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ABSTRACT

MEASUREMENT OF IONOSPHERIC ABSORPTION BY THE

COSMIC RADIO NOISE METHOD

by
J. RONALD EARHART

This study may be divided into two parts. Both
portions utilize the technique of cosmic radio noise
absorption on 22 MHz. The irstrument used is a riometer
which records signal intensity obtained from a wide beam
antennea.

The first portion of the study is concerned with the
contribution of the guiet sun to ionospheric absorption.

The study was carried out over the two-year period 1966 and
1967. The reference curve is determined from the hourly
values over a year's period of time that occur at least
three hours after sunset and three hours before sunrise.
The data is organized into 24 hourly averages for each
month. The trends evident are: (1) a single maximum in
absorption occurring very close to local noon; (2) a
larger magnitude of absorption in the summer months than
winter months; and (3) an asymmetry around local noon with
the decay to zero sbsorption extending well into the night-
time. The first two results indicate close soler control
while the latter conclusion indicates lack of solar control.

By choosing a reference curve for sunrise and sunset

at 150 km, one may set upper and lower limits on the solar

xii
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ionospheric absorption occurring in the lower ionosphere
(below 150 km) and the upper ionosphere (above 150 km).
The trends evident are: (1) the upper ionospheric solar
absorption rigses to a plateau value in the morning, remains
essentially at this value during the day, and commences to
decay by late afternoon; (2) the plateau value is greater
in the summer than the winter; (3) the lower ionospheric
solar absorption is symmetric about local noon; and (4) 50
to 65% of the solar ionospheric absorption is occurring in
the lower ionosphere at local noon with lesser amounts
before and after local noon. The conclusion to be drawn is
that while the upper ionospheric solar absorption is some-
what dependent on the sun, the effect is not nearly so great
as the lower ionospheric solar absorption.

The second portion of the study is concerned with
the contribution of the disturbed sun to the ionospheric
absorption. The period of interest is late August and early
September, 1966 when two Polar Cap Absorption Events occurred.
The satellite 1963 38C, at an altitude of 1100 km, measured
protons at the latitude of Durham on three separate occasions:
2342UT and 2353UT on September 3, 1966 and OUOGUT on September
b, 1966. This corresponded to a very disturbed magnetic
period (Dgy > 100 Y). At the same time the Durham 22 MHz
riometer was showing absorption.

Calculating the absorption expected from the
ionization caused by the protons interacting in the atmosphere
for the three satellite passes and comparing this calculated

absorption to the measured absorption results in good

xiii
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agreement if one neglects the electron precipitation
absorption component. The enhanced absorption when protons
reach the latitude of Durham under disturbed magnetic
conditions and the lack of absorption when the protomns do

not reach Durham suggest that the geomagnetic field condition
is the determining factor in whether PCA riometer absorption

occurs at Durham.

xiv
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CHAPTER I
INTRODUCTION

The discovery of extraterrestrial radio waves
impinging upon the earth is a concept that is less than four
decades old. Jansky [1932] discovered these radio waves on
a wavelength of 1L.6 meters, while studying the direction of
arrival of the atmospheric disturbances which interfer with
Trans-Atlantic short-wave radio communications. He found
that in addition to the familiar atmospheric static of
thunderstorms, his receiver was picking up persistent strange
static noise. He concluded that this static noise was coming
from the general direction of the Milky Way and suggested it
might be originating in the stars or in interstellar space.
The neme cosmic radio noise or cosmic static evolved from
the steady audible crackling hiss from the speaker of the
receiver recording these cosmic radio waves.

There was little advance in the knowledge of this
phenomenon until after World War II. 1In Australia, Bolton
and Stanley [1947] discovered a new type of radio source in
the radio sky in addition to the radio radiation widely
distributed along the Milky Way. These discrete sources had
a well defined boundary as measured on narrow beam antennas
and were called radio stars.

The above discovery again aroused interest in looking

for other sources of radio waves and there soon developed
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a vigorous endeavor to map the radio sky in a manner
analogous to that which had been done for the optical sky

[Shain, 1951; Brown and Hazard, 1953; Shain and Higgins,

1954k]. These groups were looking for both the general
background radietion and discrete sources by using high
frequency receivers and directional antennas.

