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A new experiment concept has been proposed for the shuttle/tethered satellite system missions,
which can provide high-resolution, global density mappings of certain ionospheric species. The
technique utilizes bistatic LIDAR to take advantage of the unique dual platform configuration
offered by these missions. A tuned, shuttle-based laser is used to excite a column of the .
atmosphere adjacent to the tethered satellite, while triangulating photometric detectors on the
satellite are employed to measure the fluorescence from sections of the column. The fluorescent
intensity at the detectors is increased about six decades over both ground-based and m_bnostatic
shuttle-based LIDAR sounding of the same region. In addition, the orbital motion of the shuttle
provides for quasiglobal mapping unattainable with ground-based observations. Since this
technique provides such vastly improved resolution on a synoptic scale, many important middle
atmospheric studies, heretofore untenable, may soon be addressed.

INTRODUCTION

Remote LIDAR measurements of ionospheric species have
been successfully made from the ground and from aircraft.
The technique involving resonance scattering was first car-
ried out for sodium in the 90-km layer shortly after the devel-
opment of the tunable dye laser.! With improvements in la-
ser/LIDAR technology, the ground-based observations
were extended to other species such as potassium” and to
phenomena such as wave structures in the upper atmo-
sphere.” The recent University of Illinois/Goddard SFC
work*® demonstrates that these observations can also be
made from aircraft and opens the way towards a general
class of ionospheric LIDAR measurements that can be made
from moving platforms. In the limit of orbiting platforms,
such as the shuttle, this affords the attractive prospect of
global coverage and a much more comprehensive view of the
behavior of many physical processes in the ionosphere. NA-
SA’s shuttle LIDAR report® examines many such studies
and features LIDAR profiling of sodium as one of the early,
desirable targets.

During the late 1980’s, NASA will fly a series of mis-
sions involving the space shuttle with a tethered satellite sys-
tem (TSS)®; thereby creating dual-platform observing config-
urations with the tethered satellite (TS) and the shuttle. A
new experiment concept, suggested by McComas and
Spence,” which takes advantage of this unique configura-
tion, has recently been proposed® in response to NASA’s
TSS announcement of opportunity. The experiment, if ac-
cepted, will provide global high-resolution density profiles
of certain ionospheric species. The technique, laser induced
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fluorescence {LIF), utilizes a bistatic LIDAR configuration
to provide triangulated photometric observations from the
tethered satellite of a fluorescent column excited by a laser
on the shuttle. Figure 1 illustrates the LIF experiment con-
figuration. This method has advantages over both ground-
based monostatic LIDAR and over shuttle-based, down-
ward looking LIDAR, the major advantage being that the
excited region under study is much closer to the detectors,
giving a vastly improved signal-to-noise ratio. During TSS

“‘tether-down” missions, the high-resolution global density

profiles obtained by the LIF technique will be extremely
valuable for the development of more detailed understand-
ing of middle atmospheric physics.

. THE EXPERIMENTAL CONCEPT

The TS system in the tether-down mode places the shut-
tle at ~ 200-km altitude with the TS in the ~ 100 to 150-km
altitude regime. This region has not been experimentally
sampled in detail, since it is too high for balloons and too low
for long-lived satellites. Currently our knowledge about this
region has been acquired from limited and often ambiguous
observations made by short duration sounding rocket tra-
versals, ground-based remote sensors (airglow photometry
and LIDAR), and from the resuits of ionospheric modeling.
The LIF technique, invented to take full advantage of the

- unique dual platform configuration offered by the TSS mis-

sions, is capable of providing data with accuracies heretofore
unattainable, in this altitude region. By this method, high
precision, global density measurements of various ionic and
neutral species can be made. Shuttle-based lasers can be
tuned to a particular resonant frequency to excite specific
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F1G. 1. The LIF experiment configuration on a tether-down shuttle/teth-
ered satellite system mission. A tunable laser on the shuttle excites a column
of the atmosphere adjacent to the tethered satellite. Fluorescence from var-
ious sections of the column is measured with photometers situated on the
nearby tethered satellite.

