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SUMMARY 

The techniques and instrumentation employed to investigate the 

interplanetary particulate environment are summarized. The models 

which resulted from these investigations are presented to provide a basis 

for discussing the results of measurements made from the Pioneer 10 and 

11 spacecraft by the Asteroid/Meteoroid Detector (AMD). 

The spatial concentration and size distribution for particulates 

measured in situ by the AMD between 1. 0 and 3. 5 AU are presented. The 

size distribution includes particle radii from about 35 µm to 10 cm. Ex­

trapolations from the smallest particle sizes measured show good agree­

ment with the results of the particle penetration detector carried on the 

same spacecraft. 

Pioneer 10 results indicate that a single size distribution seems 

appropriate for all but the smallest sizes measured. The exponent of the 

radius dependency in the region of the asteroid belt varies from approx­

imately -1. 7 for the smallest to approximately -3. 2 for the largest sizes 

measured. In the region from 1 to 2 AU the exponent approaches -0. 75 for 

the smallest sizes. The data also show evidence for the existence of a 

planetary sweeping effect in the vicinity of Mars orbit and in the near earth 

vicinity. 

The zodiacal light brightness as measured from Pioneer 10 is found 

to vary approximately as the inverse square of solar distance out to about 

2. 25 AU and then decreases more rapidly. This is the type of variation 

measured by photometers on the same spacecraft. The absolute value of 

the zodiacal light brightness is found to be too high by a factor of ten. A 

possible expla!lation for this discrepancy is offered. 

Results from the AMD on Pioneer 11 show good agreement with the 

concentrations derived from the Pioneer 10 data to within about a factor of two. 

However, the number of events measured by the AMD on Pioneer 11 was con­

siderably less than the number measured from Pioneer 10. Thus, it was not 

considered statistically valid to divide the Pioneer 11 data into regimes of 

heliocentric distance to obtain the zodiacal light brightness variation. 
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I. INTRODUCTION 

The objective of the Asteroid/Meteoroid experiment was to 

determine the meteoroid and asteroid environment encountered in the 

region of the solar system beyond the earth's orbit. This report pre-

sents the results of the data obtained by the Asteroid Meteoroid Detector 

(AMD) on Pioneers 10 and 11. In order to place the AMD experiment in 

proper perspective, a brief summary of the techniques and instrumentation 

previously employed to investigate the interplanetary particulate environ­

ment is given in Section II. The environmental models which resulted 

from these investigations are presented to provide a basis for discussing 

the results of measurements made by the AMD from the Pioneer 10 and 11 

spacecraft. 

Section III develops the characteristics of the present approach 

by relating the electrical, optical and mechanical aspects of the AMD in -

strument to the basic concept by which the instrument functions. Section 

IV describes the observational results of this experiment together with 

the data reduction procedure. Section V details the analysis procedure 

and states the conclusions regarding the interplanetary particulate popula­

tion which are a logical consequence of the analysis. The conclusions of 

the present investigation are summarized in Section VI. 

1 



II. BACKGROUND 

II. A. Near-Earth Meteoroid Astronomy 

Meteoroids, the small particles which inhabit the solar 

system,were undoubtedly first observed as "shooting stars" when 

their trajectories intersected with the position of the earth and they 

burned up in the earth's atmosphere. The term meteor, which is 

of Greek origin meaning "phenomenon in the sky", was used to 

describe this observable result of meteoroid interaction with the 

atmosphere. Occasionally, if the meteoroid were initially large 

enough, some portion of it would survive the transit through the 

earth I s atmosphere and be discovered as a meteorite, usually by 

accident. However, it was not until the years following the great 

Leonid shower of 1883 that an extraterrestial origin was ascribed 

to the bodies producing the meteor phenomena. Since that time, 

the investigations designed to determine the nature and origin of 

these extraterrestrial bodies have developed into a complex and 

extensive program of meteoroid astronomy. The initial scientific 

motives for conducting the investigations have, more recently, 

been joined by the need to obtain engineering data on the par­

ticulate environment for spacecraft hazard evaluation. 

The techniques used to obtain data on the meteor phen-

omena were, of course, limited by the state of the current technology. 

As a result, there was a logical progression in the complexity of the 

concepts and instrumentation used in the investigations. The earliest 

astronomical tool, the telescope, was of relatively little use due to 

its narrow field of view. Thus, the first observations were best 

made with the naked eye. 
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A rather extensive catalog of hourly meteor rates 

(C. P. Olivier, 1960; 1965) has been compiled from data collected by 

the American Meteor Society from the period 1901 to 1963. The data 

was obtained by observers, mostly Japanese and American, who 

recorded the number of meteor trails observed during a given period 

of tune. However, observations of this type are subject to several 

inherent sources of error which can only be minimized by a large 

data sample. For example, two observers viewing the same area 

of sky from the same location would probably report different rates 

due to differences in eye sensitivity. Also, the rates show a de­

crease during the last hour of observation for a given night due 

either to the approach of morning twilight or the probable eye 

fatigue of the observer. 

In addition to determining the meteor influx, the observers 

in many cases also plotted or described the observation. During 

the tune required for plotting, any meteors appearing would be 

missed so it was necessary to apply a correction to the number of 

reported meteors. Another type of correction was needed to 

account for the visibility conditions during the observation period. 

Of course, even after applying the•se corrections, some uncer­

tainty must be ascribed to the results. 

If the same meteor is seen by two observers a few miles 

apart it is possible to determine the actual height and location of 

the meteor by triangulation. However, the most unportant para­

meter for determining the origin of meteors, the velocity, could 

rarely be determined to an accuracy greater than 50 per cent by 

visual observations. Considering the fact that an error of 41 per 

cent in the heliocentric velocity spells the difference between a 

circular and parabolic orbit, it was obvious that a more accurate 

method of measuring the velocity was needed. 

3 



It was not until 1936, however, that a systematic program for 

photographing meteors from two stations was begun by the Harvard 

photographic meteor project. The cameras were equipped with 

rotating shutters to periodically interrupt the meteor trail to 

introduce a time scale in the measurements so that velocity infor­

mation could be obtained. The first results were published in 1938 

. (Whipple) for six meteors photographed from the two stations. Five 

of the meteors were shown to be elliptic (the other was uncertain) 

which was the first experimental indication that meteors were prob­

ably members of the solar system. Due to their high precision, 

the results obtained from twin station photography completely 

superseded previous results obtained from visual observations. 

The Harvard group continued their work until 1958 and their results 

probably comprise the most extensive source of photographic 

meteor data. 

Another program for meteor observation was begun in 1963 

with the Prairie Meteorite Network (McCrosky and Boeschenstein, 

1965). It consists of a system of 16 camera stations located in the 

midwestern United States designed to obtain data on very bright 

meteors. The stations were designed for automatic operation and 

required attention only when the film supply was exhausted, i.e., 

every few weeks. An observation was considered successful if 

the same meteor trail was recorded by at least two stations. The 

trails recorded by the two cameras could be converted from the 

film coordinate system by utilizing the known coordinates of the 

stars recorded on the.films. Thus, a plane determined by the 

trail and the observing station could be defined. The intersection 

of the planes determined from two stations served to define the 

meteor trajectory. The goals of the Prairie Network were to 

obtain the trajectory of the body, to extrapolate it backward to 

an orbit, and to extrapolate it forward to an impact point, and if 
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possible, recover the resulting meteorite. In order to obtain this 

latter objective, the greatest possible precision was required in 

determining the spatial coordinates near the end of the visible traj­

ectory of the body. This, of course, is also the region of the 

trajectory which is most subject to the distorting effects of gravity 

and atmospheric refraction, which make the measurement more 

difficult. 

Another technique for detecting meteors involves active 

radar systems. A meteoroid entering the earth's atmosphere will 

collide with air molecules in its path, ionize some of them, and thus 

create an ionized trail. If this ionized trail is sufficiently dense and 

persists long enough, it can be detected by radio equipment; hence, 

the name radio meteor. However, because of selection effects only 

rneteors of intermediate velocity can be detected by this method. 

The fastest meteors produce ionized trails at high altitudes which 

diffuse into the background before being detected. The slowest 

meteors, on the other hand, do not produce a sufficiently intense 

electron trail to be detected. 

An extensive program for observing meteors by this method 

was begun in 1962 with the Radio Meteor Project located at Havana, 

Illinois. The project was initiated at Harvard College Observatory 

under the direction of Dr. Whipple and transferred to the Smithsonian 

Astrophysical Observatory in 1966. The detection system consisted 

of eight stations designed to obtain multiple observations of ioniza­

tion trails resulting from meteoroids entering the earth I s atmos­

phere. The syste~ was essentially an enlargement of one con­

structed at Jodrell Bank, England several years earlier, but was 

capable of detecting much fainter meteors. As a result of the 

increased sensitivity, the Havana network could observe much slower 

meteors than was previously possible and, therefore, less bias 

(elimination of slow meteors) was introduced in the measurements. 

5 



The results of the Radio Meteor Project comprise the largest and 

most accurate collection of radio meteor distributions available at 

the present time (Cook, et al., 1972; Southworth and Sekanina, 1973). 

The detection methods discussed to this point have been 

indirect in that it was the interaction of the body with the atmosphere 

which was observed. There are, however, a large number of 

measurement techniques, most of which have been more recently 

developed, in which there is a direct interaction between the body 

of interest and the measuring instrument. The development of 

rocket and satellite technology was, of course, essential to the 

implementation of these methods. These direct measurements 

are basically of two types: particle collection experiments and 

impact sensitive experiments. 

The early collection measurements consisted of exposing 

specially prepared surfaces to the space environment during a 

rocket or balloon flight and then returning them to the laboratory 

where they were analyzed using optical or electron microscopes. 

A major problem, however, was to prevent the test surfaces 

from being contaminated during the exposure as well as during 

laboratory preparation and examination. The data obtained from 

these experiments has been severely attacked on the grounds that 

most particles studied were not of extraterrestrial origin but 

were contaminants picked up in the laboratory (Farlow, 1968}. 

Attempts were made to relate the results of the particle 

collections made within the earth's atmosphere to an extra­

terrestrial particle flux. However, due to the uncertainty of the 

effects of vertical winds which can greatly affect the number and 

size distribution of particles in the atmosphere (Soberman, 1967} 

such correlations are no longer deemed valid. It was agreed by 

the Cosmic Dust Panel of the International Committee on Space 
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Research ( COSPAR) that particle collections within the atmosphere 

should be reported as concentrations per unit volwne rather than 

relating them to the extraterrestrial flux. 

Difficulties similar to those mentioned above also exist for 

particle collections made from earth orbiting satellites. Specifi­

cally, the criticism stems from the fact that contaminants are known 

to exist in the vicinity of the spacecraft, especially manned space­

craft. Thus, all collection results are given minimwn weight in 

determining the extraterrestrial particle flux. 

Experiments requii:ing that the object forcefully interact with 

the measuring apparatus range from simple cratering experiments 

to complex impact ionization experiments. Usually, the extent of 

the information obtained regarding the characteristics of the im­

pacting particle is related to the complexity of the experiment. 

The first type of impact experiment consisted of attaching 

an acoustic detector (piezoelectric or capacitive-type microphone) 

to a metal plate. The detectors were originally mounted on the 

skin of the rocket or satellite and any impact on the vehicle could 

be detected. However, it was soon noticed that mechanical and 

thermal stresses in the vehicle were also picked up. As a result, 

future detectors were mounted on a calibrated plate acoustically 

isolated from the vehicle. 

A more serious problem associated with the results of 

acoustic detectors involves their sensitivities. Early results of 

U. S. scientists indicated that the detector was momentum sensi­

tive (McCracken, et al., 1961). However, Soviet scientists re­

ported that the detector was energy sensitive (Nazarova, 1960). 

The discrepancy was somewhat resolved by further measure­

ments which indicated that at low velocities (less than 4 km/ sec) 

the detector was momentwn sensitive while at higher velocities 

7 



(greater than 10 km/ sec) the signal appeared more closely related 

to energy. 

However, there still exists controversy over the validity of 

the acoustic detector results. Some investigators (Nillson, 1966; 

Konstantinov, et al., 1967) felt that the acoustic sensors were 

measuring "creaking" due to thermal gradients. On the other hand, 

thermal stability tests have shown (Bohn, et al., 1968) that thermal 

noise could not account for a significant number of the events re­

corded. More recently, studies have shown that the piezoelectric 

acoustic detectors are sensitive to high-energy cosmic rays 

{Sitte, 1971; Berg and Gerloff, 1971). Thus, in view of the diffi­

culties and uncertainties associated with this type of sensor the 

data obtained by them is only used to set an upper limit to the 

meteoroid flux. 

A relatively simple method of obtaining information on the 

meteoroid population is to examine a surface which has been ex­

posed to the space environment for a known length of time. 

Meteoroids impacting the surface will produce craters which can 

be analyzed as to number, diameter and depth. Dividing the 

number of craters by the product of the area and exposure time 

will yield the flux per unit area. Relationships between the 

crater dimensions and the velocity and density of the impacting 

object have been experimentally determined in the laboratory 

{Fish, 1965). Thus, it is possible to estimate the flux of meteor­

oids as a function of meteoroid mass by analyzing the crater 

characteristics. 

Results utilizing the crater technique were first obtained 

from Project Gemini {Hemenway and Hallgren, 1968). Specially 

prepared stainless steel surfaces were left on the Agena target 

vehicle of the Gemini 8 mission and subsequently recovered four 

months later by an astronaut during extravehicular activity on 
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the Gemini 10 mission. Three craters were identified as being of 

meteoric origin. Cratering results were also obtained from analysis 

of fourteen windows of the Gemini spacecraft (Zook, et al., 1970). 

Although several microscopic pits were discovered on each window, 

only one was deemed of meteoric origin. However, problems in 

interpreting the data were encountered on these experiments due to 

contaminants on the surfaces. 

The most extensive experiment designed to determine the 

meteoroid flux in the near earth region was probably the penetra­

tion type detector of Project Pegasus. The program consisted 

of a series of three satellites, each instrumented with a total de-
. 2 

tectmg area of 194. 5 m . The sensors consisted of capacitor 

detectors, which were momentarily discharged by the ionization 

produced when a micrometeoroid penetrated the sensor. The 

capacitors consisted of aluminum sheets ( 0. Sm x 1 m) with thick­

nesses of 40, 200 and 400µ bonded to a 12µlayer of mylar die­

lectric with a 0. 67µ copper layer on the opposite surface to form 

the other condenser plate. The varying thickness of the alum­

inum sheets permitted the flux to be determined as a function 

of particle mass. A major problem was again that of calibra­

ting the sensor, i.e., determining the minimum projectile 

mass required to penetrate each thickness of aluminum (Naumann, 

et al., 1969). The penetration results of the Pegasus project 

were used in setting the design criteria for the Apollo missions. 

The pressure cell type of penetration detector was used on 

Explorers XVI and XXIII, the Lunar Orbiter satellites, and is 

currently in use on Pioneers 10 and 11 (Kinard and O'Neal, 1971). 

These detectors consist of arrays of pressure cells which re­

quire that the impacting particle cause sufficient damage to the 

cell to produce a gas leak. The pressure cell detector is thus 

somewhat more sensitive than a capacitor type detector of the 

9 



same skin composition and thickness since a complete pene­

tration is not required for a detection (see Figure 1). 

In order to reduce the uncertainties which are inherent in 

any single type of detector, experiments utilizing multiple techniques 

have been flown. The most sophisticated experiment of this 

type was flown on Pioneers 8 and 9 ( Berg and Gerloff, 1971). The 

sensor combines a thin film ionization detector and an acoustic 

impact detector as shown in Figure 2. A meteoroid penetrates 

the thin front film and then proceeds to the impact plate. The 

plasma generated by the impact or penetration is detected on the 

wire grids as shown. In addition, the time of flight between the 

front and rear films is measured to give an indication of the 

particle velocity. The films are also segmented, like chess 

boards, so that some directional information can be obtained. 

The directional and time of flight information has been used to 

approximate orbits of some particles (Berg and Gerloff, 1971). 

However, as mentioned earlier, the piezoelectric acoustic de­

tectors of the type used in this experiment have been shown to be 

sensitive to noise associated with high energy cosmic rays. 

As is apparent from the foregoing discussion, most in situ 

detection techniques consist of exposing a specially prepared surface 

to the space environment and recording the nuznber of particle 

"interactions" with that surface during a given period of time. 

The surface is usually sensitive to particles of a minimuzn mass 

and larger, so that it is logical to express the flux in cumulative 

terms, i.e., nuznber ·of particles/unit area/unit time of mass m 

and larger. Theoretically, if instruznents of varying sensitivity 

are used to measure the meteoroid flux, it should be possible to 

determine a flux as a function of mass. However, if the results of 

the many measuring techniques (not all of which were discussed 

above) are integrated into a single flux-mass diagram the <lisper -
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Capacitor Type 
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CONTAINER ':-;~.--/ COMPLETE PENETRATION OF 

SPALL-..___:. METAL NOT REQUIRED 

PRESSURE SWITCH STEEL OR BeCu OUTER SK IN 

CROSS SECTION OF PRESSURIZED CELL 
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Figure 1. Cross Sections of the Capacitor and Pressurized -
Cell Types of Meteoroid Detector 
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Measure the Particles Time of Flight. 
{After Berg and Gerloff (1971].) 
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sion in the results is several orders of magnitude (see Figure 3). 

Obviously, it was necessary to derive a better estimate 

of the near-earth meteoroid flux which could be used as a design 

criterion for space vehicles. By considering all the available data 

and weighting the measurements according to reliability, such an 
-12 

estimate for masses between 1 and 10 gram was derived 

(Cour-Palais, 1969). The resulting curve is shown in Figure 4 

along with specific data points for some experiments. The uncer­

tainty limits placed on the curve and the extension to smaller 

masses were estimated by Soberman (1971). The curve can be 

expressed mathematically as (Cour-Palais, 1969): 

log
10 

4' = -14.37 - l.21 log
10 

m, 10-
6

:;;; m :;;; 10° 

2 
log lO ~ = - 14. 34 - 1. 58 log 10m - 0. 063 (log 10m) , 

( 1) 

At the time of the initiation of the Pioneer missions to 

Jupiter the curve of Figure 4 represented the best preflight esti­

mate of the environment to be encountered in the near-earth 

region. Preflight models predicted that the variation of the 

interplanetary particulate concentration could be described by a 

simple power law of the form S -k where S is heliocentric dis­

tance. The value assigned to k depended on the source mechanism 

for the particles. Most of the models were derived from earth­

based meteor measurements which gave values of k ranging 

from 1 to 2 (e.g., Southworth, 1967). As a modification to such 

a power law spatial distribution, Opik (1951) predicted that there 

would be a decrease in the small particle concentration in the 

vicinity of a planet's orbit due to collisions of the particles with 

the planet as they slowly spiral into the sun under the Poynting­

Robertson effect (Robertson, 1937). Another major question con-
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cerned the change in small particle concentration in the region of 

the asteroid belt. Preflight observations and models of the 

asteroid belt are discussed in the remaining sections of this 

chapter. 
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II. B. Asteroid Astronomy 

The term asteroid, meaning "starlike", is generally applied 

to the group of bodies found moving about the sun between the orbits 

of Mars and Jupiter. The history of the study of asteroids actually 

began with the search for a "missing planet" which was predicted 

to exist at 2. 8 AU by the Titus-Bode relation for planetary distances 

from the sun. The expression related the heliocentric distances of 

the planets to that of the earth by the equation: 

S = 0. 4 + 0. 3 X 2n (2) 

where n = - co for Mercury, 0 for Venus, 1 for Earth, 2 for Mars, 

etc. The missing planet would have n = 3 (S = 2. 8 A_U). 

At a congress in 1796 a group of astronomers decided to 

begin a systematic search for the predicted planet. However, 

the first discovery of an asteroid was not achieved by members of 

that group, but by Piazzi at Palermo in 1801 who was making ob­

servations for compiling a new star catalog. On successive nights 

of observation he noticed that one of the "stars" had moved rela­

tive to the others, and thus accidently discovered the first, and 

largest, asteroid which he named Ceres. By 1807, three more 

bright asteroids, Pallas, Juno and Vesta had been discovered. It 

was not until 1845 that another asteroid was discovered, but since 

that time the number of known asteroids has increased at an aver­

age rate of several per year. At the present time, orbital ele­

ments have been calculated for approximately 1, 700 asteroids, 

while over 2, 000 additional asteroids have been observed. 

Photograph:i,c techniques have accounted for a majority 

of observational data on asteroids. Long time-exposures using 

telescope-camera combinations which are synchronized with the 

motion of the stars relative to the earth reveal the asteroid as a 

trailed image on the photographic plate. The process can essen­

tially be reversed by guiding the telescope to follow the asteroid 

17 



and produce trailed images for the stars. 

Prior to the flights of the Pioneer spacecraft, all informa­

tion regarding the characteristics of the asteroid population had been 

obtained using earth-based telescopic and photographic techniques. 

Extensive studies, in particular, the McDonald Asteroid Survey 

(Kuiper, et al., 1958) and the Palomar-Leiden Survey (Van Houten, 

et al., 1970), have been conducted to obtain information to char­

acterize the faintest asteroids (mean opposition magnitude 20. 6). 

Plots of the number of asteroids versus their eccentricities and in­

clinations are given in Figures 5 and 6, respectively. The distri­

bution of eccentricities peaks at about 0.17 which is consistent 

with a value obtained for the brighter asteroids (Watson, 1956). 

The distribution of inclinations was a maximum near 3° which is 

considerably less than that found for the brighter asteroids 

(Watson, 1956). This difference is not surprising, however, 

since the Palomar-Leiden Survey was confined to a region near 

the ecliptic and thus the survey is incomplete regarding objects 

of large inclination. 

Another characteristic of the asteroid population is the 

existence of gaps in the distribution of the orbital periods. These 

gaps correspond to periods in resonance with Jupiter. Further 

evidence for Jupiter's influence on asteroid orbits is demonstrated 

by the tendency of their perehelia to become aligned with that of 

Jupiter (Kresak, 1967). 

The essential characteristic of the asteroid belt required 

for spacecraft hazard evaluation is, of course, the concentration of 

particles as a function of mass. To obtain this parameter, the 

apparent magnitudes (m ) of the observed asteroids were con-
app 

verted to absolute magnitudes (g) defined by: 

g = m - 5 log Sr - f (Y) 
app e 

(3) 
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where S and r are distances from the object to the sun and earth 
e 

respectively in astronomical units. The phase function is f (Y) and 

Y is the phase angle. The values for S, r and Y were determined 
e 

from the calculated orbital parameters. The absolute magnitude 

given by equation ( 3) is the magnitude of the object at zero phase 

angle and at unit distance ( 1 AU) from the sun and earth. The mass 

of the asteroid can then be related to its absolute magnitude by the 

relation (Allen, 1964): 

log
10 

m = 24. 47 + log
10 

P -3/2 log
10 

p - 0. 6g {4) 

where m is the mass of asteroid, P its density and p its geometric 

albedo. Thus, a distribution of apparent asteroid magnitudes can 

be converted to the desired mass distribution. 

On the basis of the above relations, and the results of the 

McDonald Survey {MDS) and Palomar-Leiden Survey (PLS), 

Dohnanyi (1972) obtained a distribution for the cumulative number 

of asteroids as a function of absolute magnitude and mass. The 

results are plotted in Figure 7. In the conversion from absolute 

magnitude to mass, Dohnanyi assumed a particle density of 3. 5 

gm/cm
3 

and a geometric albedo of 0. 2. However, even though a 

relatively accurate distribution existed for the visible asteroids, 

the number density of the particles in the size range of interest 

to spacecraft designers could only be inferred. 

Other attempts have been made to estimate the spatial 

density of particles beyond the earth's orbit by measuring the 

surface brightness of the zodiacal light,:• {e.g., Van de Hulst, 

1947; Weinberg, 1967). However, these measurements did not 

provide sufficient data to determine a unique size distribution or 

,:<Sunlight scattered by widely dispersed particles in interplanetary 
space near the ecliptic plane. 

20 

-

-



-
-

-
-
-

Ill - 0 
0 
cc 
w 
I-
Ill - c( 

u.. 
0 
cc 
w 
II) 

:e - ::::, 
z 
w 
> 
i= 
c( 
..I - ::::, 
:E 
::::, 
(J 

-

-
.... 

.... 

-
-
-
-

- MASS, M lKg) 

1o20 1019 1018 1017 1016 1015 
100000..----,-----r---~---r---.-----r---.----.-~ 

1014 1013 

r-
I 

10000 I 
r.J 
I 
I 

REVISED MOS 

1000 
I _.., 

I 

rr J, 

l__ALL REDUCED PLS 
100 ALL PLS 

MOS~ 

10 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

ABSOLUTE PHOTOGRAPHIC MAGNITUOE, g 

Figure 7. Cwnulative Nwnber of Asteroids Defined by 
the Revised MDS and PLS Data (after 
Dohnanyi, 1972). 

21 



the variation of particle concentration with heliocentric distance. 

More recently, Roosen (1970) has made measurements on the 

gegenschein (observed brightening of the zodiacal cloud in the anti­

solar direction) and concludes that there must be an increase in 

the spatial density of reflecting material outside the earth I s orbit. 

His suggestion that the asteroid belt is the source of this material 

could easily be investigated by experiments transiting the region 

from 1 AU to the outer edge of the asteroid belt. However, prior 

to the Pioneer missions, in situ observational results were not 

available, and consequently, several attempts were made to esti­

mate the distribution. The models resulting from some of these 

attempts will now be discussed. 
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II. C. Asteroid Belt Models 

Current models of the small particle number density within 

the asteroid belt are usually expr..:ssed by a relationship of the form: 

-~ 
N(m) = Cm (5) 

where N(m) is the number of asteroids of mass m and larger and 

C and f3 are constants. The major uncertainty, and point of con­

troversy, between the various models lies in determining the 

value of f:l, since C is assumed fixed by the visible asteroids. 

Several theoretical and experimental studies have been developed 

to determine the value of f:l· and thus predict the spatial density 

of the smaller asteroids. 

Attempts have been made to estimate the number of 

smaller bodies in the asteroid belt by analyzing the lunar and 

Martian crater distributions. However, several sources of uncer­

tainty are inherent in this approach: ( 1) it is not known if the 

craters are of asteroidal origin or were caused by comet nuclei, 

secondary ejecta, or volcanism; (2) the craters become eroded 

by smaller meteoroids on the moon and by wind on the Martian 

surface causing the smaller craters to disappear more rapidly 

than the larger ones; (3) the age of the impacted surface is not 

known; (4) it is possible that the surface is saturated and the 

large craters obliterate many of the smaller particles making it 

impossible to determine the number of impacting particles and 

consequently the original distribution. The analyses of Marcus 

(1966, 1968) indicate that saturation has taken place on the lunar 

continents and the Martian surface. Thus, accurate estimates 

of the asteroidal influx cannot be determined by this method. 

Several attempts have been made to determine the value 

of f3 in equation (5) by theoretical and experimental studies re­

garding the collision and subsequent fragmentation of rocks. 
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Piotrowski (1953) uses such a "grinding mechanism" to argue that the 

particle concentrations near the size of 10 millimeters should follow 

a 13 = l law. However, Anders (1965) does not believe that the frag­

mentation history of the asteroids has progressed as far as does 

Piotrowski and favors a value of 13 more nearly equal to 0. 67. 

More recently, Hellyer (1970) also finds a value of 13 = 0. 67 appro­

priate for the most massive asteroids while a distribution with 

13 = 0. 8 is indicated for the smaller bodies. 

Dohnanyi (1969) considers the problem in much detail by 

using experimental results of hypervelocity impacts to determine 

a rock crushing law. He alsci derives a "fragmentation equation" 

to describe the change in_ the mass distribution of a population of 

particles undergoing mutual collision and fragmentation. His 

studies predict a stable cumulative mass distribution of the form: 

N(m) = C m-.S 4 

which is in good agreement with the results of the MDS survey. 

