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TECHNICAL MEMORANDUM X-64681

APOLLO 15 CONTAMINATION PHOTOGRAPHY

INTRODUCTION

The fact that spacecraft produce their own environment which may
interfere with their intended mission was first recognized when John Glenn
observed the "fireflies" surrounding his Mercury capsule. Similar observa-
tions have been made on all subsequent manned spacecraft, particularly when
liquids are dumped overboard, forming ice crystals which act as scattering
centers. The amount of light scattered from such particles is significant; for
example, the forward scattering just from edge diffraction of sunlight on a
100-micron sphere at a distance of 13 km is equivalent to a third magnitude
star. A cloud of such particles will scatter sufficient light to prevent most
astronomical experiments from being performed from spacecraft on the sun-
light portion of the orbit.

The obvious remedy for this problem was either to refrain from dump-
ing liquids or to time-line the mission such that scheduled dumps would have
adequate time to dissipate before astronomical observations were begun. How-
ever, there was still a concern that the minimum background from nucleation
of H2O vapor from the escape of cabin gasses, dust particles or pamt flecks
from spacecraft surface, or other sources of particulates could still be suffi-
cient to produce an intolerable scattered-light background. The evidence for
this concern comes primarily from the astronauts' inability to see faint stars
in the daytime. Analyses by Newkirk [1] and by Kovar, Kovar, and Bonner [2],
assuming some fraction of escaping cabin gasses nucleate into ice crystals with
sizes of the order of microns, indicate that the scattered-light background
associated with Gemini and Apollo will be several orders of magnitude higher
than the solar corona and the zodiacal light. These arguments were refuted by
Buffalano and Grobman [ 3] on the grounds that the maximum size particles
that could be produced by such a nucleation process were of the order of 0. 01

x micron, which would produce negligible scattering. Laboratory tests to deter-
mine the size distribution of such particles have been inconclusive. The prob-
lem has been avoided on previous dim-light photography experiments performed
on Gemini and Apollo missions by photographing only when the spacecraft is in



shadow. However, experiments to observe the sun or the solar corona, such
as ATM, cannot avoid the problem in this manner. In fact, the future role of
manned space flight in astronomical missions depends on whether manned
space vehicles can be designed to keep the optical environment produced by
the spacecraft low to avoid interference with the measurements. To date this
has not been demonstrated.

The Apollo 15 Contamination Photography Experiment was proposed to
investigate the nature of the contamination cloud associated with the Apollo
spacecraft. The objective is twofold: (1) to measure the intensity of the
contamination cloud associated with the spacecraft in a clean configuration
(just prior to a liquid dump with thrusters inhibited) and (2) to evaluate the
impact of liquid dumping on seeing conditions.

The clean configuration represents the minimum irreducible contamina-
tion environment associated with the Apollo spacecraft. The crucial question
is whether the material emanating from the spacecraft is restricted in size
such that the scattering is insignificant, or whether there is actually a source
of larger material as postulated by Kovar, et al. The first objective was
designed to answer this question.

It is known that dumping liquid will produce a large contamination cloud
of ice crystals. Such clouds have been observed from ground-based tele-
scopes [4], and certain data such as growth and diffusion rates and integrated
brightness have been obtained. Analysis of these data has yielded order of
magnitude estimates of particle size and velocity. The second objective was
designed to obtain more definitive data on the seeing conditions imposed by
this cloud to obtain the decay rate or clearing time for this cloud and to
obtain information on the cloud dynamics from the trajectories of individual
particles.

DESCRIPTION OF THE EXPERIMENT

The photographs were taken with the 16-mm Data Acquisition Camera
(DAC) using an 18-mm f/0. 9 lens ( Fig. 1). It was intended to use Type 2485
VHBW film; however, film difficulties necessitated substitution of Type SO164
BW film. The camera was mounted in a bracket in window No. 4 with its
optical axis perpendicular to the spacecraft X axis. A mirror mounted at 45
deg to the camera axis redirected the optical axis along the X axis. A dark
hood over the entire assembly prevented internal light from entering the
camera.



Figure 1. Top and side view of the 16-mm Data Acquisition Camera (DAC)
of the type used on Apollo 15. (The 45-deg mirror is attached to

the lens, and the boresite telescope is mounted to the side.)



The photographic sequences were .taken with the lens at f/0. 9-and
focused at infinity. The spacecraft was^oriented to a predetermined attitude
to prevent sunlight, earthlight, and moonlight from being incident on the win-
dow. The rates were damped to less than 0. 2 cleg/sec in all axes. The atti-
tude control system was then placed in "free" mode .to prevent thrusters from
firing during the photographic sequence.

A sequence consisted of four exposures with times of 1, 20, 60, and
I'OO sec. These times were chosen to 'bracket (the 'highest and lowest estimates
of the cloud brightness for 2485 film. However, the SO 164 film is approxi-
mately -two orders of magnitude less sensitive than the 2485 film; therefore,
the lowest estimates would not be expected to produce detectable fog.

Three sequences were -requested: (1) just prior to liquid dumps in a
-clean-configuration, (2) just after-completion of the H2O and urine dumps,

and '(3) beginning 25 minutes-after the dump. Astronaut Scott inserted an
extra three frames 'between the second and-third requested sequence, 'giving
a total of four actual sequences.

