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I INTRODUCTION (U)

Qg) This report describes the results of a brief, intensive effort
to assess the probability that the optical signal obtained by the VELA
6911 5 :cecraft on 22 September 1979 (also known as Event 7 ') was
actually produced by sunlight reflected from a meteoroi, This study
was conducted under a severe time constraint, We were given only three
weeks from the time when we received the Neste (1974) thesis containing
the urprocessed Pioneer 10 data until the finished report was due., For
che el o7 i VI unexplained data (the VELA "zoo'') the time was less

than one week.

gﬁ3 Prior studies by MRC (Sappenfield, 1979} and Sandia (Mauth,
1979} develeped several meteoroid shape and trajectory models that could
explain the observed waveforms., One of the central issuvs in thesc
studies w.. an explanation of the differences betwzen th: time histories

obtained by the "V zad "Y' scnsors on the spacecraft.

gg) We were asked in December, 1979 to perform a quick, prelimi-
nary assessment of the probability that the circumstances postulated in
these models would occur in 120 sensor-years of bhangmeter observations.
Meteoroid flux data contained in a review article by Dohnanyi (1972)
indicated that they were extremely improbable and could be discounted
as possible explanations for Event 747, Following this preliminary
study, our attention was directed to the Pioneer 10 optical meteoroid
detection experiment in which many more detections were observed than
cur analysis would have predicted. We were asked to perform and report

on the following tasks:

1. Conduet a thorough literature survey teo incorporate all rele-
vant data into the flux and velocity distributions used in our
analysis,

2. Compare the Pioneer 10 data with the VELA '"200" (a set of
unexplained observations from the VFLA bhangmeters).

3. Re-evaluate the MRC and Sandia models as possible explanations
for Event 747.
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(U) The accepted meteoroid flux distribution used iq cur prelimi-
nary analysis is supported by a large number of ground-and space-based
observations, Further measurements since the 1972 Dohnanyi article
have not undermined this distribtuion, Rather, they have added data
about the population of extremely small particles that are not of

interest for the present problem.

(UY In this framework of mutually reinforcing obsgrvations, the
Picneer 10 AMD (Asteroid/Meteoroid Detector) stands as a unique and
puzzling experiment, When the data are reduced in straightforward
fashion, the resulting distribution of particle sizes is substantially
in disagreement with all other measurements. There is no indicatiocn
that the instruments failed to work as intended. There is 8very reason
to believe that the AMD reported valid optical observations. What is
lacking is a satisfactory model that reproduces the particle mass
statistics an? 220 observations gimultaneously. One proposed model

ascribes ~any of the detections to specular surfaces on meteoroids,

(U) Since valid optical observations are superior to an inadequate
theory about hew theyv are produced, we regard the Pioneer 10 data as
the most relevant set of data to apply to the VFLA problem. The AMD is
quite similar to the VELA bhangmeter; if one device experiences an unex-
pected optical enviromment, it is likely that the other one will also,
Thus, we have concluded that the raw, uninterpreted Pioneer 10 data are
the only external data that can be compared meaningfully with the VELA

data without involving a number of unsupportable assumptions,

(U) Tris report is organized as follows, The literature search is
summarized in Chapter II. 1In Chapter III, we use the accepted data base
for meteorcoil flux and velocity distributions to evaluate the MRC and
Sandia models., In Chapter IV, we describe the Pioneer 10 experiment and
show that the data from this experiment are not consistent with the cal-
culations based on the accepted data base. Chapter V is a discussion of
the VELA "zo0," with particular emphasis on the time histories, which

have nc counterpart in the AMD results. 1In Chapter VI, the VFLA darta
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(U

are reduced to a form comparable with the Pioneer data so that their
similarities and differences can be examined. OQur conclusions are

given in Chapter VII.

3
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II LITERATURE SURVEY (U)

(U} A literature search was conducted to incorporate any new, perti-
nent information into the data base used in our preliminary analysis (the
preliminary data base came from Dohnanyi, 1872), This search relied
heavily on the extensive reference list contained in a reyiew article by
Brownlee (1979} and on two books: Cosmic Dust (J.A.M. McDonnell, ed.,

Wiley, 1978) and Lecture Notes in Phvsics 48: Interplanetary Dust and

Zodiacal Light (Elsdsser and Fechtig, eds., Springer-verlag, 1976). The

search concentrated on four categories of meteorcid data:

* flux versus size data
* velocity data (direction and magnitude)
* rotation rate data

* meteoroid cluster or swarm data,

These categories are discussed in detail below.

AL Meteoroid Size Distribution (U)

(U)  Dohnanyi (1972) contains a graph of the cumulative influx of
particles into the earth's atmosphere as a function of particle mass M.
Combining data from over a dozen different studies, this graph comprises
data from a Tzss range of

10'13 < M(kg) < 1010

Most re.wear studies have involved highly sensitive spacecraft-mounted

172
20 M(kg) < 1072

sensors that respond to very small particle masses (107 ).
These measurements, summarized in Table 1 (from Bedford et al., 1975,
fall in the upper left hand corner of Dohnanyi's graph as shown in