species within a column of the ionosphere adjacent to the TS.
Induced fluorescence from different altitude bands along
this column is then observed on the TS by an array of pho-
tometers sensitive to the fluorescence. By accurately know-
ing the location of the TS with respect to the excitation beam,
the returned signals can be used to derive concentration pro-

files.
While the LIF experiment configuration essentially

constitutes a bistatic LIDAR, it has numerous advantages
over ground-based and shuttle-only-based monostatic LI-
DAR. The configuration of the TSS missions allows detec-
tors to be located very close to the region that is being
probed. The irradiance seen at a detector drops off approxi-
- mately as the inverse square of the distance from the fluores-
cent region, and the proximity of tlie excited region to the
detector is, therefore, a major factor in the signal magnitude
observed at the detector. For the LIF configuration the path
length between the excited region and the detector is ~ 100
m, while the path length for either ground- or shuttle-based
LIDAR is ~ 100 km; the intensity at the detector is, there-
fore, ~ 10° times greater. Ground-based LIDAR has the ad-
ditional problem that optical paths must extend through the
troposphere where substantial extinction occurs at many
wavelengths. Similarly, in the sun-lit hemisphere, shuttle-
based monostatic LIDAR must measure backscattered re-
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turns from these regions against the bright tropospheric
background. In contrast to these techniques, the LIF meth-
od guarantees-the observation of nearby regions as well as
excluding optical paths that include high background and
extinction regions. ’

II. INSTRUMENTATION

The LIF technique may be applied to many ionospheric
species, both neutral and ionic. The applicability of the tech-
nique to a wide variety of investigations necessarily pre-
cludes a single description for all possible LIF instrumenta-
tion and hardware. Instead, a generai description of the
technique is more appropriate to encompass presently envi-
sioned LIF experiments. The LIF experiment configuration
(see Fig. 1) would utilize a tunable pulsed laser onboard the
shuttle to excite fluorescence of an atmospheric species
along the conical laser-beam path directed to a position
~ 100 m from the TS. The choice of laser would depend
primarily upon the trace species to be investigated, the reso-
nant and fluorescent wavelengths that are available for that
species, and the ability of a laser to emit at one of these wave-
lengths. :

By choosing to illuminate a region near the TS-mount-
ed detectors, as opposed to relying upon long path length
backscatter, the very large return signal strength provided
by this experiment configuration makes it feasible to utilize
numerous wavelengths with smaller absorption cross sec-
tions. While present laser technology makes it impossible to
access many of the large absorption cross-section wave-
lengths, conventional lasers are suitable to access some with
smaller cross sections. Consequently, certain species inac-
cessible to present LIDAR experiments may now be ob-
served. In addition, it is possible to use lower power lasers
than are required for monostatic shuttle-based LIDAR. The
advantages of this are multifold, namely longer laser life-
time, narrower linewidths, easier tunability, smaller size,
lower power requirements, easier production of a high repe-
tition rate, and lower cost.

Regardless of species choice, a precision spectrometer,
or the optogalvanic effect’ in a hollow cathode tamp, will be
used to automatically maintain overlap of the laser wave-
length with the chosen fluorescent line. Wavelength tuning
of the laser line (accurate to 1095-20% of the laser linewidth)
will correct for the Doppler shift of the line due to the orbital
motion of the shuttle. The perceived shift is proportional to
the orbital velocity (~ 7 km/s) over the speed of light, times
the sine of the small angle between the shuttle TS separation
vector and nadir. For the maximum envisioned angle of ~ 5°,
the shift amounts to ~ + 0.012 A, which is of the order of
visual, ionospheric Doppler linewidths.

An array of photometers, mounted at various polar an-
gles on the TS, will sample the signal returned from the near-
by fluorescent region. These photometers will have aperture
areas ~ 10cm?, focal lengths of 5-8 cm (~f/2), and a variety
of fields of view { ~ 7 X 10 sr). Each photomultiplier detector
will have an interference filter wheel to allow for selective
observation at specific wavelengths. With this array induced
fluorescence will be measurable, as well as passive photome-
try of natural airglow and TS-induced heating emissions.
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FIG. 2. The laser directional ranger (LDR) subsystem provides the precise

tethered satellite locational information required to point the LIF excita-
tion laser and reduce the photometer data.

