VOL. 1, NO. 3, MAY-JUNE 1964

J. SPACECRAFT 317

Space-Debris Hazards of Interplanetary Exploration

SYpNEY D. Brack*
General Precision, Inc., Wayne, N. J.

An evaluation of the hazard of the particulate matter in space is given in the light of existing
scientific experimental data and theoretical analyses. It is disclosed that, when one includes
all matter down to that of electron size, scientific observation indicates definite spatial vari-
ation due to the proximity of a planet. Space-density calculations for the regions in the
proximity of the moon and Mars demonstrate no radical concentrations and lead one to con-
clude that hazards exist only in perturbations from the ‘“normal” environment due to clouds

and/or streams. A hazard probability from a Poisson statistical standpoint should possibly

be based on two or more impacts.

Nomenclature

A = projected surface area

b = average geocentric altitude of vehicle

c = concentration; see Eq. (A3)

q = Newton’s gravitational constant

H = time

I = (impact rate), relative rate of accretion = 100 N¢(y)/
Ny(y =0)

kpe = flux variation parameter; see Eq. (8)

ks = stream factor; see Eq.(13)

ky = relative activity factor; see Eq. (11)

kyi = relative activity (monthly)

M = grams mass

M’ = planet mass

n = impacts or number of particles

N = (aggregate) total number of particles

Ny = (particulate flux), aggregate particles m —2sec !

Nz'(y) = relative flux at y; see Eq. (A9)

Py = probability of n impacts or n particles passing through
area A in time H

Pn = probability of at least n impacts or at least n particles
passing through area A4 in time H

T = radial distance from planet or satellite

p = effective radius of particles

R = radius of planet or satellite (Reartn = 6400 km, Ryars =
3332 km)

R = effective radius of the earth

S = pwy, probability of “survival”

Sse = shielding factor (Ref. 17), 1- (sector radians shielded/
27) averaged over a complete cyecle (for circular
orbiting vehicles)

u = (lunicentric/geocentric) velocity of particle at r = «

I = u/v

v = o(r), particle velocity at »

Voo = escape velocity; for earth, 11.2 km/sec; for moon,
2.37 km/sec; for Mars, 5.1 km/sec)

V.L. = view loss factor; see Eq. (14)

Vm = mean velocity of particles relative to earth (km/sec)

y = R/r

J = sinTHRy/(Ro + b)]

T = 3.1416

o(y) = spacedensity aty

Poo = space density of particles where planetary influence

is not felt

Introduction

HE debris-laden space through which man must
travel comprises particle sizes ranging from {unda-
mental (electron, proton, ete.) to that of a large comet head
(many miles in diameter). Particle velocities may reach
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close to that of light. The statistical significance of the
particulate type and distribution, as well as the damage
potential, must be taken into account before one can assess
the hazard.

A recent revision of the photographic and visual picture
as a result of the Trailblazer 1 experiment® has been made
by F. L. Whipple.? His reduction of debris estimate near
the earth by three orders of magnitude brings it more in line
with the satellite and space-probe observations.* However,
much uncertainty still remains as to the validity of his
arguments. The almost yearly drastic revision of conclu-
sions is indicative of a poor confidence level of results. There-
fore design must remain conservative. One must use the
latest impact theory combined with satisfactory statistics
to assess the environmental hazard. An approach by F. B.
Shaffer assumes that the hazard criteria is penetration. He
suggests that a normal statistical approach might be better
than the usual Poisson technique but that this cannot be re-
solved without more thorough analysis.

Herein we will use the Poisson statistical approach and state
that the hazard criteria cannot be considered as a hyper-
velocity penetration. In fact, a below-sonic-velocity impact
may be more dangerous than a hypervelocity impact, de-
pending upon the surface construction.’s Moreover, spalling
cannot be underestimated, since its probability of oecurrence
is greater than that of penetration. It thus appears that
each design must be evaluated separately. Note the recent
work on self sealing.

