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CHAPTER 1

THE IONOSPHERE:
TO

Introduction

A SURVEY OF SELECTED ASPECTS RELEVANT 
THE WORK PRESENTED HERE*

The ionized region over the earth’s surface is a recent 
Only with the advent of radio techniques and the desire for
distance radio communication was its presence demonstrable. 
manifestations of aurora were easier to perceive but led to 
comprehension of an ionised region on a global scale. From

long
The •

no

magnetic measurements it was also possible to postulate a con- 
ducting layer at some altitude above the earth. To do this one 
had also to presuppose winds, and it is clear that this work could 
not be quantitative on its own.

Even here we see the early importance of magnetic observations as 
a means of detecting ionospheric effects. It was perhaps not so 
easy to forecast that the steady magnetic field of the earth itself 
would have such a great bearing on the mechanisms and behaviour of 
the ionosphere.

It is hard to define limits to what we mean by the ionosphere
for there 
the whole 
content.

are ions present at ground level (on the one hånd) and 
of interplanetary space has a well defined if small ion 
But following Rishbeth and Garriott (1969) we shall

define its extent as b.eing that region round the earth’s surface 
where the electrons and ions are in sufficient numbers to affect 
the propagation of radio waves. This gives a lower altitude of 
about 50 km. This lower limit is not very precise as paradoxically 
the lower ionosphere is very difficult to investigate.

The upper altitude is even harder to define and considerable 
changes in particle density make altitudes, in themselves, less 
useful as a reliable indicator of particular conditions. However 
it is frequently taken to be around the altitude where hydrogen 
ions predominate, i.e. at the lower edge of the protonosphere. 
A typical altitude for this division is 1000 km (C.Y. Johnson 
(1966)) although it can be as low as 500 km.
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Thi

the

until some years ago

attering only becomes measurable at frequencies considerably

name such as the. electronofor the effects on radio waves, thu

are determined by 
agents incident 
km is thought to 
(1962), Velinov

example of how the ions play an 
In this case, contrary to

Doppler widths appropriate to the ion thermal

very
pectrum in

(1968)). Armstrong et al (1970 b) in their calculations show a 
picture of ionization where the overall production function has 
minimum at about 63 km; below this altitude we can define the

constant of the medium can be defined. The theory, known 
Magneto-Ionic Theory, was developed first by Appleton.

de^ eloped in that the plasma can be regarded as having smoothed 
uniform macroscopic characteristics, for example a dielectric

greater than those used by the pioneers of radio communication. 
For in the HF radio band the ionized regions of the ionosphere 
scatter coherently and this renders detection much easier.

important role in the ionosphere 
intuitive ideas, the Spectrum of

hould perhaps be pointed out that electrons are responsible

The layers, starting from the lowest altitudes, 
the penetrating ability of the various ionizing 
on the earth. The C-layer from say to 55 to 65 
be caused by galactic cosmic rays (GCR) (Webber

E, Fl and F2. A fifth layer - the C-layer - has sometimes been 
discussed but is certainly not so clearly defined as the other

To return to the experimental properties of the ionosphere - to a 
large extent determined using the Magneto-Ionic theory, at least

phere might be considered more appropriate than ionosphere. 
However the distribution of the electrons with altitude, with 
latitude or indeed with any parameter would be totally different 
if the electrical forces produced by ions were not present.



three body electron attachment loss process

observations which indicate rather large
can quote from the work of
deduce electron densities ofBarrington and Thrane

cm sunri

We turn
befits the

mixing persi

the

radiation down to

Certainl

C-layer we 
(1962) who

It is expected 
deflect away a

that increased solar activity at solar maximum may 
portion of the galactic cosmic radiation but the

say 85 to 
where the

D-layer 
comolex

Spindler 
certainly

As an example of some 
concentrations in the

as high as the turbopause, occurring probably

1.1.1 The D-region

95 km, and below this, by Lyman 
GCR is believed to take over.

persists^on the one hånd, and minor neutral constituents play a 
dominant role in the ion chemistry on the other. While complete

around 102 km altitude (Keneshea and Zimmerman (1970), 
(1966)), the Constitution of the neutral atmosphere is 
not invariant with height.

hemistry of the region. For here complete mixing

under auroral events and perhaps in the polar night

Research has advanced particularly in recent years but

in the height range 60 to 70 km

(dependent therefore on the square of the atmospheric density) 
becomes dominating.

However it must be stressed that the C-layer is very difficult to 
demonstrate by direct experiment and some mystery surrounds it; 
indeed some workers would not distinguish it from the D-layer.

experimental evidence for this seems slight

improvement of technique has served to bring into focus the lack 
of understanding of many aspects of the D-region. However let us 
concentrate first on what we do know.

C-layer. The neutral density rapidly increases as the altitude 
is decreased. The electron density is low below 63 km as the



such a

s not adequate

and simple approach proposed by Haug and Landmark (1970) would

data

particle data and ionization (Folkestad and Armstrong (1970))

For the D-layer ionization 
simple Chapman layer theory The most sophisticated 

computer techniques 
only limited success

A more pragmatic

1.1.2 The E-region

The E-layer at middle latitudes has been found to give at times 
remarkable agreement with the predictions of a simple (monochromatic) 
Chapman theory (Appleton and Lyon (1961)) but in accordance with 
the complexity of the ionizing source this does not seem to be a

Again with the creation of artificial radiation beits 
occurred with the starfish thermonuclear explosion, i
that new sources of ionization reach the D-region; perhaps 
X-rays or charged particles are the most likely (see for exampl 
Armstrong and Wharton (1963)).

energetic particle precipitation is an important contributor to 
ionization. At middle latitudes there have been reports of 
particle precipitation (e.g. Tulinov (1969)) and the D-region 
winter anomaly has been considered as another situation where 
particle precipitation could play a part (Mæhlum (1968)). We 
will return to this topic in a later chapter.

to have had some success in the interpretation of eclipse 
(Landmark et al (1970), Mechtly et al (1972)) and at least 
led to some improvement in the interpretation of rocket

work on the behaviour of the layer, employing 
to account for the complex Chemistry, has had 
(Ferguson and Fehsenfeid (1969), Reid (1970))

The E-region we shall consider as extending from say 90 to 140 km. 
It is a region where weak solar X-rays and solar ultra violet 
radiation are the chief ionizing agents and indeed the total 
production caused by the sun has a maximum here. Again in auroral 
events particle production may play a very important role - 
auroral luminosity has a broad maximum at about 110 km. The 
E-region has its anomalous layers, in particular we can mention 
sporadic E with its forms peculiar to the equatorial region, to 
mid-latitudes and to the auroral zone.



The F-region

ionization
Their

of more exotic formation
found

It is found

max/ß

where N the electron concentration

The ionizing agents are extreme ultra

regions particles of relatively lower energy do produce 
(e.g. high altitude red auroras) and must be considered

because the production has a maximum but because the loss rate 
falls off rapidly with height.

is believed, not

violet (EUV) radiation from the sun mainly in the range 30 to 
70 nm wavelength (see figure 1.1). In the auroral and polar

dominated by the ions NO and 0

Above about 140 km to the top of the ionosphere lies the F-region. 
Thus this region, under the definition we have adopted for the 
ionosphere, can be over 850 km thick and has clearly a much larger

It is generally accepted that the Fl-layer is to some extent a 
Chapman layer but there are many discrepancies (Kervin (1967))

that at the maximum of electron density

general occurrence as we discuss in chapter 3 (see also Hibberd 
and Henderson (1967), George (1971)).

It is a more complex layer than the E-layer and is often divided

The F2-layer, on the other hand 
a maximum of electron density i

with 0 increasing as the altitude increases. Most of the 
E-region is believed to lie above the turbopause and so diffusive 
equilibrium is believed to be operative. Although recent work by 
Banks (Cospar (1972)) casts doubts on much of the detailed 
agreement with such an equilibrium, the broad features of neutral 
particle distribution in both the E and F-regions are diffusive- 
like.

influence at middle and equatorial latitudes is still an open 
question (as for the other layers) but stable midlatitude red arc 
do seem to indicate a possible particle phenomenon.





of electron concentration and

factor

diffusion coefficient and H

faet the ionosonde

Above the peak of the F2 layer there a gradual diminution
the

uch

thi

necessary to describe

While the F1 layer 
as an experimental

and that it occurs at a height where diffusion 
comparable

very cursory resumé we have omitted many very important 
perhaps included some which may not be thought so

where 
(see

the ionic scale

and loss are

D/H where

q max is the production funetion at the maximum

D is the ambipolar 
heicht.

electron density, theoretically with a scale height of twice 
ion scale height.

is more easy to explain, in

If we follow our definition of the ionosphere as terminating 
H+ becomes the dominating ion we have in general an F-region 
figure 1.2, Johnson (1966)) where 0+ is the dominating ion 
throughout. There is some evidence that He+ is a dominating 
at some times;perhaps during periods of low solar activity.

to the F2 peak. Nonetheless the distinetion between a Chapman 
type lower layer and a more complex upper layer seems to be 
justified.

a definition for the top of the ionosphere entails a variation of 
the height of the top of the ionosphere from day to night (Watt 
(1965)). At higher latitudes the O4 ion dominates to a greater 
altitude, possible due to the existence of a Polar Wind which 
sweeps away H+ ions preferentially.
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FIGURE 1.2 The results of a mass spectrometer rocket flight under 
daytime solar minimum conditions (after Johnson, (1966))



ter chapter

To the observer on the ground the passage of cloud clear
indicator of motion above him

evidence for wave phenomena at ionospheric

but the
to a transmitter more than 500 km

uch motion

Whi

Following

at higher 
fading of

motions of the neutral atmosphere

known on the wind svstems

Tides due both to sun and moon

Internal gravity waves (IGW) with 
and wavelengths, horizontally, up

pace to a consideration of the types of motion found in the
this a consideration of wave

altitudes. The evidence

wave likc striations, such as for
example herringbone clouds, are a familiär example for everyone 
while the lucky observer may even see in noctilucent clouds

value may be a velocity of 0.5 m sec 
an element of linear dimension 20 m.

for motion in the

Planetary waves, generally believed to exist only below the 
mesosphere. Periods are of the order of days.

However since a considerable part of what follows in



1.10

To separate out and estimate the significance of these winds in 
the ionosphere is a major task and not even partly completed. 
To give just one example: the inversion of temperatures about 
80 km in the polar atmosphere is well known and substantiated 
many times. The winter temperature is about 40° higher than the 
summer temperature. It has long been surmised (Johnson, Cospar 
(1968)) that this may be brought about by a summer pole to winter 
pole motion or wind bringing downward a flux of atomic oxygen 
into the winter pole mesosphere which on recombining could be a 
source of heat of the required order of magnitude. But the motion 
has not been experimentally demonstrated.

The motion of ionization and the motion of the neutrals caused by 
collisions with moving ions, ion-drag, is again a very difficult 
problem and beset by problems of interpretation. The linking of 
motions in the ionosphere with those in the magnetosphere is of 
great importance in assessing the coupling and energy deposition 
from one region to the other: the acceleration of electrons and
protons downwards 
the auroral proces

-310 watt.

As pointed 
ioni zation

into the
Here

-2cm " (Hultqvist

lower ionosphere is what we know as 
the energy deposition can exceed about 
(1964)).

out by Ratcliffe (1959) the relation of neutral to
motion is determined by the ratio

gyrofrequency to collision frequency for ion
of the angular 
and for electrons

i i
' ). The three regions so

with the definitions for the D, E and 
(aj /v < 10 and neutral motion compels e e

defined agree tolerably well. 
F-layers. In the D-layer 
any ionisation to travel

along with it. An
E-layer < 10
electric field are
drift
region

In the

That is to

electric field produces little effect. In the
and (D /v > 10 and here a neutral wind and an e e
about equally efficient in producing ionisation
say

may be due to a

F-layer uu/\k >

that a given drift of 
neutral wind or to an

10 and neutral motion
the motion of ionisation. An electric field

ionisation in the 
electric field.

has little effect on
E produces a drift of

2magnitude E/B/B which probably in practice reduces to E/B.
It is therefore important to know both the electric and magnetic 
fields in any experimental situation. While the determination of 

straightforward at least in principle, little a priori





normal Chapman

This

lied

new

to be lower than expected

from the reaction of this nitric oxide with atomic oxygen

ground based instrumentation

movements of the layer, concentrating on the E

Ground based measurements are concerned

called ’sequential
selected observational periods.
Chapman theory for the E-layer is

due to F. Lied

been developed further into an analysis of the
loss rato for ionisation, using ancillary experiments on board.
The flight in 1970 has been analysed to yield a tentative atomic 
oxygen altitude profile, based on the release of nitric oxide into 
the ionosphere and the measurement of the light emission resulting

one ionosphere. Here many different techniques have been

We can hope therefore that with a synoptic analysis such as we 
have undertaken here the properties of the ionosphere will be 
predominantly mid-latitude.

technique and it is shown that an instantaneous analysis can in

aurora. Thi

insight into the spectral distribution of the light from thi 
reaction is given and needs further experiments to clarify.



was obtained.with 0constant for the reaction of NO

Later chapters are devoted to a 
mental work here outlined could

in the ionosphere i 
of this work a rate

ments and emphasise that the understanding we have of the 
ionosphere is still very limited.

of a new method of probing negative ions 
described in chapter 8 and in the course

consideration of how the experi
point the way to further develop

Statistical analysis. The riometer technique is also examined 
and an extensive set of earlier measurements, from the IGY and 
later, is used in a new fashion to deduce general properties of 
the auroral events as recorded by riometers.

The difficulty of interpreting negative ion ionospheric data was 
emphasised in the flight of 1968. Laboratory work in furtherance



CHAPTER 2

THE MID-LATITUDE IONOSPHERE

Introduction

The
the

the field studies were carried

2.2

The earth’s ionosphere can 
at a first approximation. 
always well defined but in

boundaries of these regions are not 
case of the place where most of 
out, Kingston, Jamaica, 18°N

be divided into three regions, at least

76 45’W, it seems clear that the ionosphere is there representative
- characteristic would seem too ambitious a word - of the middle 
latitudes. To describe the agreement between measurements of the 
ionosphere at mid-latitudes as indicating one general region is 
accepted in principle but in many respects (and these will in the 
future doubtless be even more numerous) there is a great deal of 
variation.

In this chapter we will discuss various aspects of the mid-latitude 
ionosphere in respect of which some investigation has been carried 
out. The discussion here will be limited to the extent that only 
the physics of the processes will be considered and not the 
techniques.

Looking from a critical viewpoint the proof is not nearly so 
convincing. It would seem that the results of Hibberd . and

In chapter 1 we have mentioned that the E-layer presents the most 
favourable comparison with Chapman theory. A fortiori, this 
observation is most applicable to the mid-latitude ionosphere. 
Indeed the work of Appleton and Lyon (1961) is an exampie 
illustrating the apparently precision - like accuracy with which 
the critical frequencies of the E-layer (fQE) obey the predictions 
of the theory. Again Robinson (1960) presents similar results.

As an example of this type of work we show figure 2.1 taken from 
the work of Appleton (1937). The result is very good; but is it 
in faet the complete story? Is the agreement as good as it seems





2.3

mid-latitude region seem to be on the
ome formbasi

This is also borne
shows that even in

north-south wind snear were propounded by

Since the
the electrons

out indirectly by the work 
the D-region there appears

Whithehead proposes 
converging vertical 
momentum of the ions so much greater than that of 

the Lorentz force with which

of George (1971) who 
to be magnetic 
D-region and lower

The most populär theory (and the theories which have been propoundec 
are not many) is the wind shear theory of Whitehead although the

.' The only ordering would 
of magnetic control.

we are

control when absorption (essentially an upper

first ideas using 
Dungey.

E-region phenomenon in the absence of solar events) statistics 
obtained with HF pulse (Al method) studies, are considered on 
global basis.

Henderson (1967) indicate that the Appleton fit may be purely 
coincidental. For here the Chapman index as deduced from 6 
month’s data in the IGY is seen to vary considerably over the

The most obvious perturbation of the mid-latitude E-layer is the 
so called sporadic-E (E„) layer - a perturbation in critical 
frequency which is very easily perceived by ionosondes. Although 
much research has been conducted on the phenomenon (see Whitehead 
(1970), (1972) and the book Ionospheric Sporadic-E, Smith and 
Matsushita (1962)) the progress made, though considerable, still 
leaves many important questions unanswered.

The work of Robinson (1960) may also be looked at with some 
circumspection. His data in some cases represent only 10% of the 
total possible for the time period considered and it would seem 
plausible that such a meagre sampling may lead to an erroneous, 
or, at least, fortuitous judgement. His work consist essentially 
of an analysis of experimental work on the E-region conducted in 
England.





2.5

the evidence
best conflicting and maybe indicates

more than Thiscm
theis unlikely to be the case for the
andGuntonand O

have low electron recombination
cm

been worked out

some workers have

windshear
while the

of hundreds of kilometers before breaking updistances

The theory demands 
the layer to be no

theory for a two 
to my knowledge,

The theory has received 
investigations of winds 
altitude or thereabouts

some support 
and electron

of high concentrations of atomic 
has been confirmed however.

usual dominating 
+ (Biondi (1969)

theory as it is called, although the detailed

system to be held fixed for some hours 
"patch" itself perhaps of dimension 10

2.2.2.1 Sequential E

(1959), Shearman and Harwood (1956) and Dueno (1962)) which drift

for the ions in

hemisphere the wind must be eastwards below the layer and west 
wards above the layer (Hines, (1964)).

appears however to be at the 
direct disagreement (Wrenn 
recombination coefficient

However confidence in the theory is such that

and atomic ions may indeed be satisfactory for the "windshear

concerned is the force on the ions. Therefore in the northern

wind systems at the altitude of E^ occurrence (Reddy and Matsushita 
(1968)). But this type of study may seem perhaps a litte premature

from simultaneous experimental 
densities. Below 95 km

There have been many attempts to divide temperate latitude E^ 
into categories but it is probable that Classification solely on 
the basis of ionosonde characteristics - the most usual method 
- can lead to error (Smith (1957)).

Shaw (1965)). The finding 
metallic ions in E layers

over large distances. It seems a long step to imagine a wind and



2.6

The

and the symbols are Near the
however
the wave increa

very small

has been found by many other workers and found to

information has been gathered

(1954) pointed 
agreement with

finally f-type 
the adjective

Although a great deal of 
still a very open subject.

a blanketing layer. 
fication,its typical

According to the ionosonde handbook classi- 
history is first c-type, then h-type and 
properties of this layer are such that perhap

absorption is 
to large values, 
. Thus the wave

This behaviour

In the paper of Appleton and Piggott they considered largely re
sults obtained at Slough, England. They found that the absorption

critical frequency of a layer 
important: the phase path of

2.2.3 The winter anomaly in ionosnheric absorotion

defined in appendix

out an alarming lack both of stability and of 
predicted absorption in a Chapman layer.

There has naturally been a great interest in the absorption 
e.m. waves in their passage through the ionosphere, for this 
parameter is clearly very characteristic of the medium.

or alternatively the group velocity is

However the type of E known as sequential Ee has very well defined s s
properties (Matsushita (1955)) and particularly so at low geo
magnetic latitudes. It is often a daytime layer, but by no means 
always; it begins usually after local noon with a high virtual 
height (at frequencies where retardation has vanished) and continues 
for several hours, with a monotonically decreasing virtual height. 
The layer has frequently high reflection coefficients and often is

packet spends a longer time in the region and more wave packet 
particle collisions take place.

In a classic analysis of some experimental Al absorption measure
ments (vertical incidence, pulse absorption) Appleton and Piggott

sporadic” is a misnomer once the layer has formed
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Absorption a(cos \)

recent work of
of the absorption

between anomalou
magnetic calmabsorption and

a delay of about 5 days between magnetic
There

behind such

The work of

with the idea of a magnetic after-effect

agreement with

tan

and th

has been an intensive

where I is the

Standard Atmosphäre Supplement (1966) for Kingston

search for the mechanism

observations of Hibberd and Henderson (1967) show

How this observation can be compatible

In figures 2.3 and 2.4 we show some parameters from the CIRA (1965)

enhanced absorption
America and vice ver

Thomas (1962) has shown that there is a global

They indicated

a dip coordinate, due to Rawer, given by

one can expect to find magnetic influences such as indeed the

in Europe is absent when it occurs in North

They carefully excluded

This effect, if real, would seem to indicate that in the E-region

: the situation judging from later 
68), Bourne and Hewitt (1968))seems

dip angle and X is the geographic latitude

however a weak correlation

global distribution of absorption in the IQSY. He finds best

tructure in the occurrence of the enhanced absorption. Very often

(Al) was higher in winter on a large number of days. In addition 
the exponent n in the relation

is greater in winter than during the rest of the year. This latter 
is hard to justify from the curve which they plot; nor does the
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FIGURE 2.3

CIRA 1965

MEAN ATMOSPHERE 
US Standard 1966 60° N

Atmospheric pressure et heiqhts of 80 to 120 km from 
CIRA (1965) and the US Standard Atmosphere Supple

ments (1.966).







CHAPTER 3

Previous work

the USA
regions

sec

on ground back scatter via the
apparently very

the predominant apparent

3.2

Inc

(1962) at 18 MHz, 
and Harwood (1960)

type built by Communication Measurements Laboratory 
New York for the then National Bureau of Standards,

by many 
at 21.6

, operating 
tracking

The basis for the work here carried out was a C 3 ionosonde

Gerson (1959) analysed VHF amateur signal reports over 
for 1951 and found clear evidence of moving reflecting

EXPERIMENTAL WORK ON THE MOTION OF E PATCHES

One interesting result of this work is

well differentiated from Fo back

of high electron density which must exist in order to reflect 
VHF radiation. The relation

Again much work has been done using HF oblique sounders

scatter - has been carried out

motion of the patches towards the equator in the northern 
hemisphere. Prelimary results in the Southern hemisphere at 
Camden, Australia indicate westward motion.

workers (Egan and Peterson 
MHz and 40.68 MHz, Shearman 
(1970) at 17.3 MHz).

