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Abstract. The evaluation of plasma particle data of the prime mission (140
days past launch) of HELIOS-1 yielded new evidence about many aspects
of the solar wind between 0.3 and 1 AU.

In contrast to current models, the leading edges of fast streams appear
steeper at 0.3 than at 1 AU. The sharp boundaries with large angular gra-
dients of bulk velocity which obviously separate fast streams on all sides
from slow plasma near 0.3 AU, suggest different acceleration processes for
slow and fast stream plasma with no intermediate stages. This idea is
supported by a statistical study which shows that the observed bulk speed
histograms are roughly bi-modal with a clear minimum between the low
speed and the high speed plasma regimes. The internal states of the two
regimes are also different and develop differently between 0.3 and 1 AU.

Strong radial gradients could be observed in the proton temperature
of fast stream plasma, the electron temperature, the heat flux conducted
by the electrons and the interplanetary potential as derived from the electron
measurements.

Predominantly in fast streams, the electron distribution is often strongly
skewed due to medium energy (30 to 300 eV) electrons flowing away from
the sun along the magnetic field lines. This feature has been named **strahl ™.
It is possibly indicative of plasma conditions similar to those assumed by
exospheric theory.

Key words: Solar wind Solar wind protons — Solar wind electrons — Fast
stream boundaries — International states of fast and slow solar wind — Proton
double streams — Radial gradients of the solar wind between 0.3 and 1 AU.

1. Introduction

On December 10, 1974 HELIOS A (after launch named HELIOS-1) was
launched into an ecliptic orbit around the sun with a perihelion of 0.309 AU.

*  Now with Los Alamos Scientific Laboratory
**  Contributed to this paper while on a MPG fellowship at this institute
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A slightly closer approach to the sun (0.290 AU) was achieved by means of
the nearly identical spacecraft HELIOS B (after launch named HELIOS-2) which
was launched on January 15, 1975.

This mission provided opportunities for the first in situ investigations of
the interplanetary medium inside the orbit of Mercury and for novel measure-
ments in the region between the orbits of the earth and Mercury.

The payloads of HELIOS-1 and 2 are also essentially identical. Of 10 experi-
ments aboard, 8 are dedicated to the investigation of particles and fields in
the interplanetary medium. (The spacecraft and all experiments are briefly de-
scribed in a special issue of Raumfahrtforschung, 19, 5, 1975).

This paper is intended to give a survey of the available main results of
the HELIOS plasma experiment.

Most of theses results are based on the data obtained during the primary
mission (140 days past launch) of HELIOS-1. During that time the data recovery
rate was exceptionally high and the sun was very quiet. Therefore, this time
interval appeared especially suitable for all kinds of analyses requiring complete
sets of data and comparatively stationary conditions in the solar corona.

2. Spacecraft Characteristics Relevant
to the Plasma Experiment

Both HELIOS probes are spin stabilized at 60 rpm with their spin axes perpen-
dicular to the ecliptic. The rotation is used by the plasma instruments to measure
the distribution of particle flow directions in spin angle.

The spin vector of HELIOS-1 is pointing toward the north pole of the
ecliptic, whereas that of HELIOS-2 is pointing south. This difference in spin
direction, assuming identical spacecraft and instruments, allows a check of a
possible bias in the determination of the average azimuthal plasma flow angle.

The shape and surface characteristics of a spacecraft together with the mo-
mentary plasma conditions and the flux of UV photons determine the size
and topology of the electric fields near the instrument apertures. These fields
may accelerate, decelerate or deflect the low energy particles to be measured.
The main body of each HELIOS spacecraft is a regular sixteen sided polygon
in cross section. To both ends solar generators of inverted frustrum-shape are
attached, giving the spacecraft a yarn spool-like appearence. Except for the
four radial booms and the despun antenna, the whole probe is cylindrically
symmetric about its spin axis. This is important since in only this way can
the spin modulation of the spacecraft potential be minimized. The surface charac-
teristics of HELIOS, as initially designed, were not favorable for low energy
plasma measurements. Most of the sun lit areas were electrically insulating
(quartz glass) and for areas in shadow (the interior of the solar generators)
both insulating and conducting surfaces materials were to be used. Therefore,
aprogramm for **electrostatic cleanliness of the spacecraft was initiated, resulting
in major improvements. Essentially all surfaces in the solar generators were
made conductive. The final goal of covering all glasses on the solar cells and
the “second surface mirrors™ with a transparent conductive coating was not
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achieved for cost reasons. However, a ““belly-band™ of approximately 30 cm
width around the middle of the main compartment could be equipped with
conductively coated second surface mirrors which were all electrically connected
to the spacecraft structure. In this way. a sufficiently large photo electron emitting
area was provided to keep the spacecraft potential slightly positive and the
spacecraft surface surrounding the apertures of the instruments an equipotential.

