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FOREWORD

The article "lon-Exosphere with Anisotropic Velocity Distribution"
will be published in the "Bulletin de la Classe des Sciences de

I'Académie Royale de Belgique".

AVANT-PROPOS

le ftravail intitulé "lon-Exosphere with Anisotropic Velocity
Distribution” sera publié dans le Bulletin de la Classe des Sciences de"

I'Académie Royale de Belgique.

VOORWOORD

De tekst getiteld "lon-Exosphere with Anisotropic' Velocity
Distribution" zal gepubliceerd worden in het "Bulletin de la Classe des

Sciences de I'Académie Royale de Belgique".

VORWORT -

Der Text "lon-Exosphere with Anisotropic Velocity Distribution"
wird in dem "Bulletin de la Classe des Sciences de |'Académie Royale de

Belgique".



:ION-EXOS’PHERE WITH ANISOTRQPIC VELOCITY DISTRIBUTION

~

by

M. SCHERER

Abstract

The influence of an anisotropy in the velocity distribution at the
exobase on the state variables in an open (O+, H+, e)-exosphere is
studied for three different models corresponding respectively to an
anisotropy in the velocity distribution of each species. Numerical calcu-
lations show that the effect of an anisotropy in the velocity distribution |
is more important for the electrons (model Il) than for hydrogen ions
(model 1) or oxygen ions (model Iil). For reasonable values of the
parameter characterising the anisotropy, the results do no differ
qualitatively from those obtained in earlier Kinetic polar‘.wind models,
i.e. the pr‘o;cons are accelerated outwards by a small charge separation

electric field and the proton flow speed rapidly becomes supersonic.



. Samenvatting

De invioed van een anisotropie in de snelheidsverdeling aan de
exobasis op de toestandveranderlijken in een open (O+, H+,e)-exosfeer
wordt onderzocht .voor drie verschillende modeilen. Numerieke bere-
keningen tonen dat de invioed van een anisotropy in de snetheidsver-
delingsfunctie belangrijker is voor de elektronen (model 1) dan voor de
waterstof ionen (model 1) en zuurstofionen (model I11). Voor fysisch
aanvaardbare waarden .van de anisotropie parameter verschillen de
resultaten kwantitatief niet van deze bekomen in vroeger gepubliceerde
poolwindmodellen, ni. de protonen worden naar buiten toe versneld door
een klein elektrisch veld gecreérd door een scheiding van ladingen; de

protonenstroom bereikt zeer viug supersonische snelheden.



Résumeé

L'influence d'une anisotropie de la distribution des vitesses a
l'exobase sur les variables d'état dans une exosphere ouverte consituée
d'ions d'oxygéne et d'hydrogene ainsi que d'électrons, a été étudiée
pour trois différents modeéles. Ces trois modeéles correspondent a des
anisotropies pour chaqu'une des trois especes de particules. Les calculs
numériques montrent que l'effet de |'anisotropie est plus important pour
les électrons (modeéle |1) que pour les ions d'hydrogene (modéle |) ou
pour les ions d'oxygene (modéle iil). Pour des valeurs raisonnables des
paramétres caractérisant l|'anisotropie, les résultats ne different pas
qualitativement de ceux obtenus dans les modéles cinétiques du vent
polaire déduits antérieurement : c.a.d. les protons sont accélérés vers
'lextérieur par le faible champ électrique de polarisation et la vitesse
moyenne des protons tend rapidement vers une valeur supersonique a

grande distance.



Zusammenfassung -

Der Einfluss einer Anisotropie in der Geschwindigkeitsverteilung
der O+, H+ lonen und der Elektronen in einer Offene Exosphéire, is
beschrieben worden. Drei Verschiedene Modelle sind besprochen
worden. Im Modell | sind die H' fonen anisotropisch an der Exobase an-
genommen worden. In die Modelles Il und IlIl sind die Elektronen und
die 0 ionen anisotropisch. Es ist gezeigt worden dass die Anisotropie
im Modell Il einen grosseren Einfluss hat als in den Modelle | oder II.
FUr normale Werte des Anisotropien sind die berechneten Modelle nicht
sehr verschieden von die jenigen kinetischen Polar Windes Modelle die
vorher veréffendlicht worden sind :,Z2.B. die Protonen werden durch
ein schwaches elektrisches Feld nach Aussen beschleunigt und ihre
gesamte Geschwindigkeit bekémt sobalt supersonisch.



