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Abstract. In view of new observational evidence from isotope spectrometers on
WIND, SOHO (Solar Heliospheric Observatory), and ACE (Advanced Composition
Explorer), we explore the efficiency of isotope fractionation processes in the inner
corona. We reinvestigate the role of Coulomb collisions in the acceleration of minor
ions using a multifluid model. To model the main gas, we study stationary solutions
for the continuity and momentum equations of electrons, protons, and alpha
particles. As a closure of the system of equations, we prescribe expansion geometry
and temperature profiles based on observations. The behavior of minor ions, which
are treated as test particles, depends in a complicated manner on their mass and on
their charge, structured by the interplay of acceleration, gravity, pressure gradient,
electromagnetic fields, Coulomb drag, and thermal diffusion. We compare the
fractionation effects in different solar wind regimes: In our model high-speed solar
wind emanating from polar coronal holes, Coulomb friction practically equalizes
the velocities of all species, and no substantial fractionation takes place. In the
case of a rapidly expanding magnetic field geometry, for example, in the vicinity of
a coronal streamer, the proton flux and thus the Coulomb friction on minor ions
is reduced, leading to depletion of heavy species in the solar wind. The model
also predicts a substantial depletion of alpha particles relative to protons in the
heliospheric current sheet, consistent with observations. In such a situation, heavy
elements are depleted in the solar wind relative to protons as well, but the effect is
strongest for alpha particles. Isotopic fractionation of helium of the order of 30%
is possible, while the isotope effect on heavier elements amounts at most to a few

percent per mass unit.

1. Introduction

Knowledge about the elemental and isotopic compo-
sition of the Sun is a crucial ingredient for the under-
standing of the genesis and evolution of the solar system
because the Sun comprises more than 99% of the total
mass of the solar system. From spectroscopic analysis
of photospheric lines, the abundances of a variety of ele-
ments can be determined [Anders and Grevesse, 1989].
The solar isotopic composition, however, is difficult to
measure accurately by optical spectroscopy because iso-
topic shifts of atomic lines are much smaller than the
corresponding line widths. Usually the solar isotopic
composition is inferred in an indirect manner from plan-
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etary samples. Direct information on the solar isotopic
composition can be derived from the solar wind. The
purpose of the present paper is to investigate in a quan-
titative manner the degree of authenticity of solar wind
samples for the composition of the solar atmosphere.
The composition of the solar wind and its relation to
the composition of the solar atmosphere has been in-
vestigated for three decades by in situ measurements.
The instrumentation has undergone a continuous devel-
opment: With electrostatic analyzers [e.g., Bame et al.,
1968] it was possible to identify the most prominent ion
species in the solar wind, including the two helium iso-
topes when the solar wind conditions were favorable.
With the foil collection technique used on the Apollo
flights [Geiss et al., 1972] it was possible to determine
the elemental and isotopic abundances of light solar
wind noble gases. These experiments were followed
by magnetic mass spectrometers like the Ion Compo-
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sition Instrument (ICI) on the third International Sun
Earth Explorer (ISEE 3) [e.g., Coplan et al., 1984],
which could continuously measure mass/charge spec-
tra in the solar wind. The generation of linear time-
of-flight mass spectrometers such as Ulysses/SWICS
(Solar Wind Ion Composition Spectrometer) [Gloeck-
ler et al., 1992] allowed, furthermore, the unique de-
termination of mass and charge of the dominant so-
lar wind elements. The best mass resolution can be
achieved by the new generation of isochronous time-of-
flight mass spectrometers, i.e., WIND/MASS [Gloeck-
ler et al., 1995], SOHO/MTOF (Mass Time of Flight)
[Hovestadt et al., 1995], and ACE/SWIMS (Solar Wind
Ion Mass Spectrometer) [Gloeckler et al., 1998]. With
these instruments it is, for the first time, possible to
continuously determine the isotopic composition of non-
noble gas elements under variable solar wind conditions.

In order to determine the elemental and isotopic com-
position of the outer convective zone of the Sun from
measurements in the solar wind, the relation between
the composition of the reservoir and its outflow has to
be known. While turbulent mixing causes fairly ho-
mogeneous abundances in the convection zone, mix-
ing is reduced above the photosphere, and the decreas-
ing densities and thus decreasing collision frequencies
allow differential speeds and abundance variations to
arise. The bulk speed of the heavy ions is affected by
the acceleration resulting from gravity, pressure gradi-
ent, Coulomb drag, thermal diffusion, electromagnetic
fields, and wave particle interactions. The differential
speeds result from the dependence of the relevant forces
on the mass and on the charge of the particle species.
As the charge of the ions is altered by ionization and
recombination processes, fractionation dependent on el-
ements is also possible in various layers of the solar at-
mosphere.

Here we focus on the acceleration process of the so-
lar wind and develop a model for the prediction of the
magnitude of fractionation effects occurring between
the lower corona and the distant solar wind. For lack
of a realistic one-dimensional steady state model, we
do not consider the transition region and the chromo-
sphere, where a fractionation process dependent on the
first ionization potential (FIP) of the particles is known
to work [e.g., Meyer, 1985]. Models for the FIP effect
by von Steiger and Geiss [1989], by Marsch et al. [1995],
and by Peter [1996] indicate no significant fractionation
of isotopes, even in the case of *He/3He.

