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ABSTRACT

During the period from December 1963 to April 1964 a large number of
simultaneous measurements of the Faraday polarization rotation and the
Doppler excess frequency of radar echoes were made at Stanford, Calif-
ornia. The experimental results showed a large temporal variation of
the electron content above the earth's ionosphere. This variation of
the electron content is attributed to an exchange of ionization between
the ionosphere and the lower magnetosphere. A net upward electron flux

of about 3.7 X 1012 m—z sec-1 is found in the morning; the corresponding

number for downward flow in the afternoon is about 2.8 X 1012 m-z s,ec_1

If a diffusive-equilibrium model is assumed, it can be demonstrated that

the cause of this flow is the change of temperature in the region of the

upper ionosphere and lower magnetosphere. 29’,\

Introduction. Since the first contact of the moon by radio waves [De witt

and Stodola, 1949], a considerable amount of effort has been concentrated
on studying the dynamic characteristics of the ionized cislunar medium.
The first such study measured the number of Faraday polarization rota-

tions between the earth and moon (Browne et al, 1956). This particular

type of measurement gives the total electron content of the earth's
ionosphere. Recently, another type of measurement, Doppler excess fre-

quency, was made by Howard et al [1964a]. This measurement provides the




average time rate of change of the electron content along the entire
radar path. On the occasion of the July 20, 1963 solar eclipse, simul-
taneous measurements of Doppler excess frequency and Faraday polariza-

tion rotations were made at Stanford, California [Howard et al, 1964b ].

The results of the latter experiment showed a large depression of the
electron content above the ionosphere.

This paper presents the daytime results of simultaneous measure-
ments of Doppler excess frequency and Faraday polarization rotation
on lunar radar echoes that were obtained daily over a period of five
months (December 1963 to April 1964). Analysis of the data shows a
large diurnal change of ionization density content above the ionosphere--
the amount of change of electron content is about 4 X 1016 el/mz. In the
light of these results, it is suggested here that the change of ioniza-
tion occurs in the lower magnetosphere. A diffusive-equilibrium model
of the electron density distriﬁution is assumed, and this model requires
appropriate changes in temperature of the diffusive-equilibrium region
which could account for such a large observed change of the ionization

content.

Experiment. The experiment described by Howard et al [1964a, b, c] was

conducted daily for one to three hours around local lunar transit time.
Two harmonically related frequencies, near 25 and 50 Mc, were trans-
mitted with linear polarization from an array of 48 log-periodic antennas
and one 150-foot dish respectively. These transmitting antennas were
also used for receiving radar echoes during the Doppler excess frequency
measurements. A 60-foot dish was used as a receiving antenna to measure

the Faraday polarization rotation at 50 Mc.
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Theory. The amount of Faraday polarization rotation (Faraday rotation)
for a linearly polarized wave passing through a magnetoionic medium is

given as (Howard et al, 1964b)

Pr = 2 1o (1)

where ¢F is the number of cycles of Faraday rotation, fo is the plasma

2
frequency (fo = 80,6 N in mks units, where N is the electron density),
fL is the longitudinal electron gyrofrequency, f is the operating fre-
quency, and the radar path length is T0 sec times the vacuum velocity

2
of light. The bar denotes the mean value of fo fL along the path. The

electron content IF along the radar path deduced from Faraday rotation

is then given as

2

f ¢
IF T 40.3 fL pF (2)

The value fL is taken at the height of 400 km at the subionospheric

point.
The Doppler excess frequency is the time rate of change of the rf
phase. Thus the time integral of Doppler excess frequency gives the

change in the number of cycles. The number of cycles ¢DE is given by

ok = 3z To (3)



The relative electron content

ID can be expressed as

1
Iy = 3073 1° Pop (4)

Results. The average relative electron contents measured by the Faraday-

polarization and Doppler-excess-frequency methods are plotted in Fig. 1.
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It is clear that the Doppler method detects a much larger change of ion-

ization content. Figure 2 represents the difference between the two

curves, ID - IF’ the greatest difference being about 4 X 1016 el/mz.
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FIG. 2, DIFFERENCE OF AVERAGED DAYTIME RESULTS OF LUNAR
MEASUREMENTS .,

It is seen that the rate of increase of ionization content in the morning
is slightly higher than the rate of decrease in the afternoon. 1In the
morning the period of increasing ionization is about 3 hours (0800 to
1100), and in the afternoon the period of decaying ionization is about

4 hours (1400 to 1800). Hence the average rate of change of columnar




{

electron content can be calculated as

Average Rate of Change of
Columnar Electron Content

2
Morning hours 3.7 X 1012 el/m” /sec

2 2
Af ternoon hours 2.8 x 101 el/m /sec

The decrease of ionization content detected by the Doppler method during
predawn hours has been treated in a separate paper [Yon et al, 1966].
Finally, the shape of the change of ionization above the ionosphere
is similar to that of the ionospheric change (i.e., a rapid increase of
ionization after sunrise reaches its maximum value about noon; it starts

to decay in the early afternoon and continues until after sunset).

