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ABSTRACT

Using solar wind particle data from the CELIAS ex-
periment on the SOHO mission, we derived densities of
the elements O, Ne, Mg, Si, S, Ca, and Fe, and ana-
lyzed their abundance before, during, and after the Janu-
ary 6, 1997, coronal mass ejection event. In the inter-
stream and coronal hole regions before and after this
event we found typical solar wind abundances for the
elements investigated. However, during the passage of
the CME and during the passage of the erupted filament
the elemental composition differedmarkedly from typi-
cal solar wind. For the passage of the CME and for the
passage of the erupted filament a mass-dependent en-
hancement of the elements was found, with a monotonic
increase toward heavier elements. We observed Si/O and
Fe/O ratios of the order of one during these time
periods.

INTRODUCTION

In this paper we present the analysis of the elemental
composition of the coronal mass ejection (CME) which
originated on January 6, 1997, on the solar surfaceand
arrived at the SOHO spacecrafton January 10, 1997, at
04:10:35 UT. Approximately 30 minutes after the CME
passed the SOHO spacecraft, it arrived at the location of
the WIND spacecraft. From the WIND measurements it
has been concluded that this CME falls into the group of
magnetic cloud events [Burlaga, 1997], which make up
about a third of all CMEs. We studied the elements O,
Ne, Mg, Si, S, Ca, and Fe.

The CME was slightly faster than the preceding
solar wind and created a shock which was observed on
SOHO on January 10, 1997, at 00:21:35 UT. The
CME was followed by coronal hole type solar wind,
which arrived at the position of the SOHO spacecrafton
January 11 at 06:56 UT. Just before the arrival of the co-
ronal hole a pronounced increase in the proton density
was observed, which was attributed to an erupting fila-
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Figure 1: Solar wind plasma parameters as they are measured with the proton monitor, a sensor of the CELIAS in-
strument on SOHO, are shown for the time period of interest for this study.

ment on the solar surface [Burlaga, 1997]. Together
with the time periods before and after the CME passage,
this event offersa good opportunity to compare its ele-
mental composition with the two forms of “regular”
solar wind composition, originating either from the
streamer belt (also called interstream or slow solar wind)
or solar wind originating from coronal holes (also called
fast solar wind).

The measurements were taken with the MTOF sen-
sor (the Mass Time-of-Flight sensor) of the CELIAS
(Charge, Element, and Isotope Analysis System) in-
strument on the SOHO spacecraft, which is located at
the L1 libration point between Earth and Sun. The
MTOF sensor is an isochronous time-of-flight (TOF)
mass spectrometer [Hamilton et al., 1990] utilizing the
carbon foil technique, combined with an electrostatic
entrance system [Hovestadt et al., 1995]. The entrance
system allows ions to enter the sensor in a large energy
range (only discriminating against protons, and partly
against alpha particles) and through a wide angular ac-
ceptance cone. The MTOF sensor determines the mass
of incoming ions with high mass resolution, sufficient
to identify many isotopes and rare elements in the solar
wind.

We measured the solar wind plasma parameters,
namely the solar wind speed, thermal speed, proton
density, and N/S solar wind flow angle, with the proton

monitor (PM), which is part of the CELIAS instrument.
From these solar wind plasma parameters, for which the
interesting time interval is shown in Figure I, the exact
times of the passages of the shock, the CME, the fila-
ment, and the coronal hole associated solar wind were
identified. Due to saturation of the PM, the proton den-
sity spike from the filament eruption could not be meas-
ured correctly. WIND/SWE results indicate that the
proton density was about 120 cm™ in the spike result-
ing from the filament eruption, which is about a factor of
10 more than in slow solar wind.

