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The Helios search coil experiment provides accurate low background noise measurements of inter-
planetary magnetic fluctuation spectra from about 4 Hz to 2.2 kHz adjacent to the frequency band from 0
to 4 Hz of the Technical University of Braunschweig flux-gate magnetometer. Apart from a slowly
varying fluctuation component ranging up to 100 Hz near | AU and beyond 500 Hz near 0.3 AU the
following superposed ‘events’ can be discerned in the fluctuation spectra which also have a distinct
signature in the slowly varying magnetic field: (1) directional discontinuities acting as wave guide

boundaries, (2) directional discontinuities producing whistler wave fields because of instability, (3)

reversible magnetic field variations, mostly dips of about 1 min duration associated with whistler wave
fields, (4) interplanetary shocks, where, for example, the oblique shock of January 8, 1975, has a thickness
of about | proton gyroradius and produces an increase in whistler wave fields by more than 2 orders o’
magnitude in power spectral density leading to a power spectrum of | yv?/Hz f~** in the wake region

INTRODUCTION

In the past decade there have been an increasing number of
observational and theoretical studies on waves, discontin-
uities, and instabilities in the solar wind. Apart from the
interest in these phenomena from the point of view of plasma
physics, in which the collisionless 8 ~ 1 magnetoplasma of the
solar wind is used as a plasma laboratory, waves and discon-
tinuities can be used as probes of the inner regions of the
interplanetary plasma down to the solar atmosphere proper.
For example, Alfvén waves having periods of several hours are
considered by some investigators to play an important role in
the dynamics and macroscopic behavior of the solar wind by
contributing wave pressure and energy transport terms. In-
stabilities are considered to be important for the heating and
cooling and the general shaping of particle distribution func-
tions. For a recent review, see the work by Hollweg [1975].
Most of these studies have been performed near 1 AU for
periods well above the proton cyclotron period of 10 s for a
typical magnetic field of 6 v at 1 AU. This range of frequencies
well below the appropriate ion cyclotron frequencies and of
wavelengths well above the ion cyclotron radii is sometimes
referred to as the magnetohydrodynamic range of wave propa-
gation. It constitutes only a small part of the allowed range of
wave propagation.

In a cold plasma with the (electron) plasma frequency fp,
well above the electron cyclotron frequency f.., two ranges of
wave propagation exist, one extending from zero to f., and the
second from about f,. to infinity. No wave propagation is
possible between f.. and approximately f,. in cold plasmas.
Between the proton cyclotron frequency f., and f. the only
wave mode allowed is the whistler mode with ‘electronic’
polarization, i.e., with a sense of polarization like gyrating
electrons. The plasma of the solar wind is a hot plasma,
however. Therefore it is necessary to solve the full hot plasma
dispersion relations [Montgomery and Tidman, 1964] for the
appropriate ion and electron distribution functions in order to
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find the propagation characteristics of plasma waves. For the
solar wind case this has been done for a large number of
special situations by Fredricks and Scarf[1965], Barnes [1966],
Scarf et al. [1967], Hamasaki [1968], Kennel and Scarf [1968],
Scarf and Fredricks [1968), Cuperman and Landau [1969], For-
slund [1970], Hollweg and Vilk [1970a, b], Watanabe [1970],
Pilipp and Vilk [1971], Buti [1973), Baader et al. [1973], Rehn
[1974], Montgomery et al. [1975], and Gary et al. [1975a, b,
1976a, b]. In the solar wind case it turns out that the range
from zero to the electron gyrofrequency is still the important
low-frequency band of propagation for electromagnetic waves.
The whistler mode or R mode is found to maintain its princi-
pal properties derived from cold plasma theory except for
frequencies approaching f.. and for large propagation angles
between the wave vector k and the background magnetic field.

In the discussion of the allowed frequencies it is also impor-
tant to mention the role of the Doppler effect. For a wave of
frequency f' = «'/2x in the plasma rest frame propagating at
an angle o with respect to the solar wind velocity V, the
observed frequency is given by f = (&' + kV, cos a)/2r with
the wave number k where f' and k are related to each other by
the dispersion relation. If a wave number spectral density
Py(k) for a magnetic field component is present in the plasma
rest frame because of waves propagating at the constant angle
a with respect to the solar wind speed, the power spectral
density P(f) observed in the spacecraft frame is given by P(f)
df = Py(k) dk and

P(f) = 2xP(k)/(V, + V, cos a) (N

where V, is the special group velocity (dw'/dk) = k:(Vyw')/k
with the usual vectorial group velocity Vyw'.

In the plasma rest frame the power spectral density is given
by P.f') = 2xPw(k)/V4 according to (1). The power spectral
density at the Doppler-shifted frequency f is related to P.(f")
by

P(f) = P.(f")/[1 + ¥V, cos a/V(f")]

In comparison to P.(f') the power spectral density P(f) ob-
served by a spacecraft is reduced for cos @ > 0. At the same
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time the frequency range in f is increased in comparison to f'.
These effects are particularly important for waves the frequen-
cies of which are Doppler shifted to very high frequencies
above the electron gyrofrequency as f' approaches fc..

