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Processes which confine photoelectrons to the plasmasphere (e.g., collisional backscattering from the
thermosphere and magnetic trapping due to pitch angle redistribution through Coulomb collisions in the
plasmasphere) tend to increase the steady state photoelectron flux in the plasmasphere above the
amplitude level that would otherwise have been attained. Theoretical calculations are presented of steady
state photoelectron fluxes in the plasmasphere, for specified atmospheric and ionospheric conditions.
(Observational plasma line intensity data for these conditions exist and will be compared elsewhere.)
General features of the angular distribution are presented and compared with observations. The trans-
parency of the plasmasphere and the backscattering properties of the thermosphere are investigated. The
buildup effect due to collisional backscatter alone is calculated, and the combined buildup effect of pitch
angle diffusion and backscatter is estimated. It is found that the inclusion of these effects increases the
steady state photoelectron flux amplitude in the plasmasphere by about 50% over the value obtained when
the buildup effects are neglected. The calculated steady state photoelectron fluxes in the plasmasphere are
in good agreement with the available observations.
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INTRODUCTION

In his study of the thermal structure of the ionosphere,
Hanson [1963] showed that a substantial fraction of the photo-
electrons produced around 300 km escape to the plasmasphere
and thereby affect the electron gas heating rate above this
altitude. Following experimental verification of this prediction
[Carlson, 1966], several calculations of the photoelectron ‘es-
cape’ flux have been presented [Nisbet, 1968; Nagy and Banks,
1970; Cicerone and Bowhill, 1971b; Mantas and Bowhill, 1975].
The problem of photoelectron escape has also been studied in
connection with the thermal structure of the ionosphere and
the plasmasphere [Geisler and Bowhill, 1965a, b; Evans, 1967a,
b, 1968; Sanatani and Hanson, 1970; Bauer et al., 1970; Swartz
et al., 1975; Bailey et al., 1975], the predawn electron temper-
ature and the 6300-A airglow enhancement [Carlson, 1966,
1967, 1974: Carlson and Weill, 1967; Fontheim et al., 1968,
Noxon and Johanson, 1970; Nagy and Banks, 1971; Wickwar,
1972, 1974], and possible perturbations on the predawn elec-
tron concentration [Shawhan et al., 1970; Nagy et al., 1973].
Incoherent scatter radar plasma line intensity observations
[Yngvesson and Perkins, 1968; Cicerone and Bowhill, 1971a]
and in situ measurements by satellite-borne probes [Rao and
Donley, 1969; Rao and Maier, 1970; Knudsen, 1972; Hays and
Sharp, 1973; Doering et al., 1970, 1976) have provided valuable
information about the steady state flux amplitude and its
energy and pitch angle distribution. Despite this substantial
progress, there remain important aspects of the steady state
photoelectron flux which have not been adequately investi-
gated. The work presented herein is directed toward the inves-
tigation of certain such attributes of the photoelectron flux at
high altitudes.

The theoretical problem under consideration is the determi-
nation of the photoelectron distribution in a magnetic field
tube in the ionosphere above ~120 km. For a number of
physical and computational reasons it has been found to be
convenient, however, to calculate the photoelectron distribu-
tion in the ionosphere below a certain altitude (usually taken
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at 1000 km) separately from that in the plasmasphere above.
This separation necessitates the imposition of a boundary
condition (the downward photoelectron flux) at this altitude,
which is not known, however, but must be found along with
the photoelectron distribution in the ionosphere and the plas-
masphere, It also naturally leads to terminology as ‘photo-
electron escape,’ ‘escape flux,’ etc,, which, although it is useful,
conceals the essential ionosphere-plasmasphere coupling and,
as a consequence, can be misleading; indeed, it has been the
source of errors. (Here we are again faced with the not so
uncommon situation in which originally useful concepts even-
tually become sources of error and a hindrance to the further
development of the theory.) If the incoming flux (upper
boundary condition) is assumed to be zero and the upward
moving electrons are assumed to be free to escape, then the
upward flux at the upper ‘boundary’ can be properly called
escape flux. The incoming flux at the boundary is not, how-
ever, zero because a fraction of the electrons passing through
this boundary in the outward direction reenter the ionosphere
after they are backscattered from the conjugate ionosphere
[Banks and Nagy, 1970; Nagy and Banks, 1970; Mantas and
Walker, 1976] and the plasmasphere [Lejeune and Wormser,
1976].

The backscattering of electrons from the thermosphere and
the redistribution of the pitch angle through Coulomb colli-
sions in the plasmasphere imply that photoelectrons can be
quasi-trapped in the plasmasphere and, as a consequence, that
the steady state photoelectron flux in a magnetic field tube in
the plasmasphere can be much larger than the sum of the
fluxes entering the field tube boundaries. This has been pointed
out by Sanatani and Hanson [1970] and Nagy and Banks [1970]
and is consistent with the observed large thermal electron gas
temperature gradients at high altitudes in the mid-latitude
ionosphere [Evans, 1967a, b; Petit, 1968; Hagen and Hsu,
1974], which cannot be explained on the basis of the simple
photoelectron escape concept alone [Evans and Mantas, 1968,
Evans, 1968; Sanatani and Hanson, 1970], That quasi-trapping
of photoelectrons in the plasmasphere occurs has also been
inferred by Wrenn [1974] from Isis satellite measurements and
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theoretically demonstrated by Lejeune and Wormser [1976].
Therefore in the actual physical situation the photoelectron
flux observed at the ionosphere-plasmasphere boundary repre-
sents essentially the steady state rate of photoelectron ex-
change between the ionosphere and the plasmasphere, and not
an escape flux in the sense that this term has hitherto been
used. It is therefore clear that to calculate the actual photoelec-
tron flux at any point on a magnetic field line in the ionosphere
or the plasmasphere, one must obtain a solution of the photo-
electron transport equation either by treating the entire mag-
netic field tube as a single unit or by properly matching at the
boundary separate solutions for the two regions. In the present
calculations the latter approach, with certain clearly stated
simplifications, is taken.

GENERAL CONSIDERATIONS REGARDING PHOTOELECTRONS
IN THE IONOSPHERE AND PLASMASPHERE

Before we proceed further, it will be useful to consider the
exchange of photoelectrons between the ionosphere and the
plasmasphere and the mean photoelectron lifetimes in the
ionosphere and plasmasphere at large. For the present purpose
we will define the photoelectron lifetime in the ionosphere as
the mean time a freshly produced photoelectron of average
energy (about 30 eV) remains in the ionosphere before it either
is thermalized or escapes to the plasmasphere. It is then clear
that for given photoelectron production conditions those fac-
tors which increase the photoelectron lifetime in a certain
region of the ionosphere lead to increases in the steady state
number of photoelectrons, and in the photoelectron flux am-
plitude, in that region.

The steady state photoelectron density within a certain vol-
ume in the ionosphere is determined by the rates of photoelec-
tron production and loss. For the ionosphere below 1000 km,
as a whole, photo-ionization and secondary ionization consti-
tute the major photoelectron sources. To these sources, one
must also add whatever photoelectrons may enter the iono-
sphere from above. Photoelectron losses consist of photoelec-
tron thermalization (through inelastic collisions with the neu-
tral atmospheric constituents and through ‘continuous’ energy
transfer to the ambient electron gas) and photoelectron escape
to the plasmasphere. For any small volume element within the
ionosphere, transport serves as both a photoelectron source
and a sink. In viewing the ionosphere as a whole, apart from
leading to photoelectron escape to the plasmasphere, photo-
electron transport redistributes the photoelectron population
in altitude, from regions of high thermalization rate to regions
of low thermalization rate and thereby affects the mean photo-
electron lifetime.

Similar factors also determine the steady state number of
photoelectrons in a magnetic field tube in the plasmasphere. In
this case the photoelectron escape flux from the ionosphere
constitutes the photoelectron source (possible energization of
thermal electrons through wave particle interactions or other
means being neglected). Photoelectron thermalization through
energy loss to the ambient thermal plasma and escape to the
ionosphere from the field tube boundaries constitute the pho-
toelectron losses in the plasmasphere.

The thermalization time for an energetic electron of initial
energy E, (eV) in a completely ionized plasma of uniform
density N, (cm~?) and temperature of a few thousand kelvin is
approximately given by 7 (s) =~ 4300 (£,°*/N.). By taking the
mean thermal electron density in a magnetospheric field tube
as 5 X 10° cm~2 the thermalization time for a 20-eV photoelec-
tron (approximately equal to the mean energy of the escape

flux [see Mantas and Bowhill, 1975]) confined in the plasma-
sphere is about 80s. In this time interval the photoelectron will
cover a distance As =~ 2 X 10" X (Eg?/N.) =~ 1.5 X 10* ¢m.
The path length of an electron entering a field tube with L =
1.5 at 1000 km, with a pitch angle of, say, 87°, through the
magnetosphere to the magnetic conjugate is about 1.73 X
10? cm (collisions neglected) and decreases by about a factor of
2 as the initial pitch angle (measured from the forward direc-
tion) goes to zero. Therefore an average photoelectron escap-
ing from the ionosphere over Arecibo (L = 1.42), if it could be
contained in the plasmasphere, has sufficient energy to traverse
the plasmasphere 10-20 times (depending on its initial pitch
angle) before being thermalized.

