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VECTORIAL REFLECTANCE OF THE EXPLORER IX SATELLITE MATERIAL 

By Gerald M. Keating and James A. Mullins 
Langley Research Center 

SUMMARY 

/Reflectance measurements were made at different azimuth and colatitude 
angles relative to flat samples of the aluminum and white epoxy paint surfaces 
used on the Explorer IX satellite by means of an adapted monoplanar goniopho- 
tometer.  Contour charts of the reflectance from these samples were obtained 
from the results of these measurements. Reflectance relative to mutually per- 
pendicular axes was obtained by graphical integration of the contour charts. 
The vectorial summation of the reflectance was thus obtained. The aluminum 
sample was found to be essentially a specular reflector and the white epoxy 
paint sample was found to be essentially a diffuse reflector. / 

INTRODUCTION ^ 

^        A 
(The Explorer IX satellite\(refs. 1 and 2)/Ts"used to infer atmospheric 

density at perigee altitudes^from the energy decay of the satellite. Since the 
energy changes of the satellite due to solar radiation forces through most of 
its lifetime have been of the same order of magnitude as the energy decay due 
to aerodynamic drag, it is essential for accurate determination of density that 
the solar radiation force upon the satellite be known. 

The radiation force upon the satellite could have been determined by meas- 
uring the forces on irradiated satellite material by means of a torsion balance. 
Unfortunately, no instrument of sufficient precision was available; thus, a 
study of the reflective characteristics of the material, from which the radia- 
tion force may be easily deduced was required. 

The determination of the rate of momentum transfer or force due to inci- 
dence of parallel photons is quite straightforwardj (See ref. 3.) /'The reaction 
force produced by the reflection of photons^is not solely dependent on the 
fraction of photons reflected or hemispherical reflectance, but in addition, on 
the directions at which photons are reflected. Therefore, the force due to 
reflection of light is dependent on the vectorial summation of the reflected 
light or vectorial reflectance. 

The results of a literature survey did not yield a previous determination 
of reflectance as a function of azimuth and colatitude for Explorer IX material 
nor were equations available which accurately predict the amount of light 
reflected in each direction.  It was, therefore, considered necessary to obtainj 



/measurements of the spatial distribution of reflected light from samples of the 
Explorer IX material at different angles of incidence so that momentum exchange 
due to reflection could he more accurately evaluatedU These measurements were 
made under contract to the National Aeronautics and Space Administration by the 
National Bureau of Standards (NBS). fTELs report describes the measurements 
that NBS was requested to make and presents the analysis mad_ejat the NASA 
Langley Research Center. ^ ~~J 

SYMBOLS 

area, cm^ 

c       speed of light in vacuum, cm (sec)" 

f       focal length, cm 

F       force, dynes 

H       incident power per unit area normal to direction of propagation, 
erg (cm)"2(sec)--1- 

hv      energy of a photon (Planck's constant times the frequency of the 
photon), ergs 

i       angle of incidence, deg 

i       unit vector along positive X-axis of figure 1 

j       unit vector along positive Y-axis of figure 1 

j(0,\|r)   radiant intensity of reflected light in direction 0,i|r (eq.. (8)), 

ergs (steradian)"-L(sec)" 

J       radiant intensity of reflected light, ergs (steradian)_1(sec)" 

k*       unit vector along positive Z-axis of figure 1 

L       unit vector denoting direction of photon 

m,n     integers 
—> /  ■>-1 
P       vectorial summation of radiant power, ergs (sec; 

PT      magnitude of parallel incident power, ergs (sec)" 

Pe o R   radiant power reflected within 2-5° of angle of specular reflection, 
b> 2 r      \-l ergs (sec; -1- 



r       vectorial reflectance (eq.. (5)) 

R       reflectance per unit solid angle normal to sample, (steradian)- 

lf(0,t)   reflectance per unit solid angle in direction 0,\|r (eq.. (12)), 
(steradian) ~*- 

S*      unit vector in direction of specular reflection, unitless 

X,Y,Z    coordinate axes 

a       angle measured clockwise in plane of measurement (that plane defined 
by optical axes of light source and photometer) from light source 
to photometer (fig. 5),  deg 

On      angle measured clockwise in plane of measurement (that plane defined 
by optical axes of light source and photometer) from light source 
to projection of normal to sample (fig. 6), deg 

a' angle measured clockwise in plane of measurement (that plane defined 
by optical axes of light source and photometer) from projection of 
normal to sample to photometer (arc MP of fig. 6), deg 

