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Abstract. From data collected with the MTOF sensor of the
CELIAS instrument on board the SOHO spacecraft we de-
rived the elemental abundance ratios for Si/O and Fe/O in the
solar wind with high time resolution. Since Si and Fe are el-
ements with a low first ionization potential (FIP) and oxygen
is a high FIP element, these abundance ratios are valuable di-
agnostic tools for the study of the FIP fractionation process.
The abundance ratios we find for slow and fast solar wind
are commensurate with published values for interstream and
coronal hole type solar wind. Between these two extreme
cases of solar wind flow we find a continuous decrease of the
abundance ratios for increasing solar wind speed, from a high
value indicative of solar wind originating from the streamer
belt to low values associated with flow from coronal holes.
© 1999 Elsevier Science Ltd. All rights reserved.

1 Introduction

In the solar wind, elements with low first ionization poten-
tial (below about 10 eV) are systematically enriched relative
to high FIP elements compared to their photospheric abun-
dance. The enrichment amounts to a factor of 3-5 for slow
solar wind associated with the streamer belt, and about two
for fast solar wind associated with coronal holes (von Steiger,
1996). It is generally believed that these relative enrichments
are the result of a fractionation process taking place in the up-
per chromosphere and lower transition zone and are causcd
by a neutral-ion separation process, with the ionization most
likely caused by the EUV radiation from the solar corona.
Geiss and Bochsler (1986) found that the fractionation pat-
tern of the elements is even better described using the first
ionization time as the organizing parameter instead of the
FIP. Several models have been designed to explain the FIP ef-
fect and have recently been reviewed by von Steiger (1996).
So far none of these models is able to self-consistently ex-
plain the FIP effect. Recently, Peter (1996) extended the dif-
fusion model put forward by Marsch et al. (1995) by intro-
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ducing a chromospheric mass flow speed whose magnitude
determines the strength of the FIP fractionation. We will
compare our data with predictions derived from this model.

In this paper we report on the investigation of the oxy-
gen, silicon, and iron densities in the solar wind, which often
serve as a reference for the less abundant minor ions. Sili-
con and iron are low FIP ¢lements and their abundance rel-
ative to oxygen, a high FIP element, will allow us to make
conclusions on the FIP fractionation effect for different so-
lar wind regimes. The data were gathered with the MTOF
sensor of the CELIAS instrument (Hovestadt et al., 1995) on
the SOHO mission. The SOHO spacecraft is located at the
Lagrangian point L.1 and is a three-axis stabilized spacecraft
pointing permanently at the Sun. Because of these unique
observing conditions and the large active areas of the indi-
vidual sensors of the CELIAS instrument, measurements can
be done with high time resolution and good statistics at the
same time.

2 Data Analysis

From the ions recorded with the MTOF sensor, the CELIAS
data processing unit accumulates time-of-flight (TOF) spec-
tra for five minutes which then are transmitted to Earth. In
this study we evaluated the elements O, Si, and Fe; these
three clements are among the most abundant minor ions in
the solar wind. Mass peaks for the different elements were
entracted trom each of the transmitted TOF spectra by fitting
the signal and the background with a least square method.
Subsequently, the overall efficiency of the MTOF sensor was
calculated for each element and for each accumulation inter-
val. To obtain particle fluxes for the chosen elements from
the measured count rates, the MTOF sensor response com-
prising the transmission of the entrance system and the re-
sponsce of the isochronous TOF mass spectrometer (V-MASS)
wis taken into account.

The settings for the MTOF sensor are cycled in a sequence
of six steps, including two voltage settings for the entrance
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Fig. 1. Total transmission of the isochronous TOF mass spectrometer is
plotted for the three elements investigated and for two potential differences
between the entrance system and the isochronous TOF mass spectrometer
(Vg = ~2500V and VF = 0V)). The transmissions for Vg = ~2500V
are peaking at lower solar wind speeds.
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system and three values for the potential difference between
the entrance system and the TOF mass spectrometer. The po-
tential difference can be either negative, zero, or of positive
value, with the negative value accelerating the ions and the
positive value decelerating the ions before they enter the TOF
mass spectrometer. For the present analysis only the steps
with negative and zero potential difference have been used,
since the sensor response for the positive potential difference
is not known with the required level of confidence yet. In
Figure 1 we show the total transmission of the isochronous
TOF mass spectrometer for the three elements investigated
for negative and zero values of the potential difference be-
tween the entrance system and V-MASS. To obtain the total
sensor response these numbers have to be multiplied by the
response of the entrance system, which is given as an active
area (typically 2mm? for a large solar wind speed range).
As can be seen from Figure 1, the transmission of the TOF
mass spectrometer varies over several orders of magnitude
depending on the solar wind conditions and the sensor set-
tings, which complicates the data analysis significantly. The
maximum in the V-MASS transmission corresponds to at
best 2000 counts for oxygen during a five-minute integration
period. The stepping sequence has been optimized to cover a
broad range of solar wind conditions. Each step of the MTOF
sensor cycle takes five minutes, thus the total sequence takes
30 minutes to finish. However, since each step has quite
a large energy bandwidth, overlapping with the other steps
considerably, a time resolution of five minutes can be ob-
tained 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 elements in the solar
wind, which are studied in this work, it is indeed possible to
derive densities with such a high time resolution (Wurzetal.,
1998).