In this estimate we have considered photoelectrons entering
a plasmasphere field tube from the ionosphere below, If pitch
angle scattering in the plasmasphere and collisional backscat-
tering of the phtoelectrons at the field tube boundaries are
neglected, then the photoelectrons will traverse the plasma-
sphere only once and will be subsequently absorbed in the
ionosphere. In such a case the photoelectron lifetime in the
plasmasphere will be equal to the time required for a single
traversal of the plasmasphere rather than equal to the therma-
lization time estimated above. Essentially, the assumption of a
single traversal is implicitly made when one estimates the
photoelectron flux in the plasmasphere as the sum of the fluxes
entering the field tube boundaries from the ionosphere below.
However, collisional backscattering of photoelectrons from
the thermosphere and pitch angle scattering in the plasma-
sphere constitute mechanisms of containment of photoelec-
trons in the plasmasphere. The mean photoelectron lifetime in
the plasmasphere is therefore higher than the time required for
a single traversal of the distance between the field tube bound-
aries, and, as a consequence, the steady state photoelectron
density and flux in the plasmasphere are higher than the corre-
sponding quantities when containment effects are neglected.

To obtain a quantitative estimate of the photoelectron flux
buildup in the plasmasphere due to collisional backscatter
containment alone, we follow a procedure suggested by Man-
tas [1973, 1975]. The photoelectron transport equation (see (1)
below) is solved in the ionosphere below 1000 km for sunlit
conditions and an upper boundary condition of no incoming
flux. This solution provides the first estimate of the steady state
flux in the ionosphere and of the escape photoelectron flux at
1000 km. The attenuation of the escape flux in traversing the
plasmasphere is then calculated, and (1) is again solved for the
ionosphere below 1000 km, with the primary photoelectron
production rate set equal to zero and an incoming flux (upper
boundary condition) equal to the attenuated escape flux. This
solution provides the first estimate of the electron ‘albedo’ and
the contribution to the steady state flux below 1000 km by
photoelectrons originating in the conjugate ionosphere, Fur-
ther contributions due to multiple reflections between the con-
jugate ionospheres are obtained by repeating the last cycle.

The linearity of (1) permits the construction of the steady
state photoelectron fluxes in the ionosphere and the plasma-
sphere by superposition of the appropriate components of
these solutions. In this procedure, pitch angle scattering in the
plasmasphere is neglected. To obtain an estimate of the
steady state flux in the plasmasphere that includes collisional
backscatter from the thermosphere and pitch angle scattering
in the plasmasphere, the results of the above calculations are
combined with those of Lejeune and Wormser [1976] which
include pitch angle diffusion in the plasmasphere but not back-
scatter from the thermosphere.
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THEORY OF PHOTOELECTRON THERMALIZATION AND
TRANSPORT IN THE IONOSPHERE

The number of photoelectrons found at any time in a vol-
ume element at a certain altitude, with energies in a specified
energy interval and velocity vectors in a specified solid angle
element, is determined by the balance between production and
loss processes. These include photo-ionization and secondary
jonization by electron impact, discrete and continuous energy
degradation, and transport. If it is assumed that (1) photo-
electron thermal-electron interactions lead to continuous en-
ergy transfer but do not affect the direction of the photoelec-
tron motion, (2) elastic collisions with neutrals and ions lead
to photoelectron scattering without energy transfer, (3) in-
elastic collisions lead to discrete energy transfer and forward
scattering, (4) ionizing collisions lead to single ionization and
forward scattering, and (5) transport occurs only along the
magnetic field (which is assumed to be uniform), it can then be
shown [see Mantas, 1975] that the steady state photoelectron
flux ®(z, E, u) (cm=? eV~ 57! sr-1) satisfies the equation

{u = GNe/E) 2 + G280
b X MG, £ 1) = Qe B,
+2r Z,) Ni(z)o5(E) f _11 PE(E, p, u)®(z, E, u') du’
+ 2 Zj: Ni(2)o/(E + Wy,)8(z, E + Wiy, 1)

+ 2 Ni(2) fa:’(E’)Pl’(E', E)®(z, £, u) dE’ M

where z, E, and u are independent variables representing the
distance along the magnetic field lines in centimeters, the en-
ergy in electron volts, and the cosine of the pitch angle (mea-
sured from the upward direction), respectively; N.(z), N,(z)
are the electron, neutral, and ion number densities in cubic
centimeters; / is the ionosphere composition index that in-
cludes all ionospheric constituents with the exception of ther-
mal electrons; o,"(E), o,°(E), 6/(E), and o,/(E) are the total,
elastic, excitation, and ionization cross sections in square cen-
timeters, respectively; W), is the excitation potential of the j
state of the constituent I; P,%E, u', u) is the angular distribu-
tion density for elastic scattering of electrons with pitch angle
cosines in the interval du’ about u' to du about u; P,'(E, E') is
the energy distribution density of the postcollision electrons in
ionizing collisions. For any fixed value of £’ = W, (where W),
is the jonization potential of the state i of the constituent /, and
E' is the incident electron energy) the integral

Er-Wy .
f PXE, E')dE =2
0

in accordance with the assumption that only single ionization
occurs. Q(z, E, u) (cm~® eV~! 57! sr~') is the photoelectron
source, and 8 = 2.59 X 10~ eVZ cm®

The photoelectron source can be written as Q(z, E, x) = ¢(z,
E)g(E, u), where g(z, E) is the photo-ionization rate energy
spectrum and

g(E, u) = §{1 — [a(E)/2] Py (cos 7v) Py (p)}

is the pitch angle distribution of the source electrons [Manson

et al., 1974]. The cosine of the angle v between the incident
photon and the geomagnetic field is given by [Mariani, 1964]

cosy =cosdsin(/ + A)cos¢ — sin dcos (I + A)

Here, 6 is the solar declination, / is the magnetic dip angle, A is
the geographic latitude, and ¢ is the local time angle; a(E) is
an energy dependent asymmetry parameter [cf. Manson et al.,
1974], and Py(x) = ¥3x* — 1) is recognized as the second-
degree Legendre polynomial.

The second and third terms in (1) arise from the photoelec-
tron thermal-electron interaction [Mantas, 1975]. The energy
loss per unit length along the photoelectron path, for E > 2
eV, by this process is approximately given [cf. Schunk and
Hays, 1971] by

dE/ds = —(BN.(s)/E) (eV/cm) 2)

For E < 2 eV the energy transfer rate is strongly dependent
upon the ambient electron temperature, and (1) and (2) are no
longer valid.

A numerical method for solving (1) has been discussed by
Mantas [1975], and solutions for a sunlit ionosphere without
contribution from the conjugate ionosphere have been given
by Mantas and Bowhill [1975]. This equation has also been
applied to the problem of soft electron penetration into the
atmosphere by Mantas and Walker [1976]. The present calcu-
lations are essentially similar to those in the above references
except for the inclusion of a small term in the difference form
of (1) given by Mantas [1975], neglected in the first of the
above references, and the use of boundary conditions appro-
priate for the present problem.

PHOTOELECTRON FLUXES IN THE PLASMASPHERE

A proper treatment of the problem of photoelectron fluxes
in the plasmasphere would require the solution of the trans-
port equation for photoelectrons that takes account of the
divergence of the magnetic field lines and includes the effects of
collisions between photoelectrons and the ambient plasma
particles. In the present treatment we take account of the
divergence of the magnetic field lines and its effect on the
photoelectron energy loss to the ambient thermal electron gas.
However, we neglect pitch angle redistribution through colli-
sions in the plasmasphere. Quantitative estimates of the effect
of pitch angle diffusion through collisions in the plasmasphere
on the magnitude of the flux buildup will be made later.
However, we qualitatively note here that in addition to inject-
ing a fraction of photoelectrons into magnetically trapped
orbits, collisions inhibit transport (the same effect as that
found in the ionosphere, which has been discussed by Banks
and Nagy [1970] and Mantas and Bowhill [1975]). Both effects
tend to retain a larger fraction of photoelectrons in the plas-
masphere than when they are neglected. Inclusion of collisions
would therefore lead to higher steady state photoelectron
fluxes in the plasmasphere than when they are neglected. The
importance of collisions in retaining a substantial number of
photoelectrons in the plasmasphere has been brought out by
the work of Wormser [1973].

A photoelectron traversing the plasmasphere interacts with
the ambient thermal electron gas with an energy tranfer rate
given by (2). Integration of (2) gives

E(s) = {E’(so) ~ 28 f Nuls') ds'}m @)

for the energy of a photoelectron at a distance As from its
initial position sy, where it had the energy £(s,). The integra-



tion in (3) must be carried out along the photoelectron trajec-
tory.

When collisions are neglected, the distance element ds’ along
the path of an electron moving in a dipole field can be easily
obtained from the equations of the magnetic field lines and the
constraint imposed by the transverse adiabatic invariant as

ds' = RgL sin* 6 (3 cos® 6 + 1) df {[sin® 6 — sin® @,

- sin® 6, ((3 cos? § + 1)/(3 cos? 6, + 1)}~ 4)

where R is the earth’s radius, L is the Mcllwain coordinate, 8
is the polar angle at the end of ds’, and «, and §, are the pitch
and polar angles, respectively, at s,. By substituting (6) and (4)
into (3) and integrating (numerically) over the polar angle in
the interval (8,, #) we can calculate the energy of an electron in
the plasmasphere as a function of # and its initial energy and
pitch angle.
The electron pitch angle at 6 is given by the expression

I:sin" 0
Jcos?f+ 1

) 1/2] 1/:}
3cos?d, + 1 )

The photoelectron flux along a field line in the plasmasphere
can be easily calculated from the single particle energy and
pitch angle, (3) and (5), and the magnetic field strength along
the magnetic field line in question. For the present we are
interested in obtaining an estimate of the total attenuation of
the photoelectron flux in traversing the plasmasphere and the -
photoelectron flux buildup due to backscattering from the
ionosphere below 1000 km. Therefore we need only calculate |

= -1
a(d, 8o, ap) = cos {sin"ﬂ

— 8in? o, sin® 00(
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the flux at the boundaries of the plasmasphere field tube con-
necting the local and conjugate ionospheres.

