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Praface

The suggestion that this study be undertaken was made by Mr.
Kenneth E. Kissell of the Gensral Physics Research laboratory, Aero-
space Re: .arch Laboratories. Mr. Kissell has been engaged for a de~
cade in the field of satellite detection and tracking and has taken
a major interest in the apparent brightness and color of satellites
as a means of cataloging them, Since light is polarized by reflec-
tion from a dielectric surface and since some of the surface material
on a satellite is dielectric (e.g., solar cells, windows, and glossy
paint), it was felt that light reflected from a satellite should show
moderate polarization. It is this point that will be investigated in
this thesis. Mr. Kissell's guidance, ideas and timely prodding were
invaluable to me in working on this thesis.

I wish to express my deep appreciation to Dr. Leno S. Pedrotti,
Head of the Physics Department of the Air Force Institute of Techno-
logy, for his consent to the undertaking of this investigation as a
graduate thesis.

I am deeply indebted to Mr. Richard C. Vanderburgh for his assis-
tance in teaching me the operation of the telescope and the methods
involved in satellite predictiqn and reduction of data.

I would also like to thank Mr. Kemneth Mulvaney for his help in
mounting the polarization detector (analyzer) and making it an opera-

tional systen.
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Abgtract

Plane polarized light produced by the reflection of suniight from

a dielectric surface on a space object wag observed. This wes accom-

. plished with a polarization analyzer which was added to the existing
photoalectric telescops and recording equipment at the Sulphur Grove,
Ohio tracking station. A maximum of 39% polarization was measured for
one particular satellite (Space Object #893). The plane of polariza-
tion was found to be perpendicular to the plane of incidence as ex~
pacted.
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AN INVESTIGATION OF POLARIZATION PHEMNOMENA
PRODUCED BY SPACE CBJECTS

I. Introduction

Since the first results from research conducted by ths United
States Air Force Avionics and Asrospace Research Laboratories in-
dicated that the temporal variationsg of the intsgrated light re-
ceived from a gpace object contained detailed information on the
surface characteristics, surface finigh, and dyramical motions of the
object, signature data have bean collected from over approximately
150 orbiting objects at slant ranges from 125 to 5000 statute miles.
Analysis of these data has enabled the classification of objecis by
similarities in overall signature patterns, by surface fimish (specu~-
lar, diffuse paint, or glossy paint), and by surface protuberances.
Up to this present work no attempt had besen made to detect polariza-
tion effectz in the light scattered by a space object and to use such
effects as another identifying property in an overall classification
system. In order to detect polarized light, howewer, the problem of
geparating the polarized portion of the reflected light from the un-

polarized portion had to be solved.

Background
Even before the launching of the first earth satellite, the op-

tical characteristics of a2 gpecular reflscting and a diffuse reflec-
ting spherical satellite were predicted (Ref 1l:2L-25). However,
the observation of space objects by optical means is largely restric-

ted to the location and cataloging of space objects by position in
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space. Only minor concern is given to the apparent brightness and
color of a space object, and no concern at all has bsen given to any
of the polarization qualities a space object may have. Indeed, ac-
cording to Kissell (Ref 7:7L):

«...prior efforts include attempts to determine the

range of fluctuations and times of maximum brightness

with intention to relate these to orientation,to use

photoelectric measurements for study of selective and

broad-~-band absorption of sunlight in the upper atmos-

phere, and to deduce orientation of space objects

specially equipped with mirrors to produce specular

flashes. More recently work has been directed at

the surface properties of the space objects in terms

of secular effects on surface finishes.

The present telescope system at the ARL tracking station on a
dark, transparent night, is capable of ylielding measurable records
above the system noise for space objects of +11 stellar magnitudes,
i.e., 1/100 of the threshold of naked eye sensitivity (Ref 7:75).
However, for polarization measurements the sensitivity is somewhat
reduced (+7 stellar magnitudes) due to the absorption introduced by
the addition of the polarization analyzer to the system. Neverthe-
less, it is important to understand that the system is quite capable,

on a regular operetional basis, of obtaining a nearly continuous

track of the various types of objects usually put into orbit.

Scope of Study

Theoretical polarization predictions for sunlight reflected from
space objects were to be made based on certain mathematical models.
These were to be compared with the experimental results which repre-
sented actual space objects. Also, inference of surface characteris-

tics from the polarization measurements were to be considered. The

2
Jn
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purpose, therefors, was to make theoretical polarization predictions

based on certain mathematical models and from thess predictions de-

. vise an experimental method that would enable the detection and measure-

ment of the expected polarization effects.

Photoelectric polarization measurements of reflected suniight

R L B AIE T et~ L IR

from some United States and Russian space objects of known and unknown
surface characteristics were to be made and interpreted. The observa-
tions were to be performed with the existing tracking and recording
equipment located at the Sulphur CGrove, Ohio tracking station of the
Aerospace Research Laboratories with the addition of an analyzer to

be designed by the author.

It should be mentioned that it was not possible to obtain polari-
zation measurements of the space objects actually observed before they
were put into orbit. In addition, the effect of the space environment
- on their surfaces between launch and observation is an unknown. Also,

a detailed analysis of the dynamical motions of the objects was not
made, i.e., the exact orientation of the objects in space at the time

of observation was unknowmn.
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II. Theory

Polarization of light by reflection and the percentage of such
polarization will be digcussed. The affect of different indexes of -t
refmction on the intensity and on the percent polarization of the
raflected light will likewise be discussed. Alse, ths factors of

primary importance in dstermining the illuminance received by an ob-

sarver from a given model of & space object will be discussed and

the iliuminance equations presented and related to the conditions

necessary for observing polarization.

Reflectivity of a Surface (Ref 4:29)

The reflectivity of a plane, dielectric surface is the fraction

of incident light that is reflected. It can be determined from the |

Fresnsl equations, (reference Figure 1)

I, . stn® o) 1) ‘
I,, sin? (4+1)

I,, _tan® (4-r) (2)
I, tan® (i+7)

where I, and I are the incident and reflected intensities respective-
ly and where the subscripts . and ;, denote the perpendicular and
parallel ccmponents of the electric vector of the light as referenced

to the plane of incidence (i.e., plane of the paper). The light

which is not reflected is transmitted by the dielectric since it is
agsumed that the dielectric does not absorb.
Natural or unpolarized light may be assumed to consist of squal

amounts of two components that are plane polarized perpendicular to
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Fig. 1

Dielectric Reflecting Surface
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each other i.9., I, = X(I,) and I;,, = %I,). Thus the amount of
natural light that is reflected at the surface betwsen two transpar-
ent media can be obtained in the following way:

I=-1I, +1,;, (3)
I I Iy

E SR Y St 1 (L)
IO ID [+]

I oI Dy (s)
IO ZIOL 21011

Substituting Eys. (1) and (2) in the above equation gives

I gn® (i-r) , tan? (i-r) (6)
Io  2#in® (i+r)  2tan? (i+r)

Polarization by Reflection

In By. (6) it can be seen that if natural light is incident on
the surface at an angle such that i +r = 90°, the sacond term be-
comas 2erv and the reflscted light is said to bs completely plans
polarized i1n the plans of incidence. This means that the reflected
llght contains only that component of the electric vector which is
perpondicular to the plane of incidence, as defined by the first term
of Eg. i6}.

