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Plasma wave measurements provided by Helios | show that the electric field intensities in the solar wind
are usually very low, much lower than those for comparable measurements near the earth, where particles
moving upstream from the bow shock often cause large disturbances in the solar wind. The most
commonly occurring plasma wave detected by Helios is a sporadic emission at frequencies from about |
to 10 kHz, between the electron and ion plasma frequencies. These waves are thought to be ion sound
waves which are Doppler-shifted upward in frequency from below the ion plasma frequency. The
maximum electric field intensity of these waves is a few hundred microvolts per meter. At higher
frequencies, from about 20 to 100 kHz, electron plasma oscillations are detected at frequencies near the
local electron plasma frequency. These electron plasma oscillations are more intense, with field strengths
sometimes as large as a few millivolts per meter, but occur very infrequently. Both the ion sound waves
and the electron plasma oscillations show a tendency to occur at higher frequencies closer to the sun but
no pronounced variation in intensity with radial distance from the sun. In four cases, electron plasma
oscillations have been found in association with type 11l radio bursts.
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INTRODUCTION

In this paper we survey and analyze the electric field mea-
surements obtained from the University of lowa plasma wave
experiment on the Helios 1 spacecraft. Helios 1, which was
launched on December 10, 1974, is in an eccentric solar orbit
near the ecliptic plane with initial perihelion and aphelion
radial distances of 0.309 and 0.985 AU, respectively. The
University of lowa plasma wave experiment on Helios 1 pro-
vides measurements of electric field intensities in the frequency
range from 31 Hz to 178 kHz. This frequency range includes
most of the characteristic frequencies of the plasma (the elec-
tron plasma frequency f,~, the ion plasma frequency f,*, and
the electron gyrofrequency f;~) expected in the solar wind
from 0.3 to 1.0 AU. The data obtained from this experiment
provide the first observations of plasma waves in the region
close to the sun (R =~ 0.3 AU) and measurements with greatly
improved sensitivity and frequency range in comparison to
any previous solar wind plasma wave investigations performed
at 1.0 AU.

Plasma waves play a crucial role in most, if not all, plasma
interactions which take place in low-density collisionless
plasmas. When the mean free path of the particles becomes
much larger than the basic scale length of the system, as occurs
in the solar wind and the earth’s magnetosphere, collisions can
no longer provide the mechanism for energy and momentum
exchange between the particles. As the system evolves, devia-
tions from thermal equilibrium occur which produce unstable
particle distributions. In the region of instability, waves de-
velop which grow to such large amplitudes that they directly
affect the distribution function of the interacting particles.
These wave-particle interactions usually tend to drive the dis-
tribution function toward thermal equilibrium, the waves
playing a role similar to collisions in an ordinary fluid.
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In the early solar wind models of Parker [1958] it was
realized that microscopic collisionless interactions must be
present to account for the fluidlike properties of the solar
wind. The importance of these collisionless interactions was
later confirmed in more detail by the two-fluid calculations of
Hartle and Sturrock [1968], which showed that the solar wind
protons must be heated somewhere inside ! AU to account for
the observed proton temperature and velocity at the earth.
Because of the low collision frequency in the solar wind this
heating must involve wave-particle interactions. Over the past
10 years, numerous theoretical studies have been performed to
try to identify the most important and relevant plasma wave
instabilities which occur in the solar wind. See, for example,
the recent review by Hollweg [1975]. Most of these studies
have concentrated on various types of low-frequency hydro-
magnetic (Alfvén) waves and instabilities which occur at fre-
quencies below the ion gyrofrequency. The properties of these
low-frequency hydromagnetic waves have now been exten-
sively studied by using satellite-borne magnetometers on in-
terplanetary spacecraft (see, for example, Coleman [1966],
Belcher and Davis [1971], and Burlaga [1971]). At higher
frequencies, in the range appropriate for comparison with the
Helios plasma wave measurements, several types of elec-
trostatic and electromagnetic instabilities have been suggested
which may play an important role in controlling the macro-
scopic structure of the solar wind. Fredricks [1969] suggested
that electrostatic ion sound waves, driven by currents at dis-
continuities in the solar wind, could heat the protons in the
solar wind by resonant interactions. Substantial proton heat-
ing by waves of this type is only expected at radial distances of
less than about 0.3 AU. Forslund [1970] considered the pos-
sible types of two-stream instabilities which could occur be-
cause of the skewing of the electron distribution function
caused by heat conduction in the solar wind. Four types of
instabilities were found which could be driven by electron heat
conduction: electromagnetic ion cyclotron, electrostatic ion
cyclotron, magnetoacoustic, and ion acoustic. Any of these
modes could in principle be unstable in the solar wind at | AU.
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Schulz and Eviatar [1972] and Hollweg [1975] have suggested
that these heat conduction driven instabilities may signifi-
cantly lower the heat conduction in the solar wind, with corre-
sponding modifications of the radial temperature gradient.
When streams of energetic electrons are ejected into the solar
wind by a solar flare, electron plasma oscillations are expected
to be produced by two-stream instabilities at frequencies near
the electron plasma frequency. Electron plasma oscillations
have received extensive theoretical study because of their pre-
sumed relationship to solar radio emissions, particularly type
I11 solar radio bursts [Ginzburg and Zheleznyakov, 1958; Stur-
rock, 1961; Tidman et al., 1966; Smith, 1974]. These waves are
thought to play an important role in controlling the energy
spectrum and temporal evolution of the energetic 1- to
100-keV solar flare electrons [Papadopoulos et al., 1974].

Although plasma waves are thought to be of considerable
importance in the solar wind, relatively little is known about
the types of waves which occur in the solar wind at frequencies
above the ion gyrofrequency. Near the earth many measure-
ments of plasma wave electric and magnetic fields have been
made in the solar wind with sensitive and reliable instruments.
However, in the absence of interplanetary shocks or other
large-scale disturbances the proper identification of the waves
intrinsic to the solar wind from measurements near the earth is
greatly complicated by the disturbing effects of particles arriv-
ing from the earth’s bow shock and magnetosphere. By very
careful investigation of the particle distribution functions to
determine the origin of the particles producing an instability, it
is possible to identify waves intrinsic to the solar wind. An
example of an investigation of this type is given by Gurnett and
Frank [1975], in which electron plasma oscillations associated
with electrons from a solar flare are identified by the Imp 8
spacecraft near the earth. Because of the difficulty of separa-
ting out the effects caused by the earth’s interaction with the
solar wind, few measurements of this type have been made
near the earth.

In interplanetary space, far away from the disturbing effects
of the earth, the only previous measurements of high-fre-
quency plasma waves (f >> f,*) are from the Pioneer 8 and 9
spacecraft [Scarf et al., 1968; Scarf and Siscoe, 1971], which
provided electric field measurements in the solar wind at radial
distances between about 0.75 and 1.0 AU. Since the Pioneer 8
and 9 electric field experiments were relatively insensitive (they
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used a short telemetry antenna as an electric field sensor), only
the most intense plasma waves could be detected. The princi-
pal results of the Pioneer 8 and 9 plasma wave experiments
were the occasional detection of strong low-frequency (f =~ 400
Hz) electric field turbulence in the solar wind. Several different
types of turbulence were identified depending on the detailed
temporal variations and correlations with other parameters.
Short-duration ‘spikes’ in the electric field intensity at ~400
Hz tended to occur at discontinuities in the magnetic field or
plasma parameters (such as at interplanetary shocks) and were
closely associated with the occurrence of sudden com-
mencements and geomagnetic disturbances at the earth [Siscoe
et al., 1971]. Detailed studies of the electric field intensities
during selected storm periods showed a significant variation in
the broadband electric field intensity with radial distance from
the sun, with maximum broadband intensities of nearly 50 mV
m~' (equivalent 100-Hz sine wave response) at 0.75 AU [Scarf
et al., 1973]. Longer-duration events, sometimes lasting for
one to several days, were also occasionally observed in the
broadband electric field measurements with amplitudes of
typically 1-10 mV m~"! in the 400-Hz channel [Siscoe et al.,
1971]. These long-duration events were found to be correlated
with regions of enhanced density, such as occur ahead of
high-speed streams. Near the earth, electron plasma os-
cillations associated with the earth’s bow shock were detected
by Pioneer 8 and 9 [Scarf et al., 1968]; however, comparable
plasma oscillations were not observed in interplanetary space
away from the eflects of the earth [Scarf et al., 1972].