ß       angle measured clockwise in plane of measurement (that plane defined 
by optical axes of light source and photometer) from light source 
to right horizontal axis of rotation of sample (fig. 5), deg 

7       tilt angle of sample plane (fig. 5), deg 

r\ angle between plane of measurement (that plane defined by optical 
axes of light source and photometer) and X,Z plane of figure 1 
(fig. 6), deg 

9       angle of vectorial reflection, measured in X,Z plane of figure 1 
from -Z toward -X, deg 

(f> colatitude angle measured from normal to sample (fig. l), deg 

\|r azimuth angle measured as shown in figure 1, deg 

ti solid angle, steradian 

Subscripts: 

D diffused component of light 

i summation index 

I incident light 

R reflected light 



S       specular component of light 

(/) at angle 0 

n       normal to sample 

THEORY OF RADIATION FORCE 

The coordinate system used in this discussion is illustrated in figure 1. 
The X,Y plane is in the plane of the sample, with the X-axis along the projec- 
tion of the incident ray on the sample plane. The sample is placed on an 
opaque sample holder, which permits illumination of only one side of the sample. 
The -Z-axis is normal to the illuminated side of the sample. The X,Z plane 
contains the incident ray and is called the incident plane. 

Some angles pertinent to the discussion are shown in figure 1. The angle 
of incidence is defined as the angle "between the normal to the material and the 
incident ray. Positions at which measurements are made are expressed in terms 
of the colatitude angle (j)    measured from the -Z axis, and the azimuth angle i|r, 
measured from the plane of incidence in a clockwise sense about the -Z axis to 
the plane containing <ß. 

If hvj_/c is the magnitude of momentum of the ith photon and L^_ is a 

unit vector in the direction of propagation of the ith photon, the summation of 
momenta of n photons may he expressed as 

I Si Ü CD 
i=l 

Consider a flux of n photons per unit time incident upon flat surface A. Then 
—■» 

the momentum flux or force F-j- upon surface A due to incidence of photons, 

excluding the additional momentum transfer due to reflection, is 

F 

i=i 

where P-j- is the vectorial summation of incident radiant power. 

Similarly, if m photons per unit time are reflected from surface A, the 

reaction force FR upon the surface due only to the reflection of photons is 



m 

FR | £ hVÄ » " | ?R (5) 
i=l 

where PR is the vectorial summation of reflected radiant power. 

-> 
The total radiation force F acting on surface A, thermal emission being 

neglected, is given by the vectorial summation of forces due to incidence and 
reflection. 

F = Fj- + FR - ££ - %) W 

It is convenient to determine radiation force in terms of the vectorial reflec- 

tance of a material r which is assumed to be dependent on the direction but 
not on the magnitude of the incident radiant power. Vectorial reflectance is 
defined for parallel incident light and is the vectorial summation of reflected 
radiant power divided by the magnitude of the incident radiant power. 

?S ^ (5) 
PI 

where P-j- is the magnitude of parallel incident radiant power. In the case 

under consideration where all incident power is parallel, the radiation force 
on area A is 

—» 
F - ££ - ?) i6) 

where Lj is a unit vector in the direction of the incident light. P-j- may be 

measured in terms of the incident power per unit area H and r may be meas- 
ured in terms of the radiant intensity of reflected light in each direction 

j(0,t)- If parallel light of measured power per unit area H is incident at 
angle of incidence i on area A, then 

P-j- = H(cos i)A (7) 

->. 
Let J($,t) represent the measured reflected power per unit solid angle 
reflected in direction $,\|r. 

-»..._ a?R 
jW,rt S 55" (8) 

where dfi is a differential solid angle. 



It is convenient to determine r* in terms of R(0,i|r), where 

%*•« ■ f ■ Hf (9) 

in light of this definition, 

pH?     pt=2* _^ 
r =    / / R(0,i|r)sin 0 d0 di|r 

^ 0=0     ^ \|f=0 

(10) 

—> —> —> 
Define mutually perpendicular unit vectors i, j, and k along the positive 
X, 1,  and Z axes, respectively, shown in figure 1. Then 

5t0,i|r) = Rt^^)| sin 0 (cos t) i*+ sin 0 (sin i|r) J - (cos 0) k 

Substituting equation (ll) into equation (lO) yields 

(11) 