The spacecraft transmits data to the earth with bit rates varying between
2048 bps and § bps. Depending on the measurement mode, a fraction of 10
to 35% of this data flux is allocated to the plasma experiment. During black-out
times, or when no ground stations are available, data (at a very low bit rate)
can still be recovered due to an on-board 0.5 megabit core memory, which
is otherwise used for storage of fast transients measured by magnetic field
and the plasma wave experiments.

3. Instrumentation

The HELIOS plasma experiment consists of 4 instruments (Schwenn et al.,
1975). The three-dimensional ion analyzer (I 1a) employs a narrow quadrispheri-
cal electrostatic deflector (R/A4R=60) for particle analysis with respect to energy
per charge (E/g) in 32 channels exponentially distributed between 155V and
15.3 kV. Continuous electron multipliers (CEMs) in counting mode are used
for particle detection. By means of 9 separate CEMs, angular resolution in
9 channels 5° apart is achieved in spacecraft polar angle (¢).

The direction of incidence of the particles with respect to the spacecraft
spin angle (¢) is measured with the same resolution in 16 channels by making
use of the spacecraft’s rotation and sun sensor information. All measurement
channels are nearly adjacent to each other in velocity space, but do not overlap.

The resolution in ¢ and E/q can be doubled at times of sufficiently stationary
plasma conditions since the ¢ and the E/g channels are every other measurement
cycle shifted electronically into the gaps between the normal channels.

Every spacecraft revolution the particle flow direction at a fixed E/g level
is determined in a two-dimensional grid. A full 3-dimensional ion spectrum
is measured every 40 s as long as the total data transmission rate of the spacecraft
is equal or above 256 bps. For economic use of the data rate available, the
instrument can be operated in an automatic peak tracing mode. In this mode,
3-dimensionally resolved results are transmitted only from the region in velocity
space occupied by the proton and the a-distributions.

Instead of 1 la, the mass spectrometer I 3 can be operated. This instrument
uses a novel type of electrodynamic analyzer for velocity (r) analysis of the
jons at a selectable mass per charge (m/q) ratio. Otherwise it operates very
similarly to I la. It likewise resolves particle distributions in three dimensions
and follows a nearly identical data aquisition scheme. This instrument has
the advantage of separating the distribution functions of protons and x-particles
completely. Its drawbacks as compared to I la are smaller sensitivity and larger
power consumption which restrict its use to times when the spacecraft is inside
0.6 AU.
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The third instrument dedicated to ion measurements, I 1b, is much less
sophisticated than I la and [ 3 respectively. Instrument 1b is always operated
simultaneously with either of these instruments. A hemispherical electrostatic
analyzer (R/AR=12) is used for E/g analysis and a very sensitive clectrometer
(noise level ~2-10" '® A) for current measurement. This instrument integrates
over both ¢ and ¢ angles and therefore delivers £/¢ current spectra only. From
a comparison of results of I 1b with those of I la and I3 respectively the
ionization state of the measured ions can be derived, due to the different particle
detection principles used in these instruments (Griinwaldt, 1976).

The electron instrument, I 2, is distinguished from previously flown electron
instruments by special design features which eliminate disturbances from photo-
electrons produced inside the experiment (Rosenbauer, 1973). These measures
were so successful that no disturbance is noticable even in the lowest energy
channels and when the instrument is viewing the sun directly. The energy range
of the instrument extends from 0.5eV to 1.66 keV. The field of view is less
than 10 x 10 degrees wide and scans the plane of the ecliptic in 8 equally distrib-
uted channels. (In the HELIOS-2 instrument the angular channels are shifted
by 22.5° every other measurement cycle such that the angular resolution can
be doubled if two subsequently acquired spectra are merged together). In this
way, the electron velocity distribution can be determined in a plane cutting
through the distribution close to its center.

All plasma instruments on HELIOS-1 and HELIOS-2 have been working
without any malfunction until the time of this writing. Only on HELIOS-I
some interference from the spacecraft was experienced. The noise level of the
electrometer instrument was increased compared to ground tests because of
mechanical vibrations produced by the bearing of the despun antenna. This
effect could be completely omitted on HELIOS-2 by reducing the sensitivity
of the instrument to microphoning. During the prime mission of HELIOS-I
the electron experiment was heavily disturbed everytime the high gain transmit-
ting antenna on the spacecraft was used. Ground tests revealed that this distur-
bance was caused by a resonant electron multiplication effect in the antenna
slots (""multipactor effect™). Fortunately, this disturbance disappeared after the
first perihelion passage. For HELIOS-2 this problem was avoided by modifica-
tion of the antenna.

