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Abstract. We present a study of the elemental composition of a sub-set of coronal mass ejections, namely events
which have been identified of being of the magnetic cloud type (MC). We used plasma data from the MTOF
sensor of the CELIAS instrument of the SOHO mission. So far we have investigated MCs of 1997 and 1998. The
study covers the proton, alpha, and heavy ion elemental abundances. Considerable variations from event to event
exist with regard to the density of the individual species with respect to regular “slow” solar wind preceding the
MC plasma. However, two general features are observed. First, for the heavy elements (carbon through iron),
which can be regarded as tracers in the solar wind plasma, a mass-dependent enrichment of ions monotonically
increasing with mass is observed. The enrichment can be explained by a previously published theoretical model
assuming coronal plasma loops on the solar surface being the precursor structure of the MC. Second, when
comparing the MC plasma to regular solar wind composition, a net depletion of the lighter ions, helium through
oxygen, is always observed. Proton and alpha particle abundances have to be regarded separately since they
represent the main plasma.

INTRODUCTION

In a recent study it was reported that the plasma of
the coronal mass ejection (CME) of 6 January 1997
was strongly mass-fractionated favoring heavier ele-
ments with respect to lighter ones [1, 2]. From the mag-
netic field measurements on WIND it has been concluded
that the 6 January 1997 CME falls into the group of
magnetic cloud (MC) events [3]. An overview of the 6
January 1997 CME event has been given by Fox et al.
[4], which covers the launch of the CME, its propaga-
tion through interplanetary space, and its effect on the
Earth’s magnetosphere. Following this observation, the
measured mass fractionation was successfully modelled
by assuming large coronal loops, being the precursors of
the magnetic cloud (MC) plasma, where the mass frac-
tionation is established by diffusion across magnetic field
lines [5].

A review covering the present understanding of CMEs
has been given recently by Gosling [6], for the compo-
sitional aspects of CMEs see the review by Galvin [7].
CMEs with magnetic cloud topology generally exhibit
somewhat higher freeze-in temperatures, i.e., the charge-
state distribution of a particular element is shifted toward
higher charge states than for the ambient undisturbed so-

lar wind [8, 9]. Observational signatures of MCs consist
of an enhanced magnetic field strength, a smooth rota-
tion of the magnetic field direction as the cloud passes
the spacecraft, and a low proton temperature. It has been
found earlier that near 1 AU about one third of all CMEs
in the ecliptic plane are magnetic cloud events [10].

In this paper we present further experimental evidence
for the elemental fractionation of heavy ions in MCs
using data from the CELIAS/MTOF instrument on the
SOHO mission. There were two MCs during 1997 and
five MCs during 1998, which passed the SOHO space-
craft located close to the Earth at first Lagrangian point,
L1. These events are listed in Table 1. We present the
analysis for five of these MCs. All these CME events are
of the magnetic cloud type. In addition, the events have
been selected such that the charge-state distributions are
similar to what is observed in regular solar wind using
ACE/SWICS quick-look data. Note that this selection in-
cludes the shift of charge-states in MCs mentioned in the
previous paragraph. The sequence of three CME events
from 2–3 May 1998 of which the second one is of MC
nature, had very unusual charge state distributions [11]
which lead to the exclusion of this event from the present
analysis. A more sophisticated analysis due to these com-
plications will be necessary and will be presented in the



TABLE 1. List of magnetic clouds during 1997 and 1998 that could be observed with solar wind particle instrumentation near
Earth. Exact times of analyzed intervals for the reference periods and the MCs cloud are given as day-of-year (DOY).

MC Event∗
Ref. start

time [DOY]
Ref. end

time [DOY]
MC start

time [DOY]
MC end

time [DOY]
Solar wind

speed† [km/s] Remarks

10–11 Jan 1997 8.00 9.00 10.27 10.98 440 MC followed by filament
7 Nov 1997 301.00 302.20 311.30 312.50 420 CME preceding MC
2–3 May 1998 — — — — 510 Multiple CMEs
2 June 1998 151.72 153.00 153.43 153.65 430
24 June 1998 173.00 174.00 175.42 176.00 390
25 Sep 1998 — — — — — SOHO not operational
8 Nov 1998 310.00 311.25 312.18 313.73 520

∗ Date the event was observed at 1 ∼ AU
† Average speed during MC duration

future. For the 25 September 1998 MC event the SOHO
spacecraft was not operational.