The photographs were to be taken during the scheduled time for mid-
course correction No. 6 if it were not required, which was the case. This
time was GET 272:00:00. At the time, the spacecraft was almost halfway
between earth and moon. The spacecraft X-axis '(longitudinal.axis, nose
positive) was'oriented at RA 13 hr 55 mm 32 sec, declination - 2,7° 21" 08",.
The Z axis was oriented at RA 14 hr 16 mm 36 sec, declination 62° 32' 55".
The coordinate system used is shown in Figure 2. The location of the earth,
,sun, and moon as .a'function >of time is given in Figure 3. The position.of the
earth, moon, and sun is -shown on a '9, 0 -chart an Figure 4, along withtthe
shadow regions for the window. -It is seen that lthe -earth and sun are well
shadowed 'by the spacecraft. The moon rs -incident on the window opening but
is '.almost parallel to the window itself which is inclined at approximately 30
degto the X axis. The right ascension and declination of the X axis along
with the orientation-of the Z axis relative to the north celestial .pole as shown
in Figure 5.

The photographic sequence as shown in Figures 6 through 9 with the
'exposure time and time relative to dump. 'Several things should-be remem-
;bered when viewing the photographs: (1) the prints were made from second
generation negatives; therefore, the prints appear,as negatives; ,(2) since
the camera photographed through a mirror, right-left parity as reversed.
However, the negatives were printed upside down to .correct this reversal.
Therefore, the-orientation an the prints is the same as would be seen-by the
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astronaut looking out window 4. The sun is below the lower left corner,
approximately 8 o'clock. The liquid vents are also located to the left and
behind the astronaut at approximately 10 o'clock. Since the astronaut sits
with his head in the -Z direction, up is in the direction of the south celestial
pole.

Frame 1 (1-sec exposure not shown) had a band of stray light on the
right side, very much like that seen in frame 5 (1-sec exposure, 1. 5 minutes
after dump). A few bright objects could be seen by microscopic examination
of the negative, but without identifying star fields it is difficult to determine if
these are actually the brighter stars, particles in the vicinity of the spacecraft,
or artifacts in the film.

Frame 2 (20-sec exposure not shown) was almost identical with
frames 3 and 4 except that it is much fainter. Only the brighter stars were
readily apparent in the print; however, microscopic examination of the nega-
tive reveals star images as faint as m =5. 6, which is slightly better than

the estimated plate limit (Appendix A).

Frames 3 and 4 are shown in Figure 6. The most easily recognized
starfield feature is the group consisting of g, h, i, and k Centarus at the top
of the frame. The brighter stars flanking this group are TT and y Hydra and
6 Centarus. Figure 10 shows a star chart [5] of this region. Table 1 gives
data pertinent to the stars in the field taken from Smithsonian tables [ 6].
The star brightness is given in terms of visual magnitude. Because of the
blue cut-off in the spacecraft window at 4500 A, the photographic response
is not significantly different from visual response. This is evident from the
fact that g Centarus is an M star which has a color index of 1.68, whereas i
Centarus is an F5 star with a color index of 0. 48. Both stars have the same
visual magnitude, but, photographically, i should be 1. 2 magnitude brighter
than g. It may be seen from the photographs that the two are practically the
same brightness; therefore, the visual magnitudes seem more appropriate
for comparison.

A number of other star-like images may be seen in frames 3 and 4
that appear in the same location in the two frames. These are obviously
neither stars nor particles in the vicinity of the spacecraft. Since the expo-
sure was long compared to the time between frames, particles in different
locations in successive frames would have to show considerable motion m the
frame, which they do not. These are undoubtedly artifacts produced in the
reproduction process. The prints were made from second generation nega-
tives and in the multiple printing processes dust or other sources of noise
have ample opportunities to enter the system.

13
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Figures 11 and 12 are photomicrographs of the second generation
negatives in the vicinity of g, h, i, and k Centarus. The faint smudge in line
with g and i Centarus appears to be the remnant of Nova 1895, Z 5253. The
faint smudge to the right of i Centarus is probably the variable star t Centarus.
Figure 13 shows this region extracted from the Norton Star Atlas [7]. The
faint stars in Figure 12 between g and 0 Centarus appear to be y and z
Centarus, He 24, and the faint unnamed neighbor of g Centarus. These stars
are very close to the computed plate limit of 6. 8 magnitude based on threshold
sensitivity. (See Appendix A.)

The smudges in frames 3 and 4 appear to be internal reflections. Some
out-of-focus detail may be seen in these smudges. Since the camera was
focused at infinity, this out-of-focus image must have been close to the camera,
probably on the window. Whether the light responsible for these reflections
leaked through the dark hood or was incident from the spacecraft exterior has
not been determined. Since moonlight was incident on the window opening, it
is not inconceivable that this could have been caused by diffracted or scattered
moonlight from the window opening. If this were light scattered from a con-
tamination cloud, one would not expect to see a localized smudge with out-of-
focus detail. The darkening along the bottom edge is probably moonlight
reflected from the lower edge of the window. The apparent darkening of the
background of frames 3 and 4 is an artifact of the multiple replication. An
isodensitracer plot of the original negatives (Fig. 14) shows only base fog in
this region.

DENSITOMETRY

To investigate the reciprocity behavior of SO 164 film, a series of D
versus log E curves at the exposure times used in the experiment was run by
the Photographic Technology Division, Manned Spacecraft Center [ 8]. The
results are shown in Figure 15.

