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The Arizona Imager/Spectrograph (AIS) science sugport effort included several
aspects of shuttle and spacecraft interactions research. Software development, flight
plalmgng and analysis of related ground-based observations of the shuttle interaction were
included.

The first objective of the program was to establish a data handling and analysis
system which would be ready to receive the AIS data, evaluate the data and provide imaging
and spectmﬁraphic tools for analysis. Two Sun Microsystems computers were procured for
this task. The "Image Reduction and Analysis Facility' IRAF? software system, developed
by the Kitt Peak National Observatory, was adopted and installed on the Sun computers by
our data center personuel.

Several students\and some of the scientific staff became involved in the experiment
planning, data handling and analysis for both the AIS flight program and the ground-based
shuttle observational program at the Air Force Maui Optical Station (AMOS).

The AIS flight planning task continued from delivery of the experiment to the
gayload integrator in Germany in May 1989 until tlight of the experiment on the Space
huttle in April/May of 1991. Since the AlS was also to provide supporting data for all other
experiments on the mission, special experiment sequences were developed for each of the
six experiments. With various options, this amounted to about thirty templates or individual
experiments.

As the program proceeded and our shuttle operational procedure was defined, a
problem in communications was identified. A committee solution to this problem was to
reduce the necessity to edit templates by putting more options in the instrument to select
from. A further one hundred templates were designed. These templates had to be run
individually through the payload system in Germany. Fli%‘ht scheduling and planning
hecame an associated problem in supporting the in flight, The Jalnnning team then
became the flight team for the AIS. In the fall of 1990 and spring of 1991, the team was in
training through various Joint Integrated Simulation meetings for Shuttle/payload flight
activity at Johnson Space Center. Finally these personnel supported the AlS experiment on
the Shuttle at JSC during the flight.

Prelimina? data were available immediately after flight from the real-time downlink.
These data provided "quick look” material for our sponsors.” The flight data which had been
recorded on board the satellite became available in late May 1991, Unfortunately the
shuttle supplementary data was not forthcoming. At the end of this contract in September,
1991, we had not received sufficient shuttle altitude and pointing information from the Data
Management Center to proceed with definitive analysis.

The AIS data were reviewed carefully to identify periods in which good data were
received on the identified experiments. About 45 data sets were identified and work was
- begun on preparing them for analysis.

A second scientific data set, which was a companion to the AlS, came from the
AMOS observational program. The commonality between the data from the abservations
of thruster firings by the shutiic over AMOS and the AIS flight experiments joined these two
scientific analysis programs, The results of the AMOS observations were directly applicable
to the AlS experiment Splunning activity. The AMOS experiments produced data in the
same format as the AlS. This activity improved our software preparation activity for the
AlS gm:l wis a good training opportunity. The analysis team received dita from sixk AMOS
overflights. :




On the first opportunity, the spectrum of the shuttle PRCS (Primary Reaction
Control System) was acquired. Although the resolution was low, several important spectral
features were identified: a very strong emission of NH was discovered near 3400 A, and a
longer wavelength emission which was subsequently identified as the OI (6300, 6364 A)
lines. The work on the Ol line has been submitted for publication (Appendix A). A study of
the NH interaction was initiated. Dr. Joseph W. Chamberlain provided the attached report
(Appendix B) with respect to the hydrogen interaction with the atmosphere. Some of the
work and analysis in the preparation of two technical papers (Appendices C and D) was
provided by this contract.
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SPECTROGRAPHIC OBSERVATION AT WAVELENGTHS
NEAR 630 NM OF THE INTERACTION BETWEEN THE
ATMOSPHERE AND THE SPACE SHUTTLE EXHAUST

A. L. Broadfoot,! E. Anderson,! P. Sherard,! D. J. Kaecht 2
R. A. Viereck,2 C. P. Pike,2 Edmond Murad,? J. E. Elgin, L. S. Bernstein,?

L L. Kofsky,* D. L. A. Rall,* J. Blaha,® and F. L. Culbertson®

ABSTRACT

The collision between the exhaust from the Primary Reaction Control System (PRCS) engines
- (870 Ibs thrust) of the space shuttle and the ambient atmosphere has been observed from the Air
Force Maui Optical Station (AMOS). Specira have been obtained in the wavelength region near
630 nm. The temporal, spatial, and spectral distribution of the emission in tﬁis region has been
recorded. The results reported here indicale that when the exhaust of the space shuttle interacts
with the atmosphere in the ram direction, an intense, long-lasting emission at 630 nm due to
O(*D - 3P) is generated. A substantial amount of G ('D) is swept back onto the orbiter, Two
~ processes are proposed for the formation of O('D): (1) excitation of atmospheric OCP) by
-col'lisions with the exhaust of the space shuttle engines: and (2) charge exchaz‘agc between
‘ambient 0* and exhaust Hy0.  Caleulations using the SOCRATES Code show excellent
agrcement with the data, |
1. Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ
2. Phillips Laboratory, OLAA-WSSI, Hanscom AFB, MA
3. Spectral Sciences, Inc., Butlington, MA '

4. PhotoMetrics, Inc., Woburn, MA
5. NASA, Johnsoa Space Center, Houston, TX
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INTRODUCTION

In a previous report (Murad et al., 1990), we presented telescope images of the interaction
of space shuttle exhaust gases with the atmosphere as a function of angle of attack. Those
measurements were made in the visible region of the spectrum using an ISIT camera with an
uncharacterized generic S-20 response. Such observations are relevant to the use of space-borne
platforms for astronomical measurements (see, for example, Koch et al., 1988), routine operations
(see, for example, Scialdone, 1984), and plume research. Onboard mass spectrometry has shown
complex mass spectra that are strongly influenced by the firings of attitude-control jets on the
Space Shuttle (Ehlers, 1986; Wulf and von Zahn, 1986). These onboard measurements, of
course, detect only those molecules that have been scattered back into the shuttle bay; the
reaction of the exhaust with the atmosphere and the products of this interaction are not directly
obscrved, Because the nature of the optical enviromment of the space shuttle has important

implicaticns for use of space-borne platforms for research, we have extended the duta by

~ - obtaining spectral, spatial, and temporal information about the interaction region. In this paper-

we present and interpret spectral data for an emission feature near 630 nm, a region that is

amenable to interpretation. As we will show, the emission is due to a metastable species, o('D).

EXPERIMENT
Primary Reaction Control Systera (PRCS) engines of the Space Shuttle, STS-41, were
fired on October 7, 199C at 1326 UT during a period when the Shuttle could be observed from
the Air Force Maui Optica! Station (AMOS). The altitude of the shuttle was 290 km. The

firings were observed with an ICCD spectrograph at the focus of a 200-mm apesture, {/5
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telescope mounted on and coaligned with a 1.6-meter izlescope. ICCD-spectrograph design
criteria have been discussed in general by Broadfoot et al. (1992). The instrument used here had
a high throughput (£/1.2), broad spectral coverage (310-710 nm), and time resolution consistent
with the time scale of the interaction phenomena (0.84 sec per exposure). The slit image at the
detector was 192 pixels in length and was subdivided electronically into twelve segments of 16
pixels each. In the direction of slit wigth the image was dispersed over 384 pixels, coadded to
provide a spectral resolution of about 10 nm. The instrument was calibrated before and after the
experiment.

In order to observe the morphological dévclopment of the interaction between the shuttle
exhaust gases and the atmosphere, the spectrograph slit length was aligned with the shuutle
velocity vector, as shown in Figure 1. Engines were fired successively in four directions (ram,
wake, down, and up), each bum lasting three seconds followed by a quiescent period of five
scconds. The thrust directions were forward (ram, hereafter referred to as Bnm 1), aft (wake,
hereafter referred to as Burn 2), down (nadir, hereafier referred to as Burn 3), and up (zenith,
hereafter referred 1o as Burn 4). The geometry of the experiment and the burn times as viewed
from AMOS are illustrated in Figure 2. The trajeciory passed near the zenith at AMOS (nearly
overhead), but zhe bums were conducted after reaching that point to avoid looking into the near-

| 2enith moon. Bccausc.mo instrument line of sight lay in the plane containing all four exhaust

directions, the slit sampled all four bums.

RESULTS

The spectrograph data coniain spectral information (location of pixel in the dispersion
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direction), spatial information (location of pixel in the direction of slit length), and temporal
information (sampling by successive exposures), provided the emissions are sufficiently bright
to yield adequate counting statistics. If not, the data can be processed by summing pixel values
in several different ways that yield the highest spectral, spatial, or temporal resolution of the
emission region. For highest spectral resolution, counting statistics can be improved by summing
over time (more than one exposure) and/or spatial extent (adding one or more slit segments).
Similarly, for best temporal information, data can be summed over a selected spectral range as
well as over slit length, and best spatial information is obtained by sumumning over time and
speciral dispersion.

Figure 3 presents the data for burn No. 1 (ram) in the 500-710 nm region of the spectrum,
comparing the exhaust interaction spectrum with the airglow spectrum measured with the same
instrument, The bum spectrum was acquired in three seconds, while the airglow spectrum
required an exposure of 180 s, These observations were made on Ogtober 7, 1990, three days
after full moon (91%: full). The strong feature between 615 and 645 nm is identified as the
O('D-+P) transition (630.0, 636.4 nm). This identification was subsequently confirmed by the
spectrum labeled STS-43 in Figure 3, from a similar experiment on 7 Aum 1991, in which a
higher-resolution spectrc raph was used. The second feature in the 665-695 nm region is due
mostly to second-ovder diffraction of the NH (A—X) fundamental at 336 nm. Some small part
of the featue at 665-695 nm may be due to the OH (X M) Meinel system, as proposed in an
carlier study (Murad et al., 1990). However, that contribution appears 1o be quite small.
Therefore, in the following discussion, we will refer to the waveleagth of this fcature as 336 nm.

We plan to discuss in this report the nature and origin of the emissions in the spectral region near
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630 nm; to a much lesser extent we will also discuss the difference between the two features of
the interaction spectrura around 630 and 336 nm.

Figure 4 shows the intensity of these two emissions as a function of time. These curves
were obtained by summing over all slit segments and over the wavelength range 615-645 or
665-695-nm (see Figures 3 and §). The start and stop times of the burn were taken from the
shuttle time log. The time scale has been referenced to zero at the stari of the first bum, and the
time at which each data point is plotted refers to the beginning of the spectrograph exposure.
A notable feature of Figure 4 is the delay in rise and fall of the 630-nm emission with respect
to the 336-nm emission. The 336-nm emission turns on and off with the thruster. The delay of
the 630-nm emission is between two and three seconds. This suggests a forbidden emission but
ascribing it to the Or'D—>P) transition which has a radiative lifetime of about 150 seconds
(Radzig and Smimov, 1985), scemed unlikely until the dynamics of the experiment was modeled
as discussed below. The marked difference in intensity _betwcen the ram and wike finings is
expected from the 'cnergeu‘cs of the gas-gas reaction. The nadir and zenith iménsilies. shown i_n
Figure 4 are r§lau§ely strong, the difference between them may be due to unequal sampling of
the plumes by the spectrograph because of telescope aiming. The remainder of this report will
deal mainly with the data from the first (ram) burn.

- A stacked time-serics of spectra (eleven consecutive 0.84-s exposures with all the slit
~ segments added) for bum No. 1 is shown in Figure 5. The spectra have been smoothed with a
low ﬁass matheratical filfer to show the temporal signature mose clearly. Time labels ot the
right side of the plot refer to the start of each exposure and comrespond to the tinies of the data

points in Figure 4. The third, fourth, and fifth spectra from the bottom (1.04, 1.88, and 2.72
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seconds) were obtained during the burn and show the strong and prompt emission at 336 nm.
The delay in growth of the 630-nm emission is apparent as is its persistence after the 336-nm
emission has ceased.

The spatial-temporal characteristics of the 336- and 630-nm emissions are shown in
Figures 6 and 7, respectively. For these figures spatial resolution in the direction of slit length
has been retained by not summing over the twelve slit segments. At the shuttle range of 314 km
from AMOS, each slit segment was illuminated by a region 0.45 km long. Supplemental
telescope pointing data placed the shuttle at the zero of the distance scale in Figures 6 and 7 with
a probable error + 0.2 km. Positive distance is in the ram direction.

We note that the shuttle is moving in the ram direction at about 7.8 km/s and the initial
velocity of the plume gases relative to the shuttle is near 3.5 km/s (Pickett et al., 1985; 1986).
The 336-nm emission (Figure 6) appears to extend at least 2 km in front of the shuttle with very
little emission in the wake. The 630-nm emission (Figure 7) rises slowly in the forward
direction, spreads into the wake and persists for several seconds after the burn has ended. Both
emissions indicate that the exhaust-gas is being carried along with the shuttle. The shuttle moves
forward several plume lengths per second; nevertheless the emission comes from the region ahead
of thé shuttle even after the firing ceases. The extension of the 630-nm emission into the wake
is a measure of the “drag" which finally separates the thruster gases from the orbiter.

The spectra of Figures 3 through 7 are plotted in relative urits because of the various
ways the data have been summed to extract spectral, temporal and spatial information. From the
spectrum at 2.72 sec, we have estimated the peak brightness at the center of the interaction cloud

(about 1 km ahead of the shuttle) to be about 10 kR in the 630-nm feature (or 2.5 x 1010
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watts/cmzlsr).

The 630-nm region emission is not necessarily confined to the O (‘D——)3P) transition, We
estimate that as much as 20% of the emission within the 30-nm band could be from other plume
emission sources. Intensity estimates through the three phases of the experiment are given in
Table 1. There is some uncertainty about the intensity of the perpendicular burns, We have
adopted the intensity from the nadir burn since it registered the highest intensity or a lower limit
for the perpendicular direction. In earlier, visible-wavelength (S-20 photocathode) images the
nadir and zenith burns have appeared to be approximately equal in brightness; in this experiment
we suspect that the lower intensity seen by the spectrograph during the zenith burn is the result

of observing a dimmer part of the plume because of a difference in pointing.

DISCUSSION

A. 615645 nm Feature: We ascribe this feature to the O('D ~» >P) transition for the following
reasons:

a. Its shape agrees closely with that predicted by convolving the spectral-response

function of the instrument with doublet lines at 630 and 636.4-nm,;

b. Its shape fits the night-sky airglow spectrum shown in Figure 3; -

¢. The assignment was subsequently confirmed by a higher-resolution measurement from

| the STS-43 expeiiment on August 7, 1991, as shown in the inset in Figure 3; and

d. A forbidden transition explains the emission delay

B. Origin of O('D): Two mechanisms for gencrating the O('D) are proposed:
0* + H,0 = Hy,0* + 0 (‘D) m
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oM +X->0(D)+X ),

where X is any exhaust species with sufficient kinetic energy to excite the O(ID). Reactions (1)
and (2) are endoergic at room temperature by ~ 1 and ~ 2 eV, respectively. When the orbital
velocity (i.e. the relative velocity of the initial O or O*) and the velocity of the exhrust are
summed vectorially the center-of-mass collision energy is sufficient to overcome the energy
barriers in the ram and perpendicular bumns, as long as X is a species of a molecula: mass.
comparable to that of O. The cross sections for these reactions have not been measured because
of the long radiative lifetime of O (ID). However, the cross section for the reaction: ,
0*+H;0 » H,0*+0 o (1a)

where tﬂe state of Q is not determined, has been measured (chingcr et al., 1989; Dressler et- al.,
1990). More recently the kinetic energies of the charged products of reaction (1a) have been
measured (Dressler et al., 1991), and from these measurements one can obtain an indication that
at least some of reaction (la) may proceed via (1). In the analysis of the 630-nm feature we
have used the fotal measured rate coefficient, knowing that this is a maximum. Since even with
thfs rate coefficient, the charge-exchange channel contributes only 10% to the O('D), the etrorA
introduced is not very large.

For the cross section for reaction (2) we have used the recently calculated data by Sun
and Dalgarno (1992). Sun and Dalgamo (1992) fitted the quenching rate coefficient to an
expression of the typ§ ko= (A + BIT + CT)x10""? em’molecule’'s™! . We fitted their data to an
excitation rate coefficieni of the form k, = 4.9x]072632800T) cppdyplocule*!s !, For the
| deactivation of O(!D): “

oD +M = 0P+ M ' (3)
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0 (D) + H,0 - 20H ).

we have used the data reported by Abreu et al. (1986) for reaction (3), where M is N, or O.
Published data indicate that ky(N,), i.c. the deactivation rate constant when M is N, (Link et al.,
1981; Link and Cogger, 1988) is 2.3x10°!!, while ky(0) = 8.0x10""* molecules cm? s71.
Assuming microscopic reversibility, we then estimate the rates of the reverse, endothermic
reactions to be ky'(N, = 2.3x10" lexp(-22800/T, and k4'(0) = 8.0x10"2exp(-22800/T) molec cm®
s’ In the calculations discussed below we use k;(H,0) = ky(N,) for reaction (2). Table 2
presents a summary of the rate constants used in the analysis of the 630 nm feature.

C. Temporal and Spatial Characteristics: Figures 4 and 7 show the intensity of this emission as
a function of time after initiation of burn and as a function of distance from the spacecraft. It
is clear from Figure 4 that the O('D) intensity builds up slowly, requiring approximately 3
seconds to reach ¢ maximum. After the bum, the emission continues for at least 5 seconds after
engine shutoff, Figure 7 2lso shows the 0(‘D) to extend as much as 2 km ahead of the orbiter
and as much as 3 .m behind.

