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SUMMARY

The capability of the facsimile camera sugmented with a filter-spectro-
meter to provide scilentifically valuable information in the 1.0 to 2.7 um
spectral range is investigated for e future plenetary lander mission to Mars.

A computer model is used to eveluate trade-offs between signal-to-noise ratio,
spatial and spectral resolution, and the number of spectral channels. 8Spectral
absorption features resulting from water and chemleal variations found in py-~
roxenes are used to represent scientifie informetion of interest to biologists
and geologists. IExpected output data from a filter-spectrometer is illustraeted
which indieates that important information perteining to water content and
chemical composition can be obtained using six to eight spectral channels

with 0.3 degree spatial rcsolution,
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INTRODUCTION

Teloscopic observations of Mars have provided spectrel information over
the spectral region from .3 to 2,5 um, appreclaebly contributing to the basic
understending of the Martian surface (ref. 1). Spectral investigation of Mars
from Earth is made difficult by effects introduced by the Baurth's atmosphere
end by the low Mars surface resolution. WNeither of these problems will be
encountered in the summer of 1976 when the Viking Mars lander cameras return
multispectral imagery dstr » Earth. In addition to high and low resclution
black and white images, th. Viking cameras feature six spectral channels over
the silicon detector spectral range {.l4 to 1.1 um). Data from three spectral
channels in the visuel region cen be used to produce color images of the
surrounding terrain, thus zreatly enhancing opportunities for identifylng
surface constituentis.

It has been widely recognized that spectral measurements in the 1.0 to
2.5 um reglon can significantly add to information about surface chemical
composition {ref. 2). Many rock forming minerals can be identified on the
basis of their wavelength absorption bands {ref. 3). Pyroxenes, which have
been identified as important to the interpretation of reflectance spectras of
solar system objects, such as Mara, exhibit strong sbsorption features near 1
and 2 ym. In addition, bound water, whose presence is of extreme interest to
geologists and biologists, produces absorption features near 1.4 to 1.9 um.

A concept which allows the incorporation of spectrometry capability in
the 1.0 to 2.7 uym range into a Viking~like camere has been proposed, analyzed,

and tecierd in references 4, 5,and 6, respectively., This filter-spectrometer
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concept utilizes lead sulfide photodetectors with interference filters, and
does not interfere with the imeging capability of the camera,

The purpose of this paper is to illustrate the scientific capability
wh. 2h could be provided by & facslimile cemera filter-spectrometer for a Viking-
like mission to Mars. A computer model 1s used to evaluate the trade-off
between spatial and spectral resclution Wy illustrating expected output data
for several filter-spectrometer designs., The computer model includes pertd-
nent Viking cemera parameteré, Martien irradiance, and input reflectance
spectra representative of pyroxenes and Montmorillonite, a clay-like mineral
containing bound water. TFrom this data both ihe scientific capability of the
filter-spectrometer and preliminary design goals for the filter-spectrometer

are indicated,




D lens diemeter, cm
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o quantization level, V
B instantaneous field of view, deg
A wavelength, um
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Ty spectral tranamissivity of atmosphere
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SCIENCE GOALS

Because the number of spectral chaunels that can be included in a facsimi-
le camerp-gpectrometer is limited, the location and bandwidth of the spectral
channels must be carefuwlly chosen. BSeveral target characteristics which have
been recognized as important parts of a Mers geological medel are deserihed
here both to illustrate the science value of %Hhe spectrometry capability and
for use in preliminary instrument design and eveluation. Hopefully, the in-
terpretation of Viking images will provide a firmer basis for design decisions
and further increase the value of a spectrometry capability,

The preliminary definition of science goals described here is tased on
telescopic spectral reflectance date obtained {rom solar objects, particularly
the Moon., Comparisons tbetween laboratory spectra of lunar samples and tele-
scopic data have demonstrated that - et least for the Moon - reflectance
spectroscopy is a reliable means of remotely obtaining mineralogicsel and
chemical information. Laberatory studies of terrestrial and lunar rocks and
meteorites, as well as telescopic spectira of the Moon, Mars, Mercury, and
some nsteroids have reported ebsorption bands attributed to pyroxenes {ref. 3).
This mineral group is Important as accessary minerals in most igneous rocks
and some metamorphic rocks. Pyroxenes may be principle rock forming minerals
in basic and ultrasonic igneous rocks (ref. 7).