Figure 1,

4
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Table 1

(U) REAR EARTH AND INTERPLAKETARY METEOROID FLUXES
(FROM BEDFORD ET AL., 1975) (u) |

Region of Space () Mass Cumulative Flux
Experiment Technique and Orbital Data a Threshold -2 -1 -1 Reference
(gm) {m s “{2nsr) )
NIAR EARTH
Frosper- Tmpace Ceocentric 2 x 10_15 4 x 10-] Bedierd et el.,
lenization 6,900-7,900 kn 6 x 10777 1.4 % 1072 (1575
2 x 107 1.4 x 107
EEag 1m - i ~y0-13 - ¢
EEZOS mpact Geocentric 10 4 % 10 7 (b) | Fofiran et al.,
~14 w2 15758
Tonization 6,700-67,000 km ~107 3 x 167° (b) s
Casmoe 470 Geocentric 1 x 10_11 2 x 10-3 Nazarova ard
Rvbakow (1974)
Cosmas 507 " 1 x 1073 2y 1073
InterCosmos 6 " 1x ll'.'r-9 8 x 1077
INTERMEDIATE
eITi Penetration/ Geocentric 2x 1b 13 2 x 10 3 Alexender er al.,
Pilezvelerir!: 10,000-100,000 hkm {1573y
- =3
ToE lsrz:e Geocentric ~1% P R it el =
-14 -4
lonization 67 ,000-246,400 ko ~1d 1 E x 10 (b}
. “ox 10T (e
107" ~a % 1077 (@)
Impact Heliocentric 1 ox lﬂ_13 1 = lG_3 Mclonnmel, Ber:
. -7 -9 and Richardson
Ionizztie: U HN] EA - N il e
Ionizse b} 1a 1 Lo I3 (15757
-12 -4
seriner IV renetracion/ Heliocentric 6 x 10 12 1 x 107" Alexander and
B, _ T
Piezoelectric 1.0 - 1.5 AU to 2 x 10710 to 2 x 1075 Bohn (137
S0 - - ~12 =4
LA Piezoelectric/ Selenccentric 5 x 1D 12 2 %10 .
Capacitor 2,000-9,000 Im 1 x 10730 7 x 107°
Luna 10 Ticzoelecrtric/ felenccentric 1 x 10'10 2% 10b5 Nazarova and
Capacitor Rvbakov {1974)
—1¢ -
Lunar Crazers | Mjcrocrater Lunar Surface 1 x 107t ~10 ? (e) Smith el al.,
fnalvsis 1w 107%° 2 x 1970 (1974)
1x 1073¢ 2 x 1078
1x 10718 3 1070 Fechtig et al
- - PR
o 15 10710 to 2 x 107° (1373
Yioreer 1907 Penetration Interplanetary x> 10_9 1 x 10_5 dumes et al.,
1-2 at (19721
far references to the centre of the parent body
ftr wvalues caleulated b+ us from publi~thed daty
tet Tlux from the Farth's apex Zircition
ey fluw frem all other Jirections 3
l?f extranclaied value vsing Smith er a8l data for hich density (=% ¢ cm OV micrometecorcids
{91 adied ¢ tne original table for this rezoTt.

: 5
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‘ I T I 1 1 1 i 1] I I ] I I ] I
\% | I 8 = METEORQ!DS (Dohnanyi, 1976}
SUMMARY OF DATA FROM PROSPERO {1975},
-2 HEOS {1974), COSMQS (1974), OGO 111 {1973}, —
MARINER IV (1874}, LE 35 {1973}, LUNA 19 .
{1974}, AND LUNAR CRATERS (1873] GIVEN —
IN BEDFORD ET AL. {1975}
ol o PIONEER 10 IMPACT {Humes er al, 1974)
- ® ~——" EXPLCRER XXilII {(Navmann, 1958) -
. PIONEER B + 9
"2 [ (Berg and Gerlaf, —>PEGASUS (Naumann, 1968} ]
18700
-8 }— RADIO METEORS ,\ —
[Elord et al, 1964} .
-~ -
=10 f== NIL5SON AND ]
SOUTHWORTH (1569)
-12 b— PHOTOGRAPHIC METEORS —
{Dohnanyi, 18681
=14 j—_ —
- LUNAR SEISMIC DATA —
DUNNEBIER AND SUTTON (1974}
16 J—
~-18 — —
| LUNAR SEISMIC DATA \ PRAIRIE NETWORK -
LATHAM ET AL. 11972 \\ / {McCrosky, 1968
-0 — HAWKINS (1963}, STONES \ T
| EROWN (1960} h _
a HAWKINS {1963}, IRONS ]
B OPiK {1958]
-24 }— \ —]
A"
AN
- N i
N\
-26 |— \\ _
LARGE CRATERS (Hartmann, 156%5) \
— A b
AS
\
-28 e N —
by
\
o -
230 b— COMETS .‘______‘\ -
I O R T Y
-20 -16 -12 -8 -4 Q 4 8 12 16 20

LOG10 MASE ~— kg

FIGURE 1 METEORO!D FLUX DISTRIBUTION (U)
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(UY The only other significant additions to Dohnanyi's plet are
the data on lunar meteoroid impacts from the Apollo 14 lunar seismic
station {Latham et al., 1972; Dunnebier and Sutton, 1974). These are
shown in the central portion of Figure 1. Note that in the mass region

of interest to this analysis (]‘_O-9 < M(kg) € 10-3), the curve in Figure 1

can be approximated by

F(m) = 3,16 x 1078 ;1-18

L
(U) All flux measurement results published since 1972 are in good

azreement with the curve in Figure 1 except for the results of the opti-

oy

cal wereoroid sensor on Floneer 10 (Soberman et al., 1974). Questions
have been raised regarding the interpretation and reduction of this data
{Auer, 1976), and there is now general agreement in the community that

this data is due to glints {Soberman, 1976; McDonnell, 1978; Cook, 1978,

Dohnanvi, 1978). If this interpretation is correct, it is impossible
to relate the Pioncer 10 optical data to actual particle sizes. Tne

Picneer 10 optical data are discussed in detail in a later section,

«U) The curve in Tigure 1 represents the best current &stimate of
th. rzteoroid flux distribution, The principal unresolved area relating
to size and mass distributions is with regard tc the density of individual
particles. Density values ranging from 0.18 ngCm3 (Cook, 1968) to
& gxfcmB (Bedford et al., 1975) have been used, although values of
1.2 gm[cmB are most cormon. AS a consequency, there is still an uncer-
tainty (of about 1.5 orders of magnitude) in the mass-to-size relation-

ship of meteoroids.