As will be shown, the plasma wave electric field measure-
ments provided by Helios 1 add considerably to the Pioneer 8
and 9 results by providing measurements over a wider range of
frequencies and radial distances and with considerably better
sensitivity. For most of the types of waves detected by Helios 1
the electric field intensities are below the sensitivity threshold
of the Pioneer 8 and 9 instruments, so no direct comparisons
can be made. Waves with intensities comparable to the intense
low-frequency spikes and long-duration events observed by
Pioneer 8 and 9 have not yet been detected by Helios 1.

INSTRUMENT DESCRIPTION

The plasma wave and radio astronomy experiment of Helios
1 consists of a combination of three instruments: a 16-channel
spectrum analyzer from the University of lowa to provide high
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The geometry of the electric field antenna used for the Helios plasma wave measurements. The spacecraft 1s spin-

stabilized with the medium gain telemetry antenna axis oriented perpendicular to the ecliptic plane.
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Fig.2. A block diagram of the University of Iowa plasma wave experiment on Helios. The shock alarm is used to imtiate a
very rapid sampling rate mode using the spacecraft memory.

time resolution plasma wave measurements in the frequency
range from 31 Hz to 178 kHz, a narrow bandwidth spectrum
analyzer with 168 frequency steps from the University of Min-
nesota to provide high frequency resolution plasma wave mea-
surements in the frequency range from 10.4 Hz to 209 kHz,
and a 16-channel radiometer from Goddard Space Flight Cen-
ter to provide solar radio wave measurements in the frequency
range from 26.5 kHz to 3.0 MHz. Only results from the
University of lowa instrument are presented in this paper. All
three instruments share a single electric dipole antenna with
a nominal tip-to-tip length of 32 m, which is extended outward
perpendicular to the spacecraft spin axis, as is shown in Figure
1. The spacecraft spin axis is oriented perpendicular to the
ecliptic plane, and the nominal spin rate is 1.0 rps.

A block diagram of the University of Iowa plasma wave
instrument is shown in Figure 2. This instrument consists of 16
continuously active receiver channels with four frequency
channels per decade. The bandwidth of these channels is rela-
tively wide, £10% for the channels from 31 Hz to 1.78 kHz
and £8% for the channels from 3.11 to 178 kHz. The fre-
quency passbands overlap to provide essentially continuous
coverage of all frequencies from about 20 Hz to 200 kHz. The
signal from each filter channel is processed by a logarithmic
compressor which provides a voltage output proportional to
the logarithm of the electric field strength. The dynamic range
of the logarithmic compressor is 100 dB. Two types of field
strength measurements, called the average and the peak, are
made for each channel. The average field strength is the ex-
ponentially weighted average (a resistance-capacitance in-
tegrator) of the logarithm of the field strength with a time
constant of 50 ms for all channels except 56 and 31 Hz, which
have time constants of 100 and 200 ms, respectively. The peak
field strength is obtained from a peak detector which gives the
maximum field strength since the preceding sample. The con-
tinuously active channels, with peak detection and overlapping
frequency response, assure that any wave which occurs within
the frequency and sensitivity range of the instrument will be
detected, even very short bursts with durations much shorter
than the sampling period. The 16 peak and 16 average field
strengths are sampled essentially simultaneously by a data

processing unit which provides analog-to-digital conversion
and formating for the spacecraft data system, A wide range of
sampling rates is possible, depending in detail on the space-
craft bit rate and telemetry format. The fastest sampling rate in
real-time operation provides a complete set of 16 peak and 16
average samples every 1.125 s. Even faster sampling rates, up
to 14.2 samples per second for each channel, are possible when
a rapid read-in to the spacecraft memory is used. The memory
read-in is triggered by a ‘shock alarm’ circuit (see Figure 2)
which responds to the field strength in a preselected channel. A
shock alarm signal is generated whenever the field strength
exceeds the largest field strength detected since the last mem-
ory readout. The memory is organized to store data both
immediately before and immediately after the shock alarm
signal occurs. The overall function of the shock alarm and
memory read-in is to provide very rapid sampling of the
electric field spectrum, as well as other magnetic field and
plasma data, around the time of maximum field strength.

IN-FLIGHT OPERATION AND NEAR-EARTH OBSERVATIONS

Shortly after the launch of Helios 1 it was discovered that
one of the two antenna elements which make up the electric
dipole antenna did not extend properly and was electrically
shorted to the spacecraft structure. The resulting antenna con-
figuration is therefore an electric monopole, the spacecraft
body and associated booms acting as a ground plane. Al-
though this is not the intended antenna configuration, the
effects of this failure are not particularly serious. Monopole
antennas of this type have been successfully used on several
previous spacecraft plasma and radio wave experiments
[Siysh, 1965; Benediktov et al., 1968; Scarf et al., 1968]. The
primary detrimental effects for the Helios 1 experiment are a
loss of 6 dB in the electric field sensitivity because of the
shorter antenna length and an increase in the noise level of the
178-kHz channel by about 25 dB because of an interference
signal conducted into the experiment from the shorted an-
tenna. It was also thought that the reduced common mode
rejection caused by the asymmetrical antenna configuration
would result in larger interference levels, particularly from the
spacecraft solar array. However, comparisons with the Helios
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Fig. 3.

The electric field intensities detected by Helios 1 during the outbound pass through the bow shock shortly after

launch.

2 spacecraft, which was recently launched and for which both
antennas extended properly, show that the background noise
voltages are essentially the same in all except the 178-kHz
channel.

One disadvantage of a monopole antenna is that the effec-
tive length cannot be estimated as well as for a dipole antenna
because of the complicated geometry of the spacecraft body.
To calculate electric field strengths from the Helios 1 data, we
assume that the spacecraft body acts as a perfect ground plane,
in which case the effective length is one half of the length of the
monopole element, or. /¢y = 8.0 m. This assumption is justified
mainly on the grounds that the spacecraft body and associated
booms have a rather large capacitance to the surrounding
plasma which should maintain the spacecraft potential essen-
tially constant with respect to the local plasma potential. At
higher frequencies, above the electron plasma frequency where
the plasma effects are not important, the effective length is
probably somewhat smaller, by about 15-20%, because of the
finite size of the ground plane. Because of the large range of
electric field strengths encountered in the solar wind, uncer-
tainties of this magnitude are not considered serious. The
calculated electric field strengths also rely on the assumption
that the wavelengths are longer than the antenna length. In
most cases, specific tests based on spin modulation measure-
ments of the antenna pattern and Doppler shift estimates can
be performed to verify this assumption.

To demonstrate the operation of the experiment in an envi-
ronment which has already been extensively investigated, we
have analyzed the electric field intensities observed as Helios 1
passes through the region near the earth’s bow shock shortly
after launch. The electric field intensities in this region are
shown in Figure 3 for all 16 channels, from 31 Hz to 178 kHz.

The ordinate for each channel is proportional to the logarithm
of the electric field strength, and the interval from the base line
of one channel to the base line of the next higher channel
represents a range of electric field strengths from about 1 uV
m~! to 100 mV m~! for /oy = 8.0 m. The peak electric field
strengths are indicated by dots, and the average field strengths
are indicated by vertical bars (the solid black areas) extending
upward from the base line of each channel.