The law of refraction is given by Snell's eguation

gin i
sin r bl na/n‘ = Nyg (7)

Sinca t +r = 90°, r=90° - i. Therefore BEy. (7) becomss

sin i «n
cos | 19

ar tan 4, * n,q (8)

e L P
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where i, 1s the polarizing cr Brewster angle. All light reflected at

this angle is ons hundred percent plane polarized.

Polarization Percentage (Ref 5:231)

The percent polarization is defined by the equation

Illx - Ia

¢ polarization = 12 x 100 (9)

A X + Inln

vwhere I,y and I,(, are the maximum and minimum intensities respec-
tively. When a polarizing analyzer is introduced into & partially
polarized beawm, I, and I,;, represent the extremes of intensity as
the analyzer is rotated. I,¢, will occur when the analyzer is orien-~
ted such that a specified reference vector on the analyzer is parallel
or antiparallel to the plane of vibration of the electric vector. In
the case of reflection as in Figure 1, the specified reference vector
will be defined to be parallel to the reflecting surface at minimum
transnigssion of light reflected from the surface. Thus at maximum
light, the specified reference vector will be contained in the plane

of incidence. i

Reflected Iight Equations

The amount of sunlight reflected by an object in space depends
upon its surface characteristics, its size and shape, and upon the

orientation and position of the object.

Surface Characteristics of Space Objects. Since the surface of

space objects may be composed of many types of metals; paints, and

L rerat i v 2D Semwen srisementruafahd. L
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other materials, the type of light reflection will be unknown. A

poliched metal surface will give a specular type of reflsction as will

a window, solar cell, or glossy paint while a non-glossy paint or
matte surface will reflect diffusely. Polished metal; non-glossy
paint, and matte surfacss should show no signs of linear polarization
because they are either non-dielectric or light scattering surfaces.
dust the opposite is true for a window, solar cell, or glossy paint
gince they are specular reflectors and dielectrice Por this case .
(8) is applicable and linearly polarized light should be detectable.
The illumination received from most space objects however, will be of

combined origin i.e., be produced by both diffuse and specular pro-~

cesses from different parts of the spacecraft., Separate equations will

be presented for each type of scatbering procass.

Gsometry of a Space Object. Shapes and sizes of space objects

vary considerably and can exhibit many irregularities. However, they
are important bscause the area of a space object illuminated by the
sun, and thus the amount of light reflected toward the cbserver, de-
pends upon the geometrical size and shape. For this investigation
only spheres and cylinders will be considered for the mathematical
models in order to simplify the derivations. However, it should be
mentioned that these two forms are represented in a large number, if
not the majority, of the objJects of interest.

The size and shape of a space object have no real effect on the
polarization properties, just on the energy available for detection.

The larger the area of a specular, dielectric surface the higher the

intensity of observed polarized light. Therefore, the larger the sur-
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face the easier it is to detect polarization. For the 2L-inch tele-
scope system used in this investigation the minimun brightness for
detecting polarization would be approximately +3 to +7 magnitudes, or
6 x 107 to 1.9 x 1072 watts (Ref 7:83). Below this level sky back-
ground and equipment noise interfere with the signal and make the de-
tection of any polarization difficult. However, specular reflections
from the objects observed in this study (depending upon their orien-
tation and distance from the observer) will almost always fall in or
above this ranges. For example, consider the case of a f£flat mirror at
a distance of 1000 km from an observer. What size would the mirror
have to be in order for the observer %o detect a brightness of +5

stellar magnitudes?

lSUNl

—SUNS DISC

Fig. 2

Effect of a Curved Surface on the Polarizing Angle

ko



- . - [ KA AR ® AT WIS N Lo T e AOT e BT Lo e g ok, LS t‘g

QSP/PH/67-7

Agsuming that the reflectivity of the mirror is 1.00, that
any absoxrption due to the atmosphere has bsen removed by a calibra-
tion process, that the observer is within the 3 degree cons subsen-
ded by the sun's image in the mirror, and that the cone has an angle
of incidence with the earth of approximately 60°; the area of the v
mirror would be 0.02 in®, 8ee Appendix B for the calculation.

Also, it will be remembered that in the steps leading up to the
derivation of Eq. (8), the light was assumed to be incident on a
plane surface. How well this plane surface approximates the curved
surfaces of the spherical and cylindrical models will now be investi-
gated.
In Figure 2,N; and N, are the surface normals to the tangent
plane and the curved surface (sphere or cylinder) respectively. The #
radius is b. The angle 6 is measured from the point of tangency
vhere N, and N, are the same to the edge of the disc formad by the T
image of the sun in the tangent plane. It represents the maximum
error involved in measuring the angle of incidence from the normal to

the plane rather than from the normal to the curved surface. The

quantity of interest, therefore, is the angle between the normal te
the plane and the normal to the curved surface which is also 6. Since
ths angular diameter of the sun at the earth is essentially a constant
(32 minutes of arc), the maximum angle 6 between N, and N, is also a
constant.

From Figure 2 this constant maximum angle § is given by tan™!
(16'/b). Using a unit radius and the fact that for small angles the

tangent ol an angle is equal to the angle itself, 8 is equal to 16

10
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rmimtes of arc. This is certainly negligibie when considering

polarizing angles.

Orientation in Spacs. Knowledge of the orientation of a space

object, wiils important in determining whether light striking a par-
ticular surface of the object can be seen by an observer on the eartn,
is not essential in order to anticipate polarization sffects. In
fact, from experience it is known that for any given transit certain
objects exhibit specular flashes which, if they are caused by die-

lectric surfaces (i.e., solar cells, sapphire window, or glossy paint),

should be highly plane polarized. Horeover, an object tumbling across
tha sky scattering sunlight to an observer allows the observer to
sample light reflected from numerous parts on its surface, no matter

how they are attached or oriented on the object.