The intensity of the detector I is related to the brightness of the cloud
Bby -

(1)

where co is the field of view of the detector. In terms of solar brightness
B , given by Allen [9] as 2. 02 x 109 lumen/m'/Sr,

16



Figure 11. Photomicrograph of the group g, h, i, and k Centarus.

17



Figure 12. Photomicrograph of region between g, i, and k Centarus
(upper right) and 6 Centarus which is out of the field

beyond the lower left corner.

18
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B I'(lumens/ m2) /.
B_ ~ co (sterad) 2.02 x 109 (Iumens/m2/sterad) ' ^ '

The intensity at the film plane is

T = i Hdi _T_ _ jr_ T_ , ,
Wi o 4 F2u; " o 4 f2cu ( '

where I is the intensity incident on the lens, 7rd2/4 is the collecting area, T

is the transmission, F is the focal length, F2w is the area on the film sub-
tended by co , and f is the f-number, F/d. Combining equation (3) with equation
(2) ,

4 f 2 I
B = film , .
B ~ TT T 2.02 X 109 ' ^ '
0

The I is obtained by dividing the exposure inferred from the measured den-

sity by the exposure time.

The published transmission data for the spacecraft window plus the
80-mm planar f/2. 8 lens [ 10] indicate a transmission of approximately 0. 69
for wavelengths longer than 450 nm at normal incidence, and a drop to approx-
imately 0.48 at a 45-deg incidence. The 80-mm lens has an average trans-
mission of 0. 8. The 18-mm lens used for this experiment is rated at f/0. 9
and T/l. 0, which implies a transmission of 0. 9. The overall transmission,
including the 45-deg mirror, is estimated to be 0. 75 for normal incidence on
the window. The transformation from density to B/B is shown in Figure 16

for f/0. 9 and T = 0. 75. However, the window is sloped at approximately 30
deg to the optical axis of the camera. The vertical field of view is 23. 5 deg.
Therefore, the top of the frame corresponds to an angle of incidence of 18. 25
deg, and the bottom corresponds to 41. 75 deg. It is assumed that the trans-
mission of the window follows a cosine behavior; this is consistent with the
measured data at 0 and 45 deg. Therefore, the transmission varies from

22
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0. 71 at the top of the frame to 0. 56 at the bottom. The B/B^ values read©
from Figure 16 must be divided by the cosine of the angle of incidence to
correct for this effect.

All densitometry was performed on original film. Frames 3 and 4
were measured with a MacBeth instrument with a 4-mm spot size. This
size spot subtends a 12. 8-deg field of view (0. 039 sterad), which gives an
integrated measurement of the sky background plus any particles or stars
that may be in the field. This is similar to the information that will be
obtained by the T-027 photometer to be flown on Skylab. Three measurements
were made on each negative: one in the center, one halfway between the cen-
ter and the edge in the +Y direction, and one between the center and edge in
the -Y direction. The ±Y readings correspond to angles of ±7. 9 deg relative
to the X axis.

The results are shown in Tables 2 and 3. The first two frames
exhibited only base fog on the +Y side. This sets an upper limit of B/B =

"12.310 ' on the cloud brightness at 9 =91 deg. It may be seen that the O and
0

-Y readings will be influenced by the internally reflected light apparent in
these frames. Even if this peculiar image was a contamination cloud, its

—11 71brightness is 10 ' B or less at 9 =75 deg.
0 0

These results are compared with estimates of the contamination cloud
brightness made by Newkirk in Figure 17 and Kovar et al. in Figure 18. It
is unfortunate that the upper limits set by this measurement are still slightly
above the corona and zodiacal light brightness at these angles. Also, they
are above the estimates made by Newkirk of the contamination cloud surround-
ing Apollo, but below the estimates made by Kovar et al. However, it can be
stated with certainty that any inability of astronauts to see stars must be
because of reasons other than a contamination cloud.

The remaining frames are after the dump, and the brightness data may
be used to infer the clearing time. In this analysis, two types of densitometry
were used. The 4-mm spot measures the total integrated light from a 12. 8-
deg field of view, as before, and is indicative of the total scatter present from
the ice crystal produced by the dump. In addition, a microdensitometer with
a 25- by 50-pi slit was used to measure the background of unresolved particles
by looking between the resolved particle tracks. Its field of view is 0. 08 x

— fi

0.16 deg or 4 x 10 steradians.
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Figure 17. Upper limit of contamination cloud brightness compared with
zodiacal light -background and estimated background

brightness of Newkirk.
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Figure 18. Upper limit of contamination cloud brightness compared with
estimated background brightness of Bonner, Kovar, and Kovar.
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A plot of both results as a function of time is shown in Figure 19. It
is interesting to note that the scattered intensity decays rapidly as the debris
cloud apparently moves away from the spacecraft. However, abrupt increases
in cloud intensity followed by rapid decays are noted. It is believed that such
increases result from fresh material leaving the spacecraft, which was con-
firmed by astronaut observations. This can happen because the dump system
has approximately 4 meters of line between the valve and the dump nozzle. It
is known that freezing occurs in and around the nozzle exit; therefore, it is
not unlikely that substantial vapor and ice may be trapped in the line as the
nozzle freezes, and subsequently released as the freeze plug sublimes. This
effect can be clearly seen by comparing the 60-sec exposure with the 100-sec
exposure taken 10 mm after dump (Fig. 8). Notice that many more particles-
appear to be near the window in the 100-sec exposure, as evidenced by their
long out-of-focus tracks. Apparently, these particles were just released by
the process described above.