" D. Retumn Flux of Molecules to Spacecraft: Besides the temporal hehavior of the 630-nm
Aemissioa. the data of Figure 7 show that by 2.72 5, O (D) begins to be swept into the wake of
the spaczcmf@. and this process continues after le-mination of the firing at 3 5. As late as 6.92s
392 8 after burn !c'rmination\ the spacecraft continues to overtake the O(lD), which can be seen
as far as 2 km behind the spacecraft. A consequence of this observation is that O('D), and by
- inference, pcrhap§ other ram-directe exhaust species strike the surfaces of the spacecraft. This
transport is a complex function of the radiative lijetime, elastic scattering, deactivation, and

chemical reaction of O (!D). The fact that we see O (’D) behind the spacecraft and the fact that
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its concentration decreases almost exclusively by collisional deactivation or reaction rather than
radiation suggest that the products of its reaction will be present both ahead and behind the
spacecraft. This observation can be generalized to other reactive species, where the concentration
of the products is determined by the competition between radiative relaxation and collisional
(both reactive and nonreactive) scattering,

For example, the fast reaction with H,0, reaction (4) above, has a rate coefficient of
2.2x101% cm3s'! (Gericke and Comes, 1981; Demore et al., 1990). Assuming that H,O represents
33% of the exhaust, and assuming that its density is ~ 10° cm™, the time constant for this
reaction turns out to be ~ 5's. An exhaust product with a slower rate coefficient would have a
correspondingly longer time constant. For example, a potential product of hydrazine fuels is
NH,; its primary reaction will be with atmospheric O:

O+NH; = NH+COH ()

whose rate coefficient is ~ 1 x 10! cm? s} (Westley et al., 1990); the time constant against
reaction with ambient O atoms, assuming again the local density of NH, to be ~ 10° cm?, is -
100 s, i.e. 20 times that of reaction (4).

E. Code calculations and comparison with data: The SOCRATES Code (Elgin et al., 1990) was
~ used to calculate a number of the parameters discussed above, namely, the relative contribution
of reactions (1) and (2), the effect of angle of attack on the spatial distribution of the relative
distribution of emission rates of the 630-nm doublet, and the radiance in this line as a function
of time. We used the appropriate atmospheric densities for altitude (290 km) and time (1326
UT), namely {0*] = 3.7 x 10% cm™3 and (O] = 1 x 10° cm™®. Briefly, SOCRATES is a Monte

Carlo Code developed to calculate and predict the effect of interactions of spacecraft surfaces
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and atmospheres with the natural environment in low earth orbit. The code includes scattering
and chemical reactions. The rate coefficients used for the reactions forming and destroying
O(’D) are given in Table 2. We briefly present below the results of the calculations from the
more detailed description of this work available elsewhere (Elgin et al., 1990).

i. Angle of Artack: The calculated maximum relative column emission rates at 630-nm were 6.8,
4.3, and 1.0 kR for the ram, perpendicular, and wake burns, respectively. These values compare
favorably with the observed relative signals given in Table 1 and so lend credence to the
calculational procedure. Figure 8 shows plots of the radiant intensity of the o¢'D) - oé’p)
photons as a function of time at different angles of attack. The differences in emission intensities
are a direct result of the variation in available collision energy for the three cases.

ii. Time of Maximum Intensity:

Figure 8 shows the calculated total emission rate history for the three burns. A plateau
is predicted approximately 2.5 seconds into the burns, in substantial agreement with the data.
The relatively slow decay after engine shutdown in the calculations is predominantly due to
residual atmospheric collisions that continue to excite the 0(‘D) even after the plume has left the
immediate vicinity of the vehicle, and the transport of O( ID), previously excited, into the field
of view,

iii. Relative Contributions of Reactions ( 1) and (2):

The relative contributions of the collisional and charge-exchange mechanisms are shown
for the ram bura in Figure 9. The collisional mechanism is dominant throughout the burn. The
collisional mechanism remains the dominant one even for the wake burn, but the ratio goes down

from approximately 27 to 8 as the mean flow energy is reduced. After the engine shutdown, the
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charge-exchange mechanism decays at a faster rate as the H,O molecules leave the vicinity of
the vehicle, while the collisional mechanism is maintained for a while via purely atmospheric
collisions.

iv. Predictions of emissions from the O( 1S) = 0O ID) Transition: A reaction similar to reaction
(2) can be used to excite the O(IS) in the ram direction. In this event, emission from the
0('S)-0('D) at 557 nm would be expected. We calculated profiles for this emission using the
rate coefficients given by Krauss and Neumann (1975) using the SOCRATES Code. These
calculations lead to a total emission due to O(IS)-—)O(ID) which was a factor of 10 larger than
that due to O('D)—OCP). The data indicate that, in fact, {O(*S)—0('D)}/{O('D)~0(CP)} ~
0.1. We conclude from this that the rate coefficient given by Krauss and Neumann (1975 is not

correct; an adjustment downwards by a factor of 100 is required to reconcile the observations.
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Table 1

PEAK COLUMN EMISSION RATES

3and Region (nm—)L Peak Intensity (kR) Assignment
Wake Perp Ram
615-645 1 1 10 Blended OI + ?
630.0 + 636.4 lines ! 5 8 O¢P - 'D)
665-695 7 8 12 NH Second Order
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TABLE 2

RATE COEFFICIENTS OF REACTIONS

AMOS/ 19 May 1992/Page 13
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k = AT EAD)
=-_ﬁww;l{eaction A n E, Reaction AH

kcal/mol kcal/mol
OCP) + N, = O('D) + N, 1.28x10"! | 000 | 453 45.3
o) + 0CP) » o('D) + OCP) | 4.9Xx10'? | 0.00 45.3 453
OCP) + Hy0 - O('D) + Hy0 1.28x1012 | 0.00 45.3 453
0('D) + Ny = 0P + N, _ 232101 | 0.00 0 453
o('D) + OCP) » OCP) + OCP) | 8.0x102 | 0,00 0 -45.3
0('D) + H;0 = OCP) + Hy0 23101 | 0.00 0 -45.3
O('D) + H,0 - OH + OH 220101 | 0.00 0 -28.3
0* + H,0 - 0('D) + H,0* <2.3x10° | -0.03 23.0 20 |




FIGURE CAPTIONS

Figure 1- A graphic representation of the experiment as seen with the ISIT imager, with ram and
wake interactions shown. The dimensions of the shuttle and slit are exaggerated. The
Shuttle/plume and coordinate system move in the positive direction at 7.8 km/sec. The
slit projection is shown for the 12 consecative spatial-sample regions.

Figure 2 - Geometry of the engine firing measurements.

Figure 3 - A composite of three spectra. 1) The night airglow recorded in 180 seconds. 2)
The plume spectrum from STS-41 suramed over the 3-second bum. 3) The plume
spectrum from the similar STS-43 experiment using a higher-resolution spectrograph to
confirm the identification of the atomic line. Integration regions for Fig. 4 are indicated.

Figure 4 - Temporal variation of relative intensity in the full slit through the duration of
the experiment. The spectrum was intcgratéd over the two regions 615-645 nm and 665-
695 nm noted in Figure 3. These were relative intensities since the slit is not filled by
the emission sources. Thruster dircction sequence is shown at top of the plot.

Figure 5 - The full-slit spectral samples from the beginning of the ram bumn to the beginning of
the wake burn. The data have been smoothed 10 emphasize the temporal changes in
spectral content. The spectra are offset vertically and tagged with their start integration
time relative to the beginning of the ram burn. Intensities are again relative since the slit
filling factor varies with time, |

- Figure 6 - Spatial and temporal variation in the emission from the 665-695 nm spectrai region.

. The peak intensity feponcd in Table 1 was derived from the spectrum starting at 2.72 s

about 1 km forward of the shuttle position.

AMOS/ 19 May 1992/Page 16
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Figure 7 - Spatial and temporal variation in the emission from the 615-645 nm spectral region.
The ram-burn peak intensity reported in Table 1 was derived from the spectrum starting
at 2.72 s about 1 km forward of the shuttie.

Figure 8 - The calculated temporal dependence of the O(ID) emission for the three bumn
orientations. This emission is integrated spatially over a region of about 6 x 6 km around
the shuttle.

Figure 9 - The relative contributions calculated by SOCRATES of the collisional and charge-

exchange mechanisms to O e production rate as a function of time for the ram burmn.
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COMMENTS ON THE LIKELY MECHANISMS INVOLVED IN SHUTTLE-GLOW

JOSEPH W. CHAMBERLAIN
MAY 9, 1980

TYPES of GLOW. For any particular configuration of spacecraft and
environment, there may well be more than one physical mechanism acting at one
time. In addition, there are glows associated with space vehicles in distinctly
different configurations. They include (1) ram surface glow; (2) thruster (gas-phase)
glow, following thruster firings; and (3) “cloud (gas phase) glow", observed rwhen
looking away from the surface (without any thruster activity).

METHODS of OBSERVATION. Some early observations were made by
ground-based telescopic equipment at Maul by Witteborn et ‘a/ (1974), and they
showed an infrared continuum glow that seemed to extend tens of meters from the

Shuttle. The reported intensity seems much too bright in view of more recent

Shuttle measurements. Shuttle observations, madse with orbiter television cameras =~ |

and still-camera pictures, have- _consistenﬁy shown a glow on the aft Shuttle
surfaces fac‘lng' into the velogity vector, as had previously besn seen on AE
 satelites. Yee and ,'Dalgarno (1986) derived intensities from STS-3 of about 30 kR,
~and the glow decreased away from the surface with a l/_e scale length ot 20 cm;

| from mls.‘trhey inferred a radiative litetime for the emitting molecules of 0.67 msec.
SPECTRUM 1: RED CONTINUUM.  Extensive observations of Shuttle-
related glow have been made by Mendos et a/ (1984, 1985, 1985, 1987, for -
examp!e){ Some spectra with low spectral résotulion showed a red, structureless




glow extending away from the vertical stabilizer. There may have been problems
here with scattered airglow emission lines. The optical detection equipment was
significantly upgraded for observations on STS-41D. With spectral resolution of
34A, the continuous spectrum peaked at 6800A, and no spectral features were
apparent.

The picture that emerges is one of NO3 re-association spectrum in the red,
produced when a mono-molecular layer of NG sticks to the surface and forms NOp
with ramming atmospheric O. Presumably, the excess energy available breaks the
bond of NOo with the surface, accounting for the stand-oft glow above the Shuttle
surface,

SPECTRUM 2: THE ISO/CLOUD GLOW. A confused array of spectra was
obtained with an “imaging Spectrometric Observatory* aboard STS-9/SPACELAB,

-and analyzed by Torr and Torr (1985). The spé_actral resolution wés moderately high
(3 - 6 A), with spectral ranges In the visual, near-UV, and far-UV. The importance of
contamination is illustrated by the . presence of variousv airglow‘ and auroral -

- -emissions, but in addition-the Np LBH band system (not a component of the
natural atmospheric radiation) was found. The absence of any imaging data makes
it impossible to ascertain the emission source: possibly it's the surface of the
instrument balfles, but it Is more likely the Shutiieinduced contaminant cloud,

rather than a surface. The ISO also observed a glow in the wake of the Shuttls, |

again in contrast to a surface glow. .

SPECTRUM 3: THRUSTER GLOW. When the thrusters are fred there
appears an enhancement of ihe surface glow, iollowed by the creation of a glowing

_region apparently not associated with surface processes, which decays in tens of
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seconds. Green et a/ (1985, 1986) suggest that the thrusters emit some 106 R
from unburned fuel combining with ambient oxygen. Alternatively, oxycen may
become adsorbed on the surface, creating a surface emission. Mende and
Swenson (1985) found that Thruster glow decays 5 times more slowly on STS-8 at
220 km than did the glow studied by Green et a/ on STS-3 at 240 km. With 4 A
resolution, Kendall et a/ (1985, 1986) found the Thruster glow to be a continuum in
the red, 6275 -- 6307A, and that the glow decayed slower on the surface than in the
region over the surface. The latter effect suggests two distinct components.

MECHANISI'S of EXCITATION. Green (1984) and Green and Murad
(1986) have summarized thé various sources that have been proposed for the
vehicle glows, and Garrett et al (1988) have prepared a detalled review of the
situation, which we will now both summarize and extend.

1. Simple Reactions That Produce Excited Neutrals [Slanger 1983, 1986).

Energetic neutral air molecules (N2,0) colide with the vehicle environment

-~ (consisting of local contaminants Hg0, Hp, CO, COg; reflected ambilent alr; and

thruster products, methythydrazine CH3NaoH3 and NoQy4, and react at the vehicle
surface. Possible reactants are vibrationally excited diatomic molecules such as

~ NO. CO, and OH, which can radiate in the infrared, giving emission of the order of

105R. The observed levels of contaminants may not be sufficient for the
-prdductIon of visual radiation by this mechanism. However, Green et al (1986)
“have examined the production of high vibrational overtones in NO {to v' = 19),
which would produce radiation in the red and green.
2. s&rface-lnduced Decomposition of Moleculss Followed by Association into
Excited Electronic and Vibrational States [Green 1984, Green et af 1985]. This
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mechanism is a variation on # 1:

No dissociates on impact with the Shuttle surface; the N atoms then re-
associate into high vibrational levels in the metastable A state (upper state of the
Vegard-Kaplar, A --> X bands); then the electronic states cascade via A (high v') -
-> B (v") [a "reverse First Positive" transition] and then B --> A (ordinary First
Positive) producing a variety of No bands. Alas, there are some problems in
matching the spectra from this mechanism with those observed as Shuttle-glow.

3. Plasma Excitation.  Neutral atoms and molecules that impact a satellite
surface have nearly the energy required to be collisionally ionized. In addition, with
ions restrained by the Earth’s magnetic field, the relative motions may reach the
Alfven critical ionization level and contribute to the ionization. Papadopoulos (1984)
has advocated the beam plasma discharge for generating a glow; it involves two-
stream instability between incoming ram and reflected ions. This instability
generates electrostatic waves that heat the ambient electrons, producing a variety
of No and Not* band systems. The critical ionization velocity (CIV) or Alfven
mechanism has been advocated by Murad and associates. Kotsky (1984) has
developed several phenomenological criticisms (especially dealing with the
spectrum and geometrical distribution of the glow) against the discharge mouel.
Aithough the association of enhanced ionization with visible glow suggested a
causal link more recent work by Lal et a/ (1988) and Lai and Murad (1989) have
indicated th relationship between the two phenomena is circumstantial, not
causal, and that the CIV mechanism may arise from Shuttle exhaust.

4. Adsorption of O and Op on Surfaces. Prince (1985) has proposed a

surface chemiluminscence model with an additional mechanism (transfer of an

37




electron from the Fermi level of the surface to the adsorbed, ambient species)
contributing to the continuum emission. The mechanism is then a surface-aided
chemiluminescence reaction with adsorbates, and it is probably sensitive to the
surface material.

5. NO»o Association Continuum. The association occurs between ambient O
and NO, the latter occurring on the Shuttle surface from adsorption of ambient NO,
by surface reactions of N and O, by O reaction with Shuttle surface materials, or
from thruster exhausts containing CH3NoH3 (mono-methylhydrazine), which is a
hypergolic fuel when mixed with NoOg4.

6. Surface Bulk Reactions: Material Loss or Composition Change. Along with
Shuttle glow, the early missions also revealed oxygen erosion of satellite surfaces.
The topic is reviewed by Leger and Visentine (1986), who establish that oxygen
can remove as much as 0.001 cm of material during a typical Shuttle mission. The
process is very dependent on the specific materials. Green and Murad (1986)
reported that NO, CO, SiO, and CN could be released withh sufficient excitation o
emit.

RECENT ADVANCES in UNDERSTANDING SHUTTLE-GLOW. Conway
et al (1987) have established that the LBH bands of No, previously interpreted as
airglow, is excited by the interaction of the vehicle with the ambient atmosphere.
They found that the vibrational distribution is sharply peaked at v' = 0. The aititude
variation of the emission suggested to these authors a three-stage process in
which N is first adsorbed, then collisionally excited, and finally desorbed by
ambient N collisions. However, reaction rates that seem physically reasonable

failed to account quantitatively for the observed intensities.
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This work has been followed by the proposal by Kofsky (1988) and by
Swenson and Meyerott (1988) that the emission results from the surface
association of N + N. Further analysis of this mechanism has been carried out by
Meyerott and Swenson (1990), who note that N in the ground term (4S) can
populate the upper state of the LBH bands either (a) directly or (b) by cascade
from higher excited states of No. Gas phase association would populate up to
about v' = 4 - 6, although surface interactions with the spacecraft will lower the
vibrational population. The Meyerott-Swenson paper explores the (b) mechanism
(i.e., cascading), particularly from the ¢’4 state, which could be populated with the
translational energy of ramming N on surface bound N in association. The
cascade mechanism would populate the a state, v'= 0 - 1, directly. Their cascade
mechanism predicts additional emissions around 3000A (Gaydon-Herman band
system) and around 958A from the surface association. The latter can resonantly
scatter in the spacecraft cloud and in atmospheric Ng, resulting in extended
spacecraft glows in low Earth orbit. Thus, we have specific, detailed predictions to

compare with observations as yet unmade.

