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FOREWORD

The report develops estimates of the optical brightness of
near—-earth satellites in the visible and long-wavelength infrared
(LWIR) utilizing the extensive data base obtained in the basic
research programs under Project 7114, Work Unit 00-03, "Remote
Sensing of Space Objects at Optical Wavelengths', at the Aerospace
Research Laboratories from 1962 to 1972, and Work Unmit 7660-03-17,
"Space Object Optical Signatures", funded under Program Element
62204F at the Air Force Avionics Laboratory and carried out by the
Surveillance Branch, Reconnaissance and Weapon Delivery Division
from 1972 to 1975. Both the ARL and AFAL programs were carried
out under a general acronym OPOS, the Optical Properties of
Orbiting Spacecraft which also concerned itself with the dynamics,
detectability and survivability of space objects.
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INTRODUCTI1ON

The AFAL progran in Deep Space Surveillance under Project 7660
included three major phases related to the SPACETRACK Augmentation Prograa.
These are {1} the evaluation of imiging sensors in the visible light region
of the spectrum, (2) the measurement of optical signatures (variations of
brightness as a function of time amnua gecmetry) of spacecraft for 501 pur-
poses, and (3) the measurement oi LWIR signatures of spacecraft for SOI
purposes. 7The latter remained in the hardware implementation stage in two
separate zporoaches,and there is as yet no dara base. The imaging sensor
evaluation was coupled into the SPACETRACK Augmentation Tradeoff Study (SATS}
thrcegh the system opiions studies. This SATS study was conducted by the
AFSC Office for the Assistant for Support Studies (DAS) at Kirtland AFB.
This memorandum concerns the forecast of future population fo:r resident
space objects {(RSO). An attempt is alsc made to relate the existing optical
cross~-section data base to a probable LWIR cross section data base. As will
be brought out, an LWIR data base in an urgently needed item. Possibilities
for acquiring this LWIR data base will be discussed in the recommendations.

el Wt e e b i b o B i b kA T L

OPTICAL CROSS SECTIONS

b e et

Recent interes:1 in the concept cf the "optical crcss section" of
orbiting space objects has lead us to look for the existence of established
standards, comparable tc those which exist? for 'rzdar cross section". An
attempt will be made in this report to establisn cptical cross section data
for a few space obiects patterned as closely as practicible to corresponding
radar standards. The very much shorter wavelengths, and the effects of

quasi-Lambertian scattering from diffuse surfaces make sozme departures froa
the familiar radar modzls inevitable.

RERTIUN

#

For tl. measurement of the intensity of sunlight scattered by orbiting
objects te an airborne or ground-based sensor to serve as a standard indi-
cator of optical cross section, some or 211 of thc following paranmeters
affect the results: object shape and surface characteristics, spatial orien-
tation (if object shape is non-spherical), albedo or reflectivity of the
object, illumination and cbservational geometries, and the correction of the
received light for effects of atmospheric extinction, slant range, and photo-
meter response. If the measurements are performed in other than a single
pure color (as were those in the AFAL OPOS program where a broad spectral
band was centered in the visual region), there would be additionsl account-
able second-order effects upon the results if different detectors are used.
In tnis report all sensing is brcad-band via a photomultiplier wich an $-20
photocathode, but will be considered as an equivalent to a single mean
in the green region of the spectrum. Because of its independcnce from
illumination, observation and orientation geometries, a perfectly-reflecting
specular sphere is chosen as the optical cross-section standard for shape

and surface, just as aa isotropically-scattering, perfectly-condvctive Sphere
is used as the radar standard.
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For diffuse spheres, specular and diffuse cylinders, and flar plates
where the scattering follows a Lambertian or other amalytical scattering
law, one can develop expressions which relare dimensions of the actual
body to the apparent brightness. Here we will tzke the lead of the radar
technologists and simply define the oprical cross-section as the pro-
jecred area of a perfectly reflective specular sphere which would yield
the same apparent brightness of the target if the spherz and the target
were both observed at a disrance of 1000 ka. 1Irn actual fact the sphere
and the target would both have _he same apparent brightness at any distance
if the observing geometry {(phase angle, etc.) were the same, but the
standardization at 1000 km will allow a second scale to be applied tou the
data presentation, a scale which gives apparent visual stellar magnitude for

the target by a simple adjustment Zor inverse square law to the data presented.

