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ABSTRACT
THE ELECTRODYNAMICS OF THE DIRECT INTERACTION
OF THE SOLAR WIND WITH THE ATMOSPHERES
OF NON-MAGNETIC PLANETS
by
Robert E. Daniell, Jr.

A model for the direct interaction of the solar wind
with the atmosphere of a non-magnetic planet is reviewed.
In this model the magnetized solar wind acts as a dynamo
and induces currents in the planetary ionosphere.

A model

for the dynamo mechanism is developed and used to calculate
current distributions on Mars and Venus.

The requirement

that these currents be of such a magnitude as to exclude the
shock-compressed interplanetary magnetic field from the
ionosphere determines the position of the ionopause.

The

ionopause altitude so calculated depends on the specific
model atmosphere adopted for the calculations.

For Mars,

an ionopause altitude at the subsolar point is predicted to
be in the range 300 km to 450 km.
been observed on Mars.

No ionopause has yet

For Venus, the range is 350 km to

700 km which is compatible with the plasmapause observed at
500 km by Mariner 5.

The addition of photoions to the solar

wind flow is important to the overall interaction model since
the mass fraction added to the solar wind flow cannot exceed
a certain critical value.

The total rate of addition of

ions to the flow and the distribution of these ions in the
planet's wake are calculated.

Mass loss rates of 8 gm/sec

for Mars and 12 gm/sec for Venus are found, and these are
in reasonable agreement with loss rates calculated from
gas dynamic arguments (Michel, 1971).

Additional aeronom-

ical effects of the solar wind interaction are also
considered.

i

ACKNOWLEDGEMENTS

I would like to thank my advisor, Dr. P.A. Cloutier,
for suggesting this topic, guiding the research to frui¬
tion, and being patient with my many false starts.

I would

also like to thank Dr. F.C. Michel for his suggestions and
comments throughout the progress of the research, and
Dr. R.A. Wolf for his comments which guided the presentation
of the results in thesis form.

My wife, Betty, deserves

special thanks for her patient typing of the several drafts
of the thesis.

Finally, I would like to express my apprecia¬

tion to the National Science Foundation for its support of
this work through NSF grant GA-28033X.

11

TABLE OF CONTENTS

Acknowlegements
List of Figures
I.

i

iii

Introduction

1

A. Interaction Models

1

B. Direct Interaction Model

2

II. The Model Atmospheres

7

A.
B.

Venus
Mars

7
7

III. Post Shock Solar Wind Flow

8

IV.

Electrodynamics

11

A. Current Configuration

11

B. Model Calculations

13

C.

17

V.

Discussion
Aeronomy

19

A. Mass Loss Rates

19

B. Ion Distribution in the Planetary
Wake - Theory

21

Case I
Case II

23
25

C. Ion Distribution in Planetary
Wake - Model Calculations 35
D.
VI.

Discussion

38

Conclusion

41

References

43

Appendix

45

iii

LIST OF FIGURES
Figure

inserted after
page
1.
Results of Direct Interaction Mod
2.
Venus electron density observed by
Mariner 5
4
3.
Venus model atmosphe
4.
Mars model atmosphe
5.Ionopause locations for various H/r0
10
6.
Post-shock density, velocity and tem
erature fields
10
7.
Post-shock streamlin
8. Coincidence of ionopause and bow shock
for various H/r0
10
9.
Physical configuration of the ionosp
and solar wind interaction 12
10.
Geometry of the photoproduction rate
calculations
15
11.
Calculated current parameters for
12.
Calculated current parameters for
13.
Current density as a function of latit
14.
Total current as a function of standof
altitude (Mars)
17
15.
Total current as a function of standof
altitude (Venus)
17
16.
Total mass loss rate for Venu
17.
Total mass loss rate for Mars
18.
Geometry of a post-shock solar wind
streamline
22
19.Ion trajectories for Case I
23
20.Ion trajectory for Case II (planetary
rest frame)
26
21.Ion trajectory for Case II (guiding
center frame)
26
22.Ion trajectories and integration path
for Case II
28
23.Ion density profiles for Venus, Case I
35
24.Ion density profiles for Venus, Case II 35
25.Ion energy spectra for Venus
35
26.Ion density profiles for Mars, Case I
37
27.Ion density profiles for Mars, Case II
37
28.Ion energy profiles for Mars
37

1. (Appendix) Ion trajectory in ionospheric
rest frame
46
2. (Appendix) Ion trajectory in solar wind
rest frame
46
3.
(Appendix) Ion trajectory in guidin
center frame
47

Somewhere — in desolate wind-swept space —
In Twilight land — in no-man's land —
Two hurrying shapes met face to face,
And bade the other stand.
— Thomas Bailey Aldrich
(Identity, stanza 1)

I. INTRODUCTION
The interaction of the solar wind with the terrestrial
magnetosphere has been the object of extensive experimental
and theoretical investigation.

The discovery that Mars and

Venus do not have large intrinsic magnetic fields has motiv¬
ated the development of several models for the direct inter¬
action of the solar wind with planetary atmospheres.

The

purpose of this thesis is to investigate some of the conse¬
quences of one of these models.

We will be concerned only

with planets having extensive atmospheres, thereby excluding
from consideration such bodies as Mercury or Luna.

We will

also avoid consideration of very small bodies, such as comets.
No intrinsic magnetic field has been observed for Venus
(Bridge, et al., 1967) and none was observed by Mariner 4
(Smith, et al., 1965) for Mars. However, data from the
Soviet Mars 2 and Mars 3 spacecraft has been interpreted as
evidence for a Martian dipole moment approximately 3 x 10”^
times that of the earth.

For the purposes of this thesis

we will assume that neither Mars nor Venus has an intrinsic
magnetic field.
A. INTERACTION MODELS
Three different models for the direct interaction of
the solar wind with planetary atmospheres have been proposed
(Michel, 1971a).

Johnson and Midgley(1968) and later Blank

and Sill (1970) suggested that the highly conducting iono¬
sphere prevents the interplanetary magnetic field lines from
diffusing through it, thus producing an "induced magneto-
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pause" at the interface between the ionosphere and the solar
wind.

The ram pressure of the solar wind is balanced by

the magnetic pressure of the induced magnetosphere.

A

second model is based on the idea that the two plasmas, the
solar wind and the planetary ionosphere, are immiscible due
to the frozen-in-flux condition.

Thus the ionosphere acts

as a barrier to the solar wind flow.

This model was suggested

on experimental grounds by the Mariner Stanford Group(1967)
and theoretically by Dessler(1968).
suggested by Cloutier, et al.

The third model,

(1969), assumes a direct

viscous interaction between the solar wind and the ionosphere.
Since this model forms the basis of this thesis, it will be
discussed in more detail below.
B. DIRECT INTERACTION MODEL
Since the interplanetary magnetic field, B, is frozen
into the flowing solar wind, a dynamo electric field,
Ë = -v x B where v is the solar wind flow velocity, is
induced in the planetary atmosphere.

Consequently, any ion

produced from the neutral atmosphere will be accelerated to
the flow velocity of the solar wind flow.

To study the

consequences of mass loading, Cloutier, et al.(1969)
examined a simple gas flow problem.

They considered the

one dimensional flow of an ideal gas through a thin region
in which particles are added to the flow with zero initial
velocity and negligible pressure.

Let a be the ratio of the

mass loading rate to the incident mass flux and ng be the

3

ratio of the incident and final flow velocities across a
standing shock with no mass loading (a = 0):
n

=
3

(Y + DM2

1
2

2 + (y-l)M

where y is the ratio of specific heats,
the mach number of the incident flow.

c

p/cv >

an

^

M

is

Cloutier, et al.

found that there are real solutions to the flow equations
only
J when a is less than a
max wherej
(1

a

=
max

- V

4n

2

s

It is important to note that omax decreases with increasing
mach number.

In the case of highly supersonic flow (M>>1)

we have n s == (Y+1)/(Y“D and
CT

For an ideal gas
supersonic flow.

Y

=

1

max

« —

Y

2

3

- 1

5/3, therefore cmax - 9/16 for highly

These results imply that if a is greater

than a

a shock must form to alter the flow in such a
max
way that amax becomes greater than a.
In applying this model to the solar wind we see that
the source region is the upper ionosphere (where collisions
are unimportant) and mass loading is provided by photo¬
production.