Equation (1) also shows that stationary structures in the rest
frame can contribute a power spectral density P(f) = 2z P(k =
2xf/V, cos @)/ Vs cos a. Such structures having scale lengths
less than an ion gyroradius can be realized by spatial varia-
tions in electron properties down to scale lengths of an elec-
tron gyroradius g, in the rest frame, where a, = V,/2xf.. with
the electron thermal speed V., = (2KT./m,)"2. One could then
expect frequencies up to roughly

2rfee cOS ¢ Vo /V, 2)

Their structure is hinted at in the electron sheets of Lemaire
and Burlaga [1976]. Since we cannot rule out, at least in many
cases, the possible occurrence of such structures, we use the
term magnetic fluctuations instead of waves in the general
discussion. The observational work on fluctuations in the
solar wind plasma and fields in the past has concentrated
mainly on long periods above about 10 s [e.g., Hollweg, 1975].
Papers on observations at frequencies above the correspond-
ing frequency 0.1 Hz up to the electron cyclotron frequency
fee have been relatively infrequent in comparison.

Electric field measurements in the interplanetary plasma
have been reported by Scarf et al. [1970a, 1971a, b, 1974],
Siscoe et al. [1971), Scarf and Siscoe [1971], and Scarf and
Wolfe [1974]. Magnetic observations of fluctuations in the
solar wind above several hertz have been reported by Holzer et
al. [1966] and Scarf et al. [1974]. The transitional range of
frequencies up to 10 Hz has only recently become accessible to
dc magnetometers and plasma analyzers with high sampling
rates [Fairfield, 1974; Unti et al., 1973a; Neugebauer, 1975,
Behannon, 1975). The fluctuation level has turned out to be so
low in the range of high frequencies considered that it did not
exceed the background noise levels of past wave experiments
for substantial fractions of their measuring time [Holzer et al.,
1966; Scarf et al., 1974].

In this paper we shall give an overview of some magnetic
fluctuation phenomena observed by the search coil magnetom-
eter experiment of the Institut fiir Geophysik und Mete-
orologie (IGM) of the Technical University of Braunschweig
on board Helios 1. We shall concentrate here on those phe-
nomena which also show a clear signature in the dc magnetic
field which is provided by the flux-gate magnetometer experi-
ment of the IGM. This experiment has a bandwidth of 0-4 Hz.
Both experiments and almost identical ones on Helios 2 pro-
vide a unique opportunity to study electromagnetic wave phe-
nomena in the solar wind for frequencies up to 2.2 kHz with an
excellent background noise level, particularly at frequencies
below 200 Hz in the radial distance range from0.31to 1 AU.

We shall first give a brief technical description followed by a
presentation of new wave phenomena and/or correlations.
More systematic studies of each of the single phenomena
together with the aspect of radial variation will be presented in
the future.

THE HEL10S MISSION

Helios 1 was launched on December 10, 1974, into an orbit
with a period of 190 days and a perihelion of 0.31 AU. Helios
2, having almost identical instrumentation, was launched suc-
cessfully on January 15, 1976, into an orbit with a perihelion of
0.29 AU.
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Both spacecraft are spin stabilized with the spin axis per-
pendicular to the ecliptic plane and a spin period of 1 s, The
data presented in this paper were obtained during the primary
mission of Helios 1 from December 10, 1974, to April 24, 1975,
during which the first perihelion pass took place on March 15,
1975.

INSTRUMENTATION

Detailed technical descriptions of the IGM search coil mag-
netometer experiment and the flux-gate experiment are already
available in the works by Dehmel et al. [1975], Musmann et al.
[1975], and Gliem et al. [1976]. We shall mention here only the
most important features.

The sensor unit of the search coil magnetometer experiment
consists of three orthogonally oriented search coil sensors
which, together with their preamplifiers, are mounted on a
boom at a distance of 4.6 m from the center of the spacecraft
with the Z sensor parallel to the spin axis and the X and ¥
sensors in the spin plane. The wave forms from the Z sensor
and one of the X and Y sensors (which one can be selected by
command) are processed in an on-board spectrum analyzer.
The wave form signal from each sensor first passes through
eight band-pass filters which are continuous in frequency cov-
erage and logarithmically spaced. The center frequencies f.,
are 6.8 Hz for channel 1 and 14.7, 31.6, 68, 147, 316, 681, and
1468 Hz for the following channels. A novel feature of the
instrument is that the filter outputs are not processed by some
analog device but by a digital mean value computer,

After fast A/D conversion using two ranges for every fre-
quency channel the mean square M, is digitally computed for
adjacent time intervals, the lengths of which depend on the bit
rate. In addition to the mean square of the filter output M, for
a given averaging interval 74, the peak value is obtained to be
transmitted to the ground. The averaging time r,,, can vary
between 1.125 s and roughly 20 min for total data transmission
rates from 4096 bps (bits per second) down to 8 bps. Real-time
transmission is possible in four different formats. For most of
the primary mission of Helios 1 a data rate of 2048 bps was
available for the total payload with 7,4, = 1.125 s,

The mean value computer guarantees the accurate determi-
nation of average spectral densities in each filter channel. This
was not always guaranteed for the analog devices used in the
past. If T.(f) is the complex transfer function of channel n with
Ta(fer) = 1 at the center frequency f.,, the mean square value
M, computed in the spectral analyzer is related to the power
spectral density P(f) of the magnetic field by