The actual solar wind plasma parameters, which were mea-
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Fig. 2. Logarithm of the ratio of the Fe densities measured with

the CELIAS/MTOF sensor versus the Fe densities measured with the
CELIAS/CTOF sensor for a time period from day 150 to 229 of 1996 with
a total of about 20’000 measurements at 5-minute intervals. The contour
lines give the number of measurements for a particular bin. During that time
period there was mostly slow solar wind, which explains the clustering of
measurements between 350 and 400 km/s. The overlaid symbols are the
mean for a particular speed bin and the error bars are the standard deviation
of log(Fepgror/FectoF) for a single measurement.

sured by the proton monitor (PM), a sub-sensor of the MTOF
sensor, are needed as input parameters for the calculation of
the MTOF sensor response. The determination of the so-
lar wind plasma parameters with the PM is quite accurate
(Ipavich et al., 1998) and better than required for the deter-
mination of densities of minor ions with the MTOF sensor.

Another input parameter needed for the determination of
the MTOF sensor response, in particular for the determina-
tion of the active area of the entrance system, is the charge
state distribution of the solar wind ions for each element and
for each accumulation interval. The MTOF sensor deter-
mines only the mass of the incoming ion. The charge in-
formation of the incoming ions is lost because the ions un-
dergo an efficient charge exchange process inside the sensor
when they pass the carbon foil of the isochronous TOF mass
spectrometer. Therefore, we used the established correlation
between the solar wind speed and the freeze-in temperature
of the ions (Aellig, 1998; Bochsler, 1997; Hefti, 1997) to de-
rive the so-called freeze-in temperature from the measured
solar wind velocity. From the freeze-in temperature we ob-
tained charge state distributions for each element by assum-
ing an ionization equilibrium in the corona and by applying
ionization and recombination rates for electronic collisions
from Arnaud and co-workers (Arnaud and Rothenflug, 1985;
Arnaud and Raymond, 1992). The application of the sensor
response to the measured data yielded densities for the dif-
ferent elements.

Since there is still only a limited amount of calibration
data available for the MTOF sensor, and since the MTOF
sensor response is rather involved, we used the opportunity
to compare the oxygen and iron densities we derived from
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Fig. 3. Logarithm of the Fe/O density ratio measured with CELIAS/MTOF
versus the solar wind speed. The 10 linearly spaced contour lines give the
number of measurements for a particular bin. During that time period there
was mostly slow solar wind which explains the clustering of measurements
between 350 and 400 km/s. The overlaid symbols are the mean for a partic-
ular speed bin and the error bars are the standard deviation of log(Fe/O) for
a single measurement.

MTOF data with data derived from the CTOF sensor (Aellig,
1998; Hefti, 1997) for the time period for which CTOF data
are available (days 150 to 229 of 1996). This comparison is
shown in Figure 2 for iron densities, where a total of about
20’000 measurements taken at five-minute intervals are dis-
played. On average we find good agreement between the
two sensors. However, the scattering of individual measure-
ments performed with five-minute time resolution is larger
for the MTOF sensor since its overall transmission is sig-
niticantly lower than the transmission of CTOF, particularly
for high solar wind speeds. Furthermore, the range of so-
lar wind speeds which can be investigated is limited at the
high solar wind speeds because the transmission becomes
very small (see Figure 1). There is no systematic dependence
of the instrument function on solar wind speed (shown in
Figure 2) and other solar wind plasma parameters like ther-
mal speed, flow direction, measured freeze-in temperature,
... (not shown). For oxygen densities this comparison has
also been performed, and we find similar agreement between
the two sensors.