4. Data Evaluation

The proton data presented in this paper have been evaluated by means of
a computer routine which was developed for analysis of large quantities of
data for survey purposes. To keep the program simple, a real three-dimensional
analysis is replaced by the determination of three reduced, one-dimensional
distribution in ¢, ¢, and v which are naturally resolved by the instruments
la, and 3. These reduced distributions are obtained by suitable integrations
over the remaining variables. To determine v from the E/¢ measurements of
[ la, the assumption is made that the largest hump of the distribution is due
to protons.
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After correction of dead-time effects and subtraction of background count
rates the plasma velocity space density for each measurement channel is com-
puted from the count rates and the zeroth moments of the instrument functions
obtained form laboratory calibrations. The measurement channels are treated
as o-functions. Their positions in velocity space are determined from the first
moments of the calibration results. An algorithm then limits the velocity space
around the center of the proton distribution such that the main part of the
z-distribution is no longer included in the further calculations. After a suitable
interpolation between the phase space densities obtained in the grid of measure-
ment channels, the zeroth, first and second moments of the distribution in
three orthogonal directions (flow velocity unit vector, in and out of the ecliptic)
are determined. Therefrom the bulk velocity vector, the temperatures in the
three directions, and the number density are calculated. The I 1b results, which
are one-dimensional anyway, are evaluated correspondingly with a similar rou-
tine. The orbital motion and the exact orientation of the spacecraft are taken
into account for correcting the flow velocity. The evaluation of the electron
data is much more sophisticated. A description of this routine would be beyond
the scope of this paper.

The accuracy of the plasma parameters obtained this way could be checked
by comparisons with parameters determined from both the Los Alamos and
the MIT IMP 7/8 plasma experiments at times when the spacecraft were close
together, and with plasma densities determined by the plasma wave experiment
aboard HELIOS. The agreement was in all cases very satisfactory.

5. Proton Results

S.1. The Status of the Corona and the Interplanetary Plasma
During the Primary Mission of HELIOS-1

As typical of the time close to solar minimum, the sun was very “quiet”
during the period of December 1974 through April 1975. Only minor flare
activity was reported, and only two major interplanetary shock waves generated
by flares could be measured by HELIOS-1 (January 6 and 8, 1975). Otherwise,
the large scale conditions in the corona were quite stationary. The corona
observations at that time (Sheeley et al., 1976; Schwenn et al., 1976) show large
coronal holes over the polar region extending close to or beyond the solar
equator at two positions (Around Carrington longitude 120° and 270° respec-
tively). Two exceptionally pronounced and long-lived fast streams in the solar
wind, which had been observed from earth orbiting spacecraft for several prev-
ious solar rotations (Bame et al., 1976), still prevailed during the observation
period discussed here.

Velocity, density and radial temperature (1-hour averages) as measured by
HELIOS-1 are plotted versus Carrington longitude in Figure 1. The heliographic
latitude of the spacecraft, its distance from the sun and the time of observation
in days of the year are also indicated along the abscissa. The two corotating
fast streams are easily recognized. The change that seems to occur between



T T T T T T
v 600 A ‘/\\\/J/EM
km/sec] ;5 Rot
oot ; : : : +—t —o No
ks E —\/‘J\&‘\N‘—\n |
<3 10 £
[em 3] E N i il
T E f——f + t ] t
Tp I - ]
Kl @ E J\“WW
ST SRS VN (SO NSO (BU-NOPIS | | | (S | [P0 DR G N 0| 1
DAY (in 74) 248 38 o = 5 == P o
R [AU o5 o088 0,982 0980 0.7 087 097 0.9
LAT [°] o8 -7 0.8 L1 i ek Ls -L7
[ ] T T ! i T T T T T T
vp 600 %M%\
[km/sec] 0 W s~ Rot.
No
100
np 1623
[em -3 10
7 108
[.,E] 105
DAY (in 74/75)
R [AU
LAT [°]
Vp 600
[km/sec] 400 Rot.
No.
np - 1624
[crn ,3] 10
: 108
P 5
K] 10
DAY (in 75)
R [AU] o
LAT (] =43
vp 600
km/sec
[ ] 400 Rot.
No.
np i 1625
[em-3] 10
T 108
P 5
[cK] 10
DAY (in 75)
R [Au]
LAT [°]
vp 600
[km/sec] 400 .
~ 100 | é”’\?‘r f : No.
n L ~/\,\_A /\,\I\'\/ Vil 1626
[ P 3] 10 e Y e ]
cm -~ §
105 } 1 —+— f t
Tp i M‘”\/W 4
[oK] 10 /V\‘ [
; p f .AJ km“’\! .1\\M|..|..‘
DAY (in 75) E'; k ' sia ’ P L = o 107 T i :
R [AU] 0.435 0.486 ©0.480 0.50  o.587 uazl 5334 0.657 5375 0702  ©0.718
LAT [] 7.2 2 7.2 es 6.7 6.4 a3 8.0 s.e 5.8 5.4
360 2330 Joo 270 240 210 180 1S5S0 120 9o 8o 30 o

