AL
b1/ Ny
@

AIR UNIVERSITY
UNITED STATES AIR FORCE

5CHOOL OF ENGINEERING

oooooooooooo

NATIONAL TECHNICAL
/ INFORMATION SERVICE

nnnnnnnnnnnnnnnnn

\/WRIOHT—PATTIISON AIR FORCE BASE, OHIO

This dscument has beo g“’/ D ‘_\’?ﬂ“ﬂ "\
napproved Q \

Best AVa'\\ab‘e COBY  forpuriic rolease and nale; 11

distribution isunlimiteq,




ST I k-3
X T FACE WL R T

‘ - DOCUMENT CONTROL DATA-R & D

{85ty Sissaiticaiion oi iitie, body of apatract ana Indexing annotation must be ontered when the overall report s classilied)
1.0 Nil‘N ,xmc ACTiViYY (Corporete author

3 orce Institute of Technology (AFIT/EN) T aRe TRy
B | vright-Patterson AFS, Ohio 45433 o OLASSIFIED

=

% : 3. REFCARYT TITLE

Measurement of the Visible Reflectance Spectra of Orbiting Sateilites

4. DESCRIPTIVE NOTES (Type of repert snd Inclusive dates) - [
AFPIT Thesls

$. AUTHOR(S) (Firs? name, middle initisl, last neme)

k;% Lambert, John V., Capt,, USAF

¢: RIPORT DATE 78, YOTAL NO. OF PAGES 7b. NO. OF REFS
March 1971 63 22
3. CONTRACT OR GRANT NO. N/A

98. ORIGINATOR'S REPORT NUMBER(S)

APIT Thesis GEP/PH/7“-11

b PROJECT NO. N/A

30. OTHER REFORY NOI(S) (Any other numbers that may be essigned
this report)

N/A

UGN STAEEMENT tnisgdocumas S pct CO samcial —'rt cog 1ls

Sl sl ttaldiio Tollifen offVEtment ST roaR o t 1oV . v Lo
Wih p 5 ‘ : . A N . :

g Fangituin L P JF Do it c (RLali*™ R @F :
e B Tagtulalp ( / EN)E -u.lﬁ—.- A, Ohio 4571193
11. SUPPLEMENTANGIEIITES e 2 2 'A'e"f’?fgi;é'gg" %‘,S‘éca"gég Laboratori

atories

] General Physics Laboratory :

Wright-Patterson AFB, Ohio 45433

o
. P

e TR Vit

L

'&‘"ngiow resolution reflectance spectra o: three orbiting satellites,

objects 2253, 3819, and h392% were measured using & scanning spectrome

eter designed and built for use with the Aerospace Research Laborator-
les satellite tracking telescope.

froxangt

The spectrometer, having a variable
bandpass interference filter as the dispersive element, operates be-

tween 4000 and 7000 A with a resolution of 150 a,

The required data
reduction procedures were developed and the system was tested on

o A ST Fare o e * gt i
[EY S

Secunty Classification

?E astronomical obJects.. The measured reflectance spectrum of object
'; 2253 1s in agreement with that of the known surface material,

>; aluminum, The measured reflectance spectra of objects 3819 and 4392
>§ resemble those of white paints, ~ ). je

E .

E DD o 1473 UNCLASSIFIED

i
[

¥ it P --




U%Jéﬁ.ﬁ? E‘i{f‘sﬁizion ___'}\‘__ .
4. 27 womos LINK A LINK B LINK €

mci= ] =° | AGLE] w7 j woim ] wT

Spectrometer

Scanning Spectrometer

Reflectance Spectrum

Spectral Reflectivity

Reflectance

Reflectivity

Satellite .

Artifical Satellite ' ”

I R
A

N
SER T KT

~>'§A\

e

ol

W

[t o BT S WO S W o bty H«f’; ;M“-‘
»
-
rar WW*‘W..;‘I*" A 88 Smas
'

Baee :
UNCLASSIFIED
Security Classification

TR SRS AT S T G T T




o o R T T e S TS R T TR e T R PR A Y T AT R T T R REALT I et o
e s R Y T NPT, 2 TR g T s T B 7T T TG s - Ll

O Rt e rems s e e o - i e <

MEASUREMENT OF
THE VISIBLE BREFLECTANCE SPECTRA
OF ORBITING SATELLITES
THESIS
GEP/PH/71-11 John V, Lambert

Captain  USAP D D ncr}ﬁ-‘

This document has been approved
for public release and sale s its

distribution {sunlimited,
E) GA
T e document is subject ..l xpont controls and
es trangm ttalglo « ) oiWC ITe Y fo
gt 4 ay R, “ 4.\’.*' rigW apliropd offfthe
Déa 2 3 e @rituty off Techiiblogy
( ' .‘-(, %‘be son Alxr rorce e, Ohlo

Rriss o S




MEASUREMENT OF
THE VISIBLE REFLECTANCE SPECTRA
OF ORBITING SATELLITES

e g
o s b

‘l

THESIS
Presented to the Faculty of the School of Engineering of
the Alr Force Institute of Technology

Alr University

3 in Partial Fulfillment of the

3 Requirements for the I[egree of

T Master of Science

. by

John V. Lambert, B.S.

3 Captain USAF

i;f Graduate Engineering Physics

2 March 1971

: !hisdocnmenthasbeena

N rorpublicreleaseandstgziii

: gaw""ﬁw distridution 1suniinmiteq,
£ ¢ This document 1is subject 3 ?%_1 export controls and
k2 each transmittal to 8° fhments or foreign

2 nationals may be 59 h prior approval of the

e Dean of Engineé?ipﬂ‘ étn'“ orce Institute of Technology
(APIT/EN), ’.Jrigﬁg\_-gea‘? erson Alr Force Base, Ohto, 45433,

T R L yRR HA o




EPR« AR FETC R ST F T N e il e R b — e et X
T S et it A R N

SR Y el it T LY P oS a5 N s S ST,
P T et e WP L L LT T TS

C v ————

GEP/PH/7i-11

Preface

My interest in optical observations of orbiting space~
craft began during my assignment to the Alr Force Avionics
Laboratory. I had been especlially interested in the work
being done by Dr. K.E. Kissell and others at the Aerospace
Rescarch Laboratories Sulphur Grove Facllity, so I was
delighted with the opportunity to do my thesis work there.
The proposed toplic, measurement of the spectral reflectiv-
ity of satellites, was very appealing since no previous
work had been done in this area,

I would. like to thank Dr. L.S. Pedrottli, my AFIT
thesis advisor, for allowing me to take this project, and
Dr., K,E. Kissell, my laboratory supervisor, for his timely
direction and counsel, I would also like to thank the
many ARL personnel who assisted me during this period,
egpecially Mr. R.C. Vanderburgh and Ceptain L.S. !..knik,
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Abstract

