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Abstract. The plasma and magnetic-field instruments on
the Helios 2 spacecraft, which was on 3 April 1979 located
at 0.68 AU, detected an interplanetary coronal mass ejection
(ICME) that revealed itself by the typical signature of mag-
netic field rotation. The solar wind flow speed ranged be-
tween 400 and 500 km/s. We present here some detailed pro-
ton velocity distributions measured within the ICME. These
cold distributions are characterized by an isotropic core part
with a low temperature,T ≤105 K, but sometimes reveal
a broad and extended hot proton tail or beam propagating
along the local magnetic field direction. These beams lasted
only for about an hour and were unusual as compared with
the normal ICME protons distribution which were compar-
atively isotropic. Furthermore, we looked into the velocity
and field fluctuations in this ICME and found signatures of
Alfv én waves, which might be related to the occurrence of
the hot proton beams. However, it cannot be excluded that
the beam originated from the Sun.

Keywords. Interplanetary physics (Solar wind plasma) –
Space plasma physics (Wave-particle interactions) – Solar
physics, astrophysics, and astronomy (Flares and mass ejec-
tions)

1 Introduction

A coronal mass ejection (CME) produces the most violent
type of transient solar wind and the strongest interplanetary
manifestation of the active sun. A wealth of literature exists
on the global plasma and field structures and the outputs of
CMEs in the heliosphere at 1 AU and beyond, e.g., in the re-
cent book edited byKunow et al.(2007) containing many re-
view papers. Hitherto, Helios 1 and 2 are the only spacecraft
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that approached the Sun to distances of only 0.29–0.3 AU,
and therefore provide a unique opportunity to study CMEs,
and in particular magnetic clouds (MCs), in the inner helio-
sphere. For our study, we selected one MC event observed
by Helios 2 at 0.675 AU on 3 April 1979.

Quite a lot has been known for some time about the
electrons in CMEs, such as the conspicuous bi-directional
streaming of strahl electrons (Gosling et al., 1987; Skoug
et al., 2000), which was often used to identify the closed
magnetic field lines in an interplanetary CME (abbreviated
as ICME). Much less has been published about the plasma
microstate of the ions, other than very low ion temperatures,
and the important signatures in heavy ion composition and
abundance in ICMEs, for example reviewed by (Wimmer-
Schweingruber et al., 2006).

In a short review paper about the in-situ solar wind and
magnetic field signatures of ICMEs,Zurbuchen and Richard-
sen(2006) list, in their comprehensive Table 1, as the sin-
gle kinetic feature of the thermal proton VDF the decrease
of the mean temperature. In his personal account of the re-
cent series of workshops on CMEs,Wimmer-Schweingruber
(2006) summarized key open questions that are related with
the solar origin of a CME and its heliospheric output in the
form of an ICME. Whereas observational facts and theoret-
ical ideas abound concerning, e.g., the heavy ion composi-
tion in ICMEs, almost nothing is known about the ion ki-
netic plasma state, certainly not in the same detail like this
knowledge is available about the microstate of the normal
solar wind (Marsch, 2006). Here we will investigate the pro-
ton velocity distribution functions (VDFs) and Alfvén waves
in an ICME.

2 Data analysis

For our data analysis we used the ion data obtained by
the Helios electrostatic plasma analyser. This instrument
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(Rosenbauer et al., 1977) does not automatically discriminate
protons from alpha particles. They first have to be identi-
fied and then separated from protons by techniques requir-
ing some subtle considerations in that energy/charge domain
where the spectra of both species overlap. Since the mass-
per-charge ratio of the alpha particles is 2, we know where to
expect the alpha particles in the energy/charge spectra. We
employed here the standard ion data analysis methods, as
they were originally described byMarsch et al.(1982) and
developed further byHeuer and Marsch(2007) andMarsch
et al.(2004), in order to separate the count rates belonging to
protons from those of alpha particles.

For each velocity distribution function we calculated the
proton number density,np, flow velocity,V, and the parallel
and perpendicular temperatures based on the moment inte-
gration of the measured VDF. The measurement time of the
protons typically was 10 s, with a cadence of 40.5 s, yield-
ing about 90 VDFs per hour in case of continuous measure-
ments. The proton gyroperiod in the inner heliosphere is usu-
ally shorter than a second, and thus the measured proton VDF
is, by gyro-phase averaging, fairly gyrotropic, whereby its
symmetry axis coincides with the independently measured,
instant magnetic field direction. The components and vari-
ances of the magnetic field vector,B, were routinely mea-
sured by the Helios magnetometer and provided byNeubauer
et al. (1977), who described the analysis procedure of the
magnetic field data.