PHYSICAL PARAMETERS

In the calculations we have employed two model atmo-
spheres and ionospheres matched to the prevailing conditions
on December 18, 1971, at Arecibo, Puerto Rico. For this day,
plasma line intensity data were obtained with the Arecibo
incoherent scatter radar. The intensity of the plasma line signal
is related to the angular and energy spectra of the steady state
photoelectron flux. These observations therefore provide a
data base for direct comparison of calculated and measured
plasma line intensities for matched solar, goemagnetic, and
local thermospheric conditions. A detailed comparison of the
observed and calculated plasma line intensities has been pre-
sented [Mantas et al., 1975] and will be further elaborated in a
subsequent paper.

Model Atmospheres and Ionospheres

The model neutral atmospheres are based on the Jacchia
[1971] model for the prevalent solar and geomagnetic condi-
tions and are consistent with exospheric temperatures inferred
from observed ion temperatures at 300 km. The observed
electron concentration profiles were matched to the plasma
line altitudes (see, for example, Booker and Smith [1970], pp.
469, 495) between 300 and 600 km. The neutral atmospheric
densities and the electron concentration profiles are given in
Table 1. We have taken the conjugate ionosphere and atmo-
sphere to have the same density and composition as the iono-
sphere and atmosphere above Arecibo. This assumed sym-
metry simplifies the calculations considerably without affecting
the conclusions reached in this study.

TABLE 1. Model Atmospheres and Electron Density Profiles
AltitUde’ [O]'l [Nﬂ]v [02]5 [He]1 [NF]’
km cm~? cm™® cm~? cm-? cm~?
8.8 AST on December 18, 1971, Tyyy = 355 K, T = 940 K, x = 60°
120 1.53(11)* 4.25(11) 6.27(10) 3.50(7) 1.58(5)
150 2.66(10) 3.05(10) 3.35(9) 1.48(7) 2.00(5)
200 5.50(9) 2.42(9) 1.94(8) 7.94(6) 5.20(5)
250 1.75(9) 3.51(8) 2.16(7) 5.54(6) 1.40(6)
300 6.40(8) 6.22(7) 3.00(6) 4.19(6) 9.40(5)
350 2.49(8) 1.20(7) 4.60(5) 3.27(6) 4.60(5)
400 9.98(7) 2.44(6) 7.44(4) 2.59(6) 2.60(5)
500 1.70(7) 1.11(5) 2.17(3) 1.66(6) 1.13(5)
600 3.06(6) 5.53(3) 7.06(1) 1.08(6) 6.80(4)
700 5.81(5) 3.01(2) 2.54(0) 7.13(5) 4.55(4)
800 1.15(5) 1.78(1) 1.00(—1) 4.76(5) 3.104)
900 2.39(4) 1.13(0) 4.31(-3) 3.21(5) 2.12(4)
1000 5.19(3) 7.80(—2) 2.02(—4) 2.19(5) 1.50(4)
10.5 AST on December 18,1971, Ty, = 355 K, T = 1000 K, x = 5I°
120 1.53(11) 4.25(11) 6.27(10) 3.50(7) 3.00(5)
150 2.65(10) 3.04(10) 3.35(9) 1.46(7) 3.45(5)
200 5.50(9) 2.47(9) 1.99(8) 7.77(6) 9.10(5)
250 1.79(9) 3.78(8) 2.36(7) 5.39(6) 2.52(6)
300 6.80(8) 7.18(7) 3.56(6) 4.09(6) 1.70(6)
350 2.76(8) 1.51(7) 6.00(35) 3.22(6) 8.30(5)
400 1.16(8) 3.34(6) 1.07(5) 2.57(6) 4.70(5)
500 2.19(7) 1.81(5) 3.84(3) 1.69(6) 2.28(5)
600 4.38(6) 1.08(4) 1.53(2) 1.13(6) 1.28(5)
700 9.16(5) 6.99(2) 6.70(0) 7.62(5) 8.60(4)
800 2.00(5) 4.89(1) 3.21(—1) 5.21(5) 5.70(4)
900 4.57(4) 3.68(0) 1.67(—2) 3.60(5) 3.80(4)
1000 1.08(4) 2.98(-1) 9.41(—4) 2.59(5) 2.60(4)

*Read 1.53(11) as 1.53 X 10",
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Plasma Distribution in the Plasmasphere

The electron density along a dipole magnetic field line in an
isothermal (T, = 7, = 3000°K) plasmasphere is given by
[Angerami and Thomas, 1964]

Ne(z) = %{exp (—2/Hy) + g exp (—2/Hy)

+ ms exp (—z/Hg)l'?  (6)

where the geopotential height z for an isothermal plasma-
sphere is

z(fo, 8) = Ro {(1 — sin® 8,/sin? )

QzRo
2g,

where f, is the polar angle of a reference point at 1000 km, the
foot of the magnetic field line connecting the local and con-
jugate ionospheres; 8 is the polar angle of a point on the
magnetic field line; @ is the earth’s angular velocity of rotation
about its geographic axis; H, (i = 1, 2, 3) are the scale heights
for O*, He*, and H*, respectively, at the 1000 km reference
altitude level; 5, (i = 1, 2, 3) are the ion densities at 1000 km
relative to the O* density at that level; n = u; + 7, + 75, R, is
the geocentric distance of the reference level; g, is the earth’s
gravitational acceleration at 1000 km; and N,, is the electron
density at 1000 km. Here we extrapolate the observed O+ to
1000 km and add light ion concentrations consistent with
Arecibo observations from other days and with relevant satel-
lite information [Breig and Hoffman, 1975].

+

(sin? #, — sin®4/sin* 00)}

Cross Sections and Solar EUV Fluxes

We have used the same set of collision cross sections as was
used in previous photoelectron flux calculations reported by
Mantas and Bowhill [1975] and Mantas and Walker [1976]. The
parameters for representing the excitation cross sections by
means of the Green and Barth [1965] empirical formula, as well
as the parameters for representing the ionization cross sections
with the Khare [1969] and Dalgarno and Lejeune [1971] for-
mulas, can be found in the work of Mantas [1973] and Mantas
and Walker [1976].

The primary photoelectron production rates were computed
by using the neutral atmosphere models given in Table 1, the
solar EUV fluxes reported by Hinteregger [1970] and Hall and
Hinteregger [1970], and the photoabsorption and photo-
ionization cross sections given by Stolarski and Johnson [1972].

PHOTOELECTRON FLUX PITCH ANGLE AND ENERGY
SPECTRA IN THE PLASMASPHERE

The angular distribution of the steady state photoelectron
flux at 1000 km is given in Figure 1, where integrated spectra
above a set of lower energy limits are shown. (The photoelec-
tron distribution below 1000 km will be presented and com-
pared with plasma line data in a subsequent communication.)
These energies were chosen so that the calculated spectra can
be compared directly with the measurements of Rao and Maier
[1970]. The pitch angle is measured from the upward direction
of the field line. Therefore electrons with pitch angles less than
90° enter the plasmasphere while those with pitch angles
greater than 90° leave it. These spectra include contributions
up through the second reflection. Figure la shows the pitch
angle distribution of the photoelectron flux when both local

(a)
LOCAL AND CONJUGATE
HEMISPHERE SUNLIT

.E>l'u>'\ l ) ' ) " (b}

>

ol z N\ LOCAL HEMISPHERE SUNLIT |

\ CONJUGATE HEMISPHERE

E>1l \! DARK

sl \y ..
E>is \

r TEAY \E>37eV )
E>

af E>N1 - e E
E>25 ~— T

I0_7x PHOTOELECTRON FLUX (el/(:m2 sec eV sir)

(c)

LOCAL HEMISPHERE DARK
8 CONJUGATE HEMISPHERE
SUNLIT

E>37
.—’/

£>

B2
2 T
— =/ E>35  E>IS
= e ST
0 T T ‘g 1 L 1 L L
e} 20 40 60 80 100 120 140 160 180

PITCH ANGLE (degrees)

Fig. 1. Steady state photoelectron flux pitch angle spectra at 1000
km over Arecibo on December 18, 1971, at 8.8 AST. The calculated
spectra (solid curves) include contributions up to the second reflection
of the escape flux between magnetically conjugate hemispheres. The
measured spectra (dashed curves) have been taken from Figure 3 of
Rao and Maier [1970]. The depletion around 90° in the calculated
spectra is due to neglecting Coulomb collisions in the plasmasphere.

and conjugate jonospheres are in sunlight, while Figures 2b
and 2¢ (solid curves) show the distribution when the iono-
sphere is in sunlight only under the one end of the field line.

In Figures 15 and ¢ we have also plotted (dashed curves)
the angular spectra reported by Rao and Maier [1970]. These
data were selected [Rao and Maier, 1970] from satellite Ex-
plorer 31 low-latitude (1.2 £ L < 2.5) passes at altitudes above
2300 km, during the winter of 1965-1966. Therefore apart
from covering the Arecibo magnetic latitude the measured
spectra correspond to different altitudes and solar activity
conditions than the calculated spectra. The comparison must
therefore be restricted only to qualitative aspects, such as the
overall shape and energy dependence; finer details are left for
future comparisons. A rough qualitative agreement between
the calculated and measured spectra is seen in the upward-
downward asymmetry. The calculated spectra show a mini-
mum in the region around 90° which is not present in the
observed spectra. This minimum arises partly from the neglect
of collisions in the plasmasphere; collisions would tend to
redistribute the angular flux dependence, with the effect of
‘filling up’ the depleted region of the spectrum and diminishing
the upward-downward flux anisotropy. The calculations agree
with the observations that the backscattered flux component is
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Fig. 2. Energy spectra of the escape photoelectron flux and of its
two first reflections between local and conjugate hemispheres. The
solid curves represent upward flux components at 1000 km over Are-
cibo. The dashed curves represent downward flux components at the
other end of the magnetic field line at 1000 km. The curve denoted &, *
represents the steady state upward flux at 1000 km, when both local
and conjugate hemispheres are sunlit.

more isotropic than the escaping component and also that the
upward-downward flux anisotropy decreases with increasing
electron energy.