Discussion. The cislunar medium contains several different regions--the
ionosphere, the inner and outer magnetospheres, the transition region,
and the solar-wind region--which are characterized by their different
magnetic fields, high- and low-energy, density distributions, and plasma-
flow parameters. Figure 3 represents the plane of the lunar orbit,
looking from the north celestial pole. The dashed line of the magneto-
pause is an extrapolation from the IMP-I magnetometer measurements [Eggg
et al, 1964]. The shock front in the antisolar hemisphere was derived
by Yoh et al [1966]. The transition region lies between the boundaries
of the shock front and the magnetopause. The outer magnetosphere is the
region between the magnetopause and the "knee," and the inner magneto-
sphere is the region between the boundaries of the knee and the top of
the ionosphere. (Carpenter and Jewell [1965] recently reported on the

position of the knee around the earth.)
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It can be seen in Fig. 3 that the radar path lengths in different
regions depend on the position of the moon: during daylight hours they

do not change by any significant amount, but during nighttime hours there



is a significant change in the solar-wind region and inside the shock

front. Since the measurements are taken near the lunar transit time,

the moon is always in the solar direction for the daytime measurements,
Figure 4 shows the order of magnitude of the electron content in

different regions on the daytime side. Since the observed change of ion-

ization content is beyond the ionosphere [ng, 1965], it is concluded

that the only region that can possibly support the diurnal vaviation of

16 2
4 X 10 el/m is the inner magnetosphere. This conclusion is supported
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by the fact that the total sum of electron contents from the other three
regions--outer magnetosphere, transition region, and solar-wind region--
cannot account for the observed value of change of ionization content.

A diffusive-equilibrium model, based on the following assumptions,
was constructed to explain the results shown in Fig. 2:

1. It is isothermal--i.e., temperature is independent of height.

2. The ion temperature Ti is equal to the electron temperature

Te.
3. The base of its diffusive-equilibrium region is taken at 500 km.

+ + +
4. 1t has three ionic constituents: O, He , and H .
The electron-density distribution can be expressed as [Bauer, 1962]

exp(—A'/hl) M exp(-A'/hz) + Mg exp(-A'/hB)!é

N =N (5)
e 0 1 + nlz + ”13

+ + +
where the subscripts 1, 2, and 3 refer to 0, He , and H re-

spectively, and where

NO = electron density at the base level

h_ = scale height expressed as h_ = k(Te + Ti)/mg, where m is

ion mass and g 1is acceleration of gravity

A' = "reduced" altitude, defined as

h-h
o

S0+ h/Re)(l - ho/R;)




where h is true height measured from the ground, ho is
the height of base level, and Re is earth's radius, 6370
km
nij = ratio of ion densities at base level, defined as nij =
Nj/NiISOO km
Equation (5) states that the electron-density profile depends on the
temperatures and ion compositions at the base level. If one of the pa-
remeters should change, the shape of the electron-density distribution
would be changed.
In considering the electron-density distributions it is helpful to
first consider a simple expression for determining the height of tran-
sition levels of different ionic species. The expression for a single

ion species is

h
m.g gm M
i + +
- - - 6
N, Nio exp f 3 dh + G ) dh (6)
1 e 1
h -
(o] o

th
where N, is the density of the i ion species at base level and
io

M+ is the mean ionic mass. At the transition level,

substitution of Eq. (6) in Eq. (7) yields

- 10 =-



N, exp |- —dh+j dh
io Z 5

(o]

h
_L e
= 'o exp dh +./. m Te n Tj dh (8)

h,

Assuming that all ionic constituents have the same temperature yields

Ti = Tj =T, and Eq. (8) then reduces to

h
N, m.g m.g
_1io _ - g _ X
N, *P [(kT kT)dh (9)
Jo
h
(o]

Let the upper limit of the integral be the height of the transition
.th th . . .
level L of the i and j ionic constituents. Equation (9) then

becomes

;- m )g
j dh (10)

Let a = ﬁn(Njo/Nio) and b = (mi - mj)/kT. Since the term

(m. - m /kT is constant, the integral requires a simple integration,
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h 2

R
+
—fgdh and g_goh+R+ ’

h,

el E ]

where g, is the acceleration of gravity at the earth's surface. After
integration and some algebraic manipulation, the expression for L is

given as

bh_ + all + (ho/R+)]

b -{a/R )1+ (n /R ] " (11)

L =

The transition level is a function of both ion temperature and the com-
position of ionic constituents at the base level. The transition level
of the two species does not depend on the third component. However, the
ionic distribution of any particular species depends not only on the
third species but also on the electron temperature. A family of curves
is plotted in Figs. 5 and 6 to show the transition levels of He+ and
0+ and of H+ and He+ as functions of ion temperature.