The atmospheric model of McElroy(1972), discussed

in more detail in Section II, gives a height integrated
production rate (above 200 km) of more than 10® ions/cmVsec.
This corresponds to a mass addition rate of 10^® amu/cm^/sec.
The incident solar wind flux is typically on the order of

4

2/sec.
10 7
or 108axnu/cm

Since the solar wind is highly

supersonic, it is clear that o»o

, and that a bow

shock must form to deviate most of the flow around the
ionosphere.

In fact with the mass addition rate calculated

above, the highest incident velocity the ionosphere can
tolerate is on the order of 1 km/sec.
With this information in hand, Cloutier, et al. then
integrated the full magnetohydrodynamic equations for the
special case of vertically incident flow of 1 km/sec on a
pure CO2 atmosphere.
shown in Figure 1.

The results of this integration are
The electron concentration falls off

with a constant scale height until it reaches the post
shock solar wind value.

The important point, however, is

that the ion scale height is the same as the neutral scale
height.

This is readily understood by examining the

continuity equation (steady state)î
V•(nv) = p - an^
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where n is the electron (or ion) number density, v is the
flow velocity, p is the photoproduction rate, and a is the
recombination coefficient.

At high altitudes recombination

is negligible, and production has the same altitude dependence
as the neutral density.

In photochemical equilibrium the

ion scale height should be twice the neutral scale height,
and this is what the Mariner 4 observations were expected
to show.

In fact the ion scale height was half of the

anticipated value.

This would seem to be evidence in favor

ALTITUDES)
FIGURE 1: Profiles of the post-shock flow parameters as
functions of altitude. All ratios are in terms of the
parameter values immediately behind the shock. The Mach
number shown is the magnetoacoustic Mach number of the
plasma flow.
(Cloutier, et al., ]969)

FIGURE 2: Profile of the electron concetration in the
daytime ionosphere of Venus as measured by Mariner 5. The
broken line is in the area where no direct measurements
were made because of the formation of caustics.

5

of the direct interaction model, but the Mariner 6, 7,
and 9 observations indicate an ion scale height approximately
twice the neutral scale height (Barth, et al., 1972).

The

usual explanation of the anomalous scale height at the time
of Mariner 4 is that the exospheric temperature was unusually
low, however the matter is not settled yet.
The electron density profile deduced from the radio
occultation experiments of the Mariner 5 encounter with
Venus are shown in Figure 2.

The "plasmapause" or "iono-

pause" is clearly evident at 500 km and probably marks the
interface between the solar wind and the ionosphere.

In

the direct interaction model, the region above 500 km
contains the high velocity post-shock solar wind flow which
is largely tangential.

The region below the ionopause is

dominated by a slow downward solar wind flow which stagnates
somewhere above the Chapman peak.

Unfortunately no usable

data is available for the region from 200 to 450 km.
The purpose of this thesis is to examine the conse¬
quences of the direct interaction model in terms of the
electrodynamics and aeronomy of the upper ionosphere.

In

particular the current distribution flowing through the iono¬
pause will be calculated and used to predict the ionopause
altitude.

The total rate of solar wind induced mass loss

will be calculated from electrodynamic considerations.
Michel (1971b) has calculated the loss rate based on the
mass loading argument discussed above.

The two rates will

be compared to check the consistency of the two approaches —
one electrodynamic, the other gas dynamic.

6

All numerical computations are based on the model
atmospheres described in Section II and the post-shock flow
configurations calculated by Spreiter, et al.
discussed in Section III.

(1970) and
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II. THE MODEL ATMOSPHERES
A. VENUS
The model neutral atmosphere adopted for Venus is shown
in Figure 3.

It is based on the model proposed by McElroy and

Strobel (1969) to explain the nighttime ionosphere observed
by Mariner 5.

The N2 profile is based on an upper limit for

the mixing ratio of 10%.
limit.

The He profile is also an upper

As will be seen in Section IV, the regions of

interest are above 500 km where He is the dominant species
even if the upper limit is too large by an order of magnitude.
The atmosphere is assumed to be isothermal above 150 km
with a temperature of 700°K.
B. MARS
The model neutral atmosphere adopted for Mars is shown
in Figure 4.

It is the model atmosphere proposed by McElory

(1972) based on the observations of Mariner 9.

The N2 curve

is based on a mixing ratio of 1% in the lower atmosphere,
the exospheric temperature is assumed to be 365°K, and the
base of the exosphere is placed at 200 km.

The regions of

interest to this thesis are those above 300 km.

(Km)
Altitude

Number density (cm*3)

FIGURE 3: Model of the neutral atmosphere of Venus. The
dashed curves indicate probable upper limits.
(McElroy and
Strobel, 1969)

FIGURE 4: Model of the neutral atmosphere of Mars. The
exospheric temperature is 365°K, and the base of the exo¬
sphere is at 200 km.
(McElroy,1972)
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III. POST SHOCK SOLAR WIND FLOW AND THE SHAPE
OF THE IONOPAUSE
Spreiter, et al.

(1970) have derived the basic

properties of solar wind flow past non-magnetic planets.
They based their analysis on the methods used to derive the
properties of the solar wind flow past the earth's magneto¬
sphere (Spreiter, Summers, and Alksne, 1966).

The solar

wind was assumed to be a steady supersonic flow obeying the
equations of magnetohydrodynamics for a perfect gas.

Shock

waves and boundaries were taken to be infinitely thin surfaces
of discontinuity.

The upper ionosphere was assumed to be

spherically symmetric, hydrostatically supported, and to
have infinite conductivity.

The solar wind and the iono¬

spheric plasma were considered to be mutually impenetrable
and separated by a tangential discontinuity called the ionopause.

Pressure balance is provided by the static pressure

of the ionosphere which was assumed to fall off with constant
scale height, H, in the region of the ionopause.

(The

magnetic pressure was assumed to be negligible compared to
gas pressure on both sides of the ionopause.

This is at

best marginally true as Spreiter, et al. found that the
solar wind pressure on the ionosphere is only about six
times the magnetic pressure of the shock compressed magnetic
field.

Nevertheless this assumption will be used throughout

this thesis.)

The pressure of the solar wind on the iono¬

sphere was assumed to follow the Newtonian approximation
p = pst cos4i() for the pressure on a body in a steady super-

9

sonic flow, where p
the ionosphere and

is the pressure exerted on the nose of
is the angle between the outward normal

to the ionopause and the direction of the undeviated solar
wind flow.
With the foregoing assumptions, the ionopause shape may
be determined. Once the shape is known the position and shape
of the bow shock as well as the general properties of the
flow may be calculated.

Figure 5 shows the ionopause and

bow shock for various values of H/r

, where r is the
o
o
distance from the planetary center to the nose of the iono¬
pause .

Note that the curves for H/r

= 0.2 are very nearly
o
identical with the Earth's magnetopause and bow shock.

Figures 6 and 7 show the flow properties for H/rQ =0.2 and
typical values for the incident flow paramerers.

Spreiter,

et al. found that the ionopause and bow shocks calculated
for any value of H/r

could be made to coincide with the
o
ionopause and bow shock for any other value of H/r by
o
appropriately displacing the planetary center and adjusting
the scale.

This is illustrated in Figure 8.

In particular

this means that all of the earlier calculations based on
solar wind flow past the earth's magnetosphere (Spreiter, et
al., 1966) may be carried over to non-magnetic planets by
a simple relabeling of the coordinate axes.

Much use will be

made of this empirical correspondence rule in later sections
of this thesis.
These calculations were done under the assumption that
the solar wind flow is entirely tangential at the interface

10

with the ionosphere.

This is essientilly the "immiscible

fluid model" discussed in Section I.
Cloutier, et al.

However,

as shown by

(1969) the maximum downward velocity

acceptable to the ionosphere is on the order of 1 km/sec.
Since the solar wind is flowing with velocities several
hundred times larger, neglecting the downward component
should not be critical.

Therefore, the results discussed

in this section will be used with abandon throughout the
remaining sections of the thesis.

FIGURE 5: Calculated location of ionopause for various H/rQ
and associated location of bow wave for and y=5/3. The
corresponding results for the shape of the earth's magneto¬
pause and bow wave, nondimensionalized so that the magneto¬
pause nose is at x/r =1, is included for comparison. The
dashed line for the bow wave for H/ro=0.2 has been omitted
because it is indistinguishable from the dotted line repre¬
senting the Earth's bow wave. .(Spreiter et al., 1970)
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IV. ELECTRODYNAMICS
A. CURRENT CONFIGURATION
Let the electric and magnetic fields in the solar wind
as viewed from the rest frame of the planet be E and B, and
as viewed from the frame moving with the solar wind be E'
and B'.