DATA ANALYSIS

In this study we evaluated the elements C, N, O, Ne, Na,
Mg, Al, Si, S, Ar, Ca, and Fe. From the ions recorded
with the MTOF sensor, the CELIAS data processing unit
accumulates time-of-flight (TOF) spectra for 5 minutes,
which then are transmitted to ground. The raw counts for
each mass peak of the different elements were extracted
from each of the transmitted TOF spectra by fitting a
model function of the peak shape and the background
[12]. Subsequently, the overall efficiency of the MTOF
sensor was calculated for each element and for each ac-
cumulation interval. To obtain particle fluxes for the cho-
sen elements, the instrument response of the MTOF sen-
sor comprising the transmission of the entrance system
and the response of the isochronous TOF mass spectrom-
eter, was taken into account in great detail [12].

The actual solar wind plasma parameters, which were
measured by the Proton Monitor (PM) a sub-sensor of
the MTOF sensor, are needed as input parameters for the
instrument response of the MTOF sensor. The quality of
the determination of the solar wind plasma parameters
with the PM is quite good [13] and better than required
for the determination of densities with the MTOF sensor.
Another input parameter needed for the determination of
the MTOF instrument response, in particular for the de-
termination of the transmission of the entrance system, is
the charge-state distribution of each element for each ac-
cumulation interval. The MTOF sensor determines only
the mass of the incoming ion (with high resolution, how-
ever), but not its charge. The CTOF sensor was supposed
to provide this information for a few key elements, but
since mid August of 1996 problems in the CTOF sen-
sor electronics prohibit these measurements. Thus, we
had to resort to a model for the charge-state distribu-

tions of the elements. We derive the so-called freeze-in
temperature from a semi-empirical model using the solar
wind velocity as input parameter [12]. This model also
accounts for ionization resulting from non-maxwellian
electron distributions. From the freeze-in temperature we
obtained charge distributions for each element by assum-
ing an ionization equilibrium in the corona and by apply-
ing ionization and recombination rates for electronic col-
lisions from Arnaud and co-workers [14, 15]. The appli-
cation of the instrument function to the measured count
rates yielded densities for the different elements. We ex-
tensively checked if the instrument function introduces a
mass bias, but so far we did not find such an effect in the
data analysis.

The MTOF sensor settings are cycled in a sequence
consisting of four to six steps, which were optimized
to cover a broad range of solar wind conditions. The
stepping sequence includes two voltage settings for the
entrance system and up to three values for the potential
difference between the entrance system and the TOF
mass spectrometer (negative, zero, and positive potential
difference). For the present analysis only the steps with
negative or zero potential difference have been used. In
principle a time resolution of five minutes, the dwell time
for each step, can be obtained if the sensitivity of the
MTOF sensor is high enough for the particular element
considered. For typical solar wind conditions and for the
more abundant heavy elements in the solar wind, it is
indeed possible to derive densities with such a high time
resolution, as has been demonstrated earlier [2].

RESULTS

We compare the densities for the different elements dur-
ing the MC with the corresponding densities during a
reference solar wind period. To account for the variabil-
ity of the solar wind with time, or with location of ori-
gin or with solar activity, we used for reference a day of



FIGURE 1. Results of the analysis of five MC events. The densities in the MC are compared to the respective densities in the
preceding reference period of slow solar wind (see Table 1). Left column shows a comparison of abundance ratios with respect to
oxygen; right column shows the density ratios of MC plasma and preceding SW plasma. The open symbols in the panel for the 7
November 1997 event were taken from [16].



slow solar wind preceding the MC by about a day. Since
we chose reference periods preceding the MC events we
can safely assume that these reference plasmas are unaf-
fected by the disruption which caused the CME release.
Note that the slow solar wind, e.g. solar wind associated
with the streamer belt, is already fractionated by mecha-
nisms governed by the first ionization potential (the FIP
effect) [17, 18]. The exact time periods for the MC and
the reference solar wind used in the analysis are given in
Table 1.

Figure 1 shows the results for all five MC in two for-
mats, one where data are given with reference to oxygen
and one where direct comparison of MC and solar wind
plasma is plotted. We derived the proton data from mea-
surements with the PM, a sub-sensor of the MTOF sen-
sor. The helium data as well as all the heavy ion data were
derived from mass spectra recorded with the MTOF sen-
sor. Since MTOF was designed to measure heavy ions in
the solar wind He is largely suppressed by the MTOF en-
trance system by design; thus the determination of the He
density is problematic and the He data have to be viewed
with caution.