DATA ANALYSIS

Data collected by the MTOF sensor of the CELIAS in-
strument on the SOHO spacecraft were used for this
analysis. The CELIAS instrument and its sensors,
among them the MTOF and the PM, has been described
in detail by Hovestadt et al. [1995]. From the ions re-
corded with the MTOF sensor, the CELIAS data proc-
essing unit accumulated time-of-flight (TOF) spectra for
5 minutes, which then were transmitted to ground.
Mass peaks for the different elements were extracted from
each of these TOF spectra. Subsequently, the overall
efficiencyof the MTOF sensor was calculated for each
element and for each accumulation interval. To obtain
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densities of the indicated elements, the instrument re-
sponse of the MTOF sensor, which comprises the re-
sponse of the entrance system and the transmission of
the isochronous TOF mass spectrometer, was taken into
account in great detail, and was evaluated at the actual
solar wind plasma parameters which were measured by
the PM (see in Figure 1). By applying the instrument
function to the measured data, absolute densities for the
different elements were derived. Although the determina-
tion of the solar wind plasma parameters from the PM is
very accurate [/pavich et al., 1997], this precision is
actually not needed for a precise determination of abso-
lute densities with the MTOF sensor. Absolute errors
for the determination of elemental densities were esti-
mated to be between 5% and 10% for the elements con-
sidered in this study. The MTOF instrument settings,
which are cycled, and have been optimized for a broad
range of solar wind conditions. In principle, a time reso-
lution of five minutes can be obtained if the sensitivity
of the MTOF sensor is high enough for the particular
element considered. For typical solar wind conditions,
it is indeed possible to derive densities with this high
time resolution for the more abundant elements in the
solar wind, as will be shown later in this paper.

RESULTS AND DISCUSSION

The densities derived from the measured data for the
elements O, Ne, Mg, Si, S, Ca, and Fe are shown in
Figure 2 for the interesting time period around the CME
event. What can be seen already from Figure 2 without
detailed analysis is that the compressed region after the
shock had larger densities than the preceding interstream
solar wind. This was also observed for the filament
eruption, where a substantial increase in density was
observed for that period. Table 1 gives a detailed ana-
lysis of the densities and Table 2 gives abundance ratios
relative to oxygen for the different periods during the
CME event. The time periods for the shock, the CME
and the filament are indicated by the gray background in
Figure 2. To derive the density for the interstream re-
gime, the data accumulated during DOY 8 (day of year)
has been evaluated. For the density in the coronal hole
associated solar wind data from the time period after the
stream interface until the end of DOY 12 has been evalu-
ated. The stream interface was identified according to
[Burlaga, 1974] through a decrease in proton density by
a factor of about 2 and an accompanying two-fold in-
crease in kinetic temperature.

Before we go into the details of the CME event
itself, we first discuss the unperturbed solar wind, in the
interstream regime (the slow solar wind) and in the
coronal hole regime (the fast solar wind). The abundance
of elements was highly variable with time. Usually av-
erages over long time periods have been performed to
give reliable ratios of elemental abundances. Since we
focused on the analysis of the CME event, we only used
an integration period of about one day for the analysis of
the unperturbed solar wind. We found that the abun-
dance of elements with low first ionization potential
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Figure 2: Densities for the differentelements for the
time period around the CME event. Each data point
represents a measurement of 5 minutes. No smooth-
ing of the data has been applied.
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Table 1: Measured densities of some elements before, during, and after the CME event, with the exact time of the eva-
luated period given in days, starting January 1, 1997. Densities are given in m”, the quoted errors are statistical only.

Location Time n[O] n[Ne] n[Mg] n{Si] n[S] n[Ca] n[Fe]
Interstream  8.000-8.9934  2170£100 477451 308+19 346127 92.0£3.6  29.1%1.3 246£10
Compressed  10.022-10.183  3230+360 930+230 41761 318171 131£12 37.5%6.3 539445
CME 10.253-10.896 874+73 384+71 27449 105.8£7.2 54.1£2.4 631124
filament 11.008-11.102 9760+£2500 31001300 2220680 132004800 1480430  456%73 84601400

coronal hole 11.298-12.991 1896+356 27411

149.444.6  162.946.3 544415 354£16

117.6£3.8

Table 2: Abundance ratios of investigated elements with respect to oxygen. The error bars include statistical errors and
instrumental errors. The photospheric abundance values were taken from [dnders and Grevesse, 1989, Grevesse and

Anders, 1991].