ENAMPLE OF OPTICAL CROSS SECTICK:

It has been shown (Zirker, Whipple and Davis3) that the brightness
of a perfectly soecular sphere is independent of che illumination (er
phase) angle:

Esb2 Es(ﬁbz) Eo = observed flux (with
QY E = 7 = 5 whare atmospheric extincrion
° 4R &R removed)
Es = solar flux
b = radius of sphere
R = sglant range

2 c
The projected area of the sphere is b~ = “opt, the optical cross
section.

; N 3
As an example, it has also been shown™ =hat the brightness of a perfectly-
diffuse, 100-percent reflecting sphere is:

23
(2 ¢ o 25 2

- =
-

[+

losad

— [sin ¢+ (r-3) cos 2
3R

a2
or (3) opz ™ §%_ [sin ¢ + (z-5) cos 3]

14
rn

: is chosen to be 83.7i0°, then equations (1) and (2) apply equally.

Similar expressions can be derived for flat plates, cones, and
composite bodiss.
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SOURCE OF OPTICAL CROSS SECTION DAT

~1

The basic source of data on optical cross sections are dhoto-
electric measurements made at the AFAL Optical Properties of Space-
craft (OPO3) observatory, until 1975 locagee at the Jonhn Bryan State
Park (3BSP) facility of the AF Avionics Laboratory. Since 1962
measurepents have been made of the bri_htness and brightness varia-
tions of spacecraft orbiting over the RNorth American Continent. Raw
data exist on so=z 350 space objects on more than 2000 transits. A

221l fracrior of these signatures or light curves have been fully
reduced to standard values of slant range, phase angle, etc. witn
appropriate corrections for atmespheric absorption. This reperr takes
data which had been reducad on soze three dozen objects a2ané presents
it in a form to allow projections on the statistical distribution of
the brightness to be encountered in the total space population, partic-
ularly in the population to be expected in 1980. The extrapolation
problen to 1980 is treated in a similar way to the approach for radar
population of Ref. 2.

i
st
re

DATA BASE OF THIS STUDY:

.

The apparent optical brightness of 36 spacecraft of 20 known
ifferent types were available as the basic data. Light curves of
kese spscecraft, which include both pavioads and rocket bodies,

e representative of at lezst 115 objects typically ia orbit on
30 June 1973, when approxicately 570 payloads and perhaps 250 rocket
bodies were in orbit out to synchronous altitude. Some of the specific
objects used were nc longer in earth orbit, having decaved since the
measurenents were nade. Sixteen (16) of the twenty vehicle types and
28 of the 36 vehicles remained in orbit at the epoch date (30 June 1973).

The brightness data were already adjusted to the 1000-k= slant range.

The light curves were examined for the fzintest value (zinimuzm optical
cross section), maximum value (maxinum cross section) and temporal mean
value (mean optical cross section. The specific vehicles are not identi-~
fied hers in order to avoid a classification problexz associated with the
source of the radar cross—-section data. These optical data are presented
i~ Table I where the values given are those observed for the class of
object. The table zlso lists the 30 June 1973 population. The sampled
population includes 32 synchroaous or quasi-syncaronous objects.

d
-
<
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The data used have, for the =o0st part, beer published in References
% to 14, supplemented by unpublished results obtained inm early 1974 at
the close of the OPOS program. Tne data reduction techniques are re-
ported in Refs. 4, 13, 15 and :6.
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FIG. 2. DISTRIBUTION OF OPTICAL CROSS SECTION OF 120 SPACE OBJECTS
IN THE 30 JUNE 1973 PROPULSION
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consist only in part of high-reflectivity materials.