Bennington (1959) discussed the motion of E^ over western Europe 
as detected by ionosondes: however he examined only one patch 
and perhaps it was difficult to find other examples. Heightman 
looked at discrete E$ patches and calculated that they have, in 
general, an extra electronically dense inner region.

gives at least a first approximation to the maximum frequency 
which can be reflected where i is the angle of incidence, taking 
into account a possible tilt of the layer.



the Boulder Laboratories and the instrument was
C3/C4

10 kw but this
the output signal

to 25 MH
The

gave very long lives under the rather onerous

of the ionosonde
transmitter frequen

The instrument has a peak power output of about 
varies quite considerably with the frequency of

is achieved by 
oscillate over 
circuit is due
with time is produced 
spiral shaft to alter 
Put in simplest terms

Subsequent modifications 
abreast of techniques and 
helped also by its general 
modular being applied

most advanced ionosonde in existence. 
over many years have helped to keep it 
retain a position of great usefulness, 
robust construction and modular design

During the period over which observations were taken, substantiel 
modifications to the transmitter and receiver were carried out by

One of the many interesting technical details 
was the smooth and reliable generation of the

by using a linear time drive on a special 
the resonant capacity of the VFO circuit, 
the shaft contour has the form

this technique which only 
a range of frequencies in

output over a wide range of frequencies. This range was 1 
for the old C3 and 0.25 to 20 MHz for the modified version

The advent of transistors, on-line programming with digital 
techniques, rather elaborate experimental program demands, have 
now led to more modern and therefore more useful instruments 
becoming available in the last five years.

output tubes were to 4 pr 60 A Eimac beam tetrodes; some of which

research group, now part of the N.O.A.A. organisation at Boulder 
Colorado. This instrument when built first, about 1951, was the

80 to 1 frequency range 
requires a circuit to 
the ratio 1.6 to 1. The

version). Thus the difficult feat of an

The value of 8 kw is perhaps e more reesonable figure for the

cies. This was done by mixing the output of a crystal controlled 
stable fixed frequency oscillator, FFO, (30 MHz) with a variable 
frequency oscillator, VFO, (30.25 to 50 MHz in the modified
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3.3

3.3

where A is a constant and r, 0 are the polar coordinates of a 
point on the periphery of the shaft. If 0 varies linearly with
time, and the resonant capacity C varies directly as 
varies as time. Therefore log f varies as the time, 
the frequency.

Geometry and antenna systems

The ionosonde was placed in a valley shielded on all

r then log 
where f is

sides by
hills and mountainsj although this screening was by no menas uni
form or equidistant. The idea here was two-fold: 1. reduce the
coupling to extraneous signals if they were ground wave and 2 
reduce the chance of spurious reflections and scattering from 
sea e.g. from wave structure.

lonospheric propagated signals proved to be a source of noise 
it may be that a valley site is not optimum for the avoidance 

the

and 
of

such noise sources. Naturally produced noise, such as is generated
by 
we

As

lightning, is well known to be strong at tropic latitudes and 
believe that our observations were no exception.

regards industrial noise we were relatively fortunate as there
was no heavy industrial activity in the neighbourhood although a
welding machine, situated at about 1 km distance 
give some disturbance on occasions.

3.3.1 Ionosonde antennas

The antennas for the ionosonde were conventional

to the south, did

delta antennas
following the design of Cones (1951)

reached the ground 108.8 m from theThe transmitter antenna 
central mast, which was 37.5 m high and made of steel dexion

2The cross section was approximately 30 x 30 cm and was of open 
construction. Apart from the corner pieces the only other material 
were regularly spaced steps to facilitate climbing, and strengthen- 
ing struts at the joins of the length members. The 12 steel guy 
wires were all divided into short segments by insulators.

The receiver antenna reached the ground 30.5 m from the central



were
the
point

from the central mast
were rather high at sundown

short inverted

above
For a
usual
the antenna configuration

we s t

and it also

The antennas used

the latitudewave

Interference between

preferred direction 
performed using a

dipoles 
Since s

antennas (Kraus

were used

wire deltas were used and this perhaps was

shown in

wire transmission-lines, about 2 metres over

propagation to be generated and to be detected easi 
minimises cross coupling between antennas.

fed by parallel 
ground. Single 
that could have

situated lay some 
when the F? layer 
it was found that

on the receiver signals

receiver antenna for the higher frequencie

been improved. Some experience with inverted V 
(1950)) on reception showed that they were quite

for the drift experiment were unaltered for the 
At the receiver sites (four in all) horizontal

north. This arrangement should allov/ both 0 and X mode

ionosonde building gave an improvement

that each arm was approximately y/4 at the centre frequency 
(3.3 MHz). At the first and most distant site the antenna wa

about 6 MHz when compared with the usual receiver antenna 
considerable time this antenna automatically replaced the

at a height approximately 10 m above the ground

the two polarisations can occur and therefore a fading appears 
which is not due to motion.

and right circularly polarised: the ordinary and extraordinary 
components. It is generally considered desirable to separate

tower. Both antennas were matched at their terminations and

moreover slightly inverted ”V” in shape. No 
of the dipole elements was used. Tuning was 
Wayne Kerr impedance bridge.

satisfactory for our purposes. The hut where the ionosonde was

The transmitter antenna lay in the vertical plane 45 
north, while receiver antennas were placed in a plane
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MAST

MAST

38.5

30.530.5

FIGURE 3.1

VERTICAL 
SECTION 
THROUGH 
RECEIVER 
ANTENNA

TRANSMITTER 
DELTA 
ANTENNA

RECEIVER 
DELTA 
ANTENNA

IONOSONDE 
HUT \

ANTENNA CONFIGURATION 
DIMENSIONS IN METRES 
DECLINATION - 0°

A sketch of the antenna arrangement used at Kingston 
Jamaica for an ionosonde used in routine ionosonde 
observations and for drift measurements (transmitter 

and one receiver).
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For example for suppressing the extraordinary wave the method
involves

signal the phase retardation of n/2 radians
which if this is
is then added tototal of net

worked

facility was not always used because of several factorsThe

the signals were diminished in
the or

3.3.3 Receivers

The receivers used at the three sites were of types C2 and C3

For this 
added to

not
had

was found that 
dipole antennas

delta antennas 
, enabling one

the imposed delay, 
tf. If this signal

although it is realised that we ran risks in not doing so (Jones

extra antenna at right 
delay of 90° to one of 
polarisations could be

the füll 37.5 m high: largely because the top of the mast 
many components there already and was indeed crowdedl

angles to the first. By adding in a phase 
the signals either one of the circular 
suppressed.

dinary and extraordinary rays were not always circularly polarised 
and 3. the two rays were often easily separable because of 
differing virtual heights. An explanation for 2. may-be that the 
rays were not travelling vertically.

For the transmitter system it 
in exactly the same manner as 
other mode to be suppressed.

For maintaining contact between sites, Citizen band transceivers 
were used and proved effective. Telephone lines were also 
available in proximity to the sites, but these were not at our 
disposal all the time. During transmission the pulse transmitter 
produced interference in both transceiver and telephone, at the 
transmitter site.

the other, the

signals, 
in space is 
yields a

This is not so surprising as

and Maude (1972)). These were

first may seem, for each element in one delta has a corresponding 
element in the other, at the same altitude, relative to the 
incident signal. In this case, however, the delta antennas were
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and were kindly given to us by the National Bureau of Standards

The ionosonde stations at Grand

absorption measurements discussed later were made by Lied

It was checked that linearity 
amplitude bandwidth was approxi

Boulder (now part of N.O.A.A.). 
was good and that the half peak 
mately 40 kHz for all of them.

using a
7 MHz.

at the Norwegian Defence Research 
transmitter receiver system which 
The measurements were made in the

the
the

3.3.4 Other sites

Bahama Island, Cape Kennedy

Establishment, Kjeller 
covered the range 1 to 
years 1951 to 1958.

San Salvador and Puerto Rico were operated by U.S. organisations. 
They used C3 or C4 ionosondes but their antenna system was simpler 
than ours being two delta antennas in each case, of approximately

same dimensions. The mast was about 30.5 m high of wood and 
antennas made an angle of 45° with the vertical.



CHAPTER 4

EXPERIMENTAL RESULTS FROM MID-LATITUDES

measurements

tioned in 2.2.2

Drift measurements using ionograms

and
The

were then examined to find the cross-correlation between the

was clearly with 
applied for 
variations in

variations of f E (or sometimes just fE ) for os s
Rico and Grand Bahama Island (see figure 4.1). 
this research objective in mind that we sought 
the establishment of an ionosonde in Jamaica.

Attention was then directed to a much smaller geometrical con
figuration, viz Grand Bahama Island, Cape Kennedy and San Salvador 
coordinates respectively 26.7 N, 78.4 W; 28.4 N, 80.6 W; 24.1 N,

is certainly difficult to contemplate such

Jamaica, Puerto

Considering E , it seems very possible that a windshear theory 
may be at least one explanation of the phenomenon (see 2.2.2). 
It was felt that some information on the motion of large E$ 
patches might be of some interest in this context; for, as men

three sets. This cross-correlation was found, in nearly all cases, 
to be without significance. We can therefore deduce that- the 
electron density space structure has a much lower spatial dimension 
than the separation of the stations (Jamaica - Puerto Rico 1010 km, 
Jamaica - GBI, 950 km).

Sporadic E and spread F are the most marked anomalies in the 
behaviour of the ionosphere as measured by techniques prior to 
the advent of satellites, space probes and powerful radars such 
as are used for the Incoherent Scatter Technique. However, even 
today there are many unexplained facets' of the behaviour of both 
phenomena, although many more clues are known.

The first approach used, as basic data, ionosonde E^ observations 
obtained on a routine basis. These were compared in terms of time

stable wind configuration in motion over very large distances - or 
the order of hundreds of kilometres (Gerson (1959)) - such as is 
required by the windshear theory.





74.5 W. Although it was extremely difficult to find occasions 
on which all three instruments were apparently in good working 
order, enough examples were found to show that a weak correlation 
could exist over this area, as regards sporadic-E peak frequencies. 
Some typical observations are shown in figure 4.2 where f is ~ tu splotted for some E$ clouds which had the same Classification 
(Piggott and Rawer (1961) and which "looked" similar. In the 
example of October 2, 1962, there appears to be a clear similarity 
in the Grand Bahama and Cape Kennedy variations of fQEs* The San
Salvador is less definite but the 
two small gaps, is about the same 
October 4, 1962, the Grand Bahama

total duration, neglecting the 
as the others. Again on 
and Cape Kennedy traces are

closely similar while the San Salvador variation has a large gap. 
Maybe the two San Salvador portions can be identified with the two 
maxima for the other stations. For March 17, 1964 the detailed 
agreement between the Grand Bahama and Cape Kennedy curves seems 
most convincing - unfortunately there were no results for San
Salvador in this period»

One must 
ments of

be careful not to attach too 
what are only approximations

the layer, for the electron densities

much weight to measure- 
to the electron density in 
due to E$ are superimposed

on to the local E-layer electron density. So that the E critical s
frequency f

+ E

equals
' 21
i ©

e m o

Nr and NP being the E layer and superposed E ti ti s electron densities, 
ray is also 
of examples, any 
limit of E traces: s ’

possible. We 
indication of

Confusion with the extraordinary 
have never seen, in many hundreds 
retardation at the high frequency

o there is no help on this score towards the separation of 
extraordinary and ordinary rays.

Night observations should suffer less from the perturbation of true 
E-layer electrons densities (Watts (1958)) because these are then 
much reduced.

Of course there are also the obvious pitfalls in the inter
pretation of ordinary and extraordinary rays in the layer (see



FIGURE 4.2

rocs
MHz

SAN SALVADOR 
GRAND BAHAMA 
CAPE KENNEDY

rocS
MHz

LE<- 0 s
MHz

20 EST
2 OCTOBER 1962

EST
17 MARCH 1964

10 EST
4 OCTOBER 1962

Plots of f E with time for the three ionosondes at San 
Salvador, Grånd Bahama, and Cape Kennedy for three sup— 

posed patch motions of E .



we have
rather

data are summarised in figures 4.3 a and b
general agreement with the statistics

Dueno

so

While we have no direct experience 
does seem that unambiguous tracking

continuity with the previous 
describe some form of patch

However to preserve some form of 
work in 4.1 and,in particularTto

The annual variation 
given for example by

as developed by Briggs, Phillips 
and Spencer (1955).

equipment than with ionosondes placed over the net that we used

and Shinn (1950) and by Phillips

of back scatter sounding it 
is much easier with that

for example Rawer (1962)); 
is some evidence that this

(1962), derived from back scatter studies

could only be done on the lines of the Mitra (1949) fading method

motion,a larger separation of antennas than usual in the drifts 
by fading method was used.

had only one ionosonde and therefore only one transmitter; 
that no experiment closely paralleling that described earlier 
this chapter could be done. It was clear that the experiment

As mentioned only a limited number of high correlation examples 
were found,and these only for the more closely spaced group of 
stations, with consequently large statistical uncertainty.

not used fbEg although there
than f E , corresponds to the o s7
(Reddy and Matsushita (1968))

From scaled f-plots all the occurrences of E$ in the period 1963 
to July 1967 were lumped together, irrespective of type. The

It was resolved to perform an experiment with a doser spacing 
than available from ionosonde records; at least no ionosonde net 
available in the western hemisphere had a spacing suitable.
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Normally the separation is of the order of a wavelength, where the 
wavelength chosen is determined by the magneto-ionic conditions 
for reflection and therefore lies in the HF region. For most 
of the measurements we performed, the separation of the antennas 
was always greater than 9 radio wavelengths and usually consider- 
ably greater than this value.

4.1.4.1 Experimental procedure

Our
for
the

procedures were limited by lack of funds and of experience;
the latter we believe our techniques improved steadily over 
period during which observations

1965 to 1967

The detected outputs from the spaced 
oscilloscopes. The chosen region of

were made, which extended from

receivers were displayed on 
reflection was then isolated,

at first mechanically by blanking off unwanted parts of the 
oscilloscope screens, but later electronically, and photographed 
by a continuously moving 35 mm Cossor Model 1458 film camera. In 
general the velocity of movement of the camera should be and was 
constant but some discrepancies were found. Five different speeds 
were available.

Timing was provided basically by a pendulum clock (Evershed) which 
was accurate to one secohd by regulär comparison with WWV. The 
transmitter operator could also manually shut off the transmitter
for a certain interval of time (e.g. a fraction 
this provided accurate permanent time checks on 
records.

4.1.4.2 Results £published in part as Armstrong and Lue

of a second) and 
all receiver film

(1970))

A separation of 26.8 km was first used between transmitter and 
one receiver, on the one hand, and a second receiver on the other. 
The bearing of the receiver was 6°S of W from the transmitter. 
The antenna was situated on the cricket ground of the Innswood 
Sugar Estate with the receiver in the pavilion. With this 
arrangement no evidence could be found for significant correlation 
between the two receiver signals. These observations were per- 
formed in May and June 1965. Significance of correlation is a



wa
qui teof time was

that

least some of the

amount of observations were made with
some preliminary measurements were made using

The

but a return

this geometry and 
a fourth receiver

greater 
of them 
time of

observations show many interesting properties amongst which 
the following:

show evidence of periodic components of some 
not only apparent variations of drift directions 
to previous values.

Some records 
minutes i.e.

cross correlation exceeded 0.5 for at 
the observations.

Some records show apparently very long periods of stable flow 
for example significant cross correlation was obtained for 
records as long as 57.7 minutes.

The total length of observing time was not long, being only 
separate observing periods but it was enough to demonstrate

Apparent velocities of drift, following the usual method of 
closed spaced receiver drift analysis (Briggs et al (1951))

these figures are 
of Awe (1964) who

small perhaps only about 16%. (Bearing 51 N of

Station, formerly 
to the University

Finally, with a triangulär base line, receivers being at 1.10, 
1.48 and 2.1 km from one another, periods with cross correlation

in agreement with the theoretical calculations 
however has to make a number of assumptions.

Cable and Wireless receiver site, now belonging 
of West Indies, Physics Department) significant 
observed on a few occasions, but the proportion

antenna situated within the triangle. Because of the availability 
of crystal-controlled (Pedersen, Council Bluffs, Iowa) frequencies 
2.6, 3, 3.3, 3.6 and 4 MHz, measurements were possible whenever 
E was present. •

obtaining a satisfactorily large ensemble of observations would 
be a lengthy and painstaking process.

than 0.4 was found on all of 21 records studied. On 17

difficult quantity to describe. Workers in the field seem to 
accept a figure of 0.4, although 0.5, naturally, is more acceptable
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have been calculated using the smaller sides of the triangle 
formed by the receivers. There seems to be a change from an 
average NW direction in spring to an average SE direction in 
summer, in 1967.

In conclusion we can state that the results given in 4.1.4.2 
show interesting properties of mid-latitude sequential which, 
given the difficulties of interpreting drift measurements, seem 
to indicate stable motions of different types?with seasonal 
fluctuations.

4.1,4.3 Discussion of the results obtained

From the observation of cross-correlation over a baseline of 11 km

(on occasion) and over the 1.10, 1.48 and 2.1 km triangle, it can 
be inferred that irregularities of these dimensions can exist in
the ground diffraction pattern of the signals observed. 
reasonable and accepted procedure to extrapolate this to 
that there are then irregularities of the same magnitude 
ionospheric layer responsible for the diffraction.

It is 
the extent 
in the

However this has never been experimentally demonstrated and it 
would seem reasonable to point out that attempts should be made 
to test this assumption.

The Spectrum of sizes of irregularities in the ionosphere is not 
known. In the E and F regions clearly small size irregularities 
of some tens of metres may be present, if the inference from ground 
diffraction is accepted, using fading experiments. At the other 
extreme E patches and travelling wave disturbances respectively 
are hundreds and perhaps thousands of kilometres in linear
dimension. It is not unreasonable that 
mediate size should exist. The absence 
the larger separations we used does not

irregularities of inter- 
of frequent correlation at 
render their existence

impossible; it may be that our mode of observation loses efficiency 
at wider separation. This is indeed what one would expect if the 
irregularity particles have a random component of velocity which 
would tend to give a transient component to any structure in the 
patch.



A second deduction from our results is that the motions observed

motions in the ionosphere has not been the

readings are taken for relatively short periods e.g

of data obtained to

cross-correlation there seems no doubt as to the genuine nature

If one considers the wind shear hypothesis the E

The stability of drift 
subject of much work,

accepted notion 
one kilometre

seem to be constant on 
lation can be obtained

shown cross-correlograms for 
In view of the large values

Normally
3 or 10

greater than a 
■ variation of 
be great.

a 53 minute period 
of the maximum

as far as this writer is aware

extent determined by a need to hold the amount 
a manageable amount, it is not entirely so.

In figure 4.4 are 
on 21 April 1967.

minutes (e.g. Harang and Pedersen (1956); Fooks and Jones (1961)) 
are representative values and although this choice is to some

Wind profiles tend to show a vertical wavelength < 
scale height, which is about 6 km. Therefore the 
wind intensity over a km height interval will not

lines of Briggs et al. (1951) very difficult 
believe, that there are some fluctuations in 
during the time of the record. This we have 
by taking some smaller sections of such long

occur at the node of the East-West wind. Therefore in the altitude 
range of 0.5 km on both sides of the node the wind will be slightly 
eastward below, and slightly westward above the node.

and indicating, we 
directions of motion 
checked in some cases 
records.

The results of 21 April 1967 are also interesting as they yield 
an imaginary value for the ratio of the major to minor axes of the 
characteristic ellipse (Phillips and Spencer (1955)). This is 
proved in Appendix 2. it is clear that the theory of Briggs et 
al. (1951) is then inapplicable. This result can be interpreted 
as indicating the presence of dispersion. It could also be due 
to height variations in the velocity of the diffracting screen 
(Haug and Pettersen, (1970)). This seems less likely in view of

some occasions. Significant cross corre^ 
from records as long as 57.7 minutes. '

of the effect. The maxima are broad making any analysis on the

our use of total reflection and of the generally 
that E is a thin layer, perhaps of the order of 
thick.
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CROSS CORRELATION 12 JULY 1967

FIGURE

TIME LAG NEGATIVE TIME LAG POSITIVE (SECONDS)

Cross correlograms and mean autocorrelogram for 4 h 18 m 0 s 
4 h 21 m 18 s P.M. , Eastern Standard Time, July 12, 1967. The 

sampling frequency is 0.5 Hz.



CROSS CORRELATION 12 JULY 19673.3 MHz

TIME LAG NEGATIVE TIME LAG POSITIVE (SECONDS)

FIGURE 4.6 Cross correlograms and mean autocorrelogram for 4 h 21 m 
18 s to 4 h 24 m 36 s P.M., Eastern Standard Time, July 12 

1967 with sampling frequency equal to 0.5 Hz.



12 JULY 1967CROSS CORRELATION3.3 MHz

TIME

FIGURE 4.7

LAG NEGATIVE TIME LAG POSITIVE (SECONDS)

Cross correlograms and mean autocorrelogram for 4 h 24 m 
36 s to 4 h 27 m 54 s P.M. , Eastern Standard Time, July 12 

1967 with sampling frequency equal to 0.5 Hz.