3 Observational results

An interplanetary coronal mass ejection (ICME) was mea-
sured in situ by the plasma and magnetic-field instruments
on the Helios 2 spacecraft, which was located at 0.68 AU.
The associated ICME revealed the expected typical signa-
tures, such as a magnetic field rotation indicating the mag-
netic flux rope of a MC. The solar wind flow speed ranged
between 400 and 500 km/s during this period. We used three
distinct characteristics of a MC as usual criteria to identify its
extent and temporal evolution: The magnitude of the mag-
netic field,B, that becomes stronger in the magnetic cloud,
the elevation angle that changes gradually a lot during a long
period of about a day, and the proton temperature which in
the MC is lower than in the ambient solar wind.

Figure 1 gives a survey of the magnetic structure of the
ICME and of the main solar wind parameters. From the top
to the bottom panels the magnitudeB, the azimuthal angle
φ and elevation angleθ of the field are shown, together with
the proton speed, density and temperature. The ICME clearly
manifests itself by a rotation of the magnetic field vector,
which signifies the flux-rope geometry of a MC. The clas-
sical plasma signature of ICMEs, namely a low temperature,
is also obvious. We marked the ICME onset time (02:00)
in Fig. 1 by the red dotted line. Across this line, there oc-
curred sharp jumps ofB, φ (azimuth angle) andθ (eleva-

tion angle) when the MC was first encountered. The jumps
are clearly visible in the respective panels.B was sharply
enhanced from about 10 nT to 50 nT near 02:00, and also
the angleθ then decreased rapidly from near 90◦ to −90◦.
The azimuth angle, for whichφ=0 means that magnetic field
is towards the Sun, experienced a sharp jump as well, from
−100◦ to 100◦ at 02:00. After the jumpφ begins to decrease
to −100◦ by 04:00. In the cloud,B stayed at a high level of
about 50 nT, whereasθ gradually changed from about−90◦

degrees to about 80◦ degrees (19:00), and at 04:00φ had
nearly finished a circle around, but kept somewhat more sta-
ble later on.

The three-dimensional proton VDFs in the MC are for the
convenience of better visibility presented in Fig.2 only as
two-dimensional contours in a plane which is determined by
the magnetic field direction (thick oblique line) and the di-
rection (positive x-axis) radially outward from the Sun. The
z-axis, which is not shown here, results from the cross prod-
uct of the unit vectors in the radial and field directions. Fi-
nally, the y-axis is defined by the vector cross product be-
tween the unit vectors in the x- and z-directions. Two se-
quences of proton VDFs as measured, respectively, within
about an hour in the ICME are shown in the top and bottom
panels of Fig.2. In association with the two periods marked
by the left and right red bar in Fig.1, we processed data from
hour 6 to 7 (with 24 data points) and from 8 to 9 (with 43
data points). Because of data gaps and errors, we obtained
less than the maximum possible 89 VDFs per hour. The top
panel of Fig.2 displays gyrotropic VDFs with beam or skew-
ness. These VDFs typically have a comparatively cold and
isotropic core, but in addition a broad and elongated heat flux
tail, or intermittently a resolved proton beam along the field
direction which represents the symmetry axis. These beams
in the top panel are in striking contrast to the isotropic dis-
tributions of the bottom panel, which appear to be the rule
for the proton VDFs measured in this ICME. Concerning the
separation of the alpha particles, this procedure was illus-
trated in Fig. 2 (1) ofMarsch et al.(1982), which shows that
the alpha particles are located on the x-axis far away from the
protons. We used the same separation technique described
there in our present paper.

The core parts of the beam VDFs have a temperature of
less than 105 K. Note the higher temperature of the beam than
in the core, a thermal feature that is clearly visible by much
broader isodensity contours of the beam, which has a small
fractional proton number density. The beam distributions ap-
pear dynamic and variable, rather than stable in shape during
this time period. There are no obvious beam distributions
before (from hour 17 in DOY 92 to hour 2 in DOY 93) and
after the MC (from hour 9 to hour 17 in DOY 94), or in the
rest of the ICME either. The differential speed between beam
(or tail center) and core is about 150–200 km/s. This is a siz-
able fraction of the local Alfv́en speed, which has an average
value of 280 km/s for the top four beam proton VDFs.
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Fig. 1. Magnetic field associated with an interplanetary coronal mass ejection (ICME) as observed by Helios 2 on 3 April 1979 at 0.675 AU.
From top to bottom the magnitude, azimuthal angle and elevation angle of the magnetic field are shown. The following three panels give the
plasma parameters solar wind speed (protons), proton density and temperature. The ICME manifests itself by the classical rotation (start is
indicated by the red vertical dotted line) of the field, which is visible in panels two and three, thus signifying the typical flux-rope geometry.
Note also the comparatively low (about 50 000 K) temperature in the ICME. The time interval from hours 6 to 7, and from 8 to 9 shown by
the transparent red color bar, are the two periods for which we studied in detail the fluctuations of solar wind velocity and magnetic field and
the proton VDFs.