Illunination of a Space Object. Since the distance from the

sun to a space object in the vicinity of the earth is essentially
constant for any given transit, the luminous flux received from the
sun is also essentially a constant. This constant is taken to be
13,136 lumens/feet? (Ref 1:138). Any other light arriving at the
space object from other sources, such as the earth or moon, will be

considered negligible (Ref 9:5).

Earth-Space Object Geometry. If a plane surface (such as the

one in Figure 1) were put into orbit around the earth, polarized
light would be observed provided the light was incident around the
polarizing angle and that the observer was in the path of the reflec-

ted light. This last point is of particular interest in this case

11
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gince the b2am from a flat mirror is highly directionsl. The beam

forus a golid angle ¢f 32 minutes of arc. This is due to ths fact

that the sun (and its image in the plans mirror) subtendes an angle -
of 32 minutes. Therefore, the brightness of the mirror surface is

the brightnsss of the sun only if observed within this small %° cons.

Outside this cone the brightness is zero. The illumination B re-

ceived by an observer from a plane surface object is given by

£ = -I-%;r - (10)

where E = illumination (lumens/ft2)
A = area illuminated (ft2)
I = luminous intensity of object (lumens/solid angle)
®w = solid angle substended by the area A .

Iw = lumdnous flux (lumens)

From Figure 3 it can be seen that for a plane surface, which can -
be represented mathematically by a normal to its surface, the angle
of incidence is aqual to the angle of reflection (provided, of course,
the surface is speculay). Therefore, unless the plane is tumbling as
it goes across the sky, the,.observation of the plane will be a one
time event occurring when tiie angle of incidence is such as to cause
the reflected beam to intercept the earth at the observer's position.
A person located at point X in Figure 3 would not be able to see the
plane at the same time as a person at the point designated as observ-
er. Instead, he would have to wait until the plane moved along its
orbit to a point where the reflected light cone intercepts the ob-

gserver's position on the earth.

12
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7 £
SPACE :; OBSECT

Fig. 3

Farth-Space Object Ceometry
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For the Sulphur Grove, Ohio tracking station the maximum prac-
tical value which the phase angle § can attain is about 140°. This
would oécur when the object is slightly above the horizon where the
sun has just set or is just about to rise. This means that the maxi-
mum which the reflected polarizing angle can have is 70°. This
corresponds, from Fy.(8) , to an index of refraction of 2.75. How-
ever, it should be noted that this only represents bthe maximum value
of refractive index at which 100% polarization can occur. It is still
possible to obtain partially polarized light from surfaces of higher
indexes of refraction for incidence angles of less than 70°. Several
substances have indexes of refraction for 100% polarization, which
correspond to angles of 60° or less. These include glass (56°) and

glossy paints (60°).

Specularly Reflecting Sphere (Ref 12:24-25). The light reflec-

tion equations for the various mathematical models mentioned earlier
can now be presented. In order to derive the observed illuminance
for the specular reflector let 2a = @ as previously defined. This
implies specular reflection since the angle of incidence must equal
the angle of reflection or if 1 = r = a, theni + r = 2a, Consider
the radiation incident on a spherical zone whose angular radius is
"a" and whose width is da as shown in Figure l(a). The area of the
zone da is just 27b sin a x b da. Also, the amount of incident flux
a surface element receives is dependent upon the projected area
seen by the sun, i.e., proportional to coe a, Thersfore the lumin-
ous flux incident on the zone is given by

dF = E, 2rb® gin a cos a da (11)

15
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whers E, is the illuminance at the sphere due to the sun, and b is
the radius. After reflection at a distance U from the sphere this
flux falls on an area dd of 27D sin 2a x D(2da). The 2a and 2da
terms are present bscause after reflection from the surface the in-
cident ray has undergons & change of direction equal toi + ror @
which is equal to 2a (sse Figure L(b)). The observed illuminance is
then

@ _ 2mb? E, sin a cos ada b?E, (12)

E=sE-=

dA  2nD? gin 2a (2da) LD?

Note that the observed illuminance for the specular sphere is
independent of "a". The specular sphere is a very favorable reflec-
tor. The polarization properties of a gpecular sphere are dependent
strictly upon the reflecting material and the phase angle. A dielec-
trie, specular sphere would therefore be an excellent object for

polarization gtudies.

Specularly heflecting Cylinder (Ref 3:119). In order to derive

the equation for the amount of illuminance received by an observer
from a specularly reflecting cylinder, consider the diagrams in

Figure 5. The light is incident on a strip of length h and width b
d8. The amount of incident flux received by a surface element is
proportional to cos a. Therefore the luminous flux incident on the

strip is given by
dF = E, hb cos a cos -%- ae (13)

After reflection at 2 distance D from the cylinder, this flux

falls on an area of hD cos a (2dA). The 2df 1is present because

16
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the incident rays undergo a changs of direction oqual to 2d% upon
reflaction fro= the surfece (sistlar to the gituation she n in
Pigure 4(b)). Therefore, the observed illurdnance is

d¢ B, hd cos A/2 cos a df

E " — (lh)
2hD com 4 d9
or, since coa a cos 2/2 = cos B/2 (where £ is the phase angle)
E,bcos £/2 (15)

2D cos a

Note that the illuminance received by an observer is dependent
on the phase angle. If the surface haz some dielectric material on
it, one would again expect to be able to observe linear polarizatien
for a polarizing angle near half the phase angle value. Therefore,
a specular cylinder is & good object for polarization measurements.

It should be mentioned that in the equations developed so far
allowance has tc be made for atmogpheric absorption. Also, only
specular reflectors have been considered in the derivations. Dif-
fusely reflecting objects are of no interest as far as observing
polarization ia concerned because any light reflected from a diffuse
gurface will be randomly scattered. Therefore, even if the light
were polarized before reflection, it would not be detectable as
polarized light after reflection from such a surface. However in
actuali ty, most gpace objects are a combination of diffuse and specu-

lar reflectors.

Determination of the Plans of Polarization. There is one final

point which should be investigated concerning the nature of polarized

light. One would like to know how the plane of polarizatior of the

18
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reflected light is oriented. The orientation is determined from the
definitions discussed sarlier on page 7. For a specular flash from
a space object the plane of incidence is the plane containing the
sun, space object, and observer. From Figure 1 it can be seen that if
the electric vector is vibrating in the plane of incidence (i.e.; in
the plane of the paper) and the refracted and reflscted ray are 90°
apart {condition for polarizing angle), thers can be no reflected ray.
This is true because the electric vector of the reflected ray would
then be vibrating in such a way as to be parallel to the direction ?f
propagation of the reflected ray. This is a physical impossibility
gince light is a transverse wave with its components vibrating per-
pendicular to the direction of propagation. However, there is an
allowed reflected ray for the electric vector vibrating perpendicular
to the plane of incidence. In the case of a space object this plane
is continually changing due to the motion of the space object across
the sky. The orientation is best determined by referencing the plane
of incidence to the telescope and taking the electric vector as being
perpendicular to this plane. This can be done by using either an
analogue technique or by a direct analytical sgolution. The latter
will now be considered, although in practice the former is easier if
one is not using a computer program. Consider the positions of the
space object and observer on the celestial sphere as illustrated in
Figure 6.