1. INTRODUCTION

Kinetic models of the topside polar ionosphere were originaltly
developed under the assumption that ‘the velocity distribution at the
exobase level could be approximated by a pseudo-Maxwell-Boltzmann
distribution [Lemaire and Scherer, 1970, 1971]. Later on, the influence
of an asymmetry in the wvelocity distribution function was discussed,
and it was shown that the effect was negligible small for reasonable
values of the parameter characterizing the asymmetry [Lemaire and
Scherer, 1972]. In this paper we will study the effect of an anisotropy
in the velocity distribution. We assume that the velocity distribution

function at the exobase is given by the bi-maxwellian

, 1/2 ,
2 - m m . . m 2 m 2
f [ro, v(ro)] = Nfz_nkT",) Q”kTL) exp Z_kTu v v ()

where s is the radial distance of the exobase, \7(r~o) is the wvelocity
vector at the exobase of a particle with mass m, v, and v, are the
components of \7(r0) respectively parallel and perpendicular to the

magnetic field, k is the Boltzmann constant, ahd N, T, and TJ_ are

three parameters which can be determined so that the calc"ulat'ed number
density, temperature and temperature anisotropy at the exobase have
given values. According to Miller (1972) and Clark et _al. (1973) this is
a more realistic form for the high-altitude thermal electrons than is an

isotropic Maxwellian distribution function.

Analytical expressions for the number density, the escape fiux,
the parallel and perpendicular momentum fluxes, and the energy flux in
the open ion-exosphere recently have been determined {Scherer, 1978)
under the assumptions that (i) the velocity distribution at the exobase
is given by (1); (ii) along a magnetic field line the potential energy of
a charged particle is a monotonic function; and (iii) the magnetic field

strength decreases monotonically to a constant value.



Since the magnetic field strength at the exobase is much larger than
the interplanetary magnetic field, we assume in what follows that this
constant is zero. It can be shown that, although this assumption
simplifies the calculations, it will not modify the results and the con-

clusions of this study.

For particles moving in a potential well, the formulae for the state
variables do not depend on the magnetic field strength at infinity.
Hence they are given by [Scherer, 1978]

(a) the number density :
a(s) = % Na [erfex(V ) - b erfex(V, /b) ] (2)
(b) the escape flux :

F(s) = % Nn (2KT, Jrm) /2 (3)

(c) the parallel and perpendicular momentum fluxes :

Pll (s) = % Nk'I;‘a Ilerfex(VX) --‘b3 erfex(VX/b) + %1—'( r]Vx/u] (4)

B (s) = % NKT, o |a erfex(V ) - nV /Jn - bM, erfex(V_/b) (5)
(d) the energy-flux parallel to the magnetic field :

| e(s) = 3 NKE, (2K, a2 et - g (®)

In Egs. (D6)we have used the following shorthand notations :

3
1]

/(1 - b%) 5 0 = B(s)/B(s,) 5

2 _ L=
1 n; b -P/t ; ¢ T‘D/T.L

o
1}



Ve = (- a5 as) = [ws) - w(s ) 1/kT,y (7)

n+tnq(s)/p

2 b/‘zex 2
p(- x7) dx
Jﬁ o] .

B(s) is the magnetic field strength, and y(s) is the total potential

—t
[\SI

erfex(z)

energy

P(s) =2e (s) -G %ﬁ (8)

Ze is the charge of a particle with mass m; (s) is the electrostatic
potential due to a very small charge separation; G is the gravitational
constant, M is the mass of the planet; r is the radial distance, and s is

a coordinate measured along the magnetic field line.