The spectra of two varieties of the pyroxene group are illustrated in
figure 1, Augite is found ctiefly in dark colored igneous rocks rich in iron,
magnesium, and calcium, Arocher common pyroxene, enstatite, may be rich in

iron end is then called hypersthene., The hypersthene band at 1,85 um is due

to the ferric ion and clearly illustrates the effect of chemical compeosition



on the reflectance spectra.

The presence of water in any form is of great interest to biologists and
mineraloglsts, both in connection with possible life forms and in defining the
mineralogical history during perliods of crystalization., In the spectra of
minerals and rocks, whenever water is present, two chracteristic cands appear
et 1,4 pym and 1,9 um, These bands re¢sult from overtones and combinations of
fundemental vibrational modes of the .ater molecule. The presence of both
bands is diagnostic of undissociated water molecules in the structure (i.e.,
water or hydration of water trapped in the lattice)., The presence of the 1.l
um band alone indicates that hydroxyl groups other than those in weter are
present in the material, A combination tone is formed in some cases by the
combination of the hydroxyl ion stretching mode with the lattice or vibrationgl
modes, resulting in two bands, which cen be observed at approximately 2.2 and
2.3 um., The spectra of montmorillonite, a cley-like group of minerals, is
presented in figure 2 to illustrate the water bands,

The spectre shown in figures 1 and 2 are in no way intended to represent
the entire scientific goals for which a spectrometry capability could be use-
ful, In fact, they represent only the most obvious features of interest;
however, these festures are gufficlient to illustrate the design trade-offs

and typical expected performance from the facsimile camera-spectrometer.

FILTER-SPECTROMETER CONCEPT
Imaging Function

The basic operation of a facsimile camera as an imager is illustrated
in figure 3{a) (ref. 8). "The imaging function is accomp’.ished as follows:

Radiation from the scene is reflected by the scanning mirror, captured by the
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objective lens, and projected onto a plane which contains the photosensor
aperture. The radiatinn falling on the aperture is converted into an electii-
cal signal which is amplified an’ sampled for detn transmission. As the mirror
rotates, the imaged scene moves past the aperture and permits the aperture to
scan narrow strips in elevation., The entire camera is rotated cslowly in
azimuth until the complete scene of interest is scanned,

The versatility of the Viking cemeras 1s greatly improved by using
twelve photodetectors in the image plane which can be electronically selected.
Five channels are designated for black and white imaging (one for low resolue-
tion survey and four for high resolution imaging), Six channels are spectrally
filtered to provide spectral data over the silicon detector response range
from .4 to 1,1 um. The three spectral channels in the visusl region can be
used to produce color images of the surrounding terrain, and the spectral data
can be used to construct spectral reflectance curves which ean then be matched

to laboratory standards to aid in the identification of surface materials.

Filter-Spectrometer

An improved spectrometry caepability can be added to the facsimile camera
by placing an array of lead sulfide photodetectors, in addition to the imaging
detectors, in the aperture plane alined along the direction of image motion as
shown in figure 3(b). Spectral filters positioned over the lead sulfide ele-
ments allow spectral data to be acquired for a selected picture element over
the spectral range from 1.0 te 2.7 um. This is accomplished by using electronic
pulses, derived from the servo which controls the scanning mirror position, to

sample the appropriate detector output synchronous with the image movement

-
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down the array. The sampled detector outputs are then digitized, stored and
transmitted, similar to the imaging data,

General operation in the speitrometer mode conslsts of first obtaining
en image of the scene and selecting particular pixels for spectral investiga-~
tion one st & time. Using information from the vertical and azimuth servo
systems, the camere can be directed to position the image of' the aelected
pixel over the spectrometer filter-detector array and spectral data pertaining

to the selected pilxel can be acquired.