After much conjecture, the mechanisms which cause
the extraterrestrial radio waves seem to be fairly well
established [Qort, 1959]. It is found that the radio domain
is mostly continuous with line emission being observed in
only one case, that being the hyperfine structure line of
atomic hydrogen at 21.1 cm. The continuous radiation is
believed caused by two different mechanisms. One is the so-
called free-free transitions in ionized gases giving thermal
radiation, and the other is the non-thermal rediation caused
by the deceleration of high-energy electrons in large-scale
magnetic fields commonly called synchrotron radiation. The
continuous radiation is observed to come from other gala-
xies, from dntergalactic space, from a nearly homogeneous
atmosphere surrounding the Galactic System, énd from the
thin galactic layer approximately 3° wide lyiﬁg along the
galactic equator. Part of the radiation from the galactic
layer comes from clouds of ionized hydrogen emitting thermal
radiation which are discrete and are referred to as radio
sources. The intense galactic sources have been identified
with certain luminous sources called nebulosities. The
radio frequency radiation from these nebulosities is due to

the synchrotron process. It is believed that most of the
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3.

" non-thermal galactic radiation is due to relativistic
electrons in interstellar magnetic fields.

The first suggestion that the cosmic radio noise was
modulated by the ionosphere was made by Jansky [1937], who
found that during the day the intensity of the cosmic noise
was lower than expected and attributed this to ionospheric
absorption. This idea again lay dormat until Mitra and
Shain [1953] revived it and attempted to measure the total
absorption suffered by a 18.3 MHz signal completely
traversing the ionosphere. They found that there were
several decibels of absorption on occasion.

Little [1954] instrumented a system to measure the
cosmic radio noise and its absorption by the ionosphere in
which he used a stable high gain receiver, directional
antenna, and a pen recording device to continually measure
the output of the receiver. The advantages of the cosmic
noise method of monitoring the ionosphere are quite evident.
With echo sounding techniques the radio transmitters
required are expensive and are completely unreadable during
intense absorption events since they operate at low
frequencies. However, the cosmic noise method requires no
transmitter and can be operated at much higher frequencies
than a sounder, giving information even during severe
ionospheric absorption events.

Although, the cosmic noise method had advantages
over the sounding method, it had the serious drawback of
not being stable over a long period of time due to change

of gain in the receiver. This led to the development of
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L.

the self-balancing or servo-type receiver for the recording
of cosmic radio noise. This instrument was independent of

receiver gain [Little and Leinbach, 1958; Little and

Leinbach, 1959)] and was called a riometer, an acronym for
relative ionospheric opacity meter. The development of this
stable receiver, made possible inexpensive, routine, and
continuous monitoring of ionospheric absorption. In this
dissertation the experimental data is obtained by the rio-
meter method.

The purpose of this study is twofold. One segment
is concerned with the determination of the ionospheriec
absorption caused by the sun under quiet solar conditions.
In addition a method is presented to separate the absorption
into a component occurring in the upper ionosphere, here
defined to be greater than 150 km and a component occurring
in the lower ionosphere defined to be less than 150 km.

This study is made for the two years 1966 and 1967.

The second segment deals with pozar cap absorption,
particularly with the event of September 1966. The proton
energy spectrum at three separate times of this event
corresponding to unusual and q{i:; disturbed conditions on
the 22 MHz riometer are analyzed. From the energy spectrums,
the theoretical absorption to be expected may be calculated
and compared to the absorption actually measured. The
purpose of this is to make a definitive statement about the
primary source of the absorption and the effect of the

geomagnetic cutoff.
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5.

Chapter II discusses the formation of the ionosphere
and its effect on electromagnetic waves. Chapter III deals
with experimental techniques while Chapters IV and V are
devoted to the discussion of the experimental results.

Chapter VI is concerned with the conclusions of the study.
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CHAPTER 1II
THEORY OF THE IONOSPHERE

l. Formation
a. General Properties

The existence of the ionosphere was postulated in
1882 by Balfour Stevart to explain the daily variation of
the earth's magnetic field. In 1925 Breit and Tuve experi-
mentally verified the existence of an ionospheric layer by
measuring the time delaf of reflected radio signals. That
one or more layers should exist is quite reasonable. When
an ionizing radiation impinges upon the earth's atmosphere,
it encounters an increasing concentration of ionizable
atmospheric particles ags it penetrates. However, as the
ionizing radiation penetrates deeper into the atmosphere,
there will be an increased absorption of its initial inten-
sity. Therefore, with an increase in atmospheric concen-
tration and a decrease in intensity, a maximum level of
ionization will occur, forming an ionospheric layer. With
more than one radiation present and with more than one
atmospheric constituent involved, the existence of several