For particles encountering a potential barrier, however, the
expressions for calculating the state variables do depend on B(w).
Substitution of B(®) = 0 into the formulae deduced earlier [Scherer,

1978], yields for the escaping particles :

(a) the number density :

n(E)(s) = N «o

3 [erfex(vV)) + 2(V)) exp [ - q(®)] - [b erfex(X/b)

+ Z2(X)] exp [ - tq(e)] for t # 1 (9)

.n(E)(s) -1 No

5 erfex(VC) - b erfex(X/b) + 3; (VC-X) exp [-q(®)] (10)

for t =1

(b) the escape flux :

F(s) = 3 M (2Kt /)2 fe exp [- a@)] - exp [- ta@]] /(e - 1)
for t # 1 (11)



F(s) = % Nn (2kT“/7tm)1/2 [1 + q(®)] exp [~ q(®)] for t =1 (12)

(c) the parallel and per‘pendic.ular momentum fluxes :

p,('E)( ) = 3 NKT o !erfex(Vc) + 2% e U Z(vc)] exp [ - q(®)]
2
- .[b?’ erfex(X/b) + %—ﬁ 2 x- Tt Z(X)}exp [- tq(m)]l (13)
for t # 1
P"(E_)'(s) 7 NKT o {erfex(vc) - blerfex(X/b) + % [v_-b%
+ % (Vi - X3)] . exp [= q(™)] for t = 1 (14)-
and
(E) 1 tn VC
PJ, (S) = -i NkT_L(X o erfex(VC) - m + MZ Z(VC)} exp [ - Q(m)]
-|M b effex(X/b) - (—tr_l%ﬁ + M, Z(X)J exp [ - tq(®)] (15)
for t # 1
REE)(S) = NkT o ’a erfex(V ) - M b erfex(¥X/b)

-Mx-—(1+ﬂ)x cexp [ - q(®)] (16)

r— Nt
ulN

for t =1
(d) the energy flux parallel to the magnetic field :

1 + tV
£(s) = + NkT (ZkT“/nm)l/z [1 + —— |exp [ - q()]

- _t_}_l [% - q(s)} exp [ - tq(oo)]’ for t # 1 (17)



e(s) = 7 NI (@K1 /)2 0 exp [ - a@)] {1+ a@)] (24VD) - q()

N |+

for t =1 (18)
In formulae (9) to (18) we have used the shorthand notations :

o ; X2=pa(®) - q(s) 2 o (19)

v

v = q(@) - q(s)

Y9 (x/y) with yz n/(t-1) if t > 1
Z(x) = ' (20)
- B erfex(x/B) with 82 =n/(1 - t) if t <1

YA
D (2) = %= exp(~ 22) | exp(x?) dx (z1)
—_,

For the ballistic particles the number density and the parallel and

perpendicular momentum fluxes can be determined by means of the

following formulae [Scherer, 1978]

aBl(s) =N alexp [ - a(s)] - b exp [~ a(s)/b2] | - 228 (s) (22)

PﬁB)(S) = NkT a [exp [- a(s)] - b2 exp [- q(s)/b21} - 2P;E)(s) (23)

PL(B)(S) = NkT_L(X o exp- [" q(s)] - M]b exp [_ Q(S)/bz]] - 2P-L(E)(s)
(24)

where n(Ff)(s), F:,(E)(s), and P‘L(E)(s) are respectively given by (8) and
(10), (13) and (14), and (15) and (16).

To illustrate the influence of an anisotropy in the velocity distri-
bution function, we consider an (O+, H+, e) exosphere. At the exo-
-base, assumed to be at 1000 km above the polar cap, the relative

number densities are given by



ne(so) : n0+(so) : nH+(so) = 1:0.9:0.1 (25)
Hence the quasi-neutrality condition
n, = 0yt o+ oyt (26)

is satisfied at the exobase.