However, we are concerned with evaluating the hazard.
We can say from observation that no tangible evidence exists
to prove that any failure of a space vehicle can be attributed
to this environment. In fact, no penetration of over 0.002-
in.-thick beryllium copper had occurred on the Explorer XVI
satellite despite its 10 month traverse through the normal
recurrent meteor showers and the earth’s dust belt in its
near circular orbit of 750 km.” Have the scientists over-
estimated this hazard?

Let us first examine the meteoroid environment. One is
confronted with the interpretations of many scientists of
non-too-exacting experimental data coupled with theoretical
predictions based upon limited premises.>¢ Here it will
suffice to present an acceptable conservative mean design
environment and to demonstrate how to assess deviations
from this mean. The method used in establishing the
lunar and Martian environment components is presented.
No knowledge is currently available to allow an understand-
ing of how realistic this description is, but it is believed to
be quite conservative.

Knowledge of particle distribution and behavior in space
stems from earthbound visual, photographie, and radar ob-
servations, as well as limited experimental data relayed to
earth from satellites or space probes. The distribution and
behavior may also be analyzed, at least for simplified bound-
ary conditions on a theoretical basis. One may thus antici-
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Fig. 1 Latest particulate mean environment of space;
¢“cumulative’” indicates all particles of mass M or greater.

pate a wide variation in attempting to ascertain a debris
environment, since various authors treat the subject matter
differently. Nevertheless the origin of the particles is fairly
well agreed upon, especially those of prime concern to the
near-earth space voyager. Particles may be of cosmic, solar,
planetary, asteroidal, or cometary origin, all of which must
be taken into account in defining the over-all particulate
matter in space. However, the particulate matter of prime
interest for space vehicle structural design is predominantly
of cometary origin? (90-999,) following known (or unknown)
comet paths with less than 1-109, of asteroidal origin. Such
debris therefore follow heliocentric orbits lying predominantly
in (or near) the ecliptic plane and follow direct orbital paths
(that is, in the same direction as the major planets’ motion
about the sun). Approximately 509, travel in planes in-
clined not over 15° from the ecliptic.’ Only a small per-
centage travel in retrograde orbits, and a few percent follow
very narrow eccentric orbits. Thus the predominant ve-
locity range with respect to the earth is 15-28 km/sec.
(Narrow eccentric orbit particles have velocities of 45-55
km/sec, and retrograde particles have velocities of 55-76
km/sec, with respect to the earth.l?) In the vicinity of
Mars, particulate velocities, instead of ranging from 15-76
km/sec, as in the case of the near earth, would range from
approximately 7-64 km/sec (since Mars’ escape velocity is
less than half that of earth and maximum ecircular orbital
velocity at Mars’ distance from the sun is approximately
64 km/sec).

The Mean Environment

The model mean environment is characterized by an ag-
gregate flux N7 vs mass M relationship where N7 is the num-~
ber of particles of mass M or greater passing a unit of area
per unit of time at a given position in space relative to the
earth-sun system. This environment is based on a con-
servative design picture gleaned from the experimental and
theoretical information available to date. 3,7, ?

For direct orbiting particles at altitudes (from earth) of
6 X 10° statute miles and above (where the moon’s influence
is not felt),

logio Nv = —10.3 — 0.6 logie M 1)

where Nr = aggregate particles m~2 sec™!, and M = grams
mass. For altitudes of 200 statute miles down to the earth’s
atmosphere (approximately 45 miles),

logio Nr = —17 — 1.7 logie M (2)

(Note that this conforms with the latest NASA investiga-
tions.% 7) A linear variation of logiy Nz vs logy altitude is
to be used between the altitudes of Egs. (1) and (2).
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Using the theory of 8. F. Singer'? modified to conform with
the altitude variation proposed by Whipple!® [which agrees
with the foregoing mathematical model of (1) and (2)] and
applied to the lunar environment, a characteristic maximum
flux, which occurs approximately 6000 statute miles from the
moon which is 209 higher than at the moon’s surface, is
expressed by (see Appendix):

logio Nr = —14.5 — 1.28 logie M (3)

Assuming that Eq. (1) also prevails at 6 X 10° statute
miles from the moon where the earth’s influence is not felt
and assuming a linear log flux/log altitude relationship be-
tween indicated altitudes, one can obtain a complete mean
direct orbit particle flux of space debris for the earth-moon
system where the influence of other planets is not felt.