( 6) 

Recovered meteorites, which are believed to be of asteroi­

dal origin, have been used by Hawkins (1964) to estimate the cum­

ulative mass distribution in space. He predicted that the stony 

• uld f 11 d • • b • f - l d - • 7 7 
and iron meteorites wo o ow 1str1 utions o m an m , 

respectively. Hawkins (1960) earlier pointed out that the distri­
-1 

bution of terrestrial rocks approaches m as they are crushed. 

The gegenschein measurements {Weinberg, 1964) were 

used by Kessler (1968) to put an upper limit on the asteroidal 

spatial density. By assuming that the gegenschein was due en­

tirely to backscattering of sunlight from asteroidal particles of 

a given size an upper limit could be determined for particles of 

that size. 

In order to illustrate the uncertainty in the mass distri­

bution of asteroidal meteoroids, the various theoretical models 
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which have been discussed are shown in Figure 8. The upper limit 

proposed by Kessler and the spatial density of the observed aster­

oids are also shown for comparison. 

Other aspects of the asteroidal population which have 

received considerable attention are the radial and longitudinal dis­

tributions, i.e., the variation in spatial density with heliocentric 

distance and longitude. Kessler (1969), using a computer, calcu­

lated the fraction of time that a given catalogued asteroid spends at 

a given heliocentric distance S and longitude A. The result can be 

expressed as (Kessler, 1970) 

log
10 

N = 0. 84 log m - 15. 79 + f
8

(S) + g(S) cos A 

where N is the cumulative number of asteroids per cubic meter 

of mass m and larger. The radial distribution is given by f
8

(S) 

and is shown graphically in Figure 9. The assymetry of the belt 

is given by g(S) cos A and is illustrated in Figure 10. 

(7) 

It can be seen from Figure 9 that the radial distribution 

peaks near 2. 5 A. U. The structure which occurs near 1. 5 AU 

indicates that there may be some gravitational interaction between 

Mars and the asteroids which approach its orbit. It should be noted 

here that Opik (1951) predicted decreases in the particle spatial 

concentration near planetary orbits due to a planetary sweeping 

effect. 

It is apparent from the foregoing discussion that the infor­

mation obtained from earth-based measurements of the aster­

oidal population ca~not be used to obtain accurate estimates of the 

small particle distribution. The state of knowledge regarding the 

small particle population of the asteroid belt was similar to knowl­

edge of the near-earth meteoroid environment before the use of 

spacecraft made in situ observations possible . 
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In order to reduce these uncertainties, three experiments 

designed to measure the small particle environment were flown 

on the Pioneer 10 and 11 spacecraft. The first of these experiments 

is the Sky Mapping Mode of the hnaging Photopolarimeter, con­

ducted by investigators from the State University of New York 

at Albany. The maps obtained are measurements of the diffuse sky 

glow which consists of zodiacal light as well as integrated star­

light and diffuse galactic light. After subtracting out the star-

light most of the remainder is the zodiacal light ( sunlight 

scattered from small particles). This experiment thus obtained 

the zodiacal light brightness as well as its variation with helio­

centric distance. 

The second small particle experiment, conducted by in­

vestigators from the NASA Langley Research Center, was the 

Meteoroid Detector which detected particles as they penetrated 

pressurized cells mounted in arrays on the spacecraft. This 

experiment was sensitive to particles of about 10 -
9 

grams 

(about 10 microns) and consequently it determined the cumula­

tive concentration for particles of that size and larger. 

The third experiment was the Asteroid/Meteoroid 

Detector (AMD) which observed sunlight reflected from particles 

passing through its fields of view. The concept and functional char­

acteristics of the AMD are presented in the following section. 

The observational data from the AMD, its analysis and interpre­

tation are then presented in the concluding sections. 
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III. THE ASTEROID/METEOROID DETECTOR ON PIONEERS 10 AND 11 

III. A. Pioneer Spacecraft and Mission Profile 

As a prelude to discussing the specifics of the Asteroid/ 

Meteoroid Detector on Pioneer 10, a few comments regarding the general 

nature of the spacecraft and its mission profile are in order. 

The Pioneer 10 spacecraft was launched from Cape Kennedy 

on 2 March 1972 on a trajectory passing through the asteroid belt toward a 

Jupiter flyby on 4 December 1973. Approximately one year later, on 

5 April 1973, its twin Pioneer 11 was launched on a similar trajectory and 

encountered Jupiter on 2 December 1974. The trajectory profile together 

with significant mission events is shown in Figure 11. 

The spacecraft ( see Figure 12) were spin stabilized at a rate 

of approxiinately 5 revolutions per minute with their high gain antennas 

pointing toward the earth throughout 'the mission. The total weight of the 

spacecraft was approx:iinately 560 pounds, of which approx:iinately 60 

pounds were allotted to the eleven scientific experiinents. Average power 

requirements of approxiinately 35 watts were supplied to the spacecraft tele­

metry and scientific experiinents via four Radioisotope Thermoelectric 

Generators (RTG's) mounted on booms extending outward from the spin axis. 

The spacecraft attitude was controlled by thrusters located near the outer 

edges of the high gain antenna. Figure 12 shows the placement of the essen­

tial components required for telemetry and attitude control. In the lower 

portion of this figure, the Meteoroid Detectors and the Asteroid/Meteoroid 

Detector are shown in their locations behind the high gain antenna. 

It was in light of these basic characteristics of the Pioneer 

spacecraft and the mission profiles that the concept of the Asteroid/Meteoroid 

Detector (AMD) was developed to measure the particulate environment be -

tween the orbits of Earth and Jupiter. 
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III. B. Concept of the Asteroid/Meteoroid Detector 

It is well known that a body in space will reflect sunlight 

by which it can be seen or detected, If an optical detector is 

oriented in space such that it looks away from the sun, we can 

approximate the amount of light incident on the aperture which 

results from the sunlight reflected by an assumed spherical ob­

ject appreciably larger than the wavelengths of the incident light. 

Thus, 

I = 

2 
Io r TT a f (Y) 

4 TT R
2 s2 = 

4 s2 (:) 
2 

f (Y) 
(8) 

where I is the intensity of the reflected sunlight incident on the 

optics; I
0 

is the solar illumination at the object at 1 AU from the 

sun; r is the bond albedo of the object; a is the radius of the ob­

ject; R is the distance from the object to the detector; S is the 

distance from the sun in astronomical units; and f (Y) is the phase 

law for light scattering from a sphere. We have assumed in this 

equation that the object is diffusely reflecting the sunlight uni­

formly in all directions. A more detailed discussion of this 

approximation formula and its applicability is given in Appendix A. 

Using equation (8), one can calculate the size of an object 

that can be seen against a dark background. However, it is clear 

from the equation that a single detector would have no way of dis­

tinguishing different objects which had the same a/R ratio (i.e., 

a small object at close range from a large object far away). Two 

optical systems which have a base line separation could, however, 

establish the range distance R if they both saw the object. The 

problem, however, (well known in earth based meteor astronomy) 

is to get both optical systems to see the object simultaneously and 

then be able to reduce the data appropriately. The Asteroid/Meteoroid 

DetectOt" will yield data similar to the photographic data, but {like 

radio meteor astronomy) in a form which can be rapidly tele-

33 



metered and reduced by a computer. 

To explain the AMD concept, we will start with a highly 

simplified two dimensional model. Consider two optical systems 

(A and B) with well defined fields of view (angular acceptance angle 

20.) looking out in the x-y plane. If the optic axes are parallel and 

they are separated by a distance d, we will have a situation like 

that shown in Figure 13. Any luminous object which crosses 

through the intersecting fields of view ( such as the line labelled 

mm in Figure 13) would be detected by each of the optical systems. 

We would then have pulses coming out of the optical system de­

tectors of the type shown in the lower portion of Figure 13. For 

our meteoroid case in space, we can safely say that the linear 

velocity of the illuminated object will not change during its 

transit. Then, from Figure 13, we can see that the velocity 

component in the x direction can be written as: 

d 
V = 

X tl 
(9) 

At the same time, the mean angular velocities can be written as: 

2 a. 
WA = 

t 2 
( 1 O) 

and 

(l) 
2 a. = 

B t 3 
(11) 

We can, therefore, write: 

RA 
V d t 

2 = X = 
• WA 2 a. t

1 

( 12) 

and 
V d t

3 
RB 

X = = 
WA 2 a. t

1 
(13) 
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We can, thus, write: 

V = 
y 

= 
{ 14) 

To extend the concept to three dimensions, we can now con­

sider our optic systems {minimum of three required) as defining 

cones in three dimensional sp_ace. Each system consists of field 

optics and a photoelectric detector. If the optical systems are iden­

tical and perfectly aligned, then the edges of the field of view re­

main at a fixed distance from each other regardless of the range. 

Any luminous object which crossed through the intersecting fields 

of view would then be detected by each of the optical systems. A 

geometrical model of the three optic Sisyphus system is shown in 

Figure 14. From the entrance and exit times in each field of view, 

one can completely calculate the trajectory of the bo.dy in space 

provided only that the body does not change its velocity during 

the transit time. 

Mathematically, the Sisyphus problem is equivalent to 

finding the intersection of a straight line with three parallel cones. 

To demonstrate the mathematics of the system, we will choose a 

system of three identical cones with half angles a., as shown in 

Figure 15. Lines joining their apexes form an arbitrary triangle 

in the plane perpendicular to their axes. For purposes of conven­

tion, the vector from the base of the i
th 

cone to the particle's en­

trance into that cone is designated 75': and the vector to the particle's 
1 

exit is a.. The corresponding angles of entrance and exit in the 
1 

plane of the apexes are 0. and '±' .. Times of entrance and exit at the 
1 1 

i 
th 

cone are designated T . . , where j is 1 for an entrance point or 2 
lJ 
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Figure 14. Model of the AMD System 
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for an exit point. The vector v is an arbitrary velocity vector. 

Using this convention, five independent vector equations 

result: 

..... ..... ... 
a = pl + ( Tl 2 Tl 1) V 
1 

..... ..... ..... .... 
p2 = pl + ( T21 Tll) V t 

.... ..... ..... ..... 
a = pl + ( T22 Tll) V .{, 

2 (15) 

.... .... ..... ..... 

P3 = pl + ( T3l Tll) V m 

.... ..... .... ..... 
0-3 = pl + (r32 - Tl l) V -m 

By breaking these into components, we have 15 equations in 15 un-

knowns P., <J ., (/J ., 1±' ., and three components of v - so a solution exists. 
1 1 1 1 

Although a solution to these equations is not unique, analyses of all 

data taken in the laboratory indicate that only one physically meaningful 

solution can be obtained. 

The above vector equations remain unchanged if the cone 

axes become misaligned for any reason. However, the 15 compon­

ent equations are more complex since they involve two additional 

angles for each cone necessary to specify its orientation. This 

misaligned case has been reduced from the 15 original equations 

to 3 equations in 3 unknowns. Because of their complexity, 

further reduction appears impractical. Numerical solutions are 

obtained by computer iteration using the solution of the aligned 

case as a starting point. 

In this fashion, small misalignments due to thermal and 

mechanical stresses can be treated if the degree of misalignment 

is known. This misalignment is determined by using the planet 

Jupiter as a calibration source. 
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From the foregoing it follows that independent of the ampli­

tude of the signals detected by the individual optical systems, one 

can mathematically establish the three velocity components and the 

range of the luminous body. Using this calculated range, one can 

solve equation (8) for the product of the reflectivity and the cross­

sectional area, and thus determine the mean radius of the body to an 

uncertainty of the square root of the reflectivity. 

From the real tune at which the event took place, the known 

position and orientation in space of the vehicle from which the 

measurement was made and the three velocity components of the 

body, the complete orbit of the body in the solar system can be 

determined. Since the basic measurement includes the total back­

ground radiation, one also obtains the intensity of light due to the 

aggregate of zodiacal and asteroidal particles in the field of view. 

Since an absolute calibration standard is available in the form of 

incremental differences in starlight (when a bright star or planet 

transits the field of view), one thus obtains, as an additional 

measurement, variations in the zodiacal or asteroidal light. 
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III. C. System Design_ Considerations 

The spacecraft limitations on weight and power together 

with its mode of stabilization greatly reduced the extent to which 

the AMD could be optimized. Ideally, a system of this type would 

maximize the telescope aperture to obtain high signal to noise ratios 

and maximize the separation distance between telescopes to fully 

utilize the parallax aspect of the system. However, such an op­

timized system would have quickly exceeded the alloted weight 

budget. In addition, spin stabilization of the spacecraft not only 

prevented minimizing the background by looking at a "dark" 

region of the sky, but required that the instrument be capable of 

processing large and rapid changes in the sky background. It 

was, therefore, necessary to design a system which, although 

capable of performing the desired measurements, could not fully 

develop the potential of the concept. 

The parameters entering into the instrument design are 

essentially of two types: optical and electronic. The detailed 

optical design consists mainly of determining the physical para­

meters of the telescopes such as aperture diameter, field of 

view, focal length and surface contour of the telescope mirrors. 

The telescopes I separation and their orientation relative to the 

spacecraft are indirectly determined by the spacecraft configura­

tion and mission profile. Photo-multiplier tubes convert the optical 

output of the telescopes into electrical inputs to the electronics. 

The electronics includes the necessary threshold and logic cir­

cuitry, clocks and counters, analog to digital converters, and 

storage registers. 
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Ill. D. Optical Subsystem 

Instrument sensitivity and event rate calculations performed 

in the early development phase of the program were used to establish 

the telescope aperture diameter and field of view. As shown in 

Figure 16 the anttx::ipated event rate based on the near earth meteor­

oid environment model (Cour-Palais, 1969) was relatively inde­

pendent of the field of view while it was almost directly propor-

tional to the aperture diameter. However, the maximum dia-

meter compatible with the available weight was 20 cm and as a 

result this was the value used. From optical design considera-

tions, the smallest possible field of view was desired to mini-

mize the aberrations. However, too small a field of view would 

reduce the probability of detecting individual stars or planets 

for use in instrument alignment and sensitivity calibrations. A 

value of 7. 5° for the full angular field of view was chosen as an 

acceptable compromise for the Pioneer 10 mission. 

Normally, the requirements of a large aperture and short 

focal length optics to yield very sharp images over as large a 

field as 7. 5° could be achieved only with multi-element highly 

corrected systems such as camera lenses. For eight-inch 

aperture optics, an aerial camera type lens would have been pro­

hibitively heavy for this interplanetary experiment. However, the 

problem became soluble by using specialized optics which were 

designed to optimize the peculiar requirements of the Sisyphus 

system. 

a) The images needed to be sharp only at the edge 

of the field stop where the images enter and exit 

the field of view. Over the inner zones of the 

field stop plane, this requirement was not nec­

essary because there the optical system acts 

merely as a light bucket. 
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Figure 16. Variation of Event Rate with Field-of- View 
and Aperture {based on NASA Near Earth 
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b) At the edges of the field of view, the images needed 

only be sharp in the radial direction so that the images 

enter and exit the field of view rapidly. A small 

elongation of the image in the tangential direction 

would not do any harm. This concept is illustrated 

in Figure 17 where the short lines indicate the 

shape of the image at various times as the particle 

moves across the field of view. 

Various wide angle systems, such as those due to Schmidt, 

Maksutov and Baker-Schmidt, were considered. The Schmidt and 

Baker-Schmidt system required rather long tube lengths which was 

undesirable for space flight due to structural considerations. The 

Maksutov system had the disadvantage that it required a rather 

thick and heavy refractive corrector element in front which was un­

realistic for space flight. The Ritchey-Chretien system, in which 

both the primary and secondary mirrors are conics (often hyper­

boloids), turned out to be best suited for the Sisyphus optics. This 

system is aplanatic (free of coma and spherical aberrations) for 

an arbitrarily wide field of view. Therefore, of the various 

optical systems currently known, the Ritchey-Chretien appeared 

to meet the requirements best. The optics chosen for the 

Pioneer mission are shown in Figure 18. The layout of a single 

unit is shown in Figure 19. 

The sensor subsystem included four reflecting tele-

scopes of Ritchey-Chrttien design, with 20 cm apertures and 20 cm 

effective focal length. Each telescope was supported on a cen-

tral tubular housing which contained a photomultiplier tube, 

dynode resistor assembly, and preamplifier. The photomultiplier 

tubes were RCA C7151 Q, modified to include an S-20 photocathode. 

A "light tube" was placed between the field stop (at the conical for-
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ward end of the housing) and the photomultiplier tube face. This 

light tube was a very thin, 1. 9 cm long, 3. 0 cm diameter, stainless 

steel cylinder whose inside surface was gold-coated to provide a 

reflectivity of 0. 7 or better. By placing the photo-cathode away 

from the focal plane, the spot size is blurred to reduce the effect 

of local variations in photocathode sensitivity; the light tube re­

flects energy which would otherwise not reach the limited area 

of the photocathode. 

Four telescope assemblies, a high voltage power supply, 

and a cable harness are mounted on a 44. 5 cm square honeycomb 

panel. All assemblies, except the high-voltage power supply, are 

bonded to the panel. To provide shielding against stray sunlight 

reflections from other vehicle equipment, a lightshield of . 05 cm 

thick polystyrene foam is bonded to the honeycomb panel. Coat-

ings of aluminized mylar protect the polystyrene against solar 

radiation during part of the spacecraft trajectory. Total weight of the 

Optical Sensor Subsystem {Figures 20, 21, and 22) is about 2.1 Kg 

{including panel). 

Photomultiplier tube power is supplied to each dynode chain 

from a central 1700-volt supply, consisting of a transformer/ 

voltage multiplier; this high voltage power supply receives its 

square wave drive from the main de-to-de converter of the elec­

tronics power supply. The gains of the photomultiplier tubes are 

equalized by adjustment of high voltage series dropping resistors. 

Each preamplifier {Fig. 23) is comprised of an NH-0003 

operational amplifier preceded by a 2N3954 dual field effect 

transistor, with another dual FET switching bandwidth to 11wide
11 

(T = 0. 7 µs), "medium" {T = 2 µs), or "narrow" (7' = 25 µs) upon 
r r r 

receipt of the appropriate commands. The preamplifiers have a 

quasi-logarithmic gain curve with two break-points to extend the 

dynamic range. The diodes which provide this non-linear function 
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Figure 21. AMD Sensor, Front View 
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are matched over a wide range of temperatures {-57°C to +66°C). 

In telescope "A", a forward-biased germanium diode {1N695) has 

been added, to serve as temperature monitor; the voltage drop 

across the junction is a practically { + 2%) linear function of tem­

perature over the operating range of 40°C to -196°C, with a slope 
5 

of 0. 6 mV/deg. at 10 A through the diode. 

Figure 12 shows the location of the AMD optical sensor 

behind the high gain antenna dish on the Pioneer 10 vehicle. The 

optical axes of the telescopes are oriented at an angle of 45° rela­

tive to the spacecraft spin axts. Since the high gain antenna is 

nominally directed toward the earth, this location enables the sen­

sor to look in the approximate anti-solar direction as required. 

The angle of 45° was chosen to maximize the probability of scan­

ning across bright calibration stars during the mission. Although 

this orientation resulted in large background variation as the space­

craft rotated, it was felt to be the optimum configuration consistent 

with the Pioneer 10 configuration and the mission profile. 
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III. E. Electronics Subsystem 

As a sunlit particle traverses the fields of view of the optical 

sensors, its entrance times (into each of the sensor fields) and exit 

times (from these fields) are measured by counting clock pulses, 

and the results are stored for read-out. Particle brightness (in 

each field of view) is measured in a peak detector, converted to 

digital form, and stored for read-out. 

The average de background levels ( each channel separately) 

are detected using a 47 millisecond time-constant to provide the 

"Background" signal outputs. Four short-time-constant peak de­

tectors provide the "PeakP signal outputs. 

Since the input signals are very close to the noise levels, 

floating self-adaptive thresholding circuits (one per channel) are 

used. Threshold level is at 1. 1 x de background, plus 1. 5 x noise 

peak, for "normal" setting and 1. 2 x de background plus 1. 5 x 

noise peak for "high". As soon as the threshold is exceeded, the 

level is dropped to 1. 1 x (or 1. 2 x) de background, only, by 

switching out the noise peak contribution. 

When the signal in any channel exceeds the threshold, 

all entrance and exit counters are started. As the sunlit particle 

enters into (or exits from) a field of view, the corresponding 

entrance (or exit) counter is stopped. Note that the entrance 

counter of the channel which first saw the particle (and started 

all the counters) will be stopped immediately after starting. Thus, 

a typical event will find one entrance counter near zero, and the 

other entrance counters and the exit counters stopped at varying 

counts, depending on particle range, velocity and trajectory. 

The digital data (position, entrance count, exit count), 

as well as the A-to-D converted background and peak signals, are 

stored in parallel-in/ serial-out registers in 264 bits which are 

read out sequentially. In order to meet the extreme constraints 

on power and weight, full use is made of complementary symmetry 
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MOS integrated circuitry ( COSMOS). The counters/ registers are 

COSMOS hybrids. 

As stated earlier, the system operates at a very low 

signal-to-noise ratio; this results in a large number of "false 

alarms" in each channel, due to the noise contribution of the back­

ground. In order to make sure that only "legitimate events" 

are registered in the counters, there is a three-out-of-four co­

incidence circuit which further requires coincidence to be at 

least 3. 2 microsecond duration. 

A second logic circuit. rejects signals which recur at the 

spacecraft spin rate. Such signals are attributed to stars, and, to 

limit the amount of data telemetered, are recorded only once. 

Nevertheless, since a set of selected stars are used for calibra­

tion purposes, this star exclusion circuit can be disabled on com­

mand to permit repeated observation of a given star. Such ob­

servations are necessary to determine post-launch alignment of 

telescopes and the response of the ·sensor system to sources of 

known brightness and spectral characteristics, the type of infor­

mation important for the interpretation of zodiacal light measure­

ments and the solution of system equations. 

During the time when no "events" are registered, the 

system reads the background only. In order to provide a trajec­

tory reference for "events 11
, and to permit "mapping II of the 

background, the Pioneer vehicle generates a spokewheel of 512 

bits per revolution, referred to an index pulse. The AMD elec­

tronics divides the 512 bits by 4, and takes a sample of this 

number at the time the data are taken; thus, a position is recorded 

to an accuracy of 360° / 128, i.e., about 2. 8°. In the normal 

"star exclusion enabled" mode, any event recurring at the 

vehicle spin rate, i.e., reappearing in the same 2. 8° (or adjacent) 
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position sector in succession, is identified as a "Star" and excluded 

from read-out after the first time it is encountered. 

Finally, in addition to the two basic thresholds which 

are available on ground command, three preamplifier bandwidth 

settings can be commanded to improve signal-to-noise ratio 

under conditions of high ambient noise, for slower particles, and 

during star calibration. 

The electronics subsystem is housed in a black-anodized 

aluminum box. Four multilayer boards are supported from a cen­

tral "mother" -board which is squeezed between the two halves of 

the aluminum housing for rigidity. Two centrally located boxes 

provide additional support. Polyurethane foam is sandwiched 

between the boards for damping. Two connectors interface with 

the spacecraft and the optics, respectively. The total weight of 

the electronics box as shown in Figure 24 is 0. 83 Kg. A block 

diagram of the electronics subsystem illustrating its interface 

with the previously discussed optical subsystem is shown in 

Figure 25. 
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IV. OBSERVATIONAL RESULTS OF THE 
ASTEROID/METEOROID DETECTOR 

IV.A. Description of Data Obtained 

The asteroid/meteoroid detectors transmit two types of data 

from the Pioneer spacecraft as they move on their independent tra-

jectories toward Jupiter. First, the AMD is constantly measur-

ing the total brightness of the sky due to the stars which are in its 

field-of-view at any time, as well as that which is due to sunlight 

reflected from the particle population in its field-of-view. Since 

the AMD is mounted at an angle of 45° relative to the spacecraft 

spin axis, it will,.on a single revolution, measure the brightness 

of an annulus whose radius is 45°. The width of this annulus is 
0 

approximately 7. 5 , i.e., the field-of-view of the instrument. 

Thus, during the entire mission, the brightness of a large por­

tion of the celestial sphere is measured by the asteroid/meteoroid 

detector. 

The contribution to the total brightness due to the stars 

in the field-of-view is available from the star catalogs {e.g., 

Roach and Megill or Elsasser and Haug), and can be subtracted 

from the total measured value to obtain a value for the sky 

brightness which is due to the reflection of visible solar radia­

tion from interplanetary particles, i.e., the zodiacal light. 

By determining the change of this component of the sky bright-

ness as a function of heliocentric distance, it is possible to obtain 

the variation of the zodiacal light as we move out from the sun 

{Zook and Soberman, 1974). It should be noted that discrep-

ancies exist between various stellar background maps {up to a 

factor of two for various regions) which will affect the accuracy of 

this type of zodiacal light measurement. However, sky back­

ground data obtained beyond the asteroid belt can be used to provide 
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the proper conditions. 

The second type of data obtained by the AMD consists of 

individual particle detections as a bright particle transits the fields -of­

view of the four telescopes. As the particle moves through the fields­

of-view, the times of entry and exit for each field-of-view are recorded 

and transmitted as event data. In addition, t..11.e sky background at the time 

of the event, and the signal level due to the reflected sunlight from the 

particle,are transmitted to complete the individual event data. The re­

ceived (measured) data for a typical event are shown in Table 1. From 

the individual event data, it. is first possible to obtain a spatial distribution 

of particles as a function of size and heliocentric distance. Secondly, it 

is possible to obtain a value for the gegenschein, i.e., the brightness of 

the zodiacal light in the anti-solar direction. And finally, it was expected 

that the heliocentric orbit of particles which demonstrated high signal to 

noise ratios would be obtained. However, the reduction of the data which 

is required before the analysis to obtain this information can begin merits 

considerable discussion. 
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DATE: 10-15-72 

TIME; 9:15:20 

CHANNEL BACKGROUND 
(BITS) 

A 

B 

C 

D 

THRESHOLD: 

BANDWIDTH: 

STAR EXCLUSION: 

26 

16 

40 

36 

Normal 

Narrow 

Enable 

PEAK ENTRANCE EXIT 
( BITS) TIME TIME 

(BITS) (BITS) 

37 47 331 

24 0 413 

69 67 490 

53 32 520 

For background and peak one bit equals . 00975 volts. For entrance 

and exit times one bit equals 1. 6 µsec in narrow bandwidth. 

TABLE 1. RECEIVED DA TA FROM A TYPICAL AMD EVENT 
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IV. B. Data Reduction Procedure 

Since the asteroid/meteoroid detector is an electro-optical 

instrument, we must consider the possibility that events which are 

detected may, in fact, be caused by sources other than meteoric 

particles passing through its field-of-view. Therefore, each event 

which is recorded by the AMD must be screened to determine if 

it is indeed a valid event. 

False events may be due to any of the following sources: 

1) stars, 2) planets, 3) spacecraft generated particles, 4) solar 

protons, 5) sudden increa~es in the background, or 6) electronic 

or optical noise. If a given event could not be attributed to any of 

these sources, it was considered to be a true particle detection. 

Events which were due to stars or planets being observed 

as the instrument scanned across the object can be quite easily 

sorted out of the event data. A given star or planet will obviously 

occur in the same sector of the spacecraft rotation and therefore, 

this repetitive occurrence allows them to be easily discarded. 

