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ABSTRACT

The SOHO/CELIAS/CTOF (Charge Time Of
Flight) mass spectrometer measures the ionic and el-
emental composition of minor ions in the solar wind
with unprecedented time resolution. As shown by dif-
ferent authors (e.g. Hundhausen 1972, Owocki et al.
1983) the charge states of minor ions in the solar
wind provide a powerful tool to detect changes of
the electron temperature profile in the solar corona.
We apply this well-known method to interpret the
SOHO/CELIAS/CTOF data. Due to the high sensi-
tivity of the CTOF sensor we can perform coronal di-
agnostics using solar wind in situ measurements with
high time resolution.

We briefly describe the relevant quantities and ap-
proximations to determine the freezing of charge
states of minor ions. The application of a simple
description of the coronal expansion to calculate the
freeze-in temperatures results in a parametrization
of the latter with coronal properties. The influence
of the coronal parameters is discussed. We vary the
temperature profile to match the observed freeze-in
temperatures. Analysis of extended periods of time
shows considerable variations of the temperature pro-
file in the inner corona on short time scales. We
discuss the sensitivity of the results to some of the
assumptions, such as the electron density and the
superradial expansion.

Key words: solar wind; minor ions; charge states;
coronal temperature profile.

1. INTRODUCTION

In this section the relevant equations and time scales
are introduced. For more details we refer to the arti-
cles by Hundhausen (1972), and Owocki et al. (1983).

In a steadily outflowing solar wind the conservation -

of particles requires for a given ionization stage i of

a species X
V(nui) = nen-1Cic1 —ny(Ci + Ry) + ni+1Rz+(1%

where C, and R, denote the electron temperature
dependent ionization and recombination rate coeffi-
cients of the ion X**. n. and n; are the densities of
electrons and of the species X'T, respectively. The
velocity of the ion X*t is denoted by u;. Eq. 1 de-
fines the characteristic time for a charge modification
of an adjacent pair of ionization stages ¢,¢ + 1 by

1

Tiesig] = —————— 2

ii+1 ne(ci +Ri+1) ( )
This characteristic time depends on r, the heliocen-
tric distance, via the electron density n. and also
via the temperature-dependent rate coefficients Cj,
Ri+1. The characteristic time 7;.,;41 increases with
r in the corona due to the decrease of the electron
density and the electron temperature.

The characteristic time scale of the solar wind outflow
is the expansion time 7.zp, i.e. the time it takes ions
to flow through one electron density scale height H.
If we assume the speed of a given species X to be
independent of its degree of ionization i, i.e. u; = u,
the expansion time

Teap = H/u (3)

is also independent of the charge state ¢ unlike 7,41 -
The expansion time Tz, is known to decrease in the
inner corona (e.g. Hundhausen 1972) because the
solar wind is strongly accelerated in this region.

Considering an equilibrium situation rather than the
dynamical solar wind outflow the density ratio of ad-
jacent charge states obeys

ni _ Rin (Te)
Nit1 Ci (Te)

= fu(Te) (4)

In the following we assume that the density ra-
tio adjusts according to eq. 4 until the solar wind
expansion dominates and that it does not change
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Trec/ion

Equilibrium : Frozen
nj/ nj+1 = fj(Te) 1 Ni/ Nj+1 = const.
Fllf - Log R

ni/ nj+1 is a proxy for Te near R

Fugure 1. The concept of sudden freezing. As long as the
charge modifcation is faster than the expansion of the so-
lar wind, a given density ratio of adjacent charge states s
adjusted according to the local electron temperature. Fur-
thermore 1t 1s assumed that this density ratio freezes at
the location where the erxpansion time equals the recombi-
nation/tonization time.

thereafter. The concept of sudden freeze-in is illus-
trated schematically in Figure 1. Depending upon
the species considered, the freeze-in condition

Tiesa+1 = Tezp (5)

is fulfilled between a fraction of a solar radius and a
few solar radii above the solar surface. If the sim-
ple concept of sudden freezing were true, we would
measure directly the electron temperature T, at the
location Ry where eq. 5 holds for a given ion pair
(i,1+1). However, the charge state modification will
fade out near the freeze-in radius Ry rather than stop
at once. Nevertheless the temperature given by eq. 4
is a proxy of the coronal electron temperature at the
freezing point Ry that is derived from eq. 5.

Measuring densities of individual species X** allows
to derive freeze-in temperatures according to eq. 4. In
Section 5. these measured values will be compared to
a parametrization of the freeze-in temperatures 77 ;
with the coronal electron temperature profile and the
solar wind outflow. This parametrization is presented
in Section 3.

2. INSTRUMENT DESCRIPTION

The CTOF sensor of the SOHO/CELIAS experiment
is a linear time-of-flight mass spectrometer using the
carbon foil technique. It is especially designed to
separate the individual charge states of elements up
to Fe and also to distinguish between different species
with the same mass per charge such as Fe!*T and
Si?*. A more detailed description of the sensor is
given by Hovestadt et al. (1995).