The mean velocity of the particles relative to the earth is
expressed ag®

Ve = (4500 4- 56 —0-41) /(160 4 3.74.M —0.41) 4)

A retrograde orbiting component of mean velocity 65
km/sec (with respect to the carth) may be added to the
picture as described by Jaffe and Rittenhouse.!* This
retrograde component for altitudes for which Eq. (1) is valid
is 109, of Nz above logiy M = —1.4, increasing linearly to
149 (heliocentric) below logy M = —6.6 (407, geocentric),
M in grams mass. For altitudes for which Eq. (2) is valid,
the retrograde component comprises 10% of Nz above
logiy M = —1.4 falling linearly to 09, at log,, M = —6.6.
This current mean environment is shown in Fig. 1. Data
were taken from Refs. 2, 3, and 9.

Deviations from the Mean Environment

Deviations from the mean environment occur with time
and position in space. They are caused by the sporadie
and streaming nature of the debris, combined with the inter-
action effects of the moving matter with that of moving
charged particles and with planetary action. It is to be
noted, for instance, that the intense stream (or shower, as
it 1s often called) of the Giacobini-Zinner Comet debris
called the Giacobinid Shower of October 10, 1959 has not
recurred, calculations showing that particle orbits have been
changed by the gravitational pull of the planet Jupiter. It
is to be noted that deviations from the mean environment
to be encountered in a specific space flight cannot be cur-
rently predicted. Results of a recent Soviet flight indicate
the ship’s passage through two showers, only one of which
was identified as one of the yearly recurrent showers im-
pinging on the earth.’ Extremely intense shower activity is
possible. This is recorded for the Leonid shower of Novem-
ber 12, 1799 before its perturbation by other planets.’® The
intensity maximum was estimated at near 30,000/hr, more
than two orders of magnitude greater than the maximum
hourly rate of any other normally recurrent earth-impinging
stream. This stream’s earth-impingement maximum in-
tensity seems to have been gradually increasing during recent
years indicating a possible spectacular display for 1965 or 1966.

General Variations and Probability

The probability of a particle passing through a unit area
per unit time (and thus impacting on unit surface if placed

Table 1 Relative monthly aectlivity of meteoroids!’ 18

Relative activity, Relative activity,

Month ki Month kvi
January 0.6 July 1.8
February 0.4 August 1.6
March 0.5 September 1.1
April 0.6 October 1.1
May 1.1 November 0.9

1.6 December 0.7

June
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in this environment) is & nobstationary statistical process
(one whose statistical properties change with time). Such
a complex process does not lend itself to practical analysis.
A stationary Poisson distribution of spatial flux, however,
is an adequate approximation® and is given by the probability
Py of n impaets or n particles passing through area A
in time H:

Py = N7e™¥/nl (5)

where N = NrA.H is the total number of particles of possible
concern for the flight. The probability of no impacts is thus

Po =¢V (6)

The probability of at least one impact (one or more par-
ticles passing area 4, in time H)is

p=1—po =
1l—e v =1—-[1-N+ N2 —...]
And, since generally N < 0.1,
P =N = Ngd.H )

Pereira has called p@ the probability of survival” and
uses the symbol §. Adopting this nomenclature yields his
probability of penetration:

pn=1—8=1—po = Nrky ®

where k. is a factor to account for variations of flux.
The probability of the vehicle’s receiving one impact (and
only one) is

pay = Ne¥=N(1 - N) )
s0 that if two or more impacts were allowed,

pp=1—- (o +po)=l-1~-N+N-N?)=N*

(10)
Table 2 Annually recurring meteor stream?®
(4)
Mean
velocity (5)
(2) (3) with Max.
(1) Date of Duration, respect hourly (6)