39



SHUTTLE-GLOW

AUTHORs

YEAR +

BIBLIOGR

JOURHAL REF

APHY

SURJECT

- -

SSSS3=8s=S

BANKS ,P M; WILLIAMSON,P R; RAITT,WJ
BERNHARDT, PA; DUNCAN,LM; TEPLEY,CA

CLEMESHA,8 R; TAKANASHI,H; SAHAI,Y

CONWAY,R R; MEIER; STROBEL,; HUFFMAN
CONWAY ,R R; MEIER, STROBEL; HUFFMAN

DALGARHO, A
DALGARNO, A
ORESSLER, R A ot al (4)

GARRETT, H B; CHUTJIAN,A; GABRIEL,S
GARRETT, H 8, CHUTJIAN,A; GABRIEL,S

QREEN,B8 D

GREEN,B D; MURAD, E

GREEN,B D; CALEDONIA; WILXERSON
GREEN,B D; RAWLINS; MARINELLI
GREEN,3 D

GREEN,BD; CALEDONIA,GE;WILKERSON,TD

KENDALL,D .1 W + 4 QTHERS
KENDALL,D J W + § OTHERS
KOCK, 0 G; ot al (7)
KOFSKY,I L

KOFSKY,I L

LAI,ST; DENIG,WF;MURAD,E;MCNEIL ,WJ
LAL,S8T; OENIG,WF;MURAD,E;McNEIL ,WJ
LAT,S T; MCNEIL, W J4; MURAD, €
LAI,S T, MURAD, E

LAX,S T;
LA:;Q f;
LAZ,S T

MURRD, E
MURAD, E; MeNEIL, W J
MURAD, £; McNEIL, W o

LANGHOFF , 8, JAFFE,R; YEE ,J ; DALGARNO A

LEGER,L G; VISENTINE.J T

MENDE ,8 8; BANXS,P M; KLINGELIMITH
MENDE,8 B; CGARRIOTT,O X, BANKS,P M
MEHDE,S 8, SWENSON,Q R

MEHDE .S B;SWENSON,G R; + 4 OTHERS
MNENDE ,S 8;SWENSON,GN; LLEWELLYN.E)

MEYEROTT R B, SWENSON,Q R
MEYEROTT,R £, SWENSON,Q R
MURAD, E
MURAD, €
MURAD, €

HURAD, €

HURAD, E; LAI.S

MURAD, E; LAI.S
ORIENT 00 ;CHUTJIAN,A; & WURAD,E
PAPADOPOULOCS, K

PATERSON, W R, FRANK,
PATERSON, W R, FRANK,
PIKE, C P ot al (&)
PRINCE, It W
SISKIND,0 E;RAITY; BANKS :NZLLIANSON

-r
»»

SLANGER,T

SLAKGER,T G

SLANGER,T Q

SWENSON,Q R, MEKOE,38; CLIFPTON,KS
SWENSON,G R, MEYEROTT,R E

83,
ag,
87,
87,
87,

85,
8s,
80,
88,
as,

84,
e,
83,
8s,
84,

as,
asl
ae,
a7,
as,

84,
aa,
a8,
a8,
89,

a9,
89,
89,
8,
a8,

a4,
a3,
a8,
as,
a7,

90,
20,
",
83,
b7,

89,
a8,
8o,

GRL 10, 118
SCIENCE 242, 1022
PLANET SPACE SCI 35, 1367
GRL 14, 628

GRL 14, 628

SUMMARY, NASA CP 2331,
SUMMARY , NASA CP 2391,
J CHEM PHYS 82(2), 1117
J.SPACECRAFT 28, 321
J.SPACECRAFT 25, 321

GRL 11, 376

PLANET. SPACE 3CI 34, 219
J SPACECRAFT 22, 500
PLANET SPACE SCI 34, 87%
GRL tt, 876

J SPACECRAFT 22, 300

NASA CP-2391,2d WORKSHOP, 63-74
PLANET. SPACE SCI 34, 1159

ADV SPACE RES 7, (5)211

GRL 15,241

RADIO SCIENCE 19, 578
PLANET SPACE SCY 36, 341t
PLANET SPACE 3CI 36, 841
J GEOPHYS RES A93, 5871
PLANET SPACE 9CI 37, 883

PLANET SPACE 8CI 37, 8e8

IEEE TRANS PLASMA SCI 17, 124
IBEE TRANS PLASMA SCI 17, 124
GRL 10, 896

J SPAGCECRAFT 23, 508

GRL 11, 827

GRL 10, 122

HASR CP-2391, 2¢ WORKSHOP, 1-34
J SPACECRAFT 23, 109

ADV. SPACE RES 7, (3)189

PLANET, SPACE 9CI 38, 338
PLANEY. SPACE 8CI 38, 883
PLANET. SPACE 8CI 33, 421

SP1 CONF PROC. 6, 147

tn KINGSTON “RECENT STUOIES...™

J.OPACECRAFT 26, 148

J OEOPHYS RES ASY, 13748
J QEOPHYS RES ASY, 13748
PHYS. REV., 1 APR

RADIO SCIENCE 19, 371

J GEOPHYS RES AB4, ITY
J GEOPHYS RES AS4, 3TY
GRL 17, 13¢

GRt. 12, 493

PLANET SPACE SCI 32, 801

AFGSR PROG REP
AFOSR PROG RZy
QRL 10, 130 '
GRL 12, #7

GRL 13, 243

40

ENVIRONMENT, GLOW

AIRGLOW, ARTIFICIAL
ENVIRONMENY, GLOW - ROCKET
EXCITATION, N2 LBH
SPECTRUM, N2 LBH

EXCITATION, REVIEW
ENVIRONMENT, GLOW/GASEQUS
CHARGE EXCHANGE, N2+ & WATER
EXCITATION, REVIEW
ENVIRONMENT, GLOW

EXCITATION, CHEMICAL

EXCITATICON, REVIEW

ENVIRONMENT, GLOW

EXCITATION, CHEMICAL

RADIATIVE RECOMBIN. N2 CASCADING

ENVIRONMENT, GLOW/GASEOUS
SPECTRUM

ENVIRONMENT . GLOW
ENVIRONMENT, GLOW/GASEOCUS
EXCITATION, N2 LBH

EXCITATION, XOHIZATION
ENVIRONMENT, GASEOUS; IONIZ2ATION
EXCITATION, CHEMICAL
ENVIRONMENT, GASEQUS; IONIZATION
ENVIRONMENT, TOHIZATION

GIV EXCITATION

ENVIRONMENT, QASEOUS, IONIC
CIV EXCITATION

SPECTRUM, ON SYNTHETIC
EXCITATION, MATERIALY

ENVIRONMENY, GLCOW, SURF MATERIAL
ENVIRONMENT, GLOW, RAM & THRUSTER
ENVIRONMENY, aLOW

ENVIRONMENT, GLOW/GASEOUS
ENVIRONMENT, GLOW

SURFACE REACYIONS, N ¢ N
EXCITATION, N2 LBH
ENVIRONMENT , TON/NEUTRAL
EXCITATION, REVIEW

CIV EXCITATION

THERMOCHEMICAL INTERACTIONS
DISSOCIATIVE RECOMSINATION
RADIATIVE RECOMBINATION

SURFACE REACTIONS: O ¢ CO; O + KO
EXCITATION, PLASMA

ENVIRONHENT, PLASMA
ENVIRONMENT,, OASEQUS H20
WATER RELEASE

EXCITATION, CHEMILUMINELNCE
ENVIRONMENY,, IONIZATION

SURFACE REACTIONS, GENERAL
SPECTRUM, WO2

SURFACE NEACTIONS, ON PRODUCTION
RADIATIVE ASSOCIATION, NO2
CACITATION, N2 LEN




TENNYSON, PD;FELDMAN, PD; HENRY, RC 87,

TORR,D G [EDITORIAL} 83,
TORR,M R a3,
TORR,M R; TORR,D G as,
YORR:M R; TORR,D G a8,
TORR,M R; TORR,D G; EUN,J W 85,

von ZAHN, U; MURAD, E 8¢,
von ZAMN, U; MURAD, £ 86,
von ZAHN, U; MURAD, E 90,
WITTEBORN,F C; O’BRIENT,K; CAROFF,L 78,
YEE,J #4; ABREU, V J 83,
YEE,J H; ABREU, VJ; DALGARNO,A 84,
YEE,J H; ABREUY, VJ; DALGARNO,A as,

H; ABREU, VJ; DALGARNO,R as,
YEE,J M; DALGARNO,A 8¢,
J H;

DALGARNG,A as,

ADV SPACE RES (PREPRINT)

GRL 10, 113
GRL 10, 114
J. GEOPHYS, RES.
GRL 15, 95

J. GEOPHYS, RES.
NATURE 321, 147
NATURE 321, 147
GRL 17, 147
NASA TM-83972

GRL 10, 126

GRL 11, 1182
GRL 12, 831

GRL 12, 851
J.SPACECRAFT 23,
J . SPACECRAFT 23,

90, 1683

90, 4427

833
835

ENVIRONMENT, GLOW UV
ENVIRONMENT, GLOW

ENVIRONMENT, GLOW

ENVIRONMENT, GLOW, SHUTTLE/ISO
EXCITATION, COLLISIONAL

SPECTRUM, N2 LBH
EXCITATION, REVIEW
RADIATIVE ASSOCIATION, NO2
SODIUM, SOURCE IN E REGION
ENVIRONMENT, GLOW

SPECTRUM, CONTINUOUS
ENVIRONMENT, GLOW

SURFACE REACTIONS, 02
RADIATIVE ASSOCIATION, OH; NO2
ENVIRONMENT, GLOW

RADIATIVE LIFETIME



INDEX of SHUTTLE-GLOW RESEARCH

SUBJECT AUTHORS YEAR + JOURNAL REF
AIRGLOW, ARTIFICIAL BERNHARDT, PA; DUNCAN,LM; TEPLEY,CA 88, SCIENCE 242, 1022
CHARGE EXCHANGE, N2+ & WATER DRESSLER, R A at al (4) 90, J CHEM PHYS 92(2), 1117
CIV EXCITATICN MURAD, E 87, in KINGSTON “RECENT STUDIES..."
CIV EXCITATION LAX,S T; MURAD, E; MCNEIL, W J 89, IEEE TRANS PLASMA SCI 17, 124
CIV EXCITATION LAI,S T; MURAD, E 89, PLANET SPACE 3CI 37, 86S
DISSOCIATIVE RECOMBINATION MURAD, E; LAI,S 88, J GEOPHY3 RES A91, 13745
ENVIRONMENT, GASEQUS H20 PATERSON, W R; PRANK, L A 89, J GEOPHYS RES A%4, 3721
ENVIRONMENT, GASEOUS, IONIC LAI,S T; MURAD, E; MCNEIL, W J 88, IEEE TRANS PLASMA SCI 17, 124
ENVIRONMENT, GASEQUS; IONIZATICON LAL,$ T, McNEIL, W J; MURAD, E 88, J GEOPHYS RES AS3, %871
ENVIRONMENT, GASEQUS; IONIZATION LAX,ST; DENIQ,WF;MURAD,E;McNEIL,WJ 88, PLANET SPACE SCI 36, 841
ENVIRCHHENT . GLOW WITTEBORN,F C; O'BRIENT,K; CAROFF,L 73, NATA TN-83972
ENVIRONMENT, GLOW TORR,D G [EDITORIAL]} 43, GRL 10, 113
ENVIRONMENT, GLOW TORR,M R 83, GRL 10, 114
ENVIRONMENT , GLOW OANKS,P M; WILLIAMSON,P R; RAITT,WJ 83, GRL 10, 118
ENVIRCHMENT, GLOW YEE,J H; ABREU, VJ; DALGARNO,A 84, GRL 11, 1192
EHVIRONMENT, GLOW GREEN,B8 0; CALEDONIA; WILKERSON 85, J SPACECRAFT 22, 500
ENVIROHMENT , GLOW MENDE,S 8; SWEN3ON,G R 85, NASA CP-2381, 2d WORKSHOP, 1-34
ENVIRONMENT, GLOW KENDALL,0 J W + 8 OTHERS 88, PLANET. SPACE SCI 234, 1139
ENVIRONMENT, GLOW MENDE,3 8;9WENSON,GR; LLEWELLYN,EJ 87, ADV. SPACE RES 7, (5)168
ENVIRONMENT, GLOW GARRETT, H 8, GCHUTJIAN,A; GABRIEL,S 88, J.SPACECRAFT 25, 321
ENVIROHMENT, GLOW - ROCKET CLEMESHA,8 R; TAKAHASHI.N; SAHAI,¥ 87, PLANET SPACE 9CI 33, 1367
ENVIROHMENT, GLOW UV TENNYSOM, PO;FELDMAN, PD; HENRY, RC 87, ADV SPAGE RES (PREPRINT)
ENVIRONMENT, GLOW, RAM & THRUSTER  MENDE,S 8; GARRIOTT,O K; AANKS,P N 83, GRL 10, 122
EHVIRONMENT, GLOW, SHUTTLE/ISO TORR,M R; TORR,D & 83, J. GEOPHYS. RES, 90, 1083
EMVIACNMENT, GLOW, BURF MATERIAL MENDE ,8 8; BANKS,P M; KLINGELSMITH 84, GRL 11, 827
ENVIRCNMENT, GLOW/GASEOUS GREEN,BD; CALEDONIA,GE;WILKERUON,TD 85, J IPACECRAFY 22, 800
ENVIRONMENT, GLOW/GASEQUS DALGARNO, A 08, SUNNARY, NASA CPp 2391,
EHVIRONMENT, GLOW/GASEQUS MENDE,S B;SWENSON,Q R; + 4 OTHERS &6, J SPACECRAFT 23, 183
EHNVIRCHMENT, GLCW/GASECUS KOCK, D Q; ot a) (7) A7, ADV SPACE RES 7, (8)211
ENVIRONMENT, TON/NEUTRAL MURAD, E 85, PLANET. SPACE SCI 33, 421
ENVIRONMENT , IQONIZATION SISKIND,D E;RAITT;BANKS WILLIAMSON 84, PLANET 3PACE SCI 32, 88!
ENVIRONMENT, IONIZATION LA S T, MURAD, E 8%, PLANET SPACE SCI 37, 863
ENVIRONNENT, PLASMA PATERSON, W R; FRANK, L A 89, J QEOPHYS RE3S AN¢, 272t
EXCITATION, CHEMICAL QREEN,B8 D 84, GRL 11, 378
EXCITATION, CHEMICAL GREEN,B D; RAWLING; MARINELLY 88, PLANET SPACE 3CI 34, 879
EXCITATION, CHEMICAL LAT,ST; DENIG,WF ;MURAD,E;McNEIL WU 88, PLANET SPACE 3CI 36, 844
EXCITATION, CHEMILUMINESENCE PRINCE, R H 83, GRL 12, 493
EXCITATION, COLLISIONAL YORR,M R; TORR,D G &8, GAL 14, 98
EXCITATION, IONICATION KOFSKY,L L 04, RADIO SCIENCE 18, 378
EXCITATION, MATERIALS . LEGER,L G; VISENTINE,J T 88, J SPACECRAFT 23, 308
CACITATION, N2 LBM CONWAY R R: MEIER; STROBEL, HUFFMAN 87, GRL 14, 028
EXCITATION, N2 LBM SWENSON ,G R MEVEROTT,R B 88, GRL 15, 243
EXCITATION, N2 LBM KOF3KY,I L ) a8, GRL 15,241 !
-EXCITATION, N2 L8N MEYERGTT ,R E; SWENSON,Q R $0, PLANET. SPACE SCI 38, 583
EXCITATION, PLASMA PAPADOPCULGS, K 84, RADID SCIENCE 18, SN
EXCITATION, REVIEW MURAD, E 03, 8PI COMF PROC. 8, 147
EXCITATION, REVIEW OALJARNO, A 83, SUMNARY, NABA CP 2301,
EXCITATION, REVIEW von ZAHN, U: MURAD, E 88, NATURE 321, 147
ENCITATION, REVIEW GRZEN,B O; MURAD, € 80, PLANET. SPACE 3CL 34, 21%
EXCITATION, REVIEW GARRETY, H 8; CNUTJIAN,A: GABRIEL,S 88, J.SPACECRAFY 23, 321
RADIATIVE ASSOCIATION, NO2 SWENSON,0 R; MENDE,38; CLIFVON,KS 85, QAL 12, %7
RADIATIVE ASSOCIATION, NO2 von ZAMN, U; WURAD, E 88, NATURE 329, 147
RADIATIVE ASSOCIATION, OM; NO2 YEE.J M; ABREU, VJ; DALGARNO,A 83, GRL 12, %Y
RADIATIVE RECOMBIN, N2, CASCADING GREEN,8 D 84, GRL 11, 878
RADZAYIVE RECOMBINAYION MURAD, £, LAL.S 88, J GEOPHYS RES A1, 13748

42




SODIUM, SOURCE IN E REGION von ZAHN, U; MURAD, E 80, GRL 17, 147

‘ SPECTRUM KENDALL,0 J W + 4 OTHERS 83, NASA CP-2391,2d WORKSHOP, 63-74
SPECTRUM, CONTINUOUS YEE,J H; ABREU, V J 83, GRL 10, 128
SPECTRUM, N2 LBH TORR ,M R TORR,D G; EUN,J N 83, J. GEOPHYS. RES. 90, 4427
SPLCTRUM, N2 LBH CONWAY,R R; MEIER; STROB.L.., HUFFMAN 87, GRL 14, 828

¢ SPECTRUM, NOZ2 SLANGER,T G 88, AFOSR PROG REP
SPECTRUM, OH SYNTHETIC LANGHOFF ,8; JAFFE,R;YEE,J; DALGAPNO A 83, GRL 10, 898
SURFACE REACTIONS, QENERAL SLANGER, T 0 88, AFOSR PROQ REP
SURFACE REACTIONS, N + N MEYEROTT,R E; SWENSON,? R . 90, PLANET. SPACE SCI 38, 555
SURFACE REACTIONS, 02 YEE,J H; ABREU, VJ; DALGARNO,A . 85, GRL 12, 651
SURFACE REACTIONS, OH PRODUGTION SLANGER,T G ) 83, GRL 10, 130
SURFACE REACTIONS: O + CO; O + NO  ORIENT,OJ;CHUTJIAN,A; & MURAD,E 90, PHYS., REV. 1t APR
THCRMOCHEMICAL INTERACTIONS MURAD, E . 89, J.SPACECRAFT 26, 145
WATER RELEASE PIKE, C P ot a1 (4; : 90, GRL 17, 138
ENVIRONMENT, GLOW YEE,J H; DALGARNG,A 86, J.9PACECRAFT 23, 635
RADIATIVE LIFETINE YEE,J H; DALGARNG,A ' 88, J.SPACECRAPY 23, 838

) /
/

43




APPENDIX C
Final Report, SFRC F19628-88-K-0028

Reprint from Applied Optics:

Application of the Intensified CCD to Airglow and Auroral Measurements




a reprint from Applied Optics

Application of the intensified CCD to airglow and

auroral measuremernts

A. L. Broadfoot and B. R. Sandel

New detector technology exemplified by advanced CCD and intensified CCD (ICCD) systems have
important advantages for both specirographic and imaging reaearch. However, to realize the full potential
of this new technology, we must consider the detector and the optical system as a whole, It is frequently
not enough to simply substitute an ICCD for an earlier detector; rather, to achieve optimum results, the
optics must be adapted to the specific detector. Properly designed airglow spectiographs based on the
1CCD detector offer the advantages of high throughput over a broad spectral range, precise wavelength
stability, low noise, and compactness. Imagers having the wide field and the high sensitivity needed for

airglow research are practical as well.