My = f " PO TP df 3)

In (3) the search coil output is proportional to the time deriva-
tive of the magnetic field at least well below the resonance
frequency, which in our case is at 3 kHz. The frequency
response of filter n expressed by T,(f) is flat around the center
frequency f.,. The lower and upper frequency limits of a band
filter, f,, and f,,, respectively, are characterized by | T,(f..)| =
| Ta(fus)l = 1/(2)2. The upper frequency limit f,, of filter n is
equal to the lower frequency limit f;,, of filter n + 1. These
frequencies are 4.7 Hz, 10 Hz, 22 Hz, 47 Hz, 100 Hz, 220 Hz,
470 Hz, 1 kHz, and 2.2 kHz. In addition, the filters have been
designed such that

fo VTN df = fun = fun
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with high accuracy for all filtersn = 1,2, ---, 8.

A weighted average of the power spectral density (P,) over
the frequency band of filter n or the spectral density (P,)!/? can
then be computed according to

M, = (fun - fln)fcnz(Pn> (4)

By using (3) and (4) and the above-mentioned filter character-
istics the following important property can be deduced: the
error due to the weighting by | 7| %/ essentially disappears for
a power spectrum with an f-2 dependence if we assign the
value (P,) to the center frequency f... Even for very steep
spectra the errors due to | 7,,|%f? are very small in comparison
with the dynamic range of about four decades in spectral
density given in vy/(Hz)"2. The dynamic range can be extended
by a commandable gain change amplifier. The numerical peak
values are given such that for a monochromatic signal the ratio
of peak value divided by mean value is (2)*/2.

In addition to the spectral analyzer data it is also possible to
transmit three-component wave form data at sampling rates of
28.5 and 57 samples per second in real time and 75, 150, and
300 samples per second in a memory mode. Since these data
are not used in this paper, we shall not discuss the wave form
channel further.

An important point is the question of the background noise
levels. On January 18, 1975, there was a rare opportunity to
study the steady experiment background noise levels when the
measured fluctuation levels decreased to stay at constant levels
for several hours. Figure 1 shows the 40-s-average noise spec-
trum representative for several hours of data for the com-
ponents ¥ and Z used exclusively during the primary mission.
For the channels 1Y and 1Z the equivalent number of degrees
of freedom is 424, Here we have defined the equivalent number
of degrees of freedom by 2 (fun — fin)* Tave, Where 7oye = 40's.
It turns out that the fluctuation levels of the ¥ component
essentially agree with the preflight measurements of the sensor-
preamplifier system. We conclude that for the ¥ component
the background noise levels contain no contribution from the
spacecraft. This is somewhat different for the Z component
where a small hump is seen for channels 2Z and 3Z. These
noise densities above the sensor noise levels are probably due
to magnetic stray fields from the solar array at the frequency
16 Hz as well as the first and possibly the second harmonic at
32 and 48 Hz. The frequency of 16 Hz is due to the 16 solar
panel segments around the spacecraft. The very low stray field
levels from the solar array demonstrate the careful wiring of
the solar panels (see, for example, Scarf et al. [1974]). For
comparison, Figure 1 also shows the noise levels for the Imp 6
single-loop magnetic wave experiment, the Hawkeye 1 search
coil experiment (D. Gurnett, personal communication, 1976),
and the Ogo 5 search coil experiment [Frandsen et al., 1969].
Below about 200 Hz the noise levels for the Helios search coil
experiment are lower than the Imp 6 and Hawkeye 1 experi-
ment noise levels, and above 200 Hz they are greater. The Ogo
5 noise values are a little above the Helios 1 Y curve up to
several hundred hertz where they start to bend strongly upward
because of the lower resonance frequency. Note that in design-
ing a magnetic wave experiment there is a trade-off between
bandwidth and noise quality in addition to other trade-offs.
Also shown are the background noise levels reported by Scarf
et al. [1974] for Imp 7. They have been attributed to solar
panel stray currents by these authors, although electromag-
netic interference seems to be another possibility. Since on
almost every day of the Helios 1 mission the interplanetary
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Fig. 1. Background noise levels of various magnetic wave experi-

ments in comparison with the values for the Y and Z components of
the Helios 1 search coil experiment determined in flight.

fluctuation level decreased to values below the background
noise levels shown in Figure 1, at least for a few minutes, it has
been verified that apart from minor changes, Figure 1 is repre-
sentative for the complete primary mission. A further search
for spacecraft noise of short duration has led to only one
nominal spacecraft operation resulting in a short spike as-
cribed to spacecraft stray fields. We note finally that the strong
signals associated with the spin of | Hz in a constant ambient
field are well below the spectrum analyzer noise levels because
of the strong removal of low frequencies by appropriate filter-
ing.

The flux-gate experiment also used for this investigation
consists of a triaxial orthogonal sensor system of the Forster
type mounted on the same boom as the search coil at a
distance of 2.8 m from the center of the spacecraft. In its
sensitive range of +102.4 v for each component it has a
digitization uncertainty of +0.2 y. Since the maximum sam-
pling rate is 8/s, it includes an aliasing filter having a corner
frequency of 4 Hz. During most of the primary mission it
provided four vectors per second. The data are corrected for
possible misalignments, zero offsets in the spin plane, etc. Only
the very slowly varying zero offset for the Z component has
not been corrected yet; thus there is an uncertainty of at most
+2 v at the present time.