If the solar wind is streaming with velocity v

relative to the planetary frame, then the two sets of fields
are related by:
Ë' = Ëj,

Ë; = Y(Ët + v x B)

5

B ' = B, Bjl = y(BA. - Z2x Ë)
*
c

6

where y = A-v/c^

and the symbols II and x mean parallel

and perpendicular to v, respectively.

The solar wind is

considered as a collisionless, perfectly conducting fluid,
i.e. E;= 0.

Since v<<c, equations 5 and 6 become
Ë = -v x B

7

B = B'

8

Where it is understood that the velocity is perpendicular
to the magnetic field.

Since v has been calculated by

Spreiter, et al. (1970) as discussed in Section III, and
since B may be calculated from the frozen-in-flux condition,
Ë is known.
In the ionosphere, however, where collisions become
important, the electric field must be calculated from the
relations:

12

9

a* (E + v x B)

0

10

where a is the tensor conductivity and J is the current
density.
pause.

The current must be continuous across the ionoSince the conductivity increases downward, the

current in the lower ionosphere is limited by the conduc¬
tivity at the ionopause, that is, the total current flowing
through the equatorial plane must be equal to the total
current flowing through the ionopause from pole to equator:
11
S
where n is the unit vector normal to the ionopause S, and
A

A is a surface in the equatorial plane.

(See Figure 9.)

The component of current density normal to the ionopause is

12
where o

and a
1

and v

are the Pederson and Hall conductivities,
2

and v^ are the tangential and normal components of

velocity at the boundary surface, and
component of the magnetic field.

is the tangential

As discussed in Section I,

vfc>>vn as was assumed by Spreiter et al.

(1970).

Since

collisions are infrequent in the upper atmosphere, the Hall
conductivity is also small compared to the Pederson conduc¬
tivity.

Therefore, the second term in equation 12 may be

neglected.

The Pederson conductivity may be calculated from

a model ionosphere and vt may be obtained from the velocity

FIGURE 9: The physical configuration of the iono¬
sphere and the solar wind. The diagram shows a segment
of the ionoaphere with the upper surface (ionoapuse)
labeled S. Also shown are the element of surface area
dS, the unit outward normal n, and the solar zenith
angle , which is also the acute angle between n and
the pre-shock solar wind. The. surface A lies in the
equatorial plane of the planet and is bounded by S and
the bottom of the ionosphere. In one hemisphere (e.g.,
the upper one) current flows from the post-shock region
through S into the ionosphere. It then flows equatorward, through A into the lower hemisphere and back out
of the ionosphere into the post-shock region. The
circuit is completed by currents flowing in the post¬
shock solar wind downstream of the planet.
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fields calculated by Spreiter, et al.

(1970).

Since the

magnetic field is "frozen" into the solar wind, the variation
of the magnetic field along the ionopause is determined by
the Newtonian pressure approximation adopted for the
calculation of the ionopause shape.

Consequently the total

current flowing in the ionosphere may be calculated.
The ionosphere is very thin compared to the planetary
radius, and the current flowing through the equatorial plane
is entirely horizontal.

Consequently the magnetic field

change across the ionosphere at the equator may be approxmated by that due to an infinite plane current sheet.

The

total amount of current flowing through the equatorial plane
must be just enough to cause the magnetic field to vanish
below the ionosphere.

But the total amount of current

flowing through the ionosphere is determined by the conduc¬
tivity at the ionopause which,
altitude of the ionopause.

in turn, depends on the

Therefore, the altitude of the

ionopause is determined by the condition that the magnetic
field vanish below the ionosphere.
B. MODEL CALCULATIONS
The Pederson conductivity is given by the expression
(Hanson,

1965):

a

1

n

2
e

v

e
13

m (v2 + U)2 )
e
e
e

where ng is the electron concentration, ve and

are the

electron and ion collision frequencies, mfi and nu

are the

14

electron and ion masses, and
ion cyclotron frequencies.

and

are the electron and

Hanson (1965) also gives empir¬

ical expressions for the collision frequencies:
v

= 5.4 x 10"10n /T"1 + [34 + 1.78 In (T3/n . ) ]n ./4f 14
e
ne
e' iif
e
v. = 2.6 x 10”^ (n + n.)//W
l
n
l"

where n

15

and n. are the neutral and ion concentrations per
n
i

cubic centimeter,

is the electron temperature and M is

the molecular weight of the species in question.

The first

term in equation 14 describes collisions with neutrals
while the second term describes collisions with ions.
Ion - electron collisions are neglected in equation 15.
Cloutier (1970) has shown that the specific production
rate (production rate per ion) must be added to the collision
frequency when calculating the conductivity because a newly
created ion behaves in the same way as an ion stopped by
a collision.
Chapman (1931) has shown that the photoion production
rate for a spherical atmosphere is given by
p^h) = Fooann(h)e“ant

16

where h is the altitude, F^ is the incident ionizing flux,
a is the average cross section for photoionization and nt
is the total number of absobers:

n

t(h,0

)

f

rn (h) / exp
n n

a+h,
H U
n

sin0.
sinX

<a+h)*i2f- dX
sin X

17

15

where Hn is the neutral scale height of the nth species,
a is the planetary radius and <j> is the solar zenith angle.
The angle X is defined in Figure 10.

For <J><70°, nt is very

well approximated by
n^(hfdi) = n (h) H sec(d>)
t
n
n

18

The ratios of photoproduction rates to ion and electron
collision rates are shown in Figures 11 (Mars) and 12 (Venus)
for vertical incidence of the ionizing radiation.

Also shown

are the ratios of electron Pederson conductivity and ion
Pederson conductivity at a solar zenith angle of 45 .

Above

200 km the ions dominate as current carriers and above 300 km
photoproduction dominates collisions.
The neutral density profiles were obtained from the
model atmospheres discussed in Section II.

The ion concen¬

tration profiles were obtained from the continuity equation:
V^(n.v.) = p, - a.n.n - £k..n.n,
li l
lie
j i] l ]

19

where v^ is the flow velocity (about 1 km/sec) immediately
below the ionopause,

is the recombination rate coeffi¬

cient, and the last term includes all charge exchange reac¬
tions.

At the altitude of the ionopause recombination and

charge exchange are negligible compared to convection, so
the last terms on the right side of equation 19 may be
ignored.

Since the ionizing flux is essentially unattenuated

at that altitude, the production rate has the same altitude

FIGURE 10: Illustration of the geometrical relationship
among the quantities involved in the calculation of the
photoproduction rate.
(equations 16 and 17 in text)

%
#

K)'* K>‘

K)*4

K)'*

«T*

FIGURE 11: Profiles of calculated current parameters for
Mars as functions of altitude. The curves for the ratio
of electron conductivity to ion conductivity indicate that
for altitudes greater than 200 km, the collision frequency
is dominated by the ion production.

FIGURE 12: .Profiles of calculated current parameters for
Venus as a function of altitude. As for Mars, only the ion
conductivity is important above 200 km, and the ion photo¬
production rate dominates above 350 km.
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dependence as the neutral concentration.

Assuming no hori¬

zontal gradients and a constant flow velocity (Cloutier, et
al., 1969) equation 19 has the solution:

Hp (h)
n. (h) =
1

20

v.

l

As discussed in Section III, the gas pressure along the
ionopause is assumed to follow the Newtonian approximation.
The magnetic field at the stagnation point, B

S Li

, is about

four times the interplanetary field for a strong shock.

The

magnetic field is assumed to vary along the ionopause as
B(4>) = B^cos <J>

until B(<J>) equals the interplanetary field

and is assumed constant for larger <j>'s.

This approximates

the Newtonian pressure and frozen-in-flux conditions.

For

simplicity it is assumed that the magnetic field is exactly
perpendicular to the planet-sun line and is parallel to the
ecliptic plane.

Then the magnetic field is entirely tangen¬

tial to the ionopause along the noon meridian.

The calcu¬

lations of current density were carried out along the noon
meridian where the maximum current density occurs.