During the pass through the bow shock one of the strongest
and most prominent types of noise detected by Helios 1 is a
high-frequency (50-500 kHz) radio emission generated in the
earth’s auroral zones. This noise, which is called terrestrial (or
auroral) kilometric radiation [Gurnett, 1974; Kurth et al.,
1975], is detectable for several weeks after launch and is clearly
evident in the frequency channels above 50 kHz in Figure 3.
Auroral kilometric radiation provides a useful source for veri-
fying the effective length of the monopole antenna. During a
period of maximum intensity, at a radial distance of 31.1 Rg
from the earth (1315 UT), the power flux of the auroral
kilometric radiation is found to be 2.98 X 10~ W m~? at 178
kHz for an effective length of 8.0 m. From a comparison with
Figure 5 of Gurnett [1974] it is seen that this power flux is in
good quantitative agreement with the typical maximum in-
tensities of auroral kilometric radiation detected by the Imp 6
spacecraft at comparable radial distances from the earth.

Because of the data gap from 1128 to 1255 UT in Figure 3,
no plasma wave measurements are available at the time of the
actual bow shock crossing. Before the bow shock crossing,
during the interval from about 1045 to 1128 UT, a broad
spectrum of electric field noise is detected, extending from
frequencies below 31 Hz to greater than 56.2 kHz. This noise is
characteristic of the intense electrostatic turbulence which is
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Fig. 4. The threshold electric field sensitivity of Helios 1 and Helios 2 compared to several other plasma wave
experiments which have made electric field measurements in the solar wind. The rapid increase in the noise level at low
frequencies is caused by interference from the spacecraft solar array.

commonly observed throughout the magnetosheath down-
stream of the bow shock [Rodriguez and Gurnert, 1975]. After
the bow shock crossing, from about 1255 to 1425 UT and in
several intervals thereafter, an intense narrow band electric
field emission is evident in the 10.0- and 17.8-kHz channels.
This narrow band emission consists of electron plasma os-
cillations of the type discussed by Scarf et al. [1971], excited by
electrons streaming into the solar wind from the bow shock.
For an eflective length of 8.0 m the electric field strength of
these plasma oscillations is found to range from about 100 zV
m~!to 1 mV m~', with occasional peaks as large as 3 mV m~".
These field strengths are in good quantitative agreement with
similar measurements obtained from the Imp 6 and 8 space-
craft [see Gurnett and Frank, 1975].

In Figure 4 we show the in-flight noise level of the Helios 1
plasma wave experiment (and also Helios 2) and compare
these noise levels with several other similar experiments which
have made electric field measurements in the solar wind. In
each case the noise levels have been calculated by using the
effective length determined from strictly geometrical consid-
erations, without regard for errors caused by sheath effects or
wavelengths shorter than the antenna. The rapid increase in
the noise level of the Helios experiments at low frequencies,
below about 1.0 kHz, is caused by interference from the space-
craft solar array. Because of the spacecraft rotation, large
voltage transients, as large as 70 V, occur as the solar panels
rotate into and out of the sunlight. These voltage transients are

coupled to the antenna through the plasma sheath surround-
ing the spacecraft and produce strong interference over a very
broad range of frequencies. This same type of interference also
occurs at low frequencies in the Imp 6 and 8 electric field
measurements but is more intense on Helios because of the
higher spin rate (1.0 rps) in comparison to the spin rates of
Imp 6 and 8 (0.083 and 0.4 rps). The difference in sensitivity
between Helios 1 and Helios 2 is caused by the factor of 2
difference in the antenna lengths. The improved sensitivity of
the Imp 6 and 8 experiments is mainly due to the longer
antennas used on these spacecraft. Since comparisons are to be
made later with the Pioneer 8 and 9 electric field measure-
ments, the noise levels of the Pioneer 8 and 9 experiments are
also shown in Figure 4, based on the instrument parameters
given by Scarf et al. [1968] and Scarf and Siscoe [1971]. The
noise levels of the Pioneer experiments assume an ef-
fective length of 1.0 m, which, as was pointed out by Scarf et al.
[1968], is considered somewhat uncertain because of possible
errors introduced by local sheath effects. Also shown for com-
parison are the noise levels of the Ogo 5 electric field experi-
ment (F. Scarf, personal communication, 1976), which has
made electric field measurements in the solar wind [Scarfet al.,
1972]. The noise levels of the Ogo 5 7.3- and 14.0-kHz chan-
nels are not shown because of the presence of strong space-
craft-generated interference in these channels.

A highly unusual and unexpected interference problem was
encountered on Helios 1 when the S band telemetry signal was
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switched from the medium to high gain telemetry antenna
about 10 days_after launch. When the telemetry transmitter
was switched to the high gain antenna, a very intense broad-
band interference occurred, with an increase in noise level of
nearly 50 dB in some channels. This interference was also
accompanied by a number of other dramatic effects indicating
a major disturbance in the plasma around the spacecraft, the
most notable being a large increase in the £ =~ 100 eV electron
flux detected by the solar wind plasma experiment (H. Rosen-
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bauer, personal communication, 1976) and a charging of the
electric antenna element to —30 to —40 V with respect to the
spacecraft structure. Subsequent investigations of these effects
have led to the conclusion that the interference and electron
heating are caused by a multipacting breakdown of the high
gain antenna feed. This breakdown is essentially a transit time
resonance for electrons accelerated across the gap in the an-
tenna feed and occurs when the secondary emission coefficient
is sufficiently large to cause a rapid buildup of electron density
in the gap [Hatch and Williams, 1954, 1958]. Since the reso-
nance condition is highly sensitive to the gap spacing, the
antenna feed on Helios 2 was redesigned with a larger gap
spacing to eliminate this problem. As a result of this modifica-
tion, no similar interference effects have yet been observed on
Helios 2.

Because of the multipacting problem with the high gain
antenna, useful plasma wave data could initially be obtained
only by using the medium gain antenna. Since operation with
the medium gain antenna resulted in a larger bit rate penalty to
the other experiments, this mode of operation was quite lim-
ited, usually consisting of only a few 8-hour passes per week.
Fortunately, shortly after the first perihelion passage the mul-
tipacting interference completely disappeared, and it has not
reappeared again except for a short period during the second
perihelion passage. The disappearance of the multipacting
breakdown is not understood in detail but is generally thought
to be caused by modifications of the surface properties (sec-
ondary electron emission coefficient) of the high gain antenna
feed due to the high temperatures encountered near perihelion.

Since some of the results which will be presented involve the
detection of relatively rare plasma wave phenomena, it is im-
portant to comment on the total quantity of data which has
been analyzed. For this study all of the real-time data obtained
from Helios 1 during the first 16 months of in-flight operation,
consisting of approximately two and one-half orbits around
the sun, have been processed and analyzed in detail. In addi-
tion, a survey has been made of the data currently available
from Helios 2 during the first 2.5 months of in-flight operation.
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Fig. 7. Another example of a quiet period in which slightly enhanced noise levels are clearly evident in the 562-Hz 10 3.11-
kHz channels.

Because of the multipacting interference early in the flight of
Helios 1 and the reduced telemetry coverage after the first
perihelion the overall fraction of the time for which usable
plasma wave data are available is only about 30%. This limita-
tion in the available data significantly reduces the detection
rate for relatively infrequent events such as type I1I solar radio
bursts and interplanetary shocks. No interplanetary shocks
have yet been identified in the Helios plasma wave data, al-
though such events may be identified later when more detailed
comparisons are made with the plasma and magnetic field
data.