In Figure 6 the observer is at the center of the celestial sphere
and his zenith, the point directly overhead, is Z. His horizon is
90° away from Z and is represented by the horizontal plane through

the sphere. S is the position of the space object on the celestial

19
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Fig. 6

Telescope Mount Referenced to the Celestial Sphere
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sphere at the time of interest. ASun is the position of the antipodal

sun, diametrically opposite the true sun on the celestial-sphere. The

T M e eeptet i3 et L TR TET o8 T
IR
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antipodal sun is used to make the spherical triangles easier to handle.
N’ is the telescope's pole position, and 90° away is the telescope,

. or mount, squator along which the space object is moving. It should

be noticed from the four-axis geometry in the appendix that ons of
the four axes, declination, was set to zerc for the illustration in

Figure 6. The introduction of the declination in the problem will in

no way affect the validity of the equations which will be developed,

3 just the value of some of the angles (TA and EL. ) which are substituted
in these equations. The point designated O is the midpoint of the
space object's path across the observer'!s sky. It is also the point
which determines the elevation setting, EL,, for the telescope mount.
M’ is the azimuth setting of the mount for this point. TA is the track

B angle of the space object, which is the angular distance along the or-
bit as measured at the telescope. The angle A is the difference in
azimuth between ASun and S, and # is the phase angle.

First of all, in order to determine anything about the orienta-

tion of the plane of polarization it is necessary to know how the

analyzer which detects the polarization is oriented with respect to !
the mount. The analyzer is put on the mount so as to be at an angle

of 45° from the mount meridian, which is represented by the are N’S

- in Figure 6. If a vertical circle is drawn through S (arc 2S), it is

possible to determine another angle "a' which represents the angular

‘ displacement of the mount meridian from the vertical. The angle "a"

may be computed by using the law of sines for a spherical triangle.

21
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gn TA . gn a
gn 78 gin EL,
or dna = (sin TA)(sin 2, ) (16)
gin (90 - m‘i)

where EL, and EL, are the mount elevation setting and space cbjsct
elevation regpectively. Everything except "a" is known either from
orbital predictions or dirsct reading of the mount settings. There-
fore, "a" can be uniquely detsrwmined.

If the sun's position on the celestial sphere is now considered,
the phase plane (common plans for sun, space object, and observer) is
defined. This phase plane will then intercept the mount meridian N’S
at some angle b. This angle may be computed from triangle ZASunS by
using the law of sines to deterwine B and noting thet b = B+ a. The
plus sign is used if B is less than or equal to "a" and the mimus if
B is greater than "a" as illustrated in Figure 6. This convention
will enable the determination of b no matter which side of the vertical
circle ZS the mount meridian N’S is located. Since "a" has already

been computed, b follows immediately once B has been determined.

sin B - gin A
sin ZASun gn #

(sin A)(sin 90 - H,, ., )
gin 8

or sginB = (17)

where EL,, , 1is the local elevaion of the antipodal sun, and the

other quantities are as defined above,
With the angles L5° (angle between mount meridian and reference
signal for vertically polarized light) and b now deterwined, the orien-

tation of the electric vector with respect to the mount msridian is

22
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uniquely defined. This assunes the electric vector to be vibrating
perpendicular to the phase plane.

23

' P



GSP/FH/67-7

III. Ryuipment (Ref 7:75)

Bagic Overall System

The equipment used to make photometric recordings at the Sulphur
Grove gite consists of a 2l-inch Cassegrain optical system of 38k
inch foeal length attached to a special tracking mount which provides
the ability to approximate motion of a satellite to within ons arc
minute. light is focused on a photomultiplier and the multiplier
ountput is recorded on an FM tape recorder. Voltage is simultanecusly
applied to a Honeywell Visicorder for visual representation along
with the time signal from WWV and a position reference marker derived

from the polarization analyzer as describad below.

Photoelectric Photomster

The photomultiplier used was an RCA 10-stage, domer-window type
7025 with extremely high cathode sensitivity., The secondary-emitting
dynodes are especially suited for use under high ambient light levels.
Its spectral response pesks at 5000 A, Figure 7 is a plot of the
spectral response for the photomultiplier with and without the HN-32
sheet Polarcid analyzer. The photomultiplier is snergized by a Sweet-
type logarithmic feedback power supply which maintains a constant out-
put current from the photomultiplier by regulating the dynode voltage.
This gives a roughly linear response in stellar magnitudes over a
range of 10 to 1% magnitudes and effectively prevents overleading of

the photomultiplier by accidental overexposure.

Tape Recorder

For permansnt recordings and versatile playback of data a fre-

24
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quency-modulated Ampex tape recorder is used, type SP-300.

Oscillograph
In order to have a real time output the signal from the photo-

meter is fed directly into a Honeywell Model 1508 Visicorder. The
output from the Visicorder is on Direct-print Linograph paper made

by the Eastman Kodak Company.

Four-Axis-Mount (see Figure 3)

The mount was originally a thres-axis system but was later
modified by Kissell and Nunn to allow for the four-axls mounting of
an £/16 2-inch Cassegrain telescope, along with a viewfinder.

A 13 x 125 elbow finder scope was designed to provide two tur~
reted eyepieces with 1° and 6° fields of view and to be attached in
a parallelegram arrvangement with the telescope. The arrangement mini-
mizes eyepiece movement with changes in telescope position. Pre-
cision bearings for the parallelogram movement and a rigid structure
for the finder mounting were used to keep the optical axes of the
finder ard the telescope in close coincidence over the range of
motion of the tracking axes. The active field of the photometer gould
be checked on each observing run by boresighting on any convenient
star.

Symbols for each of the four axes, and the component nomencla-
ture, are shown in Figure 9 (see the appendix for a discussion of the
four-axis geometry). The motions of the telesccpe as described by ..
Vanderburgh (Ref 12:2-5) will now be presented.

