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CHARGE EXCHANGE AVALANCHE AT THE COMETOPAUSE
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Space Physics Research Laboratory, Department of Atmospheric and Oceanic Science
The University of Michigan, Ann Arbor, MI 48109

Abstract. A sharp (<104 km thick) transition from a solar
wind proton dominated flow to a plasma population primarily
consisting of relatively cold cometary heavy ions has been
observed at a cometocentric distance of about 1.6x105 km by
the VEGA and GIOTTO missions. This boundary (the
cometopause) was thought to be related to charge transfer
processes, but its location and thickness are inconsistent with
conventionally estimated ion - neutral coupling boundaries. In
this paper a two-fluid model is used to investigate the major
physical processes at the cometopause. By adopting observed
comet Halley parameters the model is able to reproduce the
location and the thickness of this charge exchange boundary.

Introduction

The cometopause was first observed by the VEGA-2
spacecraft during its inbound pass (Gringauz et al. 1986).
Plasma observations in the coma of comet Halley indicated that
around 1.6x10% km from the nucleus a sharp boundary (the
cometopause) separates the solar wind controlled external and
the heavy cometary ion dominated internal regions (Gringauz
et al. 1986, Balsiger et al. 1986, Reme et al. 1986). The
observations were interpreted in terms of ion - neutral
collisional coupling (Gringauz et al. 1986), but the details of
this process have not been really understood. The main
difficulty was to explain the location and the surprisingly small
thickness of the cometopause: the ion - neutral collisional
boundary was expected to be at about 1.5x104 km from the
nucleus, much closer than that which has been observed (cf.
Mendis et al. 1986, Galeev 1986).

In this paper a two-fluid (solar wind protons and
cometary heavy ions) steady-state model is used in order to
describe the shocked plasma flow along the subsolar flow line.
It is assumed that the proton population follows a Maxwellian
velocity distribution, while the cometary ion velocity
distribution is isotropic in the plasma frame of reference.
Charge exchange and photoionization are considered as the
dominant sources. This model is basically a two-fluid
generalization of an earlier single-fluid model developed by
Galeev et al. (1985).

Basic assumptions and governing equations

In the present work a two fluid steady-state model of the
shocked, subsolar cometary plasma flow through an
expanding cometary atmosphere (dominated by a single heavy
neutral species) is considered. It is assumed that the implanted
cometary ions have an isotropic pitch-angle distribution in the
decelerating plasma frame of reference, while the solar wind
particles follow a Maxwellian velocity distribution. Solar
wind ions are lost by charge exchange; cometary ions are
created by photoionization and charge transfer and lost by
charge exchange with heavy cometary neutrals. The moments
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of the steady-state solar wind transport equation are the
following (cf. Gombosi 1987):
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The moments of the implanted ion transport equation yield the
following conservation equations (cf. Gombosi 1987):

e-(ni'ﬁ) = u§, )

- 2 1= - 0 (1
ni(u-V)u=-avpi-u[usi+nncin(lg 41§ ’)] )
1

2
- = - ., mu

In equations (1) through (6) n, is the cometary neutral number
density, O, and O;, are the proton - cometary neutral and
implanted ion - cometary neutral charge transfer cross
sections, and u is the plasma flow velocity, while ng, n,,
mg,,, M;, Pgy» and p; denote the solar wind and implanted ion
number densities, masses, and pressures, respectively. The
cometary ion source term, S;, and the charge exchange loss
functions, I%), are the following:
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where 1, is the photoionization lifetime of cometary neutrals,
while f(x,v) is the phase space distribution function in the
plasma frame of reference. It can be shown that in the case of
a Maxwellian velocity distribution the loss functions become
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SHOCKED FLOW ALONG THE SUBSOLAR FLOW LINE
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Figure 1. Proton and cometary ion flow parameters along the subsolar flow line. Dashed lines represent solar wind protons,
while dotted lines denote cometary ions. The four panels represent number densities, flow velocity, pressures and tempera—

tures, respectively.
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where m, n, u, and p are the particle mass, number density,
bulk velocity, and pressure, respectively. The dimensionless
quantity, s, is defined as

2
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which is the square of the Mach number for a fluid with a
specific heat ratio of 2.

The rapidly decelerating shocked subsolar plasma flow is
assumed to be an incompressible fluid (cf. Galeev et al. 1985);
consequently A(x)u(x)=constant, where A(x) is the flow area
along the subsolar flow line. Earlier theoretical and
experimental studies have shown that behind the shock the
implanted ion distribution functions are significantly modified
by velocity diffusion and other processes (cf. Ip and Axford
1986, 1987, Gombosi 1987, Kecskeméty et al. 1987). In this
region the implanted ion energy spectra above the pickup
energy (approximately 10 - 20 keV) can be reasonably
approximated by exponentials (Kecskeméty et al. 1987).
Based on the observations at comets Halley and Giacobini-
Zinner, the implanted ion loss functions are approximated by
expressions (11) through (13). In this approximation, the
following equations describe the shocked subsolar flow :
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where x is distance along the sun - comet line, F(s) = I®/un,
H(s) = umI®/3p, W(s) = um(3I(1-1))/4p, and p =
(Mg ng,+m;n;); while
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Results and discussion

Equations (15) through (19) were solved numerically for
the shocked solar wind flow using a set of parameters
characterizing comet Halley conditions during the VEGA fly-
by. The neutral atmospheric number density was

approximated by
Q r
5 expl - —
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Figure 2. Radial profiles of the dimensionless parameter, s,
defined in the text. Dashed lines represent solar wind
protons, while dotted lines denote cometary ions.

where r is the cometocentric distance, while Q,=1.3x1030
molecules/s, V=1 km/s and A,=2x106 km. The adopted
charge exchange cross sections were G;,=2x10-15 cm? and
Opn=2x10-15 cm?. The mean molecular mass of the cometary
neutrals was assumed to be 16.