2. Model

2.1. General Description

We develop a multifluid model of the acceleration re-
gion of the solar wind with electrons, protons, and alpha
particles as main components, while the less abundant
elements and isotopes are treated as test species. The
conceptual basis of this kind of model was laid by Geiss

et al. [1970], Btirgi and Geiss [1986], Biirgi [1992], and
Hansteen and Leer [1995]. We assume stationary, one-
dimensional flow along a magnetic flux tube with a pre-
scribed geometry of superradial expansion. The density
and velocity profiles of all species are found by solving
the equations of continuity and momentum, while the
temperature profiles are prescribed. We use the avail-
able free parameters to model two different flow regimes
in the solar wind: high-speed solar wind from a polar
coronal hole and slow speed solar wind from a coro-
nal streamer. The physical ingredients in our model
are essentially the same as given by Burg: and Geiss
[1986], with the exception that we prescribe tempera-
ture profiles instead of a density profile. This allows
us to define a temperature profile for each species sep-
arately, and it makes it possible to study the effect of
mass-proportional temperatures. More elaborate mod-
els exist for the explanation of the behavior of electrons
and protons in the solar wind, for example, taking into
account anisotropic pressure [e.g., Hu et al., 1997], self-
consistent heat fluxes [e.g., Olsen et al., 1998], or dis-
tribution functions far from Maxwellians [e.g., Leblanc
and Hubert, 1997]. We rely on relatively simple equa-
tions in order to reduce the number of unknowns and
questionable assumptions in the complicated multifluid
problem. The new aspect of our work lies mainly in the
discussion and interpretation of the results in terms of
elemental and isotopic fractionation.

2.2. Flux Tube Geometry

For a one-dimensional description of a multifluid flow-
ing along magnetic field lines, the flux tube cross sec-
tion a(r) o< r2f(r) has to be prescribed as a function of
heliocentric distance r. The superradial expansion fac-
tor f(r) is introduced in order to account for nonradial
fields. It can be found from the radial component B,
of a given three-dimensional field using magnetic flux
conservation:

By (ro)r3

f('l‘) = B,-(T)TZ )

(1)
where ¢ denotes the solar (photospheric) radius. We
use the field geometry from Wang and Sheeley Jr. [1990],
which is depicted in Figure 1. This magnetic field is
current-free everywhere except at the heliospheric cur-
rent sheet which fills the ecliptic plane outside 2.5 solar
radii. The resulting configuration corresponds to solar
activity minimum conditions with polar coronal holes
and equatorial streamers. In the following we will dis-
cuss two models, one representing fast solar wind ema-
nating from coronal holes and one describing slow solar

" wind close to the coronal streamer.

To model the coronal hole type solar wind, we choose
the straight polar field line which originates in the cen-
ter of the polar coronal hole. The flux tube expands
slowly and monotonically over a distance of ~8 solar
radii, finally reaching a superradial expansion factor of
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Figure 1. The magnetic field configuration in the corona, adopted from Wang and Sheeley Jr.
[1990], is representative for the solar activity minimum. The superradial expansion factor is given
for the flux tubes originating at a colatitude of 0° (coronal hole) and 27° (coronal streamer).

12. For the slow solar wind above a coronal streamer,
however, we use an open field line rooted at a colat-
itude of 27°, which turns toward lower latitudes and
becomes radial close to the heliospheric current sheet.
The flux tube expands rapidly between 1 and 2.5 solar
radii, where it reaches a local maximum expansion fac-
tor of 13, while the overall expansion factor is ~6 only.
The superradial expansion factor for the two cases is
prescribed using a parametrization introduced by Btirg:
[1992],

fl _fml

exp(55H) +1

fmz

L+ (52)%

(2)
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where f;,1 quantifies the overall superradial expansion,
which is centered at position r; with a width of ¢y. An
enhanced local expansion in a region of width o3 around
r9 can be obtained by choosing a positive value of fpa.
The parameter f; is fixed by the condition f(r¢) = 1.
In Table 1 we give the parameters used to model the
expansion geometry for the two solar wind types.

2.3. Continuity Equation

Since a restricted temperature range is considered,
only fully ionized hydrogen and helium is included for
the main component, while the radial evolution of the
charge states is taken into account for test gases. For

every particle species ¢ with ionization state j, the num-
ber density n. ; and the bulk velocity vy ; fulfill the
continuity equation

ong ;
S+ Vo (ng,vx) =

5t ®)

ne(Jj-1nz,j-1 = Ring j — Jinz,j + Rjtins, ji1).

The term on the right-hand side describes ionization
and recombination from and into neighboring charge
states induced by electronic collisions. The rate coefli-
cients for ionization (J) and recombination (R), taken
from Arnaud and Rothenflug [1985], depend on the ele-
ment, its charge state, and on the electron temperature.