I. Introduction

Quantitative auroral and airglow spectral measure-
ments were first made by photographic emulsions in
spectrographs and cameras. These emulsions re-
corded a great deal of information, both spectral and
spatial, but had several important limitations. Photo-
graphic plates were slow, had a limited spectral range,
and were difficult to interpret quantitatively. Early
electronic detection systems, such as the vidicon and
image orthicon developed for the television industry,}
did not provide a quantitative alternative, The devel-
opment of the photomultiplier? was an important
milestone. '

The photomultiplier had sensitivity to single photo-
. events and the capability for high time resolution.
Although the photomuitiplier was approximately 2
orders of magnitude more sensitive than the photo-
graphic emulsions, in a spectrograph it was limited to
monochromatic samples. New optical designs were
optimized for photomultipliers. By the early 1860's
emphasis had shifted to monochromators (spectrome-
‘ters), but the photographic spectrograph was still
quite competitive when large spectral ranges and
spatial resolution were required. Photometers with
interference filters were useful as high-throughput
monitors of a particular wavelength.
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The most recent detector development has been in
the family of solid-state arrays, including CCD's,
charge-injection devices, Reticon photodiode arrays,
and others.?4 Although these devicea have been avail-
able for approximately two decades, their application
has been slow even though they have represented a
major advancement in capability. We have been using
the ICCD in our observational programs, ICCD’s can
be compared with the detectors mentioned above by
noting that the ICCD’s have the same sensitivity to
photons as do photomuitipliers as well as the advan-
tage of spatial resolution. With the ICCD instead of
the photographic plate in a spectrograph, the spectro-
graph has single photoelectron counting capability,
an improvement of approximately 2 orders of magni-
tude in sensitivity over the photographic plate. How-
ever, the full potential of this improvement cannot he
realized by simply substituting the ICCD for the

‘photographic plate; rather, the optics must be rede-

signed and adapted to the requirements of the new
detector.

In this sonse, the development of detector systems
and scientifically useful applications are two different
concepts. Several good review papers expound the
details of the detectors that are under develop-
ment. 344 These descriptions do not deal with many of
the practical aspects ofa;l:zl‘ilcation except in a futuris-
tic way. Application, as discussed in this paper, means
the use of available technology to make scientifically
usefu! measurements. Thoe distinction between appli-
cation and development is important in the following
discussions because the promises of detector develop-

mont in the past 10 years are familiar, whereas
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practical applications are specialized. Few detectors
qualify as candidates for use in general-purpose instru-
mentation.

The astronomy community has taken a leading role
in the application of CCD’s to scientific measurement
over the past 15 years. The capabilities and shortcom-
ings of the CCD are well understood. In the use of
intensified array detectors, astronomers again tried
several techniques but improvements in the bare
CCD progressed quickly enough to satisfy their re-
quirements. The Voyager UV spectrograph launched
in 1977 used an intensified linear array.” It has
undoubtedly the largest database from which to
study the application of array detectors that can
record single photoevents.

The development research and application of CCD’s
over the past decade have resulted in understanding
and confidence in the device. This is a result of both
industrial and scientific interest in the CCD. Another
device, the proximity focused image intensifier, that
uses microchannel plates and a phosphor screen on a
fiber-optic output faceplate, has become readily avail-
able and can replace the photomultiplier in many
cases. This is also a proven product resuiting from
military interest. Other detectors under development
with various readout techniques do not fit into the
category of proven and available. They fit into a class
of special application and in our opinion cannot be
viewed as competing devices for general use in air-
glow and auroral measurements.

The ICCD is formed by fiber optically coupling the
output of the proximity focused image intensifier to
the CCD to take advantage of the best attributes of
both devices. The task is then a matter of engineering
and verification rather than of detector development.
Here we discuss the use of ICCD's in two types of
instrument that are suited for measurements of
extended sources, such as airglow and aurora, namely,
spectrographs and imagers, with major emphasis on
the former. We compare their performances with
alternative detectors and discuss factors that must be
considered in optimizing an observing program based
on them, Among these are noise characteristics and
suitable optical designs. In contrast to the develop-
- ment of specialized sensors needed for some particu-
lar applications, we emphasize the idea of using
standard CCD's and image intensifiers available in
standard product lines. We find that these are suit-
able for a large class of measurement that is of
interest for studies of aurora and airglow.

il. General Considerations in the Application of CCD's
asnd ICCD's

The bare (unintensified) CCD has been used exten-
sively in astronomy. The attributes of the device that
have been the most important ave the linear response
over several decades of dynamic ranga and the ability
to integrate for long periods of time, hours at liquid
nitrogen temperatures. The first is important be-
cause the data are in a digital format easily manipu-
lated by computers. The second allowed the inte.
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grated signal from weak sources to exceed the
threshold of sensitivity. The threshold was fairly high
in the early days. The Voyager UV spectrograph
detector’ had a read noise of 10 electrons chosen as
an easily attainable design criterion, although a level
10 times better could be reached with special effort.
Modern CCD systems exhibit read noise in the several-
electron range, approaching the ideal detector. How-
ever, they have other problems consistent with high-
sensitivity systems.

The intensified CCD has all the attributes of photo-
electron counting that are offered by the photomulti-
plier, including access to the whole photoelectric
spectral range from 20 to 1200 nm but has been slow
to be accepted as a viable detector system. We pro-
posed the fiber-optic coupling of a proximity focused
imaged intensifier to a Reticon photodiode array for
the Voyager spectrograph in 1971 following the re-
search of Riegler and More." The first ambitious
application of the ICCD® was initiated in 1976 by
these authors in the Imaging Spectrometric Observa-
tory (ISO) proposed for Spacelab L'’ Except for
advancements in electronics, little has changed in our
understanding of the ICCD as a detector system, It is
not ideal, but it is readily available, has been used in
several flight instruments, including the UV imagers
aboard the Viking Earth Satellite,'"'? and is flexible in
configuration.

The CCD and the ICCD differ considerably in use.
A primary consideration in selecting between them is
their thresholds of detection for a given integration
time. For simplicity, we assume in the following
discussion that the CCD and the ICCD have identical
quantum efficiencies, thereby generating photoelec-
tron events at equal rates. The CCD is basically an
analog detector, but its sensitivity is high enough that
it is evaluated by single-photon (electron) statistics.
The read noise is typically 10-50 e (electron-hole
pairs) rms, and, in special cases, it has been reported
to be <10¢ rms. The signal-to-noise ratio (S/N) p
for a read of a single pixel may be written as

8

3 (BY]
"\N+D+s

3

where S is the number of electron-hole pairs gener-
ated by the signal, D is the number resulting from
thermal dark rate, and N represents the contribution
from the read noise of the electronics. We take N to be
the square of the rms read noise. Figure 1 shows the
curves of p for a range of values of S.

The intrinsic dark count rate of the photon count-
ing ICCD is very small on a per-pixel basis. For
example, the dark count rate of a cooled $-20
photocathode of diameter 26 mm is typically 10
events/s. Scaled to the 5 x 107 mm’ area of the pixel,
this corresponds to ~10°% events pixel '3, Cath.
odes with reduced red response thigher work func-
tion) are loss noisy. The ICCD curve, in the interest-
ing range of the CCD curve, in a straight line. In Fig.
1, the ICCD curve was drawn through a S/N of 10 and
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Fig 1. Signal-to-noise ratio p for CCD and ICCD detectors com-
puted by using Eq. (1). The straight line represents the ICCD for
which N is effectively zero because of the photoelectron counting
.capability of the ICCD. The curves represent CCD systems having
readout noise of 10 and 50 eloctrons.

100 then extrapolated through 1 without regard for
the statistical implications since individual photo-
events can be detected by the ICCD.

It is interesting to consider the meaning of the
threshold of detection for each detector system. The
photoevent counting intensifiers are the most straight-
forward. The noise is dominated by the shot noise in
the signal. Long integrations give the same results as
the summation of multiple short samples represent-
ing the same total integration time. On the other
hand, the read noise and the other effects in the
operation of the CCD limit the threshold sensitivity.
With the CCD, the most effective way to increase p is
to increase the integration time—astronomers. use
hours. If adjustment of the integration time is not
acceptable, two other approaches can improve the
statistical performance modestly. They are referred
to as on-chip summation and off-chip summation.

For photon counting detectors, both techniques
ton-chip and off-chip summation) result in improved
statistics. The photoevents appear as a burst of up to

10° e in the CCD. This charge overwhelms the lower -
level of noise associated with normal CCD readout.

Event counting statistics will prevail (Fig. 1). This is
not the case for the bare CCD. ‘

On-chip summation sacrifices spatial resolution to
minimize the number of read operations required to
measure the charge on the chip. The technique is to

.move the charge in several atﬁacant pixels into the
output junction, then sample and digitize the accumu-
lated charge with a single read. Although this im-
proves the signal-to-noise ratio over the sunsitive
ares, the question of interest here is the effect on the
threshold of detection. For example, if 10 pixels, each
having a signal charge of 60 e , are summed on chip,
the resulting signal-to-noise ratio should be 10, If
eavh pixel had an average of only 5 e and was shifted

_into the output junction, would the result be a

signal-to-noise ratio of unity? There is the question of

efficiency in handling a 5-electron charge. We do not
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know of research that deals specifically with the effect
of moving small numbers of charges. In any case,
there are other noise contributions that become
significant at this level of on-chip summation.” Any
leakage charge on the pixels would be summed into
the output gate as well as the signal charge. It appears
that there would be difficulties in pushing the thresh-
old down far with the on-chip summation technique.

Off-chip summation also has limitations when the
signal is close to threshold. First, the S/N improve-
ment follows the square-root lav’ in this case. Al-
though areas that have identifiable intensity struc-
ture will improve in S/N, it is unlikely that the
summation of samples with a S/N of unity or less will
resuit in a recognizable improvement in the threshold
of detection. The effect of reducing the read noise to
10 e is shown in Fig. 1, but the considerations above
are still valid in evaluating the threshold of detection
at the 10-e¢ level.

We argue that the two devices, the CCD and the
ICCD, can be separated in their applicatian by their
threshold of detection. For continued discussion we
assume that the CCD has a threshold of detection of
approximately 50 photoevents for comparative pur-
poses. Also, we assume that each pixel of an ICCD can
be considered as a photon counting device that pre-
serves the Poisson statistics of the arriving photons.

The dynamic range of the detector is generally not a
limitation for either CCD approach. The limitation in
dynamic range in many cases is causvd by internal
scattering in the optical system and not the detector.
The bare CCD has a linear response from its thresh-
old to pixel saturation. Depending on the threshold
and the full-well charge capacity of the pixel, the
dynamic range can be greater than 10°. Saturation of
some. pixels does not affect the rest of the pixels

" significantly. This dynamic range is sufficient for

most applications, and it can be extended by exposure
control. -

The ICCD dynamic range is not restricted by the
detector either. It is defined by a companion digital
memory and the dark count rate rather than by the
full-well capacity. At maximum gain, the intensifier
generates approximately 500 e /photoevent ina CCD -
pixel. This implies a dynamic range of 500 events fora
full-well capacity of 2.5 x 10" ¢ , but the CCD can be
read out often and the events accumulated in a

~companion memory. High signal levels can also be

handled by reducing the gain of the intensifier. The
yood statistical accuracy implied by the high photo-
event rate is maintained by integrating the signal on
the CCD; the only statistical penalty is o factor of 2' ¢
introduced in the transit on from Eulw counting to
pulse integration, The Voyager UV detector can
integrate the sigral on the anode array whon the
microchannel plute MCP is operated at low gain. The
result is u markedly extended dynamic range. When
the Voyager UV spectrograph observes the sun, it
meusures photoevent rates up to 8 x 10 photoevents
s ' pixel '. At full gain, photoevent rates of 65 x
10 *s * pixel ' ure routinely recordud at our thresh-
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old of detection. The full dynamic range is therefore
approximately 107, The threshold of detection for the
Voyager UV spectrograph detector is similar to that
of the ICCD detector system, 10'* events/s. This
threshold is higher for the photocathodes that gener-
ate appreciable dark noise.

The ability to deal with high signal rates is not
usually the concern in typical scientific applications.
Rather, the limiting factor is usually the ability to
deal with weak signals. Scientific observations are
most often driven to the statistical limit to improve
temporal, spatial, or spectral resolution.

For many investigations, the possibility of choosing
the photocathode of the ICCD to reject unwanted
long-wavelength emissions gives it an important ad-
vantage over the bare CCD. For example, many
diagnostic emissions fall in the far UV. With a bare
CCD, scattering from near UV and visible wave-
lengths, where the solar flux is orders of magnitude
higher than in the far UV, can compromise measure-
ments of the features of interest. A solar-blind photo-
cathode in an ICCD is a convenient solution. We do
not treat this advantage quantitatively because it
depends on the specific application, but it is poten-
tially a crucial point.

fil. Application of Array Detectors to the Spactrograph

In the following discussions we concentrate on the
use of the ICCD for aeronomical measurements,
comparing it with other detectors that have been used
for that purpose. ‘We aiso consider the bare CCD, but
the need for short integration times in most aeronom-
ical observations leaves the bare CCD a poor con-
tender.

There are five important differences between the
ICCD spectrograph and the phetomultiplier mono-
chromator that we discuss in the following sections:
(1) optical design criteria are different; (2) optical
. throughput or speed of the spectrograph for obtain-
ing a complete spectrum is improved by approxi-
mately 2 orders of magnitude because of the multiplex-
ing nature of the detector; (3) instrument size can be
decreased by a factor of 10 in focal length or 10% in
volunte in many applications; (4) effective dark count
rate per pixel is reduced by at least 2 orders of magni-
tude; and (6) quality of the data is improved remark.
ably because the spectrograph need have no moving
parts. The specific application will determine the de-
gree to which thess improvements can be achieved,
but, in general, the advantages are almost revolution-
Ay,

A. Oplical Designs and the ICCD Detector System

In Section 1, we noted that the development of the
photomuluplicr resuited in a change in the optical
design of spectrographic instruments to tuke advan-
tage of the photomultiplier. The array detector also
requires special optical designs. There will be a return
to the spectrographic configuration but with some
- new constraints,
Spatial and spectral information can be obtained

from the spectrograph, but this requires a good
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quality image of the entrance slit in the image plane
of the camera system. (Typically, there are three
imaging optical elements defining a spectrograph:
the collimator, the dispersing element, and the cam-
era.) The optics for a monochromator need image
only the width of the entrance slit on the exit slit for
good performance; a one-dimensional or astigmatic
image will suffice. Fastie' was quick to rediscover the
Ebert monochromator, which had not seen much use
since its original description,” presumably because
the severe astigmation in the system was unsatisfac-
tory for a spectrograph. Fastie pointed out that a
similar optical system could cancel spherical aberra-
tion and greatly reduce coma by the use of complemen-
tary spherical surfaces for the collimator and camera
optics and of a special curved slit geometry. The
reflecting optics have no chromatic aberration. The
result was a high-throughput high-resolution mono-
chromator, the Ebert-Fastie (E-F). However, the
curved slit and astigmatic optics are inappropriate for
the rectangular format of the CCD. Although the E-F
optical system is fast, recording the full spectrumin a
single exposure on the ICCD has an advantage of
approximately 2 orders of magnitude over the E-F
monochromator. This is best illustrated by a direct
comparison of the E-F monochromator and a compa-
rable ICCD spectrograph.