GENERAL RESULTS

The magnetic fluctuation fields observed by this search coil
experiment generally consist of a slowly varying broadband
background with superposed ‘events’ of various kinds. The
slowly varying component can be defined as having a time
scale of roughly 10 min or longer. Figure 2 shows a typical
example for the appearance of the slowly varying inter-
planetary background near 1 AU. One hour of data is shown
for the Y component and an averaging time of 8 s. Spectral
density values are presented together with peak values as the
lower and upper end, respectively, of a vertical bar at each
time on a logarithmic scale. In addition, the distance from the
sun is shown. Even near | AU where the wave fields have their
lowest intensity the spectral densities are generally well above
the background noise levels for the four lowest channels ex-
tending up to 100 Hz. On a typical 1-hour plot the slowly
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Fig. 2. A typical 1-hour interval of magnetic fluctuation spectra on January 14, 1975, at 0.88 AU from the sun. For
further explanation see text.

varying component together with the superposed events leads
to variations of 1-2 orders of magnitude in spectral density.
We will mention a few important properties of the slowly
varying background magnetic fluctuation fields [Neubauer et
al., 1977; Beinroth and Neubauer, 1976; Beinroth et al., 1976]
before entering the analysis of typical events. Near | AU,
typical spectral densities of 10--10-2y/(Hz)'/? at 7 Hz and
10-* y/(Hz)"? around 70 Hz are typical. During one solar
rotation, variations in spectral density of the slowly varying
component by 1-2 orders of magnitude are observed. As the
sun is approached, the spectral density levels shift upward by
more than 1 order of magnitude. We shall now present various
types of events superposed on the slowly varying background.

DIRECTIONAL DISCONTINUITIES

Directional discontinuities [Burlaga, 1968], or ‘current
sheets’ [Siscoe et al., 1968], have been investigated in a number
of papers during the past 9 years. They are characterized in the
magnetic field by a discontinuous change in the magnetic
vector direction generally associated with only a minor change
in magnitude. By discontinuity is meant a sharp transition
which passes by the spacecraft in a time of the order of a few
seconds (30 s in the work by Burlaga [1968]).

Discontinuities having the above characteristics have been
‘identified as tangential discontinuities and rotational discon-
tinuities [e.g., Burlaga, 1971; Burlaga et al., 1976; Smith, 1973,
Solodyna et al., 1977]. A general tangential discontinuity
must conserve total pressure and must have a vanishing nor-
mal component of the magnetic field. It does not propagate
with respect to the plasma. Apart from these conditions the
jumps are arbitrary. Most observed tangential discontinuities

are characterized by changes in magnetic field direction only.
In contrast, a rotational discontinuity propagates. It has a
nonzero normal component of the magnetic field, and a well-
defined relationship exists between the change in magnetic
field and velocity vectors across the discontinuity.

The structure of the transition layer between both sides of a
discontinuity can only be described by kinetic theory. For
tangential discontinuities this has been done by Lemaire and
Burlaga [1976]. With respect to the wave fields in the solar
wind we can immediately predict two possible roles for these
structures. First, the refractive index surface at each fre-
quency will undergo appreciable changes through the dis-
continuity. Hence, as is the case for whistler duct boundaries
in the terrestrial magnetosphere [Helliwell, 1965], waves may
be reflected or transmitted through discontinuity structures
depending on their initial conditions. From this ducting alone
we would expect abrupt changes in wave activity at a dis-
continuity.

Note that under solar wind conditions the transmission
properties of tangential discontinuities for whistler waves de-
pend on the details of the transition layers which are some-
times very complex. This can easily be seen by observing that
the wavelength A = ¢/(nf) of whistler waves is much less than
the thickness of tangential discontinuities, which has been
observed generally to exceed 1 proton Larmor radius [Burlaga
et al., 1976] in the solar wind.

The discontinuity may play a second role as an unstable
structure. An interesting candidate for destabilization may be
the currents flowing in a discontinuity to produce the observed
change in magnetic field vectors. For purely directional tan-
gential discontinuities the current would be strictly field
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lines) acting as a wave guide. For further explanation and discussion
see text.

aligned. If such a current instability occurs, the waves pro-
duced may behave very differently depending on the geometry
of the discontinuity and the propagation characteristics out-
side the source region, i.e., the discontinuity. In most cases we
shall expect a maximum in the wave fields observed in the
source region.

