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Abstract. Plasma measurements were made with a detector aboard the Explorer 10 satel
lite, launched on a highly elongated elliptical trajectory with the line of upsides about 33° to 
the antisolar direction. �agnetic field measurements were also carried out on Explorer 10 
by the Goddard Space Flight Center of NASA. A plasma moving with a velocity of about 300 
km sec-' was first observed when the satellite reached a distance of about 22 earth radii. 
During the rest of the observations (which terminated about 40 hours later, at a distance of 42 
earth radii), periods in which substantial plasma fluxes were recorded alternated with shorter 
periods in which the plasma flux was below or just above the detection limit. There was a 
striking correlation between the plasma flux and the magnetic field: in the absence of plasma 
the magnetic field direction was nearly radial from the earth, whereas in the presence of plasma 
the field was irregular and generally formed large angles with the earth-satellite direction . Th� 
plasma probe did not provide accurate information on the direction of the plasma flow but 
placed the direction within a 'window' of about 20· by 80·. This window includes the dire�tion 
pointing radially away from the sun. The flux densities of the positive ions (presumably pro
tons) corresponding to the observed currents were of the order of a few times 10" cm-' sec-'. 
They fluctuated over a range of about a factor of 2 during the periods when plasma was 
observed. 

1. INTRODUCTION 
The purpose of this paper is to present the 

results of plasma measurements performed by 
Explorer 10 (1961K) in the nearby interplanetary 
space and to discuss them in relation to the 
magnetic field measurements made aboard the 
s!l.Ille vehicle. A full report on the magnetic field 
measurements has been published by Heppner 
et al. [1963]. In what follows, we shall refer to 
this paper as HNSS. Preliminary reports on 
both experiments have been presented at various 
scientific meetings [Bridge, Dilworth, Lazarus, 
Lyon, Rossi, and Scherb, 1962; Heppner et al., 
1962a, b; Rossi, 1961, 1962; Bridge, 1962; 
Bonetti, Bridge, Lazarus, Lyon, Rossi, and 
Scherb, 1962a, b]. 

At the time when the instrumentation for 
Explorer 10 was being planned , there were no 
direct observations of interplanetary plasma, 
and the only indications of its existence came 
from arguments based on various kinds of in
direct evidence. Such evidence included the be
h:wior of comet tails, the scattering of solar 
lig!lt from the distant solar corona and the 
zodiacal cloud, the occultation of pointlike radio 

1 Now at the Istituto di Fisica, Universita Degli 
Studi di Bari, Bari, Italy. 

sources passing in the general vicinity of the 
sun, correlations between solar phenomena and 
geophysical effects, and cosmic-ray observations 
indicating the existence of an interplanetary 
magnetic field that was difficult to explain in 
the absence of a plasma. 

For a review of evidence based on the obser
vations mentioned here, the reader can consult, 
for example, a paper by Rossi [1962]. 

Though it was generally accepted that at least 
the inner part of the solar system should be 
filled with a dilute plasma, presumably of solar 
origin and consisting mainly of fully ionized 
hydrogen, the estimates concerning the density 
of this plasma varied over a very wide range, 
from a few particles to several thousand parti
cles per cubic centimeter . Similar uncertainties 
existed with regard to the magnitude and direc
tion of the plasma velocity, to its temperature, 
etc. Thus, the overriding requirement in the 
design of our instrument was that it should be 
capable of providing meaningful results under a 
great variety of possible situations. This re
quirement, together with severe limitations in 
weight, power, and telemetering capability, made 
it necessary to sacrifice accuracy for reliability 
and dynamic range. 

While the preparations for Explorer 10 were 
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under way, Soviet scientists flew plasma probes 
on a number of space vehicles, specifically 
Lunik 1 (launched in January 1959), Lunik 2 
(launched in September 1959), Lunik 3 
(launched in October 1959), an d Venusik 
(launched in February 1961). These probes 
could be operated so as to detect either positive 
ions of all energies or electrons with energies 
above 200 ev. Their construction consisted essen
tially of a collector plate with two grids in front 
of it. The inner grid carried a negative potential 
intended to suppress photoelectric current from 
the collector ; the outer grid was given different 
positive or negative potentials with respect to 
the body of the satellite in order to obtain some 
information on the energy of the plasma ions. 
The observations made during these flights were 
published partly before, partly after, the flight 
of Explorer 10 [Gringauz, Bezrukikh, Ozerov, 
and Rybchinskii, 1960; Gringauz, Kurt, Moroz, 
and Shklovskii, 1960a, b; Gringauz, 1961 ; 
Gringauz, Bezrukikh, Balandina, Ozerov, and 
Rybchinskii, 1962]. Most directly pertinent to 
our problem are the following points: 

a. Lunik 2 was fired away from the sun. 
Radio contact with this vehicle was maintained 
from take-off to a distance of about 30 earth 
radii (R.), and then again from 39R. to impact 
on the moon. In the early part of the flight (up 
to about 4R.) positive ion currents were ob
served, indicating the presence of a stationary 
plasma, swept into the probes by the motion of 
the vehicle. No positive ion currents above 
background were detected from 4R. to 30R •. 

From 39R. to the end of the flight, the probes 
indicated a flux of positive ions with a density 
of about 2 X 10" particles cm-' sec-l. Measure
ments made with different voltages on the outer 
grid showed that the energy of these ions was 
greater than 15 ev, but did not allow a more 
precise determination. No information about the 
direction of the ion flux was obtained . 

b. Lunik 3 was launched in the general direc
tion of the sun. An observation made at about 
20R. revealed a flux density of about 4 X 108 
positive ions cm-' sec-'; the ions appeared to 
have energies considerably greater than 20 ev. 
Other readings, taken at larger distances, did 
not reveal any detectable ion flux. 

c. Venusik was launched in the general direc
tion of the sun . On at least one occasion, when 

the vehicle was at a distance of 297R., definite 
evidence for a positive ion flux was obtained' 
the density of this flux was about 10· particl� 
cm-' sec-'. 

It should be noted that, even though the 
suppressor grid eliminated 'direct' photoelectric 

currents from the collector, 'inverse' photoelec
tric currents (see section 2B) were still present. 
In most of the measurements, these currents 
seem to have placed a lower limit of the order 
of 10· cm-' sec-' to the detectable flux density 
of positive plasma ions. 

2. INSTRUMENTATION 
A. Particle Fluxes in a Moving Plasma 

The primary purpose of the plasma measure
ments performed by Explorer 10 was to provide 
data on the density of the plasma, on the direc

tion of its bulk motion, and on the magnitude of 
its bulk velocity Vo. The bulk velocity is here 
defined as the velocity (relative to the satellite) 
of the frame of reference in which the total 

momentum of the ions and elect,rons contained 
in a volume element of the plasma vanishes. It 
was also hoped that some information would be 
obtained about the random velocities of the 
plasma particles in this frame of reference . We 
shall refer to these velocities as 'thermal' veloci
ties, without thereby implying that the plasma 
fulfilled the conditions required for the definition 
of a temperature (Maxwellian velocity distribu
tion for each kind of particle, equipartition of 
energy between the various components). 

In general, the shape of the signal from the 
plasma probe is determined by the directional 
distribution and the energy spectrum of the 
charged particles in the moving plasma . Let us 
consider one of the components of the plasma, 
e.g. the electrons or the positive ions. If the 
thermal velocities of the particles in question are 
very small compared with the bulk velocity 170, 
the particles form a practically parallel beam 
having a single energy Eo given by Eo = Y2 mVol. 
If the thermal velocities are very large compared 
with Vo, the particles have an energy spectnUD 
that practically depends only on their 'tem
perature,' and a directional distribution that is 
practically unrelated to the direction of motion 
of the plasma as a whole. If the thermal velocities 
are small, but not negligible compared with the 
bulk velocity, then the particle beam, though no 
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longer parallel, is still strongly collimated in the 

direction of Vo. Likewise, the beam, though no 

longer monoenergetic, has an energy spectrum 

strongly peaked near the energy Eo = � m V 02• 
More precisely, the mean anguJar spread of the 

beam will be of the order of 

t:.¢ = ±vJ../ Vo (1) 
where V.L is the average magnitude of the thermal 
velocities perpendicular to the bulk motion. 
Similarly, the mean fractional energy spread will 
be of the order of 

MIEo = [(Vo ± �U)2 - V02]/V02 
� ±2vlI/ Vo (2) 

where Vn is the average magnitude of the thermal 

velocities parallel to the bulk motion . If the 
distribution of thermal velocities is i sotropic, 

then V.L = VII, and (1) and (2) estab lish a con
nection between the angular spread and the 

• energy spread of the observed pJasma particles. 
If there were equip artition of energy between 

electrons and positive ions, the thermal velocities 
of the two kinds of parti cles would be inversely 
proport ional to the square root of their masses 
(e.g., protons would be moving 43 times more 
slowly than electrons) . Although, as noted above, 
there is no reason to believe that such an 
equipartition is actually achieved, it is still 
reasonable to assume that the thermal velocities 
of the heavy positive ions are much smaller than 
those of the electrons . Thus, we might expect 
that the bulk motion of the plasma is much more 
clearly recognizable in the directional distribu
tion and in the energy distribution of the posi
tiye ions than in the corresponding distributions 
of the electrons. 

Actually, it turns out that measurements on 

the electron component would not provide re
liable information on the bulk motion of the 
plasma, even if the thermal velocities of the 
electrons were small compared with the bulk 
velocity Vo. This is because the kinetic energy 
of electrons corresponding to reasonable values 
of Vo is of the order of several electron volts at 
most (2.5 ev for Vo = 1000 km sec-') and be
es.use the unknown electric charge of the satellite 
introduces serious difficulties in the interpreta.
tion of flux measurements at these very low 
energies (see section 4A). 

Another reason measurements of electrons are 

of less direct value than measurements of posi
tive ions is that, presumably, the satellite is sur

rounded by a cloud of photoelectrons ejected 

from its surface by the solar radiation . These 
electrons may not be easily distinguishable from 
those belonging to the plasma . 

It is clear, therefore, that the quantity of 
most immediate interest for our purpose is the 
flux of positive ions rather than the flux of elec
trons. 

B. Description of the Plasma Probe 

The instrument used aboard Explorer 10 to 
measure the flux of positive ions has already 
been described in some detail in p revious pub
licati ons [Bridge et al., 1960; Bridge, Lazarw!, 
Lyon, Rossi, and Scherb, 1962]. It is a device 

that separates the positive ions from the elec
trons in the plasma beam entering the instru
ment and measures directly the current I carried 

by the positive ions. If the ions are singly 
charged, this current is given by: 

I = (elementary charge X ion flux) (3) 

where the ion flux is the total number of ions 
that arrive on the collecting electrode per 
second. 

During the planning of our experiment, we 
were concerned about background currents pro
duced by the photoelectric effect. Estimates 
available at that time [Hinteregger et ai., 1959] 
indicated that ultraviolet rays incident on a 
metal plate facing the sun would produce a. 
photocurrent of the order of 10.... amp cm-·. 
This current was near the upper limit of the 
expected plasma currents; unless suppressed to 
a very large extent, it would have probably 
made detection of a plasma flowing from the 
direction of the sun impossible. 

The probe, whose schematic design appears in 
Figure 1, consisted of a metal cup containing 
several plane grids (G" G., G3, G.) and a plane 
collector plate (CP). The cup was mounted in a 
hole on the outer wall of the satellite, in such a 
way that grid G, (which closed the cup) was 
part of the satellite's skin . Grids G, and G. were 
direct ly attached to the body of the vehicle, 

whose potential we shall take as zero. The col
lector plate CP was also connected, through a 
resistor, to the body of the vehicle. Grid G, 
was kept at a constant negative voltage of 130 
volts. 
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To Telemetry 

To Telemetry 

Fl!;:. 1. :::idWllWt ie dij,gnJ.lll U1 the V1a:311H1 probe, and block diagram of the electronic system. 

To understand the operation of the probe, 
suppose first that grid Go is at zero potential, 
and consider what happens when a neutral 
plasma flows into the probe . The plasma elec
trons cannot traverse G. unless they have ener
gies greater than 130 ev. Therefore, they flow to 
another grid or to the walls of the cup. The 
positive ions, on the other hand, go through G. 
and strike the collector, producing a current 1 
as given by (3). 

The negative potential of G. not only stops 
the plasma electrons, but also prevents the 
escape of photoelectrons emitted by the collector 
CP when it is exposed to sunlight. Thus, G. 
suppresses t.he so-called 'direct photoelectric cur
rent,' which otherwise would add to the plasma 
current (in addition, it suppresses secondary 
electron emission due to the impact of cha.rged 
part icles on CP). However, sunlight reflected by 
t.he collector onto the rear surface of G. does 
produce a photoelectric current, usually referred 
to as 'reverse photoelectric current,' which sub
tracts from the plasma current (as we have 
noted, t.his current appears to have been a 
serious background effect in the measurements 
made by means of the Soviet probes). 

Suppose next that, keeping the other grids at 
the fixed voltages specified above, we apply to 
Go a voltage that varies rapidly and periodically 
between zero and a positive value sufficient.ly 
high to stop the positive ions. The positive ion 
flux is periodically interrupted, whereas the in-

verse photoelectric current is not affected in 
any way. Thus, the collector current will contain· 
a dc component that depends on bot.h the posi· 
tive iO'n flux and the inverse photoelectric cur
rent, and an ac cO'mponent that depends on· 
only the positive iO'n flux. By sorting out the ac 
compO'nent of the collector current we can now 
measure the positive ion flux without inter
ference from photoelectric currents. 

Any capacitive coupling between the modulat
ing grid G2 and the collector plate CP woule 
cause a spurious signal to appear on CP_ Griu 
Gn (made of close-spaced bronze mesh) was 
added to reduce this effect to' a negligible value. 
This grid also prevented modulation of the in· 
verse photoelectric current between CP and G,. 

We ha.ve neglected so far a possible contribu
tion of electrons with sufficiently high energy tc 
overcome the retarding potential of G •. The 
positive pulsating voltage of Go will not stop 
these electrons; however, it may slightly change 
the number of electrons reaching the collector 
CP because the transmission properties of the 
grid system -may depend on the electric field 
distribution between the grids_ Thus, the elec
tron flux on the collector may be slightly modu
lated, and it will then contribute to the observed 
ac component of the collector current in pro
portion to the degree of modulation. This ques
tion was investigated experimentally, and the 
results are described below. 

