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Chapter 9

OPTICAL AND RADAR TECHNIQUES APPLIED TO CHEMICAL RELEASE
“ACTIVE EXPERIMENTS” IN THE IONOSPHERE/THERMOSPHERE SYSTEM

Michael Mendillo, Jeffrey Baumgardner and Peter J. Sultan
Center for Space Physics
Boston University -
Boston, MA 02215 USA

I. INTRODUCTION TO ACTIVE EXPERIMENTS
1.1 Background.

The term “Active Experiments” refers to a relatively new class of space physics experi-
mentation in which a known perturbation is applied to a natural system in order to study its
characteristics through observations and analysis of the induced effects. Such techniques have
been applied to the Earth’s thermosphere/ionosphere, the magnetosphere and solar wind.
There are four general types of stresses used as causative agents in active experiments: 1
neutral gas releases, (2) cold plasma injections, (3) ion and electron beams, and (4) elec-
tromagnetic wave injections. Areas (1), (2), and (3) can be handled via sounding rocket or
satellite-borne payloads, while (4) can utilize either powerful groundbased transmitters or
spaceborne injection methods. '

Given the relatively modest scientific payloads that can be carried into earth orbit, the
spatial extent and temporal duration associated with active experimentation are small and
brief in comparison to those associated with natural, solar-terrestrial-type disturbances. For
example, chemical release experiments in the ionosphere produce disturbances spanning 10’s
to 100’s of kilometers that last a few minutes to perhaps a few hours. Ionospheric storms,
on the other hand, are global in scale and last for days. Similarly, barium plasma injections
in the ionosphere or magnetosphere result in observable effects that typically last for periods
less than the duration of a substorm (~ few hours). Ionospheric heating effects generally
last as long as the heating is applied, often in the 10’s of minutes domain. The end result
is that active experiments require a comprehensive set of multi-diagnostic instruments that
can handle the small time constants associated with the induced effects. These pose no
particular problems for in-situ probes that sample the regions close to the perturbation;
sounding rocket and satellite diagnostics routinely provide high data sets. However, when
groundbased radars and optical systems are used in active experiments, the normal modes
used for sampling geophysical effects must often be modified to cope with the reduced spatial
and temporal time scales of active experiments.

In the following sections, we concentrate on the chemical release experiments used in
ionospheric investigations, namely, neutral gas and cold plasma injection experiments. For a
general overview of all types of active experiments, the reader is referred to the proceedings of
several symposia on Active Experiments in Space held in recent year [Burke, 1983; Haerendel
and Mendillo, 1988; Mendillo, 1989; and Brenning, 1989).
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1.2. Types of Chemical Release Experiments.

Chemically-induced ionospheric modification experiments involve either the enhance-
ment of ambient plasma densities or their depletion. In the former case, the most widely
used technique involves the release of barium vapor into the ionosphere {Foppl et al., 1967;
Haerendel, 1976]. Barium is an element that is ionized by solar ultraviolet with a time
constant of ~ 28 seconds. The Ba* ion has bright emission lines at 4554 and 49344, with
less intense lines at 5854, 6142, and 6497A. In its neutral state, Ba has a bright emission
line at 5535A. Barium release experiments are conducted under post-sunset or pre-sunrise
conditions using geometries required for darkness on the ground (to permit optical obser-
vations) but UV illumination in the ionosphere (to permit optical excitation). Under such
conditions, observations can be made for 10’s of minutes, depending upon the release altitude
and ground site locations. :

A Bat /e~ plasma responds to electrodynamical effects and thus optical observations can
be used to trace ambient electric fields associated with ionospheric-magnetospheric coupling,
space plasma instabilities, critical ionization velocity (CIV) effects, and many other phenom-
ena. Again, the reader is referred to the special issues quoted above and to the references
contained therein. :

Strontium (Sr) vapor has been used in conjunction with Ba release experiments (con-
tained as an impurity or “dopant”), or as an independent species released into the iono-
sphere/thermosphere. Sr has the property of not being readily ionized (r; ~ 1 hour), but is
excited in its neutral state by sunlight, and thus it can be used to illuminate the evolution of
a gas not subject to electrodynamical forces. It can, for example, trace neutral wind patterns
or map diffusion processes. The Sr emission line typically observed is at 4607A; when Sr*
is formed, observations can be made at 40784.