layers is not difficult to understand.
b. Electron Production

Chapman [1931] gave the first analysis of the effect

of ionizing radiation interacting with the eartﬁ;s atmo-
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sphere. More recently Davies [1965] has obtained a similar
result by assuming a parallel beam of monochromatic ionizing
radiation from the sun impinging on the top of a plane atmo-
sphere. In addition the atmosphere is assumed to have only
one type of gas present which obeys the perfect gas lawv.

Let S°° be the incident ionizing radiation energy
flux on the top of the atmosphere at a zenith angle X.
The intensity of this radiation is diminished as it
penetrates into the atmoéphere. If one assumes that the
absorption of the ionizing radiation takes place in a
cylinder of unit cross section and axis parallel to the

direction of the incident beam one obtains

ds = aaNaS dh secX (1)

where dS is the energy absorbed in going from a height
h+dh to a height h, S is the energy flux at & height h, %q
is the absorption cross section of the molecules of the
gas and Na the number density of the molecules of the gas
causing the absorption. If equation 1 is written in the

integral form one obtains

S h
Q% = sgecX N odh = - 1 secX (2)
T a a
S
- o

where

h
T = - ijaaadh
<«
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8.

is the optical depth of the atmosphere down to the height h.

Integration of the above egquation ylelds

S = S_ exp(-tsecX) (3)

vhich gives the energy flux at a height h if the energy
flux at the top of the atmosphere is known.
The energy absorbed per unit volume is given by

as _
dhsecX oiNiS (%)

and utilizing equation 3 yields

ds _
dhsecX GiNism exp(-T1secX) (5)

in terms of the incident energy flux. Let n be defined as
the ionization efficiency which is the number of ion pairs
produced per unit of energy absorbed. The number of ion

pairs produced per unit volume per second is then

q(x,h) = o,N.8, n exp(-tsecX) (6)

It should be noted here that although only one type of gas
is being considered, equation 6 is written in the most

general form using o the ionization cross section for the

i!
atmospheric constituent of number density, Ni’ being ionized
at height h independent of the absorption of the ionizing
radiation. This will be elaborated upon when eqguation 6 is

generalized to an atmosphere containing more than one gas.
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The pressure difference between height h and h+dh

may be written as

dp = =~ pgdh v (1)
or

dp = - Kmgdh (8)

vhere m is the mass of a molecule and g is the acceleration

of gravity. Rewriting equation 8 in the form

(9)

It is apparent that if g is independent of height in the

lower ionosphere, then

T = — (10)

Assuming the perfect gas law, the pressure can be

written as
p = NkT (11)

where k is Boltzmann's constant (= 1.372 x 10-16 erg/deg)
and T is the Kelvin temperature. Equation 10 then takes

the form

oaNkT
T = ng (12)
or
T = oaNH (13)
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lo0.

where

is the scale height.
To generalize equation 6 for more than one

atmospheric constituent it is necessary to let

o N S n

3 13 Yy Sa My exp(-tl) (14)

Q(xsh) = § qu(x’h) =

where
hn
T = - i % ak ] Nak secXdh
(-]
oiJ is the ionization cross section of the Jth constituent,
Nid the number density of the Jth constituent, and nJ the

ionization efficiency of the ionizing radiation on the Jth
constituent. Ty is the sum of the separate products of
the absorption cross section, Oak? and the total number of
the kth absorbing constituent in a unit cross section from
h to the top of the atmosphere.

It should be noted that for near grazing incidence,
when X is greater than 850, the assumption of plane
stratification of the atmosphere is no longer valid and
it is necessary to replace secX by a special function called
the Chapman function. In this dissertation, there will be

no need to use the Chapman function, and it will not be

used.
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11.

¢. Electron Losses

The region of the ionosphere below approximately 100
km is characterized by the formation of negative molecular
ions. The solar ionizing radiation that causes molecular

dissociation is strongly absorbed above 90 km [Nicolet and

Aikin, }960]. Therefore the free electrons formed below

90 km are surrounded by an atmosphere composed almost
exclusively of the molecular species of its comnstituent
elements. The mean temperature in this region is about 250
degrees Kelvin with little variation. The collision
frequency between electrons and neutrals is quite high
ranging from about 1010 sec? at 30 km to 10° sec™t at 90
km.