Motion about the A axis is accomplished by mamual
turning of the main yoke. Electrical drive is unnecessary,

26
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Pig. 8

The ARL 2L-Inch Telescope
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TELESCOPE

Illustration of Mounting Nomenclature and Symbols
{From Ref 12:))
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as one-time fixed settings are the usual case for each
satellite transit. Motion about the E axis (outer gim-
bal rotation) is by two means: a dc motor through a
gear reduction is used for initial settings, and a
selsyn system coupled to the dc motor's armature is

used for vernier adjustment during tracking. Travel

is free to all useful setting positions. Motion about
the T axis is also accomplished by two means, where a
variable speed Graham Drive is coupled through a
variable-friction brake. Initial settings are made by
manual slewing of the inner gimbal and telescope against
brake friction; tracking is accomplished by actuation of
the Graham Drive motor and continuous manual variation
of the drive speed, as required by changss in satellite
angular velocity. Total tracking range is about 130°
(65° each side of the midpoint}. Motion about the D
axis is currently accomplished by manual turning of the
telescope, with locking in place for fixed settings made
by clamping one of the bearings. A modificaticn is anti-
cipated to make control of the D axis similar to that of
the E axis, allowing for motorized setting, and continu-
ous selsyn adjustment during tracking. Range is about
10° 'north! and 22° 'south'.

Polarization Analyzer

The polarization anzlyzer is the polarization device designed
by the author for mounting on the telescope. Figure10 shows the
analyzer on and off the telescope. Figure 11 is a schematic repre-
sentation of the device. Simply, it is a mechanical means of rotat-
ing a plane sheet of HN-32 Polaroid in the optical path of the light
signal from the space object before its detection by the photomulti-
plier.

The device ccnsists of a ball bearing of inside race diameter of
approximately L% inches and an outside race diameter of about L%
inches. The inside race of this bearing is fitted over a collar on
an aluminum plate 5ﬁs of an inch thick. This plate has a circular
hole of about L inches in diameter drilled in it to allow a clear

path through the plate and the inside diameter (plus collar width) of

29
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the bearing. Riding on the outside race, is an alumirmum "can" vhich
also has a |} inch circular hole in it. There is, therefore, a clear
path through the aluminum "can", bearing, and plate. It is over this
circular hole in the aluminum "can" that the plane sheet of HN-32
Polaroid is placed. There is a groove on the outside of the "can"
(outside diameter of 5 inches) which permits rotation of the "can"
(and, therefore, the Polarcid sheet) by means of pulley belt and a
driving motor. A % inch pulley is mounted on a 5000 rpm AC-DC motor
which is attached to the aluminum plate. The maximum rotation rate
is about 11 rps and is in a counter-clockwise direction looking dowm
on the top of the analyzer. Also, there is a bar magnet which is
mounted on the side of the aluminum "can" and & coil which is mounted
on the aluminum plate near the "can®. As the "can" rotates the field
lines from the magnet cause a current to be induced in the coil. This
current is recorded on the tape recorder and the W sicorder simul-
taneously. The magnet, Pclaroid sheet, and coil are positioned so
that when a current pulse is received the Polaroid sheet is oriented
to allow passage of vertically polarized light (polarized perpendicu-
lar to the plane of incidence). This arrangement serves as a re-
ference for the overall system. Since the coil is at an angle of 45°
with the mount meridian as mentioned earlier, the plane of polariza-
tion can be uniquely determined with respect to the telescope.

The entire device is then mounted with set screws on the "stove-
pipe" which projects through the 2L-inch mirror of the telescope.
Therefore, the light, as it is focused by the secondary mirror to

pass through this "stovepipe" to the photomultiplier for detection,
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is modulated by the rotating analyser on top of the 'stovepipe!. If
polarization is present the photomulitipiier szees an alternating

lightening and darkening which depends on the rotational position of

-—rn 87
1)
L\

the analyzer.
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I¥. Collection of Data

Acquisition and tracking of 2 space cbject are both manual and

visual, The amount is positioned to predetermined angles at a favor-
able point along the projected trajectory. The major requirsment in
findiﬁg the "predetermined angles" is the conversion of "look-angles"
(local altitude and azimuth) into four-axis settings for the telescope.
Look-angles, for the most part, have been provided by the USAF Air
Defense Command. These are airmalled weekly in the format of the
SPADATS OBSERV program, although other sources ars available. The

nature of the computations is such that analogue techniques work well.

The analogue device used consists of a msridional net of an
equal area projection, with centrally pivoting translucent overlays.
Net divisions at one degres intervals sllow measuring tolerances be- ..
tween 0.1° and 0.2°. The circumference of the net is marked in de-
grees, increasing in a clockwise direction froﬁ the top, 0 - 360.
Other scales denoting great and small circle intervals are needed
also. The reader can find a detailed discussion with examples of
this analogue technique in Vanderbturgh's work (Ref 12:9-21).

The initial mount preparation is as described above. The azi-
rmuth is set, and the mount locked. Elevation is set to the predicted
value; declination is set and locked, the instrument glewed to the
desired acquisition track angle, and the predicted acquisition
angular velocity set on the Graham Drive (initial expected tracking

rate). .-

After the space object moves into the 6-degree finder field and

is detected by the observer, the image is centered in the field by

34
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turning on the Graham Drive motor and manipulating the elevation axis
selsyn control (a fine control for movement across or perpendicular
to the tracking direction). The eyepisce turret is then rotated to
change the one degree field and the recording equipmsnt twrned on.
Image centering is controlled by vsrying the tracking rats (Graham
Drive) and adjusting the elevation setting. Acceptance of the target
by the photomster is indicated by an audio frequency tone modulated
by the light intensity of the signal. Tracking is usually contimued
until either the space object moves into eclipse or arrives at one
of the tracking axis limits. Calibration stars are then recorded
and the session completed.

It should be noted that the raw data obtained during the tracking
gession is logarithmic. This occurs because the brightness which is
measured during the experiment is in stellar magnitudes which by de-
finition is logarithmic. It thersfore becomes necessary to convert
stellar magnitude to intensity. This can be accomplished in the fol-
lowing way. The magnitude difference is the defining equation and is
given by (Ref 2:330)

m-n=2.5logy, (1./1,) (18)
where m and n are apparent magritudes and (1,/1,) is the ratio of
apperent brightness. Apparent magnitude or brightness refers to an
object's observed brightness, which depends on its actual brightness
and its distance from the observer. Notice that if one now chooses
some reference magnitude, such as n = O magnitude, By. (18) can then
be soived for 1, which is proportional to the intensity, I. For
m= 0 magnitude 1, = 2,257 x 1077 lumens/foot® (Ref 1:6). The solu-
tion is

35
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T 1, 2,257 x 10 (19)
antilog (m/2.5)
Therefore, using values obtained from Hy. (19) and substituting .-

[

them into Ey. (9), one can obtain a valus for the percent polariza-
tion,
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V. Analysis of Data

Space Object #893

Space object #8393 is an Able Star second stage rocket which
attained orbital velocity while putting a payload into orbit. It is
in a polar orbit (inclination of 89°) which is neariy cireular (radius
of about 1050 km). On 21 November 1966 a photometric record was ob~-
tained which contained three sets of double peaks, each peak exhibit-

ing polarization (ses Figure 12(a)).