The parameters Ne’ NO+, and NH+ entering in the velocity distribution

(1), written down for each species, can be determined by means of (25)

(see appendix A). Moreover we assume that T =T + =T + =
. i, 1,0 1, H

3000 K. The influence of the anisotropy t T“ /TJ— £1 in the

distribution (1) will be studied for three different kinds of models.

i o

In model | we assume that the velocity distribution of the electrons and
oxygen ions is isotropic ; i.e. T“ e = Tj_,e or te =1 and T",O+ =
T.L,0+ or to+ = 1. The \velocity distribution of the hydrogen ions,
however, is anisotropic (T||,H+ # T.L,H+) and in Sec (|l some results
corresponding to different values of Tu,H+ are illustrated. In model ||
the velocity distribution of the ions is isotropic (tH+ = iyt = 1) and the
velocity distribution of the electrons is a bimaxwellian with Tll,e #
TJ.,e' The numerical resuits obtained for this model are discussed in
Sec. Ill. Finally, in Sec 1V, we illustrate model Ill for which the

velocity distributions of the electrons and hydrogen ions are isotropic

(t, =t + = 1), whereas the velocity distribution of the oxygen ions is
e H

assumed to be anisotropic (T” O+ # TJ.

/ 7
are made for the magnetic dipole field along the magnetic field line

O+). All numerical calculations

intersecting the magnetic pole.
&

2. INFLUENCE OF AN ANISOTROPY IN THE HYDROGEN VELOCITY

DISTRIBUTION FUNCTION

Assuming that at the exobase the wvelocity distributions of the

electrons and oxygen ions are given by a pseudo Maxwellian (i.e.

- 10 -



t = t+=1lor T =T =T nd Tot = T +=T
e 0 e I, e 1,e°? 0 .0 1,

study the effect of an anisotropy in the velocity distribution function of

0+), we will

the hydrogen ions. Early kinetic model calculations of the topside polar
ionosphere [Lemaire and Scherer, 1969, 1970] have shown that the

electrostatic potentia'l at the exobase can be determined by the condition
F (s,) = Fyt(s ) + Fo#(s,) (27)

which expresses the fact that the electron flux equals the total ion
flux. Moreover it was shown that the hydrogen ions move in a potential
well; i.e. all hydrogen ions are accelerated outwards by the electric
force, and escape. Therefore the escape flux of the hydrogen ions can
be calculated by means of formula (3) or, taking into account (A1),
1/2

FH+(so) = aH+ t,,+

H (28)

with

V2 gts,) (29)

ayt = (2kTL’H+/an+)
The escaping electrons and oxygen ions, on the contrary, have to
overcome a potential barrier and their escape flux is given by (12)

which, according to (A3) and (A4), is equivalent to
Fi(s)) = a, h(Q;) [1+ qj(m)] exp [ - qj(m)] (30)

where j stands for the subscripts e and 0+, and where we have used

the shorthand notations
' -1

2 2
h(QJ-) =|1+ erf(Qj) vr exp(- Q;) (31)

Qj = [qum)

- 11 -



Since the hydrogen escape flux depends on t + (the parameter cha-

, H
racterizing the anisotropy) the heights of the reduced potential barriers

qj(w) will also depend on t  +. Differentiation of (30) with respect to

H
tH+ yields
d F .(s) d q, (=)
—_l 0 oy —1 (32)
d t + j d et +
H H
with

- - o 2 o
aj = anj h(Qj) exp | qj( )] [Qj + In (1 + qj( )] h(Qj)
. exp [- qj(w)] ] >0 (33)

From the definition of q(s) in (7) and (8), it follows that

. = - . e - . ; 4
qJ(°°) (ZJ e cP(so) G m, M/ro)/kT”,J (34)
and
d q () Z.e do(s)
SR I | 0 (35)
d t + kT . d t +
H 0sJ H

Substitution of (35) in the right-hand side of (32) vyields for the

electrons (Ze =-1)

dF (s) e a d o(s )
— = - > (36)
d t+ kT de¥
and for the oxygen ions (ZO+ =+ 1).
dF +(s ) ea+ dols)
0 o 0 o (37)

=k + d t +
dtH+ TO .