LIGHT SCATTERED FROM THE PARTICLE CLOUD

Let the instrument have a field of view of o> steradians. The area
intercepted by this field at distance r is u>r2 . The number of particles in the
volume element subtended by the field of view at distance r is

N(r) u r 2 dr (5)

where N(r) is the number density of particles.

Let a beam with intensity I_ be incident on a particle with differential

cross section da /dfi. The number of photons per sec scattered into a solid
angle Au>' is

By definition of solid angle, Au> = AA/r2. The number of photons
scattered into AA, or the scattered intensity, I , becomes, s
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JL = © da

s ~ A A ~ r5" dfl

Integrating this scattered intensity per particle over the size distribu-
tion of particles per unit volume and then integrating over the column gives
the total intensity received, which is

CO CO

I = I cu f dr / da N (r, a) —
0 ra H J2 (8)

Assuming the spatial distribution is independent of size distribution, N^o (r, a)
can be written N (a) N (r) and the integral may be writtena r

ra

/ N (r) dr / N (a) da = N
ro r o a ' c

(9)

where N is the column density,
c

The brightness becomes
CO

B 0 I
Be

i N
0 c

dcr\ (10)

SCATTER ING CROSS SECTION

For very small particles, a « X, the differential cross section is
given by Rayleigh theory [111,

da ,4 a" ,n2 -
'n2 + 2

(1 + cos2 &), (11)
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For ice, n = 1. 33 and the above becomes

*fc. 10.32. a'(i)4 (l + cos>e) . (12)

For a » X, the scattering is dominated by diffraction [12] and

da
= 7T2

2 J, (x)
x (13)

where

2 TT a
x = — sin 0

A.

For e » 0 and since e » A, the asymptotic approximation for the Bessel'
function [13] may be used; i.e.,

7TX

1/2
COS X (14)

Since x is large, the average of a cycle may be approximated by

X + 27T 27T

X

4
7T |X | 3

(15)
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Thus,

do: _ 7r 2 a 4 4 aA
~ X2 v r l x l 3 ~ 27T2 |sin3e| '

For the case where a « X, the complete Mie theory [14] must be used.
The differential cross section is expressed by

where it and i2 are infinite series of linear combination of Ricatti-Bessel and
Ricatti-Hankel functions and their derivatives, multiplied by derivatives of
Legendre polynomials. Tabulations of the quantities are available [ 15].
Figure 20 shows the differential cross section normalized by the geometric
cross section for 9 = 90 deg. Very close agreement between the Mie theory and
diffraction theory is seen until the intersection of the Rayleigh theory with the
asymptotic approximation. For order of magnitude calculations, and since the
shape of the particles is unknown, the differential cross section given by the
asymptotic approximation will be adopted for a > at where aj is the intersection
of the two curves.

The integral

CO

/
/ \ QO" j x a j *

a 'a' To da = 0^-2 i^s Q i (lo)
o

where a is the average radius. Finally,

w N X a
_B _ iQ c , .
B^ ~ 27r2 |sm3 91 ( >
0
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Figure 20. Comparison of the scattering cross section computed from
Rayleigh theory, Mie theory, diffraction theory, and the

asymptotic approximation for a sun angle of 90 deg.
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COLUMN DENSITIES

The column density is obtained by integrating the number density N (r)

along the sight vector. N (r) is obtained by dividing the directional flux 0 by

v, the average radial velocity.

For a plume, the directional flux is a function of r', the distance along
the radius from the nozzle, and Q ', the angle r makes with the plume axis.

Let r be a vector from the nozzle to the sight vector making a right angle

with the sight vector. Let rt be a vector from the sight vector to the nozzle

making a right angle with the nozzle axis,

sight vector, the distance to the nozzle is

making a right angle with the nozzle axis. At a distance x from r along the

r'2 = r 2 + x2 . (20)o '

Assume the flux distribution is given by

N cos 9'
— 7 2 — ; o < e' < 7T/2 (21)

where N is the rate at which particles are ejected. The flux at any x along
T »

the sight vector is given by

(x - N/r< 2 - r\ ocos y
~ (22)(r » o

where y is the angle between the vent axis and the line of sight. Assuming v
is constant, this may be integrated to give
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co
N =

c

cos y

TT v r

- -
. r 2 \ .

o /
- r

(23)

This gives the steady state column density. This assumes that the viewing point
is behind the intersection of rt and the sight vector. If not, use .equation (24) .

When N is first turned on, the contributions will come only from values of

x less than ^(vtj)2 - r 2 where tj is the time since initiation of the vent.

Similarly, when the vent is terminated, the contributions cease at values of

x = v(vt2) 2 - r 2 where t2 is time after termination.

Integrating between these limits,

=
c

NT cos y

7T V

1

ri

- r N/r 2 - r 2

i o

r o

(24)

where rf = vtj, rt , rt whichever is greater, and r = vt2, rl , rt which-

ever is greater, where rt is the distance from the vent to the viewing point.

For Apollo, looking along the x axis, y = 57.477deg, r = 2.35m,

and rj = 3.38m. Ground-based photographs [4] of dump-cloud expansion
indicate an average v of 6 m/sec. The column densities looking out through
window 4 along the x axis are given in Table 4.