Shower maximum days to earth radar (3) X (5)

km/sec echo rate

Quadrantids  Jan. 3 4 42.7 95 380
Aurigids Feb. 9 5 S 5 25
Virginids March 13 16 308 1 16
Lyrids April 21 3 48 4 11 33
7 Aquarids May 4 b) 64 15 75
Arietids June 8 21 39 66 1386
¢ Percids June 9 16 29 42 672
B8 Tourids June 30 13 32 27 351
8 Aquarids July 29 30 42.7 34 1020
« Capricomids Aug. 1 35 25.5 10 350
Perseids Aug. 12 20 60.4 49 980
Orionids Qct. 22 9 66.5 18 162
Southern

Tourids Nov. 1 91 30.2 5 455
Northern

Tourids Nov. 1 47 31.3 10 470
Leonids Nov. 17 7 72.0  10-1957 70

54-1961
Puppids/

Velids Dec. 6 9 ... 50 450
Geminids Dec. 14 9 36.5 80 720
Ursids Deec. 22 8 35.2 13 104
Giacobinids®  Oct. 10 (1) 23.1 (10,000) 354

0.164 2185

8073

¢ Compiled from Northern and Southern Hemisphere studies (Refs. 11, 19—
21} and considered typical for the entire Earth.
® Average recurrence 6.5 years (maximum rate adjusted accordingly).
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Fig. 2 Major meteoroid shower rates impinging on earth;
approximate yearly recurrent.

It is thus seen that if N = 0.1, as noted as a high value in
deriving Eq. (7), then p, = 0.01, signifying a very low prob-
ability of two or more impacts. Such a criteria as p; would
allow an order of magnitude reduction in hazard of space
debris, That is, if two or more impacts were to be allowed,
then only a long time period, i.e., large H or large surface
area A, would be required for a hazard to exist.

The probability p; must be modified for short-duration
flights to take into account what appears to be a seasonal
variation. The relative monthly activity was presented by
Pereiral from a compilation of Ref. 18 and is repeated in
Table 1 for completeness.

The multiplying factor [part of the coeflicient k,. of Eq.
(8)] for the probability of penetration, 1 — S, is given by

_ Z relative ‘activitigslcvrl (ldble 1)

ku
number of months

(1D

Thus, if a three-month period of exposure were to take
place starting in July, &, would equal 1.5.

Streams

Streams are debris from known comet paths and thus
roughly resemble orbital rings (ellipses) of dust in space
moving with mean velocities, as dictated by the orbital posi-
tion, particulate mass, mass attraction, and radiation drag
(Poynting-Robertson effect). If the earth intersects the
orbit, a meteor shower occurs. Thus, annual showers pre-
val lfor recurring orbital intersection. It must be recognized
that the meteoroid material is not spread evenly about the
orbit and that intersecting orbits prevail, such that a space
vehicle can intersect many streams simultaneously and be
showered upon by a flux that is orders of magnitude higher
than the sporadic background.

A list of the meteoroid streams that give rise to meteor
showers is given in Table 2 (compiled from Refs. 11, 19, 20,
and 21) and presented graphically in Fig. 2. One should
note that many other streams the orbits of which do not
intersect the earth’s orbit can be expected in space, so that
a large uncertainty remains as to the hazard potential.
Nevertheless one may conjecture that the description of
earth-stream intersection will be typical for the space ve-
hicle. The average stream hourly rate can be estimated as
the sum of the products of columns (3) and (5) of Table 2
divided by 365 (days in a year) and multiplied by the ratio
of the area under a 3¢ normal distribution to that of a con-
stant (rectangular) distribution of the same width. Such a
procedure assumes that stream flux at 3¢ normal distance
from the maximum intensity is practically nonexistent,
building to maximum intensity according to a Gaussian char-
acteristic, and is not constant over the duration of observation.
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Thus, the estimated average hourly rate is (8073/365) X
(0.997/2.4) = 9. Since the average sporadic hourly rate is
10 (Ref. 22), one notes that for long-duration trips (at least
one year) the combined average sporadic and stream effect
yields at most 19/hr. Thus a stream factor [part of the co-
efficient k. of Eq. (9)], ean be defined as

by — over-all averag'e hourly rate _ 19 19 13)
average sporadic hourly rate 10

for long-duration (over one year) average stream exposure.