—>       -r> r = 1 
0=£    rt=2* 

0=0     J\|r=0 
|Rt^,t)| sin20 cos if d0 di|f 

+ j 
,04     rt=2rt 

/      ^     / R(0,t)| sin20 sin i|r d0 dt 
^$=0     ^ilr=0 

r0=§   r,l|f=2Ä 
- k /     /     R(0,y)| sin 0 cos 0 d0 di|r 

^0=0  JiH) 

(12) 

-» —> 
If symmetry with respect to the i,k plane is assumed, 

J*   / / |R(^t)| sin20 sin \|r d0 di|r = 0 
J0=0     ^i|r=0 

(13) 

Finally, 

Lj  = -(sin 1)1 + (cos i;k (1*0 



APPARATUS 

Test Samples 

["The Explorer ix] satellite (fig. 2) {Ls essentially a spherical balloon made ^ 
of a four-ply ^ina£e of alternate layers of 0-5-mil (0.00127 cm) 11^5 aluminum 
and plaint e fiTm"with the aluminum surface on the outside of the balloon. Two- 
inch-diameteFTf^oS cm) dots of white ^epoxy" paint uniformly cover^l8 percent of 
the 12-foot-diameter (365.76 cm) aluminum surface. Therefore, samples of the 
four-ply laminate and of the four-ply laminate coated with vhite epoxy paint 
were prepared. The paint, a white epoxy enamel, was sprayed onto the aluminum 
samples to the consistency used on Explorer IX and then cured by baking for 

1 hour at 300° F (^22° K). 

The aluminum and white paint samples were glued to flat aluminum-alloy 
plates 5 inches X 5 inches X l/k  inch (12-70 cm x 12.70 cm X 0.635 cm) in vacuo 
to minimize the number of dust particles being trapped beneath the samplesj 

•KB; 

Goniophotometer 

The apparatus used to measure the distribution of reflected light was the 
S manual monoplane goniophptometerpj (See ref. 4.) The instrument is com- ——3 \g 

posed of three parts: the source unit, the sample housing, and the collector 
unit. It may be seen in figure 3 that light passes from a 2,85^° K tungsten 
source through a focusing lens whose focal point is at a variable source aper- 
ture (2.5 mm in diameter) which is also at the focal point of the collimating 
lens (f = 11^ mm). The light passes through the collimating lens and the 
resultant beam of parallel light, limited by a circular aperture diaphragm to 
3 centimeters in diameter, is reflected from the sample. In order to measure 
the intensity of light at a given angle of reflection, a collector lens 
(f = 536 mm) which sees the entire illuminated portion of the sample focuses 
all light reflected at a given angle upon a receiver aperture. The reflected 
light passing through the receiver aperture is then measured by means of a 
photometer unit. The small solid angle subtended by the receiver aperture is 
the receiver aperture area divided by the square of the focal length of the 
collector lens. 

The photometer unit used throughout the measurements employed an a-c modu- 
lated blue sensitive S-k  phototube and an a-c amplifier. The photometer was 
found to have a linear response over the range of values measured. 

A photograph of the apparatus is shown in figure h.    The collector unit 
and specimen holder are free to rotate about a vertical axis passing through 
the center of the sample. The collector unit is limited to 330° rotation and 
the specimen holder may rotate 3600. Normally, a monoplanar goniophotometer 
can measure reflectance only in the plane defined by the optical axis of the 
source unit and a normal passing through the center of the sample. In order 
that reflectances could be measured in any plane, the sample housing was modi- 
fied so that the specimen holder could rotate 3600 about a horizontal axis in 
the plane of the sample passing through its center. 



For the diffusely reflected light, the intensity was low enough to allow 
the phototube to be placed directly behind an 8-millimeter-diameter receiver 
aperture. It was assumed for the measurements made that the reflectance per 
unit solid angle measured was the reflectance per unit solid angle at the center 
of the solid angle subtended. 

In order to measure the intensity of light in the vicinity of specular 
reflection, the phototube could no longer be placed directly behind the receiver 
aperture and was, therefore, placed on the side of an 8-inch-diameter (20-32 cm) 
BaSO^ coated diffusing sphere shown in figure k. 

The light in the vicinity of specular reflection was measured by centering 
the receiver aperture on the specular peak. Six circular apertures subtending 
half-angles of 0.5°, 0-75°, 1°, 1-5°. 2°, and 2.5° were used. By making such 
measurements with circular receiver apertures of different diameters, the dif- 
ferences in the power received could be used to determine the variation of 
radiant intensity in the immediate region of specular reflection. 