The densities of the different iron charge states have
been derived based on an instrument response model
and on a maximum likelihood inversion algorithm de-
veloped by Aellig (1998) whereas the densities of the
oxygen ions have been determined by Hefti (1997).

In both cases so-called matrix elements have been
used that sum the counts accumulated during a full
instrument cycle in rectangular regions of the mass
and mass per charge domain.

3. PARAMETRIZATION OF CORONAL
PROPERTIES

In this section we present a simple parametrization of
coronal properties. It will be used as an estimate of
coronal parameters based on the measured freezing-
in temperatures. The solar wind outflow is described
by

Ne = noza (6)
T. = Toz (7
u; = ugz ¢ (8)
4 = ¢ (9)

where z = Rg /7. The electron density is denoted by
ne and the electron temperature by T,. The speed
of the ions u, is assumed to be independent of the
species. The superradial expansion is denoted by A
with d = 0 corresponding to the case of radial ex-
pansion. The conservation of mass requires the ex-
ponents a, ¢, d to satisfy

c=a-d—2 (10)

With eq. 6, 8, 10 the solar wind expansion time given
by eq. 3 can be calculated. To determine the charge
modification time given by eq. 2, the sum of the rel-
evant rate coeflicients is parametrized

Ci+ Riy1 = S0 T (11)

The rate coefficients for the different iron ionization
states are given by Arnaud & Raymond (1992) and
for oxvgen by Arnaud & Rothenflug (1985).

Applyving the conditions of sudden freeze-in we can
calculate the freeze-in radius Ry, for a pair of ions

X+, X1+ by solving eq. 5.

1
RO”OSO,iTL()L ) Za—3-d+a,b (12)

As stated above we assume that the measured
freezing-in temperature equals the electron tempera-
ture at the freezing radius, i.e. Tf; = Te(Ry).

1 a,b
T Za-3-dta,b

Ty

[ - T—
RonoSo, | Za-3-dFab
aug

Ty =

(13)

It will turn out that Ty, is strongly determined by
the parameter Ty since it depends on the latter with
an exponent close to unity whereas the coronal base
values of the electron density no and the solar wind
velocity ug appear with a small exponent in the de-
nominator in eq. 13.
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Because the reaction rates vary strongly with dif-
ferent species, we can determine the electron tem-
perature at different locations Ry ; and thus also fit
the logarithmic gradient of the electron temperature,
i.e. the parameter b. Taking the logarithm of eq. 13
and building the difference for two ion pairs we get
for b

(14)

In this parametrization the estimated value for b de-
pends on a which is the exponent for the power law
of the the electron density and to a lesser extent on
d which is the power law index of the superradial
expansion.

4. DATA ANALYSIS

From SOHO/CELIAS/CTOF data we derive by ap-
plication of eq. 4 the freeze-in temperatures of the
ion pairs 0% & O7F, Fe®* & Fel® and Fel't &
Fel?*. These temperatures are fitted to eq. 13 by
varying the electron temperature profile via the pa-
rameters Ty and b. The values of a, d, and ng remain
fixed under all solar wind conditions whereas the ve-
locity at the coronal base ug is bound linearly to the
temperature Tp, i.e. ug = vo7p-

The oxygen is known to freeze at about 1.5 Ry
whereas the different iron charge states freeze in the
range 3 —5 R, thus covering a sufficient range to de-
rive a radial gradient. The O%* ion is generally the
most prominent minor ion in the solar wind and its
density can therefore be determined accurately. We
have chosen the Fel0* /Fe®t ratio to determine its
freeze-in temperature because these species are gen-
erally the most prominent charge states of iron ions
in the solar wind. The Fe!>T /Fel!* density ratio can
be determined accurately with high time resolution
as well and the reaction rates differ more from the
Fe!%* /Fe®" pair than those of the Fellt /Felt pair
do.

The parameters of the electron density are set to
a=4.9and ng = 2.1x10** m~3 based on a fit to data
presented by Guhathakurta et al. (1996). We have as-
sumed a radial solar wind expansion, i.e. d = 0 which
yields ¢ = 2.9 as the power law exponent of the speed,
whereas for vg a value of 500 m s~! MK ! is adopted.
The constants of the reaction rates parametrized ac-
cording to eq. 11 are summarized in Table 1.

Table 1. Rate coefficient parameters.