QUIESCENT CONDITIONS IN THE SOLAR WIND

A characteristic feature of the Helios 1 plasma wave data is
the almost complete absence of detectable electric fields for a
substantial fraction of the time, 50% or more, and for long
periods, sometimes lasting several days or longer. This is in
striking contrast to measurements in the solar wind near the
earth, where moderately intense plasma waves, produced by
particles arriving from the bow shock and magnetosphere, are
present a large fraction of the time. The electric field intensities
during one such quiescent period are shown in Figure 5. Ex-
cept for some very low intensity waves between about 562 Hz
and 3.11 kHz, which will be discussed shortly, all of the electric
field channels are near their minimum noise level, as deter-
mined by the solar array noise at frequencies below about 1.0
kHz and by the preamplifier noise at frequencies above 1.0
kHz. Comparable quiescent periods are a common feature of
the Helios data at all radial distances from 1.0 to 0.3 AU. One
notable effect, which was observed on both the first and the
second perihelion passage, is a gradual increase in the back-
ground noise level with decreasing radial distance from the
sun. This radial dependence is illustrated in Figure 6, which
shows electric field spectrums selected at four representative
radial distances during quiet times. The quiescent noise levels
are seen to remain essentially constant from 0.98 to 0.76 AU
but then to increase gradually by about 10-15 dB with decreas-

ing radial distance, reaching maximum intensity near peri-
helion. Although the origin of the increased noise level near
perihelion is not known, it is reasonably certain that this noise
is not caused by plasma waves. The reason for this conclusion
is that the noise intensity displays a pronounced variation with
the spacecraft rotation, with a single maximum when the an-
tenna is pointing away from the sun. To be interpreted as an
electric field, the spin modulation must have two maximums
per rotation. The most likely explanation is that the noise is
caused by some type of spacecraft-generated interference
which increases in intensity near perihelion. Numerous param-
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Fig. 8. An electric field spectrum during one of the periods of

enhanced noise level evident in Figure 7. The broadband electric field
strength of the waves which produce these enhancements is only about
10 4V m-1.
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A more disturbed period during which moderately intense electric fields are detected over a broad range of

frequencies between electron and ion plasma frequencies f,~ and f,*. The plasma frequencies are computed from the
plasma densities measured simultaneously by the solar wind plasma experiment on Helios.

eters of the spacecraft power system, which could possibly
affect the interference levels at high frequencies, vary consid-
erably with radial distance from the sun.

During quiescent periods such as the one in Figure 5 there is
often a slight irregular enhancement of the noise level in the
562-Hz to 3.11-kHz channels, suggesting that some very weak
plasma waves may be present in this frequency range. An
example of the otherwise quiescent interval during which these

low-intensity enhancements are particularly evident is shown
in Figure 7. The electric field spectrum during one of the
periods of enhanced noise intensity, at 0530 UT, is shown in
Figure 8 and is compared with the spectrum at a time of
minimum noise level, at 0510 UT. Although it is very difficult
to be certain that these periods of enhanced intensity are not
caused by spacecraft interference, most of the evidence sug-
gests that these enhancements are caused by plasma waves.
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Fig. 10. Another example of the f,* < f < f,™ noise, similar to Figure 9 but closer to the sun.
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The fact that the enhancements appear in only a limited num-
ber of channels indicates that the noise is distinctly different
from the multipacting interference and from the interference
encountered near perihelion. Also, this same noise is detected
even more clearly by Helios 2, which has better electric field
sensitivity than Helios 1 and for which no multipacting inter-
ference has been detected.

If the very weak irregular enhancements in the 562-Hz to
3.11-kHz channels are due to plasma waves, then the electric
field intensity of these waves is very small, the broadband
electric field strength being only about 10 xV m~1. Although
these waves are very weak, they are apparently present a large
fraction of the time, possible 50% or more, because they are
almost always detectable, even during quiescent periods such
as appear in Figures 5 and 7. Because of the difficulty of clearly
resolving these very low intensities, further investigation of
these waves will be delayed until more data are available from
Helios 2, which has better sensitivity than Helios 1.

WAVES BETWEEN THE ELECTRON AND [ON PLASMA
FREQUENCIES

Occasionally, intervals occur in the Helios 1 plasma wave
data in which moderately intense electric field noise is detected
in the frequency range from about 1 to 10 kHz. Two examples
of this noise are shown in Figures 9 and 10, at radial distances
of 0.98 and 0.47 AU, respectively. As will be shown, the
frequency range of this noise consistently lies between the local
electron and ion plasma frequencies f,~ and f,*. We therefore
refer to this noise as f,* < f < f,~ noise. This terminology is
adopted from a strictly observational viewpoint. It should be
noted that if sizable Doppler shifts occur, then the actual wave
frequencies in the rest frame of the plasma may not, in fact, be
directly related to either of these frequencies.

Except for the extremely weak noise enhancements dis-
cussed in the previous section, the f,* < f < f,™ noise is the

GURNETT AND ANDERSON: SOLAR WIND PLASMA WAVES

most commonly occurring type of plasma wave detected by
Helios 1. When this noise occurs, it is usually observed with
sporadic intensities for periods ranging from a few hours to
several days. Such periods of enhanced f,* < f < f,” noise
intensities usually occur a few times per month. It seems likely
that this noise is associated with a corotating feature of the
solar wind which recurs for every solar rotation; however, at
the present time the available data have not been analyzed in
enough depth to establish a definite association. The noise has
been detected at essentially all radial distances surveyed by
Helios 1.

It is evident in Figures 9 and 10 that the peak intensities of
the f,* < f < f,™ noise are larger than the average intensities
by a factor of approximately 20-30 dB. This large ratio of the
peak to average field strengths indicates that the noise is very
impulsive, consisting of many brief bursts occurring on time
scales that are short in comparison to the averaging interval
(which is about 1 min for Figure 9 and 30 s for Figure 10).
These impulsive temporal variations clearly distinguish this
noise from the quiescent noise enhancements, as shown in
Figure 7, which have a more nearly constant amplitude. To
illustrate the temporal structure of the f,* < f < f,” noise,
Figure 11 shows a greatly expanded time scale, with 0.28-s
resolution, from a shock mode memory read-in which oc-
curred at about 1500 UT during the event in Figure 9. These
high time resolution measurements show that the f,* < f <
[»~ noise consists of many short bursts lasting for only a few
tenths of a second. Even on this greatly expanded time scale
the temporal structure of the individual bursts is sometimes
not clearly resolved. Often when an individual burst occurs, it
tends to occur simultaneously (within the time resolution
available) across a broad range of frequencies.

Typical peak and average frequency spectrums of the f,* <
[ < [, noise are shown in Figure 12 at times of relatively high
intensity selected from the events in Figures 9 and 10. The
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Fig. 12. Selected spectrums of the f,* < f < f,~ noise showing the
shift toward higher frequencies with decreasing radial distance from
the sun. Also note the large ratio of the peak to average electric field
strength, indicating very impulsive temporal variations.

large ratio between peak and average electric field intensities is
clearly evident in these spectrums. Also shown are the electron
and ion plasma frequencies as computed from the plasma
densities given by the Helios 1 solar wind plasma experiment:
fp~ is computed from the total density of all ions, charge
neutrality being assumed, and f,* = (m./m,)"*f,~, where m,
and m,, are the electron and proton masses. The spectrums are
seen to consist of a single broad maximum between the elec-
tron and ion plasma frequencies. By cgmparing the spectrums
for days 348 and 56, at R = 0.98 AU and R = 0.47 AU, it is
seen that the frequency spectrum shifts toward higher frequen-
cies, approximately in proportion to f,* and f,~, as the space-
craft comes closer to the sun. Examination of other similar
spectrums confirms the tendency evident in Figure 12 for the
spectrum to shift toward higher frequencies with decreasing
radial distance from the sun. This frequency shift is apparently
directly associated with the increase in the electron and ion
plasma frequencies as the solar wind density increases near the
sun,

The spectrums in Figure 12 also show an increase in the
peak electric field strength, from 44 to 235 uV m~!, between
day 348 and day 56, the largest field strength occurring closer
to the sun. Although this comparison suggests that the electric
field intensity of the f,* < f < f,” noise may increase with
decreasing radial distance from the sun, examination of other
similar cases shows that the electric strength variation from
event to event is too large to provide any firm conclusion
about the radial variation in the electric field intensity. The
maximum single-channel electric field strength of the f,* < f
< f,~ noise is typically in the range from about 50 to 300 uV
m~! and seldom exceeds 500 uV m~*.