Short-period exposure to intense streams such as the
Giacobinids could yield k£, = 10,000/(2.4 X 10) = 420 or
over two orders of magnitude increase over the sporadic
background. (Note that here it is supposed that one travels
across a stream and does not travel constantly in the maxi-
mum flux region of superimposed streams. Such an intense
maximum, however, would yield at most &k, = 1050 or a three
orders of magnitude increase over the sporadic background.)

Streams are generally extremely wide, as can be ascer-
tained from their duration as shown in Table 2. Thus a
stream of near 300,000 statute miles in width would be
obtained for the Giacobinid shower of one day’s duration on
the assumption that the earth crosses the stream at, say,
near 11.5° (estimated from orbital diagrams) with stream
(since the earth travels at near 2.6 X 10° km/day = 1.6 X
10 statute miles/day). This narrow stream is thus larger
than the mean distance of the earth to the moon.

Altitude Effects (Shielding)

The effect of planetary (or lunar) eapture through gravi-
tational attraction has been taken into account in our previous
deseription of the mean environment and will be further
noted, assessing the lunar environment, in the Appendix.
Planets and their moons, however, have an additional effect
of shielding a spacceraft that is.in their vicinity from the
directionally moving debris. This effect is small in com-
parison with the orders-of-magnitude effects of flux inecrease
from factors mentioned previously and in comparison with
the uncertainty that still exists in the description of the
mean environment. Many authors and analysts thus ignore
this effect. Nevertheless, the environment and its major
deviations will eventually be defined such that shadow shield-
ing will become a more significant factor. The shielding
effect is complicated in that retrograde as well as direct orbit-
ing particles are present. Deviations of debris orbital paths
from the ecliptic plane also affect shielding, as do stream ef-
fects.

A simplified version of shielding is given by the viewing
loss (V.L.) equation of Davidson and Winslow,™

[———VECTOR]} INDICATES NUMBER OF RADIANTS
PER UNIT ANGLE PER UNIT TIME (APPROXIMATE FLUX
IN INDICATED DIRECTION IF NUMBER OF PARTICLES
PER RADIANT IS ASSUMED CONSTANT).

ECLIPTIC LATITUDE

%N\ WAXIMUM AT LATITUDE

EARTH

WEX ANTAPEX

SUN

Fig. 3 Relative distribution of meteor radiants with
respect to the sun.
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V.L. = (1 — cosb)/2 (14)
where
8 = sin ' Ro/(Ry + b)]
Ry = effective radius of the earth
b = average geocentric altitude of vehicle

I

A value of shielding for ecislunar orbiting vehicles to a
higher order of accuracy can be obtained from the work of
Pereira’” which assumes random motion of meteoroids
parallel to the ecliptic plane and an “effective radius” of
carth = 44010 miles. (This includes a 53-mile layer of atmos-
phere.) His factor is Ses = 1 — (sector radians shielded/2w),
averaged over a complete cyele (for circular orbiting vehicles).
At most, shielding decreases the flux by 0.5.

Particle Dispersion Processes

An excellent discussion of the phenomenon of particle
dispersion processes is given by Lovell.22  He concludes:

The Poynting-Robertson effect introduces a selective drag
which, in the course of time, will separate out the particles in a
shower according to their size, eventually causing all to fall
into the sun—the small ones faster than the large ones . . . .

The possibility of other dispersive influences has been men-
tioned by Whipple in Ref. (24). Meteors must carry a positive
charge as a result of photoelectric effects due to the sun’s radi-
ation, and if the sun has a magnetic field a motion of the line
apsides must result greater for smaller meteors than for larger
ones. Simple electrostatic effects might also tend to disrupt
the originally compact stream.

Directionality

It is difficult to form any conclusion of directionality ex-
cept for the earth-moon system, that is, in the vicinity of
the earth’s orbital path. A polar plot showing particle
directionality (in reality, numbers of meteor radiants per
unit angle, per unit time, becoming number of particles under
the assumption of a constant number of particles per radiant)
has been presented in Ref. 25 and is illustrated in Fig. 3. The
vectors drawn to the center marked earth represent flux
magnitude and direction in the earth’s orbital path with
respect to the sun. (The ecliptic latitude variation is from Ref.
23.)