• •

To obtain the N , simply divide the mass flow rate of the dump M by

the average mass per particle. Therefore,
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TABLE 4. COLUMN DENSITIES

Time After
Dump Start

30 Sec

1 Min

20 Min

00

Time After
Dump Stop

0

30 Sec

1 Min

5 Min

10 Min

30 Min

Nc/NT

(m2 secj

4. 752 x 10"3

4. 831 x 10~3

4.906 x 10~3

4.9lOx 10'3

4. 910 x 10~3

1.574X 10~4

7. 895 x 10"5

1.583 x 10"5

7. 921 x 10~6

2.641 x 10"6

B/B0

6.3x 10'10

6.4X10'10

6.5x 10-10

6 .5x 10"10

6.5 x 10"10

2.08x 10"11

1.04x 10"11

2.10x 10"12

l .OSx 10"12

3.49X 10"13
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(25)
0

Taking co' = 6 x 10~5 sr, \ = 0. 5 x 10~6 m, and M = 10~2 kg/sec,

N
— - 1 ^19 X 10-14 -JL JL- 1.52 x 10 — _

0 T m

Choosing a/m 8. 7 x lo6 m/kg gives an acceptable fit to the first several data
points. Since fresh material left the spacecraft at around 36 minutes after
dump, agreement would not be expected beyond this point. The value for

a/m corresponds to a particle 10. 5 microns in diameter.

The maximum cloud brightness would be obtained if the entire mass
were divided into particles with radii of 0.137 micron, which represents the
intersection of the Rayleigh theory with the asymptotic approximation. Such a
distribution would result in a steady state cloud brightness of nearly 10~6 B ,

which would correspond to the daylight sky. This is more than three orders
of magnitude greater than required to match the observed brightness.

A power law size distribution of the form N (a) ~ a is often useda
to describe aerosols. A typical value for |3 is four. If such a distribution
is assumed from molecular sizes up to the minimum size for which individual
particles can be discerned (taken to be a = 1. 75 x 10~4 m), 49. 5 percent of
the mass of the particles will be distributed in sizes less than 0.137 micron.
For this group, the average cross section < dcr/dj2 > = 2.6 x 10~24 m2 and the
average mass < m > = 1. 7 x 10~25 kg. The brightness contribution from this
group is from equation (10):

3 c M

6x 1Q~5 (4.91X 10~3) (0.495) (10"2) (2. 6 X 10~24)
1.7X1Q-25
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B = 2. 2x 10~8 B - (26)
0 ^ '

For the group larger than 0.137 micron but smaller than 1. 75 x 10~4 m, the
average radius is 2. 05 x 10~7 m and the average mass is 2. 31 x 10~16 kg. This
contribution to cloud brightness is from equation (25): B = 6. 62 x 10~8 B .

Again, the total contribution is more than two orders of magnitude greater
than required.

Since larger particles are known to exist in the dump cloud, and since
the assumption that the power law distribution function extended to the smaller
sizes produces much greater brightness than observed, a more reasonable
assumption would be to truncate the distribution at some value of a . Formm
a |3 = 4 distribution, this value is a = 1. 725 microns. Of course, many

other distributions could give the observed results, and the data are not suf-
ficient to establish any particular model. The essential point here is that the
cloud produced by water dumping probably consists of particles larger than
several microns. Otherwise, the cloud would be considerably brighter than
observed.

INDIVIDUAL PARTICLES

The larger particles which appear as individual particles are most
likely aggregates of smaller particles or ice crystals with highly irregular
surfaces. For this reason they can be considered as Lambertian reflectors
with a differential cross section da/dft = 2a2/3 for e = 90. (See Appendix
C.) The scattered intensity in terms of stellar magnitudes is given by

-5- = 4- — = 10~°'4 (m -IQ r^ dfi

Since m = -26. 78 (equivalent to 1. 365 x 105 lumens/m2),

m = +2. 5 log 3/2 - 26. 78 + 5 log r/a. (28)
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The intensity falling on the film is

I ?rd2 T
I., = -S-r:— (29)film 4 A v '

where d is the diameter of the objective lens, T is the transmission, and A

is the area of the image on the film.

For a moving object, this A • is given by the width times the track

length, which is the writing speed W multiplied by the exposure time. The
writing speed is related to particle motion by

W - (30)

where F is the focal length and 01 is the angle between the particle track and
the optical axis. For r » r ,

o

r
sin a ^ — . (31)

Since spacecraft motion and lens aberrations combine to produce a
star image which measures approximately 20 /n, the A becomes

v r Ft
Af = 2X10-' 2. • (32)

The exposure becomes

1^ 2 a2 TT d2 T r2t
E = ^ilm* = r 2 (3)(4) 2x 10-5 vr Ft ^33^
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Using d= 2 x 10 2 m, F = 1.8X io~2 m, r = 2.35 m, v = 6 m/sec,

T = 0.65, and I = 1. 365 x 105 lumens/m2,

E = 3. 66 x 106 a2 . (34)

Assuming a density of 0.1 is required to observe a track, the smallest particle
that can be photographed is obtained by setting E = 0. 029 m-candle-sec
(lumen-sec/m2) which yields

a = 8. 9x 10~5 m . (35)