The performance of a monnchromator or spectro-
graph viewing an extended source can be estimated by
using the photometric equation

PaBA — 'm‘brm 2)

where P is the photoevent rate in events s pxxel LB, is
the brightness of the source in photonss ' em™ 5! A‘,
is the area of the detector, A, cos ¢ is the effective area
of the grating of area A, operaung at an angle &, F is
the focal length of the camera lens, < is the optical
transmission, v is the efficiency of the dispersing ele-
ment, and ¢ is the quantum efliciency of the detector.
The following discussions can be simplified by some
substitutions into Eq. (2). The area of the detector
can be replaced by the effective dimension of the exit
slit, L, the length of the slit, and, W, the width. The
grating area divided by the focal length squared is a
solid angle and can be replaced by the rcciprocnl

/‘-rauo of the camera optics squared, .

Aom_'t el ,
“FT

The modified photometric equation is

= LW .
P =8, i -,,-,- ™. ) %]

For this comparative study, we assume that the
transmission of the optical system 1, the grating or
digpersive efficiency n, and the quantum efliciency ¢
are equal in the two systems. When the constant
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terms are collected into the constant £, the expression

becomes

Lw
P=k—" 4!
/‘.

and from system to system the throughput E has the
proportionality

Lw
Ex— 15

!

This can he made more specific by comparing the
performance of an E-F 0.125-m monochromator with
that of a spectrograph having equivalent resolution,
spectral range, and f-ratio but designed around the
1CCD. The two optical systems are shown in Fig. 2.
Table I lists the characteristics of the two designs.

The two sets of design parameters have heen
selected to produce identical spectra. The focal length
and f-ratio were taken from the E-F design. A
high-dispersion grating maximizes the throughput of
the monochromator and three grating steps per slit
width were used. To match this the ICCD system has
3 pixels per slit width and a grating ruling selected for
a dispersion of 3.3 A/pixel. The spectral range was
determuned by the number of rows in the [CCD array
so that each spectrum would contain 576 samples.

Because the f-ratios are equal in the two instru-
ments, their monochromatic throughput is simply

PM Tube - Entrance Siit-\
2-D

ﬂ Dutector

[ A o

Ebert~Fostie 2-D Detector
Spectrometer Spectrogroph

Pig 2. Compariast of a conventional B F apeetomimter with o
spretrogtaph dosigned G take advantage of nuders twiedinen.

sional detectars 1n 1erma of the tme teguired to conr T st

range of wavelongths at cquivalent rosolutivn and statistical
wouracy. the spectrograph has un advantugy ol o facter wl W,
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Table |. Monochromator-Spectrograph Comparison

Array
Detector (1CC
Spectrogauph

“hert~Fastie

Farameter Munochromator

Focal length (£ 125 mm 125 mm
[eratiotf 5 b5}
Resolution 1A 10A
Grating 3600 lines mm 530 lines mmy
Slit width «W» 45 mm 0.066 mm
Slit length o) 12 mm 8.5 mm
Spectral element 3.4 Arstep 3.3 A pixel
Runge 1900 A 1900 A
Elements pey speetrum 576 BYT)
Optical throughput «£) 8.6 t
imonechromatict
Optieal throughpat for 1 60

full spectrum

The speetr ograph has no physical exit slit, but the fodtionolan
uxit slit is peeformed by the diserete pisels of the 1CCT.

the ratio of the arcas of their slits. The BE-F slit ix 9.6
times larger than the slit in the ICCD spectrograph.
However, to cover a range of 1900 A ut the specified
resolution, we must step the E-F grating and inte-
grate 576 times. Hence we must consider the rate at
which information is recorded. and we find that the
spectrograph will produce 60 spectra, in the same
time the E-F monochromator produces a single
spectrum of comparable quality. Not only does the
spectrograph gather phutons 60 times (aster than the
monachromator, but the quality of the data is im-
proved. Seattered light in the speetrograph is Jower by
the ritio of the ireas of the slits, o factor of 9.8, 1'he
detietor and the optical xystem of the spectrograph
huve no moving parts, so internal scattering depends
only on the input illumination and can be measured
for luter removal. In the speetrograph, the wave-
length seale ix fixed by the unchanging relationship of
the optics and the detector. In contrast, o reliuble
wavelength seale in a speetrometer with o rotating
geating depends on the precision of the mechanism
that positions the grating. Temporal varintions in the

- source are recorded over the entire speetrum simulta-

neously by the spectrograph. The spectrograph ime
ages the entrance slit un the detector, so that the
wpatinl vurintionsin the souiee will be recordud. Al
the advantuges of spectrographs with photographie
phates can be realized in the 1CCD spectrograph.
Flexibility and small size are additional advantagges
of the 1CCD spectrograph. The optical desygn of the
E=F ystem i fixed, and the oxperimentor can use

“anly the fore aptics Lo adupt the instrument o the

ohservation. This is ot the case with the 1CCD
specteograph. The entire optical teain is ot the desigm-

“er's disposal. 1Uis must important (o realize that the

aptical design of an ICCD system is constrained by
the size of the detector, and, therefore, high spind
o not nevessarily imply o Gige insteament, The
quuntitios L, and W gie the dimensions of the pisel
areay on which the ent inee sit will be imaged and
are thervlore constrainwd by the detsctar size The
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f-ratio refers to the camera feeding the detector. The
throughput will be constant as long as the f-ratio
remains the same regardless of the size of the optics.
In practice, the size of the optics can be reduced until
the image quality over the area of the detector
becomes unacceptable because of the optical aberra-
tions in the system. It is also noteworthy that the
throughput is not affected by the speed of the optical
system in front of the grating provided it does not
vignette the camera system. The f-ratio of the collima-
tor can be large compared with that of the camera. A
large f-ratio has the advantage of better scattered
light control in the spectrograph. The f-ratio can be
reduced until the image quality =i the edge of the
array becomes unacceptable.

The example above can be extended to instruments
used in the past. A variety of instruments that have
seen substantial use over the last two decades are
cited to illustrate the use of array detectors. Begin-
ning with the basic instrument design, we adjusted
the parameters of each instrument to give the same
spectral resolution in the 400-nm region of the spec-
trum. Then we evaluated the constant in Eq. (4) for
oach instrument to place the comparison on a com-
mon photometric scale. The characteristics of the
instruments are gathered in Tuble I1. The slit widths
of the monochromators were chosen for 3-A spectral
resolution, assuming the use of a 1200-line/mm
grating in the second or the third order as indicated.
The spectrographs have their resolutions set by the
pixel size and the slit width; the slit width in the

image plane was taken to be 3 pixels. In this case, the
ruling of the grating would be adjusted to give the
correct linear dispersion; note that only this apparent
slit width enters the calculation of sensitivity. Spectro-
graph E (see Table II), an objective grating spectro-
graph similar to the Voyager UV instrument, can be
included in the comparison because the calculation is
independent of wavelength. At EUV wavelengths
reflective efficiencies are poor, requiring a trade-off
between resolution and throughput. Spectrograph F
refers to an ICCD spectrograph that we recently put
into service. Called the Arizona ImagersSpectrograph
(AIS), it was built for the U.8. Air Force Geophysics
Laboratory and will be flown on the space shuttle
Discovery. Details of the instrument are given in a
companion paper." A compromise in throughput by a
tactor of 4 was accepted to permit the spectral vange
115-800 nm to bhe recorded simultaneously with 4600
spectral elements. The slit width is 2 pixels. Spectro-
graph G is the same as spectrograph F but designed to
have full throughput with a slit width of 3 pixels as in
the comparison with the E-F spectrometer above.
Spectrograph H is a special case. It is the same as
spectrograph F except that it has a bare CCD rather
than an ICCD in the image plane. The read noise of
the CCD is a limiting factor as noted above. Even
though there are nearly 1800 pixels within the effec-
tive slit, there is a read noise of 50 ¢ associated with
the reading of each pixel. The sum of all samples
would give an effective read noise of 50 x | 1800 =

Tobieil. Spectral instrumant Comparizon

;:am: ;s speutragraph P bt eplamiized for test speailicatinns,
Ref. 18,

Ref. 17

“The emusasion rate required 1o ivea N Nal unity in 1 .

3102 APPUED OPTICS ¢ Vol 31 No 16 7 § June 1982

A
E-F. [ 3 F G H
0.126-m B ¢ n Vapuger UV AISICCD e AISCCD i
Mono-  JarrelAsh  Fust 186 Spoxcirn. Spoetro Spectro:  Spectro:  Photographie
Parameter chromator” B-F, Im B-F. 1m’ Spacelab ) graph’ praph graph' graph’  Spectrograph’
Focal length, Fiem) 126 180 W 50 20 205 TH 275 —
- feeatio g ] 88 #.2 36 3.6 i1 29 28 0%

“Slit width 1ems 0.010 0077 014 0011 . 0030 0 s 0.004 0.004 -
S toagth temd [ 5.1 162 nht 0430 0.45 0.40 0.80 —
Transmixion, + [NT.) 0.78 0.56 O R 0.60 0 90 0.50 0.90 -
Disporsion offiiency. 0600 0501 D40 080 6,70 S 04s 0.35 0.36 -—

 tarder) '
Quantum effivinev.e 012 N ¥ 02 012 012 0l R X 3} 0.30 —
Spectral vluments - ) t . L] ¥ 600 3] 578 500
Photacwont rate, L6 LY o R PR (PR 1 ) rom

Pin TR Y
ERbietoi tvme, s H n 10 A« Aba " PR ZRx0 003 -
Neonmtivity, Howlo gt 22 0.en 0040 113 048 485 N 2122 1w

1. 3%

“Rewoiution of 3 A in the vicinity of 4000 A,

*Calculatod in this papoe, ' ’

Ret. 1IN

4 60-ram curved whix, dosigtned by Paste, Rl 14.

Ref. 10, .

Rel. 19

“Hef. 16,

51




2000 e", requiring a signal of 2000e, to provide
S/N = 1. On-chip summation of 18 nixels per read
followed by off-chip summation would result in an
effective noise threshold of 500 e , the number used
in Table I

The comparative study is completed by estimates
for a photographic spectrograph, 1. Vallance-Jones'
cornments on high-speed photographic spectrographs.
For an instrument developed hy A. B. Meinel in the
early 1950’s and used with an f/0.8 Schmidt camera,
he suggested a sensitivity in the 10°-R s range as a
reasonable working value and estimated the thresh-
old of sensitivity to be 10*R s.

The sensitivities in Rayleigh seconds from Table II
are plotted in Fig. 3. The Rayleigh second" is the
emission rate required to produce a S/N of unity in
1s. The calculations whose results are shown in
Table II treat each instrument as a monechromator
having one spectral element. As the spectral ranges
for monochromators A, B, and C increase, the sensitiv-
ities decrease proportionaily because time must be
shared among the other elements of the spectrum. On
the other hand, the spectrographic instruments have
roughly the same sensitivity at each spectral resolu-
tion element.

There are many techniques for optimizing an instru-
ment for a specific ohservation. Because the require-
ment in future programs is for broad spectral cover-
age, it seems that the ICCD system will be most
useful. The airglow atlas of Broadfoot and Kendall™
was accumulated in segments of 500 spectral ele-
ments with monochromator B. Figure 3 shows that
an equivalent spectrum of 576 spectral elements
would be recorded by an optimized ICCD spectro-
graph (G) approximately 200 times faster than with

1

S7T6 K
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O_.
T
w
L

Sensitivity (Rayleigh—Seconds)
80
" N
_—

10° 100 10?1t 1o

Number of Spectral Elements
Fig 3. Sensitivities for the instruments listed in Table 11, The
letters that label the lines correspond to those in the tuble. The
numbers show the number of specteal elements in each spoctrum,.
The sensitivitios of the monachromutars depend on the number of
spectral elements because of the necessity for time shuring,
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monochromator B. The AIS (spectrograph F) will
record the same spectrum of 500 elements 32 times
faster but in addition will record a much wider
spectral range, including 4600 spectral elements at
once. This is a spectacular improvement in capability.
The rating of the CCD spectrograph, H, with respect
to optimized ICCD spectrograph G is noteworthy.
ICCD spectrograph G seems to be 316 times faster
than spectrograph H on the basis of this comparison.
It can be argued that we have not treated the CCD
spectrograph fairly. In particular, we assumed equal
quantum efficiencies for the CCD and the ICCD,
whereas the detective quantum efficiency of the CCD
was higher for certain wavelengths. However, even
factors of 3-5 do not bring the CCD spectrograph into
contention. It was demonstrated that the improve-
ments discussed above are attainable in practice, but
this is not discussed in detail here.

B. Size of ICCD Spectrographs

In the discussion of the optical designs and the ICCD
spectrograph it was mentioned that the design is
constrained by the size of the ICCD format. This
conclusion follows directly from relation (5). The
proper length and width for the slit image are deter-
mined by the CCD format and are therefore constant,
leaving only the dimensionless f-ratio as an adjust-
able parameter. The comparative study in Subsection

- IIILA addressed the performance of several instru-

ments whose focal lengths ranged over an order of
magnitude from 100 to 10 ¢em. The monochromator
performance scales by focal length, whereas the per-
formance of the spectrographs scales by array size.
Note also that the performance was improved by
orders of magnitude in the short focal length instru-
ments that can record broad wavelength regions.

A difference of a factor of 10 in focal length implies
a difference of a factor of 1000 in instrument volume.
For example, a standard commercial 36-mm camera
lens, such as the Nikon 136-mm f/2 with a 50-mm
square grating and a modest collimator and slit,
forms a small spectrograph. The smaller f-ratio would
improve its performance by a factor of 2 over ICCD
spectrograph G in Table II. Although it would be
limited in spectral range by tne lens coating, the
comparison in size and performance is remarkable,

The application of new technology has completely
reversed the emphasis on instrumentation. The mono-
chromator is a precision, high-cost optical tool with a
readout system ax simple as o photomultiplier tube
and a strip chart. The urray detector permits the use
of simple optical configurations, but the data retrieval
and the manipulation require major resources. How-
ever, once the data analysig system has been estab-
lished, the spectral coverage required in future pro-
grams can be achieved by a replication of small
spectrographs covering the spectral range and having
a common data format. At the University of Arizona,
this technique is used to provide small space flight
spectrographs in a group of five to cover the wave-
length range from 1156 to 1100 nm simultaneously

1 June 117 / vol 31, No. 168 / APPLIED OPTICS 3103




with 4600 spectral elements. The spectral resolution
varies from 3 to 10 A over the spectral range. The
spectrograph set has outside dimensions of 41 em x
41 ecm x 21 cm. This instrument is described in a
companion paper.'® The spectrographs are included in
Table Il and Fig. 3 as spectrograph F.

C. Data Quality Comparisons

Not only does the ICCD spectrograph have a photo-
metric advantage over monochromators, the quality
of the data shows a remarkable improvement as well.
The data set accumulated by the Voyager UV spectro-
graph'® can illustrate this point. Because the detector
integrates signals continuously over the whole spec-
tral range, it records temporal variations in the
relative brightness of features within the passband
properly. Also, the effects of internal scattering and
other characteristic contaminations are recorded si-
multaneously with the primary emissions.

The monochromator lacks this advantage because
only one wavelength position is sampled at one time.
The recorded signal includes not only the selected
wavelength but also a scattered contribution from
other bright regions of the spectrum. The scattered
component cannot be determined with confidence
because the emission causing it is not recorded simul-
taneously.

The Voyager UV spectrograph presents a unique
opportunity to evaluate a photoevent counting spec-
trograph. It has no moving parts. Ii records the
spectrum from 500 to 1700 A in 128 segments with an
intensified Reticon linear anode array. Although this
spectral range may be unfamiliar to many research-
ers, the data are characteristic of the photoevent
counting spectrographic capability at any wave-
length,

Figure 4 shows a Voyager UV spectrograph spec-
trum® of emissions from the interstellar medium
acquired in the direction of the galactic pole, a region
free of stars. The integration time was 1.5 x 10°s, or
approximately 415 h. The emissions arise from reso-
nance scattering of solar lines by interplanetary
hydrogen and helium, The He (584-A), H (1216-4),
and H (1025-A) lines are woll defined. Note that the
ordinate scale changes through the analysis. The
H (1216-A) line intensity results in a peak photoevent
rate of approximately 1 8 * pixel '. Laboratory calibra.
tion of the instrument mesasured the scattering from
lines at many wavelengths throughout the wave-
length range. After the detector dark count is sub-
* tracted, a matrix multiplication removes the effects of
scattering of the four emission lines He (684 A),
H Ly-a, H Ly-8, and H Ly-vy. The resulting spectrum
is shown in Fig. 4b. In Fig. 4c, this reduced spectrum
is compared with a model computed by a spertsal
synthesis program that applics the instrument's trans-
mission function to the four discrete lires. Using
these techniques, we have found that the modoling
process gives a sensitive measure of wavelength,
Although each spectral element is approximately 9
wide, the model line must be placed within 2 A of the
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true wavelength position for a match to be convinc-
ing. Figure 4d shows the difference between the
model and the reduced spectrum in Fig. 4c. This
represents the noise in the observation after the
emission is removed. Differences are large where the
signals are larger even though the percentage error is
decreasing. In Fig. 4a, the count at approximately
750 A is approximately 4.5 x 10* counts channel * in
1.5 x 10°s. Poisson statistics imply a corresponding
standard deviation of 212 events or +0.14 events in
1000 s. That envelope, illustrated in Fig. 4d, is close
to the envelope of the noise left after the analysis.
This demonstrates that it is possible to understand
the origin of all events in the spectrum, to the
statistical limit of the observation. Finally, the event
rate for the peak in the H Ly-a line was 1 s, whereas
the rate for the H L-y line peak was 1 in 330 s; the
usable dynamic range for these spectra was therefore
at least 330. Similar research can be done with
photoevent counting systems having higher sensitivi-
ties and higher counting rates limited only by the
statistical accuracy of the weakest emission as noted
above.