CROSS CORRELATION 6 JULY 1967

TIME TIME LAG POSITIVE (SECONDS)

Cross correlograms andFIGURE 4.8
to 3 hr 45 m 40 s equal to 4 MHz and00 s 

with

LAG NEGATIVE

1967
0.5 Hz

mean autocorrelogram for 3 h 39 
Eastern Standard Time, July 6,
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autocorrelogram and three cross correlograms. Note that the 
cross-correlograms 21 and 31 are double peaked with maxima nearly 
equal for this 6 m 40 s record. However when this record is 
divided into two equal sections(figures 4.9 and 4.10)the peaks of 
the double length record become individual peaks on the two 
records. These two shorter records could then yield motions which 
are substantially different from one another.

]

Thus figure 4.8 seems a clear example where motions have altered 
during the time of observation and at least two of the cross-corre
lation functions are substantially broader because of this. It 
may seem, however, somewhat remarkable that the 2, 3 cross 
correlation should be so constant while the other two pairs are 
changing. However this is not so surprisingfor a given time lag 
may, and must, correspond to a range of velocities.

]

If we take another 3 m 20 s after the end of the 6 m 40 s record 
the time lags are not very different from those of the first 3 m 
20 s record: i.e, we have a periodic situation similar to that of 
July 1967 described earlier.

I In figure 4.11aanother form of periodicity is illustrated. The
autocorrelation curves for 
It is not recommended that

size be regarded as 
- in this case 40 s

I record 
p. 11) 
little 
out in

As can

a 6 m 40 s record show marked structure 
lags greater than one tenth of the 
significant (Blackman and Tukey, (1959)

But in this case there seems very
doubt that there exists noise free components much further 
time delay i.e. with periodicities of 80 and 160 s.

be expected the periodicites are again very marked on the 
cross-correlation 
in this case. See

curve. Vve have not considered the third station 
figure 4.11 b.

As a last example we consider figure 4.12 To show the very close
agreement of supposed period we have plotted the autocorrelations 
and the positive and negative parts of the cross-correlation curve
on the same graph. Figure 4.12 shows how closely and smoothly the
4 curves mdicate a period of about 70 seconds Again, naturally
enough, the power spectra of the two signals show very clear maxima
at about 15 mHz (Figure 4.13)











n JULY 1967

LAG
LAG

LAG SECONDS

FIGURE 4.12

reverse situation

RECEIVER 1 
AUTO CORRELATION

RECEIVER 3
AUTO CORRELATION

RECEIVERS 1,3
FREQUENCY 3.3 MHz
SAMPLING FREQUENCY 1 Hz 
TIME 4hr 19' 24'* - 22' 44'* EST
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velocities derived from the cross-correlation functions

The
indicate a change in direction from north-west in March and April

the
and

to south and east in July and August 
sophisticated recording periods when 
under much doser and better control

quantity denoted by V’ in the notation of Briggs et al 
of Phillips and Spencer (1955).

This is 
. (1950)

results of the calculations are shown in figure 4.14 and may

magnitudes of the velocities are quite variable, with some very 
large values indeed. No other sign of any systematic variation in 
velocities is evident although it must be stressed that the sample 
size is minimal.

We turn now to a consideration of velocities. Because we believe 
that the Briggs, Phillips and Shinn analysis may be rather 
inapplicable in this context we have limited this study to apparent

1967. These were the most 
the techniques involved were 
than at earlier times. The

Apparent Periodicity, Duration, 
minDate, 1967 min

April 21 2.8 36
April 28 8.3 21
July 6 6.7 10
July 12 6.7 10
July 21 1.3, 2.6 10 ’
July 27 1.2 3
August 8 2.3 27
August 21 1. 7 10
September 5 6.7 17
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!

I

I

59.

Table 4.2 Form of variation of phase with frequency, giving duration in 
minutes of each type.

Date, 1967 Linear Constant

Constant but 
Changing to 
Linear at High
er Frequencies

Linear but 
Changing to 
Constant at High
er Frequencies Complex

March 22 33
March 27 22
April 7 8 25
April 14 15 15
April 19 37 7
April 20 24
April 21 35
April 27 25 16 8
April 28 10
May 4 15 4
May 5 15 7 7
July 6 7 7
July 12 7 3
July 21 27 7
July 27 42
Augus t 8 27
Augus t 9 10 10
Augus t 21 37 3
September 5 13 20

A new insight into drift measurements has been pioneered by Jones 
and Maude (1968) and by Gossard (1967). In general terms the 
analysis of these authors is directed to the proof or disproof of 
the existence of wave motions in the ionosphere motions - the 
technique has been already applied to oceanographic studies.

Correlation functions are calculated and their fourier transforms 
deduced. These are the power spectra in the frequency domain and 
the existence of structure is easy to ascertain. The phase 
variation of the supposed wave motion is also calculated with 
respect to frequency.

1

A constant phase difference corresponds to a velocity varying 
directly as the frequency i.e., positive dispersion whereas a 
phase difference depending linearly on the frequency would indicate! 
zero dispersion i.e. velocity independent of frequency. Both types; 
have been observed by other workers and in this study; in addition | 
some quite complex variations appear to have been found here. The |
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summary of the variations found here is given in Table 4.2 while 
examples of the differing types of dispersion found are shown in 
figures 4.15 and 4.16.

E-layer measurements; consideration of E-layer as a Chapman layer

It is clear from a casual study of a mid-latitude f-plot, to take 
probably the simplest example, that the E-layer critical frequency 
satisfies the Chapman theory to a first approximation. It 
certainly has none of the gross irregulär structure that the 
F2-layer critical frequency shows. The often apparently smooth 
variation of f-min on some occasions may mask a very substantial 
departure from Chapman layers behaviour in the D- and lower E-regions 
to which we will return in 4.3.

1
We will discuss here some measurements of E-region critical 
frequencies made with the object of a detailed comparison with 
Chapman theory.

■ Measurements were made from ionograms over 
1966 at Kingston, Jamaica. Great care was 
minimise any error. Each value of f^E was 
varying sun earth distance. Contamination 
excluded. Stratified E-layer are a common 
a cause of ambiguity. In routine ionogram

the period 1962 to 
taken to avoid or 
corrected for the 
with Es was carefully 
occurrence and can be 
scaling the lowest

frequency of a series of E-layer critical frequencies is scaled 
as fQE (Piggott and Rawer (1961) p. 14) but we are not convinced 
of the correctness of this procedure in our context. Rather we 
have tried to preserve "continuity" with the values of f E during 
the rest of the day. The value chosen gave the best straight 
line fit with the other values of f E for the day when plotted on 
a log f E vs log cos x graph. Individual values of f E were used o 
throughoutj no means were taken. Times were calculated as when the 
ionosonde frequency sweep passed 3 MHz; therefore they were accurate 
to about - 10 seconds, as the variation of f E from 3 MHz was o
seldom very large. Wherever appropriate the Chapman function 
Ch(x) weis used instead of sec x«

The analysis was simple: a log plot of fQE versus log Ch x or 
sec x yielded the exponent n which for an equilibrium Chapman layer 
of constant scale height is equal to 4, viz.,
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21 APRIL 1967
SAMPLING FREQUENCY 0.2 Hz

FREQUENCY mHz

FIGURE Phase difference between receivers 1 and 2 (refer 
figure 4.4) as a function of frequency on April 21 
1967, for the time 3 h 30 m to 3 h 41 m 51 s, P.M.

E.S.T.





K cos x or K/Ch(x) where K is a constant

of a Chapman layer involves many simplifying

no
as

When disturbed and quiet days are separated
8 the curve

n with

The results confirm the departure from Chapman layer behaviour
by Beynon et al (1959) and by Hibberd and Henderson (1967)noted

in 1964There around
simple Chapman theory

Putting

Muggleton

However notwithstanding the drastic nature of the assumptions 
other workers have found very good agreement with the Chapman 
layer concept notably Appleton with Slough data for many years

for local noon 
clear that the

of f E o
It is

depending on whether 
of figure 4.19 is

The ;
assumptions

ignored it is clear that figure 4.20 would yield quite a different 
value of n from the obtained with consideration of all the points.

this in another manner

This is 
(1972))

winter and is elevated for small cos x i.e. 
the well known Appleton anomaly (Kouris and

and less than .80 are

To show the scatter in the data 
for all of 1964 are plotted in

large cos x 
in summer.

, the values 
figure 4.20.

can mention a few of the most serious; no transport of ionization 
change in ionospheric chemistry or of solar radiation intensity 
the height of E-region maximum electron density alters.

is plotted against local time. The data cover
the entire period for Jamaica of 1962 to 1966. This so-called 
"seasonal” index is clearly less than 4 and increases during 
morning up till noon. Its afternoon behaviour is less clear. In 
figure 4.18 the data are plotted for each year separately. There 
appears to be a maximum of the index for most local times in 1964

seems to be a tendency for the data 
minimum, to approximate best to the

line with slope 4 is a good fit to the observations, as is borne 
out by figure 4.18 also. ,

A is greater than or less than 
obtained. A seemingly definite 
is found.
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FIGURE 4.17 The Chapman E layer index as a function of local time for 
the years 1962 to 1966 at Kingston, Jamaica.
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In the simplest situation

However when

easy and the 
large errors

with marked deviations at 
the frequency variation.

is as

The results when compared with other,work

a brief explanation 
refractive index, n

the errors are considered there are still, using this

deduction of the absorption in dB (MHz) has often 
attached to it.

To obtain true ionospheric absorption in the Al method (Davies

While the explanation is straightforward the application is not so

We have mentioned in passing that the f-min. determined from 
ionograms gives a measure of the radio wave absorption in the 
ionosphere. This is however only a qualitative indication of the 
absorption, and for quantitative measurements other methods must 
be employed.

path, and 1/n to the group path. Thus "deviation” defined as a 
difference between these qualities, is proportional to absorption

One of the most satisfactory methods is the pulse sounder method 
(Al) and while difficulties certainly exist, an impressive col
lection of data on absorption is now in existence on a world wide 
basis. The experimental details will not be considered as this 
was not our concern; a pulse absorption experiment using a range 
of frequencies was conducted at Kjeller, Norway over the period 
1950 to 1957. We shall make an attempt here to explain the results 
obtained. A short account of this work was given by Armstrong, 
Lied and Thrane (1970) and this was amplified in the work of Thrane 
(1972). A later development has been given by Thrane et al (1972).

method, easily demonstrable effects, in satisfactory agreement 
with work carried out elsewhere.

the critical frequencies encompassed by 
These are due to deviative absorption; 
follows. If n is the appropriate
proportional to the absorption coefficient 

n is proportional to the phase velocity



coefficients in each layer

mixed
power

is present at single days or

A result given by Jaeger (1947) shows that for a frequency consider'

neutral collision frequency

The absence of the 
indeed it has been

its value would be proportional to 
ignoring solar changes and ionospheric

in the whole ionosphere, 
not too much smaller than

is uniformly 
that the 3/2 
consistently

the occurrence rate of which is so large that 
can scarcely be found".

layer which will control the absorption 
given that its peak electron density be 
that of higher layers.

can better be described by a 0.8 or 1.0 power dependence. A 
listing of exponents found at various stations of differing 
latitudes is given by Davies (1965) and these are all significantly 
different from 3/2.

higher in winter, exhibiting some structure in

state that "the winter anomaly

the plasma frequency, both for

on group of days, 
real "normal" days

3/2 ^ower law dependence on cos x is well known 
accepted almost as a "law" that the variation

This is shown for example by figure 4.21 where the absorption 
2(D) in dB (MHz) is plotted against cos x for June 1952 and 

January 1953. If absorption were taking place in a Chapman layer 
or in a group of Chapman layers, with constant recombination

(cos (Jaeger 
chemistry changes. 
layer will also be

There is, for the first, a clear winter anomaly. This has not 
been demonstrated before at as northerly magnetic a station as 
Kjeller (58° geomagnetic latitude).

It is also true that a Lyman-a irradiated NO 
of the same Chapman form, provided that the NO 
with the rest of the atmosphere. It is clear 
law is not fulfilled; further the absorption is

addition. This has not normally been noted in descriptions of the 
Winter Anomaly (see for example Thomas (1961); Thomas (1973)).
However this may not be true of Lauter and Taubenheim (1970) who

the peak of the layer and H the neutral gas scale height. In the 
practical ionosphere the vQ term is the most rapidly varying, and 
diminishes rapidly with height; therefore it is the lowest ionised

ably greater than the critical frequency of a layer, the radio 
absorption is proportional to voHfQ2, where is the electron
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It follows then from these arguments that the lowest ionised layer 
for the measurements we have used is not a Chapman layer of constant 
recombination coefficient nor is it a combination of such layers.

Independent rocket measurements have indicated very large re
combination coefficients in auroral situations. Very large nitric 
oxide concentrations have been reported by Barth and coworkers in 
the D-region (Barth (1966); Strobel (1972)). Consequently loss 
coefficients acceptable to the E-region would yield then mueh too 
large electron densities in the D-region and would be incompatible 
with rocket measurements.

The sharp transition observed from normal 
ions in the ionosphere affords a means of 
nation coefficients over lower reaches of 

ions to water cluster 
obtaining large recombi- 
the D-region leaving

classical and NO recombination higher up. Therefore the 
D-layer is no longer simple, but may have essentially 2 regions, 
one with a large recombination coefficient and one with a small 
recombination coefficient.

This seems then to open the way to an explanation both of the 
cos x power variation of absorption and of the winter anomaly 
which we now describe. The cos x power variation arises because 
the chief absorbing layer does not satisfy the criteria for the 
simple theory presented by Jaeger: to put the case in a crude 
form, the D-layer is to some extent a Jaeger type Chapman layer 
on its uppermost side but sharply truncated, below, by the high 
recombination rates of water cluster ions (Haug and Lapdmark 
(1970)).

The winter anomaly, particularly in the form in which absorption 
is consistently greater in winter than in the rest of the year, 
could be due to a downward shift in the boundary between the two 
regions in the D-layer. This would, as it were, remove a ledge 
of electrons 
increase the

Such a ledge

from a domain of high loss rates and therefore 
absorption.

like structure has been deduced for the winter anomaly 
electron concentration increase by Mechtly and Shirke (1968) and 
Beynon and Williams (1970). These workers have plotted the ratios 
of anomalous to normal winter electron densities and found a sharp
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peak in the same region as Narcisi and Bailey (1965), and later, 
many others, have found the water cluster ions to decrease very 
sharply in concentration. One could expect a similar ledge if 
winter electron densities were compared with summer values for the 
same zenith angle and this is what the Kjeller absorption measure
ments seem to indicate.(as in fig. 4.21).

4.3.2 Production and loss mechanisms in the D-region mm mm mm mm an «mm «*» «mb «bb «m»mm»cm»m»«mmbmm<wa «m«mb «mb wmb««mb«m»«mbcmb«bm«mb «s»«»«w«mb m»m>«*

To test these ideas quantitatively it is necessary to describe a 
production function, an electron density and a loss coefficient. 
In principle a negative ion density should also be known but this 
is not believed to be so critical as was perhaps previously 
considered.

We have a good deal of information on the solar production function 
from satellite and rocket measurements, although detailed values 
over the full solar Spectrum are not available at a given location.
However in the lower D-region it seems very clear that the
uncertainty lies in the 
(1972), Aikin (1972)). 
has been for many years 
important production of

major 
(Reid 
assumption

values of the nitric oxide density 
At lower altitudes still the tacit
that galactic cosmic rays provide the most 
ionization (Webber (1962)).

Let us now consider the 
important it would seem 
most favoured route for

loss term. Where negative ions 
that dissociative recombination 
electron loss. For NO+ and 0^ 

are un
is the
the

coefficients 
ions such as

(1972)) but

for this process are well known; for the water cluster 
oxonium a number of values are known (Bio’ndi et al.

there are many uncertainties. Moreover the specific
water cluster ions appropriate to a given altitude are not known
with certainty: possible that mass spectrometric sampling
from rockets (even possibly from parachutes ejected from rockets) 
is often in error because of ion degradation in sampling.

We will suppose that the water vapour ’ceiling’ falls in winter. 
Then the effective recombination rate under summer and winter 
conditions could be represented by curves S, W1 such as are shown 
in figure 4.22, although the maximum a values given in this 
figure may be rather large in view of the latest experimental 
observations. The height of the transition to water cluster
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may be important

Boltzmann’s constant and T the

hypothesis rather than towards a

equilibrium we 
and recombi-

Therefore we will 
"water depletion" 
effect.

in D-region ion Chemistry 
The temperature dependence

For high latitudes, 
found in summer than 
electron densities in

The occurrence of three body reactions 
seems incontrovertible (Bohme (1969)).
of three body ion reactions is often the reverse of the usual two 
body case. The two body reaction rates for neutrals can often be 
described by an Arrhenius energy term k = A exp(-E /k T) where

in winter and this may lead to the low 
summer found by some workers (Pedersen et al

For three body reactions it is surmised that the need to stabilise 
the ion molecule complex, formed in an initiatory two body reaction 
for a period long enough for the third particle to collide with 
it (Ferguson et al. (1969)), leads to an inverse temperature 
dependence.

To complete the loss equation we need now only the 
ty. However we turn the problem around: assuming 
calculate, from the assumed production function, q

on the weight of this evidence lean towards a

(1970), Johannessen (1972)) when taken in conjunction with the 
three body reaction hypothesis. However for a situation as far 
south as Kjeller there is not as strong evidence for such a 
temperature change between summer and winter. For example
Churchill at a similar latitude (Smith et al. (1969), (1970), (1971)) 
does not always show such an effect.

absolute temperature. Therefore if Eq is independent of temperature 
k will increase as the temperature increases. On the other hånd 
for ion molecule reactions there appears often to be zero activation 
energy with consequent temperature independence.

ions occurs at a higher altitude in summer than in winter, a 
higher recombination rate being associated with their presence. 
A more drastic model is shown by the winter curve W2 where the 
physical interpretation is a removal of water vapour in winter 
over a considerable height range, although in both hypothetical
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nation coefficient, a, the electron density at every height. With 
this we can, using füll wave theory (Pitteway (1965)), calculate 
the absorption which would be experienced by a HF wave incident
vertically on the ionosphere. Approximate methods, e.g. 
ionic theory, can be used for these calculations but are 
to error particular by near the point of reflection. It
able to use 
is believed 
conditions,
on pressure.

the Sen and Wyller (1960) form of the theory 

magneto- 
liable

advis-
since thi

to be based on a more true evaluation of D-region 
giving an electron neutral collision frequency dependent

Analysis of observations

It is inappropriate to use experimental work in the section heading 
here for we are concerned with the analysis of the extensive and 
thorough observations performed under the direction of F. Lied in 
the years 1950 to 1959. These observations using the Al method were 
carried out with a range of frequencies.

It is very 
surements, 
4.23 shows

easy to demonstrate the winter anomaly from the mea- 
as indeed we have already done in figure 4.21. Figure

curves are
this in another manner using montly values. 
for three different values of x the solar z

The three
enith angle.

Even in 
varying, 
winter. 
X; there 
function 
the last

2ummer the absorption, in dB MHz , is by no means smoothly 
but the clear divergence from uniformity takes place in 
Even so the absorption is still ordered by the value of 
is no example here 
of x- We consider 
sentence would not

variation.

of absorption being 
here monthly means, 
necessarily be true 

a non-monotonic 
the statement in 
for the day to day

how in more detail what is happening let us consider again
figure 4.21. 
the slope of 
vations than

It
the
for

is clear that the best n value, that is to say 
D, cos x curve, is greater for the winter obser- 
those taken in summer.

This is a general trend and is shown again in figures 4.24 and 
4.25. Here the observations for each month are taken separately 
and an n value derived. The curves show the n histograms for the 
months in the years 1951 to 1953 and 1954 to 1957 respectively. 
The histograms show two distributions namely for the three months



4.44

400

1951-53

35<J

84.3

300

2 50

2 00

MONTH

URE

72 5
785

function of month for the years 
to 1953.

4.23 The absorption index D as a
1951

il ABSORPTION 
\db. MHz 2







the winter
electron profile may be more Chapmanso that the

days
days of great absorption garn

Unfortunately the distribution is not well known

Furthermore this

there being only 
the fluorescence

The top part of figure 4.24 
’ (note days and not months)

linked with greater 
the downward extension

values tend towards the classical

terms of our truncation

method is fraught with experimental difficulties (Pearse (1972)) 
and it is no wonder that Reid (1972) has called for an intense

moves away from the equator, perhaps because the flatter region 
the characteristic because more and more relevant.

in another way 
n = 3/2 value,

one direct method known for its evaluation 
from solar radiation of the y bands of NO.

of quiet 
are also

then lower in winter than 
also shows the variation

model, the level of this truncation is

An important parameter in any discussion of the D-layer is the 
neutral nitric oxide density, since from about 65 to 90 km under 
daylight conditions the principal source of ionisation is from 
the photoionization of nitric oxide by Lyman a (121.5 nm).

in summer

n values when these days 
therefore the occurrence 
than average absorption.

an incomplete or truncated Chapman layer appears to accompany 
increase of absorption.