The photometer was calibrated for diffuse reflectance measurements by 
measuring light reflected normally from a magnesium oxide plaque illuminated 
with light incident at ^5°. At this particular angle of reflection, the same 
amount of light is reflected as from a perfectly reflecting, perfectly dif- 
fusing reflector. Therefore, the theoretical reading for the incident beam 
could be deduced. The photometer was calibrated for specular reflectance meas- 
urements by taking a direct reading of the incident beam. 

MEASUREMENTS 

Determination of Representative Angles of 

Incidence and Reflection 

In order to minimize the number of measurements necessary to determine the 
reflective properties of the Explorer IX material, representative angles of 
incidence and reflection were chosen. 

The projected area of the spherical satellite was divided into five equal 
concentric areas about the satellite-sun line upon each of which an equal amount 
of solar energy is incident. A circle was chosen for each projected annular 
area such that half of the area and thus one-half the solar energy fell on each 
side of the circle. The angles of incidence corresponding to the radii of 
these circles were chosen as those to be investigated. It follows that the 
angles of incidence i are given by the equation 

x = arc sin - IN1/2 /2n_I_l) ' (n = 1,2,3,4,5)   (15) 

8 



It was assumed that the diffuse reflection pattern follows the Lambert 
cosine law 

J0 = Jn cos $ (l6) 

where Jn and Jd    are reflected intensities normal to the sample and at 

angle (/>,  respectively. 

An imaginary hemisphere was constructed about an illuminated elemental 
area. Four concentric zones were constructed on the hemisphere such that each 
zone contained one-quarter of the diffusely reflected light if a Lambertian 
distribution is assumed. A colatitude angle was chosen for each zone such 
that half the light reflected through each zone was above and half below the 
colatitude angle. The colatitude angles 0 may be written as 

0  = arc  sinp^l)l/2 (n = 1,2,3^) U7) 

To minimize the number of measurements, it was assumed that the reflection 
of light was symmetrical about the plane defined by the incident ray and the 
normal to the material. Therefore, azimuth angles \|r were selected only 
between 0° to l80°. In accordance with the Lambert cosine law, the diffuse 
reflectance was assumed to be independent of azimuth angle. Therefore, each 
concentric area was divided into four segments between \|r = 0° and l80°, and 
each segment was of the same angular extent in azimuth. An average azimuth 
angle was chosen midway between the extremities of each segment. Therefore, 
azimuth angles were chosen as follows: 

t-f^W        (n= 1,2,3^)   (18) 

All combinations of inclination, azimuth angle, and colatitude angle dis- 
cussed were investigated to determine the diffuse reflection properties of the 
aluminum and white epoxy paint and for each material constituted 80 measurements. 

In order to investigate the specular reflection from each sample, the area 
in the immediate vicinity of the angle of specular reflection was investigated. 
The angle of specular reflection is at a colatitude angle equivalent to the 
angle of incidence and at an azimuth angle of l80 . 

In order to investigate the transition region between specular and diffuse 
reflection, measurements were made in the near vicinity of specular reflection 
along the plane defined by the incident ray and the normal to the material, and 
including the specularly reflected ray. 



Apparatus Settings 

Apparatus settings of the angles a, ß, and 7 may "be calculated so that 
the sample is properly oriented relative to the light source and photometer for 
the required angles of i, $,  and \|r. 

Shown in figure 5 is a schematic diagram of the apparatus settings of the 
goniophotometer. The optical axes of the light source and photometer define 
the plane of measurement. The angle a is measured clockwise from the optical 
axis of the light source to the optical axis of the photometer. The angle ß 
is measured clockwise in the plane of measurement from the optical axis of the 
light source to the right horizontal axis of rotation of the sample holder. In 
order that reflectances may be measured outside of the plane defined by the 
optical axis of the light source and the normal to the material; an adaption 
was made to the instrument such that the sample could be tilted relative to the 
vertical axis of rotation. The tilt angle ~j    is measured from the vertical 
axis of rotation to the axis in the plane of the sample which is normal to the 
horizontal axis of rotation. In order that the sample side of the specimen 
plane may be seen simultaneously by the light source and photometer, and since 
0 ^ t %  l80°, 

180° ^ ß < 5600 (19) 

0 ^ a < 180° (20) 

0 < 7 < 90° (21) 