Carrington longitude [°]
Fig. 1. One hour averages of solar wind proton bulk speed, number density and radial temperature
versus Carrington longitude, as measured by HELIOS-1 between December 12, 1974 and April 25,
1975. The time of measurement and the radial distance and solar latitude of the spacecraft are
also indicated along the abscissa
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rotations 1624 and 1626 (panels 3 and 5) can mainly be attributed to causes
other than temporal changes in the source region (see section 5.2). By compari-
son with IMP 7/8 data (Los Alamos) it could be confirmed, that the general
stream structure was stationary also through rotations 1625 and 1626.

5.2. Fast Stream Structures Between 0.3 and 1 AU

In this section, only the velocity, density and temperature profiles of fast streams
and their typical changes between 0.3 and 1 AU shall be regarded. The develop-
ment of the internal state of the plasma in fast streams as compared to slow
plasma is discussed in section 5.3 of this paper.

If we first regard the proton bulk velocity profiles in the upper four panels
of Figure 1 we notice as the most striking feature the steepening of the leading
edges of the fast streams, as HELIOS approaches the sun. This result was
quite unexpected, since model calculations (Hundhausen, 1973 ; Pizzo and Hund-
hausen, 1976; Durney and Pneuman, 1975) predict the opposite: a continuous
steepening of the fronts of the velocity profiles with increasing distance from
the sun until a shock forms.

With respect to the trailing edges of the fast streams, the observations are
in qualitative agreement with the present models. An increase of the angular
speed gradients with decreasing distance from the sun should be expected there.
This is most clearly seen if we do not regard the bulk speed profile alone,
but also temperature and number density. A comparison between panels 1 and
3 of the large fast stream observed between approximately Carrington longitude
120° and 20° shows that all parameter profiles tend to change toward mesa-like
structures (or inverse-mesa structures respectively) with sharp leading and rela-
tively sharp trailing edges, as HELIOS travels from 1 AU to 0.6 AU. A decline
in velocity faster than ever observed near 1 AU, from 650 km s ' to 300 km s~ *
in only about 20° heliographic longitude, can also be seen in panel 4 around
Carrington longitude 110° where HELIOS is at a heliocentric distance of
0.31 AU.

Until now, the terms ““leading™ and **trailing”” edges of fast streams, common
in the respective literature, have been used. It must be noted, however, that
these terms can be misleading in so far as they primarily describe the time
sequence of observations. They give a correct notion of the spatial shape of
a fast stream only if the transition fronts observed are essentially north-south
oriented. In principle, it could happen, however, that a separation surface be-
tween fast and slow plasma, which is merely east-west-ward oriented in a he-
liographic coordinate system, is crossed by an observing spacecraft. In such
a case, the terms ‘‘leading™ or “‘trailing” edge obviously loose their sense,
and the physical interpretation must take this into account. Most likely, such
cases are not so rare at all. Several similar situations have been observed by
HELIOS.

If we compare panels 3, 4 and 5, it seems as if large temporal changes
on the sun had occurred, because the second fast stream appears interrupted
several times in panel 4 and is completely gone in panel 5, whereas a “‘new”
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stream shows up around Carrington longitude 315° in panel 5. Comparisons
with IMP-data taken near 1 AU, which show no drastic changes in the stream
structures confirm, however, that the conditions in the source region actually
have been stationary to a large extent. For resolving the seeming discrepancy,
we must note that HELIOS-1 (in contrast to IMP 7/8) traveled from a he-
liographic latitude of —7.25° to +7° during solar rotation 1625 depicted in
panel 4. Obviously HELIOS moved several times in and out through the north-
ern boundary of the fast stream between —1° and +5° heliographic latitude
(panel 4) and saw nearly no indication of a fast stream during the next solar
rotation at the same position in heliographic longitude at a latitude of +5.5°
(Schwenn et al., 1976). Similar considerations hold true for the ““new™ stream
around 300° Carrington longitude in panel 4. These observations, together with
the flow angle measurements, which indicate a nearly radial flow between 0.3
and 1 AU, prove that fast streams have boundaries in heliographic latitude
only a few degrees wide (Schwenn et al., 1976). The measurements further imply
that probably most boundaries are not crossed in the direction of the real
gradients but rather under a large oblique angle. Therefore, the observed angular
gradients are only lower limits to the real values.