An additional and important supporting component of
this system is a subsystem for locating the TS and for differ-
ential pointing of the LIF laser. This laser directional ranger
(LDR) subsystem provides a means for the accurate location
and ranging of the TS with respect to the shuttle. Such a
system not only assures the proper coordinated pointing re-
quired, but also ultimately yields the fluorescent region to
TS separation necessary for the conversion of LIF measured
signals to actual species densities. The basic LDR technique
calls for the timing of a laser beam directionally pulsed from
the shuttle to the TS and reflected back. By utilizing modern
laser and optical techniques, the TS can be located to within
~ 10 m horizontally at a 100-km distance from the shuttle,
while the range is found to within only a few centimeters.
The LDR subsystem (see Fig. 2) consists of five integrated
components; corner-cube reflector, laser source, photomet-
ric detector, tracking mirror system, and instrument elec-
tronics and microprocessor.

A passive lightweight corner-cube reflector mounted
on the shuttle side of the TS will perform the requisite reflec-
tion of the laser pulses. Corner-cube reflectors have the es-
sential property that any reflected beam path is always paral-
lel to the incident beam path. On the shuttle, a 1.06-um
neodymium YAG laser capable of delivering ~2 mJ/pulse
at repetition rates up to ~ 100 Hz, will supply the nécessary
pulsed beam source. Analysis indicates that a pulse duration
of ~10 ns' and a beam divergence angle of ~1 mrad will
provide ample signal over background levels for this applica-
tion and will yield a beam well within ANSI eye safety crite-

"ria for ground-based observers.

The reflected beam detecting photometer, also on the
shuttle, will consist of a 100-cm® aperture telescope and a
silicon avalanche quadrant detector with an ~ 10-A pass-
band filter at 1.06 um. The field of view will be 14 mrad and
the system focal length ~25 cm (~f/2.2) for a quadrant
detector chip diameter of ~0.1 cm. Using this detected sig-
nal, the reflected image in the system field of view can be
automatically adjusted with a tracking mirror system to con-
tinuously determine the TS location and precisely point the
laser/detector mirror assembly along a parallel axis. The
mirror pointing system consists of a mirror, optically flat to
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~} wavelength, which can be pointed repeatedly to within
0.1 mrad and incrementally by 0.03 mrad.

Associated logic and electronics will control the coordi-
nation of the shuttle-based LDR components. In particular,
the quadrant detector output will be used to continuously

‘determine pointing mirror motions. Tracking of the TS is

thereby maintained throughout the mission. During initial
acquisition, and in the event that the TS location is lost, a
search mode will automatically be initiated by the internal
logic. The internal logic will also determine the range, from
source/detector timing, and format the range and direction
angle data for telemetry down link. Additional logic will be
responsible for laser firing, photometer data recording,
pointing angle, wavelength control, system check and acti-
vation, and operation control of the entire LIF system.

lll. FEASIBILITY S;TUDY

The LIF experiment 'technique can be applied to the
investigation of numerous species. Atomic and molecular
species of interest for middle atmospheric research include

. 0, NO, Mg, Ca, Fe (as well as their singly ionized states), in

addition to O;*, OH, NO,, N;*, Na, K, and LI. Based on
criteria discussed previously for laser selection, species num-
ber density at the altitude of study, and optical properties of
the target spécies, some of the species may be studied with
existing lasers, while others require further laser develop-
ment. ‘ - : :

Na, K, and NO all appear to be excellent candidates for
LIF experimentation on early tether-down TSS missions.
This choice is based primarily upon both high scientific yield
and the presently available laser technology required. Stud-
ies conducted at altitudes near 100 km will place the LIF
photometers near the peaks of the sodium and potassium
layers. Conveniently, sodium has a readily accessible reso-
nant line at 589 nm (as does potassium at 770 nm) and is a
good species for investigations of ionospheric chemistry and
transport and the propagation of waves and tides. This sec-
tion then, as an example of the general feasibility of LIF
experimentation, addresses the feasibility of observing sodi-
um (Na-LIF) near 100 km. The results for potassium are
similar to those derived here for sodium.