Mitra [1952] describes the general equations dealing
with electron loss. The equation of continuity for the
electron distribution in the lower ionosphere is given by

dNe
5t - - 1L (15)

This equation says that the time rate of change of the
electron density is given by the production of electrons,
q, described in the previous section and by the loss of
electrons, L, to be discussed in this section.

The specific equation for the rate of change of

electron density is given as

daN
e

.'. - —
Tt NeN - A n(oe)ne + k n N+ pSN~ (16)

D
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where

q =
N =

e
Nt =
N- =
n =
n(02) =
aD =
n -
k =
pS =

12.

(electrons)

cm3a ec

rate of electron production

electron number density (#/cm3)

positive ion number density (#/em3)

negative ion number density (#/cm3)

number density of all neutral particles which
may detach electrons from negative ions by
collisions (#/cm3)

number density of 02 molecules to which
electrons may become attached (#/cm3)
dissociative recombination coefficient for
collisions between electrons end positive ions
(em3 sec~1)

attachment coefficient of electrons to 02
molecules (cm® sec-1)

collisional detachment coefficient of electrons
from 0, ioms (cm3 sec-1)

photodetachment rate of electrons from 0o~

ions (sec'l)

In addition to describing the rate of change of the electron

density similar equations may be written for the rate of

change of positive and negative ion densities

dN
dt

and

aN
it

+ + -
= q - ap NeN - ai NN (17)

- * - -
n n(Oa)Ne -knN -a, NN - oSN (18)
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wvhere all terms are as defined previously and the additional
term a, is the mutual neutralization coefficient of positive
and negative ions in units of cm3 sec-l.

The reactions corresponding to the rate coefficients

listed above will be briefly described. The dissociative

recombination coefficient, “D’ corresponds to the reaction

* #
(XY)+ + electron » X + Y (19)

where the asterlks indicate the products to he in excited
states,

The attachment coefficient, n, describes the reaction

0, + electron + (xy) -» 0,  + XY (20)

wvhere a third body, XY, is needed to conserve momentum in
the reaction.
The collisional detachment coefficient, k, describes

the reaction

5 + XY + electron (21)

(xy) + 0 + 0

2

while the photodetachment coefficient pS describes the

reaction

“ 4 hv » 0, + electron (22)

05 2

indicating a photon detaching the electron from 02 .
The mutual neutralization coefficient, ayos describes

the reaction

+
0,” + (xy) = 0, + XY (23)
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again showing 02- to be the principal negative ion.

By definition

A = K-/N (2k)

e

which is the negative ion to electron ratio. ©Since the

ionospheric regions are neutral
N~ = N_+N (25)

which also implies that equation 17 is not an independent
equation and therefore will no longer be utilized.
In order to solve the rate equations listed above
it is necessary to assume the condition of quasi-equilibrium
(Houston, 1967]. This condition states that
e - 4aN° | an® 0 (26)
dt dt at
This condition is valid at all times of the day with the
possible exception of sunrise and sunsets [Mitra, 1952].

Applying quasi-equilibrium conditions to equations 16 and

18 and using equations 24 and 25 which define

NT o= N (141) (27)

resulting in

2 -
g - ap N (142) - n n(02)Ne + knAN_ + pSAN_ = 0 (28)

and
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2
- ay x(1+x)ne + n n(Oz)Ne - knANe - pSAN_ =0 (29)

Adding equations 28 and 29 gives the result

2 -

q - ap N (1+2) - o (l+A)Ne = 0 (30)
Solving for Ne yields

1/2
N, = q (31)
(1+A)(aD+Au;7

and defining

Gopp = (1+1) (aD+Xai) (32)
gives

1/2
N, = —a (33)

Cere

Considering equation 18 under quasi-equilibrium conditions,
one cobtains
- nn(0,)

