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1.0 SUMMARY 

The development and operation of a Satellite Power System would place very 

large structures in orbit around earth for several decades. Sunlight reflected 

off such structures, particularly specular components from large flat areas, is 

expected to create ground illumination that will attract observers. In order 

to assure that this illumination does not exceed the irradiance tolerances of 

the eye, reflections from these satellites must be carefully controlled by ve

hicle orientation and surface specifications. 

The solar power satellite (SPS) at geosynchronous earth orbit (GEC) has 

55 km2 of glass covered solar cells that are oriented normal to the sun, as 

well as a 1 km2 microwave antenna. Transportation of construction materials 

from low earth orbit (LEO) to GEO) requires 23 Orbit Transfer Vehicles (OTVs) 
that have l .6 km 2 solar panels oriented normal to the sun during their 6 month 

transits. The Staging Base (SB) at LEO, that accommodates OTV fabrication and 

cargo transfer, consists of 0.5 km arms protruding from a .44 km2 open grid 

aligned with its orbit plane. Diffuse reflections would make the SB/OTVs 

readily discernible i~ the daytime and the OTVs and SPSs observable all night 

(except during eclipse). Sporadic specular glints would appear on the ground 

from the OTVs and SPSs near the midnight meridian, from the solar panel surfaces 

of OTVs during LEO fabrication around midday, and from OTVs near LEO at dawn 

and dusk. 

The ground level irradiance has been evaluated for several unusually bright 

configurations using the present system design. 1 ' 2 

The brightest specular reflection is produced during the daytime by the 

aluminized backside of the OTV as it nears completion in LEO during the 

solstices. Assuming the panel surfaces are misaligned by 1 .5° overall, the 

irradiance is 2 W/m2 in a spot about 25 km across (a perfectly flat surface 

would produce 19 W/m2 in an 8 km spot) moving at the satellite speed of 8 km/ 

sec. The cover glass on the front side of the OTV solar cells produces 16 times 

less illumination. At night the brightest specular reflection is from the SPS 

antenna around the equinoxes. This flat aluminum surface produces an irradiance 

of 0.01 W/m2 in a spot about 350 km across which moves at 150 km/sec as the 
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antenna tracks the ground receiver. Several other cases are calculated 

including diffuse reflections that are orders of magnitude dimmer than 

specular beams from the same element. For purposes of comparison with 

starlight, the apparent stellar magnitude of the SPS antenna is -13.8, 

comparable to the full moon, and the diffuse reflection from the entire 
SPS is -3.61 comparable to Venus. 

These worst case irradiances may be reduced significantly and perhaps 

eliminated by appropriate modifications to the design and/or operation of 

the Space Power System spacecraft. By slight changes in vehicle orientation 

the specular reflections from the large solar panels can be directed away 

from the earth. Another modification is to introduce surface curvature or 

misalignment of flat panels that diverges the specular beams. Finally the 

specular surface quality of the SPS antenna, for example, can be eliminated 

(or sharply reduced) by etching or coating the material to create a diffuse 

reflection. 

The methodology for calculating sky brightness created by a diffuse source 

is also presented. For observations directed well away from the source, typical 

skylight is on the order of 1% of the direct irradiance. A complete set of 

equations and tabular entries is provided for evaluation of explicit cases. 

2 
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2.0 STATEMENT OF PROBLEM 

2.1 BACKGROUND 

Limited terrestrial energy sources have led to investigation of Space 

Power Systems that would collect solar energy and beam it via microwaves 

to power stations on the ground. The Reference System1 consists of a 

Staging Base in LEO, a fleet of Orbit Transfer Vehicles for movement of 

supplies from LEO to GEO and assembly and operation of Solar Power Satellites 

in GEO. All of the structures would be very large in comparison with today's 

satellite sizes, and include large plane surfaces to collect solar energy. 

As many as 60 SPSs are presently contemplated for deployment early. in the 

next century, which would require a substantial entourage of assembly and 

service vehicles. 

Due to the enormous size of these spacecraft and their assembly vehicles, 

they may be viewed routinely by large numbers of ground observers. The bright

ness of sunlight reflections off various components changes markedly as the 

vehicles rotate along their trajectories. Many surfaces will undoubtedly be 

coated with optically diffusing material, but the present baseline configura

tions also include large flat areas that are specular such as glass, polished 

metal, and smooth composites. Owing to the large size, relatively low altitude 

(at LEO), and/or specularity, some reflections will be exceptionally bright. 

A typical reflection configuration for SPS at GEO is illustrated schematically 

in Figure 1. 

The level of ground illumir.ation is neeced to evaluate potential effects, 

if any, such as radiant energy in observer's eyes, skybrightness for optical 

astronomy, an~ changes in animal behavior. For example, there is reason to 

i~vestigate how well the human eye can adapt to this unusual light source. 

The reflections will appear to ground observers as very bright starlike 

points of light in relatively dark night sky. Since contraction of the iris 

is controlled by overall illumination levels, the eye pupil may accept more 

light energy than desirable from these point sources, and produce abnormally 

high retinal irradiance. Since the eye relies only on the iris and blink 

reflex to control total irradiance, it is important that the power density 

of such point-source retinal images does not exceed safe limits. 

3 
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Figure 1. Typical Reflection Configuration for the 
Solar Power Satellite at GEO 

4 

• 



.. 

This assurance is best provided by thoughtful design of the Solar Power 

System. If the brightness of baseline vehicles exceeds accepted limits for 

eye safety, certain constraints on reflectivity of surfaces and the orienta

tion of vehicles are the most likely procedures that would lower ground 

illumination. However, additional surface preparations that are spaceworthy 

may require more work and added cost. Similarly, shifts in vehicle orienta

tion, however small, may reduce the utility of power collection systems and 

adversely affect overall efficiency. Thus, it will be important to explore 

a number of options. 

2.2 SCOPE OF INVESTIGATION 

This study has evaluated the components of the various Satellite Power 

System vehicles as presently defined1 •2 to determine the reflectances which will 
significantly contribute to the ground i"llumination. The various system con

figurations considered include the Staging Base (SB) in LEO, the Orbital Trans

fer Vehicles operating between LEO and GEO, and the Solar Power Satellite (SPS) 

in GEO. The formulations and analysis procedures are presented in a manner 

which allows one at a later time to transform the results to any desired 

geometrical relationship between the earth, sun, orbit, and vehicle in order 

to assess the reflected light effects on the human eye, biota, and optical 

astronomy under a variety of conditions. In addition to ground illumination 

effects, the means are also provided for one to estimate the sky illumination 

at any combination of sun location, observer location, and apparent point in 

the sky. 

l Based on the Satellite Power System Reference System , the three major 

structures (SB, OTV, and SPS) have been examined in detail to ascertain the 

reflection characteristics of primary surface areas. When vehicle design 

configurations were more fully specified in the Boeing Baseline Design2 

this infor~ation was incorporated into the study as appropriate. Where the 

specific materials have uncertain optical qualities or materials were not 

specified, reasonable assumptions have been made and annotated about the 

reflectivity. The size of these representative areas and their orientation 

have been taken from the Reference System information1 , from the Boeing Base-

1 ine Design2 , or otherwise estimated from good engineering judgment. 
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Several configurations where bright reflections are directed earthward 

have been analyzed to ascertain the level of ground illumination. Typical 
situations include the daytime reflections from the SB at LEO, OTVs in 

transit near LEO at dawn and dusk, OTVs near GEO, and SPSs at GEO around 
the equinoxes. 

All parameters and the required approach to determining sky brightness 

have been defined. A specific example of sky brightness determination has 
been computed to illustrate our approach. 

6 
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3.0 RESEARCH AND ANALYSIS 

3.1 REFLECTANCE OF VEHICLES 

The reflection of the various system components is best considered in 

two parts. That is the elements that could significantly contribute to the 

ground illumination are identified and their qualities are described. The 

second part describes the general formulation for deter.mining ground illumina

tion intensities for any given reflector as a function of the reflector charac
teristics. 

3.1.l Reflection Analysis 

Most of our surroundings consist of diffuse surfaces where the light is 

reflected over a broad range of angles, usually a full 2n steradians. The 

angular dependence of the reflection can vary due to surface orientation 

qualities such as nap and reflections may be peaked in one direction or 

another with a normalized angular dependence G(ei,er) where ei and er are 

incident and reflected directions measured from the surface normal. A 

Lambertian surface has a diffuse reflection that varies as 2 cos er cos ei. 

Reflected energy from a diffuse surface at the center of a hemisphere 

of radius R has an apparent brightness at the hemisphere that is diminished 

by G/2nR2. For a spacecraft surface area A with diffuse reflectivity rd' 

the radiant flux above the atmosphere is proportional to rd A H0 . Atmospheric 

extinction and light scattered by any optical instruments further degrade the 

brightness and are denoted by the factor K. Combining these quantities gives 

the general expression for diffuse irradiance, 

( l ) 

? 
where H0 is the sun's irradiance at the top of the atmosphere, 0.14 W/cm~. 

Any surface that produces a discernible reflection hnage is partially 

specular due to minute optically flat elements. Some surfaces like glass and 

polished metal are optically flat over large areas and their specular response 

is more noticeable due to bright sunlight glints. A representation of the 
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fine structure suitable for all types of specular surfaces utilizes a theoretical 
d 1 d l . 3 f th l" t" mo e prepare ear ier or ano. er app ica ion. 

