limited Gaussian pulse,
AtAv = Y = 0.08. Since the actual pulsed output
may not be precisely Fourier transform limited, we
measure its power spectral density S(v) directly by
using the procedure outlined previously. The result of
a sequence of five power spectral density functions,
two of which are shown in Fig. 6, yields a rms width of
Av = 63.49 = 1.06 MHz. Thus the measured uncer-
tainty product is AtAv = 0.12, which is larger than the
transform-limited value of 0.10, which suggests the
fact that the laser beam has picked up some phase
modulation (or frequency chirp) as it passed through
the amplifier. A representative line-shape function
with a rms width of Av_, = 0.0643 GHz is shown as
the curve marked measured and is compared with
two hypothetical line shapes with Gaussian and
Lorentzian functions in Fig. 7(a). All three line-shape
functions have the same FWHM of 112 MHz but
different rms widths.

The spectrum of laser-induced fluorescence, which
depends on the laser line-shape function S(v), is the
convolution of the normalized line-shape function
and the thermal Doppler-broadened spectrum g(v).
The measured intensity ratio at the two selected
frequencies (the intensity at v, to that at v,) R is a
unique function of the Na temperature for a given
laser line-shape function. Using the measured line-
shape function of Fig. 7(a), we can evaluate the
conversion (calibration curve) between the intensity
ratio R and the Na temperature T it is shown as the
line marked measured in Fig. 7(b). We point out that
the calibration curve depends not only on the FWHM
linewidth of the laser but also on the laser line-shape
function. This is evident when calibration curves of
the three line-shape functions of Fig. 7(a) along with
a line corresponding to an ideal laser (with a delta
function as its spectrum) are compared in Fig. 7(b). It
is seen that differences in the line shape may result in
a temperature uncertainty as large as 20 K. The
ratios in Fig. 7(b) were calculated at the new frequen-
cies v, = —656.7 MHz and v, = 203.9 MHz. If the
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Fig. 6. Two measured laser spectra (power spectral density
functions) S(v) after amplifier alignment.
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previous values of v, = —648.8 MHz and v, = 200.3
MHz were used, the temperature would be lower by
< 2 K for the same intensity ratio.

It should be pointed out that the line-shape func-
tion of the pulsed laser output depends on the ampli-
fier alignment. It therefore should be measured for
the calculation of the calibration curve whenever a
realignment of the laser amplifier is made. Up to this
point we have checked the line-shape functions after
four different alignments. The laser line-shape func-
tions are found to be reproducible within 1 MHz for a
given amplifier alignment. As given previously the
five measurements of the laser line shapes on 16 Apr.
1990 gave a rms width of Av_ = 63.49 = 1.06 MHz.
Similar five measurements on 25 Aug. 1989 gave
Av,,, = 77.68 = 0.21 MHz, which indicate the vari-
ability between alignments. Three representative line-
shape functions, one for each laser amplifier align-
ment, are shown in Fig. 8(a). Their corresponding
calibration lines are shown in Fig. 8(b); they show a
range of <4 K. Because the laser line-shape function
is often asymmetric, its rms width Av_ appears to be
a better figure of merit for line-shape characteriza-
tion.

A Fresnel lens with a 1.22-m diameter is used to
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Fig. 8. Representative measured line-shape functions (a) and
their associated temperature calibration lines (b), each correspond-
ing to a different laser amplifier alignment.

collect fluorescence photons into a photomultiplier
with a red-sensitive GaAs cathode surface. The char-
acteristics of the lidar are summarized in Table III. If
a reflecting mirror of the same diameter becomes
available, the level of the received signal is increased
considerably because a Fresnel lens has a relatively
high scattering loss.