B, Meteoroid Velocities (U)

{) ... distribution of meteorcid velocities is not nearly as well
docurmented as the mass distribution. Although much data exists on the
velocity distribution of meteors, these data are distorted by several
selection effects (e.g., low velocity meteors are more difficult to

detect than high velocity meteors) and by the velocity increase

7
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experienced as the meteor is accelerated by the earth's gravitational
field., For example, Figure 2 shows the geocentric meteor velocity
distributions for visual meteors and faint radic meteors (Hughes, 1978),
In both cases, the lower limit of the distribution is given by the free-
fall velocity (11,2 km/sec) of a particle hitting the earth that started

witl zero geocentric velocity at infinity,

(U) Anocther possible source of velocity data is the orbital param-
eters of obzerved meteors. Figurce 3 is a summary of the parametevrs of
several thousand radioc and photographic meteor orbits (fram Hughes, 19878).
Alchough in theory these orbital parameter distributions can be trans-
formed into a velocity distribution, it is not clear that the result
would be any more believable than the distribution of Figure 2., After
ali; this orbital data is subject to the same selection processes opara-
tive on the data in Figure 2. For example, the alzost togal abssnce of

low eccentricity orbits is possibly a result of these selection processes,

(L) An attermprt co correct for these selection processes was made by
Southworth and Sekaninz (1973). Such a correction is similar to trying
to multiply out a zero of a function without knowing the order (cr even
the nature) of the zero, The correction facter is inherently large and

subject to large errors,

(U} The only velocity data extant on metesoroids was collected by
Picncers 8 and 9 (Gerloff and Berg, 1972; Wolf =t al., 1976), and HEQS II
{Hoffman et al., 1973). These data, shown in Figures < and 3 are all
for parcticle: ¢f rass < 10_8 g (< 10-9 gm for HEOS II); consequently
thzy are at the extraerz end of the mass range of interest for this analv-
sis, Pioneer 8 and 9 data alsc indicated that the velocity distribution
is anisctropic and somewhat mass dependent, In particular, these data

show (McDonnell, 1978):

1) prograde orbits are preferred
2) masses & 10-11 g show apox symmetry (implying bound orbitcs)

3) smaller masses show apex asymmetry (i.e., are being blown
out of the seolar system by radiation pressure).

&
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FIGURE 2 VELOCITY DISTRIBUTIONS OF VISUAL AND RADIO METEQRS (U}
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Since the majority of data collected by both the Pioneer sensors and
HEOS is for particles of mass < 10'11 gm, it is not clear that this data

is applicable to particles in the mass range of our interest (10-6 <M
< 1.0 gm), Furthermore, the distributions in Figures 4 and 5 represent
very small sample sizes--20 detected particles for Pioneers 8 and ¢ and

21 particles for HEOS II,

{U') An alternative to the distributions of Figures 4 and 5 is the
meteor velucity distribution of Figure 2 transformed to make i+ -ppli-
cable at 100,020 km, This is accomplished by subtracting-the kinectic
energy gain a parcicle realizes as it falls from 100,000 km to the surfacs
of the earth. There is a serious problem with the transformation, how-
ever. At 100,000 km, the escape velocity is ~ 2.8 km/sec and the circular
orsit velocicy is ~ 2 km/sec, It is almost impossible for a particle
that enters the earth's gravitational field at essentially infinity
(wileh f- the case with most metecroids) to have a velocity less than
2.8 kn/szc at 100,000 kn, This leaves a gap of 800 m/sec between the
slowvest particle spead and VELA., The problem is that one of the metecroid
molZels for the VELA measurement (the MRC model) requires low particle
velocities relati—e to VELA (0O = v| £ 300 m/zec), These low relativea
velocities will not cccur unless a particle encounters some means of
losing a portion of its kinetic energy, such as a brush with the earch's
atmosphere or a c¢ollision with ancother object before encountering ths
VELA sensors. Although neither of these mechanisms is very likely, the
transformation (up to 100,000 km) should reflect the fact that the proba-
bility of a particle having a velocity hear 2 km/sec is small but not
zero, Data on which to estimate this probability does not exist, however,
and any estimate we could make of the probability of a meteoroid-VELA

encounter at relative velocities below 800 m/sec would be unsupportable,

C. Rotation (U)

(L) Rotaticn appears to be a universal attribute of astronomical
bodies, hence it is reasonable to assume that meteoroids are rotatinz,

Two mechanisms have been proposed ro induce a state of rotation:

14
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* Collisions (Dohnanyi, 1972; Zook and Berg, 1975)

* Radiation pressure combined with an asymmetrical shape (or
albedo) or a symmetrical, but windmill like, shape.
(Radzievsky, 1954; Paddock and Rhee, 1976). '

Mechanisms for dissipating this rotational energy are weak or nonexistent,

hence a particle's spin rate will tend to increase until the particle
bursts due to excessive internal tensions., Dohnanyi (1976) has used
random walk theory to analyze spin-up by collisions and has developed a

density function for the spin rate given by

¢

2 2
15 ¢ (w” - w)
= == N

fw {w)dw 5 N

LAy ro

dw
W

kS

where fw(w)dw is the number of particles with spin rates between w and

w + du, W is the bursting spin rate, and N is the total number of par-
ticles. This expression is plotted in Figure 6 together with the dis-
tribution of rotation rates of known asteroids. Integration of the

above expression from 0.1 w, to W gives the result that over 99,7% of

all particles are spinning at a rate between 0.1 ¢, and w, -

(U) For small particles, the bursting rate is much higher than
asteroids, hence the average rotation rate will be greater. For
example, a particle 2 mm in diameter, with a density of 2 gmfcmS and
relatively low tensile strength, could spin up to 107 rotations per
second before bursting. This stretches the right side of the theoreti-
cal curve in Figure & out to 10? and means that over 99% of all particles
of this size (and smaller) are spinning faster than 106 rotations per
second, It is difficult to reconcile these rapid spin rates with specu-

lar reflections lasting milliseconds or longer,

D, Meteoroid Clustering (U)