The specular surface is assumed to be simulated by a mosaic of 

microscopic specular areas oa which are optically flat to A/10 where A is a 

characteristic wavelength. The coherent reflection which is produced by 

each element oa has an angular diameter given approximately by the diffraction 

limit p~ A/d where dis a characteristic scale size for oa. Any angular 

deviation between the planes of the area elements will spread the solar image 

cone. This is treated by assuming that the surface normals of the elements 

are distributed randomly over an angular diameter c. i.e., their distribution 

is rectangular. If, in addition, the reflector consists of an array of small 

mirrors, the distribution of their principal normals is characterized by an 

angular diameter n. The combined effect of these deviations produces a solar 

image divergence which has a total angular diameter T = 2(c + n). 

The brightness of the solar image cone is readily derived for these 

reflector characteristics. The light that is emitted by the Sun is con-

veniently described for this application by an average visual cLu.ik. radiance 

N0 (2.0 x 107 watts/ster m2). If the spacecraft is located a distance S from 

the Sun, the radiant flux on a reflector element oa from an infinitesimal area 

dA on the solar disk is given by N0 dA oa cos(a/2)/S2 where a is the "phase" 

angle at the spacecraft between the Sun and the Earth. The reflected intensity 

of this parallel beam is diminished by the specular reflectance rs of the surface 

and by the divergence of the light rays into a narrow cone of diameter p which 

is assumed to be uniformly illuminated. Thus, the differential irradiance at 

Earth neglecting atmospheric effects is N0 dArsoa cos(a/2)/s2(np2R2/4) where R 

is the spacecraft range from Earth. Integration over the solar disk which sub

tends an angle CT yields an irradiance N0 CT
2rsoa cos(a/2)/(p + CT)

2R2 over an image 

cone p +CT. Integration over the reflector introduces the divergence due to 

deviations in the surface, and the total irradiance from the reflector is 

N0 CT
2rsa cos(a/2)/(p +CT+ T)

2R2 above the atmosphere. At the surface of the 

Earth the irradiance is degraded further by atmospheric extinction and the 

optical response of the instrument which are denoted by the factor K· Thus 

the complete expression for the irradiance is 
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r sa cos (a/2) 
H = N s K 0 R2 

2 
0 

2 
(p + 0 + T) 

The linear diameter of the image disk at Earth is (p +a+ T)R. 

( 2) 

A plot of the irradiance and its equivalent stellar magnitude for optimum 

conditions (K = l) is shown in Figure 2 as a function of spacecraft range 

from Earth. The curve is parametric in r acos(a/2) which represents the 
s 

projected area of an equivalent perfect reflector and o/(p +a+ T), which 

is the beam divergence factor. 

3.1 .2 Structure Characteristics 

The calculation of reflected solar intensity from the various satellite 

system elements requires description of the elements and description of the 

geometry of potential reflectance paths. To reduce the calculation to a 

tractable problem only the nominally flat element surfaces were considered 

since the curved surfaces spread the light making their contribution negligibly 

small at the large orbital distances. In addition, the curved surfaces were 

found to be a small fraction of the total reflection areas. Each surface 

is further defined by its approximate reflectivity and an estimate of its 

"flatness". 

In addition to determining that a surface is likely to reflect a significant 

intensity, it is also necessary to determine the conditions under which it will 

illuminate a portion of the earth. The orientation of each reflecting surface 

is therefore also necessary. To simplify the presentation of the element 

orientation,a number of convenient coordinate systems are used. The convention 

used was to define a coordinate system for each vehicle and to reference each 

element to that vehicle reference system. Each orientation can then be trans

formed to any other system such as a solar or an earth reference system, as may 

simplify a particular calculation. These data describing the reflecting elements 

are provided below in section 3.1.2.l. 

The reflected intensity is also dependent on the material properties and 

surface qualities of the reflecting surface. In section 3.1.2.2, the wavelength 

dependence of the reflectivity is presented for the several materials. The bi

directional reflectivity of the paint used on many surfaces is also provided. 

9 
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3.1 .2.1 Description of Spacecraft Elements 

The major structures of the SPS system are the staging base (SB), the 

electrical orbital transfer vehicle (OTV) and the solar power satellite (SPS). 

In this section a general vector approach will be presented which allows one 

to determine what reflections from structural elements will strike the earth. 

The major reflection surfaces will be identified for each of the three 

vehicles. 

The following explicit parameters will be needed in the specular reflection 

calculations: 

1. Orientation of structural elements, 

2. The total area of all elements of a given type, 

3. The specular reflectance, p 

4. The spreading angle, T, due to uneven surfaces. 

Each major system, the SB, the OTV, and the SPS will be treated separately 

below. The above parameters along with the direction cosine$ of the reflected 

light will be tabulated for the major elements of each major system. 

The reflection unit vector r shown in Figure 3 can be expressed in terms 
A A 

of the incident and normal unit vectors i, n. Appendix A gives the computer 

program for vector rotation which was used to find the direction cosines of 

the surface normals for each of the major systems which are presented in 

Tables 1-3. 

STAGING BASE 

The SB alone is shown in Figure 4, and construction of an OTV on the SB 

is shown in Figure 5. The coordinate systems for the vector calculations are 

defined in Figure 6. The plane defined by vectors a and c is the ecliptic 
A A 

plane while the i - k plane is the orbital plane with an inclination (Kennedy 
launch) of about 30°. The SB and the OTV l_iP in th_i~ rJ_ln_ni:>_ 5n t_h_;it: ; = i 

V = ~; _. El n cf :z = -~. 

in the figures. All elements are assumed to be covered with Z-93 

white paint with a specular reflectance of 0.75. Note the battens (which are 

triangular structural members which, along with cables, hold three stringers in 

a rigid beam) provide considerably less area than the beams and attached equipment. 

11 
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Figure 4. LEO Staging Base Configuration2 
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Table l. LEO Staging Base Element D~scriptions 

ELEMENT AREA {m2) 
DIRECTION COSINES SPECULAR ( T ) 

COt+IENTS 
x y z REFLECTANCE SPREAD (sr) 

,"\) Longitudinal Beams 1.48 x 104 +1 .75 2.9 x 10-2 Graphite epoxy cc:tec 
+.866 -.5 with Z-93 whi ~ pain:, 
- II - II 50 cone angle. 

Longitudinal Battens 6.27 x 103 +.866 -.5 II II II 

II II - -
+ II +.43 -.25 
- II + II - II 

II II II - - -_. + II - II - II 
t.11 

--
3) Latera 1 Beams 1.98 x 104 +1 II II II 

+.866 -.5 
II II - -

Lateral Battens 6.27 x 103 +.866 -.5 II II II 

II II - -
+.43 + II -.25 
+ II - II - II 

II II II - - -
- " + " - II 

-
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Table 1. LEO Staging Base Element Descriptions (continued) 

(m2) 
DIRECTION COSINES SPECULAR er ) 

COtwf.1ENTS ELEMENT AREA x y z REFLECTANCE SPREAD (sr) 

Verti ca 1 Beams 1.48 x 104 -1 .75 2.9 x 10-2 Graphite epoxy coate: 
+.5 +.866 with Z-93 white 
+ II - II paint; 5° cone angle. 

Vertical Battens 6.27 x 103 +.5 +.866 II II II 

+ II - II 

+.25 +.43 + II 

+ II - II + II 

+ II - II - " 
+ ~ + II - II 

Longitudinal Diagonal Beams 5.25 x 103 +.707 +.707 II 

- II + II 

_. +.354 +.866 -.354 en II II 

- II + II - II 

II II II - - -
+ II - II - II 

Longitudinal Di agona 1 Battens 2.22 x 103 +.966 -.259 II II II 

II II - -
+.259 +.966 
- II + II 

+.436 +.433 -.789 
+ II - II II -

·---·-- ------ ------ -- ---

II - . 436 -.433 -.789 II II " II 

- II + II - II 

-.789 -.433 +.436 
- II + II + II 

+ II + II + II 

+ II - II + II 

I 
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Table 1. LEO Staging Base Element Descriptions (conti~ued) 

ELEMENT AREA (m2) 
DIRECTION COSINES SPECULAR ( T ) C0""4ENTS x y z REFLECTANCE SPREAD ( s r) 

~) Latera 1 Diagonal Beams 5.25 x 103 +.707 +.707 . 75 2.9 x 10-2 Graphite-epoxy 
- II + If painted with Z-92 

+.866 +.354 -.354 
+ II - II - II 

II II II 
~ - - -

- II + II - II 

Lateral Diagonal Battens 2.22 x 103 +.966 -.259 If 1J " 
II II - -

+.259 +.966 
- II + II 

-.433 +.436 -.789 
- II ... 780 +.436 

--
____. 
-...J II !I +.433 +.436 -.789 If II " 

+ II -.789 +.436 
- II + II + II 

- II -.436 -.789 
+ II II - II 

I -
+ " +.789 +.436 

' Horizontal Diagonal Beams 5.25 x 103 +l II II " } 

+l 
+.612 +.612 -.5 
+ " - II - II 

II II If - - -
- II + II - If 

Horizontal Diagonal Battens 2.22 x 103 +.612 +.612 +.5 If II II 

+ II - If + II 

- II - II + II 

- " + II + II 

+.306 +.919 -.25 
+ II - II - II 

• 
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Tabl"e 1. LEO Staging Base Element Descriptions (continued) 

ELEMENT AREA (m2) 
DIRECTION COSINES SPECULAR ( T ) 

C01'i1ENTS x y z REFLECTANCE SPREAD (sr) 

F ' Horizontal Diagonal Battens 2.22 x ·10 3 -.306 -.919 -.25 .75 2.9 x 10-2 Graphite-epoxy 
(Cont.) - II + II - II painted with Z-93 

+.919 +.306 - II white paint; 
+ II II - 11 50 cone angle. -

II II 11 - - -
II + " 11 - -

-

Attached Equipment 104 +l II 3.8 x 10-3 Aluminum panels 
-1 paiAted with Z-93 

II +1 white paint 

104 
-1 

4 x +l 
-1 

__. 
o:> 

I 

i 
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ELECTRIC ORBITAL TRANSFER VEHICLE 

This system is sketched in Figure 7. Details and other views are given 

in Figures 8 and 9. 