Ion pair e So [m?® s~! MK~¢]

08+ & 07+ 1.37  1.10 x 10~18
Fellt & Fel?t  0.84 1.46 x 10—18
Fe®t & FellOt 1.34  2.33x 10716
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5. RESULTS AND DISCUSSION

As outlined in the previous section, the parameters
Ty and b have been fitted to the measured freeze-
in temperatures. Using these estimates the freeze-in
radii are calculated according tc eq. 12. An exam-
ple of an electron temperature profile determination
is shown in Figure 2, where the measured freeze-in
temperatures have been smoothed with a boxcar av-
erage of 25 minutes width. We note that the tem-
perature steeply decreases with a power law index
of b = 0.75 £ 0.14 that differs considerably from the
value of the heat conduction dominated corona of
2/7. The parameter Tp has no direct physical mean-
ing since the temperature profile should not be ex-
trapolated to the solar surface. It is, however, a good
indicator for temperature changes near the tempera-
ture maximum.
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Figure 2. Electron temperature profile determined with a
time resolution of 25 minutes. Note the steep decrease of
the electron temperature. Estimates of the uncertainties
of the freeze-in temperatures are indicated. The uncer-
tainties of the freeze-in radii are calculated with eq. 12
using the laws of error propagation.

An example of a flatter electron temperature profile
is shown in Figure 3, where the derived exponent
b = 0.35 £ 0.11 is consistent with the value of the
heat conduction dominated corona.

In the denominator of eq. 13 the coronal outflow
properties ng and ug enter via their ratio. We have
changed the ratio ng/ug by a factor of 5 and fitted
the temperature again. The result shows that Ty in-
creases by about 0.14 MK for this increase of ng/ug
whereas it decreases by the same amount if ng/ug is
lowered by a factor of 5. Note that the exponent b is
insensitive to these changes, i.e. the electron temper-
ature gradient does not depend on the assumptions
adopted for ng/up which is also seen from eq. 14.

In order to assess temporal changes of the temper-
ature profile we have performed the fit not only for
two examples but for an extended period of 80 days
in 1996. The result is shown in Figure 4 where we
display the fitted parameter b and the calculated elec-
tron temperature at the freeze-in radius of the ion
pair 0% ¢ O7*. In addition the freeze-in radii of
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Figure 3. Electron temperature profile determined with a
time resolution of 25 minutes. This profile is flatter than
the one shown in Figure 2. The dashed line 1s the re-
sult for the ratio ng/ug increased by a factor of 5 relative
to the reference value used for the solid line, whereas the
dashed-dotted line was calculated with a ratio that was
lowered by a factor of 5. The dots wndicate the mea-
sured freeze-in temperatures in cases the ratio Mo/ /up is
changed. Note that the logarithmic gradient of the elec-
tron temperature is not affected by these changes.

this ion pair and Fe®* « Fel®t as well as the so-
lar wind speed derived from SOHO/CELIAS/Proton
Monitor data are shown.

Considerable variations of the logarithmic temper-
ature gradient b are observed on short time scales.
In this model such changes correlate with the elec-
tron temperature at the freeze-in radius of the oxygen
pair, T7¢. The correlation between T7¢ and b is ex-
plained by the fact that the oxygen freeze-in temper-
ature varies over a larger range than the iron freeze-in
temperatures do. If the oxygen freeze-in temperature
increases stronger than the iron freeze-in tempera-
ture, it is evident that the temperature gradient b
increases as well. We determine a mean value of the
gradient of b = 0.49 assuming radial expansion. From
eq. 14 we see that superradial expansion, i.e. d > 0,
decreases the inferred value of b. If we adopt an ex-
ponent d = 1.5, the superradial expansion of 4 = 8
at r = 4 Ry is in reasonable agreement with a model
of magnetic flux-tube geometry by Wang & Sheeley
(1990) but is lower compared to their model closer
to the sun. We then estimate the mean value to be
by=15 = 6 3 b = 0.38 by application of eq. 14. By
inspection of Figure 4 we see that, in general, the
lowest values of b are observed for increased solar
wind speed, e.g. around DOY 215. This could reflect
the fact that the superradial expansion in the inner
corona is not a constant [Wang & Sheeley 1990] as
assumed for the present analysis but decreases with
increasing solar wind speed. Adiabatic expansion in
the strongly expanding flux tubes of the very slow
solar wind might additionally cool the electrons and
explain the excess of the determined value of the pa-
rameter b over the 2/7 for the heat conduction dom-
inated corona.
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Figure 4. Overview of the logarithmic temperature gra-
dient b and the electron tempemture T76 at the freeze-in
radius of the O5F < O™ pair. The parameter b varies
considerably on short time scales. These variations cor-
relate with T7g. The freeze-in radii, shown in the upper
panels. depend only weakly on the temperature profile pa-
rameters. The lowest panel displays the solar wind speed
derived from SOHO/CELIAS/Proton Monitor data.

6. CONCLUSIONS

We have applied the well known concept of charge
state freezing of minor ions in the solar wind to detect
changes in the coronal electron temperature profile.
The application of a simple parametrization of coro-
nal properties on the highly time resolved freeze-in
temperatures derived from SOHO/CELIAS/CTOF
data shows large variation of the temperature gra-
dient between r =~ 1.5 Ry and r ~ 3.5 Rp on short
time scales. In this model large gradients correlate
with high coronal temperatures.
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