The use of a pulsating positive voltage to. 
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Fig. 2. Angular response curve of the probe for a parallel beam of particles. The abscissa 

is the angle a between the normal to the cup and the direction of the incident beam. The 
ordinate is the effective area of collection, normalized to unity for perpendicular incidence. 
The dotted curve is the result of a computation based on the geometry of the cup; the solid 
curve is the result of a direct measurement made by means of a well collimated electron beam. 

modulate the positive ions not only eliminates 
unwanted background effects, but also affords 
the possibility of measuring the energy of the 
ions. In fact, it is clear that if singly charged 
ions with energy equal to E ev are incident 
perpendicularly upon the probe, the minimum 
3Jl1plitude of the pulsating voltage needed for 
their modulation is V", = E. In other words, the 
ac current produced by a modulating voltage 
Y m is a measure of the total flux of singly 
charged ions with energy E < V ... . If, on the 
other hand, the beam is incident at an angle 8 

"ith respect to the normal to the probe, the 
pulsating voltage necessary to modulate ions of 
energy E is 

V.. = E cos2 0 (4) 
In our probe the collector CP had an area of 

121 em", and the combined transparency of all 
the grids was 23 per cent (the shield grid G. by 
itself had a transparency of 36 per cent). Thus, 
the effective area of collection for normal inci
dence was 28 em". 

For oblique incidence, the effective area of 
collection A is a decreasing function of the 
angle 8 between the ion beam and the normal 
to the cup. We computed the dependence of A 
on 8 from the geometry of the probe and the 
estimated variation of tJle grid transparencies. 
The result of this computation is shown in 
Figure 2 (dotted curve). It is seen t.hat the 
probe was completely insensitive to ions incident 
at angles greater than 63° to its normal. 

The modulating voltage was applied in the 
form of a square wave with a frequency of 

1400 cps. Six different amplitudes were used: 
5, 20, 80, 250, 800, and 2300 volts. (Since it 
was inconvenient to obtain pulsating voltages 
varying over such a wide range from a single 
supply, we used, in place of G2, two separate 
modulating grids connected to two separate 
supplies, one providing the lower three modulat
ing voltages and the other one providing the 
higher three modulating voltages.) 

A block diagram of the electronic system ap
pears in Figure 1. The collector CP was capacity-
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Fig. 3. Explorer 10 [from Heppner et aI., 1963l 

coupled to a wide-band ac preamplifier having 
an input impedance of 15,000 ohms. This was 
followed by a narrow-band filter tuned to the 
modulation frequency, by a compression ( non
linear) amplifier with a dynamic range of about 
5,000, and by a rectifier. The rectified signal, in 
the range from 0 to 5 volts, was applied to the 
input of the telemetering system. 

The lower limit of the measurable ac current 
(determined by the amplifier noise) was about 
2 X 10-11 amp. The upper limit (determined by 
saturation of the amplifier) was about 10-7 amp. 
Thus, for perpendicular incidence, the minimum 
detectable flux density (flux per unit area) was 
about 4 X 10' singly charged particles cm-' 
sec-'; the maximum measurable flux density was 
about 2 X 10''' particles cm-' sec-'. 

The collector CP was also directly coupled to 
a dc amplifier through a l-megohm resistor. The 
useful range of this amplifier was from about 

10-7 amp to 5 X 10-" amp. 

C. The Explorer 10 Configuration 
Figure 3 shows the structure of Explorer 10 

and the location of the various instruments 
aboard this satellite. 

The instruments used for measurements of 
the magnetic field included a rubidium vapor 
magnetometer and two flux-gate magnetometers 
(see HNSS). 

I 
/ 

I 
\ , 

.... -

/ 

'- , 

Spin Axis 

------ -------

--- ---
Normal to Cup 

v 

Fig. 4. Showing the spin axis of the satellite, 
the normal to the cup n, the plasma velocity vector 
Vo, and illustrating the angles a, {3, 5. 
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Fig. 5. Computed current signal for a parallel 
beam of singly charged ions whose energy (in 
electron volts) is 1.2 times the modulating voltage. 
The velocity vector lies in the equatorial plane of 
the satellite CO! = 0·). The abscissa is the angle of 
rotation fJ (see Figure 4) and the ordinate is the 
magnitude of the current relative to that corre
sponding to a fu lly modulated beam incident per
pendicularly upon the probe. 

The satellite spun around its axis of symmetry 
(see Figure 3) with a rotation period of 548 
msec. A sun-earth-moon aspect sensor, in

st.rumented by the Goddard Space Flight Cen
ter, provided information on the orientation of 
the spin axis and on the instantaneous angular 
position of the various instruments with respect 
to a plane passing through the spin a...as and the 
sun. 

The normal to the plasma probe was perpen
dicular to the spin axis. Thus, during each rota

tion it swept out a plane that we can call the 
'equatoria!' plane of the satellite. As is explained 
above, the probe was only sensitive to ions inci
dent at angles smaller than 63° above or below 
this plane. 

If the 'thermal' velocities of the ions are not 
large compared with the bulk velocity Vo, the 
current recorded by the probe varies periodically 
with the rotation of the satellite . We should 
expect that it reaches a maximum at the time 
when the angle 0 between the normal to the 
probe n and the vector - Vo has its minimum 
value; i.e., when the probe looks as closely as 
possible into the plasma stream. In order to 
e.xpress 0 as a function of time, it is convenient 
to introduce the angles defined in Figure 4, i.e. 
the angle a between - V 0 and the equatorial 
plane of the satellite, and the angle {3 between n 

and the projection of - Vo onto this plane. As 
the satellite rotates, a remains constant, {3 in
creases uniformly with time, and the instanta

neous value of 0 is given by: 

cos 0 = cos a cos {3 (5) 
The shape of the current signals from the 

probe (collector current I versus 13) depends on 
the degree of collimation of the ion beam and on 
the value of the angle a. As an example, let us 
consider the case of a parallel beam. If a = 0°, 
then 8 = 13 and the computed signal is illus
trated by the dotted curve in Figure 2. Using 
this curve and (5), we can easily compute the 
expected height and shape of the signals pro
duced by parallel beams incident at any angle a 
between 0° and 63°. 

We have considered thus far a situation in 
which the modulating voltage V", is higher than 
the kinetic energy E of the iOllS; in this case, 
full modulation occurs at all angles of incidence. 
If V m < E, however, modulation occurs only 
when the angle of incidence is greater than the 
angle defined by equation 4 (provided that 8 is 
smaller than 630, the maximum angle of accept
ance of the probe). Thus, for co:! 63° < V",IE 
< cos' a, the current signal obtained during the 
rotation of the satellite will have a character
istically 'horned' shape like that illustrated in 
Figure 5 for the case of a = 0°. 

D. Laboratory Tests 

Before the flight we subjected the probe and 
the associated electronic circuits to extensive 
laboratory tests, and other tests were made after 

the flight on a duplicate of the flight unit. 
The probe was placed in a vacuum system 

and exposed to parallel beams of protons of 

various energies and at various angles of inci
dence. We thus verified that for each energy and 
for each angle there was a sharp lower limit V", 
for the amplitude of the voltage necessary to 
modulate the proton beam, and that V m agreed 
with the value given by (4). Above this limit the 
ac signal was fotmd to be independent of the 
modulating voltage. 

It was also verified that even the highest 
modulating voltages did not produce a de
tectable signal through capacity-coupling of the 
modulating grid to the collector plate. 

To determine the importance of photoelectric 
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Fig. 6. Response curves of the probe for fully modulated parallel beams of ions forming 

different angles", with the equatorial plane of the satellite. The ordinate is the effective area of 
collection A normalized to unity for perpendicular incidence (0 = 0'). 

effects in the cup, we placed in the vacuum 
system a source of ultraviolet rays whose in
tensity at the probe was about one-third the 
intensity of solar ultraviolet rays . At the begin
ning of the test, a small signal was detected, 
but it disappeared when the probe had been 
thoroughly outgassed . We attribute this signal 
to photoionization of the residual gas. 

The probe ,vas exposed to a beam of electrons 
of sufficient energy to overcome the retarding 
potential of G •. An ac signal was observed corre

sponding to a partial modulation of the electron 
flux, the degree of modulation depending some
what on the electron energy and on the modu
lating voltage. The modulated component was 
usually 1 to 3 per cent of the total flux, never 
larger than 5 per cent . Thus, the probe, when 
operated as described, detects only a small frac
tion of the high-energy electrons that may be 
present in the plasma . 

Using a well-defined narrow beam of electrons, 
and keeping Go at zero potential, we tested the 
geometrical response of the probe, i.e., the de
pendence of the effective area of collection A on 

the angle of incidence 8. The solid curve in 
Figure 2 represents the results of these measure
ments. This curve can be compared with the 
computed response curve (dotted in Figure 2), 
both curves having been normalized to A = 1 
at normal incidence. Though there is no differ
ence in the cutoff angle, the experimental curve 
is about 100 wider than the computed curve at 
half-height. In what follows, we shall refer to 
the solid curve in Figure 2 as the geometric 
response curve of the probe, and we shall use 
this curve in the analysis of our data. 

The geometric response curve and (5) can be 
used to compute the effective area of collection 

A as a function of the angles a and f3 (Fig

ure 4). Curves showing A versus f3 for yarious 
values of a, normaJized to A = 1 for perpen
dicular incidence, appear in Figure 6. To bring 
out more clearly the differences among the 
shapes of these curves, we have replotted them 
in Figure 7 after normalizing each curve to 
A = 1 at f3 = 00 (these curves differ somewk,t 
in shape from those sho'wn in Figures 10-14 of 
our previous communication [Bridge, Dilworth, 
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Fig. 7. Same as Figure 6 with the effective area of collection normalized to unity at fJ = 0°. 

Lazarus, Lyon, Rossi, and Scherb, 1962] because 
of a plotting error in the earlier curves). 

We also used the narrow electron beam and a 
deep Farada,y well to make an absolute calibra
tion of the probe for normal incidence. 

Finally, we tested the effect of the electronic 
circuits on the signals by putting in pulses of 
known shape and recording the corresponding 
output pulses. Some of the results thus ob
tained are shown in Figure 8. The input signals 
are those computed for parallel ion beams inci
d�nt at different angles to the equatorial plane 
of the satellite. They are represented by curves 
identical to those shown in Figure 7, with the 

time scale adjusted to the period of rotation of 
the satellite. There are two main effects pro
duced by the electronic circuits: (1) the pulses 

are distorted by the nonlinear amplifier, which 
tends to increase their width, and (2) the pulses 
are delayed by about 15 msec (corresponding to 
(J = 10°) owing to the time constant of the 
rectifier. The nonlinear distortion of the pulses 
increases rapidly with their amplitude, so that 
large pulses are significantly wider than smaller 
pulses. 

No further significant distortion of the cur
rent signals was introduced by the telemetering 
circuits, or by the data. processing equipment on 
the ground. 

3. THE FLIGHT 

The flight of Explorer 10 is described in de
tail in HNSS. We recall here its main features. 

The satellite was placed into a very elongated 
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elliptical traj ectory with an apogee of 46.6 earth 
radii (R,) . The line of apsides was about 33° 

to the antisolar direction. 
Figure 9 shows the trajectory in a solar ecliptic 

cartesian frame of reference, with one of the 
coordinate planes parallel to the ecliptic, and 
another perpendicular to the sun-earth line 
(which was practically the same as the sun
satellite line) . Figure 10 shows the proj ections 
of the orbit onto the three coordinate planes, 
and Figure 1 1  describes the frame of reference 
that we shall use to specify directions ; the angu

lar coordinates are the ecliptic latitude () and 
the solar ecliptic longitude ¢ (measured east
ward from the earth-sun line) . 

Figure 12 is a Mercator projection of the 
celestial sphere drawn using ¢ as abscissa n,nd () 
as ordinate . Shown on this map are : (a) the 
spin axis orientation A (which was fixed through
out the flight) ; ( b )  the plane n traced by the 

normal to the probe during the rotation of the 
vehicle (notice that the sun-vehicle line made an 
angle of 22° with this plane) ; (e )  the plane p 
which contained the spin axis and the direction 

to the sun ; and ( d) the regions (shaded oval 

areas) for which a > 63°. The sensitivity of the 
probe was a maximum along the plane n and 
dropped gradually to zero at the boundary of 
these regions. 

The satellite was powered by chemical bat
teries, which provided reliable operation for 
about 50 hours, during which time the satellite 
reached a geocentric distance of about 42R • .  

Figure 13  shows the telemetering sequence. 
We see that, during a telemetering cycle lasting 
148 sec, 5 sec were assigned to the plasma probe. 
These 5-sec intervals, subcommutated by an 
internal program, were used to transmit sequen
tially the following data : (a)  a marker signal : 
( b )  the output signal of the dc amplifier ; (el 
the output signal of the ac amplifier as the probe 
was operating with one of the six modulating 
voltages. 

Thus, a complete plasma probe sequence, con
sisting of eight telemetering cycles, lasted 19 min 
44 sec. 

Because of the low sensitivity of the dc ampli
fier, no current measurements were obtained in 
the dc mode_ 

As was explaine d  in HNSS, the rubidium va-
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Fig. 9. Representation of the Explorer 10 traj ectory in a cartesian coordinate system with 
the origin at the center of the earth, the x axis toward the sun, the z axis toward the north 
ecliptic pole, and, therefore, the x-y plane coincident with the plane of the ecliptic . The dis
tances marked on the coordinate axes are measured in earth radii (R,) . The motion of the 
earth is in the direction of the negative y axis. 

por magnetometer operated satisfactorily only 
during the early part of the flight. Thus the 
magnetic field measurements that are of interest 
for a comparison with the plasma measurements 
at large geocentric distances were obtained with 
the flux-gate magnetometers. As Figure 13 
shows, the flux-gate measurements were made 
immediately before the plasma measurements . 

4. GENERAL RESULTS 
The flight of Explorer 10 can be divided into 

four periods, characterized by distinctly differ
ent conditions of the plasma and the magnetic 
field. 

A. First Period (from 3-25-1517,  R = 1 .0R., 
to 3-25-1 629, R = 3 .9R.) 

The first signal from the plasma probe was 
received at 3-25-1522 (meaning March 25, l5h 22m UT) , about 5 minutes after lift-off 
when the satellite was at an altitude of about 200 
kilometers (geocentric distance R = 1.03R.) ; 
the modulating voltage was then 20 volts. 

From that time until 3-25-1610, when the 
satellite was at R = 3 .0R ., a plasma current was 
detected whenever the probe was operated with 
any one of the six different modulating voltages 
(except twice at the 2300-volt modulating level, 
when noise obscured the telemetered signal) . 
During each of the 5-sec telemetering intervals, 

the current varied periodically with the rotation 
of the satellite, the maximum occurring at the 
time when the normal to the probe came closest 
to the direction of motion of the satellite. The 
current maximums observed with the various 
modulating voltages, when plot.ted against geo
centric distance, lay close to a smooth curve, 
indicating that the current was independent of 
the modulating voltage (from 5 to 2300 volts ) .  
The current peaks decreased from a value of 
about 9 X 10-8 amp at R = l .03R. to a value 
of about 2 X 10-'0 amp at R = 3 .0R • .  