For the EOTV in LEO (worst case for reflections) the vector coordinates are 

defined in the same way as those for the SB. However, since the OTV is inverted 

at the staging base we have z = c where z is normal to the solar panel side of 

the OTV (see Figure 10). 

Table 2 gives parameters for the EOTV for the elements illustrated in 

Figures 7-9. Note that the back of the solar array with its large area and 

high reflectance is the dominant reflecting surface, and note that some 

subsystems of the EOTV are often shadowed. 

SOLAR POWER SATELLITE 

This system is sketched in Figure 11 and construction details are shown 

in Figure 12. Vector definitions and pointing equations are given in Figure 13 

for both the transmitting array and for the solar array. The former always is 

pointed at a rectenna on the surface of the earth. 

Table 3 gives parameters for the SPS for the elements illustrated in 

Figures 11-12. The major sources of specular reflection are the antenna and 

the solar array. If control should be lost of the SPS then the aluminum rear 

side of the array could be the largest contributor. 

19 
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ORBITS: 478 km 30° inclined --- A 

b 

6-111onth Spiral Trajectory to 
Equatorial Geosynchronous - fL:,.. 

c 

1-month Spiral Trajectory Back 

Plane change during trajectory 

VEHICLE AXES: 

Solar Array: Perpendicular to Ecliptic Plane (PEP) 
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Table 2, Orbit Transfer Vehicle Element Description 

ELEMENT AREA (m2) 
DIRECTION COSINES SPECULAR ( t ) 

x y z REFLECTANCE SPREAD (sr) COMMENTS 

(A) Solar Array 1.56 x 106 +1 .05 (front) 9.6 x 10-4 Silicon cells 
-1 .80 (back) Aluminum backing 

1° cone angle 

(B) Longitudinal (Ce 11 Pl at form) 3 +1 Graphite-Epoxy coated 3.4 x 10 3 
2.9 x 10-2 Beams + (Thruster Platform) 1.15 x 10 +.866 -.5 .75 with Z-93 white paint - II II 50 cone angle. -

Thruster platform 
nominally shadowed. 

Longitudinal (Ce 11 Pl at form) 1. 72 x 103 +.866 +.5 II II II 

Battens + (Thruster Platform) 5.75 x 102 II + II -
+.866 +.43 .. -.25 
- II + II II 

N -w II II II - - -
+ II II I' - -

-

103 
+ 1 

(C) Lateral Beam ( Ce 11 P 1 at form ) 2.38 x +.866 -.5 II II II 

+ (Thruster Platform) 7.93 x 102 - II - II 

Lateral Battens (Cell Pl at.form) 1.19 x 103 +.866 +.5 II II II 

+ (Thruster Platform) 4.97 x 102 - II + II 

+.43 +.866 -.25 
+ II - II - II 

II II II - - -
- II + II - II 

( D) Flat Diagonals (Cell Platform) 3.67 x 103 +.49 +.71 -.5 II II II 

(Symmetric) + (Thruster Platform) 1.84 x 103 - II - II - II 

(Antisymmetric) -.49 +.71 -.5 
+ II - II - II 

--
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Table 2. Orbit Transfer Vehicle Element Description (conttnued) 

ELEMENT AREA (m2} 
DIRECTION COSINES SPECULAR er ) 

x y z REFLECTANCE SPREAD 

( D) Diagonal Battens (Cell Pl at form) 1.84 x 103 +.61 +.61 -.5 .75 2.9 x 
+ (Thruster Platform) 9.20 x 102 - II - II - II 

(Symmetric) -.47 +.85 -.25 
+.96 -.14 - II 

- II + II - II 

+.47 -.85 - II 

+.61 -.61 -.5 II II 

(Antisymmetric) - II + II -
- .96 -.14 -.25 
+.47 +.85 - II 

- II + II - II 

N +.96 +.14 - !I 

-!:» 

(E-H) Diagonals 2.83 x 103 +.07 +.05 +.996 .75 II 

- II + II + " 
- II - II + II 

+ II - II + II 

+.46 +.74 -.50 
- Ii + II - II 

Diagonal Battens 1.43 x 103 +.67 +.47 +.57 II " 
- II + II + II 

- II - II + II 

+ II - II + II 

+,75 +.52 +.42 
- II + II + II 

-.75 -.52 +.42 II II 
II 

+ II - II + II 

+.48 +.86 -.17 
- II + II - II 

II II II - - -
+.48 - II - II 

(sr) 

10- 2 

COMMENTS 

Graphite-Epoxy coate 
with Z-93 white pain 
50 cone angle. 
Thruster platform 
nominally shadowed 

II 

Graphite-Epoxy 
coated with Z-93 
white paint; 50 cone 
ang 1 e; nominally 
shadowed. 

II 

II 

d 
t; 
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Table 2. Orbit Transfer Vehicle Element Description (continued) 

ELEMENT AREA (m2) 
DIRECTION COSINES SPECULAR ( t ) 

COMMENTS x y z REFLECTANCE SPREAD (sr) 

(E-H) Cont. 
1.43 x 103 2.9 x 10-2 Diagonal Battens +.94 +.12 -.32 .75 Graphite-Epoxy 

- II + II - II coated with Z-93 
- II - II - II white paint; 5° cone 
+ II - II - II angle; nominally 
+.97 + .15 -.17 shadowed. 
- II + II - II 

II -.97 -.15 -.17 II II II 

+ II - II - II 

+.45 +.83 -.32 
- II + II - II 

II II II - - -
N + II - II - II 

U1 

(I) Payload/Propellant 104 +1 II 9.6 x 10-4 Aluminum panels Pl at form - II painted with Z-93 
wh ite pa i n t ; 
nominally shadowed. 

( J) Thruster 4 x 102 ------ VARIABLE ------ .8 II Bare aluminum 
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Table 3. Solar Powe~ Satellite Element Descriptions 

ELEMENT AREA (m2) 
DIRECTION COSINES SPECULAR er ) COMMENTS 

X1 Y1 Z1 REFLECTANCE SPREAD (sr) 

(A) Solar Array 5.01 x 107 +l .05 Front 9.6 x 10-4 Sil i con ce 11 s , 
-1 .80 Back Aluminized backing 

( c) Latera 1 Beams 1. 47 x 105 +1 .75 2.9 x 10 -2 Graphite-Epoxy 
+.866 -.5 painted with Z-93 
- II - II white paint, 5° 

cone angle. 

Lateral Battens 5.28 x 10 4 +.43 +.866 -.25 II II II 

ll II II - - -
ll ll II 

N - - -
\.0 - II + II - II 

(E)-(F) 4.22 x 104 +.58 +.82 " II ll 

- II + II 

Lateral Diagonal Beams +.87 +.29 -.41 
- II + II - II 

II II II - - -
+ II - II - II 

1.25 x 104 +.42 +.91 ll II " Lateral Diagonal Battens + II - II 

+.996 -.09 
II " - -

+.43 -.56 -.70 
II II II - - -

• 



Table 3. Solar Power Satellite Element Descriptions (~ontinued) 

AREA {m2) 
DIRECTION COSINES SPECULAR ( T ) 

C0t-f-1ENTS ELEMENT 
X1 Y1 Z1 REFLECTANCE SPREAD (sr) 

(E)-(F) Lateral Diagonal Battens 1. 24 x 104 -.43 +.56 -.70 .75 2.9 x 10-2 Graphite-Epoxy 
(Cont.) + II + II - II painted with Z-93 

+ II +.85 -.29 white paint, 50 
- II + II - II cone angle. 
- II - II + II 

+ II - II + II 

(G)-(H) Longitudina 1 Diagonal 4.48 x 104 +.58 +.82 II II II 

Beams - II + II 

-.29 +.87 -.42 
II II II - - -

+ II - II - II 

+ II + II - II 

Longitudinal Diagonal 1.32 x 10 +.42 +.91 II II II 
w Battens 0 + II - II 

+.996 -.09 
II II - -

+.85 +.43 +.29 
- II + II + II 

II -.86 -.43 +.29 II II II 

+ II - II + II 

+.56 +.43 -.70 
- II + II - II 

II II II - - -
+ II - II - II 



I 

Table 3. Solar Power Satellite Element Descriptions (continued) 
~ 

(m2) 
DIRECTION COSINES SPECULAR ( T ) 

COMMENTS ELEMENT AREA Xi Yi Zi REFLECTANCE SPREAD (sr) 

( K) Verti ca 1 Beams 5.47 x 104 +l .75 2.9 x 10-2 Graphite epoxy coated 
-1 with Z-93 white paint; 
-.5 +.866 5° cone angle. 
-.5 -.866 Nominally perpendicula r 

to incident sunlight. 