In fact, the passage of a star or planet through the field-of-view 

of the instrument is the means whereby the instrument sensitiv­

ity is compared to the preflight laboratory calibration measure­

ments (Appendix B). Since the sensitivity of the instrument was 

such that a very bright star was required to exceed the threshold, 

i.e., approxiinately a zero magnitude star was required even in 

the darkest portion of the sky, it was not a difficult task to iden­

tify any event which may have been due to a star since the number 

of stars of this magnitude is not large. During the transit of the 

Pioneer vehicles from 1 to 3. 5 astronomical units, only two 

stars were observed to have been recorded, namely; Arcturus 

and Rigil Kentaurus (a. Centauri). The planet Jupiter was observed 

by the instrument for two periods of a few weeks during the space -

craft's transit to 3. 5 AU and was used to determine the alignment 
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of the four telescopes at those times. Figures 26 and 27 show typical 

background scans with Arcturus and Jupiter in the fields-of-view. 

Also shown in these figures is the increased background in several 

sectors due to direct solar illumination of the light shield. 

The third possible source of false events, spacecraft 

particles, are more difficult to discriminate against since they may 

occur randomly and probably would not be repetitive in the same 

sector of revolution. It seems likely that the greatest occurrence 

of this type of event would be during or shortly after a spacecraft 

thruster firing. However, events were observed only for space­

craft precession maneuvers and these events occurred in the same 

sector immediately after the· thruster firing and could be easily dis­

carded. It is unlikely that particles which merely become dis­

lodged from the spacecraft would move into the AMD fields-of-

view since the AMD location on the spacecraft (see Figure 12) 

would require a force to accelerate them parallel to the space­

craft's spin axis. However, in the absence of such a force, the 

only direction possible for a particle leaving the spacecraft 

would be perpendicular to the spacecraft spin axis due to the 

spacecraft's rotation. Furthermore, any particle originating 

from the spacecraft would be moving at a relatively slow velocity 

and therefore if it were detected by the AMD, it would have a 

very long time duration in the fields-of-view and could be 

eliminated by this consideration. 

It is possible that a real interplanetary particle impacting 

the spacecraft would cause ejecta to be emitted at a high velocity, 

but, it is unlikely that a significant number of events detected by 

the AMD can be due to this phenomenon. Hypervelocity impact 

studies (Gault, et al., 1963) indicate that ejecta which have vel­

ocities comparable to the projectile velocity have low ejection 
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angles measured with respect to the local horizontal. If ejecta of 

this type pass through the AMD field-of-view they will be in the 

spacecraft shadow and not be detected. Most ejecta, however, 

have velocities an order of magnitude or more less than that of the 

projectile and have large ejection angles (.2:.,45°). The probability 

of these ejecta passing through the fields-of-view is low due to 

their high ejection angles. Moreover, if they were detected they 

would have unusually long transit tunes and would be eliminated 

on that basis. Therefore, it is felt that particles originating from 

the spacecraft cannot contr_ibute to a significant fraction of the 

events detected by the AMD. 

During August of 1972, the Pioneer 10 spacecraft was subjected to an 

intense solar bombardment due to a very high level of solar activity. 

During this period of time, hundreds of events were detected by the 

AMD due to the interaction of the solar protons with the photomul-

tiplier tubes used in the optical subsystem of the AMD. However, 

most of these events had very low signal levels and very short 

transit tunes. The data obtained during this period of tune pro-

vided a good base for discruninating against this type of possible 

false event. All events which were detected during these periods 

of increased solar activity were eliminated unless their signal 

levels and times were markedly different from those characteristic 

of the solar proton type events. 

Sudden increases in the background were observed only 

during those periods when the light shield surrounding the four 

telescopes was directly illmninated by the sun. Since this phenome­

non occurred only during a specific period in the rotation cycle and 

was easily observed (Figures 26 and 271 events resulting from it 

were easily discarded by referring to the background scans. 
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Finally, it is conceivable that random noise due to the star 

field background may cause a false event. However, the three-fold coin­

cidence requirement which is incorporated into the electronics design 

makes the probability of this occurrence very low and it is therefore un­

likely that a significant number of the events are due to this source. In 

addition, this possibility was tested in the laboratory by allowing the instru­

ment to observe a simulated star background which varied in a sinusoidal 

manner to determine if, in fact, the instrument was susceptible to this type 

of false event. This test was conducted for approximately one week during 

which no events were recorded. 

The preceding steps were applied to each event to establish 

whether or not it should be regarded as a true particle detection. After 

applying this screening process to all events detected between 1 and 3. 5 AU 

by the AMD on Pioneer 10, it was determined that 232 real events had been 

detected during this portion of the mission. Figure 28a shows the number 

of events detected during each day of the Pioneer 10 spacecraft's journey to 

3. 5 AU as a function of heliocentric distance. It should be noted that this 

figure has not been adjusted to reflect the change in instrument sensitivity 

as the spacecraft moved away from the sun. 

The analysis of the Pioneer 11 AMD data was made more diffi­

cult than was the case with Pioneer 10 because one of the channels mal­

functioned early in the mission (at 1.1 AU from the sun), resulting in its 

triggering on noise continually. Thus, only two of the channels had to 

trigger for an event to be recorded. The malfunction is attributed to a 

thermally induced crack in the envelope of the photomultiplier resulting in 

degradation of the photocathode. Therefore, in addition to the previously 

discussed screening procedure, the following criteria were used 

in screening the Pioneer 11 data: 

1. The transit time in two or more channels had to be at 

least 75 µsec. This criterion eliminated most of the noise­

generated events (almost all of which were of short duration) 

and took account of the poor reliability of particle detection 

closer than 10 m to the detectors. 
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2. Either four-fold coincidence was required, or the peak 

intensity in the malfunctioning channel had to exceed a 

pre-determined value (7 data bits). Although the sensi­

tivity of that channel degraded considerably, it did not 

go to zero {as evidenced by its response to Jupiter, which 

was 8 data bits) and could still be used as a gross indicator 

of real particles. 

The above selection process yielded a total of 51 events between 1. 0 and 

3. 5 AU. This number was considerably less than that used to derive the 

Pioneer 10 results, primarily because of the elimination of close-range 

events, which had been included in the Pioneer 10 analysis. 

The final step in preparing the event data for subsequent analysis 

was to store the measured values of the time, background and signal level 

for each event in a computer data bank in order to facilitate future cal­

culation and manipulation of the basic data. A computer listing of this 

data appears in Appendix C. 
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V. ANALYSIS OF DATA AND 
PRESENTATION OF RESULTS 

V.A. Analysis Procedure 

The primary objective of the Asteroid/Meteoroid Detector 

was to determine the small particle concentration and size distri­

bution in the interplanetary region between the orbits of Earth and 

Jupiter. In order to attain this goal, the data on the particles 

measured were analyzed to determine the nwnber of particles as 

a function of size and heliocentric distance. As discussed in 

Section III, the AMD was designed to measure the velocity and 

range of particles relative to the instrwnent from which it would 

be a relatively straightforward procedure to calculate the particle 

size using the instrwnent sensitivity, Equation (8) and an asswned 

albedo. However, primarily due to what appears to be a peculiar 

phase function for the light reflected from particles, it was not 

possible to obtain the accuracy in the measurements required to 

derive solutions for the trajectories of the particles. These 

difficulties are discussed below and in the Appendices. Therefore, 

it was necessary to develop an alternate method for extracting the 

required information from the measured data. 

Although the exact times of entry and exit measured for the 

particles' passage through the fields-of-view were not accurate 

enough for trajectory determination, it was felt that they were 

good approximations to the total transit time. The inaccuracies in 

the measured times are associated with two different phenomena. 

During the data reduction procedure, it was noticed that many events 

indicated simultaneous entry into two or more telescopes. It was 

eventually discovered through laboratory simulations that this 

behavior was due to cross talk between channels in the electronics. 

Further testing indicated that this problem was associated only with 
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the entrance counters and that the exit times were not affected by 

this anomaly. Laboratory testing also indicated that the cross 

talk occurred only when a telescope was triggered by a light pulse 

(i.e., a particle entering the field-of-view). 

Another apparent anomaly was indicated by the fact that 

some of the events measured did not display the required coinci­

dence between three fields-of-view. This behavior was ascribed to 

the fact that if the signal plus the associated noise dropped below 

threshold, the exit clock for that channel would not be restarted when 

the signal again came above threshold. This situation is illustrated 

in Figure 29. The result of this behavior is that the exit times 

measured may in some cases be too small and the resulting transit 

time too short. It is conceivable that positive noise spikes could 

also ~ause the exit counters to continue running after the particle 

had exited from the field-of-view. This, however, is unlikely 

since it would require a succession of several positive noise spikes. 

On the basis of the foregoing, it was concluded that the most ac­

curate estimate of the transit time for a given event would be the 

longest transit time recorded by one of the four telescopes. Thus, 

in the following discussions the term transit time will refer to the 

longest transit time. 

Since the velocities of the particles detected could not be ob-

tained from the measured data, it was necessary to use approximate 

values based on the assumption that most of the particles detected 

were of asteroidal origin, moving in nearly circular orbits. For 

each particle detected, its circular orbital velocity was calculated 

corresponding to the position of the spacecraft (i.e., its radial 

distance from the sun) from Equation (16). 

v (particle) :: 29. 8✓-:o km/ sec ( 16) 

where S and S are the heliocentric distances of the earth and the 
0 
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Figure 29. Examples of Three-Fold Coincidence. (a) Signal 
Above Threshold in all Three Channels Simultaneously. 
(b) Signal Drops Below Threshold in Channel A and 
Then Exceeds Threshold Again. 
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spacecraft respectively. Using the assumed circular orbit vel­

ocity and the known spacecraft velocity, the relative encounter 

velocity with the spacecraft was calculated for each event. 

It should be pointed out here that the ability of the AMD to 

detect particles is a function of the size of the particles. This 

sensitivity can be defined in terms of a range to radius ratio. 

For example, a ratio of 1 o5 
would imply that a particle of radius 

1 centimeter would be detectable out to a range of 1 kilometer. 

The value of this ratio is, of course, dependent upon the back­

ground signal due to stars in the field-of-view as was discussed m 

Section Ill. As the background and peak { due to noise in the back­

ground) increase, the minimum signal required to exceed thresh­

old also increases, resulting in a corresponding decrease in the 

range to radius sensitivity ratio. Typical examples of the 

varying background and threshold levels were shown in Figures 26 

and 27. The heliocentric distance of the particles also affects 

the sensitivity of the instrument since the solar radiation avail­

able for reflection from the particles decreases as the square of 

the heliocentric distance. 

These sensitivity variations are manifested in what will be 

referred to as the sensitive volume of the instrument. If we 

consider each telescope field-of-view to define a conical volume 

in space within which particles can be seen, it is possible to calcu­

late the size of this volume for various particle sizes. The size 

of this volume varies during the spacecraft rotation due to the 

changing background {Figures 26 and 27) and decreases throughout 

the mission due to the decreasing solar radiation. A typical 

variation in the sensitive volume {for particles of radius 0. 5 mm) 

during one spacecraft rotation cycle is shown in Figure 30. The 

variations in sensitive volume are correlated with the background 

changes illustrated in Figures 26 and 27, as expected. In 
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Figure 31 the variation in average sensitive volume is shown for Pioneer 10 as 

a function of heliocentric distance for the two bandwidth modes in 

which the AMD was operated. The solid line in this figure shows 

the mean value as bandwidth modes were switched during the 

mission. The dashed lines deviate from the expected inverse 

cube variation due to changes in the spacecraft attitude which 

affected the average particle scattering angle. 

As shown in Appendix D, the average particle transit 

time, T, can be expressed as: 

1' = 
TT ex. R 
2v (17) 

where R is the range to the detector, ex. is the field-of-view half 

angle and v is the particle encounter velocity relative to the instru­

ment assuming a circular orbit for the particle. Rewriting 

Equation (8) yields the following expression for the particle range 

to the detector 

R = 
r f (Y) \) l I 2 

I . 
mm 

s 
o a 
s 

where I is the solar irradiance at 1 AU, I . is the minimum 
o mm 

(18) 

irradiance that can be detected (Appendix B), r is the bond albedo, 

f(Y) is the scattering phase function, S and S are the heliocentric 
0 

distances of the earth and the particle respectively and a is the 

particle radius. Thus, from Equations (17) and (18), the particle 

range, size and sensitive volume within which it could be seen can 

be calculated. 

The cumulative spatial concentration of the particles can 

then be calculated from the expression: 

N = 
I::, T 

T li V (19) 

where T is the effective observation time and 6 Tis the total dwell 

time (transit time) of particles in the volume element 6 V. N is the 
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nwnber per unit volume of all particles which can be detected in 

the volume element. 

In deriving the spatial concentrations and size distributions, 

the measured transit time of each particle and the calculated en­

counter velocity were used to determine its range from the instru­

ment via Equation ( 17). The AMD sensitivity at the t:iine of the 

particle detection then determined the particle size. An observa­

tion time was then defined (e.g., time corresponding to a change 

in sp.acecraft heliocentric distance of 0. 2 AU) and an average sen­

sitive volurne computed for ~ach particle size range during the ob­

servation time. The cumulative sp.atial concentration was then cal­

culated for each size grouping using Equation ( 19). The tabulated 

results are given in Appendix E. 

In order to validate this analysis procedure and prove 

that it was not introducing a bias into the results, the method was 

tested using a computer simulation of the problem (see Appendix F). 

This simulation also provided a means of estimating the uncer­

tainties associated with the results due to the various assumptions. 

V. B. Size and Spatial Distribution Obtained From Measurements on Pioneer 10 

The data obtained during the flight of the Pioneer 10 spacecraft 

were separated into two heliocentric regions for analysis. The data 

obtained prior to entering the asteroid belt ( 1. 0 - 2. 0 AU) comprise 

one set while the data obtained during the transit of the asteroid 

belt were placed in the second group. 

In analyzing the data apparent variations in the size distri-

bution with heliocentric distance were noticed. To investigate 

this, the preasteroid belt data were separated into five equal helio­

centric segments while the data obtained in the asteroid belt were 

treated in three such segments. The results are shown in Figures 

32 and 33 respectively. 
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These distributions are cumulative in that they are for the 

particle size shown and larger. The smallest size domains were 

combined since transit times are distorted within approximately 10 

meters of the telescopes where the image blur becomes comparable 

to or greater than the aperture. 

Following Dohnanyi (1971), a geometric albedo of 0. 2 was 

assum.ed for the particles. Also plotted in these figures are the 

points obtained by the penetration detectors on Pioneers 10 and 11 

(Humes, et al., 1973). 

It can be seen that the variations in size distribution which 

were noted are small on a logarithmic plot to this scale. Conse­

quently, the results were combined into a single plot (see Figure 34). 

As before, the Pioneer 10 and 11 penetration points (Hum.es, et 

al., 1973) are also plotted. The AMD points are shown at the 

logarithmic mean within the one-third decade (or factor of 2.15) 

of size. The uncertainty in albedo would cause the curve to be 

shifted horizontally by the square root of the ratio of the true 

albedo to the value assum.ed. Dohnanyi (1971) gives plus or minus 

a factor of 3 in value. The penetration detector on Pioneer 10 

was taken to be sensitive to particles of 5 µm and larger while 

the one on Pioneer 11 was assumed sensitive to 10 µm and larger. 

Figure 34 shows that on this scale, the size distribution 

is nearly constant from instrument turn on (one week after 

launch) to 3. 5 AU. The results of the AMD indicate a greater 

flattening of the distribution from 1. 0 to 2. 0 AU than is found in 

the asteroid belt. It is noteworthy that the penetration detector 

on Pioneer 11 which initially recorded a relatively large number 

of penetrations out to 1. 18 AU, indicated only one penetration 

between 1. 18 and 2. 3 AU (Humes, et al., 1973). No data point 

for this region was assigned by the investigators but it should 

be in keeping with the trend of the present results between 1. 0 
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and 2. 0 AU. 

To illustrate the changes in size distribution and spatial 

concentration noted earlier, the data were combined into incre­

ments of 0. 2 AU between 1. 0 and 2. 0 AU and 0. 25 AU between 

2. 0 and 3. 5 AU. This is shown in the histograms of Figure 35. 

The small sized particles are shown separately. Note that the 

scales are linear. The number of events in each bar is shown to 

given an idea of the statistical uncertainty involved. To put a more 

meaningful ordinate on these histograms the data is presented in 

terms of mass per unit volurpe to better accommodate the large 

size domains used. A density of 3 gm/ cm 
3 

was assumed for the 

conversion. It is clear from Figure 35 that the largest sizes 

were observed between 1. 2 and 1. 3 AU and between 2. 25 and 

2. 75 AU with a minimum in the region of Mars orbit. The 

apparent peak near 2. 5 AU is at approximately the same helio­

centric distance that the visible asteroids are most heavily 

concentrated. The concentration of the smallest particles is 

relatively constant to 2. 0 AU where an apparent increase is noted 

which persists to 3. 25 AU. However, it should be noted that the 

change in concentration of these smallest sizes is only about a 

factor of three. These results (for the smallest sizes measured) 

are in qualitative agreement with those of the penetratio;n detectors 

on Pioneers 10 and 11 (Humes, et al., 1973) except in the region 

from 1. 2 to 1. 4 AU where those investigators did not see any 

penetrations while the AMD measured an increased concentration 

of all particle sizes. 

V. C. Gegenschein Brightness Obtained From Measurements on Pioneer 10 

The contribution of the particles measured by the AMD to 

the sky brightness can be readily calculated. For the gegenschein 

this can be done from the relationship (van de Hulst, 1947): 
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2 
pa 

d N (a, S} d S 

(20) 

where fl ( n} is the backscatter brightness per unit solid angle, and, 

as before, I is the solar irradiance at l AU, S and S are the helio-
o 0 

centric distances to the earth and particles respectively, a is the 

particle radius, p is the geometric albedo and d N is the differential 

size concentration. A derivation of Equation (20) is presented in 

Appendix G. 

H (TT) was calculated for each solar distance segment based 

on the spatial density corresponding to each average particle size 

( see Appendix H). Summing these individual contributions gave an 

integrated value for the gegenschein brightness between 1. 0 and 

3. 5 AU of about 2500 s
10 

(vis)* units. This value is approximately 

a factor of 10 above the earth based observational value of 200 + 

100 s 10 (vis) units (Roosen, 1970), and the value of about 255 s
10 

(vis) units measured by the IPP experiment on Pioneer 10 (Hanner 

and Weinberg, 1973). The AMD measurements in the average sky 

background mode gave a value of approximately 90 s
10 

(vis) units 

(Zook and Scherman, 1973). 

Figure 36 shows the relative variation of the gegenschein 

with heliocentric distance obtained by successively subtracting out 

the contributions due to each solar distance segment. As can be 

seen from the figure, the gegenschein decreases approximately as 

the inverse square of the solar distance out to about 2. 25 AU where 

it begins to fall off more rapidly. This observed variation is in 

excellent agreement with results obtained from the IPP experiment 

•:<One S10 (vis) unit is defined as a brightness equal to that of a stellar 
distribution of one tenth magnitude (visible) star per square degree. 
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(Hanner and Weinberg, 1973; Hanner, et al., 1974) as well as the 

AMD sky background measurements (Zook and Soberman, 1973). 

V. D. Size Distribution Obtained From Measurements on Pioneer 11 

In view of the small number of events detected from Pioneer 11, 

it was not considered statistically significant to divide the data into re-

gimes of heliocentric distance. All the events were grouped according to 

estimated minimum size, and the corresponding cumulative concentrations 

were calculated as described previously. The results are shown in Figure 37. 

The number of events in each group is shown in parentheses next to the 

corresponding data point, and the curve shown gives more weight to the 

points with a comparatively large number of events. Figure 38 shows the 

concentration distribution calculated here together with that obtained from 

Pioneer 10. It is seen that the two results agree to within a factor of two. 

As with the Pioneer 10 results, the exponent of the size dependency (N ~ a-~) 

varies from about -1. 7 for 100 µm particles to about -3. 2 for 10 cm bodies. 

In the case of the smallest particles, the agreement in ~ applies specifi­

cally to the 2. 0 - 3. 5 AU results of Pioneer 10. 

One should keep in mind the basic assumptions inherent in the 

results presented. These are: 

l} Particles are treated mathematically as diffuse 
spheres. 

2) Geometric albedo = 0. 2. 

3) Encounter velocity corresponds to circular 
heliocentric orbit. 

4) Particle transit corresponds to average perpendicular 
path through viewing cone. 

The first assumption is particularly questionable since the 

results from Pioneer 10 indicate that the particles have phase functions with 

many high (specular) peaks. Individual rotating particles with such phase 

functions would be characterized by high peak intensities as they transit 
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the field of view, while an aggregate of particles, as would be represent­

ative of the zodiacal light, would exhibit a low average intensity. The 

diffuse sphere approxunation was used for the lack of a better mathematical 

model. 

The Pioneer 11 AMD experunent appears to confirm the particle 

concentration distribution obtained from Pioneer 10. Because of the 

assumptions that were necessary, the absolute positioning of the derived 

concentration curve remains uncertain. However, the form of the distri­

bution obtained appears to be accurate, and should prove to be of particular 

value to those formulating new models of the zodiacal light since these were 

the first experunents to measure scattered light from individual particles 

in space. 
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V. CONCLUSIONS 

The greatest uncertainty in the interplanetary partic­

ulate environment prior to the flight of Pioneer l O concerned the 

potential hazard of ·the asteroid belt to spacecraft transit. The 

results of the AMD data analysis indicate that the cumulative parti­

cle concentration is relatively constant throughout the region from 

1 to 3. 5 AU with only a modest increase in the region of the 

asteroid belt. This result together with the obvious fact that the 

Pioneer 10 spacecraft survived the passage with no detectable 

damage seems to remove the asteroid belt as a barrier to explora­

tion of the outer solar system. 

Although the cumulative distribution measured by the 

AMD was relatively constant (Figure 34) and in agreement with the 

results of the Meteoroid Detector on Pioneer 10 (Kinard, 1974), 

there were slight variations detected in the concentration of the larger 

particles (Figure 35). The observed decrease in the region of Mars's 

orbit is attributed to the planetary sweeping effect proposed by Opik 

(1951 ). The fact that the distribution measured by the AMD exceeds 

that previously measured in the near earth region (Figure 37) indi­

cates that a siniilar sweeping effect may have reduced the particle 

concentration in the earth I s vicinity. The flattening of the distri­

bution in the small particle region indicates that the Poynting­

Robertson effect has removed a portion of these particles from the 

original particle distribution or from the distribution as evolved 

under a collisional process. 

The gegenschein brightness derived from the particle 

concentrations measured by the AMD on Pioneer 10 was found to vary as the 

inverse square of solar distance (Figure 36). This variation is 

consistent with the results of the IPP Experinient (Hanner and 

Weinberg, 1973) on Pioneer 10 and the background measurements 
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of the AMD (Zook and Soberman, 1974). Although the gegenschein 

brightness variation is in agreement with these measurements, the 

absolute value derived from the AMD data is approximately a factor 

of ten higher. The only explanation which appears feasible for this 

apparent discrepancy is that the particles are rotating and possess a 

phase function with several high peaks (due to specular reflections). 

The AMD responds to these peak signals as received from a single 

particle while photometric instrurnents respond to the average in­

tensity from a large nwnber of particles. This specular reflection 

from the particle fine structure could be responsible for the polar­

ization observed in the zodiacal light (Weinberg, 1970). 

The hypothesis of rapidly rotating particles which ex­

hibit variable light levels in reflected sunlight opens a new area of 

investigation for interplanetary particulate studies, i.e., to quan­

titatively determine the phase function associated with small parti­

cles in space. Furthermore, a knowledge of the particle phase 

function will make it possible to determine the particle rotation 

rates by observing the repetition rate of the signal characteristics. 

Finally, it should be noted that the dynamics of a 

solar illuxninated particle would be modified by rotation (Jacchia, 

1963). If the particles are charged, it is possible that the rota­

tions are magnetically aligned and this could drastically alter the 

lifetimes of these particles in the solar system. 

The publications re filllting from the analysis of the data 

from the Pioneer 10 and 11 AMD measurements are given in Appendix J. 

These publications summarize and interpret the results of the AMD and 

provide comparisons with previous measurements and theories. 
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APPENDIX A 

LIGHT REFLECTION FROM PARTICLES 

The amount of incident radiation which is reflected from a 

particle is dependent on the particle's effective area, the angle be­

tween the incident and reflected radiation, Y (for backscatter Y = TT), 

and the reflecting characteristics of the particle, usually expressed 

in terms of the albedo. Two types of albedo, the bond albedo and 

the geometric albedo, are commonly used to relate the incident and 

reflected radiation. These parameters are defined as follows: 

Bond Albedo = A = pq 

I 
= 

I 
0 

where I = total light reflected from sphere 

and I = total light incident on sphere 
0 

Geometric Albedo = p = i ( 7TT) 
L 

where I (TT) = sphere brightness (backscatter) 

and IL ( TT) = perfectly diffusing Lambertian disc 

brightness (backscatter) 

A. 
Note that q = -

p 

The AMD was not sensitive to particles less than 50 

microns in diameter, and therefore, all particles detected were 

approximated as "large objects" since their diameter was at least 

1 order of magnitude greater than the light wavelengths of interest. 

Stated in another fashion, the Mie size parameter 2 ~ a was 

greater than 100 and large body optical theory could be applied. 

Although the exact shape of the observed particles is 

not known and even though it is highly unlikely that they are spher -

ical, the following theorem justifies treating them as spheres: 

Al 



"the scattering pattern caused by reflection on large con­
vex particles with random orientation is identical with the scattering 
pattern by reflection on large spheres of the same material and having 
the same surface condition. 11 

The proof of this theorem depends in part upon another which states: 

"the average geometric cross section of a convex 
particle with random orientation is 1 / 4 its surface area." 

Rigorous proofs for both of the above theorems are contained in 

van de Hulst (1957). 

Thus, the amount of radiation reflected from a sphere 

in a given direction Y can be expressed as: 

H (watts/ ster) = 

2 
I TT a f(Y}r 

0 

s2 
F (A-1) 

2 2 
where I is the solar radiation in watts/ cm at 1 AU, TT a is the geo-

o 
metric cross section of a sphere, f (Y) is the phase law, r is a re-

flectivity coefficient, S is the particle I s distance from the sun and F 

is a factor to be determined. The phase law for diffuse scattering 

of light from a sphere, following Lambert's law is given by 

van de Hulst (1957) as: 

8 
f (Y) = 3TT (sin y - Y cos y), (A-2) 

The factor F can be evaluated by setting r = 1 (i.e., 

all incident radiation is reflected} and integrating Equation (A-1) 

over d O. Thus, we have: 

2 2 
I TT a I 

TT a f f (Y) d 0 0 1 0 (A-3) = 
s2 F 

8
2 o 

or F = fof(y)dO 

A2 

-

-
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F 8 
( sin y - y cos y) sin Y d Y d rp 

3 TT 

TT 

= 16/3 f (sin
2 

Y - Ycos Y sin Y) d Y 
0 

= 16/3(TT/2-l/8(-2TT)) 

= 4 TT 

Equation (A-1) then becomes: 

H (watts/ster) = 
2 

I TT a f (Y) r 
0 

4 TT S
2 

(A-4) 

(A-5) 

Therefore, at a distance R from the sphere the result becomes: 

H 
I r f ( Y) 

(~) 2 I 
0 = = . z 

4 s2 
R· (A-6) 

as given in Chapter III, where I is . I 2 m watts cm . 

Finally, from the definition of the bond albedo we can 

write: 

A = 

= 

s2 lo H d 0 

2 
I TT a 

0 

rj f(>--)dO 
0. 

4 TT 

= r 

Thus, the parameter r in Equation (A-1) is the bond albedo. 

(A-7) 

The relationship between the bond albedo and the geo­

metric albedo can be easily calculated for Lambertian radiators. 