The above results can b e  understood i f  we 
assume that during t.his part of the flight the 
satellit.e was moving through a relatively sta
tionary plasma. Up to 3R., the velocity of the 
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by the curves represent sections of the trajectory where substantial plasma fluxes were ob
served. se represents the position of Explorer 10 at the time of the sudden commencement. 
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satellite relative to the earth varied from about 
10 to about 5 Ian sec-" ( the maximum velocity 
during the acceleration period was 10 .9 km 

sec-1) . Protons at rest with respect to the earth 
would have kinetic energies of a few tenths of 
one ev, oxygen or nitrogen ions energies of a 
few ev with respect to the satellite . These ener
gies are consistent with the observation that full 
modulation of the plasma current occurred at 
the 5-volt level . 

The order of magnitude of the current is con
sistent with the ion densities deduced from 
whistler data [Smith and IIelliwell, 1960] . There 

are, however, several reasons why it is difficult 
to draw firm quantitative conclusions from the 
observations made during this period : 

a. Explorer 10 reached a distance of 3R, in 

less than one hour ; thus this observation period 
. 

included less than three complete telemetering 
sequences. 

b. It is known that a satellite in orbit ac
quires a certain electric potential with respect to 
the medium as a result of ( 1 )  the differential 
velocity of electrons and positive ions in the 
surrounding plasma, ( 2 )  the photoelectric effect 
due to solar ultraviolet rays, and ( 3 )  the sec
ondary electron emission due to bombardment 
of high-energy particles . The first effect tends 
to make the satellite electrically negative ;  the 
last two act oppositely. Presumably, the result

ing potential, which might be of the order of a 
few volts, changes with altitude ; during the 
flight of Explorer 10 it might even have reversed 
its sign . Such a potential would substantially 
affect the flux of low-energy positive ions into 
the probe . 
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c. The probe was not yet completely out
ga.ssed. As we had found in the laboratory (see 
section 2D) ,  incomplete outgassing makes the 

probe slightly sensitive to electromagnetic radi
ation capable of ionizing the residual gas. In 

fact, toward the end of the first period, small 
secondary maximums, corresponding to currents 
of about 10-'0 amp or less, began to appear at 
the highest modulating voltages . These maxi

mums occurred when the normal to the plasma 

probe came closest to the solar direction . We are 
inclined to ascribe them to photoionization by 
solar ultraviolet or X rays. Presumably, photo
ionization currents had not been observed in the 
earlier part of the flight because the plasma cur
rents were strong enough to obscure them. 

The magnetic field measured by the instru
ments aboard Explorer 10 during this period 
did not deviate much from a reference field 

defined in HNSS as the 'main geomagnetic field' 
(which is an extrapolation of the field measured 

near the earth's surface, made under the assump
tion that the field is entirely produced by sources 
below the region of observation) .  However, there 
was some evidence for a small perturbation 
such as might be produced by it ring current at 
about 3R • .  

During the last telemetering sequence o f  the 
first period, while the vehicle was moving from 
3 .0 to 3.9R ., the plasma current decreased to a 
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Fig. 12 .  Mercator projection showing the following : the direction A o f  the spin axis ; the 
plane n traced by the normal to the probe during the rotation of the satellite ; the plane p de
fined by the spin axis and the solar direction ; the directions (shaded oval areas) for which the 
probe was insensitive ; the window showing directions of the plasma wind consistent with the 
measurements made beyond 21R • •  
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value below the detection limit. This rapid dis
appearance of the plasma current agrees with 
the observations of the Soviet scientists (see 
section 1 ) . However, present uncertainties con
cerning the electric potential acquired by space 
vehicles call for some caution in the interpreta
tion of these results . 

B .  Second Period (from 3-25-1 629, R = 3 .9R ., 
to 3-26-0408, R = 20.9R . )  

I n  this period n o  currents were observed that 
could be ascribed to the motion of the satellite 
through a stationary plasma. During the first 
part of the period, however, the probe contin
ued to give the small signals, due presumably 
to photoionization of the gas, which had already 
been observed at the end of the first period.  
These signals gradually faded away because of 
the p rogressive outgassing of the probe. During 
a 4-hour interval extending from 3-26-{){)01 
(R = 1 6 .3R. )  to 3-26-0408 (R = 20.9R,)  no 
currents were recorded at any of the modulating 
voltages. 

For our purposes, the most important result 
of the observations made during the second pe-

riod is that, when the probe was sufficient.ly well 
outgassed, it became practically insensitive to 
sunlight, which confirms the results of our labo- '  

ratory tests . In addition, these observations pro
vided a check on possible disturbances of the 
electronic equipment. The only disturbances de
tect.ed were some anomalies appearing occasion
ally in the 2300-volt modulation mode . Such 
anomalies ( which were probably due to the large 
currents in the circuit supplying power to the 
modulator) included ( 1 )  an occasional prema
ture termination of the normal 5-sec on-time 
of the probe, and (2)  an occasional abnormal 
shift in the zero level of the output signal. This 
shift in level may have obscured small plasma 
currents ( c orresponding to less than 1 .5 X 10-" 
amp) ( see section 5C) .2 

The anomalies noted above persisted through
out the flight ; often they made it impossible for 
us to obtain readings at the 2300-volt modula
tion level .  

The measurements of the magnetic field dur
ing the sec ond period (see HNSS) revealed a 
field that deviated more and more from the 
'main geomagnetic field' until, toward the end 
of the period, the field lines became nearly radial 
from the earth . The magnitude of the field de
creased gradually, but much more slowly than 
the 'main field: Near the end of the period (i .e., 
beginning at 3-26-0250, R = 19 .5R.) the field, 
which had been for some time near 25 'I, began 
to increase gradually. After one hour, it reached 
a value of about 32 'I (these field strengths can 
be compared with a value of 4.5 'I for the extrap
olated 'main field') . 

c. Third Period ( from 3-26-0408, R = 20.9R" 
to 3-27-1437, R = 4 1 .3R . )  

Beginning at 3-26-0408, when the satellite 

was at a geocentric distance R = 20 .9R., small 
plasma currents « 2  X 10-'0 amp) were ob
served inte rmittently. Then at 3-26-0603 (R 
= 22.7 R,) much stronger and more persistent 

signals appeared. 
Though the plasma currents observed earlier 

during the first period were fully modulated even 

2 In this connection, we note that even under 
normal undisturbed conditions the zero le,·el was 
slightly shifted when the probe was operated at the 
230()...volt modulation level ; we attribute this s!llt 
to insufficient electrical isolation of the amplifier 
irom the modulator circuits. 
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Fig. 14 .  Two samples of the telemetry records obtained during the third period at the 80-, 
250-, 800-, and 2300-volt modulation levels. The figure under each modulation voltage indicates 
the nominal flux corresponding to the peak of the current signal. Vertical lines represent times 
when the normal to the probe was closest to the direction of the sun ;  thus the distance be
tween two consecutive vertical lines represents one rotation period. Notice that the signal at 
the SO-volt level is below the noise level in (a) and slightly above the noise level in (b) . 

at the 5-volt level, substantial modulation now 

occurred only at the three highest voltage levels 
(250, SOD, and 2300 volts) , with an occasional 

sll:111 signal at the SO-volt level . This means that 
the positive ions of the plasma had energies of 

the order of several hundred ev. 
Since Explorer 10 was about 23R. from the 

earth, it is reasonable to assume that the ob
served plasma, whether of terrestrial or solar 
origin, consisted mainly of ionized hydrogen, 
with perhaps a small admixture of ionized he

lium. In discussing our experimental results, we 
,hall assume that the positive ions detected by 
The probe were protons . Under this assumption, 
the ion velocities corresponding to the observed 
energies were of the order of several hundred kIn 
sec-1. 

The plasma current varied periodically, going 

through a sharp maximum during each rotation 

of the satellite, then falling below the detection 
limit for more than half the rotation period ( Fig
ure 14) . Thus the positive ions formed a reason

ably well collimated beam. In other words, the 
'thermal' velocities of these ions were substan
tially smaller than the bulk velocity of the 

plasma . 
After correcting for the time response of the 

electronic system (section 2D) , we found that 

the current peaks occurred at about the time 
when the angle between the normal to the probe 

and the direction of the sun was a minimum. 
As has been mentioned, this minimum angle was 
about 22° .  Making a generous allowance for 
experimental errors, we conclude that the vector 
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Vo describing the bulk velocity of the plasma was 
within 10 °  of the plane passing through the spin 
axis of the satellite and containing the sun-earth 
direct ion (plane p of Figure 12) . 

Since the sensitivity of the probe was zero for 
magnitude of LX >  63°, the vector Vo was certainly 
at an angle smaller than 63° to the equatorial 
plane of the satellite . 

Additional information on the value of the 
angle a is contained in the shape of the current 
signals. The possibility of an angular spread in 
the positive ion beam is a complicating factor 
in the interp retation of the observed shapes , so 
that a very detailed analysis is needed to extract 
from the experimental data aU the potentially 
available information. Such an analysis has not 

yet been completed ;  however, preliminary results 
place an upper limit of about 40° to the value 
of a. Thus, the possible directions of the 'plasma 
wind' are restricted to a 'window ' bounded by 
the cones corresponding to a = ±40 ° and by 
the planes a.t ± 10 0 to the plane p (Figure 12) . 
Notice that the antisolar direction is well within 
this window. Notice also that for a = 40 0 the 
effective area of collection of the probe is 3.7 
times smaller than for a = 0° (Figure 2) . 

The situation described above prevailed for 
ab out 75 per cent of the time during the period 
considered here .  However, on several occasions, 
and for time intervals of the order of hours , the 
plasma current fell to a value below ( or occa
sionally barely above) the noise level and then 
later reappeared in full strength (i .e . ,  with a 
value more than 10 times the noise level ) . The 

parts of the trajectory where substantial plasma 
currents were recorded are marked by the he:1VY 
lines in Figure 10.  

During the third period, the magnetic field, 
as described in HNSS, underwent sharp transi· 
tions from a situation in which it was nearly 
radial from the earth (as it had been at the end 
of the second period) to a situation in which it 
was at a large angle to the earth-satellite line. 
The changes in the plasma current mentioneci 
above showed a striking correlation with these 
changes in the field direction. Substantial plasma 
currents consi.stently appeared whenever the field 
changed from radial to nonraclial, and disap

peared whenever the field reverted to the radi:J2 
configuration . 

D. Fourth Period (from 3-27-1437, R = 41 .3 
R" to 3-27-1800, R = 42 .3R,)  

This period was characterized by magnetic 
disturbances, which included the sudden com· 
mencement of a magnetic storm observed on the 
earth at 3-27-1 503 . At about the same time, 
there was a substantial increase both in the 
plasma flux and in the magnetic field strength 
measured by Explorer 1 0 .  These higher inten
sities persisted, with some fluctuations, until the 
end of the observations, i .e . for about 3.5 hours. 
During the first two hours of the fourth period, 
there was also a considera.ble increase in the 
mean energy of the plasma protons (Figure 15 � .  
Later, however, the mean energy appeared tD 
return to the prestorm value. At about 3-27-
1800, the zero-levels shifted because the cherni-
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Fig . 16 .  Plasma and magnetic field measurements during the third and fourth periods of 

the flight. The magnetic field data were provided by J. P.  Heppner before their publication 
(see HNSS) . Question marks in the plasma data indicate missing measurements, and the short 
horizontal bars in many of the 2300-volt measurements indicate n. shift of the zero level in the 
amplifier output ( see section 4B) . The different intervals listed in Table 1 are indicated by 
the numbers above the plasma data. 

�al batteries were exhausted, and the data ob
tained after this time were no longer reliable. 

view of these measurements and afford a com
parison with the magnetometer data obtained 
by the Goddard group . The vertical bars in the 
bottom part of this figure represent the 'nomi
nal' flux densities corresponding to the maxi
mums of the sig'nals recorded at the various 
modulation levels.  By 'nominal' flux densities, we 
meaD the numbers of positive, singly charged 
ions per square centimeter per second com
puted from the observed currents assuming 
normal incidence upon the probe .  Above this 
graph are graphs giving the magnitude B of the 

5. DETAILED ANALYSIS OF THE 

EXPERIMENTAL DATA 
For the reasons explained in section 4, we have 

not attempted to carry out a detailed analysis 
of the data obtained in the vicinity of the earth, 
but have concentrated our attention on the 
plasma measurements made in the more distant 
regions. 

The graphs in Figure 16 provide an over-all 
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magne tic field, and the a.ngles cp a.nd (j ,  which 
specify its direction ( Figure 11) . These data, 
which were kindly provided by J. P. Heppner 
before t.heir publication, are identical with those 
appearing in HNSS. 

A. Third Perio d :  Correlation between Plasma 

and .M agnetic Field 

The correlation between magnitude of the 
plasma current and direction of the magnetic 
field is clearly visible in the graphs of Figure 16 .  
We shall now examine it  in  more detail. 

Figure 16 shows that during the third period 
the current signals obtained at the 800- and 
2300-volt modulation levels were, on the aver
age, nearly equal. Thus full or almost full modu-

lation of the plasma protons was achieved at 
both these levels,  so that we can take the heights 
of the corresponding current signals as a me(1-
sure of the total nominal flux density of plasma 
protons. 

The histogram in Figure 17 gives the fre
quency distribution of the flux densities observed 
during the third period, based on aU available 
readings at the 800- and 2300-volt levels. 

It is clear from this graph that the obserred 
flux densities fall into two distinct groups ; a 
narrow group, including those that were below 
or barely above the detection limit (4 X 10' 
cm-· sec-') , a.nd a broad group peaked somewhat 
above 108 cm-2 sec-1• We shall refer to the obser
vations corresponding to the two groups as weak 
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and stro n g  plasma signals, respectively. Because 
of the small number of intermediate cases, the 
distinction between weak and strong signals does 
not depend critically on the choice of the flux 

density used for the sepa.ration of the two 
groups . In what follows, we shall set this limit
ing flux density at 5 X 107 cm-' sec-' . 

As we have noted, each plasma measurement 

was preceded, within a few seconds, by mea
surements of the magnetic field made by means 
of the flux-gate magnetometers .  In Figure 18 we 
have plotted the directions of the magnetic field 
measured before each of the available plasma 
readings at the 800- and 2300-volt levels. Open 
circles refer to magnetic fields associated with 
strong plasma fluxes, and solid dots refer to 
magnetic fields associated with weak plasma 

fluxes.  During the time of observation, the rep
resentative point of the vector pointing from the 

earth to the satellite moved along the short line 
segment E,E.. We see that practically all the 
solid dots faJI within a restricted area around 
this segment (enclosed by the line a) . The very 
few exceptions correspond to measurements 
taken when plasma and magnetic conditions 
were changing rapidly, or when the plasma sig
nal was close to the limiting value of 5 X 107 
cm-' sec-l• On the other hand, practically all the 
open circles fall outside this area. They are dis
tributed over a wide region, but not at random 
throughout the map, clustering mainly in the 
area to the south of the ecliptic plane, between 
- 300 and + 1 10 0 ecliptic longitude . 