Probability of Encounter

Having defined a mean design environment and noted
the deviations possible, it is now necessary to assess the
probability of encounter of debris with a specific space ve-
hicle in the fulfillment of its mission. It has already been
noted that the probability of encounter is modified by a fac-
tor k, to account for variations in flux (Eq. (8). Major
variations are caused by:

1) Flight time / at a location in space where the pro-
jected exposed area mnormal to the plane of the
eclipticis 4,

2) The area A,

3) A factor to account for stream activity &, as just ex-
plained, where %k, = 1.0 for short (stream-free)
flights, 2.0 for long (average yearly) flights, and
~1000 for maximum concentrated stream effective
flights. (This last value may be greater, as indicated
by past meteor-shower history)

4) The seasonal variation factor k, (note: k, has maximum
value of 1.8 for July)

5) A shadow-shielding factor S,, as previously explained:
0.5 < S. <10

Thus k,. can be numerically evaluated as

kpe = HAS Kok,

and the probability of encounter p, obtained from Eq. (8),
if p1 is to be used as a design eriteria, or ps from Eq. (10).
Personnel in space suits outside the space vehicle are par-
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tially shielded by the proximity of their parent craft and ex-
pose a relatively small area A, (planform area) for relatively
short periods of time H. Thus k, would be quite small.
The hazard is thus conceivably negligible in the normal mean
space environment.

1t is well known that shaped charges have greater penetra-
tion characteristics. Thus, the nature of the impinging
particle is all important in assessing the hazard.  The near-
earth particles appear to be predominantly of the loose
aggregate, fluffy nature, indicating a possible minimum
hazard (low penetration or spalling possibility on impact).
The percentage of particulate matter that is hazardous
from a shape/density point of view has yet to be evaluated.
It is important to note, however, that, considering the past
history of space vehicles, this factor must reduce the space-
debris hazard by orders of magnitude. It is once again
tantamount to allowing at least one impact, that is, to using
p2 of Eq. (10), in the hazard evaluation.

Recommendations for Acquiring Additional Data

It is still necessary to define more accurately the mean
environment, especially the mean flux with respect to planet
and satellite location in space. It is also necessary to estab-
lish to greater accuracy the deviations from the mean en-
vironment—stream effects, dust storms, clouds, variation in
particle shape and density, shielding, velocity variations, and
the effect of solar storms. This requires better and more
reliable sensors on space probes and satellite vehicles to yield
information on particle velocity, mass, impact frequency,
major chemical eomposition, and structural shape and charge
potential without the current major shortcomings of spurious
indication and difficult calibration.

Effects of shape and density of debris on penetration and
spalling need to be established. Indeed, the very nature
of what comprises a hazard must be clarified, because use
of special skin design could almost eliminate this environ-
ment from further consideration.s

In addition, a better interpretation of past meteorite data
is needed, especially in clarifying particle mass/visual and
photographic magnitude relationships from existing observa-
tions. Current efforts along this line have used man-made
meteoretic particles of aluminum and iron.’ 2 Further
interpretation of recent results arc needed, along with addi-
tional similar experiments using particles of alloy composition
better approximating meteoroidal material.

Zodiacal clouds, Gegenschein, and corona should be studied
with a view toward clarifying the effects of physical particu-
late characteristics on observational interpretations. The
results of particle capture experiments should be factored
into a laboratory study of light reflectivity, scatter, polariza-
tion, and absorption, so that new interpretations (more
exacting) of past observations can be made. Thus, a great
deal must yet be accomplished before man can say that he
possesses a reasonable knowledge of the nature of the space-
debris hazard.

Appendix

The problem of accretion of interplanetary dust by the
earth through gravitational force is treated in Ref. 12.  This
theory is presented herein and modified to estimate the
environment in the proximity of the moon and Mars.