Procedure for Two-Frequency Mesospheric
Temperature Measurement

Since the frequency of the crossover resonance at v, =
203.9 MHz is extremely close to the minimum be-
tween the two Doppler-broadened peaks (at 300 MHz
for 200 K), we take advantage of the ease in tuning
the laser to the Doppler-free features of the reference
fluorescence spectrum and choose v, and v, as the two
operational frequencies for the mesospheric tempera-
ture measurements. An added advantage of this
choice lies in the fact that unlike the frequencies at
the D,, peak and the minimum between the two
Doppler-broadened peaks, v, and v, are temperature
independent. For data acquisition we tune the laser
frequency to v, and then to v, and fire 1200 (or 600)
laser shots at each frequency. The time for tuning the
laser to obtain both photon-count profiles (at v, or v,)
takes ~2 (or 1) min. Selection of the photon-counting
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Table lll. Characteristics of the Na Temperature Lidar

Transmitting System Receiving System
Wavelength 589 nm Telescope 1.22-m-diameter Fresnel lens
Pulse energy 30 mJ (typical) Aperture area 1.17m?
Pulse rate 20 pps Field of view 3 mrad
Average power 600 mW Optical bandwidth 20 A FWHM
Beam divergence 1 mrad FW Range resolution 37.5(75) m
Polarization 45° + 5° Linear to magnetic north

electronics permits photon-count profiles with a
37.5-m (or 75-m) range length to be taken throughout
the night, weather permitting. When the range-
resolved profiles of the fluorescence photon counts at
v, and v, are properly analyzed, the temporal evolu-
tion of Na temperature and density distribution may
be displayed.

To ensure the correct operation of the Na tempera-
ture lidar, not only the Doppler-free saturated fluores-
cence of the vapor cell is used to guide the laser
tuning, it is also used to monitor simultaneously the
frequency of the laser at v, or v, during data acquisi-
tion. Since the features at these frequencies are
extremely sharp as shown in Fig. 2(b), a frequency
within =10 MHz can be monitored easily. For the
determination of the calibration curve the laser line-
shape functions are measured at the beginning and
the end of data acquisition by the procedure that was
outlined previously. As pointed out previously the
measured line-shape functions between major ampli-
fier realignment procedures are quite repeatable. If
the Na D, fluorescence spectrum is taken with a
higher spectral resolution, the structures of the D,,
peak as well as the crossover resonance can be
resolved better as shown in Fig. 9. The frequency
scale was determined from the frequency marker that
was provided by the longer confocal diagnostic Fabry—
Perot interferometer (free spectral range ~ 75 MHz)
with the zero-frequency reference shifted to a chosen
location. If the two frequencies for Na lidar operation
were chosen from selected features in the fine struc-
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Fig. 9. Structure of the D,, peak and crossover resonance with
higher spectral resolution. The frequency scale was determined
from the frequency marker provided by the diagnostic Fabry—Perot
interferometer (free spectral range ~75 MHz) with the zero-
frequency reference shifted to a chosen location,
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tures of the Dy, peak and the crossover resonance, as
shown in the insets of Fig. 9, a laser-frequency error
of less than 10 MHz could be achieved. In this case a
higher accuracy in temperature measurements than
presently claimed is possible.

Experimental Results and Data Analysis

Using the above narrow-band lidar transmitter and
experimental procedure, we made the initial two-
frequency mesospheric temperature measurements
during the nights of 22-24 August 1989 at Fort
Collins, Colo. (41.6° N, 105° W). The preliminary
results and interpretation of these measurements
have been published.!® The data from August 1989
were collected by tuning the laser to the D,, peak,
accumulating the photon returns from 1200 laser
shots, and then tuning to the crossover resonance and
accumulating another 1200 shots. The advanced lidar
data-acquisition system?® with a range length of 37.5
m was used for data acquisition. The laser was tuned
manually by adjusting the voltage of the transducer
that controlled the effective cavity length of the ring
laser. Approximately 1 min was required for tuning
from one frequency to the other. The frequency of the
cw dye laser was continuously monitored by the
saturated fluorescence signal of the Na vapor cell.
There are several sources of potential temperature
errors including saturation effects?122 caused by high
laser intensity and the Hanle effect,'2 which has to do
with the dependence of the relative hyperfine line
strengths on the orientation of the laser polarization
with respect to the Earth’s magnetic field. Saturation
effects were studied first and quantified for broad-
band pulsed lasers by Megie et al.?! Since for the same
pulse energy, pulse width, and beam divergence, the
saturation effects can be much more severe for a
narrow-band laser, Welsh and Gardner?2 have consid-
ered the saturation effects on a pulse laser with a
bandwidth of 0.13, which is comparable to our laser
linewidth. They concluded that the minimum beam
divergence allowed that ensures negligible saturation
effects for such a laser with 30-mdJ pulse energy and
2-ns rms width is ~ 0.65 mrad. The beam divergence
of our laser output has been measured to be 1.0 mrad,
which suggests that the measured temperature caused
by saturation effects may be ~ 1 K higher. Fricke and
von Zahn!2 have analyzed the Hanle effect at Bonn,
and they found that the measured temperature differ-
ence between east—west and south-north linearly
polarized lidars is ~4 K. Since our laser beam was
linearly polarized at 45° = 5° to the magnetic north,