Location Time nfNe] / n[O] n[Mg] / n[O]  n[Si] / n[O] n[S] / n[O] n[Ca] / n[O] n[Fe] / n[O]

Photosphere 0.14440.036  0.0447+0.0055 0.0417£0.0051 0.0191£0.0028 0.0027£0.0002  0.0355+0.0025

Interstream  8.000-  (1222+0.076  0.142£0.037  0.160£0.043  0.042£0.010  0.0134+0.0032  0.114+0.021
8.9934

Compressed  10.022— 0.29+0.16 0.129+0.052  0.099£0.048  0.041£0.014  0.0178+0.0066  0.167=0.049
10.183

CME 10.253- 0.44£0.21 0.3120.13 0.122¢0.037  0.062+0.017 0.7330.16
10.896

filament 11.008- (32+0.28 0.23%0.16 1.4£1.0 0.1540.11 0.047+0.027 0.87+0.45
11.102

coronal hole 11.298- 014640039  0.079+0.017  0.086+0.019  0.029+0.006 0.0186£0.0042  0.062+0.010
12.991

(FIP), the FIP being less than about 10eV (e.g. the ele-
ments Mg, Si, Ca, and Fe in our study), was enhanced
by a factorof about 4 in the interstream regime com-
pared to the photospheric value. The enhancement
amounted to only a factor of two in the coronal hole
associated solar wind for low-FIP elements. For Ne, a
high-FIP element, we found a small enrichment by a
factor of 1.5 in the interstream regime and we found pho-
tospheric abundances in the coronal hole associated solar
wind. This organization of the abundance cf elements in
the solar wind compared to their photospheric abun-
dance by their FIP is the well-known FIP effect
[Feldman, 1992, Marsch et al., 1995, Meyer, 1993];
however, the FIP effectis not yet fully understood [von
Steiger, 1995]. Our data agree well with published data
on elemental abundances in the solar wind. A plot of
our data in the usual format is displayed in the upper
panel of Figure 3. For Ca we found a larger enrichment
in the interstream regime than for the other low-FIP
elements. This agrees with the coronal abundance of Ca
obtained from measurements of solar energetic particles
(SEP) [Reames, 1992]. The enhancement of the Ca
abundance in the coronal hole type solar wind is much
larger than is expected for a low-FIP element. The Ca
density practically remained the same in the interstream
and in the coronal hole regime. Since Ca has such a low
FIP it will be well ionized already in the chromosphere.
Thus the requirement of an element being neutral in the
chromosphere for the FIP fractionation effectto occur is
not fulfilled. We are not aware of any published data on
Ca abundances from other solar wind measurements.
Due to the high efficiencyand high mass resolution of
MTOF, and the favorable observation conditions on

SOHO, we were able to measure the sulfur density with
much improved time resolution compared to the only
study reported until now for solar wind [Shafer et al.,
1993]. In the framework of the FIP effectsulfur is an
interesting element, because its ionization potential is
approximately where one expects the transition between
low-FIP and high-FIP elements to be. We found that
sulfur is enriched in the slow solar wind by a factor of 2
compared to the photospheric abundance, and almost
reached the photospheric value for coronal hole type
solar wind. Thus sulfur is indeed in the transition be-
tween low and high FIP elements. For the n[S]/n[Si]
abundance ratio we found values of 0.27+0.08 and
0.33£0.09 for the interstream and the coronal hole asso-
ciated solar wind, respectively. Considering the quoted
errors. this is in reasonable agreement with the values
0.30+0.12 and 0.40+0.15, respectively, from the earlier
study [Shafer et al., 1993].

In the compressed region after the shock and before
the CME, the densities of all elements increased some-
what (factors between 1.5 and 2.2) compared to their
densities in the interstream region, the only exception
being silicon, which remained at its value. There
seemed to be a slight mass dependence, with the heavier
elements showing more increase in density than the
lighter ones. Notably, the iron density went up by a
factor of more than two compared to its interstream
value. Thus. the abundance ratios relative to oxygen
showed this increase also, in particular for the heavier
elements. However, the abundance ratio increase was
still inside most of the error bars, since only a short
time interval was available for integration in the com-
pressed region. In principle, the compressed region

© European Space Agency ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1997ESASP.415..395W