Table 1. Parameters for Expansion Geometry

Parameter Coronal Streamer Coronal Hole
fm1 5.89 12.15
r 1.400 ro -1.53 ro
o1 0.556 ro 3.77 ro
fma2 8.51 4.68
ro 2.570 ro 3.25 g
02 0.629 ro 4.71 ro

Here ro = solar radius.
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Summation of the continuity equations over all charge
states of species = and integration in the stationary case
leads to

g (r) vz (r)r? f(r) = @, (r) = const, (4)

which describes the conservation of the flux &, of an
element or isotope along a flux tube. Here n; denotes
the total density, and v, denotes the average radial
velocity component of all charge states of the species z.

2.4. Momentum Equation

In principle each charge state j of a particle species «
has its own velocity field vy ; and a corresponding mo-
mentum equation. However, for the fractionation ques-
tion, only the weighted average velocity vy is of interest.
For most elements, there are only a few charge states
significantly contributing to the local charge state distri-
bution. Usually, the flow speeds of those charge states
are not far from their average due to momentum trans-
fer in ionization/recombination events. Instead of solv-
ing a complicated system of coupled momentum equa-
tions for the individual speeds and taking the average
afterward, we substantially reduce the computational
complexity by using an equation for v.

Such an equation is found by replacing the individual
speeds of the charge states by the average speed vy
and by summation of the momentum equations over
the charge states of species z:

Ovy
mznz(%‘ + (vx . V)vx) =Fc+Fw+Fr

- Vps — Gi’f—”—"—”—e, + n;Z;¢(E + vx x B)
T
+ mgyng(2vx X Qo + Qo X r X ), (5)

where we use the particle mass m,, its number density
ng, and its partial pressure p, = ny kT, the gravita-
tional constant G, the solar mass M, the electric field
E, the magnetic field B, and the heliocentric distance r.
The forces caused by collisions with protons and alpha
particles are Coulomb friction F¢ [Geiss et al., 1970]
and thermal diffusion Fp [St.-Maurice and Schunk,
1976]. We include a wave force Fw resulting from un-
damped Alfvén waves propagating away from the Sun
[McKenzie et al., 1979]. The corresponding wave en-
ergy flux fw is completely converted into bulk motion
without any coronal heating effect. However, we ne-
glect further momentum addition, eventually caused by
dissipation of waves (coronal heating).

Below the Alfvénic point at ~10 solar radii, the mag-
netic tension is strong enough to force the plasma into
corotation with the solar surface, while at larger dis-
tances, the kinetic energy dominates, and the flow is
more and more radial, leading to the well-known Parker
spiral magnetic field. We use a frame of reference that
corotates with the solar angular velocity Qg; therefore
Coriolis and centrifugal forces have to be taken into ac-

count. Those are the forces that prevent corotation of
the plasma at large distances.

The particle charge state used for the electromagnetic
forces is Z (r) which is the average charge state of the
element z at the given radial distance. Furthermore, the
thermal diffusion force and the Coulomb friction force
contain a term proportional to Z2(r), which denotes the
radial dependence of the average squared charge. We
eliminate the equations for electrons by assuming neg-
ligible electron mass, charge neutrality, and zero field-
aligned current. Instead of solving energy equations
containing an ad hoc heating function as has been done
by Hansteen et al. [1997] and many other authors, we
prescribe the temperature profile Ty (r) for each species.

The reduction from three dimensions to one dimen-
sion is done assuming rotational symmetry and neglect-
ing components of magnetic fields and velocities in the
¥ direction [McKenzie et al., 1979]. In the frame coro-
tating with the solar surface, all velocities are paral-
lel to the magnetic field. Thus the azimuthal velocity
components are proportional to the radial components
and can be eliminated using the local magnetic field di-
rection. The continuity equation for particle species z
(equation 4) allows us to describe densities in terms of
radial velocities v, if the integral flux &, is a prescribed
constant. The radial momentum equation for particle
species z then turns into an ordinary differential equa-
tion for v, and its solution is required to pass through
a critical point. The momentum equations for all main
gas particles have to be solved simultaneously. We re-
fer to Bodmer [1996] for details about the numerical
method used to find the solutions.

2.5. Free Parameters

Besides the parameters used for the description of the
expansion factor f(r), we have some free parameters
available for adapting the model to observations: the
particle fluxes ®,, the wave action flux, and the tem-
perature profiles Ty (r). The fluxes of the main ions,
protons and alpha particles, are chosen according to in
situ observations of the solar wind. As the resulting (ra-
dial) velocity profiles v (r) do not depend on the test
gas fluxes, those fluxes do not modify neither the frac-
tionation factors (see (7)) nor the enrichment factors as
defined in (8). The test gas fluxes can thus be set to
an arbitrary value. The temperature profiles for protons
and electrons are sunward extrapolations of the temper-
atures measured by Helios in the solar wind from 0.3 to
1 AU [Marsch, 1991]. From the upper transition region
to the lower corona the temperatures were adapted to
the plasma temperature from a model by Gabriel [1976].
The resulting temperature profiles have a temperature
maximum at ~1.13 solar radii. In a first set of models
the temperatures of all ions are assumed to be equal to
the proton temperature. In section 6 we will discuss the
results from an alternative set of models with assump-
tion of mass-proportional temperatures. The remain-
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ing free parameter, the wave action flux [Isenberg and
Hollweg, 1982], determines the amplitude of the Alfvén
waves propagating away from the Sun. As the resulting
wave force Fw acts predominantly in the supersonic re-
gion, its main effect is to increase the asymptotic speed
of the plasma. We thus adjust the wave action flux
in each model to obtain a solar wind speed at 1 AU
consistent with observations. With this measure, ve-
locity differences among minor species due to inefficient
Coulomb friction will transform into differences in den-
sities due to flux conservation and hence to fractionation
as discussed in section 3.