Summarizing our observations of “‘leading™. *“trailing™ and *latitudinal ™
boundaries. we conclude that fast streams near 0.3 AU exhibit sharp boundaries
in all directions. This finding, taken together with the observation of mesa-like
profiles of large fast streams near 0.3 AU, implies that possibly because of
new critical points developing in highly diverging flows (Kopp and Holzer,
1976). solar wind emerges from the corona in two different states, a *fast”
and a “slow™ one. This idea will be followed up in section 5.3 of this paper.

The apparent decrease of angular velocity gradients at the boundaries of
fast streams with increasing distance from the sun might in the case of predomi-
nantly north-south ward oriented separation surfaces be caused by interaction re-
gions growing in thickness with increasing distance from the sun due to a
high magnetosonic speed. In the case of essentially east-west ward directed
separation surfaces most likely quasi-viscous interactions between the fast and
slow streams slipping along each other must be invoked. Several processes
can be imagined which could accomplish the deep-reaching momentum exchange
necessary to flatten the transitions as observed. Large scale hydrodynamic turbu-
lence might develop., hydromagnetic waves refracted from the fast into the
slow stream and accelerating the plasma there might play a role, waves generated
by the velocity gradients might act similarly, and also mutual penetration of
streams of different speed (Feldman et al., 1974) might be important. It must
be kept in mind, however. that HELIOS moves much faster in heliographic
latitude close to the sun than at larger heliocentric distances. Therefore, merely
cast-west ward oriented interaction layers with constant latitudinal velocity gra-
dients would seem to have decreasing angular velocity gradients with increasing
distance from the sun.

The fact that fast streams do not as readily steepen and produce co-rotating
shock waves as suggested by most model calculations may in, the light of the
HELIOS observations, be due to the neglection of quasi-viscous interactions
in the models or to the assumption of too low magnetosonic speeds. However,
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most likely. in many cases the orientation of the separation surfaces in predomi-
nantly east-west rather than north-south direction plays a role as well.

5.3. Radial Gradients of Fast and Slow Solar Wind

The sharp transitions between fast and slow plasma streams and the mesa-like
profiles of the fast streams observed inside 0.6 AU, as discussed in the above
section, suggest that (at least) two different acceleration mechanisms for the
solar wind might exist, one producing fast plasma, also characterized by low
density. and another one producing slow and dense plasma. A statistical study
carried out with all proton bulk speed measurements performed during four
solar rotations supports this notion. The resulting histograms are shown in
Figure 2. The range of heliocentric distances HELIOS-1 traversed during these
measurements were | to 0.9 AU for panel 1 (top), 0.9 to 0.7 AU for panel 2,
0.7 to 0.35 AU for panel 3, and 0.3 to 0.65 AU for panel 4 (bottom).

All histograms are roughly double-humped with clear minima at about
600 km s ' in panels I to 4, and 500 km s ' respectively in panel 4. The mini-
mum is most pronounced in panel 4, where the spacecraft is closest to the
sun. Future studies based on all HELIOS solar wind measurements should
reveal whether or not the details visible in the structures of the low speed
peaks are significant.

For the further investigations, the data of ecach rotation were divided into
two groups of slow and fast plasma respectively, according to the minima
at the dashed lines in Figure 2. Significant differences between the slow and
the fast plasma could be found in all parameters. including flow angels and
electron parameters (see section 6.2). Only the density and proton temperature
results shall be briefly discussed here.

The densities, normalized to 1 AU assuming radial flow and constant speed,
and averaged over each rotation, are depicted in Figure 3 as bars over the
range of the heliocentric distance which was coverd by HELIOS during the
respective solar rotation. For clarity the results of the third rotation (correspond-
ing to panel 3 in Figure 2) were removed, since the range of heliocentric distance
did overlap with that of rotation 4. The results are indicated by hollow bars
for slow plasma, by solid bars for fast plasma, and by dashed bars for the
average of all results. The higher density of the slow plasma as compared
to the fast plasma. obvious from Figure 3, is in qualitative accordance with
all results obtained in the past and is therefore not surprising. The radial gra-
dients. however, which can be derived from this figure appear interesting. It
must be noted that no change of the normalized density with distance from
the sun would mean that the plasma expands either according to the assumption
made for normalizing the densities (radial flow at constant speed) or at least
such that the product of the speed and the cross section of the flux tube
remains constant. The fast plasma obviously behaves about like that. The de-
crease with heliocentric distance of the slow plasma density. however, indicates
that this plasma either expands laterally or is significantly accelerated on its
way between 0.3 and | AU.