The phase law for a Lambertian disc is expressed as: 

fL (Y) = - cos Y. (A-8) 

A3 



The equation analogous to (A-1) is therefore: 

2 
TT a (-cos Y) 

HL (watts/ ster} = 
I 

0 

(A-9) 

where r has been set equal to one. Equating the incident and reflec -

ted radiation yields: 

2 
I TT a 

0 _ f HL d 0 
- 0 

= 
2 

- I TT a 
0 

2 
S FL 

l! 
¢,=0 TT/ 2 

Completing the integration yields: 

FL= TT. 

cos y sin y d y di,. 

(A-10} 

(A-11} 

2 
Thus, the radiation (watts/ cm } received at a distance R from a 

Lambertian disc is given by: 

(A-12} 

For backscatter I and IL are related by the definition: 

p = 
I ( TT} 

I (TT} 
L 

= 2/3 r 

= 2/3 A 

= 
f ( TT) r 

Thus, the ratio of the bond albedo to the geometric albedo 

(A/p} is 1. 5. The ratio A/p = q is usually referred to as the phase 

integral. 

A4 

.... 

r 

-

-

-



-

-
-

-
-
-

APPENDIX B 

AMD CALIBRATION AND SENSITIVITY MEASUREMENTS 

Sensitivity Measurements in the Laboratory 

The laboratory calibrations consisted of two parts: 

(1) measurement of the instrument response to a nearly mono­

chromatic (), .. max = 5680 A, 250 A bandpass) light source of 

known spectral characteristics, and (2) measurement of the 

instrument response to a light source of known intensity at various 

wavelengths. The first of these determined the absolute mono­

chromatic sensitivity of the instrument, while the second deter­

mined the instrument bandpass. 

Measurement of Absolute Response 

Since the instrument electronics employ logarithmic 

amplifiers it was necessary to perform measurements over a wide 

range of irradiance levels in order to insure that the proper response 

was obtained and no extrapolation was needed. The physical con­

straints of the laboratory and the availability of calibrated light 

sources required that neutral density filters as well as various 

current inputs to the lamp be used to obtain the proper range of 

illumination. Specifically, the illumination intensity ranged over 

three orders of magnitude from a barely detectable signal to 

values near the instrument saturation level. All readings were 

obtained using a calibrated digital voltmeter to insure accuracy. 

A source-detector distance of 76. 8 meters was used 

for these measurements. The actual calibration measurements 

were relatively straight-forward. The procedure was to record 

Bl 



the instrument output (in volts) for each of the neutral density 

filter and lamp current combinations used. At each reading 

the background illumination was also recorded to insure that only 

the known illumination from the lamp was used in determining the 

system response. 

In order to correlate these measured instrument out­

puts with the light input it was necessary to calculate the irrad­

iance at the optics using the known spectral characteristics of the 

light source, the transmission characteristics of the neutral den­

sity filters and the separation distance of the source and detector. 

The condensed, graphical results are presented in Figure Bl for 

the Pioneer 10 flight unit. As can be seen from the figure, chan-

nels A, B and C were considered to be equally sensitive while 

channel B was approximately a factor of two less sensitive. 

Measurement of Wavelength Response 

A similar procedure was used to determine the 

instrument response as a function of the wavelength of the light 

source. In addition to the neutral density filters, spectral fil-

ters were used to determine instrument sensitivity as a function 

of wavelength (i.e., the instrument bandpass). As with previous 

measurements, the irradiance at the optics was calculated for 

each of the spectral filters. Figure B2 is the resulting rela-

tive wavelength response curve, applicable for all four chan-

nels. The double -peaked shape results from modification of 

the basic S-20 photomultiplier response by the spectral re­

flectance of the gold-surfaced telescope mirrors. 

-

-
-

,, 

-
These curves in Figures Bl and B2 constitute the -

absolute wavelength response of the Pioneer 10 AMD sensors. To use 

the curves for predicting the response from a given spectrum, -

the procedure is as follows: -
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1. Select an increment, 6 11., of the spectrum at A. with 

6 HA. irradiance. 

2. From the relative response curve (Figure B2) deter­

mine the response, RA., at A. relative to that at 568 

milli-micrometer s. 

3. Multiply 6H A. by RA. to obtain 6 H 
568

, the equiva­

lent 568 mµirradiance. 

4. Repeat steps l through 3 for each increment of A. 

across the sensor acceptance waveband. 

5. Sum 6H
568 

values to obtain the total H
568 

equiva-

lent irradiance. 

6. From the 568 mµ response curve (Figure Bl) 

determine the expected signal level. 

In calculating the background and signal irradiance 

levels, a solar spectrum was assumed both for the radiation reflec­

ted from the particles and the star background irradiance. The 

choice of this spectrum was obvious for the particles' irradiance 

since they merely reflected the incident sunlight and it was felt 

to be a good average value for the star background. 

It should be pointed out that the above calibrations 

were performed at room temperature and since the response of the 

preamplifiers is temperature dependent (for instrument outputs 

greater than 0. 1 volts), the above measurements were scaled to 

obtain the instrument response at cold temperatures (- 140°C). 

This was done by relating the incident irradiance to the pre­

amplifier current, at low signal levels. Since the temperature 

relationship between preamp input current and output voltage was 

known (from laboratory calibrations) it was then possible to obtain 

the input irradiance corresponding to the AMD output voltage. 

BS 



In-Flight Sensitivity Measurements 

Opportunities for verifying the laboratory calibrations 

presented themselves when a bright star or the planet Jupiter was 

observed by the AMD. The procedure was to calculate irradiance 

due to the calibration source ( star or planet) by using two inde­

pendent methods and comparing the two values. 

The expected signal from the calibration star can be 

calculated by using the methods described above. Specifically, 

the spectrum of the source is convolved with the relative response 

of the instrument to obtain the expected equivalent irradiance at 

568 mµ. The source irradiance can also be determined from 

measurements performed in-flight. Background readings obtained 

just before and/ or after the source appeared in the viewfields can 

be used to infer the background of the source contained field. 

Subtracting this value from the background measurement with 

the source in the field-of-view will yield a value for the irrad­

iance of the source. This latter value will depend solely on the 

laboratory sensitivity measurements. The results of this pro­

cedure are illustrated below for two cases: the star Rigil Ken­

taurus and Jupiter. 

It was assumed that Rigil Kentaurus could be treated 

as a Planckian emitter with a blackbody temperature of 4700°K. 

A visual magnitude of - . 27 (Allen, 1963) was used to determine 

the irradiance as a function of wavelength. Using the relative 

response curve of Figure B2 it was calculated that the equiv­

alent 568 mµ irradiance in the AMD bandpass should be 
-12 2 

1. 07 x 10 watts/cm . 

The in-flight data used to obtain the measured irrad­

iance due to Rigil Kentaurus was taken on a day when the star 

passed through the approximate centers of the viewfields and 
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when the background variation was mininlal. The irradiance 

values obtained from readings of the four Pioneer 10 AMD channels are: 
-12 2 

Channel A - 1. 0 x 10 watts/cm @ 568 mµ 

Channel B 1. 5 x 1 0 -
12 

11 

Channel C 1. 2 x 1 0 - l 2 " 

Channel D - 8. 7 x 10-
13 

'' 
-12 2 

The average for the four channels is 1. 1 x 10 watts/ cm which is 

nearly the same as the value obtained previously. 

The irradiance expected from Jupiter can be calcu­

lated using the formula developed in Appendix A, namely; 

I = 
2 

I a f (Y) r 
0 

( B-1) 

The calculations will be performed for 28 June 1972 when the Pioneer 10 

spacecraft was approxinlately 3. 5 AU from Jupiter. The quantities 

to be used in the above equation are: 

I solar irradiance = 0. 064 watts/ cm 
2 

0 

a 

f (Y) 

s 

R 

r 

(in AMD bandpass at 1 AU) 

radius of Jupiter = 7 x 10
4 

km 
0 

phase law = f (135 ) = 2. 0 

Jupiter - sun distance = 5 AU 

Jupiter spacecraft distance = 5. 26 x 10
8 

km 

bond albedo of Jupiter = . 7 

The expected irradiance from Jupiter at the instrument can easily 

be calculated as: 

I = 
-11 2 

1. 6 x 10 w / cm . 

Using the in-flight data for that day we obtain the 

following irradiance values ( converted to a solar type spectrum in 

the AMD bandpass) for Jupiter: 
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Channel A -

Channel B 

-11 2 
1. 7 x 10 watts/ cm 

2, 3 X 10-ll fl 

Channel C - 2. 7 x 10 -ll fl 

Channel D - 0. 9 x 10-ll fl 

-11 2 
The average for the four channels is about 1. 9 x 10 watts/ cm 

or approximately the same as the expected value. 

In-flight observations of Jupiter from Pioneer 11 were com­

pared with those just described to determine the calibration correction 

factors appropriate to the specific AMD detectors flown on Pioneer 11. 

Data from two days was used: 28 June 1973 and 10 August 1973. The 

signals minus the backgrounds were compared with those obtained on 

Pioneer 10 and, after correcting for slight differences in the Sun-Jupiter 

distance, the ratios {PN 11:PN 10) for the three functioning channels were 

found to be: 

Channel A 

Channel C 

Channel D 

28 June 1973 

4.15 

3.14 

. 64 

10 August 1973 

3.14 

2.67 

. 7 2 

Average 

3.65 

2.91 

. 68 

These numbers represent the differences in absolute sensitivity between 

the detectors on Pioneer 10 and those on Pioneer 11. For example, in the 

case of Channel A, the same irradiance would result in about 3. 7 times 

the signal on Pioneer 11 as on Pioneer 10. The average factors given in 

the third column were incorporated into the computer program used to 

analyze the Pioneer 11 data. It should be noted that the relatively large 

differences in absolute detector sensitivity between Pioneers 10 and 11 

have only a small effect on the overall ability of the system to detect 

events. This is because the sensitivity differences result in nearly com­

pensating changes in the threshold values. 
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AMD Threshold Level on Pioneer 10 

As stated in Section III, the threshold level is a function 

of the background signal due to the varying star field and the noise assoc -

iated with that background. Specifically, the threshold is set according 

to the following formulae: 

Threshold (normal) = 1.1 x de background + 1. 5 x average peak 
and 

Threshold (high) = 1. 2 x de background + 1. 5 x average peak 

This threshold behavior was verified during pre-flight tests conducted at 

both ambient and low (-120°C) temperatures by varying the input signal 

until the system 11triggered 11 and then comparing the peak of this signal 

with the theoretical threshold. 

In order to illustrate this varying background and threshold, 

the Pioneer 10 AMD data obtained on a typical day in the narrow bandwidth, 

normal threshold, mode of operation were presented in Figures 26 and 27 

for each of the four channels. It was quite apparent from these figures that 

the absolute outputs of the four telescopes were quite different. These 

differences are due to a combination of internal {photocathode sensitivity, 

gain, etc.) and external (different light input to the telescopes) parameters. 

As a result of these inter-channel differences the signal 

required to exceed threshold in each channel also varied. A reasonably 

accurate value for this minimum detectable signal in each channel can be 

obtained by subtracting the average peak signal from the threshold corres­

ponding to that average peak. The results of this simple subtraction are 

presented in Figure B3 for one channel. Since a three-fold coincidence is 

required (i.e., three channels simultaneously above threshold for 3. 2 µs) 

the system sensitivity will nominally be determined by the third most sensi­

tive channel. Thus, from Figure B3 we can obtain a mean instrument 

sensitivity of 7. 2 x 10-l3 watts/ cm 
2 

of wavelength 568 mµ for this day of 

mission. The influences of Jupiter and the direct solar illumination of 

the light shield are not included in this average sensitivity. It should be 

pointed out, however, that the galactic equator was viewed twice by the 
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instrwnent during each spacecraft rotation on that day so that this is not 

representative of average sky background conditions. 

The above sensitivity can be converted to a solar spectral 

sensitivity. The mean triggering level on that day would have been at a 

solar bolometric irradiance of 2. 7 x 10-
12 

watts/ cm 
2

. A particle which 

scattered 2. 7 x lo-
12 

watts/ cm 
2 

of sunlight without color modification into 

the AMD optics is the minimum size which would have been detected 

under the given mode of operation and the average background condition. 

The medium bandwidth mode would result in mean sensitivity of 1. 3 x lo-
12 

2 . -12 2 . . 
watts/ cm of 568 mµ. light and 4, 8 x 10 watts/ cm of sunlight. In the wide 

-12 2 
bandwidth mode the mean sensitivity was 6. 7 x 10 watts/ cm of sunlight. 

Post Launch Laboratory Measurements 

During the flight of the Pioneer 10 spacecraft several meas -

urements were performed in the laboratory to duplicate or verify the be­

havior of the AMD on Pioneer 10. These measurements were conducted 

using a prototype instrument and a flying laser spot to simulate the particle 

trajectory (Figure B4). 

The apparent simultaneous entry of a particle into two or more 

channels was reproduced using the particle simulator. The problem was 

first thought to be one of optical cross talk. However, since careful baffling 

of the optical sensors did not eliminate the problem it was isolated as being 

electronic in nature. 

The possibility of recording an event seen only by two sensors 

(i.e., without the required coincidence) was also explored. This was done 

by successively shielding two telescopes as the simulated particle passed 

through the field of view. This test confirmed that the coincidence circuitry 

was functioning properly since no events were recorded in this mode of 

operation. 
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The large difference in signal levels between channels which 

recorded the same event was also investigated. The signal levels for a 

star or planet which moved through the fields-of-view slowly (i.e., a 

transit time of ,v 250 ms) were within a factor of three or better, as 

shown above, while signal levels for a particle detection differed by as 

much a factor of 10. It therefore was thought that the signal level might 

be a function of the transit time. However, the peak signal recorded 

when the laser spot moved through the field-of-view in 100 µ s (typical 

of a real event) was the same as the level recorded when the spot was 

held stationary in the viewfield. Thus, the signal level was shown to be 

independent of observation time. 

Finally, a varying particle brightness was simulated by 

changing the intensity of the laser spot as it passed through the fields­

of-view. This was done by placing obstructions in the beam path which 

decreased its intensity at various points in the trajectory. The recorded 

times of entry and exit were then compared to the times recorded when 

the signal was constant. Both the entry and exit times were altered by this 

varying signal and resembled some of the actual flight data. However, 

the maximum transit time recorded was a good representation of the cor­

rect transit time. 

The results of this last experiment indicate that varying 

signal levels do present a problem. However, the ability to reproduce 

the characteristics of the measured flight data by this simple procedure 

further supports the contention that the interplanetary particles observed 

by the AMD do present a varying intensity as they pass through the fields­

of-view. 
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APPENDIX C 

DATA MEASURED BY THE AMD 

The actual data used in determining the particle size and 

spatial distribution are presented in the two tables which follow. 

Tables Cl and C3 give the event identification data (event number 

and day of year) followed by the sector and bandwidth indication 

and the four sets of entry and exit times for the AMD on Pioneers 

10 and 11 respectively. One revolution of the spacecraft-was divided 

into 128 sectors of 2. 8° each to indicate the area of the sky in which 

the instrument was observing. The O sector was in the northern 

celestial hemisphere with sectors 32 and 96 in the ecliptic. 

The conversion of the measurements from bits (listed in the 

tables) to times is as follows: 

Narrow Bandwidth (3);: 

Medium Bandwidth (4): 

Wide Bandwidth (5): 

1. 6 µ sec/bit 

1.6 µ sec/bit 

0. 4 µ sec/bit 

Tables C2 and C4 again give the event identification data followed 

by the sector number and the background and peak signal levels for each 

channel for the AMD on Pioneers 10 and 11 respectively. The conversion 

from bits to volts for the backgrounds and signals is: 

1 bit = 0. 00975 volts. 
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Event 
No. Day 
1 74 
2 75 
3 75 
4 76 
5 76 
') 76 
7 R3 
9 86 
0 -S9 

1·1 90 
I I 92 
12 93 
13 93 
14 94 
15 95 
1 :5 97 
17 97 
19 98 
10 99 
2J 100 
21 I 00 
22 100 
23 103 
24 103 
25 103 
26 105 
27 105 
29 105 
?.O 107 
3() 107 
31 107 
3?. 108 
33 109 
34 109 
35 109 
36 110 
37 110 
39 1 10 
JO 110 
4'1 110 
41 11 1 
4'.2 112 
43 112 
44 112 
45 114 
46 114 
47 114 
49 114 
49 114 
50 115 

TABLE Cl. ENTRY AND EXIT TIMES FOR EVENTS 
MEASURED BY THE AMD ON PIONEER 10 

Band- ENTRANCE TIMES (Bits) EXIT TIMES (Bits) 
Sector width A B C D A B C D 

94 3 0 0 20 1 16 20 2r1 17 
101 3 I 0 1 I 266 2 75 1Q9 S61 
107 3 1 0 ? I 29 45 2~ r:io 
76 3 () 57 200 66 190 29 20'1 7:: 

104 3 1 0 10 1 lR 10 10 7 
P, 7 3 0 0 1 1 232 192 10 127 
RO 3 0 0 1 0 1191 075 BOR 1q53 

104 5 () 23 200 591 55 29612 22720 27960 
85 3 495 0 431 720 7224 I 1074 435 11 !174 
90 5 2 I I 0 6 9 46 107 

117 :> 64 0 93 537 315 6R49 87 726 
RO 5 I?. 0 15 13 1472 IR30 1544 1543 

114 5 0 0 I 0 119 2 42 182 
91 5 I) 745 '.) 0 235 745 33 745 
90 5 0 5 1 2 0 1070 546 311) R95 
85 5 1 0 ? 0 1412 1915 2093 3229 

116 5 I 0 2 0 80 681 1032 2723 
72 5 1 0 493 I 1227 1771 501 1409 

1 I -S 5 9213 0 817 1 I 11 9212 4105 824 6502 
89 5 552 8 -1 '346 644 51 f~R 45 H?, ~RO 
9') 5 '.) 179 2427 333 11 ?. 7 62 4 239 ?591'1 333 11 
R9 5 1 0 2 0 1241 S61 12R 483 
71 5 1095 26 97 0 82 56 111 5365 

112 5 n 0 1 0 507 ~95 42S S50 
7-S 5 0 0 2 0 619 74 182 1046 

2 5 0 71 140 381 160 164 243 381 
67 5 1 0 7 0 695 200 R 290 

112 5 29 98 ') 14 113 405 747 232 
5 5 0 35 57 58 69 66 83 75 

103 5 266 0 RRO 541 397 942 R91 ·=no 
81 5 13 0 2 16 104 628 12 39 

5 5 1 0 ?. 0 657 509 689 1906 
59 5 0 137 77 417 149 417 215 422 
71 5 341 0 0 45 1891 3063 2 2063 
99 5 1 1 2 0 55 9 37 426 

127 5 J?.3 279 0 41 4460.? 45531 47506 94474 
47 5 () 153 3335 178 545 465 3835 667 

110 5 221 0 119R 1955 7574 11260 1281 1967 
10? 5 R6 0 144 101 143 140 144 95 
110 5 961 925 2396 0 987 25318 2543 46481 

11 5 0 2 0 1593 116 66 -:J,72 
100 5 0 2 0 19 8 7 29 
106 5 178 3 n 465 199 2r:::.,979 20911 10175 
R2 5 I 0 R 8 725 1667 17 542 

9 5 223 0 lRO 475 9476 10456 101 4Rl 
1 ,') 5 6R 2647 49(, 0 567 2717 797 659 
2 5 f) 0 1 4 8R 2R 52 140 

10 5 514 0 935 596 23083 21924 941 795 
104 5 1 0 9 0 451 26 50 1161 
71 5 () 0 c:; 0 52n 369 2RR 536 
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TABLE Cl. (CONTINUED) 

Event Band- ENTRANCE TIMES (Bits) EXIT TIMES (Bits) 
No. Day Sector width A B C D A B C D - 51 115 32 5 2 49 17 0 253 142 240 421 

52 115 45 5 () 0 26 17 36864 40845 19272 31718 
53 115 109 5 42 0 174 52 133 138 174 174 
54 116 56 5 53 103 4757 0 l4R 206 4757 146 
55 116 19 5 181() 4947 3554 0 6407 6791 3575 7907 
56 116 120 5 174 76 () 142 734 1785 1320 1090 
57 119 93 5 63A 0 1395 1939 659 5474 1400 1087 - 5R 120 40 5 118 142 1744 0 146 466 1764 '581 
59 127 8 5 21 54 2 0 99 57 A86 461 
60 128 34 5 0 0 2 0 1346 803 42 086 
61 128 82 5 1 0 3 0 194 166 45 289 
62 129 83 5 0 0 2 0 315 196 32R 485 
63 129 AO 5 1 0 2 0 26 45 176 203 
64 129 103 5 10 0 22 6 182 250 193 2 11 - 5 776 58 69 776 102 90 166 65 137 122 0 
66 137 R7 5 362 0 297 188 394 1724 311 206 
67 138 65 5 0 95 I 0 39 95 32 95 - 69 138 75 5 0 93 2 0 507 1183 626 2296 
69 139 100 5 349 0 2 51 356 112 4 700 
70 139 105 5 165 3801 942 0 324 3R79 964 R()43 - 71 146 86 3 0 8 66 13 322 153 235 114 
72 148 105 3 174 360 42 0 177 368 3400 2039 
73 151 125 3 3 2 9 0 7 R 9 7 
74 151 62 3 0 1833 265 42 1022 1833 1034 67 
75 151 56 3 0 1 46 1 41 21 46 17 
76 151 109 3 0 8 1 0 4 8 7 8 
77 152 24 3 14R 186 9 0 6186 187 7182 7701 - 7P, 153 81 3 8 5 497 0 11 18 487 487 
79 154 64 3 2 1 () 0 2884 1145 1512 2393 
80 159 104 3 0 0 0 0 610 12 243 470 
81 159 5 5 4 0 0 0 66 44 134 134 - 82 160 26 3 0 10 677 2 677 15 677 204 
83 160 51 3 0 2 4 0 917 180 276 521 
84 163 56 3 54R 0 0 0 549 136 54,9 134 - 85 163 17 3 0 12 3 I 56 14 27 23 
85 163 110 3 0 42 11 0 39 42 17 42 
87 166 26 3 6 0 114 8 49 1 14 114 55 
88 167 59 5 73 73 () 106 9011 5382 9580 9094 
89 171 42 4 0 0 17 0 17 7 17 10 
90 171 124 4 1 0 I 0 187 46 30 116 
91 172 4 4 0 0 I 0 1520 925 27 520 
92 174 110 4 62 108 7252 0 63 608 7294 4'127 
93 174 19 4 0 0 1 0 844 576 418 938 
94 175 76 4 1 0 l 0 2081 1264 996 1404 - 95 176 17 4 1 0 1 0 1817 1036 810 790 
96 178 0 3 0 1 3 1 620 382 340 460 
97 178 57 3 1 0 IR 2 6 8 JR 18 
99 179 80 3 0 52 455 191 318 387 455 362 - 90 179 8 3 5 5 94 0 17 13 94 90 

100 180 125 3 0 0 17 0 11 7 17 17 

-



TABLE Cl. (CONTINUED) 

Event Band- ENTRANCE TIMES (Bits) EXIT TIMES (Bits) 
No. Day Sector width A B C D A B C D 

101 180 66 3 183 156 1 ()32 0 22-9 1 72 1053 457 
102 187 123 3 0 0 2 0 2271 206R 2791 3340 
103 1R7 73 3 0 168 5::> 18 81 211 I 11 126 
104 187 26 3 I 0 159 I 7 6 159 143 
105 187 127 3 0 0 26 0 6 12 26 26 -
106 IRS 52 3 0 0 ? I 1213 Rf-39 1464 1333 
107 189 51 5 () 0 2 492 491 13 13 492 
IOq 191 104 5 I 0 2 0 2 132 107 .946 
100 197 1 3 1 0 40 I 11 36 40 12 
I I :) 198 13 3 19 0 2 10 3-9 4 280 103 
I II 201 7 3 I 0 27 19 903 R72 754 054 
II 2 202 60 3 133 0 3R6 21 230 386 386 151 
I 13 204 19 3 0 0 ? 0 311 298 32R S22 
114 204 22 3 1 0 21 1 5 16 21 2 
11 S 206 6 3 0 10 54 19 49 38 54 35 f""I 

116 206 52 3 0 6 33 0 6.2 32 172 180 
11 7 209 72 3 25 24 169 0 29 33 169 152 
119 209 6 3 1 0 131 I 22 5 131 57 
I IO 210 119 3 3 0 2 243 9 R 243 248 
120 214 126 3 1 0 37 1 0 12 37 23 
121 215 89 3 1 0 99 1 26 95 90 41 
I 2?. 216 2 3 I 0 10 I 9 5 10 19 
123 216 122 3 0 0 0 0 3?. 11 11 42 410 
124 217 13 3 6 9 106 0 19 13 106 95 
125 217 89 3 24 0 6 15 603 8101 1741 1674 
126 224 126 5 0 0 2 0 I 2?. 43 1 15 0 
127 225 5 5 () 19 I OR 20 32 38 109 42 
12-~ 225 4 3 () 300 1202 22 23 307 1202 1 202 
129 225 58 3 31 0 3 5 31 10 20 13 
130 225 126 3 10 10 ?.2 0 15 22 22 18 
13 I 226 127 3 1 0 41) 2 5 5 4'1 10 
IJ2 226 103 3 0 0 15 I 9 15 15 14 
133 227 12 3 117 49 J:) 0 117 57 I 03 117 
134 229 31 3 I 0 3 1 1265 1427 I 712 344,g 
135 231 3-9 3 0 13 5556 465 555:1 16 5556 756 
136 231 18 3 I 0 27 I 14 12 27 25 
137 234 33 3 () 7 24 0 21 11 24 11 
138 234 44 3 I) 0 37 0 0 5 37 37 
139 235 30 3 0 167 672 151 671 170 672 184 -140 241 47 3 I 0 15 I 5 13 15 10 
141 243 5 3 () 6 21 15 272 428 386 338 
142 243 36 3 0 27 2 2 In 28 27 6 
143 246 12:S 3 I 0 21 I 19 8 21 JR 
144 247 39 3 24 24 119 0 32 28 I IR 97 
145 249 24 3 0 127 74 72 92 127 122 95 
146 250 39 3 0 0 150 I JR 159 150 23 
147 .251 124 3 1 I 6R 0 2 75 I 16R 1168 66S 93 
I 4-~ 252 3 3 () 2 I .a 2 12 6 14 14 
149 253 19 3 0 I ? 0 26 16 30 78 -I S·1 253 30 3 1 0 9 9 8 9 5 
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TABLE Cl. (CONTINUED) 