The

variation of current density with Latitude is illustrated
in Figure 13.
The ratio H/rQ depends on the dominant constituent in
the exosphere: the lighter the ion, the larger the ratio.
For Venus H/rQ varies from 0.23 for atomic hydrogen to 0.005
for carbon dioxide.
to 0.01.

For Mars the corresponding range is 0.7

The calculation were done for H/r

o

= 0.2 and
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H/rQ = 0.01, the extreme values common to both Venus and
Mars.

Figure 14 shows the results for Mars.

The altitude

at which the total current is just sufficient to cancel the
shock compressed magnetic field is in the range 350 to 450km
depending on H/rQ.

For the model atmosphere used, the appro¬

priate value of H/rQ is approximately 0.02.
the results for Venus.

Figure 15 shows

As discussed in Section II, the He

density profile represents an upper limit.
He is the dominant constituent.

Above 400 km

The appropriate value of

H/r

is 0.06. The calcualtions for this case and various
o
fractions of the He upper limit are also shown in Figure 15.

An abundance of 30% of the upper limit shown would place
the altitude near 500 km in agreement with the plasma pause
observed by Mariner 5 (Figure 2).
C. DISCUSSION
The previous development contains several assumptions,
the most basic of which is that the ionospheric currents are
limited by the high Ohmic resistance of the topside iono¬
sphere below the ionopause.

This implies that the post-shock

solar wind must be able to accommodate the charge deposition
by the ionospheric currents and to provide a return path to
close the circuit. No attempt has been made to determine the
current configuration in the ionosphere or in the solar wind.
The calculations based on the Venus model atmosphere
are compatible with the Mariner 5 observations.

Unfortu¬

nately no observations are currently available on the iono¬
spheric structure in the first two or three hundred kilometers
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FIGURE 14: The total current flowing in the Martian iono¬
sphere as a function of assumed ionopause standoff altitude.
The vertical dashed line indicates the current magnitude
required to cancel the shock-compressed magnetic field. The
intersection of this line with each of the two curves gives
the standoff altitude of the ionopause for the conditions
corresponding to that curve.

Integrat'd Current Density (amps/meter)

FIGURE 15: The total current flowing in the Venerian iono¬
sphere as a function of assumed ionopause standoff altitude.
Above 300 km He is the dominant constituent. The appropriate
value for H/r0 is 0.06. Each curve is labeled with a decimal
fraction and a percentage indicating the value of H/r0 and
the fraction of the upper limit for He (Figure 3).
[NOTE : In both figures the magnitude of the interplanetary
magnetic field was taken to be 5y•]
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below the ionopause.

However, the data that is available

indicates that the electron density immediately below the
ionopause is considerably enhanced over that which would
have been expected in the absence of the solar wind inter¬
action.

Mechanisms based on charge exchange have been

proposed (e.g., Whitten, 1970, or Cloutier and Daniell,
1973) .
No plasmapause has yet been observed on Mars, and the
issue is clouded by the possibility of the existence of an
intrinsic magnetic field.

Furthermore, the Martian atmo¬

sphere does not have the same composition as the Venus atmo¬
sphere.

If similar mechanisms which enhance the electron

density below the Venerian ionopause are not operating on
Mars, then the plasmapause would be much more difficult to
observe.

19

V. AERONOMY
A. MASS LOSS RATES
A charged particle created at rest in uniform, crossed
(i.e., perpendicular) electric and magnetic fields will
follow a cycloidal trajectory consisting of a constant drift
superimposed on circular motion.

(See, e.g., Spitzer, 1962,

pp. 3-4 or Landau & Lifshitz, 1962, pp. 62-63.)

The drift

velocity is given by

In a reference frame moving at the drift velocity of the
particle, the electric field vanishes and the particle
executes uniform circular motion at the cyclotron frequency
w

= qB/m where q is the particle's charge and m, the

particle's mass.
a

c =

The radius of the circular orbit is

v /u

d

c-

In the solar wind, ËT = -v
planetary rest frame.

x B when viewed from the
sw
Consequently, an ion created at rest

above the ionopause will subsequently drift at a velocity
v, = v
if v
x B as was assumed in Section IV. In other
dd
sw sw
words, any ion produced above the ionopause is accelerated
to the solar wind flow speed and swept away from the planet.
(At the densities characteristic of this region both recom¬
bination and charge exchange occur too slowly to affect the
ion loss rate.)

The total ion loss rate of species i may be

calculated by integrating the production rate over the volume
above the ionopause:

20

PiCr,6) r2dr

dn./dt =

22

where p (r,0) is given by equation 16, and r (6) describes
i
o
the ionopause. Above the ionopause there is very little
attenuation of the solar flux so that the production rate
is independent of latitude and falls off with altitude
with the neutral scale height H.

Taking into account that

H«rQ for all species considered:
23
The calcuated loss rate depends on the shape and altitude of
the ionopause as well as the model atmosphere.

For Venus the

ionopause shape for H/rQ = 0.06 was assumed while H/r^ = 0.01
was assumed for Mars.

The model atmospheres discussed in

Section II were also assumed.

The loss rate was then cal¬

culated as a function of subsolar ionopause altitude (the
altitude of the nose).
Figure 16.

The results for Venus are shown in

Curves were calculated for 100%, 30%, and 10%

of the upper limit assumed in the model atmosphere.

The

ionopause altitude corresponding to the assumed He density
is used, the loss rate is found to be relatively independent
of the He concentration.

A change of an order of magnitude

in the He concentration results in a change of only 40% in
the loss rate.

As discussed in Section IV, the most

probable He concentration is 30%, corresponding to a loss

FIGURE 16: Variation of the total mass loss rate for Venus
with assumed subsolar ionopause altitude. Each curve is
labeled according to the fraction of the He abundance upper
limit (Figure 3) used to calculate it. The horizontal
dashed lines indicate the subsolar ionopause altitude appro¬
priate for each of the He abundances used in the calculations.
The intersection of each line and its corresponding mass loss
curve gives the total loss rate for the corresponding He
abundance.

FIGURE 17: Variation of the total mass loss rate for Mars
with assumed subsolar ionopause altitude. The horizontal
dashed line indicates the subsolar ionopause altitude appro¬
priate for this situation. The intersection of this line
with each curve gives the total mass loss of the ion species
represented by that curve. The vertical dashed line indicates
the total mass loss rate of all ions.
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rate of 12 gm/sec.

Loss rates as functions of ionopause

altitude for the constituents of the Martian atmosphere are
shown in Figure 17.

The total mass loss rate is also shown.

The ionopause altitude appropriate for this case is 425 km,
which gives a loss rate of 8 gm/sec approximately 80% of
which is 0+.
B. ION DISTRIBUTION IN THE PLANETARY
WAKE - THEORY
Ions picked up by the solar wind in the manner described
in the previous treatment follow solar wind flow lines.

The

ion density at any point on a flow line may be found by
integrating the production rate in a volume element which
follows the flow line over the time that the volume element
moves from a reference point far away from the planet to the
point in question:
t
n

i (s)

=

Jpi(r,(p) dt

24

0
where s designates the point of interest, and p^ is the pro¬
duction rate of the ith species.
moves with velocity v

Since the volume element

, we may write ds = v

dt where ds

is a line element of the volume element's trajectory.

Then

the number density is:

P-i (r,<f>)
n. (s)

=

ds

i

v

0

sw

(s)

25
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A typical flow line is shown in Figure 18.

The equation

for the flow line r(<|>) and the velocity vgw(s) are obtained
from the results of Spreiter, et al.
Section III.

(1971) discussed in

Evaluation of the integral in equation 25

reveals that n (s) at the terminator may be accurately
i
characterized by the neutral scale height (of the ith
species), H^.
The above treatment is valid only if the cyclotron
radius, a

c

, is much less than both the scale height and the

planetary radius.

One or both of these conditions is

violated for every species in the model atmospheres used in
this thesis.

When a

c

becomes larger than the scale height,

the analysis becomes quite complicated.

The problem is made

easier by certain simplifying assumptions.

We assume that

the ionopause is a thin boundary and assume that the electric
field vanishes in the ionosphere.

We also assume that the

bulk of the ionospheric currents are flowing in the region of
high conductivity in the F peak so that the magnetic field is
continuous across the boundary.