our use of the spatially averaged line strengths for
calculating the calibration curves introduces a negligi-
ble additional error to the presently claimed accuracy.
Other error sources and their effects on temperature
uncertainty for this set of experiments are summa-
rized in Table IV. The details of these sources and
their error assessment have been discussed else-
wherel519 and are not repeated here. Since the method
for determining temperature from the measured
intensity ratio assumes a constant Na density during
the experiment, density variations between the Dy,
and crossover profiles should be minimized. For this
reason four (three) consecutive photon-count profiles
obtained with a laser tuned to v, (v,) were then added
by using the weighting factors of 1/15, 1, 1, 1/15
(3/10, 1, 3/10) to form a pair of crossover and Dy,
peak files, which gives rise to an equivalent data
integration period of 5 min. The weighting factors
were suggested by She ef al.15 and so chosen that only
the sixth and higher-order temporal variations of
density influences the final temperature profiles.
Even with this procedure it can be seen from Table IV
that Na and atmospheric density variations still
compete with photon noise for the dominant error
source for Na temperature measurements. Thus an
absolute temperature accuracy at the Na layer peak
of £3 K with a vertical resolution of 1 km and an
integration period of 5 min was achieved in this set of
experiments.

With minor modifications the narrow-band Na
temperature lidar was operated at Fort Collins, Colo.,
again during March and April 1990 in support of the
ALOHA ’90 airborne campaign.2? To reduce the
temporal density variations further, these data were
collected by tuning the laser to the D,, peak while
accumulating the photon returns from 600 laser
shots and then tuning to the crossover resonance
while accumulating another 600 shots. This process
was repeated continuously throughout the observa-
tion period. A commercial data-acquisition system
electronics with a range length resolution of 75 m
were used for data acquisition. The laser was tuned
semiautomatically by a computer that required <0.5
min for tuning from one frequency to the other. This
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Fig. 10. Mesospheric Na fluorescence excited by the laser at (a)
the D,, peak and (b) the crossover resonance after background
subtraction and intensity normalization with Rayleigh scattering.
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tuning time can be reduced further in the future.
Although the data that were obtained during the
campaign have not yet been analyzed fully, a set of 16
photon-count profiles (eight at v, and eight at v,)
taken on 2 March 1990 near 22:00 LST have been
chosen to demonstrate the procedure for data analy-
sis. Because of the weighted average that was per-
formed to reduce variations, only 10 sets of temporal
profiles may be obtained from 16 sets of data.