It is interesting to note that neither the distance nor the exposure time
enter this equation. This is because the r~2 decrease in intensity is com-
pensated by the same decrease in writing speed. The fact that the tracks
appear to be uniform in density even though the particles are moving many
meters away from the spacecraft during the exposure bears this out. There
is a second order effect which decreases the intensity as the particles recede;
i.e., reciprocity failure of the film. As the particles move away, the I..,mm
diminishes and the slower the image moves across the film. This increases
the effective exposure time, and the film becomes less sensitive because of
reciprocity failure. When the particle moves far enough away so that its
motion during the exposure time is equal to the width of a star image, it then
behaves as a star and its image intensity will diminish with time. This dis-
tance is found by equating Wt to the width of a star image and solving for r.
(This assumes the spacecraft rates are such that they do not spread the image
during the exposure time.)

v r Ft
^2 = 2 x 10~5 ( 36)

for t = 100 sec, r = 1126 m. The size of particle that could be photographed
at this distance is found from equation (34) by setting the required exposure to
0.112 m-candle-sec, which corresponds to a density of 0.1 for a 100-sec
exposure. This gives a = 1. 75 x 10~4 /M which is equivalent to a 7. 7 magnitude
star.
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Such particles would be extremely difficult to detect on the film, par-
ticularly if there is a background from unresolved material. Most of the
individual tracks are much more dense than the star images in the field. It
is estimated that the readily apparent particles range from m = 3 to

brighter than m = -2. Such particles would be in the size range from 3 mm

to 3 cm in diameter.

PARTICLE TRAJECTORIES

The peculiar particle tracks seen in Figures 8 and 9 are primarily
results of vehicle motion. The short curved tracks are stars or particles
sufficiently far from the spacecraft so their angular motion is small. The long
straight tracks are much closer particles that move through the field of view so
rapidly that the spacecraft motion does not affect their image significantly.
However, the 1-sec exposure, taken at 25 minutes after dump (Fig. 9), shows
several curved trajectories that do not appear to be explainable in terms of
vehicle motion. This was a very short exposure; therefore, since the angular
rates were never more than 2 deg/mmute, the most angular change during the
exposure time of 1 sec is 0. 03 deg, which represents only 1/1000 of the width
of the frame. Second, several particles with perfectly straight-line trajectories
definitely begin and end in the field of view. Such particles must obviously have
been in the field of view for the entire exposure, and any angular shift should be
observed in their track. The only motion allowable that is consistent with a
straight track is a rotation about an axis perpendicular to the track. The sev-
eral tracks that appear curved would require not only unrealistic angular rates,
but the angular displacements necessary to obtain the amount of curvature are
actually greater than the observed shifts in some of the straight lines that are
in the field of view. Therefore, it appears that the particles must actually
curve, which implies some external force acting on them.

The radius of curvature of the particle in the lower right corner of
frame 12 measured 0. 7 mm on the negative. With an 18-mm focal length lens,
this corresponds to an actual radius of curvature of 0. 04 x, where x is the
distance from the particle to the camera. The particle can be no closer than
18m and produce an in-focus image whose width is equivalent to a star
(assumed to be 20 n). (See Appendix D.) The track length on the film is
2. 5 mm. Since this was a 1-sec exposure,' the writing speed is 2. 5 mm/sec.
This requires the particle to have a perpendicular velocity component of at
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least 2. 5 m/sec. The acceleration required is proportional to the distance
of the particle from the camera and is 8. 7 m/sec2 for a distance of 18 m.

Typical charge-to-mass ratios of ice crystals generated by expelling
liquid water through a nozzle into a vacuum measure 10~6 Coulomb/kg. The
maximum possible charge that can exist on a particle can be computed by
equating the self-energy of the charge distribution (3/5 Q2/4?r e r) to the

heat of vaporization of the material. For a 1-mm diameter sphere, this is
5 x 10~7 Coulombs or ~ 1 Coulomb/kg. Therefore, the field at the particle
must be at least 8. 7 volts/m to account for the motion. If this field results
from the spacecraft potential, a potential of 1400 volts on the spacecraft would
be required, assuming the spacecraft behaves as a uniformly charged sphere
with a radius of 2 m. This is much greater than any potential expected on the
spacecraft, which is typically a few volts [16]. Even in interplanetary space,
the discharge current is on the order of 10~7 amps/m2. This would discharge
a 2-m sphere at the rate of 22 620 volts/sec; therefore, even if the spacecraft
had achieved a high potential during the liquid dump, the potential could not
remain for more than a few seconds. Furthermore, the particle appears to
curve m a direction perpendicular to the line of sight. A charge interaction
with the spacecraft would result in a curvature radius directed toward the
spacecraft center. For these reasons, this observed curvature cannot be a
result of an interaction with the spacecraft field..

This curvature cannot be caused by an interaction with a magnetic field
either. For the maximum possible charge to mass of 1 Coulomb/kg moving at
2. 5 m/sec, a magnetic field of 3. 5 tesla (35 000 Gauss) would be required to
produce the observed acceleration of 8. 7 m/sec2. Such a field is typical of
what one would expect between the poles of a good magnet, not 18 m from a
spacecraft.