N
A = N— = + (314)
e kn+ps+aiN

which holds as long as kn+pS > aiN+. From this equation it

is seen that at night when pS = O A will be larger than in
the daytime. The value of A in the daytime becomes quite

small at altitudes above 80 km [Whitten and Poppoff, 1965].
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Webber [1962] calculates a value of A at 80 km for daytime
conditions of roughly 10”2 while the nighttime value at
80 km is sbout 3, reaching a value of 1 at about 90 km
for quiet ionospheric conditions.
If one allows A to approach zéro in equation 31 the

electron density is then given by

1/2
= |3—
Ne ap (35)
This is the condition that applies at altitudes greater than
90 km [Weir, 1962]. 1In the ionosphere at altitudes greater
than 300 km the equation of continuity must include a term

for the effect of mass motion [Aikin and Bauer, 1965]. The

equation of continuity will appear as

e L -1 _8E
at 1

§

where F is a flux caused by gravity diffusion. Since this
dissertation will not be concerned with any mathematical
calculations concerning the upper ionosphere, the complicated

solutions of this equation will not be discussed.
d. Chapman Layer

In Section b equation 4 for the production funection,
q, was derived. In the derivation no assumption was made
concerning the temperature distribution. To obtain Chapman's
formuls [1931] the assumption of an isothermal atmosphere is

made. This says that H, the scale height, is independent of
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height. Rewriting equation 6 one obtains

TS

qa(X,h) = E—E n exp(l-tsecX) (37)

where £ is the base of the natural logarithms and equals
2.718.

Define a quantity Z by the relation
Z = - gn 1 (38)
1 = exp(-2). (39)

Substituting into equation 37 results in

Smn
a(x,2) = T o exp [1-Z-secXexp(-2)] (ko)
or
a(x,z2) = a, exp [1-Z-secXexp(-Z)] (41)
where
Swn
%, = H ¢

and is the rate of production of ion pairs at the level Z = 0
wvhen the sun is overhead.

If X = 0 then:

a(0,2) = q_exp(1-Z-exp(-2)] (42)

Let Z = Z' - 4n secX

' ,  (43)
q(0,2' - tnsecX) = a, exp[1-Z +insecX-exp(-Z +insecXx)]
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q(0,2) = a, sechxp[l-Z'-sechxp(-Z)] (Lk)

q(0,Z) = secX q(X,Z') (45)

This equation says that q(X,Z') has the same shape as
q(0,2); it is moved up in altitude by an amount fnsecX and
is smaller by an amount cosX. The height of maximum

production occurs when

Z -« ansecX = O (Lé)

Zm =  gnsecX (LT)

The maximum rate of production is found by putting

this value into the equation for q(X,2)

q, (X,2) = a, exp[l-tnsecX-secXexp(-2nseeXx)] (48)
q, = a, cosX (49)

Changing the flux does not alter the height at
which maximum production occurs. If equation 4l is

substituted into equation 35 the resulting equation is
1/2
N = |—= exp 1/2[1-Z-secxexp(-2)] (50)
Similarly the maximum electron density is given by

1/2

N = __j cos X (51)
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e. D-Region

The D-region is the portion of the ionosphere that
‘exists between 50 km and 85 kmt Physical processes
occurring under both quiet and disturbed solar conditions
are important. Particular emphasis will be placed on the
processes occurring in this region since this dissertation
encompasses many celculations related to the physical
phenomena occurring at these altitudes.

Under quiet solar conditions, meaning the absence
of any large solar flares, the dominant source of
ionization in the lower D-region is galactic cosmic rays

[Nicolet and Aikin, 1960]. The production rate of ion

pairs from galactic cosmic rays is proportional to the

neutral particle density. For 2.5 x 1019 molecules cm-3,

100 to 300 ion pairs cm_3 :sec-l may be produced between
the geomagnetic latitudes of 40° and 60°, The latitude
effect will cause a decrease, by a factor of 3, in the
electron concentration from 60° to the magnetic equator.
At solar minimum galactic cosmic rays may be the dominant

ionization source to altitudes of 75 km, while at solar

maximum they are not important about 65 km [Whitten and

Poppoff, 1965].