There are two promising approaches to obtain the laser
line at 589 nm for NA. A tunable dye laser may be employed
such as the NASA/CNRS laser system'? identified for the
ER-2 DIAL program which already exceeds the laser energy
requirements for the LIF configuration. The second ap-
proach yields 50-100 mJ at 589 nm by a two-wave mixing
process in a nonlinear crystal, by combining a slightly tuna-
ble YAG laser at 1.06 um witha YAG laser at 1.32 um. The
desired wavelength is obtained within only a 0.01 to 0.02-A
linewidth.'! _

In order to assess the feasibility of the Na~LIF experi-
ment, the signal-to-background ratio must be considered.
For this calculation, the laser is assumed to have a character-
istic energy of 50 mJ/pulse, pulse duration of 10 ns, beam
divergence angle of 0.1 mrad, and is directed down to ~ 100
m from the TS. The TS-mounted photometer has an aper-

ture of 10cm? and a field of view of 45° vertical X 5° horizon-
- tal. '
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The laser pulse is resonantly scattered by sodium atoms
present in successive volumes along a conical column, and
some of this scattered light enters the field of view of the
photometer. The LIDAR equation can be used to calculate
such fluxes F and gives F~(Ln 04!/ )w/4mr, where L is the
laser energy (/) per duration of the fluorescent signal ob-
served by the photometer, n is the concentration of Na
{em™3), o is the effective scattering cross section per particle
(cm?), Alis the vertical length of the field of view, and @ is the
solid angle of the photometer aperture as seen from the emit-
ting volume. Using values of n=2X10*> cm™> and
o =6X107'2 cm? yields a flux of ~0.2 uW.

A background in the sun-lit hemisphere exists due to
the resonant scattering of the solar Na-Fraunhofer light by
the Na layer. The breadth at the bottom of this Fraunhofer
line s large (0.1 A) compared to the Doppler width (0.016 A)
of ionospheric Na. The residual solar flux at the bottom of
the line is ~ 5% that of the solar continuum just outside the
line.’? An estimate of the flux of sunlight resonantly scat-
tered into the field of view can be obtained from single-scat-
tering theory. A value of ~0.8 nW is obtained yielding a
-very favorable signal-to-background ratio of ~250 per shot.
This ratio dramatically increases in the nighttime hemi-
sphere where the scattered solar background constitutes no
problem.

A similar signal-to-background calculation is made for
the LDR subsystem. For the described system with laser
energy of 2 mJ/pulse, pulse duration of 10 ns, and a beam
divergence of 1 mrad; a corner-cube reflector with a 5.08-cm
diameter; and a photometer with aperture area (4 ) of 100
cm? and field of view of 3 mrad, the return signal may be
calculated. For a shuttle-TS separation of 100 km the laser
flux intercepted by the reflector is ~5.2x 10’ mJ. This flux
is returned, at the shuttle, in a diffraction pattern produced
by the corner-cube reflector. The half-divergence angle of
the pattern is 0.02 mrad and the pattern diameter at the
receiver is therefore ~4.2 m. The detector area intercepts
3.8 10~ '° mJ or 2.0:x 10° photons during a single 10-ns
pulse.

For a photometer looking down at the solar illuminated
Earth, the background flux is given by the expression
F* = ANI*AA, where 2 isthe photometer field of view, I * is
the radiance of the Earth, and 44 the filter bandwidth. I * is
calculated using Lambert’s law of reflection / * = aH cos@ /
1, where a is the albedo of the reflecting surface, H is the
solar irradiance incident on the top of the atmosphere, and &
is the zenith angle of the sun at the reflecting area. Taking the
“solar irradiance on the atmosphere to be 6.5X 107> mW/
cm? A and using a 10-A pass band filter and an albedo of
unity, a maximum background flux of ~ 800 photons is ob-
tained in 10 ns. The resultant worst case signal-to-back-
ground ratio is ~ 2500 demonstrating that the LDR subsys-
tem is quite feasible.

IV. DISCUSSION

The LIF technique can provide a new method for iono-
spheric investigation, based on previously unattainable high
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resolution global density mappings. The flexibility of this
technique to determine profiles of many trace species
throughout the middle atmosphere makes this an attractive
improvement over the present techniques available for prob-
ing this region. With higher-precision data gathered on a
synoptic scale, an improved understanding of many iono-
spheric phenomena will be possible.

With this technique, several avenues of investigation
are envisioned. An immediate result of LIF observations are
global quasi-three-dimensional density distributions of var-
ious ionospheric species. These data are gathered over long
length scales in relatively short time scales, thus facilitating
the study of winds, tides, and atmospheric gravity waves.
Fine structure and temporal and spatial variability of these
data can yield information on diffusion, electromagnetic
fields, and turbulence. Finally, the ability to probe day—night
transitions and orbit relative to chemical releases will reveal
basic chemical rate processes involving ionization, dissocia-
tion, and recombination.
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