We can then state that our model is at least qualitatively success 
ful in as far as these predictions go. Note also that the slopes 
of the experimental and the dashed theoretical curve are smaller 
at lower cos %. This may be a partial explanation of the 
experimental results quoted by Davies (1964). He gives figures 
for the slopes of absorption versus log cos y. These decrease as

December, January and February and for the nine other months. The 
pattern is clearly as figure 4.21 demonstrates: higher n values 
on the winter months, as compared to the rest of the year. Put
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effort to find an alternative approach for its evaluation

The mean profile deduced by Meira (1971) is the distribution
which
at 80

Model calculations

when
considered

D-region analysis

cos x dependence 
should obtain an

For this 
is clear

model we calculate numerically the 
by our previous discussion that we

clear that the wave length division may give only a crude approxi 
mation. '

follow Bourdeau et al. with respect to all other sources

tions in

We shall in this section deduce properties of the absorption
a very simple, clearly oversimplified, model is 
shall consider a Meira-type NO layer and with a 
Lyman et flux such as is proposed by Bourdeau et 
establish a diurnal D-layer production function

are the usdal assump.

variation of 
al. (1966), 

We propose

For the loss rate we shall use a recombination coefficient corre- 
4" -|sponding to a mixture of NO and Q? above a certain height while

distribution the Barth (1966) profile is essentially constant 
with altitude in the range 80 to 90 km, and is also somewhat 
in that height range than the Meira profile.

horizontal stratification is assumed; these

value less than 1.5 and if we lower the transition level we 
naturally inerease the absorption and also inerease the n value. 
To obtain insight into the variation of absorption with zenith 
angle a ray theory is sufficient and indeed gives n values in 
qualitative agreement with the observations. The radio waves used 
in practice are however reflected and can suffer therefore consider 
able deviative absorption. To take this into account ray theory is 
inadequate and recourse must be made to a füll wave theory.

the number density was found to inerease. In contrast to this

we have adopted; it indicates a value of about 2 x 10 m 
km. Below, an inerease with a scale height approximately 
to that of the neutral atmosphere was found. Above 85 km

below that level we will use a value of 10 cm
to estimates of the dissociative recombination coefficient of some 
heavy water cluster ions. No vertical motion is considered and



Note that recombination coefficient probably is too large, 
has been done in Armstrong, Lied and Thrane (1970) and good 
quantitative agreement is obtained; again we will emphasise
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This

that
the maximum recombination rate assumed may be rather too large. A 
figure taken from this work is given as fig. 4.26 here. The 
agreement between calculation and observation is improved if a 
small extra production term is included. This could most simply 
be independent of zenith angle.

There is clearly much further work which can be done. But a number 
of features of the winter anomaly as deduced from the observations 
at Kjeller appear to be explained by the concepts developed above.

Pressure measurements at ground level

The atmospheric pressure in tropical latitudes, such as Jamaica 
shows very clearly 12 hour and 24 hour periodicities. This is 
not so at temperate latitudes. A typical variation of pressure 
is shown in figure 4.27 and the small overall displacement of
pressure ( 
temperate 
of course

A Fourier

~ 12 mb) is noteworthy when compared to that in a normal 
latitude cyclonic development (perhaps about 70 mb) or 
in a tropical hurricane.

analysis of the pressure observations for the time is
shown in figure 4.28 and the predominant periods are 12,24 and 8 
hours. Because of this clear periodic atmospheric variation at
ground level it seems 
should be observed at 
and Chapman, (1970)).

An attempt to discern

very likely that similar tidal variations 
higher altitudes (see for example Lindzen 

this in cosmic ray shower production was
unsuccessful (D.E. Page, 1971, private communication). The concept 
was as follows: if there is a significant 12-hour tidal variation 
in pressure this should cause an alteration in the stopping
altitude for 
by such rays 
the pressure 
angle should

energetic cosmic rays. The intense showers generated
as they are 
is higher, 
detect more

(see figure 4.29). This 
of the "fixed opening".

stopped, come from a higher altitude when 
So a shower telescope of fixed opening 
”events” when the pressure is higher, 
is therefore just exploiting the geometry
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Let us attempt to predict the magnitude of the effeet to be 
expected. In the E-region Appleton and Weeks (1948) deduced a 
lunar tide of approximately 1 km in isobaric height. Matsus-hita 
has pointed out that contamination with sporadic E may invalidate
this result. Direct measurements of the 
variations seem to be lacking presumable

For our purpose thewith solar heating 
paramount interest

solar tidal height
because of the complication 
total effeet is of

It would seem reasonable to suppose that the
total effeet would not be less than the supposed lunar tidal 
variation. The calculations for the 2.2 mode (for example in 
Rishbeth and Garriott (1969) p. 39) indeed give support to this 
contention. If we take 1 km for the variation and let the half
conical angle of 
icity. Then the

-1the telescope be thn (1/2) for the sake of simpl 
telescope will probe areas in the E-region which

have maximum and minimum diameters of 101 and 100 km approximately

This would give a variation in intercepted area, at the E-region, 
of 2% and this would be the variation in the number of events 
detected. This is not a large effeet. The result would not 
depend mueh on the height considered. However Duperier (1946) 
has measured mueh greater lunar effeets in meson showers coming 
from an isobaric height around 18 km and therefore one cannot 
regard the subject as closed.

Measurements of ground pressure in conjunction with cosmic ray 
observations at different primary energies would seem to be a 
relatively unexplored method for studying atmospheric properties.



CHAPTER 5

is paramount and itsThe influence of the earth’s magnetic field
with the solar wind
of the problems involved can

at 70 km and

importance.
only be said

distortion in collision 
However the formulation 
to be beginning.

with solar disturbance 
the subsequent
a subject for speculation

concepts of the auroral ionosphere just 
hope, a foundation for understanding the 
In no way can it be considered a füll 
ionosphere.

Because of the greater production, the auroral zone D-region plays 
a more openly significant role than its mid-latitude or equatorial

THE AURORAL ZONE IONOSPHERE, AND SONE SELECTED METHODS 
AVAILABLE FOR ITS INVESTIGATION

In the subsequent pages 
framework of facts and 
sufficient to give, we 
work described later, 
account of the auroral

10 m~ at 85 km are common during auroral disturbance. With 
these concentrations, effects on radio propagation are marked. 
The large values also enable methods to be employed with greater

more poorly understood state: a connection 
is clear but unknown; delaying, storage and 
triggering mechanism or mechanisms are only

The auroral zone ionosphere presents a surprisingly different 
situation from middle latitudes. While we have tried to show in 
the previous chapters that all is not quite so simple or resolved 
in the latter as one might have gathered from some descriptions of 
it, nonetheless the dominance of the sun as a direct ionization 
source gives a clear pattern to the phenomena we meet. In terms 
of ’hand waving’ physics the middle latitude and equatorial 
ionospheres to a large extent present reasonable pictures in the 
Contemporary situation, although the detailed analysis is not 
complete nor convincing. The auroral oval phenomena are in a much
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accuracy than elsewhere and consequently permit reasonably sensible 
attempts to draw up the energy and particle balance equations for 
the region.

Chemically the region is complicated, over the whole globe, by the 
presence of water cluster and negative ions to mention but two 
factors. It seems possible that the very large recombination 
coefficients found by rocket investigations are explicable in 
way on the basis of these two factors. But it remains one of 
problems presenting elaborate difficulties in the face of any 
in the D-region in auroral conditions.

some 
the 
work

As yet, the properties of water cluster ions are poorly understood 
but it is very reasonable to infer that they possess, 1. consider 
able chemical 
coefficients, 
Direct rocket

reactivity and 2. large dissociative recombination 
and this has been proved for certain of these ions, 
mass spectrometer observations have shown what are 

presumably ions of the form H (H90)n up to n = 6

The reactions necessary 
ions, (almost certainly 
must be a Chain of some 
present essentially, it

to produce these 
N0+ and 02+) $re 
complexity since

ions from the primary 
not yet established and 
neutral water vapour is

is believed, in its monomeric form
Various schemes are under discussion depending more or less 
critically on certain minor neutral constituents.

The presence of negative ions in the D-region has been demonstrated 
now on many occasions by rocket observations. This presentation, 
leaving aside interpretation, 
the precise details of plasma 
hard to understand. Moreover 
do not agree with one another 

is a tricky experimental problem and 
sampling from a rocket seem to be 
the results of the two active groups 
nor do either tally with an early

measurement by Johnson and Heppner (1958). Narcisi and co-workers 
(1972) found NO”3(H2O)n with n between O and 5 to be overwhelmingly
dominant whereas Arnold and Krankowsky and their group (1971) find 
other ions such as HCO^” to be present in considerable numbers. 
That negative ions should be present in the D-region is clear from
the rate of the reaction 2 02 2. However again2
because of neutral constituents the effective lifetime of 02~ is 
short, and because of the complexity of the neutral atmosphere, no
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satisfactory negative ion model can yet be given. Of course it 
does not help that the published results of negative ion com- 
position are apparently at variance with one another!

The variation of Polar cap Absorption riometer events at sunset 
and sunrise with solar zenith angle has been explained by the 
action of solar u.v. radiation on negative ions in the D-region 
(Eriksen et al (1960), Reid (1964)) and, although disputed by 
Hultqvist (1966) who considered that the absorption under debate 
was at a lower altitude than the D-region, this was the first 
demonstration of the possiblility of there being ions of higher 
electron affinity than 0^ in the ionosphere. This process of 
photo detachment should also occur during guiet conditions. 
Indeed, Sechrist (1968) has shown this to be very likely the case, 
although the methods he employed are somewhat indirect.

The situation has been complicated by the work of Ferguson and 
others who have shown that associative detachment may often be 
more important than photodetachment in ionospheric situations. 
Atomic oxygen particularly, (but also O2(’Ag) and NO) is demon-
strably of major significance in this respect.

+ 0 - o3

and O + 0 -* 02

have reaction rates 
(Phelps (1968)) and 
photodetachment. A 
D-region due mainly

-10of 2.5 and 1.4 times 10 

Reactions such as

3 cm
these are probably fast enough 
possible negative ion reaction 
to Ferguson (1972) is shown in

-1 ... ns respectively 
to compete with 
scheme for the 
figure 5.1.

Note that this scheme ignores water clusters, it is therefore not 
a final definitive version!

What are the effects of aurora on this presentation? Basically it 
would seem very little, although the amount of data is very meagre. 
Water cluster positive ions have been observed under many ionos
pheric situations including aurora and PCA. The results seem to 
indicate a slight diminution in the ratio of water cluster ions to 
ions of NO and Oo: this is in agreement with simple considerations 
presented by Haug and Landmark (1970). Negative ions may also
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show this type of effect (Narcisi (1972)) where 0 seems to be 
much more numerous under PCA conditions.

There have been measurements of visual aurora 
extended down to D-region altitudes e.g. type 
have however been no reports of any emissions 

which
B red
which

reportedly 
aurora. There 
could be

assigned to water cluster ions. However the explanation of the 
enhancement of the red emissions in this type of aurora would 
appear to be a matter of some controversy, see for example 
Shemansky and Vallance Jones (1968). Their view is that the red 
emission is due to the O:/(1N) system. This conflicts with other 
work in which the NO(1PG) system was held to be responsible.

There does not appear to have been any consideration as yet for 
the Identification of optical auroral features due to water cluster 
ions.

5.2 The neutral composition of the ionosphere with particular 
reference to auroral regions_______________________________

It is clear from a consideration of the auroral D-region, such as 
is given in 5.1, that the neutral composition of the atmosphere 
plays a dominating role in the ion chemistry and therefore is a 
very important element in any consideration of the region as a 
whole. We will not attempt to make a complete survey of the 
problem but rather we will indicate the areas of interest which 
led to the experimental work described in chapter 7 using techniques 
described in Chapter 6.

5.2.1 Atomic oxygen

The importance of atomic oxygen in the auroral D-region has 
already been mentioned in connection with the destruction of 
negative ions in associative detachment. But the high reactivity 
of atomic oxygen shows itself 
reaction

in other ways; for example the

0 + 0 “♦ 09 + Oß

with a rate of 3(- 2) x 10 3 -1cm s may hinder water cluster

N
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ions from being formed whenever there is a considerable concen
tration of atomic oxygen?for the presence of 04+ is believed to 
be an essential step in the production of water clusters from

The prominent 557.7 nm line of the aurora results from excited 
O(1S) cascading to O(1D). There are numerous reactions which 
occur with atomic oxygen in the ion Chemistry of the E and F 
regions and it is also a product of the dissociative recombination 

4. +of both O£ and NO , the dominant ionospheric molecular ions 
just above the water cluster ion threshold. The importance of 
atomic oxygen in the energy balance of the ionosphere has been 
emphasised by the realisation of the 
structure excitation by electrons of 
Degges (1966), Norgard (1970)) which 
balance of ionospheric electrons.

significance of the fine 
atomic oxygen (Dalgarno and 
is important for the thermal

Therefore the determination of the atomic oxygen concentration 
profile is of outstanding interest. There are 
able difficulties as will be discussed later, 
of the profile can be described but no attempt 
time to indicate global or seasonal variations 

however consider- 
The general features 
can be made at this

At some height
below 90 km there is believed to be a sharp gradient of the 
distribution, with densities at lower altitudes being very low 
indeed. Day values are greater than night values because of 
dissociation of molecular oxygen and ozone by solar radiation
during the day. In 
information we will

calculationsmodel 
model 
broad 
Above

the absence of definitive experimental 
illustrate this by reference to Hesstvedt’s
His oxygen hydrogen model (1969)(a) and his

oxygen

presented at the 1968 Illinois Conference (1969)(b) show a 
maximum of atomic oxygen concentration at about 93 km.
80 km the time constant of changes in concentration of atomic 
is probably greater than a day so that diurnal variation

there is non-existent. By day Hesstvedt calculates a decrease by 
a factor of about 40 from 90 to 80 km and below this altitude to 

10 -365 km roughly constant at about 4 x 10 cm . The night values
show the 
at 71 km

The CIRA

6 —3fall to 80 km continuing steeply to a value of 10 cm“

(reference atmosphere) 1965 gives a peak value of
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while

Experimental methods are in essential agreement with these models

the

greater altitude but 
observations.

play a part in many important D-region 
being the dominant atmospheric absorber 
i. D-region processes of importance are

Ozone is believed to 
processes as well as 
ultraviolet radiation

5.2.2 Ozone

formation of negative ions and the production of the excited OH 
glow (Meinel bands). Another important aspect in the auroral 
situation is that particle precipitation may alter the 
concentration of ozone. This is as yet only a hypothesis. In 
any attempt to calculate the atmospheric chemistry the reactivity 
of ozone compels it to be an important constituent.

Model calculations (Hunt (1966), Hesstvedt ((1969), a, b), 
Shimazaki and Laird (1970) and others) indicate a layer whose 
concentration decreases with altitude above 40 km and which at 
altitudes of about 70 to 80 kilometers increases with time at 
sunset, with a corresponding decrease at dawn. Experimental 
observations (using rocket ultra violet absorption techniques) 
appear to indicate similar behaviour (Johnson et al, (1951), Weeks 
and Smith, (1968), Hilsenrath, (1971)) and Reed, (1968) and Carver 
et al, (1972) have seen what appear to be nocturnal increases. 
Most experimental work till now has been in mid latitudes and 
there is only one report which indicates that particle precipi
tation does have a significant effeet. This is due to Weeks et al 
(1972) who observed a lower ozone concentration in observations

but due to the difficulties with experimental technique, there must 
still be doubt as to the precise numerical values. In figure 5.2 
are shown the results of a number of experiments to measure atomic 
oxygen densities. The results of Golomb et al(1965) are not 
absolute and are scaled in the figure to give as good a fit as 
possible to other mass spectrometric observations. Some results 
of Golomb’s group indicate a second maximum of atomic oxygen at a

5 x 10 cm” at 100 km which is a little less numerically 
higher in altitude when compared with Hesstvedt*s model.
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taken before and
Both setsFort Chruchill
than haveof ozone density

absorption of 7 dB were lower at allthe values with a riometer
altitudes than those with an absorption of 1.3 dB

This trend is in clear contradiction to the predictions of 
Maeda and Aikin (1968).

of observations yielded lower values 
been obtained in mid latitudes. But

during the PCA of early November 1969, over
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to middle 
use there 
existence 
situation

The techniques available for probing the auroral region suffer 
from the limitations imposed by the rapid nature and the order 
of magnitude of auroral disturbances e.g. in electron density. 
Thus the ionosonde has been of limited efficiency when compared

EXPERIMENTAL WORK FROM AURORAL LATITUDES 
TECHNIQUES: ROCKETS, RIOMETERS, PARTIAL REFLECTIONS

latitudes. That the sounding rocket has been of great 
is no doubt; it has for example directly shown the 
of, and measured particle precipitation in the auroral 

Many other important and far reaching developments
can be ascribed to rocket research work. It is often however 
impossible to distinguish between temporal and spatial variations. 
The same is true of satellite observations, and they are also in 
general restricted to an altitude above about 200 km so that 
direct measurement of auroral phenomena (at about 110 km) is 
usually barred. However the measurement of field aligned currents, 
trough regions, Van Allen radiation belts, and changes of the mean 
ion molecular mass suggestive of a »Polar Wind’, represent an 
impressive sample of ionospherically relevant discoveries. Because 
of the effects of electron density irregularities, more numerous 
than elsewhere, there has been understandable reluctance to 
undertake the great expense of placing an incoherent scatter 
radar system in the auroral zone, but this has now been done 
with significant results. In addition there are more dramatic 
seasonal and other variations in the neutral atmosphere which 
certainly complicate still further a full understanding; although 
their direct causal dependence on auroral conditions is probably 
a rare occurrence. To summarise, mid latitude techniques are 
applicable but limiting conditions are much more evident.
Other techniques however are better suited to auroral conditions; 
for example the riometerat about 30 MHz and the study of light 
emissions by detectors placed on rockets or on the ground.
Perhaps here one can include the method of partial reflections 
where the weak signals so obtained in D region studies are much 
more readily identified when auroral particle precipitation at
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over 40 keV electron energy occurs. This is simply because of 
the very high electron concentration in such situations. Magneto
meter observations are easy but their interpretation is complex.

6.2 Techniques employed in the electrical probing of the auroral
D-region ________ ._____________ ______ *____________________

In the following discussion we have used results from many 
different experiments. They are shown in Table 6.1 and are 
there divided into ground based and rocket based. The name of 
the person chiefly concerned with each experiment is also shown. 
The problems peculiar to the analysis of auroral events are the
rapid time variation 
precipitation in the 
instruments for this 
with the constraints 
still very difficult

of phenomena, and the dominance of particle
production of ionization. The design < 
type of research must take particular < 
imposed by these conditions. Even so 
to separate space variations from time

of
care
it is

variations in auroral investigations. Ground based instruments 
in general (including the 3 methods named in Table 6.1) suffer
from having too coarse a space resolution.

TABLE 6.1

Rocket based

Faraday rotation Trøim)
Differential absorption N£ 
(J. Trøim)
Ion spherical analyser N*, N
(K Folkestad)

EXPERIMENTAL METHODS

Ground based

N e Riometer (Integrated Ng) 
(K. Erikson)
Partial reflections (Ne)(A. Haug)
VLF phase and amplitude (T.R.
Larsen)

Gerdien probe N^, N_ 
Impedance probe Ng 
(K. Folkestad) 
Magnetometer (J. Trøim) 
Energetic particle detectors 
(G. Skovli)





to 1.4 MHz and 3 x .10
0.239 and X

and Y
Substituting into the formula gives 2.21 degrees per kilometer

Let us now consider
Taking an angle of

0.61 and Ywe find

obtain

effect of pressure changes is very severe
for a latitude of only 60
winter pressures at the

like the winter anomaly

linearly polarised wave is transmittedAs with Faraday rotation

frequency
2.5 x 10“

into the formula we 
the two conditions,

latitude of Andøya or 
have assumed that the

rotation per 
direction is

to be even 
constant. a variation of electron 

step with the pressure

6.‘2.2 Differential absorption

is thence 0.547, less than unity

1.24 x 10 electrons m 
These numbers give Yr

density can also of course be 
variation, neglecting effects

This shows that the 
We have calculated 
between summer and ' 
Tromsø is believed 
electron density is

from the ground. This produces equal amplitudes of the two 
circularly polarised waves on entering the ionized medium. 
Having traversed the medium they are received on a linearly

in practice a small but measurable quantity. 
propagation at an angle to the magnetic field

2.4 and 1.24 degrees per kilometer for 
and summer, respectively.

greater. We 
In practice 

expected, in

We have taken a mean value for the annual variation of collision 
frequency. Taking extreme winter and summer values for the 
monoenergetic collision frequency as 2.54 and 4.45 MHz (really for 
60 °N latitude) we then obtain 0.202 and 0.34 for Z. Substituting

kilometer, showing that the inclination to the field 
important.

The two permitted H.F. electromagnetic waves in the ionosphere - 
under most circumstances left and right hånd circularly polarised 
waves - have different absorptions. Particularly where the 
critical frequency of the extraordinary wave is approached, the 
absorption difference between the two components will be very marked 
Where one wave begins to be absorbed the method of Faraday rotation 
becomes more difficult because the amplitude of the signal received 
decays. Here the method of differential absorption is a useful 
supplement in the determination of electron density.
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polarised antenna on the rocket. The spin of the rocket enables 
both components to be identified: the maximum signal amplitudes in
each spin corresponds to the sum of the amplitudes of the two polar
isations while the minimum corresponds to their difference. There
fore the ratio of the amplitudes of the two components is obtained
as a function

The amplitude
written

A o

A x

as

A.io

A.ix

of altitude, h and distance in the rocket direction,

of the ordinary and extraordinary waves can be

6.2.3

g-ikjndz

For a linear dipole transmitter A. = A and
IO 1 A

A x
A o

where K
The last

-iFk ’ Fn ’ dz 
e L J

- kjndzj _
e - K ) dz x o it e

and K are absorption coefficients for the two waves.
exponential 

AxTaking moduli |y |
o

represents a phase factor

e - K )dz x o

By magneto-ionic theory K* and Kq equal

The term Kx - Kq can be written then 
altitude. p is the real part of the

So
A (h) A (h + dh)

lnljrnml " lnl7rm 
* oo

dh?!

as

x, 2Nev e—----- ----- ---y
2€mcu(v + (uu + ) )o L

N F(h) where h is the e
refractive index

- K )dz x o

where K* and Kq 
being the angle

are evaluated at
which the rocket

Holt (1972) suggests an interval 
technique.

d hh + y- and dz = dh sec x, x
direction makes with the vertical
dh of 1 km as suitable for the

Ion sgherical analysers; Gerdien probes

The design and use of these instruments have been extensively 
described by Sagalyn et al (1963), Pedersen (1965) and Folkestad



. 10'1. 6.6

(1970)

There is a great advantage in the spherical symmetry of the first 
named when compared with the latter both from the viewpoint of 
symmetry in respect of ion motions and a directed rocket motion 
and from the relative ease of theoretical calculations. However 
it is not as easy to construct as the simple Gerdien instrument.
All these instruments in practice are calibrated by 
some other mode of measurements. Their sensitivity 
the masses of the ions present and the knowledge of 

reference to 
depends on 
these depends,

in the D-region, on rather delicate and difficult rocket-borne 
mass spectrometer techniques.