{V. Application of Array Detactors to maging

The astronomy community took .he lead in the
application of the CCD to research imaging. Again,
this was an expensive undertaking requiring the
development of new electronics techmaues, the evalu-
ation of sensors, and the development of image
processing systems, In this application, the CCD
competed with the photographic plate, which it easily
bested. Even the early CCD devices and systems
exhibited important advantages in detector capabil-
ity. Although this technology was an important ad-
vancement holding great promise in astronomy, long
integration times and broad spectral bands were
acceptable. In contrast, the airglow and auroral com-
munity requires higher time resolution and narrow-
band photometry, and the bare CCD has proven less
useful. The interference filter and the photomulti-
plier had replaced photography as a scientific toel in
the carly 1960'. Monochromatic imaging was pur-
sued by using flying spowhowmmers. Intensified
photogrophy has seen modest use in the last few
years, followed by some use of intensified solid-state
detectors.

The requirements of the astror.omical application
and the airglow and auroral application differ. For the
purpose of this discussion it is arpropriate to compare
on the basis of angular resolution. When an f/3
telescope v.th an aperture of ¢ m and a focal length of
12 m iluminates a single CCD pixel, 0.022-mm square,
the pixel has an angular field of view of 0.4 arcsec. If
the ield of view is filled by a radiating nebular gas as
wel! as the airglow in the foreground, the signals will
e proportional to the surfuce brightnesses. The
surfrce brightness of the nebulur gas may change
from pixel to pixel with changes in gas density or
excitation. The airglow brightness would contribute
to each pixel uniformly because the field of view is
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small compared with the scale of variations in airglow
emissions. When the optical system is scaled down by
a factor of 10" to an aperture of 4 mm and a focal
length of 12 mm, the same pixel has an angular field
of 0.1°. The nebular source would be contained in a
small fraction of the field of view with the detected
radiation reduced proportionally, However, the air-
glow still fills the field of view of the pixel, and the
signal level will be the same as for the larger system
because the photometric expression [relation (5)] is
the same for both optical systems. The brightness of
the airglow might vary from pixel to pixel depending
on the source of the emission.

We make these comparisons for two reasons. The
first is to emphasize that the significant feature of an
image is the variation of intensity 6ver the field. It is
important to select the angular field to match the
scale of the intensity variation to be measured. The
second is to emphasize that the photometry is indepen-
dent of the size of the optical system.

The discussion of the threshold of detection of the
ICCD and the CCD can be placed on an absolute scale
_ for this imaging review. If an optical system has the
following parameters, f-ratio, 1; pixel area (2.2 x 10-°
cm)®; transmission (1), 0.9; quantum efficiency (e),
0.2, then for the unit emission rate, 1R = 10%/4w
photonss™' em™sr”!, in Eq. (2) the photoevent rate is
5.4 X 107* events pixel ™' s™'. The abscissa of Fig. 1 can
be converted to the sensitivity scale at the top of the
figure by using this factor. For instance, an emission
rate of 18.5 kR would generate 10° photoevents
pixel ! s'. The threshold arguments made previously
can now be considered on an absolute scale. The
sensitivity of the CCD imager would be ~1 kR s. A
surface brightness of 1 kR would produce 50 e~ pixel ™
in a 1-s exposure, the previously defined threshold of
detection. For the ICCD the corresponding number
would be 18 R s.

A. Broad Spectral Band Imagers

Many of the dominant auroral emissions can be
monitored with interference filters of reasonably
wide bandpass (e.g., 50 A) that could be incorporated
into the fast /1 optical system used as a baseline in
the discussion above. Even with the 1-kR s threshold
of the bare CCD, typical auroral emissions, which are
usually tens of kilo-Rayleighs, would give detectable
signals in a 1-s exposure. The 0.1° angular resolution
of a single pixel corresponds to a scale of 200-400 m
at typical auroral heights and ranges. An array of 100
% 100 pixels corresponds to a field of view 10° square,
a size useful for comparative studies of auroral
morphology. This type of imager would also be useful
for support imaging during spectrographic observa-
tions. Clusters of four or six miniature imagers are
quite feasible with fiber-optic technology and CCD
arrays. For weaker aurora where requirements for
both time and spatial resolution can be relaxed, both
longer exposures and on-chip summation of four or
nine pixels would produce images of good S/N ratio.
Intensified systems would be required for better time

’/
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resolution, but these can also be implemented in a
clustered set,

The imagers associated with the spectrographs in
the companion paper'® were prepared following the
outline above, Twelve miniature images are recorded
by two CCD’s with fiber-optic coupling; 10 of these
are intensified.

B. Monochromatic Imagers

For narrow-band monochromatic imaging, the need
for near-normal incidence on the interference filter
constrains the f-ratio of the optical system. In this
case, maximized throughput is important because
these imagers are often used to separate weak emis-
sions from a complicated spectral region. The optical
technique is to use the largest interference filter
available. An image of the sky is formed on the filter
through telecentric optics. This image is then re-
imaged on the intensifier. To maintain the passband
of an interference filter with a 5-A bandwidth, the
incidence angle 8 must not exceed approximately 4°
from the normal. The required f-ratio of the fore
optics is given by f = (2 tan 8) "}, which implies an f/7
system for the example given here. If the optics are
properly designed, the f-ratio of the fore optics can be
converted to an f/1 system feeding the CCD. This will
result in a system with the sensitivity defined by the
ICCD curve in Fig. 1 if the f-ratio transition is made
without vignetting. (Some corrections are required
for optical transmission and quantum efficiency). A
sensitivity near 40 R s would be typical. Again, by
sacrifice of spatial resolution through on- or off-chip
summation of 2 X 2 or 3 X 3 pixels, the signal could
be increased by factors of 4 and 9, respectively; this is
effectively increasing the area of the pixel.

Still higher sensitivities can be achieved by a
further increase in the effective area of the detector.
This can be achieved with the ICCD by use of larger
proximity focused intensifiers, say 40-mm diameter,
with the output image reduced by a fiber-optic taper
to 15-mm diameter to fit the CCD array.

(o} 'Application to the Fabry—Perot Interferometer

The F;_abry—Perot (F~P) interferometer falls in the
same category as the monochromatic imager, but its
field of view is still narrower, and large plates are used
to increase the collection area. The optical coupling
problem is the same as that for the monochromatic

" imager; a high-speed telescope would be used with an

aperture the size of the F-P plates. The focal length
of the telescope would determine the number of rings
falling on the CCD. Each spectral order in the F-P
fringe pattern contains the same energy. The improve-
ment over the classical scanning F-P system can be
evaluated by counting the number of rings and the
number of elements required across the ring. An
operational advantage lies in the ability to find the
center of the ring pattern with software rather than
by adjusting the plates and the ring position.

We commented above on imaging the aurora
through passband filters with a CCD. In this section
we discuss the threshold of detection and the ICCD in
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Fig5. Image of Halley's Comet in the light of Of 16300 A) emission made by using a F-P interferometer and an intensified CCD. The

system sensitivity is approximately 36 R-s.

connection with data from a specialized application.
The image of Halley's Comet in Fig. 5 was obtained
with a telescope and a F-P interferometer matched to
an ICCD by appropriate optics.” The interferometer
isolated the cometary Ol (6300 A) emission, which
was Doppler shifted from the Earth's airglow line.
The intensity gradient from the background to the
nucleus of the comet is clear. Unexpectedly, the cloud
is not spherically symmetric.

The information contained in the image is the
subject of interest here, rather than the physics of the
emission, which has been discussed elsewhere.®* The
image was acquired with a 60-3 exposure. The format
of the array was 576 x 384 (0.022-mm) pixels, which
have been summed 2 x 2. The background level tdark
roise) amounts to 1 photoevent in 10 pixels. Near the
nucleus of the comet the signal is approximately 1
event/pixel. In spite of the low signal, the image
shows an obvious change in surface brightness
through 1 order of magnitude. The intensity near the
nucleus was 6.3 R. The threshold is therefore approx.
imately 9.6 R. Since this threshold was reached in
60 s, the sensitivity of the system was 36 R s. This is
consistent with the f/1 example stated above whe we
note that the ICCD was fed through a Nikon £/2 lens
of focal length 136 mm. Through the 2 x 2 summa-
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tion, the effective pixel area was increased by a factor
of 4 but at f/2 the solid angle decreased by a factor of
4. A transmission of 50% would bring the observation
into line with the example.

There are other points that can be made from this
demonstration, First, we invite the reader to consider
the various techniques that could be used in the data
analysis and data collection to address this type of
imaging. We do not discuss the data further, The
question of the comparison of the ICCD image with
the CCD image is important for completeness. In the
discussion of the CCD, it was estimated that 50 e”
would be required per pixel to give a S/N of unity.
With the optical system used for the comet observa-
tion, the threshold intensity would have been 500
times higher. Even if the CCD noise level were 10 e,
the threshold is still out of range by 100. Other
optimization of the CCD is possible, but we must also
beyrin to consider such complicating features as work-
ing with limited charge and cosmic ray events, ote. We
conclude that the strength of the ICCD lies in its
application to aeronomical problems in which pho-
tons are limited.

This research was supported under contract SFRC
F19628-88-K-0040 from the U.S. Air Force, National
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Panchromatic spectrograph with supporting
monochromatic imagers

A. L. Broadfaoot, B. R. Sandel, D. Knecht, R. Viereck, and E. Murad

The Arizona Imager/Spectrograph is a set of imaging spectrographs and two-dimensional imagers for
space flight. Nine nearly identical spectrographs record wavelengths from 114 to 1090 nm with a
resolution of 0.3-1.3 am. The spatial resolution along the slit is electronically selectable and can reach
192 elements. Twelve passband imagers cover wavelengths in the 160~300-nm range and have fields of
view from 2° to 21°. The spectrographs and imagers rely on intensified CCD detectors to achieve
substantiai capability in an instrument of minimum mass and size. By use of innovative coupling
techniques only two CCD’s are required to record images from 12 imagers, and single CCD’s record
spectra from pairs of spectrographs. The fields of view of the spectrographs and imagers are coaligned,
and all spectra and images can be exposed simultaneously. A scan platform can rotate the sensor head
about two orthogonal axes. The Arizona imager/spectrograph is designed for investigations of the

interaction between the Space Shuttle and its environment.

subsatellits.

Introduction

The relationship between aifglow observations and
airglow models has always been a rather subjective
one. Modeling now includes a remarkably extensive
range of parameters, and present measurements do
not effectively constrain all of them. Measurements
of many parameters are required to evaluate and
constrain the models. Unfortunately the observa-
tions that are available for this purpose differ in
important ways that eomplimte their intercompari-
son. They differ in time, air mass, altitude, solar
ﬁux, magnetic conditions, and excitation and quench-
ing mechanisms. The assumptions in relating the
data sets to each other are undoubtedly the main
source of error so that the data set as a whole does not
test a given model at its full potential. Applications
of modern technology in optics, detector systems,
electronic control, and computing will make a revolu-
tionary change in our ability to collect extensive data
sets having fixed interrelationships. The instru-
ment described here, the Arizona Imager/Spectro-

A. L. Broadfoot and B. R. Sandel are with the Lunar and
Planetary Laboratory, University of Arizona, Tucson, Arizona
85721. D. Knecht, R, Viereck, and E. Murad ars with the Air
Force Geophysics Laboratory, Hanscom Air Force Base, Bedford,
Massachusetts 01731,

Received 8 April 1991,

0003-6935/92/163083-14%05.00/0.

© 1992 Optical Society of America.

The U.S. Government Is authorized to reproduce and sell this report.
Permission for further reproduction py others must be obtained from
the copyright owner,

59

It is scheduled for flight on a Shurtle

graph (AIS), is a starting point in attacking this
problem.

The spectrograph has been recogmzed as an impor-
tant diagnostic tool because it records simultaneocusly
a large spectral passband and also retains spatial
resolution along its slit. A detector having two-
dimensional spatial resolution is required in the
image plane; until recently that detector has been
photographic film. Replacing the film by the intensi-
fied charge coupled device (ICCD) has improved our
spectrographic capability in two important ways.
First, the ICCD spectrograph has photon-counting
sensitivity. Second, the size of the spectrograph is
constrained by the detector size, which is quite small.
The AIS exploits both of these advantages while
retaining spatial resolution along the slit. The appli-
cation of ICCD’s to airglow instruments is discussed
in a companion paper.!

An important guiding principle in the design, con-
struction, and operation of the AIS has been to
provide the capability for acquiring spectral and
spatial information simultaneously. Toward that
end the spectrograph slit, which is imaged on the
ICCD detector, is 2 pixels wide x 192 pixels long.
The 192 pixels along the length may be summed into
groups of a selectable number of pixels. Summing$8
pixels into each group (as in the example in Fig. 1)
divides the length of the slit into 24 segments, and
separate spectra are recorded for each segment. Spa-
tial inhomogeneities in the source will be represented
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in the set of spectra, which are recorded simulta.
neously. In this case statistical accuracy in the
spectrum is sacrificed to gain spatial information,
Statistical accuracy in the spectrum can be recovered
in data analysis by summing the adjacent segments,
thereby sacrificing spatial detail to improve the signal-
to-noise ratio of weak spectral features.

Figure 1 illustrates the advantages of this spectro-
graphic technique. The flame of an acetylene torch
was used as the target. In the schematic diagram in
the upper right-hand corner, the white line shows the
projection of the spectrograph slit across the core of
the flame. To the left is an enlarged view of the slit
that shows that 20 of the 24 segments were illumi.
nated by the flame. Aligned under the slit are the
recorded spectra, one spectrum for each segment.
Although the spectral range from 3000 to 9000 A was
recorded at the same resolution, we have selected two
spectral regions that include ¥o prominent bands for
discussion. The color plot shows that the most
intense emission originates in the center of the core of
the flame. The UV OH emission extends across 14
segments of the slit, while the longer wavelength C,
(Swan) bands appear to be confined to the central
core. It is noteworthy that the CH(0, 0) band is
more confined than the OH bands.

The spectrum of the best signal-to-noise ratio will
be obtained by summing the central four or five
segments. Summing all the segments would in-
crease the noise content unless the emission of inter-
est filled the slit. An improved spatial signature for
the band emissions can be obtained by summing the
appropriate wavelength bins in the spectral direction.

A companion imager with a passband near 3100 A
would show the extent of the OH emission in two
dimensions, but only the spectrograph can separate
the blended intensity profile of the CH emission from
the nearby OH emission.

All these techniques were available to us with the
spectrograph and photographic plate. The improve-
ment available now is in detector and electronic
technology. We enjoy all the attributes of the classi-
cal spectrograph that is combined with the photon-
counting sensitivity of the photomultiplier for every
pixel in the detector array.

This approach has a tremendous advantage in
studying time-dependent phenomena, such as the
active experiments, which have been performed to
study ionospheric electron holes®* and atmosphere—
plume interactions.” For example, Mendillo et al.*
observed 630-nm radiation when the Space Shuttle’s
orbital maneuvering system engines were fired. The
observation was made with a narrowband filter. It
is reasonable to attribute the radiation to O('D) —
O(CP). Since the radiative lifetime t of O('D) is
~120 g, spectral information as a function of distance
along the line of release can be extremely valuable in
determining the morphology of this species.

An important factor leading to the consistency of a
spectrographic data set is recording the entire spec-
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trum at the same time from the same gas column
with diagnostic resolution. The AIS comes close to
achieving this-goal, It records the spectrum from
114 to 1090 nm simultaneously. The spectrum is
sampled at 5000 contiguous spectral intervals. The
AlS is a true spectrograph by maintaining spatial
information along its entrance slit.

The AIS addresses another problem that is com-
mon to airglow and auroral spectroscopy, namely,
that of relating the location of the observed gas
column to the region of the scene being analyzed.
The AIS has a complement of 12 coaligned imagers,
10 of which are intensified, By the use of passband
filters, the AIS records the spatial extent and surface
brightness of emissions. All images are shuttered at
the same time as the spectra are.

The instrument described in this paper was de-
signed to meet the needs of a space flight program
that is directed at the analysis of the shuttle glow.**
The Earth's airglow is the background against which
the shuttle glow is observed. Useful airglow and
auroral observations are made during the same flight
opportunity. The AlIS is one of a group of instru-
ments that form the payload of the Infrared Back-
ground Signature Survey flight program. The exper-
iments are to be flown on the German-built carrier
Shuttle Pallet Satellite II, which is manifested for
flight on STS-39 in Apr. 1991.