To aid in identifying the plasma wave mode responsible for
the f,* < f < f,™ noise, it is of interest to establish the electric
field direction of this noise relative to the magnetic field and
solar wind velocity vectors. The electric field direction in the
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plane of rotation of the electric antenna can be determined
from the spin modulation of the electric field intensities. Be-
cause the noise bursts usually occur on a time scale com-
parable to the time for one rotation (1 s), a statistical analysis
must be performed over many events, usually for several hun-
dred spacecraft rotations, to determine an average spin modu-
lation pattern. This procedure is simplified on Helios by the
fact that the average (50-ms time constant) field intensity
measurements are always sampled in 16 equally spaced angu-
lar sectors. However, because of the very low average field
strength of the f,* < f < f,~ noise and the very impulsive
intensity variations, simple averaging of the intensity as a
function of the sector number does not give a good indication
of the spin modulation. The approach used is to compute the
frequency of occurrence of field intensities above a given
threshold as a function of the threshold and the sector num-
ber. The spin modulation is then determined from the con-
tours of constant frequency of occurrence as a function of the
sector number. This method of analysis is less sensitive than
simple averaging to errors introduced by a few exceptionally
intense bursts.

An example of this spin modulation analysis for a f,* < f <
f»~ noise event detected at about 0.98 AU is shown in Figure
13. The accumulation interval for this frequency of occurrence
determination is 1 hour. The antenna orientation angle ¢gsz* is
the spacecraft-centered solar ecliptic longitude of the +Y an-
tenna axis, including a correction of 18° to account for the
phase shift caused by the 50-ms receiver time constant. The
solid and dashed lines give the electric field intensities at fre-
quencies of occurrence of 5 and 10%, respectively. Even with a
1-hour accumulation interval, considerable scatter is still evi-
dent in the frequency of occurrence contours. Nevertheless, a
consistent modulation pattern is clearly evident with the max-
imum intensities at about ¢gz* ~ —30° and +150°. During
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Fig. 14. Examples of electron plasma oscillations at { >~ f,~ detected during a period of enhanced solar flare activity.

this interval the average spacecraft-centered solar ecliptic lon-
gitude and latitude of the magnetic field are approximately
dse? —40° + 10° and #¢:8 = 0° + 20°, respectively (F.
Neubauer, personal communication, 1976). Because the mag-
netic field is oriented close to the spin plane of the electric
antenna, this event provides a good case for determining the
electric field orientation relative to the solar wind magnetic
field direction. For comparison the magnetic field directions
+B and —B, projected into the plane of rotation of the an-
tenna, are shown in Figure 13. The electric field intensities
clearly have a symmetrical distribution with respect to the
solar wind magnetic field direction, with the maximum in-
tensity when the antenna axis is aligned parallel to the mag-
netic field. The sharp nulls in the electric field intensity, by
about a factor of 10, indicate that the electric field of the f,* <
[ < fp~ noise is very closely aligned along the direction of the
solar wind magnetic field, probably to within less than 15°.

ELECTRON PLASMA OSCILLATIONS

Occasionally, narrow band electric field emissions are de-
tected in the frequency range from about 20 to 100 kHz which
are almost certainly caused by electron plasma oscillations at
the local electron plasma frequency f,~. An example of a
period during which electron plasma oscillations are detected
by Helios 1 is shown in Figure 14. The identification of these
waves as electron plasma oscillations is based on the close
similarity of the frequency spectrums and intensities to the
electron plasma oscillations observed upstream of the bow
shock, as seen in Figure 3. In contrast to the plasma os-
cillations detected near the earth, which are associated with
electrons from the bow shock, the plasma oscillations shown
in Figure 14 must be generated by particles of solar origin or
by nonthermal particle distributions in the solar wind.

Typically, only one or two brief periods occur per month in
which electron plasma oscillations are detected by Helios 1. In
most cases the plasma oscillations are observed during a single

isolated interval lasting from a few minutes to about half an
hour. The plasma oscillation events which occur on day 208 (in
Figure 14) and also continue to day 209 (not shown) represent
an exceptionally active period with respect to the occurrence of
electron plasma oscillations. This period corresponds to one of
the few periods of substantial solar flare activity detected by
Helios 1 during the first year of in-flight operation. On the
basis of the previous association of electron plasma os-
cillations with low-energy (few keV) electrons ejected by a
solar flare [Gurnett and Frank, 1975] it seems likely that the
electron plasma oscillations detected during this period are
associated with electrons from this flare activity. Preliminary
comparisons with the data from the energetic particle and
plasma experiments on Helios 1 (E. Keppler and H. Rosen-
bauer, personal communication, 1976) confirm that low-en-
ergy (1-20 keV) electrons of solar origin are present during
this period. The type III radio burst associated with one of
these flares is clearly evident in the 100-kHz channel of Figure
14, starting at about 2243 UT. This type I1I radio burst and
others detected by Helios are discussed in the next section.

The electric field spectrum of the electron plasma oscillation
detected on day 208, at a time of relatively high intensity, is
shown in the top panel of Figure 15. Also shown are the
spectrums for two other examples of electron plasma os-
cillations detected at closer radial distances to the sun. For
comparison and confirmation of the identification of these
waves as electron plasma oscillations, the local electron
plasma frequencies determined from the solar wind plasma
experiment are also given in Figure 15. The close correspon-
dence between the emission frequency and the local electron
plasma frequency is clearly evident. The spectrums in Figure
15 also show the expected increase in the electron plasma
frequency as the solar wind density increases closer to the sun.
This tendency, for increasing frequencies closer to the sun, is a
general characteristic of all of the electron plasma oscillations
detected by Helios 1.
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Selected spectrums of electron plasma oscillations showing the tendency for increasing frequency with

decreasing radial distance from the sun. The frequency of the plasma oscillations is in good agreement with the electron
plasma frequency f, determined from the solar wind plasma experiment.

As can be seen from Figure 14, the peak electric field in-
tensities of the electron plasma oscillations are considerably
larger than the average field intensities, which remain near the
receiver noise level during the entire event. The large ratio of
the peak to average field strengths indicates that the electron
plasma oscillations, like the f,* < f < f,~ noise, consist of
many brief bursts with durations that are short in comparison
to the averaging interval. The temporal structure of a typical
burst of electron plasma oscillations is illustrated in Figure 16,
which shows a greatly expanded time scale for a series of
plasma oscillation bursts detected during a shock mode mem-
ory read-in. The rise and decay times of the individual bursts
are clearly resolved in these data and are typically in the range
from about 0.25 to 1.0 s. In this case the durations of the bursts
are only a few seconds. Occasionally, much longer bursts are
observed lasting as long as several minutes. When multiple
bursts occur, a moderately well defined upper limit to the field
strength is often evident (as is true for the first three bursts in
Figure 16) and is an indication that some nonlinear effect
saturates the instability. The saturation level is usually in the
range from about 100 to 500 pV m~!, although occasionally,

larger field strengths do occur, as will be discussed in the next
section. Electron plasma oscillations with field strengths ex-
ceeding | mV m~! are extremely rare. Because of the limited
number of events available and the large variation in the
intensity from event to event it is not known for certain
whether the electric field strength has a significant variation
with radial distance from the sun. Some of the most intense
events have been observed at radial distances near the sun, as
is shown in Figure 15.

As is true for the f,* < f < f,” noise, the electric field
orientation of electron plasma oscillations can be determined
from spin modulation measurements. Because long-duration
bursts sometimes occur with nearly constant (saturated) in-
tensities, the spin modulation pattern can be determined very
easily in these cases. Figure 17 shows the spin modulation
observed during a single rotation for an unusually long (2 min)
burst of plasma oscillations detected by Helios 1 near perihe-
lion (R = 0.332 AU). During this event the solar wind mag-
netic field is oriented near the spin plane of the antenna; ¢gx®
= —15° £ 3°, and 05:% = 19° £ 1° (F. Neubauer, personal
communication, 1976) in a direction favorable for determining
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High time resolution measurements showing several bursts ol electron plasma oscillations with durations of only

a few seconds. Note the nearly constant saturation amplitude of the first three bursts.

the electric field orientation relative to the magnetic field direc-
tion. As can be seen from Figure 17, the maximum electric
field intensity occurs when the antenna axis is parallel to the
magnetic field. The sharp nulls when the antenna axis is per-
pendicular to the magnetic field indicate that the electric field
of the electron plasma oscillations is very closely aligned along
the direction of the solar wind magnetic field, probably to
within less than 20°,

TyPE 111 SOLAR RADIO BURSTS

One of our primary objectives in studying type Il solar
radio bursts is to determine whether electron plasma os-
cillations are involved in the generation of these radio emis-
sions, as has been suggested for many years. In all of the data
currently available a total of 18 type III solar radio bursts have
been detected by Helios 1 and 2. Of these 18 type III radio
bursts, 4 show clear evidence of electron plasma oscillations
which could possibly be associated with the radio emission.
Two of these events, shown in Figures 18 and 19, occur in
association with the solar flare activity on days 208 and 209
(July 27 and 28), 1975, discussed in the previous section, and
the second two events, shown in Figures 20 and 21, occur in
association with the solar flare activity on day 92 (April 1),
1976.