Since the thermal speed

charactizing the neutral atmosphere is much less than v

sw
it is reasonable to assume that the ions are created at rest.
If we neglect gradients in the electric and magnetic fields,
then an ion created on a given flow line will return to that
flow line at some point' down stream.
frame moving with the solar wind, the

Then we see that in a
particle density given

by equation 25 will actually be distributed around a circular
orbit tangent to the flow line.

If we concentrate on a

FIGURE 18: Geometry of a typical solar wind flow line in
the post-shock region. The unit of length at a point (r,<j))
on the flow line is denoted by ds. As discussed in the text,
integrating the ratio of photoproduction rate to flow vel¬
ocity along the flow line from the bow shock to the point P
approximates the ion concentration at P for the case ac<H<<R.
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particular volume element, we will find newly created ions,
ions that were created in that volume element an integral
number of cyclotron periods before, and ions created in other
volume elements that are less than two gyroradii away.
The actual number density in a volume element must be found
by summing the contribution of each kind of particle.

There

are two cases to be considered: Case I — the v x B electric
field is directed away from the ionopause;

Case II — the

electric field is directed toward the ionopause.
CASE I — E directed away from the ionopause:
It is most convenient to describe the situation in a
reference frame moving with the solar wind.

An ion created

above the ionopause will follow a circular orbit.

Figure 19

shows several of these orbits intersecting at the point C,
where the number density is to be calculated.

The ions on a

specific circle were created at the lowest point on that
circle (e.g., points A and B in the figure).
locus of these points is a circle of radius a

Note that the

c
centered at the point C and passing through C.

= v

/w
sw c
A volume

element at any one of these points maps into the volume
element at C.

Ignoring neutral density gradients over

distances of the order of the gyroadius, we may assume that
the ions on a particular orbit are spread evenly over that
orbit.

Then the number density at C may be calculated by

performing an integration over the number density at each
point on the circle centered at C, except for those points
lying below the ionopause.

Denoting the number density at

FIGURE 19: Ion trajectories for Case I: Electric field
directed away from the ionopause. The solid curves are the
trajectories of ions which pass through the point C which is
a distance SL from the ionopause. Ions created in the volume
element at the lowest point of a trajectory (e.g., A and B)
pass through the volume element at C and contribute to the
number density there. The total number density at C is found
by integrating the contribution of the ions on each trajec¬
tory. The path of integration is shown by the dashed curve.
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one of these points, s, as n (s) we have
l

2
n?(s) ds

26

where % is the distance from the ionopause of the point C,
and S denotes position along the integration path (dashed
circle).

The range of integration is from the ionopause

through the point C and back to the ionopause.
integration path is a circle of radius a
the angle <|> by h = % + a (cos<J> - 1) .

Since the

, we may define

Then ds = a d<f>, and

we have

27

a d

c *

0

where <(>0 is given by cos

<J>Q = 1 -

%/a .

The total number of

particles on a particular orbit is given by equation 25
evaluated at the point on the orbit closest to the ionopause.
As mentioned earlier, this number depends on distance from
the ionopause, h, as:

n.

(h) = n.

IO

(0)

IO

Since the particles are spread over the orbit:

28

25

n?(<f>) = n. (h) / (2ira )
l
10
c
where h=Jl-a(l- cos 4>) .

n.U)

=

p

0,

n

,J°)
f
IQ
TT

r

i -

29

We have finally

a (1 - cos0)
_£
d0
H.

30

l

0

For ü > 2ac the upper limit is TT.

Equation 30 may be used

to calculate the distribution of planetary ions where the

v x B electric field is directed away from the ionopause.
CASE II -- E directed toward the ionopause:
When the electric field is directed toward the ionopause,
an ion created at a distance h that is less than two gyroradii
from the ionopause will follow a modified cycloidal trajectory
which carries it into the ionosphere.

Figure 20 shows such

a trajectory for an ion created at a distance h from the
ionopause.

Since we are assuming that the electric field

vanishes in the ionosphere but that the magnetic field is
unchanged, the ion trajectory in the ionosphere will be a
segment of a circle of radius a
equation 4).
and 9)

' = /2ha

c

c

It is shown in the appendix

(appendix
(equations 7,

8,

that the average or "drift" velocity of species i is

cos 1(1 - h/a )
v, (h ) = 2v
d
sw

c

TT

31

+ cos 1(1 - h/a )
c

for h < 2a .
c
In a frame moving with velocity v, (h)
d

relative to the

planetary frame, the ion trajectory is closed.

It is
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shown in the appendix (equations 7, 8, and 9) that the
average or "drift" velocity of species i is
cos ^(1 - h/a )
v (h) = 2v
d
sw
-1,, , , .
TT + cos
(1 - h/a )
c

31

for h < 2a .
c
In a frame moving with velocity v (h) relative to the
d

planetary rest frame, the ion trajectory is closed.
described by equations 12 and 13 in the appendix.
on the orbit is denoted by the parameter t.

It is
Position

The shape and

size of the trajectory depends on h: the "major axis" is
perpendicular to the boundary and has length /2hac' ; the
point of deepest penetration into the ionosphere is a
distance /2hac' - h below the ionopause.

Trajectories for

various values of h are illustrated in Figure 21.

It should

be remembered that v (h) is different for each curve, so that
d
only one of the curves actually appears closed in any given
frame.

The maximum penetration depth is a /2 and occurs for
c
a particle created at h = a /2. For now we will assume that
c
all ions entering the ionosphere return.
Let n

(h) be the number density given by equation 25
io
evaluated at the terminator for a flow line that is a dis¬
tance h above the ionopause at the terminator.

These ions

are distributed around the trajectory as in Case I except
that the distribution is not uniform since the speed is not
constant around the trajectory (appendix equations 12c, d,
and 13c, d).

Let n?(t,h) be the number density at the point

y

\

/

\

/

\

✓

V
N

/

>»

FIGURE 20: Ion trajectory (as viewed in the planetary rest
frame) for Case II: Electric field directed toward the ionopausa. The solid curve is the trajectory followed by an ion
created at point A at a distance h from the ionopause. The
trajectory is cycloidal until the ion enters the ionosphere
at point B. Since the electric field vanishes inside the
ionosphere, the trajectory is circular with radius a^ = /2hac.
When the ion reenters the solar wind at point C, the trajec¬
tory becomes cycloidal again.

FIGURE 21: Ion trajectories for Case II as viewed in the
reference frame moving with the ion. Each curve represents
the trajectory followed by an ion created at a distance
h from the ionopause as seen from a reference frame in which
the average velocity of the ion vanishes. Ions created at a
distance greater than 2ac follow circular trajectories.
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t on the orbit, and let v^(t,h) be the ion velocity at that
same point.

By conservation of flux we may write

ntCt^)

where n*(o,h)

v. (t,h)

= n? (0 ,h) v

id.

(h)

32

is the number density at the point farthest

from the ionopause.

This relation is valid as long as the

cross section of the tube composed of the volume elements
around the orbit is constant.

This condition is satisfied

for h greater than a few meters for all ion species con¬
sidered here.

By conservation of particles

n.

/

(h)

IO

n^(t,h)

ds

where the integral is around the entire orbit.

33

Consequently

(from equation 32)

n

However,

(h)

tfds/v^(t,h)

of the orbit

= n* (0 ,h)

io

i

(h)

AI v (t,h)
——

(appendix equations 12 and 14).

io(h)

is the period
Therefore:

n

*
l

34

i

= 0dt = T^(h) where T^(h)

n. v(0, h) =

and finally

v

d

v, (h) T . (h)

35

(again using equation 32)

*
i(t#h) = v

n

n

i0
(t,h) T. (h)

36
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Equation 36 gives the contribution from particles
of species i created at a distance h from the ionopause.
To obtain the actual number density at a distance A, we
need to sum over the contribution from each orbit passing
through the volume element in question using a similar
procedure to that described in Case I.
schematically in Figure 22.

This is illustrated

A volume element at the

extreme point of the trajectory (e.g., points A and B)
is mapped into the volume element for which the number
density is desired (point C).

Each volume element contri¬

butes a number density given by equation 36.

These volume

elements are connected by the dashed curve shown in Fig. 22.
(Note that at distances greater than 2ac the dashed curve
coincides with one of the circular orbits.)