- 12 -



After differentiation of the relation (27) with respect to t
into account (28), (38) and (37) we obtain

H+, and taking

d 9(s ) o a .
___.L = _ l(_ a + t-_]*'_/2/<_§ 4 L > < o (38)
d t + 2e H H T T + .
H . e 0

This shows that the electrostatic potential at the exobase is a de-
creasing function of the anisotropy parameter tH+. This result is
illustrated in Fig. 1 (curve |). Considering (35) and (38) we can
conclude that the height of the potential barrier decreases for the
electrons (see Fig. 2a, curve |) and increases for the oxygen ions (see
Fig. 2b, curve 1), whereas for the hydrogen ions ]qH+(oo‘)], the depth
of the potential well decreases very rapidly with increasing values of
tH+ (see Fig. 2c, curve I).

The electrostatic potential distribution in the exosphere and the de-
duced electric field are plotted respectively in Fig. 3 and Fig. 4 for
three model calculations corresponding to the parameter values tH+ =
0.25; 1, and 4. Close to the exobase the electrostatic potential is a
rapidly decreasing function of altitude, and the electric field is almost

independent of the t  +-values. At higher altitudes the electric field de-

creases with incr‘easir:\g values of the anisotropy. As a consequence of
this the electric force acting on the thermal electrons diminishes, and
therefore the escape flux of 'the electrons will increase. This result
follows also from formuiae (36) and (38). Moreover, from (37) and (38)
‘we can deduce that the escape flux of the oxygen ions decreases for
increasing values of t_+, so that the electron escape flux is almost
completly balanced by the hydrogen efflux. Finally, the influence of an
anisotropy in the hydrogen-ion velocity distribution on the flow speeds
of the electrons and. hydrogen ions is illustrated in Fig. 5 where the

flow speed is defined by
. = F. . (39
WJ(S) J(S)/nJ(S) (39)

the subscript j standing for e and HY.

- 13 -
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Fig. 1.- The electrostatic potential at the exobase as a
T function of the anisotropy parameter for aniso-
tropic velocity distributions of the hydrogen ions
(curve 1), electrons (curve Il) and oxygen ions

(curve 111).
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Fig. 2a.- The reduced potential barrier height for the
T electrons as a function of the anisotropy para-
meter for anisotropic velocity distributions of the
hydrogen ions (curve 1), electrons (curve I11),

and oxygen ions (curve lil).
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Fig. 2b.- The reduced potential barrier height for the
T oxygen ions as a function of the anisotropy
parameter for anisotropic velocity distribufions of
the hydrogen ions (curve 1), electrons (curve

1), and oxygen ions (curve II1).
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The reduced potential well depth for the hy-
drogen ions as a function of the anisotropy para-
meter for anisotropic velocity distributions of the
hydrogen ions (curve |), electrons (curve 1),

and oxygen ions (curve |I1).
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The electrostatic potential distribution in the

Fig. 3.-

exosphere for three different hydrogen ion veio-
city distributions corresponding respectively to

the anisotropy parameter values tH+ = 0.25; 1; 4.
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Fig. 4.- The electrostatic electric field distribution in the exosphere for three

different hydrogen ion velocity distributions corresponding respectively

to the anisotropy parameter values t + = 0.25; 1; 4.
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The electron and hydrogen ion flow speed in the
exosphere for three different hydrogen ion velo-
city distributions corresponding respectively to

the anisotropy parameter values tH+ = 0.25; 1; 4.

- 20 -



3. INFLUENCE OF AN ANISOTROPY IN THE ELECTRON VELOCITY

DISTRIBUTION FUNCTION

In what follows we assume that the velocity distribution of the ions

is given by a pseudo-maxwellian (i.e. t, + = t0+ =1, or TH+ =Ty wt =
!

H
TJ.,H+ and Tyt = T",0+ = TJ,,0+) and we will study the effect of an
anisotropy in the velocity distribution of the electrons. The escape flux
of the hydrogen ions is given by (28) where t,*+ =1, and the oxygen

ion escape flux is still defined by (30). Hence

dF +(S )
_H__O = o : (40)
d t .
e
d EO+(SO) ) e Zo+ a0+ d Cp(SO) (41)
d te k T0+ d te

where a+ is defined by (33).

