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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 Unit 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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INTRODUCTION

The AFAL program in Deep Space Surveillance under Project 7660
included three major phases related to the SPACETRACK Augmentation Progr .
These are %1) the evaluation of imaging sensors in the visible light region

of the spectrum, (2) the measurement of optical signatures (variations of
brightness as a function of time and gecmetry) of spacecraft for SO1 pur-
poses, and (3) the measurement of LWIR signatures of spacecraft for SO!
purposes. The latter remained in the hardware implementation stage in wo
separate approachesand there is as yet no data base. The imaging sensor
evaluation was coupled into the SPACETRACK Augmentation Tradeoff Study (SATS)
through the system opLions studies. This SATS study was conducted by the
AFSC Office for the Assistant for Support Studies (OAS) at Kirtland AFB.
This memorandum concerns the forecast of future population fo: resident
space objects (RSO). -Xn attempt is also made to relate the existing optical
cross-section data base to a probabie 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.

OPTICAL CROSS SECTIONS

Recent interest in the concept of the "optical cress section" of

orbiting space objects has lead us to look for the existence of established
standards, comparable to those which exist2 for 'radar cross section". An
attempt will be made in this report to establish optical cross section data
CLor a few space objects patterned as closely as practicable to corresponding
radar standards. The very much shorter wavelengths, and the effects of
quasi-Lambertian scattering from diffuse surfaces make some departures from
the familiar radar models inevitable.

For tl.- measurement of the intensity of sunlight scattered by orbiting
objects to an airborne or ground-based sensor to serve as a standard indi-
cator of optical cross section, some or all of thc following parameters
affect the results: object shape and surface characteristics, spatial orien-
tation (if object ohape is non-spherical), albedo or reflectivity of the
object, illumination and observational geometries, and the correction of the
receivcd 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 additional account-
able second-order effects upon the results if diffarent detectors are used.
In tnis report all sensing is brcad-band via a photomultiplier with an S-20 A
photocathode, but will be considered as an equivalent to a single mean color
in the green region of the spectrum. Because of its independcnce from
illumination, observation and orientation geometries, a perfectly-reflecting
specular sphere is chsen as the optical cross-section standard for shape I
and surface, just as aa isotropically-scattering, perfectly-conductive sphere

is used as the radar standard.
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For dif4use spheres, specular and diffuse cylinders, and flat plates
where the scattering follows a !ambertian or other analytical scattering
law, one can develop expressions which relate dimensions of the actual
body to the apparent brightness. Here we will take the lead of the radar
technologists and simply define the optcal cross-section as the pro-
jacted area of a perfectly reflective specular sphere which would yield
the sam- apparent brightness of the target if the sphere and the target

wete both observed at a distance of 1000 km. t. 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 applieZ te the
data presentation, a scale which gives apparent visual stellar magnitude for
the target by a simple adjustment for inverse square law to the data presented.

EXAMPLE OF OPTICAL CROSS SECTION:

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

b 2 Es(.b2 E = observed flux (with

(1) E 2 - where atmospheric extinction
o2 2

4R 4r.R removed)

E = solar flux

b = radius of sphere

R = slant range

The projected area of the sphere is -b opt, the optical cross
section.

As an example, it has also beer. shown 3 that the brightness of a perfectly-
diffuse, !00-percent reflecting sphere is:

(2) b2
0 s = 2E [sin C+ (7-0C) os 21

3mR"

oor (3) a = 8 2 [sin + (=-6) cos

if is chosen to be 83.710, then equations (1) and (2) apply equally.

Similar expressions can be derived for flat plates, cones, and

composite bodies.
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SOURCE 0? OPTICAL CROSS SECTION DATA:

The basic source of data on optical cross sections are photo-
electric measurements made at the AFAL Optical Properties of Space-
craft (OPOS) observatory, until 1975 located at the John Bryan State
Park (JBSP) facility of the AF Avionics Laboratory. Since 1962
measurements have been made of the brightness and brightness varia-
tions of spacecraft orbiting over the North American Continent. Raw
data exist on soe 350 space objects on more than 2000 transits. A
small fraction of thase signatures or light curves have been fully
reduced to standard values of slant range, phase angle, etc. with
appropriate corrections for a-mospheric absorption. This report takes
data which had been reduced on some three dozen objects and 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
problem to 1980 is treated in a similar way to the approach for radar

population of Ref. 2.