Many Bat and Sr release experiments are not true active experiments in that they do

- not modify ambient systems, but rather illuminate or trace existing features. The same can

be said for releases of other species such as trimethyl aluminum (TMA), cesium, calcium,

etc. These experiments do, however, have the common feature with active experiments of

offering a short duration, visible light signal that is observed at a wavelength not confused

with regular atmospheric emissions. With often very bright lines to observe, a wide variety

of techniques can and have been used to record such emissions, ranging from standard film

_ cameras to specialized video and CCD-based digital imaging systems [Heppner et al, 1981;
Stenbaek-Nielsen et al., 1984; Wescott et al., 1986).

The second type of chemical release experiment involves the release of molecules that
react very rapidly with ambient ionospheric plasma (Mendillo and Forbes, 1982; Bernhardt, -
1987a). These highly reactive rapors (e.g., Hy, CO2, H20, SFg, CF3Br, Ni(CO)4) modify the
ionosphere via recombination chemistry (plasma neutralization) that leaves the ionospheric
F-region plasma in a depleted (“ionospheric hole”) state. As part of the photo-chemical
chains in the modification process, there is emission of light from the oxygen atoms produced
by the neutralization of the ambient O% /e~ plasma. These enhanced airglow lines (typically
at 6300, 7774 and -8446A) can be used to monitor the chemical reactions and neutral dynamics
of the system. Recent reviews of the mechanisms, goals and status of neutral gas induced
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active experiments have been given by Mendillo (1988) and Bernhardt (1987a).

The diagnostic challenges presented by neutral gas induced effects center on (1) the
reduced signal-to-noise levels for a radar probing the remnant plasma, in an Jonospherlc hole
and (2) the short duration, sub-visual airglow enhancements at ambient emission wavelengths
that accompany the formation of ionospheric holes. These topics are treated separately
in the following sections. They have an obvious relevance to plasma enhancement active
experiments where stronger signals would require less integration time for radar and i imaging
systems.

IL. Incoherent Scatter Radar Techniques Applied to Active Experiments
I1.1. Background -

Incoherent scatter radar is one of the more important and useful observational tools for
studying the physics of the upper atmosphere [Evans, 1969,1975]. Physically, it is based
on the fact that an upwardly propagating radio wave that is higher in frequency than the
plasma frequency anywhere along its path will be weakly re-radiated by the free electrons
of the jonosphere. This incoherent scatter, or “Thomson” scattering, provides a small but
measureable return signal from a probing radar beam. Because of the weakness of the scat-
tered signal, high powered transmitters and large collecting areas are required for adequate
detection.

The returned incoherent scatter signal may be analyzed to determine a wide vanety of
ionospheri¢ parameters. Of principal interest in active experiments are:

N, - local electron density. N, is proportional to the area under the curve of the returned
spectrum, and is typically observed up to h ~ 1000 km.

Vi - ion sound speed: derived from the overall width of the spectrum, or from the
location of the spectral peaks.

T; - ion temperature: derived from V; if the ion masses are known.
T; - ratio of T¢/T;: derived from the shape of the returned spectrum.
- electron temperature: calculated from T,, once T; is determined.

V4 - large-scale drift of the ionospheric plasma: determined from an observed doppler
shift of the entire spectrum.

_ Currents‘ - differential drifts of electrons and ions can be detected from the presence of
different heights of the up- and down-shifted spectral wings
[Rosenbluth and Rostoker, 1962].

Composxtlon mixtures of different ions can be inferred from changes in the shape of the
returned spectrum [Moorcroft, 1964]

Simultaneous changes in several different parameters can have a complex effect on the
spectral signal. However, in the natural ionosphere, changes in individual spectral parameters
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occur over a limited altitude range, making it possible to deconvolve individual effects by
making reasonable assumptions as to which parameters are changing, and which remain
constant. Thus the scattering from each altitude region can be described in terms of changes
in only two or three important parameters.

A typical ‘incoherent scatter analysis program determines ionospheric parameters by
calculating theoretical spectra which most clearly match the observed spectra. The various
physical parameters controlling the spectrum shape are adjusted to provide for the best
least-squares fit between theory and data. An approximation of one or more parameters,
such as the ion composition or T¢/T; profile, can often be made so the other parameters
can be derived without ambiguity. Traditional incoherent scatter radar analyses often begin
by assuming an O /e~ plasma of T./T; = 1 near the F; peak at night. Additionally, one
or more parameters can be pre-determined from an additional data source (e.g. obtain f,F2
from an ionosonde, or include data from measurements of the incoherent scatter plasma
line).