3 Results

We evaluated the O, Si, and Fe densities with a time reso-
lution of five minutes for the same time interval for which
CTOF data are available. From these density values we de-
rived the abundance ratios Fe/O and Si/O which we analyzed
further. We observed strong short-term temporal variations
in the density data for the minor ions, significantly stronger
than the temporal variation in the proton density data. These
findings are in agreement with earlier results reported by Ael-
lig et al. (1998). Also, the abundance ratios Fe/O and Si/O
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Fig. 4. Logarithm of the Si/O density ratio measured with CELIAS/MTOF
versus the solar wind speed. The 10 linearly spaced contour lines give the
number of measurements for a particular bin. During that time period there
was mostly slow solar wind which explains the clustering of measurements
between 350 and 400 km/s. The overlaid symbols are the mean for a partic-
ular speed bin and the error bars are the standard deviation of log(Si/0) for
a single measurement.

vary strongly on short time scales of the order of some 10
minutes.

In Figure 3 we show the distribution of Fe/O abundance
ratios for the whole time interval, organized by solar wind
speed. Clearly, at least two regimes can be identified where
the Fe/O abundance ratio is constant: for slow solar wind
speeds below 380 km/s and for fast solar wind speeds in
excess of 480 km/s. We associate these solar wind speed
regimes with solar wind originating either from the streamer
belt regions or the coronal hole regions on the sun, respec-
tively. In between these two regimes we observe a continu-
ous transition from high to low Fe/O abundance ratio which
we will discuss later in this paper.

The averaged Fe/O abundance ratios for slow solar wind
(< 380 km/s) and fast solar wind (> 480 km/s), together with
published data for the Fe/O abundance ratio, are summa-
rized in Table 1. We find reasonable agreement of our Fe/O
abundance ratios with most of the published data, both for
the interstream and coronal hole types of solar wind. Only
the value reported by Schmid et al. (1988) is considerably
higher than other published results and our value, but given
the quoted error bar there is no real discrepancy.

In Figure 4 we show the distribution of Si/O abundance
ratios for the whole time interval, organized by solar wind
speed. Similar to the Fe/O abundance ratio, we again can in-
dentify two regimes where the Si/O abundance ratio is con-
stant for an extended solar wind speed interval, for slow solar
wind speeds (< 380 km/s) and for fast solar wind speeds (>
480 km/s). These two regimes are again associated with solar
wind originating from streamer belt regions and coronal hole
regions on the sun, respectively. The averaged Si/O abun-
dance ratios for these two flow types, together with published
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Table 1. Summary of our and reported values for the Fe/O abundance ratio
in the solar wind.

Chromospheric Mass Flow Speed U n [m/s]

Measured regime Fe/O ratio Reference
Interstream SW 0.1973%, SB::::::ret :: (?9822;936)7—
Interstream SW 0.12+0.03 Ipavich et al. (1992)
Interstream SW 0.11 4 0.03 Aellig et al. (1998) 2)
Interstream SW 0.12 + 0.03 this work
Coronal hole SW 0.057 £ 0.007 Gloeckler et al. (1989)
Coronal hole SW 0.06 + 0.005 Geiss et al. (1995)
Coronal hole SW 0.063 £+ 0.007 this work

Anders and Grevesse
Photospheric value  0.0355 £ 0.0025  (1989); Hannaford et al.

(1992) ¥
1) This value is a combination of the He/O abundance ratio of 75 from
Bochsler et al. (1986) and the He/Fe ratio from Schmid et al. (1988).
2) The value from Aellig et al. (1998) is a weighted average over all solar
wind conditions during a three-month time period with mostly slow solar
wind.
3) The photospheric value of the Fe/O ratio is derived from the iron abun-
dance given by Hannaford et al. (1992) and the oxygen abundance given by
Anders and Grevesse (1989).

data for the Si/O abundance ratio, are summarized in Table 2.
We find reasonable agreement of our Si/O abundance ratios
with the published data, both for the interstream and coronal
hole tynes of solar wind. Between these two regimes where
the Si/O abundance ratio is constant we also observe a con-
tinuous transition.

4 Discussion

The abundance ratios we find for Fe/O and Si/O are con-
sistent with values reported in the literature (see Tables 1
and 2) for interstream and coronal hole type solar wind. Al-
though the solar wind speed rarely exceeded 500 km/s dur-
ing the investigated time interval, we can associate this solar
wind speed regime with flow from coronal holes extending
towards the solar equator since the abundance ratio saturates
at a low level consistent with abundance ratio values reported
for fast (about 800 km/s) solar wind flow which clearly orig-
inated from coronal holes (Geiss et al., 1995; Gloeckler et
al., 1989). Recent measurements of elemental abundance in
coronal streamers have been performed with SOHO/UVCS
by Raymond et al. (1997). From these resuits we derive a
Fe/O ratio of 0.1375:35 and a Si/O ratio of 0.0513:3% for the

Table 2. Summary of our and reported values for the Si/O abundance ratio
in the solar wind.