The complications brought on by supersonic rocket motions are 
well known and induced Pedersen (1965) for example to attempt 
Gerdien probe measurements on an instrument suspended by parachute, 
which was released from a rocket at about 80 km altitude. While 
interesting, the results seem unreliable for they predict very 
high values of electron and ion concentrations over D-region 
altitudes. Indeed Pedersen’s Fig. 7.5.2 could be interpreted as 
indicating an excess of negative charge carriers over positive 
charge carriers, a situation which is not possible.

6.2.4 Impedance probe

This is a convenient method for measuring electron densities 
provided that neutral densities are low (Balmain and Oksiutik (1969) 
Holt and Lerfald 
a restriction on

The principle of

(1967), Folkestad (1970)). This gives consequently 
the use of the device at lower D-region heights.

the method is, in brief, that the impedance of 
a conducting medium is a function of the charge density there. 
Frequencies used are normally in the MHz or 0.1 MHz range but 
lower values can be used. The incidence on the probe of energetic 
photons or particles clearly will produce situations where 
inaccuracies will occur.

6.2.5 Magnetometer

The results described later were obtained with an instrument of
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the simplest possible construction designed to use the magnetic 
field obtained to give aspect information. In practice two asp 
sensors are positioned approximately at right angles to one
another, with 
should not in 
does, perhaps 
that the spin

one parallel to the rocket axis. The axial sensor 
principle show spin modulation but it invariably 
due to inaccuracy of alignment. The possibility 
axis of the rocket may not be the geometrical axis

of symmetry should also be borne in mind (Måseide, private 
communication)•

The magnetometers yield important information involving spinning 
and coning on the aspect history of the rocket. In particular 
the turn-over of the rocket is easy to find. A typical example 
of such a record is shown in fig. 6.1. The coning shows itself as 
a modulation on the spin motion and the turn-over shows a clear 
maximum where the rocket is instantaneously parallel to the 
direction of the magnetic field.

Clearly in the case shown for the transverse magnetometer the 
coning half angle is approximately

■j-^cos ^(h^/h^) + cos“l

The positive sign should be used if the rocket ’s motion includes 
a position which is parallel to the magnetic field.

Another interesting example is shown in figure 6.2 where the angle 
of the coning motion (although it is slow) is so great that the 
axis of the rocket passes through the direction of the magnetic 
field (roughly 78° dip angle) and beyond into a backward orientation 
relative to the direction of motion of the rocket.

The sensitivity of the magnetometers is not very great but we 
hope to show that this does not preclude the acquisition of some 
informative details of the magnetic field configuration. Some 
data from a much more sophisticated Rubidium vapour magnetometer 
(RSRS, Slough) will also be presented for comparison.

6 2.6 Ener^etic narticle detectors

This study of the auroral zone involves considerations of energy
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deposition by charged particles and it is necessary to measure 
the number and energy spectrum of precipitating and trapped 
particles.

Geiger-MÜller tubes, halogen quenched, and with mica end windows 
have been used on rocket F16, while on F21, Ortec solid state 
detectors (Sørås, University of Bergen) were employed for particle 
detection.

The calibration and measurement of such precipitation is a 
difficult experiment, because of the wide range of particle 
densities and energies, often occurring simultaneously with strong 
pitch angle variation. There are then considerable problems of 
analysis which are rendered no simpler when compounded with 
spin and coning motions.

6.3 Ground ba sed instruments and technigues

We will limit consideration here to those instruments which 
been used in this work. In all cases the experimental work 
been done by other people.

rocket

have
has

6.3.1 The riometer

This instrument,pioneered by Little and Leinbach,has been in use 
now for many years. The recording of galactic radio noise, 
usually in the 30 MHz region, by straightforward Yagi antennas 
and conventional receivers gives clear evidence for D and 
E region ionisation produced by precipitating particles. 
auroral substorm is clearly delineated by this instrument 

lower
The 
and

because of its electric nature it has provided the most detailed 
analysis of this phenomenon.

6.3.2 partial reflection exoeriment

A high power transmitter (50 kW pulse, 2.75 MHz) at Lavangsdalen, 
69.5°N, 19.3°E, L = 6.2 at 90 km altitude, gives very adequate 
facilities for studying the D-region by this method. The site 
itself is not optimum however.

The theory of 
but the basic

the method has some aspects which are unsatisfactory 
principles can be briefly stated as follows.
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The reflection coefficient for a wave at an infinite plane boundary 
Ö nis approximately where n is the mean index of refraction and

ön is the fluctuation 
yet fully understood. 
but for the moment we 
is correct and denote

in refractive index due to some process not 
We do not have an infinite plane boundary 

will ignore this, and assume the expression 
it by R$.

The amplitude of the reflected ordinary wave from a particular 
level will be A = A. R e~21kIndz 

O 1O o 
both up and down.

Similarly for the extraordinary 
where the primed quantities are
mode. Therefore if Aio

Rx —2f(K
Ä R
A x
o o

is made

accounting for absorption

wave we have A = A. R Jn dz
X IX X 

appropriate to the extraordinary
equal to A. then ix

— K )dz x o e^u where K and 
x Kq are the absorption

coefficients for the two waves and the last exponential represents
a phase factor introduced by the motion up and down

Taking moduli we obtain

A

o

R
x K )dz o

o
R

The value of l-s”! can be calculated using standard magneto-ionic • R ;O
AXtheory (Thrane (1966)) and the observed ratio |^~| deviates from
o

it by the exponential factor the integrand of which is proportional 
to the electron density at every height.

R
Both I—I and the absorption coefficient depend on 

o
frequency. The reason for this in the case of the 
is not obvious, but is easily proved.

the collision

first quantity

Now let us return to the problem as to what is the scattering 
mechanism. It is generally believed that the reflections observed 
are due to random movements of electrons in finite volumes and 
the irregularities created therefrom. Booker in some classical
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papers (1959) has deduced that the intensity reflection coefficient 
should be proportional then tov|—| P(l,m,n) where v is the volume 
concerned, e is the dielectric constant, öe is the fluctuation of 
€ over the volume, and P(l,m,n) is the power Spectrum of the 
spatial distribution of öe/e in the volume v. It seems reasonable 
(Belrose and Burke (1964)) that v and P(l,m,n) should be the same 
for the two magneto-ionic modes, if n ~ 1. However let us be
clear? they are assumptions

Therefore, 
reflection

2since by electromagnetic theory e = n , the intensity 
coefficients for extraordinary and ordinary waves 

should have a ratio

ön__ x
n x

n 2
and therefore the amplitude ratio should be 

o

R x
R o

ön x
nx

n
I which is exaetly the same as for a discrete electron ön 1o 

density gradient between two regions with refractive indices
n o
for

and nQ + önQ for the ordinary wave and corresponding quantities 
the extraordinary wave.

The Sen-Wyller formulation for the magneto-ionic theory is 
necessary because the loss of energy from electrons to neutrals 
is of vital importance here. In the F region this is not so, as 
there it is the electron-ion interaction which determines the 
energy absorption and reflection mechanisms for a wave.

In appendix 7 an expression for [R /R I is given which assumes 
that only variations in electron density contribute. This is a 
matter of controversy, as it can well be argued that variations in 
collision frequency may also be important in generating refractive 
index changes and therefore reflections of electromagnetic waves.

It is customary to discuss such possible effects by writing

ANÅ2./ —— = a. a equal to zero gives the classical 
v Ne 

a equal to infinity describes the situation where 
collision frequency are significant for producing 

situation and

only changes in 
refleetions

(Piggott and Thrane (1966)). A priori there is no good reason to



6. 3.3

6.13108.

exclude variations 
vary with altitude 
seasonal changes.

in
on

a from being 
a particular

This problem seems of very central

present. Fürther a may also 
day and show diurnal and 

importance in the partial
reflection experiment. It would seem simple and straightforward 
enough to compare the experimentally observed A /A curve withX o
various R /R curves computed for different values of a. Under✓c o
conditions of low electron density it would seem possible to
obtain a best fit between the A /A curve x o
However many complications enter and make
We can mention some of these:

1. Oblique echoes,

6.3.2.1

2.

3.

Wide spread in values of A /A

Interference leading to spurious

and the R /R farnily. x o 7
the analysis difficult.

A and A values. v o

In practice pulses are transmitted at the rate 
switch operating at 25 Hz enables two pairs of

of 50 Hz and a 
perpendicular

dipoles to be fed alternately at rr/2 positive and n/2 negative 
phase differences. Thus right hånd and left hånd circularly 
polarised waves are transmitted vertically. A similar switch 
on the receiver, displays every 25th extraordinary receiver pulse 
vertically upwards on an oscilloscope and the ordinary receiver 
pulse which immediately follows this is also displayed but pointed 
downwards. Therefore every second, one ordinary and one extra
ordinary echo are displayed on the oscilloscope and photographed 
as one frame. The theory requires that the initial transmitted 
amplitude of the ordinary and extraordinary waves be equal.

VLF ohase and amolitude measurements

These measurements yield valuable information on the lower 
atmosphere. The technique employs single and multiple hop 
transmissions from stable VLF transmitters. These transmitters 
are often part of navigation systems.

j
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CHAPTER 7

was chosen deliberately for its own

connection 
description 
in

EXPERIMENTAL RESULTS FROM AURORAL ZONE MEASUREMENTS

Introduction

We will describe some experimental work carried out in 
with the auroral ionosphere, together with a curtailed 
of the objectives of the work. Füll details are given 
references cited.

The rocket experiment of 4th December 1968

On the 4th December 1968, at 8:54:17 MET a rocket code- named 
F16 (Armstrong, Folkestad and Trøim, (1970)) was launched from 
Oksebåsen, Andøya into an active auroral situation. At launch 
the 27.6 MHz riometer showed approximately 0.7 dB but this 
fluctuated during the flight to as low as 0.2 dB.

One objective of the flight was to investigate the negative ion
species and concentration in the D-region. In order to 
as complete a variation of conditions as possible, i.e.

present
between day

and night, the launch time was carefully timed so as to coincide 
with ultra violet dawn in the middle of the D-layer. It is of 
course not mandatory to have an auroral event in progress for
such a study but such
interest, for other experiments on board the rocket and also 
because the increased electron density so obtained can improve the 
accuracy of the measurements.

7.2.1 Experimental results from the rocket flight of 4th December 1968

The raw experimental readings are shown in fig. 7.1 where a 
compositive picture demonstrates, we believe, that the rocket rose 
from darkness into light and that the electron density increase 
with altitude agrees very well with the onset of ultra violet 
dawn, or, more precisely with the detection of solar radiation 
at wavelengths about 310 nm.

The electron densities were measured by the Faraday rotation





Faraday rotation 
procedure see1

7.3

(Jespersen et al. (1966)) and the differential absorption 
method using, in this instance, the frequencies 2,2, 3.8, 7.9 
and 11 MHz. Spherical ion traps measured positive and negative 
ion concentrations. They were mounted on arms which extended out
from the rocket surface
was some alleviation of
rocket.

particle detectors were

a distance of 16 cm. In this way there 
the problems caused by flow around the 

of the integral energy type and had
thresholds at 33, 40, 52, 67 and 98 keV. There were both
Geiger-Müller tubes and solid state detectors on board the rocket

There were two ultraviolet and one visible light sensors. All 
three had filters, The ultraviolet photometers were Hamamatsu 
R-247 photodiodes while the visible sensor was a Siliconix P 102 
photodiode of quite simple construction. The response curve of 
the P 102 photodiode is shown in fig. 7.2 together with the filter 
characteristics for the ultraviolet sensors. A spin rate of 7 Hz
and a coning angle of 3.6° 
the rocket.

7.2.2 Discussion of the results

First of all we shall make 
experimental side. Taking 
measurements in turn.

were deduced from magnetometers on

explicit the limitations on the 
figure 7.1 again we consider the

The spherical ion analysers are not easy to interpret and are 
possibly best calibrated with other instruments. This procedure 
has been followed here and the positive ion density has been
normalised to the electron density, derived from 
measurements at 90 km. For a discussion of this 
Folkestad (1970).

The Faraday rotation and differential absorption measurements are

2 also subject to errors,

rapid temporal

effects due to

some of which we list here: 

changes of ionisation along line of sight,
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3. line of sight 
line integral

These errors exist but

alters with rocket position and therefore 
of electron density alters.

in general are not believed to be very
serious. For 2. the use of several frequencies helps to some 
degree. For 3. the use of the method only on ascent is probably 
a reasonable safeguard.

The optical measurements, as figure 7.2 indicates, use quite 
broad filters. Therefore one must be careful not to read into 
the data too great precision as regards the wavelengths of solar 
radiation concerned in sunrise effects.

The ultraviolet sensors were coupled into one electrometer. 
This removes effects due to any relative drift in sensitivity 
for these two detectors. Ideally it would have been desirable 
to use the same photodiode and only have filters different, 
but this would have entailed a more complex optical system than 
used and which is shown in fig. 7.3. The electrometer was in 
faet a logarithmic amplifier enabling therefore a great range of
intensities to be measured. The 
calibrated in the laboratory and 
accurate logarithmic behaviour.

electrometer was carefully 
before the flight and showed 
Since we did not have in-flight

calibration we cannot state unequivocally that this was maintained 
in flight. There is however no indication of any change whatsoever 
in calibration during flight. The rocket rises from darkness into 
sunlight and falls then again into darkness. The dark currents 
before and after it rises into sunlight compare well, and 
remembering that the rocket turns over at about 75 km the agreement 
is very satisfactory.

The time of launch of the rocket being determined approximately 
at an early stage in the planning of the rocket, the angle of
the sensor was set such that the 
the sensitive photodiode surface 
possible. This angle was set to 
pointing axis of the rocket. We

light from the sun should strike 
as close to perpendicular as 
be 100 degrees to the forward 
were in addition fortunate that

the coning angle of the rocket was small enough (3.6°) that coning 
modulation was undetectable on the 270 nm detector and only 
slightly (some 15% at maximum signal) on the 318 nm detector.
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The apogee of the rocket was at about 135 km altitude and this 
corresponds to a maximum probing altitude of 75 km. The 
analysis in principle can give information on absorbing gases, 
almost certainly only ozone, below this latter height. But if 
structure occurs above this altitude in the absorbing gas then
errors will

The visible 
figure 7.2,

be introduced into all measurements.

sensor, most sensitive at about 429 nm as shown in 
used a P-channel Silicon junction FET; the device

being the same electrically as a 2 N 2608 transistor. The value 
of the ozone absorption coefficient near 429 nm is very low and
in comparison with 
can be neglected. 
value of less than 
whereas the values

the other two sensors its absorption of ozone 
At 429 nm, Inn and Tanaka (1953) give a

_32.5 x 10 -1cm for the absorption coefficient 
at 270 and 318 nm are about 225 and 1 cm”^

The electrometer for this sensor was linear and therefore was 
limited in its range. This is clearly seen in fig. 7.1. Moreover 
in order to conserve telemetry this sensor shared a channel with 
the 2.2 MHz Faraday rotation experiment. The latter signal was 
attenuated before the visible sensor showed a substantial signal, 
as had been anticipated. The results show a clear transition in 
radiation of a given wavelength reaching any given altitude and 
this was the first time that this has been demonstrated simultaneous 
ly with charged particle measurements. There is a clear ledge in 
ionization at about 70 km which neither the particle production 
function (figure 7.4) nor the positive ion density show.

We therefore tentatively presume that this represents a dawn 
transition, where a considerable increase in electron detachment 
takes place. Thus this effect is not due to 429 nm radiation, 
since there is no marked change in its intensity, nor due to 
270 nm radiation as its intensity is very low indeed at this
altitude. It would seem from fig
wavelength is 318 nm or a slightly

7.5 that the responsible 
longer wavelength.

course that this is too simple a picture;It is possible of 
for example maybe a small intensity of given solar radiation is
sufficient to produce a marked change in reaction rates, adeguate



FIGURE 7.4
altitude for the rocket F 16 derived from the on-board

PARTICLE PRODUCTION OF ION PAIRS

F 16 
DEC 4, 1968
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SOLAR INTENSITY.EXPRESSED AS A PERCE NTAGE OF INTENS1TY ABOVE THE ATMOSPHERE

FIGURE 7.5

4390 Ä 
(2.8eV)

. 3180 Ä
(3.9 eV)

2700 Å 
(4.6 eV)

POSITIVE ION AND ELECTRON DENSITY cm

F16 4 DEC 1968 0854 MET

This figure shows a number of observations performed 
the rocket F 16. The three photometers refer to the

on 
upper

scale while the ion and electron densities use the lowcr 
scale. Note that the 439 nm and 318 nm radiations have 
probably reached their maximum values. The errors associated 
with the ion and electron densities can be such that their 
values are equal for all heights above 73 km.



However Sechrist
one

where the ledge was detected

per cent radiation 
this means that

to produce the effects which we observe. 
(1968) has given plausible arguments for

It is interesting 
VLF reflection, X

of this 
amplitude 
The phase 
height of

point is probably 
This distance

Direct evidence of a possible change taking place in electron 
density can be obtained from the 10.2 kHz transmissions from

to note that the magneto-ionic condition for
= Z (Ratcliffe (1959) p 140) gives approximately

reduced somewhat because the Fresnel radius 
notation, is about 80 km.

figure 7.5, remembering that the VLF reflection
about 150 km from 
should perhaps be 
~ /EX is an usual

Again it is hard to prove that the ledge at about 70 km has 
originated with the sunrise^ could it have been there for some 
time before? In support of this scepticism one must admit that 
riometer evidence for a day to mght variation in absorption is 
not very clear (Hultqvist (1963)). For example Holt and Land
mark (1963) indicate a day to night ratio in absorption of about 
1.6, averaged over many events. Hultqvist on the other hånd found 
a value of about 1.1 but Holt (private communication) believes 
that Hultqvist treated rather weak events and therefore that his 
measurements were very subject to error. Be that as it may, we 
would like to have independent confirmation of changes in electron 
density, coincident with sunrise.

once a given solar wavelength at a given altitude has reached 
value of one per cent of the level outside the atmosphere then 
the reactions with this radiation will be important.

Aldra near Bodø and monitored at Tromsø. The geometry 
circiut relative to Andenes is shown in fig. 7.6. The 
and phase of the received wave are shown in fig. 7.7. 
alters in such a way that is consistent with a fall in
a reflecting layer and the relatively constant amplitude is in no 
way contradictory to this. The füll wave theory as programmed by 
Pitteway (1965) and used in the manner of Piggott, Pitteway and 
Thrane (1965) and of Bain and May (1967) gives a ’triangulation’, 
or effective reflection, height of 67 km. This height is in 
satisfactory agreement with the height of the electron ledge in



ROCKET TRAJECTORY

ANDENES

220 km
150 km

220 km

ALDRA (TRANSMITTER)

QEOMETRY OF THE 1Q.2|<Hz VLF CIRCUIT

FIGURE 7.6

(MAGNETIC & 
GEOGRAPHIC)

POSITION OF 
ROCKET WHEN
ALTITUDE WAS 67 km

TROMSØ 
(RECEIVER)

CENTRE POINT 
OF VLF PATH

SCALE: 2 10

Geometry of the Omega 10.2 kHz path from Aldra near Bodø 
to Tromsø.



121. 7.12

PH
A

SE
 AND

 AM
PL

ITU
D

E O
F 1

0.
2 k

Hz
 AB

N
O

RM
A

L CO
M

PO
N

EN
T

FI
GU

RE
 7

.7
 Th

e 
am

pl
it

ud
e 

an
d 

ph
as

e 
va

ri
at

io
n 

of
 t

he
 1

0.
2 

kH
z 

Om
eg

a 
si

gn
al

 a
s 

re
ce

iv
ed

 i
n 

Tr
om

sø
’ f

or
 t

he
 m

or
ni

ng
 o

f 
th
e 

ro
ck

et
 f

li
gh

t.
 Th

er
e 

is
 p

ro
ba

bl
y 

so
me

 g
ro

un
d 

wa
ve

 c
on

ta
mi

na
ti

on
 i

n 
th
e 

cu
rv

es
 s

ho
wn
, 

du
e 

to
 a

n 
im

pe
rf

ec
t 

an
te

nn
a 

sy
st

em
.