Both types of behavior have been observed in connection
with directional discontinuities in the solar wind. Figure 3
shows ducting in a wave guide produced by a pair of discontin-
uities in magnetic field direction at 1128 and 1133 UT. The
lower panels of the figure show the magnetic field vectors
averaged over 8 s represented by the magnitude and the usual
solar ecliptic angles. For the magnitude F two different aver-
ages are drawn, the magnitude resulting from the averaged
individual components and the average of the individual mag-
nitudes. The spectral data for 8-s averaging intervals are
shown in the upper panels in the same format as in Figure 2.
The discontinuities are identified as tangential ones, since the
magnetic field magnitude changes appreciably across each of
them. Note that in channels 2-4, increases in wave intensity by
an order of magnitude in spectral density occur which are very
accurately limited by the vertical bars denoting the discontin-
uities. The increase extends at least to channel 6, i.e., to the
range 220-470 Hz. The electron cyclotron frequency is about
500 Hz between the discontinuities. If we assume that the
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waves propagate roughly parallel to the magnetic field, there
will be only a small Doppler shift at f../2 because of the
maximum in phase velocity. Hence the wave spectrum extends
at least to f../2 with a spectral indexy = 1.2 in [P(/)]"2 ~ 7.
Note also that outside the wave guide above channel 3 the
background noise is measured. The ducting property of direc-
tional discontinuities is not a rare phenomenon but occurs for
a large fraction of directional discontinuities. The only way to
avoid the interpretation in terms of ducting is to assume an
extremely narrow cone of propagation wave vectors around
the magnetic field vectors such that no spreading of the wave
field across the boundaries of the discontinuities occurs. The
wave fields must have their source between the discontinuities
in such a case.

A directional discontinuity is also observed very often as a
source of waves. An example is shown in Figure 4. The flux-
gate vector data for the directional discontinuity are presented
in a coordinate system spanned by the eigenvectors from a
variance matrix analysis of the Sonnerup [1971] type applied to
the transition layer from 0719:51 to 0720:01 indicated by the
two vertical lines. The normal direction is given by n =
(—0.232, 0.807, 0.543) in solar ecliptic coordinates.

B(3) is the component in the normal direction. The figure
shows the magnetic field components as a function of time
with four vectors per second. Figure 5 shows the hodograph in
the discontinuity plane. During the transition the magnetic
field decreases from 4.8 to 3.9 y. The small component B(3)
together with the relatively large decrease in magnitude sug-
gests that the directional discontinuity is a tangential one.

oM 40

19M 20 <0
25 DEC 1974 7H UT

Fig. 4. Interplanetary tangential discontinuity in a coordinate sys-
tem of minimum variance eigenvectors. B(3) is the component in the
direction of minimum variance. The variance analysis interval is
shown by vertical lines. M, is the Alfvén Mach number of the relative
speed between electrons and protons, i.e., relative speed divided by
Alfvén speed computed according to (5).
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perpendicular to the minimum variance eigenvector. The discontinuity
is the same as in Figure 4.

Note also that the structure preceding the analysis interval
agrees with the picture of a tangential structure.

The associated wave fields are presented for channels
1Y-5Y and an averaging time of 1.125 s in Figure 6. There is a
strong peak in wave activity by a factor of about 20 in channel
2Y from 10 to 22 Hz and by at least a factor of 10 from 22 to
47 Hz. Channels 5Y-8Y show background noise only. The
average magnetic field of approximately 4.5 ¥ corresponds to
an electron cyclotron frequency of 126 Hz. The slowly varying
background also increases slightly during the event. There is a
broad peak by a factor of about S in the lowest channel, 1Y.
Before the time of the peaks, only background noise is ob-
served above 10 Hz. Altogether the spectrum is flat until it
starts to decline between 15 and 32 Hz.

By using the magnetic field structure as resolved by a fast
sampling magnetometer and plasma analyzer the current den-
sity could be computed. Also for the stability analysis the
relative speed of ions and electrons in relation to the critical
drift speeds of various instabilities is of interest. Il the solar
wind speed is V,, the spatial derivative in the direction of the
normal n of a tangential discontinuity is
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Fig. 6. Magnetic fluctuation spectra for the tangential discontinuity

of Figures 4 and 5.
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(d/dn) = —(V,-n)~Y(d/dr)
The curl of the magnetic field is given by
curl B= —(1/V,:n)nx B

The field-aligned relative velocity between protons and elec-
trons, a particles being neglected, in relation to the Alfvén
speed b is then given by the relation

Vio = Vie | n-(BxB) 1

M = b "M, w,B° cosa )

where a is the angle between the solar wind direction and the
normal n and M, is the Alfvén Mach number of the solar wind
speed | V,|. The solar wind plasma properties enter only via the
Alfvén Mach number M, = V,/b and cos a. Note also that the
product M,-w., does not depend on the magnetic field. If the
current is mostly field aligned, the electron average speed is
given by

Ve~ V, — M, -b-B/B (6)

For our special case, M,, is shown in the upper part of
Figure 4. M, has a maximum which coincides with the wave
maxima in Figure 6 at 2052. The plasma parameters have been
provided by the Helios plasma experiment [Schwenn et al.,
1975; H. Rosenbauer, personal communication, 1976]. Since
one proton-electron spectrum is obtained every 40.5 s, the fine
structure of the discontinuity cannot be resolved, although the
flux values contributing significantly to the calculation of the
plasma bulk properties are collected within a much shorter
interval. At the maximum we have M;, = +0.8, i.c., the
relative bulk speed of protons and electrons is 0.8 times the
Alfvén speed. Although a detailed analysis of the stability
properties of the plasma in the transition layer would require
additional information on the exact shape of the particle distri-
bution functions as a function of location, the following phys-
ical picture seems to be plausible: the tangential discontinuity
has reached a state where the waves excited by the current
instability have stabilized the plasma to such an extent that the
gain in wave energy by the instability compensates for the
energy losses due to absorption and/or propagation. The
thickness of the structure analyzed is about 1250 km. With a
measured proton temperature of 7, = 176.000 K we obtain a
thermal proton gyroradius of (2KT,/m,)"?/w., = 125 km lead-
ing to a thickness of about 10 thermal proton gyroradii, which
is much thicker than the most probable value according to a
scan of discontinuities in Helios data as well as earlier results
[Burlaga et al., 1976]. We note also that in the example dis-
cussed here a small perpendicular current component must be
present because of the variation in magnetic field magnitude.