Before detailed discussion of these events it is useful to
consider the ideal ‘signature’ to be expected if electron plasma
oscillations are involved in the generation of type IIl radio
emissions. As is well known, type I1I radio bursts are produced
by electrons ejected into the solar wind by a solar flare. At low
frequencies (<1 MHz), considerable evidence exists showing
that the type 111 radio emissions occur at the harmonic 2f,~ of
the local electron plasma frequency [Fainberg et al., 1972;
Haddock and Alvarez, 1973; Kaiser, 1975]. The characteristic
frequency-time dispersion of a type 111 radio burst, decreasing
in frequency with increasing time, is caused by the decreasing
electron plasma frequency encountered by the solar flare elec-

trons as they propagate outward from the sun. If the type 111
radio emission is caused by the conversion of electron plasma
oscillations to electromagnetic radiation at 2f,~, as is widely
believed, then the onset of the plasma oscillations at the local
electron plasma frequency f,~ should occur essentially simulta-
neously with the onset of the type III radio emission at 2f,-
and should last for an interval comparable to the duration of
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cillations showing that the electric field of these waves is oriented
nearly parallel to the solar wind magnetic field.
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A type I11 radio burst which is possibly associated with the electron plasma oscillations detected in the 17.8-

kHz channel from about 2257 to 2335 UT. In this case the onset of the electron plasma oscillations at f,~ ~ 20 kHz is in
good agreement with the estimated onset time of the type Il radio emission (dashed line) at 2f,~ =~ 40 kHz.

the type III burst at this frequency. Electron plasma os-
cillations are not expected to be observed for all type 11I.
bursts, since the spacecraft must be within the source region to
detect the locally generated plasma oscillations.

From the standpoint of the expected plasma wave signature
the event on day 208 in Figure 18 represents an excellent
example of the expected relationship between electron plasma
oscillations and type III radio emisgion. The onset time of the
X ray flare associated with this event is 2232 UT, as deter-
mined from the soft X ray detector on Helios 1 (J. Trainor,
personal communication, 1976). The type IIl radio emission
produced by the electrons from this flare is first detected in the
100-kHz channel at 2243 UT and subsequently in the 56.2- and
31.1-kHz channels at 2251 and 2313 UT. The approximate
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onset times are indicated by the smooth dashed curve in Figure
18. Starting at about 2257 UT, a pronounced burst of electron
plasma oscillations occurs in the 17.8-kHz channel, lasting for
about half an hour. At the time of maximum intensity the peak
electric field strength of these plasma oscillations is about 223
#V m~!, Since the plasma oscillations are detected in the 31.1-
kHz channel but not in the 10.0-kHz channel, the electron
plasma frequency must be slightly greater than 17.8 kHz,
probably about 20 kHz. From the dashed curve in Figure 18
the onset time of the type I11 radio emission at 2f,~ >~ 40 kHz
is estimated to be about 2254 UT, coincident within a few
minutes with the onset time of the electron plasma oscillations
at f,~ ~ 20 kHz. By using the 56.2-kHz channel as a guide the
duration of the type III radio emission at 2f,~ =~ 40 kHz is esti-
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Fig. 19.

A type Il radio burst and associated electron plasma oscillations occurring a few hours after the event in

Figure 18. In this case the onset time of the plasma oscillations is not in good agreement with the onsel time of the radio
emission at 2f,~. However, the plasma oscillations do occur during the period when a significant level of radio emission is

being detected at 2f,".
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mated to be about 35 min, which is comparable to the dura-
tion of the electron plasma oscillations. These comparisons are
all in excellent agreement with the signature expected for elec-
tron plasma oscillations associated with a type IIT radio burst.

About 3.5 hours after the event in Figure 18, another type
[11 radio burst occurred with electron plasma oscillations. This
event is shown in Figure 19. The electron plasma oscillations
in this case consist of numerous sporadic bursts lasting for
about | hour, from 0252 to 0352 UT, with a maximum electric
field strength of about 187 uV m~!. In comparison with the
event in Figure 18 this event does not fit the ideal signature as
well, since the onset time of the plasma oscillations at f,~ =
17.8 kHz does not agree with the onset time of the radio
emission at 2f,~ =~ 35.6 kHz. Nevertheless, the plasma oscil-
lations do occur within the interval where substantial radio
emission is being detected at 2f,~.

By far the best example found to date of electron plasma
oscillations associated with a type III radio burst is shown in
Figure 20. This event, which occurred on day 92 (April 1),
1976, took place during a period of exceptional solar flare
activity from day 83 to day 93, 1976. During this period a total
of 11 separate type Il radio bursts were detected by Helios 1
and 2. The type III event in Figure 20 is outstanding in that a
very intense burst of plasma oscillations, with a maximum
electric field strength of 5.26 mV m~!, occurred during the
radio burst. These electron plasma oscillations are the most
intense ever detected by Helios and are much more intense
than the typical electron plasma oscillation events discussed in
the previous section. Although the onset of the plasma os-
cillations occurs somewhat later than the onset of the radiation
at 2f,", the temporal correspondence is so good in this case
that there can be essentially no doubt that the radio emission
and plasma oscillations are closely associated. Preliminary
comparisons with the data from the energetic particle and
plasma experiments on Helios (E. Keppler and H. Rosen-
bauer, personal communication, 1976) confirm that intense
fluxes of low-energy (1-20 keV) electrons of solar origin are
present during this event. About 4 hours after the event in
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Figure 20, another type III radio burst occurred in which
correspondingly intense electron plasma oscillations are ob-
served. This event is shown in Figure 21. The electron plasma
oscillations in this case are of much shorter duration than
those in the event in Figure 20, consisting of only a few brief
bursts, but are again unusually intense. The maximum electric
field intensity of the plasma oscillations in this case is 2.35 mV
m~'

Considered together, these four events provide substantial
evidence confirming that electron plasma oscillations are asso-
ciated with type I1I radio bursts. The events in Figures 20 and
21, with plasma oscillation intensities much larger than those
in any of the other available data, provide particularly strong
evidence of this association. The case is not quite as strong for
the more moderate intensity (~200 uV m~!) plasma os-
cillations observed during the events in Figures 18 and 19. One
obvious interpretational difficulty is that comparable moder-
ate intensity electron plasma oscillations often occur for which
no type I1l radio emission can be detected. Several such cases
are evident in Figure 14. Even though the absence of a one-to-
one correspondence raises a question of interpretation, it does
not conclusively prove that such moderate intensity plasma
oscillations cannot in some cases be associated with the type
III radio emission. For example, in cases where no radio
emission is detected, it is possible that these plasma os-
cillations are essentially a localized instability occurring in a
much smaller volume than the plasma oscillations associated
with a type III radio burst. Direction-finding measurements
show that the type III source is very large at low frequencies,
subtending half angles as large as 45°-60° as viewed from the
sun [Baumback et al., 1977].