3. Fractionation in Stationary Models

The measurement of isotopic abundance ratios in the
solar wind is the most direct method to determine iso-
topic abundances of the outer convective zone of the
Sun. The flux ratio of two isotopes in the solar wind,
which is independent of radial distance in the stationary
case, however, can differ from the density ratio in the
convective zone or the photosphere due to fractionation
processes. We define the fractionation factor between
the isotopes £ and y with respect to a reference level at
some radial distance r, as

®,/®,

ng(rs)/ny(rs)”

(6)

fractionation(z, y) :=

Using (4) to evaluate the integral flux constants ¢, and
®, at the position r, and inserting the results into (6)
leads to

vz (7s)

vy(re)

To model the fractionation with respect to a reference
level 7y, the velocity ratio of two isotopes has to be cal-
culated at this level. In a nonstationary model this ra-
tio would remain unchanged if averaged radial velocities
were used. In our stationary model the velocity profiles
are determined by the momentum equations together
with the “boundary” conditions at the critical points
which are located in a region between 2 and 8 solar
radii. So for a test particle the velocity profile has to be
integrated inward from the critical point r. , until the
reference level ry is reached. The fractionation factor
is thus determined by the location of the critical point,
the critical velocity v, s = vz(rc), and all the forces
acting on the particles between the reference level r,
and the critical point.

The numerical determination of fractionation factors
with respect to a reference level r, = ry in the pho-
tosphere is difficult, since test particles move through
a large range of temperatures and densities, and at the
base additional processes gain importance, for example,
because low charge states of the main gas ions (Het)
have to be taken into account. Our one-dimensional
equations are not suited for the description of the com-
plex and nonstationary processes occurring in the chro-

(7)

~ fractionation(z, y) =

mosphere and in the lower transition zone. Instead we
intend to compare the solar wind abundances to coronal
abundances at a coronal base level r, = 1.2rg, whose se-
lection is somewhat arbitrary, but whereon we believe
our treatment is more or less appropriate. OQur model
should then explain differences between coronal base
density ratios and solar wind flux ratios.

Resonant waves are known to generate differential
streaming of heavy ions and to modify the particle dis-
tribution functions. Our model does not include these
effects and therefore the behavior of temperatures, ve-
locities, and densities in the far solar wind is not com-
pletely consistent with in situ observations. However,
processes in the interplanetary space outside the critical
points, i.e., in the supersonic region, do not affect the
fluxes and have no influence on the fractionation factor
defined in (6). Furthermore, in the case of negligible
relative speeds in the far solar wind, the fractionation
factor given as a ratio of velocities in (7) corresponds
to a density (or flux) ratio measured in the solar wind
relative to the density ratio at the base.

4. Results

We explore the fractionation of elements and isotopes
in two different solar wind regimes as characterized in
Table 1: the slow solar wind from a coronal streamer
and the high-speed solar wind emanating from the cen-
ter of a polar coronal hole. The differences between
these two models lie in the geometry which results in
different superradial expansion factors (see Figure 1),
in the temperature profiles which are chosen to fit some
observational constraints, in the influence of rotation
forces on the low-latitude coronal streamer, and in the
energy flux fw of outward-propagating Alfvén waves
entering the flux tube at the solar surface. The most
important parameters and some resulting physical prop-
erties at 1 AU are given in Table 2.

4; 1. Coronal Hole

In Figure 2a we show the velocity profiles for the main
gas ions (protons and alpha particles) and for three test
species, °He, 2*Mg, and 2Mg. In Figure 2b the assumed

Table 2. Parameters of Solar Wind Models

Parameter Streamer Hole Unit
fw(ro) 100 730 Jm™2%s7!
Br(ro) 5 27 1074 T
Do /P 0.01 0.04
neve(1AU) 3.90 2.70 102 m~2 57!
T»(1AU) 0.35 2.50 10° K
T.(1AU) 1.68 1.38 10° K
np(1AU) 11.50 3.30 10 m™3
up(1AU) 332 750 km 57!
B.(1AU) 1.84 4.81 10° T
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Velocity and Temperature Profiles in a Polar Coronal Hole
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Figure 2. (a) Velocities in the fast solar wind are monotonically increasing with distance,

reaching a common velocity of ~750 km s=! at 1 AU. The electron density has been used as a
distance scale. (b) The assumed temperature profiles and the superradial expansion factor are

shown.