The corresponding differential energy spectra are shown in
Figure 2. The curves designated by ®,* (/ = 0, 1, 2) give the
upward flux components (/ indicates the number (order) of
reflections (approximations)) at the ‘foot’ of the plasmaspheric
field tube, while those designated by &, (i = 0, 1, 2) give the
components of the same order moving downward at the other
‘end’ of the magnetic field tube. The difference between two
spectra of the same order (i.e., &,* — $,~) therefore represents
the attenuation of the flux in traversing the plasmasphere. The
curve indicated by ®.* gives the steady state upward flux when
both the local and conjugate ionospheres are in sunlight, ob-
tained by superposition of all the upward contributions. The
steady state downward flux can be obtained similarly. The
steady state flux when only the ionosphere below the one end
of the field line is sunlit can be obtained by superposition of
the appropriate components. It should be noted here that the
spectra shown in Figure 2 represent fluxes at the plasmasphere
boundary in the inward and outward directions, projected
along the magnetic field lines.

Energy and Photoelectron Number Budgets
in the Plasmasphere

The energy and electron number budgets in a plasmaspheric
field tube over Arecibo (L = 1.42) are summarized in Table 2.

The formula defining the entries in each column is shown at
the top of that column. As was the case in Figure 2, the flux
component order of reflection is given by the value of the
subscript (i = 0, 1, 2), shown in the first column. In examining
Table 2 the following scheme should be followed. The first
entry,

En 1
2r f f pE®(ho, E, 1) dudE = 6.07 X 10° (eV/cm? s)
0 (]

is the energy flux entering the plasmasphere field tube bound-
ary at 1000 km over Arecibo owing to photoelectron produc-
tion in the ionosphere below. The third entry,

£, [1
2r f f pE®o( o, E, 1) dudE = 5.40 X 10° (eV/cm? s)
1] 0

is that part of this energy flux which reaches the other end of
the field line. The second entry, 6.67 X 10%, is the difference
between the two and represents the energy absorbed in the first
passage of the escape flux through the plasmasphere. The
second entry of the first column,

E, 1
27rf f pE®, (Ao, E, p) dudE = 1.75 X 10° (eV/cm? s)
4 0

gives that part of the incident energy flux, 540 X 10°
(eV/ecm?s), backscattered from the ionosphere below. The
following two entries, 2.50 X 10® and 1.50 X 10° are the
fractions of the backscattered flux absorbed in and transmitted
through the plasmasphere, respectively. The same scheme
should be followed in the interpretation of the remaining
entries appearing in this table. Also, the same procedure is to
be followed in the electron number budget part of the table.

For the conditions modeled here, Table 2 shows that (1)
25-35% of the energy and 30-40% of the electron flux incident
on the ionosphere are backscattered to the plasmasphere; (2)
the transparency of the plasmasphere over Arecibo (collisions
neglected) for energy transfer between conjugate hemispheres
is 80-90%, while for electron transfer it is between 70 and 85%;
(3) the steady state outgoing photoelectron flux at Arecibo is
5-10% higher than the escape flux when the conjugate iono-
sphere is in darkness and 30-40% higher when the conjugate
ionosphere is sunlit.

It should be noted that the particle and energy fluxes given
in Table 2 represent only particular moments of the photoelec-
tron distribution and as such do not give a complete picture of
the buildup effect. Perhaps a better illustration of the buildup
effect is provided by a comparison of the number of photoelec-
trons, irrespective of their energy and direction of motion,
contributed to a volume element by each successive reflection.
The photoelectron number density is given by

o) = 2x : f @, E, 1)/ o(E)} dEdu

The values of p, (i = 0, 1, 2) at 1000 km, and the sums over i
for local and conjugate sunlit and local sunlit conjugate dark
conditions, relative to p,, are given in Table 3. This table shows
that for the conditions considered here, about 40% of the
photoelectrons found in a volume element at 1000 km over the
observer, when the conjugate ionosphere is in darkness, con-
sist of photoelectrons that have been backscattered from the
conjugate ionosphere. When both the local and conjugate
ionospheres are sunlit, more than half of the photoelectrons at
1000 km either are of conjugate origin or are photoelectrons of
local origin that have been backscattered from the conjugate



MANTAS ET AL.. PLASMASPHERE PHOTOELECTRON FLUXES

TABLE 2. Energy and Electron Number Budgets in the Plasmasphere

ENERGY BUDGET ELECTRON NUMBER BUDGET
UPWARD ENERGY ENERGY ABSORBED ENERGY FLUX UPWARD ELECTRON ELECTRON FLUX ELECTRON FLUX
b . 1000km FLUX N MAGNETOsPHERE  REACHING CONJUGATE FLuX ABSORBED REACHING CONJUGATE
o ) IONOSPHERE IN MAGNE TOSPHERE IONOSPHERE
Eg= 1008V . (IaV/cm sac) (eV/cm?sec) . (ueV/cml sec) . (el Zcm?sec) (e1/emBsec) (el /cm2sec)
1 Egp0
ZVJ; j; ED, (he Epplp du dE 2af [ EDi th,Eplady dE Zvrfa [, @ (hoiE ) dudE 2arf [} (ho,Epalps du |
ARECIBO DEC.18, 1971, 8BAST
*
. 6.07 x 10° 6.67x 10° 5.40 x10° 3.20 x 10° 5.12 x 107 2.69 x10°
*
ol 1.75 x 10° 2.50x10° 1.50 x10° 1.05x 10® 1.95 x 107 8.55 x 107
&k 4.56 x 10° 7.29% 107 3.83x10° 2.97 x 107 6.24x 10° 2.35x 107
(bf.,m 9 9 9 (] 8 8
LOCAL B CONJUGATE 8.28x 10 1.98 x IO 7.28% 10 455 x 10 1.54 x 10 378 x 10
SUNLIT
ES
total
LOCAL SUNLIT 6.53 x 10° 9.90 %10 5.78 % 10° 3.50% 10° 7.69x 107 2.93 % 10°
CONJUGATE DARK
ARECIBO DEC. 18, 1971 : 10 5 AST
-} 5.04 % 10° 8.06x10° 4.23x10° 2.54x10° 6.33x 107 2.01 % 10°
Ed 9
o) 110 x 10 2.21x 10" 8.84x 10° 6.20 %10 1.6 x 107 453 %107
x
&; 2.31 x 10° 5.07x10 1.80x10° 1.34x 107 4.01 x 10° 9,36 x 10°
¢%ﬂ"’l 9 9 9 8 8 8
LOCALS CONJUGATE 6.37 x 10 2.16 x 10 5.29 x10 3.29x 10 1.47 x 10 2.56 x 10
SUNLIT
¢2
totol 9 9 9 8 7 (]
LOCAL SUNLIT 5.27 x 10 1.08 %10 4.41x10 2.67x 10 7.34% 10 2.10 x10
CONJUGATE DARK

ionosphere. Since low-energy photoelectrons contribute most
to the thermal electron gas heating, Table 3 implies that ther-
mal electron gas heating rates at high altitudes are under-
estimated by more than a factor of 2 if photoelectrons from the
conjugate ionosphere and collisional containment are ne-
glected.

Effect of Uncertainties in Plasmaspheric
Electron Density and Ion Composition

For the calculations shown in Figures 1-2 and Table 2 the
relative ion concentrations at 1000 km were taken as 60% O+,
15% He*, and 25% H* of the electron concentration. When
data from the Isis 2 satellite [Breig and Hoffinan, 1975] at 1400
km in winter 1971 are extrapolated to 1000 km, they lead to
relative ion concentrations of about 85% O*, 2% He*, and 13%
H*. For an isothermal plasma along the magnetic field line of
3000 K this ion composition at the boundary leads to a reduc-
tion of less than 5% in the total energy absorption rate in the
plasmasphere and of less than 10% in the total electron num-
ber absorption rate. Changes in the plasma temperature of
+1000 K, for fixed electron density and ion composition at the
boundaries, lead to changes of less than 2% and 5% in the total
energy and electron number absorption rates, respectively.
This is because the H* scale height is sufficiently large that
reasonable variations in temperature change the N, content,
along the field line here, by amounts of negligible consequence
to the transmission. For the low L value of Arecibo the frac-
tional transmission above 1000 km should not vary signifi-
cantly. The transmission can be expected to differ consid-
erably, by L values of 3 or more, between times of extended
quiet and those, after a magnetic storm, of significantly de-
pleted plasmaspheric content [e.g., Noxon and Johanson,
1970]. Thus at higher latitudes the flux buildup due to back-
scatter will tend to be less marked than is noted here; however,
the flux buildup due to pitch angle diffusion in the plasma-
sphere will tend to increase.