These results point to the conclusion that dur-
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ing the third period E},:plorer 10 encountered 
alternately two distinct physical situations. The 
first, which shall be called situation A, was 
characterized by weak plasma fluxes, often be
low the detection limit, and by nearly radial 
magnetic fields. The second, which shall be called 
situation B, was characterized by strong plasma 
fluxes and by nonradial fields . Note that the field 

directions corresponding to situation A fill the 
region denoted as 'region A' in Figure 23 of 
HNSS, and the field directions corresponding to 
situation B fall within regions 'B'  and 'e' of the 
same figure. 

Though measurements of the magnetic field 
were made during every telemetering cycle ( i .e . ,  
every 2 min 28 sec) , significant plasma data 
were obtained only during the 250-, 800-, and 

23000-volt modulation periods, or roughly % 
of the time during which the plasma probe was 
turned on. On the other hand, the essentially 
one-to-one correspondence bet.ween the magnetic 
field and the plasma fluxes, established by all 
near-simultaneous observa,tions of these two 
quantities, enables us to use the magnetic field 
measurements to identify the times at which 
transitions between situation A and situation B 
occurred more precisely than we could do by 
means of the less frequent plasma signals. 

As was noted also in HNSS, it was usually 
found that the conditions typical of situation 
A or B persisted through many observations :  

then, quite suddenly, often within the 2 min 2S 
sec separating two subsequent magnetic mea
surements, a switch to the other situation oc-
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curred ; we shall call these changes 'simple' 
transitions. Occasionally, however, it appears 
that situations A and B alternated rapidly dur
ing time intervals extending through several 
magnetic field and plasma measurements ; we 
shall call these 'complex' transitions . 

The time intervals in the third period during 
which situations A and B prevailed, and the 

types of transitions between them, are shown 
in Table 1 .  Details of the measurements made 

in the vicinity of the transitions appear in Table 
2. Listed in Tables 3 and 4 are the average mag

nitudes and the av erage directions of the mag
netic field observed during the various intervals 
of type A and type B, respectively. The average 

directions of the magnetic field are also shown 
gra.phically in Figure 19, where solid dots cor-

respond to situations of type A and open circles 
to situations of type B. The number by each 
experimental point specifies the time interval to 
which the point refers, according to the listing 
in Table 1 .  

Tables 3 and 4 show that the magnetic field 
was usually weaker in the presence of plasma 
(situation B) than in the absence or near-ab

sence of plasma ( situation A ) . However, the 
strength of the magnetic field did not correlate 
with plasma conditions quite as strikingly as 
did the direction of the field. 

We call attention to the fact that, in contrast 
with the steady behavior of the magnetic field 
characteristic of situation A, the field in situation 
B underwent substantial changes during each 

time interval (the bars crossing at the point 2 
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Fig. 17. Distribution of flux densities observed u,t the 800- und 2300-volt levels during the 
third period . 

in Figure 19 are an indication of the spread in 
the direction of the magnetic field observed in 
the corresponding time interval) . However, the 
changes were usually gradual and not quite as 
large a.s those occurring from one time interval 

to another.  One exception was the long interval 
10 during which substantial changes of the mag
netic field ( as well as of the plasma flux) were 
observed. For this reason, interval 10 is divided 
into four subintervals in Tables 1 and 4 and in 

Figure 19. (This subdivision, though based on 

the behavior of the plasma flow and the mag
netic field, is admittedly somewhat arbitrary.)  

B. Third Period : P7'Operties of  the Plasma Ob
served in Situations of Type B 

From an experiment of the type considered 

here, it would be ideal if we could determine the 
energy spectrum and the total flux of protollS 
per unit area per unit solid angle in any given 
direction at any given instant of time. Actually, 

our instrument was not designed to achieve any
thing approaching tIllS ambitious aim. However, 
the experimental data contain information of a 
somewhat more specific nature than the quali

tative results presented in section 4C. 

Plasma flux densities. Because of the frequent 
electronic disturbances that interfered with the 
measurements at the 2300-volt modulation level, 
we chose to use the measurements at the 800-
volt level to evaluate the total flux density oi 
plasma protons. As we shall discuss later in more 
detail, it is possible that a small fraction of the 
plasma protons did not undergo modulation at 
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Fig. 18. Directions of the magnetic field observed immediately before each of the plasma 
readings at the 800- and 2300-volt levels during the third period. Open circles refer to strong 
plasma signals ; solid dots refer to weak plasma signals. 

this level .  We believe, however, that the error 
introduced by this lack of complete modulation 
is negligible within the accuracy claimed for the 
absolute values of the plasma current in the 
present experiment. The flux densities measured 
at the SOO-volt level, which are shown in Figure 
16, are replotted on a condensed time scale in 
Figure 20. It can be seen that these flux densities 
exhibit both short-time fluctuations and long
time changes ; moreover, the long-time changes 
have a larger amplitude than the short-time 
fluctuations. Therefore, it is meaningful to com
pare the time averages of the flux densities 
observed during the individual time intervals of 
type B. These averages appear in Table 4 under 
the heading � (800) . 

Dependence of the plasma current on the modu
lating voltage. The main source of information 
on the energy spectrum of the plasma protons 
lies in the relative amplitudes of the current 
signals observed with the different modulating 
voltages. However, because of the time fluctua
tions in the plasma flux, it is not possible to 
draw firm conclusions from a comparison of 
consecutive measurements at different modula
tion levels . A more promising approach is to 
compare the averages of such measurements for 
each of the time intervals. This is done in the 
last three columns of Table 4, where we list the 

ratios of the average nominal flux densities 
observed at the 80-, 250-, and 2300-volt levels, 
<P (80) , <P (250) , and <P (2300) , to that observed 
at the 800-volt level, <P (800) . 

As a comment on these data, we note the fol
lowing : The current signals at the SO-volt level 
were often below the detection limit, particularly 
during those time intervals when the total flux 
density was low. The pairs of figures appearing 
under ci> (80)jci> (800) represent lower and upper 
limits for this ratio, computed respectively under 
the assumptions that the flux density corre
sponding to a signal below the noise level was 
(a) zero or (b) equal to the minimum detectable 
value (4 X 106  cm-2 sec-I) . We see that during 
some of the time intervals � (80)/� (SOO) was 
of the order of one or two per cent ; during other 
time intervals q, (80)/ci> (800) might have had 
any value from zero to several per cent. 

The values of <P (250)/ci> (800) listed in Table 

4 vary from 5 per cent to 15 per cent. The values 
of � (2300)/.p (800) oscillate around unity, from 
a minimum of 81 per cent to a maximum of 
1 09 per cent. 

There are two possible interpretations for the 
variability of these ratios .  The first is that it is 
due to short-time fluctuations in the total proton 
flux whose effects are not entirely eliminated by 
the averaging process . The second is that it is 
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TABLE 1 
Time intervals during the third period of the flight when measurements of the magnetic field and plaszr.& 

fluxes indicated situations of type A or type B. Geocentric distance is the distance of the satellite frcll 
the center of the earth (in earth radii ) .  Lateral distance is the dir,tance from the sun-earth line. DUring 
interval 10, which was considerably longer than the others. plasma and magnetic conditions underwent 
substantial changes. Therefore, this interval has been divided into four subintervals for analysis. The 
transitions between intervals 1 and 2 and between intervals 4 and 5 are of the 'complex' type. All other 
transitions are of the 'simple' type. 

The telemetry cycles, times, and distances indicated in the table correspond to the first sequence of 
measurements ( optical aspect, magnetic field, plasma flux) made in the respective intervals. 

Interval Telemetry 
No. 

. . . . . . . . . . . . . . ' "  

1 
• " a  • • • • • •  " • • • •  a 

Complex transition 
. . . . . . . . . .. . . . . . . . 

2 
. . . . . . . . . . . . . . . . . 

3 
o .  " • • • • • • • • • • • • •  

4 
. . . . . . . . . . . . . . . . . 

Complex transition 
. . . . . . . . . . . . . . . . . 

5 
. . . . . . . . . . . . . . . . . 

6 
. . . . . . . . . . . . . . . . .  

7 
. . . . . . . . . . . . . . . . . 

8 
. . . . . . . ' "  . . . . . . .  

9 
. ' "  . . . . . . . . . . . . . 

lOa 
. . . . . . . . . . . . . . . . .  

lOb 
. . . . . . . . . . . . . . . . .  

lOe 
. . . . . . . . . . . . . . . . . 

lOd 
. . . . . . . . . . . . .. . . . .  

1 1  
• • • • • • • • • • •  0 • • • • •  

12  
. . . . . . . . . . . . . . . . . 

13 
. . . . . . . . . . . . . . . . .  

14 
' "  . . . . . . . . . . . . . .  

1 5  
. . . . . . . . . . . . .. .. . . .  

1 6  
.. . . . . , . . . . . . . .. . . . 

Cycle 

3 l S  

352 

364 

409 
414 
450 

471 

512 

544 

578 
622 

622 

734 
814 

85 ·1 

952 

965 

1000 

1050 
1081 

1 1 18 
1 1 57 

. . . 

Time 

26/0410 
0534 

0603 

0754 

0805 

0935 

1026 

1207 

1326 

1450 

1639 

1817 

2 1 1 5  

27/0032 

021 1 

0613 

064.5 

081 1 

101 4 

1 13 1  

1 300 

143S 

Geocentric Lateral 
Distance, R, Distance, R. Situation 

21. 0  
22 . 2  

22 . 6  

24 . 2  

24 . 4 

25 . 7 

26 . 5  

27 . 7  

28 . 7  

29 . 7  

30 . 9  

32 . 0  

33 . 7  

35 . 3 

36 . 1  

38 . 0  

38 . 2  

38 . 8  

39 . 6  

40 . 1  
40 . 6  

41 . 3  

0 "  • • • • • •  

. . . . . . . . . 

' 0  • • • • • • •  

. . . . . . . . .  

• • •  I I  • • • •  

I • • • • • • • •  

' . 0  • • • • • •  

. . . . . . . . .  

. . . . . . . . . 

. . . . . . . . .  

. . , ' "  . . . 

. . . . . . . . .  

. . . . . . . . .  

. . . . . . . . . 

. . . . . . . . .  

. . . . . . . . .  

. . . . . . . . . 

. . . . . . . . . 

. . . . . . . . . 

. . . . . . . . . 

. . .. . . . . . .  

. . . . . . . . . 

16 . 7  

1 7 . 3  

1 7 . 6  

18 . 5  

18 . 6  

19 . 3  

19 . 6  

20 . 3  

20 . 8  

21 . 3 

2 1 . 9 

22 . 4  

23 . 6  

24 . 3  

24 . 8  
25 . 1  

25 . 3  

25 . 5  

25 . 7  

26 . 0  

26 . 2  

26 . 4  

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

A 
. . . . . . . . . . . . . . . . . . . . 

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

B 
. . . . . . . . . . . . . . . . . . . .  

A 
. . . . . . . .. . . . . . . . . . . . . 

B 
.. . . . . . . . . . . . . . . . . . . .  

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

A 
. . . . . . . . . . . . . . . . . . . .  

B 
. . . . . . . . . . . . . . . . . . . . 

A 
. . . . . . . . . . . . . . . . . . . .  

B 
. . . . . . . . . . . . . . . . . . . . 

A 
. . . . . . . . . . . . . . . . . . . .  

B 
. . . . . . . . . . . . . . . . . . . .  

B 
. . . . . . . . . . . . . . . . . . . .  

B 
. . . . . . . . . . . . . . . . . . . .  

B 
. . . . . . . . . . . . . . . . . . . .  

A 
. . . . . . . . .. . . . . . . . . . . .  

B 
. . . . . . .. . . . . . . . . . . . . .  

A 
. . . . . . . . . . . . . . . . . . . . 

B 
• • •  ' 0 '  . . .. . . . . . . . . . . . 

A 
. . . . . . . . . . . .. . . . . . . . .  

B 
• • • • • • • f • • • • • • • • • • • •  



TABLE 2 

Details of measurements of magnetic field and plasma in the vicinity of transitions. The numbers in the 

first column specify the telemetering cycle ; measurements referring to subsequent cycles are separated by 

2 min 28 sec. B is the absolute magnitude of the magnetic field vector (in units of 10-5 gauss, or gamma) ; 

.p and IJ are the two angles (solar ecliptic longitude and ecliptic latitude ) that describe the direction of this 

vector. The nominal flux densities listed correspond to the currents measured at the 80-, 250-, 800-, and 

2300-volt modulation levels. These measurements occupy four of the eight telemetering cycles that form a 

complete sequence (Figure 13) .  Question marks indicate measurements missing because of electronic 

disturbances .  From 26/0534 to 26/0603, and then again from 26/0935 to 26/1026, more frequent changes 

from situation A to situation B and vice versa took place than during the rest of the flight. We chose to 

describe these occurrences as 'complex' transitions rather than as a sequence of short-time intervals of 

type A and B, although it is not clear that the distinction is physically significant. Notice the isolated 

occurrence of situation A during one telemetering cycle (419 )  of time interval 4. 