Percent Polarization. The maximum and minimum voltages for each
peak were measured and their corresponding stellar magnitudes ob-
tained from the calibration curve for that evening, Figure13. These
values were then successively substituted in By. (19) to obtain values
for the maximum and minimum intensities which were in turn substituted
in Eg. (9) to obtain the percent polarization. The following is an
example of the above procedure.

From the 893 record of 21 November 1966 the maximum and minimum
voltages of the B peak in set 1 are - C.86 and - 1.}l respectively.
From the calibration curve the maximum and winimum magnitudes which

correspond to these voltages are +2.9l and +3.87 respectively. From

Bg. (19)

2.257 x 1077

. = 1,5046 x 107 1 2
**  antilog (2.94/2.9) 5046 x 107 1n/tt (20)
2.257 x 1077
= -8 s 2
2 S iTes G725 0.6390 x 1078 1m/ft (21)
F . 1.5046 - 0.
ron B (9) g gy o LSOM6-0.6390 0\ (22)

1.5046 + 0.6390
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In this way Table I is compiled.

Table I

Peak Polarization Percentagss

Set Tme (U.T.) Paak ZPol
1 2321:36 A 30
2321:10 B L0
2 2323:08 B 19
2323:1) A 21
3 2323:35 A 20
23233140 B 15

In Table I the time is measured to the nearest second. Also, peaks
A and B are reversed in set 2 due to rotation (i.e., order in which

the "sides" are presented to the observer) of the space object.

Error Removal from the Percent Polarization. During the course

of this investigation, it was discovered that the rotation of the
analyzer itself introduced some modulation which was directly propor-
tional to the intensity of the incident light. It was necessary to
determine how much of this "false polarization" contributes to the
"true polarization" and eliminate its contribution. Assuming that {he
"true polarization" does not contribute to the effect of the "false
polarization," one can obtain an expression for the corrected polari-
zation as follows. It was observed that the magnitude of the falss
signal was directly proportional to the intensity of the light being

detected (i.e.; J = KI).

I,.,"S*D'*'K(S'PD) = (S+DMK +1) (23)
and Inin = S + D (2h)

where S is the light contributed by the sky, D is the diffuse light
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from the object of interest, and K is the constant of proportionality
as mentioned above. I,,, 1is made up of contributions from the sky,
diffuse reflection, and false signal (no polarized light is present).
I,y, is Just made up of contributions from the sky and diffuse re-
flestion since the false signal does not contribute anything to the
minimin intensity. Dividing Eq. (23) by Eg. (2L) defines K.

I
Kz—l.;-z-_l (25)
Iatn

The value of K was determined to be 0.057. !

Substituting Egs. (23 and (2}) in By. (9) gives

P+(S+D) (L+K) - (S+D)
(8+Dj (L+K)+ P + (S+D)

(26)

talse =

where P is the "true polarization”, and the other terms are as de-
fined before. Neglecting S (since it is accounted for by the celibra-
tion curve of Figure 13) and solving for D, one obtains

1.p
D—<(2+K)P,_K ) P (27)

where P/ = P,y140- o
The corrected mercent polarization is given by Ey. (9) with no
contiibution from the false signal |

(D+P)-D P

- (28)
2D + P 2D + P

=
core

where S was neglected again for the sams reason as before. Substitu-
ting Eg. (27) in Ig. (28) gives

1

1-P’
2< 2 P X ) + ] (29)

Peorr =
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Therefore, it is now possible to determine the "true pelarization™.

For example, for P/ = )0

1
Peopr = = ,39

2( Lo .h >+1 .

(2 + 0057) 0,4" .0

In this way a corrected table of percent polarization for each of the .-

peaks on the 893 record may be compiled (see Table II below).

Table II

Corrected Peak Polarization Percentages

Set Time (U.T.) Peak % Poorr + 5%

1 2321:36 A 28.5
2321:),0 B 39.0

2 2323:08 B 17.0
2323:1), A 19.0

3 2323135 A 18.0 )
23233440 B 12.9

Variation of Percent Polarization with the Phase Angle. In the

models considered earlier a plane surface was taken as a good approxi-
mation to the actual reflecting surface element, and for a specular re-
flector the angle of incidence and the angle of reflection were equal
to each other and also to half the phase angle. This in turn defined
the polarizing angle. For this trangit the phase angle was a maximm
when acquisition was made and continually decreased in time as the
space object moved across the sky. This was true because the sgpace
cbject was coming from the general direction where the sun had set. If

the space object had been coming from the same direction, but instead of
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setting, the sun was rising, then just the upposite would have been
true (i.e., increasing phase angle). The phass angles of the various
peaks were measured using the analogus tecanique mentioned earlier.
The results are listed in Table III.

Table ITI

Polarization Dependence on Phase Angle

Set  Peak  FPhase Angle  Angle of Incidence % Pol + 5%

1 A 88.2 1. 10 28.5
B 87.7 43.85 39.0
2 B 82.7 i1.35 17.0
A 82.0 41.00 19.0
3 A 80.2 140,10 18.0
B 78.7 39.85 12.9

Note that for a particular peak (A or B) the percent polarization de-
creases with decreasing phase angle. This is what one would expect
since the angle of incidence is moving away from the maximum polariz-
ing angle.

Absolute Magnitude of a Space Object. In order to eliminate any

variation in the light signal due to range changes, a range correc-
tion is applied to bring the data in or out to a standard 1000 km.
relerence. This will enable the peaks which occur at different points
along the orbit to be compared with each other. One would expect a
nearly constant brigntness for a particular peek (if referenced to a
standard distance) no matter where the peak occurs along the orbit.

It will also enable the verification of the result arrived at from
Table III, namely, that the percent polarization decreases because

the angle of incidence decreazses. This will be established if the
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magnitude remains nearly constant at a standard distance since a

decrease in polarization implies a decrease in the change of magni-

tude. Therefore, if the percent polarization decreases and the mag-

nitude remains constant, the decrease is due to a change in the angle

of incidence. .
Referencing to a standard distance (1000 km.) is accomplished

by using Eg. (18) and the fact that the brightness is inversely pro-

portional to the distance squared,

M=n-5 log< I:OOO >2 (30)
where M is the absolute magnitude, m is the apparent magnitude, and
R is the distance of the space object. The results then obtained for
the peaks.of Spacws Object 893 ars listed below in Table IV,
Table IV ’

Absolute Magnitudes of the Peaks

Set Peak  Range (km.)  Apparent Mag, Anzolute Mag.