In Figure 4. where the plasma temperatures are shown in a similar way
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Fig. 3. Mean values of all proton number
densities determined during solar rotations
4,2 and | of Figure 2. The densities have
been normalized to 1 AU assuming radial
flow at constant speed. For each rotation
the mean values have been calculated
separately for (i) all results (dashed line):
(ii) fast streams (solid line); (iii) slow
plasma (hollow line). The dashed lines in
Figure 2 have been chosen as the
separations between fast and slow plasma

Fig. 4. Mean values of all proton
temperatures measured during solar
rotations 4. 2 and 1 of Figure 2. For each
rotation the mean values of three proton
temperatures have been calculated
separately for fast (upper part of the figure)
and slow plasma. The temperatures in the
direction of the flow velocity are given in
solid lines, the temperature in the
perpendicular direction in the ecliptic in
dotted lines and perpendicular to the
ecliptic in dashed lines
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as the densities in Figure 3 (however without normalization), again the radial
gradients are most interesting.

The slow plasma seems to expand nearly isothermally, whereas the fast
plasma cools down by about a factor of two between 0.45 AU (the average
heliocentric distance of HELIOS during rotation 4) and 1 AU. These results
are in qualitative accordance with the plasma expansion as derived from Fig-
ure 3. The indication in Figure 4 of a large anisotropy of the proton temperature
in high speed streams close to the sun shall not be discussed in this paper.

We think that the observations of distinct differences between fast and slow
plasma in both the size and the radial gradients of the most important plasma
fluid parameters supports our notion that two different acceleration mechanisms
(with a certain spread in the parameters of the plasma produced, but with
no real intermediate stage) are responsible for the generation of slow and fast
plasma respectively.

Therefore, we would like to briefly discuss some consequences of a hypothetic
model with two different states of solar wind. The plasma parameters resulting
form the assumed two different acceleration mechanisms should, to a first order
approximation, not depend on the solar latitude or the (large scale) size or
shape of the source regions.

All average latitudinal and temporal variations of solar wind parameters
observed should then primarily be caused by differences in the mixture-ratios
of “slow™ and “fast™ plasma. Essentially undisturbed plasma of both regimes
should alternatively be observed if either the source regions of uniform nature
are so large or the observations are made so close to the sun that the interaction
zones can be neglected. Then, the slow and the fast plasma can be studied
separately and e.g. radial gradients can be established, as done here, even without
considering temporal changes in the source region or differences in the position
of the spacecraft.

The fact that bi-modal speed histograms were only rarely found in the
past (Gosling et al.. 1976) does. in our opinion, not disprove our notion. Most
of these observations were made during years of increased solar activity, where
the coronal holes and the corresponding fast streams are known to be of smaller
scale size (Bame et al., 1976). It must be expected that under these conditions
the differences between the two plasma regimes, that may have existed close
to the sun, have been smeared out by stream-stream interactions (see section 5.2)
by the time the plasma reached 1 AU.

5.4. Separation of Proton Double Streams and «-Particles

Since it was first reported (Feldman et al., 1973) that the proton velocity distribu-
tions in the solar wind are often double humped along the magnetic field
lines, this feature has attracted much attention and several models have been
proposed for explaining this phenomenon (Montgomery et al., 1973, 1975, 1976
Feldman et al., 1973, 1974).

The evaluation of multiply peaked data is difficult if electrostatic (E/q)
analysis is used alone, since a second high-energy hump of the proton distribution
cannot be uniquely separated from the z-particle distribution. The HELIOS
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plasma experiment improved the observational situation in several respects:
the main instrument (I la) measures a three-dimensional particle distribution,
whereas two-dimensional measurements had been used for this type of investiga-
tion in the past. A good resolution in all dimensions makes it easier to distiguish
between an extension of the proton distribution along the magnetic field and
an z-particle distribution displaced mainly in E/g. In addition, the charge state
of questionable parts of the distribution can be checked by comparing the
particle fluxes measured by I la (counting detector) with the simultaneously
measured results of 1 1b (electrometer detector). At times when the electrody-
namic analyzer (I 3) is used instead of the main instrument, the data interpreta-
tion is no longer ambiguous at all. Since this instrument measures particle
velocities with m/q as a parameter, the undisturbed three-dimensional velocity
distribution of the protons can be studied.