Low resolution reflectance spectra of three orbiting
satellites, objects 2253, 3819, and 4392, were measured
using a scanning spectrometer designed and bullt for use
with the Aerospace Research Laboratoriez satellite tracking
telescope., The spectrometer, having a variable bandpass
interference filter as the dispersive element, operates
between 4000 and 7000 A with a resolution of 150 i. The
required data reduction procedures were developed and the
system was tested on estronomical objects.' The measured
reflectance spectrum of object 2253 is in agreement with
that of the known surface material, aluminum, The measured
reflectance spectra of objects 3819 and 4392 resemble

those of white paints.
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MEASUREMENT OF THE VISIBLE REFPLECTANCE SPECTRA
OF ORBITING SATELLITES

I. Introduction

Background
Optical observations of artificial satellites began

shortly after the launching of the first Soviet Sputnik
in 1957; these observations were primarily concerned with
determining the satellita orbits. Few attempts were nade
before 1964 to analyze the reflected light to determine

a satsllite's vhysical or dynamic characteristics. Since
that time techniques have been developsd, primarily at
the Air Force Aerospace Research Laboratories, for the
measurement of the brightness of orbiting spacecraft with
accuracies sufficient for detailed analysis, To date,
these analyses have included determination of satellite
shape, dynamlics, and sur{ace scattering'properties.
dielectric constant, and color indices,

Analysis of the reflectance spectrum of a satellite

using the techniques of reflectance spectroscopy can permit

identificacion of the satellite surface materials and
monitoring of changes in the materials due to the spesce
environment, In classical astronomy, these techniques
have been succeasfully applied to the determination of
the surface composition of the moon and asterlods.l'2

Previous spectral measurements on satellites have been

© e i BORREES
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limited to either visual estimates of 2olor? or hroadh
measursments using'the stendard astronomical UBV filters.“'5
These observations proyide 1ﬁrormation on the gross spectral
reflectance, but do not permit detailed enalysis., The object
of this study i1s to demonstrate the feasibility of measuring
low-resolution visible reflectance spectra of orbiting

satellites, '

Scope of Study i
This report will detail the development of both eguip-

ment and procedures for the measurement of the reflectance
gpactra of orblting spacécraft to be used 1in conjunction
with the existing ARL satellite tracking facilitlies at
Sulphur Grove, Ohio. The techniques developed differ from
those used in spectral studies of astronomical objects,
Special congideration had to be given to compensating for
the large changes in the brightness of a sateliite due to
its dynamic motions about its center of mass., These vari-
ations in brightness can typicaily amount to two orders of
magnitude within a few seconds. In common with the astro-
nomical problems, however, are the difficulties encountered
in spectral studies of low-intensity sources since artifi-
cial satellites are seldom brighter than the average stars
or planets,

The problem was resolved into three major divisions:
the development of a technique for determining the sgpectral
reflectance of a satellite; the design, construction, and

testing of a sultable spectrometer; and the establishment
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of data handling and reduction procedures,

Unless other-

wige hoted, the work presented in this thesis 1s orginal

and that of the author.
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II. Theory

Optical Observations of Spacecraft

Satellite Visibility. The visibility of an orbiting
satellite to an observer on the ground is a function both of
the brightness of the satellite and the contrast between the
satellite and the sky, The contrast, C, is defined as:

B =-B

C= &8 b
B8 + Bb

(1)
where B, is the brightness of the satellite and By 1is the
brightness of the sky, The brightness of the satellite
depende on its size, shape, surface properties and orienta-~
tion, as well as the illumination and range., The apparent
brightness of the sky is the result of atmospherically
scattered light from the sun, moon, stars, and terrestrial
sources, and atmospheric emission, "alrglow”,

To maximize the contrast between the satellite and the
sky, hence, to increase the visibiliity of the satellite,
most optiocal observatioﬁs are made durlng the twilight hours
before sunrise and after sunset, At these times, the sun is
below the observer's horizon s0 the sky brightness is reduced
to near minimal levels, However, the satellite, at some
distance above the surface of the earth, can gtill be 1llumi=-
nated by the sun (Fig, 1), For passive observations, the sun
is assumed to be the only source of illumination, Other

sources, such as stars or reflected light from the earth or

moon, are of such low intensities as to be negligibvle in

o ——— et e A S Ay - s
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comparision to the inteasity of the =molar radiation,

Satellite Brightusss. The observed brightness of many

satellites can be predicted by assuming the satellite is
composed of a combinsiion of simple geometric surfaces:
planes, spheres, cylinders, or cones, The angular dependence
of the reflectance is computed separately for each surface,
and the results combined teo yleld the observed brightness of
the satellite as & function of the relat;ve positions of the
sun and the observer, and the orientation of the satellite,
In gerieral, the brightness will vary depending on the "phase
angle", the angle between the sun and the obgerver as measured
from the satellite, and the orientation of the satellite body
axis relative o these dirsctions, Expressions describing
the reflectance for simple surfaces have been derived dy the
aut:hoz6 and others; Klssellb’ presents a comprehensive biblio-
graphy for the derivations.

The observations at the ARL Sulphur Grove Facility are
directed princlipally toward the measurement of the apparent
satellite brightness, The records of the observed brightness
as a function of time, commonly referred to as "light curves",
are analyzed to determine a satellite's physical and dynamic
properties, The analyses are based on comparisons to the
theoretical models,

Stellar Magnitude System. The observed brightness of
8 satellite is normally expressed in units of stellar magni-
tude. This magnitude system 1s used in classical astrononmy

to describe the brightness of the stars, In the system, oue
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unit of magnitude Gorresponds Lo & ratio of the brightnesses
of two sources of 2,512, This value was chosen for compat-
1bility with an earlier system in which the visible stars
were divided into six groups according to their apparent
visual brightness, The magnitude difference between two

sources 1s related to their brightnesses bys
“(m = m,) =log, g ,(F/F,) (2)

where m and m, are the respective magnitudes of the two
sources, and F and F, are the observed fluxes, The magnitude
of a star or satellite can be found by comparing the observed
flux to that of a zero magnitude source, For visual obser-
vations, a zZero magnitude source is defined to have an

b lumens/meterz.

exo-atmospheric flux equivalent to 2,43 x 10~
Similar magnitude standards have been defined for other

types of measurements.,

Measurement of Reflectance Speotra

In general, the surface of a satelllte will selectively
reflect or absordb certain wavelengths giving rise to a
reflectance spectrum that is uniguely characteristic of the
chemical composition of the surface., The following section
will be concerned with developing a technique for the measure=~
nent of this spectrum. The interested reader is referred to