TRANSMISSION AND BACKSCATTERING COEFFICIENTS

The neglect of pitch angle scattering in the plasmasphere
overestimates its transparency and therefore overestimates the
buildup due to collisional backscatter containment. However,
it underestimates the net buildup. This is because a photoelec-
tron that undergoes pitch angle scattering in the plasmasphere
is likely to be trapped there, while one reaching the iono-
sphere-plasmasphere boundary has a lower probability for
containment through collisional backscattering from the lower
ionosphere. In the steady state, pitch angle scattering in the
plasmasphere would, of course, transfer a number of photo-
electrons from nontrapped to trapped orbits, and vice versa;
the net effect, nevertheless, is a flux buildup, since if pitch angle
scattering is neglected, all trapped orbits will be unoccupied.

The magnitude of the buildup clearly depends on the trans-
parency of the plasmasphere and on the magnitude of the
fraction of the transmitted flux that is backscattered from the
thermosphere. The transparency of the plasmasphere depends
on the plasmasphere plasma content and on the energy and
angular spectra of the photoelectron flux entering the plasma-
sphere. Similarly, the reflectivity of the thermosphere depends

TABLE 3. Fractional Buildup of Photoelectron Number Density
at 1000 km
Pt/Po
i 8.8 AST* 10.5 AST}

0 1 1

1 1.18 1.05

2 0.43 0.38
Local and conjugate sunlit 2.61 2.43

Local sunlit, conjugate dark 1.43 1.38

From Arecibo, December 18, 1971.
*po = 2.8 cm™,
tpo = 2.1 em™®,
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on thermospheric conditions and the energy and angular
spectra of the incident electron flux. Clearly, the steady state
photoelectron flux in the plasmasphere will exhibit variations
with plasmaspheric and thermospheric conditions. To estimate
the relative importance to the flux enhancement of pitch angle
diffusion versus backscatter, we examine in this section the
magnitudes of the transmission and backscattering ‘coeffi-
cients’ and their variation with ionospheric, plasmaspheric,
and boundary conditions.

For the present purpose we will-define the coefficients for
transmission of electrons, Ty, and energy, Ty, through the
plasmasphere as the respective ratios of the total electron and
energy fluxes exiting the plasmasphere, projected along the
magnetic field line, to the corresponding total quantities enter-
ing the plasmasphere at the other end of the magnetic field
line. In terms of the notation we have been using these can be
written as

fOED f: ®(ho, E, u)u dudE
(7a)

Ty -
[
f f ®(ho, E, p)u dudE
0 (]

E, 2
[* [ B0t £ uw duce
Q -1

Ts

— (7b)
f fo E®(hy, E, p)u dudE
0

where the denominators are evaluated at the entry boundary
and the numerators at the exit boundary.

Similarly, the coefficients for backscattering of electrons,
By, and energy, B, from the thermosphere will be defined as
the respective ratios of the total upward electron and energy
fluxes at 1000 km, projected along the magnetic field line, to
the corresponding downward quantities at the same altitude.
Notationally, these coefficients are defined as

E,
[* [ 200, £, duar
0 0

B, = E, [0
[ [ at. w0 dude
Q -1

(8a)

E, 1
[ [ 82, B, won dude
1] 0

]

Bg

— (8b)
fo f_1 E®(hy, E, p)p dudE

where the integrals are evaluated at the same boundary.

The plasmasphere transmission coefficients Ty and Ty de-
fined by (7a)-(7b) can be obtained directly from Table 2, as the
ratios of the corresponding fluxes in the third and first columns
in the same row. Similarly, the thermosphere backscattering
coefficients By and By can be obtained from Table 2, as the
ratios of the corresponding fluxes in the first and third columns
in two successive rows. It should be noted that the upward
‘backscattered’ flux may include contributions from secondary
ionization. This allows the possibility that By > 1.

Plasmasphere Transmission Coefficients

It has been shown by Lejeune and Wormser [1976] that the
transmission of electrons through the plasmasphere depends
strongly on the value of a dimensionless parameter C and that
it is almost independent of the pitch angle distribution of the

photoelectron flux incident upon the plasmasphere boundary.
This parameter in the calculations of Lejeune and Wormser
[1976] arises naturally in the reduction of the photoelectron
transport equation to dimensionless form. Here we will derive
C by averaging (2) over the energy of the photoelectron flux
incident upon the plasmasphere boundary and subsequently
integrating the resulting expression:

<d5s+ > ) <I>+2(7;10) f f (‘fz—f)‘l’(hm E, w)u dudE

Ne(s)
O

= -8

where the distance coordinate s, after the averaging over the
pitch angle, is measured along the magnetic field line rather
than along the particle trajectory, as is the case in (2) or (3).
Integration of (9) leads to an expression similar to (3), which
we will write here as

E+? = 28I(s)}{C(s) — 1} (10)

This gives the value of the mean energy E* of the incident
electron flux at the distance s from the plasmasphere bound-
ary. The dimensionless parameter C(s) = (E,*)2/(281(s)) is
seen to incorporate the mean energy Eo* of the incident elec-
tron flux as well as the integrated plasma content I(s) =
f 57 Ne(s') ds’, both of which are important in determining the
transmission of energetic electrons through the plasmasphere.

The values of C (with the integral evaluated over the entire
length of the magnetic field line in the plasmasphere), E,*, Ts
and T for each traversal (i = 0, 1, 2) of the plasmasphere, as
well as for the superposed steady state fluxes, are given in
Table 4. For comparison we have also included the transmis-
sion coefficients (for the symmetric case) calculated by Lejeune
and Wormser [1976] with and without pitch angle scattering in
the plasmasphere. In their calculations, Lejeune and Wormser
[1976] represented the energy spectrum of the electron flux
entering the plasmasphere by the empirical formula

$+(E, he) ~ E exp [~(2E/E,*)]

with E,* = 10 eV. For mean energies E,* in the range 15-20

TABLE 4. Plasmasphere Photoelectron and Energy Transmission

Coefficients
i (Eo+) G T, T,
Arecibo, 8.8 AST on December 18, 1971, 28I = 36.64 ¢V*

0 18.96 9.81 0.84 0.89
1 16.64 7.56 0.81 0.86
2 15.34 6.42 0.79 0.84
Local and conjugate sunlit 18.20 9.04 0.83 0.88
Local sunlit, conjugatedark  18.66 9.50 0.84 0.89

Arecibo, 10.5 AST on December 18, 1971, 28I = 63.44 eV?

0 19.84 6.20 0.79 0.84
1 17.82 5.01 0.73 0.80
2 16.52 4.30 0.70 0.78
Local and conjugate sunlit 19.36 591 0.78 0.83
Local sunlit, conjugate dark  19.74 6.14 0.79 0.84
Lejeune and Wormser [1976]

No pitch angle diffusion 10.00 1.10 0.406 0.507

10.00 1.65 0.501 0.555

10.00 2.20 0.587 0.683
Local and conjugate sunlit,  10.00 1.10 0.25 0.31
symmetric 10.00 1.65 0.32 0.38
10.00 2.20 0.39 0.46
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eV this formula fits the energy distribution of the calculated
upward fluxes at 1000 km reasonably well. However, the mean
energy of 10 eV chosen by Lejeune and Wormser [1976] is
lower, by a factor in the range 1.5~2.0, than our calculated
mean energy of the photoelectron flux entering the plasmas-
phere. The theoretically calculated mean energy is about 18-20
eV (see Table 4 and Mantas and Bowhill [1975]) and is in good
agreement with the value (e.g., 16-18 eV) deduced from the
Isis satellites photoelectron experiments [Wrenn and Heikkila,
1972; Wrenn, 1974].

Since the ‘test’ electron energy loss rate depends inversely on
the electron energy (equation (2)), low-energy electrons are
absorbed in a plasma more efficiently than electrons with
higher energy. The softer electron energy spectrum assumed in
the calculations of Lejeune and Wormser would therefore tend
to underestimate the transparency of the plasmasphere to typi-
cal photoelectron fluxes. More important, it would tend to
underestimate the effect (on the plasmasphere transmission) of
pitch angle scattering relative to that of energy loss. This
becomes clear when one considers that the ratio (t5/1z) of the
relaxation time for velocity dispersion ¢, to that for energy
transfer ¢z [Spitzer, 1956, pp. 68-81], decreases as the energy of
the nonthermal electron population increases.

These arguments can perhaps be better demonstrated by
referring to Figure 3, where the plasmasphere transmission
coefficienits given in Table 4 are presented in graphical form, as
a function of the parameter C. A reasonable extrapolation to
lower C values of the transmission coefficients calculated here
is seen to lead naturally to the values obtained by Lejeune and
Wormser [1976], with pitch angle diffusion neglected. High
values of C = (E,* /281 represent conditions of either high-
energy incident electron fluxes or low plasmasphere plasma
content, while low values represent conditions of either low-
energy incident fluxes or high plasma content. The variation of
the transmission coefficients, with pitch angle diffusion ne-
glected, is seen to increase toward unity as C — « and to
decrease toward zero as C — 0, as is expected from physical
considerations. Inclusion of pitch angle scattering reduces
(Figure 3) the transmission coefficients to lower values than
those obtained when diffusion is neglected.