(U) The clustering of meteors into showers is a well-known fact
(Hughes, 1978). Events within a shower, however, are usually separated

by minutes or hours--not milliseconds. The tendency of micrometeoroids
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to cluster in time and space has been measured by HEOS II (Fechtig et
al., 1979) and also found to be large. Figure 7 shows the temporal dis-
tribution of 431 detected particles of mass = 10-9 g detected below
69,000 km. This clustering tendency was observed principally within
60,000 km, although the orbit of HEOS II extends out to 244,000 km,

Collection was over a 2-1/2-year period,

(U) The distribution of Figure 7 shows an interesting and dramatic
upturn at shorter time intervals., The shortest time interval shown
(approximately 0.02 to 0.04 hrs), howvever, is over 2 ordars of magnitude
larger than the interval of interest in this analysis, A straightforwvard
extrapolation of the data points in the figure yields a result that is
chviously absurd (400,000 detected events), Clearly, the curve must
turn down for shorter time intervals, but just how that is accomplished

cannor be determined from our current state of knowledge.

LU 4 furshor argument ezcinst the applicability of this data ic
= -13

because of the particle mass range of the experiment--10 gr. v 10
. X . -6

s, Particles of interest to this analysis are more likely to be 10

m or larger.

E. Summary (U)
(U) The principal results of the literature search were:

» The mass-flux curve of Dohnanyi (1972) is substantially
correct, However, the Pioneer 10 data indicate that the
relationship between the meteoroid flux and optical de-
tections is very complex and not understood at the present

time,

+ Velocity distribution data for meteors and meteoroids is
sparse and unreliable at low velecities because of selec-
tion effects that decrease the number of low velocity
particles detected, Nevertheless, basic physics dictates

that no particles, except for possibly a very few pathe-
logical cases, can pass near the spacecraft with relative

velocity less than 800 m/sec.

+ Expected meteoroid spin rates are sc high that glints from
spccular surfaces should be only microseconds long--not
milliscconds,

17
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11T OPTICAL OBSERVATIONS EXPECTED FROM THE ACCEPTED DATA BASE (U)

(U) Given the particle mass flux statistics described in the
previous chapter, it is peossible to estimate the frequency of occurrence
of events with a peak intensity exceeding any particular level. We shall
see subsequen.ly that the available optical experiments differ from the
calculated levels, To date, no theoretical model has bezh proposed that

explains the optical observations successfully,

(U) The observations of most interest for this study require both
a larze peak intensity and a long duration observation, With a complete
description of the velocity distribution, the complete bivariate
statistical expectation could be calculated. Unfortunately, the long
dur.rion events requitre low velocity particles. These are sufficiently
rere thet the velocity distribution can be guessed only very crudely.

We shall, nonetheless, attempt a calculation.

A, Distributicn of Peak Intensity (U)

(') We assume that the average particle has a scattering function

of the form

T=1_ 1 () a’/R’ (1)
where I is the scattered intensity, IS is the solar illumination, r is
the reflectivity, f{y) is the scattering phase function, a is the particle
radivs, znd K is ths distance from the particle to the optical system.
Over a period of time, the phase function will be averaged over a rangce
of angles, ~», that depends on the experimental geometry. For the
Pioneer case, a 43-degree deviation from backscatter is typical., For
VELA, we assume that all solid angles are equally likely, though this is
probably not rigorously true. In the equations that follow, f(v) will

not be used explicitly. We shall use

19

UNCLASSIFIS ™




e ————————

UNCLASSIFIED
(U)
. 2
I =K, a"/R (2)
and return later to KI in particular cases.

(U) The cumulative density of particles with radius a or larger

is

gkl

N{a) = KN a v, (3)
L.
The average velocity of the particles normal to any surface is v. Since
the system response falls very rapidly outside a cone of half-angle o,
the peak intensity in the typical case will occur where the particle

eénters or exits the cone. If we select a particular distance on the

F+

surface of the cons, R, and a particular scattered intenmsity, I, we can

calculate the minimum radius particle needed to produce the desired
iznal

Equation (2), The number of particles crossing unit area

172

using

i

in unit time will then be N[(IXKI) R}, The flux crossing an area

element of the cone is

_ 2 /D Wz
@Y = v R (/R ) Pl ok aw sin{g)

.82,
2nv Ky kl sin(o) dR
= - ™ . (4
IBIZ RE 1

Because of the radius dependence, most events will occur near the lens.
The total event frequency can be found by integrating from a minimum
distance, R_, to infinity. A smaller upper limit can be used if

si:rerriete.  This integratiorn gives

v Ky KIB/2 sin(q)
B/zRa—z

NL{I) =
1 (5-2) 1
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(U) Equation (5) indicates that the number of events larger in
intensity than I varies as 1-5/2 if the cumulative radius distribution
B

varies as a2 ", provided only that the scattering behavior of the particles

is similar for all sizes,

(U) 1f the particles scatter as Lambert spheres,

2r 1 al

I= —— (sin'y -~ vy cos v). (6)
3w R

.

For Pioneer 10, v = 3x/4, and for VELA it is appropriate to average over

all solid angles. Using IS = .14 W/cm2 and T = 0.2, we find

2.8 % 10-2 (Pioneer)

=~
1]

7.0 % 1077 (VELA).