" Incoherent scatter radar is a unique and ideal diagnostic instrument for the measurement
of ionospheric parameters during active experiments. If the antenna is quickly steerable,
there is an added flexibility for observations under rapidly changing circumstances (e.g.,
sudden changes in rocket trajectory). Observations over time can yield an excellent spa-
tial/temporal picture of the changing conditions in the ionosphere during chemical releases.

The first use of a steerable incoherent scatter radar to observe an artificial, short-duration
event took place in 1979 when the Millstone Hill Incoherent Scatter Facility (42.62°N,
71.49°W) measured an ionospheric disturbance to the east of the Kennedy Space Center
following the launch of NASA’s HEAQ-C satellite by an Atlas/Centaur rocket [Wand and
Mendillo, 1984]. A chemically-induced rapid recombination of F-region plasma caused by
the rocket’s exhaust cloud of H» and Ho0Q molecules was monitored by the 46 m diameter
Millstone Hill radar, and the spatial, temporal, and dynamical morphologiés of a large-
scale ‘ionospheric hole’ were observed for the first time. The incoherent scatter studies of
the rocket launch effects showed that reliable altitude profiles of electron densities, plasma
temperatures and bulk plasma drift speeds can be obtained during active experiments.

During the HEAO-C event, the main difficulties with the observations resulted from the
large distance between the perturbation and observation sites. As described in Evans (1969),
radar range resolution (AS) depends upon. pulse duration (At) via AS = %cAt where c is
the speed of light. In order to achieve acceptable signal to noise (S/N) levels for the radar
returns for the HEAO-C case, long pulse lengths (0.5 ms) had to be employed, thus limiting
the range resolution to relatively large values (75 km). Integration time was set at 20 sec for
each data record. Such largé space and time resolutions are not desirable for observations
of effects comparable in size to a single pulse length, or to events changing on minute time
scales. These resolutions were adequate for the HEAO-C observations since the Centaur
exhaust cloud spanned 100’s of km and the event lasted for several hours. However, since
a typical chemical release cloud from a sounding rocket payload reaches an approximate
maximum radius of ~ 50 km, an improved spatial resolution would be required for- such
experiments.
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An improvement in range resolution to 10-20 km would require 0.1 ms pulses. Unfortu-
nately such short pulses unfavorably impact the S/N levels, and require a longer integration
time to obtain usable spectra (i.e. ones from which rellable spectral parameters, N, T, T;,
V4, and composition, can be obtained). The advantages of using an incoherent scatter radar
as a diagnostic tool quickly deteriorate if the length of integration time needed approaches
the time-scales of the event beirig monitoted. In general, attempts to minimize spatial and
temporal resolution values conflict with the simultaneous desire to maximize the information
obtained from spectral analysis.

A further active experiment observed by the Millstone Hill radar was during the Spacelab-
2 mission in 1985 when the Space Shuttle’s OMS engines were used to generate an ionospheric
hole above New England [Mendillo et al., 1987]). The magnitude of the Spacelab-2 electron
density depletion was much smaller than the earlier (HEAO-C) rocket-induced hole bécause
of the smaller shuttle engines and the relatively weak solar minimum jonosphere. A relatively
long radar pulse length (0.3 ms) and 20 second integrations weré used to maximize the power
return to obtain accurate measurements of the electron densnty, thus determining the trade-
off between power and spectral resolutlon

During the same Spacelab-2 mission, an engine burn was conducted over the Arecibo In-
coherent Scatter Radar Facility in Puerto Rico [Bernhardt et al., 1988]. In this experiment,
the 305 m diameter Arecibo dish was able to provide 600 m spatial resolution, using shorter
0.004 ms pulse lengths, and 5.6 second integration data records, Clearly, the Arecibo radar
owing to its great size, does not suffer from the same power/spectral resolution trade-off that
the smaller Millstone Hill dish does. However, the Arecibo dish has greatly limited steer-
ability, and is generally restricted to observations within 20° of zenith, a potential handicap
for use in oﬂ'—zenlth active experiments. For smaller antennas, the lag-profile analysis tech-
niques recently developed for the Millstone Hill radar will help in improving range and time
resolution. A 15 km resolution is now possible, representing a significant improvement over
the previous 40 km value [Holt et al., 1988]. Thus the trade-off between power return and
spectral accuracy faced during the HEAO C and Spacelab-2 experiments can be relaxed.