The left column in the Figure 1 shows the ratio
of abundances with reference to oxygen in the MC
cloud versus the solar wind reference period (that is
[X/O]MC/[X/O]re f . SW is plotted), which is a commonly
used format to display variations in heavy ion abun-
dances. The top panel shows a re-evaluation of the
10–11 January 1997 MC plasma considering more el-
ements than Wurz et al. [2]. Within the error bars
the initial results [2] have been reproduced. For the 7
November 1997 event there are two earlier measure-
ments from WIND/MASS [16], [Si/O]MC/[Si/O]slowSW
and [Fe/O]MC/[Fe/O]slowSW , which have been added to
the Figure. The reported Si and Fe abundance ratios
agree with the present analysis within the error bars.
For all five events we find that the composition of the
MC is markedly different from the preceding solar wind
plasma. In four out of five events we find a more or less
organized mass fractionation for the heavy elements, He
through Fe, with heavier ions being enriched more than
the lighter ones. There is of course some event-to-event
variability in the abundance of the ions and in the mag-
nitude of the enrichment of the heavy elements. For iron
the enrichment is in the range of 1.5 to 4 with respect to
the preceding slow solar wind. Only for the 2 June 1998
event we find that the iron abundance is lower, by about
a factor of five, than in the preceding solar wind.

To get a better understanding of what is actually going
on in the MCs we have to consider the ratios of the den-
sities in the MC versus the solar wind reference period
(e.g. [X ]MC/[X ]re f . SW ). These data are shown in the right
column of Figure 1. At first glance the data looks quali-
tatively the same as the abundance data (left column) re-
vealing again the mass fractionation. However, the strik-

ing difference is that for all events the lighter elements,
with the exception of hydrogen, are actually depleted to
about half to their density in the preceding solar wind
plasma. Depending on the strength of the mass fraction-
ation the densities of heavier elements reach solar wind
values (events 7 November 1997 and 24 June 1998) or
are even enriched compared to the solar wind (events 10
January 1997 and 8 November 1998). Again, the 2 June
1998 event does not match this pattern and we find that
the iron density is only 0.06 of its solar wind value.

DISCUSSION AND CONCLUSIONS

Two things appear to be in common for the MC events
presented in this study: the mass-dependent fractionation
(with the exception of the 2 June 1998 event) and the
substantial depletion of lighter elements. These two find-
ings are illustrated in the summary of the data shown in
Figure 2. The mass-dependent fractionation is observed
for all minor ions including He. Protons, being the major
constituent of the plasma, have their own life and have to
be considered separately. Since the protons constitute the
main plasma and the heavy elements are only tracer par-
ticles in the plasma, a different behavior of the protons is
not surprising. The mass fractionation of the heavy ions
can be explained well by a recent theoretical model [5],
which was developed to explain the observed mass frac-
tionation in the plasma of MC of the 10–11 January 1997
event. This model explains the mass fractionation by as-
suming large coronal loops as the precursor structure for
the MC in which different elements are depleted as a re-
sult of diffusion across magnetic field lines. Since this
diffusion is mass dependent a mass-dependent fraction-
ation is established. This model can also reproduce the
present data very well. Note that the model is based on
depletion of elements from the precursor structure of the
MC, which is in good agreement with the present finding
of a substantial depletion of the lighter elements.

The presented sample of CME events are all magnetic
cloud events. In addition, the events have been selected
using ACE/SWICS quick-look data such that the charge
state distributions are similar to what is observed in reg-
ular solar wind. By analyzing 56 CME events recorded
with SWICS/Ulysses it was observed that MCs gen-
erally exhibit somewhat higher freeze-in temperatures
compared to the ambient undisturbed solar wind [8, 9],
i.e., the charge-state distributions are shifted to higher
charges states. In the ecliptic the increase in freeze-
in temperature correlates with solar wind speed and is
largest for solar wind speeds exceeding 700 km/s [8, 9].
The MC events we analyzed are at moderate solar wind
speeds (see Table 1) and therefore the charge-state distri-
butions are similar to regular solar wind, which was ver-



FIGURE 2. Summary of the analysis of five observed MC events showing the range of mass fractionation. Data and plotting
format are the same as in Figure 1.

ified by checking the ACE/SWICS quick-look data. Our
selection criteria lead to the exclusion of the 2–3 May
1998 event. Such a selection of events might introduce
a bias in the result, in the sense that MCs with charge-
state distributions significantly different from regular so-
lar wind might also show different mass fractionations, if
at all. On the other hand, we considered 5 out of a total of
7 events from the 1997–1998 time period in the present
analysis. In addition, for the 2–3 May 1998 event an Fe/O
ratio of 0.28±0.10 was found [11], which is an increase
of the Fe/O ratio by a factor of 2 compared to regular so-
lar wind. This observation fits well into the general pat-
tern of mass-dependent fractionation we observed. Thus
we feel that the findings are quite representative for MCs
in the ecliptic.

In the future we will analyze also the MC events
from 1999 until present and extend our analysis also to
events with unusual charge state distribution, like the 2–
3 May 1998 event, the latter by using the actual charge-
state distributions measured by ACE/SWICS. We have
to await these analyses to see if the common features we
found for MCs so far, the mass-dependent fractionation
and the substantial depletion of lighter elements, will be
observed there as well.
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