Kortum7

for a detailed theoretical treatment of reflectance,
Definition., The absolute spectral reflectivity of a
surface 1s defined as the ratio of the reflected flux to the

incident flux at each wavelength:

iﬁ, R
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Ry = FL / Fb . (3)

where Rx 18 the reflestivity of the'surface at wavelength A
and Ff and Fi are the reflected and incident monochromatloc
fluxes, respectively. The reflectivity is a function of
the angle of incidence of the illuminating flux, but, only

in the case of grazing incidence does this angular depend-

ence affect the relative characteristios of the reflectance
apectrum, Experimental measurement of the absolute reflect-
ance requires measurement of both the total incident and
the total reflected flux, In the case of satellite obser-
vations, neither of thesé quantities can be determined unless
a priori information ls available as to the satellite size,
shape, orientation, and surface.scattering properties.,
Measurcment of the relative spectral reflectivity is
possible, however, by comparison of the spectral distri-

bution of the observed reflected light to that of the

incident light. Differences in the relative spsotral
distributions ¢an be attributed to selective absorption and
reflection by the satellite surface, This relative spectral
reflectivity, T, mAy be defined as:s

o] 1

vwhere P: and Fi are the observed and incident monochromatic
fluxes, respectively, The relative spectral reflectivity
will be proportional to the absolute spectral reflectivity
except in the case of large incidence and observation angles

where the direction distribution of the reflected flux can

T e g s,

Yen Tkt
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become wavelsngth dependent, For satellite observations,
these large phase angles would bz attained only if the sun,
satellite, and cbserver were nearly aligned, a condition
which violates the visibility criteria,

Atmospheric and Instrumental Effects. The observed
spectral distribution of the light reflected from a satellite
is altered by atmospheric transmission and instrumental
gensitivity. The atmospheric effects, arising from Bayleigh
scattering and selective absorption, are‘a functicn of the
intervening air mass, The exact magnitude of the effects )
is, however, highly variable, bhoth temporally and spatislly.
The instrumental effects result from the spectral character-
istics of the optics and the quantum efficiency of the
detector, PFor an absolute comparison of the spectrum of the
light reflected from a satellite to the illuminating solar
spectrum, the atmospheric and instrumental effects must be
acocurately determined and eliminated,

These 2ffects may also be eliminated by a direct
comparison of the observed spectrum to a solar spectrum
obtained under identical eonditions, i.e., with the same
instrument and through an equivalent atmospheric path,

In this way, both spectra are subject to the same disftortions
which will be removed when the ratio of the fluxes at each
wavelength is taken in the calculation of the relative
spectral refiectivity, This direct comparison technique

is practical under experimental conditions because of the

presence of many sunlike stars throughout the sky, The
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rsquirsd solar referende Spediurum can ve ovtained Dy measur-
ing the spectral distribuition of the 1light from one of these
stars. To satisfy the requirement for an equivalent atmos-
pheric path, the star must be at the same elevation at which
the satellite was observed, and the measurement must be made
cloge to the time of the satellite observetion,

Reference Stars. The choice of the reference stars
will be based on standardized multioolo:.photometric measure-
nents available in the literature., The spectral distribution
of the light from many stars has been weasured using standard
wide-band filters with passbands of 500 to 800 A, The
measurments, expressed in stellar magnitudes, provide a
comparison of the emission of the stars within prescridbed
wavelength intervals in the ultraviolet (U), blue {B),
visible or green (V), red (R), and infrared (I) to the
enission of a specific standard of both brightness and color,
Since the measurements are expressed in stellar magnitudes,
differences between the values represent ratiocs of the fluxes
within these spectral régions. The differences, referred to
a8 oolor inalces, thus provide a measure of the relative
spectral energy distributions of the stars, usually refer-~
enced to the visible or V band, The relative spectral
distribution is independent of the apparent brightness of
the star, and is indicative of the star's temperature or
spectral type, The visible magnitude, related to the
apparent brightness of the star, is normally reported with

the color indices. This tabulation then allows an intere

10
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comparieon of both the Lrightnesses on an avsolute basls and

the color indices on a relative basis.

A good approximation to the relative solar energy
distribution can dbe obfained by choosing Es reference stars
those stars whose multicolor indices closely match those of
the sun., Two principle lists of modern stellar multicolor
indices have been recently published, The Arizona-

Tonantzintla Catalogue8

contains the five-color indices for
all stars brighter than +5 stellar magnifude, and the Eggen
1ist’ contains three-color indices (UBV) for 1,066 of the
nearer G-type stars, A selected list (Table I) has been

prepared from these references of the G-type stars used in

this study and representative stars of other spectral types.
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Table I

Multicolor» Indices for Selec*ed Stars

Magnitude

Star Iype v Uv BV V=R VeI BRef
15 Mon 07 4,66 =1,31 «0.24 -0.99 +0.31 8
g Cep B2 III 3,23 -1.17 =-C.21 -0,10 -0,72 8
alyr A0V 0,00 0,03 0,00 ~0.04 -0,07 8
alep FOIb 2,58 0,47 0.19 0.22 0.43 8
14411 dGo 5.50 0,88 0.68 - -~ 9
Sun dGo  -26,72 0.70 0,64 0.52 0,78 4
24 Cas GOV 3.43 0.62 0.58 0.52 0.8 8
iota Per GO V 4,07 0,77 0.59 O0.5% 0.83 8
AAur GOV 4,70 0.75 0,60 0.52 0.83 8
‘30 Cas (¢ Vp 5,12 0,78 0,69 == “ 9
a Cas KO II-III 2,22 2,30 1,17 0,79 1,38 8
6 Lyr ML II 4,30 3.32 1.67 1.79 3.42 8
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ARL Sulphur Grove Faocility
The Aerospace Research Laboratories Sulphur Grove

Facllity has been described in detall in previous publi-

oations.u'lo’ll Only a brief description of the facility

will be given here with emphasis placed on those items
affecting the present study.

Physical Plant. The faclility is located at Sulphur

Grove, Ohio, four and one~half miles northeast of Dayton,

Ohio. There are three tuildings on the site--the tracking

building, the equipment building, and a trailer, The track-

ing building houses the telescope and the electronics associ=-

ated with the mount drives, The photometer electronics and

the tining and recording equipment are in the equipment

building., Electrical connections between the tracking and ) !

equipment bulldings are made through a covered trough, A

darkroom and a teletype terminal over which satellite
position predictions are received are also located in the

equipment building, The traller contains work areas and an

R eypRrerpprapresr et S I U

optics laboratory.