1 B 919 2.9 3.12
A 3.35 3.53
2 A 1121 .05 3.80
B 4.03 3.78
3 B 1432 L.73 3.95
A L.75 3.97

Note that there is & slight decrease in magnitude (0.83 for A and

0.L42 for B) with decreasing phase angle. However, this is most prob- N
ably due to the fact that the contribution due to any diffusely re-

flected light decreases with phase angle (i.e., when backlit). There-

fore, the magnitude of the polarizing (specular) surface is essentially

a constant. Thus, the decrease in percent polarization is due to a
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decrease in the angle of incidence. This is as expected from poleri-

zation theory.

Probable Value for the Tndex of Refraction. If a plot is made

of the percent polarization versus the angle of incidence for both
theoretically predicted and experimentally determined values of the
percent polarization, an interesting result is obtained (see Figure
14). The Fresnel equations, Egs. (1) and (2); predict a higher per-
cent polarization than was observed experimentally, An index of re-
fraction of n was used with the Fresnel equations in order to ob-
tain the plot in Figure 14. Therefore, this is only an estimate of
what percentage of polarization should have been observed since the
index of refraction of the reflecting surface is unknown. However,
this estimate is good enough to indicate that more polarization should
have been observed.

The reason for this "contradiction" iz that the Fresnel equations
apply only to specularly reflecting surfaces. The space object is a
specuiar and a diffusse reflector. It is this diffuse portion of the
reflected light (when it "mixes" with the polarized light from the
specvlar portion) that reduces the percent polarization. This can be
expressed as follows,

Teax = Tnax * Ia (31)

Totn = Tngn + Ia (32)
where I,,; and I,;, are the observed maximum and minimum intensities,
Ii.5and I,,, are the maximum and minimum intensities respectively of
the polarized portion of the light signal, and I, is the contribution

due to the diffuse reflecter. From Hy. (9) it follows that
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P, I'lux - I,-tn - I'la: - I,ltn (33)
Illt: + I'ltn Ill: + I!l:'ZId
snc py= ez Tusn  Teer-Taq (W

I’llz + I’un + 21,4 Il.uz + Il‘u

wvhere P, = polarization due to specularly reflecting, dielectric sur-
faces and P, is the observed polarization due to effect of fhe diffuse-
1y reflected light.

Therefore,

P, - Tpax * Iata (35)
Po Ilnx + Ilin'zId ’

In order to obtain a value for P, it is necessary to obtain a

velue or I4. However, I, cannot be determined since neither it'nor

I/.. or L.y, were measured directly in the experiment. An attempt
was made to find I4 from Eq.(35) by assuming a value for Py and

by using the measured R for the angle of incidence ot interest.
The l¢ thue found was plugged back into Eq.(35) for different
angles of incidence (corresponding to different B. ) to see
whether the P, thus calculated fit or converged to one of the fam-
ily of curves in Pigure 14. However, the results were negative so
that no definite value for the inlex of refraction could be found.
Hovever; measurements were made in the lab to determine the
polarizing angles for some glossy paints since this was the type
of dielectric surface believed to havs produced the polarigation
(see Pigires 12 and 16). The ryesults of these measurements are
listed in Table V below. These measurementsc were made by shining
light on the glossy painted surfaces and ueing a plane sheet of

HN-32 Polaroid to meanure the reflected angle at which maximum
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£ a'ization ocourred.

Table V

Polarizing Angles for Glossy Pairnts

Paint Type of Surface Polarizing Angle + 2°

Acrylic 57° .-
Lacquer glossy

Yellow gsemi -glossy 60°

Gray semi-glossy 66°

Gray glossy 61°

Plane of Polarization. From the thsoretical development it was

det.errined that the electric vector should vibrate perpendicular to

the plane of incidence (phase plane). Unfortunately no analyzer

marker was recorded for the 893 record on 21 November 1966. However, .
another successful record on a different object, Space Object 426, was

taken on 10 February 1967 by Mr. Vanderburgh (see Figure 15). Excel-

lent analyzer markers and moderately strong polarization were recorded.

The nie of another space object should make no difference in the out-

core since all that is being determined is the position of the electric

vector with respect to the plane of incidence. It follows from Ejs.

(16) and (17) that

sin TA sin EL, _ sin (22.6) sin (29.0)

i = = ,208 6
BT en (90 - L) ain 63.2 08

and B
win B = sin A &dn (90 - EL..,“) (37)

gin # i

_ sin (181.2) &in (6L.8)
sin 138

= ,02839
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where TA and EL, are determined from the mount settings, and EL, A,
#, and EL,,,, are deteimined using the analogue technique mentioned
earlier with values for the sun's position taken from The &g Almanac
(Ref 10:650). Therefore, *a”is equal to 12° and B is equal to 1.6°.
Since B 1s less than‘a’ the quantities add to give
b = 13.6° (38)

where b 1s the angle between the phase plane and the mount meridian.

By direct measurement from the analyzer marker on the record,
Figure 15, a maximum for vertically polarized light (perpendicular
to the plane of incidence) occurred at 10.4° + 10° measured clockwise
from the mount meridian. The large uncertainty of 10° is due to the .
limitation of the FM tape recorder in playlng back the reference sig-
nal of 11 cycles/sec for the expanded representation of the record.
Nevertlieless, the predicted and experimental results are in satis-

factory agreement.,
Comparison with an Unpolarized Record. It is of some value to

compare the record of Space Object 892 which exhibits polarigation
with another record of Space Object 893 for which the analyser

was not on the telescope, Pigure 12(b).
It can be seen that although the overall signature pattern is

the same (i.e., three sets of double peaks), the modulation due to
the detection of polarized light by the analyzer is not present. This
would suggest that the modulations are not due to some repetitive mo-
tion of the object. Indeed, since the frequency of modulation for the
polarized record is twice the rotational frequency of the analyszer
(due to the 180° ambiguity of the Polaroid), this would indicate that
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it is the light itself (polarized) which is responsible for the
modulation.

Probable Explanation for Peaks. It can be seen from the records

of Space Object #893 that two characteristic peaks re-occurred perio-
dically. The fact that peaks were present is a consequence of the re-
flecting area "exposed" to the observer. As the space object tumbled
the scattering area went from a minimum (ens view for a cylinder) to
a maximum (side strip). The maximum scattering area produced the
peak. The fact that there were two peaks might best be explained by
assuming that the light was scattered by two separate surfaces at an
angle to each other. Indeed, if one looks 2t a photograph of tl.ls
typs of rocket (See Figurel6), one sees that the tail section 1is
flanzed out from the front section. However, no obvious relation be-

tween the conical angle and the peak separation could be found.