To demonstrate the Alfv́enic nature of the fluctuations in
the MC, we simply show in Fig.3 and Fig.4, respectively,
for one hour (corresponding to the two periods marked by
the right and left red bars in Fig.1) the fluctuations of
the magnetic-field components and the flow-velocity compo-
nents. For this goal we applied a rotated coordinate system
defined by the hourly averaged magnetic field. For the data

of both figures the mean field direction in the oldx−y-plane
defines the newy′ axis, and thus in the rotated systemx′ is
always transverse to the hourly averaged magnetic field,y′

is directed along it, and finallyz′ is just the samez as in
the previous coordinate system. This choice is sufficient for
our purpose and case 2, but not ideal for case 1, where the
meanB still has a finitez-component. The fluctuations are
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Fig. 2. Proton velocity distribution functions (VDFs) measured on 3 April 1979 by Helios 2 within an ICME. The ordinate gives the y-
component and the abscissa the x-component of the proton velocity in km/s, with the positive x-axis pointing in the radial direction away
from the Sun. Note that the frame is set to be rather small to show the distributions more clearly. Actually, their core parts are rather cold.
The top row shows four beam or skewed VDFs and the bottom row four cold isotropic VDFs. The typical proton VDF in the top panel has
a comparatively cold core part, but in addition an elongated heat flux tail or resolved beam along the local magnetic field direction, which is
indicated by the straight line representing the symmetry axis of these gyrotropic VDFs. Note the higher temperature of the beam than the
core, clearly visible by much broader isodensity contours, which correspond to 80, 60, 40 and 20 (continuous), 10 and 3.2 (dashed) and 1
and 0.32 (dotted) percent of the maximum phase space density. The relative beam density is only a few percent. The bottom panel shows
four cold VDFs, their low temperature being obvious by the narrowly spaced isodensity contours. These distributions are rather typical for
the CME proton microstate.

then obtained by taking the differences between the directly
measured components and their one-hour average values. All
fluctuations are given here in Alfvén velocity units, i.e., we
make use of the quantityVb=B/

√
4πρ, with the magnetic

field vectorB, and plasma mass densityρ. Both quantities
are plotted versus time (UT) on 3 April 1979 for the two one-
hour periods. From top to bottom, thex′, y′, z′ vector com-
ponents and the total magnitudes, respectively, are shown in
blue color for the Alfv́en velocity and red for the flow veloc-
ity in units of km/s. The fluctuations are considerable, with
a typical variance of the corresponding field components at
the ten-nT level. In addition, the 1-h mean values of each
component are given in Table 1.

We can see in Figs.3 and4 that the Alfv́enic fluctuations
appear most clearly in thez direction, with a typical ampli-
tude of about 50 km/s. To further analyse these fluctuations
in the MC and better identify them as Alfvénic, we made
a correlation analysis between the fluctuations of the com-

ponents of the solar wind velocity,(δVsx′ , δVsy′ , δVsz′) and
the Alfvén velocity(δVbx′ , δVby′ , δVbz′). For the time pe-
riod from 08:00 to 09:00 UT shown in Fig.4 the number of
data points used in this calculation is 43. The related cor-
relation coefficient for a 95% confidence level is 0.3. The
calculated correlation coefficients actually are:cx′ = 0.81,
cy′=0.23, andcz′=0.81, respectively, for the three pairs of
vector components in thex′, y′ andz′ direction. And for the
time section from 06:00 to 07:00, the number of data points
is 24. The correlation coefficient for a 95% confidence level
is 0.4. The correlation coefficients are :cx′=0.75,cy′=0.39,
andcz′=0.64. Moreover, the normalized cross helicity val-
ues for the two time sections are: 0.55 and 0.64, respectively.
And the values of the normalized residual energy are:−0.73
and−0.63. We used the normalized cross helicity and resid-
ual energy as defined byBavassano et al.(1998). All these
parameters are listed in Table1.
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Fig. 3. Fluctuations of the proton velocity and magnetic field vector (displayed as an Alfvén velocity) plotted versus time as measured in the
ICME on 3 April between hour 6 and 7 in UT. From top to bottom, thex′, y′ andz′ components and the total magnitudes are shown (in blue
colour the Alfv́en and red the flow velocity) in units of km/s. They indicate sizable overall variations, with temporarily significant transverse
correlations indicating Alfv́en waves.

We found clear correlations between the velocity and the
field components (during the two analysed periods that are
shown in Fig.1). The correlations were fairly high from
hour 8 to 9, and somewhat less good from hour 6 to 7, but
yet do reveal the Alfv́enic nature of the fluctuations in the
ICME. Thus, by inspection of Figs.3 and4, one can readily
see, particularly in thex′-component that is transverse to the
mean magnetic field, the typical correlations between field
and flow which indicate Alfv́en waves.