Table IV. Two-Frequency Na Temperature Lidar Error Budget®

Value at
Approximate Temperature T=200K
Error Source Parameter Value Error X)
Laser frequency error Av, 10 MHz 0.25T (Av,/oyp)* 0.02
Av, 10 MHz 0.15T (Av,/ap) 0.7
Laser rms linewidth error Aoy, 0.5 MHz 1.7T (o, /opH)Acy, 0.06
Na radial velocity error Vi <3ms™ 0.15T (Vy/Ayop) <0.34
Na and atmospheric Ap/p <1% at 92 km 0.5T (Ap/p) <1
density variations <2% at 92 + 5 km <2
<5% at 92 + 8 km <5
Photon noise N,(z, v,) ~4000 at 92 km 0.8T/[N (z, v,)]"* ~2.5
~2500at 92 + 5 km ~3.2
~1400 at 92 + 8 km ~4.3

°T is the temperature (K); oy, is the Narms Doppler width = 456 MHz at 200 K; o, is the laser rms linewidth = 77.68 MHz; A, is the Na D,
wavelength = 589 nm; N,(2, v,) is the Na photon count at altitude z and laser frequency v,.
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Fig. 11. Low-pass filtered profiles using the data that are shown
in Fig. 10 at (a) the D,, peak and (b) the crossover resonance.

After the background counts are subtracted, the
profiles are each normalized to Rayleigh scattering at
30 km by using its own Rayleigh count averaged
between 27.5- and 32.5-km altitudes. To carry out the
normalization one must know the air density at
30-km altitude and the Rayleigh cross section of an
air molecule. The air density at 30 km is taken to be
3.83 x 10" cm™ from the table of the U.S. Standard
Atmosphere* published in 1976. The short-term
temporal air density variations® are at most ~1%at a
30-km altitude; this is negligible after averaging over
a 5-km interval. Seasonal variation of air density at a
30-km altitude does exist. Such along-term variation,
however, does not affect temperature determination
by our ratio method. The Rayleigh cross section is
taken to be oz = 3.46 x 107%" cm?, which is calculated
for the Na D, wavelength at A\, = 589.2 mm from the
measured values.?® After background subtraction and
Rayleigh normalization a representative set of pro-
files (at v, and v,) from 73 to 111 km is shown in Fig.
10. To reduce the shot noise in the data each profile is
Fourier transformed into its reciprocal (wave-num-
ber) space where a low-pass filter with a bandwidth
depending on the desired spatial resolution is applied.
For a 1-km resolution (corresponding to a filter cutoff
of 0.5 km™),%" the filtered representative profile is
inverse Fourier transformed back to its original
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Fig. 12. Time series of temperature profiles at Fort Collins, Colo.

(40.6°N, 105°W), on 2 March 1990 from 20:00 to 22:10 LST. Each

profile represents ~ 2.5 min of data acquisition time with a profile

separation of ~1 min. The temperature scale applies to the first

profile; successive profiles are spaced 15 K apart.

space, giving rise to the profiles that are shown in Fig.
11. The effect of low-pass filtering that reduces
high-frequency noise is apparent. To minimize den-
sity variations the above discussed weighting factors
are applied to the 16 profiles and 10 sets of photon-
count profiles that are identified at the middle of the
time intervals. The intensity ratio of the two profiles
(the crossover to D,,) for each set yields a tempera-
ture profile (see Fig. 12). The temperature accuracy of
the profiles that are shown in Fig. 12 was not
analyzed in detail. It is expected, however, that, based
on the values given in Table IV, a factor of 2 shorter
in integration time (2.5 min) will reduce density
variations by a factor of 2 and increase photon noise
by a factor of 1.4, which gives rise to a temperature
uncertainty of =4 K at the Na layer peak.

After the temperature profile at each temporal
interval is determined a process of extinction compen-
sation” is applied to determine the Na density profile
from the corresponding photon-count profile. Be-
cause of the high spectral resolution that is used for
the Na temperature lidar, the fluorescence cross
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Fig. 13. Absorption cross sections at the D,, peak (v, = —0.6567
GHz) and the crossover resonance (v, = 0.2039 GHz).
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section is not only a function of wavelength but also a
function of temperature. The temperature-dependent
absorption cross section between the upper level 2
and the lower level 1 is