() A third, physically unrealistic, model is appropriate for
purposes of illustration., Suppose that all particles are hemispheres
“.=h a flat, specular surface perfectly oriented to be observed by the

Fioneer AMD system. Then

211 c052 (x - y)/2 2

I= = L. (8)
ﬁez R2

where ¢ is the angular diameter of the sun. This calculation yields

KI = 12,57,

(U) The mass flux distribution {from Dohnanyi, 1972)

v N(m) = 3,16 v 10-18 m-l'18 m-2 S—l (ZKSR)-l (%)
corresponds with a radius distribution
v N(a) = 5,53 x 10770 57308 o2 mL ) gyl (10)

21
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(U} Estimates of the typical particle density range from 0.18 to
3 gm/cm3. The numerical values given below assume a density of
3 gm/cm3 and R = 1 m, The estimated number of events of a given
intensity can be raised by a factor of 8 by assuming the lowest density

estimate, Then we find

~17 _-~1.77

NI(I) = 1,08 ¥ 10 I Pioneer Lambert spheres
- -1.77 . .,
= 7,73 x 10 1 Pioneer specular hemispheres
= 3,59 x 10-18 1—1'7? VELA Lambert spheres

In each case, the value initially calculated has been multiplied by

7 -
3.15 x 10" to obtain the number of events per year, For I = 10 Sw/cmz,
NI is 1.56 x 10—3, 11.2, and 5,2 x lO~4 events per year for the three

cases above, in order.

B. istribution of Time Durations (U)

(U) The formulas given in the previous section yield the expected
frequency of events exceeding a given intensity, regardless of duration.
However, we are interested principally in a case where the duration is
unisually long, In this case, it is necessary to consider the velocity
distribution of particles. Long-lasting meteoroid observations imply
Low velocities, for which the Pioneer and VELA environments differ
significantly, Pioneer acquired data in a region governed entirely by
solar gravitation, while the earth's gravity influences VELA. The
influence of the earth sets a4 minimum particle velocity relative to the
spacecraft of sbout 800 m/s for VELA. The only particles that can
remain long enough in the field of view to account for very long dura-
tion flashes are those with vectors in the principal cone of the field
of view. The field of view subtends a solid angle of 2,5 v 10
Steradians {or 1.9 v 10h3 of the surface area on a sphere of unit radius),
Since partlcles going in either direction are acceptable, only about
3.8 x lO of the incident particles will have velocities in the direc-

tions required for a Iong duration event,
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(U) For particles traveling radially outward from the lens,
beginning with peak intensity at range R,
1t) _ R
2
I (R + vt)

(11)

(U) 1If extinction occurs when I,’I0 = 01, vt = 9 R. 1If we require

v 800 /s, t = .3 s, then R = 27 m., More generally, for t = 0.3 5,
e
Rz v/30 (12}
() Consider the case of the Pioneer specular reflectors, which
is the physically unrealistic case that yields the largest number of
events and comes the closest to the observed Pioneer distribution.
Considerin: only the fraction of particles in the critical cone, we use
Fquaticn (5} und the numerical results immediately above to obtain

N (1) = 2,94 10718 (71-77 pllaa (13)

used with the velocity., The number of events of duration t or larger
(to .0l of peak intensity) having velocity in the range v to v + dv is

6 Ll 3 =L 2
16 177 vt -1.54

5 fiv)dy (14)

ax{I, t) = 2.%4 y 10

An estimate of the velocity distribution for velocities less than about

10 km/s suzrests using

F(v) = v/8 v 107 (v in m/s) (15)

This does not go to zero at v = 800, but the extra events counted will
not be numerous. The integral of Equation (14) from 0 teo 10 km/s for

t = 0.3 s is

NI, .3) = 6,21 10“26 I-l°77 E€VENLS Der year (16)
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(V)

For I = 10_S W/cmz, this.yields 9 x 10-12 events per year, or about one
. 1 . . . ;
cvent per 1¢ : years, It is interesting to note that this figure is

about ten times the currently estimated age of the universe.

(U)  The probability calculations above lead one rapidly to the
conclusion that there is no possibility that event 747 is meteoroid
related, Unfortunately, they also lead rapidly to the conclusion that
the observations made by Pioneer 10 are impossible. After a thorough
study of the Pioneer 10 AMD experiment, we believe that those data are
rore relevant to the VELA case than are probability calculations based
on other measurements and hypothetical scattering models. These calcu-
lations will be used to provide the most intelligent available guide

for extrapolation from the Pioneer observations.
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1V THE PIONEER 10 AMD EXPERIMENT (L)

(U) The Pioneer 10 AMD (Asteroid/Meteorocid Detector) is strikingly
similar in concept to the VELA bhangmeter system. Of all the spaceborne
meteoroid experiments to date, it is certainly the mostwrelevant source
of data background to indicate the probable VELA meteoroid environment.
Unfortunately, the Pioneer 10 data have proved very difficult to relate

to other meteoroid data.

(U} because the Pioneer observations do not relate as expected
with other metecroid observations, it is necessary to consider two
alternatives for the use of the Pioneer data:

1, The date are invalid, or
2, Simple opticel scattering models are not a proper deseription

of the processes that are responsible for the AMD observations.

After a studvy of the Pioneer equipment and results, we have concluded
that the second alternative is preferable. We believe that the Pioneer
data are indicative of the actual optical enviromment. In this case,
the scattering models discussed in the previcus chapter must be mislead-
ing for some reason, Two suggestions were provided by Dr. R. K. Soberman,
the chief investigator for the AMD experiment, The first was that specu-
lar glints are a more important mechanism than was initially envisieoned.
The second was that the electrostatic forces between the spacecraft and
passing particles often cause the particles to shaﬁter. The effect

would be a sudden expansion to a very large scattering surface for the

particle mass.

(U) Specular glints do not appear to offer a very satisfactory
explanation of the Pioneer results., The observed distribution of

brightnesses and durations cannot be generated even with absurdly
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optimistic descriptions of the specular characteristics of particles,
Long-duration specular echoes appear to be extremely improbable because

of the large expected rotational speeds.

A, AMD System Description (U)

(U) The AMD consisted of four optical sensors mounted in a square,
Fach sensor used a reflecting telescope with an 8-inch aperture, and they
were mounted with 8% inches between centers. The field,of view was a
7.5% cone, cor a half angle of 3,75°. The entire assembly was mounted
at 45° to the spacecraft spin axis and pointed in a direction that was

generally away from the sun,

{(U) The decision logic that determined that an event had occurred
required a transient increase in the output of three of the four sensors
overlapped in time. The first detector to trigger started four Linw
counters, one for each detector. The time of crossing the threshold was
stored for each system and called the "entrance tims." When the output
fell below the threshold once again, the time was also recorded and
called cthe "exit time.,”" The difference between the entrance and exit
times for each channel constitutes the time in the field of view., The

peak signal during the time in view was also recorded for each channcl.