- Event Band- ENTRANCE TIMES (Bits) EXIT TIMES (Bits) 
No. Day Sector width A B C D A B C D - 151 254 54 3 0 22 72R2 202 6785 24 728?. 7282 
152 259 2 3 () 0 2 0 0 625 3R9 673 
153 260 11 3 1 0 79 12 254 1130 162 28 - 154 260 1 7 3 0 0 16 0 4 4 16 16 
153 261 4r::; 3 I 0 15 0 7 7 15 10 
156 262 1 3 196 0 s 4 196 196 22 12 
157 262 11 3 0 0 12 0 12 7 12 10 
158 262 115 3 64 0 43 15 69 4665 l 4R 3909 
150 263 62 3 5,9 35 37 0 5,9 48 59 42 
160 263 59 3 0 0 15 0 4 4 15 15 - 161 264 36 3 0 8 13 0 13 12 13 12 
162 265 30 3 () 0 1 I 5 7 9 6 
163 267 3 3 () 0 12 I 12 12 12 10 
164 268 46 3 79 0 649 51 97 189 64R 489 - 165 269 ? 3 6 235 0 1408 140R 236 596 1408 
166 271 10 3 1 0 22 I 22 0 22 10 
167 272 77 3 0 0 21 0 12 6 21 21 
168 273 30 3 1 2 t? 0 JO 11 12 12 
160 274 95 3 69,9 0 2 4 69R 97 6RI 78 
170 275 80 3 30 0 120 128 2596 2817 2200 2653 
171 277 32 3 0 0 17 0 7 4 17 17 
172 278 77 3 1 0 I () 0 6 4 10 10 
173 278 80 3 3 2 17 0 R 16 17 .I I 
174 280 36 3 I 0 14 I 14 8 14 13 - 175 280 127 3 20 0 3') 15 143 220 150 280 
176 280 109 3 I 0 12 I 11 12 12 5 
177 283 14 3 20 0 29 29 229 330 235 ::?23 - 17R 285 75 3 0 0 2 0 1166 1077 1246 1458 
179 285 57 3 () 1 47 0 1063 0 536 1764 
IRO 285 76 3 1 0 253 5 12 13 253 52 
181 289 63 3 47 0 67 32 331 413 490 520 - 182 290 125 3 0 0 2 0 925 50 610 1133 
183 291 40 3 0 0 17 4 11 13 17 9 
IR4 295 10 3 I 0 12 I 10 6 12 12 - IR5 295 84 3 22 0 ::? I 22 19 15 9 
186 296 89 3 0 25 24S 17 45 87 292 39 
197 299 31 3 0 6 49 0 4,:i 10 49 12 
188 301 10 3 0 0 24 I R 20 24 15 
189 303 15 3 0 0 R I 5 5 R 8 
190 304 106 3 1 0 16 1 5 6 16 10 
191 304 L2 3 1 0 9 0 9 5 9 8 - 192 307 109 3 15 0 2 2 5 6 14 14 
193 311 82 3 I 0 24 1 10 6 24 24 
194 311 99 3 0 0 7 I 7 6 7 7 
195 315 36 3 36 0 3 126 41 14 126 126 
196 316 96 3 0 0 12 l 12 12 12 10 
197 317 9 3 209 0 ?. 5 200 29 200 15 
19~ 318 37 3 0 0 12 0 R 5 t? 12 
199 321 7 3 1 0 24 5 14 24 22 
200 322 49 3 1 0 19 1'3 8 19 7 

-
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TABLE Cl. { CONTINUED) 

Event Band- ENTRANCE TIMES {Bits) EXIT TIMES {Bits) 
No. Day Sector width A B C D A B C D 

201 323 123 3 2 l 27 0 6 6 27 27 
202 332 59 3 1 0 17 l 16 7 17 5 
203 332 114 3 61 0 3 3 61 46 50 P. 
204 333 76 3 1 0 150 1 12.11 10 150 p 
20'1 335 94 3 0 1 11 1 11 5 11 7 
206 336 41 3 1 0 14 1 0 9 14 I() 

207 338 97 3 1 0 19 0 4 11 10 7 
209 339 85 3 0 0 0 0 9 4 0 9 -
209 339 59 3 1 0 RR 1 70 51 88 27 
210 342 21 3 1 0 16 0 6 5 15 12 
211 344 51 3 ') 0 1 ') 0 10 6 10 10 
21?. 345 6 3 1 0 12 1 7 12 12 l l 
213 345 60 3 0 0 2'i 0 4 R 25 12 
214 346 10 3 I 0 1 ;) l 0 10 l () 10 
215 346 41 3 0 0 14 0 13 6 14 () 

215 348 44 3 0 0 Q 2 347 3RO 360 ."314 
217 351 26 3 () 0 ~ 0 311 196 341 446 
219 353 I 11 3 2 0 2 66 272 l 60 97 .320 
210 355 35 3 1 0 ~ 1 20 645 5oc:; 302 
22:) 362 45 3 1 0 21 1 16 10 21 21 
221 363 45 3 1 0 1 21 9 20 19 21 -222 365 50 3 33 5 2 0 33 7 14 17 
223 365 3?. 3 12 37 1 0 16 41 16 32 
224 366 32 3 1 0 1 () l 7 10 10 p 
225 367 54 3 l 0 17 0 8 14 17 10 
226 368 10 3 0 0 11 0 5 4 1 l 6 
227 368 71 3 0 1 64 0 6 11 12 12 
22::i 372 3S 3 0 0 9 0 9 5 Q R 
229 373 16 3 I 0 1 1 I 11 10 I I 6 
230 373 36 3 0 21 1 I 16 21 9 9 
231 388 7 3 () 0 0 1 12 16 19 17 
232 389 50 3 0 21 I 0 21 21 1 l 7 

-
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- Event 
No. Day 

1 74 
2 75 
3 75 - 4 76 
'3 76 
6 76 
7 83 
9 86 
9 89 

10 90 
II 92 
12 93 
13 93 - 14 94 
15 95 
16 97 
17 97 - 19 98 
19 99 
20 100 - 21 100 
22 1 00 
23 103 
24 103 
25 103 
26 105 
27 105 - 29 105 
29 107 
30 107 - 31 107 
32 108 
33 109 
34 109 - 35 109 
36 II 0 
37 110 

..... 38 110 
39 I 10 
40 110 - 41 I 11 
42 112 
43 1 12 
44 112 - 45 114 
46 114 
47 114 

.... 49 11 4 
49 114 
50 115 -

TABLE C2. BACKGROUNDS AND PEAK SIGNALS FOR 
EVENTS MEASURED BY THE AMD ON PIONEER 10 

Band- BACKGROUND (Bits) P~AK SIGNALS (Bits) 
Sector width A B C D A B C D 

94 3 34 16 4R 29 49 26 54 44 
10 I 3 31 14 46 28 6R 66 119 123 
107 3 29 13 45 28 43 20 76 7R 
76 3 41 18 56 39 56 23 61 48 

104 3 2R 13 44 27 49 21 51 34 
87 3 36 19 50 31 I 15 68 72 90 
89 3 31 18 47 31 136 69 I JO 241 

104 5 25 15 41 28 103 I 00 120 82 
85 3 32 19 46 33 6S 55 8') 59 
99 5 24 14 36 25 50 22 W) 92 

117 5 22 14 39 28 52 31 62 50 
89 5 29 18 41 29 74 60 89 62 

114 5 22 14 37 27 69 25 87 107 
91 5 27 17 39 28 106 21 89 132 
90 5 2R 17 39 28 146 33 89 128 
85 5 36 19 43 32 160 97 166 171 

I 1 -S 5 20 14 37 28 79 116 142 180 
72 5 30 18 4R 35 142 95 75 85 

116 5 20 15 43 33 36 41 R') 82 
89 5 29 18 42 34 67 50 81 57 
90 5 33 21 49 32 78 56 8~ 40 
89 5 29 18 40 36 152 90 87 121 
71 5 20 19 51 36 64 37 g.'.) 6R 

112 5 20 13 34 25 144 74 179 152 
76 5 26 17 44 32 88 38 12,9 164 

2 5 26 24 59 39 96 70 114 53 
67 5 39 24 59 44 166 94 87 124 

IP 5 20 13 35 25 69 56 160 121 
5 5 26 26 60 40 72 68 104 67 

103 5 22 14 33 24 83 28 61 44 
81 5 29 19 43 31 102 136 93 63 

5 5 2R 24 60 40 189 106 174 255 
58 5 34 20 54 40 64 46 94 71 
71 5 29 19 50 36 87 80 I 19 92 
99 5 21 13 33 24 77 22 91 148 

127 5 22 22 60 46 151 142 178 170 
47 5 100 68 139 128 185 99 168 174 

119 5 21 16 44 32 64 46 84 69 
102 5 20 13 32 24 45 32 54 55 
119 5 21 16 46 37 95 83 148 156 

11 5 30 29 63 38 183 72 123 160 
I 00 5 20 13 32 24 90 56 82 83 
106 5 20 14 34 26 99 90 117 85 
82 5 .2R 20 42 30 209 208 85 116 

9 5 27 22 59 38 89 RO 114 83 
1 () 5 26 22 57 35 91 37 126 96 
2 5 ?. 3 20 56 36 110 33 103 75 

10 5 24 22 56 35 81 49 106 76 
104 5 19 12 31 23 94 51 7r::, 183 
71 5 24 16 44 31 1 71 44 83 151 

C7 



TABLE C2. (CONTINUED) 

Event Band- BACKGROUND (Bits) PEAK SIGNALS (Bits) 
No. Day Sector width A B C D A B C D 

51 115 32 5 107 68 127 86 18() R9 171 1 74 
52 115 45 5 45 38 102 70 159 158 182 J6Q 
53 115 109 5 20 14 34 24 8?. 57 L16 59 
54 116 56 5 29 20 52 40 69 41 70 C14 
55 l 16 19 5 42 38 74 54 113 72 134 168 
56 116 120 5 20 16 45 32 50 40 89 66 
57 119 93 5 2 I 14 32 23 53 32 63 45 
59 120 40 5 21 13 33 25 64 32 7r::., 64 -
59 127 9 5 21 18 4R 28 61 32 205 184 
60 128 34 5 26 20 50 38 255 99 114 136 
61 128 82 5 23 16 35 24 144 83 86 120 -62 129 83 5 22 15 32 22 134 43 124 104 
63 129 80 5 25 18 37 25 71 40 119 115 
64 129 103 5 16 11 29 21 49 34 69 68. 
6S 137 122 5 16 12 34 24 20 22 61 46 
66 137 87 5 24 17 40 28 57 34 73 61 
67 138 65 5 30 21 52 38 116 27 116 74 
69 138 75 5 24 17 44 31 123 50 132 206 
60 139 100 5 19 13 3() 22 109 69 116 114 
70 139 105 5 JR 12 29 20 60 25 64 50 
71 146 86 3 24 18 37 24 lOR 83 77 56 
72 148 lOS 3 15 10 25 17 33· 22 66 31 
73 151 125 3 14 12 35 24 20 34 49 33 
74 I 51 62 3 32 23 5c:; 38 71 25 89 86 
75 151 56 3 26 20 49 38 74 77 60 69 
76 15 l 109 3 14 10 23 17 24 11 42 27 
77 152 24 3 23 20 50 35 65 72 l l 1 109 
7Pi 153 81 3 22· 16 38 25 2R 61 54 lOR -79 154 64 3 34 25 54 42 255 174 192 ~55 
RO 159 104 3 16 10 23 16 18?. 29 49 106 
81 159 5 5 15 14 39 26 31 49 78 32 
82 160 26 3 26 21 49 34 19R 45 64 R2 
R3 160 51 3 25 20 4R 37 224 167 136 1 E32 
R4 163 56 3 26 20 49 JR 135 102 61 78 
85 163 17 3 19 17 49 31 99 36 RI 58 r 
86 163 110 3 14 9 22 16 23 10 44 65 
87 166 26 3 19 17 42 26 60 109 56 75 
88 167 59 5 27 22 50 39 8R 81 109 85 -89 171 42 4 23 18 43 32 80 30 56 60 
90 I 71 124 4 13 10 29 20 149 31 77 108 
91 172 4 4 16 14 30 27 255 155 97 160 
92 174 110 4 19 14 60 28 90 117 94 172 
93 174 19 4 22 18 49 32 174 94 l 82 220 
94 175 76 4 26 20 44 30 25c:; 171 209 255 
9"3 176 17 4 24 20 52 33 255 180 164 176 
96 178 9 3 17 lR 48 31 183 92 l l-9 168 
97 178 57 3 25 20 46 36 34 27 60 54 
99 179 RO 3 2 1 19 40 24 36 29 55 35 
99 179 0 3 13 12 3< 23 25 16 49 56 

I 00 180 125 3 13 10 29 20 23 15 43 33 

CB 
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TABLE C2. (CONTINUED} 

Event Band- BACKGROUND (Bits} PEAK SIGNALS (Bits} 
No. Day Sector width A B C D A B C D 
101 180 66 3 29 22 50 38 69 61 RO 78 
102 187 123 3 15 12 32 26 255 187 255 255 
103 1 87 73 3 26 21 5() 40 79 45 92 72 
104 187 26 3 22 18 43 2R 37 25 59 80 
105 187 127 3 13 12 32 22 20 15 47 36 
106 188 52 3 24 20 49 37 214 161 236 ~24 
107 189 51 5 23 19 45 34 150 64 103 65 
109 191 104 5 121 36 94 107 154 76 156 202 
109 197 1 3 14 14 37 25 24 33 5n 38 - 110 198 13 3 20 18 49 30 27 26 173 47 
11 I 201 7 3 16 17 46 30 69 57 91 76 
112 202 60 3 25 20 44 34 37 33 59 47 
113 204 19 3 lR 16 41 25 55 53 16() I 7F3 ·- 114 204 22 3 19 16 40 24 24 28 54 36 
115 206 6 3 36 30 64 35 49 36 76 44 
116 206 52 3 22 19 44 36 73 24 94 140 
117 209 72 3 30 22 46 31 JR 28 60 84 
11 '.:3 209 6 3 15 16 42 28 34 20 59 73 
119 210 I IR 3 20 10 42 28 27 19 136 43 
120 214 126 3 14 12 32 23 21 19 46 51 . ,.._ 
121 215 89 3 135 41 91 86 187 bl I 00 114 
122 216 2 3 14 14 39 25 23 lR 51 41 
123 216 12?. 3 17 13 32 24 175 255 177 137 - 124 217 13 3 20 18 4~ 30 33 23 61 78 
125 217 89 3 136 46 9S 97 172 179 1 Rl lo2 
126 224 125 5 14 13 34 24 83 26 99 137 
127 225 5 5 16 17 44 2 8 73 55 69 69 - 12,~ 225 4 3 16 16 43 29 25 22 56 168 
129 225 5R 3 24 18 43 33 27 29 73 48 
130 225 126 3 14 13 33 24 22 22 50 40 

~ 131 226 127 3 14 14 35 24 24 22 50 37 
132 226 103 3 124 32 RR 98 164 45 96 137 
133 227 p 3 21 IR 4R 29 24 22 82 58 - 134 229 31 3 24 19 40 32 226 184 255 255 
135 231 39 3 10 15 34 24 39 23 40 JR 
136 ?.31 10 3 20 18 47 29 40 26 60 56 
137 234 33 3 20 16 33 23 49 19 47 32 - 139 234 44 3 19 15 39 28 20 18 52 5R 
139 235 30 3 22 16 35 24 152 25 48 33 
140 241 47 3 20 15 4() 31 24 24 55 43 
141 243 5 3 19 17 44 2R 30 28 7?. 40 
142 243 36 3 19 15 32 22 Jn 18 6() 30 
143 246 126 3 17 14 36 25 37 21 51 52 
144 247 39 3 19 14 33 23 26 18 46 76 - 145 249 24 3 20 15 33 21 72 18 81 37 
145 250 39 3 JR 15 32 23 43 69 47 36 
147 251 124 3 JR 14 36 25 20 142 164 46 - l4R 252 3 3 20 17 44 28 42 21 59 40 
149 253 19 3 22 16 3R 23 44 21 7S 84 
150 253 39 3 IR 14 33 24 26 18 47 33 -

C9 



TABLE C2. (CONTINUED) 

Event Band- BACKGROUND ( Bits) PEAK SIGNALS (Bits) 

No. Day Sector width A B ... c D A B C D 

151 254 54 3 24 16 44 43 53 28 64 70 
152 259 2 3 2 1 17 43 27 17~ 105 164 I 7P 

, ... 153 260 11 3 23 19 41, 27 45 173 70 36 
154 260 17 3 22 16 39 24 28 20 52 33 
157 261 45 3 2?. 14 JR 30 2R 20 54 45 
156 262 I 3 20 16 41 26 24 85 66 41 
157 262 11 3 24 18 47 28 49 25 60 45 ,.... 
159 262 115 3 21 13 43 28 33 2R 70 62 
159 263 62 3 26 17 42 37 29 29 69 74 
1 6() 263 58 3 24 15 41 40 36 19 54 61 
161 264 36 3 JO 14 31 22 30 16 4S 30 ~ 

162 265 30 3 20 15 30 20 31 21 44 27 
163 267 3 3 22 16 43 26 34 24 SR 41 
164 268 46 3 24 16 42 34 33 22 56 47 
165 269 ~ 3 24 16 45 26 44 21 76 29 
166 271 10 3 24 18 47 27 4R 24 60 37 
167 272 77 3 26 18 30 29 50 28 54 52 
169 273 30 3 21 15 3() 20 . , 36 23 43 38 
169 274 9, 3 74 26 77 40 · '": 76 · 54 255 64 
170 275 RO 3 27 19 40 30 Sf:· 44 79 56 
171 277 3? 3 20 15 3() 20 26 • f9 43 .. Je 
172 278 77 3 24 17 37 29 J2 23 52 39 
173 278 80 3 30 20 42 30 36 26 55 47 
174 280 36 3 21 15 31 22 35 20 46 32 
175 280 127 3 23 16 40 26 36 28 66 45 
176 280 1 QC) 3 25 15 46 25 46 19 57 33 
177 283 14 3 26 18 43 25 46 50 81 39 
179 285 75 3 31 21 45 35 224 128 212 179 
179 285 57 3 28 16 43 44 175 37 82 l r. p, 
18'.) 285 76 3 26 17 39 31 34 22 54 44 
IR I 289 63 3 26 16 40 36 37 24 60 53 
182 290 125 3 26 15 39 28 163 24 I 0.2 184 
IR3 291 40 3 28 15 42 39 48 21 56 52 
184 295 10 3 30 19 46 28 49 24 59 46 
IR5 295 84 3 26 18 33 29 2R 44 57 36 r 
186 296 89 3 47 22 51 31 109 136 170 136 
187 299 31 3 27 17 31 28 72 20 45 46 
189 301 10 3 30 18 42 28 45 36 54 51 
1 P.9 303 JS 3 34 21 40 33 45 25 59 43 
190 304 106 3 24 14 3() 26 JR 18 44 38 
191 304 12 3 31 19 43 29 4R 23 5-~ 42 
192 307 109 3 26 15 33 28 39 17 4R 51 
193 311 R2 3 29 18 36 32 4R 22 51 59 
194 311 99 3 2R I 7 30 27 39 22 45 3R 
195 315 36 3 JI) 16 3?. 33 37 40 103 37 
196 316 96 3 29 18 31 28 49 23 45 39 
197 317 9 3 30 17 38 29 J') 23 137 39 
199 318 37 3 30 15 32 33 45 20 46 46 
190 321 7 3 3 1 17 36 31 40 30 50 58 
200 322 49 3 29 14 34 35 54 22 40 49 

Cl0 



- TABLE; C2. {CONTINUED) 

Event Band- BACKGROUND {Bits) PEAK SIGNALS {Bits) 
No. Day Sector width A B C D A B C D 

'"""' 201 323 123 3 29 16 36 33 34 20 40 76 
202 332 59 3 26 16 JR 38 58 20 53 49 
203 332 114 3 30 16 36 36 32 45 84 68 

!'""I 204 333 76 3 33 22 45 36 lOR 28 57 48 
205 335 94 3 33 20 34 30 46 22 40 39 
206 336 .11 3 26 14 27 28 32 20 42 36 - 207 338 97 3 34 20 36 32 39 28 50 46 
209 339 8ti 3 32 20 JR 32 54 24 52 53 
209 339 59 3 27 16 30 37 86 36 5'5 72 
210 342 21 3 29 16 2R 30 46 19 43 47 

'"""' 211 344 51 3 26 14 33 32 46 17 49 49 
2 1?. 345 6 3 31 17 Jt:; 36 47 22 51 50 
213 345 69 3 2R 19 43 31 4R 28 56 ~6 - 214 346 19 3 29 16 29 31 43 21 43 45 
215 346 41 3 2 i:; 13 25 27 4,9 18 JR 36 
216 348 44 3 24 13 26 26 170 98 127 89 

.- 217 351 26 3 29 16 26 29 154 34 103 160 
219 353 I 11 3 34 17 3R 41 166 28 RO 132 
219 355 35 3 23 13 22 24 42 31 156 97 
2?0 362 45 3 22 12 24 23 45 19 40 39 - 221 363 45 3 22 12 24 23 2A 28 57 26 
222 365 50 3 22 13 29 24 24 15 56 40 
223 365 32 3 21 13 20 22 29 14 49 48 - 224 366 32 3 22 13 20 22 32 20 JS 31 
225 367 54 3 22 13 33 26 36 26 4,9 38 
226 368 10 3 29 16 34 35 39 24 48 50 
227 368 71 3 29 20 5() 28 JR 29 65 38 - 229 372 Jc; 3 20 12 21 21 27 18 0 29 
229 373 I ,s 3 2i:; 14 29 29 45 27 41 40 
230 373 36 3 20 12 20 20 44 13 41 32 - 231 388 7 3 33 16 42 45 62 32 75 68 
232 389 58 3 16 11 17 16 39 12 32 25 

-
-
-
-
-
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TABLE C3. ENTRY AND EXIT TIMES FOR EVENTS 
MEASURED BY THE AMD ON PIONEER 11 

Event Band- ENTRANCE TIMES {Bits) EXIT TIMES {Bits) 
No. Day Sector width A B C D A B C D 

I 110 15 3 I 0 14 1 1391 819 16 576 
2 112 75 3 2 0 I 5 28 120 72 158 
.1 113 6 3 I 0 I 0 29-9 181 191 515 
d 114 41 3 I 0 I 0 92 407 218 965 
5 114 53 3 98 0 S5i38 39 111 1864 5588 1184 
6 115 3 3 I 0 552 58 552 188 552 114 
7 116 54 3 1 0 2 I 39520 14406 100 298b 3 
8 120 5 3 0 6 I 0 23826 5108 21476 94JI 
9 121 92 3 21 0 12 JO 29 77 35 102 

10 122 51 J I 0 I 0 8d 27 7 81 
1 I 122 40 3 1 0 '6 8 165 305 18 125 
12 123 3 3 0 297 1 1 179 297 153 294 ti'"!! 

13 124 9 3 6500 27 9 43 4822 2323 6499 17 3 I 
I L1 125 125 3 0 5 1 5 1049 693 4226 4812 
15 125 102 3 I 0 I 0 235 116 292 581 
16 125 42 3 67 74 2.15 0 68 1627 240 2406 
17 126 44 3 0 95 17 0 200 104 21 342 
IB 129 84 3 I 0 I I 276 218 245 53F3 
19 129 112 3 J 0 0 2 2466 60.39 2743 5tn I 
20 131 44 3 g 0 9 8 13 3 27 22 110 
21 1J 1 17 3 II 0 11 10 1964 27 2636 .1358 
22 I 38 22 3 3 .1 0 146 37.1 30 193 1383 
23 150 10 3 35 0 26 49 572 26 431 109.1 
24 151 7 3 305 0 78 16 34 7 27 102 lb4 
25 157 104 3 2 8 0 23 189 35 191 312 
26 158 L15 3 3 0 5686 2 81 27 5686 85 
27 159 I 11 3 6 0 6 6 18 27 208 212 
28 159 41 3 21 0 22 22 122 27 106 190 
29 164 23 3 10 0 10 9 427 98 342 586 
30 164 96 3 9 0 9 9 712 28 741 1258 
JI 171 67 3 6 0 6 5 142 27 29 254 
32 173 9 ] 4 2 5414 0 70 28 5414 324 
:n 182 57 3 14 0 8 12 80 28 232 170 
34 182 34 3 33 0 16 12 49 27 ., 1 7 815 
35 188 4 3 5 0 5 4 298 16 461 418 
36 190 46 3 5 4 0 1 83 7 262 307 
.17 192 0 4 28 0 10296 28 259 28 10296 1272 
38 193 63 4 22 0 4664 22 114 28 4664 85 
39 194 41 4 9 0 6734 9 329 11 6734 74 
40 208 104 5 90 I 36 91 1:38 6045 I 38 3568 7352 
41 218 106 5 264 0 42 77 3079 128 3628 5362 
42 220 126 5 1 0 .1 0 6 .1 124 2205 4165 
4.3 224 13 5 6 17 5d 2 16384 0 6528 128 
44 235 54 5 524 0 205 34 2098 117 1759 2471 
45 236 125 5 62 0 17 105 9311 115 7023 7 307 
46 240 11 I 5 17 0 .18 36 4f:i6 129 118 369 
47 253 40 5 103 8::14 104 102 2878 831 2882 2611.1 
48 268 119 5 61 140 43 65 1642 129 I 552 I 777 
49 287 7 5 123 0 124 12 I 14 I 1 I 13 695 200J 
50 146 104 5 I 7 40219 0 191 133 40219 287 
51 26 83 5 26 0 .14819 25 892 136 34821 216 
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TABLE C4. BACKGROUNDS AND PEAK SIGNALS FOR - EVENTS MEASURED BY THE AMD ON PIONEER 11 

Event Band- BACKGROUND (Bits) PEAK SIGNALS (Bits) 
No. Day Sector width A B C D A B C D 

1 110 15 3 60 39 74 44 255 53 96 95 - 2 112 75 3 60 24 62 23 80 67 120 42 
3 113 6 3 58 56 72 4,1 144 129 255 18.1 
,1 114 41 3 84 52 116 26 112 11 I 181 118 
5 114 53 3 58 31 108 24 70 47 11 I 36 
6 115 J 3 59 30 77 43 147 IOI 81 56 
7 116 54 3 60 34 IOR 37 255 255 255 255 
8 120 5 3 61 52 85 50 170 255 255 255 
9 121 92 3 58 20 52 18 68 35 61 28 

10 122 51 3 56 24 90 2 J 122 40 107 60 
11 122 40 3 57 30 88 20 115 137 112 .34 
12 123 3 J 59 51 58 40 II .1 51 I I I 62 
13 124 9 3 64 50 66 45 70 102 124 72 
14 125 125 3 57 54 58 23 120 77 125 55 
15 125 102 3 56 18 54 19 145 46 128 92 - 16 125 42 56 25 3,1 3 86 21 68 36 101 
17 126 ,14 3 5>:3 24 85 22 137 33 104 92 
18 129 84 3 61 18 56 19 206 59 198 126 - 19 129 112 3 56 16 58 22 127 120 149 98 
20 131 44 3 68 0 95 33 160 7 124 88 
21 I 31 37 3 67 0 76 14 139 7 255 255 - 22 138 22 J 101 0 95 68 160 7 167 150 
23 150 10 3 86 0 81 27 129 5 115 60 
24 151 7 3 84 0 92 42 110 4 120 58 
25 157 104 3 224 0 80 30 0 4 112 65 - 26 158 45 3 ao 0 80 27 162 8 83 71 
27 159 I 11 3 200 0 80 30 104 4 255 86 
28 159 41 3 86 0 77 25 165 8 176 136 - 29 164 23 3 80 0 71 22 255 13 255 186 
30 164 96 3 84 0 80 JO 223 8 234 211 
3 1 171 67 3 88 0 76 25 187 8 114 103 
32 173 9 3 80 0 70 23 156 7 74 149 - 33 182 57 3 79 0 82 30 16 7 8 200 120 
3,1 182 34 3 82 0 72 23 136 6 210 47 
35 188 4 3 82 0 82 30 188 8 255 170 - 36 190 46 3 81 0 78 27 172 8 205 167 
37 192 0 4 78 0 -, 5 28 212 7 86 177 
38 193 63 4 0 0 79 27 167 7 91 77 
.W 194 41 4 76 0 69 22 231 8 80 118 
40 208 104 5 81 0 72 30 2~5 13 255 255 
41 21~ 106 5 75 0 70 25 ·142 7 135 70 
42 220 126 5 73 0 72 27 141 6 214 181 - 4.1 224 IJ 5 87 0 80 3 1 105 5 139 124 
44 235 54 5 72 0 76 26 128 7 135 75 
45 236 125 5 72 0 72 27 144 7 115 73 
46 240 111 5 70 0 67 24 174 7 120 84 
47 253 40 5 66 0 57 19 255 68 255 200 
48 268 119 5 12 0 72 28 178 7 196 146 
49 287 7 5 87 0 82 32 200 6 206 186 - 50 346 104 5 78 0 66 26 172 7 84 136 
51 26 83 5 78 0 78 30 255 9 93 132 
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APPENDIX D 

EQUATIONS RELATING PARTICLE RANGE, 

SIZE AND TRANSIT TIME 

Since the particle range could not be obtained directly 

by solving the equations of particle motion derived for the AMD 

system it was necessary to use an alternate method, Although 

the following solution is not unique, other methods give approx­

irn.ately the same results. It was assumed that a particle would 

pass through the field-of-view at any point with equal prob­

ability. Therefore, an average path length was computed for 

the particle's transit through a field-of-view as shown below. 