IL2. Incoherent Scatter Radar as an Ion Mass Spectrometer.

A problem u,mque to active experiments is that the composxtlon of the observed iono-
spheric plasma is changed by the released species, and the radar is often faced with ions
not usually present in the natural ionosphere, A spectral analysis program that is not ex-
pected to handle unusual ions will mlsinterpret the presence of those ions as changes in other
parameters (i.e., temperature). -

The IS spectrum for a mixture of ions is a superposition of the spectra for the individual
ions, smoothed out by the Coulomb interactions (Moorcroft 1964) Thie presence of a mixture
will be most clearly revealed in the spectral shape when there isa large dlfference in the ion
masses. : S :

The ions created in the HEAO-C and: Spacelab 2 releases [OH"’ (17 amu), H,O* (18
amu), and OF (32 amu)] were not notably different in mass from ‘naturally occurring iono-
spheric ions [02 (32 amu), O* (16 amu)] The effects of such ions on the shape of an IS
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spectrum are small, and their presence is not easily inferred. However, some active experi-
ments use heavy elements never found in the ionosphere, even under extreme circumstances.
Over the years, a variety of experlments have been conducted using Ba (137 amu) releases,
and a much smaller number using clouds of SFg (146 amu). The planned NICARE-1 and
-2 experiments will release CF3Br and Ni(CO)4, which will produce the ions Br~ (80 amu)
and Ni(CO); (143 amu)-[Bernhardt, 1987a). ‘

To illustrate the effect of heavy positive ions on incoherent scatter spectra, a simulation
of the spectrum associated with a barium plasma (Ba*/e™) in the F-region (O%/e™) has
been conducted by Sultan et al. {1989}, The main effects are to pull the spectral wings in,
and to make the peaks higher (Figure 1). The situation is analagous to the effect of H
on the spectrum of an 0% /e~ plasma, where the H+. pulls the spectral wings outwards and
lowers the peaks. In both instances two positive jons of very different masses are being mixed.
For a given electron density, as the concentration of one ion is increased, the concentration
of the other must decrease in order to keep the plasma electrically neutral The change in
spectral shape as the concentration of heavy positive ions increases is a diminishing of the
spectral wings of the lighter jon, while the peaks of the heavier ion become more prominant.

The total area under the spectral curve is oonstant since the background electron density is
not changing. : :
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Figure 1. Theoretical incoherent scatter radar power spectra for different concentrations

of heavy positive ions (Ba*, 137 amu) on an Ot /e~ plasma (Te/Ti = 2.). Curves 1 through
4 represent 0%, 10%, 50% and 90% Ba*, respectively.



256

Figure 2 illustrates the effect of different concentrations of heavy negative ions (SF,
146 amu) on the IS spectrum of an O*/e~ plasma. Such plasmas, containing both heavy
negative, and lower-mass positive ions, were created during the NASA/Boston University
SPINEX campaign through the release of SFg at F-region altitudes. SFg, which has a high
electron affinity, quickly attaches an ambient electron to itself (SFg + e~ — SFg) creating
a heavy, negatively charged ion. Since the newly formed plasma mixture must also be
electrically neutral, the number of positively charged components must equal the number of
negatively charged components, so that. N(O*) = N(SFg) + N(e™). For the previous case
of heavy positive ions, the charge neutrality relation was N(O+) + N(Ba*) = N(e~).

As was noted in Mendillo and Forbes (1982), the presence of heavy negative ions pulls
the spectral wings outwards, and makes the shoulder features sharper and more peaked. An
additional central hump is also added. The overall effect is similar to the spectral changes
brought on by an increase in the T./T; ratio (Figure 3), with the exception of the new
central hump. This new peak, which actually appears to be two low frequency peaks very
close to the transmitted. radar beam frequency, has an additional mass dependency, and
is more pronounced the heavier the ion is. .The total area under the spectral curve does
decrease in this case, since the total number of electrons available to scatter the radar beam
has been reduced due to their conversion to the negatively charged ions: o