temperature profiles for ions and electrons and the su-
perradial expansion factor are displayed. The electron
density has been used as a distance scale in order to
enlarge the region close to the Sun. The left end of the
axis is in the upper part of the transition region; the
right end is approximately at 0.6 AU (see heliospheric

distances on central axis). The velocities in the fast
solar wind are monotonically increasing with distance,
reaching a common velocity of 750 km s~! at 1 AU
through acceleration by Alfvén waves. The velocity dif-
ferences are relatively small in the whole acceleration
region. This is caused by relatively strong coupling of

Enrichment or Depletion of Test Gases in a Polar Coronal Hole
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Figure 3. (a) The predicted enrichment of elements in a polar coronal hole is plotted. (b)
The enrichment or depletion of the heavier isotope relative to the lighter one for helium and
magnesium is shown. Both elemental and isotopic fractionation are very weak in the coronal hole

associated solar wind.



BODMER AND BOCHSLER: SOLAR WIND ISOTOPE FRACTIONATION 53

the species by Coulomb friction and by the wave force.
Heavy species usually flow somewhat slower than pro-
tons, approaching the proton speed at a few AU. In the
transition region the situation is reversed: The ther-
mal force, being proportional to the temperature gra-
dient, accelerates heavy species relative to protons in
the direction of the temperature maximum, leading to
faster streaming of heavy ions. Since we have some
doubts about the reality of the steep temperature gra-
dient and the validity of a steady state description here,
we use a reference level well above the transition re-
gion. We therefore make no attempt to explain the
average helium depletion in the solar wind, which is
probably caused by diffusion effects in the chromosphere
[Hansteen et al., 1993].

In Figure 3 we plot the abundance variations resulting
from the differential speeds. Figure 3a illustrates the
local enrichment of elements relative to protons, and
Figure 3b shows the local enrichment or depletion of
the heavier isotope relative to the lighter one. Figure 3
shows a slight enrichment of the heavier ions in the
acceleration region above the reference level and a very
weak depletion of the heavier species in the distant high-
speed solar wind. Generally, the enrichment of species
z relative to species y at location r normalized to the
coronal reference location ry is defined as

ny(r) vy(r)
enrichment(z, y)(r) := % = ."Xf(_(;'b)_) (8)
ny(re)  va(rs)

It is useful to note that in the case of a solar wind
with all species approaching the same asymptotic speed
at large distances, the asymptotic enrichment factor is
equal to the fractionation factor defined in (6) because
density ratios are equal to the corresponding flux ratios
in that case.

4.2. Coronal Streamer

The results of the model for the coronal streamer are
displayed in the same way as for the coronal hole model.
In Figure 4, velocities, temperatures, and the expansion
factor are displayed. The flux tube expands rapidly be-
tween 1 and 2.5 solar radii, which leads, in the case of a
constant integral flux ®, according to (4), to a reduced
proton flux density n,v, around the location of the max-
imum expansion factor. The correspondingly reduced
Coulomb drag on the heavier species thus leads to their
velocities being much slower than the proton speed [cf.
Biirgi, 1992] in the rapidly expanding region. The par-
ticle velocities are no longer monotonically increasing
with heliospheric distance. Note that alpha particles
have the smallest speed, while 3He and the much heav-
ier Mg isotopes have speeds closer to the proton speed.
This peculiar behavior is caused by the Coulomb fric-
tion and will be discussed in section 5.

In Figure 5 the elemental and isotopic enrichment
factors according to the definition in (8) are plotted.
The fractionation effect is very strong in the coronal

streamer because the rapidly expanding geometry leads
to big velocity differences between heavy particles and
protons, as explained in the first paragraph of sec-
tion 4.2.

In the corona above the reference level, all heavy el-
ements are enriched compared to protons, while they
are depleted in the solar wind. Our coronal streamer
model represents an extreme case, with a *He/H ratio
depressed by a factor 2.5 with respect to the reference
level in the corona. Such large reductions of the *He/H
ratio are consistent with observations in the slow so-
lar wind close to the heliospheric current sheet [Borrini
et al., 1981]. This gives us some confidence in the re-
sults of our model. In the average interstream solar
wind, however, the superradial expansion is probably
not so violent, and the expected depression of *He/H is
much smaller. This again is observed in the slow solar
wind.

Figure 5b shows that heavy isotopes are enriched in
the corona and depleted in the solar wind relative to
lighter isotopes. The isotopic ratio *He/2He in the slow
solar wind is reduced by a factor of 1.5 compared to the
reference location. Although we notice that the element
magnesium is depleted in the solar wind relative to pro-
tons due to inefficient Coulomb friction, we find only a
marginal fractionation of Mg isotopes. This result is
consistent with magnesium isotopic ratios measured in
the solar wind by Bochsler et al. [1996] and Kucharek
et al. [1998].

The results for the element fractionation in the two
analyzed solar wind regimes are summarized in Table 3.