From the three points calculated by Lejeune and Wormser it
is not possible to determine the C dependence of the transmis-
sion coefficients with pitch angle scattering included, except, of
course, it is obvious that they should increase monotonically
from zero toward unity as C increases from zero to infinity.
For typical escape photoelectron flux mean energies (15 < E <

o
1

Te

’

-

@

| A

TRANSMISSION COEFFICIENT

INCLUDING PITCH ANGLE
DIFFUSION IN PLASMASPHERE

20 V) and the same plasmasphere plasma content as that used
by Lejeune and Wormser the parameter C takes values in the
range 2.5 < C < 8.8. A rough extrapolation of the photoelec-
tron flux transmission coefficient T, that includes pitch angle
scattering, in this range of C gives values roughly in the range
0.4 £ Ty < 0.7. The important point to be noticed is that for
typical photoelectron escape flux energy spectra and mid-lati-
tude plasmasphere electron contents (4 < C < 10) the photo-
electron flux absorbed in the plasmasphere is about doubled
when, in addition to energy loss, pitch angle scattering is
included. For C £ 4, on the other hand, pitch angle diffusion is
of secondary importance to energy loss with regard to the
transmission of energetic electrons through the plasmasphere.
The soft electron spectrum chosen by Lejeune and Wormser
[1976] is thus seen, on the one hand, to underestimate sub-
stantially the transparency of the plasmasphere to typical pho-
toelectron fluxes for a given electron content and, on the other,
to give an erroneous impression regarding the relative impor-
tance of energy loss to pitch angle scattering in determining the
transmission of typical photoelectron fluxes through the plas-
masphere.

Thermosphere Backscattering Coefficients

In the preceding section we have just seen that for mid-
latitudes, even though pitch angle scattering nearly doubles the
photoelectron flux absorbed in the plasmasphere, more than
half of the incident photoelectron flux is transmitted through
the plasmasphere. This fraction is therefore still available for
containment in the plasmasphere through collisional backscat-
ter from the thermosphere below. It would be useful therefore
to examine the variation of the backscattering coefficients with
thermospheric and incident flux conditions.

Because of the host of processes that come into play in the
interaction of an incident electron beam with the atmosphere it
is not a priori obvious whether the variation of the backscat-
tering coefficients can be described by a single dimensionless
parameter (such as C) over a wide range of variation of ther-
mospheric¢ and incident flux conditions. However, we will find
that it is useful to hypothesize that such a parameter, which we
will call X, exists, at least for a limited range of variation of the
thermospheric and incident flux conditions. Our search for this
parameter will be guided by (1) examination of the most
significant differences in thermospheric and boundary condi-
tions for a number of cases where we have detailed calcu-
lations of backscattered electron and energy fluxes and (2)
some general considerations of the backscattering problem.

ANGLE DIFFUSION IN PLASMASPHERE
_.————x-——o'-><—><-><“_----'ﬁ ——————

B NO P\-\'cH
BF /x XX

®®® [ejeune & Wormser

X XX
O O O )Preseni calculation
AAA

Fig. 3.

Plasmasphere photoelectron (T, ) and energy (Tx) transmission coefficients. For the definition of the parameter C

(abscissa), see the section on plasmasphere transmission coefficients.
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Examination of the two model calculations summarized in
Table 2 and five additional model calculations (not otherwise
discussed here), with nearly the same incident electron flux
energy and angular spectra but varying thermospheric condi-
tions, indicates that the topside F region electron content plays
a more important role relative to the other atmospheric con-
stituents in influencing the backscattered to the incident flux
ratio. This is not surprising when one considers that the in-
cident electron flux must penetrate down to a relatively well
defined neutral atmospheric pressure level before collisions
increase substantially to deflect it and that the deflected flux
contains a substantial number of energy-degraded primaries
and (low energy) secondaries that are efficiently absorbed by
the ambient thermal plasma. This implies that while the top-
side plasma content plays a secondary role, relative to the
other constituents, in determining the depth of penetration
and the probability for backscatter, it dominates the electron
absorption rate along the upward path and thereby controls
the backscattered to the incident electron flux ratio.

The calculations of Mantas and Walker [1976] show that for
monoenergetic incident electron fluxes isotropically distrib-
uted in pitch angle in the downward direction and constant
thermospheric conditions the ratio of the backscattered to the
incident electron flux increases with increasing incident elec-
tron energy in the 25- to 100-eV range, while the correspond-
ing energy flux ratio remains constant. The former of these
results can be easily understood when one considers that as the
incident electron energy increases, there are more secondaries
produced and a wider spectrum of energy-degraded primaries
that can escape. We will not digress to consider the latter
result, since it does not influence the choice and combination
of the thermospheric and boundary parameters in defining the
dimensionless parameter we seek.

The above observations indicate that if the thermosphere
backscattering coefficient for electrons, B, is to increase with
X, X itself must increase with incident electron energy and
decrease with topside F region electron content. Consideration
of the backscattering process itself suggests that X must also
depend on some suitably defined backscattering probability.

A dimensionless parameter that has these properties is the
following:

X = AC'(2)P(z)
with C’(z) and P(z) defined by

(11a)

C'(z) = B,y (2;3 j: Nols) ds)—l (115)
Pe) = 5 5 (o(E) [ Mils) ds (11c)

where A is an arbitrary constant, E,~ is the mean energy of the
electron flux incident upon the thermosphere at the boundary
at ho, and the other symbols have the same meaning as in (1)
and (2), except that the elastic collision cross sections ¢,%(E)
have been averaged over the incident electron flux energy
spectrum.

The integrals are evaluated along the magnetic field line
from the boundary of the thermosphere at A, to some lower
altitude z, The altitude z will be specified as that giving the
maximum distance (4, — z) that an incident electron with
energy equal to the mean energy of the incident electron flux
can penetrate into the thermosphere and still subsequently
escape to the plasmasphere. To calculate z we need an ex-
pression for the energy loss rate for an energetic electron in the

ionosphere. An approximate expression for the energy loss
rate of the same form as (10) is

dE“> 1

ds - E_ zl: (,31) Nl(s)
where N,(s) is the concentration of the /th ionospheric constit-
uent at the altitude s, and (8,) are constants defined by

(12)

! ® podED-
6) = 50 [; Wy [ Bo/E)e(h, ) dE

+ Z(W,[+E,,)fEa,'(E)<I>—(hD,E)dE] (13)

where E;, is the mean energy of the secondary electrons pro-
duced in the ionization of the /th constituent, in the ith ionic
state. The rest of the symbols appearing in (13) have the same
meaning as in (1). The constants {8;) are seen to be related,
within a factor £, to the stopping cross sections of the atmo-
spheric constituents averaged over the incident electron flux
energy spectrum, '

Integration of (12) gives the energy of the electron along its
trajectory. Since an electron must traverse the topside iono-
sphere at least twice (once downward and once upward) to
escape, the maximum depth of penetration (h, — z) is obtained
from the integrated form of (12) when the expression

-\2
El = s [ Nisras
1 hq
is satisfied. The solution of (14) is found by numerical or
graphical means. Altitude z having been specified, the parame-
ter X defined by (11) is specified within the scaling constant 4;
a convenient value for A is .

It must be noted that the parameter X has been constrained
only to exhibit the desired variation with incident flux mean
energy and topside ionosphere electron content. It is otherwise
arbitrary (i.e., several other parameters can be defined in terms
of which the backscattered electron flux variation with bound-
ary and thermospheric conditions can be represented). We
have chosen X from a number of other parameters on the
criterion of giving the smallest standard deviation from a
smooth curve when the calculated backscattered fluxes are
plotted against each of these parameters.

Table 5 gives the values of E,-, z, X, Bs, and B for a
number of thermosphere and incident flux conditions, includ-
ing the two models used in the present study. The thermos-
phere backscattering coefficients B4 and By have been plotted
in Figure 4 against the parameter X. When the ‘points’ are

(14)

TABLE 5. Thermosphere Electron and Energy Backscattering

Coefficients
E,”, eV z km C'(z) P(z) X Bs Be
99.41 331.5 484.43 1.14 274.91 1.07 0.50
49.46 362.0 130.96 0.89 58.11 0.87 0.49
2447 368.3 32.79 1.03 16.81 0.72 0.50
20.89 345.0 6.88 0.72 2.46 0.32 0.26
20.88 355.0 15.66 0.86 6.74 0.49 0.38
20.77 364.5 6.54 0.71 2,32 0.31 0.26
20.74 375.2 6.38 0.70 2.23 0.31 0.26
20.52 354.9 6.48 0.72 2.33 0.30 0.25
19.90 348.3 9.73 0.80 3.87 0.39 0.32
19.81 330.8 9.91 0.81 3.99 0.40 0.32
19.51 3735 6.14 0.62 1.89 0.26 0.23
17.30 352.5 7.60 0.77 291 0.35 0.30
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grouped in two sets, the one consisting of six points (three
values of By and three of B;) corresponding to the calculations
of Mantas and Walker [1976] and the other to the remaining
values given in Table 5, it is seen that within each set By and
Bz can be well represented as linear functions of X. Note that
in the calculations of Mantas and Walker [1976] the incident
electron fluxes were monoenergetic, while in the rest of the
calculations the incident fluxes have broad energy spectra, e.g.,
those shown in Figure 2. The two different slopes obtained for
the two types of incident electron flux energy spectra simply
indicate that the thermosphere backscattering coefficients de-
pend not only on the mean incident flux energy but also on the
shape of the incident flux energy spectrum, hardly a surprising
result.

The important point to be noted in Figure 4 is that the
thermosphere backscattering coefficient for photoelectrons
can be represented as a simple function of a single variable and
that it can vary by as much as a factor of 2, with typical
variations of the thermospheric conditions, and probably var-
ies more in exceptional cases.