SUMMARY AND DISCUSSION

The Helios | plasma wave measurements show that the
electric field intensities in the solar wind are often very low,
much lower than those for comparable plasma wave measure-
ments near the earth. During the quiet periods which occur in
the Helios 1 plasma wave data the only plasma wave activity
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Fig. 20 A type 111 radio event occurring in association with very intense electron plasma oscillations at f,~ =~ 56.2 kHz.
The maximum intensity of the plasma oscillations in this case is 5.26 mV m~', These are the most intense electron plasma
oscillations observed to date with the Helios plasma wave experiment.
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20. The maximum intensity of the plagsma oscillations in this case is 2.35 mV m~!.

which can be detected is a slight enhancement of the noise
levels in the frequency range from about 500 Hz to 3.0 kHz.
The broadband electric field strength of these quiet time en-
hancements is very small, only about 10 uV m~*. During more
disturbed periods the most commonly observed plasma wave
is a sporadic emission at frequencies between the electron and
ion plasma frequencies, typically from about 1 to 10 kHz.
These waves are referred to as f,* < f < f, noise. The fre-
quency spectrum of the f,* < f < f,~ noise shows a systematic
variation with radial distance from the sun, shifting toward
higher frequencies closer to the sun. The electric field strength
of this noise is very impulsive, consisting of many brief bursts
lasting for only a few seconds or less with peak single-channel
electric field strengths of a few hundred microvolts per meter.
No pronounced variation in the electric field strength of this
noise is evident with radial distance from the sun. Spin modu-
lation measurements show that the electric field of this noise is
closely aligned along the direction of the solar wind magnetic
field. At higher frequencies, from about 20 to 100 kHz, narrow
band electron plasma oscillations are occasionally detected at
frequencies near the local electron plasma frequency. The elec-
tron plasma oscillations are more intense than the f,* < f <
f»~ noise, sometimes with electric field strengths as large as a
few millivolts per meter, but occur very infrequently. The
electric field of the electron plasma oscillations is usually very
impulsive and is aligned approximately parallel to the direc-
tion of the solar wind magnetic field. The frequency of the
electron plasma oscillations closely tracks the local electron
plasma frequency as determined by the solar wind plasma
experiment and shows a clear systematic variation with radial
distance from the sun, increasing in frequency closer to the
sun. In all of the available data a total of 18 type III radio
bursts have been detected by Helios 1 and 2. OF these, four
have simultaneously occurring electron plasma oscillations as-
sociated with the type 111 radio emission. In one of these cases
the electron plasma oscillations are unusually intense, with a
maximum electric field strength of about 5.26 uV m~",

In examining the origin of the various types of plasma waves

detected by Helios 1 many interpretational questions must be
considered. For the electron plasma oscillations the close
tracking of the emission frequency with the local electron
plasma frequency and the alignment of the electric field paral-
lel to the solar wind magnetic field strongly support the identi-
fication of these waves as electron plasma oscillations. The
electric field orientation specifically shows that these waves
cannot be associated with the upper hybrid resonance, since
waves associated with this resonance would have an electric
field orientation perpendicular to the local magnetic field
[Stix, 1962]. The basic two-stream instability responsible for
the generation of electron plasma oscillations is well known
and has been confirmed in some detail by Gurnett and Frank
[1975]. The principal questions that remain concern the details
of the double-peaked electron distribution function required
to produce these waves and the origin of the streaming elec-
trons causing the instability. In some cases, for example, in the
event analyzed by Gurnett and Frank [1975] and the events in
Figures 18-20 of this paper, it seems reasonably certain that
the streaming electrons originate from solar flare activity at the
sun. However, other cases occur in the Helios 1 data for which
no specific solar flare activity is known to occur, and in these
cases the streaming electrons may originate from local acceler-
ation processes in the solar wind. Further studies and com-
parisons with the pldsma measurements are needed to under-
stand fully the conditions and circumstances which lead to the
generation of electron plasma oscillations in the solar wind.
Since electron plasma oscillations occur very infrequently, it
seems unlikely that these waves play a significant role in the
steady state properties of the solar wind. These waves may,
however, play an important role in thermalizing the low-en-
ergy electron streams which sometimes occur in the solar wind.
It is also of interest to comment on the very impulsive tem-
poral variations frequently observed for the plasma os-
cillations detected by Helios. Although the origin of these
amplitude fluctuations is not known, it is suggestive, partic-
ularly for the very intense events such as occur in Figure 20,
that these impulsive variations may be related to a parametric
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instability, such as the oscillating two-stream instability pro-
posed by Papadopoulos et al. [1974] to stabilize electron
streams from solar flares.

The proper identification of the plasma wave mode respon-
sible for the f,* < f < f,~ noise is more difficult. This noise
almost certainly consists of electrostatic waves, since no com-
parable magnetic field noise has ever been detected in the solar
wind. As was mentioned earlier, even though this noise occurs
at frequencies between electron and proton plasma frequen-
cies, it is not immediately certain that the noise has any direct
relationship to either of these frequencies because of the large
Doppler shifts which can occur in the solar wind. If the Dop-
pler shifts are small, Af/f << 1, the most obvious plasma
wave mode which could be associated with this noise is the
Buneman mode [Buneman, 1958] at fz ~ (m~/m*)"* f,~. How-
ever, for the typical solar wind parameters T, = (2-6)T, the
Buneman mode is not considered a very likely possibility for
explaining this noise, since this mode has a higher instability
threshold than the ion sound wave and requires a large elec-
tron drift velocity in relation to the ions to drive the instability.
Although such large drift velocities may occur at discontin-
uities in the solar wind, it seems unlikely that this instability
could occur over the large spatial regions for which the f,* < f
< fp~ noise is observed.

If the Doppler shifts are large, the most likely possibility for
explaining the f,* < f < f,™ noise is thought to be ion sound
waves at { =~ f,* which are Doppler-shifted to frequencies
above f,* (requires wave vectors K directed away from the
sun). The possible occurrence of an ion sound wave instability
in the solar wind has been previously suggested and discussed
by Forslund [1970]. Because ion sound waves have relatively
short wavelengths, the Doppler shift caused by the motion of
the solar wind is large in comparison to the wave frequency of
~f,* in the rest frame of the plasma. The frequency detected
in the spacecraft frame of reference is approximately

=1t + (V/\) cos Okv

where V is the solar wind velocity, A is the wavelength, and 6y
is the angle between K and V. Since 8y is typically not near
/2, the upper cutoff frequency of the observed frequency
spectrum is mainly determined by the minimum wavelength
(fmax = V/Amin). The minimum wavelength is controlled by
the onset of strong Landau damping and is approximately Amin
= 27\ where A, is the Debye length. For typical solar wind
temperatures and densities at 1.0 AU, 7= 1.0 X 10®*°K, and
n = 5cm~% the minimum wavelength is approximately Ay =
61 m. For a solar wind velocity of 400 km s~! the correspond-
ing fmax i 6.5 kHz, which is in good agreement with the
observed upper cutoff frequency of the f,* < f < f,~ noise at
1.0 AU (compare with Figure 12). The increase in the upper
cutoff frequency with decreasing radial distance from the sun
and the apparent proportionality to f,~ can be attributed to
the density dependence of the Debye length, which gives fiax
o f,” if the electron temperature remains constant.

Another possible explanation of the f,* < f < f,™ noise is
that it is caused by electron plasma oscillations at f ~ f,~
which are Doppler-shifted to lower frequencies (K vectors
directed toward the sun). This alternative is considered un-
likely because for a two-stream instability, such plasma os-
cillations could only be produced by electrons streaming to-
ward the sun from a source beyond 1.0 AU, which seems very
implausible. Other possible plasma wave modes involving K
vectors perpendicular to B, such as the electron Bernstein
modes at [ ~ nf,~, appear to be ruled out because of the
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electric field direction, which is parallel to B (see Figure 13).