The fractionation factors for element abundances rel-
ative to hydrogen in the solar wind compared to the
coronal reference level are calculated according to the
definition in (6). All listed species are depleted in the
solar wind relative to protons. The depletion is between
10 and 25% in our model for the fast solar wind, while
the depletion in the slow solar wind is of the order of
40%. Usually *He is more strongly depleted than all
other species. The results for the isotopic fractionation
of some important isotope pairs in the solar wind are
summarized in Table 4. Here again, the fractionation
between two isotopes is calculated from the velocity ra-
tios at the coronal reference level, according to (6). For
the helium isotopic ratio fractionation factors between
0.69 and 0.92 indicate substantial fractionation effects,
depending on the solar wind regime. For all other ele-
ments the depletion of a heavy isotope relative to a light
isotope is of the order of only 2% per unit mass differ-
ence, even in our extreme model for a coronal streamer.

5. Influence of Coulomb Friction

In the lower corona, where the flow is well subsonic,
the momentum equation for test particles can be sim-
plified to a diffusion equation by calculating the differ-
ence between the test gas and the main gas acceleration
[Burgers, 1969]. This is done here neglecting waves, ro-
tational forces, and alpha particles in the main gas and
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Figure 4. The coronal streamer geometry expands rapidly above the temperature maximum,
which locally decreases the proton flux and reduces Coulomb friction between protons and heavier
species. This retards heavier species and especially Helium-4.

assuming local thermal equilibrium (LTE) conditions where the Coulomb collision frequency v, for the test
[cf. Geiss, 1982]. The velocity v, of a test gas with particles with protons is given by

density n, and temperature T, = T(r), consisting of o\ 2
particles with mass m, = A;m, and charge Z,e fulfills 16/7 (er ) InA Hzp My

. . Vgp = e T E T (10)
the following equation: 3 4meg (2kTzp)1> my
Mg Vgp(vy — vp) = (9) where
24, —~Z,—-1 GMm din(ng/ny) dT
—ELlr "l — o \rElp) al —_
2 r kT dr + ka“’ dr? Hep = mxm}’/(m-"f + mP) (11)
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Figure 5. (a) Elemental fractionation relative to hydrogen is shown. “He shows the strongest
depletion in the solar wind, while the effect on 3He and the Mg isotopes is weaker. (b) Isotopic
fractionation of helium and magnesium is illustrated. There is a noticeable effect on helium,
while the fractionation between Mg isotopes is minor.
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Table 3. Depletion of Heavy Elements in Solar Wind
With Equal Ion Temperatures

Element Ratio Coronal Streamer Coronal Hole

SHe/H 0.57 0.83
‘He/H 0.40 0.76
2Cc/H 0.64 0.84
“N/H 0.62 0.83
%0/H 0.61 0.84
2Ne/H 0.64 0.86
*Mg/H 0.67 0.87
288i/H 0.67 0.86
328/H 0.63 0.85

Top = (Temp + Tymz)/(mg + mp) (12)

denote the reduced mass and reduced temperature, re-
spectively. In LTE, all species have the same temper-
ature, and we find T;, = T = T,. The left-hand side
of (9) shows the Coulomb friction with protons in the
subsonic limit. The first term on the right-hand side
is the gravitational force on the ions, which is reduced
due to the influence of the radial electric field. The
next term is the diffusion of test particles caused by
the concentration gradient. The last term describes the
thermal diffusion force which accelerates heavy particles
toward higher temperatures. It is proportional to the
temperature gradient with the species-dependent pro-
portionality constant a;.

If (9) is applied to a situation close to the tempera-
ture maximum where the temperature gradient vanishes
and if the concentration gradient is neglected for the
moment, the differential equation reduces to a simple
explicit formula for the velocity of the test particles:

= (13)

Here ®, is the proton flux as defined in (4) while the
flux normalization constant C, is defined as

_ GM (4reg\? (2KT,)'5 3 /m,
T2 e? InA 167"

Equation (13) shows that for large proton fluxes, ®, >
C), the second term in the parenthesis vanishes and, as
expected, the test particles move with the proton ve-
locity. For smaller proton fluxes the test particles move
slower. Furthermore it can be seen that the velocity dif-
ference increases with increasing superradial expansion
factor f(r) and with increasing temperature (via Cjp).
The numerical factor,

Cy (14)

Az +1
A’

24, - Z, -1

H; 7z

(15)
determines how strongly an ion with mass number A,
and charge number Z, reacts on a reduced proton flux.
Evidently, the values of H, for different test particles
define an ordering scheme for the velocities and thus for

the expected fractionation factors. The lower limit of
H; is Hp = 0, the value for (unfractionated) protons.
Alpha particles have an exceptionally large H,=1.40,
while 3He?* has a value of 0.87. For heavier ions such
as O, Ne, Mg, Si, with the charge states prevailing in
the corona, the factor H, is between 0.5 and 0.9. This
explains the close match of the magnesium velocities
with the ®He speed in Figures 2 and 4. The alpha par-
ticles always have the slowest flow speeds and will thus
be accumulating in the corona relative to all other so-
lar wind species. This is accompanied by a significant
elemental and isotopic fractionation of helium.