The summation

may be written

ds

37

where ds is the element of length for the dashed curve of
the figure.
An expression relating t and h to ds may be obtained
from the orbit equations
that v

sw

Remembering

= a) a , we may write these equations as
c c
x(w t) = a (1 - 2T/T)W t - a sin(w t)
c
c
c
c
c

38

y(w t) = a [1 - cos (w t) ] - h
c
c
c

39

where
and

(appendix 12a, b).

40

T =

T

+

TT/W

c

41

FIGURE 22: Ion trajectories and the path of integration for
Case II. Each solid curve is the trajectory of an ion which
passes through the point C which is a distance l from the
ionopause.
Ions created in the volume element at the lowest
point of a trajectory (e.g., A and B) pass through the volume
element at C and contribute to the number density there. The
total number density at C is found by integrating the contri¬
bution of the ions on each trajectory. The path of integra¬
tion is shown by the dashed line. Note that for h greater
than 2aç the path of integration coincides with à segment of
the trajectory of an ion created at a distance % + 2ac from
the ionopause.
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Note that T represents the period of the orbit, while x is
the time required for the particle to travel from its point
of creation to the ionopause.

An ion produced at a distance

h from the ionopause will pass through a point that is a
distance 5, from the ionopause when the parameter wct takes
on the value cos“^(l - (h-£)/a ). If we denote this value
c
by ip, then the parametric equations for the path of inte¬
gration (dashed curve in Figure 22) are
x(ip) = acsinip - (1 - 2x/T)

42

y(ip) = ac(l - cosip)

43

where x and y denote the horizontal and vertical displace¬
ments from the point C (Figure 22) respectively.
T

Note that

and T are both functions of h and, therefore, of ip.

The

element of length ds may be written
ds2 = dx2 + dy2
or

as*

+

-

L

di|i

2
<!*>
1
dip J

d

2

t

44

From equations 40 through 43:
dx/dip = a cosip + g (if;)

45

dy/dip = a s imp

46

Exr 2

where

g(ip)

(üJ„T)

2

v

]sin(
OJ_T) + 2inpsinip
U

(ir

+

w x)

2

is the result

30

of differentiating 2T/T - 1 with respect to

ip.

Consequently

ds = ac/l + 2g(ÿ)cos\J> + g^ (ip) dij^

47

This relationship is valid only for h < 2a c
_. When h c
> 2a ,

dip (as for Case I) since the path of intec
gration becomes circular.
ds becomes simply a

We may now determine v.(t,h) for use in evaluating
if

n, (t,h) by allowing w t to take on the value
i
c
]2c and d of the appendix:

ip

in equations

v (iM
= v (1 - 2T/T - cosÿ)
r
x r
sw

48

v (ip) = v simD
y
sw

49

where we have used the definitions 31, 40 and 41.

Equations

41 and 49 give the particle velocity at the point where the
number density is to be calculated for particles created at
the point £ on the integration path.
vi(t,h) = vi(ij;) = /v£(ip)
or v. (¥) = v
1

sw

/(I - 2T/T)

2

+

V£(4I)

- 2 (1 - 2T/T)

costf> + 1
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One further complication arises in the evaluation of
the integral of equation 37.

Within 2a

of the ionopause

the expression 25 for n^Q(h) is not entirely correct: the
flow velocity vg^ must be replaced by the ion drift velocity
v^(h).

However, v^ vanishes at the ionopause resulting in

infinite number density.

However, as discussed in the intro-

31

duction, there is a finite downward component v
velocity at the ionopause.
becomes comparable to v

of the flow
z
When the ion drift velocity

, the ions are being convected

downward into the ionosphere as fast as they are being
carried downstream by the solar wind.

Since this only occurs

within a few meters of the ionopause, the computed number
densities should be relatively insensitive to the method
of removing the unphysical behavior.

For convenience v^

was allowed to assume the constant value v
zero.

Then we may approximate n.

z

as h approached

(h) by

10

n

(h) = n CO) f (ip) e k/Hi
io
10

51

where
v

sw
v ( i|f )
*<♦>

-

v

< v. ( i|rY ) < v
d
sw

<

SW

— ,
z

/ 1 \

-

va(t) < vz

h(i|)) = Z - a (cosif> - 1)

and

z

(from the defintion of i|i)

n

^o(0) is found by evaluating equation 25 for a point

on the terminator at the ionopause.
n (£,) becomes:
i

The full expression for
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cos ‘L(i/a

n^(X)

=

2n^Q(0)

c

- 1)
+ a

J

f ( \|r ) exp

H

(1-cosi|f)J

°i J

/G(i|r)

d]|r

i + a (l-cos\|i)

n

io<°>
TT

c

exp

di|i

H.

l

-1

cos"-1 (1/a - 1)

where

2
1 + 2g (i|i)cosi|f + g

G(tlr) =

2
U)

(f)

2

2 '

(T - 2T) - 2T (T - 2T)cosi|f + T

2

/IV
[TT

(uu

2
T)

c

g(t) =

]sin(uu T) + 2m|rs±riT|r
c

5

»

(U) TT
C

ip = cos ^[1 -

T

and

=

T =

(h-Jl)/a ]
o

— cos~^(l - h/ac)
wc

T

+

,

,

TT/O)

c

Equation 52 may be used to calculate the ion distri¬
bution where the v x
ionopause.

B

electric field is directed toward the

It is usiful to recall the derivation: First we

found that particle orbits are closed when viewed from a
reference frame moving with the average velocity of the
/
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particle.

This meant that the calculation could be carried

out in a similar manner to the method of Case I.

We chose

a point at which to calculate the number density and then
considered all orbits which intersect at that point.

We

designated each such orbit by the location of the "point of
creation" for that orbit, i.e. the point farthest from the
ionopause.

The locus of these points is the path of inte¬

gration (or summation) and was described by a parametric
equation in ip.

Then the density contribution from each orbit

was determined, and the integral in equation 52 is the result
of summing these contributions over all the designated
orbits.
It is also interesting to consider the energy spectrum
of the particles.

In either Case I or Case II the energy of

a particle created at h and observed at Z is given by
W = evgwB|h - A|.

In other words particles with energy W

(when observed at a distance Z from the ionopause) were
created at a distance h = Z ± W/evgwB from the ionopause
where the upper sign refers to Case II and the lower sign
refers to Case I.

Equations 30 and 32 give the total number

density of a species i at a distance Z from the ionopause for
Case I and Case II respectively.

By changing the lower

limits on the integrals, they may also be used to calculate
the number density of particles of species i with energy
greater than W.

Recalling that the integration parameter <f>

in equation 40 is defined by h = Z + a (cos<j> - 1) , we see
that the appropriate lower limit is given by:
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cosdi = 1 - W/(a ev B)
c sw
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Similarly, the integration parameter in equation 52 is
defined by cos<j> = 1 - (h-$,)/a , resulting in the same lower
c
limit as given by equation 53.
We shall now consider the problem of ion trajectories
which result in large penetration depths into the ionosphere
(Case II).

If these ions penetrate into the region where

collisions with atmospheric neutrals result in their
retention in the ionosphere, the lower atmosphere will
rapidly gain a net positive charge since the electrons
released in the initial ionization process are drawn away
from the ionopause by the electric field and remain in the
flow region.

The electric field resulting from the charge

buildup will act to "reflect" subsequent ions above the
loss region and limit the charge buildup.

This electric

field will alter the trajectory in the ionosphere, and conse¬
quently will result in different drift velocities and trajec¬
tory shapes in the drift velocity frame.

However, the tra¬

jectories above the ionopause as viewed in the planetary
rest frame are the same as when Ë = 0 in the ionosphere, and
the planetary ion density above the ionoaphere will not be
greatly altered. The primary effect of the electric field is
thus to prevent atmospheric absorption of planetary ions pro¬
duced above the ionopause by decreasing their penetration
distance into the atmosphere.

The total charge imbalance

required to maintain the electric field is small, and
essentially all ions penetrating into the ionosphere will
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return to the flow region.
C. ION DISTRIBUTION IN THE PLANETARY
WAKE - MODEL CALCULATIONS
For these claculations the model atmospheres of Section
II were adopted.

The He abundance on Venus was taken to be

100% of the upper limit shown in Figure 3.

The planetary

ion distribution calculations apply for local times near
noon (where is assumed to be orthogonal to B) near the
terminator.

The altitude scales show distance above the

ionopause, and the solar wind proton distribution is shown
for comparison.
Figures 23 and 24 show the Venerian ion distribution
for Case I and Case II, respectively.