Another possible cause for the observed motion would be an expulsion
of material from the particle itself. Such material could be air trapped in the
ice, or could be the ice sublimating. The average molecular air-molecules
speed at ambient temperature is 476 m/sec. If these were jetted in a directed
stream, 1. 8 percent of the particle's mass would have to be lost per second
to give the observed acceleration. The air density at cabin atmosphere (5
psi or 3. 44 x 104 N/m2) is 0.386 kg/m3. The relative volume of voids to
solid ice required for a 0. 5-sec burst is 24/1. It seems unreasonable to
expect the ice to have this much void volume and yet be somehow surrounded
with an ice layer impervious to contain trapped gas.
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If the ice particle is a total adsorber of solar radiation, the sublima-
tion mass loss rate per unit mass is 0. 07 percent per sec for a 1-mm-diameter
particle. The bulk density would have to be less than 0. 04 gm/cm3 to increase
this to the required value of 1. 8 percent per sec. A further difficulty with •
this possibility is that the sun is below the lower left corner; whereas; the
radius of curvature appears to be toward the lower right corner. Also, mole-
cules sublimated from the surface would be ejected in essentially a cosine
pattern about the subsolar point, thus further reducing the momentum imparted
to the particle.

Perhaps a more reasonable possibility would be to consider particle-
particle interactions. In fact, the hyperbolic shape of the trajectory suggests
a repulsive electrostatic collision with a larger particle that is not in the field
of view. From Coulomb's law, the product of charges required to produce an
acceleration of 8. 7 m/sec2 at 2 m is

Q2 = - 3. 8 x 10~9 m (Coulombs2).

A 1-mm-diameter sphere of solid ice density has a mass of 5. 2 x 10~7

kg; therefore, the product of the two charges is 2 x 10~ir> Coulomb2, which
corresponds to 4. 5 x 10~8 Coulombs each if the charge is equally divided.
This is below the maximum possible charge; therefore, this mechanism is not
impossible. Several other factors lend credence to this possibility. First,
the assumed second particle could be much larger and, therefore, could carry
a substantially larger portion of the required charge. Second, the observed
particle could be, and probably is, much less dense than solid ice, thereby
reducing the estimated mass and the required amount of charge. Finally, the
fact that several particles appear to curve in the same general direction
suggests a strong radial field originating somewhere below the lower right
corner. The discharge current of 10~7 amps/m2 mentioned earlier will dis-
charge a 1-mm-diameter sphere at a rate of 5. 6 volts/sec or 6. 3 x 10~10

Coulombs/sec. Therefore, a high charge could exist for the few seconds
required for the particle to arrive at the observation point.

CONCLUSIONS

It was demonstrated that photographs of stars as faint as 6. 8 magnitude
could be taken in daylight from an Apollo Command Module. The limiting
factor for photographing faint stars was photon starvation rather than
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background light. The background illumination was lower than 10~12 -3 B

except in the vicinity of window smudges where the background is 10"11-71 B .

These smudges are thought to be scattering of reflected moonlight or cabin
light leaking through the dark hood. This is lower than the background pre-
dicted by earlier studies, and is approximately the level of the zodiacal light.
Any difficulty in seeing stars in daylight from an Apollo spacecraft must be
because of high ambient background from earth, moon, sun, or cabin lights.
It cannot be attributed to a contamination cloud around the spacecraft.

Liquid dumps on Apollo produce a large cloud of particles, many large
enough to appear as individual particles (millimeter to centimeter size range).
Also produced is a vast cloud of smaller particles ranging from a few microns
to submilhmeter which scatter light but are not resolved as individual parti-
cles. The peak brightness of the dump cloud was estimated to be ~ 10~9 B •

The decay was predicted by computing the column density as a function of time
after dump. A good fit was obtained to the observed decay until fresh material
began leaving.

Some peculiarities are seen in the particle tracks. There is evidence
that a few particles execute curved trajectories. Various mechanisms were
investigated. The only plausible explanation appears to be a charged particle-
charged particle interaction.
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APPENDIX A. CALCULATIONS OF LIMITING MAGNITUDES

Using the fact that a m = 0 star outside the atmosphere produces

an illuminance of 2. 65 x 10~10 lumen/cm2, and the definition of stellar magni-
tude, the illuminance of a m magnitude star is given by

T o rr , 0-6—4m lumen/mI = 2.65 x10 vo (A-i)

The intensity on the film is given by equation (3),

I - I TT a2 T
film o 4A, (A-2)

where A is the area on the film plane subtended by the object. This area

under ideal circumstances would be just the Airy disc of the lens. For
diffraction-limited optics, the Airy disc has a diameter given by 1.22 Xf
where A is the wavelength and f is the f number. For the 18-mm lens used
in this experiment, this would correspond to 0.55pi. However, the actual star
images will be considerably larger than this because of the residual rates of
the spacecraft, jitter of the spacecraft, and the fact that the actual Airy disc
of the lens is larger than the diffraction-limited case. The actual measured
images of g, h, h, and i Centarus in the 100-sec exposure are 20 x 50/4.
(See photomicrograph m Fig. 11.)

The threshold density required to be detectable above the 0. 07 base
fog is assumed to be 0.10. The exposures corresponding to the following
tabulation are summarized in the table along with other pertinent data.