122

in the
height range

of the form (Haug and Landmark (1970))

The time constant is then 1/ß and appears to have a value of

thus it is unlikely that the ledge can be duesimultaneous

The significance of an electron ledge

with the
of ozone
negative

between electron density and the 318 nm solar intensity and
could be explained more easily on the basis of the latter

from 10 to 100 
and means that

ship 
this

Consequent 
by Narcisi 
would seem 
absence of

terms of energy the transition we have determined would indicate 
threshold energy of approximately 3.9 eV for the detachment of

Because of the uncertainty in the negative 
D-region and the lack of knowledge of many

to demand a loss function for electrons, 
a source of ionization, and in a certain

ion species in the 
essential properties

cause and effect, in this context, are nearly

of negative ions it is probably worthiess to go further with 
this topic.

on the discovery of water cluster ions in the D-region 
and Bailey (1965) the Chemistry of the region now

the energy of a 318 nm
production of 
and subsequent 
ions, or with

electrons from negative ions, this being 
photon. This would be consistent either 
O(’D) and O?(*△ ) by photodisintegration 
associative detachment of electrons from
photodetachment from negative ions with vertical detachment 
energy close to 4 eV. From fig. 7.5 there is a linear relation

There is no sharp ledge in the positive ion measurements; 
therefore there is no argument to sustain an earlier positive ion 
production which ceased before the rocket reached the region. 
Let us consider the time constant of the medium to confirm, if 
possible, this contention.

the same height as the full wave theory. X, Z have their 
usual significance in magneto-ionic theory.
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7.3 The recombination rate of D-region ions and electrons

We have alluded to the work of Haug and Landmark (1970) 
attempting to account for the presence of water cluster 
the chemistry of the region. This gives the groundwork

7.14

in
ions in
for an

attempt to explain the very high recombination coefficients 
deduced in the D-region (Folkestad and Armstrong (1970)).

Experimental work (for example Biondi et al (1972)) has shown that 
water cluster ion can have dissociative recombination coefficients 

-5 3 -1up to 10 cm s which is significantly greater than the 
+ z + corresponding values for NO' or Op .

From published data by Folkestad et al (1969) it is possible, 
as in the reference above, to find reasonable agreement with 
the Haug-Landmark formulation: in particular the constant B in 
their equation

N B eq

can be evaluated 
altitude, over a

A constant value

and be found to be reasonably constant with 
restricted range.

of B, implies q/(1 + X) proportional to N and e
this is a situation which is often observed in theheight range 
70 to 85 kilometers when rocket data are analysed. However it
must not be 
measurement

overlooked that considerable errors may exist in the 
of X when calculated from

N+ 
x = N~ e

1

Further it is assumed that is of negligible importance. This 
is certainly questionable in view of the laboratory work of 
Peterson, Moseley and co-workers, but it is perhaps a little 
early to judge the applicability of these workers’ results 
because the ionsstudied so far may not be those most relevant 
to the ionosphere and, even if they were, the energy state of 
the ionospheric ion may not be the same as that of the laboratory 
ion.

In Table 7.1 these ideas are put into a slightly different form
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19.3 The equipment was used by kind

f igure

for pressure p(h) in Nm and8.10

as

Some assumptions had to be made in order to produce this 
namely that the reflection mechanism was due to fluctuat

The Kiruna rocket measurements do not agree with the 
other readings.

would be obtained if the rocket electron density profiles were 
obtained by the particle reflection method are shown.

There is satisfactory agreement between the ground based 
observations and the Andenes rocket measurements for the 
region of the strong electron gradient from about 75 to 
80 km altitude.

ratio of extraordinary amplitude to 
echoes, for equal transmitted ordinary 
In addition the values of A /A which

permission of A. Haug (Auroral Observatory). A radio frequency 
of 2.75 MHz, a pulse length of 50 ps and a PRF of 50 Hz were used 
The experimental technique will be described more fully elsewhere 
(Armstrong, to be published) but here we will rather give a brief 
summing up of what was found most beneficial for the purpose in 
hånd.

In figure 7,9 are shown 6 profiles, taken at 1 s. intervals close
to 10.45 UT, of \/Ao, the 
ordinary amplitude for the 
and extraordinary powers.

(Thrane (1968)) for the deduction of A /A values from X o
densities. The collisional frequency was taken as

2.75 MHz is too low a frequency, in this instance, for 
comparison purposes with D-region electron densities 
profiles above 80 km.

The results displayed by this figure can be summarised 
follows.

electron density and did not involve perturbations in collisional 
frequency. A summer pressure model (Nordberg and Stroud (1961)) 
was used in the calculation of the collisional frequencies
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4. Agreement with the rocket results and self consistency 
were better when records only from a short noise free 
period were used in the partial reflection method 
analysis.

It is clear that these results need further confirmation. The 
Kiruna discord may stem from a more southerly location with conse- 
quent different atmospheric conditions. There is evidence of some 
riometer activity at Andenes during the rocket firing and this may 
complicate comparisons. However at the appropriate times on the 
4th, 7th and 9th the Tromsø horizontal magnetometer show deflections
from quiet conditions of no more than 25 y, 25 y and 30 y 
which are rather low. On no occasion was the- solar X-ray 

_7 -2measured by Explorer 37 greater than 7 x 10 Watts m .
results seem to show that the standard Statistical 
lysis of partial reflection records may not always

all of
flux
The
for ana-

for the ionosphere

The next 6 seconds 
in gradient height

particularly if there are sharp 

after fig. 7.9 demonstrate that 

method
be appropriate 
gradients present.

rapid changes
can take place (fig. 7.10). Let us now show how

the normal method of analysis would tend to smear out both of these 
gradients and yield a much less steep resultant gradient.

In figure 7.11 are shown two A^/A^ curves for two cases with sharp 
gradients; but the positions of these gradients are taken to be 
5 km apart. The dashed curve (x) is the mean of these two curves 
and is what would be obtained in the normal method of analysis, 
but of course taken over a longer time. It is obvious that the 
mean gradient is much less sharp than in the individual profiles, 
as we have postulated above.
It is difficult to make a conclusive experiment. As we have stated 
already, the results need further confirmation and for example the 
apparent poor agreement with Kiruna may be fortuitous.

7.5 ri ometer studies: a statistical analysis

For the auroral experimenter in the D-region, the riometer is 
an essential tool. At frequencies around 30 MHz the riometer 
is most sensitive to absorption in the D-region. While subject 
to problems of resolution in space and of noise the riometer is 
both very reliable and simple to interpret.

J
If we have mentioned here firstly the role of rocket research, 
we are not unmindful of the importance of the riometer in it
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own right, for instance, in the mapping of the auroral substorm 
(Hargreaves (1967), Berkey et al (1971)) and in the observation
of PCA events, 
for the auroral 
questions could 
given degree of

However this study here described was undertaken 
rocket experimenter so that some practical 
be answered; such as how long must one wait for < 
absorption at a given period of the day. The 

a

results obtained have been described in Armstrong (1969)

7.5.1 Technique

The usual method of Statistical analysis for such instruments 
has been, and is, sampling at fixed time intervals. While such a
method gives the time at which a given degree of 
be expected, it cannot answer the question as to 
riometer events of a given magnitude occur. For 
have sought and recorded the start of each event

absorption may 
how often discrete 
this reason we 
and its maximum.

This necessitated very stringent (and it is hoped not too arbitrary) 
conditions for distinguishing between closely spaced events. No 

7.5.*1.1

note was taken of the duration 
method lays more weight on the
the first method. A survey 
ons for the scaler is shown 
values of intervals between

Data usAd

of 
in

of an event. It is clear that this 
judgment of the scaler than does 
possible types of difficult situati- 
fig. 7.12. The records thus yielded

maxima of absorption.

A Chain of riometers throughout the length of Norway was operated 
by the Norwegian Defence Research Establishment during the IGY 
and it continued in operation, with fewer stations, till 1964. 
The riometers were tuned to 27.6 MHz and used 3 element Yagi 
antennas. The data obtained from 1958 to 1960 is analysed, and 
experimental details are given, in Holt et al (1961) and Holt 
(1963).

I
J

The data which we used had been transcribed at NDRE from the 
original rolls and copied into books with large pages, 40 x 29.5 cm 2

I
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Fürther the quiet day variation was superimposed over every curve 
making it very easy to detect the presence of absorption. This 
work, which had been done earlier under the direction of K.W. 
Eriksen, made the analysis of the records a comparatively simple 
matter.

The records studied were for Skibotn and Trondheim for the period 
1 October 1958 to 30 June 1959, and for Tromsø for 1 July 1963 
to 30 June 1964. Skibotn is very close to Tromsø and its L value, 
6.06, is close also to that of Tromsø (6.25). The mean sunspot 
numbers for the periods were 174.4 and 20.2 corresponding to 
slightly before maximum and slightly before minimum respectively. 
No attempt was made to separate and remove PCA events from the 
data for it was feit that their paucity of occurrence would prevent 
any complication.

7.5.2 Method of analysis

The conventional method of analysis uses sampling at fixed time 
intervals e.g. every 5 minutes. Here a different approach was 
used because we were interested in the total number of events and 
their occurrence: the time when the event started and the value 
of the maximum absorption were the parameters noted.

It is obvious that this scheme placed more requirements on the 
skili of the person scaling than in the conventional method. 
But, however, the form of the raw data, clearly drawn and in 
book form with the quiet curve superimposed, tended to minimise 
the possibility of error: certainly it was possible to formulate 
the criteria for recording events and their peak values of 
absorption in very simple forms. Certain of these criteria are 
shown in fig. 7.12 and show particularly the cases corresponding 
to noise interference and to 2 events, with different degrees of 
overlap: one case has so little overlap that only one event was 
considered as having existed. If the change of slope due to the 
two supposed events had a maximum value greater than 90° (using 
coordinate scales such that 10 minutes on the time scale were 
equal, approximately, to the difference between 2 and 3 dB 
absorption) then both events were accepted as real. As is usual 
the ordinate was linear in diode current and therefore exponential
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in units of absorption as decibels.

Breaks in the records due to instrumental failure or long lasting 
noise meant. that the interval concerned had to be dropped from
consideration
concerned were
deduced and
negligible

ation Geomagnetic 
latitude 
(centred 
dipole)

ibotn 66.4

'ondheim 63.4

omsø 67

it
is

The total number of hours in the two periods
6552 and 8784. Table 7.2 shows 
is clear that the loss in time, 
not too great.

the overall data 
although not

6.056

4.27

6.246

L value 
Pogo 8/69 
1969.75 
90 km

hours in

Period
i

Operational 
time (hours)

No. of 
events

Mean 
interval 
between 
events

1/X deduced 
from 
Poisson 
plot

1.10.58
30.6.59 6158 698 8.8 5.7 (9.5*)
1.10.58
30.6.59 5581.2 361 15.4 5.48
1.7.63
30.6.64 8376.3 1068 7.84 4.35 (6.4*)

duration.Ignores all intervals less than 3

Table 7.2

Data and results for the riometer analysis

7.5.3 Statistical analysis

Our data in this investigation consists of auroral riometer event 
amplitudes and the intervals between them for two periods during 
a sunspot cycle. Let us take as a hypothesis that auroral riometer 
events are randomly distributed in time; to be strictly accurate 
we should consider the time as that of the maximum' absorption in 
riometer events.

With this hypothesis and the added proviso that they are infrequent 
we should have then a Poissonian distribution and the frequency of 
intervals of time, t, between two events should satisfy the equation 

where 1/X is the mean interval between events.
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FIGURE 7.13

TIME HOURS

SKIBOTN 1958 -59
I/K = 5.7 hrs

Frequencies of intervals between riometer events greater 
than 0.5 dB, as a function of interval length for Skibotn 
during the time 1 October 1958 to 30 June 1959.
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TROMSØ 1963

TIME HOURS

FIGURE 7.14 Frequencies of intervals between riometer events greater 
than 0.5 dB, as a function of interval length for Tromsø 
during the period 1 July 1963 to 30 June 1964.
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TRONDHEIM 1958-59

HOURSTIME

figure
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TROMSØ 1963-4

6.4 Hrs

thanPIGUKE 7.17 intervals between auroral events greater 
all auroral events occurring sooner than

TIME HOURS

Frequency or 
0.5 dB, when 
hours after a 
for the year

ALL INTERVALS < 3 Hrs 
IGNORED

previous event are ignored. Data for Tromsø 
1 July 1963 to 30 June 1964.
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dead time of the
Trondheim

However the precipitation intensity is local time dependent with

two
and

Why the 
hard to

But the faet that Trondheim (geographic Coordinates 63.5 
lies well outside the auroral zone and oval under normal

The precipitation of energetic particles which dominate riometer 
absorption tends to occur at or around a constant geomagnetic

auroral oval which 
the sun.

Mithin the limitations of the three stations considered and the

7.5.4 Conclusions of the riometer study

the auroral event corresponds rather well to the 
counter in pulse measurements in radioactivity.
interval seems so large, about 10 hours, we find explain.

°N, 10.5 ° 
conditions

is taken into account. Note that when the day is broken into 
as is done here, we can have no interval longer than 12 hours 
all intervals bridging the two periods must be discarded.

latitude. This is in contrast to the visual 
moves to higher latitudes on the side nearer

peaks at about local geomagnetic midnight and at about 09.00 
hours (Hartz and Brice (1967)). Clearly this must influence the 
statistics of the process so that it is not fully random. To see 
if the statistics are different on the day and night sides the day 
was divided into two periods 1 to 13 hours and 13 hours to 1 hour. 
The Statistical distribution for the two periods is shown in 
fig. 7.17 and it would be hard to say that the difference between 
the curves is appreciable when the small number of observations

means that only rather intense events will be detected at Trondhei 
and these will consequently often be of longer duration, implying 
then that the ”deadtime” of the Trondheim riometer may be longer 
than that of the others.

In fig. 7.18 the relative occurrence frequency of events with a 
given absorption is plotted for the two periods of totally different 
sunspot activity. The two curves show little difference and if 
anything, there is a tendency for the low sunspot activity events 
to have the greater absorption. This would seem to be in accord 
with the work of Fjordheim and Henriksen (1972) but not with that 
of Hook (1968).
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absorption

MULTIPLIED BY 2 TO NORMALISE

7.18 Number of riometer events plotted logarithmically a hlj * function of peak absorption. Data are as in fiqure 
' and 7.14.

TROMSØ
SKIBOTN
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possibility of scaling errors, there is some evidence for

1 random occurrence of auroral riometer events 

2 little change in occurrence between the two periods with 
very different sunspot numbers

7.6

3.

Current

the probability of a given peak absorption seems not to 
be strongly dependent on solar cycle 

4 the 
1/X 
the

difference between the mean time and the Poisson 
value is large when all the data is used; it is of 
order of 3 hours and this would seem to correspond 

to the mean length of the auroral event 

systems in the ionosphere

There is a substantiel body of evidence for the existence of 
field aligned currents in aurora and elsewhere from the earliest 
ground based magnetometer studies of Birkeland (1913) to recent 
rocket and satellite experiments (Cloutier et al (1970), 
Armstrong and Zmuda (1970)).

To examine if such effect could be detected on auroral experi
mental rockets, we have examined the magnetometer traces (the 
experiment was designed specifically to give attitude information) 
on rockets F18 and F19. A füll description is given in Armstrong 
(1971). We consider here the case of rocket F18 which has the 
most pronounced effect.

In Table 7.3 are shown the longitudinal magnetometer readings, 
on an arbitrary scale, and the total earth’s magnetic field 
calculated using the coefficients of Finch and Leaton (Cain et 
(1968)).



7.3

n
J Time

(seconds)
Altitude 

(km)
Bl (magnetometer) 
(arbitrary units)

BTotal calculated 
(gamma)

71 108 89.4 49540
109 162 81.2 48520

"n 142 197 79. 7 47900
177 223.2 79.9 47420
210 236. 7 79.3 47180

11' 244 239.6 78.2 47160
■ 1i 277 231.8 78.3 47320

J 312 211.9 78.4 47690
344 183.4 78.4 48230

1 377 143.6 78.5 49010
411 91.6 79.5 50080

Tab le

The measured longitudinal magnetic field and the calculated 
total field (Finch and Leaton coefficients) for the trajectory 
of the rocket F18.

1

I
Now at altitudes over 90 km it is believed that these rockets were 
in free ballistic flight(as is generally the case) and therefore
that the 
Further,

In Table 
angle of

rockets preserve a fixed mean orientation in space. 
spin and coning periods should be constant.

7.4 the calculated values of the azimuth and the dip
the magnetic field using the Finch and Leaton model are shows

i
K

for various positions along the trajectory. For altitudes over 
90 km it is clear that the azimuth and dip angle change by only 
2.4 and 0.5 degrees respectively. Thus both rocket and magnetic 
field have fixed directions approximately in space and further 
calculations show that the angle between these directions alters 
by probably less than a degree. Let us call this angle æ. Then 
the relation between the total field and the measured field B^ is 
r cos ud = B , so that B /B„ should be constant if the earth’s 
field could be represented by the series using the Finch and Leaton 
coefficients (or, as can be shown, using other coefficients).
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of other possible sources of error and of misinterpretation.
But it does not appear to be possible to explain away the results 
other than by the presence of currents, which could be field 
aligned, or if very time dependent, horizontal.

1 J
7. 7 The neutral atmosphere

1
We will discuss here some measurements performed on the neutral 
atmosphere from two rocket flights.

-
7. 7.1 Ozone determination

1 In the first to be discussed, an attempt was made to use the 
ultraviolet detectors as described in 7. 2 
number density as a function of altitude.
as outlined in 7. 2 and are believed to 
solar influence is concerned) when the 
rapidly. Other complications with the 
arise because of the long Optical path 

to deduce the ozone 
The conditions are 

at a time (as far asbe
ozone density is changing 
experimental conditions 
length over which absorption

is occurring. We cannot be certain that the ozone density does 
not vary with latitude, particularly in the auroral zone where 
external perturbing influenc^s are strong.

The measurements made with the simple UV filters are in principle 
easy to interpret*and as fig. 7.5 shows give a clear physical 
picture in agreement with absorption in an ozone layer. But the 
details are very tedious and time consuming and require a computer
to carry out the computations (Armstrong and Trøim, (1970)(a)) 

A filter 
discrete 
Spectrum

is not perfect: 
frequency. Thus 
must be known at

it does not have a response at one 
to perform the analysis the solar 
a considerable range of excitation 

wavelengths. The sensitivity of the detector (in this case a 
Hamamatsu photodiode) at different wavelengths was assumed to be 
that given by the makers. A subsequent test by the Meterological 
Office, England (courtesy D.E. Miller) on its calibration system 
of a photodiode of the same type as that flown has shown 
discrepancies with the sensitivity as given by the makers. 
Fortunately the end result seems not to be seriously affected by 
this difference.
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Two slightly different methods have been used. In the first the 
atmosphere was divided up into layers one kilometer thick and 
concentric with the earth»s mean centre. Then the absorption 
of a solar ray passing through the atmosphere was computed for 
a given rocket position assuming that atmospheric properties 
were constant in each concentric layer. Hence with this scheme 
the signals at every km of the rocket ascent were calculable. 
Absolute calculations of the photometer sensitivities were not 
known so that all computations were scaled to maximum signal 
as corresponding to the rocket being above the ozone layer.

This is a pity för absolute measurements are very desirable 
and further a »reasonable» value of deduced concentration would 
yield some measure of confirmation to the hypothesis that the 
rocket did in fact rise above the ozone layer, or put rather more 
precisely, that the monotonic decrease of ozone density with 
altitude was continued above the maximum probing altitude. From 
the basis of his results Miller (private communication) has 
expressed reservations on this point.

With the use of this numerical method,discrete values of ozone 
density can be assumed and tested for the observations we have 
obtained - bearing in mind the restrictions we have named.

In the second 
ozone density

nQ exp(-

was fitted to

method a 3-parameter analytical expression for the 

h/(a + bh)) where h is the altitude above 40 km, 

the measured signal values as before, using an 
integration routine of considerable accuracy. 
restriction as to one kilometer uniformity is 
expense of a much less fléxible ozone model.

The iterative technique is not always easy to 

Therefore the 
removed at the

apply in these
two variations. Adopting a least squares minimalisation 
technique one has to be careful that the initial guess solution 
iS of reasonable character. Otherwise, it is often found that 
non-physical solutions are obtained. Further even with reasonable 
guesswork there is poor agreement between solutions for the



270 nm and 318 nm detectors. It is not possible to 
unique explanation for this and it is possible that 
may have several contributory causes.

An analytical expression for the ozone density as a 
altitude obtained in this work is

7.41

give a 
this dilemma

function of

9 x 1010 -3 cm

where h is in kms

This expression is lower than other mid latitude (Johnson et al 
(1952) Weeks and Smith (1968) and high latitude (Hilsenrath 
(1971)) measurements. However Weeks et al. (1972) have recently 
published measurements which indicate not dissimilar results. 
Further old Tromsø ground based measurements (Hesse (1961)) also 
indicate low integrated ozone densities for early December, 
although S.M.h. Larsen (private communication) has some doubts as 
to the reliability of the data used for this presentation. By 
chance, the rocket code named Areas IV was fired from Andenes 
on October 13, 1967 at 0450 UT and zenith angle equal to that of 
F16. Definite evidence of photo-electric emission was found on 
this rocket flight at an altitude of about 82 km. This tends to 
support the hypothesis of increased ultraviolet 
lower altitudes being a winter phenomenon.

The concerted attempts to produce comprehensive 
which should then yield the time history of the 

radiation at

reaction schemes 
constituents of

the neutral atmosphere have stimulated thought but cannot be said 
to have given definitive results yet (Hesstvedt (1969)(a) and 
(b), Hunt (1966), Shimazaki and Laird (1970)). There are too many 
quantities which are unknown (for example the atomic nitrogen 
density), too many rate processes are poorly known and some 
physical processes, believed to be of significance, are not 
understood well enough, for example eddy diffusion.

On the other hånd the winter polar decrease in pressure is well 
documented from observation. It is also a density increase, 
in some altitude ranges at least, because there is a winter 
temperature increase particularly around the mesopause. The
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implications this phenomenon will have on individual constituents 
may not be simple, because of, for example, circulation inputs 
from, and outputs to, other regions. A simple number density 
decrease at a given altitude seems however possible and this 
may be part of the explanation for our results.