The Figures 5 and 6 illustrate, that a second peak of the proton distribution
can actually easily be mistaken for a-particles and vice versa, if only electrostatic
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analyzers are used. One-dimensional count rate spectra obtained simultaneously
from the electrodynamic analyzer (I 3) and the electrostatic electrometer instru-
ment (I 1b) are displayed. Figure 5 shows the ““normal” case where the second
hump in the distribution measured by the electrostatic analyzer does not show
up in the proton spectrum determined by the electrodynamic analyzer. In this
case it must be concluded that the second hump was produced by an ion
species other than protons, most likely x-particles. In contrast, Figure 6 shows
a situation where the two instruments measure very similar double-humped
distributions. That this kind of distribution is measured in the proton channel
of the electrodynamic analyzer, proves that actually a double-stream proton
distribution with large differential velocity is being observed. If only the results
of the electrostatic instrument had been available, the second hump would
most likely have been misinterpreted as being due to z-particles. This sheds
some doubts on previous z-particle studies based on measurements of electros-
tatic analyzers, unless the magnetic field direction was carefully considered
in the analysis.

6. Electron Results
6.1. The ““Strahl" in the Electron Distribution

When the magnetic field vector lies in the scanning plane of the instrument,
a pronounced skewness is often found in the medium energy range of the
electron distribution indicating fast electrons streaming away from the sun along
the magnetic field lines. This feature was named the “strahl™! and represents
a new striking phenomenon in the solar wind electron distribution (Rosenbauer
etal., 1976a; Miggenrieder et al., 1976) often clearly distinguishable from the
“core” and the ““halo™ observed and defined earlier (Feldmann et al., 1975).
An example of a distribution with a well developed strahl is given in Figure 7.
A cut through the distribution in the scanning plane of the instrument (the
ecliptic) is shown in terms of isodensity contours in velocity space. The coordi-
nate system is centered in the maximum of the distribution. The v, direction
is toward the sun. The projection of the magnetic field direction, which was
nearly parallel to the plane of observation at that time, is also indicated.

The strahl feature is clearly visible from the bulges of the density contours.
[t is also evident that these bulges represent electrons travelling away from
the sun along magnetic field lines. The three-dimensional distribution function
can be visualized as being symmetric about the magnetic field direction. It
must be noted that the representation chosen here tends to deemphasize the
strahl. Count rate spectra versus angle would show the strahl more clearly
(see Rosenbauer et al., 1976a). As a contrast to Figure 7, a distribution without
a strahl is shown in Figure 8.

' Earlier the word “*beam™ had been used as a translation of the German word **Strahl”
(Rosenbauer et al.. 1976a). however this word was found to carry too many connotations in plasma
physics
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The strahl is characterized by the following main features:

— It is directed along the magnetic field away from the sun

— Its FWHM at medium energies (slightly above the energy separating
core and halo) generally seems to be in the range between 30° and 120°. However,
because of the coarse angular resolution of the instrument. it cannot be excluded
that the strahl is much narrower at times. Further studies based on HELIOS-2
data with better angular resolution should give more accurate values.

— The clear break in the energy spectrum, which separates the core and
the halo in all other directions than the strahl direction, is missing in the
strahl.

— The slope of the distribution along the strahl direction decreases mono-
tonically with energy. (No second peak).

— Any time a strahl is clearly developed, it carries the major part of the
heat conduction.

— The strahl is predominantly observed in high speed solar wind streams.

We interpret the strahl as that part of the electron distribution which has
travelled away from the corona to the point of observation without having
undergone reflections or strong pitch angle scattering. The strahl population
is in this way distinguished from the core electrons which, on the average,
should have bounced several times between the retarding electrostatic potential
at larger radial distances and the magnetic mirror closer to the sun (Feldman
et al., 1975). The strahl’s contrast with the halo probably results from the differ-
ing amounts of pitch angle scattering the particles in the two regimes have
experienced.

Since a strahl-like feature in the electron distribution has been predicted
by exospheric theory (Jockers, 1970), the presence of a strahl is likely to indicate
conditions in the corona favoring the applicability of exospheric theory (low
density, fast expansion). The fact that the strahl is generally more clearly devel-
oped in high speed streams could indicate that these conditions do often prevail
in the source regions of fast streams (coronal holes) but only rarely in that
part of the corona from which slow plasma is emerging.