Figure 3 shows the comparison of mean UHF radar crcss section
versus mean optical cross section on the 18 vehicle types for which
the SOISUM contained data. The cae large mean cross sectilon object
is PAGEOS which was designed to have a nearly perfect optical cross
section as well as a nearly perfect radar cross section. On the
remaining objects, optical cross section lies approximately 0.35 in
the log to the left of the 45° diagonal. This translates into a factor
of approximately 0.45 between the mean optical cross section and the
mean UKF cross section. If this could be validated over a broader
data base, any projection of UHF cross-section population could be
translated into an optical cross section population by reducing the
cross sections by a factor of 0.45X. This is probably the best
method to be used in any population study at this time. The scatter
in the limited data on hand is less than one order of magnitude, which
seems as good as the mean UHF cross—section data according to discussions
with Capts Rue and Huner of ADCOM. Figure 4 1s a plot of such an nptical
cross-section distribution function based on the 1571 population of Ref 2.
It is obtained by shifting che abscissa of Ref 2, Figure C-2 by 0.34 in
log or 0.80 in natural log (which the user should note was used in Ref 2),

S0 as to reduce the cross section

LeLQUCT A0 LIVES STl vaba.

MAXIMUM OPTICAL CR(OSS SECTION

Discussions were also held with Mr. Anderson of CALSPAN Corp. on
the relationship to be expected in maximum radar cross section and maximum
optical cross section. MHere the radar cross section is known to vary with
frequency such that the »eak cross section will increase from the VHF
through the UHF and up to C-band as the flat and cylindrical speculars
sharpen in their directivity. This increase in cross section will not
extend to optical frequencies, however, since the surfaces of these elements
are not of optical quality in the visible spectrum, except in a handful of
unique cases where windows or optical surfaces might be involved. These

optical surfices might not be those responsible for radar returns if they
are non-~concductive.

It is not possible to estimate, on physical arguments, the degree to
which the maximum optical cross secticn might be less than the maximum
radar cross section., The experimental data on 18 objects shows that the
max optical cross section seems to be less than even the max UHF cross
section by about a factor of 10. This is shown in Figure 5. The scatter
here is somewhat greater than for the mean cross sections, as might be
expected. Once again it seems appropriate and highly desirable to broaden
the data base through a concerted effort to reduce additional data already
in the OPOS historical file or which builds in the ADCOM files.

CONSIDERATION OF LWIR CROSS SECTION

As indicated above, the AFAL has no significant LWIR data in hand.
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Some brief measurements were made in the late 1960's with a simple helium-
cooled radiometer to show the feasibility of such measurements from a
mountain-top observatory, and a follow-on multi-detector radiometer was
installed at the AFAL Cloudcroit Observatory to use the 48-inch reflector
as the collector, but few results were obtained befo-e this effort was
terminated. Separately we conducted some LWIR measurements of spacecraft
from a B57~F aircraft using an LHe-chilled telescope of 8-inch aperture
in 1970-71, but the quality and quantity of these data are not sufficient
for the problem at hand. Here we will attempt to relate a scaling law to
convert mean visual optical cross sections into mean LWIR cross sections.
We believe it is importaut that data from other past and future programs
be examined in the light of the relationships between LWIR cross section
and radar and optical cross sections.

We wiil define the LWIR cross section as being the projected area of
a perfectly emissive sphere of surface temperature 300°K. Thus a 44.4-
inch perfectly black sphere at 300°K will have a l-meter? LWIR cross sec-
tion; at 357°K it will have a 2-meter? cross section; and at 600°K it will
have a2 l6-meter? cross section in accordance with Stefan's law. The basis
for this approximation can be found in Ref. 16,

In an appendix to this report, an approximation is develcped which
relates the LWIR cross section to the true geometric cross section and to
the optical cross section. This approximation is good to no better than
a factor of 4 and in special cases may be worse, but it does allow the use
of the mean optical cross section population distribution to be further
mapped into an approximation to a mean LWIR population distribution. This
mean distribution is also shown in Figure 4. It must be used with suspi-
clon since it rests on an empirical transformation of UHF to optical cross
section and then an approximate transformation to the LWIR cross section.
The wide raenge of solar absorptivities and LWIR emissivities which one can
find on different surfaces of real spacecraft probably tends to make real
objects merge toward "a mean™ LWIR cross section, but it may not be the
one adopted here. Because the LWIR cross section depends on the projected
area seen by the observer and variations in the projected zrea are rela-
tively small for practical space vehicles (only flat plate structures will
change by more than a factor of 2 from the mean area to the maximum area),
1o attempt is made to consider a maximum LWIR cross section.