The4 escape flux of the electrons is now given by (11) which,
taking into account (A3) and (A4), is equivalent to '

F(s)) =a, t, /2 4 [t,, 4 (=]/B(@Q) | (42)
with

A [te,_qe(°°)] =1t, exp [- q (@] - exp [- t q (®)]}/(t, - 1) . (43)
B(Q,) = 1 + erf(qQ,) - 5(Q,) (44)

and where S(Qe) is defined in (A4).

- 21 -



Differentiation of (34), (43) and (44) yields

d qe(°°) e Ze d cp(so)
t, "¢ = - qe(°°) b 1t (45)
e 1,e e
d A ,q ()] d (s )
Lo =B - "o (46)
d t e e d t
e e
with
Be = {1 1= G- 1) g ] exp [t - D) a,)]]
. (te - 1)_2 exp [- teqe(m)] >0 . (47)
e 2 '
Ye = i1 & exp [- teqe(m)] - exp [- qe(m)],/(te -1)>0 (48)
d,€ '
“d B(Q ) ‘d o(s ) :
e = )\ o - u (49)
d t e d t e
e e .
with
e Ze
)\e = - KT S(Qe) > 0 (50)
i1,¢€

- 22 -



W, = % %; Q, exp [- Qezl - S(Qe)l/(t -1)>o0 (51)

It can easily be shown that the functions Be’ Yo }‘e and He are
positive. Calculating the derivative of the escape flux Fe(so) with

respect to te’ and taking into account the results (46) and (49) vyields

d F (so) d ¢(so)
_—t O - _ —
s V. T (52)
. e e

~ with
t, = ot/ 2B ¢ [ g+ H/BQD A [t 0, (]| /B >0 (53),
ve = aet/ 2y, + A, 4 [e,0, @B BGY >0 (54)

From the zero flux condition (27) and the results (40), (41) and (52)
the following relation is deduced :

dt e

d Q(so) -1
_ =1 [ve teZy+ a0+/kTO+ ] " >o0 (55)

Hence, the electrostatic potential at the exobase will increase with the
electron anisotropy parameter te' This is in accordance with the
numerical results plotted in Fig. 1, curve II.
Substitution of (55) in (52) gives
d Fe(so) -1
& o _ >
3 £ e Zyt any T, [ve k To+ + eZg, a0+] ) (56)
which shows that the electron escape flux increases with te‘ On the
other hand it can be shown from (34) that

d q, () e d ¢(s )
] = - t° <o (57)

d t dT
e i) €

- 23 -



where the subscript ] stands for 0" and H'. From (57) it can be
concluded that the height of the potential barrier that the escaping
oxygen ions have to overcome, will decrease with an increasing
anisotropy te (see fig. 2b, curve |l1). As a consequence of this the
~oxygen escape flux FO+(so) will increase in order to balance the en-
hanced electron escape flux, the hydrogen ion escape flux FH+(so)
being constant. From (55) it can be deduced also that qu+(°°)§, the
depth of the potential weil of the hydrogen ions, increases with te‘
This is illustrated in Fig. 2c, curve |l. The height of the potential
barrier of the electrons decreases very strongly in the interval te 1,
for larger values of the parameter te the decrease of qe(oo) is much less

(see fig. 2a, curve I1).

The electrostatic potential distribution and the deduced electric
field in the exosphere are plotted respectively in Fig. 6 and Fig. 7 for
five model calculations corresponding to the values te =0.25; 1; 2; 3
and 4. Although the electrostatic potential increases with te’ the
general behaviour is not influenced; near the exobase, ¢(s) is a rapidly
decreasing function of altitude which tends asymptotically to zero at
greater distances. The electric field decreases with altitude for the five

models illustrated in Fig. 7. '

The relative number densities of the electrons and hydrogen ions
are plotted in Fig. 8a. The larger values of te correspond to the
_ smaller values of the hydrogen ion density. This is also true for the
electron concentration at higher altitudes. Near the exobase, however,
the electron number density distribution is an increasing function of te
The altitude for which the oxygen ion density becomes negligible small
as compared with the hydrogen ion density (i.e. the altitude for which
ne(s) z nH+(s)) depends very strongly on the te-value. For te = 0.25
this happens at about 4500 km; for ty = 1 at 6500 km, fqr t, = 2 at
10000 km and for t, = 4 above 20000 km. Since for the extreme values
of ty considered here (i.e. 0.25 and 4) the electron density changes by