We have prepared a second nearly identical instru-
ment for ground-based airglow and auroral measure-
ments. The spectrograph section covers only the
wavelength region from 300 to 1100 nm. The im-
ager passbands and field of view (FOV) are adaptable
to the classical auroral and airglow emissions. A
third instrument is in preparation for Hitchhiker
Shuttle flight opportunities, with the first flight
expected in 1992. The primary targets are shuttle
glow, contamination and flow fields, as well as airglow
and auroral emissions from the atmosphere. The
data formats of all these instruments are identical,
thus simplifying the intercomparison of data sets.
The data are recorded in a widely used format, the
Flexible Image Transport System. The Image Reduc-
tion and Analysis Facility processing software devel-
oped by the Kitt Peak National Observatory is used
for data analysis.

Arizona imager/Spectrograph Overview

The AIS spectrographs and imagers are mounted on
an azimuth—elevation scan platform that is driven by
stepping motors (Fig. 2). The central box of the
spectrograph-imager assembly includes five spectro-
graph housings of identical mechanical design. The
spectrographs cover the wavelength range from 114
to 1090 nm in nine overlapping wavelength bands.
Pairs of double gratings in four of the spectrograph
housings image eight spectral bands onto four inten-
sified CCD arrays. The fifth spectrograph housing
contains a single grating and records the wavelength
range from 900 to 1090 nm on a bare (unintensified)
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FRONT VIEW
ELEVATION = 0

SIOE VIEW

ELEVATION = 30°
Fig. 2. Two views of the AIS spectrographs and imagers mounted
on their scar platform. The nine spectrographs are separated
into five housings. Above ths spectrograph housings are the 12
passband imagers. The axes of rotation pass through the center
of gravity of the rotating section. The FOV's of all the spectro-
graphs and imagers are coaligned.

CCD. The FOV of the spectrographs is typically
0.2* x 2. There are no moving parts in the spectre-
graphs. Exposure is controlled electronically by a
cathode gate potential or by using the high-speed
CCD readout capability, which is 50 ms/frame. The
%h‘banctensnl 2 istics of each spectrograph are given in
e
Figure 2 also shows the cluster of 12 imagers. The
imager baffies and intensifiers are mounted on top of
the spectrographs. Flexible fiber-optic image con.
duits carry the images to two CCD's that are mounted
beneath the spectrographs. Ten of the images are
intensified, and two (the IR images) arenot. The IR
images are conducted directly to the CCD's by the
fiber optics. These two IR can accommo-
date bright signais and are used for accurate pointing
(2‘ FOV) and field monitoring (18° FOV) to warn of
ht emissions coming into the imaging space.
mz UV images are recorded with various pass-

flexible fiber-optic conduits have separate bundles to
acquire the images from the image planes or from the
fiber-optic output of the intensifiers. At the CCD
end the fiber bundles are gathered in a 2 x 3 matrix,
which matches the image section of the CCD. The
CCD is used in the frame transfer mode; the images
are moved quickly from the image half to the storage
half of the CCD, which effectively shutters the image.
All functions are under microprocessor control.

imaging Spectrographs for ICCD Detectors

Spectrograph Optics

Figures 3 and 4 show the primary features of the
optics. After reviewing several optical designs for
usefulness with the ICCD detector, we chose one
employing aberration-corrected holographic concave

gratings. The simplicity of the mechanical design

which could be used at all wavelengths, 20~1100 nm,
was the strongest argument. This design requires
only one optical element and one surface, compared to
five optical elements and nine surfaces that are
required by an alternative classical design. The
gratings were designed by American Holographics,
Inc. Although the first set was expensive, succes-
sive sets were quite economical. Tables II and III
summarize grating characteristics and spectrograph
design parameters.

The number of spectrographs and gratings re-
quired to cover the wavelength range from 114 to

1090 nm was determined primarily by the spectral
dispersion that is required for a diagnostic spectrum.

~ At short wavelengths the airglow spectrum is fine

structured and requires an ~0.3-0.5-nm spectral
half-width to separate blends and determine rota.
tional structure in molecular bands when accurate
spectral modeling is used. At the longer wavelength
end of the spectrum band systems are broader, which
reduces the dispersion requirement somewhst. The
length of the CCD array and the pixel size determine
the plate dispersion. For a spectrograph the ideal

. bands and FOV's t0 s Eport t.hc pmaary spectro-  transmission function is rectangular and 2 pixels in
graphic experiment. T width; therefore the 576-pixel array can record 288
have FOV's of 5° and are intcmiﬁed and filtered for opectnl elements along its length or ~ 100 nm for a
the visible wavelengths of the shuttle glow. The 0.3-nm width. ' Secondary constraints included the

Tabio L. Spoovograph Charasteristics
‘ , Seasitivity

Spectrograph  Wavelength Ruge - Resclution  Photossnsitive  Dispersion  Quantum (DN/s)
Designation fnin)  inm) Material {nm/pixel) Bﬂdcncy FRato  per Raylelgh

H 1050900 . 1.3 ) Si - 0.22 0.1 ‘28 0.003

2 - 930764 09 GaAs 020 . c.18 4.1 14

3 7408 09 0 0.18 4.1 (1]

4 617-832 - - 08 S20 0.15 0.12 4.1 0.1

s 548482 0.45 : 0.18 0.12 EN I 125

] 488382 0.45 S$20 018 025 41 03

7 386-300 045 . 048 0.25 41 0.1

] 302-200 0.5¢ Ca,Te 0.18 0.08 a1 03

9 220-114 0.5 ‘ 0.18 0.06 4t 03

|

308  APPUED OPTICS / VoL 31, No. 16 / 1 June 1982 62




| 40 cm l

Fig. 3. Cross section in the plane of dispsrsion of one of the spectrographs. All the spectrographs are based on concave holographic
sherration-correctsd gratings and hence have a common design. Cylindrical lenses improve baffiing and minimize the size of the

Fig. 4 Schentatic disgram of a dual.grating spectrograph. Each graiing (mages ita dispersed spectriss on ooe balf of the rectangular
detector. A aingle elit fesdy both gratings. )

Toblo il Oeniing Charssterislics

' Angle of :
Grating Wavelength Slit-Grating Grating-Detector Incidancs Aagleof Angle, St~
Number Raage (am) Distance (tum) Distans (tam) (dep) Difraction Netactor Conter
' 1 T 1000-900 B ' 1] B 1A 118 B .80

1 $§30-764 Mma 2785 109 -l 83

3 Tr4-€08 mo ’ 2763 9.7 14 83

4 617332 2833 e 134 4 2.0

8 848482 - 2880 194 124 31 9.0

¢ . 488388 - ma o _ 102 27 15

1 386-300 o , 2788 9.0 18 15

s 3032-200 e o 1.2 -14 9.0

9

220-114 72 N0 - 28 -85 9.0

“Tho spactral plane is perpecdicular 60 the lise beween the grating center and the detactor cscler.
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Tabie I}l. Specirograph Design Perameters
Instrument Parameters Dual Grating Single Grating

Full pixel array (per spectrum) 180 x 576 360 x 576

Elsment size (monochromatic 180 x 2 360 x 2
slit icage, mm)

Grating redius of curvature 275 278
(mm)

Slit dirnensions (mm) 0.04 x 4. 0.04 x 8.0

Grating dimensions (mm) 35 x 100 70 x 100

Effective f number 4.1 29

separation caused by the photocathode response and
the goal of a reasonably small size. With these
constraints the spectrum from 114 to 1090 nm was
divided intc nine overlapping bands (Table
I). Although it is possible to build nine identical
spectrographs to cover the spectral range, such a unit
;ould be too large mﬁo:g: pncheal"”h flight instrum hent.
y using two in spectrograph we
achieved a tractable instrument size. Reducing the
grating area results in a loss in throughput by a factor
of 2. By reducing the slit length to allow the two
spectra to be recorded side by side on a single CCD,
the detector area is also reduced by a factor of 2 (Fig.
5). The accumulated reduction in throughput ie
therefore a factor of 4.
Spectrograph 1 is an exception. The photoelectric
senaitivity in the 900-1090-nm range is compara-

488 nm v

Monochromatic
Slit Images

302 arm
(18 pixels) 0.2 deg. -

e
Control Region -

tively low for either of the possible detectors, bare
silicon of the CCD or the S1 photocathode. The bare
CCD was selected because the S1 photocathode re-
quires special cooling, which might not be available,
and the sensitivities are not much different. For
this spectrograph we chose a lower dispersion to allow
a single grating to be used for optimum throughput.

The position of the ICCD detector was unique for
ezach spectrograph. The optical design required that
the grating-slit distance be common for all spectro-
graphs and that the detector be perpendicular to the
line from the grating center to the detector center.
This condition places all the variability in the five
spectrographs in the detector position. A special
coupler was designed for each spectrograph to satisfy
these optical design requirements.

Foreoptics

The FOV of the spectrographs was specified to be 2.3°
to encompass the scale of emissions at the expected
range to the target. Since the spectrograph alit was
4 mm long, a 100-mm focal length was required
A single lens could be used, but the diameter would
have been 50 mm and a sizable " < e system would be
required. Instead cylindrical ptics were used to
simplify the baffling and minimize the volume of the
optical enclosure.

The folded rafractive optical system is shown in
Figs. 3 and 4 and in the more detailed Fig. 6. Inter-

386 nm

576 pixels -
- 12.7 mm

300 am
bt 2.0 dep. (180 pixels)

10 Spectra

FR¢ ¢  Organitation of the two spettrs dispersed 0ot one ICCD. Raadout procsads by ebifting the chaiges in the top row of pizals
- Boris: utally and digititing thees eus by cne.  The charge vo all pinads is thes ahifted viriscaty by ane row.. . This saquence is repeated usitil
the charee thas i collectad on all pizels bas bean sampled serially. The charge 3ies Yoorw UG ode gicel T2 b shilted inty the output
capacitor sesulting in o ob-chip charge summation.  Typically soesi il wsw dnitiad BarisoTally (Uos Eiredtion parellel to the alith

‘The readout patiern i computar cantyolled.
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Lens

Prism (Total Internal
~ Reflection)

Fig. 6. Cross saction of the refractive foreoptics that are used for
all but the UV spectrograph. The FOV's across and along the slit
are controlled separately with crossed cylindrical optics.

nal reflection in a prism serves as the folding element
to minimize reflective losses. A ray trace showed
that some of the rays that strike the slit prism would
not be internally reflected, so the back surfaces of
these prisms were silvered. Crossed cylindrical lenses
image the target on the slit. A cylindrical lens of
19-mm focal length is located 19 mm from the slit.
The slit width of 0.045 mm restricted the angular
width of the FOV to 0.14° outward from the lens.
The width of the grating acceptance angle through
theslitat thelenswas 7 mm. The second cylindrical
lens, of 100-mm focal length, is located 100 mm from
the alit where the cross-sectional area of the projected
grating acceptance angle is ~ 7.2 mm % 30 mm. The
c!'tm322 -sectional area at entry to the baffle is 7.4 mm x
- Twos phs require special attention. Spec-
trograph 1 has an entrance slit 8 mm long and
therefore requires a focal length of 200 mm to match
the FOV of the other spectrographs. The addition of

& concave 25.mm focal-length cylindrical lens and
adjustment of the position of the 100-mm lens re-

"~ sulted in an effective focal length of 200 mam. Reflec-
" tive cylindrical foreoptics were needed for spectro-
- graph 5, which covers the wavels

to 320 nm (Fig. 7). Although the problem of chro-
. matic aberration in refractive optics was eliminated,
considerable spherical aberration was introduced by
the short focal-length cylindrical surfsce. Three re-
flections were required to match the FOV require-
taents,  The reflective surfaces were coated to en-
bance UV reflaction to 1150A. a

For most satisfactory performance the CCD's and
intensifiers should be st a temperature below —10°C.

At thes» temperatures both the CCD leakige current

and intensifier shot noise are small during an expo-
ml::le time of 10 th To -chievelthis temperature the
- whole spectrograph is radiatively cooled.  Alignment
is done at room temperature, and the Shuttle Pallet
Satellite flight thermal model predicts temperatures
a8 low as ~70°C. This is a temperature range of
100°C, which implies a change of ~0.07 cm in length
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ngth range from 115§

Cylindrical Mirror -

Fig. 7. Cross section through the re.lective foreoptics of the UV
(115-320 nm) spectrograph. The refractive optics of Fig. 5 are
repluced with the equivalent cylindrical reflective components.
Considerable spherical aberration in the FOV is introduced buz
does not reduce the data quality.

of the spectrograph body over the focal length of 27.5
cm caused by thermal contraction. A change in
focus of only 0.012 cm would degrade the spectral
resolution. Therefore the grating-detactor separa-
tion is thermally compensated by the mechanical
design and material selection. The gratings in the
sprctrograph are deposited on Zerodur blanks, which
have a coefficient of thermal expansion near zero.
To maintain focus through the temperature extreme
the position of the grating relative to the slit and
detector is established by Invar rods that are 29.2 cm
long between clamps, which limits the change in
fouc:ls dti: 1 h:lal:x-’ cm fgr ATe; l,OtOb'C. A swlflled”
s ph is sandwiched in the grating holder
and attached to the spectrograph frame. This dia-
phragm provides lateral support of the grating but
deforms to sallow longitudinal motion. Invar rods
extend from the four corners of the grating holder to
fixed points r.oar the image plane a3 noted above,

Passband imagers

The main purpose of imaging in this investigation is
to provide information about the spatial distributions
of a variety of species. It is ulso designed to allow
pointing of the spectrographs acourately and provide
& photometric map of extended gus clouds that are -
being snalyzed by the spectrogruphs; therefore high
spatial resolution is not necessary. Imaging muyst be
dove simultaneously to properly associate the band.
pase images to changing conditions and to be contem-
poraneous ;i‘thPthe Jze‘dimeminml m ome
spectrograph.'  For this reason we use multiple imag-
ers in.vmdp of a filter wheel. The CCD image frame
of 384 x 288 pixels was subdivided into six arrays of

- 128 % 144 pixels (Fig. 8). With two CCD’s we expose

12 images simultaneously. Flexible Ghsr-optic im-
age conduits collect the imeges wirvetly & from
intensifiers and transfer thew to¥he ECD's. - -
Becavse of the small inage format (2.8 mm x 3.2
mm), miniature optics ¢an be used, and up tv six, -
images cun be formed on a single standird 19-min
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Fig. 8. Schematic diagram of the imager components. Coherent
fiber-optic bundles transfer the passband images to one of two
CCD’s.

image intensifier. Broadfoot and Sandel’ point out
that the photometric efficiency £ of an imager is
independent of the size of the imager since the
throughput is proportional to the detector area A and
the solid angle of illumination (), where the solid
angle () is in turn proportional to the reciprocal fratio
squared; that is, E x A/f*. The area of the detector
is the pixel, which is a constant of the system. Thef
ratio is independent of the size of the optics. The
design parameter remaining is to satisfy the FOV by
selection of the focal length, then to optimize the
aperture to minimize the f ratio.

Imager Set

Figure 8 summarizes the imager sets. The sets are
classified as narrow angle (N) or wide angle (W) and
are referred to by the wavelength regions of UV, VIS,
and IR. Images formed by the lenses are conducted
by flexible fiber-optic bundles to two CCD's. The
two IR imagers are not intensified. Proximity fo-
cused image intensifiers are used to intensify the
remaining 10 images. The light from the phosphor
is conducted by the fiber-optic faceplate to a flexible
fiber-optic image conduit. The light is conducted to
a third fiber-optic window, which is in contact with
the surface of the CCD. The images were arranged
in groups of six as illustrated in Fig. 9 on the image
half of the CCD. The UV images were split to
minimize the effect of a failure in a single CCD. In
retrospect this arrangement was more complicated
than needed; future instruments would not use such
an arrangement,

The imager complement that is needed to satisfy
the scientific requirements is listed in Table
IV. Eight imagers record UV emission in four dif-
ferent passbands in the 150~270-nm wavelength
range. Four of these have a FOV of ~2° to match
the spectrographs. The remaining four imagers
have similar passbands but 25° FOV's to examine the
i;rger context of the spectrographs and narrow-angie

agers.
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Fig. 9. Locations of images on one of the two CCD's that are used
for imaging. The frame transfer capability of the CCD is used to
move the image to the storage area. Exposure continues while the
storage ares is being digitized. The second imaging CCD records
the remaining six images in a similar way.

Wide and narrow-angle unintensified imagers as-
sist in several ways. Their wavelength band is re-
stricted to the IR region around 800 nm, which is
probably an important region for shuttle glow. The
NIR (2° FOV) will define the pointing of the spectro-
graphs. The WIR (18° FOV) surveys the field and
detects bright sources that should be avoided by the
intensified channels. The shuttle glow is also the
target of interest for the other two medium-field (5°
FOV) imagers that cover two visible bands.

Infrared imagers

The IR imagers are the most streightforward since
the image is formed directly on the end of the flexible
fiber-optic bundle. The lens for the wide-angle imn-
ager is a commercial lens of 9-mm focal length and
5-mm-diameter lens. A filter between the lens and
the fiber bundle limits the wavelength to > 700 nm.
The lens and filter are located in the center of a plate
that is spaced from ‘he image plane to focus. Figure
10 illustrates the mechanical layout. A standard
frame size that 1s 50 mm square was used for most of
the imagers’ sections. The insides of the baffie tubes
were machined to a common diamester so that baffles
and spacers for mcat imagers have a common outside
diameter. Inside diameters of the baffles were ma-
chined in a jig, which allowed all baffie sets to be
machined as a group and provide tapered knife-edges.
The baffles and spacers were stacked in the baffle
tubeand held inLy a jamn nut. The walls of the baffle
tubes were machined tv leave a wall thickness of 1.3
mm between square endplates.