Vertical Battens 1. 62 x 104 -.25 +.43 +.86 II II II 

- II + II - II 

II II II - - -
- II - II + II 

( L) Cross Bay Diagonal Beams 5. 02 x 104 +.315 +.315 +.895 . 75 2.9 x 10-2 Graphite epoxy coated 
- II + II + II with Z-93 white paint. w 

--' +.455 - . 770 -.448 Normally shadowed 
II II II - - -

+. 770 +.455 - II 

- II + II -

Cross Bay Diagonal Battens 1.48 x 104 +.391 -.391 +.834 II II II 

- II - II + II 

+.706 +.706 +.616 
- II - II + II 

+.933 -.321 +.162 
- II - II + II 

" +.163 +. 776 -.610 
- II + II - II II II II 

+.321 -.933 -.162 
II II II - - -

+. 776 + .163 -.610 
- II + II - II 

I 
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Table 3. Solar Power Satellite Element Descriptions (continued) 

ELEMENT AREA (m2) 
DIRECTION COSINES SPECULAR { T ) 

x, y 1 Zl REFLECTANCE SPREAD (sr) COMMENTS 

( M ) Bay Bottom Diagonal Beams 4.59 x 104 +1 . 75 2.9 x 10-2 Graphite epoxy coated 
+1 with Z-93 white paint. 

+.612 -.612 +.5 Nonnally shadowed. 
+ II + II + II 

- II + II + II 

- II - II + II 

Bay Bottom Diagonal Battens 1. 36 x 104 +.306 +.919 -.25 II II " 
+ II - II - II 

II II II - - -
- II + II - II 

+.919 +.306 - II 

+ II - ll - II 

---·---- '---~ 

w II -.919 -.306 -.25 II II II 
N 

- II + II - II 

(N) Lateral Power Susses 5.35 x 105 +1 .75 3.8 x 10-3 Aluminum painted with 
-1 Z-93 white paint; 

20 cone angle. 
Normally perpendicular 
to incident sunlight. 

( 0) Logitudinal Power Busses 1. 07 x 106 +1 II II II 

-1 
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3.1 .2.2 Reflection Qualities of Materials 

The reflection properties of the structure surfaces are provided in this 

section in graphical format. 4 •5•6 The wavelength dependence of the reflectivity 

for the various materials are contained in Figures 14 - 20. The roughness 

of the reflecting surface will also influence the intensity of light at some 

given angular location. A truly specular reflection will retain the character 

of the incident beam, but a strictly diffuse reflector will distribute normally 

incident light proportionate to the cosine of the observation angle measured 

from the surface normal. The actual performance of a surface is usually some

where between the two extremes. 

Figures 14 and 15 show the bidirectional reflection distribution of smoked 

magnesium oxide, which, although not a coating to be used on SPS, is often a 

standard for reference to other coatings. The white paint which will probably 

be used on SPS structures is Z-93. Assuming that the binders of the two paints 

are the same, or at least produces similar surface properties, these figures 

can be scaled to represent the bidirectional reflectance of Z-93 paint. Its 

relative reflectance value is the ratio of the intensity measured at some angular 

location to the corresponding intensity which would result by perfectly diffuse 

total reflection of the incident flux. 

The general relationship is 

P1 
I /I. =R(~) (cos eM/cos e1) 

r , Pz 

where R is the relative reflectance plotted in Figures 14 and 15, p1 is the 

reflectance value of smoked magnesium oxide, Pz is that of Z-93 paint, 

eM is the measurement angle, and e1 is the incident angle. To illustrate 

the use of this relationship, one could find the reflected intensity from 

Z-93 paint at a measurement angle of Z0° for green light (A = 0.5 µ) incident 

at an angle of 30°. Figure 16 provides a "relative reflectance", R, of 

about .9 for smoked magnesium oxide. From Figure 16, it is seen that for 

green light (A = .5 micrometers) the reflectance, pl, of smoked magnesium 

oxide is about .98. Figure 17 shows that the reflectance, Pz• of Z-93 paint 

is about .9. It follows, then, that the anticipated reflected intensity is 

L2J cos zo 0 

Ir = ( . 9) r~ cos 30.0 Ii = . 9 Ii 

33 



X • 0.5µ •• • ••••• (J • 00 

----o. 30° 

----11. 500 

75° 2.8 

DETECTOR POLAR ANGLE 

,+;;"":+:;:-;:+;--;!:-:~'"!""-7~:+-:--+~+-4---J~..i--!.~i--4-~l---4---L~..L90o 
02 0.4 0.6 0.8 1.0 1.2 1 4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 

Figure 14. 

Figure 15. 

RELATIVE REFLECTANCE 

Directional Reflectance Characteristics of 
Magnesium Oxide (A = 0.5 µm)4 

A • 2.0µ --- ---- o • 0o 

---·- 8. 30° 

-- -- e. 600 

----- 0. 75° 

DETECTOR POLAR ANGLE 

RELATIVE REFLECTANCE 

Directional Reflectance Characteristics of 
Magnesium Oxide (A = 2.0 µm)4 

34 



I 

LU 
u 
z: 
<C 
I-
u 
LU 
-l 
LL. 
LU 
0:::: 

-l 
<C 
0:::: 

w I-
u 

(J1 U..J 
0... 
V') 

-...J 
<C 
~ 
e::: 
0 
z: 

I 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0. l 

0.0~:--~~~-'-~'":--~~-=-'""::~~~~"-~"--L-..l.-L..J.....1....1..1 
O.l 0.2 0.4 0.60.81 2 4 6 8 

Figure 16. 

WAVELENGTH, µm 

Analyzed Normal Spectral Ref1ectance of 
Smoked Magnesium Oxide5 



w 
O"I 

LL.J 
u 
z: 
c( 
I-
u 
LL.J 
_J 
LL. 
LL.J 
0:: 

_J 
c( 
0:: 
I-
u 
LL.J 
c... 
(,/) 

_J 
c( 
:::E: 
0:: 
0 
z: 

r 

l.O 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

o. 
0. 1 

0.00.1 0.2 0.40.60.81 2 4 6 8 10 
WAVELENGTH, µm 

Figure 17. Spectral Reflectance of Z-93 Paint6 



The spectral reflectance of aluminum and graphite are shown in 

Figures 18 and 19. The relative specularity of polished aluminum and other 

spacecraft materials are displayed in Figure 20. 

The diffuse and specular reflectivities, rd and rs, of materials that 

will be used on Satellite Power System vehicles are unspecified for the most part. 

Consequently, for this analysis some educated judgments are needed to get 

reasonable estimates at this time. One item that will appear extensively is 

the cover glass on solar cells. For purposes of this study, the overall 

specular reflectance of these solar panels is assumed to be 5%, the nominal 

value of smooth glass. Coatings or fine scale roughening might alter this 

value slightly but not enough to affect the study conclusions. 

The corresponding diffuse reflectivity of the solar cells is more dif

ficult to assess due to lack of data insofar as the authors are aware. 

Specular surfaces generally are very poor diffuse reflectors as evidenced by 

the curve for polished aluminum in Figure 20. On the other hand, even black 

velvet has a diffuse reflectivity of 1% or so. Consequently, for this study, 

the value of rd for the solar panels was taken as 0.05 which is believed to be 

valid within a factor of two. 

The present Baseline calls for polished aluminum on the back of the OTV 

solar panels and the SPS antenna. Its specular component has a reflectivity 

of 80% or so depending on the finishing process and the thermal requirements. 

Its diffuse reflectivity is assumed to be the remaining 20% of the total 

illumination. 

Painted surfaces can be estimated in an a11alogous manner. It is note

worthy that the cat-a-lac black paint and the Z-93 paint have strong specular 

components like polished aluminum whereas the silicon paint is quite diffuse 

as shown in Figures 17 and 20. 
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3 . 1 . 3 Ground I 11 um i nation 

Reflected sunlight from Satellite Power System spacecraft is directed 

toward earth for prescribed vehicle orientations and orbit locations. Mathe

matical relationships that determine where these reflections will strike earth 

and how large an area is illuminated are presented in the first subsection. 

Calculations of ground irradiance for a variety of conditions where the 

illumination is bright are cited in the second subsection. 

3.1 .3.1 Geometrical Considerations 

In determining possible ground illumination, two cases are considered: 

l) the reflecting surface rotates in orbit such that its orientation to the 

earth is constant (e.g., the satellite antenna) and 2) the orientation of the 

reflecticn surface to the sun is constant (e.g., the satellite solar arrays). 

Since in both cases the angle ¢ is dependent only on the orbital altitude, it 

only remains to determine the relative values of angles a and 8 for the two 

cases. 

In the first case, it is seen that a is a constant, ac. As the reflecting 

surface orbits, therefore, only the value of 8 changes. From Figure 21 it is 

seen that the values of 8 for which reflected light will fall on the earth 

must be between (¢ - ac) and (¢ + a ) . c . 

In the second case, it is seen that 8 is a constant, 8c• and a varies. 

Similarly it is seen that the value of a must be between (8 + ¢) and (8 - ¢) c c 
for reflected light to fall on the earth. 

(8 - ¢)<a< (8 + ¢) c - -

When the center of the earth is not in the plane defined by the incident 

and emergent light beams the above relationships remain valid as long as 

the value of¢ is reduced accordingly. 