Of the various possible explanations of the f,* < f < f,~
noise we believe that the ion sound wave is the most likely
mode which could be associated with this noise. If these waves
are ion sound waves, then there remains the important ques-
tion of how these waves are generated and what effect they
may have on the macroscopic properties of the solar wind.
Since these waves apparently occur over large regions of the
solar wind and are not particularly associated with discontin-
uities or other small-scale features where large currents may be
present, the best possibility for generating these waves appears
to be the heat flux driven instability suggested by Forslund
[1970]. Further detailed comparisons with the Helios plasma
measurements are clearly needed to identify definitely the in-
stability mechanism involved in the generation of these waves.
Although the maximum intensity of f,* < f < f,” noise is
relatively small, with energy density ratios of typically
eE?/2nkT =~ 1075 this turbulence may nevertheless play a
significant role in controlling the electron energy distribution
in the solar wind, since these waves are present a large fraction
(30-50%) of the time.

After several years of investigation [see Gurnett and Frank,
1975] the Helios plasma wave measurements have now finally
provided clear evidence that intense electron plasma os-
cillations do occur in association with type IIl radio events.
Rough estimates by Gurnett and Frank [1975] using the theory
of Papadopoulos et al. [1974] indicate that electron plasma
oscillations with field strengths of the order of 10 mV m~* are
required to explain low-frequency type 111 radio bursts. Field
strengths nearly this large (5.26 mV m~*) have now been found
in association with a type IIl burst. Although the electron
plasma oscillation model originally proposed by Ginzburg and
Zheleznyakov [1958] can now be considered confirmed, there
are still many questions remaining concerning the exact mech-
anism by which the plasma oscillations are converted to radio
emissions. The most significant question is still concerned with
the electric field strength of the plasma oscillations required to
explain the power flux of the type Ill radio emission. If field
strengths this large are always required to produce a signifi-
cant level of radio emission, then it is surprising that such
events are not found more often considering the large size of
the type III radio source and the extensive measurements
available from the Imp spacecraft near the earth [Gurnett and
Frank, 1975]. Considerable future work is still needed to eval-
uate the various mechanisms for converting the plasma os-
cillation energy to radio emissions and to investigate further
and understand the spatial structure of the type III radi
emission. .

When the Helios electric field measurements are compared
with the previous Pioneer 8 and 9 results, it is apparent that a
significant difference exists in the electric field spectrums and
intensities detected by these two spacecraft. Of the two
primary types of plasma waves detected by Helios (the f,* < f
< [, noise and electron plasma oscillations) neither was
detected by Pioneer 8§ and 9. As can be seen by comparing the
spectrums in Figures 12 and 15 with the instrument noise levels
in Figure 4, the f,* < f < f,~ noise normally occurs with
intensities too small to be detected by Pioneer 8 and 9. Unusu-
ally intense electron plasma oscillations, such as those in Fig-
ures 20 and 21, could have been detected by Pioneer 8 and 9;
however, such large intensities occur so seldom that it is not
surprising that events of this type were not observed. Thus
insofar as comparisons are possible, there is no disagrecfnent
with the Pioneer measurements concerning the primary types



GURNETT AND ANDERSON: SOLAR WIND PLASMA WAVES

of plasma waves detected by Helios 1. However, when the
waves and intensities detected by Pioneer 8 and 9 are com-
pared with Helios measurements, significant differences are
evident. In describing the Pioneer 8 and 9 results, Scarf et al.
[1968] and Scarf and Siscoe [1971] discuss the occurrence of
narrow band electric fields (at 400 Hz) of 1-10 mV m~! and
corresponding broadband (equivalent 100-Hz sine wave) am-
plitudes as large as 20-50 mV m~*, In comparison, the peak
electric field intensities detected by Helios are seldom larger
than 1 mV m~' and are more typically a few hundred micro-
volts per meter. As was described by Siscoe et al. [1971],
Pioneer detects two principal types of plasma waves in the
solar wind: noise bursts, or spikes, with durations of less than
approximately 10 s and persistent long-duration events lasting
typically | day or more. The short-duration noise bursts are
shown to be closely correlated with discontinuities (such as
shocks) in the solar wind, and the long-duration events are
correlated with density enhancements preceding high-speed
streams. The spectrums of both types of noise consist primar-
ily of an intense low-frequency component at frequencies of f
< 400 Hz. The short-duration noise bursts have intensities as
large as 10 mV m~! (1.6 X 10~® V2 m~2 Hz!) at 400 Hz, and
the long-duration events frequently have broadband (equiva-
lent 100-Hz sine wave) amplitudes exceeding 20 mV m~'. In
comparison, Helios 1, which has a threshold sensitivity nearly
40 dB better than Pioneer 8 and 9 at 400 Hz (see Figure 4),
seldom detects any waves at all in the low-frequency (f < 400
Hz) channels, and even in cases where waves can be detected
(Figure 8), the intensities are very low, typically not more than
10-30 uV m~! in the 311- and 562-Hz channels. Although it is
very difficult to compare the Helios multichannel measure-
ments with the Pioneer broadband measurements, which in-
volve certain assumptions regarding the shape of the spectrum
[Scarf et al., 1973], broadband intensities computed from the
Helios peak spectrums, as shown in Figure 12, typically give
broadband fields (0.3-1 mV m~') which are much smaller
than the broadband amplitudes (20-50 mV m™!) from Pioneer
8 and 9.

At the present time the diflerence in the low-frequency
electric field intensities and characteristics given by Helios and
Pioneer is not understood. Comments on two of the factors
which could affect the comparisons between these two space-
craft are summarized below.

Solar activity. Because the primary Helios mission is being
conducted during solar minimum conditions, whereas the Pio-
neer 8 and 9 measurements were made during a more active
period of the solar cycle (1968-1969), it is possible that
changes in the solar activity could account for some of the
differences in the electric field intensities obsgrved by Pioneer
and Helios. This explanation could be important for the spike-
like bursts and associated disturbances observed by Pioneer in
association with interplanetary shocks, since the occurrence of
interplanetary shocks has been very low during the period of the
Helios observations. Many of the events discussed by Scarf et al.
[1973] are closely associated with interplanetary shocks and
have no counterpart in the Helios data currently available. In a
few cases, electric field spectrums qualitatively similar to the
shock-associated spikes and long-duration events detected by
Pioneer 8 and 9 have been detected by Imp 6 and 8; however,
the intensities in these cases also appear to be significantly
smaller than the intensities observed by Pioneer 8 and 9.

Wavelengths shorter than the antenna length. When the
plasma density is sufficiently large (n 2 70 cm~2 for 7, >~ 10°
°K), it is possible for the minimum wavelength of plasma
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waves in the solar wind, Ay = 2w\, to be less than the length
of the Helios 1 antenna. If wavelengths this short occur, then
the electric field strengths are underestimated, possibly by a
large factor if A << lgr¢. Two tests can be performed with the
Helios data to verify that the wavelengths being detected are
longer than the antenna length. First, if the wavelengths are
longer than the antenna, then the spin modulation pattern
should be that of a simple dipole with two nulls per rotation.
As is evident in Figures 13 and 17, both the f,* < f < f,” noise
and the electron plasma oscillations clearly satisfy this crite-
rion. If A << /¢¢r, then a much more complex spin modulation
pattern should occur with several nulls per rotation. Second, if
wavelengths of A << [y occur, then large Doppler shifts
should be evident in the electric field spectrums (except for the
unlikely case that K is exactly perpendicular to the solar wind
velocity). For the Helios 1 antenna, with /i = 8.0 m, wave-
lengths this short would have Doppler shifts greater than 50
kHz if a solar wind speed of 400 km s~! is assumed. Doppler
shifts this large are never observed for the electron plasma
oscillations detected by Helios, and only the very highest fre-
quency components of the f,* < f < f,” noise (see Figure 12)
could possibly be associated with Doppler shifts this large (if
we assume that the noise consists of ion sound waves). [t
should be noted that the intense low-frequency (f < 400 Hz)
noise detected by Pioneer cannot be attributed to wavelengths
too short to be detected by Helios, since the Doppler shift for
these waves is not more than a few hundred hertz, implying
wavelengths of 10° m or more. We conclude that the occur-
rence of wavelengths shorter than the Helios antenna length
cannot account for the difference between Pioneer and Helios
electric field measurements.
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