Plasma: Nominal Flux Density, 
Magnetic Field 107 cm-2 sec-1 

Telemetry 
Cycle Interval B, gammas </>, deg (J, deg !f1 (80 ) !f1 (250 ) !f1 (800 ) !f1 (2300 ) Situation 

346 

t 
3 1  150 -35 0 A 

347 3 1  150 -36 0 . 4  

1 348 3 1 156 -30 0 . 5 
349 1 32 155 - 32 . 5  0 

350 � 33 157 - 37 
351 32 156 -32 . 5  A 

352 26/0534 12 46 - 22 . 5 B 
353 

t 
20 137 - 2 1  A 

354 14 65 - 19 . 5  0 . 4  B 
355 13 . 5 1 1 5  -55 3 . 0 B 

356 Complex 32 . 5  152 - 28 . 5  0 A 
357 transition 32 152 - 28 . 5  ? A 
358 

1 
32 151 - 26 A 

359 26 130 + 1 4  B 

360 10 59 -44 B 
361 28 . 5  89 + 3 1 . 5  B 
362 30 152 - 28 0 A 
363 3 1  151 -34 0 A 

364 26 /0603 14 -33 - 49 3 0  B 
365 t 8 43 - 60 . 5  26 

1 
366 10 . 5 1 6  + 1 1  

367 2 13 21 - 44 
368 I 1 1 29 - 41 
369 13 . 5 3 - 25 . 5  

= = 

404 

1 
14 29 -34 28 

1 405 14 20 - 38 22 . 5 
406 15 - 10 -41 
407 13 9 - 6 1  
408 12 50 - 30 B 

409 26 /0754 29 1 59 -30 A 
410 ... 28 . 5 160 -34 0 

t 411 3 18 . 5  140 - 40 . 5  1 . 0  
412 � 28 . 5 162 -33 1 . 1 
413 28 . 5 169 - 40 0 . 7  A 

414 26/0805 1 5  - 1  - 46 B 
41 5 

t 
14 . 5  88 - 59 

t 416 13 . 5  13 - 1  
417 19 . 5 240 - 49 
418 4 13 . 5  -53 - 6 1  0 B 
419 

I 
24 160 -40 2 . 3  A 

420 1 1  2 - 56 32 B 
421 1 1  266 -80 21 ... 
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TABLE 2.  (Cont.inued ) 
Plasma : Nominal Flux Density, 

Magnetic Field 107  cm-2 sec-1 
Telemetry 

Cycle Interval B, gammas <1>, deg 8, deg <P (SO )  <l? (250 )  <P (SOO ) <l? (2300 ) Sitnation 

443 13 . 5  - 28 - 50 0 . 7 

1 
444 10 . 5 - 1 1  - 56 1 6 . 8  
445 1 7 . 5  13 +34 15 . 4  
446 1 5 . 5 -36 -46 
447 1 9 . 5  -S3 - 7 1  
448 20 - 60 - 30 . 5  
·1·H) 20 2 1 1  -46 B 
450 26 /09��5 29 . 5  176 - 3 0  0 A 
451 16 . 5 1 50 - 3 0  0 . 5  A 
452 28 170 -33 0 A 
453 14 . 5  165 - 54 22 . 8 B 
454 24 180 - 45 A(? )  
455 1 9  -39 - 2 . 5  B 
456 U . S -29 -34 B 
457 1 8  -36 - 52 B 
458 8 . 5  38 -34 0 B 
459 Complex 22 . 5  1 78 - 4 1  0 A 
460 transition 26 . 5 1 75 -33 0 A 
461 26 1 68 -40 ? A 
462 25 . 5  1 69 - 40 A 
463 1 1 . 5  - 10 - 2 1  B 
464 1 7 . 5  - 60 - 56 B 
465 17 . 5  0 - 3S . 5  B 
466 15 . 5  - 50 - 33 . 5  0 B 
467 18 - 1 7 - 40 0 . 8  B 
458 20 1 $n - 41 . 5  0 . 5  A( 7 ) 
45D 10 128 - 48 ? B 
470 10 . 5 D8 - 8 . 5  B 
471 26/1 026 2 1 . 5  1 73 - 38 A 
472 t 20 . 5  161  - 32 

1 
473 24 169 - 27 . 5  
474 .5 22 . 5  165 - 38 . 5  0 
475 I 22 1 65 - 33 0 
476 24 172 -30 0 

= = 

506 

1 
20 . !i  1 51 - 38 . 5  0 

1 
507 22 . 5  152 -41 0 
508 2 1 158 - 44 0 
509 2 1 . ri 1 60 - 35 () 
5 1 0  2:3 . 5  173 - 3 1 . 5  
5 U  2 1 . 5 1 62 - 40 . 5  A 
5 1 2 26/1207 1 6 . 5  1 1 1  - 65 B 
513 t 8 . 5  1 84 - 75 

1 
5 14 9 . 5  69 - 57 0 
515  6 13 1 2 1  - 67 2 . 1  
5 16 1 1 2  - 29 - 52 1 1 . 4  
5 1 7  10 ? - 45 1 1 . 7  

= = 

538 

1 
13 . 5 109 -40 0 . 4  

1 
539 1 2  100 - 64 2 . 3  
540 1 1  104 - 46 21 
541 10 97 - 39 . 5 17 
542 1 1  1 1 4  - 45 
543 1 1  93 - 22 . 5  B 
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TABLE 2. ( Continued ) 

Plasma: Nominal Flux Density. 
Magnetic Field 1 0 7  cm-2 sec-1 

Telemetry 
C/>, deg Crcle Interval B, gammas 0, deg iI> (80 ) <P (250) iI> (800) <I> (2300 ) Situation 

54-1 26/1326 1 8 . 5  1 64 - 44 A 

545 t 1 8  140 - 30 

r 
546 20 162 . 5  - 35 0 

547 7 19 . 5  158 -32 . 5  0 . 67 
548 I 2 1 . 5  1 6 1  -30 1 

549 19 . 5 167 - 27 ? 
= 

571 19 1 5 1 -43 . 5  0 

1 
572 1 8 . 5 1 5 1  -47 . 5  0 

573 18  143 -39 . 5  0 . 4  
574 18 . 5  151 . 5  -40 

575 19 169 -37 
576 1 9  165 - 32 . 5  
577 19 . 5  161  -30 A 
578 26/1450 1 6  132 . 5  -48 . 5  0 ? 
579 t 14 96 +22 1 . 2 B 

580 1 5 . 5  109 - 13 . 5  12 . 7  

r 
581 8 14 1 00 - 7 9 . 0  

582 

I 
14 1 10 - 23 

583 16 . 5 100 - l l  

584 14 . 5  57 +6 . 5 
= 

= 

6 16 

! 
18 . 5  92 - 9 

1 617 18 . 5  92 - 9 
618  1 9  9 2  - 8 . 5 0 

6H1 16 . 5  85 - 6 1 
620 18  68 -2 1 5 . 7 B 

62 1 26/1636 1 5 . 5  106 -24 3 . 4  

622 26 /163H H 1 . 5  138 -38 A 

6')<') t 20 142 -42 . 5 

1 
�U 

624 19 142 -47 
625 9 1 8 . 5  144 - 45 
626 I 1 8 . 5 140 -44 . 5  0 

627 17 . 5  141  -41 0 . 5  
= 

= 

6.16 

1 
15 . 5 1 43 -30 

! 
657 1 6  1 60 -32 
658 16 14:'1 -33 0 

65H 15  1 63 - 57 0 

660 16  130 - 38 0 

6tH 18 143 -43 ? A 
602 26/1815 1 5 . 5  8 1 +2 B 

663 t 17 70 +7 

1 
064 16 . 5  102 - 15 . 5  
665 10 1 7 . 5  88 -9 
666 I 16 90 - l l  0 

66i 16 98 - 13 0 . 5 
= 

= 

946 

1 
15 -27 -43 0 

1 947 14 - 3 1  -46 0 . 7  
948 1 l . 5 - 3 1  - 46 12 . 4  

H49 9 . 5  - 48 -39 ? 
H50 12 - 27 -52 . 5  
951 12 . 5  233 -69 B 
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TABLE 2. ( Continued ) 

Plasma : Nominal Flux Density, 
Magnetic Field 107  cm-2 sec-1 

Telemetry 
Cycle Interval B, gammas cp, deg fJ, deg <t> (80 ) <I> (250 ) <I> (800 ) <I> (2300) Sitldion 

952 27/06 13 1 6  1 6 0  -46 A 
953 

1 
22 169 - 37 

954 22 1 5 1  -40 0 
955 20 . 5 166 -37 0 
956 19 . 5  1 8 1 -22 0 
957 2l . 5 159 -40 0 . 4  
958 1 1  22 . 5  1 6 1  - 30 
959 

1 
22 . 5  167 -35 

960 23 170 -27 

961 2l . 5 1 6 1  - 35 
962 24 171 - 36 0 
963 23 169 -39 0 
964 17 . 5  178 -46 0 . 5  A 
965 27/0645 13 169 - 63 14 . 2  B 
966 t 10 77 - 63 

1 
967 8 45 - 50 
968 12 1 1 8 -54 
969 I 9 9 -40 . 5  
970 8 38 -59 

= == 

994 

1 
1 1 68 - 7 1  0 

1 
995 9 18 -90 1 . 4 
996 9 . 5  50 - 8 1  1 5 . 0  
997 1 1  108 -85 1 1 . 1  
998 8 . 5 46 - 60 
999 1 1  140 - 60 B 

1000 27/08 1 1  19 160 - 3 5  A 
1001 t 20 154 -43 

1 
1002 21  1 63 -36 0 
1 003 13 20 . 5  157 -40 0 
1004 I 2l . 5  163 -33 1 
1005 21 166 - 34 0 . 7  

= '" 

1 044 

1 
16 . 5  151  -45 . 5  0 

1 
1045 16 . 5  153 - 44 . 5 ? 
1046 1 6 151  -44 
1047 1 6  1 4 6  -45 
1048 1 5 . 5  146 -46 
1049 1 5 . 5  140 -51 A 
1050 27/1014 1 1  72 -51 0 B 
1 051 t 1 1  20 -36 0 . 4 

1 
1052 10 - 10 - 52 8 
1053 14 10 . 5 - 2  -46 ? 
1054 I 10 30 -47 
1055 1 1  20 - 1 8  

= 

j 
i' 

1074 10 8 1 - 60 0 B 
1075 13 126 - 35 . 5  0 . 4  ? 
1076 1 1  137 - 62 . 5 5 . 7  ? 
1077 10 . 5  58 - 48 . 5  4 . 7  B 
1078 9 . 5 69 - 5 1  t 
1079 1 1 . 5  1 06 - 16 B 
1080 27/1 128 12 . 5  134 - 53 ? 
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TABLE 2. 

Magnetic Field 
Telemetry 

Cycle Interval B, gammas <p, deg v, deg 

1081 27/1 1 3 1  1 4  146 - 56 
1082 t 14 142 - 54 

1083 14 1 10 - 1 3  

1084 1 5 14 140 -49 

1085 I 14 140 - 5 1  

1086 14 149 -60 
= 

1112 

1 
17 132 -46 

1113 1 7  132 -42 
1 1 1 4  16 . 5  133 - 45 

1115  1 5 . 5  133 -48 
1 1 1 6  14 . 5  133 -49 
1117  1 6 . 5  130 - 67 

1 1 18 27/1302 4 137 - 68 . 5  
11 1 9  

I 
9 . 5  -4 ? 

1 120 1 1  - 4  -28 
1121 12 . 5  7 -28 
1 122 1 6  12 . 5  0 -38 
1123 

t 
1 1  4 - 32 . 5  

1 124 1 1 - 2 . 5  - 3 1  
1125 1 1 . 5  - 1  -32 

due, at least in part, to changes in the energy 
spectrum of the protons. 

If we accept the first interpretation and 
assume, accordingly, that the proton spectrum 
was the same during all time intervals listed in 
Table 4, we do not need to consider these various 
time intervals separately, but we can take for 
� (250) , 1> (800) , and <i'? (2300) the averages of 
the measurements made at each modulating 
voltage during all such time intervals. As for the 
computation of 1> (80) , it is more advantageous 
to consider only those time intervals when the 
total flux density was sufficiently high to yield 
significant data at the SO-volt modulation level 
(intervals 2, 4, 6, lOe) . The results obtained in 
this manner are listed in the first row of Table 5. 

At any one instant of time, the ratio q; (2300)/ 
cP (800) must be greater than or equal to unity 
because there cannot be more protons with 
energies below 800 ev than protons with energy 
below 2300 ev. The ratio of the over-al l averages 
of cP (2300) and q; (800) is actually close to unity. 
According to the interpretation discussed here, 
the reason 1> (2300)/1> (800) is less than unity 
for the averages taken over some of the individual 
intervals must be found in the short-time 
fluctuations of the flux. 

( Continued) 

Plasma : Nominal Flux Density, 
107 em -2 sec-1 

cI> (80) cI> (250 ) cI> (800 ) cI> (2300 ) Situation 

A 
0 A 

0 . 5  ? 
l . 7  A 

3 . 6  t 
= 

1 0 
2 . 1  

3 . 2  A 
2 . 7  ? 

? 
B 

t 0 
0 . 4  � 7 . 7  

B 

There are, however, strong arguments against 
this interpretation. 

In the first place, the percentage changes of 
the ratio 1> (250)/1> (800) for the individual time 
intervals were much greater than those of the 
ratio 1> (2300)/<1> (800) . If both changes were due 
to fluctuations of the total proton flux, they 
should be approximateJy equal in relative 
magnitude. 

In the second place, there appears to be a 
definite correlation between the values of 
<1> (250)/<1> (800) and the values of 1> (2300)/1> 
(SOO) relative to the same time intervals. For 
example, in all four cases where <1> (250)/<1> 
(800) > 0.10, we find that <1> (2300)/1> (800) > 
1 .0, whereas in five out of seven cases where 
<1> (250)/q, (800) < 0.10,  we find that 1> (2300)/1> 
(800) S 0 .95. Thus, the experimental data 
support the interpretation that the proton spec
trum did indeed change from one time interval 
to another, and we shall now analyze our results 
under this assumpti on. 

Since the accuracy of the data does not warrant 
a more detaiJed treatment, we shall group 
together, for the purpose of analysis, all time 
intervals for which <1> (250)/<i> (800) � 0.10 
(Nos. 2, 4, 6, lOb, IOc) and all time intervals for 
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TABLE 3 
Average magnetic conditions during the time 

intervals of type A listed in Table 1. 13 is the 
arithmetic average of the magnetic field strengths 
measured during each individual interval (in units 
of 10-5 gauss ) ;  ;p and 6 are similar averages for the 
two angles (solar ecliptic longitude and ecliptic 
latitude ) that describe the direction of the vector B.  

Interval 13, ;p, 6, 
No. gammas deg deg 

1 3 1  155 -32 
3 27 158 - 36 
5 22 164 - 35 

7 20 154 -36 
9 1 7  143 - 38 

1 1  21 1 6 6  - 36 
13 1 8  155 - 44 
1 5  1 5 139 - 48 

which cP (250)/iP (800) < 0 .10  (Nos. 8, lOa, 1 0d, 
12, 14, 16) .  The ratios between the average flux 
densities computed separately for these two 
groups appear in the second and third rows of 
Table 5.  We see that cP (2300)/cP (800) has a 
value of 1 .04 for the first group and a value of 
0.92 for the second group. As we pointed out, 
the 'true' value of this quantity cannot be 
smaller than unity. To explain the value 0.92 as 
a statistical result due to short-time fluctuations 

in the proton flux would not be consistent with 
the point of view adopted here. On the other 
hand, it is possible that we may have slightly 
misjudged the effective gain of the compress.io� 
amplifier when the probe was operated at the 
2300-volt level , because, as we mentioned, the 
zero line was somewhat displaced in this mode of 
operation. We can estimate a lower limit for the 
instrumental error by assuming that cP (2300)/� 
(800) was actually unity for the time intervals 
of the second group. This lower limit amounts to 
8 per cent ; therefore, the minimum value of the 
correction factor is 1 .08. With this correction 
factor, the value of iP (2300)/iP (800) for the 
time intervals of the first group becomes 1 .13. 

The proton energy spectrum. If we neglect the 
angular spread of the plasma protons and assume 
that the particles formed a parallel beam, we can 
relate the flux densities observed at the various 
modulating voltages directly to the energy 
spectrum of the protons. The uncertainty in the 
value of the angle a that the proton beam formed 
with the equatorial plane of the satell ite in
troduces an uncertainty in the value of the 
energy because the minimum voltage needed to 
modulate protons of energy E is V ... = E cos2 CI. 
In what follows, we shall call the quantity E 
cos2 a the 'nominal' proton energy. 