Exposure
(sec)

1
20
60

100

Exposure Req.
(m -candle -sec)

0.029
0.076
0.100
0.112

^ilm
( lumen/m2)

0.0288
0.00388
0.00166
0.00112

Estimated Limiting Magnitude
Top

3.28
5.45
6.38
6.80

Middle

3.18
5.35
6.28
6.70

Bottom

3.02
5.21
6.12
6.53

47



APPENDIX B. INVESTIGATION OF STRAY LIGHT ON THE WINDOW

The scattered brightness of light from the spacecraft window can be
computed from the relation

Ct)

-£• - -2. -L IB
Bo ~ " <o '

where co is the field of the instrument. The scattered intensity for a scatter-
ing center on the window is

4 • (B-2)
2^

where I is the illuminating intensity and da/dn is the differential cross

section.

If a surface has N scattering centers in the field of view,

By definition of solid angle, r2o> is the area of the window subtended by the
detector. N dcr/dn as the total scattering cross section. Therefore, the
ratio of the two is fraction of light scattered, S :

~5Since the solid angle subtended by the sun is ~6 x 10~ sr,
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— = 6 x 10-5 — S . (B-5)
B0 10

The lunar phase angle was approximately 20 deg, for which the phase function
is given by Allen [9] as 0 625. Since the spacecraft was approximately half
the distance between the earth and moon, the luminous intensity will be in-
creased by a factor of four. The ratio of I to 1 is, therefore,

moon sun

f225 = 0.625 x 4 x 10'4(-26-78 + i 2-7°> =. 5.83 x l<f6

(B-G;

If moonlight was incident on the window, the brightness of scattered
moonlight would be

B = 3.79 x 10~10 SB . (B-7)

The observed value was 1.86 x 10~12 B .

Therefore, if moonlight were actually incident on the window, the
observed brightness could be accounted for if the scatter fraction were 0.005.
For normal incidence, Hemisch 117] found scattering values ranging from
0.0001 to 0.0005 for extremely clean single-pane windows, and values from
0. 01 to 0. 05 for "dirty" single-pane windows. A value 0. 005 at grazing
incidence for a triple window exposed for 272 hours in space plus pad and
launch environment exposure does not seem unreasonable, but it is doubtful
that direct moonlight was actually incident on the window since the nominal
angle between the moon and the window is 108 deg.

Another source of light on the window is the moonlight scattered from
the surfaces around the window opening. The intensity of moonlight
scattered into an element of area d A on the window from an illuminatedw
Lambertian surface dA is,r
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dl d A - I dA cos 0 - (B-8)w r r 2-n

where I is the total scattered radiation I (1 - a.) and dfi is the solidr o
angle subtended by d A

d A cos i
dn = ^ (B-9)

where i is the angle of incidence of vector r from d A to d A .Ar w
curve integration over the illuminated surface estimated 6 percent of the
reflected light incident near the top center of the window, 8 percent at the
center, 11 percent at lower center, and 13 percent near the very bottom
edge. Assuming that the absorption of the black paint used around the win-
dow opening is 0. 9, the intensity ranges from 0.006 to 0. 013 of the moon's
intensity, or 3. 5 x 10~8 I to 7.6x 10~8 I . From equation (B-5), the

value of S would have to be 0.6 to produce the observed smudge near the
center and 0. 4 near the bottom. These appear unreahstically high.

A bright star on planet would have to have magnitude of -8.5 to equal
the intensity of the reflected moonlight. This is far more intense than any
combination of stars and planets.

Several possibilities exist. First, the reflected light from the anti-
glare shield may be considerably more than anticipated, particularly if the
surface tends to backscatter. Second, there are shiny surfaces on the
camera which could reflect the reflected moonlight back into the window,
where it is multiplied, reflected, and scattered back into the lens. Third,
there is a possibility that some light from the cabin leaked into the dark
curtain and was incident on the window.
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APPENDIX C. DIFFERENTIAL CROSS SECTION FOR
A LAMBERTIAN SPHERE AT e = 90 DEC

Consider a sphere with radius a . An element of surface area is
a2 sin $ dip d(p where <p is the aximuth angle and ^ is the colatitude. Let
the sphere be illuminated by parallel light in the direction y - 0 , fy = Tr/2 .
The radiation incident on an element is I cos <p sin ip , -Tr/2 < y < Tr/2 ,

O < i/) < TT . Let the viewing vector be in the direction cp = 7T/2 , fy = Tr/2 .
If the surface is perfectly diffuse (Lambertian surface), the scattered radia-
tion is proportional to the incident radiation times the cosine of the angle
between the element and the viewing vector, given by sin q? sin ip . The
observed intensity is, therefore,

7T/2 7T 2

I = J d(p f di/» I cos <p sin ^ sin3 '\fj —% (C-l)

2 a2

I , = | AT I - (C-2)obs 3 r o

From equation (7), the cross section is

da 2 2
=
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APPENDIX D. SPREAD OF DEFOCUSED IMAGE

An object located at o will form an image at i where o and i are
related by

l/o + l/i = 1/F (D-iJ

If the lens is focused at infinity, the film will be located at the focal length
F . The difference <5 between i and F is

(D-2)

The rays coming through the outer edge of the aperture having diameter d
will form a

is given by

will form a circle with diameter d on the film, which by similar triangles

= = (o - F) (D-3)6 i oF

From equation (D-2),

—
f ~ o

For F = 18 mm, and d = 20 mm, if d is to be less than 20 microns,

o must be

18 x 10~3 20 x 10~3

2 0 x 1 0 ^
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APOLLO 15 CONTAMINATION PHOTOGRAPHY
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