DATA BASE OF THIS STUDY:

The apparent optical brightness of 36 spacecraft of 20 known
different types were available as the basic data. Light curves of
these spacecraft, which include both payloads and rocket bodies,
are representative of at lezst 115 objects typically in orbit on
30 June 1973, when approximately 570 payloads and perhaps 250 rocket
bodies were in orbit out to synchronous altitude. Some of the specific
objects used were no longer in earth orbit, having decayed since the
measurements were made. 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 l000-km slant range.
ne light curves were examined for the faintest vaie (=inimum optical
cross section), maximum value (maximum cross section) and teporal mean
value (mean optical cross section. The specific vehicles are not identi-
fied here in order to avoid a classification problem associated with the

source of the radar cross-section data. These optical data are presented
in Table i where the values given are those observed for the class of
object. The table also lists the 30 June 1973 population. The sampled
population includes 32 synchronous or quasi-syncaronous objects.

to The data used have, for the most part, beer published in References
Sto 14, suppleznted by unpublished results obtained in early 1974 at

the close of the OPOS program. The data reduction techniques are re-

ported in Refs. 4, 13, 15 and i6.
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Table 1. Otical Cross Sections Deter.ined

at t'. , A. OPOS Observatory

Log X-Sec',ion
Or- of this object type

yax Mean Min Jn orbit on 30 June 1973

1 1,.11 .74 .04 2

2 .7& .52 .05 3

3 .52 -.92 -1.22 48

4 1.20 -0.40 -1.10 4

5 .20 .72 .04 4

6 1.68 1.12 .48 0

7 3.94 1.70 1.22 4

8 -.04 -.11 -.20 3

9 .68 .49 .11 1

10 2.44 1.70 1.00 1

11 1.00 .70 -.64 2

12 .88 .65 .16 1

13 3.00 2.86 1.60 1

14 1.60 1.00 -.80 2

13 1.60 .0 .40 2

16 2.06 1.43 -.54 15

17 .61 .45 .22 13

18 .78 .70 -.64 4

19 -.74 -. 77 -. 80 4

20 1.30 -0.80 -0.80 5

120 Total

I



?RES ~AION -F7HE DATA RIASE

The p)robl'en- of using a 4few selected oblec:s to c-1aracterize the
properites oi a large population is a thorny statistical one, an~alogous

the pedicting anelection on a -ew scattered returns. Figure 1 presents
th istribution of on)tical cross section within the selected object

types. if one could ass=ne a population of payloads and rocket bodies
which has the sane general co=posit ion as the objects reoresented here,
the distribution of =ax, =ean am' --In cross-section could be used as
Presented. Because our selection of obj1ects for SO! aalVsis is conoletelv
unrelated to an atte~n: to "repr-eset":ep &ai t hi .. ~ r~oalt
assx~ption seens unlikely, but =ay in fact exist- This totally ignores
the 2000 - plus objects classed as fravzets or debris. 7bese debri;s
objects are ignored out of ignorance since ve never corr:erned ourselves
w-ith objects other than payloads and upper stages in the 0OS progran-.
These frag:nents also are Dresum-ed s-aller in size and of :oeculiar- shape
in those cases w-here they r.esut tins- catastrophic failures-. Others weill
be protective covers, despin ca~bles, etc. -which could occasionally give
a bright glint but -whose nea- cross section should b~e sna±±.

A second attenpt to present the data is to show. the o:)tical cross-
section distribution of the 115 obJects in orbit as of 340 June 1973,
ignoring all of the other 600 to 700 objects. rhis distribution is strong~y
peaked by the large ?o~ulation increment -due to the "Object ?7pe 3" payloads
of w.hich at least 48 were in orbit and n)ossiblV.; 62. This distr-ibution
functioz is shown in Figure 2 -where thne T~e 3 aeks are obvious. it
should be pointed out that other "operational" spacecraft womuld boe rep-esented
by simmilar peaks as -would standars~iZed upper stages sud', as the "Lunik"
and "Venik" stages bel..eved to orbit =-any VUSR payl-'oads, and the Burner IT.
and Altair upper stages used for =PanY U.. vehicles.