(U) In principle, the exit and entrance times for cobjects that
transit three detectors can be used to calculate the range and vaelocity
vectors for the particle., The brightness can then be used to determine
the size, and the velocity can be summed with the spacecraft velocity
to determine the orbit of the particle, 1In practice, it proved impes-

sible to obtain sensible results from this form of data reductien.

(U) One of the problems with the AMD data may have been electronic,
Laboratory experiments showed that electronic cross talk could be respon-
sible for the frequent occurrence of nearly identical entrance timas for
all AMD sensors. The individual exit time indicators had no restart
provision to account for the cccasions when a signal fell briefly below
the threshold level and subsequently rose above it, The coincidence
circuitry did contain restart lozic. As a result some events appear

from the indicated times not to have three-fold coincidence, Laboratory
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measurements never succeeded in producing events when signals were

observed by only two scnsors, however.
B. AMD Data ()

(U) The received data were reduced to a particle size distribution
using only the transit-time data. The longest time duration of che
t.:+ . or four indicated observations for each event was a sumed to
represent a particle transit close to the center of the field of view,
Each particle was assumed to be in circular orbit around the sun, so
the velocity relative to the spacecraft could be calculated, With this
velecity assumption, the transit time implies a range from the lens.

A1l particles were assumed to be spherical, diffuse reflectors with a
reflectivity of 0.2. The known sensitivity of the system then implies
that a particle at known range must be a certain minimum size,

U) ¥igure 8 shows the particle size distribution derived from

[t 0]

(
tnis data reduction (Neste, 1974), We have added a power-law fit to the

€-51Ca portieon of the distribution, which is

n(a) = 10'21 a3 (units are m'3) (17)

By comparison, the mass flux distribution given by Dohnanyi (1972) can
be converted into a particle radius distribution. Using a density of

3 g/cm3 and an average velocity of 14 km/s, the value is

N(a) = 3,29 v 10727 4=3.5%  (p-3y (18)
For meteoroids of 1 mm or larger radius, the respective number

densities are
10-12 73 and 1.4 v 10-16 p=3,

(U The difference in expected number densities calculated above

is also reflected in the calculation of expected event intensities,

Following the derivation given in the previous chapter, we f{ind
N (D = 8.49 ¥ 10713/ (r )13, (19)
For RP = 1 m, the expected number of events per year exceeding 10-8 w/.cm?
iz 0.83,
)
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(U) The measured intensities of the Pioneer events were not used
to derive the particle radius distribution, They are avéilable, however,
for comparison with the intensity distributions calculated from the mass
distribution and from the Pioneer data reduction. Since Pioneer 10 did
not remain at 1 AU from the sun, it is appropriate to scale the measured
intensities upward by the squave of the distance at the time of each
measurement, Figure 9 shows the resulting distribution of event inten-
sities. It can be seen that there is little variation in the number
of events per half-decade of intensity over the range of the instrument,
Because of the scaling with solar distance, neither the lower nor the
upper limit is constant for all of the measurements. The unscaled data

show sharper cutoffs at both ends.

1) It is inmediately appareut that the number of very bright
events, 10- % chm2 or more, is much larger than is viven by the above
calculation derived from the size distribution obtained from the event
time durations. This disparity suggests that the assumptions regarding

a2 uniform scattering

=

law should be questioned, We understand (Soberman,
1980) that there is now underway an attempt to model theoretically the
Pioneer results assuming that some of the particles interact with the
g¢lectric ficld from the charged spacecraft. These particles may shatter
as a result of the added electric stress, producing a much larger reflec-
tion than would ctherwise be expected on the basis of the particle mass.
Such a model would explain the large number of very bright events with

respect to the total number of observations,
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V THE VELA "Z0O" (U)

{(U) AFTAC has provided us with a set of unexplained VELA obser-
vations, generally referred to as the "zoo." The data consist of IBM
cards containing the peak intensity, time duration, and‘gnergy for a
set of events selected by peak amplitude and energy. In addition, we
were provided with plots of time histories for most of the events,
Another selection criterion was that both YC and YV triggered for all
6f the events. Data from both instruments were included only if both
alsc met the criteria for amplitude and energy., As a result, about
half of the events received contain data for both systems, This under-
scores one obvious feature of the zoo., Tt is the exception, rather
than the rule, for the two channels to provide comsistent data. In some
cases, the results are similar enough that it is easy to recognize that
the two channels contain related data, but this is not universally the

case,

(U) Approximately one-half of the zoo members have time histories
for at least one channel that could conceivably be the result of a
meteoroid encounter. The best example of this for which we have both
¥YC and YV histories is shown in Figure 10a. These waveforms match
almost exactly what one would expect from a diffusely scattering
meteoroid passing perpendicular te, and near the center of, the field
of view of both sensors. The difference in peak amplitude is the

expected 5 LD units,

(U) Figure 10 (a) is an exception, however, even among the time
histories that can be labeled '"probable meteoroid." Because most
meteoroid encounters are expected to be quite close to the spacecraft,

it should be common to see differences due to location in the field of

view,

(U) Another large class of waveforms in the zco is exemplified by

Figure 10(b). These waveforms are difficult to explain in terms of
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meteorcid encounters, although the reasons are not immediately obvious
from a single example. One could postulate a meteoroid trajectory that
would explain satisfactorily the time histories shown in Figure 10(b),
including the differences between the YC and YV amplitudes. For example,
a meteorcid entering the field of view near the lens with a velocity
vector that caused it to remain in the field of view as it receded into
the distance would account for both the fast rise time and the slow fall
time. The anomalously large difference in peak amplituge between the

YC and YV sensors might be the result of a trajectory that entered the
YC field of view close to that lens and subsequently passed through the

TV field of view at a greater distance.