ANALYTICAL MODEL

The performence of the facsimile camera as a radiometer has been onalyzed
in reference 8, Most of the important performance and design parameters are

included in the signal-to-noise ratio expression

S _ T B8 DA
¥ = 5 5\Ta0Ty, 2, 0} & (1)
0

Since the principel instruuent function will be to image, camera porameters
such as lens diameter asnd focal length, and mirror scanning rate, are assumcd
here to be the seme as the Viking design. Using these velues, as summarized

in Table I, the signal-to-noice ratic can be written as

+




S/N = ,156 83/2 S BATADATA"QTAJDX dx {2)
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This expression refers to the analog signal-to-noige retio at the detector
output. The rms noipoe which limits performance at this point arises from the
photodetector-preamplifier.

Three other design variables in addition to signel-to-nolse ratio must
be conslidered to optimize the scientific Information which ie generated:

(1) Migh spatial resolution {low value of ) allows speetral data to be
obtained from smeller targets consisting of conly a few image elements, Date
interpretation difficultt’es resulting from the mixture of minerals and the

effect on their combined spectra are reduced with high spatial resolution,

The detector sensitivities, and lens diesmeter requirements imposed by the imaging

design, result in spatial resclutions sufficiently low to provide acceptable
depth of focus for the spectrometry mode (see ref. 8),

(2) The spectrel bandwidth should be minimized whenever possible to
allov spectral absorption features to be detected and occurately reconsiruc-
ted, An ideal rectangular filter characteristic is desirable with minimum
signel contamination from out-of-band radiance, The selection of the location
of each spectral channel is determined by the specific spectral features of
most interest to the scientist.

{3) The number of spectral channels is the most significant factor
determining the complexity and cost of the filter-spectrometer addition to the

Tacgimile cemera. The electronic complexity associated with selecting each

—
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channel and processing its output, along with the image field raquirements imposed
on the optical system, necessitete that only o few channels be used. However,
a sufficient number of spectral channels must be available to adequately

sample the target spectral features.

ILLUSTRATION OF PERFORMANCE

The anelysis presented here illustrates the design trade-offs which can
be made to meet the secience goals previously mentioned. A computer model of
the signal-to~-noise ratioc expression is used to illustrate typical output datae
for selected target spectra using severul spectrometc designs compatible with
the present Viking imaging system.

'

Assumptions

The following Assumptions are made:

1. The Viking lander cemers porameters, as summarized in Teble I, were
used to define design parameters pertinent to the imaging system, Not shown
in the teble is the assumption that the performance of the optical system can
be extended to 2.7 um, and that image {ield limitaticns do not significantly
regtrict the number of spectral channels. The Viking camere slow-scan rate
was used to define the video bandwidth requirements.

2. A ¢ percent peak transmissivity and e CGaussian shape wereassumed
for the spectral filters, thereby allowing some out-of-band signal associated
with nonidesl filters.

3. Pigure L illustrates the spectral detectivity for lead sulfide

detectors. The nolse spectrum of lead sulfide detectors often exhibits a 1/f




dependence, ond hence may requirce the input radiation be mechanically chopped
to optimize the signel-~to-noise ratio., The effects of mechanical chopping have
not been included here.

L, A signal-to-noise racio goal for cach chanrel under maximu: 1llumina-
tion conditions (i.e., p =1, ¢ = 1) was set at 256, so thot the electronic
noise would be apprecisblLy lower than a quantization interval for six Lit en- o
coding, as used by Viking.

5. For the convenjence of data interpretation, the spatinl resoclution
in a given design was arsumed to be the same for each channel.

6. The solar spectrsl irrediance for Mars is shown in figure 4. The
transmic.ivity of the Martien atmoaphere is assumed here to be unity elthcugh
the atmosphere is known to contain CO2 and water vapor, both of which have
ur;-gjtion ban's in the 1.0 te 2.7 um spectral range. Turther investization

of the Martian amosphere will allow s more accurate model to be defined and

incorporated into the analysis.
Performance Evaluation

The computer model was used to define the limits for spectral resclution
as a function of wavelength and spatial resolution under the maximum input
signel condition (p = 1, ¢ = 1), Spatial resolution values of B = 0,1 degree,
which is similar to the Viking low-resolution mode, and B = 0.3 degree
considered. The output signal-to-noise rotio was caleculated for various center
wavelengths to define the spectrel bandw!dths necessary to achieve the signal-
to-noise gosl, thus defining the minimum spectral resolution limits for the

respective design as shown in figure 5.