Figure 21 shows the values of cP (80) , cP (250), 
iP (800) , and q> (2300) for the two groups of time 

TABLE 4 

Average magnetic and plasma conditions during the time intervals of type B listed in Table 1. B, �, 
and 6 have the same meaning as in Table 3. eli (80 ),  eli (250 ), eli ( SOO ), and eli (2300 ) are the average values 
of the nominal flux densities at the SO-, 250-, SOO-, and 2300-volt modulation levels, respe ctively, for each 
interval. The two sets of figures in the column under eli (80 )/eli (SOO ) represent minimum and maximum 
values of this ratio. 

Magnetic Field Plasma 

Interval J (800 ), 
eli (SO ) eli (250 ) J (2300) f!1 

No. 13, gammas ;p, deg 8, deg 107  cm-2 sec-1 eli (SOO )' % eli (SOO )' % eli (SOO ) , /0 

2 1 3  22 -35 24 1 . 6  12 105 
4 1 5  - 24 - 44 25 0 . 9-1 . 6 10 99 
6 1 1 50 - 37 1 7  1 . 2-2 . 3 14 105 
8 1 6  100 - 9 . 2  1 3  0-2 . 7  7 . 4  86 

l Oa 1 6  SS - 1 1  9 . 8  0-3 . 7  5 . 3  92 
lOb 14 68 - 3 1 1 0  0-3 . 5  14 109 
10c 1 2  7 7  - 34 15 1 . 9-2 . S  15 109 
10d 13 39 - 34 12 0-2 . 9  7 . 4  95 
1 2  9 . 7  39 - 60 1 6  0-2 . 2  9 . 4 SI 
14 10  3S - 37 8 . 0  0-4 . 4  6 . 7  102 
16 1 1  1 - 42 9 . 2  0-3 . 9  6 . 0  91 
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Fig. 19.  Average directions of the magnetic field observed during the various time intervals 
of the third period. Solid dots refer to situations of type A; open circles refer to situations of 
type B. The number by each point specifies the time interval to which the point refers, as listed in 
Table 1 .  The two bars crossing at point 2 represent the spread in the directions of B observed 
during this time interval. The line segment E,E2 represents the angular displacement of the 
earth-satellite line during the time of observation. 

intervals (Table 5) , normalized to unity at 2300 
volts. According to our assumptions, these values 
represent the fractions of protons in the total 
flux whose nominal energies are less than 80, 
250, 800, and 2300 ev, respectively. We see that, 
during the time intervals of the first group, a 
yefY smal l fraction of the protons have nominal 
energies lower than 80 ev and an appreciable 
fraction have nominal energies greater than 800 
e\'. During the time intervals of the second group, 
the spectrum appears to be narrower, but is less 
\ye1l defined ; the data in fact are consistent with 
a complete absence of protons with energies less 
than 80 ev or more than 800 ev, but they do not 
rule out the possibility that a few per cent of the 
protons may have energies beyond these limits. 

The energy spread of the plasma protons can 
be interpreted in terms of a thermal agitation of 
these particles in the frame of reference of the 
moving plasma.  For the sake of orientation, let 
us compare the experimental results with the 
energy spectrums computed under the assump
tion that the thermal velocities obey a Max
wellian distribution, corresponding to a certain 
temperature T, and let us simplify the calcula
tions by neglecting the components of the thermal 

velo cities perpendicular to the direction of bulk 
motion. (This simplification, which is consistent 
with the assumption of a parallel proton beam, 
is partially justified by the fact that the per
pendicular components of the thermal velo cities 
have only a second-order effect on the resultant 
velocity of the protons, whereas the parallel 
components have a first-order effect.) The kinetic 
energy of the individual protons (E = mV2/2) , 
the proton energy corresponding to the bulk 
motion (Eo = mVo2/2) , and the mean thermal 
energy in one dimension (kT/2) appear only 
through their ratios in the results of this com
putation. Since the experimental spectrums are 
given in terms of the nominal energy, V m = E 
cos2 a, comparison with the theoreti cal curves 
yields information on the nominal energy of bulk 
motion, Eo cos2 lX, and on the nominal tem
perature, T cos2 a. The results of this comparison 
are shown in Figure 2 1 .  We see that the experi
mental points for the first group of time intervals 
fit satisfactorily the theoretical curve corre
sponding to Eo cos2 a = 420 ev and to T cos2 lX 
= 6 X 105 OK.  Considering the uncertainties 
of the measurements and the crude character of 
our analysis, we assign an uncertainty of ± 15 
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Fig .  20 . Plasma measurements at the 800-volt level on a condensed time scale . 

per cent for the value of Eo cos2 ex and a range 
of values from 4 X 105 O K  to 1 X 1 0 6  OK for the 
nominal temperature. 

Less definite conclusions can be reached about 
the conditions of the plasma during the time 

intervals of the second group, except that the 
spectrum appears to be narrower, and therefore 
the nominal temperature appears to be lower 
than that of the plasma observed during the 
time intervals of the first group. The nominal 
energy of bulk motion, on the other hand, is 
probably not very different from that estimated 
above.  (The tentative spectrum shown in Figure 
21 corresponds to Eo cos2 ex = 420 ev and T 
cos! ex = 2.6  X 106 OK ; this temperature repre
sents an approximate upper limit for the range 
of temperatures that could be used to obtain 
reasonable agreement between the experimental 
data and the theoreti cal model .)  

Another source of information on the proton 
energy spectrum can be found in the shapes of 
the current signals . Throughout the third period 
of the flight, the signals at the 2300-volt and at 
the 800-volt modulation levels had round tops, 
whereas those at the 250-volt level had flat tops 
(see Figures 14a, b) . This is consistent with the 
tentative spectrums shown in Figure 21, accord. 
ing to which the flux density of protons with 
nominal energy less than E increases rapidly near 
E = 250 ev, increases sl owly near E = 800 ei', 
and has already reached saturation before 
E = 2300 ev. (As the rotation angle (3 increases, 
the effective area of collection decreases but the 
energy of the protons that can be modulated by 
a given modulating voltage increases ; if the 
spectrum is sufficiently steep, the consequent 
increase in modulated flux compensates for the 
decrease in collection area, giving rise to a 

TABLE 5 

Ratios of the aver:lge values of cp (80 ), cp (250 ), and cp (2300 ) to the average value of cp (SOO ) for all 
time i ntervals of type B, for those time intervals in which 4> (250 )/4> (SOO ) � 0 . 10 ,  and for those time 
intervals in which 4> (250 )/4> (SOO ) < 0 .10  (corrected values for 4> (2300 )/cli (SOO ) appear in parentheses ). 

Average for all Type B 
intervals 

Average for intervals 
2, 4, 6, lOb, We 

Average for intervals 
S, lOa, lOd, 12, 14, 16 

4> (80 )  
4> (800 )' % 

1 . 5  t0 2 . 1 * 

1 t0 2 . 5  

O t0 3 . 3 

* Only time intervals 2, 4, 6, IDe are included here. 

4> (250 ) OJ. 
4> (800 )' , 0  

9 . 3  

13 

6 . 9  

4> (2300 ) o/t 
4> (SOO ) , 0 

97 

104 
( 1 13 ) 

92 

(100) 
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Fig. 21. Nominal energy distribution of plasma protons. The experimental points are obtained 
from Table 5 ('corrected' values for eli (2300)/cli (800) are used ). The curves represent theoretical 
spectrums computed under the assumption of a one-dimensional Maxwellian distribution for 
the thermal velocities with the following parameters : 

( 1 ) Eo = 420 ev T = 6.2 X 10- oK 
(2) Eo = 420 ev T = 2.6 X 106 OK 

current that is nearly independent of (3 over a 
certain range .) 

The properties of the plasma and of the 
associated magnetic field, as they emerge from 
the present discussion, are summarized in Table 6. 
Note that though the experimental data appear 
to be consistent with the assumption of a Max
wellian distribution for the random velocities of 
the protons , they certainly do not prove that 
this assumption represents more than a crude 
approximation. Thus, the temperatures in Table 
6 are simply an indication of the mean energy of 
random motion of the protons in the frame of 
reference of the moving plasma. 

Average direction and angular spread of the 
proton beam. Since the plasma was fully modu
lated at the 2300-volt level , the shapes of the 
current signals obtained at this level are inde
pendent of the proton energy spectrum ; they 
depend only on the angle a formed by the bulk 
velocity vector V 0 with the equatorial plane of 
the satel lite, and on the angular spread of the 
proton beam. The position of their maximums, 
on the other hand, determines the angle that the 
plane passing through the spin axis and the 
vector Vo forms with the plane through the spin 
axis and the solar direction (plane p in Figure 12) . 
We shall call this angle {3o. 

Figures 22a and b illustrate the procedure used 
for the analysis of the observed pulses. The scale 
on the horizontal axis indicates times in milli
seconds measured from the instant when the 
normal to the cup was closest to the solar 
direction. The dots in each figure represent 
superposed measurements of individual current 
signals obtained during two different telemetering 
cycles. The curves represent the geometrical 
response of the probe for parallel beams with 
a = 0° and a = 40°, respectively, corrected for 
the distortion due to the electronic circuits 
(Figure 8) . The vertical scales for these curves 
and their horizontal positions were adjusted so 

as to obtain the best fit with the ma}..;mums of 
the experimental current signals. The times at 
which these maximums occur are shown in the 
figures as tm. Considering the 1 5-msec delay 
introduced by the electronic circuits, the values 
of t". shown in Figures 22a and b correspond, 
respectively, to {3o = - 7° and {3o = 0° (negative 
angles indicate directions to the southeast of the 
plane p) . Analysis of the various current signals 
recorded at the 2300-volt level gives values of {3o 

that cluster around 0°, with a dispersion of a 
few degrees. We were unable to determine 
whether this dispersion is due to actual fluctua
tions in the direction of the plasma flow or is due 
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TABLE 6 

Average properties of the plasma and the magnetic field observed during t�me inter�als of the first group (Cf>  (250 )/Cf> (800 ) ;;:: 0 .10 ) and during time intervals of the second group ( el>  (250 )/el> (800)  < 0.10 ). The 
values labeled 'minimum' and 'maximum' are, respectively, the smallest and largest of each group of 
average values (see Table 4) .  The proton density n is the ratio of the average flux density ;p to the bulk 
velocity Vo. All the results given for the plasma were computed for a = 0 °  and therefore represent nominal 
values of the corresponding quantities. 

Properties 

Average proton flux density, 
Cf>, 107 cm-2 sec-1 

Velocity of bulk motion, 
Va, km sec-1 

Proton kinetic energy, 
mVo'/2, ev 

l'roton density n, em-a 

Proton temperature, T, 105 OK 

Magnetic field, B, gammas 

Energy density of bulk motion, 
nmVo'/2, ev cm-a 

Energy density of thermal 
motion, 3nkT /2, ev cm-a 

Magnetic energy density, 
B'/2/lo, ev cm-a 

Intervals 2, 4, 6, lOb, We 
(iP (250 )/iP (800 ) ;;:: 0 . 10 )  

19 
(minimum, 10;  
maximum, 25)  

280 ± 20 

420 ± 60 

7 
(minimum, 3 ; 
maximum, 8 )  

6 
(between 4 and 10 )  

13 
(minimum, 1 1 ;  

ma..'{imum, 15 )  
2800 

( minimum, 1500 ; 
(maximum, 3800 ) 

(between 200 and 700) 

400 
(minimum, 300; 

maximum, 600 ) 

Intervals 8, lOa, 10d, 12, 14, 16 
(iP (250 )/Cf> (800 ) < 0.10) 

1 1  
(minimum, 8 ;  
ma..'{imum, 1 6 )  

280 ± 20 

420 ± 60 

4 
(minimum, 3 ;  
maximum, 5 )  

:%3 

13 
(minimum, 1 0 ;  
maximum, 1 6 )  

1600 
(minimum, 1200 ; 
maximum, 2600 ) 

200 

400 
(minimum, 200 ; 
maximum, 700 ) 

entirely to experimental errors . In this connection 
we note that the timing signal from the optical 
aspect sensor had an uncertainty of about 4 
msec, corresponding to an uncertainty of about 
2.5° in {3 o, and that a somewhat larger un
certainty is involved in the determination of tm • 
In any case, we can safely state that, whenever 
plasma was observed during the third period of 
the Explorer 10  flight, the angle {3o was smaller 
than 10°  in absolute value. 

signal should then be a Gaussian function with a 
root mean square angle D.f38 given by : 

The current signals shown in Figures 22a and b 
are slightly wider than the curve representing the 
response of the probe to a paral lel beam of 
particles incident at a = 0° .  The difference is 
even greater for a >  0°.  We shall make a crude 
estimate of the angular spread of the proton 
beam needed to account for the observed 
widening by assuming that both the response 
curve of the probe and the angular distribution 
of the protons can be approximated by Gaussian 
functions, with root mean square angles equal to 
D.f3 and D.�, respectively. The observed current 

Comparing the observed signals with the response 
curve for a = 0° (corrected for the distortion of 
the pulses due to the nonlinearity of the elec
tronic circuits) , and considering that, for a 
Gaussian distribution, the root mean square angle 
equals the half-width at 0.6 maximum height, 
we find from Figure 22a a value of (D.�) 2 between 
0 .02 and 0 . 10, and from Figure 22b a value of 
(D.�) ' between 0.03 and 0 .12 .  

If we interpret the angular spread i n  terms of 
a thermal agitation of the protons in the frame 
of reference of the moving plasma, we have 

(D.�)2 = kT/2Eo 
Using the above values of (D.�) 2  and a kinetic 
energy of bulk motion Eo = 420 ev, we obtain 
temperature estimates ranging roughly from 
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2 X 105 OK to 1 X 10 6 OK in the case of Figure 

21a and from 3 X 1 05 oK to 1 X 1 0 6  O K in the 

c�se of Figure 21 b.  

These results [1ppear to be more or l ess typical 

of all current signals obtained at the 2300-volt 

level. Thus, we conclude that the range of 

possible 'temperatures' deduced from the width 

of the current sign[11s is not in disagreement with 

that deduced from the proton energy spectrum. 

Of course, it should be noted that both tem

perature determinations are very crude. Also 

there is no [1 priori reason why the two tem

pemtures should be identical , since the root mean 

square velocities of agitation parallel and 

perpendicular to V D may well differ from one 

another. 

C. Third Period: Currents Observed in Situations 

of Type A 
The currents observed at times when the radial 

configuration of the magnetic field was indicative 

of a type A situation corresponded always to 

nominal flux densities smaller than 5 X 107 cm-2 

sec-I. However, these currents were o ccasionally 

distinctly above the noise level. They were 

modulated by the rotation of the satellite, with 

the maximum at the time when the normal to 

the probe was closest to the direction of the sun 

(as in the case of the currents observed in 

situations of type B) .  Often they appeared only 

at the 2300-volt modulation level ; occasionally 

they appeared also at the SOO- and at the 250-

volt levels, once even at the SO-volt level. 

Modulation at the lower voltages was observed 

more frequently toward the end of the flight. 

The origin of these small currents cannot be 

established with certainty. 

D. Observations during the Fourth Period 

During the fourth period, the following se
quences of events took place. 