Telescope. The telescope is a 6l-om, /16, Cassegrain
reflector (Fig. 2),

» o s
[EPRT RIS,

A beam-gplitter cell just before the

focus allows the image to be formed at eilther or both of two

rocations, One location contains a framing camera used in %
direct photography of orbiting spacecraft, The other é
location contains the photometer. In normal operations, all %
the light is directed to the photometer, An Astro-liechanics, é
13 é
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( Head

Fig. 2. Schematic of ARL Telescope
and Assocliated Optics,
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Ine, filter box contalning aperture masks, filter, and
re-inaging optics preceeds the photoﬁeter. The aperture
masks are used to restrict the area of the sky imaged onto
the photocathode, The use of smaller apertures thus lowers
the sky-brightness signal; however, cs the aperture size

decreases, the tracking accuracy requirements become more

stringent, A circular aperture equivalent to 110 arc-seconds

in diameter when projected against the sky was used through-
out this study. Other apertures avallable are 57, 24, 14,
and 9.5 arc-seconds., The aperture masks are mounted on an
indexed disk in the focal plane of the telescope, Also in
the filter box is an indexed wheel for mounting 25-mm
square optical filters. Normally included are the standard
astronomical UBV filters., A quartz Fabry lens is used to
image the 6l-om primary onto the photocathode of the detec=-
tor., For checking telescope focus and alignment, the filter
box contains a microscope assembly which can be introduced
into the opticel path with a moveble mirror,

Acquisition and tracking of Satellites is performed
visually using one of two tracking telescopes aligned with

the optical axis of the main 1nstruﬁent. The prime tracking

telescope is a 12,5-cm aperture refractor with two turrete-

mounted eyepleces providing 1° and 6° fields-of-view,
respectively. Acquisition is normally performed using the
wide field-of-view, and tracking using the narrow field~of-
view, PFor acquisition and tracking of faint targets, a

20-~ck Schmidt-Cassegrain reflector is used,

15
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The telescope mount 18 & special four~axis design
developed by Kissell and Nunn.12 The four axes allow the
telescope to be oriented so that an artifical satcllite can
be tracked along one axis, The telescope describes a small
circle on the celestial sphere, approximating the apparent
satellite trajectory. Tracking aleng the one axis is
performed by a rate command, Errors orthogonal to the small
circle approximation are compensated by a motorized position
control on a second axis,

Logarithmic Photomester., The performance of the photom-
eter will be described in the following chapter, An RCA=~
4526, ll-stage photomultiplier tube iz used as the detecting
element, This tube has a modified S-20 response (Fig. 3)
allowing detection from about 3000 to 8000 A, The photom~
eter signal is obtained by sampling the potential across
the photomultiplier tube with a voltage divider, A bias
potential is introduced to bring the signal within the
range of the recording equipment,

Recording Egu;pmené. The photometer signal is record-
ed on both a Honeywell liodel 1508 Visicorder and an Ampex
Model SP-300 tape recorder, The Visicorder provides an
immediate visual record of the photometer signal, while the
tape provides a permanent record for later playback, The
tape can then be played back into the Visicorder and the
record expanded or compressed as required for data extrac=
tion, Hecorded simultaneously with the photometer signal
is the National Bureau of Standards WWV timing broadcast,

16
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Scanning Spectrometer
A single-channel, scanning speotrometer operating

between 4000 and 7000 A with a nominal resolution of 150 A
was designed and built for this study. The design consid-
erations and the mechanical details of the instrument are
discussed below,

Design Considerations. The &esign of the spectrometer
is influenced by two basic constraints~-the characteristlics
of the light reflected from a satellite, and the necessity
of interfacing with the existinrg squipment,- Because of the
low intensity of the reflectel light, the instrumental
efficliency must be high, The apparent visual magnitude of
an artifical satellite rarely exceeds +1 stellar magnitude,
and the ARL system is capable of detecting targets dowm to
+11 stellar magnitude., The spectrometer is designed to
operate over as much of this range (10,000 to 1) as possible,
Since the temporal variations in the intensity of the light
reflected from a satellite could be misinterpreted as

_spectral features, the spectrometer design provides for

rapid scanning of the spectral region to minimize these
intensity variations during a scan.' To account further for
these variations Lroadband or undiépersedameasurementa are
also made during a scanning cycle to monitor the overall
intensity and allow analytical corrections foxr periodic
variations,

Although the ARL telescope is desglgned to accept up

to 100 kg of equipment at the Cassegraln foocus, certaln

18
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. mount clearance restrictions dictated as compact an arrange-
ment &8 possible for the spectrometer. This constraint,

coupled with those of high optical efficliency and rapld scan

SR FT PRI .
. Ta . -

rates, led to the selection of a variable-~passband interfer-

o

ence filter for the dispersive eclement rather than a prism or

b L A
TR AL

grating device, The spacer  iayer of one of these filters
jgf varies in thiclmess across the filter producing correspond-
'}{ ing variations in the passband wavelength, A semi-circular
A filter having a linear variation of the fassband ¥ith
v{% ) circumference was produced for this study by Optical Coating
Laboratories, Inc, (OCLI). This filter 1s now a standard
OCLI product although those tested here were the first ever
fabricated in this form, The use of this filter has permit-~
ted a simple scanning mechaunism and has resulted in an
extremely compact arrangement for the spectrometer,

The design of the spectrometer seperated into two

problems, the design of a monochromatcr and the selection

Pk hapsbute il b aicat il

of a sultable detector, Because of its wide dynamic range
and rapid response, the AhL protometer was reteined as the

detector of the scanning spectrometer. The original photo=

o o
R T I

multiplier tube having an S-17 response was replaced by the

\ I 3 1 e walti ¢
RS LI SIAT R T ATl et et

RCA-4526 tube because of the improved red response of the

mafil® vl L

S-20 photoocathode,
¢ OCLI Filter. The deslgn of the monochromator centered

q. about the dispersive element, the variable-bandpass inter-

-
oheterrun A usesvon

ference filter. Three of the OCLI filters were obtained

(Fig. 4). The transmission of each filter was measured

S T Ak
AR e e W R T i
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from. 3000 to 8300 X (the region covered by the photomul-
tiplier tube response) at 10° increments about the circum-
ference using & Cary Model 14R Spectrophotometer, The
filter which combined the highest transmission with the
narrowest passhand was selected for use in the spectrometer,
The transmission of this filter as a function of wave-
langth for three angular positicns is shown in Figure 5,
The results of the measurements are summarized in Table II.
An equation relating the wavelength of the passband peak to
the angular filter position was obtained by.fitting a
stralgnt line to the first-order transmiesion déta of
Table II using a least~square procedure, The resulting

equation is:

A = 3790 A + 19.7 A/degree x © (5)

whexre A is8 the wavelength of the passband peak in Angstrom
units, and 9 is the angular filter position in degrees
measured from the “blue end" of the filter., The rms error
in fitting the line to the data points was 36 4; as will
be seen, this error is small compared to other uncertain-
ties affecting the mesasurements,