RECOMMENDAT IONS

(1) Efforts should be made in the near future to extend the data
base of both mean and maximum optical cross section and a detailed study
made of their relationship to the corresponding UHF cross section.

(2) Some effort is warranted in validating the dependence of radar
cross section with frequency on real space cobjects; this could be analyt-
ical or experimental, depending on the advice of radar experts. One data
base might be comparisons of mean and maximum cross sections from Diyar-
bakir (L-band) and the other SPACETRACK sensors.

(3) The key recommendation

is that the unrecduced or unpublished
data be processed and publisheé as

N
(%
scon as possible.
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AFPENDIX

Derivation of IR Scaling Relationship

The LWIR radiant intensity in a bandwidth from Al to Az from an object

is:

4
AeoT 0F watts/ster 1)

IR 2
Area (cross section) meter

€ = Emissivity
Stefen-Boltzman comstant (5.6686 x 10-8 w/mZ/Ta)

= Temperature (°K)

Q
5

Af /wo-oo (w/mzlwlmz) (fraction in band)

= Ya1-a2

In space, the surface temperature of a perfectly-insulated surface can be

computed from the relationship:

ot = (m_ +H) £+ Hp (2
HS = Average solar heat flux incident to surface

Ha = Average albedo heat flux incident

Hp = Average thermal earthshine heat flux incident

a = Solar absorptance

Although Hs can vary widely with orbital altitude and inclination and with
surface-sun angle, a reasonable value taken from graphs appearing in the

Handbook of Military Infrared Technology, 1965 (Ref. lf) is:

H, =.85s

s

L}

Solar comnstant

1400 watts/m?

it

Ha varies even more than Hs with altitude, time of year, cloud cover, ground
conditions, run~planet and planet-surface angles, etc. The average planet
albedo as given in the IR Handbook is .36. From the curves for geometric

factors in the Handbook, which account for orbital and surface angle conditioms,

13




a value of .5 can be approximated for most conditions. Ha is then given

by:
E = aSF
a a
a = albedo = .36
Fa = geometric facter = .5

Ho is the thermal earthshine. The IR Handbook approximates this value
as that radiance emitted by a 250°K blackbody. Geometric factors are
presented as for earth albedo and again a value of .5 will be used as in

the albedo term. A spectral bandwidth of 8-14u will be used. Therefore:

Hy = oTQApr

And:
H =S .85 = 1400 x .85 = 1190 watts/u’
Ha = a$ Fa =, x .36 x .5 = 252 watts/m2
B = (5.6686 x 1072y (25004 (.32) (.5)

35.2 watts/m2

L]

Thus in (2):

oT" = (1190 + 252) < + 35.2

(1442) =+ 35.2

(LN ¥

From the IR Handbook, the lowest values of —, chosen for thermal control,

m |

are approximately .2 andé extend to greater than 5. So the lowest value of
(Hs + Ha) % is about 300 w/mz. The Ho term is .1 of this value, and for this
approximation the Ho term will be neglected. Therefore:

ot = 1aoo‘"§

14
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+
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Substituting in (1)

_ Aebf a
= 22 w00 B
= Ao L 400

m

For expected spacecraft temperatures and an 8-1l4um bandwidth, Af varies
from about .3 to .4. An average value of .35 will be chosen

_ 1400 x .35

JIR %

Aa

= 156 Aa watts/ster
In the above relationship we have used the physical projected cross section,
A, which should be related to the visible cross section, Av, only for the
case of 0° phase angle (illumination from the direction of the observer) by
the relationship

Av = pA

where p is the reflectivity in visible region of the spectrum.
The relationship between the visible-region reflectivity and the solar
absorptance is expressed as

p = 1l-a
Thus we can write an approximate formal relationship between the IR radiant
intensity as