Between 3-27-1440 and 3-27-1452, the mag
netic field changed direction abruptly (from 

about ¢ = 0°, e = - 60° to about cp = 90°, 

e = 0°) and then returned just as abruptly to 
approximately the original direction. The next 
two plasma measurements at the SOO- and 2300-
volt levels indicate that a substantial increase 
in the mean proton energy had occurred (<I> 
(2300) � 2<1> (SOO) , flat-topped signal at the 
SOD-volt level) , while the total flux density had 
not changed appreciably. 

At about 3-27-1500, the magnitude of the 
magnetic field at the satellite (which had been 
for some time in the neighborhood of 13 -y )  began 
to increase and reached a maximum of about 
25 -y at 3-27-1640 ; after this time it decreased 
slightly, oscillating around a value of about 20 y .  

A t  3-27-1 503, when the satellite w as  at  a geo

centric distance of 41 .4R" the sudden com
mencement of a magnetic storm was recorded 
on the earth . In the next six telemetering se

quences ( i .e ., unt.iI 3-27-1 655 ) , the signals at the 
2300-volt level (when available) were about 
twice the size of those at the SOO-volt level . 
Moreover, the latter had a distinct 'horned' 
shape which had not been observed previously 

(Figure 15) , whereas the signals at t.he 2300-
volt level still had a round top. There was also 
a large increase in the total proton flux. 

For the rest of the observation period (i.e., 
until 3-27-1S00, when the satellite was at 42 .3 

R.) the proton flux remained at a level about 
double that observed before the sudden com
mencement. However, there was no longer any 

marked difference between q. ( 2300) and q, 
(800) , and the signals at the SOO-volt level again 
had a rounded top . 

The above results show that during the first 
two hours after the sudden commencement 
about half the plasma protons had nominal 

energies above SOO ev. However, the round tops 
of the signals at the 2300-volt level indicate that 

the proton spectmm did not extend much be
yond 2300 ev. Thus the kinetic energy of bulk 
motion was of the order of 1000 ev ; however, 
the shape of the proton spectmm does not ap
pear to be consistent with a Mm,:wellian distri
bution of the proton velocities in the frame of 
reference of the moving plasma. 

Throughout the fourth period, the positions 
of the maximums were not appreciably different 
from those observed during the preceding third 
period. Thus, there was no evidence for any 
change in the direction of the plasma flow. 

4. INTERPRETATION 
There is little doubt that the fast-moving 

plasma encountered by Explorer 10 during the 
third and fourth periods of its flight did not 
originate from the earth, but was a feature of 
interplanetary space (however, it is likely, as we 
shall see, that the presence of the earth might 
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'" = 0° and a = 40° . 

have materially modified the plasma flow in the 
region explored by the satellite) . 

It is also difficult to avoid the conclusion that 
the reason no fast-moving plasma had been 
detected in the previous periods is that the geo
magnetic field acts as an obstacle to the plasma 
flow, creating around the earth a 'cavity' that 
the interplanetary plasma cannot penetrate 
(though the cavity may contain a quasi-station
ary plasma representing an extension of the 
earth's atmosphere) . The first appearance of the 
plasma at the beginning of the third period 
means that, at that time, Explorer 10 had trav
ersed the boundary of the geomagnetic cavity. 

A. Theoretical Considerations 

The interaction of a moving plasma with the 
earth's magnetic field was first studied theoreti-

cally by Chapman and Ferraro [ 1931, 1932, 
1933J . The problem was taken up again by Fer· 
raro [1952, 1960J whose work led to the pre
diction of a geomagnetic cavity of the general 
shape shown in Figure 23a. Its characteristic 
features are a blunt 'nose' pointing toward the 
oncoming wind, and a long 'tail '  stretching in the 

downwind direction (see also Johnson [196()] ; 
more recent developments of the theory are 
described in a paper by Davis and Beard [1962] , 
which also contains a good bibliography of the 
subject) . 

This theoretical model is based on a set of 
highly idealized assumptions, of which the most 
important are : ( 1 )  absence of plasma within 
the geomagnetic cavity, (2)  absence of magnetic 
field in the moving interplanetary plasma, and 
(3 )  absence of random motions of the plasma 
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moving, perfectly cold interplanetary plasma with no magnetic field . ( b )  Tentative model for 
the cavity and the stationary shock front produced by the interaction of the actual plasma 
wind with the geomagnetic field . 

particles in the rest frame of reference of the 
plasma ('perfectly cold' plasma) . 

During the last few years, it has become in
increasingly clear that none of these assumptions 
correspond to reality. Thus, before the flight of 

Explorer 10 even the qualitative validity of the 
theoretical conclusions was questionable. 

On the other hand, the findings of Explorer 
10 showed that the theoretical model was cor
rect in predicting a sharp boundary between the 

geomagnetic cavity and the surrounding inter-

planetary plasma. Moreover, another important 
feature of the theoretical model, i .e ., the strong 
forward-backward asymmetry of the cavity 
with respect to the direction of the plasma flow, 
was also experimentally confirmed ; though Ex
plorer 10 crossed the geomagnetic boundary at a 
distance of about 22R. in the antisolar region, 
Explorer 12, moving in the subsolar region, 
crossed the bounda.ry at about lOR . (see section 
4B) . It is thus reasonable to explore the possi
bility of interpreting the experimental results on 
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the basis of the theoretical model suitably modi

fied to make it compatible with the properties 

of the 'real' interplanetary plasma . 
The irreversible flow, indicated by the asym

metric shape of the geomagnetic cavity, implies 

dissipative processes such as are likely to occur 
prominently if the plasma approaches the earth 
at supersonic speed . 

In the idealized theoretical mo del, the plasma 
flow is indeed 'infinitely' supersonic because in a 

perfectly cold plasma with no ma.gnetic field, the 

velocity of propagation of small low-frequency 
disturbances ('sound' waves as well as Alfven 

waves) is zero . (A collisionless plasma does not 
propagate ordinary sound waves. However, some 
of the possible wave modes have propagation 

velocities that are close to the velocity of sound , 
defined in the ordinary manner.)  

In the actual interplanetary plasma, on the 
other hand, both the sound velocity and the 

Alfven velocity have finite values , and we must 
examine the experimental data to determine 
whether these velocities are actually smaller 
than the bulk velocity . 

In this connection, we note that the properties 
of the plasma wind observed by Explorer 10 
may differ substantially from those of the 'dis
tant wind .' In fact, it is well known that a super
sonic flow cannot be stopped suddenly by an 
obstacle ( in our case, by the geomagnetic cav
ity) , but must first be modified in such a way 
that, in the region ahead of the stagnation point, 
the velocity of the flow becomes subsonic.  In 
ordinary fluids, the conversion occurs through 
a stationary shock front (or bow wave) that 
forms ahead of and around the obstacle . It is 
reasonable to assume that a similar shock front 
exists in the interplanetary plasma around the 
geomagnetic cavity (Figure 23b) . 

Since collisions do not play any appreciable 
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Fig. 25. Intersection of the geomagnetic cavity with the plane of the traj ectory of Explorer 
10. The cavity is assumed to have axial symmetry around the direction of the 'distant' wind 
(which is at 6° to the solar direction in the plane of the ecliptic) ,  and to consist of a spherical 
cap j oining to a conical tail with a half-angle at the vertex of 20° . 

role in the exceedingly dilute interplanetary 
plasma, the dissipation processes that occur in 

the passage of the plasma across the shock front 
must be due to a mechanism different from that 

operative in ordinary fluids, a mechanism not 
yet well understood .  In any case, it is certainly 

true that , between the shock front and the geo
magnetic cavity, plasma and magnetic condi

tions are different from those beyond the front, 

where no effect of the earth's magnetic field can 
be felt. In particular, the plasma in this region 

will not only move with a smaller speed and in 
a direction different from that of the distant 
wind, but it will also have a higher temperature 

and carry a stronger magnetic field. For these 

reasons, the 'Mach numbers' of the local wind 
relative to both sound waves and Alfven waves 
will be smaller than the corresponding Mach 
numbers of the distant wind. 

With this in mind, let us consider the Explorer 

10 results. The velocity of bulk motion of the 
plasma was found to be substantially larger than 

the mean thermal velocity of agitation of the 
plasma protons. Since the thermal velocity is 
close to the sound velocity, we conclude that the 
velocity of bulk motion was larger t.han the 
sound velocity. 

From Table 6 we see that the ratio of the 
kinetic energy density of bulk motion to the 
magnetic energy density was greater than unity. 
Since this ratio equals the square of the ratio o f  
the bulk velocity t o  the Alfven velocity, w e  

conclude that the bulk velocity \vas also larger 
than the Alfven velocity. 

The observed plasma wind was thus super
sonic with respect to both sound waves and 
Alfven waves ; for the reasons explained above, 
this conclusion applies a fortiori to the distant 
wind. 

Note that a bow wave does not appear in the 



4056 BONETTI, BRIDGE, LAZARUS, ROSSI, AND SCHERB 

60r-------------------r-----------------� 

30 n 
u; Q) Q) ... 0" Q) 
:s 
(D 0 
Q) '"0 
.2 
0 oJ 
.� - 30 

P Ci.. 
u 
w n 

- 60 

So la r  E c l i p t i c  Long i t u d e  ¢ ( d e g ree s )  
Fig. 26. Showing the directions of the local wind Ln., L. at the time when plasma was first 

detected and at the end of the observing period. Shown also are the directions of the earth
satellite line El, E. at the same times, and the direction of the distant wind D .  

theoretical model, because i n  the limit o f  an 
infinitely large Mach number the bow wave be
comes coincident with the boundary of the geo
magnetic cavity. 

B. Experimental Data Relating to the Geo
magnetic Cavity and the Bow Wave 

Besides Explorer 10, several other space ve
hicles have provided information that can be 
used to specify some of the parameters char
acteristic of the interaction region between the 
interplanetary plasma and the geomagnetic field. 

Pioneer 1 (launched October 1 1 ,  1958) and 
Pioneer 5 (launched March 1 1 ,  1960) both went 
in the general direction of the sun . They did not 
carry plasma probes, but they did carry rotat
ing-coil magnetometers that measured, inter
mittently, the component of the magnetic field 
perpendicular to their spin axes. 

Up to a geocentric distance of about 1 3R " the 
observations of Pioneer 1 indicated a magnetic 
field not very different from that of a dipole ; 
however, in the neighborhood of 13R., the field 
was decreasing more slowly than a dipole field. 

Between 13R. and 14R., the field became highly 
disturbed and decreased in strength from about 
25 'I to less than 10 'I [Sonett, Smith, and Sims, 
1960 ;  Sonett, Judge, Sim8, a:nd Kelso, 1960] . 

The observations of Pioneer 5 [Coleman et al., 
1960] indicated a quiet magnetic field out to 
lOR • .  Then between lOR. and 14R., the field 
became highly disturbed. Between 14R, 8Jld 
1 5R. the situation changed again, and beyond 
15R. the field became much quieter and de
creased in strength, dropping to a value of about 
5 '1  at 20R • .  

Explorer 12 (launched August 15, 1961,  on 
an elliptical orbit with an apogee of about 13R,) 
carried a plasma probe, three flux-gate magne
tometers, and various high-energy particle detec
tors .  Its measurements refer to the subsolar 
region. The magnetometers showed that, in this 
region, the field was regular and had a structure 
consistent ( in strength and direction) with that 
of a 'compressed' dipole field up to a certain 
distance, and that beyond this distance it be
came highly irregular and its direction changed 
drastically (by about 180° ) .  The distance at 
which the transitions occurred varied between 
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SR, and 12R. [ Cahill, 1962 ; Cahill and Ama
zeen, 1962] . 

The plasma probe aboard Explorer 12 did not 
supply data p ertinent to this discussion. How
ever, the high-energy particle detectors showed 

that the region populated by trapped particles 
terminated near the point where the magnetic 
transition occurred [Rosser et al., 1962J . 

The combined results of Pioneer 1 ,  Pioneer 5, 
and Explorer 12 support the theoretical model 
described in section 4A. Moreover, they show 
that the boundary of the geomagnetic cavity 
(separating the magnetically disturbed region 
from the magnetically 'quiet' region p opulated 
by trapped particles) lies, in the subsolar region, 
between 8R, and 12R •. They also indicate the 
presence of a second surface of discontinuity at 
14R. or 15R., which presumably represents the 
br,w wave, separating the magnetically dis
turbed region around the geomagnetic cavity 
from the unperturbed interplanetary field. 

Figure 24 summarizes in graphical form the 
data mentioned above. This figure was taken 
from the report presented by one of us at a 
recent symposium of IRE-PGNS [Bridge, 1962] . 

A similar picture was presented by Cahill a.t 
the same symposium. 

C. A Tentative Model for the Geomagnetical 
Cavity 

Making use of the above results, we now at
tempt to draw a tentative and schematic model 
for the geomagnetic cavity as it existed at the 
time when Explorer 10 crossed the boundary 

and first detected the plasma wind. For this 
purpose, we still need to supplement the experi
mental data with a few hypotheses . 

In the first place, we assume that the distant 
plasma wind comes directly from the sun. Then 
in an earth-bound frame of reference, the plasma 
wind outside the bow wave arrives at an angle 
of about 6° to the sun-earth direction in the 
plane of the ecliptic, because of the orbital ve
locity of the earth. 

We assume next that the geomagnetic cavity 
has axial symmetry around a line parallel to the 

distant wind and passing through the center of 

the earth . Moreover, we assume that the bound

ary of the cavity can be approximated by a 
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spherical cap j oining smoothly to a conical 
surface. 

Finally, we take for the radius of the spheri
cal cap a value of lOR., which is the average 
distance at which Explorer 12 detected the 
termination of the geomagnetic cavity in the 
subsolar region . 

The above assumptions, together with the 
observed position at which Explorer 10 first 
encountered the plasma wind, determine the 
boundary of the geomagnetic cavity ; the conical 
surface of this boundary has a half-angle at the 
vertex of about 20° [Bridge, Lazarus, Lyon, and .  
Scherb, 1962 ; Bonetti, Olbert, Rossi, and Siscoe, 
1962] . 

The assumed shape of the geomagnetic bound
ary (a spherical cap joining to a conical 'tail' )  
is obviously an oversimplification. Indeed, since 
the earth's magnetic field is not axially sym

metric with respect to the direction of the dis
tant wind, there is no reason to believe that the 
geomagnetic cavity has axial symmetry. We 
have also neglected here the complex phe
nomena that are likely to occur in the vicinity 
of those singular points of the boundary surface 
where the magnetic field vanishes [see , e .g. ,  
Dungey, 1 958] . Moreover, the choice of lOR. 

for the geocentric distance of the geomagnetic 
boundary in the subsolar region is, to some ex
tent, arbitrary. This distance could easily have 
been 20 per cent larger or smaller ; correspond
ingly, the half-angle of the conical 'tail' could 
have been smaller or greater than 20 ° .  Finally, 
one must remember that, as has been demon
strated by the Explorer 12 results , the boundary 
of the geomagnetic cavity changes with time.  
Therefore, our specific model refers only to the 
geomagnetic cavity at one particular instant of 

time, i .e. ,  the time when Explorer 10 left the 
cavity. 