If such spectral changes are taken into account by the radar analysis routine, an inco-
herent scatter radar can be used as a de.facto mass spectrometer to track the spatial and
temporal development of a heavy negative ion plasma cloud created during an active ex-
periment. For a nighttime experiment, the overall stratégy is to assume that the ambient
temperature and composition of the background ionospheric plasma does not change over
the short duration of the experiment, and that the new plasma from the ionized components
of the chemical release quickly réaches temperature equlibrium. The temperature structure
of the ionosphere is then fixed to a pre-event average, and the spectral analysis program
is modified to recognize heavy negative jon effects. The analysis program will then view
any spectral changes as being caused by changes in composition, and not due to changes in
temperature. A program that does not take the presence of heavy negative ions into account
will erroneously attribute the effect of the ions to a temperature change. Thus the ion mass
spectrometer capabilities of an incoherent scatter radar can be exploited.

The presence of 10% or more SFg has been successfully detected in the SPINEX-2
(1986) data set [Sultan et al, 1989]. Analysis of the SPINEX-1 (1984) and AFGL IMS
(1983) SFg release data sets is underway. ‘Incoherent Scatter Mass Spectrometry (ISMS)
of heavy negative ions will be further tested during the NASA CRRES SFg (1990), and
NASA/NRL NICARE releases of CF3Br and Ni(CO)4 (1989,1990). An incoherent scatter
scan has yet to be performed on a heavy positive ion release, but several opportunities will
occur during the CRRES experiments over Arecibo in 1991.
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Figure 2, Theoretical incoherent scatter radar power spectra for different concentrations
of heavy negative ions (SFg, 146 amu) on an O* /e~ plasma (T,/T; = 1.). Curves 1 through
4 represent 0%, 10%, 50% and 90% SFg, respectively.
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III. Low-Light-Level Optical Instrumentation Applied to Active Experiments
IIL.1. Background

Optical instrumentation using image intensifiers has been applied to a wide variety of
geophysical and space plasma phenomena. A film-based image intensified system was first ap-
plied to ionospheric hole airglow studies [Mendillo and Baumgardner, 1982a] using a camera
developed for aeronomic studies [Mendillo and Baumgardner, 1982b]. A CCD-based digital
camera system was later developed [Baumgardner and Karandanis, 1984] and applied suc-
cessfully to ionospheric modification studies [Mendillo et al., 1987]. Alternate CCD-based
systems were developed and used in several ionospheric and magnetospheric chemical re-
lease experiments [Bernhardt et al., 1988, 1987b], and in ionospheric heating experiments
[Bernhardt. et al., 1989).

Each of the systems described in the references cited successfully addressed the funda-
mental issues faced by optical diagnostics devoted to active experiments: (1) weak signals
at ambient atmospheric emission lines; (2) duty cycle concerns relating length of integration
times and image storage times to the time scale of effects to be observed; (3) operational
choices concerning dynamic range levels or image intensifier phosphor persistence (“after-
glow”) effects. ' ‘

Fabry-Perot systems have been used extensively in aeronomic research, but only recently
has the technique been applied to active experiments. A Fabry-Perot system used in high al-
titude barium release observations was described by Mende and Harris (1982). The AMPTE
program of chemical releases included Fabry-Perot measurements of barium released into the
geomagnetic tail [Mende et al., 1989], as well as into the solar wind [Rees et al., 1986]. The
Doppler Imaging System (DIS) used in the latter case is described in Rees et al., (1984).
Opportunities to apply these techniques to releases in the thermosphere-ionosphere system
will occur during the NASA CRRES missions scheduled for 1990-91.

In the following sections, brief descriptions will be given of two new instruments that are
well suited for observations of active experiments in the ionosphere: a low-light-imager and
a meridional imaging spectrograph.

I11.2. The CEDAR Imaging System.

As part of a U.S. National Science Foundation initiative in atmospheric sciences, the
CEDAR (“Coupling, Energetics and Dynamics of Atmospheric Regions”) Program has
sought to establish instrumentation and programmatic upgrades in all areas of aeronomic re-
search (CEDAR, 1986). One of the core instruments developed for optical diagnostics was a
state-of-the-art imaging system. The CEDAR Class-I imager is expected to advance ground-
based capabilities for upper atmospheric research in two fundamental ways: (1) provide high
quality, fully-calibrated, all-sky images at multiple wavelengths for research in optical aeron-
omy, (2) provide a facility class instrument to operate in campaign mode in conjunction with
simultaneous observations by incoherent scatter radar, Fabry-Perot, LIDAR, and spectro-
graph systems, as well as other diagnostics clustered for a given set of geophysical research
objectives.
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The CEDAR Imager became operational on 1 September 1989 and is located on the
Haystack Observatory complex in Westford, MA (USA). It is used in conjunction with the
Millstone Hill radar and optical and radio facilities in the area. Typical results to be expected
from such a cluster of instruments observing geophysical effects are treated in Mendillo et al.,
(1987). The imaging system itself may be readily applied to active experiments, as shown
in Baumgardner and Karandanis (1984) for an earlier generation system.