£ a (3)

JIR = 156 l-a v

We choose to use an LWIR standard of cross section as a sphere with an
area-emissivity product of unity at a temperature of 300°K, that is

Ae = 1 meter2

15
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In the spectral band froxz 8 to lbum, reference 1 meter ctarget will

have a radiant intensity of

Aes (300)% af

= 51 @A w/ster

Therefore, an object with J R- 102 w/ster due either to a higher temperaturce

I

or emissivity woulé have an IR cross section of

In genevral, we propose to deduce an approximzte IR cross sectior from

_16aa, 156 (a) ,
v

. AL :
7 - Jo (1-aj 51 (1-o)

= Lo ),
Ag < 3.1 i-o ) v (4)

To use Equation (3) we must know or estimzte the value of a. Typical values

for o taken from the IR Handbook are shown in TableII.

Material 2
Aluminum
as received .27-.41
cleaned 18-.44
sané-blasted ~. &
foil .i7-.19
vacuuc-deposited on mylar .2
Glass on Silicon Solar Celil .8
: Gold Plate on Aluzinusm .3
' Graphite .96
§ Inconel .55-.89
é

ped
(vl

bl B @ o g

i

?
i

‘
,
|
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Tavle Ii (contd)

Material 2
Wnite Paint .2-.3
Black Paint .89-.95
Si Solar Cell -938
Stainless Steel -4-.9

In examplec below, it wiil be clear tnat chcice of the correct vaiue
of a is very important for the relatioaship (&) to give 2 reasonzble approxi-
mation to the IWIR cross secticm. 1In addition, the exmissivity ¢ of the
spacecraft surface is an important parameter coamtrolling the i¥IR cross
section. Values of € rarge from 0.03 for nighly reflective surfaces, such
as the evaporated aluminum coating om PAGEOS, to 0.8 or 0.9 on specialiy
blackened surfaces used as thermal radiators.

To develop a ratiomale for choice of a mean ¢, consider three spherical
objects, each laz projected area, but with surfaces representative of

extremes in o and €. ARPA 101 was a concept for an absorptive, emissive test

satellite. Subscripts which follow refer to these three model objects.

ARPA 191 PAGEOS _¥hige, Diffuse
1 2 3

Al=l1:2 Az=1:2 53=L—.~2

&y = .8 a, = .2 ey = .2

€ = .8 €, = .05 €y = .8

In the previous analysis, the surface tecperature of an object could

- Py

be calculated from the simplified expression:

ot = 1400 &
[
i
r:-'r." = 1400 w/="
1
4 2
61, = 5600 w/n
¢, = 350 w/n?

17
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o ¢

a = 31.2 w/ster

_ -8 (.35) 350 _

31.2 w/szer

(%}
W

Then the actral IR cross sections weuld be approxisztely

125 2
A, =5 =265

1 2
a, =32 - o1 2
A', = 3}'2 = 612 =%

We wouls expect the observed optical cross sections to be given by

A = A (1-2)

-y

v

1

iaen
5, = (-.8) = 28
A, = (122 = .82
A= (-1 = .82

If we assume 2 value for « = 0.53

= 3.4
Arr 3. A

and we would predict zm LwIR cross secticn sphere

Sphere Ay A Factor
5 - _2 < 2
i 575 = 2.465 = 3.6 low
) b 5 2 2 P
2 2.7 = .612 o 4.4 high
3 2.7 = .612 22 4.4 high

™
ow

m
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Wwnile the accuracy of this estcizmation leaves much to be cesired,
the approximate reiationship for estimating the LWIR cross section lies
within a factor ¢f &4 to 5.

It thus appears that the LWIR cross sect
a factor of 3 o 4 as a2 result of selective a
of co=rzon spacecraft surfzces.

ion will appear enhanced by
bsorpticn and emission properties

To use the above approxirmate relationship, we use the mean UHF cross
section with a shiftr in abscissz of 0.53-0.35 = 0.19 in che log or 1.22-
0.80 = 0.42 in the In (which the user should note was used ia Ref 2,
Figure C-2) so as to increase the cross section.
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