Although we cannot rule out the possibility of convected
electron structures, we interpret the search coil observations in
terms of whistler waves driven unstable inside the disconti-
nuity. First, we take the case of the protons 8, = 8 NKT,/B* ~
1.5, T, = T,, and the Alfvén speed b =~ 43 km/s. Near the
maximum of M,, we have the magnetic field in solar ecliptic
components (2.9, 0.9, 2.0) v. We note that the maximum
current is flowing parallel to B, i.e., toward the sun.

After having collected these numerical values we discuss the
whistler mode instability. In a recent theoretical paper, Gary et
al. [1976b] discuss instabilities due to field-aligned currentsin a
B: = | plasma characteristic of the solar wind. They show that
the whistler mode is driven unstable by resonant protons
which have to move somewhat faster than the wave to see the
correct sense of polarization. The unstable wave has to propa-
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Example of a reversible magnetic field structure with a peak 1n the fluctuation spectra up to at least channel 4Y

(47-100 Hz).

gate in the current direction. They also show that the in-
stability is strongest for propagation parallel or antiparallel to
the magnetic field. The real part of the frequency is given by
the cold plasma dispersion relation in the electron frame of
reference. In our case this is the frame moving with V,, and the
waves must propagate in the B direction. Because of the rela-
tively low Alfvén speed, Doppler shifts play an important role.
Nevertheless the observations show that in our case the waves
extend to much higher frequencies than the unstable waves of
Gary et al. [1976b]. If the interpretation in terms of unstable
whistler waves is accepted, this leads to the conclusion that the
electron and ion distribution functions cannot be shifted iso-
tropic Maxwellians as was assumed by Gary et al. [1976b] but
must deviate appreciably from such idealized situations. Al-
though no observations are available concerning this point, it
does not seem unreasonable to assume that apart from the
current the particle distribution functions deviate from iso-
tropic Maxwellians at least as much as the usual distribution
functions in the less disturbed solar wind between the discon-
tinuities. Finally, we mention the possible role of wave-wave
coupling near the spectral density peak to account for the

extension of the spectrum to higher frequencies than were
predicted by Gary er al. [1976b]. Further discussion and analy-
sis of these aspects will be presented in the future.

SHORT REVERSIBLE VARIATIONS IN THE MAGNETIC FIELD

Here we discuss a structure which generally has a duration
of about 1 min and which occurs several times per day. It is
characterized by a fast variation of the magnetic field vector
with a subsequent return to the initial magnetic field configu-
ration. During the variation an extremum of the magnetic field
magnitude, usually a minimum, is reached. A particularly
clean example is shown in Figure 7. The event is embedded in a
very quiet magnetic field. It is connected with a broadband
maximum in whistler mode activity by more than | order of
magnitude above the surrounding ‘continuum.’ The increased
wave activity extends beyond the boundaries of the event.
Figure 8 shows the vector magnetic field variations for max-
imum time resolution, i.e., four samples per second. We have
used the representation in solar ecliptic components. Consid-
ering the hodograph of this structure, one finds that the tip of
the magnetic field vector moves back and forth along a straight
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line. In a magnetohydrodynamic framework the structure
could be a convected region of excess plasma pressure with an
essentially constant profile or a propagating structure with a
nonstationary profile.

The structure just described is probably a weak example of a
type of ‘magnetic hole’ reported from dc magnetometer obser-
vations alone by Turner et al. [1976]. We note that the struc-
ture is much more dramatic in the high-time-resolution obser-
vations than in the low-time-resolution data. Apart from a
change in the continuum level for frequencies up to at least 220
Hz we see peaks in wave activity for frequencies extending
beyond 47 Hz. Closer inspection reveals a small but clear
increase at 0724 in the lowest three channels which also
extends into the frequency range covered by the flux gate,
i.e., below 4 Hz. The high-time-resolution vector data in
Figure 8 show fairly strong gradients. Finally, we note
fluctuation fields in the flux-gate data from 0740 to 0742 and
from 0746 to 0800. Their amplitudes are a few gammas. In
the search coil data wave activity extending up to channel
4Y starts at about 0744,

SHOCK OF JANUARY 8, 1975, AT 0022:09 UT

Shocks are among the most dramatic events in the fluctua-
tion spectra. In the past, interplanetary shocks have been
investigated almost solely from the macroscopic point of view
as major interplanetary disturbances. High-time-resolution
observations of shock wave fields can yield important informa-
tion on the plasma physics of these structures. So far, it has
been almost exclusively the earth’s bow shock which has been
investigated from this point of view [Fredricks et al., 1968,
1970a, b, 1971, 1972; Olson et al., 1969; Scarf et al., 1970b,
1971b; Holzer et al., 1972; Formisano and Hedgecock, 1973a, b;
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Formisano, 1974; Fairfield, 1974; Fairfield and Feldman, 1975,
Rodriguez and Gurnett, 1975; Formisano et al., 1975; Green-
stadt et al., 1975]. One study of high-frequency magnetic fluc-
tuations in the vicinity of an interplanetary shock has been
published by Unti et al. [1973b]. An advantage of using inter-
planetary shocks for such studies is the relative ease with
which the measured temporal variations can be converted into
spatial variations, an omnipresent problem in bow shock stud-
ies.