RLTI-SH? OF0 OZCAL AX D :tADARZ CROSS SC71ONi.

in the course of discussions with :-he Of f~ce for the Assistant for
Support Studies (OAS) on 24 August 1973, regarding the difficultv in
extraDolat-Ing the data base to the con-plete p;.opulation or to tne ftture
population, it was suggestesd that it nbh e of value to look~ at tnhe optical
cross-section data in co=arison to the =ore conpiete data base on. radar
cross-section. The onlyv read ily -ava ilab le radar data are t-h~se in the LEF

*region. The 0SO' ar (SOISIN2) issued mont-4n1Y b:- zhe PDCOM2 SDC contains
t-o enrzes on each cataloged object, a =ean U-Hr cross section and a =a-_xi=-
URF cross section. Discussions held -witna Mr. Llovd A'nderson of CA-'LS?A2-'
Corp., one of the nost experienced or :1 a rzadar SOI--r'r in the count.-.,
led to the conclusion that if- the tabulated aean =Hi cross section Is a
valid average over the 4 - steradians of tae object's surface, it should be
ex:oec-ed to be slightly --.eater thar. the optical cross section since it
will represent mae true t-ean cross section of tace target as the result or
the surface conductivt A en ser;trnm tte LU :7ecuency. One
wrould also ex-aect trhazt-en "nean" -.adar cross section at other. frequen-cies

SL , C, etc.) :o be essentiall the sane as the Mea= LfI'Cross Section.
, the other h and , the Ze-aa oattical cross section should be lower bDecause

tIn-e o-,tmical ref lectivity of' any- Surface is soaewhat jess than 10O. 'Whi-te
paints and ?olished aluninu reflect only 80-95Z,and spacecrart surfaces

TE
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consist only in part of high-reflectivity materials.

Figure 3 shows the comparison of mean LHF radar crcss section

M versus mean optical cross section on the 18 vehicle types for which

the SOISUM contained data. The cae large mean cross section 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 450 diagonal. This translates into a factor
of approximately 0.45 between the mean optical cross section and the
mean UI1F 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 is a plot of such an optical

cross-section distribution function based on thc 1971 population of Ref 2.

It is obtainpd by i;hifting the 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),

~so as to reduce th( cross section.

IMAXIMUM OPTICAL CROSS 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. Here the radar cross section is known to vary with
frequency such that the peak 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 elementsK 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 surfLces might not be those responsible for radar returns if they
are non-conductive.

& It is not possible to estimate, on physical arguments, the degree to
which the maximum optical cross section 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.

8
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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 important 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 wil 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-meter2 LWIR cross sec-
tion; at 357'K it will have a 2-meter 2 cross section; and at 6000K it will
have a 16-meter 2 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 developed 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 LW!R population distribution. This
mean distribution is also shown in Figure 4. It must be used with suspi-
cion 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 range 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 smali 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),~no attempt is made to consider a maximum L-WIR 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 objects; 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 (b-band) and the other SPACETRACK sensors.

(3) The key recom-mendation is that the unreduced or unpublished
data be processed and published as soon as possible.

12



APPE NDIX

Derivation of IR Scaling Relationship

The LWIR radiant intensity in a bandwidth from X to X from an object
1 2

is:

J AeaT4 f watts/ster (1)
IR

A = Area (cross section) meter2

C = Emissivity

o - Stefen-Boltzman constant (5.6686 x 10
-8 w/m2 /T)

T Temperature (OK)

Af = WX2l 2 /W (w/m 2/w/m ) (fraction in band)

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

computed from the relationship:

aT4 = (H + Ha ) 2+ Hp (2)

sas

H s Average solar heat flux incident to surface

H = Average albedo heat flux incident_ a

H = Average thermal earthshine heat flux incidentp
a = Solar absorptance

Although H 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. 17) is:

H .85 S

S = Solar constant

= 1400 watts/m
2

Ha varies even more than Hs with altitude, time of year, cloud cover, ground

conditions, f un-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 conditions,

13



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

by:

H aSF
a a

a albedo = .36

F a geometric factor = .5a

HP 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 8-14P will be used. Therefore:

4Hp oT AfFP

And:

H S .85 = 1400 x .85 = 1190 watts/m
2

5

H = aS F = .14 x .36 x .5 = 252 watts/n
2

:-ia a

H = (5.6686 x 10 - 12) (250)4 (.32) (.5)
P

35.2 watts/m
2

Thus in (2):

oT4 = (1190 252) - + 35.2

C
= (1442) 7- 35.2

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

are approximately .2 and extend to greater than 5. So the lowest value of

(H + H) s about 300 w/m he H term is .1 of this value, and for thiss aC 0

approximation the H term will be neglected. Therefore:P

cT4  1400 -
C

14
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Substituting in (1)

-Atf (1400N - - - i  IR =

AAfa • 1400

For expected spacecraft temperatures and an 8-14um bandwidth, Af varies

from about .3 to .4. An average value of .35 will be chosen

J_- 1400 x .35 Aa
IR =  1

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

A = 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 =1-a

Thus we can write an approximate formal relationship between the IR radiant

intensity as

JIR 156- A (3)

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 meter2
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In the spectral band from 8 to !4,im, the reference l meter target will

have a radiant intensity of

Ae; (300) 4 Af
0

= 51 eA w/ster
Therefore, an object with J 102 w/ster due either to a higher temperature

J IR

or emissivity would have an IR cross section of

J 102

AIR - =2m-
J 510

In general, we propose to deduce an approximate IR cross section from

156 a AV = 156 ( a ) A
AR~

J (!-a) 51 (!-a) v0

AIR (.-a1Av (4)

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

for a taken from the IR Handbook are shown in Tableli.

i - TABLE !I

Material

Aluzainum

as received .27-.41

cleaned .18-.44

sand-blasted -.6

foil .17-.19

vacuum-deposited on mylar .2

Glass on Silicon Solar Cell .9

Gold Plate on Aluminum .3

Graphite .96

Inconel .55-.89

}6



Ta;le ii (contd)

Material a

White Paint .2-.3

Black Paint .89-.95

Si Solar Cell .938

Stainless Steel .4-.9

in examples below, it will be clear that chcice of the zorrect value

of a is very important for the relationship (4) to give a reasonable approxi-

mation to the L.WIR cross section. in addition, the e.issivity c of the

spacecraft surface is an important parameter controlling the !MIR cross

section. Values of c range from 0.03 for highly reflective surfaces, such

as the evaporated alt-in= coating on PAGEOS, to 0.8 or 0.9 on specially

blackened surfaces used as thermal radiators.

To develop a rationale for choice of a mean a, consider three spherical

objects, each im2 projected area, but with surfaces representative of

extremes in a and c. ARPA 101 was a concept for an absorptive, eissive test

satellite. Subscripts which follow refer to these three model objects.
ARPA 101 PAGEOS W-iLe. Diffuse

1 2 3
AI = 2  A 2  2

2A m2

! = .8 a) = .2 a'4 = .2

S.8 2 = .05 L3 = a

in the previous analysis, the surface temperature of an object could

be calculated from the simplified expression:

aT4 = 1400 C

4 =
cT, 1400 w/m

4 2
0T = 5600 w/m

4 m2
cT = 350 w/m 2

MN.171



Now - -___

= .8 (.35) 1400 = 125 wisrer

M .05=.35) 5600 31.2 w ster

.8 (.35) 350 31.2 wlser

"3

Then the actual IR cross sections would be approx-inately

1252
A' = = 2.45-

. 51

312 .62=A' =-- .612 --
2 51

'=31.2 .612"

A'3 51

We woulc. expect the observed optical cross sections to be given by

A - A (1---)

T1hen

! (-.8) .2=

s2 = (-.2) = 2

A = =.8=

if we ass ue a value for u= 0.53

A-, = 3.4 A
iR v

and we would predict an LWIR cross secticn sphere

Sphere A Factor

! .;76 2.45= 3.6 low

2 2.7 .612 m 4.4 high

3m8

____ 
2 61 I2 hg



While the accuracy of this estcmtion leaves =ich to be desired,
the approxi-ate relationship for estimating the LWIR cross section lies
within a factor of 4 to 5.

It thus appears that the LWUIR cross section will appear enhanced by
a factor of 3 to 4 as a result of selective absor-.ticn and eission properties
of ce-c-on spacecraft surfaces.

To use the above approxirate relationship, we use the -ean UHF cross
section ith a shift in abscissa of 0-53-0-34 = 0.19 in the log or 1.22-
0.80 = 0.42 in the in (which the user should note was used in Ref 2,

Figure C-2) so as to increase tle cross section.

Iz
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