Measured regime Si/O ratio Reference

Interstream SW 0.19+0.04 Bochsler (1989)
Interstream SW 0.18 + 0.02 Galvin et al. (1993)
Interstream SW 0.20 £ 0.03 this work

Coronal hole SW 0.054 + 0.009 Gloeckler et al. (1989)
Coronal hole SW 0.052 £ 0.007 this work

Photospheric value  0.0417 40,0051  Anders and - Grevesse

(1989)
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Fig. 5. Average vaiues of the Fe/O ratio for solar wind speed bins of about
10 km/s. The error bars are 1o errors of the mean plus instrumental uncer-
tainties. The dashed lines indicate the Fe/O ratio reached for slow and fast
solar wind, respectively, which are commensurate with published values (see
Table 1). The solid line is the result of eq. | for a density of 4 - 1016m~3
and a temperatvre of 104K.

leg of an equatorial coronal streamer. The Fe/O value is com-
mensurate with the established abundance ratio for slow solar
wind (see Table 1), which is assumed to originate from that
location. However, the Si/O value of Raymond et al. (1997)
is indicative of coronal hole solar wind, which is incompati-
ble with the investigated location. In general the authors ob-
serve a depletion of the density of high-FIP elements rather
than an enrichment in the density of low-FIP clements at the
leg and inside the coronal streamer.

Although silicon and iron are both low FIP elements (the
FIPs are 8.15 eV and 7.87 eV, respectively) we observe some
differences in the way their elemental abundance relative to
oxygen changes for different solar wind regimes. Also the
ionization times for silicon and iron are close (1g; = 1.1s
and 7y, = 0.91s).

Iron behaves like the “classical” low FIP element. Its abun-
dance with respect to oxygen is enriched by a factor of about
4 for interstream solar wind, and by a factor of about 2 for
coronal hole type solar wind compared to the photospheric
values. Although we did not sample real fast solar wind with
speeds around 800 km/s, associated with flow directly from
polar coronal holes, we can assume from the leveling off of
the Fe/O ratio for solar wind speeds > 480 km/s at the value
observed for polar coronal holes (Geiss et al., 1995), that
there will not be any further decrease of the Fe/O abundance
ratio for higher solar wind speeds than we observed.

For silicon, on the other hand, the FIP fractionation mani-
fests itself somewhat differently from the “classical” FIP pic-
ture. For slow solar wind we again observe an enrichment in
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Fig. 6. Average values of the Si/O ratio for solar wind speed bins of about
10 km/s. The error bars are 1o errors of the mean plus instrumental uncer-
tainties. The dashed lines indicate the Si/O ratio reached for slow and fast
solar wind, respectively, which are commmensurate with published values (see
Table 2). The solid line is the result of eq. 1 for a density of 4 - 1016m—3
and a temperature of 104K.

the Si/0 ratio of about a factor of four compared to the photo-
spheric ratio. However, for fast solar wind the enrichment.in
the Si/O ratio compared to the photospheric ratio almost van-
ishes, i.c., we observe Si/O abundance ratios only marginally
higher than the photospheric values in the fast solar wind.

Since we found a clear correlation between the solar wind
bulk speed at 1 AU and the elemental fractionation, we tried
to compare our results with a recent FIP fractionation model
(Peter, 1996), which is the only model using the chromo-
spheric outflow velocities and densities as parameters for the
FIP fractionation strength. In this model, which assumes
full stationarity of the chromosphere, the FIP fractionation
strength is predicted to vary with the chromospheric mass
flow speed Uy according to