The relatively rare occurrence of interplanetary shocks com-
pared with the number of bow shock crossings is a dis-
advantage. Another disadvantage is the high wave form sam-
pling rate required for resolving these structures. We mention
in this respect that for extended time periods during the Helios
mission, real-time vector wave form data are available at sam-
pling rates of up to 57 Hz corresponding to a Nyqvist fre-
quency of 28.5 Hz. In addition, in a memory mode, wave form
data at sampling rates of 75, 150, and 300 Hz for time intervals
selected by an on-board event detector can be obtained. How-
ever, such data were not available for this study.

From the shocks observed during the primary mission of
Helios 1 we shall present here the magnetic field data for the
shock of January 8, 1975, at 0022:09 UT. In this paper we treat
the microscopic aspects only. Figure 9 shows the combined
flux-gate magnetic field data and search coil spectral data for
the 1-hour interval around the shock. The jump in magnitude
from 8 to 14 v is associated with increases in spectral density
by more than 1 order of magnitude in channels 1Y-4Y and by
at least a factor of 2 in channel 5Y extending from 100 to 220
Hz. The magnetic field in front of the shock is very quiet both
in the flux-gate data and in the spectral data which show the
background noise apart from the directional discontinuity
near 0015. In the lower channels 1Y and 2Y the shock is
preceded by wave fields for at least 100 s in channel 1Y and at
least 30 s in channel 2Y. These precursors are absent or below
the experiment noise level in the channels above 2Y.

We shall now compute the macroscopic properties of the
shock required for the kinetic analysis. Since a discontinuity
occurs at 0015, we use the time interval 0015:00-0021:40 to
compute the average magnetic field vector B, in front of the
shocks and obtain B, = (—6.26, —0.94, 4.93) v. The time
interval 0022:20-0029:00 yields B, = (—6.24, +4.55, 11.6) v
and AB = B, — B, = (0.02, 5.49, 6.67) v.

In order to determine the shock normal we use the coplanar-
ity theorem, which is known to be of limited accuracy in the
general case. In our example its use seems to be rather promis-
ing, since there are only small magnetic field gradients during
the averaging times on both sides of the shock. An error source
which we have to consider is the as yet unknown zero offset in
the Z component of maximum +2 v. It turns out not to be
serious, however. Applying the coplanarity theorem to B, and
B,, we obtain n = (—0.852, —0.404, +0.335) or, expressed in
angles, ¢, = 205 + 8° and 0, = 19 & 5°, where the errors given
are due to the unknown offset (spacecraft field plus sensor
offset) in the Z direction.

To convert the shock time scale into a distance scale, it is
necessary to determine the shock speed in the direction of n.
Averaging over 10 plasma spectra each from 0015:13 to
0021:58 and from 0022:38 to 0029:23, we obtain N, = 4.04
cm~®and N; = 7.16 cm~? for the proton concentrations ahead
of and behind the shock, respectively. Taking into account the
a particle contribution, we obtain b,, = 73 km/s for the
Alfvén speed based on the normal magnetic field. The shock
jump relations then yield the propagation speed in the rest
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frame (e.g., 6.2.18 of Jeffrey and Taniuti [1964]) of V,,, = 114.8
km/s. The Alfvén Mach number based on normal components
is therefore A,; = 1.57. The normal speed behind the shock is
Vna2 = 64.8 km/s, and the change in normal velocity [V,] =
—50.0 km/s. The change [V;] can also be obtained directly
from the plasma observations. We obtain [V,] = —45.4 km/s
and V,, = 104.3 km/s or A,, = 1.43, which is in good
agreement with the theoretical values. The shock propagation
speed is then obtained to be ¥, = 520 km/s in the direction of
its normal n.

Time in Figures 9 and 10 can then be converted into a
spatial variable x in the n direction in the shock frame by using
x = 520 km/s X (0022:09 — ¢). It is more relevant to use a
dimensionless scale. The length scale c¢/wp,,;, where wp, is the
plasma frequency of the protons, is 114 km ahead of the shock,
and we may use § = xwp;,,/c. Note that c/wp, is the gyroradius
of a proton gyrating at the Alfvén speed.