X d 

a.R 

d - chord length of circle whose 
average value is to be 
determined. 

a.R - radius of circle at a distance 
R from apex of cone with 
half-angle a.. 

x - perpendicular distance from 
center of circle to chord .. 

The chord length can be expressed as: 

d = 2-J(a.R)
2 

- x
2 

The average value of the chord length can be written as: 

d = dx 

Dl 

(D-1) 



d = 2 l 
a R 2 

X 
2 2 -1 x ]a, R 

+ (a.R) sin a.R 
0 

l 2 R2 TT = a, 
a.R 2 

TTa,R (D-2) = 2 

The average path length for a particle is ther.efore 

TTa,R 

2 
, and the average transit time will be given by: 

TT a, R 
T = 

2v (D-3) 

where v is the particle encounter velocity relative to the AMD 

assuming a circular orbit for the particle. 

It should be pointed out that, in general, the path 

length through the field-of-view would be the chord of an ellipse 

determined by the direction of the particle's motion relative to the 

optical axis. The effect of this refinement was considered and it 

was determined that because of the manner in which the events 

were gr-0uped the resulting size distributions were virtually un­

affected and the conclusions of the analysis remain the same. For 

simplicity the mean path length as defined by equation D-2 was 

used in the analysis. 

The particle radius a is related to the particle range 

via the equation: 

I r f (y) 
ili2 I 

0 
= 

min 
4 s2 

(D-4) 

which can be written as: 

R r I
O 

r f ( Y) 
r/2 = 

a 

l, 4 s2 I . 
mm (D-5) 
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where I is the solar irradiance at 1 AU, r is the bond albedo, 
0 

f (Y) is the phase law, Sis the heliocentric distance of the spacecraft 

in AU and I . is the minimwn detectable signal. The quantity in 
min 

brackets can be evaluated for each particle detected and then 

using Equation (D-3) the particle size is obtained. Evaluating 

Equation (D-5) for the following values typical at 1 AU: 
2 

I = . 14 watts/ cm 
0 

r = . 3 

f ( 135°) = 2.0 

I 

yields: 

min 

R 
a 

-12 2 
= 2. 3 x 10 watts/cm 

4 
= 9.6xl0. (D-6) 

The above equation is an alternate way of defining the instrwnent 

sensitivity, e.g., a particle of radius 1 mm would be observed out 

to a range of 96 meters. 

Equation (D-6) also defines the sensitive volwne within 

which a particle of a given size can be observed. For example, if 

a particle can be seen out to a range R the volwne within which it 

can be seen is given by: 

(D-7) 

where V is a small unavailable volwne due to the required three-
o 

fold coincidence. Thus, by calculating the sensitive volwne for all 

particle sizes observed and combining it with the measured transit 

times and the instrwnent observation time, the cwnulative particle 

concentration was computed from the equation: 

N = 
I:::. T 

TI:::. V (D-8) 

where T is the effective observation time and I:::. Tis the total transit 

time of particles in the volwne element I:::. V. N is the number per 

D3 



unit volwne of all particles which can be detected in the volwne 
D. T 

element. The ratio 
T 

in equation D-8 can be interpreted 

as the average number of particles in the volume element D. V. 
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APPENDIX E 

TABULATIONS OF PARTICLE CONCENTRATIONS 

The particle concentrations were determined by 

grouping the data into thirds of decades of particle size and com-

puting the concentration due to all particles in the group using 

Equation ( D-8). The concentrations were then centered at the 

logarithmic means within each one-third decade of size. The Pioneer 10 

results are presented in Table El for the pre-asteroid belt 

region ( 1-2 AU) and in Table E2 for the asteroid belt region 

(2-3. 5 AU). The Pioneer 11 results are presented in Table E3. 

El 



TABLE El 

PARTICLE CONCENTRATION FROM 1-2 AU 
DETERMINED FROM PIONEER 10 

a 6a I: d T I:T d V N 

(m) (m) (µ sec) 3 
( sec-m ) (m -3) 

1. O0E-1 6. 81E-2 37770 2.49El6 1. 52E-l 8 

to 1. 47E-l -4. 64E-2 3. l 6E-2 34930 2. 47El5 1.41E-17 

to 6. 81E-2 -2. 15E-2 l.47E-2 88150 2. 47El4 3. 57E-l 6 

to 3. l 6E-2 -
l.00E-2 6. 81E-3 34450 2. 50El3 l. 38E-15 

to l. 47E-2 -4.64E-3 3. 16E-3 20750 2. 49El2 8. 33E-15 

to 6. 81E-3 

2. 15E-3 l.47E-3 15610 2. 51Ell 6. 21E-14 

to 3. l 6E-3 

1. O0E-3 6. 81E-4 6929 2.59El0 2. 67E-13 

to l. 47E-3 -4. 64E-4 3.16E-4 3568 2. 70E9 l. 32E-l 2 

to 6. 81 E-4 -
> 3. 16E-4 1620 3. 38E8 4. 79E-12 

-
E2 



- TABLE E2 

PARTICLE CONCENTRATIONS FROM 2-3. 5 AU - DETERMINED FROM PIONEER 10 

a 6a I: d T ETdV N - (m} (m} (µsec} 3 (m -3) (sec-m ) 

1. 00E-1 6. 81E-2 12960 9. 75El5 1. 33E-18 

to 1. 47E-l 

4. 64E-2 3. 16E-2 18790 9.69El4 1. 94E-l 7 - to 6.81E-2 

2. l SE-2 1.47E-2 20000 9. 69El3 2. 06E-16 - to 3. l 6E-2 

1. 0OE-2 6. 81E-3 14780 9. 81E12 1. SlE-15 - to l.47E-2 

4. 64E-3 3. 16E-3 6442 9. 83Ell 6. 56E-15 - to 6. 81E-3 

2. lSE-3 l.47E-3 6010 9. 98El0 6. 02E-14 - to 3. l 6E-3 

1. 00E- 3 6.81E-4 1645 1. 04El0 1. 58E-13 

to 1. 47E-3 

4. 64E-4 3. 16E-4 1051 1. l 2E9 9. 37E-13 

to 6. 81E-4 

> 3. 16E-4 2143 1. 52E8 1. 41E-ll -

.... 

E3 



TABLE E3 

PARTICLE CONCENTRATIONS FROM 1-3. 5 AU 
DETERMINED FROM PIONEER 11 

- /J.a ~dt ~TdV N a 

(m) (m) (µsec) 
3 

(sec-m ) (m -3) 

1. 00E-1 6 .81E-2 63230 2. 98El6 2. 12E-18 

to 1. 47E-l -
4. 64E-2 3.16E-2 44673 2. 96El5 1. 51E-17 

to 6. 81E-2 -
2.15E-2 l.47E-2 11963 2. 96El4 4.04E-17 

to 3.16E-2 

1. 00E-2 6. 81E-3 37357 2. 99El3 1. 25E-15 

to 1. 47E-2 

4. 64E-3 3.16E-3 16058 2. 99El2 5.37E-15 

to 6. 81E-3 

2, 15E-3 1. 47E-3 6353 3. 00Ell 2.12E-14 

to 3.16E-3 -
1. 00E-3 6.81E-4 5843 3.llElO 1. 88E-13 

to l.47E-3 

4. 64E-4 3.16E-4 493 3. 25E9 1. 52E-13 

to 6. 81E-4 

2.15E-4 1. 47E-4 200 3. 60E8 5. 56E-13 

to 3.16E-4 

1. 00E-4 6. 81E-5 133 4, 48E7 2. 96E-12 

to l.47E-4 

-
-

E4 -
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APPENDIX F 

COMPUTER SIMULATION OF ANALYSIS PROCEDURE 

The procedure used to analyze the AMD data was tested 

by using a computer to first generate the type of data measured by 

the instrument and second to analyze this data via the methods 

described in Chapter V and, in Appendix D. 

A particle flux distribution of the form 

-13 ,/) = Ka 

was first selected. For each size a, the average calculated 

(F-1} 

fluence (i.e., number of particles per unit area per second} was 

randomized by a Poisson distribution. The trajectory relative to 

the instrument (i.e., range from instrument} was then selected 

for each particle using a uniform random number generator. The 

velocity was generated from a Gaussian distribution with a mean 

of 14 and a CJ of 4 kilometers per second. This is the range of 

vehicle encounter velocities that would be expected from an asteroid 

distribution. The transit time through a single field-of-view was 

then calculated. This process generated data of the type received 

from the instrw:nent which was then analyzed using the procedure 

described previously. 

Particle fluxes with size exponents of -1. 5, -2 and -3 

were tested in this fashion. In each case, with a limited number 

of everits, this procedure resulted in a particle distribution which 

was nearly identical to the original input as shown in Figure F-1. 

Segmented distributions with several different slopes were also 

Fl 
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tested with similar results. 

It should be pointed out that this simulation procedure 

also provided a method of estimating the errors associated with 

the actual analysis procedure. For example, the a of 4 kilo­

meters per second is in effect an uncertainty in the correct 

velocity which will be manifested in an uncertainty in the calculated 

concentration. As can be seen from Figure F-1, such an uncer­

tainty in the assumed velocity resulted in about a factor of three 

{maximum) uncertainty in the resulting concentration. 
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APPENDIX G 

DERIVATION OF GEGENSCHEIN BRIGHTNESS EQUATION 

The gegenschein brightness can be calculated quite 

easily if the spatial concentration is known. The analysis used 

is one suggested by D. J. Kessler ( 1968). Suppose that the 

spatial density of particles of radius a depends on the distance 

from the sun in the following manner: 

n (S) = 
a {: 

a 
s s:ss:s 

l 2 

where n (S) is the assumed spatial density in the ecliptic 
a 

(G-1) 

plane of particles of radius a and at a distance S from the sun. 

This distribution is illustrated in Figure Gl below. The sun 

is assumed to be at the origin, the earth at s
0

, and s
1 

and s
2 

are the limits of the region in which it is assumed that 

particles are confined. 

n (S) 
a 

¾ ------ - ---,---------

0 

Figure Gl. Spatial Density for Gegenschein Brightness Calculation 

- Q 



The brightness of reflected sunlight due to these 

particles is now easily calculated. The brightness due to volume 

element er d 6 is first calculated, where eris the cross-section and 

d 6 is the thickness of the volume element as illustrated in the 

figure below. 

~----------S-----------...i 

Figure G2. Volume Element for Gegenschein Brightness Calculation 

If I is the solar intensity at l AU, I (S/S/ is the intensity 
0 0 

at distance S from the sun. Then, 

2 
n (S) TT a er d 6 

a 

represents the total amount of light intercepted by particles of 

radius a in volume element er d 6. If j (TT) is defined as the fraction 

of incident light scattered per unit scattering area and per unit solid 

angle through a scattering angle of TT radians, then the irradiance 

at earth due to volume element er d 6 is given by 

Io(
sso )2 2 j(TT) 

n (S) TT a CJ d 6 
a 

6
2 

The solid angle subtended by this volume element is 

0 = 

Dividing the intensity by the solid angle Ogives the brightness of 

reflected light at earth due to the scatterers in volume element 

a d 6. This brightness is represented by: 

G2 
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Note that d 6 = d S and by integrating over all values of S greater 

than S , one obtains the irradiance per unit solid angle at earth 
0 

due to all scatterers in the anti-solar direction (van de Hulst, 

1947), i.e., 

TTa
2

j(TT)n (S)dS. 
a 

(G-2) 

The brightness due to scatterers in the region bounded by s
1 

and 

s
2 

will be: 

2 
TT a j (TT) n (S) d S 

a 

= I s TT J (Tl) a n -- -2 . 2 ( 1 
o o a s

1 
(G-3) 

By evaluating Equation (G-3) for all size ranges and for all helio­

centric distance segments the total gegenschein brightness can be 

calculated. 

The brightness can be stated in units of 10-
13 

times the 

average brightness of the sun. Since the sun subtends a solid 
2 

angle of 0. 22 square degrees or 0. 22/(57. 3) steradians, the 

mean brightness of the sun is given by: 

I 
H {sun) = 0 

0 
sun 

= I 
0 

4 
1. 49 X 10 . (G-4) 

Defining H ( TT) as the particle backscatter brightness in units of 

10-
13 

times the mean solar brightness, Equation (G-3) becomes: 

G3 



-
H(TT) 8 2 (So 

H (TT) = H ( sun) = 6. 7 x l O SO p a na ~ 

where the geometric albedo pis defined by p = n j (TT). 
(G-5) 

-

~ 
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APPENDIX H 

CALCULATION AND TABULATION OF GEGENSCHEIN BRIGHTNESS 

The equation for the gegenschein brightness 

(H-1) 

can be written as: 

- 6 2 ll l] H ( TT) = 2. 01 x 10 a na s;:- - ~ 

11 
= 1. 5 x 10 meters 

(H-2) 

using S 
0 

and assuming a geometric albedo of 

p = O. 2. Equation (H-2) is the contribution to the gegenschein 

brightness in units of 10-
13 

times the mean solar brightness due to 

a concentration n of particles of radius a located between the helio­
a 

centric distances of s
1 

and s
2 

expressed in AU. 

The following steps were used to calculate a value for the 

gegenschein brightness: 

1. Divide the pre-asteroid belt region (1-2 AU) into five 

equal heliocentric segments. 

2. Divide the asteroid belt region (2-3. 5 AU) into six 

equal heliocentric segments. 

3. Divide the cumulative particle concentration for a 

heliocentric distance segment into three decades of 

particle size. 

4. Calculate -;-2 for each size decade. 

5. Determine na for each average size. 

6. Calculate ~2 n and subsequently H (TT) for each size 
a 

decade. 

7. Sum the values of H (TT) obtained in 6 to obtain the con­

tribution to the gegenschein brightness for that helio-

Hl 



centric distance segment. 

8. Repeat 3 through 7 for each heliocentric distance 

segment. 

9. Sum the contribution to H (TT) for each segment to obtain 

a value for the gegenschein brightness. 

7 
The value of a can be calculated from the definition 

2 
a = 

J a 
2 

V (a) d N (a) 
J V (a) d N (a) (H-3) 

where N is the cumulative particle concentration, and V(a) d N(a) 

is the number of particles of size a to a + da in the volume V(a). 

N (a) and V (a) can be expressed as: 

and 

- ~ N (a) = Ka 

d N (a) 
- ~ - 1 = -f3Ka da 

V = TT a,2 (R 3 _ R 3 . ) 
3 mm 

= TT 2C3 ( 3 3 
3 

a. a - a . ) 
mm 

(H-4) 

(H-5) 

where R and R . are ranges from the instrument which define 
min 

the volume element and C is a constant relating the range and 

particle size. Equation (H-3) now becomes: 

H2 
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-2 
a = 

= 

J 2 -13-1 3 3 
a a (a - a . ) d a 

min 
f -13-1 3 3 a (a - a . ) d a 

4 - 13 J a da -
3 

a 

min 

J l - 13 
. a da 

min 

J 2-13 3 f -13-1 
a da-a . a d min a (H-6) 

For the size interval a to a . the above equation integrates 
max min 

to: 

2 
(5-13)-l (a 5 -~ - a 5 -l3 . ) - (2-13)-l a 3 . (a 2 -l3 - a 2 -l3 . ) 

max min mm max mm 
a = 

( 3
-c)-l(a3-i3 3-13 -1 3 -13 -13 

1-1 - a . ) - i3 a . (a - a . ) 
max min mm max mm 

(H-7) 

where 13 is the slope of the cwnulative spatial concentration applicable 

to the size regime defined by a . and a 
mm max 

Calculations of a 
2 

for each of the three decades of size 

together with the values of n from Figure 34 for the corresponding 
a 

a yielded the contributions to the gegenschein brightness for each 

solar distance segment. The results are presented in Table H-1. 

Swnming the last colunrn in Table H-1 gives a value for 

the gegenschein brightness of 

- -13 
H ( TT} = 8. 87 x 10 solar brightness units. 

In order to readily compare this value to other measurements it 

must be converted to the equivalent number of tenth magnitude 

stars per square degree. Thus, we have 

where 

8. 87 x 10-
13 

I 
0 

H (TT} = 
I (10) x O (sun} 

I - solar bolometric irradiance = 0. 14 watts/ cm 
2 

0 

(Allen, 19 63 ) 

H3 
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TABLE H-1 

GEGENSCHEIN BRIGHTNESS AS A FUNCTION OF HELIOCENTRIC 

DISTANCE 

Sl s2 N(a) a 
2 I:, H (TT) 

1.0 1. 2 6.22xlo- 19 2. 09 X 10-
13 

l. 2 1. 4 9. 97 X 10-
19 2. 39 X 10-

13 

l. 4 1. 6 3, 51 X 10-l 9 6. 32 X 10- 14 

1. 6 1.8 4.17 X 10- 19 5.84x 10-
14 

1.8 2.0 6, 63 X 10- 19 7.43xl0-
14 

2.0 2.25 6. 34 X 10- 19 7.l0xl0-
14 

2.25 2.50 5. 50 X 10- 19 4, 92 X 10- 14 

2.50 2.75 5. 70 X 10- 19 4.17xl0-
14 

2.75 3.00 6. 87 X 10- 19 4. 19 X 10-
14 

3.00 3.25 5. 08 X 10- 19 2, 62 X 10- 14 

3.25 3.5 3, 03 X 10- 19 l.34x l0-
14 

~ I:, H ( TT) = 8, 87 X 10- 13 
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I ( 1 0) - bolometric irradiance of tenth magnitude star 

0 

-16 2 
= 2. 27 x 10 watts/ cm (Allen, 1964) 

- solid angle subtended by the sun = 0. 22 square 

degrees 

Substituting these values in Equation (H-8) gives: 

H (n) = 2487 tenth magnitude stars per square degree. 
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APPENDIX I 

LIST OF SYMBOLS 

a - particle radius 

f (Y) - phase function relating radiation incident on a particle 

to that reflected at an angle Y 

g - absolute magnitude of an object 

H - gegenschein brightness per unit solid angle 

I 

I 
0 

I . 
mm 

m 

- intensity of reflected sunlight incident on optical sensors 

- solar irradiance at 1 astronomical unit 

- minimwn irradiance detectable by the sensor 

- particle mass 

N - cwnulative particle concentration/unit volwne 

p - geometric albedo 

r - bond albedo 

R - distance from particle to optical sensor 

S - distance from the sun 

s - distance from the earth to the sun 
0 

T - observation time of sensor 

v - velocity of particle 

V - sensitive volume for particle detection 

a. 

~ 

- telescope field-of-view half angle 

exponent relating particle size to concentration, i.e., 
-~ 

N~a 

11 



Y - angle between direction of incident radiation and direction 

of reflected radiation 

p - particle density 

T - average transit time of a particle passage through the 

sensor field-of-view 

~ - cumulative flux in particles/unit area/ sec 
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The Radial Dependence of the Zodiacal Light. ZOOK, H. A. (NASA Johnson 
Space Center, Houston, Texas, USA), SOBERMAN, R. K. (General Electric 
Space Sciences Laboratory and Drexel University, Philadelphia, Pennsylvania, 
USA). 

ABSTRACT 

The Asteroid/Meteoroid Detector (Sisyphus) has, in addition to its primary role 
of detecting and analyzing individual meteoroids, been measuring the brightness of the 
night sky from its platform on board the Pioneer 10 spacecraft. This spacecraft has tra­
versed the asteroid belt and will fly by Jupiter in December 1973. It was quickly found 
that the brightness of the night sky in the antisolar hemisphere, decreased rapidly with 
increasing distance from the sun. This decrease is due solely to the decrease in the 
brightness of the zodiacal light. The heliocentric dependence of the zodiacal light is de­
duced from several months of data and is presented. Some raw data is shown to illustrate 
the sensitivity of the instrument to features in the night sky and the technique used for sub­
tracting out the integrated brightness due to starlight is presented. Preliminary results 
showing the decrease of the zodiacal light with solar distance are not inconsistent with an 
inverse square dependence. 

I. INTRODUCTION 

On March 2, 1972, the Pioneer 10 spacecraft was launched on an interplanetary 
trajectory to fly by Jupiter on December 4, 1973. During the interplanetary cruise por­
tion of its journey, it traversed the asteroid belt during the latter half of 1972 and early 
portion of 1973. Among the experiments carried by Pioneer 10 is the Asteroid/Meteoroid 
Detector or Sisyphus. The Sisyphus instrument collects two types of data. The first deals 
with the individual particles passing through the fields of view in the vicinity of the space­
craft. The data from this portion of the experiment is treated in a separate paper (Neste 
and Soberman, 1973). The instrument is also designed to perform photometric mapping 
of the sky background. The objective of this latter portion of the experiment is to mea­
sure the radial dependence of the zodiacal light as the spacecraft traverses the region 
from 1 to 5 AU. 

The Sisyphus sensors consist of four 20 cm F 1. O Ritchey-Cretien telescopes 
mounted with their optical axes approximately parallel. A photograph of the sensors is 
shown in Figure 1. In this figure, one can also see the light shield that surrounds the 
four telescopes. The primary purpose of this light shield was to protect the telescopes 
from sunlight reflected or scattered from the spacecraft. The telescopes each have a 
7. 5° full field of view and are mounted to view the sky at an angle of 45° to the spin axis 
of the spacecraft. Located in the telescope focal plane (focussed for infinity) is a 2. 705 
cm diameter field stop. The photomultiplier tube, an RCA 7151Q with an S20 photocathode, 
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is located approximately 2 cm behind the field stop. This placement defocusses regions 
in the focal plane to minimize the effect of variations in photocathode sensitivity. To 
avoid light loss between the focal plane and photomultiplier, a gold coated reflecting 
cylinder surrounds the intervening space. The lightweight primary and secondary mir­
rors of the telescope are also coated with electrodeposited gold. 

As the spacecraft rotates at a rate of approximately 4. 8 revolutions per minute, 
the four telescopes view an annular region of the celestial sphere. A spoke wheel gen­
erator divides the rotation cycle into 128 sectors. In a semi-random fashion, photomet­
ric data from each of the four telescopes as a function of rotation sector is telemetered 
from the spacecraft. From this data, photometric maps of the viewed annulus can be 
prepared. The spacecraft spin axis, through the center of the high gain antenna, re­
mains approximately earth pointing throughout the mission. Thus, the viewed annulus 
moves across the celestial sphere during the course of the interplanetary cruise. While 
this yields the gossibility of mapping a zone approximately 90° wide and 210° long (ap­
proximately 45 above and below the ecliptic plane), there is the disadvantage that only 
a limited number of points on the celestial sphere can be viewed at different heliocentric 
distances. 

II. PRIMARY DATA 

In Figure 2, we show the photometric data for one day. The instrument response, 
as a function of rotation sector number, is shown for all four telescopes. These data were 
obtained on July 3, 1972. The spread of experimental points obtained from multiple read­
ings in the same sectors can be seen in the figure. Photometric contributions include light 
from the sky background within the field of view, light from those portions of the sky which 
directly illuminate the field stop, and scattered sunlight leaking through and around the light 
shield. On this date, the spacecraft spin axis was pointed approximately 23° from the sun 
and thus the sun could illuminate the light shield directly during a portion of the rotation 
cycle. On July 3, 1972, the spacecraft was located approximately 1. 9 AU from the sun. 

To analyze the photometric data it is first necessary to separate the three com­
ponents listed above. This was first done by a detailed mapping of the out-of-field illu­
mination of each of the four telescopes. Portions of the rotation cycle where the light 
shield is illuminated directly by the sun are discarded. Fortunately, during most of the 
interplanetary cruise, the instrument remains entirely within the shadow of the high gain 
antenna. 

The extra-terrestrial sky brightness is composed of starlight (including diffuse 
faint stellar sources), diffuse galactic light, cosmic light, and the zodiacal light. Only 
the zodiacal light should vary within the solar system. In Figure 3, we show a flow chart 
which depicts how the sky background photometric data is separated into zodiacal light 
and the solar system invariant remainder. 
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III. SISYPHUS STELLAR BRIGHTNESS ANALYSIS 

This section describes how the expected response of the Sisyphus instrwnent to 
the published star backgrounds is calculated. The two sources used for the star back­
grounds are the Smithsonian Astrophysical Observatory (SAO) Star Catalogue (1967) for 
stars brighter than 8th magnitude and the Roach and Megill (1961) analysis for stars of 
higher magnitude. 

Because Sisyphus responds to a broad band of wavelengths centered in the visi­
ble, it is not correct to assume that it will respond similarly to all stars of the same 
visual or photographic magnitude. This is because stars have different radiation curves 
(due primarily to intrinsically different temperatures or to reddening by interstellar dust). 
Figure 4 illustrates the Sisyphus optical response to direct light (i.e., light that enters 
the aperture plane via the primary and secondary mirror system) and a stellar radiation 
curve reddened by interstellar dust. Below we present an outline of the sequence of events 
to obtain the relative Sisyphus response to a star. 

A. SAO catalogue lists MPV (photovisual magnitude) MPH (photographic magnitude), 

and spectral type, if they are all known, for each star. 

B. Knowing the spectral type of a star implies that we know its effective stellar tern-

perature, T (we assume a blackbody approximation which does not fit some stars 
e 

very well). 

c. Using T , we calculate the intrinsic radiation distribution curve II (A., T ) using 
e e 

the blackbody approximation. 

D. From 1i (A., Te), we can deduce the intrinsic color index CI= (~H - MPV)!" 

An unreddened A star is asswned to have zero for an intrinsic color index. 
0 

E. The apparent color index CAPP = (MPH - MPV) is obtained from the information 

in the SAO catalogue. 

F. Hence, the color index CR = CAPP - c
1 

which is due to interstellar reddening is 

obtained. 

G. 

H. 

C together with I (A., T ) gives the observed (or apparent) spectral distribution 
R I e -K/A. 

of the stars as I (A.) = R (A.) II (A., T ) where R (A.) = 10 and where 
l APP l e 

C = 2. 5 ~ -A.-). R (A.) is the reddening factor. 
R APV PH 

Intersect the Sisyphus response curve S (A.) (determined experimentally) with 48 

different types of apparent spectral distributions defined by 6 different amounts 

of reddening and 8 different effective temperatures. This creates a table of 
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Table 1. The Sisyphus Response Curve Intersected With the Radiation Distribution Curve 
For 48 Different Combinations of Spectral Types and Interstellar Reddening Co­
efficients, CR. 

0 
Temp. ( K) 2700 5120 6000 8700 11,000 15,600 25,000 50,000 

Spec. Type) (M8) (KO) (GO) (A5) (AO) (B5) (BO) • (05) 

CR 

o. 0 .324 . 210 .206 .207 • 213 . 224 • 236 .247 

o. 5 . 419 . 237 .224 . 209 .207 • 206 • 208 . 211 

1. 0 . 562 .285 . 263 • 234 . 224 . 217 . 213 • 210 

1.5 .777 • 361 . 327 • 280 . 264 . 249 . 239 . 233 

2.0 1.101 • 475 .423 . 352 .327 .305 • 289 .278 

2. 5 1.596 • 646 . 569 .462 • 424 . 390 .366 . 349 
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values for the Sisyphus response to different stellar spectral types and different 

interstellar dust reddenings (See Table 1). 