Figure 4 gives a schematic of the CEDAR imager. When operated in the all-sky mode,
light from 27 steradians is imaged onto the field lens where it is re-directed into the collimator.
After the collimator, the light is in parallel bundles 100mm in diameter with a maximum
angle of any ray to the optical axis of 4.5°. This small angle allows the use of interference
filters with band passes of ~ 128 HPFW. After passing through the filter the light is re-
imaged at f/1 onto the photocathode of the intensified CCD. This detector is housed in a
refrigerated housing and is kept at near —40°C to reduce its dark signal and thus allow the
camera to integrate for 1 minute before the dark signal becomes significant. Figure 5 shows
the sensitivity curves for the CEDAR detector and Figure 6 shows the performance of the
detector under typical nightglow conditions.

ALL- |
L-SKY CAMERA 16mm F/2.8
SCHEMATIC '

FIELD LENS

Zr?»OOmm COLLIMATOR

FILTER ‘]"—’
_.’ '
POSITION

90mm F/0.956

' INTENSIFIER

CcD

Figure 4. Schematic Diagram of CEDAR Imager.
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Figure 5. Sensitivity curves for CEDAR Detector. -
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Figure 6. Performance curves of CEDAR detector under typical nightglow conditions.
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II1.3. Meridional Imaging Spectrograph

In many active experiments there are reasons to search for optlca,l emissions over extended
spatial and spectral domains. Investigations of geophysical structures (e.g., aurora) often
also require simultaneous multi-wavelength coverage across extended features. To address
these needs, a new meridional spectrograph was designed and tested (Baumgardner, 1989).
Figure 7 gives a schematic of the prototype system. Its design is very similar to the CEDAR
1mager except that a reflection grating is used in place of the interference filter, and a slit
is placed on the plano surface of the field lens. At the detector, the image of the slit at
each wavelength has 360 spatial resolution elements corresponding to 180° field of view of
the all-sky lens. The projected slit width is ~ 1°. In the dispersion directon there are 488
plxels, with the instrumental profile covering ~ 10A and a spectral range of 20004 for any
given grating position.

0.2 MM SLIT

. ;'\'60'0, LINES/MM
" DIFFRAGTION
GRATING

- Spectral Resolution = 10A

- Wavelength range/Image = 2000A

- Angular resolution‘in all sky mode = 1°
- Sensitivity @ 6300 with S/N 2 1 = 20ReS

Figure 7. Schematic diagram of Meridional Spectrograph.
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Figure 8, gives an example of a wavelength slice through a 30 second integration of
nightglow from ~ 6300A to 8300A. The photocathode wavelength sensitivity curve has not
been removed and is responsible for the downward slope of the spectrum toward the red end.

Since each integration can be saved on a WORM (Write Once Read Many) optical
disk drive and each spectra contains spatial information along the slit, an image for each
wavelength can be reconstructed showing space, time and intensity. Through a different
choice of front end optics, the field of view can also be reduced from all-sky (meridional) to
a narrow field mode more appropriate for small scale active experiments.
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6830 OH(7-2)

7240 OH(8-3)
7710 OH(9-4)

INTENSITY

8290 OH(6-2)

WAVELENGTH

Figure 8. Zenith slice of spectrum taken with Meridional Spectrograph.

’ As a final point, it should be emphasized that the acquisition of digital images using

CCD technology leads to a scale of data analysis work not encountered with earlier film-
based systems. The advantages of working with digital images outweigh their drawbacks,
but significant resources (personnel, hardware and software) are required to extract the
full scientific yield from such systems. In Figure 9, we present in schematic form the data
acquisition and processing system required for timely reduction and analysis of both CEDAR
imager and meridional spectrograph images.
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Figure 9. Data acquisition and processing schematic for CEDAR-type detector.
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