6. Influence of Temperature

In our model the radial temperature profile for each
species can be prescribed. In the first two cases, the
ion temperature was chosen to be equal to the proton
temperature everywhere. This would be the case in lo-
cal thermal equilibrium, certainly fulfilled in the chro-
mosphere and below. In the special case of the dense
plasma along the heliospheric current sheet, observa-
tions often show similar temperatures for protons and
alpha particles [Borrini et al., 1981]. However, observa-
tions of ion temperatures in the solar wind usually re-
veal much higher temperatures for heavy ions than for
protons [Ogilvie et al., 1980; Bochsler et al., 1985; von
Steiger et al., 1995]. Often the temperatures are propor-
tional to the ion mass under the influence of wave par-
ticle interactions. Observation of Doppler-broadened
widths of coronal emission lines by UVCS (Ultravio-
let Coronograph Spectrometer) [Kohl et al., 1997] and
SUMER (Solar Ultraviolet Measurements of Emitted
Radiation) [Tu et al., 1998] on SOHO also gives evi-
dence for high heavy ion temperatures already at low
heights in the solar corona.

In order to discuss the influence of a mass-dependent
temperature on the fractionation problem, we assume
mass-proportional ion temperatures in the corona and
solar wind. However, the ion temperatures in the chro-
mosphere are equal to the proton and electron temper-
ature due to frequent collisions. In the transition re-
gion the temperature profilé is gradually switched from
mass-independent to mass-proportional. This causes a
mass-dependent temperature gradient.

Table 4. Depletion of Heavier Isotopes in Solar Wind
With Equal Ion Temperatures

Isotope Ratio

Coronal Streamer Coronal Hole

‘He/*He 0.69 0.914
13c/2¢ 0.973 0.9888
BN/MN 0.975 0.9894
180/150 0.953 0.9834
*2Ne/?°Ne 0.972 0.9907
26Mg/**Mg 0.983 0.9937
30gi /28 i 0.986 0.9935
34g/%2g 0.983 0.9935
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Figure 6. (a) Velocities in the fast solar wind are monotonically increasing with distance,

reaching a common velocity of ~750 km s~! at

1 AU. The electron density has been used as a

distance scale. (b) The assumed mass-proportional temperatures and the superradial expansion

factor are shown.

The assumption of mass-proportional temperatures
for heavy ions in the corona increases the weighted tem-
perature Ty, by up to a factor 2, if the proton temper-
ature is maintained. This diminishes the Coulomb col-
lision frequency and reduces the Coulomb drag. How-
ever, the thermal force, the result from heat flux in-
teractions, is increased due to the increased tempera-

Enrichment or Depletion of Test Gases in

ture gradient in our model. However, the assumption
of collisionally dominated flows, which is used to de-
rive the heat fluxes from the temperature gradients, is
less valid in the case of higher temperatures, and the
precision of the results is worse. While the behavior
of the third moment is questionable, it is evident that
the assumption of mass-proportional temperatures for
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associated solar wind.
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Velocity and Temperature Profiles in a Coronal Streamer
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Figure 8. (a) Velocities in the slow solar wind are not monotonically increasing with distance.
(b) The assumed mass-proportional temperature profiles and the superradial expansion factor

are shown. This model is probably not realistic.

ions increases their pressure gradient, while gravity and
electric field are not affected. This should lead to a bet-
ter acceleration of heavy ions in the solar wind, even
without friction, and the fractionation with respect to
hydrogen should be reduced. The two cases have been
recalculated for mass-proportional temperatures. The
mass-proportional temperatures and velocities for the
fast solar wind are shown in Figure 6. The correspond-
ing elemental and isotopic enrichment factors are given

in Figure 7. The results for the coronal streamer are
displayed in Figures 8 and 9.  The resulting element
fractionation is tabulated in Table 5, and the isotopic
fractionation is given in Table 6. In the high-speed
solar wind the results are similar to the case with equal
temperatures. The elemental fractionation effect is be-
tween 10 and 25% for all ions, the isotope effect is of
the order of 3% for heavy ions.

In the coronal streamer model, surprisingly the frac-
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Figure 9. The depletion of heavy elements and isotopes in the slow solar wind with mass-
proportional temperatures is unrealistically strong.
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Table 5. Depletion of Heavy Elements in Solar Wind
With Mass-Proportional Ion Temperatures

Element Ratio Coronal Streamer Coronal Hole

SHe/H 0.55 0.89
‘He/H 0.26 0.77
2C/H 0.28 0.80
“N/H 0.21 0.79
*0/H 0.17 0.82
2ONe/H 0.21 0.86
Mg/H 0.26 0.86
288i/H 0.19 0.84
$2S/H 0.10 0.81

tionation is not reduced by the assumption of mass-
proportional temperatures. On the contrary, the heavy
species flow even slower in the region of strong superra-
dial expansion than in the isothermal model. A close in-
spection of the force balance of heavy species shows that
the pressure gradient is, indeed, much stronger than be-
fore. However, it is still not large enough to accelerate
the heavy ions with the same rate as the protons. This
is due to the fact that in addition to the partial pres-
sure, the influence of the electric field is important for
charged particles. As the charge/mass ratio is higher
for protons, than for heavy species, protons are still fa-
vored. In our model the deficit in accelerating forces can
only be compensated by Coulomb friction. As the colli-
sion frequency is reduced, a larger velocity difference is
necessary to provide the needed frictional force. This is
the cause for the substantial fractionation effect. The
depletion of He/H by almost a factor of 4 is extreme
and rarely observed in coronal streamers. However, the
theoretical consideration does not take acceleration of
minor species induced by wave dissipation into account
and is therefore not self-consistent. Indeed, the appear-
ance of mass proportionality in kinetic temperatures of
minor species requires strong wave particle interaction
which would undoubtedly lead to acceleration of these
species thus diminishing the fractionation effect.