The solar wind

hydrogen profile is shown for comparison.

The N* and C0+
»

Z

concentrations shown in Figure 23 are probably too large by
a factor of 3 or 4.

The source of the error is the large

gyroradius of heavy ions.

The N* and CO* ions created in
Z

M

the vicinity of the nose will actually cross the bow shock
and be accelerated by the larger electric field in the
preshock solar wind.

This will result in larger drift

velocities and lower densities.

Less important but not

completely negligible is the effect of density and field
gradients that were neglected in the calculation.

The

shape of the profiles should be qualitatively correct,
however.
In Figure 24 all planetary ion profiles should be essen¬
tially correct with He+ the dominant ion everywhere above

Altitude

Above lonopause

FIGURE 23: Ion density profiles above the Venerian ionopause at the terminator: Case I.

Ion Number Density (cm 3)

FIGURE 24: Ion density profiles above the Venerian ionopause at the terminator: Case II.

W/acev0B

0 .2 .4 .6
1

.8

I

1.2

1.4 1.6

1.8

2
l

I

I

W (keV)

Maximum angle from flow line

FIGURE 25: The energy spectrum of Helium ions above the
Venerian ionosphere. Each curve gives the fraction of ions
with energy greater than W (upper scale). The second energy
scale gives the energy in units of açevgwB. Each curve is
labeled with the distance above the îonopause for which it
applies. The lower scale indicates the maximum angle of
deviation from the flow line of particles with energy greater
than W, as explained in the text. An angle of 0° or 360°
represents motion parallel to the flow line, while an angle
of 90° or 270° represents motion radially outward or inward,
respectively. • (Note that vQ = vgw.)
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the ionopause.

Although the He

concentration becomes

larger than that of the solar wind protons, the He ions are
drifting at a much slower speed so that the mass flux of
planetary ions is of the same order of magnitude as that
of the solar wind.
Detectability of the planetary ion wake will largely
depend upon the energy passband and angular acceptance of
the detector system utilized.

Although the total concentra¬

tion of planetary ions at a given altitude may be comparable
to solar wind density, the energy spread in planetary ions
may be several orders of magnitude greater than the thermal
energy spread of the solar wind protons.

Unless the energy

passband of the detector system is comparable to the
maximum energy of planetary ions, 2 a ev B, the detector will
c sw
be sensitive to only a small fraction of the planetary ions,
and that fraction may lie below the detection threshold of
the instrument.

Moreover, the peak concentration correspon¬

ding to a sharp (zero thickness) ionopause boundary will be
reduced somewhat for a more realistic boundary thickness.
The energy spectra for various altitudes in both hemispheres
of Venus are shown in Figure 25.
These spectra are displayed in terms of fractions of
n(&) having energies greater than a particular energy.

The

fraction of n (£) lying within a given energy passband is
equal to the difference of the fractional values at the
extremes of the energy range for the distance and hemisphere
chosen.

Also displayed are the angular limits (measured
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upward from the flow line) of arriving particles having
energies greater than the particular energy shown.

These

limits were obtained from the cycloidal orbit equations
(appendix, equations 1 through 5), with the energy given
by w = hev

B. Planetary ions in a given energy range will
sw
arrive within two angular fans about the magnetic field

direction whose edges correspond to the energy extremes on
the top scale.

For example, in the hemisphere where E is

directed outward (Case I), He+ ions within the energy range
.6 to 1.2 keV will have velocity vectors at A = ac = 200 km
within the angular fans 45° to 60° and 300° to 315° from the
flow line, and these ions will comprise 48% of the total He+
concentration at this altitude.
Although expansion of the wake downstream of the termin
ator will reduce the overall density of the plasma, the rela
tive concentration profiles and the energy spectra may be
preserved for many planetary radii downstream of the termin¬
ator if thermalization is slow.
Figures 26 and 27 show the Martian ion distribution for
Case I and Case II respectively.

Again, the molecular ion

concentrations are probably too large due to the large
gyroradii of heavy ions.

0+ is likely to be the dominant

planetary ion in both hemispheres.

The energy spectra of

0+ at various altitudes in both hemispheres of Mars and the
arrival directions are shown in Figure 28.

Although the

energy range is quite large for 0+ in the hemisphere where
the electric field is directed outward, the bulk of 0+ ions

FIGURE 26: Ion density profiles above the Martian ionopause at the terminator: Case I.

FIGURE 27: Ion density profiles above the Martian ionopause
at the terminator: Case II.
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lie below 100 eV in the other hemisphere.

Since the absolute

0+ concentration is much larger in the hemisphere in which
the electric field is directed inward, detection of the
planetary ion wake with a narrow-band low-energy detector
would perhaps be feasible here.
D. DISCUSSION
The problem of solar wind induced mass loss from nonmagnetized planets has been independently considered by
Michel (1971b).

In his model the ionopause coincides with

the position of the flow line which has undergone maximum
possible mass loading by photoproduction.

This maximum

loading ratio was determined strictly by gas dynamical
conservation relations (Cloutier, et.al., 1969) and did not
depend explicitly on the electrical properties of the
ionosphere.

Application of Michel's mass loss expressions

to the model atmospheres used in this paper gives values of
roughly 3 grams/sec for Mars and 30 grams/sec for Venus,
which compares very well with 8 grams/sec for Mars and 12
grams/sec for Venus as calculated in this thesis.

The

ionopause altitudes corresponding to Michel's loss rates
are within one neutral scale height of those calculated in
Section IV.

However, Michel's model is strictly valid only

for gyroradii small compared to a scale height (so that the
planetary ion concentration varies exponentially with
altitude above the "critical" flow line).

Thus, Michel's

critical flow line for mass loading is at the ionopause
boundary where the ion density is assumed to be greatest.
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When the gyroradius is larger than the scale height, the ion
concentration no longer varies exponentially within 2a c of
the boundary. In Case I the peak occurs at 2a^ and is
several times less than the maximum allowed by mass loading
constraints.

On the other hand, the peak mass flux in

Case II is too large by approximately the same factor.

These

two effect probably compensate so that Michel's calculations
may be valid even without the inclusion of the affects of
large gyroradii.

On the other hand the assymmetry of the

mass loading on opposite sides of the planet suggests the
possibility that the ionopause is not symmetric as has been
assumed previously in this thesis and elsewhere.
It is interesting to estimate the perturbation of
atmospheric chemical composition due to the ion loss rates
calculated here.

For the heavier ions on Venus this perturba¬

tion should be negligible due to the shielding effect of the
lighter Helium ions.

However, the loss of He

may be

comparable to radiogenic production (Michel, 1971b).

On

Mars evaporative loss of non-thermal dissociation products
is probably more important than ion loss.

McElroy (1972)

estimates an evaporative loss of neutral atomic oxygen of
7
2
6 x 10 atoms/cm /sec averaged over the entire Martian
surface.

This corresponds to approximately 2300 gm/sec

or two orders of magnitude greater than the rate of loss
+
of 0 to the solar wind.
In the case of Mars the ionopause is marked by a quali¬
tative as well as quantitative discontinuity in ionospheric
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composition.

Above the ionopause newly produced ions are

removed by the E x B drift too rapidly to undergo charge
exchange reactions.
in that region.

Consequently 0+ is the dominant species

Somewhat below the ionopause where static

photochemical equilibrium should prevail the dominant ion
is 0* produced from charge exchange between CO* and 0
(McElroy, 1972).
It should be remembered that the planetary ion distri¬
butions apply only to the polar regions near the noon
meridian, where the magnetic field should be nearly tangen¬
tial to the ionopause and nearly orthogonal to solar wind
streamlines.

At low latitudes toward the dawn or dusk

terminators, the angle between the magnetic field and the
streamline should be small, and the planetary ion profiles
calculated here will no longer apply.

These calculations

will also be invalidated by rapid changes in the inter¬
planetary magnetic field or the solar wind streaming velocity.
If the solar wind is extremely noisy on a time scale short
compared to the time required for flow from subsolar point
to terminator (on the order of one minute), then the planet¬
ary ion distribution will probably follow more closely
the exponential distribution of equation 28 which applies
for small gyroradii.