The origin of the upper D-region under quiet solar
conditions is caused by ionization produced by solar
electromagnetic radiation. For wavelengths greater than
1900 A, there is little interest in the D-region since the

maximum energy corresponds to 6.5 ev, & number which is
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less than the ionization potentials of all atmospheric
constituents except sodium, potassium, and lithium [Reid,
1964). It is unlikely that ionization of these metals can

contribute appreciably to the D-region. Aikin and Bauer

[1965] state that the sodium concentration at 80 km is
of the order of only a few atoms per cm3,

The ionization of the principal constituents, such
as molecular nitrogen and oxygen, cannot contribute since
the ionization cross sections for ultraviolet radiation

18

are not less than 10 1° cm®. This precludes the penetra-

tion of such ionizing radiation below 100 km [Nicolet and

Aikin, 1960]. At wavelengths less than 1900 A the Schumann-
Runge continuum, beginning at 1750 A and extending to
1300 A, is encountered. Also, since the sabsorption cross

section of 02 between 1700 A and 1220 A is more than lO"19

cma, the penetration of solar radiation to sufficiently low
altitudes occurs only in atmospheric windows near 1216,
1187, 1167, 1157, 1143, and 1108.A. For these wavelengths
unit optical depth is reached at about 1020 molecules

cm-2 of vertical column which corresponds to about T5 km
for an overhead sun. The deepest wirndow is almost exactly
at the wavelength of Lyman a, 1215.T7 A, one of the
strongest emission lines of the solar spectrum [gggg,
&2§3]. This wavelength corresponds to an energy of 10.2
ev usnd is sufficient to ionize nitric oxide, a minor
constituent in the D-region, which has an ionization

potential of 9.25 ev. However, the nitric oxide hypothesis -

has not been verified because its concentration in the
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D-region is not known. Barth [1964] measured a value of

3

5.8 x 107 molecules cm - at 85 km. Barth [1966] reduced

this value to 3.9 x 107 molecules cm™3 at 85 km. However,
the values are two orders of magnitude greater than the
theoretically predicted densities. This discrepancy has
not been resolved to the present time.

The importance of x-rays in the formation of the
upper portion of the D-region is also subject to debate.
Nicolet and Aikin [1960] state that since the absorption
cross section of x-rays shorter than 10 A decreases
rapidly from 10717 cn® at 10 A to about 10722 cm® at 1 A,
the entire atmospheric region between 90 and 60 km is
capable of being penetrated. The principal atmospheric
constituents ionized by x-rays of wavelength less than 10 A
are N2, 02, and Argon. The authors cited above concluded
that x-ray ionization is unimportant below 85 to 90 km
due to the small flux under quiet conditions. Reid [1964]

agrees with this conclusion. However, Whitten and Poppoff

[1965] conclude that under quiet conditions x-ray ioniza-
tion is important in the D-region.

Under disturbed solar conditions the physical
processes occurring in the D-region change. Whereas, under
quiet conditions, the energy flux of Lyman o radiation is
about 5 ergs cm'2 sec-l, and the energy flux of x-rays
between O and 20 A about 10~ erg em™2 sec-l, under
disturbed conditions the former changes little if any and
the latter significantly [Reid, 196L4]. Kreplin et al.

[1962] have shown by satellite data a one-to-one correlation
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between solar x-ray bursts in this spectral range and
ionospheric disturbances. During these bursts the
enhancement of Lyman a radiation was either slight or
absent indicating that Lyman o does not play a part in the
disturbed D-region. During a solar flare the x-ray flux
between 2 and 8 A may rise by as much as a factor of 105
{Aikin and Bauer, 1965].

Under disturbed conditions at high latitudes the

enhanced x-ray ionization occurs but is usually masked by

other effects [Reid, 1964]. Reid and Collins [1959] have

described the unusual absorption events occurring at high
latitudes and divided them into two major categories.
One division is called a polar cap absorption event (PCA)
and occurs almost uniformly over the polar caps. The
term absorption is defined to mean a decrease in signal
strength of HF and VHF radio waves. This type of event is
caused by intense flares on the sun which throw out
protons and alpha particles with energies in the range of
1l to 100 Mev. Because of the earth's magnetic field these
particles cannot under normal circumstances reach latitudes
lower than the auroral zone. Owing to storage properties
in the interplanetary magnetic field, the absorption may
continue for several days. The absorption is caused by
the increased electron density created by the interaction
of the bombarding particles with the atmosphere.

The second division is called auroral absorption and

occurs with greatest intensity between 65° and T75° geo-
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magnetic latitude. The effect is again described in terms
of the absorption suffered by HF and VHF radio waves. It
is associated with aurora and magnetic disturbances and is
believed caused by the precipitation of energetic electrons
into the atmosphere, It is not clear where these electrons
come from, although it is known that the absorption takes
place higher in the atmosphere than in PCA events, most
likely in the lower E-region.