Once the orientation of a surface is found using the techniques of 

Section 3.1.1.1 it is a relatively simple matter to determine whether or not 

that surface will reflect the sun's light to the earth. Expressions for these 

angles may be determined from the following relationships. 
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A A 

n i = cos e 

6380 = sin ¢ 
I· h + 6380 

A A 

I- . n cos a 
A A 

- y } J + (Zs - Ze)k]/D A = [(Xs - Xe) i + (Y s e 
where 02 = (X - X )2 + (\ Ye)2 + (Zs - Ze)2 s e 

In these relationships, i is the unit vector of the sun's incident light, 

h is the orbital altitude, and 6380 km is the earth's radius. Again n is the 

reflecting surface's unit normal vector and ~ is the unit vector from the 

reflecting surface to the earth's center. 

3.1 .3.2 Irradiance Levels 

Reflections toward earth produce ground irradiance that is described by 

the diffuse and specular expressions derived in Section 3.1 .1 above. The 

formulas (Equations 1 and 2) are summarized here for convenience along with 

the definitions and units of the various factors and terms that enter the 

expressions. 

The diffuse irradiance produced by SPS elements in W/m2 is given by 

( 1 ) 

where 
H0 = 1 .4 x 103 W/m2 is the solar constant at earth. 

rd is the diffuse reflectivity, and 

G (er,ei) is the normalized angular dependence where ei and er are the 

incident and reflected directions measured from the surface normal 
(2 cos e cos e. for Lambertian surfaces). r i 

The specular irradiance in W/m2 produced by reflected light from an SPS 

subsystem is 

(2) 
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where 

K is the degradation due to atmospheric extinction and optical response 

of instruments 

N0 = 2.0 x 107 watts/ster-m2 is the average visual disk radiance of the 

sun 

rs is the specular reflectance of the SPS surface 

a is the area of the surface in m2, 

a is the angle between the incident and reflected rays 

R is the distance from the SPS subsystem to the earth in meters 

o is the angle at the SPS subtended by the solar disk 

p is the diffraction limit for coherent reflection from an element 

of SPS area oa m2 , and 

T is the angular divergence of the solar image due to the fact that 

the reflectors are not optically flat mirrors. 

In some calculations below the angles p and Twill be assumed to be zero. 

This maximizes the irradiance which is certainly a worst case since in general 

the SPS structure is not and need not be rigid. 

Note that no factor is included in Eq. (l) to account for non-normal 

incidence of the reflected light on the earth since it is assumed that the 

observer will be looking directly at the SPS subsystem. 

In the following illustrative cases of interest, "D" will denote diffuse 

reflections and "S" specular reflections. 

CASE Dl : OTV IN LEO - CONSTRUCTION PHASE 

The solar panel plane of the OTV is aligned with the staging base plane 

during construction which is always in the orbital plane around the earth. 

Thus the top and bottom of the OTV alternately reflect light onto the earth. 

The worst case, depicted in Figure 22, occurs at the solstices with the just 

completed OTV on the SB in the noontime position. (Only the worst noontime 

case will be considered here. In the specular case, Sl, general orbital 

locations are treated.} 
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FIGURE 24. OTV AND SB IN LEO, WORST CASE 
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EARTH'S SURFACE 
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Figure 22. Diffuse Reflection From SB in LEO During OTV Construction (Dl) 



It is assumed that the OTV and the SB both are diffuse reflectors with 

rd= 0.05 in Eq. (1). The following exemplar parameters will be chosen: 

K = 0.8 

H = 1 .4 x 103 W/m2 
e 

e. = 36.5° and 
1 

910 km 

To get the maximum total area the solar array area (1 .56 km2 with direction 

cosine .:!:_l from Table l) is added to the maximum area with direction cosine 

in a single direction for the SB. The latter (Table l) with direction cosine 

+l, is the sum of the lateral bea~ area 1 .98 x 10-2 km2 and the attached 
-2 2 2 equipment area 4 x 10 km . Thus a = l .62 km and the diffuse irradiance 

is 2.4 x lo- 5 W/m2. 

CASE D2: SPS IN GEO, DIFFUSE CASE 

In this example it will be assumed that the total area of the SPS 

(58 km2 from Case S2) is a diffuse source with rd= 0.05, and the nightside 

geometry of Figure 23 will be assumed. Note that this geometry minimizes 

the value of R which appears in Eq. (1) as an inverse square,thus maximizing 

the irradiance. The following parameters are used in Eq. (1): 

K = 0.8 

He= l .4 x 103 W/m2 

e = e. = 5.2° r i 

R = 35,700 km 

resulting in an irradiance of 8 x l0- 7 W/m2. 

CASE D3: OTV POWERED IN LEO 

After an OTV is constructed, its solar panels are turned toward the sun 

to supply thruster power. One geometry of concern is that shown in Figure 24 

in which light is reflected to the night side of the earth (after some 

atmospheric refraction). Assume the following parameters: 

rd = 0.05 
K = 0.8 

He = 1 .4 x 103 W/m2 
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Figure 23. Diffuse Reflection From SPS in GEO (02} 

Ffgure 24. Diffuse Reflection From OTV During 
Transit from LEO (03) 
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........ 

8 = e. = 0°, and r 1 

R = 2570 km (calculated) 

Assuming a Lambertian surface, Eq. (l} gives Hd = 4 x lo- 6 W/m2 . 

CASE 04: OTV BETWEEN LEO AND GEO 

As the OTV spirals out to GEO it can reflect light back to the earth 

with geometry similar to that in Case 03. Consider orbits at 2 and 4 earth 

radii with corresponding values of R = 11 ,000 km and 24,700 km, respectively. 

Using the other parameters of Case 03 the corresponding irradiances are 
2 x 10- 7 and 5 x 10-8 W/m2 . 
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CASE Sl: OTV IN LEO - CONSTRUCTION PHASE 

This case is similar to Case Dl (Geometry in Figure 24) except the 

specular Equation (2) is now used. 

It was found that considerable light can be reflected to the earth over 

a number of daylight hours, so that the general case will be treated. The 

geometry is illustrated in Figure 25. The angle between the reflected beam R 

and the orbital plane is S3.5° (see Figure 22). The distance from the OTV in 

LEO to the illuminated spot on the ground is 

R % 4090 cos ¢ - -V 1 .67 x 107 cos 2 ¢ - 6.63 x 106 

where ¢ is the angle from the moon meridian. The value of R for the noontime 

case (¢ = 0°) is 910 km. Note that the reflected light just grazes the earth 

at¢= S0.9°. Thus an illuminated spot moves across the day side of the earth 

from 0830 to 1S30 local time. 

In Figure 26, R is plotted as a function of¢ and the irradiance 

(Equation (1)) as a function of R for the following conditions: 

K = O.B 

r = 0.8 for the aluminum OTV back side s 

a 

O.OS for the solar panel side 

l .56 km2 

73° 

o = T = O (optically flat mirror case--see discussion below). 

For these parameters, the peak irradiance at tne ground for the front side is 

l .2 W/m2 while that for the back side is 19 W/m2 . 

Not only would it be difficult to make the OTV optically flat, but it 

would be clearly disadvantageous if it were flat. It is estimated that mis

alignment of the OTV solar panels yields a beam spread of 1 .S 0 compared with 

the O.S 0 spread of the sun's disk produced by a flat mirror. Then the factor 

a2/(p +a+ ,) 2 in Equation (2) reduces the irradiance by about an order of 

magnitude. Besides avoiding flat surfaces, other methods of reducing the 
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irradiance are to paint specular surfaces with diffuse paints, and to avoid 

unfavorable geometries with corrective thrusting. 

The East-West width, sEW' of the illuminated noontime spot on the earth 

(latitude 2l 0 S) can be found from the sun's diameter (l .4 x 109 m), its 

distance from earth (l .5 x 1011 m) and the distance R = 910 km: 

( l.4 x 109 
) 910 

1.5xlo11 

= 8.5 km 

The North-South length, sNS' is found using the angle, 62°, between the 

reflected ray and the normal to the earth's surface: 

Neglecting the rotation speed of the earth, the speed of the spot is the 

same as the OTV/SB speed in LEO which is 8.2 km/sec. Thus, the spot requires 

about one second to pass the noontime longitude. 

CASE S2: SATELLITE SOLAR PANEL IN GEO, EQUINOX CASE 

This case is depicted in Figure 27. (The view is normal to the ecliptic 

plane.) Grazing sunlight is refracted about 1° as it passes the earth's limb. 

For the satellite in the indicated position in GEO and at an equinox, the 

light will be reflected back to the earth's night side by the solar panel 

facing the sun. 

The following representative parameters are used in Eq. (l ): 

K 0.8 

ra = 0.05 (solar panel cover glass) 

a = 58 km2 

a - 2° 

R = 35,700 km 

Here, an irradiance of 0.03 W/m2 is found for optically flat mirror conditions. 
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Consider the more realistic case in which SPS solar panels are misaligned. 

Since the SPS is much larger than the OTV the misalignment is estimated to be 

as much as 5° for the SPS (compared with the 1.5° estimated for the OTV). As 

a result the irradiance would be reduced up to two orders of magnitude. 

There is a very simple way to avoid the Case S2 geometry. Since the 

solar panels are sized for solstice conditions, they are about 5% larger 

than necessary for equinox conditions. Therefore, they can be rotated 

slightly out of the normal geometry of Figure 27 to move the reflected light 

off the earth. 