ESTIMATED PHOTOELECTRON FLUXES INCLUDING
PITcH ANGLE DIFFUSION AND BACKSCATTER

The transmission and backscattering coefficients, discussed
in the previous section, can be used to estimate the amplitude
of the steady state photoelectron flux in the plasmasphere,
both backscattering from the thermosphere and pitch angle
diffusion in the plasmasphere being included. We have already
noted that the relatively soft electron spectrum employed by
Lejeune and Wormser [1976] substantially underestimates the
transparency of the middle latitude plasmasphere to typical
photoelectron fluxes. For plasmasphere electron contents in
the range (0.7-2) X 10* cm~2 the plasmasphere transmission
coefficient for photoelectrons, Ty, lies roughly in the range
0.5-0.7, energy loss and pitch angle diffusion being included.
This estimate is in agreement with the value deduced by Wrenn
[1974] from the Isis satellite photoelectron observations. The
actual values of T must be found by solving the transport
equation for photoelectrons in the plasmasphere—a task be-

yond the purpose of the present paper. It is possible, however,
even with the above rough estimate of the range of Te, to
obtain a fairly good estimate of the steady state photoelectron
flux amplitude in the plasmasphere. The reason for this is that
the contribution to the steady state flux by backscatter is in
inverse relation to the contribution by pitch angle diffu-
sion, in the sense that an increase in the contribution due to
one mechanism leads to a decrease to the contribution due to
the other, and vice versa. This compensating interaction tends
to stabilize the steady state flux amplitude against small
changes (or errors) in Ty, making possible a fairly good esti-
mate of the flux amplitude with only a rough knowledge of Ts.

However, to calculate the steady state flux, in addition to the
transmission and backscattering coefficients we must also
know what fraction of the photoelectrons that undergo colli-
sions in the plasmasphere is trapped and what fraction is
backscattered to the thermosphere. The reason for this is clear.
The trapped fraction can be counted to the steady state flux
with little further consideration, while the backscattered (from
the plasmasphere) fraction must be further considered, since it
can still reenter the plasmasphere. In the present estimate we
have assumed that all photoelectrons that undergo pitch angle
scattering in the plasmasphere are trapped. This assumption
considerably simplifies the algebra, in the calculation of the
steady state flux, without leading to appreciable error. It is also
supported by the analysis by Wrenn [1974] of satellite data.
With this assumption the steady state photoelectron flux at the
apex of the magnetic field tube is given by simple algebraic
expressions in terms of the transmission and backscattering
coefficients, the magnetig field tube geometry, and the first-
order approximation of the flux entering the field tube bound-
aries (see the appendix).

Table 6 gives the amplitude of the photoelectron flux @ ,* at
the apex of the magnetic field tube with its foot over Arecibo
(L = 1.42), various containment mechanisms being included,
relative to the flux at the apex of the same tube, ®,*, with no
containment whatsoever. The plus sign indicates the direction
away from Arecibo. When scattering is neglected, the flux at
the tube apex, ®,*, in terms of the flux entering the tube
boundary at 1000 km, &,*, is given by ®,* = Tya? (Ao/42) P07 .
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TABLE 6. Calculated Photoelectron Fluxes at the Apex of the

Magnetic Field Tube With. L = 142, for Various Containment
Conditions
Local Sunlit, Local and
Conjugate Dark Conjugate Sunlit

Condition Pt/ Bt Ba/ BT BaT/ Bt Ba /Dt

8.8 AST on December 18, 1971, ®,* = 1.23 X 10® em™? s-!
No containment 1.00 0 1.00 1.00
Including pitch angle diffu- 1.10 0.10 1.19 1.19
sion but not backscatter

Including backscatter but 1.09 0.32 1.42 1.42
not pitch angle diffusion

Including backscatter and 1.18 0.38 1.56 1.56
pitch angle diffusion

10.5 AST on December 18, 1971, ®,* = 9.58 X 107 em™2 5~}

No containment 1.00 0 1.00 1.00

Including pitch angle diffu- 1.11 0.11 1.22 1.22
sion but not backscatter

Including backscatter but 1.05 0.24 1.29 1.29
not pitch angle diffusion

Including backscatter and 1.16 0.32 1.48 1.48

pitch angle diffusion

Here A4, and A, are the cross-sectional areas of the tube at 1000
km and at the apex, respectively, and T,° represents the
attenuation of the flux, due to energy loss alone, in its passage
from 1000 km to the magnetic field tube apex. The values of
$,*, for the two models considered here, are also given in
Table 6.

For the nonsymmetric case when pitch angle diffusion in the
plasmasphere and backscattering from the thermosphere are
neglected, there is no return flux (®,~ = 0) because there is no
mechanism to produce a return flux. When pitch angle diffu-
sion in the plasmasphere is included but backscattering from
the thermosphere is neglected (as in the symmetric case in the
calculations of Lejeune and Wormser [1976]), there is about a
10% enhancement in ®,*. A return flux &, equal to the
enhancement in ®,* is then also present. In the symmetric case
the flux at the apex, in both directions, is enhanced by about
20% owing to pitch angle diffusion alone. When backscattering
from the thermosphere is included but pitch angle diffusion in
the plasmasphere is neglected, the enhancement of $,* is
about 5-10%. In this case the return flux is much larger,
25-30%, than that due to pitch angle diffusion in the previous
case. For symmetric conditions the enhancement in both direc-
tions, due to backscattering alone, is about 30-40%; this is
much larger than the enhancement due to pitch angle diffusion
alone. When both pitch angle diffusion and backscatter are
included, the enhancement of the flux, in both directions, is
substantial in both the nonsymmetric and the symmetric case;
in the symmetric case it is 48-56% for the models considered
here. From the variation of the transmission and backscatter-
ing coefficients shown in Figures 3 and 4 it is clear that the
buildup is strongly dependent on plasmaspheric and thermos-
pheric conditions.

Comparison With Experimental Results

Photoelectron fluxes in the plasmasphere have been mea-
sured by Rao and Donley [1969], Maier and Rao [1970], Heik-
kila [1970], Rao and Maier [1970], Wrenn [1974], and others.
These measurements have been carried out at different loca-
tions in the plasmasphere and pertain to a variety of geophysi-
cal and solar activity conditions. In comparing the available

calculated and measured fluxes, one must therefore allow for
the variation of the fluxes with location and geophysical and
solar activity conditions. However, this variation is neither
adequately understood nor often measured and reported. In
such a comparison one is also faced with questions of instru-
mental effects and the handicap of nonuniform and/or in-
adequate definition of the reported quantities. All this sub-
stantially reduces the data base that can be unambiguously
compared with theory. In addition, instrumental limitations
confine the available photoelectron flux measurements to only
that portion of the photoelectron energy spectrumn above a
certain lower energy limit. For the measurements included in
the present comparison (see Table 7) the cutoff energies lie
between 3.7 and 8 eV. From Figure 2 we see that about 10% of
the upward steady state photoelectron flux, at 1000 km, con-
sists of photoelectrons with energies less than 5 eV, and about
25% of photoelectrons with energies less than 8 eV.

Table 7 summarizes selected photoelectron flux measure-
ments in the plasmasphere. Of the available measurements we
have included in this table only those pertaining to altitudes
above 1000 km, with L £ 10, and otherwise adequately defined
to be reducible to fluxes parallel to the magnetic field lines (on
the assumption of pitch angle isotropy at least within each
directional hemisphere). The first part of the table includes the
cases for which both ends (reference points) of the magnetic
field line associated with the location of the measurement are
sunlit, while the second includes those cases for which only one
end is sunlit. The ends of the field line are taken at 300 km, and
an end is classified as sunlit when the solar zenith angle at this
end is equal to or less than 100°.

The measured photoelectron fluxes in the plasmasphere are
seen (Table 7) to lie in the range (1.4-3.5) X 10° cm~%s~! when
both ends of the field line are sunlit and (0.15-1.5) X 10 ¢m~2
s~! when only one end is sunlit. From Table 6 the calculated
fluxes at the field tube apex are &, = (1.42-1.92) X 10°
cm "2 57! for both ends of the line sunlit and &, = (1.11-1.45)
X 10 cm %5 ! for only the one end sunlit. These are seen to lie
within the range of the measured flux values in both cases. It
may even be noted that the calculated fluxes (corresponding to
L =142, h >~ 2700 km) agree more closely with the few nearby
observations than with those further away. This may well
merely be fortuitous, given that the models used in the calcu-
lations do not otherwise match the solar and geophysical
conditions prevailing during these measurements.

Although the available reported measurements are not
viewed as a data base adequate to provide any definitive con-
clusion regarding the range of flux variation, it is significant to
note that when both ends of the field line are sunlit, the
extreme measured fluxes are only a factor of 2.5 apart, while
when only one end is sunlit, the measured fluxes span a range
of an order of magnitude. Considering that the solar sunspot
activity passed from a near minimum in 1965 to a near maxi-
mum in 1969 and considering the wide spread of altitudes
(1400-3500 km), L values {1.2-10), and solar zenith angles
encompassed in these measurements, the variation of the mea-
sured fluxes in the symmetric case is very small indeed. In the
nonsymmetric case the variation is seen to be wider. Part of
this is no doubt due to not distinguishing between measure-
ments of fluxes in the direction toward versus away from the
sunlit end of the field line, which are expected (see Table 6) to
be substantially different in this case.