These resolution limits were used as design parameters to illustrate
typical output data for target surfaces represented by the spectral curves
shovn in figures 1 and 2. Several designs were condldered to illustrate the
trade-off between spectrometer desier - rameters and te iliustrate the impor-
tance of optimizing the design for the science goals. The cutput date is
shown in figures 6 through 9 along with the input curves t. indicate how well
the input informetion could be reconstructed, DExiperience gained by the scien~
tist in evuluation of lsboratory data could nid in constructing spectral curves
from the output data. Several observations concerning the fllter-~spectrometer

design ~an be made,

Spectral position of ¢hannels - Since the number of speeilral channels is

severely limited by engineerins constraints, the position of ecach channel has
a dramatic effect on the accuracy of defining the position and depth of ebsorp-
tion bands as is illustrated in figure 6. Figure 6(a) shows results for
equally spaced spectral channels and figure 6(b) shows channel positions
gelected opecificelly to guantify the absorption bands. To be observed in

figure 6{b) is the accurate quantificetion of the water and iron bands.

Spatial and spectral resclution - The trade-off between gpectral and

spatial resolution is shown in figure 7. To increase spatial resolution, the
spectral resolution must be decreasszed to provide sufficient radiant energy in
easn spectral channel to meintain the signel-to-noise goal (see figure 5).
The 0.3° spatial resolution represents a factor of three decrease from the
Viking low resolution imaging caepability, and provides significantly more

accurate quantificaetion of the narrow absorption vands. Not shown in figure T

¥ S



is the possible masking of absorption bands due to viewing larger surfoces
and possible mineral mixtures. BSuch effects must be examined experimentally

and would depend greatly on the particular surface under consideration.

Number of gspectral channe.s - Since the number of spectral channels may

be limited for engineering reasons, results with six channels are compared to
eight channels in figure 8. ‘'he channels are selected to define the more
pronourced water and iron bands, with the water tand at 1.43 um no longer
adequately sampled., The six chunnel design seerit'ices some capability, since
only one spectral channel is located between 1.0 and 1.8 um, Scientifically
interesting spectral features located in this region could therefore go un-
detected with the six channel design.

}mportant to recognize in figure 8 is the accuraecy of the spectral
representetion of surface material characteristics offered By both the silx
and eight chennel designs, and also the significance of the scientific capa-

bility provided by the filter-spectrometer,

CONCLUDING REMARKS

An analytical study of the performance capability of the facsimile
camera filter~spectrometer was presented. The well recognized science goals of
vater detection and determination of the chemical composition of pyroxenes were
used to represent the spectral information of primary importwnce to biologists
and geologists in the spectral region from 1.0 to 2.7 um. Several filterw
spectrometer design configurations were considered to illustrate the effects

of number and position of spectral channels, and spectral and spatial resolutien.
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Results demonstrate that valueble scientific information pertaining to
the chemical composition of mineralogical materials could be obteined using
the filter-spectrometer, Under severe engine.ring constraints & six clannel
design with a 0.3 degree spatial resolution could detect water bands at 1.9 um
and 2.25 um and variations in chemical composition of pyroxenes. The inelusion
of two additionel channels allows observation of the 1.4 um water bend and
increases instrument capacity for investigation of science pgoals not con-
sidered here,

These results should serve as preliminary design objectives for
augmenting the facsimile camera with a spectrometry capability in the
1.0 to 2.7 um spectral range. Improved design criteria should be based on
interpretations of Viking '75 imagery data, the resulting more inclusive
defin&tion of science goals, and experimental investigetion of fabrication,
calibration, and the effects of spatial resolution on spectral data interpre-

tetion.
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TABLE I

Assumptions Used For Computer Model

Of Facsimile Camera-Spectrometer

Lens focal length (V)

Lens diameter (V)

Lens Transmissivity (V)

Mirror Scanning rate (V)

Quantization (V)

Peak Traﬂsmﬂssivity of Gaussian
Spec.ral Filters

I1lumination Scattering Funetion

Martian Atmospheric Transmissivity
(1.0 + 2.7 um)

(V) Viking lander cemera design parameters.

5.3 em
1.0 em

.T0

7 % 1072

6 Bits

.50
1.0

1.0

rad/sec
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