The rate coefficients for the various physical
processes described in Section ¢ and occurring in the
lower ionosphere are best epproximated by the following:

Nicolet and Aikin [1960] 1list aD(N2+) v 5 x 1077 em> sec” T,

8 3 -1

aD(02+) v 3 x 107" em” sec —, and uD(N0+) v 3 ox 1072 em3

sec~l. Webber [1962] defines an average electron-positive

ion recombination coefficient from the relative abundance

of positive ions. This wvalue ranges from 3 x 10"7 cm3 sec_l

below 65 km to T x 10_8 cm3 sec™t at 80 km.

Below 80 km O2 is the dominant ion to which

electrons become attached. This rate coefficient is 2.0 x

10~30 [n(02)]2 sec™t with values ranging from 1.1 x th

sec-'l at 30 km to 1.5 x 10-'2 sec_1 at 80 km.

The collisional detachment as determined by Phelps

and Pack [1961] from laboratory measurements at 230°K

resulted in a value of L x 10-20 cm3 sec-l. Ionospheric

observations by Bailey and Branscomb [1960] gave a value of

2 x 1077 cm3 sec™t. Webber [1962], taking account of the

number density of molecular oxygen, arrives at a value
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ranging from 6.0 sec'_1 at 30 km to 1.5 x 10-2 sec-l at

80 km,

The photodetachment coefficient, pS, has an average
value of .4 sec™t between 30 and 80 km and is taken by
Webber [1962] to be .35 sec-l at 30 km and .L8 sec”t at 80
knm.

The mutual neutralization coefficient, a; s changes
from a three-body process at less than 50 km to a two-body
process between molecular oxygen ions with a coefficient
of 1.8 x 1077 cm> sec”t.

Following the approach of Webber [1962], this

dissertation will use his o, as defined by equation 32

ff
and determined by the parameters listed above. Also, the
effect of A varying as the production function varies will

be taken into account using the appropriate a

eff

f. E-Region

The altitude regime between 85 km and 150 km is
designated the E-region of the ionosphere. Under quiet
solar conditions the E-region is formed through the ioniza-
tion of molecular oxygen and molecular nitrogen by x-rays
of wavelengths between 30 A and 100 A; through the ioniza-
tion of molecular oxygen by the extreme ultraviolet
radiation of Lyman B at 1025.7 A as well as the Lyman
continium at 865 to 912 A, and finally through the ioniza-
tion of atomic oxygen by the extreme ultraviolet radiation

in the Lyman continium plus x-rays [Nicolet, 1962].
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It is not clear whether the dominant mechanism is
ionization of atmospheric constituents by the x-ray
component of solar radiation or ionization of the constit-
uents by selective extreme ultravioclet bands or lines

[Whitten and Poppoff, 1965]. Watanabe and Hinteregger

[1962] concluded from rocket measurements of extreme
ultraviolet and X radiation that Lyman B is very important
in the determination of the E layer ionization. Aikin
and Bauer [1965] further state that the effect of the
Lyman B is to produce a Chapman-like layer centered around
105 km with a noontime electron density of the order of
lO5 cm-3. However, Norton EE El‘ [1963] show that x-ray
radiation is ﬁore important in forming the E layer peak
due to a larger atomic oxygen concentration than previously
thought. The answer to this puzzle will not be found until
there are careful measurements of photoionization cross
sections, solar radiation fluxes, concentration of
atmospheric species, and recombination coefficients.

The principal photons found in the E-region are
N," and 0,% velow 140 km and 0* above 140 km [Aikin and
Bauer, 1965]. It is found that although N2+ is produced
in large quantities in the E-region it is not found in

large concentrations. This is believed due to the following

ion-molecule reactions

N +4 0, + NO + NO (52)
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+ +

N,© o+ 0, > 0, + N, (53)
+ +

N,m + 0>0N, + 0 (54)

N2+ + 0> No¥ + & (55)

A recent study by Bourdeau et al. [1966] at the

time of solar minimum showed that the region 88 km to 93
km is formed by 33.7 A x-rays with NO+ as the principal
ionic species. The regiom 93-115 km is ionized principally

by extreme ultraviolet rediation producing O * and 40 A to

2
T5 A x-ray radiation producing N2+. The N2+ disappears by
the above listed reactions.

Under disturbed solar conditions, the ultraviolet

radiations change little, if any, from quiet conditions.