Using calculations similar to those in Eqs. (2} and (3}, it is found 

that sNS = 350 km and sEW = 520 km. From a simple geometric construction 

for the spot near the limb the spot speed is about 550 km/min so that the 

time for the spot to cross a point on the earth is about one minute. (Compare 

this with the one second in the LEO case.} 

A similar case involves the reflection from the SPS panels during a partial 

eclipse. The geometry is quite similar to that in Figure 23, and the irradiance 

varies from 0 (total eclipse) to the 0.03 W/m2 of the refraction case discussed 

above. Since the latter is a worst case the partial eclipse cases will not be 

discussed further. 

CASE S3: SATELLITE ANTENNA IN GEO, EQUINOX CASE 

In the baseline system the microwave beam is normal to the highly 

reflected aluminum antenna face. Since the beam points at a rectenna on 

the earth's surface there is no way to avoid reflecting light onto the 

earth for some geometries as depicted in Figure 28. This case has been covered 

in some detail by Livingston 7 Similar results are obtained here. 

The following representative parameters are use~ in Eq. (1): 

K = 0.8 

rs = 0.8 (aluminum) 

(0.5) 2 
TI = 0.79 km2 a = 

a 0 

R = 36,000 km (minimum distance for incident light grazing earth) 

An irradiance of 0.01 W/m2 is obtained for these conditions. 