- 24 -
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Fig. 6.- The electrostatic potential distribution in the exosphere for five
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less than one order of magnitude, it can be concluded that the oxygen
ion density decreases much less rapidly with altitude for larger te
values. This is illustrated in Fig. 8b, which shows that at 5000 km the
oxygen ion dens?ty is two orders of magnitude larger for te = 4 as
compared with the corresponding value for te = 1. At 20000 km altitude
there is a difference of 5 orders of magnitude between the two models.
This is a consequence of the much higher oxygen ion escape flux which

results in many more oxygen ions at higher altitudes.

For the hydrogen ions, the escape flux is independent of te and
the density decreases with te' since the flow speed wH+(s) will increase
with te' This is illustrated in fig. 9 where the flow speed distribution
of the hydrogen ions is plotted for different values of te' I he fiow
speed of the electrons is also given in Fig. 9. Since, to a first
approximation, the total electron flux equals the constant hydrogen ion
flux, the behaviour of the electron flow speed distribution will be the
inverse of the behaviour of the electron number density distribution;
i.e. if ne(s) is an increasing (or décreasing) function of te’ then we(s)
will be a decreasing (or increasing) function of te. Moreover, the
altitudg at which two curves (e.g. te = 1 and te = 2) of the flow spegd
intersect is the same as the altitude .at which the corresponding curves
of the number density intersect. Although the flow speed of -the oiygen
ions increases significantly with te (several orders of magnitude
between the model ‘te = 0.25 and te = 4) the values still remain very

small compared to the hydrogen ion flow speed.

From the analytical formulae of the state variables summarized in

. Sec | -we can calculate the temperature distribution by means of

T(s) = 3 [T,(5) + T ()] | (58)
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Fig. 8b.- The relative oxygen ion number density in the exosphere for five
different electron velocity distributions corresponding respectively to

the anisotropy parameter values te = 0.25; 1; 2; 3; 4.
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where the parallel and perpendicular temperatures are given by

TL(S) ll(s)/k n(s) (59)

T"(S)

[P" (s) - mw(s) F(s)]/k n(s) ' (60)

The electron temperature and the ion temperatures are illustrated respec-
tively in Figs. 10a and 10b. For te 2 1 the electron temperature in the
exosphere is a monotonic decreasing function of altitude, and larger te-
values correspond to make higher temperatures. For te < 1 the electron
temperature increases rapidly just above the exobase and reaches a
maximum, after which it decreases very sharply. This is illustrated in
Fig. 10a for the parameter value t, = 0.25. A similar behaviour of the
electron temperature distribution was found for the wvalues te = 0.7
0.5; 0.75. For t, = 0.9 (not plotted in Fig. 10a) the electron tem-
perature remains almost constant between the exobase (1000 km) and
2000 km, but above this altitude Te(s) decreases.

The influence of te on the hydrogen and oxygen ion temperatures
is much less important than on the electron temperature. Fig. 10b

shows that the ion temperature distributions decrease with te.

4. INFLUENCE OF AN ANISOTROPY IN THE OXYGEN ION VELOCITY

DISTRIBUTION FUNCTION

Finally we will consider an (O+, H+, e) exosphere in which the
velocity distribution of the electrons and hydrogen ions is given by a
pseudo-maxwellian (i.e. te = tH+ = 1 or Te = Tu,e = T},,e and TH+

Tll rt = T.L H+) whereas the velocity distribution of the oxygen ions is a
! ’

bi-maxwellian. To study the influence of to+ on the electrostatic
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Fig. 10a.- The electron temperature distribution in the exosphere for five

different electron velocity distributions corresponding respectively to

the anisotropy par‘émeter values te =0.25; 1; 2; 3; 4.
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potential at the exobase, we can proceed as in Sec. 3, since the
formula for the escape flux of the oxygén ions is given by (42) (after
changing the subscript e to 0+). The calculations can, however, be
simplified by noting that for values of to.+ which are not extremely
large, the total ion flux is, for all practical purposes, given by the
hydrogen flux, and therefore, to a first approximation, relation (27)
reduces to