Concluding this section, we would like to note that, by suggesting a name
for a feature of the solar wind electron distribution which had been missed
in the data analysis in the past, we do not want to emphasize the view of
this feature as a uniquely identifiable ““part™ of the distribution that should
be regarded separately. We rather find that all kinds of transitions between
distributions as shown in Figures 7 and 8 can be observed. Since, however,
a well developed strahl is such a prominent feature of the distribution and
certainly is an indication of special, (not yet quite understood) physical condi-
tions in the solar wind or its source region, it suggested itself to study this
feature, name it and use it as a new ordering parameter in special studies.

6.2. Differences Between Fast Streams and Slow Plasma Manifested
in the Electron Distributions

In order to attain a better ordering of electron parameters as a function of
radial distance from the sun, it was necessary to consider fast and slow stream
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data separately. The separation was achieved in the same way as described
in section 5.3, but in addition compression regions between fast and slow plasma
streams were removed. The following main differences between electron distribu-
tions in fast streams and in slow plasma respectively can be noted:

— The strahl is sometimes missing in fast streams and only rarely observed
in slow plasma. (This is a revision of the statement made by Rosenbauer et al.,
19764, that the strahl is observed nearly all the time. This wrong notion resulted
from an unfortunate selection of raw data at that early stage of analysis).

— The conducted heat flux is on the average higher in low speed plasma
than in fast streams.

— The temperatures are found to be lower on the average in high speed
streams than in slow plasma.

These results seem to support the conclusion drawn from the proton results
that in all studies about radial variation fast streams and slow solar wind
plasma must be treated separately. Obviously, not only the main plasma parame-
ters, but also the processes contributing to plasma acceleration (as heat conduc-
tion), are largely different in these two parameter regimes.

6.3. Radial Gradients of Solar Wind Electron Parameters

Radial gradients of solar wind parameters are known to be often obscured
by latitudinal gradients (Rhodes and Smith, 1975; Schwenn et al., 1976) and
nonstationary conditions in the source regions.

In order to establish quantitative radial gradients, more data than analyzed
by now must be available. Therefore, we only want to indicate the order of
magnitude of some of the presently available results.

The largest changes with heliocentric distance r were found in the heat flux
density w conducted by the electrons. Even though a power law of the form:

r —
wW=wy
o

with o as large as 2 must be expected, if the conducted heat flux in a radially
expanding flux tube would remain constant, the actually observed average values
for o of the order of 4 appear rather large. The size of this empirical power
law index implies that about 90% of the conductive energy supply available
at 0.3 AU is transformed into other forms of energy between there and 1.0 AU.
Further studies may reveal how this transformation is achieved and where
the energy goes.

The radial gradient of most interest for comparison with different solar
wind expansion theories is the one of the mean thermal energy of the electrons.
Even though the fluctuations found are large, and therefore no final result
can be given vyet, it is clear that the extreme values as a r *? dependence
required by an adiabatic one-fluid model can be ruled out as well as a r 27
law expected for an expansion according to a two fluid model (for a review
see e.g. Hundhausen, 1972).
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If the break between the core and the halo of the electron distribution
is interpreted as a measure for the local (positive) electrostatic potential with
respect to infinity (Feldman et al., 1975) an increase of this potential with
decreasing distance from the sun should be expected. Even though again the
scatter of the results is large, such an increase could clearly be found. Near
1 AU the energy limit for the quasi-trapped particles of the core of the distribu-
tion is typically of the order 30 to 40 eV. At 0.3 AU that limit increases by
roughly a factor of 3 on the average. That means that, on the average, ions
would gain about 50 to 100 eV per unit charge and electrons would lose the
same amount on their way between 0.3 and 1 AU if other processes, like e.g.
momentum exchange between particles and direct momentum transfer from
waves, could be neglected.

Conclusions

None of the topics touched in this summary paper could be dealt with in
great detail. On most of the subjects, however, specific studies are under way
which will be published soon. Even though some other studies have not yet
proceeded so far that results could be reported, we hope that the HELIOS
plasma measurements will yield contributions to many more questions than
could be adressed here.

As far as the results reported here are concerned, it must be kept in mind
that the statistical significance of the observations during the first approach
of a HELIOS spacecraft to 0.3 AU is naturally limited.

It will certainly be necessary to critically review these results when longer
periods of measurements have been evaluated. In adition, it must be emphasized
that all data obtained, to date, by the HELIOS spacecraft are likely to be
representative only of the time close to the solar minimum. The forthcoming
time of increasing solar activity may well revise the current picture of the
physical processes in the inner solar system provided by the HELIOS data.
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