Figure 10 contains high-time-resolution data of the shock
with £ as a second independent variable. It shows the fine
structure of the shock in much more detail. Although the
waves around £ = 150 of 3-s period are not necessarily shock
precursors, strong precursor wave activity occurs for £ < 50,

i.e., after 0022:00. It is not resolved in frequency by the flux
gate and has peak to peak amplitudes of ~ 1.5 v in magnitude.
The precursors in the lowest wave channels are followed by
steep increases with ratios Pa(f..)/Pi(fen) = 5, = 10, and 10 for
channels 1Y, 2Y, and 3Y, respectively, and similar increases
for channels 1Z, 2Z, and 3Z, which are not presented here. The
dc fields after the shock transition show a remarkable laminar
structure, particularly in magnitude, with superposed wave
fields. The period of the laminar structure is ~4 s or A{ = 18
or 24 proton gyroradii behind the shock. It is also remarkable
in this example that there is a jump in spectral densities and
peak values for each 1.125-s interval but no maximum in these
values for the shock transition, except possibly for channels
1Y and 1Z.

The peak value in channel 1Y corresponds to ¥ ~ 1071 X 7
X (5.3)2 X 27 = 10 v/s in the frequency range from 4.7 to 10
Hz. At the same time the Z component yields =15 v/s. If we
think of this shock as consisting of a laminar propagating
profile with superposed irregular wave fields, the shock ‘thick-
ness’ cannot be less than about 0.25s or A = 1, since we know
the size of the jump to be equal to AB. Otherwise, stronger
peak values should be expected. Since the ramp structure is not
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1975, at 0022:09. The times of the spectra shown in Figure 11 are
indicated.

resolved by the flux gate with four vectors per second, the
thickness must be very close to 0.25 s, i.e., 1 proton gyroradius.
It is also consistent with this interpretation that the steep
increases in average and peak values for channel 1Y coincide
with the magnetic field transition observed by the flux gate,
whereas it occurs somewhat later for channels 2Y-5Y.
Finally, Figure 11 shows three spectra of the ¥ component

in the precursor region (curve 1), the shock transition (curve’

2), and the shock wake region (curve 3). Also shown is the
background noise level. In addition, the electron cyclotron
frequencies f.., and f., as well as the lower hybrid frequen-
cies fin, and fin,, are indicated. The change of the spectrum
from the precursor region to the wake region is apparent.
From about 15 to 70 Hz the slope of the transition region
spectrum is about identical to the wake spectrum. It is clearly
distinct from the precursor region spectrum, which starts very
steeply but then decreases with much less slope. The spectrum
in the wake region can be described by P(f) = 1 (y2/Hz) f~*%
with f 2 5 Hz in hertz. From the point of view of plasma
physics it would be more useful to know the spectra in the
shock frame. However, a transformation into the shock frame
is not possible, since the wave vector spectrum is not known.
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CONCLUSIONS

We have presented observations of magnetic field variations
in the solar wind from dc to 2.2 kHz. They have been obtained
by the flux-gate magnetometer (0-4 Hz) and search coil mag-
netometer (4-2200 Hz) of the Technical University of
Braunschweig on Helios 1.

We can distinguish a slowly varying component of the fluc-
tuation spectrum having a time scale of about 10 min or
longer. Fast variations in spectral density superimposed on the
slowly varying component are called events. In this paper we
have considered events which also show a clear signature in the
dc field. The presentation of other extremely interesting events
that do not show up clearly in the dc magnetic field is post-
poned to a later study. We next describe the four types of
events which have been illustrated by one observed example
each.

1. Directional discontinuities may reflect part of an in-
cident whistler wave spectrum, thereby causing a jump in wave
intensity, i.e., the discontinuity may act as a wave guide
boundary. This is due to the fact that wave normal surfaces
change across the discontinuity.

2. A purely directional discontinuity is caused by field-
aligned currents which may cause instabilities possibly en-
hanced by the exact non-Maxwellian shape of the particle
distribution functions. This behavior is also observed in a large
number of cases as a peak in the wave spectra. In the special
case discussed in this paper the maximum relative speed be-
tween electrons and protons amounted to 0.8 of the Alfvén
speed. The observed magnetic fluctuations may be related to
the waves treated theoretically by Gary et al. [1976b]. If a
magnetic discontinuity also reveals magnitude changes, the
currents are not field aligned any more, and the stability prob-
lem is more complex.
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Fig. 11. Magnetic fluctuation spectra at times indicated in Figure
10. Curve 1 is a precursor spectrum, curve 2 a spectrum taken during
the shock transition, and curve 3 a wake spectrum.
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3. Reversible variations mostly connected with magnitude
minima in the dc field occur on a time scale of 1 min. These
‘dips’ are often connected with appreciable maxima in wave
intensity.

4. Interplanetary shocks are among the most dramatic
events. Here we have discussed the fast shock which occurred
on January 8, 1975, at 0022:09. This oblique shock had a ramp
thickness of | proton gyroradius followed by some laminar
structure. Precursor wave fields have been observed as well as
wake fields. The shock jump is connected with a somewhat
delayed jump in wave intensity, but there is essentially no peak
in wave intensity above 10 Hz.

Whereas the analysis of shocks provides interesting observa-
tional material for the collisionless shock problem [Galeev,
1976], the first three types of events are interesting for the
study of whistler wave propagation and generation by in-
stabilities in the collisionless magnetoplasma of the solar
wind. The numerous events of types 2 and 3 may contribute
to the slowly varying background wave level when the
distant contributions from several discontinuity wave sources
sum up.
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