Fe(so) = FH*(SO) (61)

where the escape f'lux'es'F and F,* are given i‘eépectlvely by (30) and
(28) in which t* = 1. The electrostatnc potent|al at the exobase can
then be determined in a self consistent way by means of condition (61)

which does not contain the parameter to+. Hence

d w(so)

—_—~ 0
dt -
0+

(62)
and from (34) it follows’tihat

d q0+0“)

t ———————————
ot dt_,

- 4t C) <o | - (63)

d q. () .- | | |
G P e
d toy | ' '

where j stands for the subscripts e and H+ This shows that. cp(s ), the

electrostatic potential at the exobase; q (oo), the height of the potentual

barrier that the escaping electrons have to overcome; and IqH+(°°)l

the depth of the potential well in which the hydrogen ions move, do not -

vary with to*- The height of the potential barrier the escaping oxygen
- 3 -



ions have to overcome will..-decrease with to*- These results are

illustrated numerically by curves Il in Figs. 1, 2a, 2b and 2c.

The electrostatic potential distribution in the exosphere shown in
Fig. 11 for the model calculations corresponding to the values to+ =
0.25; 1; 2; 3; 4; is an increasing function of t.+. The electric field

0]
distributions in the exosphere are plotted in Fig. 12 for t .+ = 0.25; 1;°

2; and 4. Numerical calculations have shown that, for incr(;asing values
of t.+, the densities of all kinds of particles increase. On’ th‘e other
hand, the escape flux of the hydrogen ions and the electrons does not
depend on t.+, and therefore the flow speeds of the electrons and the

hydrogen ions will decrease with tyt as is illustrated in Fig. 13.

5. - CONCLUSIONS

- To our knowledge, no measurements of anisotropies of the ion
temperatures in the exosphe-re are available, and the measured
anisotropic electron temperatures (Miller, 1972; Clark et al., 1973) show
that these values strongly depend on the geomagnetic activity and on
.the geomagnetic latitude. From the numerical results discussed in Sec.
2, 3 and 4, it follows that the effect of an anisotropy in the velocity
distribution of each species is much more pronounced for an anisotropy
in the electron velocity distribution than it is for an anisotropy in the’
ion veloci'ty distributions. Reasonable values of te_wi_ll probably never
reach the extreme values 0.25 and 4 considered in the present mode!
calculations. Therefore it can be concluded that the polar wind model in
the exosphere can not be changed significantly by introducing an
anisotropy in the velocity distribution at the exobase. The great
advantage, however, of a polar wind model with an anisotropic velocity
distribution is that the calculated proton temperature anisotropy at the
exobase is no longer restricted to the constant value 1 - %»as it was for
the earlier kinetic model calculatiqns [Lemaire and Scherer, 1975].
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APPENDIX A

‘ For particles moving in a potential well, as is the case for the
hydrogen ions, the total number density at the exobase can be

calculated by means of formula (2) which yields

N (A1)

N+

n(so) =

For a given value of the number density n(so), the parameter N can be
determined easily by (A1). 4 ' .

For particles encountering a potential barrier, as is the case for the -
electrons and oxyéen ions, the total number density at the exobase .is

given by
aGs) =) + 0 ®s,) (A2)

where the partial number densities of the escaping and ballistic -
particles are determined respectively by (9) and (10), and (22). Hence

we obtain
a(s)) = 3 N {1+ erf(Q) - 5(Q) } (43)

with
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Q = [q(=)]
P
%z(KQ) exp [- Q%) for k2=t - 150
SQ) =€ 2 Qexp [- Q] for t = 1 (A4)
Vr
‘l)erf (pQ) exp [-t‘.Q2] for pZE 1-t>o0
.
and
_2 z 2 .
erf(z) = In fo exp [- x7] dx (a5)

This shows that, for a given value n(so) of the number density at the
exobase, the parameter N depends on q(«) which is proportional to the
height of the potential barrier.
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