Though the following remarks are not necessary, they seem
appropriate before concluding. It has been suggested [Cicerone
et al., 1973; Cicerone, 1974] that comparisons of calculated
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TABLE 7. Measured Photoelectron Fluxes in the Plasmasphere
SZA at 300-km Level of
Field Line Photoelectron
Date of Energy range, Flux X 108,
Measurement North South eV Altitude, km L cm-2s7! Reference
Both Ends of Magnetic Field Line at 300 km Sunlit
April 5, 1969 84 96 E > (8-10) 1450 9.61 1.5 Wrenn [1974]
Feb. 8, 1969 79 38 E > (8-10) 3530 8.1 35 Wrenn [1974]
Feb. 9, 1969 79 39 E > (8-10) 3530 8.1 35 Wrenn [1974]
Dec. 10, 1965 85-90 69-72 E>S 1745-2765 4.3-9.6 2.0-2.5 Maier and Rao [1970]
Feb. 9, 1969 sunlit sunlit E > (8-10) ~3500 2,9-9.4 2.5 Heikkila [1970]
Feb. 9, 1969 58 53 E > (8-10) 2770 4.15 2.5 Wrenn [1974]
April 22, 1969 58 89 E > (8-10) 3470 2.56 1.4
Dec. 18, 1965 86 57 E>S 1463 1.77 2.25-2.50  Rao and Donley [1969]
June 25, 1969 7 37 E> (8-10) 1430 1.26 2.2 Wrenn [1974]
June 9, 1969 61 24 1400 1.22 1.9 Wrenn [1974)
Only One End of Magnetic Field Line at 300 km Sunlit
Oct. 21, 1969 106 4 E> (8-10) 2630 10.07 0.8 Wrenn [1974]
June 7, 1966 95 145 E>S5 2863 3.75 0.56-0.75  Rao and Donley [1969]
June 7, 1966 100 152 E>5 2920 295 0.15-0.29  Rao and Donley [1969}]
Jan, 16, 1966 143 97 E>5 1152 1.82 0.44-0.75  Rao and Donley [1969]
Jan. 11, 1966 122 91 E>S 2452 1.54 0.75-1.0 Rao and Donley [1969]
Jan, 11, 1966 126 95 E>S 2330 1.44 0.56-0.75 Rao and Donley [1969]
Dec. 28, 1965 120 85 E>37 ~2300 1.2-2.5 0.2-1.5 Rao and Maier [1970]
Jan. 8, 1966 120 85 E>37 2100-2500 1.2-2.5 0.2-1.5 Rao and Maier [1970]

photoelectron escape fluxes with upward photoelectron fluxes
at high altitudes deduced from plasma line intensity observa-
tions, and with in situ photoelectron flux measurements by
satellite-borne probes, support the view [Roble and Dickinson,
1973; Swartz and Nisbet, 1973] that the solar EUV flux in-
tensity measurements reported by Hinteregger [1970] under-
estimate the true solar EUV flux intensity by about a factor of
2.

Before arguing for or against the accuracy of the solar EUV
flux measurements, one must keep in mind that the energy flux
carried by the upward photoelectron flux above, say, 600 km
(about (1-10) X 10° eV cm~2 s~!) constitutes less than 1% of
the energy flux (about 1.5 X 10'2 eV cm~% s~') in the relevant
wave length range (about 1025-10 A) of the solar EUV, and
therefore the former constitutes one of the least favorable
criteria upon which the magnitude of the latter can be tested.
This statement, of course, requires further qualification, since
the precise knowledge of the escape photoelectron flux, and
the associated energy, would allow one to use this quantity as a
criterion, whether it is favorable or nhot. Let us state here
without proof (the reader can verify this statement by consult-
ing Cicerone et al. [1973], Cicerone [1974], and references cited
in these papers) that the measured and calculated photoelec-
tron fluxes on the basis of which the accuracy of the solar EUV
flux intensity measurements has been questioned do not have
the required accuracy to warrant the conclusion that these
measurements underestimate the true solar EUV flux intensity.

SUMMARY

It has been known for some time that a substantial fraction
of a low-energy electron flux incident on the top of the atmo-
sphere is backscattered to the plasmasphere. While photoelec-
trons at F region altitudes lose their energy through a variety
of elastic and inelastic processes, the only effective energy sink
for photoelectrons confined in the plasmasphere is the ambient
thermal electron gas. For energies greater than about 10 eV
this is a slow process, and, as a result, photoelectrons confined
at plasmasphere heights have much longer lifetimes than
photoelectrons confined at lower altitudes. This implies that

processes which tend to confine photoelectrons to plasmas-
pheric altitudes, such as collisional backscattering of photoe-
lectrons from the thermosphere and magnetic trapping due to
pitch angle redistribution of the photoelectron flux through
Coulomb collisions in the plasmasphere, increase the steady
state photoelectron flux in the plasmasphere above that which
would have been attained in the absence of containment.

The transmission of photoelectrons through the plasmas-
phere and their backscattering from the thermosphere can be
described in a simple manner in terms of the photoelectron
flux spectral characteristics and the properties of the plasmas-
phere and the thermosphere. The transparency of the plasmas-
phere is reduced substantially when pitch angle diffusion in the
plasmasphere is included in the calculations. However, the
transmission coefficient of the mid-latitude plasmasphere, for
our photoelectron fluxes, is significantly larger than that calcu-
lated by Lejeune and Wormser [1976]. The coefficient for back-
scattering of photoelectrons from the thermosphere increases
with the mean energy of the incident electron flux spectrum
and decreases with increasing topside F region plasma content.
For typical photoelectron energy spectra and typical varia-
tions of the topside F region plasma content the thermosphere
backscattering coefficient can vary by as much as a factor of 2
or more in exceptional cases.

The plasmasphere transmission and the thermosphere back-
scattering coefficients can be used to obtain fairly accurate
estimates of the steady state photoelectron flux amplitude in
the plasmasphere and thermosphere, with the effects of pitch
angle diffusion and backscatter included. Such estimates have
been presented for the steady state flux at the apex of represen-
tative L = 1.4 (Arecibo) magnetic field tubes. These calcu-
lations have shown that the steady state flux in the plasmas-
phere is substantially enhanced by collisional and magnetic
containment of photoelectrons to plasmaspheric heights. The
calculated fluxes are found to lie within the range of measured
photoelectron fluxes in the plasmasphere. A critical examina-
tion of the calculated and experimental high-altitude photoe-
lectron fluxes thought to support the view that the measured
solar EUV flux [Hinteregger, 1970] has been underestimated



14 MANTAS ET AL.: PLASMASPHERE PHOTOELECTRON FLUXES

reveals that these fluxes do not have the required accuracy to
warrant such a conclusion.

It has also been noted that the usual separation of photoe-
lectron flux calculations in the thermosphere from those in the
plasmasphere must be avoided in favor of a calculation of the
photoelectron distribution along the entire length of the mag-
netic field tube, above, say, 120 km. This common incision—a
cesarean of expediency rather than necessity—has proliferated
a terminology (as: escape flux, plasmasphere ‘transparency,’
thermosphere ‘reflectivity,” ‘transmission and reflection coeffi-
cients,’ electron albedo, etc.) which conceals the essential con-
tinuity of the photoelectron distribution along the entire
length of the magnetic field lines and by now constitutes a
hindrance rather than an aid to the proper conceptualization
of the physical problem. While it is productive to consider
separately the processes leading to these terms, when the re-
sults of such investigations are applied to the actual problem,
they must be tempered by a proper appreciation of the rele-
vance of the entire medium within the magnetic field tube to
the properties of the photoelectron distribution.

APPENDIX

Let $u* and e+ be the upward photoelectron fluxes at
1000 km over the local and conjugate ionosphere, respectively,
obtained by solving the transport equation in the region below
1000 km, with the boundary condition of no incident flux at
1000 km and the assumption that photoelectrons reaching this
altitude from below are free to escape. Denote by i the number
of traversals of the plasmasphere, T;¢ the plasmasphere trans-
mission coefficient for photoelectrons when pitch angle diffu-
sion in the plasmasphere is neglected, T,,¢ the plasmasphere
transmission coefficient from the boundary to the apex of the
field line when pitch angle diffusion in the plasmasphere is
neglected, T, the plasmasphere transmission coefficient when
both pitch angle diffusion in the plasmasphere and energy loss
to the ambient thermal electron gas are included, D, = T, —
T, and B, the thermosphere backscattering coefficient for
photoelectrons. Then the steady state photoelectron flux am-
plitude ®,*, over the entire cross-sectional area of the mag-
netic field tube at the apex, for a variety of conditions, under
the assumptions of the section on estimating steady state
photoelectron fluxes, can be estimated by the following simple
algebraic expressions.

In the case when the ionosphere under one end, say, the
local end, of the magnetic field tube is sunlit and that under the
other is in darkness we can write

No containment whatsoever
$,4* = Tou'Po*
®,~ =0
The plus sign indicates the direction away from the observer.

Pitch angle diffusion in the plasmasphere neglected, collisional
backscatter from the thermosphere included

b, = {Te® + Too®B T T} ®*
b, = {T.°B, T 8

Pitch angle diffusion in the plasmasphere included, collisional
backscatter from the thermosphere neglected

P.F = {Toa® + $Do} Py *
¢, = 3D®y*

Both pitch angle diffusion in the plasmasphere and collisional
backscatter from the thermosphere included

q;Aﬂ: = cI)ct + Q)di

where
&," = {Toa® + Tau*B:T\B Ty} Pyt
$,” = {Tw*B\To}P0™
bt = &y~ = YDy + DB\ Ty + DB, T \T,To} &+

In the case when both the local and conjugate ionospheres
are sunlit we can write

No containment whatsoever
Pyt = TooPot
®,7 = Toa"Pg.t

Pitch angle diffusion in the plasmasphere neglected, collisional
backscatter from the thermosphere included

Bt = (Too® + Toa" B T} Pt + {T10°B, T 1Pt
$4 T B Tt Pt + {Toa® + Toa®BoTy* T} Byt

The expressions for the remaining cases can be written sim-
ilarly. In the case for which symmetry is assumed (&,* =
®..7) and the coefficients of the same order (i.e., the same
value of the index [) are equal, the above expressions can be
further simplified by combining various terms.
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