53 



REFRACTION 

Ffgure 27. Specular Reflection From SPS Solar Panels 1n GEO Around Equ1noxes(S2) 

~~~~~~~~~~~~~~~~~~-...~~~~-:::::o"I ANTENNA 

I SOLAR PANEL 

Ftgure 28. Specul1r Reflectton Fro11 SPS Antenn1 tn GEO Around Equtnoxes (SJ) 
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The midnight spot diameter at tne equator is about 350 km. Its speed 

is about 150 km/min so that the time for the spot to cross a point on the 

earth is just over two minutes. 

CASE S4: OTV POWERED IN LEO 

Consider the specular counterpart of the diffuse Case D2 using the fol

lowing parameters: 

K = 0.8 

rs= 0.05 (solar panel) 

1. 56 km 2 a 

a 0° 

p = T = 0 (optically flat mirror) 

R = 2570 km 

Fro111 Eq. (2) H
5 

= 0.19 W/m2 

CASE S5: OTV BETWEEN LEO AND GEO 

Consider the specular counterparts of the two diffuse examples covered 

in Case 04. The irradiances at the earth for an OTV at 2 and at 4 earth radii 

(other parameters the same as in Case S4) are 0.010 and 0.0021 W/m2 respectively. 

CASE S6: OTV IN LEO, OUT OF CONTROL 

The worst case geometry is given in Figure 29. The highly reflective 

back side of the OTV reflects sunlight to a point on earth directly below. 

Parameters in Eq. (1) are now 

55 



K = 0.8 

r = 0.8 (aluminum s 

a = l. 56 km 2 (OTV, neglecting SB) 

a = goo 

R = 500 km (LEO) 

The irradiance is found to be about 56 W/m2 • 

CASE S7: SATELLITE IN GEO, OUT OF CONTROL 

This case is depicted in Figure 30. Parameters are 

K 0.8 

rs = 0.8 (aluminum) 

a = 58 km 2 

a 90° 

R 36,000 km 

The resulting irradiance is 0.4 W/m2 which compares with the 0.03 W/m2 

for the satellite solar panel in GEO (Case S2). 

3.2 SKY BRIGHTNESS 

Scattering which produces sky brightness can be derived for any point 

in the sky by determining the light which illuminates that point and the amount 

of that light which is scattered in the direction of the observer. Integration 

of all such points along the observer's line of sight yields the total light 

which the observer receives. This approach is formalized in the derivation 
8 

by Tousey and Hulburt. Without reproducing their procedures, the 

resulting expressions are summarized below. 

The intensity of the sky at any location as perceived by the observer 

is expressed as the sum of two contributors, 

B = B + B 
P m 
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where BP is the intensity due to single scattering of the light from the major 

source, such as the sun, and Bm is the brightness due to other less intense 

sources such as earth reflections and multiple scattering, typically about 

1/4 that of BP. 

By assuming that the sky is composed mostly of molecular scatterers, 

the following expression for BP was obtained: 

1- 0 2 + ITT cos ¢ 

1-6 
3 + l+& 

exp (-Bx sec [,) - exp(-B x1 sec E,) 

1 - sec 1:; cos [, 

where s' is the absorption coefficient of the effective ozone region, B is the 

visual attenuation coefficient, o is the ratio of the weak to the strong polarized 

component, I
0

' is the irradiance at the top of the atmosphere, and¢. 1:;, x1 , and 

E, are geometric relationships defined in Figure 31. This expression with the 

assumptions made which simplify the expression to this form were found to be 

accurate to within about 4% for E, and 1:; = 75°, except for the molecular sky as

sumption. To account for particulate scatter it was necessary to increase the 

scattering coefficient from a theoretical value of .0126/km to .017/km. 

An expression for B was similarly derived, resulting in the following m 
expression: 

where a1 and b1 are the downward flux and the upward flux, respectively, 

of light from the secondary sources, evaluated at x1 , and b
0 

is the upward 

flux evaluated at the surface of the earth. The other variables are as 

defined previously. The fluxes are obtained by the following expression: 

a 
I

0 
cos 1:; 

l t {(l + gt) (C - CX) - gx(C - CT+ T)} + g 

b = 
I

0 
cos 1:; 

l {(l +gt) (C - ex+ X) - (gx + l - r) (C - CT+ T)} + gt 
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where g = (1 - r) (1 - n) 

I I' exp(-B' sec i'.;) 
0 0 

c n + (1-n) cos i'.; 

X = exp (-sx sec i'.;) 

T = exp (-St sec i'.;) 

and t is the equiva1ent tota1 thickness of the atmosphere reduced to 

ki1ometers of air at standard temperature and pressure. 

A samp1e result may be obtained by using the following values for the 

variables: 

t = 8 km 

x1 = 5.5 km 

r = .2 

C, = .04 

s· = .023 

B = .017/km 

I ' 13600 footcandles (lumens/ft2) 
0 

Table 4 gives the theoretical sky brightness and polarization7 for 

several locations of the sun and the observer. The values of Table 4 may be 

scaled linearly from the intensity of the sun to the intensity of the SPS 

reflections since the irradiance is simply a constant multiplier in all 

of the intensity expressions. Since Table 4 provides intensity in lumens/ft2 , 

a conversion to watts/m2 is convenient. For the solar spectrum and the 

sensitivity of the eye, the conversion is closely a factor of 10, that is, 

watt/m2 
= 10 lumens/ft2. 

The sky brightness due to the sun can be obtained directly from Table 4 

(by interpolation if necessary). The sky brightness caused by some other 

bright object can be obtained also since the sky brightness values of the sun 

and object will be in the same rate as that of the intensity of the sun to 

the bright object. 

Using this approach is actually only a good approximation to the sky 

brightness since the derivation of the relationships assume that the source 

illuminated the entire depth of the atmosphere with parallel light. This is 
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Table 4. Theoretical Sky Brightness and Polarization 7 

at 10,000 Foot Altitude in Clear Air (B = 0.017) 

Zenith Angle of Sun s=0°,All z 

[, BP Bm y 

oo 123 24 l.00 
10° 123 24 .98 
20° 133 25 .90 
30° 134 27 .79 
40° 137 31 .66 
50° 145 36 .53 
60° 163 46 .39 
70° 204 64 .28 
75° 2 6 81 .24 
80° 330 111 .21 

Zenith Angle of Sun s 30° 

z = oo z = 45° z = goo z = 135° z = 180° 

s B B y B B y B B y B B y B B y p m p m p m p m p m 

oo 116 21 .79 116 21 .79 116 21 . 79 116 21 .79 116 21 .79 
10° 126 21 . 91 123 21 .86 116 21 .77 110 21 .69 l 07 21 .66 
20° 138 23 .98 123 22 .90 117 22 . 72 105 22 .57 l 01 22 . 51 
30° l 51 ;::4 l.00 141 24 .89 119 24 .64 l 02 24 .44 97 24 .38 
40° 166 27 .98 152 27 .83 123 27 .54 l 03 27 .33 97 27 .27 
50° 188 32 .91 169 32 .74 133 32 .43 111 32 .24 106 32 .20 
60° 221 40 .79 196 40 .62 154 40 .33 132 40 .18 130 40 .17 
70° 283 56 .66 251 56 .50 190 56 .24 184 56 . 17 189 56 .20 
75° 338 71 .59 300 71 .44 242 71 .22 233 71 .18 246 71 .23 
80° 440 96 .53 401 98 .41 325 98 .19 329 98 .20 353 98 .27 

Zenith Angle of Sun s = 600 

z ::: 0° z = 45° Z = 90° z = 135° z = 180° 

s BP 8 y B B y BP B y BP B ,y BP B y 
m p m m m m 

oo 79 14 .35 79 14 .35 79 14 .35 79 14 .35 79 14 .35 
10° 90 14 .50 86 14 .43 80 14 .34 74 14 .26 72 14 .26 
20° 105 15 .64 97 15 .54 82 15 .33 72 15 . 19 70 15 .16 
30° 125 16 .78 111 16 .61 86 16 .30 75 16 . 15 74 16 .14 
40° 150 18 .90 120 18 .68 94 18 .26 83 18 .14 85 18 .16 
50 185 21 .98 154 21 .68 l 07 21 .22 100 21 .15 108 21 .24 
60° 233 26 l.00 189 26 .65 128 26 . l 0 130 26 .20 149 26 .35 
70° 325 37 .98 260 37 .62 176 37 .16 197 37 .28 237 37 .49 
75° 404 46 .94 321 46 .58 220 46 .15 260 46 .32 317 46 .57 
80° 541 64 .90 429 64 .55 300 64 .14 371 64 .37 460 64 .64 
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Table 4. Theoretical Sky Brightness and Polarization 7 

at 10,000 Foot Altitude in Clear Air (B = 0.017) 
(continued) 

Zenith Angle of Sun s = goo 

z = oo z = 45° Z = goo z = 135° z = 180° 

~ BP Bm y BP Bm y BP Bm y BP Bm y BP Bm y 

oo 60 8 .16 63 8 .16 60 8 .15 60 8 .16 60 8 . l 0 
10° 67 g .26 65 9 .22 61 9 .15 58 9 .11 58 9 . l 0 
20° 78 9 .40 72 9 .30 63 g .15 60 9 .13 60 9 . l 0 
30° 94 10 .55 84 10 .38 68 10 .14 65 10 . 11 69 l 0 .16 
40° 117 11 . 71 100 11 .47 75 11 .13 77 11 .16 84 11 .25 
50° 150 13 .84 123 13 .53 87 13 .12 95 13 .21 111 13 .39 
60° 200 16 .94 159 16 .60 109 16 .11 129 16 .29 157 16 .54 
70° 284 22 .99 221 22 .57 149 22 . l 0 l go 22 .37 240 22 .70 
75° 366 28 l .00 283 28 .58 198 28 . l 0 252 28 .42 322 28 .77 
80° 500 39 .99 386 39 .57 262 39 . l 0 357 39 .46 459 39 .84 
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not strictly true for the reflected light from SPS. For t~e specular 

component of the reflection, only a narrow cone in the atmosphere is 

illuminated, leaving most of the sky essentially unaffected to the extent 

that multiple scattering can be neglected. However, as is shown in Figure 20, 
the angular distribution of the diffuse component of the reflection is 

fairly flat. Any point in the line of sight of the observer is therefore 

illuminated by about the same intensity. This is then nearly equivalent to a 

source such as the sun which illuminates the entire atmosphere with parallel 

light of the same intensity. Multiple scattering is treated by the same adjust

ments as were made for the sun. For the general case where the observer's line 

of sight does not intersect the specular component of the reflection, the sky 

brightness can be obtained from Table 4. 

To obtain the sky brightness of Satellite Power System vehicles, the 

ground irradiance H is scaled to the direct solar irradiance by the formula 

I(W/m2) = B (lumens/ft2} l W/m2 

10 lumens/ft2 
H (W/m2) 

1400 W/m 2 

As an example of the procedure, consider the diffuse reflection intensity 

of 8 x 10- 7 W/m2 from the SPS solar panels in GEO (02). At an apparent ppint 

in the sky of~= 30°, s = 60°, and Z = 45°, Table 4 gives B_ =BP+ Bm = 
111 + 16 = 127 lumens/ft2 . Thus I= 7.3 x 10-9 W/m2 , and the sky irradiance 

is 0.9% of the direct irradiance from SPS. 
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4.0 CONCLUSIONS AND RECOMMENDATIONS 

4.1 CONCLUSIONS 

The ground illumination from sunlight reflections off the Space Power 

System spacecraft have been evaluated for the Baseline Design. A variety of 

configurations, orientations, and operational conditions were considered in 

this analysis. Because of the expectation that these vehicles will be viewed 

by many ground observers, those conditions that are thought to produce the 

brightest ground irradiance have been selected for evaluation. For the most 

part, only normal operations with controlled orientations have been assumed; 

however, a couple out of control abnormal orientations are also treated. A 

summary of ground irradiance levels that have been calculated is presented in 

Table 5. 

The large size of the Space Power System elements causes even diffuse 

reflections to appear as very bright light sources. The present Baseline 

vehicles are held together by beams that are painted with highly reflective 

material. However, the dominant surfaces for reflected light are the solar 

panels of the OTV and SPS. These areas consist of highly specular, low 

reflectivity cover glass over dark absorbing cells on the front side and shiny 

aluminized plastic dielectric on the back (see Tables 2 and 3). Consequently, 

most of the reflected light is very directional; diffuse reflections are 

proportionately much dimmer due to a lack of large diffuse surfaces. 

The diffuse cases summarized in Table 5 are all relatively bright in 

comparison with stellar sources. For example, the SPS in GEO is ccmparable 
to the stellar magnitude of Venus at its brightest. The OTV/SB combination 

in LEO is visible during daylight hours but, of course, is at too low an 

altitude to be illuminated at night. 

The specular cases cited in Table 5 produce much brighter ground illumina

tion. However, this irradiance is restricted to small, fast moving spots. The 

actual duration of these 11 glints 11 of specular reflections varies from about 

one second for the OTV/SB in LEO to two minutes for the SPS antenna. An 

important consideration is the sudden onset of the specular irradiance compared 

to the much dimmer diffuse irradiance. Enhancements of 105 are common. An 
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Case 

Table 5. Summary of Ground Irradiance 

Condition 

Midday M 
Dawn/Dusk D 
Night N 

Range 
km 

Controlled Orientation - Worst Case Geometry 

Diffuse 
2 

3 

4 

Specular l 

2 

3 

4 

5 

OTV /SB in LEO 
SPS in GEO 

OTV Powered 
Near LEO 

OTV at 2 Re 
4 R e 

OTV/SB in LEO 
around solstices 

fl at front 
solar panels 

flat back 
aluminum 

misaligned front 
(1 .5°) 

misaligned back 
(1 .5°) 

SPS solar panel in 
GEO around equi
noxes 

fl at surface 

misaligned surface 
(50) 

SPS antenna in GEO 
around equinoxes 

OTV Powered 
Near LEO 