In order to use the filter to obtain accurate intensity
measurements et a given wavelength, it is necessary to
eliminate the higher~order passbands, restricting trans-
mission to the first order, Since the shortest-wavelength
first~order transmission occurs at 4020 A and the longest~

wavelength second-order transmission occurs at 3770 ﬁ, the
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Fig. 5. Transmission of OCLI Filter. (For
indicated angular positions.)
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Tavle II
OCLI Filter Transmission Measurements

Third
First Qrdexr Second Order Order
Pilter 4 . 4
(asgroes) (D) msston (h (K missten 0
10 40720 28 160 - - -
20 4220 30 150 - - -
30 4390 3 159 32io 4 -
ke 520 30 140 3210 3 -
50 4770 29 130 3230 b -
60 4580 29 130 3240 6 -
70 5170 2% 130 3230 5 -
80 5370 30 130 3240 12 -
90 5590 28 140 3280 17 -
100 5780 29 140 3300 23 -
110 5910 29 130 3320 25 -
120 6130 29 150 ° 3340 29 -
130 5260 30 140 3400 27 --
140 6559 30 150 3450 21 -
150 6780 30 150 3620 23 3210
160 6990 32 150 3700 29 3210
170 7180 31 160 3770 32 3210
*Full width of filter passtand at half maximum,
23
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ideal solutionmr would be a: Filter witn. zeroc tranamission
below 3900 A and one-hundred percent transmiseion above
3900 3‘ A Jenaer Glaswerk Schott & Gen., type GG=22 filter
was chosen as the closest commerical filter to this ideal
from those exemined, The transmission spectrum of one of
these filters was measured using the Cary Model 14R
Spectrophotometer (Fig, 6). By using the GG-22 filter in
conjunction with the OCLI variable-bandpgss intexference
filter, asccurate measurements can be made from 4000 éo
7000 A, At 7000 A, the second-order passband reaches a
maximum transmission of eight percent as compared to the
talrty-two percent transmission for the first order, For
the solar spectial distribution, the flux transmitted by
the second crder passband will be elghteen percent of the
first order transmission.

Since the passband location and bande-width of an
interference filter are depeadent on the convergence angle
of the beam in which it is used, scme conslideration was
glven to the necessity for collimating optics in the
spectrometer., The converging beam of the £/16 telescope
corresponds tv & convergence angle‘of 3.6o 80 tﬂe maximun
effect could be estimated, Calculations and experimental
measurements by Lissberger and Wilcockl3 indicate that for
a filter with & 150 Z passband negligible degradation in
the filter performance would occur in this beam., Thus,
the OCLY filter can be used directly in the telescope
optical path with no collimating optics.

24
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Transmission of Schott GG-22 Filter.
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The passband width im ak¥se uffscted hy ths sircumfsral
]if extent of the area of the filter through whish light is

B0y
X

R‘WM S
L

transmitted, In order to minimize the transmitting area

the filter must be used nsar the focal pians of the tele-

IR I

scope where this area corresponds to the image size itself,
The image of an orbiting satellite is normally less than
ons millimeter in diameter with the ARL telescope, Near
the outer circumference of the OCLI filter this imsge will
have a negligible effect on the fiiter p;ssband. However,

KR kS Tyt i
RO 50 SPUR IO o188
sty e G e e e

5 the satelliite image ray be located anywhere within the

L¥ L

110 arc-gsecond field aperture, Thie uncertainty in the
location of the image produces an uncertainty in the wavee
length at which measurements are being made, The uncer-

tainty assoolated with the 110 arc~second eperture is on

by the order of 80 A, which is comparable to the fllter pass-
i band.
.gﬁ Mechanical Components. The meéchanical components of

the spectrometer ﬁere constructed by the ARL shops, Cone
,Eg struction involve? three items--l) fabricaticnu of a filter
cell, 2) modification of the Astro-Mechanics, Inc, filter
box, and 3) fabrication of a spacer to permit the assembly

to be mounted on the telescope.

TR

The basioc function of the {ilter cell is to hold the

-4 OCLI filter securely in place and to allow it to dbe rotated
B past the entrance aperture of the filter box. A sketch of
the filter cell is shown in Flgure 7. The design of the
cell is such that two filters might be used to obtain two

26
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wavelength scans per rotation ayele, or only ons semi-
circular filter used and a dispersed scan and a broadband
neasurement obtained , < aycle, In the one~filtsr con-

figuration, a counterweight is used in place of the second

.

filter. In order to monitor the ¢verall temporal variations

<

in the light reflected from a sateillite, th2 one-filter
configuration was used in this study. The filter cell
mounts directly on the shaft c¢f the scanning motcr.

The Astro-Mechanics, Inc. filter box forms the basic

) s el ey ® . A ER T A s resin]

A Rt b e e Y S R A % i ke ) IR Y YRR T IR, v

. M” s !?’. .:' '.':'ﬁ.. Ne &‘:"‘ n'!.:fv" PR TR ‘!' Gl I g T
3 i 5 ha B B 7 A 2

atructure of the spectrometer (Fig., 8). The scanning

motor, a Hurst Type PC DA, 30-rpm, synchronous motor, was

P

AT et

o mounted inside the filter box with the shaft extending

:;% through the base plate contalning the aperture disk., The
g% position of the motor was chosen so that the open area of
‘ig the filter cell would ve centered over the aperture during
:%é scanning. To accept the motor in this position, minor

'fg modifications to the filter box focusing-mirror assembly
'%? were required, Figure 9a shows the filter box with the

%g filter cell mounted on the scanning motor shaft, The

_i% spacer was required to provide sufficient clearance between
:%; the filter box and the telescope mounting plate te allow
i% rotation of the filter cell, and form & light-tight seal,

i % Operation, The assembled spectrometer, including the
;2§ ¢ photometer is shown in Figure 9b, A foil shutter, covering
f% . the 60° segment immediately before the OCLI filter, was

?; added to the filcer cell to allow for the photomultiplier
%} transient in going from the relatively bright open obser-
i 28
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GEP/PH/71<11
ﬁ, vation to the observation through the filter, This shutter
also provides a sampling of the dark current signal during
each scanning cycle. The spectrometer scans continuously
- in two-second cycles, Each cycle containsg a broadband
, measurement, a dark current measurement, and a spectral
scan from red to blue (Fig. 10).
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IV, Experimental Procedures

The experimental proceduresg will be discussed in two
sections, data collection and data reduction., The data
collecticon procedures are basically those normally employed
at the Sulphur Grove site for the broadband observation of
gatellites, The data. reduction procedures, however, repre-
sent the first use of a digital computer in the reduction
of the photometric light curves, Previously, data reduction