(V) 1Ine main difficulty with the above explanation is that there
are far too many zoo members with this general shape. If all meteorocid
directions are equally probable, less than 1% of the meteoroids should
fall into the cone where the rise time is much, much less than the decav
time. It is very difficult to account for the large number of these
waveforms in this way. This conclusion should ba tempered, however, by
consideration of the selection process involved in obtaining the zoo.

The requirement for signals with large enerpgy might be an effective way
to screen out most bright meteoroids that do not fall into the long-
duration viewing cone. The other 99% may have been observed and rejected

as uninteresting signals.

(L) The time histories expected for diffusely reflecting metecroids
are relatively easy to predict, The Pioneer 10 results suggest that
specular glints should be common, and these are a bit more difficult to
recognize with any certainty. For nearby meteoroids, large differences
between the sensor outputs would not be surprising. The theoretically-
expected high rotation rates for meteoroids suggest that specular glints
should often be shorter than the 30-p5 sampling interval., Such glints
might be the cause of some of the very fast observed rise times in the
VELA zoo, but we would expect the fall time to be rapid also, Presumably,
the fall time would be determined by the S5-kHz filter circuit used during

the early part of the time history sampling.
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{(U) 1n summary, from an examination of the VELA zoo time histories,
@ believe that a substantial fraction of the zoo can be attributed to
meteoroid encounters, In the following section, the zoo and AMD data
are compared on the basis of similar information. This comparison also
leads to the conclusion that it is unlikely that all of the VELA zoo

can be attributed to a meteoroid enviromment like that of Pioncer 10,
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VI COMPARISON OF PIONEER 10 DATA WITH VELA ”206” ()

(U) Figure 11 shows the conversion from digital amplitude units
to optical intensity for both the AMD and the VELA YC detectors, While
the Fioneer detector is significantly more sensitive, therc is a useful
ranze of overlap between the two systems, It is particularly interesting
that the AMD system saturates at an amplitude roughly equal to the peak

of the 747 event,

(U) To confine the data analysis to a region that is roughly
comparable with the environment of the earth, we chose to analyze only
tne 109 events observed during the 124 days of operation between 1 and
2 AU from the sun, Peak intensity observations were normatized to

1 AU using

where T is the normalized intensity, IO the observed intensitv, and 5

is the distance to the sun, measured in AU.

(U} Signeture duration statistics were compiled using the largest
of the four AMD time durations, the same procedure used by Scoberman and
Neste (1974), XNeste mentions that simulations of the AMD operation
conducted during the flight uncovered a problem with electronic cross
talk that frequently resulted in all entrance times being set to zero
or a small value, GSome of the data must, therefore, be biased slightly
toward larzer times than were actually observed. A contrary bias, also
in the electronics, was the lack of a restart feature on the exit tizers
to count the full signature duration if there was a momentary dropout
while the particle was in the field of view. This situation might be
produced by a particle with specular facets as it rotated while crossing

the field of view.
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(U) We processed the data from the VELA zoo events to simulate
the AMD results sc that the two data sets could be compared, This
processing consisted of selecting the larger of the YC and YV peak
amplitude and time duration values from the figures scaled by AFTAC,
This selection reduced each pair of values in the zoo to a single event,
with the sczling performed as if the sensors were part of the AMD
experiment, After the selection process was completed, there were 83
events, taken from a sample period of about 22,8 sensor-years. The
intensity and duration figures from these events have bgfn converted

to an events-per-year basis for comparison with the Pionmeer 10 data.

The results are shown in Figures 12 and 13.

(U) The Pioneer 10 intensity data shown in Figure 12 do not show

a trend that provides a clear basis for extrapolation to larger intensi-

I

ties. With no clear trend of the data, we must resort to the only .
ileble shysiczl model to provide sn indication of what to expect.

The specular reflector model used in Chapter III gives the cumulative
distribution shown by the sloping line, A similar povwer-law extrapola-
tion from the larzest FPioneer 10 intensity makes it difficult to account

for tie mo:t intense of the VELA events.

(L) The power-law extrapolation from the Pioneer results is,
howsver, only a guess at the most reasonable form of extrapolatiom.
Fionecer 1G obtained several bright, long-duration echoes around 1.2 Ab--
near the earth, On the basis of this limited sampling, one could also
speculate that the environment near the earth's orbit may differ
significantly from that near 2 AU, On balance, however, it is difficult
to account for the very brightest of the VELA zoo c¢vents in terrs of

meteoroid encounters.

() Figure 13 shows that an extrapolation of the brightest of the
AMD events to longer durations indicates that the VELA zoo and event 747
fit quite reasonably. The longest Pioneer 10 observation lasted about
3% ms, and the observing period was about four months., Extrapolatinz
as t-l (sugzested by Figure 13) or tnl.S {sugzested by Equation 14)
indicates that a bright event lasting 330 ms might be expected at

intervals ¢f 3 to 10 years.
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VELA ZOO (U}

FOR PIONEER 10 AND THE

FIGURE 13 CUMULATIVE DURATION DISTRIBUTIONS
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(U} The difference between the Pioneer 10 and VELA gravitational
environments may have an impact on the probability of long-duration
events. The primary population of interplanetary particles cannot
encounter VELA with a relative velocity less than about 8§00 m/s. Experi-
ments such as HEOS 11 (Fechtig, et al., 1979) indicate that the secondary
population of particles affected by earth encounter is confined within
about ten earth radii, or well within the VELA orbit. Although
encounters with extremely low velocity particles are rare in any case,
they may be sufficiéntly more probable for Ploneer to bjas the data

shown in Figure 13 somewhat in favor of long-duration events,
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VII CONCLUSIONS (U)