Aikin and Bauer [1965] state that while x-ray radiation

may increase by a factor of J.O5 in the 2 A to 8 A range
during disturbed conditions the x-ray radiation at wave-
lengths of 100 A and greater varies by less than a factor
of two during solar flares. Thus while some modification
of electron density distribution occurs above 100 km the
major effect of solar flare radiation is in the D-region.
The dissociative recombination coefficient varies from

T x 1078 cm3 sec™® &t 80 km to 3 x 1070 em3 sec”) at 100
km. The attachment coefficient refers to a two-body

attachment to O2 above 80 km and must also include two-body

attachment to atomic oxygen [Webber, 1962]. The value used
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in this dissertation ranges from 1.5 x 1072 sec™! at 80 km

to 2.4 x 107" sec™! at 100 km. The collisional detachment

varies from 8.0 x 10°3 sec™’ at 80 km to 1.2 x 10-h sec™t
at 100 km.

At eltitudes greater than 80 kﬁ photodetachment
from the oxygen ion becomes important. This causes the
photodetachment coefficient to increase slightly at
altitudes greater than 80 km. This at 80 km oS is .u48

-1 increasing to .80 sec™l at 100 km. The positive

sec
ion-negative ion neutralization coefficient retains the

same value as in the D-region.
g. F-Region

The F-region of the ionosphere refers to that
region above 150 km. While the D- and E~regions of the
ionosphere show behavior closely linked to the position of
the sun, the F-region is & much more complex phenomena.
The F-region is described by two peaks of electron
density, one at roughly 170 km with a value of 3.5 x 10°

3

electrons cm - called Fl, and a second at roughly 250 km

5 3

to 300 km with a value of 6.5 x 10° electrons em~

called F2 [Ratcliffe and Weeks, 1960]. At night the F1

ledge disappears and the maximum electron density occurs
about 50 km higher than the daytime with a value of electron
density about an order of magnitude less than the daytime
value.

Aikin and Bauer [1965] state that at altitudes

above 160 km the atmosphere is composed principally of
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atomic oxygen formed by photoionization. Although the
oxygen ion disappears by recombination with electrons the

3 sec-l) allows ion-

slow rate of recombination (~10~7 cm
atom interchange processes to predominate. Yonezawa [1962]
lists the following two-step processes, consisting of ion-

atom interchange followed by dissociative recombination,

for the removal of atomic oxygen ions.

0 + 0, > 0, + 0 (56)
+
o2 + e> 0 + O (57)
and
ot + N, > vot + N (58)
+
NO + e>N + O (59)

+
The rate coefficient for the first O reaction is given as

2 X lO-ll cm3 sec'l and the second 0+ reaction is given as

1 x 10_12 em> sec™l. The 02+ reaction has a rate

8 3

coefficient of 2 x 10°° cm3 sec™? while the NO¥ has & rate

c e . -9 3 -1
coefficient given dy 5 x 10 cm” sec T,

The mechanism for the formation of the F1 and F2

layers is somewhat different. At lower levels, including
the Fl region, chemical reactions leading to the removal of
electrons and ions take place rapidly enough so that there
is not enough time for electrons and ions to be redistributed

by the action of electron-ion diffusion in the gravitational

field. At high altitudes diffusion predominates over
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chemical reactions due to the much lower density of the
atmospheric constituents. At intermediate altitudes the
two effects balance each other and result in the formation
of the F2 pesk.

Under disturbed solar conditions there are
fluctuations of the geomagnetic field as well as changes
in the total electron content in the F-region. During
the main phase of a geomagnetic storm, there is a general
increase of the total electron content of the equatorial
F-region. This increase is accompanied by an enhancement
of the electron density at the peak of the F2 layer and
by an altitude increase of the layer. In contrast, the
total electron content and maximum electron density of
the F2 layer decreases at geomagnetic latitudes greater
than L7°.

The F-region shows unusual character. The diurnal
variation of the electron density is not symmetric about
local noon. The maximum electron density is found late
in the afternoon. The anomalous behavior of the F-region
includes the equatorial anomaly which is a minimum in
electron density at the geomagnetic equator and a maxima
at roughly 20° on either side of the equator. The December
anomaly occurs for the months of November, December, and
January, appearing as higher daytime electron densities
for 50° North geomagnetic to 35° S geomagnetic. The winter
anomaly indicates that the electron densities are larger in

local winter than summer, especially at solar maximum.
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