14+4/1 +4(wx/UH?
fxjo = = M
1+ /1 +4{wo/Uy)?
where wy are the ionization-diffusion speeds of the ions
under consideration (wg; = 610m/s and wp, = 630m/s),
and wo = 105m/s is the ionization-diffusion speed of oxy-
gen, with the respective values adapted from Marsch et al.
(1995) for a density of 4 - 10¥m =3, For given conditions
in the chromosphere we mapped the chromospheric mass
flow speed Uy to the solar wind bulk speed vgy (the pro-
ton speed) measured at 1 AU with the PM to account for the
observed fractionation values. As we did in an earlier study
(Acllig et al., 1998), we used the relationship

logvsw = a + blogUy )

and found that the fractionation we observed can be re-
produced by the model by mapping the observed solar wind
speed to a chromospheric mass flow speed. In Figures 5
and 6 we show the comparison between the Si/O and Fe/O
abundance ratio averages for solar wind speed bins of the
data presented above (in Figures 3 and 4) together with the
fractionation predicted by eq. i for a density of 4 - 1016m 3
and a temperature of 10*K. These chromospheric parame-
ters were chosen because they are considered typical for the
layer in the chromosphere where FIP fractionation process
takes place (Geiss and Bochsler, 1986; Marsch et al., 1995).
We used a velocity mapping with the parameters in eq. 2 be-
inga = 2.71 and b = 0.114 for the Si/O ratio and a = 2.78
and b = 0.237 for the Fe/O ratios. The difference in the pa-
rameter b reflects the observed difference in the fractionation
for Si/O and Fe/O for fast solar wind. The range of abun-
dance ratios we observe suggests a range of chromospheric
mass flow speeds where FIP fractionation occurs. Appai-
ently, the limits for the chromospheric mass flow speeds are
given by the heights in the chromosphere where particles en-
ter and exit the fractionation layer, e.2., the location where
the density, temperature, and EUV flux (to name just the
most important) are in the range necessary for the FIP frac-
tionation. Why the limits of the chromospheric mass flow
speeds should be different for Fe/O and Si/O cannot be ex-
plained at present. The mapping of the chromospheric mass
flow speed to the soiar wind speed is a tunction of the as-
sumed density. Using a lower Jdensity iesults in higher chro-
mospheric mass flow speeds for the same fractionation.

It is generally believed that there is virtually no mass de-
pendence in the FIP effect. The fractionation is mainly gov-
erned by the ionization time of the neutral species in the
chromosphere and the related diffusion length for the neu-
trals of the minor species with the dominant hydrogen atoms
(Geiss and Bochsler, 1986). Marsch et al. (1995) derived the
following asymptotic expiession for silow solar wind for the
fractionation factor for two species 7 and k

1/1

Ty [Tk (Aj +1 A ) 3)

fJ’“—?;  \ Ay Ap+1
where f; is the estimated fractionation factor, r, the col-
lisional radius of species ¢ with neutral hydrogen, 7; is the
first ionization time, and A; is the atomic mass of species
i. The atomic mass only plays a role in the mobility of the
species in a collision-dominated gas and therefore appears
only in the fourth root of the mass ratio, slighly favouring
the lighter species. However, for transient particle ejection
phenomena a mass dependence or a mass per charge depen-
dence in the fractionation of the elements is often found, as
has been observed recently for a CME (Wurz et al., 1998).
The stationary assumed in the model by Peter (1996) seems
to be a simplification of the actual solar wind flow. As men-
tioned above, we do see strong short-term fluctuations in the
density and the ratio data, which appear to be in conflict with
the assumption of stationarity. However, these short-term
fluctuations average out when using sufficiently long obser-
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vational periods, and by organizing our abundance ratios by
solar wind speeds we can indeed compare our data with the
model predictions.

5 Conclusions

We find for interstream type solar wind that the Fe/O and
Si/O abundance ratios are enriched compared to their pho-
tospheric ratios by about a factor of four, which is a typical
enrichment for low-FIP elements. In coronal hole type solar
wind a reduced FIP effect remains only for Fe but not for Si.
Our findings are in good agreement with published results.

Furthermore, we can conclude from our measurements that
there are not only two distinct modes of the solar wind, e.g.,
the slow and the fast solar wind, but there is also a continu-
ous transition between these two extreme cases of solar wind
flow, which cannot be explained by simple mixing of two
types of solar wind. In case of mixing of two types of so-
iar wind the transition would be much steeper than we mea-
sured, which is the result of a Monte-Carlo simulation we
performed. These continuous transitions of the abundance
ratios with solar wind speeds which we observed, and which
have not been seen before, can be explained by the theoretical
model of Peter (1996) in which the chromospheric mass flow
speed determines the strength of the FIP fractionation pro-
cess. By mapping the proton speed we observed at 1 AU to
the chromospheric mass flow speed, we obtained reasonable
ugreement between the measured and predicted FIP fraction-
ation, The differences we observe between the two low-FIP
<lements Si and Fe regarding their FIP fractionation cannot
be explained currently. This suggests that the processes in-
valved in the FIP fractionation are more complex than are
dealt with in current models.
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