- &t the site has been done using graphical techniques,

Data Collection

Look-Angle Predictiong. Predictions for the ARL
facility ars prepared as look angles for the site by the
HORAD Space Defense Center and then transmitted by teletype
to the site, The predictions are prepared only for the
trangits of selected satellites meeting specific visibility
oriteria, Each prediction consists of the time, elevation,
azimuth, and range, for seven points during the transit.
To oconvert to the circle settings for the four-axis mount,
an analog technique developed by Vanderburghlu 15 used,
The predicted azimuth and elevation points for the transit
are plotted on a meridicnal net, and the hest small circle
is then fitted to thgse points, The choice of this small
circle approximation to the apparent satellite trajectory
determines the four shaft angle settings: azimuth, ele-
vation, declination, and track angle, Of these settings,

only the track ingle is a function of tinme.
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Acquieition and Trashing, J

¢ the start ol

ount is set to the saloulated
angles with the track axis at the initial acquisition
position, When the target 1s acquired in the wide field-of-
view of the tracking telescope, tracking is initiated, The
target is ocentered in the field using the track-axis rate
control and the oross~track position control on the elevation
axlis. The eyepiece turret l1ls rotated to provide the highexr
magnification and the target image is th;n guided into the
aperture of the photometer., 4An audlo tone varying in
pitoch with the brightness of the tgrget iz used to verify
the presence of the image within the apexrture. The spectro-
meter scanning motor is then started. Tracking 1s continued
ugsing the track-axis rate control and introducing cross-
track position corrections as necessary until the tracke-
exis limits are reached or the satellite goes into shadow,
Calibration., Two types of signal amplitude calibration
are used. Before and after each set of measurements, a
voltage calibration 1s cbtalned by sequentially applying
slxteen standard voltages to the inputs of the tape recorder
and Visicorder, These voltages permit conversion of the
records from Visiocorder galvanometer deflection to the
photometer signal voltage. A calibration of the photometer
system is obtained for the measurement session by observing
a number of G-type stars of known brightnezses, These
measurements also provide data for a measurement of the

atmospheric extinction. The time of each observation is

34
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The National Bureaﬁ of Standards W4V broadcast is recorded
simultaneously with the photoweter signal for accurate

time calibtration of thé records. The oniy changes in the
standard calibration procedures incorporated in this study
were the spectral measurements of the stars and the inclu-
sion of & numbexr of stars at or near the observed elevations

of the sateliite.

Dats Reduction

Previous comparative photometric studies using the A4ARL
system have made use of émpirical relations between target
brightneys and the photometer signal., A4 calibration curve
wag generated using measurements of G-type stars of known
brightness and intermediate points obtained eilther by
grephical interpclation or by use of an empirical curve
fitted to the data.u The following discussion describes
the derivation of an analytic expression relating the flux
incident on the pnotocathode to the photometar signal and
the application of the results to the measurements of the
spectral reflectivity.

System Equation, The photometer in use at the ARL
Sulpnur Grove site is based on a design by M.H. Sweet.l5
This design employs a logarithmic range compression te
permit operation over a range of target brightnesses on

* the order of 106:1. A simplified schematic of the photom~

eter electronics is shown 1n Figure 11, The circuit
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nolds the anode current, ig» constent by varying the photo-
multiplier tube dynode voltage, Ed‘ The relation between
the rflux incident on the photocathode, F, the anode current,

end the dynode voltage is:

1, =m F 5y (6)

where m 18 a system constant which includes the luminous
sensitivity of the photocathode, n is the number of dynode
stages, and P is the relative dynode secondary emission
efficiency.16

Since the anode current is constant, this relationship
may dbe rewritten in terms of logarithms for convenience in

working with stellar magnitudes as:
In F=c - np In By (7)

where ¢ = 1n(1a/m). The voltages between dynode stages are
equal, so the net photomultiplier tube potential, E, is
proportional to the dynode voltage, and the expression for

the flux becomes:
InF=k-nglnkE (8)

vith the constant of proportionality included in the constant
k.

Under operating conditions, the total flux incident on
the photocathode, P', 1s composed of the flux from the
target, F, the flux due to sky brightness, S, and an equi-

valent flux due to the cfark current, D.
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PP=F+8+0D : ()

For convenlence, let 6 = 8 + D, The equation for the photom=-

eter response thus becomess
In (F+ 6) =k -np In E (10)

For absolute photometric measurements, the constants &
and k would have to be evaluated using a known source having
the same spectral energy distribution as the objects to be
measured, For relative photometric measurements, however,
in which one source is comparad directly to another, the
reference source, the relationship may be further simplified.
Let Eo represent the tube potential with no target in the
field, i.e.y F = 0; then:

In 6§ = kK -« nB 1In E, {(11)

and let F, and E; represent the flux from the reference

source and the corresponding tube potential,
In (F, + 8) =k =ng InE, (12)

These equations may be rewritten as:

-n
6 = ek Eo B (13)
kK _~n
and F,+6=c¢e Eo 4 (14)
Eliminating k, one obtains:
. ng
F*/o = (Eo/E*) -1 (15)
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similar relaotionghip can ba found hetween the ©

tube potential, Eo' and the flux and tube potential for a
target, F ari E,

F/6 = (EO/E)nB -1 (16)

Dividing Equation 15 into Equation 16, one obtains an
expression for the ratlio of the flux from the target to
the flux from the reference source, the relative spectral

reflectivity,

;;i F (EO/E)nB -1
;:-: E = (l?)

& & : np
F, (B/E)™ -1

This expression is valld if the light from the target
§§ and the reference have the same relative spectral energy

distribution., This condition is approached in the comparison

of satellite and stellar spectra because of the narrow
passband of the spectrometer., Over the 150 A passband, any
E 3 variations in the flux from a satellite or star can be
agsumed to be negligible, The effective spectral distri-
bution incident on the photocathode then becomes the filterxr

passband for both sources.

System Constents. Before Equation 17 can pe applied

to the experimental dats, the constant np and the relation
between the photometer signal and the photomultiplier tube
potential have to be determined. For a constant flux,

Equation 5 may be written as:

Fp ORI
LRl UG o
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’.a = 0' Ed (18)
or, in terms of the total potentiel on the tube, as:
n
1 =0 B (19)

Measurements of the anode current versus the tube potential
for a constant flux were made, and, using Equation 19, an
average value was obtained for ap of 8.1 with a standard
deviation of 0,3,

The photometer signal 1s derived by sampling the
photomultiplier tube potential with a voltage divider and
adding a blas potential, There shéuld. therefore, be a
linear relationship between the photomultiplier signal,

V, and the tube pot-=ntial, E.