7.7.2 Atomic oxyqen experiment

On the rocket flight of F24 an attempt was made to deduce the 
local atomic oxygen density. The method involved the release of 
nitric oxide gas from the rocket through a supersonic conic nozzle 
at high pressure. The gas, ejected towards the front of the 
rocket at an angle of 15 to the rocket axis, moves supersonically 
relative to the rocket. The rocket however is itself moving 
supersonically relative to the atmosphere. Seen from a frame of 
reference fixed in the rocket a 
a supersonic NO flow. A mixing 
meet. Here, and here only, the 
nitric oxide and excited nitric

supersonic air flow moves toward 
layer forms where the two flows 
atomic oxygen mixes with the 
dioxide is formed. When the 

excited state decays, light 
this atomic oxygen profiles 
(1965), Spindler (1966)).

is emitted and from measurements of 
have been obtained. (Golomb et al

The dynamics of the process are clearly very difficult and 
precise measurements hinge very heavily on laboratory simulation 
and calibration. Notwithstanding a sustained effort by Golomb 
and his group at AFCRL it cannot be said that the method is 
accepted by the scientific community, but this is probably the 
same for all methods involving atomic oxygen. For example the 
mass spectrometer, after the immense technical advance in sending 
it up into the ionosphere, is now presenting many difficult 
problems of interpretation not least on the question of atomic 
oxygen determination.

The analysis involved in the gas release method is not easy, even 
in principle, and in the work reported here considerable doubt is 
registered with the conventional interpretation. However it 
seems very hard to find any alternative to atomic oxygen as the 
source cf reactive particles causing the light emission. 
(Måseide et al., (1972); Spindler (private communication)).



■

152.

7.7.2.1

7.43

Experimental description: gas release system

The gaseous nitric oxide of 99% purity was contained in a 1 litre 
’laboratory’ cylinder. Great care was taken with connecting 
tubes and valves to avoid either contamination with other sub- 
stances or with nitric oxide before the release itself began. 
This was felt to be necessary because of the extreme reactivity 
of nitric oxide. The experimental arrangement is shown in figure 
7.20. There were three valves in the system: the control valve 
on the cylinder, a double explosive squib valve and a solenoidal 
valve which enabled pulse control of the flow (gas jet valve).

The cylinder valve was opened for the last time some three hours 
before launch, having been only opened once before and then only 
for some minutes in order to check that the cylinder was full. At 
this last opening the pressure was bled down to 17 atmospheres, 
this being the maximum tolerated by the gas jet valve.

A few seconds before launch the solenoidal valve (manufactured 
by Elliott Bros, Camberley, England primarily for satellite 
attitude control with reference 77953 CI, Gas jet control valve) 
was made to begin pulsing but the double squib valve intentionally 
blocked the cylinder nitric 'oxide from escaping. However at 45.6 
seconds after launch, at an altitude of 62 km, this valve was 
fired and the gas emission began. The squib valve was designed 
and made by the Christian Michelsen’s Institute, Bergen, (fig. 
7.21). It represented a very vital component in the system: 
preventing any gas release occurring while the rocket waited for 
launch. It is clear that with an experiment such as this which 
involves a highly reactive gas, our safety precautins for 
personnel and for the other experiments on the payload had to be 
exceptionelly stringent. We were very fortunate in that all our 
components, and not least the squib valve, were more than 
satisfactory in this respect.

] The pulsed gas emission proceeded until the rocket reached an 
altitude of 120 km. A second emission period was initiated on 
the downward path of the rocket. However because the rocket had 
a greater mass than expected, it did not rise then as high as 
had been hoped, nor did it travel as far or for as long as



153

RELEASE NOZZLE

PRESSURE GAUGE

SCALE

the atomic oxygenFIGURE 7.20
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predicted. Consequently the second gas emission occurred at too 
low an altitude to give useful results.

By pulsing, accurate correction could be made for the auroral
emissions present and because 
used it should be possible to 
ated data extraction methods.

of the unusual pulse 
use data recognition 
This latter has not

waveform
with sophistic- 
been done yet.

However the main purpose of the pulsing procedure was to ensure 
that other experiments on board the rocket could be used during 
periods during which no gas emission took place. The pulse cycle 
consisted of 13 pulses of 10 ms length, each separated by 10 ms,
and then followed a 
was then repeated.
of 26 and 520 ms in

quiescent interval of 270 ms. Tne cycle 
There were consequently two dominant periods 
the ejected flow of gas. The electronics

used is shown in fig. 7.22 and is due to J. Trøim.

The pulsing of the gas jet control 
of the rocket, and continued up to 
in the height range from ground to 
a pump (atmospheric pressure at 62

valve began before the launch
an
62

altitude of 120 km. Thus

km
km the 
in the

Atmosphere Supplement, 60 °N, July, is 2.529 
m Torr) and reduced the pressure in the flow

atmosphere acted as
U.S. Standard

«Ix 10 mb or 1.89 
system as far back

the squib valve to a value close to 1.89 m Torr. On the other hand 
bleeding of the nitric oxide cylinder from 35 atmospheres
sure down to 17 atmospheres 
s in the region between the 

We are therefore confident that 
consisted of pure nitric oxide.

cleared, we believe, any other 
squib valve and the cylinder, 
even the very first pulse of gas

Optical detection system

This
K. Måseide

ted of three narrow band photometers (designed by 
Norwegian Institute of Cosmic Physics) mounted in

i.he front of the rocket (see fig. 7.20). The conical half angle 
of the field of view was 4f’ (corresponding to a solid angle of

x 10"^ stereradians). 
mounted so as to view 
conical half angle ofThe

The

In addition a broad band photometer 
at right angles to the rocket axis. 
the field of view was 36°.

narrow band photometers were photomultipliers with narrow
band filters details of which are given in Table 7.3. For more

Masei.de




7.48

Table 7.3

the same apparatus

2.8
2.2
4.2

Intensity profiles on approximately logarithmic 
three narrow band photometers are shown in fig.

427.2
557.8
668.3

Characteristics of the filters for the three narrow-band 
photometers.

Experimental results

scales from the
7.25. The gas jet

Peak wavelength (nm) Halfwidth (nm) Peak transmission (%)

The P 236 has normally a small lens incorporated into its design; 
by removing this the angular response of the P 236 was increased 
from a 13° conical half angle to 36° (measured between half value 
points) at the expense of spatial resolution. The electronics 
used with it is shown in fig. 7.24 and uses a balanced circiut 
to minimise thermal drift. The compensating transistor, 2 N 3058 
is of the same type as the P 236 and was mounted in good thermal 
contact with the latter. Absolute calibration was carried out at

triggered emissions are well resolved from the auroral background 
in all three cases. In fig. 7.26 are shown the resolved 10 ms 
pulses in three cycles of the gas pulsing. It is evident that 
the time constants of the different photometers are unequal with 
the 557.8 nm photometer displaying the shortest time constant.

the Norwegian Institute for Cosmic Physics with 
as was used for the narrow band photometers.

details of these photometers see Måseide et al. (1971). The 
broad band photometer was a Siliconix phototransistor, type 
P 236, with a filter (fig. 7.23) to lessen the sensitivity of the 
device to infra-red radiation. It was mounted about 8 cm from 
the gas outlet towards the back of the rocket and faced the same 
azimuthal direction as the gas jet.
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COMBINED PERSPEX, FILTER AND PHOTOTRANSISTOR RESPONSE

700 800

WAVF.LENGTH IN NM

Snectral characteristics of the filter and phototransistor 
uscd with the broad band photometer. The filter response 
was chosen so as to match the photometer, at least approxi 
mat elv to the Spectrum of the emission as measured in the 

laboratory (Fontijn et al. (1964)).
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CALIBRATION

661.3 nm

CALIBRATION

557.8 nm

CALIBRATION
PULSES

427.2 nm

three narrow band photometersfrom theFIGURE 7.25

AURORAL 
— LEVEL

TIME (SEC)

115.3 120.7 ALTITUDE (KM)

Intensity profiles
showing that the bursts of pulses due to the gas emission 
are very clearly resolved from the auroral background. The 
time scale is not adequate to show the pulses within each 

burst.
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In figures 7.27 and 7.28 the auroral background is subtracted
and the net emissions due to the gas release are 
individually and then as ratios for the 668.3 nm 
intensities and finally for the 427.2 nm and the

plotted first 
and 557.8 nm 
557.8 nm

intensities. In figure 7.27 the intensity as detected by the 
broad band photometer is also plotted.

The positive ion probe (described below) detected marked changes 
in current during the gas release. In fig. 7.29 the ratio of ion 
current with, and without, gas emission proceeding is shown. It 
is hoped that spin modulation effects are removed by.considering 
only observations at one fixed time in the spin cycle. Unfortunate
ly the negative ion 
lysis to be carried 
probably due to the 
regard to space.

probe signals were too weak for a similar ana
out with them. The very low signal level is 
rocket assuming a negative potential with

The positive and negative ion probes were of Gerdien type. They 
were mounted respectively 22.5 cm and 29.9 cm from the gas jet 
valve towards the rear of the rocket, measured axially. They 
were set up with axes parallel to the rocket axis at an azimuth 
of 86.5° relative to the gas, jet valve.

The probes were brass cylinders of length 1.42
closing both ends. 
of diameter 0.1 mm. 
while the mesh wire

For the positive ion probe
The uncovered area in the 

2covered 0.18 cm . For the

cm with mesh wire
the mesh 
ends was
negative

wire was
2 0.77 cm

ion probe
the mesh was coarser, being 0.2 mm diameter and the distance 
between the wires was 1.8 mm approximately. This gives a ratio 
of open to closed area at the ends almost exactly the same as for 
the positive ion probe.

7.7.3.4 Discussion of Experimental Results

The object of the experiment was to measure the atomic oxygen
density as the rocket progressed through 
end we believe the broad band photometer 
represents the best answer we can give: 
polated flow readings during most of the

the ionosphere. To this
profile (fig. 
given that we 
gas emission,

7.30) 
have extra-
we

calculate that the condition for light emission to be proportional 
to atomic oxygen density is satisfied for a considerable part
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nm

nm

nm

BROAD-BAND

INTENSITY (R.nm

figure

427.2

557.8

668.3

Photometer signals as a function of altitude. Thebroad 
band photometer has a significantly lower sensitivity and 
this probably accounts for the absence of structure on it 

plot at heights below 90 km.
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0.66

0.60

0.50

0.40

0.30

0.20

ALTITUDE (KM)

I = +ION PROBE CURRENT WHEN G+
GAS IS BEING EMITTED

l + = + ION PROBE CURRENT WHEN 
THERE IS NO GAS EMISSION

The ratio of positive ion currents (Gerelien cylindrical 
probe) with and without nitric oxide ejection. As with 
the positive ion current (fig. 7.8) there seems to be a 
maximum effect near the auroral altitude of 110 km.
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indicate

3 shows some changes
these are much less marked than those we observe

and

narrow band photometer results show marked changes in spectra
Because of
case thethe
Rosner

Our 
and

although
Again Spindler

Torr cm 
of the

as in the

However our other optical results (figs. 7.27 and 7.28)

(1966) found a Spectrum in his release experiment which is at 
variance with those of Golomb et al. (1965), Fontijn et al. (1964)

et al. (1964) indicate no alteration 
above 0.97 Torr. Golomb et al (1965) 
significant change of Spectrum with

laboratory studies of Fontijn 
of the Spectrum with pressure 
state that they also found no 
pressure. However their fig.

NO molecules are ejected in cluster form (Fontijn and 
(1967)) and our conditions are therefore not the same

of the experiment’s duration. This condition, pd > 100 
where p is the NO reservoir pressure and d the diameter 
nozzle orifice, is due to del Greco et al. (1966).

drastic changes in the ppectrum of the emission. The classic

Golomb ((1972), private communication) has informed us that wind 
tunnel studies of NO-O chemiluminescence do in faet show a spectral 
variation towards the blue as one moves away from the stagnation 
point. This may be indicative of a change of cluster mass over 
the shock front. This observation may explain some features of 
our results, particularly the spin modulation at the higher 
altitudes. However the gradual trend of the Spectrum above 110 km 
and the dramatic changes around 86 km do not, we believe, indicate 
a Spectrum of the glow, which is dependent solely on distance 
from the stagnation point.

laboratory work of Fontijn et al. (1964). We consider that the 
cluster mass distribution may alter with altitude and/or the 
reacting constituents of the atmosphere alter with altitude. 
The very rapid fluctuations around 86 km are perhaps more 
consistent with the latter, while the smooth variation between 
105 and 120 km seems more in line with the former hypothesis. 
It is clearly much more difficult to find other reacting species 
at the higher altitudes, simply because of the rapid fall off in 
neutral density.

amplitudes particularly at the lowest altitudes. 
condition pd > 35 Torr cm being satisfied, in our
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In conclusion because the broad band photometer observations 
represent an integration over space, time and Spectrum we 
be]leve that the amplitude profile of the broad band photometer 
with altitude yields a reasonable approximation to the atomic 
oxygen profile. Further since the viewing direction is at
right angles to the 
near the stagnation 
that the stagnation

rocket the influence of spectral changes 
point should be 
point is almost

projection of the rocket’s axis. A

minimal, although we recognize 
certainly not .along the 
correction for NO density

changes when pd < 100 Torr cm should be 
the results of del Greco et al. (1966). 
band intensity is plotted together with 
the agreement seems satisfactory.

All show a steep rise in density around

made in accordance with 
In figure 7.32 the broad 

other determinations and

85 km in agreement with
most models, see e.g. Hesstvedt (1969, b) figure 10. There is a 
rather broad maximum or perhaps two closely spaced maxima between 
95 and 103 km. It is noticeable that there is a change in 
spectral characteristics at about 102 km; there is some evidence 
that this is the height of the turbopause (Keneshea and Zimmerman,
(1970)). Observations of gas releases from 
indicate a marked change in'doud formation 
it is difficult to associate the turbopause

rockets seems to 
at the turbopause but 
with supposed spectral

changes. The scale height of the emission as plotted in fig. 7.30 
is about 6.6 km at an altitude of 107.5 km and this is in 
satisfactory agreement with models, for example Jacchia (1971). 
This ignores any correction due to the breakdown of the condition
pd > 100

The flow 
is shown 
emission

Torr cm which occurs at about 102 km altitude 

in molecules per second during the gas ejection pulses 
in fig. 7.33; only during the first 11 kilometers of the 
were readings obtained and the graph is an exponential

extrapolation of the measured values. The fall of pressure in 
the flight was more rapid than observed in laboratory tests and 
we have no explanation for this.

7. 7.4 Other aspects of the gas release measurements on F24

7. 7.4.1 Cluster formation
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The release of nitric oxide from nozzles into a low pressure 
regime is, as we have stated already, characterised by cluster 
formation if pd > 35 Torr cm where p is the reservoir pressure 
and d the nozzle diameter. But such cluster formation also 
leads to an enhanced rate for the reaction of nitric oxide with 
atomic oxygen (Fontijn and Rosner (1967)). We have calculated 
a quantity related to this reaction rate by finding the number 
of photons generated per molecule of NO released. Because of 
our limited spectral cover 
the narrow band signals in 
the answer is clearly much 
laboratory value), in faet 

we have to interpolate and extrapolate 
order to do this calculation. However

• -7greater than 7.7 x 10 (which is the
a value about 6 x 10“4

factor of 10,approximately, smaller than the 
(1965). This could be explained by the much 
that we used 
was only 8 g 
1 kg (Golomb

compared to other workers. Our 

value
a -
of Golomb et al

reduced flow rate 
total gas emission

whereas other experimenters have used amounts over

4.2 Positive ion

et al (1965), Spindler (1966))

probe

The effect of gas emission 
7.7.3.3 is very marked. A 

on the Gerdien 
similar effect

(1969) during the release of a mixture of 

probe as 
was seen 
nitrogen

discussed in 
by L.G. Smith, 
and TMA from

a Nike Apache rocket. The results obtained, show a decrease in 
current measured at all altitudes. The ratio of the current with 
gas emission to current without gas emission is plotted in fig. 
7.29. The ratio I(668.5)/I(557.8) plotted in fig. 7.28 shows a 
similar behaviour and there is some agreement between the two 
curves.

If one makes the hypothesis that the redness of the Spectrum is 
associated with higher order clusters (Spindler (private 
communication)), 
low cluster mass

then we must look for ion depletion effects at 
This

counter to simple ideas 
mobility conditions and 
usually ions of smaller 
therefore give a higher

is not easy to imagine and seems to run 
concerning both drift of ions under 
possible recombination effects. For 
mass will have the greater mobility and 
current for the same density. Further,

Biondi et al. (1972) show clear evidence of larger dissociative 
recombination coefficients for higher order water cluster ions.

J
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Perhaps a more plausible explanation for both effects lies 
simply in the aspect variation of the rocket during its coning

7. 7.4.3 Proton precipitation measurements

Protons with energy over 20 keV were detected above 90 km by 
solid state Ortec detectors on rocket F24 flown by the University 
of Bergen, and were separated into various energy groups. By 
courtesy of F. Sørås we have examined these measurements and 
separated them into times when gas emission was occurring and 
when it was not. By comparison of these series we can show that 
there is no evidence at all of proton loss of energy of signifi- 
cance.relative to the energy ranges of the detectors in the 
headglow.

This is in agreement with calculation. For following Golomb 
et al (1965), we can calculate the headglow radius as approximately 
1 m and the pressure there as approximately 30 times ambient. 
At the lowest altitude for particle measurements, i.e. 90 km, 
the pressure will be highest and therefore the contribution to 
stopping will also be maximum. From Maeda (1962) the

3energy of a proton is less than or equal to 621 x 10 
where AR is thethickness of the target in

-7 -2CIRA (1965) gives AR as 2.5 x 10 g cm 
by 30 to take account of the gas emission 
energy loss of a proton in passing through

loss of 
x AR(keV) 
90 km-2 g cm

-1 m .
At

Multiplying this
one obtains the
the headglow as 4.3 keV

This is less than the minimum width 
with a relatively slow variation of 
measured, this confirms the absence 
emission.

7.7.4.4 Afterglow effects

A detailed attempt has been made to 
for emission after the gas emission 

of the energy bins used and 
flux with energy, such as was
of any effect due to the gas

see if there was any 
had ceased. Because

evidence
of the

poor time resolution of the broad band photometer this study was 
limited to the narrow band photometers

If one accepts 
light emission 
afterglow some

that a complex molecule is responsible for the 
we will then obtain from the duration of the 
idea of the lifetime of the complex molecule
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The analysis is complicated by the faet that the rocket flies 
through the glow as it decays. The rocket travels 7.5 m in 5 ms
The radius of the headglow 
et al (1965), is about 1 m 
glow delays up to 5.8 ms.

estimated from the work of Golomb
We find

Therefore
afterglow and a greater extension of

in faet evidence for after- 
this is both evidence for 
the headglow than 1 m.

In figure 
intensity

7.34 are shown traces of the 557.8 nm photometer 
(füll line) and of the calculated decay if circuit

considerations were only present. The curveshave been shifted 
in time so as to obtain the best fit as the signals returned to 
the backgroun^i level. Figure 7.35 shows a detailed diagram of 
one pulse and the predicted circuit decay. In all cases there 
is indication that there is an afterglow effeet which appears 
to have a maximum at about 100 km altitude.

7.7.5 Pressure measurement

On the rocket F24 a Hastings thermopile vacuum gauge was flown
This was a very low inertia gauge, type DV-13.
3 cm approximately from the gas jet valve exit

It was mounted
The device

is shown in fig. 7.36. 
axis and after the nose

It pointed radially 
cone was detached at

out
62

from the rocket 
km altitude the

device was exposed to the atmosphere through 
connection shown in the figure. The results

the low impedance 
obtained are shown

in figure 7.34 and it is seen that our results fall within the 
range of values found by Russian workers. That such agreement 
can be found with such simple equipment is very satisfactory; 
but it also does require some justification. One would not 
expect to achieve great accuracy, because of the gas flow around 
the rocket. But certain factors are in our favour.

J

Firstly because the instrument is placed at right angles to the 
rocket axis, the Pitot effeet due to the air flow past the 
rocket is decreased. Secondly, with the pulsed gas emission 
we choose times for measurement when there was no gas emission. 
Thirdly the time constant of the instrument was very short, 
quoted by the manufacturers as being 80 ms under certain 
conditions. These facts are no proof, but may help to explain 
why the experimental results fit within the limits of other 
measurements.
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au r ora l level

TIME10 ms

FIGURE 7.35

INTENSITY ON AN 
APPROXIMATELY 
LOGARITHMIC 
SCALE i

ACTUAL SIGNALS

CALCULATED DECAY IF LIGHT EMISSION 
TERMINATED SIMULTANEOUSLY WITH GAS 

EMISSION

This figure shows a single 557.8 nm photometer pulse and 
the dashed line shows the decay if only circuit time con 
stants were operative as soon as the pulse pegins to 
collapse. There seems to be clear evidence of an after- glow effect.

Time = 64.3 sec 
Height = 92.6 km 
X = 557.8 nm
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PRESSURE

ALTITUDE (KM)

FIGURE 7.37 Experimental results (x) obtained with the thermopile 
pressure sensor. The smooth curves show Russian results 
quoted in CIRA, 1965, showing upper and lower limits and 

a mean curve.



CHAPTER 8

It may very well be that the problems of
example by the use of slower moving space

gas

from a rocket in flight we will produce

component plasma comprising positive and 
should be considerably more complex than

negative ions and electrons 
a two component plasma.

existence of 
has proposed such 
Trøim (1970)) by(1969), Armstrong and 

in the ionosphere.