If the analysis from section 5 is generalized to the
case of species-dependent temperatures (T3, T}, 1), we
find a generalized ordering parameter H, for inclusion
in (13):

_ 2[Az'(7;1 + Te) -1 - ZJ:Te](A:: + ir:r:/Tp)l'5
ZYTp + Te)VAs(As +1) : ’ )
16
while the remaining factor, Cyf(r)/®,, is not modi-
fied. In the case of mass-proportional temperatures
Tz = AT, for ions, two large terms inside the bracket
in the numerator cancel, and we get

Ay — Z, (2154,
72 \A;+1

He

2Te

H; = .
‘ T, + T

(17)

This formula shows that the finite electron tempera-
ture and thus the electric field are responsible for the

residual fractionation. As all ions except protons have
mass/charge ratios exceeding unity, the factor H; is
positive, and all species will lag behind protons. Here
also, alpha particles tend to be affected more strongly
than heavier ions. However, the dependence of H, on
the actual charge state is more pronounced than in the
isothermal case. These findings help in understanding
the strong fractionation in the, probably unrealistic,
mass-proportional temperature case for a rapidly ex-
panding coronal streamer flux tube geometry. If the re-
sults of this model were true, substantial isotopic frac-
tionations of the order of 20% should be observed in
the solar wind close to heliospheric current sheets. To
our knowledge no such events have been reported yet.
Furthermore, heavy elements such as oxygen and sul-
fur should be depleted relative to alpha particles in
these regions. Observations made by Wimmer [1994]
show a slight reduction of the He/O ratio in the so-
lar wind close to the current sheet, which is consis-
tent with the isothermal model but in contradiction
to the present model. We therefore reject the model
with mass-proportional temperatures for the coronal
streamer, while the model for the coronal hole does not
depend much on the assumption about the tempera-
tures. The model with mass-independent temperatures
seems to be more realistic for the case of the heliospheric
current sheet. This view is supported by observations
of Borrini et al. [1981] and by recent observations of
kinetic temperatures of minor ions in the solar wind at

1 AU by Hefti et al. [1998].

7. Conclusions

We have modeled the solar wind acceleration region
and determined elemental and isotopic fractionation
between a reference point in the corona and the dis-
tant solar wind. The model for high-speed solar wind
from a polar coronal hole shows a depletion of heavy
ions in the solar wind of 10-25%, while the model for
a coronal streamer with extreme superradial expan-
sion yields stronger depletions of heavy particles (up
to a factor 2.5 for He/H). The fractionation pattern is
mainly determined by the efficiency of Coulomb fric-
tion with protons in the acceleration region of the so-

Table 6. Depletion of Heavier Isotopes in Solar Wind
With Mass-Proportional Ion Temperatures

Isotope Ratio Coronal Streamer Coronal Hole

‘He/*He 0.47 0.871
1Bgo/2c 0.81 0.970
PN/MN 0.81 0.972
180/%0 0.67 0.960
*2Ne/*°Ne 0.77 © 0.979
26Mg/?* Mg 0.83 0.984
30gi/28si 0.80 0.983
34g5/328 0.80 0.983
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lar wind. The approximate ordering parameter for the
fractionation of different species relative to protons is
((As +1)/Az)Y%(2A, — Z, — 1)/ 22 which is largest for
alpha particles and vanishes for protons. This causes
a large reduction of the *He/H ratio in the solar wind
close to a heliospheric current sheet, while the average
slow solar wind is less affected. Such a variability of the
alpha/proton ratio in the solar wind is indeed observed.
The isotopic fractionation of helium can amount to 30%
in extreme cases while the effect on the isotopic ratios of
heavier species is usually <3% per unit mass difference.

For the case of fast solar wind from a coronal hole, we
find no big change in the fractionation pattern, if mass-
proportional temperatures are assumed instead of equal
ion temperatures. We also tried to make a model of a
coronal streamer with mass-proportional temperatures.
However, this is not a realistic assumption for such a
collisionally dominated flow, and indeed, the resulting
fractionation is not consistent with in situ observations.
A first comparison of the results of our model with so-
lar wind composition data was provided by Bodmer and
Bochsler [1998]. Further comparisons will show how
precise the predictions are. Of course there is room
for improvement of the model, e.g., by including equa-
tions for pressure tensors and heat fluxes, by more real-
istic treatment of wave particle interactions and coronal
heating, or by extending the model to the lower solar
atmosphere. However, since our model reproduces the
observed variability of the FIP-independent part of the
elemental fractionation in the correct order of magni-
tude, we conclude that it is suitable to predict the orders
of magnitude for the most significant effects on isotopes
in the solar wind.
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