E=a+b¥V (20)

To determine the constents, a and b, a series of measurements
of the tube potential and corresponding photometer signal for
varying fluxes incident -on the photocathode were made, The
Sweet circuit varied the tube potential to keep the anode
current constant, A straight line was ieast square fitted

to the data and the resulting relation is:
E = 1446 volts - 75.63 x V (21)

where both E and V are in volts.

Computations, Because of the guantity of data to be

analyzed, it was decided to eutomate as much of the data
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reducstion as possible., The Visicorder records were digi-
tized using a Benson-Lehner Model F OSCAR, an analog chart
reader device with a punched-card output, Programs were
written to convert the Visicorder recordé into the photom-
eter voltage signal using the voltage-calibration steps,
and to compute then the photomultiplier-tube potential and
the incident flux using the equations derived above.
Routines were also written for plotting the reduced data
with a Calcomp plotter. Copies of these programs are on
file at the Aerospace Research Laboratories General Physics
Iaboratory. The computer used in the data reduction was

an IBM 7094,
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V. Data Analysis

The spectrometer and the data reduction procedures were
first tested on astronomical objects and then applied to the
measurement of the sgpectral reflectivity of artificiel satel-

lites. The results of these analyses are presented below,

Astronomical Objects

Stars. To test the self-consistency of the experimental
procedures, the spectral distribution of the light from G-
type stars was measured and compared., If these stars have
the same spectral distribution, the ratio of the flux from
one star to that from another should be a constant for all
wavelengths, ‘Fhrthermore. that constant should correspond
to the observed difference in the brightness of the two
stars,

The results of measurements on ll October 1970 are
sumnarized in Figure 12. The recorded photometer signal
for approximately ten spectrometer scans was averaged for
each star and this average signal used in computing the flux
ratio (Eqs (21) and (17)). Since the sky brightness observed
through the 150-2 bandpass of the épectrometer is within the
noise of the dark current signal, the dark cu.rent signal was
used in determining the background tube potential, Eo' The
flux ratio has been computed at 90-Z intervals between 4000
and 7000 K and plotted in Figure 12 for the indiceted star

pairs.

The resulting plots indicate that the relative spectral
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.' Pig, 12, Comparison of G-Type Stars.
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energy distributions zra nesa

butions had differed

-
- - o awe “wsa W

& pronounced slope in the data points. The multicolor

B
"
-
A

. obgervations of these stars (Table I) are in agreement

with this conclusion, It should be noted that the star 30

Lol bopt e a4 i

0O Py o

Casgsiopeia is reported to have a peculiar spectrum which
could produce some of the observed variations in the flux
ratios involving this star. The narrow-Land flux ratios

for each data set were averaged and the stellar magnitude
differences between the stars ccmputed using the definition
of the magnitude difference given in Equation 1, The agree~
ment between the magnitude differences (Table III) =nd those :
obtalined using the visual magnitudes from Table I is good §
considering that the visual magﬁitude differences represzant

a comparizon of the integrated fluxes over a much narrower

v ot e purs v Lt abchesran s

portion of the spectrum,

Table III1
Measured Stellar Magnitude Differences

¥agnitude Difference

3 Averaged
A Stars Flux Ratio Computed Published*
3 24 Cas/30 Cas 3.3 ¥0.3 -1.5%0.1 -1.69
j 30 Cas/14411 1.4 30.1 -0.4%0,1 -0,38
' 14411 /1 Per 0.38%0,03 +1.0%0.1 +1,43

A
'% #From Table I,
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Moon. The spectral reflectivity of an area in the

lunar highlands was Jdetermined from meesurements on 11
October 1970, As before, an arerage photometer signal was
computed and used in calculating the flux ratio. Six mees.
urements were aver: zed for the moorn and ten for the refer-
ence star, iote Perseus, The ratios have been normalized
to unity at 5600 % and are plotted in Figure 13, Repre-
sentative errors corresponding to one standard deviation
are shown,

Values for the spectral reflectivity of the lunar sur-

face das determined by Barabashevl? 2

and lMcCord and Johnson
have also been plotted in Figure 9 along with the measured
gspectral reflectivity of lunar samples returned aboard
Apollio 11.18 Both the McCord and Johnson and the Apollo 11
data are representative of the reflectivity of the lunar
maria., The Barabashev measurements are f{or the lunar high-
lands. Excellent agrsement is obtalned between all measure-
ments from 4000 to 6400 A. Beyond 6400 3, a sharp increase
in the refliectivity of the highlands over the reflectivity

of the maria is shoun in both the Barabashev and the present

messurements.,

Artificial Satellites

Object 2253. Object 2253, PAGEOS (Passlive Geodetic
Earth-0Orbiting Satellite), was launched by NASA in 1966 as
part of the National Geodetic Satellite Program, PAGEOS is
a 100-ft diameter inflated sphere with a surface of vapor-

19

deposited aluminum on a mylar substrate, The satellite
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is in an orbit with an apogee¢ of 5635 km, and a periges of
2726 km,?°

PAGEOS was observed on 7 November 1970. A twenty-
second segment of the photometric record over which the
brightness of the satellite remained nearly constant was
selected for analysis, To compensate for any minor chenges
in brightness, each spectrometer scan was reduced sepa-
rately and normalized to unity at 5500 X. The resulting
reflectivity values were averaged, and these averages are
plotted in Figure 14, The reference star used in the data
reduction was lamda Auriga, The multicolor indices (Table I)
indicate that its spectrum is nearly identical to that of
the sua,

Also plotted in Pigure 14 is the normalized reflectance
spectrum of aluminum, Falr sgreement is obtained throughout
the wavelength region between the experimental points and
the aiuminum spectrum, The slight skewing of the experimen-
tal points is probably the result of either a slight mis-~
match of the spectrum of the reference star to that of the
sun, or a degradation of the aluminum surface,

On this trans’t, a simultarneous observation was made
from the Ohio State University Perkins Observatory, Delaware,
Ohio, using a 26-inch objective-prism Schmidt. The disper-
sion of this system 18 in declination; so, to avoid having
the satellite moving in the direction of the dispersion, it
wasg necessary to make the observation at a point where the

-~ «

apparent trajectory ls tangent tc a circle of declination.
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Pecllowing a suggestion by Kissellzx. this point was deter-
mined using a modification of the analog technique used in
computing the telescope mount settings. The spectral
resolution of the Ohio State system is slightly betiter than
that of the spectrometer, so it was hoped to obtain a
gspectrum for comparisor. with the photoelectric data, How-
ever, even using one of the fastest plates avallable, the
trailed image of PAGEOS was underexposed,