Space Density Calculations

If R = radius of planet or satellite and » = radial distance
from planet or satellite c.g., then we can define

= R/r (A1)
The escape velocity is given by
V = (2GM'/R)V? (A2)
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The relative space concentration is

C = 100p(y)/p () (A3)
The particle velocity is given by
v = u? + vy (Ad)

The space density at r is given by

2 1/2 2 1 1/2
0 () e [ (DT

where u; = u/v., and u = (lunicentric/geocentric) particle
velocity at r = @, and p. = 2 X 1072 to 5 X 1072 gm/cm?,
Since uw = 1-5 km/sec, for the earth, v, = 0.1-0.5; for the
moon, 4, £ 0.4-2.0; and for Mars, u = 0.2-1.0.

The relative space concentration, Eq. (A3), can now be
found for various values of ¥ using Eq. (A5). Results are
plotted in Fig. 4 as C curves.

Rate of Accretion Caleculation

The rate accreted by a body of small motion relative to
particles in space (approximately stationary particles) is
1 dM
T p(y)v(y) (A6)

With Eq. (A4), this yields

y 2
LM 5 ¢ 10tpupa LT Y) u+ 9

o[ (T o

A, dH



322 S. D. BLACK

For the earth, y equals 1, and

aM V.2
DL Ry (1 + 7)

It is now necessary to ascertain a relation? between M
and the number of particles N7 of mass M or greater preva-
lent in the space environment:

N =18 X 10781 (A8)

Since M is proportional to the cube of the radius of the
particle, one would obtain N = 1.43 X 107 r,~3, where the
radius is in cm for particles of density 0.3 gm/cm3. (Singer'?
uses N ~r,728,)

The particle flux is thus

Nr = (N/AM)(dM/dH) (A9)
which with Eqgs. (A7) and (A8) can be written
NrM2

Ne'W) = 9% 1075,

W’ + {1 wli-ve (X ﬂ)]”z} (A10)

u12+y

which can be solved for various values of y. The relative
rate of accretion 100 Né(y)/Né&(y = 1) is plotted for w; = 0.1
and ¢; = 0.51in Fig. 4. The values for ¢ = 0.1 agree reason-
ably well with Singer’s,'? but those for ¢; = 0.5 are higher,
probably due to the higher exponent on r, in (AS8).

For the moon, v, = 2.372 km/sec, reducing the flux to
0.212 of the value at the carth. The variation of accretion
(flux) with Iunar altitude is obtained by examining a plot
of uy vs y for vy = 0.4 to w3 = 2.0, as shown in the center
part of Fig. 4. Peak flux at 6000 statute miles is thus 1.4 X
0.212 =2 0.30 of that of earth’s atmosphere at extreme alti-
tude (approximately 75 statute miles). At most, one order-
of-magnitude increase is present here from (y = 0) to the
moon (y = 1) as compared with two orders-of-magnitude
increase for « to earth. (Whipple shows a four order-of-
magnitude increase for earth.'* He recently reduced this
by three orders of magnitude, bringing the values more in
line.?) For Mars, since v, = 5.1 km/sec, the flux aceretion
is 0.455 that of the earth. This indicates that peak flux at
Mars atmosphere extreme is about half that of earth’s at-
mosphere extreme. The characteristics for Mars are shown
in the bottom part of Fig. 4.

Taking the Zodiacal characteristic as prevailing at 6 X 10°
statute miles from the moon and a characteristic mass of
10~¢ g or greater yields (see Eq. (1)

logiw Nr =2 —5

Also assuming that the moon peaks at an impact one order
of magnitude less than that of the earth (in variation from
o}, since for earth [see Eq. (2)], logie N7 = —2, the moon

peak would be at logw Nr = —3. Thus considering the
point of common N7 and mass of Egs. (1) and (2) to prevail
for the moon, namely, log Ny = —6.7 and log M = —6.1,

one obtains, by solving Egs. (1) and (2) simultaneously, two
sets as characteristic of the lunar environment, which result
in the equation

10g10 ZVT = —145 —1.28 logm M
as the near-lunar flux-mass characteristic. This is also
Eq. (8).
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