If the transition levels and the temperature are known, one can find
the ionic composition at the base level. Hence the electron-density
profile can be calculated from Eq. (5). Evans [1965] has measured a
large change of electron temperature above the peak of electron density
in the F2 layer during the daytime. The electron temperature at a
height of about 700 km reaches as high as 3000 °K near noon and less
than 2000 °K near sunrise and sunset. The ion temperature approaches

the electron temperature at a high altitude, which has been measured by
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Evans and Loewenthal [1964] and predicted by theories of Hanson [1963]
and Dalgarno et al [1963]. Hence the assumption that the ion temperature
and the electron temperature are the same is a reasonable one. The
results of the Ariel satellite measurements [Bowen et al, 1964] on the
transition levels show that during daytime hours the transition between
He' and 0 is above 1000 km and can be as high as 1400 km at mid-
latitudes., The transition level between He+ and H+ cannot be detec-
ted by the satellite because of its low orbit.

A sample calculation of integrated normalized electron content is
given below:

Integrated Electron Content

Normalized at Base Level
Height Range

(km) 2500 °K 1500 °K

5 5

500 - 1,000 3.0 X 10 2.4 X 10

5 5

1,000 - 4,000 3.5 X 10 2.1 X 10
5 5

4,000 - 10,000 2.5 X 10 1.3 X 10

The ionic compositions at 500 km are chosen in such a way that the tran-
sition level between He+ and 0+ remains fairly constant above 1000 km
and between He+ and H+ is about 3000 km, as suggested by Bowen et al

[1964]. Thus,

= 0.1 and

An jillustration of the shape of electron-density distribution with dif-
ferent temperatures is shown in Fig. 7. It is clear that the changes

of temperature affect the percentage the most at high altitudes.
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FIG. 7. NORMALIZED ELECTRON-DENSITY PROFILE ABOVE BASE LEVEL FOR
DIFFERENT TEMPERATURES.,

Now it is desirable to estimate the value of Neo at 500 km for
noon and sunset or sunrise, During the entire period of the lunar radar
experiment, the bottomside ionosonde was operated every 15 minutes at
Stanford and the average diurnal variation of the maximum electron den-
sity was thus obtained. Figure 8 shows the variation of Nmax’ which
increases rapidly after sunrise, reaches its maximum value near noon, and
starts to decay in the afternoon until after sunset. The nighttime value
of Nmax remains fairly constant. If the density at 500 km is assumed to
vary in the same fashion as Nmax’ a large change of electron density
at 500 km between noon and sunset or sunrise would be expected. If it

is assumed that the density at 500 km is about one-tenth of Nmax’ the
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-3 -
density at 500 km would vary from 5.5 X 1010 m to 2.5 X 1010 m 3. The
net changes of electron content for the different height ranges, using
the high value of density for 2500 °K and the low value for 1500 °K, are

shown below:

Height Range Change of Electron Content

(km) (el/mZ)
500 - 1,000 1.0 x 108
1,000 - 4,000 1.4 x 10
16

4,000 - 10,000 1.0 X 10

It is clear from the above that, with a fairly large change of tempera-
ture, the change of electron content in the high-altitude region has the

same order of magnitude of change as was observed for the lunar radar echoes.
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The Doppler method measures the net change of electron content,
16 2
3.4 X 10 el/m . The amount of change of electron content computed by

2
16 el/m . Subtracting the two values

the Faraday method is about 1.2 X 10
gives a net difference of change of electron content of 2.2 X 1016 el/mz.

Since local ionization production does not occur above 1000 km, the
amount of increase and decrease of ionization at the high altitudes or
lower magnetosphere must be restored or removed from somewhere else. It
is therefore logical to deduce that the ionosphere serves as the source
as well as the sink and that the electron-flux flow between the iono-
sphere and the lower magnetosphere does exist.

The results of other workers support this idea of electron-flux flow.
For example, Evans [1965a], using radar backscatter, detected a large
downward drift of the ionization from above 500 km during the 20 July
1963 eclipse. The results of his measurements showed, at the beginning
of the eclipse, a large depression of the ionization at heights above
500 km and an increase of ionization near the density peak of the F2
region, The amount of density depression at the high altitudes was about
half of the pre-eclipse value. Evans again observed an increase of ion-
ization near the peak during normal afternoon hours [1965b]. This evidence
agreed with the lunar-radar measurement of the downward flow of ioniza-
tion in the afternoon hours.

The results of both Ariel [Willmore, 1964] and Explorer XVII [Brace
et al, 1965)] satellite measurements on electron temperatures and ion
density in the upper ionosphere and part of the lower magnetosphere
indicate an upward flow of ionized flux. The value of the upward flux

is on the order of 1012 m—2 sec—l, which agrees well with the value
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suggested by the lunar-radar experiment. Hanson [1963] has predicted
theoretically the amount of fast photoelectron drifting upward to be

1 - -
about 10 2 m 2 sec 1.
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