Figure 6 is a schematic diagram of the light source L and photometer P 
relative to the sample plane X,Y. Angles a,    a^,  and 7 correspond, respec- 
tively, to arcs LP, IM, and NM, which are all portions of great circles on a 
hemisphere constructed about the center of the sample, denoted by point 0. 
Angles a and 7 have been previously described in figure 5. The angle 0^ 
is measured clockwise relative to -Z,  the normal to the material, from the 
optical axis of the light source OL to OM, the projection of the normal to the 
material on the plane of measurement. It may be seen in figure 6 that 

ß = ctn - 90° (22) 

The angle a is determined from the oblique spherical triangle LPN. By 
the law of cosines, 

cos a = cos i cos (ft +  sin i sin (/>  cos t (23) 

10 



Therefore, 

a = arc cos(cos i cos (f)  + sin i sin 0 cos \|r) (2^) 

where from equation (20) 

0 % a < 180° 
" ■ 

The angle 7 may he determined from the right spherical triangle LMN as 
follows: 

sin 7 = sin i]  sin i (25) 

The angle T\    may be determined from the oblique spherical triangle LPN. By 
the law of sines, 

sin Tj _ sin if ^6) 
sin 0  sin a 

Substituting equation (26) into equation (25) and solving for y, 

.   /sin ir sin d> sin i\ / 0r,\ 
7 = arc sin I - 1 \^\) 

\ sin a    / 

where from equation (21) 

0 ^ 7 ^ 90° 

The angle a^ may be determined from the right spherical triangle LMN as 
follows: 

cos i = cos On cos 7 (28) 

and 

cos ctn = cos i (29) 
cos 7 

11 



Since equation (29) yields two values of 0^ between -it/2 and it/2, 
further calculations must be made in order to determine a^ uniquely. 

Let' 

a = c% + a' (30) 

where a' is defined to be the arc MP. From the right spherical triangle MPN, 

cos <f>  = cos a' cos 7 (31) 

and 

cos 
arc cos i (32) 

cos 7 

Equation (32) yields two values of a' between -rt/2 and it/2.. 

Although On and a'  given by equations (29) and (32) are double-valued, 
only one combination of values will satisfy equation (30) and ß can then be 
determined from equation (22). 

ANALYSIS 

The measured values of reflectance in the plane of incidence and in planes 
perpendicular to the sample displaced by 22-5° and 67.5° from the plane of inci- 
dence for both the white paint and aluminum samples along with contour plots 
obtained by crossplotting and fairing between the measured values are presented 
in figures 7 to 26 for angles of incidence of l8A°, 33-2°, ^5-0°, 56-8°, and 

71.6°. The planar reflectance data are presented as a ratio of -^— (desig- 
Rn _^ v 

nated — on figs.) and the contour plots are presented in terms of R(0,ty) 
Rn        / 

(designated R). The measured values of Rn plotted against angle of incidence 

are presented in figure 27.  The data were then evaluated for r* by letting 

rtj be the vectorial reflectance within a cone of 2-5° of the angle of specular 

reflection and rjj be the vectorial reflectance of the remaining light. Then 

?=?S + ?D (53) 

12 



where 

s  Pl 

It was assumed that the light in the 2-5° half-angle cones is essentially- 

parallel. The term it. is evaluated by graphically integrating equation (12), 
—> 

R(0,t) dropping to zero at an angle of 2-5° from S, and the integration for 

rj) being carried out in two steps. First, R($,i|r) sin20 and R(0,\|r)sin 0 cos $ 

were graphically integrated with respect to <jb    for constant values of ty. 
Integrals could be immediately obtained from the measured values for i|r = 0°, 
22.5°, 67.5°, 112-5°, 157.5°, and l80° and additional integrals were determined 
from the contour plots. The integrals of 0, multiplied by cos i|r for the 

i component, were plotted against \|r and graphically integrated a second time, 

to obtain the components of r^ along the X- and Z-axes. By summing the com- 

ponents of r^ and r^ along the X- and Z-axes, the direction 9 and the mag- 

nitude  Ir I of r were obtained. 

RESULTS AND DISCUSSION 

Shown In figure 27 is the magnitude of reflectance per unit solid angle 
normal to the surface Rn as a function of angle of incidence i for the alum- 
inum and white paint samples. As may be seen, Rn decreases more rapidly at 
low angles of incidence for aluminum but decreases more rapidly at high angles 
of incidence for white ejooxy paint. For both aluminum and white paint, the 
total diffuse reflection decreased with angle of incidence. 