TESASP 4157 “395W

k)

b ' SOHQO/CELIAS/MTOF
@ Ca DOY 8- 12,1997

Photosphere
-
(0]
1

(N(X)/n(ON,, / (NX)/N(OD)

W Inlerstrearm / Photcsphere

® Cooone cue, Broosuie

_VS|
Ca .
Fed

]

|mass e
»
P
w
n

z
[0}

(/MO / (NCI/NODyy 0 orere

i S S |

20

First lonization Potential (eV)

Figure 3: Solar wind abundance ratios for slow and
fast solar wind (relative to oxygen) compared to pho-
tospheric ratios are plotted as a function of FIP. In the
lower panel the same is done for the abundance ratios
for the passage of the CME and the filament.

should be of the same elemental composition as the
interstream solar wind.

For the CME we observed a markedly different
composition compared to the interstream solar wind.
Lower mass elements—and especially oxygen—ap-
peared to be depleted, whereas heavier elements were
enriched compared to their interstream densities (see
Table 1 and upper panel in Figure 4). No such correla-
tion was found between the abundance and the FIP (see
lower panel in Figure 3). Unfortunately, no meaningful
density value for silicon could be derived for the time
period of the CME passage. In the MTOF sensor the
incoming highly charged solar wind ions exchanged
their charge to become single and doubly charged ions,
which then were registered bg/ the sensor. The **Si” peak
was contaminated with the **Fe”™ mass peak in the re-
corded mass spectra, and the latter had to be subtracted
from the former to derive the Si density. If the solar
wind parameters are such that the instrument response is
low for Si and high for Fe, which was the case for the
CME period, such a correction is not possible and a
meaningful Si density cannot be derived. Looking at the
elemental abundances with respect to oxygen (see Table
2), a clear correlation between the mass and the abun-
dance ratio with respect to oxygen was found. For the
Ne/O abundance ratio an enrichment of a factor of 1.5
was found. The enrichment increased monotonically
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Figure 4: Ratio of densities during the CME and fila-
ment passsage compared to the density in the inter-
stream regime is given for the different elements. No
value is given for Si in the upper panel.

with mass up to a factor of 7 for the Fe/O abundance
ratio.

In the filament the densities of the heavier elements
increased dramatically compared to their interstream
values. A similar increase in density has also been ob-
served for the protons [Burlaga, 1997]. Again we ob-
served a clear mass dependence such as was found for the
CME period (see Table 1 and lower panel of Figure 4).
Only silicon deviated markedly from the otherwise
monotonic increase of the abundance with mass. For the
O density we observed an increase by a factorof 5. On
the high mass side we observed an increase by a factor of
35 forthe Si and Fe densities. Again, the increase in
density cannot be correlated with the FIP.

In order to explain the unusual composition we
found for the CME and filament material we could en-
visage a bubble of material, the precursor for the CME
and the erupting filament, residing on the solar surface
where matter boils off from the bubble. Given the gravi-
tational field of the sun, lighter elements would boil off
more easily than heavier ones and a mass-dependent
change of composition would result if the bubble was
reasonably isolated for a sufficiently long time on the
solar surface. Once this bubble was released into space
in the form of a CME or an erupting filament, it would
carry with it the altered compositional information we
observed in our data. Another explanation for these un-
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usual compositions could be fractionation by shock ac-
celeration. The mass-dependence we found for the ele-
mental abundance during the CME and during the fila-
ment eruption could as well be interpreted as a mass-
per-charge dependence. Inferring the charge from the type
of solar wind (since MTOF determines only the mass of
ions), we also obtained a monotonic function for the
increase of the elemental abundance with mass per
charge during these time periods. "He-rich flares, i.e.
impulsive flares, usually also show enhancements of
heavy elements, with Fe/O abundance ratios up to one
[Mever, 1985, Reames, 1992]. This enhancement is
monotonic with mass, and is also called “mass bias™.
and results from the ion acceleration process that de-
pends on the mass per charge of an ion as well as its
velocity. However, whether the low energies (typically
IkeV/nuc) of the particles we observed is enough that
during the acceleration process to these energies the ob-
served change in composition due to fractionation can be
achieved is questionable.
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