In order to obtain the appropriate initial conditions directly
behind the shock, equations (1) through (6) were solved for
the unshocked flow, assuming a constant flow area and
neglecting charge exchange. In this case the equations can be
solved analytically (cf. Galeev et al. 1985). Following the
assumptions made by Galeev et al. (1985) a weak shock was
assumed at a critical Mach number of M=2. Using n,,=10
protons/cm3, T, =105 K, n;=0, p;=0 and u=500 km/s values
for the undisturbed solar wind flow, the shock was obtained at
x4=3.30%105 km from the comet. At this point the gas
parameters were u=146 km/s, n,,=34.3, n;=0.666,
Psw=1.08%10" dyn/cm2, and p;=2.57x10-8 dyn/cm2. The
corresponding heavy ion temperature turned out to be about 24
keV, in good agreement with observations (Kecskeméty et al.
1987).

The solutions of the (15) through (19) differential equation
system describing the region between the subsolar shock and
the stagnation region are presented in Figure 1. The four
panels show the radial variation of the solar wind and
implanted ion number densities, flow velocities, pressures,
and temperatures, respectively. Inspection of Figure 1 reveals
several interesting features of the decelerating flow. Perhaps
the most striking one is the rapid transition from a solar wind
proton dominated flow to a cometary ion dominated plasma at
about 7x10% km. This transition is accompanied by a rapid
cooling of the implanted ion population. As demonstrated in
the following discussion these changes are caused by a charge
exchange "avalanche”. It should also be noted that the flow
velocity is decreasing almost linearly in the shocked plasma
flow and it is reduced to very small values around 2x104 km,
where the flow stagnates. In this region the present
approximation is no longer valid, because the magnetic field
pile-up effects had not been considered in this simplified
calculation. The present approximation seems to be
reasonably good, however, in the cometopause region, where
most of the solar wind protons are replaced by cold heavy
cometary ions.

The main physical processes of the cometopause region
can be better understood by examining the solar wind
continuity equation. In this region (r<<A,), the exponential
decay factor does not play a significant role in the neutral
density profile and can be neglected. It can also be seen from
Figure 2 that in the shocked plasma flow, s, decreases
almost linearly along the sun - comet line. On the other hand,
it can be easily shown that the function F(s) can be
approximated reasonably well by the following expression:
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Using these approximations, the solution of equation (15) is

(23)
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Here r; is the shock distance, r; is the cometocentric distance,
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where M, is the proton Mach number (ratio of flow velocity
and proton acoustic speed). In other words the average
thermal velocity of protons becomes equal to the flow velocity
at a distance of r;. The charge exchange scale length, Ry, is
the following:
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The full numerical solution indicates that in our case
r;=1.61x105 km, while an Ry=2.07x104 km value can be
obtained using the adopted parameter values. It should be
noted that recently Wallis has also obtained a result similar to
expression (24) by assuming a linear radial dependence for the
shocked flow velocity (Wallis 1987).

Figure 3 shows a comparison of the numerical solution of
the solar wind proton number density and the approximate
analytic solution given by expression (24). It can be seen that
the two curves track each other quite closely. The proton
number density abruptly decreases at a distance of

r - @

This sharp charge exchange boundary is the cometopause,
which was first observed by the VEGA-2 spacecraft
(Gringauz et al. 1986). The subsolar cometopause is about
6x10% km from the nucleus, which corresponds to a distance
of about 1.6x105 km along the VEGA-2 inbound pass
(assuming a 2.15 flaring ratio as suggested by Galeev (1986)),

(26)
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Figure 3. Comparison of solar wind proton number densities
obtained by the full numerical solution (solid line) and the
analytic approximation given by expression (24) (dotted line).
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which is in good agreement with observations (Gringauz et al.
1986). It is interesting to note that the cometopause distance,
I, is the geometric mean of the charge exchange scale length
and the characteristic distance, r; (which is determined by the
proton Mach number); therefore it is located significantly
further from the nucleus than the collisionopause, which was
originally expected to be at a distance of about R (cf. Mendis
et al. 1986). The cometopause thickness obtained from the
numerical solution is about 104 km, in good agreement with
observations (Gringauz et al. 1986).

The main physical process leading to the formation of the
cometopause is the rapid deceleration of the proton flow,
which occurs while the temperature remains more or less
constant. This process results in a continuous (and almost
linear) decrease of the proton Mach number as the flow
approaches the nucleus, which in effect means that the ion -
neutral charge exchange mean free path varies as r3; an r2
factor comes from the neutral density profile and an additional
r dependence is caused by the flow deceleration. This rapid
radial variation eventually leads to a charge exchange
avalanche, which is observed as the cometopause.

The present calculation has demonstrated that unlike a
magnetopause or ionopause the cometopause is not a real
plasma boundary, but rather a density crossover point, where
the implanted cometary ion density rapidly exceeds the
depleted solar wind number density.

Summary

A two-fluid (solar wind protons and cometary heavy
ions) steady-state model has been applied to describe the
shocked plasma flow along the subsolar flow line. It was
assumed that the proton population followed a Maxwellian
velocity distribution, while the cometary ion velocity
distribution was isotropic in the plasma frame of reference.
Charge exchange and photoionization were considered as the
dominant sources.

It was found that the shocked subsolar plasma flow
velocity is practically a linear function of the cometocentric
distance, r, while the proton temperature remains more or less
constant . When combined with the r-2 degendcnce of the
neutral density profile, this result predicts an r3 dependence for
the charge exchange mean free path, resulting in a charge
exchange avalanche at the cometopause.
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