Shown in figure 7 are values of R(0,\|r)/Rn as a function of 0 for planes 
perpendicular to the white epoxy paint sample for an angle of incidence of 18.4°. 
The dotted lines show the reflection pattern of a diffuse reflector following 

the Lambert cosine law (eq. (l6)). Figure 7(a) shows values of R(0,t)/Rn in 

the incident plane which passes through i = 0° and \|r = l80°, which by defini- 
tion is the plane containing the incident ray and a normal to the sample. The 
polar-log plot shows data points obtained from both specular and diffuse meas- 
urements.  Specular measurements are those in which the BaSOl,. coated diffusing 
sphere was used. Diffuse measurements are those in which the phototube was 
mounted directly behind the receiver aperture. As may be seen, the value 
obtained at the angle of specular reflection (0 = 18.^4-°) is orders of magnitude 
greater than the value at the normal which is defined as 1. 

In figure 7(b), R(0,\|r)/Rn is shown as a function of 0 for a plane per- 
pendicular to the sample but 22.5° away from the plane of incidence.  Because 
of symmetry with respect to the incident plane, measurements at azimuth t ar<2 

13 



equal to measurements at azimuth -t- The polar plot shows only points obtained 

from diffuse reflectance measurements. Note the high value of R(0,ty)/Rn at 
<f>  =21.7° which is in the near vicinity of the specular peak. 

The measurement plane (fig. 7(c)) is 67-5° from the plane of incidence. 
Here, the data points more closely follow the Lambert cosine law. 

In figure 8 are shown contours of E(d,i)    plotted as a function of 0 
and \|r. This plot was obtained by cross plotting the curves of figure 7- The 
general reflection pattern may be seen at once. The circular contours show 
reflectance essentially independent of azimuth angle i|r, except in the region 
of specular reflection where a peak occurs. Although the peak is very high, it 
occurs over a small solid angle. 

Figures 9 and 10 are similar to figures 7 and 8 except that they are 
obtained for an angle of incidence of 35-2°. By comparing figures 8, 10, 12, 
Ik,  and 16, it is seen that the specular peak has increased in angular extent 
and magnitude with an increase in the angle of incidence. 

As in the contours for white paint, the aluminum contours (figs. 18, 20, 
22, 2k,  and 26) show regions of intense reflected light occurring about the 
angle of specular reflection.  However, although there is diffusely reflected 
light, there is no discernible Lambertian pattern for aluminum. There appear_ 
two ridges of intensity in each aluminum contour: one along the plane of inci- 
dence, and a circular ridge occurring at 0 = i. Furthermore, it was noticed 
that a visible cross pattern occurred when light reflected from the sample was 
projected on a screen. It was suggested by the National Bureau of Standards 
that this effect was probably due to the cross grain of the material. 

Values of R(0,t)/Rn 
are Siven as a fun0*1011 of 0 for the aluminum 

sample for an angle of l8.4° in figure 17(a). The circular reflection pattern 
of the diffuse reflector is no longer noticeable.  Scanning all the data of 

Rt0,1r)/Rn in the (b) and (c) parts of figures 17, 19, 21, 23, and 25 indicates 
that a maximum measured value occurs in each plane at the point closest to 
d =  i. As a result, the curves were drawn with peaks at 0 = i. Other peaks 
occur in the vicinity of the normal to the sample where peaks occur for 
Lambertian diffuse reflection. 

In figure 28 is shown a plot of the total reflectance within 2.5° of the 
angle of specular reflection for aluminum and white epoxy paint. As may be 
seen, specular reflection for both aluminum and white epoxy paint increases 
with angle of incidence. The curve for white paint increases slope more rapidly 
as grazing incidence is approached. 

In figure 29 is shown a plot of reflectance per unit solid angle at the 
infinitesimal solid angle subtended at the specular peak. These extrapolated 
values were obtained by plotting reflectance per unit solid angle as a function 
of aperture angle subtended for five concentric apertures about the specular 
peak. The reflectance per unit solid angle at the specular peak increases more 
rapidly with angle of incidence than does rg of the previous figure. 

ll+ 



In figure 30 is plotted ?, total vectorial reflectance, in terms of the 
magnitude and direction as a function of the angle of incidence for aluminum 
and white epoxy paint. The magnitude of vectorial reflectance increases with 
angle of incidence after 33.2° for aluminum, but remains essentially constant 
for white paint. The direction of vectorial reflectance for the aluminum 
sample is never greater than 1° from the direction of specular reflection. For 
low angles of incidence, the vectorial reflectance of white epoxy paint is prac- 
tically normal to the surface. 