Figure 11 is a section through the narrow-angle IR
imager. A lens with a 75-mm focal length and
40-mm diameter was selacted for this application.
In both IR imagers the ¢nd of the fiber-optic bundle
can be moved to adjust the focus.
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Visible Wavelength imagers

Figure 12 is a cross section through the two visible
imagers. Two identical lenses (focal length, 35 mm;
diameter, 9 mm) form separate images on the photo-
cathode of a single proximity focused image intensi-
fier. Tle fiber-optic output of the intensifier is
coupled to the flexible fiber-optic bundle to transfer
the image to the CCD.

Wide-Angle UV Imagers

The WUV's presented some special problems. Given
the chosen image size, the desired field of 25° implies
a focal length of 6.8 mm. Uting such a short focal-
length lens was complicated by the fact that the
intensifer window was 5 mm thick. Reimaging de-

~ signs using refractive spherical optics were consid-

ered, but they presented many problems and did not
provide better imaging than the single lens that was
used. The wide-angle lens consists of a MgF, hemi-
sphere and a MgF, spacer that form an image on the
photocathode. An aperture stop at the base of the
hemisphere limits image aberrations. Ray tracing
showed significant changes in the imaging properties
from the center to edge of the image plane caused by
the change in focal distance. The two adjustable
parameters were the size of tha aperture stop and the
focal plane distance. It was demonstrcted that a
fairly uniform umge quality over the image plane
could be achieved with an f/2 aperture stop and with
the image plane at the median distance between the
best focus for on-axis and edge rays. Most (80%) of
the rays toll inside a circle of 2-pixels diameter. This
is an acceptable resoiution for an imager that is
intended 0 detect chai.ges in the surface brightness
of extended gas clouds.

Figure 13 is a cross section through two of the
imagers. The proximity-focused image intensifier
has a MgF', window and a Cs,Te photocathode with a

[,
5.1 em

Fig. 10. Wide-angle [R imager. Noimage intensifier is used for this passband.

‘——I 5.1 cm '—-

sensitive area that is 17 mm in diameter. The center
of the images lies on a circle that is 12.75 mm in di-
ameter, which is common to all the multiple imagers.

Narrow-Angle UV Imagers

The design goals for the NUV (2°) set were to achieve
a minimum mass by using only one image intensifier
while maximizing the throughput and minimizing
cost. A trade-off study of both refractive and reflec-
tive optics was carried out in parallel with a search for
commercially available lens systems. Refractive de-
signs could be used but require changes for each
wavelength. The reflective design seerned more gen-
eral. A high-speed reflective cptics lens manufac-
tured by the Nye Optical Company appeared to have
the best charzcteristics. It employs a spherical pri-
mary surface and an aspherical secondary in a Casseg-
rain configuration. The effective focal length is 90
mm, and the effective focal ratio is 1.1.

Mechanical modifications of the selected lens were
needed to have four optical axes and thereby four
images. A cross section of this imager is shown in
Fig. 14. The lens was sawed into four pie-shaped
secsions, which were then separated by the appropri-
atedistance, i.e., 12.76 mm as mentioned above. The
secondary was reassembled and bonded to a backplate
of appropriate material. Provision was made to ad-
just the primary sections individually. Preliminary
adjustments were made at visible wavelengths before
g;:nﬁm filters and the Cs,Te intensifier were

intensified CCD Detectors

Application of the intensified CCD detector has been
discussed in detail in a companion paper.! The
principles outlined there have been used to define the
AlS. Figure 16 shows an ICCD assembly.
Proximity-focused image intensifiers were pro-

Miter Lens
Image
Conduit l \

-

18.0 em —-—-—-—-l

] ) " T

L}

Fig. 11. Natrow-angls IR imager.
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Fig. 12. Two visible intensified imagers (VIS 700, 500).

cured from several manufacturers.- Four cathode
materials were used to cover the spectrum (Tables I
and IV). Two special specifications were placed on
the intensifiers: (1) flying leads and (2) a transpar-
ent conductive coating on the fiber-optic output win-
dow. Although all the intensifiers could have been
obtained with wraparound power supplies in essen-
tially the same mechanical envelope, we prefer to
control the intensifier gain with digitally controlled
high-voltage power supplies. The conductive coat-
ing isolates the CCD from any charge leakage caused
by the high voltage (6000 V) on the intensifier anode.

Intensifiers from different manufacturers ternd to
have different dimensions; thus a special external
shell was reeded to establish a common interface
between the instrument and the CCD assembly. The
housing is close fitting with potting cavities, A
50-mm x 50-mm format about the detector axis is
maintained on three sides. Special attention was
given to ensuring that the fiber-optic window was
plane with the back surface of the housing when the
intensifier is potted into place. The flying leads were
led through cavities to Reynolds 167-3770 connec-
tors. The cavities were potted for insulation pur-

poses.

Figure 15 illustrates the ICCD configuration. The
fiber-optic window is oil coupled to the face of the
CCD. A ceramic frame is used to attach the window
'to the CCD package. This CCD assembly is then
positioned in the larger housing with the window
plane with the surface of the housing, sipce this is the
interface to the intensifier. A small copper evapora-
tor with a copper inlet and outlet tubes is coupled to
the rear of the CCD package for cooling. ‘The con-
tacts to the CCD pins are provided by a constantan

Intensifier Window
Image intensifier
Image

Conduit =\ E: ,

wire leading out the back. The cavity around the
CCD pins is covered and the cavity is potted. The
CCD housing and covers are made of Delrin, which
was chosen for its electrical and thermal insulating
properties. Two printed circuit boards are stacked
on the back of the housing, one for CCD biasing and
clocking and one for the preamplifier. A recirculat-
ing Freon refrigeration system cools the CCD to its
operating temperature, which is ~20°C or lower.
Although the AIS/Shuttle Pallet Satellite instrument
is radiatively cooled in space, cooling is required for
laboratory operation and most ground-based applica-
tions. -

We have tried thermoelectric cooling of the CCD
without much success. The heat load through the
fiber-optic window is large, which requires high cur-
rents and therefore efficient heat sinking. This is
not consistent with the small size that is desired.

The CCD readout circuitry is enclosed in the elec-
tronics compartment below the spectrographs. Both
the clocking and the analog signal line are shared
among the CCD's. The electronics can control eight
CCD's and intensifiers, as discussed below.

Photomatric Sensitivity

The sensitivity of both spectrographs and imagers is
discussed in the companion paper.! This section
deals with the technique of calibrating the instru.
ments and results. Finally the results are reconciled
with the calculations to relate the design expectations
to the instrument performance. The tools that were
used to perform the instrument calibration include
continuum light sources (quartz iodide lamps, hydro-
gen lamps), a set of calibrated passband filters, a
detector that has been calibrated against a National

Interference Filter -

Lens .L

Fig. 13.  Set of four wide-angle ultraviolet imagers (163, 200, 235, 260). Because of thuir short focal lengtha, the four lenses are bondad

to the window of the image intensifier.
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Fig. 14. Set of four narrow-angie ultraviolet imagers (160, 200, 235, 260). The Cassegrain design uses a four-segment optical syatem to
{orm separste images in each of four passbands.
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m&. Intensifier~CCD sasembly. The refrigeration evaparator is used only for laborutory teting. The AIS ls passively cocled (n

Table (V. AlS imager Charsctrisios

Angular ,
FOV : : Sensitivity
Wavelength Photo-  Angular  Quantum (dn/w)
Imager Imager Imager Peak(hw) Az Bl  gensitive Rasolution Efciency per Raylaigh
Number Typs Designation (nm) (dog) Material (deg/pimel) (% trans.) F Ratio per Pixsl
1 NUV NUV 160 160 (28) 18 168 Cale 0.013 0.08 22 0.078
i NUv NUV 200 200 (28) 18 18 0.013 0.06 2z 0.070
3 NUv NUviss 238 (28) 18 18 0.013 0.08 22 0.13
4 NUV NUV 260 260 (25) 18 16 0.013 0.08 22 0.3%
§ wuv WUV 160 160 (26) 28 2 CyTe 0.17 0.08 22 0.58
[} wuv WUV 200 200 (25) 28 1} 017 0.08 212 0.58
? wuv wuvaas 236 (28) 23 21 0.17 0.08 2 0.68
3 wuv WUV 260 280 (28) 23 2 0.17 0.08 2 18
9 Medium VIS VIS 300 800 (200) 60 33 S20 0.043 0.11 28 40
10 Medium VIS VIS 700 700 (200) 60 53 0.042 0.08 28 23
11 WIR WIR 900 800 (4000 21 19 S 0.18 0.1 a3 0.098
13 NIR NIR 900 900 (400) 23 20 8 0.018 01 23 0.082
*Unintansified CCD
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Tsbla V. Mass and Dimensions of AlS Components

Dimensions:
AIS Mass  Height x Length x
Component (kg Width (cm)
Scan platform 75 60 x 40 x 36
Instrument control unit 10 23 x 36 x 33
Low-voltage power supply & 105 x 35 x 26
High-voitage power supply 8 10 x 30 x 23
Data recording unit 15 20 x 50 x 25
Motor driver box 1 5.2x 18 x 9.4
Cables 7

Bureau of Standards standard detector, and a dif-
fusing screen that filled the FOV of the spectrograph
or imager being calibrated.

Two techniques were used to calibrate the spectro-
graphs. The first approach was to illuminate the
diffusing screen with the light source and bandpass
filter. Filters were available for at least two wave-
length regions within the spectral range of each
spectrograph. The spectrum was recorded for each
of the bandpass filters, and the screen brightness was
measured with the standard detector, The spectro-
graph record verified the transmission function of the
filter. The integral of the recorded spectrum, com-
pared with the brightness that is measured by the
standard detector, determuned the instrument sensi-
tivity at each filter wavelength. Second, the dif-
fusing screen was illuminated by a stabilized contin-
uum source Th~ continuum wes recorded by all
spectrogra;..is simuitaneously. The diffusing screen
was observed by the standard detector through the
bandpar- filters to establish its brightness in specific
wave .ngthbands. The spectrographic record estab-
lishe ] the run of intensity in the continuum. The
comgparison of the brightness that was measured
‘through the bandpass filter with the recorded contin-
Jum spectrum established the sensitivity. The re-
suits of several calibrations are given in Table I along
with other parameters that are useful in comparing
spectrographs. The sensitivity is reasonably con-

stant through the spectral range of each spectro-
graph.

The second calibration method described above is
the most useful for field work and for reconciling
possible differences between spectrographs in their
regions of overlap. The continuum intensity can be
reproduced by using regulated power supplies and
confirmed by monitoring with a standard detector
and single bandpass filter at a preferred wavelength.

Calibration of the imagers was straightforward.
The continuum source was used to illuminate the
screen, and the continuum brightness was deter-
mined by the filters and standardized detector as
describe above. The sensitivity determined for each
imager is given in Table IV, along with other charac-
teristics of the imagers.

In the companion paper' the expected sensitivity
was calculated in terms of the rayleigh-second (R-s),
which is the emission rate in rayleighs that is re-
quired to provide a signal-to-noise ratio of unity in 1 s.
The calculation assumes that the ICCD detection
system has photon-counting efficiency, and therefore
the result is the count rate, in photoevents per
second, that results from an emission rate of 1
rayleigh. The difference in the calculation and the
measurement is in the gain of the system; the average
signal level per photoevent can be calculated by
combining the two measurements. If, for example, a
l-rayleigh emission rate produces 2.9 DN/s, and the
sensitivity is 4 R-s, a single photoevent gives an aver-
age signal level of 11.6 DN, where DN is a data
number equal to one unit in the analog-te-digital
conversion,

Arizona imager/Specirograph Subsystems

The AIS subsystems include the sensor head with the
spectrographs and imagers, the scan platform, the
instrumient control unit, the Jow-veltage power sup-
plies, the high-voltage power supplies, the data record-
ing unit, the motor drive box, and interconnecting
cabling. Table V lists the mass and dimensions of
these subsystems. Figure 16 shows a block diagram
of the subsystems and their interconnections.

Coptrol Powey
DRU ICU
D
mecarding "’c:;{{:::l“ HVPS SP
: v
gﬁg&r ;l“!;:;' Scu'?huom
Co ta
28 Volt r lmagers
Spectrographs
l A/ Mstors
LVPS MDB
Motor Drive
Pl:':rv?\};gy Sox

Fig. 16. Block diagram of ths AlS electronics subsystams.
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Table Vi. Micro Computer Nemory

Memory Type Kbytes
Boot ROM (fused link) 8
Capacitor backed-up RAM 4000
EPROM 384
RAM 256
Data RAM (double ported) 3000

Scan Platform

A scan platform can direct the coaligned FOV's of the
AIS to specified targets. The platform has two axes
of rotation, which we refer to as azimuth and eleva-
tion. The sensor head is suspended between two
bearings on the elevation axis. This assembly is
mounted on a turntable that provides the azimuth
rotation. Both motions are driven by stepping mo-
tors through worm gears. For strength and reliabil-
ity, the worm gears were doubly tapered cone gears
manufactured by Cone Drive Textron, which engage
19 teeth. The step size is 0.0082° in elevation and
0.014° in azimuth. The rotation range in elevation
is ~60° to 135° from the horizontal and in azimuth
-175° to +175°. The scan rates are 106°/min in
azimuth and 52°/min in elevation. The position is
measured in terms of the number of steps from a
fiducial microswitch for each axis.

Instrument Control Unit

All AIS functions are initiated in the computer that
are housed in the instrument control unit. This
dreuitry can be divided into three sections: the
microcomputer, the CCD controller, and the interface
circuitry. A VME bus backplane was used, and all
circuitry was fabricated on double Eurocard printed
circuit boards.

A complementary metal-oxide semiconductor single-
board computer controls the AIS, Important changes

Powsr ON _—l

to provide reliability and flexibility were made in the
memory addressable by the 80C86 microprocessor.
The memory sections are listed in Table VI. A
custom boot program was written for the BIOS read-
only memory (ROM). All the essential startup and
communications subroutines were included in the
BIOS, which was written into the Fused Link ROM.
The bit patterns in this memory cannot be altered
permanently by high-energy particle penetration.
The operational programs for the AIS were written
into the EPROM, but reliability was insured by provid-
ing three copies of the program and a load routine
that corrects errors to the bit level.

Variable parameters are stored in capacitor-backed
RAM so that the instrument can be powered down
without loss of information on the current instru-
ment configuration. The AIS program is loaded
from the EPROM to the RAM to run. A 3-Mbyte
double-ported memory serves for data accumulation
and buffering.

Figure 17 is a diagram of program flow. When
power is applied to the instrument control unit the
microcomputer performs the CPU health check, estab-
lishes the engineering telemetry link, and completes
the instrument functional tests. In flight selected
science data and engineering data are queued for a
roal-time low-rate data link. Most of the data are
collected at high speed in the data memory, then
transferred to an optical disk when the observation
has been completed. Most of the observing pro-
grams are stored in the EPROM because the command
uplink capability in flight is quite limited.

The CCD controller, referred to as the micro con-
trol unit, contains a simple processor and memory.
The readout format of the spectrographs (Fig. 5) is
selected by on-chip or off-<chip summation to form
effective pixels that are long and narrow by summing
in the direction parallel to the slit. The effective
pixel appears to be 1 X N real pixels, the length N

Botz{t Englneering Serial
an nginee
Health Ck. T Date Data
- &
Trigger Serial
SPAS—~  Comumand g Command pon | Operation Data
add o Stack Nempry Map
. Data
Compression
St:?g ) To
L— £ Optical Disk

Fig.17. Logical blocks of the ALS control software,

n
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depending on the spatial resolution that is required.
The imagers can be read out with on-chip or off-chip
summation to form larger square pixels of 2 x 2, 3 x
3, etc. Pixel windows are addressable. High-speed
clocking is also available; thé pixel shift rate can be
increased from the 1-MHz rate that is used with
digitization to a 4-MHz rate when the charge is
shifted but not digitized. Several readout formats
can be stored in the micro control unit program
memory. Onceaparticular program is activated the
micro control unit free runs.

Power Supplies and Data Recorder

The low-voltage power supply subsystem contains
nine miniature power supplies and matching EMI
filters that are manufactured by Integrated Circuit
Inc. Turning on power to the AIS activates only the
power supplies that power the instrument control
unit microprocessor. When the microprocessor has
performed its self-check, it can power other parts of
the system as required. To save power and reduce
heating, power supplies are turned on only when they
are needed.

Each intensifier has its own high-voltage power
supply. The seven units were manufactured by K&M
Electronics, Inc. (Model M2225). Digital inputs to
each supply control the microchannel plate voltage
and photocathode gating potential.

Most of the data that are collected by the AIS will
be stored on a 200-Mbyte WORM optical disk re-
corder manufactured by OptoTech and ruggedized to
military cations by Mountain Optech. The
optical and its power converter are housed in a
sealed vessel that maintains 1 atm of pressure.
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