Object 3819, Object 3819 1s a Soviet upper stage
rocket used in the launching of Cosmos 272 on 17 March 1969,
This object 1s in a nearly circula; orbit of radius 11290 km
and ?3.9o inclination.zo Photometric observations at
Sulphur Grove indicate that this object is tumbling with a
period of 110 seconds,

Spectral measurements were obtained for tﬁia object on
11 Ostober 1970, The light curve (Fig., 15) is typical of
that observed for a tumbling diffuse cylinder, although the
sharpness of the peaks indicates that the surface may have
some specular characteristics., The brightness on this
transit varied between +8 and +4 stellar magnitudes, Spec=-
trometer scans near the light cugrve maxima were selected
fer analysls, Because of the uncertainty of the exact shape
of the maxima, scans spanning a maxima were not analyzed,
Each scan was reduced seperately, then correction applied to
compensate for brightness variations during the scan., The
correction factors were determined by fitting a straight

line to the broadband brightness measurements immedlately
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bafore and after & gocan, and dividing the computasd spectral
fiux ratio at each point by the interpolated broadband flux,
The corrected spectral measurements were then averaged, The
averages are plotred in Figure 16, The reference star used
in the data reduction was iota Perseus, The large uncer-
tainties in the data points may be due in part to errors

in the calculated brightness correction factor,

Based on the refleztance spectrum and the broadband
observations, it appears tThat objest 3819 is painted with a
white, semi~glossy paint. The diffuse scattering with the
specular characteristics near the maxima is indicative of
a painted surface, and the nearly uniform reflectivity
throughout the'visible wavelengths indicates a white surface,
The decrease in the reflectivity below 4500 A is typical of
zinc-oxide or titanium-dioxide pigments (Fig. 17), both
commonly used in white paints., The absorptions at 5100 K
and 5800 A could permit a more detailed identification of
the paint,

Object 4392, Object 4392 is the upper stage of the
rocket used to launch the first satellite of the People's
Republic of China on 24 April 1970. The orbit of object
4392 has an apogee of 2367 km, a perigee of L4l km, and an
inclination of 68.14»0.2o

Spectral observations of this object were made on
8 January 1971, The light curve obtained for this transit
(Fig, 18) shows small periodic variations in the brightness
indicative of & tumbling diffuse cylinder, Specular glints,
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possibiy from some other surface of the satellite are also
present, Because the brightness varlations were very
repeative during the period of observation, interpolation

of the broadband flux during the spectral scans was pogsible
by continulng the observed veriations across the interval
of the spectral scans, The broadband measgurements in the
gcanning cycles were used to check the accuracy of the
interpolation.

As for the previous satellite, the interpolated broad-
band flux was used to correct the computed relative spectral
reflectively values for the variat}ons in the satellite
brightness, The average corrected values are plotted in
Figure 19, The general appearance of the reflectance spec-
trum of object 4392 is similar to that of object 3819, The
reflectivity is nearly uniform throughout the visible wave-
lengthe and decreases in the near ultraviolet., However,
the absorptions at 5100 and 5800 A are absent, The inter-
pretation of the reflectance spectrum of object 4392 is that
the surface is covered with & white paint, but of a different

type than the paint used on object 3819,
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¥I. <Conclusions and Recommendations

Conclusions

This study has demonstrated the feasibility of measur-
ing the low-resolution reflectance spectra of orbiting
satellites, A4 prototype spectrometer was designed and
built, and the necessary date reduction procedures devel-
oped, The system was sucocessfully tested, Preliminary
measurements on orbiting satellites indicate that the
reflectance spectra can be used to classiiy satellite sur-
face materials. -

Continued use of the spectrometer at the ARL Sulphur
Grove facility is expected, The design is such that it does
not interfere with the normal broadband observations at the
site, The spectrometer added less than five pounds to the
welght of the instrument package previously on the telescope
and only 3/4 inch tu the overall dimensions, Conversion
from spectral to broadband observations consists only of
qtopping the spectrometer scanning motor at the proper point
in the scanning cycle, The simplicity of this conversion
has permitted both broadband and spectral observations of e

satellite during a single transit.

Recommendations

The spectral reflectivity measurements on satellites
should be continued; only a brief beginning was possible in
this study. A loglical next study would be an intensive

study of e single satellite of special interest, By
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monitoring the rs

lecvance spectrum over a period of time,

any changes in the spectrum due to degradations of the

satellite surface by the space environment can be recorded,
é, ¢ These desradations have been produced in the laboratory,
‘ but the only previous technique for observing changes pro..
duced by the actual space environment was by means of on-
board experiments,

The technlques developed in this study can be further
i refined to provide more detailed information on the con-
g . pogition of satellite surfaces, For example, the spectral
j? measurements can be correlated with an analysis of the
broadband brightness to determine differences in the reflec-~
 Z tance of different areas of a satellite surface., Another
;; area for investigation would be the development of a tech-
;% nique for spectral analysis of specular glints such as are
Ti‘ ’ produced by solar ceil arrays, The analysis could permit
identification of the type of solar cell, More information
can be obtained 1f the spectral measurements are cxtended
QE further into the ultraviolet., One means of doing this
ke would be to use tne second order transmission of the OCLI
filter,

The largest approximation made in computing the sgpectral

reflectivity of a satellite was the correction ffor the

yicy Felon ¥ Gy

3 changes in brigntness. The accuracy of the computations
' can be greatly improved if the spectrometer is converted to

a dual-beam instrument., The broadband brightness c¢f the

s B e " N
SLELISL St et v,

satellite could be monitored continuously with one beanm

&
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while spectral measurements were made in the second beam.
The dual-beam system would have the added advantage of per-
mitting measurements of targets with rapid brightness vari-
ations, At the present time, measurements are restricted
to those objects whose variations are slow in comparison to
the spectrometer scanning rate,

In its simplest form, this conversion would consist of
replacing the framing camera now on the telescope with a
sescond photometer and using the existing beam splitter to
divide the 1light between the two beams, The outputs of the
two photometers could be fed into an analog computer and
the ratio of the narrow-band to the broadband flux computed
to Equation 17, This ratio divided by a similar ratio for
a reference star would yield the relative spectral reflec-
tivity corrected for any brightness variations,

The derived relationships between the flux incident on
the photocathode and the photomefier signal also have appli-
cation to the broadband observaticns at Sulphuxr Grove, In
place of the empirical calibration curves presently used,

the stellar calibration data can be fitted to Equation 10:
In (F+56) =k -ng InE (10)

and an snalytic expression obtained for the photometer
response, This &xpression can then be used in the reduction
of the photometric light curves with digital computers, An
assunption implicit in the use of G-type stars to generate

the calibration curves has been that the satellites reflect
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the solar spectrum: uniformly. The speotrometer can be

used to test this assumption and determine its limitations.
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