I. For any SAO star, the computer analysis program interpolates the reddening of 

the star and its effective temperature between values in the table and extracts an 

interpolated intersection response. This intersection response is then multiplied 

by the photovisual intensity of the star to obtain the Sisyphus response to the star. 

If the photographic or the photovisual magnitude or the spectral type of the star 

is not given in the SAO star catalogue then it is assumed that the star has not 

been reddened by interstellar dust and only a blackbody curve is used. If only 

MPV or MPH is known for the star and nothing else, the star is assumed to be 

of type K ¢, as this is the most common type of star in the catalogue. 

The Roach and Megill (1961) analysis is used in the present calculations in the 
following way: We used only the star contributions from stars dimmer than 8th magni­
tude (they analyzed stars between 6th and 18th magnitude) and used their extrapolation 
curve to estimate the numbers of stars with apparent photographic magnitudes greater 
than 18th magnitude. We also used their suggested color index.C = 0.16 + o. 05 MPH• 
This color index has a significant but not drastic effect on the resfu.ts. For example, at 
MPH = 20 (corresponding to M = 18. 84) the Sisyphus intersection value from Table 1 is 
approximately O. 24 (the Roach 'find Megill stars were all assumed to be type G ¢ and 
reddened by dust). This is a reasonable modification to the unreddened value of o. 206. 

As we shall note later, there appear to be some significant discrepancies be-
tween our calculated stellar background from the Roach and Megill data and that which 

- is actually measured by our instrument. The authors of that paper were well aware of 
possible disagreements of their data with other types of analyses and, in particular, 
noted differences between their results and the photometric results of Elsasser and Haug 

- (1960). 

IV. INDIRECT LIGHT 

The photomultiplier used in each telescope not only receives light via the pri­
mary optical system but also responds to all light entering the aperture in front of the 
photomultiplier tube. Light entering by the first route will be called "direct" light and 
that by the second path "indirect" light. 

- Although the collecting efficiency per unit solid angle for direct light is from 40 
to over 100 times greater than that for indirect light, the collecting solid angle of 44. 2 
deg 2 for direct light is less by a similar factor. Also, the intensity of the light received 

- indirectly by the photomultiplier tubes has not been reduced by partial absorption of the 
shorter wavelengths as they reflect off of the primary and secondary gold-coated mirrors. 
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To somewhat cow1terbalance this latter effect, the indirect light usually does reflect one 
or more times off of the gold collimator sleeve located between the aperture and the photo­
multiplier tube. 

The indirect star backgroWld is calculated in nearly the same way as the direct 
star backgroWld. The difference is due to the response curve for the photomultiplier 
alone which is significantly different from that for the photomultiplier with two gold re­
flections. In short, a new table, similar to Table 1, is constructed in which the photo­
multiplier response curve (without gold reflection) is intersected with various stellar 
distributions. Each light ray is then reduced by an average gold absorptivity (wave­
length independent) for each reflection it makes with the gold collimator. 

The amount of indirect starlight received is then calculated to 3 significant 
figures after an exact accounting has been taken of the shielding afforded by the instru­
ment light shield, the respective secondary mirrors, and the struts supporting the 
secondary mirrors. The result is that, for a uniform sky, about 65% of the light would 
come into telescopes #1 and #4 by the indirect route (35% via direct). For telescopes 
#2 and #3 the percentage of light arriving indirectly from a uniform sky is about 75%. 

Figure 5a shows the calculated contributions to direct light for the SAO stars 
alone (lower curve) and for the sum of the Roach and Megill and the SAO stars (upper 
curve) for May 29, 1972. In Figure 5b, the calculated total response of telescope #1 
is plotted in the upper curve. The lower curve plots that portion of the starlight that we 
calculate to enter indirectly. The difference between the two curves is exactly equal to 
the SAO and Roach and Megill contributions (the upper curve in Figure 5a). 

V. THE SEPARATION OF THE BACKGROUND LIGHT COMPONENTS 

In Figure 6 is shown the experimental data obtained by telescope #1 and the star 
background as calculated for this telescope for May 28, 1972. On that day, the space­
craft was about 1. 57 AU from the SWl. The ordinate is in instrument output units and 
the abscissa is in degrees of rotation (or clock angle) of our experiment about the space­
craft spin axis. The zero degree point is when the instrument passes north through the 
ecliptic plane. Apparent in the figure are Arcturus (MPV :::::l 0) at 55°, Jupiter at 175° 
and a peak where the pointing axis of the instrument crosses the south galactic plane 
near the constellation Centaurus at about 280° clock angle. We note that the peak is 
much smaller experimentally than it was calculated to be from the star catalogues. 
This indicates that either the SAO catalogue or the Roach and Megill analysis has pro­
duced too great a brightness for this portion of the sky. From Figure 5, we see that 
the Roach and Megill analysis contributes considerably more to this portion of the sky 
than does the SAO catalogue. Also, Elsasser and Haug disagree most strongly with 
Roach and Megill in this portion of the sky. In short, it becomes clear that the stellar 
backgroWld maps need to be corrected. 

An error in the calculated sky backgroWld at one point leads to errors at other 
points. For example, if a variance exists as seen by a telescope in its direct field-of-
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view, the indirect field-of-view will also give incorrect values when that part of the sky 
comes into the indirect field (normally about 30 degrees of clock angle before and after 
it enters the direct field-of-view). The error so propagated will be clock angle depen­
dent. Note that if a single star is in error, this has little effect on the indirect light. 
Even Jupiter does not show up in the indirect field, although it could cause the output 
count to change by, perhaps, one unit. Errors show up in the indirect light when large 
regions are not correctly catalogued (as appears to be the case when the south galactic 
plane is crossed). Note also in Figure 6 that Jupiter is not as high experimentally as it 
is theoretically. This is a designed instrumental effect. The ordinate is linear with re­
spect to incoming light to about 40 units (depending upon the preamplifier temperature) 
and then becomes nonlinear at higher light levels to compress the high amplitude data. 

Figure 7 illustrates the results of subtracting the calculated star backgrounds 
from the total Sisyphus response as a function of distance from the sun. In Figures 7a 
and 7c, a clock apg].e of o0 

was chosen for telescopes 1 and 3. In Figures 7b and 7d, a 
0 

clock angle of 50 was chosen for the same telescopes. The constants were chosen as 
described in Figure 3 (i.e., to make all of the light equal starlight as nearly as possible 
at large distances from the sun). Once a constant is chosen for a telescope, it is main­
tained for all clock angles at all distances from the sun. The cliff erent curves shown are 
preliminary attempts to fit the data. 

In general, it can be seen that the zodiacal light goes to zero within our instru­
ment resolution between 3 and 4 AU from the sun. However, in order to deduce the spa­
tial density of particles, as a function of distance from the sun, it is necessary to cal­
culate very precisely the behavior of these zodiacal light curves. As a minimum, the 
second derivatives of these curves must be well determined. The latitude dependence 
must also be determined. 

Because of the uncertainties in the stellar backgrounds derived from SAO and 
Roach and Megill, we are not at present able to reliably derive the radial or latitudinal 
distributions of the particles responsible for the zodiacal light. However, after these 
catalogues are adjusted to fit the sky as seen by Sisyphus we should be able to deter-
mine the zodiacal light brightness radially out from 1 AU to an accuracy of approximately 
5% of its value at 1 AU. 

With the present data, we are able to calculate a weighted average for the zo­
diacal light brightness at any heliocentric distance traversed by the spacecraft. This 
is crudely calibrated by comparison with Arcturus as it was measured in the direct 
field-of-view of the instrument. In telescope #1, Arcturus raises the light level by 
7-1/2 units and in telescope #3 by 9-1/2 units. Extrapolating Figure 7 back to 1 AU, 
we find that telescope #1 indicates about 8 units of zodiacal light, while telescope #3 
yields 17 units. Taking into account the different indirect fields-of-view and assuming 
Arcturus to be of magnitude O (no color correction), gives a weighted average for the 
zodiacal brightness of approximately 90 s

10 
units at 1 AU. 
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VI. CONCLUSIONS 

From the foregoing, it should be clear that, beyond the extensive effort already 
expended, a large amount of work remains to be performed on the Pioneer 10 sky back­
ground analysis. The data and the techniques we are applying to the analysis of the data 
gives us confidence that we will be able to deduce in reasonably precise form, the radial 
distribution of the zodiacal light and consequently the spatial concentration of the zodia­
cal dust. We believe that the uncertainties in the existing star brightness catalogues 
remain as our largest problem, but the data now being obtained beyond 4 astronomical 
units will enable us to provide the proper corrections. Variation in solar elongation 
angle for a given spacecraft reference angle must be examined in greater detail to de­
termine how much this influences our determinations on both the average zodiacal bright­
ness and the elongation angle dependence at a given radial distance. Preliminary esti­
mates indicate that this is a comparatively small correction to the average brightness. 

Our results to date indicate that the zodiacal light drops below the sensitivity of 
our instrument between 3 and 4 astronomical units. Early estimates place the Sisyphus 
sky background uncertainty limit at about 10 s

10 
units. As we showed above, the zodia­

cal brightness as measured by this instrument at 1 AU was approximately 90 S units. 
Thus, our preliminary results are not inconsistent with a gross inverse squarJ-~a11 off 
with heliocentric distance. Further efforts with the Pioneer 10 and now the Pioneer 11 
Sisyphus data should result in a precise definition of this radial dependence. 
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Figure 1. Photograph of the Sisyphus Telescope Assembly Showing Light Shield and Indirect Light Path to Photomultipliers. 
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Figure 3. Data Reduction Flow Chart 
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Figure 5. (a) Calculated contributions to direct light from SAO star catalogue alone (lower 
points) and for the sum of the Roach and Megill and SAO catalogues (upper points) 
for May 29, 1972. (b) Calculated response of telescope #1 for May 29, 1972 from 
indirect light (lower points) and the sum of direct and indirect light (upper points). 



~ 
:::i 
~ 
~ 
:::i 
0 
...:l 

~ .... 
c.) 
~ 
Cl 

90 

80 

70 

60 

50 

40 

30 

20 

10 

40 

>or 
JI( 

i\c 

80 120 

] J ~1 :1 

160 

~ 

200 

Figure 6 

I 

R = 1. 566 A. U. 
Data for May 29, 1972 from Telescope #1 

""'" = experimental data 
-- = . calculated star background 

(adjusted to experimental data at 
large A. U.) 

CLOCK ANGLE (DEGREES) 

240 280 320 360 

-.i 1 .I :, 



.I I J 

~ 
:::> 
~ 

t 16 
0 
...::l 12 
< ::s 8 .... 
C) 
~ 
0 4 

OL1 2 

t 16 
~ 

t 12 
0 
...::l 8 < 
~ 

4 .... 
' C) 

~ 
0 o, 

1 2 

I I I J 

Telescope #1 

Clock Angle = 0 
0 

3 
R (A. U.) 

Telescope #1 
0 

Clock Angle = 50 

3 

R (A. U.) 

J 

4 

.. 
4 

J J l J 

~ 
:::> 
~ 
~ 
:::> 

16t~-0 
...::l 12 • 

~ 
8 .... 

C) 
~ 
0 4 

ol 1 

~ 
:::> 16 
~ 
~ 
:::> 12, • 
0 
...::l 8 

~ 4 -C) 
~ 
0 0 

L 1 

.I 

2 

R (A. U.) 

2 

R (A. U.) 

I I :1 

Telescope #3 

Clock Angle= 0 
0 

3 

Telescope #3 
0 

Clock Angle = 50 

3 

Figure 7. Weighted average for Zodiacal Brightness versus Heliocentric Distance with preliminary attempts at 
curve fitting. 

I J I 

4 

4 



320 

SCIENCE 

Vol. 183, No. 4122, 25 January 1974 

Particle Concentration in the Asteroid Belt from Pioneer 10 

Abstract. The spatial concentration and size distribution for particles measured 
by the asteroid/meteoroid detector on Pioneer JO between 2 and 3.5 astronom­
ical units are presented. The size distribution is from about 35 micrometers to 
IO centimeters. The exponent of the size dependence var;es from approximately 
-1.7 for the smallest to approximately -3.0 for the largest size measured. 

The asteroid/ meteoroid detector 
being carried on Pioneer 10 and Pio­
neer 11 measures the contribution to 
sky brightness in white light from the 
aggregate of particles in the field of 
view and the light from bright individ­
ual particles which pass through the 
field of view. The instrument consists 
of four optical telescopes with 20-cm 
apertures which look out at an angle 
of 45° with respect to the spin axis of 
the spacecraft. The telescopes have 7.5° 
fields of view and are aligned approxi­
mately parallel. The telescopes use 
RCA 7151 Q photomultiplicrs with S20 
photocathodes. The spectral response 
is modified by two gold reflections in 
the Casscgrain-type telescope. 

The data obtained from the experi-

ment on Pioneer IO have been analyzed 
for the spatial concentration and size 
distributions of particles observed be­
tween 2 and 3.5 A.U. An average re­
sult for the 123 particles· observed is 
shown in Fig. 1. This is a cumulative 
distribution (that is, it is for a given 
size and larger). The uata are generally 
grouped in the thirds of size decades. 
However, the entire decade of smallest 
sizes is grouped together due to the 
distortion that occurs within IO m of 
the telescope. The data points are 
plotted at the logarithmic mean with 
a horizontal bar showing the approxi­
mate size domain included. Following 
Dohnanyi (I) we have assumed a 
geometric albedo of 0.2 to derive the 
particle size. The vertical bars were 
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Fig. 1. Particle. size distribution in the 
asteroid belt (2 to 3.S A.U.). 

derived by making the assumption that 
the uncertainty was proportional to the 
square root of the number of particles 
observed multipled by the average 
transit time through the field of view. 
T·he particles were assumed to be travel-
:_.- :.-- .4;,..,..,-t ,_;,.,..111~ .. ""'"""':tc- ,ui♦l-, nn 
···o ••• -··--· --·----- ---··-

inclination. For a distribution function 
of the form N ~ a-~. the value of /3 
varies from about 1.7 for the smallest 
to about 3 for the largest size mea­
sured. We have also plotted in Fig. 1 
the point obtained by the meteoroid 
detector ( penetration experiment) on 
Pioneer 10 (2). 

To illustrate the change in size dis­
tribution we combined the data into 
decades of size for solar distance in­
crements of l/4 A.U. This is shown in 
the histograms of Fig. 2. Since the 
changes in size distribution that were 
noted in the data as the region from 
2 to 3.5 A.U. was transited are not 
appreciable on the logarithmic scale 
used in Fig. l, they are shown in t•he 
histograms of Fig. 2. The particle size 
domains are shown with each histo­
gram. We have shown the number of 
events in each bar to give an idea of 
~he statistical uncertainty; this shows 
why it was necessary to combine data 
into larger size groupings. Note that 
the ordinates on these histograms are 

, linear and are expressed in mass per 
unit volume, which is more meaningful 
for such a large range of s.izes. We 
assumed a density of 3 g/cm 3 for the 
conversion. From Fig. 2 it can be seen 
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Fig. 2. Mass concentration for three 
ranges of particle radius. 

that the largest sizes were observed in 
the region from 2 to 3.~ A.U., with an 
apparent peak at the heliocentric dis­
tance where the visible asteroids are 
most heavily concentrated. The inter-

mediate sizes appear to show the great­
est concentration at a somewhat larger 
solar distance. The change in concen­
tration of the smallest sizes is only a 
factor of 2 and one can easily conclude 
a distribution which does not vary with 
solar distance. The latter is in agree­
ment with the results of the penetration 
measurement on Pioneer l O (2) . 
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Optical Measurement of Interplanetary Particulates From Pioneer 10 

R. K. SoBERMAN, S. L. NESTE, AND K. ~ICHTENFELD 

General Electric Space Sciences laboratory, Philadelphia, Pennsylvania 19101 

The spatial concentration and size distribution for particulates measured in situ by the 
asteroid/meteoroid detector on Pioneer 10 between 1.0 and 3.5 AU are presented. The size distribution in­
cludes particles of radii from about 35 µm to 10 cm. Extrapolation from the smallest particle sizes 
measured shows good agreement with the results of the particle penetration detector carried on the same 
spacecraft. Within the uncertainties of this experiment a single size distribution seems appropriate for all 
but the smallest particles measured. In the asteroid belt the exponent of the radius dependency varies from 
approximately -1. 7 for the smallest sizes measured to approximately - 3.2 for the largest. From I to 2 
AU the exponent for the smallest particle sizes is about -0. 75. There is evidence for the existence of a 
planetary sweeping effect in the vicinity of the Mars orbit. As calculated from the particle spatial distribu­
tion, the zodiacal light brightness is found to vary approximately as the inverse square of solar distance 
out to about 2.25 AU and then decrease more rapidly. This variation is the type measured by photometers 
on the same spacecraft. The absolute value of the zodiacal light brightness as calculated from the particle 
spatial concentration is found to be too high by a factor of 10. A possible e"planation for this discrepancy 
is offered. 

There are three experiments being carried by Pioneer 10 and 
11 whose objective is to determine the nature of the particulate 
environment traversed by the spacecraft. The asteroid/ 
meteoroid detector (AMD), or Sisyphus, is one of these. This 
instrument serves the dual purpose of measuring the contribu­
tion to sky brightness in white light from the aggregate of par­
ticles in the field of view and measuring individual particles as 
they pass through the field of view if they reflect or scatter 
sufficient sunlight to be detected above the sky brightness 
background. This paper deals with the concentration and size 
distribution of individual particles measured by the AMO on. 
Pioneer 10 during the interplanetary cruise portion of the mis­
sion. 

The detector consists of four 20-cm aperture optical 
telescopes mounted at an angle of 45° with respect to the vehi­
cle spin axis (135° to the earth line), as is shown in Figure I. 
The telescopes have 7.5° fields of view and are aligned ap­
proximately parallel. The telescopes utilize RCA 7151 Q 
photomultipliers with S20 photocathodes as the sensors. Their 
spectral response is modified by two gold reflections in the 
Cassegrain type telescopes. The instrument was designed to 
yield trajectory information for those particles with a good 
signal to noise ratio. The use of multiple· telescopes also allows . 
for noise rejection, since coincident readings are required for a 
particle transiting the fields of view. 

Each telescope sets its own threshold as a function of the 
total background and noise being measured. Consequently, 
the threshold varies during the rotation cycle of the spacecraft 
and during the reorientation of the spacecraft spin axis. Maps 
of the sky background and noise in the individual telescopes 
are accumulated during the prolonged times between particle 
events. These readings are used to determine the threshold 
level and also to analyze the aggregate sky brightness .. 

Noise sources inherent in the background, such as bright 
stars and regions where the light level increases rapidly during 
a scan, are rejected in analysis by their recurrence at the 
same point in the rotation cycle of the spacecraft. Electronic 
noise, which has not been noticed in any of the ground or flight 
tests, could be rejected by its coincident appearance in all four 
telescope channels that are on the same power supply. The 

Copyright© 1974 by the ·American Geophysical Union. 

operating levels of· the telescopes are background-limited. 
Consequently, dark current and other noise sources inherent 
in the photomultipliers and amplifiers are negligible. The noise 
sensitivity tests included operating a flight instrument in the 
laboratory continuously for I week with cyclically varying 
light levels similar to those encountered in flight. No spurious 
events were noted in this test. Theoretical calculations 
predicted a false event rate of about I per month. Photometric 
calibration was performed in the laboratory, using standard 
sources and filters. These calibrations were confirmed during 
flight by using Jupiter and Rigil Kentaurus [Neste, 1974). 

A low signal to noise ratio in most of the events noted and 
other anomalies that may be associated with a peculiar particle 
phase function (see the section on zodiacal light) have made 
the orbit analysis a far more difficult process than was origi­
nally envisioned. However, one c:an still readily derive bright­
ness and transit time data from individual particles. It should 
be recognized that the total transit time is, in general, larger 
than the differential time of crossing between the individual 
telescope fields of view, and consequently the signal to noise 
ratio (which is integration time dependent) is higher. The tran­
sit times between fields of view do allow us to distinguish 
between spacecraft-generated and environmental particles. 
Such spacecraft-generated particles have been noted only at 
times of pulsed spacecraft precessions and for a single event 
when a protecdve cover was ejected from another instrument. 

ANALYSIS 

The transit times of particles can, on the average, be related 
to a range from the telescopes and consequently to particle size • 
if certain assumptions are made. One must first assume an en­
counter velocity. On the theory that most of the particles were 
asteroidal, a circular orbit encounter velocity with the space­
craft has been· assumed in this analysis. The cumulative spa­
tial concentration of the particles can be expressed as 

(1) 

where T is the observatidn time, dr is the total dwell time of 
particles in the volume element dV, and N is the number per 
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a 

C 

Fig. I. (a) Artist's rendition of the Pioneer 10 spacecraft. (b) AMO electronics subsystem. (c) AM D optical subsystem 
(location on spacecraft indicated by arrow). 

unit volume of all particles that can be detected in the volume 
element. 

The cumulative flux can be expressed a, 

if? = _!!__§_ 
T dA 

(2) 

where dE is the observed number of events in the area element 
dA. 

We can write 

<I>= Nv (3) 

where v is the particle encounter velocity. 
For a cone with a small half angle. 

(4') 

and 

dA 2aR dR (4") 

where R is the distance to the apex and a is the half angle. 
Combining (1)-(4), we obtain 

dT/dE = 'f = 1raR/2v (S) 

For a photometric instrument the range can be related to the 
particle size by 

(6) 

where (R is the distance to the telescope, lo is the solar 
irradiance at I AU, Imin is the minimum irradiance that can be 
detected, r is the bond albedo,fi-y) is the scattering function, So 
and S are the heliocentric distances of earth and the particle, 
respectively, and a is the particle radius. From the foregoing it 
can be seen how transit time, range, and particle size are 
directly proportional to each other for an average particle. 

To derive spatial concentrations and size distributions, we 
divided our events into thirds of decades from the minimum 
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range (beyond the shadow of the spacecraft antenna) to the 
largest transit time corresponding to the largest range or parti­
cle size observed. Smaller subdivisions were not deemed prac­
tical in view of the limited number of events observed (we 
measured 232 events in transiting from 1.0 to 3.5 AU, and 
most of these were in the smallest size or range regime). As we 
shall show, for some of the analysis it was necessary to use 
larger size domains. The one-third decade corresponds to I 
order of magnitude in mass. 

It should be borne in mind that a photometric instrument, 
unlike a fixed area detector, increases its effective cross section 
as the square of the particle size. Thus it is possible to measure 
over a large range of particle sizes. Specifically, if we assume a 
flux of the form 

(7) 
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and the effective cross section area can be written as 

(8) 

the number of events' that will be observed as a function of par­
ticle radius win be of the form 

E ~ a•·fJ (9) 

Thus a photometric instrument such as Sisyphus effectively 
stretchC$ the size distribution by adding the factor of 2 in the 
exponent. Specifically, if /j is near 2 in value, then one can 
measure over orders of magnitude of particle size. 

To assure ourselves that our results were not being biased by 
the foregoing analysis procedure, we tested the method by us­
ing· a computer simulation of the problem. A particle flux with 

a = 1. 5 

- l 0 

Log 
1 0 

a [Radius, M• t~ rs] 

Fig. 2. Results of computer simulations oi the data analysis techniqu~. Symbols 1ndicacte variation llbout the input 
• distribution. 
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a size distribution of the form 

( 10) 

was first selected. For each size the average calculated fluence 
was randomized by a Poisson distribution. The trajectory 
relative to the instrument for each particle was then selected by 
using a uniform probability random number generator. To 
date, only trajectories perpendicular to the optic axis have 
been used. The velocity was generated from a Gaussian dis­
tribution with a mean of 14 and au of 4 km/s. This is the range 
of vehicle encounter velocities that would be expected from an 

asteroid distribution. The transit time through a single cone of 
view was then calculated. This process generated data of the 
type received from the instrument, which were then analyzed 
by using the procedure described above. 

Particle fluxes with size exponents of -1.5, -2, and - 3 were 
tested in this fashion. In each case with a limited number of 
events this procedure resulted in a particle distribution that 
was nearly identical with the original input (Figure 2). We also 
tested segmented distributions with several different slopes and 
obtained similar results. Thus our method of analysis does not 
appear to introduce any systematic bias into the results. 
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Fig. 3. Particle size distributions for five segments of the I- to 2-AU region. The points labeled penetration results were 
derived from results of Humes et al. [1973]. • 
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SIZE AND SPATIAL DISTRIBUTIONS 

The data obtained during the flight of the Pioneer 10 
spacecraft were separated into two heliocentric regions for 
analysis. The data obtained prior to spacecraft entrance into 
the asteroid belt (1.0-2.0 AU) compose one set, and the data 
obtained during the transit of the asteroid belt were placed in 
the second group. The preasteroid belt data were separated 
into five equal heliocentric segments, and the data obtained in 
the asteroid belt were treated in three such segments. The 
results are shown in Figures 3 and 4, respectively. 

These distributions are cumulative in that they are for the 
particle size shown and larger sizes. The smallest size domains 

were combined, since transit times are distorted within ap­
proximately 10 m of the telescopes, where the image blur 
becomes comparable to or greater than the aperture. Also, 
close to the telescopes the cone approximation that we used 
breaks down. 

Following Dohnanyi [1971] we have assumed a geometric 
albedo of 0.2 'ror the particles. We have also plotted in these 
figures the points obtained by the penetration detectors on 
Pioneer 10 and 11 [Humes et al., 1973]. 

It can be seen that the variations in size distribution are not 
significant on a logarithmic plot to this scale. Consequently, 
we combined the results into a single plot (Figure 5). As we did 
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Fig. 4. Particle size distributions for three regions of the asteroid belt. The points labeled penetration results were derived 
from the results of Humes et al. [ 1973]. 
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Fig. 5. Particle size distributions from I to 3.5 AU. The points labeled penetration results were derived from the results of 
Humes et al. [1973]. 

in Figures 3 and 4, we have also plotted the Pioneer 10 and 11 
penetration points [Humes et al., I 973]. The AM D points are 
shown at the logarithmic mean within the one-third decade. 
The uncertainty in albedo would cause the curve to be shifted 
horizontally by the square root of the ratio of the true albedo 
to our assumed value. Dohnanyi (1971] gives plus or minus a 
factor of 3 in value, but this can be open to question (see 
below). The penetration detector on Pioneer 10 was taken to 
be sensitive to particles of radius 5 µm and larger, whereas the 
one on Pioneer 11 was assumed to be sensitive to 10 µm and 
larger. 

Figure 5 shows that on this scale the size distribution is 
nearly constant from instrument turnon ( I week after launch) 

to 3.5 AU. The only significant difference occurs at the 
smallest sizes measured. The results of the AMO indicate a 
greater flattening of the distribution from 1.0 to 2.0 AU than is 
found in the asteroid belt. It is noteworthy that the penetration 
detector on Pioneer 11, which initially recorded a relatively 
large number of penetrations out to 1.18 AU, indicated only 
one penetration between 1.18 AU and 2.3 AU [Humes et al., 
1973). No data point for this region was assigned by the in­
vestigators, but it should be in keeping with the trend from our 
1.0- to 2.0-A U results. 