Such a distribution might also be

expected during a period of interplanetary field reversal
such as occurs when the planet crosses a sector boundary.
Finally, it is also important to remember that the funda¬
mental assumption in all of these calculations is that neither
Venus nor Mars have an intrinsic magnetic field.
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IV. CONCLUSIONS
We have developed some of the electrodynamical conse¬
quences of the direct interaction model for solar wind
interactions with the atmospheres of non-magnetic planets.
Based on this development we have calculated probable
ionopause altitudes and mass loss rates for model atmospheres
of Venus and Mars.

These calculations demonstrate consis¬

tency of the electrodynamic and gas dynamic aspects of the
direct interaction model.

We have also calculated the prob¬

able distribution of ions in the wake of the planet.

More

significant than the numerical calculations performed for
this thesis is the development of general formulae and
techniques which may be applied to newer and more refined
model atmospheres as well as providing the basis for further
development of the direct interaction model.
The development of the direct interaction model is far
from complete and needs to be pursued further.

For example,

the details of the current distribution and the magnetic
and electric field profiles should be calculated.

The

currents in the solar wind are probably carried by the
planetary ions in the form of magnetization currents, and
should be calculable from the ion distributions.

The currents

in the ionosphere are more difficult to calculate since the
electric field is not initially known and since the iono¬
sphere is not homogeneous in the sense that its properties
(collision rates, conductivities, etc) depend on altitude
as well as latitude.

However, the distribution of current
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flowing through ionopause is at least approximately known
so that perhaps an iterative technique may be devised to
calculate the current and electric field in the upper
ionosphere.

Then other techniques may be applied to the

lower ionosphere.

Once the electrodynamics of the ionosphere

are determined, it should be a simple task to determine the
ion and electron distribution in the upper ionosphere.

This

would provide an important test of the direct interaction
model.
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APPENDIX: Ion Trajectories in the Vicinity of the Ionopause
Basic Features of the Trajectories
Consider a plane boundary (the ionopause) separating
the ionosphere and the solar wind.

In the rest frame of the

ionosphere (planetary frame), the solar wind is flowing
with velocity vgw parallel to the boundary.

There is a uni¬

form magnetic field, B, which is also parallel to the
boundary but perpendicular to vgw.

The electric field

vanishes in the ionosphere and is given by Egw = -vgw x B in
the solar wind.

We will examine the case in which Egw is

directed toward the ionopause.
An ion produced in the solar wind region will be accel¬
erated toward the boundary by the electric field.

If it is

produced at a distance h from the ionopause which is greater
than twice the gyroradius a , the magnetic field will cause
c
the ion to drift with drift velocity v^ = vgw. However, if
h is less thab 2a , the trajectory will be modified because
the ion must spend part of its time in the ionosphere where
there is assumed to be no electric field.

As shown in

Figure 1, the trajectory in the solar wind region is a seg¬
ment of a cycloid, while the trajectory is circular in the
ionosphere.
When viewed from the solar wind rest frame, the ion is
produced with an initial velocity -v

.

Since vgw«c, the

magnetic field in this frame is the same as that in the
planetary frame.
is also unchanged.

Consequently, the gyrofrequency, w

= eB/m,
c
However, the electric field in the solar
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region vanishes and the ion attempts to folow a circular
v

sv/wc*

trajectory of radius ac =

(See Figure 2.)

When the

ion reaches the ionopause, it has moved through an angle
6 = cos ^(1 - h/ac).

In the cartesian coordinate system of

Figure 2, the ion has velocity components
-vswcos 8

la

swsin 9

lb

v

=

V

= v

x'

when it enters the ionosphere.

Performing a Galilean trans¬

formation from the solar wind frame to the planetary frame
results in:
V
X

= v

V

= v

sw

y

V =

sw

(1 - cos 0)

2a

sin 0

2b

/v2 + v2 = v /2h/a
x
y
sw c

3

In the planetary frame the ion enters the ionosphere with
speed v and follows a circular trajectory of radius
v

ac = —
wc = /2EI~
c

4

From Figure 1, the maximum depth of penetration into the
ionosphere is
*max =
v,

a (1

c

-

cos

«>

From equations 2 and 3,

where cos a =

cos a = /h/2a
and
y

= /2ha - h
max c
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The Guiding Center Frame
In a frame moving with the average or drift velocity of
the ion (guiding center frame), the ion's trajectory is
closed.

The drift velocity in the planetary frame is

v^ = Ax/T, where Ax is the distance between points A and C
of Figure 1 and T is the time of travel between the same two
points.

In the solar wind frame the time of travel from the

point of production to the ionopause is

T

=

a 0

c /vsw = ^ cos"1 (1 - h/ac)

7

The ion's displacement parallel to the boundary, Ax^. is
-acsin 0.

Transforming to the planetary frame results in
Axx = vswx - acsin 0

In the planetary frame the time of travel in the ionosphere
from the ionopause to the point B is
T'

= a^a/v = ~ cos_Vh/2ac
c

8

In this time the ion is displaced a distance Ax,j. = a^cos a.
The total parallel displacement from A to C is
Ax = 2(Ax

+ Ax').

l

Since a sin 0 = a'sina , this reduces to

L

Ax

v

C

2v sw T

The time of travel from A to C is T = 2(T
= v.sw

T/ (T + T ' )

+ T'),

so that

y

FIGURE 3: An ion trajectory as seen from the guiding center
frame.
In this figure the solar wind lies below the iono¬
sphere with the former moving toward the right and the latter
moving toward the left. The value of t, used as a parameter
to indicate position on the trajectory, is shown at various
points.
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With the trigonometric identities
cos-1x = TT/2 - cos-1/1 - x

and
cos"1/! - x/2 =

h

cos-1(1 - x)

it may be shown that x + x' = % (x + ir/w ) and
c

V

sw

2o>

9

X/(TT + W X)

c

It should be remembered that

c

depends upon h, the distance

from the ionopause at which the ion is created.

Ion Orbits in the Guiding Center Frame
In the guiding center frame, moving with velocity v^
relative to the ionosphere, the electric field is non-zero
on both sides of the boundary.

Consider the coordinate

system shown in Figure 3, with vgw parallel to the x-axis
and B antiparallel to the z-axis.

Then the electric field

in the ionosphere is Ë. = -vJâÿv and the electric field in
J
the solar wind is Ë_sw
tT = (v.-v^)
sw a By.

The equations of motion for a particle of charge e in
crossed electric and magnetic fields (Ë parallel to y, B
anti-parallel to z) are

x = wcy
ÿ = <oc(E/B - x)

10a
10b
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The complete solution is
£1

x(t) = gt + C^cosuct + C sina)ct +

11a

y(t) = C COSwct - C^sino^t +

lib

2

2

The constants of integration are to be determined by the
initial conditions.
An ion produced in the solar wind region has an initial
velocity of -vdx in the guiding center frame.

If the origin

is chosen so that the ion is created at x = 0, y = -h at time
t = 0, and if E is replaced by E sw , equations 11 become

x(t) = (vsw“VdIt - acsinwct
y(t) = a (1 - cosw tl - h
c
c

12a
12b

x(t) = (v

-v,) - v cosw t
12c
sw d
sw
c
y(t) = v sinw t
12d
sw
c
It may easily be verified that y(x) = 0 in agreement with
earlier considerations.
Once inside the ionosphere the ion's trajectory is
described by equations 11 with "initial" conditions
X(T)

= (v

sw

-v,)

T

d

- a sinoj T
c
c

y (T) = 0

13b

X(T)

= vswU

y

=

(T)

and with E = E^.

13a

v

- COSU>CT)

swsinwcT

-

vd

13c
13d

50

With

these substitutions the equations become

x(t) = v sw
x - v,t - a
/2ha„ - c
h2 cosw„t
- h sinw„t
14a
c
c
y(t) = /2ha

- h2 sinu t - h(l + cosw t)
c
c
c

14b

It may be verified by direct substitution that y = 0 when
t = T and when t = x + 2x'.

(The algebra is simplified by

the fact that w (x + 2x') = IT.) Furthermore, equations 14
c
evaluated at t = x + 2x' give the same position and velocity
as do equations 12 evaluated at t = -x.

Therefore, the ion

orbit is completely specified by equations 12 for -x <t< x
and by equations 14 for x <t< x + 2x'.

Note that since the

orbit is closed, t may be used as a parameter to indicate
position on the orbit and need not represent the actual
elapsed time from production.
an ion created at h/ac = 1.25.

Figure 3 shows the orbit for
Orbits for other values of

h/ac may be found in Figure 22 in the main text.