4 Discussion and conclusions

We presented here, to our knowledge for the first time,
detailed proton VDFs measured inside an ICME. These
comparatively cold VDFs are usually characterized by an
isotropic core with a very low temperature, but for a 1-h pe-
riod also by a broad and hot beam propagating along the field
direction. The beam lasts for almost an hour and appears to
be unusual as compared with the usual ICME proton VDFs
that are fairly isotropic. The proton beam corresponds to
a thermal anisotropy with larger parallel than perpendicular
temperature with respect to the magnetic field. This signa-
ture was found before in the driver gas of an ICME reported

from ISEE 3 data byZwickl et al. (1983) andGalvin et al.
(1987).

We can presently not say whether proton beams commonly
occur in all CMEs, but we plan to do a future statistical inves-
tigation of this question. Concerning the general properties
of proton beams in the solar wind, especially the dependence
of their drift velocity on the proton core plasma beta, see
the work byTu et al.(2004) (also for further relevant refer-
ences). The nature, origin and characteristics of the proton
beam found in the usual slow and fast solar wind in the in-
ner heliosphere (Marsch et al., 1982) and at 1 AU can widely
differ, and have been reviewed and discussed in detail by
Feldman and Marsch(1997), who argued that proton beams
might originate from injections at the base of the expand-
ing corona. Other authors (see the review ofMarsch(2006))
suggested that beams in slow streams may have been gen-
erated by Coulomb collisions. For fast streams, theoretical
arguments were, from instability calculations and numerical
simulations, put forward that a proton beam may be caused
by Alfv én waves and regulated by electromagnetic instabili-
ties.

The concurrent proton velocity and magnetic field varia-
tions in the ICME under study here show the typical signa-
tures of Alfvénic fluctuations. Whereas a wealth of literature
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Fig. 4. Fluctuations of the proton velocity and magnetic field vector (displayed as an Alfvén velocity) plotted versus time as measured in
the ICME on 3 April between hour 8 and 9 in UT. From top to bottom, thex′, y′ andz′ components and the total magnitudes are shown (in
blue colour the Alfv́en and red the flow velocity) in units of km/s. They indicate sizable overall variations, with good transverse correlations
indicating Alfvén waves.

Table 1. Statistical parameters based on hourly averages.

Parameter 06:00–07:00 08:00–09:00

Vsx (km/s) 433.4 420.7
Vsy (km/s) 203.6 147.9
Vsz (km/s) −20.1 −6.3
Vbx (km/s) −24.5 −11.9
Vby (km/s) −323.0 −425.5
Vbz (km/s) −167.4 1.0
Angle ofB with X-axis (degree) 67.6 69.9
Correlation coefficient inx′ 0.75 0.81
Correlation coefficient iny′ 0.39 0.23
Correlation coefficient inz′ 0.64 0.81
Normalized cross helicity 0.64 0.55
Normalized residual energy −0.63 −0.73

exist on waves and turbulence in the normal undisturbed solar
wind (Tu and Marsch, 1995), comparatively little has been
done to investigate small-scale fluctuations in ICMEs.Ruz-
maikin et al.(1997) studied the spectral indices of the mag-
netic field fluctuations in an ICME at scales of minutes as
measured on ISEE 3 and found them to be similar to the value
of −5/3 measured in slow streams, but different from the
flatter index ranging between−1 and−5/3 in fast streams.

Leamon et al.(1998) using WIND data determined the ge-
ometry of magnetic fluctuations near the local proton gy-
rofrequency in an ICME and its embedded magnetic cloud,
but did not use plasma measurements to show their Alfvénic
nature conclusively.

Concerning the beam formation,Tu et al. (2002) have
presented a model invoking resonant interaction and pitch-
angle diffusion of protons with Alfv́en/cyclotron waves as
the driving force. The beams in the present MC perhaps
resulted from such interactions between cold protons and
Alfv én waves, which apparently existed in this MC. This for-
mation process is possibly due to a low proton temperature
and comparatively low plasma beta. In such plasma condi-
tions, parametric decay processes cause cyclotron and sound
waves, which can gradually extract a tail from the core pro-
tons and thus lead to a beam (Araneda et al., 2008).

The model proton VDFs resulting from such direct nonlin-
ear numerical simulations resemble the beam ones observed
here. However, Alfv́enic fluctuations were also found in the
second time period from hour 8 to 9, in which in contrast
very isotropic cold VDFs occurred (compare again the peri-
ods marked by the two red bars in Fig.1). Thus, we may
question that the proton beam might have been formed lo-
cally, and speculate if it is of coronal origin and only stabi-
lized by wave-particle interactions in the ICME on its way
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from the corona to the in situ point of Helios observation.
We can of course not eliminate this possibility that the pro-
ton beam as such already originated with the CME in the
corona.
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