Changes in size distribution and spatial concentration, al­
though they were negligible on a logarithmic scale, were noted 
in the data. To illustrate these changes, we combined the data 
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into increments of 0.2 AU between 1.0 and 2.0 AU and 0.25 
AU between 2.0 and 3.5 AU. The result is shown in the 
histograms of Figure 6. The small-sized particles are shown 
separately. Note that the scales are linear. We have also shown 
the number of m.easured events in each bar to give an idea of 
the statistical uncertainty involved. To put a more meaningful 
ordinate on these histograms, we have shifted to mass per unit 
volume to accommodate better the large size domains used. 
We assumed a density of 3 g/cm 3 for the conversion. It is clear 
from Figure 6 that the largest sizes were observed between 1.2 
and 1.4 AU and between 2.25 and 2.75 AU, with a minimum 
in the region of Mars orbit. The apparent peak near 2.5 AU is 
at approximately the same heliocentric distance as that at 
which the visible asteroids are most heavily concentrated. The 
concentration of the smallest particles is relatively constant to . 
2.0 AU, where an apparent increase that persists to 3.25 AU is 
noted. However, it should be noted that the change in concen­
tration of these smallest sizes is only about a factor of 3. These 
results (for the smallest sizes measured) are -in qualitative 
agreement with those of the penetration detectors on Pioneer 

8 

~ 

10-20 
6 

X 

<"I 4 
~ u --~ 
l) 2 

z -

IO and 11 [Humes et al .. .I 973] except in the region from I . 2 to 
1.4 AU, where those investigators did not see any penetrations 
but we measured an increased concentration. of all particle 
sizes. We must also point out a scale error in an earlier 
publication [Soberman et al.. 1974] of a factor of 2 for the 
smallest sizes in the asteroid belt. 

The measurements appear to be in keeping with what might 
be expected from an asteroidal distribution. In Figure 7 we 
have plotted our results for the 2.0- to 3.5-A U region along 
with several extrapolations from the visible asteroids. These 
are from a figure in the NASA interplanetary meteoroid en­
vironment model [Kessler, 1970]. It can be seen that our results 
fall somewhat higher than the intermediate model proposed by 
Dohnanyi (1969] and fall just below an upper limit proposed by 
Kessler [1968]. Our results are considerably above the near­
earth cometary model [Cour-Palais. 1969). The previously 
noted decrease in spatial concentration in the vicinity of the 
Mars orbit may have a bearing on this fact. It suggests that a 
similar but stronger effect may be occurring in the near-earth 
environment, as was originally suggested by Opik [ 1951] for 

All Particles 

0 
H 0 ~ 32 32 21 21 26 

20 15 
LO 

E-< 

~ 
E-< z 
~ 
u z 
0 
u 
(/) 
(/) 

< a < 0. 15 cm 
~ 

6 

X l'0-22 4 -
-2 -

21 18 '716 8 14 15 17 15 18 13 
0 

1.0 I. 2 I. 4 I. 6 1.8 2.00 2.25 2.50 2.75 3.00 3.25.3.50 

HELIOCENTRIC DISTANCE (AU) 
Fig. 6. Mass concentration due to all particles (upper) and the smallest particles (lower). The number of particles 

measured is shown in each bar. 

-

-



-
-
-

-
-
-

-

-
-

-

-

3692 SODERMAN ET AL.: PIONEER 10 MISSION 

- 6 

- 8 

-10 
... 
V 

-12 ., 
V 

::E 
u -14 
] 
::I -16 u 
... -18 V 
P.. 
... 

-20 V 
.D 

§ 
z -22 

V -24 
-~ ., 
"' :l -26 

E 
::I -28 
u 
z -30 

0 .... 
-32 t:ll 

0 
,-1 

-34 

-36 

-38 
-6 -5 -4 -3 -2 -1 

Present Results 

0 

Upper Limit 
(Kessler, 1968) 

l 3 4 5 

Log 
10

• a (Radius, Meters) 
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somewhat larger particles. Although we did not see any 
dramatic change in the early data, it should be borne in mind 
that the instrument was not turned on until I week after 
launch, and with our statistics no dramatic change would be 
expected. There is a suggestion of an increasing concentration 
with initially increasing solar distance in the histograms of 
Figure 6. 

ZODIACAL LIGHT 

The contribution of our measured particles to the sky 
brightness can readily be calculated. For the gegenschein, 
calculations can be made from the n,:lationship [van de Hulst, 
1947) 

1
s, 

1
.. 2 

2 pa 
H(7r) = loSo s2 dN(a, S) dS 

S1 Orn In 

(11) 

where H(7r) is the backscatter brightness per unit solid angle 
and as used before, / 0 is the solar irradiance at I AU, S0 and S 
are the heliocentric distances to the earth and the particles, 
respectively, a is the particle radius, pis the geometric albedo, 
and dN is the differential size concentration. 

The H(7r) was calculated for each solar distance segment on 
the basis of the spatial density corresponding to each average 
particle size. Summing these individual contributions gave an 
integrated value for the gegenschein brightness between 1.0 
and 3.5 AU, which is approximately a factor of 10 too high ac­
cording to earth-based observations [Roosen, I 970], the !PP 

(imaging photopolarimeter) experiment on Pioneer 10 [Hanner 
and Weinberg, 1973], and also our own measurements in the 
average sky background mode [Zook and Soberma11, I 974]. 

In Figure 8 we have plotted the relative variation of the 
zodiacal light with heliocentric distance by successively sub­
tracting out the contributions due to each solar distance seg­
ment. As can be seen from the figure, the zodiacal light 
decreases approximately as the inverse square of the solar dis­
tance out to about 2.25 AU, where it begins to fall off more 
rapidly. This observed variation is in good agreement with 
results obtained from the !PP experiment [Hanner and 
Wei11berg, 1973; Hanner et al., 1974] as well as our own sky 
background measurements [Zook and Soberman, 1974). 

The relative variation of zodiacal brightness deserves a brief 
discussion. It cannot be explained by the kind of particle 
spatial concentration variation shown by the Pioneer penetra­
tion detectors. Further, a recent paper by Southworth and 
Sekanina (1973] showed that the concentration of radio 
meteors increased with increasing heliocentric distance, at 
least to 3 AU, which would also not be in keeping with the 
observed variation of zodiacal brightness. An examination of 
(11) shows that the maximum contribution should come from 
the particle size for which the exponent of the cumulative size 
distribution is -2. The variation of the zodiacal brightness 
shown in Figure 8 is predominantly due to the spatial concen­
tration variations measured in the size domain for which the 
exponent is near - 2. This variation could not be anticipated 
from the results shown in Figure 6, which are dominated by 
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Fig. 8. Relative variation of gegenschein brightness, heliocentric distance being derived from the present results. 

the largest (upper histogram) and smallest (lower histogram) 
sizes measured. These results show how it is possible to obtain 
an inverse square decrease in the gegenschein brightness with 
heliocentric distance, although an earth-based observer would 
not be able to detect the shadow of the earth in the gegenschein 
[Roosen, 1970). 

Thus the individual particle results of the AMD give a 
zodiacal light, or gegenschein brightness, variation that is con­
sistent with the photometer measurements, although the 
absolute value obtained is too high. 

The simple explanations unfortunately fail to solve this dis­
crepancy. To say that we were more sensitive than our 
calibrations indicate would be inconsistent with the operation 

of the instrument. Further, from the nature of the 
measurements it can be shown that the derivation is indepen­
dent of the assumed albedo. 

That the problem goes deeper than the present 
measurements was already pointed out by Whipple (1971). He 
showed that the near-earth particle model, even when it is 
allowed to fall off inversely with the heliocentric distance, 
would give too large a value for the zodiacal light for any 
reasonable albedo assumption. A general decrease in the 
spatial concentration with heliocentric distance at least to 2.5 
AU is inconsistent not only with the present results but also 
with those of the Pioneer penetration detector and the radio 
meteor measurements cited above.' We have calculated that if 
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the near-earth particle model even remained constant out to 3 
AU, not only would it fail to show the proper form for the 
zodiacal light decrease, but the average albedo of the particles 
would have to be less than 0.02 to agree in absolute brightness. 

To resolve the discrepancy, particularly in relation to the 
present results, a hypothesis is offered. It was suggested by the 
difference between the AMO acting as an individual particle 
sensor and any sky brightness photometer. While the AM 0 
measures only the peak signal due to a single particle, nor­
mally at a distance much less than a kilometer away, the 
photometer is measuring the averaged intensity of many par­
ticles at very large distances from the instrument. If the phase 
function of the particle consisted largely of narrow, intense 
specular reflection peaks observed as the particle rotates 
rapidly, then the average irradiance due to the particle could 
be many times less than the peak intensity. This type of phase 
function would also explain other anomalies observed by the 
AMO including disparate readings from the different 
telescopes on many particles and signals that drop below 
threshold and subsequently recover. 

Although such a phase function for interplanetary particles 
cannot be established with existing data, films of several 
manned space missions clearly show that the vast majority of 
the solar illuminated particles visible therein display this type 
of phase function. It should be borne in mind that, apart from 
our transit time discrimination, the present results cannot be 
auributed to spacecraft particles, since this would require that 
either the concentration or the size of such particles would 
have to increase with solar distance to compensate for the 
diminishing solar illumination. However, if the phase function 
exhibited by contaminant particles is also characteristic of in­
terplanetary particles, it will provide an explanation for the ap­
parent discrepancy between the zodiacal light photometric 
brightness and the results of discrete particle counters. Each 
instrument may be responding to the particle concentration in 
its own fashion. Although the effective albedo could be quite 
small for the photometer, specular reflections could give a very 
high albedo for discrete light pulses. 

CONCLUSIONS 

The results presented herein suffer from a number of uncer­
tainties that are believed to have resulted primarily from 
highly variable light levels measured from rapidly rotating 
partly specularly reflecting particles. The measured transit 
times are believed to have been influenced by these light level 
variations. In our analysis we have used the longest transit 
time observed in the four telescopes. The uncertainty in transit 
time has necessitated assuming a circular orbit encounter 
velocity for the particles and using mean values for transit 
parameters of the observation cone. We have also assumed the 
minimum size for a diffusely reflecting particle. This assump­
tion appears reasonable in view of our belief that we are deal­
ing with specular rather than diffuse reflection. These assump­
tions plus the statistically small number of events may have 
influenced some of the observed variations in spatial concen­
tration and size distribution. It appears obvious, however, 
that the variations in size and concentration of particulates 
encountered are less than an order of magnitude. 

The largest uncertainty lies in the nature and the reflecting 
properties of the particles. If the present hypothesis is correct, 
then the mean albedo of the particles may be quite small 
( ~0.0 I). The albedo used in deriving the results of Figures 3, 4, 

and 5 should therefore be interpreted as an instantaneous peak 
value applicable to specular reflection as the particle rotates. 
This specular reflection from the particle fine structure could 
be responsible for the polarization observed in the zodiacal 
light [Weinberg, 1970]. 

Finally, note that the dynamics of a solar illuminated parti­
cle would be modified by rotation [Jacchia, 1963]. If the par­
ticles are charged, it is possible that the rotations are 
magnetically aligned, and this alignment could drastically alter 
the lifetimes of these particles in the solar system. 
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2. 1. 7 DUST IN THE OUTER SOLAR SYSTEM - REVIEW OF EARLY 

RESULTS FROM PIONEERS 10 AND 11 

I 2· 3 
R. K. Soberman , J. M. Alvarez , and J. L. Weinberg 

Abstract. The Pioneer 10/11 spacecraft, launched in 1972 and 1973, carried three 
experiments to measure cosmic dust. A comparison of these first direct measur 1 . 

ments of dust in the outer solar system indicates that the sizes, optical properties, 
and spatial distribution are more complex than previously supposed. 

Three interplanetary dust detectors were carried on Pioneers 10 

and 11: the Imaging Photopolarimeter (!PP) in the Sky Mapping Mode, the penetn• 

tion detectors of the Meteoroid Detection Experiment {MDE), and the Asteroid Me­

teoroid Detector (AMD). Table 1 summarizes for each instrument the measured 

parameters, the particle size range, and various assumptions used to derive the 

properties and spatial distribution of the particles. The question marks added to 

the size range of the zodiacal light detectors are discussed later. In the analysis 

of the MDE and AMD data, it was necessary to assume relative encounter velociti1• 

From the penetration data it was concluded that the particles have circular or nea:· 

circular orbital velocities. For the AMD this was a starting assumption. 

The penetration detectors indicate a constant spatial concentration 

with heliocentric distance, with no apparent indication of asteroid belt passage 

(Humes, et al., 1975). Early results from both the !PP (Hanner, -et al., 1974) and 

the AMD zodiacal light mode (Zook and Soberman, 1974) have shown that the zodia• 

cal light brightness decreases monotonically with increasing heliocentric distance. 

The !PP results indicate µiat the zodiacal light initially decreas~s faster than the 

inverse square of the heliocentric distance, R, then more rapidly in the asteroid 

1General Electric Space Sciences Laboratory, Philadelphia, Pennsylvania, USA 

2Langley Research Center, National Aeronautics and Space Administration, 
Hampton, Virginia, USA 

3 Space Astronomy Laboratory, State University of New York at Albany, Albany, 
New York, USA 



TABLE I -

uperiment 

MOE 
Penetration 
Detectors 

IPP 
Zodiacal Light 

Mode 

AMO 
Zodiacal Light 

Mode 

AMO 
Individual 
Particle Mode 

COMPARISON OF PIONEER I0/11 DUST EXPERIMENTS 

Measurement 

Penetration Rate 
of Stainless Steel 

25 µm 
50J,Jm 

Polarization & 
Brightness in / 

2 Colors , 

Brightness 

Peak 1 ntensity 
Transit Time 

Particle 
Diameter 
Range 

,,.,10 µm 
~20 µm 

Micron 
and/or 
Sub-
micron ? 

Micron 
and/or 
Sub-
micron·? 

50 J,lm 
and 
~arger 

Assumptions 

Distribution 
of Orbital 
Parameters 
for Relative 
Velocity 

Mie Theory 
-

Constant Size 
Distribution 

Mie Theory 
-

Constant Size 
Distribution 

Circular Orbit 
Encounter Vel. 

-
Average Transit 
Thru View Cone 

-
Diffuse Geometrical 
Reflection From 
Spherical Particles 

Derived 
Results 

Spatial 
concentration 

Spatial 
distribution 

Size 
Shape 
Refractive 

Index 

Spatial 
distribution 

Size 
distribution 

Spatial 
concentration 

Zodiacal light 
brightness 

belt, with no measurable contribution beyond 3.3 AU (Hanner et ai:,1976). 

Based on the assumption that the scattering properties do not change 

significantly with heliocentric distance, these results suggest that the spatial dis­

tribution can be represented by a·power law, R-y (ya, 1) or by a two-component 

model (y"' 1. 5) with increased dust in the asteroid belt. 

The discrete particle results from the Pioneer 10 AMD (Soberman, 

et al., 1974) show an increase in the number of particles out to the asteroid belt. 

There appear to be minima in the vicinity of both the Earth's and Mars' orbits which 

are more pronounced for the larger particles. Beyond 3. 5 AU the event rate drops 

bP.low instrumental limits, the fall-off occurring first for the larger particles. The 

size distribution differs significantly from the 1 AU model for the larger sizes and 

is of the type expected for an asteroidal population (Dohnanyi, 1969). Particle sizes 
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were obtained by assuming a value of 0, 2 for the albedo in order to extrapolate to 

the penetration detector results. 
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flgurt I. Varl•tion of Zodiacal Lighl Br,;htnm With 

Heliocentric Distance 

heliocentric distance as measured 

by the !PP and as derived from the 

AMD discrete particle mode, Al­

though the relative brightnesses are 

in satisfactory agreement, the ab­

solute brightness derived from the 

AMD results is more than an order 

of magnitude too large by compari­

son with the photometric results 

from the same instrwnent and from 

the IPP. For example, the AMD 

giv:s a gegenschein brightness at 

l AU of approximately 2500 s
10 

(V)·•. 

This difference is believed to arise 

from the fact that the AMD measures 

peak rather than average values for 

particle brightness when operating 

in.the discrete particle mode, and 

that the particles contain many re­

flecting surfaces that give off bright glints of light as the particles rotate (such as 

observed from sunlit particles in the vicinity of Earth-orbiting vehicles). Because 

of this glint effect, the planned orbital measurements could not be made with the 

AMD, and it was necessary to assume particle velocities relative to the instrwnent 

to derive sizes and helio•centric variations. 

The results from the three dust experiments on Pioneers 10 and 11 

seem to be completely discordant. The zodiacal light results indicate that the con­

centration of dust decreases initially at least as fast as the inverse heliocentric dis­

tance and then more rapidly while passing through the asteroid belt. The penetra­

tion detectors indicate a uniform spatial- concentration with the exception of the gap 

regions (Hwnes, et al., 1975). The discrete particle results of the AMD indicate a 

varying concentration going outward, peaking in the aste·roid belt and then dropping 

off to a negligible value at approximately 3. 5 AU. The simplest explanation for this 

*Equivalent number of tenth magnitude (V) stars of solar spectral type,per square 
degree. 



185 ../ 

divergence would be that the three sensors were measuring in three different size 

domains as was indicated in Table l. This simple explanation cannot be ruled out, 

although it is not likely that the two extreme sizes are similar in concentration but 

different from the concentration of the intermediate sizes. 

A further question is whether micron or submicron particles con-

tribute appreciably to the zodiacal light. If the concentration of 10 and 20 micron 

particles measured by the penetration detectors does not change with heliocentric 

distance, then these particles probably do not contribute significantly to the zodia-

c.i.l light. Comparing the cross-sections (assuming that the albedo is not a strong 

function of size), th;,-concentration of one micron particles would have to be two orders 

of magnitude high.er than the concentration derived from the penetration detector 

results to yield even an equal brightness contribution. Such a concentration of one 

micron particles is not consistent with the results from Pioneers 8 and 9 (Berg and 

Grun, 1973), M'l'S (Alvarez, 1976), HEOS 2 (Hoffmann et al., 1975), 

and the Lunar Cratering Results (Neukurn, 1974). The situation becomes worse if 

one relies on submicron particles. lf we are to believe that the zodiacal light is 

produced primarily by large particles (radius > 50 microns) additional theoretical 

calculations and laboratory measurements are required to demonstrate that these 

particles can produce the observed distribution of polarization with elongation, in­

cluding polarization reversal. 

The zodiacal light and individual particle brightness results from 

Pioneer 10 suggest the presence of a dust component in the asteroid belt and a neg­

ligible concentration beyond. The penetration results show a nearly uniform con­

centration with no measurable contribution from the asteroid belt and no measurable 

decrease in concentration beyond. These results suggest different sources for the 

particles responsible for the penetrations and those which give rise to the individual 

and aggregate brightness measurements. To explain these differences, additional 

studies of the sources and sinks for the interplanetary dust beyond l AU appear 

warranted. 
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ABSTRACT 

The Asteroid-Meteoroid Detector (AMD), an electro-optical 
instrument that detects and measures particles in space by 
sensing the sunlight reflected from them, is part of the payload 
of both the Pioneer 10 and 11 spacecraft. The Pioneer 11 instru­
ment is essentially identical to that on Pioneer 10 (described 
previously), with some minor modifications. Reduction of the 
Pioneer 11 data was complicated by the failure of one of the four 
sensor channels at about 1.1 AU from the sun. Detailed analysis 
yielded 51 events between 1.0 and 3.5 AU, which were used to 
determine the particle concentration distribution in that region 
of space. Weighted curve-fitting of the results shows agreement 
with the concentrations derived from Pioneer 10 to within about a 
factor of two. As with the Pioneer 10 results, the exponent of 
the size dependency varies from about -1.7 for 100 µm radius 
particles to about -3.2 for 10 cm bodies. The instrument, its 
operation, and the method of data analysis will be reviewed. 
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I. Introduction 

The Pioneer 11 spacecraft was launched on 5 April 1973 and 
encountered Jupiter on 2 December 1974, essentially duplicating 
the pre-encounter mission of its twin, Pioneer 10, which was launched 
approximately a year earlier. The primary mission of these two 
spacecraft included investigation of the interplanetary medium, the 
asteroid belt, and the environment of Jupiter. (See Figure 1). As 
in the case of Pioneer 10, Pioneer 11 carried an Asteroid-Meteoroid 
Detector (AMD), the purpose of which was to measure the particulate 
environment beyond Earth's orbit. 

The AMD is an electro-optical instrument that detects and 
measures particles in space by sensing the sunlight reflected from 
them. It consists of four parallel Cassegrain-type telescopes with 
associated sensors and electronics. Figure 2 shows the AMD sub­
systems as well as the entire spacecraft. The telescopes have 20 cm 
apertures and 7.5° fields-of-view, and use RCA 7151Q photomultipliers 
with S20 photocathodes as the sensors. They are surrounded by a 
light shield to reduce the effects of sunlight reflected or scattered 
from other parts of the spacecraft. The electronics subsystem includes 
four channels of amplifying and thresholding circuits, coincidence 
logic, counters, and storage registers. The optical subsystem is 
located behind the three-meter diameter high-gain antenna, and is 
pointed at an angle of 45° relative to the spacecraft spin axis. As 
the spacecraft rotates (at ~5 rpm), the telescopes sweep out an 
annulus on the celestial sphere. The instrument is basically identical 
to that flown on Pioneer 10 and has been described in detail (Neste, 
1974). 

Sun-lit particles are detected as they cross the overlapping 
fields-of-view of the telescopes. The instrument records the entrance 
and exit times in each field-of-view, as well as the appropriate 
irradiances. As a noise rejection technique the AMD requires a 
three-fold coincidence (i.e., three of the four channels must detect 
a pulse) in order to constitute a valid particle detection ("event"). 
A geometric model of the three superimposed fields-of-view is shown 
in Figure 3. 

The data analysis was made more difficult than was the case 
with Pioneer 10 because one of the channels malfunctioned early in 
the mission (at 1.1 AU from the sun), resulting in its triggering on 
noise continually. Thus only two of the other channels had to trigger 
for an event to be recorded. The malfunction is attributed to a 
thermally-induced crack in the envelope of the photomultiplier re­
sulting in degradation of the photocathode. 

II. Data Analysis 

The first step in the data analysis was to screen the recorded 
events to eliminate those due to noise or other extraneous sources 
(e.g., stars, spacecraft debris, thruster gas reflections). The 
following criteria were used: 

1 



1. The transit time in two or more channels had to be at 
least 75 µsec. This criterion eliminated most of the 
noise-generated events (almost all of which were of 
short duration) and took account of the poor reliability 
of particle detection closer than 10 m to the detectors. 

2. Either four-fold coincidence was required, or the peak 
intensity in the malfunctioning channel had to exceed a 
predetermined value (7 data bits). Although the sensi­
tivityof that channel degraded considerably, it did not 
go to zero (as evidenced by its response to Jupiter, 
which was 8 data bits) and could still be used as a gross 
indicator of real particles. 

The next step in the analysis was to determine the instrument 
sensitivity as a function of time, pointing direction, and channel. 
This sensitivity is expressed in terms of a "range-to-radius" (R/a) 
ratio. For example, a ratio of 10 5 would mean that a 1-cm-radius 
particle could be detected at a maximum distance of 1 km. The light 
intensity I reflected from a diffuse sphere is given by 

I = 
2 I

0
r('rra )f(y) 

(4TTR2) s2 
( 1) 

where I 0 is the solar irradiance at 1 AU from the sun, r is the Bond 
albedo of the sphere, Sis the heliocentric distance in AU, and f(y) 
is the phase function for scattering from a sphere (van de Hulst, 
1957). When the intensity I is set equal to the triggering threshold 
value, based upon the measured sky background intensity, Equation (1) 
gives the corresponding R/a ratio. A computer program has been 
written which calculates the appropriate R/a ratio based on the back­
ground data measured by the AMD. As with Pioneer 10, we have assumed 
a geometric albedo of 0.2 (Bond albedo of 0.3). This value was chosen 
to extrapolate to the penetration detector results from Pioneers 10 
and 11 (Kinard, et al., 1974; Humes, et al., 1975). 

It was originally thought that an accurate determination of a 
particle's range and velocity could be made using the AMD data. 
However, when the appropriate trajectory equations were solved, con­
flicting results were obtained. This was due to what we believe to 
be the peculiar reflecting properties of the particles (Soberman, 
et al., 1974). An estimate of the range R was obtained from the 
average transit time T, expressed as 

( 2) 

where a is the half-angle of the field-of-view cone (65 mr) and vis 
the particle's encounter velocity. Equation (2) assumes the particle 
moves perpendicularly to the field-of-view axis, and is based on a 
calculation of average path length across a circle. This assumption 
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was shown, by computer simulation, to introduce a minimal error in 
the results (Neste, 1974). Because of the possibility of premature 
timer shut-off due to noise, as well as the particles' apparent 
reflecting properties, the transit time used in the range calculation 
was the longest one recorded in any of the four channels. The en­
counter velocity used was that corresponding to a circular heliocentric 
orbit (assuming the particles to be of asteroidal origin) at the posi­
tion of the spacecraft. 

From the calculated values of R/a and R, an estimate of the 
minimum radius a of each detected particle was obtained. The par­
ticles were divided into size categories, each category representing 
a third of a decade in radius. 

The instrument sensitivity (R/a ratio) can be related to a 
"sensitive volume" within which particles of a given size or larger 
may be detected. This volume Vis approximated by a truncated cone: 

where V
0 

is a small volume which is unavailable because it is too 
close to the detectors. 

( 3) 

, The primary result to be obtained from the AMD was the con-
centration of particles as a function of size and heliocentric distance. 
The concentration (number per unit volume) is given by 

( 4) 

where 6T is the total transit (dwell) time of all detected particles 
within a particular size regime, Tis the effective time of observa­
tion, and AV is the average sensitive volume corresponding to the 
size regime. The quantity 6T/T is the average number of particles 
in the volume 6V. Note that the concentration calculated from 
Equation (4) is cumulative, i.e., it is for particles of a given size 
and larger. 

III. Results and Conclusions 

After performing the screening procedure outlined above, it 
was determined that 51 real events were observed between 1.0 and 
3.5 AU. This number was considerably less than that used to derive 
the Pioneer 10 results (Soberman, et al., 1974), primarily because 
of the elimination of close-range events, which had been included in 
the Pioneer 10 analysis. In view of the small number of events it 
was not considered statistically significant to divide the Pioneer 11 
data into regimes of heliocentric distance. All the events were 
grouped according to estimated minimum size, and the corresponding 
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cumulative concentrations were calculated as described previously. 
The results are shown in Figure 4. The number of events in each 
group is shown in parentheses next to the corresponding data point, 
and the curve shown gives more weight to the points with a compara­
tively large number of events. Figure 5 shows the concentration 
distribution calculated here together with that obtained from Pioneer 10. 
It is seen that the two results agree to within a factor of two. As 
with the Pioneer 10 results, the exponent S of the size dependency 
(N ~ aS) varies from about -1.7 for 100 µm particles to about -3.2 for 
10 cm bodies. In the case of the smallest particles, the agreement 
in S applies specifically to the 2.0-3.5 AU results of Pioneer 10. 

One should keep in mind the basic assumptions inherent in the 
results of Figures 4 and 5. These are: 

1) Particles are treated mathematically as diffuse spheres. 
2) Geometric albedo= 0.2. 
3) Encounter velocity corresponds to circular heliocentric orbit. 
4) Particle transit corresponds to average perpendicular path 

through viewing cone. 

The first assumption is particularly questionable since the 
results from Pioneer 10 (Soberman, et al., 1974) indicate that the 
particles have phase functions with many high (specular) peaks. 
Individual rotating particles with such phase functions would be char­
acterized by high peak intensities as they transit the field of view, 
while an aggregate of particles, as would be representative of the 
zodiacal light, would exhibit a low average intensity. The diffuse 
sphere approximation was used for the lack of a better mathematical 
model. 

The Pioneer 11 AMD experiment appears to confirm the particle con­
centration distribution obtained earlier from Pioneer 10. Because 
of the assumptions that were necessary, the absolute positioning of 
the derived concentration curve remains uncertain. However, the form 
of the distribution obtained appears to be accurate, and should prove 
to be of particular value to those formulating new models of the 
zodiacal light since these were the first experiments to measure 
scattered light from individual particles in space. 
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