The errors due to measurement of  rg  are estimated to be less than 

5 percent. The errors in  r^J  due to measurement and integration are esti- 

mated to be less than 1 percent because of the cancellation of random measure- 

ment errors. The directions of r^ and rD are accurate to within 10 minutes 

of arc and therefore the inaccuracy in the direction of r is primarily due to 

the inaccuracy in Ir^ I. Adding r^ and r^ to obtain r* yields errors of 

less than 5 percent for |r|. 

CONCLUSIONS 

JBased on the data obtained with the Explorer IX satellite material,[the 
following conclusions can be drawn: 

1. For both the aluminum^and the white epoxy paint samples, diffuse reflec- 
tion decreases with angle of incidence and specular reflection increases with 
angle of incidence. 

2. The white epoxy paint sample is essentially a diffuse reflector with a 
superimposed specular peak. 

3. The aluminum sample is essentially a specular reflector with a small 
diffuse component. 

k.  Vectorial reflectance of the aluminum sample increases with angle of 
incidence and is within 1° of the direction of specular reflection. 

5. Vectorial reflectance of white paint varies slowly with angle of inci- 
dence over the range measured. At low angles of incidence, the direction of 
vectorial reflectance is nearly normal to the surface.\ .^ \ 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., April 20, 196^. 
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Figure 5.- Schematic diagram of apparatus settings of the goniophotometer 

Figure 6.- Schematic diagram of light source and photometer relative to the sample plane. 
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(a) Reflectance in plane of incidence. 

_*= 22.5°  t  +=-157.5° 
+=-22.5°  |  += 157.5" 

« = 0° 

1.0      .75       .50      .25 50      .75      1.0 

(b) Reflectance in plane displaced 22.5° from plane of incidence. 

„,   67.5»  I  *=-ll2-5° 
-;=-67.5-  |  *= »2'5° 

« = 0° 

1.0       .75       .50      .25 25      .50      .75      1.0 

(c) Reflectance in plane displaced 67.5° from plane of incidence. 

Figure 7.- Planar reflectance of white paint as a function of 0 for i = 18.U . 
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180° 

Figure 8.- Contour plot of reflectance of white paint for i = 18.4°. 
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(a) Reflectance in plane of Incidence. 

*- 22.5°  I  +--157.5° 
t---22.5°  |  •= 157.5" 

.25      .50      .75      1.0 

(b) Reflectance in plane displaced 22.5° from plane of incidence. 

*= 67.5"  I  ♦=-llZ.5°_ 
-»=-67.5"  |  ♦= I"-5' 

1.0      .75       .50       .25 

(c) Reflectance in plane displaced 67.5° from plane of incidence. 

Figure 9.- Planar reflectance of white paint as a function of <f>    for i =35-2 
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-90° 

Figure 10.- Contour plot of reflectance of white paint for i = 33-2 
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(a) Reflectance In plane of Incidence. 

»= 22.5°  |  *=-157.5°_ 
"»=-22.5-  I  *= 157.5° 

# = 0° 

(t>) Reflectance in plane displaced 22-5° from plane of incidence. 

_*= 67.5°  I  +=-112.5°_ 
*=-67.5°  j  += 112.5° 

« = 0° 

1.0      .75       .50      .25 25      .50      .75      1.0 

(c) Reflectance in plane displaced 67-5° from plane of incidence. 

Figure 11.- Planar reflectance of white paint as a function of <j>    for i = ^.O0. 
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180° 

-90° 

Figure 12.- Contour plot of reflectance of white paint for i = h^.O0. 
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(a) Reflectance in plane of Incidence. 

_fr= 22.5°  I  +=-157.5°_ 
*=-22.5°  |  ♦= 157.5° 

» = 0° 

.50      .25 .50      .75      1.0 

(b) Reflectance in plane displaced 22.5° from plane of incidence. 

*= 67.5»  I  t=-112.5"_ 
♦=-67.5"  I  *= "2-5° 

.75      1.0 

(c) Reflectance in plane displaced 67-5° from plane of incidence. 

Figure 13.- Planar reflectance of white paint as a function of 0 for i = 56.8°. 
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-80° 

Figure Ik —  Contour plot of reflectance of white paint for 1 = 56.8°. 
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(a) Reflectance in plane of incidence. 

„--   22.5»  I  *=-157.5°. 
-»=-22.5"  |  *= 157.5° 

« = 0° 

1.0      .75       .50       .25 25      .50      .75      1.0 

(b) Reflectance in plane displaced 22.5° from plane of incidence. 