U'A(V) = (gz/gl) ()\02/8'\7) Am g(V), (3)

where (g,/g)), A;, and g(v) are, respectively, the
degeneracy ratio, the Einstein A coefficient, and the
Doppler-broadened line-shape function given in Eq.
(1). For the Na D, transition (g,/g,) = 2 and A,, =
6.289 x 107 s7". The fluorescence cross section at the
D,, peak (v, = —656.7 MHz) and crossover (v, = 203.9
MHz) may be deduced from the convolution of the
laser line-shape function and the absorption cross
section o*(v). The results for the measured laser
line-shape function given in Fig. 7(a) are shown in
Fig. 13. Because the laser linewidth is much narrower
than the Doppler width, fluorescence cross sections
for different laser line shapes are nearly the same. By
using these fluorescence cross sections, two density
profiles may be obtained at each temporal interval
after individual extinction compensation. The two
density profiles at v, and v, are essentially the same
because the same weighting factors are used to
minimize the density variations. The Na density
(which is averaged over the profiles at v, and v,) at the
10 temporal intervals is shown in Fig. 14. Wave
features are evident in both temperature and density
profiles, Figs. 12 and 14, although their phase and
amplitude are different. The geophysical implications
of the data that were obtained in late summer 1989
and in late spring 1990 are being investigated and will
be published elsewhere.

Summary and Future Extension of the Technique

The advances in laser technology in the past decade
have made the concept of using the high-spectral-
resolution Na D, fluorescence for mesospheric temper-
ature measurements a practical reality. The develop-
ments of Fricke and von Zahn,' and more recently of

She et al.,'” have demonstrated beyond doubt the
feasibility of routine high-resolution Na temperature
measurements in the mesopause.

With the present lidar system, P,A, = 0.7 W m?,
where P, is the average laser power and A is the
receiver aperture area, the photon noise and density
variations dominate the temperature errors for short-
term temperature measurements with an effective
integration time of a few minutes. The temperature
error resulting from the =10-MHz laser-frequency
uncertainty is negligible. However, for a lidar system
with a larger P,A, product or for a temperature
profile with a much longer time average, the error
that results from photon noise and density variations
near the Na peak may be much less than 1 K, in which
case, the uncertainty in the position of the D,, peak
and crossover resonance and in the laser polarization
relative to the Earth’s magnetic field (the Hanle
effect)® could become important. These systematic
effects, however, can be corrected for with further
study.

Because the laser frequency can in principle be
controlled to submegahertz accuracy, it should be
possible to measure horizontal wind velocities by
measuring the associated Doppler shifts. Two sets of
intensity ratios can be measured,” for example, one
at the crossover and the D,, peak and the other at an
~450-MHz shift to either side of the D,, peak. With
the lidar axis tilted 20° from zenith these ratios can be
used to determine both temperature and horizontal
wind speed. An alternative method is to measure the
fluorescence returns at three different frequencies by
locking the laser at the D,, peak and sequentially
shifting its frequency 443 and 886 MHz higher, for
example, by the use of cascade or double-path acousto-
optic modulators. This way the laser can be set
sequentially at v, (D,, peak), v, + 443 MHz, and v, +
886 MHz on a shot-to-shot basis. Such a scheme
would step rapidly to minimize the problem of density
variation. Presumably the Na density does not vary
significantly by a time scale of 0.1 s.

In short the feasibility of using high-spectral-
resolution Na fluorescence lidar with the aid of
Doppler-free saturated fluorescence spectroscopy for
measuring mesospheric temperature profiles, which
provide useful geophysical information, has been
demonstrated. Its accuracy can be improved further,
and with the availablility of appropriate stable, tun-
able laser systems the technique can be extended to
the probing of other atomic species, such as Fe and
Ca, in the upper atmosphere. A simple modification of
the two-frequency technique could lead to a simulta-
neous determination of density, temperature, and
horizontal wind profiles.

The work of the Colorado State University group
was supported in part by National Science Founda-
tion grant ATM 88-20452 and carried out with equip-
ment at the U.S. Army Research Office/Geoscience
Center. The work of the University of Illinois group
was supported in part by National Science Founda-
tion grant ATM 88-11771.
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