OTV at 2 Re 

'l Re 

M 

N 

D 

D 

N 

M 

N 

N 

D 

D 

N 

910 

35,700 

2,570 

11 ,000 

24,700 

910 

35 '700 

36,000 

2,570 

11 '999 

24,700 

Out of Control Orientation - Worst Case Geometry 

Specular 6 

7 

OTV in LEO 

SPS in GEO 

fl at back 
aluminum 

D 

N 

65 

500 

36,000 

Irradiance 

W/m2 

-5 2.4 x 10 

8 x 10- 7 

4 x 1 o- 6 

1.2 

19 

0 .1 

2 

0.03 

0.0003 

0 .01 

0 .19 

0.01 

0.002 

56 

0.4 



exceptionally bright specular reflection is produced by the backside of the 

OTV solar panels during LEO construction. Although perfectly flat solar 

panel surfaces are assumed as worst cases for the OTV and SPS, more realistic 

situations are represented by the curved or misaligned surfaces that are also 

analyzed. 

The truly abnormal conditions that out of control vehicles would create 

are also cited for completeness. There would undoubtedly be many safeguards 

in the orbit mechanics to prevent such an occurrence. It is noteworthy that 

at most the enhancement is only threefold in LEO and 15-fold in GEO beyond 

normal controlled operations. 

So~e perspective on the relative importance of these irradiance levels 

can be derived by a comparison with the solar irradiance. Insolation is 

about 1400 W/m2 , substantially greater than any of the reflections. However, 

the sun is an extended source subtending 32 arc minutes, whereas the OTV in LEO 

subtends 11 arc minutes (500 km altitude) at the most, and well beyond LEO 

both OTV and SPS subtend less than one arc minute, the resolution of the eye. 

Thus, the power density in this direct solar image would be as much as 10-fold 

less than that for the CTV in LEO, and 1000-fold less than the OTV and SPS 

in GEO. 

Apparent stellar magnitudes provide another useful basis for comparison. 

Using the sun as the standard, the formula for the visual magnitude of a 

light source is given by 

2 m = -26.7 - 2.5 log10 [H(W/m )/1400] 

where H is the ground irradiance. Thus, for example, diffuse reflection from 

SPS in GEO (02) has an apparent magnitude of -3.6, and specular reflection from 

the SPS antenna in GEO (S3) has a magnitude of -13.8, comparable to the full moon. 

The methodology for calculating sky brightness created by a diffuse source 

is also presented. This calculation requires elaborate tabular entries that 

are given in Table 4. The sky irradiance for a typical set of observation 

directions, displaced a reasonable angular distance away from the source, is 

on the order of 1% of the direct irradiance from the source. The sky brightness 

for other observation conditions should be evaluated on a case by case basis 

using the tables. 
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4.2 RECOMMENDATIONS 

The worst case conditions in Table 5 have ground irradiance levels that 

may exceed acceptable limits. Evaluation of the ocular irradiance levels 

that correspond to these ground irradiance levels is required to completely 

assess the reflection limitations that will be imposed on the Space Power 

System. Nevertheless, it is prudent to consider options for reduction of 

reflected sunlight from these vehicles. Possible methods for reducing 

reflections fall into three major categories. 

Vehicle Orientation. Since the major ground illumination is produced 

by large flat surfaces on the OTV and SPS, it is appropriate to inquire 

about reorienting the vehicles to direct specular reflections away from earth. 

Since solar power collection falls with the cosine of the tilt angle, for 

example, an 8° tilt of the solar panels causes a 1% power loss, but specular 

reflections are shifted 16° off the sun-earth direction. 

In the case of the SPS, if modest power losses can be tolerated on its 

solar panel, specular reflections can be eliminated. Specifically, it requires 

a 5° tilt at geosynchronous altitude for specular reflections to pass over the 

north or south pole. If the solar panels are misaligned ~3° from a perfectly 

plane surface, an 8°tilt would assure no specular light is returned to earth 

from the SPS solar panels. The SPS antenna reflections will necessarily strike 

earth2 due to ground receiver pointing requirements, but other modifications 

are suggested below to alleviate this ground irradiance. 

Similar power-reflection tradeoffs are workable for the OTV during its 

transit. Near LEO, the tilt constraint is quite small (a few degrees) since 

the vehicle is eclipsed. Orbit inclination considerations are required to 

evaluate the tilt profile during the full LEO to GEO transit. The construction 

phase requires OTV solar panel orientation to be in the orbit plane to reduce 

atmospheric drag, and therefore no reorientation seems feasible. 

Surface Curvature. Most of the large surfaces that produce strong 

reflections are nominally flat in the Baseline Design. In practice, however, 

the vehicles are expected to flex under thermal and propulsion loads causing 

some misalignment of flat elements. Intentional misalignment of large solar 
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panels is also feasible. Both conditions will spread specular reflections 

and reduce the local intensity of ground irradiance by distributing the 

light over a larger area. For example a 5° misalignment results in a 100-

fold reduction in ground irradiance (see equation 2). This misalignment 

would, of course, be counterproductive to the vehicle reorientation discussed 

above. 

Many other structural surfaces in the Space Power System spacecraft are 

nominally flat for structural convenience alone. Specular reflections from 

structural beams, astronaut housing on the SB, thermal control surfaces, 

and propellant storage systems might be drastically curtailed by introducing 

surface curvature. Diffuse reflections are relatively unaffected by this 

procedure. 

Surface Quality. The Baseline Space Power System Design includes many 

surfaces that have specular characteristics in visible light. This surface 

quality can be altered for some of the applications without affecting the 

serviceability of the element. For example, the surface of the SPS antenna 

is an electrical ground plate that presently is polished aluminum; but its 

electrical properties at the microwave frequencies of interest would not be 

affected by surface roughening (etching) on the scale size of visible wave-

1 engths to create a diffuse reflector. 

Another large shiny surface is the aluminized backside of the solar 

panels on OTV. These surfaces might be painted without affecting the thermal 

or electrical quality of the system. Other smaller structures might be con

verted from specular to diffuse reflectors by etching or coating the material. 

The front side of the solar cells is covered with glass for ionizing radia-

tion protection; its specularity might be reduced by use of nonglare glass 

that has an optically rough surface. These reductions in the specular 

components reappear, of course, as slight enhancements to the diffuse components 

of reflected light. 

Clearly there are options available to reduce ground irradiance from sun

light reflections off the Space Power System spacecraft. How effective they 

would be and how practical they are for overall performance and cost remains to 

be assessed. 
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E REM 
80 REM 

APPENDIX A COMPUTER CODE FOR VECTOR ROTATIONS 
UNIT VECTOR kOTATlUN PROGRAM 

90 REM INITIALIZATION 
100 DIM B(J,31,cc3,31 
101 DIM [I( 1,31 
102 DIM ZC1.J> 
105 DIM AC3'31 
107 REM NOTE THE USE OF MAT STATEMENTS FOR MATRIX ALGEBRA 
110 MAT A = ![IN 
140 MAT Z = ZER 
150 z ( 1, 3) = 1 
200 PRINT 'THIS PROGRAM ROTATES UNIT VECTORS AROUND LOCAL AXES AND TELLS YCU' 
210 PRINT 'THE DIRECTION COSINES IN TERMS OF YOUR ORIGINAL COORDINATES,· 
220 PRINT 'THE UNIT VECTOR ALWAYS STARTS POINTED IN THE Z-DIRECTION OF A' 
230 PRINT 'Z = X CROSS Y SYSTEM,' 
240 PRINT 
289 REM 
290 REM 
300 PRINT 

INTERROGATION ROUTINE 

320 PRINT 'TYPE IN DESIRED ROTATION BY SPECIFYING!' 
330 PRINT ' AXIS• ANGLE IN DEGREES' 
340 PRINT 'TO QUIT ROTATE ABOUT AXIS "Q•,• 
350 INPUT U$, V 
360 A = -2*PI*V/360 
370 S = SIN<A> 
380 C = COSCA) 
390 MAT B IflN 
400 IF U$ 'X' GOTO 600 
410 IF U$ 'Y' GOTO 700 
420 IF U1 'Z' GOTO 800 
430 IF U$ 'Q' GOTO 10000 
440 PRINT 'YOU DID SOMETHING WRONG; TRY AGAIN,' 
450 GOTO 300 
598 REM 
599 REM X-ROTATION ROUTINE 
600 B<2•2> = C 
605 B<3r3) = C 
610 B<2•3>=-S 
615 B<3•2>=S 
690 GOTO 1000 
698 REM 
699 REM 
700 B< 1' 1 l 
705 B<3•3> 
710 B<l•3> 
715 B<3'1> 
790 GOTO 1000 
798 REM 

Y-ROTATION 
c 
c 
s 
-s 

ROUTINE 

799 REM Z-ROTATION ROUTINE 
800 B<l•l> C 
805 B<2•2> = C 
810 BC1•2>=-S 
815 B<2'11=S 
890 GOTO 1000 
998 REM 
999 REM MATRIX MANIPULATIONS 
1000 MAT C = A * B 
1002 FDR I = 1 TO 3 
1003 FOR J= 1 TO 3 
1004 IF ABS<C<I•Jll < lE-15 THEN C<I•J> 
1006 NEXT J 
1007 NEXT I 
1010 MAT A 
1015 MAT B 
1030 MAT D 
1998 REM 
1999 REM 
2000 PRINT 

c 
TRN (Cl 

Z * B 

OUTPUT ROUTINE 
x 

2010 PRINT D<l•l>•D<1•21,D(l,31 
2400 PRINT 

y 

0 

Z' 

2500 GOTO 350 
9910 F:EM THIS PROGRAM WAS WRITTEN AND USED BY RAY SPERBER 
9920 REM 
9930 REM 
9940 REM 
9950 REM 
10000 END 
E> 

OF THE BOEING AEROSPACE COMPANY IN JANUARY 1980 TO 
CALCULATE DIRECTION COSINES FOR SOLAR POWER SATELLITE 
REFLECTANCES, THE LANGUAG~ IT IS IN IS BASIC AS IMPLEMENTED 
ON A DEC PDP 11/70 WITH AN RSTS-11 OPERATING SYSTEM, 
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APPENDIX B 

RADIANT QUANTITIES AND UNITS 

There are two unit systems for measuring light quantities. The radiant 

quantities are derived from a measurement of energy, i.e., that which is 

measured by a thermal detector. Photometric quantities are based on visible 

radiation that is measured by the response of the eye. Table B.l lists the 

radiant quantities with their definitions, units, and the usual symbol by 

which it is known. Table B.2 is the parallel chart for luminous quantities 

and is arranged such that the quantities as numbered correspond to the radiant 

counterpart under the same number in Table B.l. 

This study will use the radiant system. To avoid possible confusion 

a brief description of each of the listed quantities is provided to clarify 

what is intended when a quantity is used in this study. 

The radiant energy is the basic unit from which the system is derived. 

This study will use the MKS system of units which makes that energy unit 

the joule. Note that the term radiation is often a synonym for radiant 

energy. The radiant energy density is, as implied, the energy per unit 

volume. This unit is seldom used anu is included here only for comparison. 

The radiant flux is the time rate of energy transfer tu or from a surface. 

A common synonomous phrase is radiant power, or just power. 

The radiant flux density is the radiant flux leaving or entering a 

surface per unit area of the surface normal to the directions of the flux. 

When the flux leaves the surface either by reflection or emittance, it is 

called radiant emittance. When it is incident on the surface, it is called 

irradiance. Radiance is the radiant emittance per unit solid angle. 

Radiant intensity is radiance integrated over its surface area so that for 

small surface areas, the radiant flux density measured some distance away 

from the area will conveniently include the energy emitted from the entire 

source. 
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Table B. l. Radiant Quantities, Conventional Notation 

Symbol Definition Unit 

1. Radiant energy u joule 

2. Radiant energy u dU joule 
density dV meter3 

3. Radiant flux p dU watt dt 

4. Radiant flux w or H dP dP watt 
density dS or dA 

meter2 

a. Radiant w dP watt 
emittance dA meter 2 

b. Irradiance H dP watt 
dA meter2 

5. Radiance N d2P watt 
cos 8 dS d~ ster meter 2 

6. Radiant intensity J 
dP watt 
d~ ster 

s = area of emitting surface 

A = area of receiving surface 

v = volume 

~ = solid angle 

e = angle between the normal to the surface and the direction 
of the emitted ray. 

I 
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Table B.2. Luminous Quantities, Conventional Notation 

Name Symbol Definition Unit 

1. Luminous energy Q f F dt 1 umen-sec 

2. Luminous energy q _g_Q_ lumen-sec 
density dV meter3 

3. Luminous flux F lumen 

4. Luminous flux L or E dF dF lumen 
density dS or dA 

meter2 

a. Luminous L dF 1 umen 
emittance dS meter 2 

b. Illumination E dF 1 umen 
or ill umi- dA meter 2 
nance 

5. Luminance B d2F candle 
cos e dS dn 2 or 

meter 

lumen 

meter2 steradian 

6. Luminous I dF candle or 
intensity drG 

lumen 
steradian 
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