♦= 67.5»  I  ♦=-112.5"_ 
"»=.67.5-  |  *= 112.5- 

0 = 0« 

.75      .50      .25 
50      .75      1.0 

R/Rn 

(c) Reflectance in plane displaced 67.5° from plane of incidence. 

Figure 15.- Planar reflectance of white paint as a function of 0 for i = 7I.6 
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90° -90° 

Figure l6.- Contour plot of reflectance of white paint for 71.6°. 
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(a) Reflectance in plane of Incidence. 

_♦ = 22.5»  I  »=-157.5° 
♦=-22.5°  |  + = 157.5° 

1.0      2.0      3.0      4.0 

(b) Reflectance in plane displaced 22.5° from plane of incidence. 

♦= 67.5°  |  ♦=-112.5°_ 
"♦=-67.5°  |  ♦= 112-5° 

« = 0° 

3.0      2-0      1-0 1.0      2.0      3.0      4.0 

(c) Reflectance in plane displaced 67.5° from plane of incidence. 

Figure 17.- Planar reflectance of aluminum as a function of (f>    for i = l8A . 
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Figure l8.- Contour plot of reflectance of aluminum for i = iB.k  . 
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(a) Reflectance in plane of Incidence. 

_+= 22.5°  I  +=-157.5°_ 
*=-22.5°  I  += 157.5° 

» = 0° 

(b) Reflectance In plane displaced 22.5° from plane of incidence. 

+= 67.5°  I  *=-112.5°_ 
"»=-67.5«  I  ♦= 112.5" 

» = 0° 

4.0      3.0      2.0      1.0 1.0      2.0      3.0      4.0 

(c) Reflectance in plane displaced 67-5° from plane of incidence. 

Figure 19.- Planar reflectance of aluminum as a function of 0 for i =53-2 . 
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Figure 20.- Contour plot of reflectance of aluminum for i = 33-2°. 
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(a) Reflectance In plane of Incidence. 

_+= 22.5° 
+=-22.5° 

+=-157.5° 
+= 157.5° 

4.0      3.0      2.0      1.0       0        1.0      2.0      3.0      4.0 

(b) Reflectance in plane displaced 22-5° from plane of incidence. 

*= 67.5" 
"+=-67.5° 

+=-112.5°_ 
* = 112.5° 

4.0      3.0      2.0      1.0 1.0      2.0      3.0      4.0 

(c) Reflectance in plane displaced 67.5° from plane of incidence. 

Figure 21.- Planar reflectance of aluminum as a function of 0 for I = ^5.0°. 
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\ 

Figure 22.- Contour plot of reflectance of aluminum for 1 = ^.O0. 
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0 = 0° 

30°^ \30" 

4-5° / 
^    o  Dilluse 

N\45° 

60°/ 

5°/ 

--- L 1 'VTy 
-^^ 

\60° 

\ -A75 

10«      104     102      10°      10"2      10°      102      10* .    106 

R/Rn 

(a) Reflectance in plane of incidence. 

♦= 22.5° 
" ^=-22.5° 

+=-157.5°_ 

♦= 157.5° 

4.0      3.0      2.0      1.0 1.0      2.0      3.0      4.0 

(b) Reflectance in plane displaced 22.5° from plane of incidence. 

t= 67.5-  I  ♦=-112.5"_ 
-;=-67.5-  |  ♦= "2-5° 

0 = 0" 

4.0      3.0      2.0      1.0 1.0      2.0      3.0      4.0 

(c) Reflectance in plane displaced 67.5° from plane of incidence. 

Figure 25.- Planar reflectance of aluminum as a function of <j>    for i =56.8 . 
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Figure 21*.- Contour plot of reflectance of aluminum for i =56.8° 
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10b      10*      10^      10' 

(a) Reflectance in plane of incidence. 

+ = 22.5°  I  +=-157.5°_ 

"»=-22.5°  |  *= 157.5" 

» = 0° 

(t>) Reflectance in plane displaced 22.5° from plane of incidence. 

_+= 67.5°  I  +=-112.5"_ 

+=-67.5°  I  += 112.5° 

» = 0 = 

4.0      3.0      2.0      1.0 1.0      2.0      3.0      4.0 

(c) Reflectance in plane displaced 6f.5° from plane of incidence. 

Figure 25-- Planar reflectance of aluminum as a function of 0 for i = 71.6°. 
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Figure 26.- Contour plot of reflectance of aluminum for i = 71-6 . 
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