95) The problems posed at the outset of this study consisted of
a literature search, a comparison of Pioneer 10 and VELA data, and the
evaluation of two, specific physical models that might generate the
Event 747 signature. The first two items have been add?éssed as
intended. The study of the Pioneer 10 resuits leads to the inescapable
conclusion that the two physical models were based on a conception of
the optical siznal generation process that is not compatible with the
Pioneer 10 data. Accordingly, these particular physical medels are

improbatble in the extreme, but they clearly do not exhaust the possible

A
T
L
1
e
k)
=
w
1
th
iy

fer censration of the 747 signal.

i

A, Besults of the Literature Search {(U)

(U) The literature search reveals a large number of experiments
relating to the flux of meteoroids of varying masses., The results of
these experiments exhibit a consistent trend over an enormeous mass
range. Data on meteoroid velocity distributions are rwch more sparse,
particularly at the low-velocity end of the distribution curve. The
rotation of small meteoroids has only been discussed theoretically.
Theory indicates that the typical small particle should be rotating at

speeds of the order of lO5 or more revolutions per second,

(U) Fioneer 10 stands out as a unique meteoroid experiment that
is very difficult to relate to the other data. The problem appears to
be one of interpretation, not of invalid data. As a result, we consider

the Pioneer 10 data te provide the best data base to velate to VELA.

B. The MRC Model (U)

{U) The MRC model consists of an approximately hemispherical

particle crossing the optical axis at a range of a few meters and at a
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(U)

speed of a few /s, We have not addressed the problem of th: sl and

crientation of this particle, because it is not an allowable component
of the meteoroid environment, Such a particle might be generated by
impact with the spacecraft, or by some other local process. The MRC
team decided, however, that it is difficult to conceive of a mechanism
that would drive 2 locally-generated particle into the correct trajec-

tory,

C. The Sandia Model {(U)

Qg) The Sandia model consists of two, independent meteorcids, each
generating one of the maxima of the Event 747 signal. Using the meteoroid
flux model obtained from the literature search, we calculate that the
probable frequency of single meteoroid observations with the same peak
intenszity and duration as Event 747, with no additional constraints, is
one pex lOll vesrs. This result, however, is clearly not in agreerment

with the implicitions of the Pioneer 10 data.

S{) 4 two-meteoroid model cannot be supported by the most cptimistic
view of the Pioneer data. The Pionecer data suggest that a signal
conparable with the first 747 pulse will be obtained on the order of 10
times per year (see Figure 13). There is neither a physical argument
nor & clear encuzh trend in the Pioneer data for confident extrapolation
to pulses that might match.the second 747 pulse, The most optimistic
estimate we can conceive of is that such an observation might occur every
3 years (compeare with 1011 years). The HEOS 11 data (Fechtig, et al.,
1979) indicate that swarms of meteoroids are common within 60,000 km
of the earth, but rare ocutside that limit. Thus, the best model appears
to be thet the two meteoroids are independent, In this case the
probability that a long pulse would be accompanied within 10 ms by a
short one to produce & 747-like event is 3 ¥ 10—9. Since long-pulse
events are not expected to occur more often than once each three years,

: 9 : Co s
We can expsct to wWait about 10 years for a suitable coincidence.
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D. Comparison of Pioneer 10 and VELA (U)

(U) It is very probable that there is a substantiai overlap between
the Pioneer 10 and VELA zoo observations, Saturation of the Pioneer 10
detectors om several occasions makes it impossible to use the existing
data as a satisfactory basis for extrapolation to determine the probable
frequency of very bright events. The only physical meodel we have is
dercnstrably iniadequate to explain the Pioneer observations, so it also
provides a weak basis for extrapolation. We are left w?th a mostly
subjective conclusion that VELA observes extremely bright events too
often to be attributed to the same mechanism as the Pioneer 10 data. On
this basis, we doubt that all of the VELA zoo events can be attributed

to the same cause as the Pioneer 10 data,

(%) The Fioneer 10 AMD provided no time histories. This omission

is crucial for the evaluation of Event 747, because we do not know
whether any of the AMD observations resembled either a puzzling portion

of the VELA zoo or the 747 time historv. The VELA zoo contains a larce

i

morler of events with fast rise times and slow decay times. Perhaps
these are exavples that support the bursting particle hvpothesis for
the Pioneer 10 results, The VELA zoo also contains a number of time
histories with two maxima, 3ince it is impossible to compare with

Pioneer 10, we cannot evaluate whether these time histories originate

from meteoroids, or from some other cause.

(U) In the critical realm of time histories, the VELA zoo must
stand by itself as a body of observations that constitute the VELA noise
background. Whatever the physical cause, these are the observations
that have been reported by the system in the almost 23 spacecraft vears

of data that were searched.

&S) In the limited time available for this study, we have not been
able to reach a firm conclusion regarding the protability that Event 747
was produced by a meteoroid encounter. The best available relevant data

base outside ¢f the VELA observations is that of Pioneer 10, The
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evidence provided by Pioneer 10 indicates that the extremely improbable
situations envisioned in the MRC and Sandia models do not exhaust the
possible means for producing optical signals from meteoroids, Because
there are no time histories from the Pioneer 10 experiment, it does not

contain sufficient information on which to base a decision.

ﬂg\ We are forced to concludc that the only truly relevant data

base 1s that produced by the VELA spacecraft, Whatever.the physical

Ler
Fhy

cause of each event, this substantial body of observations contains a
description of the spacecraft environment as it is viewed by the c¢ptical

EETNISOTS .

(j{} The VELA "zo00" is the product of an extemsive search of the
data base in the atterpt tc locate events similar to Event 747. As a
potential member of the zco, Event 747 has some very unusual properties.
The rise time is exceptionally slow. Events with two maxima are unusual.
Events with both the amplitude and duration of Event 747 are also
unusal. The probability that all of these properties will occur
sirwltanecusly can be estimated from the data base. This effort is

beyond the scope of the current study.
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