Space Object #1092

Space Object #1092, a Russian rocket body, was observed on 12
February 1967 and the record shown in Figure 17(a) obtained. Polari-
zation has the best cMce of occurring where the phase angle is large.
The phase angle was large at the beginning of the track and decreased
in time as the space object moved across the sky. The first part of
the record corresponding to large phase angles was examined for po-

larization. No polarization could be detected.

Comparison with an Unpolarized Record. Comparing the 1092 record

taken with the analyzer on, Figure17(a), with the 1092 record of 2l
September 1966, Figure 17(b), taken without the analyzer shows the
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same signature pattern for both. Therefore, since both patterns are
the same, there is no polarization present (since the presence of the

analyzer does not matter).

Explanation for No Apparent Polarization. The most probable

reason for not recéiving any polarized light is that the reflecting
surface is not a specular dielectric. Indeed, from the rounded na-
ture of the peaks in Figure 17 one can state fairly confidently that
the light was reflected from a diffuse surface. A glossy metal surface

is ruled out since it would have produced peaks with sharp points.
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VI. Conclusions and Recommendations

Conclusions

Plane pol#Qizod light scattered from a space object was observed
in good accord with theoretical expectations. The theoretically pre-
dicted and experimentally measured planes of polarigation were in
good agreement. Also, the percent polarization tended to decrease
with decreasing phase angle, in accord with theoretical expectations.
These facts, when taken together, are consistent, in that in general
the results predicted from the theory of polarigation were observed
experimentally. Therefore, it can be concluded that (1) polariza-
tion by reflection from an object in space does ocour, (2) this
polarization can be detected and measured by an observer on the
earth, and (3) the model of the plane surface approximation, upon

which the predictions were based, is a good one.

‘Recommendations

Only linearly polarized light was considered in this investiga-
tion. Theoretically, it is possible for a specular metal surface
to produce elliptically polarized light by reflection (Ref 33124).
This should be considered as the next step in any modification of
the present system. This could be done by introducing an optical
retarder which could be rotated independently from the analyzer.

Also, the prusent analyzer should be refined and made a more
permanent part of the system. ‘This could be accomplished by re-
ducing its size and positioning it ocloser to the photometer. It

would then be possible to introduce a beam splitter and analyze
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one beam for pélarization and use the other one for phtography,
color properties, or diffraction experiments. The latter two should.
certainly be considered as a further area for investigation.

Moreover, the addition of definite information on the object
orientation as inferred from radar to the input information would
be very useful. This would enable the observer to decide more
accurately which part of the surface on the space object is pro-
ducing the polarized light.

Finally, it is recommended that the ocompiling of a catalogue of
the polarization properties of space objects be continued. This
could be a useful aid in the classification and identification of
spece objects as well as a means of obtaining definite information
on their surface characteristics. The latter could then be used for
determining the deterioration a surface has undergone due to the

space environment.
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Appendix A
Four-Axis Geometry (Ref 12:9)

Figure 18 illustrates a local satellite trajec-
tory passing through the points X, , X3, X,. These
points are first located by conventional alt-az
coordinates, then fit to the best small circle SS’
whose equator is the great circle GG’, and whose
pole P coincides with the mount's tracking axis T.
The point X; happens to coincide with the midpoint
of symmetry; T on tile mount scale is 90° and the azi-
ruth of this point is-the A setting. D is the dis-
placement of SS’ from GG’ in great circle degrees,
and is usually "down" or "southern" (negative).

Analog solution to the "best fit" problem first
requires a plot of three or more look angle (alt-az)
points. The approximate midpoint of symmetry of the
curve connecting the plotted points is determined by
inspection (in this case X;). Point P lies on the
vertical circle through the point X;, and is found
by first estimating the value of D. The angular dis
tance of P from X; is D + 90°, With P approximated,
D values may be measured and marked "up" from the
points X along vertical circles joining each X point
with P. The correct value of D is the one for which
a single great circle (an equator) joins the points
X/, X3, X5. If the imtia) D estimate differs from
a suitable value by more than a few degrees, point P
is repositioned, and the procedure repeated. Once
the best D value has been determined, a precise A
value may be found (GG’ will f£it all three X' points
only when A is correct). A good fit is considered
to have been accomplished when the true D displace-
ments of each plotted point from a common equator
differ from each other by less than 0.4°, within
a T range of about 130°.

Angular velocity 1s obtained through a simple
empirical formula relating slant range to arc seconds
per time seconds: 1,440,000 divided by the slant
range (km). Although not precise, this method is
sufficiently accurate for acquisition purposes.
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Fig. 18

Celestial Sphere Representation of Local Satellite Trajectory

(From Ref 12:10)
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Appendix B

Sample Caloulation

The illumination E received by an observer from a plane sur-
face object is given by ®q.(10) ,

rR.1lW (10)
" .

where the quantities are as defined before. The shape of the
area will be an ellipse due to the fact that the #° reflected
light cone will intercept the surface of the earth at some angle
(similar to a flashlight beam shining on a wall at an angle).
The area for an eilipso is given by
A =/4 (ab) (39)
where a and b are major and mino> axes respectively. -
A 5 magnitude star, trom Bq.(19), corresponds to 2.257:.15q1m/ft‘.
Therefore, the observed illumination equals 2.257:16'1n/f€§ which
in turn equals Bq.(lo). In order to determine the luminous flux of
the reflected beam the area in %¥q.(39) must be determined.
b e rd® = 1000 x 1800/206,265"= 8.726 km.
a = b for an angle of incidence of 0'with the normal to the surface
and becomes infinite as the angle of incidenae approaches 90% This
suggests the following relationship
a = b/cos 4 (40)
vhere i is equal to the angle of incidence. Therefore,

a = 8.726/cos 60 = 17.452 km.

A= ab = 119.72 km?
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With the area now determined the luminous flux is given by

Juminous flux = EA = 2.257x10 Nn/eth x 119.72 ka'
Using the fact that 1 kms = 1.0764x10 £t>, gives a luminous flux
of 2.9 lm. This 2.9 lumens is the flux scattered by the "effective"
area of the plane surface, i.e.,

2.9 1m. = 13,13€1m/ft% x effective area £1»/144

where 144 is for the conversion to squary inches and 13,136 is the
golar illuminance in the vicinity of tre earth. This correeponds

to an area of 0.02 inf
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