Undoubtedly, the present model ","ill be refined 
and revised as more data become available . We 
believe, however, that its general features will 
not change drastically, and we feel justified in 
using it as a basis for the interpretation of our 
data .  

D .  A lternate Appearances and Disappearances 
of the Plasma 

An important feature of the Explorer 10 ob
servations is the alternate appearance and dis
appearance of the plasma during the third 

p eriod of its flight ( transitions from situation 
A to situation B and vice versa) . There are, in 
p rinciple, two interpretations of these Oc�ur
rences . The first is that the interplaneta.'j. 
plasma has a 'stratified' structure, in which tubes 
of force that are essentially empty alternate 
with tubes of  force containing substantial 
amounts of plasma. The second is that, during 

the third perio d of its flight, Explorer 10 found 

itself alternately inside and outside the geomag
netic cavity.3 

After examining in detail the results of the 
magnetic field measurements, we are convinced 
(as discussed below) that the second interpre
tation is the correct one ( [Rossi, 1962] ; other 
authors, such as Piddington [1962] , have 
reached the same conclusion independently) .  

These measurements, in fact, strongly suggest 
that the field corresponding to situations of tyPe 

A was to some extent modified by the presence 
of the earth, whereas the field corresponding to 

situations of type. B was not . 
In the first place, the field observed in the 

absence of plasma ( situation A) was found to 
point almost directly away from the earth. This 
is the expected direction of field lines originating 

from the earth and contained in the elongated 
'tail' of the geomagnetic cavity. Only by pure 
accident would we find field lines with this par
ticular orientation in a region of space where the 
field arises from sources totally unrelated to the 
earth. 

In the second place ,  the data summarized in 
Tables 3 and 4 show that the strength of the 
magnetic field observed during the intervals of 
type A decreased with increasing geocentric dis
tance, whereas no such consistent trend is detec
table in the magnetic field measured during 

intervals of type B .  These observations are 
easily understood if we assume that the field 
typical of situation A is the geomagnetic field 
modified by the plasma wind, and that the field 
typical of situation B is of nonterrestrial origin. 
On the other hand, if we assume that the field 
typical of situation A is also unrelated to the 
earth , the observed decrease with increasing 
geocentric distance would be entirely accidental. 

3 We dismiss here as unlikely the possibility that 
during intervals of type A the direction of the 
plasma flow was within the solid angle where the 
plasma probe was insensitive (a > 63° ; see Fig
ure 12) . 
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A rouch more detailed and critical analysis of 

these questions appears in HNSS, to which we 

refer the reader for further  information.4 

The above interpretation of the alternate 

appearances and disappearances of the plasma 

is consistent with our model of the geomagnetic 

cavity. To illustrate this p oint, Figure 25 shows 

the intersection of this cavity with the plane of 
the satellite's traj ectory. We see tlmt Explorer 

10 kept close to the assumed boundary after 

le,wing the geomagnetic c avity . Though we do 
not ela,im that the situation depicted in Figure 
�5 represents more than a crude approximation, 
we feel Justified in assuming that Explorer 10, 

during the rest of its flight,  was never very far 

from the boundary as it e},:-.isted at the time of 

the first c rossing. It is thus very likely that fluc

tuations in the position of the boundary brought 

the satellite alternately inside and outside the 
geomagnetic cavity. Such fiuctuations are to be 
e,:pected, since the position of the boundary de

pends on the dynamic p ressure of the plasma 
wind, and the Explorer 10 data obtained outside 
the cavity reveal appreciable changes in the 
plasma flux. 

It is possible ,  also, that the boundary surface 
might be somewhat 'wavy,' thus allowing several 
successive traversals even without any tem
poral changes in the position of the surface.  

In connection with the p resent discussion, it is 
of interest to recall that on March 26, at 0250 
liT, while the satellite was still within the geo
magnetic cavity, the magnetic field began to 

increase in strength without changing direction 
(section 4B ) .  Presumably this increase was due 
to :l compression of the geomagnetic cavity, 
clused by an increase in the plasma flux. Pos-

4 H. Elliot, in a private communicn,tion (Octo
ber 1961 ) ,  first pointed out that the strength of the 
magnetic field detected by Explorer 10 before the 
sudden commencement decreased with increasing 
geocentric distance .  He used this observation as 
evidence that the field was of terrestrial origin ( al
though modified by the interplanetary plasma.) 
Wheu the distinction between situation A and 
,.:tuation B was clen,rly established, it became evi
·.�eut that Elliot's argument was valid for situa
, :ons of the first type but not for situations of the 
':ecOlld type . The careful analysis of the magnetic 
measurements carried out by J. Heppner and his 
collaborat ors (see HNSS) has now added consider
able strength to the conclusion that the field ob
selYed in situations of type A was of terrestrial 
origin . 

sibly, when the plasma wind was first detected 
a few hours later, the geomagnetic boundary 
was still moving inward at a speed greater than 
the outward speed of the satellite .  If so, it would 
be more appropriate to say that the geomagnetic 
boundary had moved past the satellite, rather 
than to say that the satellite itself had crossed 
a relatively stationary boundary. 

E. Properties of the Plasma Detected by Ex

plorer 10 during the Magnetically Quiet Third 
Period 

If Explorer 10 never got very far from the 
geomagnetic boundary, the local wind detected 
by the plasma probe must have been practically 
tangent to this boundary. If, moreover, the 
boundary was axially symmetric, the wind direc
tion would lie in the plane passing through the 
axis of the cavity and the point of observation. 

Let us assume that, at all times when Explorer 
10 detected a plasma wind, the geomagnetic 
cavity had the shape shown in Figure 25. We 
then find that, at the point where the satellite's 
trajectory first crossed the geomagnetic bound
ary, the plasma ",1.nd must have had the direc
tion sho\'lU by point L, in Figure 26. We also 
find that, despite the motion of the satellite, the 
,'lind direction changed very little during the 
rest of the flight., the representative point mov
ing only from L" to L,. Points L, and L2 are well 
within the 'window' that contains the wind di
rections compatible \,,1.th our observations . Thus, 
the proposed model of the cavity is consistent 
with these observations. 

The directions corresponding to points L, and 
L2 lie practically in the equatorial plane of the 
satellite (the line n in Figure 26) . Therefore, the 
angle a for the local wincI is practically zero . Of 
course the exact value of a thus determined is 
not significant because the assumed sha.pe of the 
geomagnetic cavity does not represent more 
than a crude approximation . However, it would 
seem that, for all reasonable directions of the 
local wind consistent with a distant wind coming 
directly from the sun, a should lie between 0°  
and 20°  (notice that a = 20 ° corresponds to  a 
nearly cylindrical, rather than conical, 'tail' of 
the geomagnetic cavity) .  

For angles smaller than 20 ° ,  the differences 
between nominal and actual values of the fiux 
and the energy are within the limits of our ex
perimental uncertainties . Thus, we may use the 
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values listed in Table 6 as a reasonable estimate 
for the properties of the plasma observed during 
the third period of the flight . 

We wish to note again that, in all likelihood, 

Explorer 10 never went out of the stationary 
shock front that has been assumed to surround 
the geomagnetic cavity. Presumably, the me
chanical and magnetic properties of the plasma 
undergo a change across the shock front j thus, 
the e:X"Perimental data of Explorer 10 may not 
represent accurately the properties of the inter
planetary plasma at large distances from the 
earth. 

F. Explorer 10 Observations at the Time of the 

Sudden Commencement 

As was noted in HNSS, a class 3 flare ap
peared on the east limb of the sun about 29 
hours before the sudden commencement ob
served on the earth and the almost simultaneous 
increase in plasma flux and magnetic field 
strength recorded by the instruments aboard 
Explorer 10 .  If this flare was indeed responsible 
for these effects, the mean velocity of propaga
tion of the disturbance in interplanetary space 
was about 1400 km sec-". 

Presumably, the disturbance consisted of a 
shock wave produced by the solar outburst and 
traveling over the 'normal' solar wind. Immedi
ately behind the shock front, we should expect 
to find a plasma moving with a bulk velocity 
smaller than that of the shock front itself (which 
corresponds to a proton energy of about 1 1 kev) . 
The protons detected by the plasma probe had 
energies below 2300 ev, corresponding to a veloc
ity of less than 640 kID sec-1 • The shape of the 
current signals is not consistent with the as
sumption that the probe was detecting the low
energy tail of a broad distribution peaked at an 
energy greater than 2300 ev. 

Thus, the bulk velocity of the plasma appears 
to differ from the computed mean velocity of 
propagation of the shock front by at least a 
factor of 2. However, we must consider ( 1 )  that 
the velocity of the shock front near the earth 
might have been smaller than its mean velocity, 
and (2)  that passage through the bow wave 
might have decreased the bulk velocity of the 
plasma. It is also possible, of course, that the 
observed magnetic field and plasma flux in
c reases were not caused by the flare referred to 
above. 

G. Configurat£on of the Magnetic Field Lines 
In the theoretical model of the caVl'ty . .  pro-

duced by the I�teractlOn of a moving interplane-
tary pl�sma WIth the geomagnetic fiel d, all the 
magnetIc field lines originating from the earth 
return to the earth. This is a consequence of th 
assumption that the i�terplanetary plasma do� 
not carry any magnetIc field. Even though it is 
now known that a magnetic field e:xists in inter
planetary space, we might be inclined to believe 
that the earth's magnetic field is still confined 
t� the geomagnetic cavity. According to this 
pIcture, the lines of force of the interplanetary 
field would spread out in the vicinity of the 
earth so as to envelope the geomagnetic ca\itv 
and remain disconnected from the field lin;s 
originating in the earth . The magnetic field vec
tors on the inner and outer side of the O'eoma�

netic boundary would then be tangent to this 
surface (without necessarily being parallel to 
each other) . 

The general p attern of the e}""Perimental data 
provide� b� Explorer 10 does not appear to sup
port thIS VIew. In fact , along those sections of 
the trajectory that were outside the cavity, the 
average magnetic field formed large angles with 
the boundary, being often approximately per
pendicular to it . Inside the cavity, the average 
magnetic field (which was nearly radial from 
the earth) also formed a finite angle with the 
boundary of the cavity. Thus, it would seem 
that the field lines originating from the earth do 
not remain confined to the geomagnetic cavity 
but connect t o  the field lines of interplanetary 
space through the boundary of the cavity .5 

Since the interplanetary plasma flows past the 
geoma.gnetic cavity at great speed , while the car

ity itself c ontains a nearly stationary plasma, it 
seems difficult to reconcile such a magnetic con

figuration with the generally accepted belief that 
the magnetic field lines are frozen into the 
plasma. 

In view of this difficulty, it is advisable to ex-

� As was noted in HNSS, some uncertainty exists 
about the dire ction of the Explorer 10 spin axis ; 
the extreme values for its ecliptic longitude are 
59.5° and 630 ,  and the extreme values for its eclip

tic latitude are _300 and -46 .5° .  However, these 
uncertainties do not affect significantly the con
clusions stated here concerning the ma�etic field 
directions. 
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ercise great caution in the interpretation of the 
experimental results . 

One possibility is that the geomagnetic cavity 

is separated from the interplanetary plasma by 
11 bounda.ry layer of finite thickness, and that 

within this layer violent dissipative processes 

occur that effectively de-couple the field lines 

of the interplanetary plasma from those con
tained in the geomagnetic cavity. The transitions 
we have defined as 'complex' (section 5A) ap

pear to suggest, in fact, the presence of a bound
ary layer of considerable thickness . However, 
most of the transitions were not complex. More
over, it is possible that the rapid changes of 
magnetic. field and plasma flux occurring during 
the complex transitions may have been due to 
fluctuations of a thin geomagnetic boundary. 
The fact that, even during such transitions, the 
correlation between plasma flux and magnetic 
field direction persisted, supports the second 
point of view. In any case, the character of the 
fluctuations in the magnetic field observed dur
ing the complex transitions does not suggest the 
kind of turbulence that we would associate with 
strongly dissipative processes. Thus, there is 
little experimental evidence to support the view 
that dissipation of energy within a boundary 
layer of finite thickness may provide a way out 
of the difficulties. 

Another possibility is that the field lines, both 
inside and outside the geomagnetic cavity, ap
proach the boundary at a finite angle and then 
turn sharply so as to become parallel to this 
boundary. 

To test such a possibility, we examined in 
detail the behavior of the magnetic field in the 
vicinity of the various transitions which, accord
ing to our interpretation, represent traversals of 
the geomagnetic boundary (Table 2) . We found 
no evidence that the magnetic field tended to 
become parallel to such a boundary at the times 
when any one of the 13 simple transitions oc
curred, and only a few of the observations made 
during the two complex transitions might be 
compatible with magnetic fields parallel to the 
boundary. A typical example of the changes in 
the direction of B corresponding to a simple 
transition is illustrated in Figure 27. 

It would be premature, perhaps, to draw any 
firm c.onclusion from the above results, in view 
of the fact that the magnetic field was not mea
sured continuously, but only at intervals of 2 

min 28 sec . We must also consider the uncer
tainties introduced by the arbitrary assumptions 
on which our tentative model of the geomag
netic cavity is based (section 6C) . Of these as
sumptions, the one that affects the predicted 
orientation of the geomagnetic boundary most 
critically is the hypothesis that the plasma wind 
flows radially away from the sun. We might in
quire if, by abandoning this assumption, we can 
construct a reasonable model for the geomag
netic cavity such that its boundary is parallel 
to the magnetic fields observed near the transi
tions . It turns out that this is possible, if we 
assume that the distant wind comes from a di

rection near the plane of the ecliptic at about 
45° west of the sun [Bonetti, Bridge, Lazarus, 
Lyon, Rossi, and Scherb, 1962a] . The direction 
of the 'local' wind corresponding to this model 
falls within the window containing the allowed 
directions of the obse rved plasma flow. How
ever, this model appears unrealistic on the fol
lowing grounds : First, it is difficult to imagine 
a mechanism that would account for the wind 
coming from that particular direction. Second, 
considering the intersection of the geomagnetic 
cavity produced by tlus wind with the orbital 
plane of Explorer 10, we now find that the satel
lite, after crossing the boundary at 22R ., moved 
rapidly away from it. Thus, it is no longer pos
sible to explain the alternate disappearances 
and reappearances of the plasma by expansions 
and contractions of the geomagnetic boundary, 
unless these oscillations had a very large am
plitude. 

In conclusion, we wish to stress the fact that 
questions of basic importance are still unre
solved by present experimental information on 
the interplanetary pla.sma and the geomagnetic. 
boundary. It is essential that further experi
ments be undertaken, designed to provide a 
detailed description of conditions existing in the 
immediate vicinity of the geomagnetic boundary 
and within the boundary layer itself, through 
continuous recording of magnetic fields and 
plasma fluxes. 
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