If the negative ions 
by ejecting that gas

will be solved, for

LABORATORY WORK IN CONNECTION WITH NEGATIVE ION PROBES 
IN THE D-REGION

We will describe here some laboratory work carried out for the 
purpose of examining new techniques in the study of negative ions

the D-region. As outlined in 5.1 the negative ion chemistry 
this region is in considerable disarray and the Identification 
the ions present has not yet been resolved.

one could reparaphrase this as to test for the 
specific classes of negative ions. The writer

changes in the negative ion chemistry in a region around the 
rocket. This region must be sampled in some manner to determine 
that changes have taken place. We proposed the ejection of

vehicles and by the development of spectrometers which can operate 
at higher pressures. It should be remembered that the quadrupole 
mass spectrometer was a significant step forward when compared to 
earlier types such as the radiofrequency or the magnetic deflection 
methods, and further significant advances may be quite close.
However it seems worthwhile to explore other methods of distinguish 
ing one type of negative ion from another or, even less selectively 
one dass of negative ions from the rest. In the D-region context

To resolve this may be not nearly as straight forward as it was 
for positive ions; but even there sampling degradation of high 
molecular weight water cluster ions probably takes place (Illinois 
Aeronomy conference (1971)). It is not unreasonable that a three
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nitric oxide. It is 
most interesting gas 
associated with this

probable that atomic oxygen would be the 
to release but the technical problems 
gas are formidable. Nitric oxide is a very

reactive gas but if kept in a pure condition, does not present 
very difficult problems of handling; in addition it offers the 
possibility (reported in Chapter 7) of deducing an atomic oxygen 
profile.

We report here laboratory attempts to demonstrate the selective 
reactivity of nitric oxide with negative ions believed to occur 
in the D-region, and therefore demonstrate the feasibility of the 
experiment. Later an attempt is here made to justify or explain
possible rocket geometries and 
would be viable.

equipment which it is thought

8.2 Laboratory methods

We believe substantiel numbers
D-region (chapter 5). This is

of negative ions exist in the 

temperatures usually around 200
a comparatively 
°K but varying

240 °K (Smith et al (1969), Smith et 
(1971)). Although many ion^molecule 
to have temperature independent rate 
advisable to conduct laboratory work 
tures if relevance with the D-region

cold region with 
from 130 °K to 
and Smith et al 
have been shown

al (1970) 
reactions
coefficients it seems 
at or near D-region tempera
is required.

It is natural then to consider the use of the flow tube as used 
by Ferguson and collaborators and by other workers. This operates 
at room temperature, or below if used in a cooled bath. The
pressure is relatively 
fits in admirably with 
very small being about 
electrons generated at

7 -3can be about 10 cm 
used is shown in fig.

high - again a point in which this device 
D-region studies. The mean free path is
2.0
the

The gas is in general only

-2x 10 mm at 1 Torr so that ion and 
nozzle are very quickly thermalised. 
a buffer, in that electron densities

One version of experimental flow tube we
8.1

conical nozzle shown in fig
The conical section was fed from a
8.2, and made of quartz. The pressure

ratio across the nozzle was typically 10. Pumping took place 
through either ports E or D while mass spectrometer sampling took
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place through a metal 
the flow direction on 
B and C were used for

plate placed directly across the opening in 
the right hand side of the figure. Ports A, 
gas injection, pressure measurement and other

diagnostic equipment such as impedance probes for the determination 
of electron densities. Another scheme employing gas flow at right 
angles to the mass spectrometer was also used.

The mass spectrometer played a fundamental role in these studies. 
It was of the quadrupole type and was designed and built by 
A. Johannessen of N.D.R.E. The rods were made by Christian 
Michelsen’s Institute, Bergen. A standard lens arrangement was 
used. Detection was by means of channeltron tubes and normally 
pulse counting techniques were used. The quadrupole mass 
spectrometer can work at higher pressures than any other mass 
spectrometer and therefore sampling problems from high pressure 
systems are less severe. The pumping system of the mass spectro
meter was completely separate from that of the main flow tube. 
The pressure was normally maintained at less than 1 x 10 Torr at
the pumping port to the 
fall off in performance 
1 x 10 Torr.

mass spectrometer system; but no great
was noted until the pressure exceeded

The injection system is illustrated by fig. 8.3, and
sampling plate with hoie diameter and thickness both 
close to 1 mm.

Pumping of the main system was with a vapour booster

used a brass 
usually

pump type
Edwards 9 B 3 followed by 2 1 S 450 rotary pumps in parallel. Thi 
arrangement gave large pumping speeds up to about 1 Torr pressure. 
The 9 B 3 uses a corrosive chlorine-containing pump fluid and 
this must be handled with caution: this may also be the cause of 
why our negative ion mass spectra showed large quantities of 
ok _ 3 7 _Cl and Cl . The throughput was limited by the 9 B 3 to 
about 20 1 Torr s .

The discharge in the system was created by S-band 10 cm microwave 
radiation, at about 100 W power level, fed to the region around 
the nozzle. A radio frequency generator was often needed to 
initiate the discharge. The flowing spatial afterglow thus
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created, was then carried down the flow tube to the mass spectro- 
meter inlet with usually a reactant gas introduced in one of the 
ports to initiate a chemical reaction. The discharge was always 
easily visible and this created problems with an axial system, 
such as is shown in figure 8.4, for then the ultra violet photons 
incident on the channeltron were able to generate output in the 
same manner as positive ions. Offsetting the channeltron could
produce some improvement but in the most 
the flow tube was at right angles to the 
meter.

It was found necessary to coat the inner

satisfactory arrangement 
axis of the mass spectro-

surface of the flow tube
with aquadag aproprietary form of graphite. In this manner surface 
charges were avoided. Surface changes can lead to inadvertent 
electric fields which in turn can lead to drastic effects on thermal 
ions and electrons.

8.2.1 Experimental method for negative ion production

For the reaction of negative ions with nitric oxide, a flow of
A or He was weakly ionised at the conical nozzle 
microwave power. We found that, usually, pulsed 
microwave discharge was conducive to a plentiful

with about 20 W 
operation of this 
production of

negative ions, although we did find contrary examples. We believe 
that ultra violet radiation and even visible light, produced in the 
discharge can cause photodetachment of negative ions throughout the 
system. After flow through the main tube for about 28 cm from the 
nozzle, oxygen gas was added through a side port. Provided the 
distance from this point to the mass spectrometer sampling 
orifice was not too great (a value about 6 cm was found to be 
suitable), a copious supply of negative ions was obtained in the 
spectrometer. Nitric oxide instead of oxygen could also be used 
as a producer of negative ions but it was not as effective as 
oxygen

Admixture of oxygen or nitric oxide before the nozzle was not 
nearly as effective as after, for the generation of negative 
ions.

Results obtained
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Count rate

Table 8.1

mask other

MB

arrangement

was not
to be: nor

and 02 3
are probably unmistakable and those of the chlorine isotopes 
are very numerous

Some

02’ 3

These

In Table 8.1 a listing of negative ions obtained with a positive 
3.2 volt intake potential is shown The ions of O, 0

Negative ion or Mass Number

0 362
OH 261
26(CN?) 166
°2 1166

35C1 ' 3840

37° Cl 1400

42(CNO?) 14
N°2 2031

°3 317

60 - 2(CO3 or N03?) 169
66 i 2(C?N3 or N02 • H2O?) 146

70-2 86
84 i 3(NO2 • 2H2O?) 139
93 1 3(NO2 • HNO2?) 47

Negative ions observed

Negative ion count rates obtained with electrode 1 (fig. 8.3) at 
3.2 volts positive using helium flow with oxygen injection
peaks were very broad (e.g 
masses in wings

35, 37 and 46) and could

In figure 8.5 are shown the results for a given flow 
and its alteration when nitric oxide is introduced 
of the chlorine peaks is very marked while the 0 

The constancy
(presumed)

In this case the O peakand OH peaks are diminished
altered to the extent to which it was generally found 
were the chlorine isotopes in the right ratio effects may
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be due to sampling anomalies which could be mass sensitive

Typical values for the destruction effects are shown in Table 8.2 
when NO is added to the negative ion flow. From these results, 
following the analysis of Ferguson et al (1969)(a) we can deduce 
values for the rate constant of the reaction of NO with O~, O2”, 
O^” and OH~.

0.176

Fractional

2 °3 OH

0.11 0.9 0.69

Tab le 8.2

reduction in some
introduction

negative ion count rates with NO

This is given for the case of O2~ by the expression

, . 2 2k = (na vQ

where a is the flow tube radius, vq is the flow speed 
nitric oxide gas flow, 1 the interaction length and i i

Q is the
-]o and

i 02"j are the concentrations of 02"” before and after nitric oxide 
injection at the sampling point. This is a first approximation 
according to Ferguson et al but with error less than a factor of
2 if l°2 Jo/l 2
1 = 6 cm and vq

is less than 100. In our case a = 4 cm, 
100 ms as measured by gas pulse injection

(using an Elliott gas jet valve of the type mentioned in 7.5.2.1 
and two rapid acting LKB, Stockholm, Pirani gauges).

Inserting experimental values for
-10 3 -11.32 x 10 cm s 1

2
J we obtain

As discussed by Ferguson et al there
are extra complications regarding diffusion, inlets for injection 
and velocity variation e.g. over the cross-section of the flow
tube. To take 
think a factor

k = 2.6 x

these into account in an approximate manner we 
2 is appropriate and we write

.^-10 3 -110 cm s

We believe this figure to be accurate to a factor of 4 i.e. the
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reaction rate lies between

and 10.4 x 100.65 x 10 cm

Note that we have assumed that the not

the
the gas

decreased by the introduction of nitric oxide then its reaction
order of 10is of the cm

Consequently we believe our results show than
also reaction rates about 10 with nitric oxidecm
have no conclusive evidence as to the products of these reactions

with errors estimated as within aenergies of 3 x 10 cm

Because the rate coefficient depends on the logarithm of 
ratio of concentrations before and after introduction of

and Cl have no

In view of the disagreement at present existing as regards the 
negative ion Constitution of the ionosphere and the great 
difficulty in understanding mass spectrometer sampling at high 
pressure, there may be justification for the release of nitric

rate, presumably with nitric oxide

We believe that we have demonstrated that nitric oxide has rapid 
reactions with some negative ions which may be present in the 
D-region, at least under certain conditions (Arnold et al. (1971)) 
and which at any rate are some of the simplest negative ions.
O2” must be the primary ionospheric negative ion by virtue of the 
three body attachment process

fast reaction with nitric oxide. The only relevant reaction which 
the writer has found quoted in the literature is O” + NO -♦ NO2 + e 
which Phelps (1969) has found to have a rate constant at thermal

and 0o have

Further, our results indicate that NO

factor of two. This result,is in agreement with our measurements. 
Further details of experimental technique and results can be found 
in Trøim and Armstrong (1970) and Armstrong and Trøim (1970)(b).

the method is not especially sensitive. However we can easily 
see that if the concentration of a given species is significantly
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oxide from 
products. 
detachment 
experiment

a rocket and making observations on the reaction
If one can believe that the reactions are associative 
as the reaction with o” is, then in principle the 
presents no great difficulty. For the electrons 

produced in the reaction of ambient negative ions with the ejected 
gas can be detected. There are several ways in which this could 
be done, although the techniques for the D-region require care 
and are not easy.

To summarise there are no real obstacles to the ejection of 
nitric oxide gas at a forward position on a rocket and the 
measurement of the increased electron concentration at a point 
towards the rear of the 
should be used in order 
measurable. A positive

rocket. Clearly pulsed gas emission 
that the undisturbed electron density be 
result would imply the presence of 

negative ions which reacted vigorously with NO, releasing electrons
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CHAPTER 9

COMPARISON BETWEEN MID-LATITUDE AND AURORAL ZONE IONOSPHERE. 
MAGNETOSPHERIC CONSIDERATIONS. EVALUATION OF FUTURE PLASMA 
LABORATORY WORK NEEDED TO ADVANCE KNOWLEDGE OF THE IONOSPHERE

We have in the preceding chapters considered a number of results 
from the mid-latitude and the auroral ionospheres. The experiments 
conducted are in general quite different and in most cases were 
indicative of processes and phenomena peculiar to that region; 
perhaps we understand the global ionosphere sufficiently well so 
that we can concentrate on particular facets which are more or 
less different in the two regions. We do not include results from 
the equatorial or polar cap regions but these would provide very 
interesting studies also.

In the auroral ionosphere particle production of ionisation is 
dominant under disturbed conditions and may be present at other 
times (Skovli, private communication, Haug (1967)). At middle 
latitudes solar production is the chief source of ionisation but 
there we have Sporadic E (E ) which gives unacceptable and O
conflicting deductions when*considered in terms of production and 
loss (Whitehead, (1972)).

Under any condition in which particle production of ionisation is 
of importance then the magnetic field configuration will have 
overriding influence, for example conjugate photoelectrons 
streaming from a sunlit ionosphere into a dark ionosphere will 
follow closed field lines far out into the magnetosphere. This is 
the source of our contention then that once a particle production 
must be considered our range of interest must take in the 4
magnetosphere. This is of course abundantly clear in the auroral . 
zone or polar cap.

The magnetosphere, whose study has been immeasurably improved by 
the findings of space probes, presents a complex problem in 
magnetic field structure and interaction with plasma inside, and 
with the solar wind on the outside. It is astonishing how little, 
even yet, 60 years after the terrella experiments of Birkeland, we
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■

understand of the way in which 
ionosphere; for example in the 
substorm.

9.2

particles are accelerated into the 
explosive phase of an auroral

This is the direction in which we will
viz. to an understanding of laboratory 
clarification of possible acceleration

tend to orient future work: 
plasma processes and the 
mechanisms of relevance to 

auroral and other situations. The work of Block (1972), Carlqvist 
(1972) and Akasofu (1969) show that the phenomena of 
extinction in laboratory discharges and double layer 

current 
production in

regions of slight deviation from neutrality may have some relevance 
in this regard, and it is on the lines of this work that modern 
ideas seem to be moving. However it would be folly to regard this 
work as definitive yet, in the sense that other precipitation 
mechanisms can be excluded. The large array of wave particle 
interactions is another possible source of particle precipitation. 
Wave particle interaction leading to pitch angle diffusion has 
already been used by Helliwell’s group to produce precipitation. 
The artificial production of whistler type signals of considerable 
amplitude at ground stations is the method employed.

It is clear that the detailed study of wave propagation in plasma, 
(while not in its infancy if one considers for example the 
magneto-ionic theory) can also be rewarding. To take one illu
stration the experiment of Wharton et al. (1968) showed that one 
large amplitude electrostatic plasma wave signal in a plasma 
leads to the production of sidebands due to particle trapping.

This is one direction in which future work can proceed i.e. 
wards, in the study of the magnetosphere and its associated
But work can and should proceed ’inwards*. 
interaction of the solar ionizing radiation 
precipitation with the neutral atmosphere. 
in particular should be better understood. 
important, neutral constituents suffer from 

out
plasma. 
theBy this we mean

and
The
The

of particle 
complex D-region 
minor, but

techniques. The great advance in the understanding of the chemistry 
of the region due to Ferguson, Phelps and others has only served 
to produce new questions based on better understanding. Seasonal 
and latitudinal variations in the chemistry are but sketchily 
understood: surely the ’spikey’ type winter anomaly (Hargreaves
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(1972), Thrane (1972)) must be involved here, although similar 
’spikey* particle precipitation may be involved.

Assessing critically the labour involved in future work on these 
problems of the ionosphere, it is true that work on the second 
theme is difficult and expensive - it may have to be conducted on 
the lines of Chapter 8 and it would seem that work plasma oriented 
as in the first example may be more suitable. One thing that is 
quite certain is that there is still a great deal to be done. 
The problems involved appear to be tractable but, as is often the 
case, the solutions in terms of our present concepts may not exist. 
The E phenomenon would appear now to be reduced to explaining a 

s —8 3 —1recombination coefficient of about 10” cm s” if one accepts the 
argument of Whitehead. But is it so simple? Is a wind system 
such as wind shear theory demands likely to be stable over areas 

4 2of 10 km ?
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CHAPTER 10

CONCLUSIONS

In this work we have discussed a number of aspects of the ionosphere 
and including some laboratory work of relevance. The work has been 
concentrated on mid-latitude synoptic studies and E~ movements, an 
analysis of some absorption data (of F. Lied) from Kjeller and 
auroral substorm synoptic studies and rocket experiments together 
with some partial reflection data from Lavangsdalen.

The mid-latitude E region is studied from values of fQE for many 
years and considerable departures from Chapman theory are found. 
The studies of E movements at the same location, Kingston, Jamaica * s
display several interesting features including some great long term 
stability, large irregularities (observed 
receiver separation used) and a change in 
with season.

The absorption data analysis has led to a 

because of the 
apparent drift

large 
direction

theory for the
anomaly, at least in so far as it is observed in Kjeller

winter 
data.

This theory proposes a drasfic change in
certain range in the winter D-region

Some riometer 
analysed in a

data for Norway for 1958-9 
rather unconventional, but

recombination rate over a

and 1963-4 has been 
still statistically

correct, manner. The analysis shows that there is no great 
difference in occurrence and intensity between sunspot maximum and 
minimum, at least for the years used in the analysis and remembering 
that the locations studied were limited in number.

Two rocket flights are described; one yielded the first direct 
observation of ultraviolet and visible light, electron and ion 
densities as a rocket rose at dawn from darkness on the ground 
through an active auroral precipitation event. The other into a 
post break-up aurora yielded a possible atomic oxygen profile. 
Grounds for caution in the interpretation of the results as a 
profile are discussed in the text.

Next a summer partial reflection electron density profile is 
compared with rocket profiles which were taken at Kiruna and
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happening is independent of

J

processes leading to negativeof the

The continuityWe find this quantity L/N_
for negative ionsequation

J
dN

in the 
can be

on this score by the 
negative ion is dependent

following manner 
written

produces the ionisation or 
ion formation.
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APPENDIX 3

AN ATTEMPT TO PROVE THE EXISTENCE OF PHOTOIONISATION OR
ASSOCIATIVE DETACHMENT AT U.

DURING THE ASCENT

In this experiment we wished

V
OF

to

SUNRISE AT ABOUT 67 KM
ROCKET F

find the
radiation began to take effect and cause

16

region at which 
detachment from

solar 
negative

ions, directly or indirectly through production of atomic oxygen.
This appears from fig. 7.5 to be in the region 67 to 70 km and
to correspond with radiation somewhat longer than 318 nm Fürther
the particle production function shows no sign of anything other 
than a smooth variation through this height range.

Nevertheless one may consider the possibility that particle 
production and negative ion formation could combine in space 
along the rocket trajectory to produce an electron density profile 
such as we have obtained, without any effects due to solar 
radiation. Could we be deceiving ourselves into thinking of a
sunrise effect when in reality what is 
the sun?

We think we can remove any uncertainty 
following argument. The loss rate per
on the loss processes involved and should be independent of what

dt P

where N is the negative ion electron density and P and L are
production and loss functions per unit volume per second. The 
only known atmospheric process of importance for negative ion 
formation is through three body attachment to oxygen molecules:

e + 2O2 "* ^2 + ^2
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is some consideration

+ O

is not

kN
dN •
— + Ldt

equal to

is the electron densiwhere N
concentration

where T is the absolute
for a reaction

There

reaction We will there-

-* Oe + O

3 -1-11least less than 10 cm

-29 300 exp (_ 600/t) cm -11.4 x 10

and which has a rate constant, k

But the evidence

temperature

convmcing and with
(it may be

temperatures) it should not be important
when compared with the oxygen attachment
fore write the contmuity equation as

Dividing by N we obtain

k[°2]2/X d(lnN_) 
dt

L
N

where we shall call
kro2]2A is plotted
sharp peak at 73 km
negative at sunrise 

' igreater than L /N_.

1

Appendix 3, p

a rate constant at
zero at atmospheric
at altitudes below 90 km,

ty and J the oxygen molecular

1
N

an apparent loss rate
vs. altitude in fig. A 3.1 
with some other structure.

The quantity 
and shows a
Now dN /dt is

and therefore L/N the true loss rate 
Since the latter is positive we must

in the function we have plotted an approximation to L/N_ 
of course possible that

d(lnN )
dt

could be very large and negative but the values shown for
function k 
detachment.

is
have
It is

the
are in fact of the right order for photo- 

They can also therefore be satisfied by associative
detachment with atomic oxygen. For assuming a rate constant of
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10 x 10’ sec

F 20,

ALTITUDE (km)

FIGURE A3 1
two ascending rockets, 
Above 75 km there is a
associated with the measurement of X 
and the decreases above 75 km of kFo 
may not be real.

of altitude for 
F16 and F20.
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APPENDIX 4

CONSIDERATION OF MASS SPECTROMETRIC ION RESULTS AND IONIZATION 
AND LOSS PROCESSES. AN ESTIMATE OF THE RECOMBINATION RATE OF 

WATER CLUSTER IONS AND ELECTRONS

We consider here three mass spectrometric rocket flights, that of 
AFCRL, AC 6341, Oct. 31, 1963 reported by Narcisi and Bailey (1965) 
and that of F 20 and F 21 described by Wieder (1970).

We consider only heights above 80 km for we hope then that 
negative ions are very few. This is assumed by Ferguson et al 
(1969) in their analysis of the Narcisi and Bailey measurements. 
The analysis of Folkestad (1970) indicates a value of X less than 

A 3.1 we
0.65 for all heights above 74 km in the flight of F 20. In figure 

show the quantity kFo^/X plotted against height derived 
as described in appendix 3. This quantity measures the effective 
loss rate per negative ion at each altitude under certain 
assumptions. We believe that the peak at 73 km indicates a 
transition level above which some agent - perhaps atomic oxygen 
- prevents the formation of negative ions. The faet that the

° and some 4 hoursflight of F 20 occurred at <a zenith angle of 98 
after it had been 96°, is indeed an argument, following Hunt (1966) 
and Hesstvedt (1969) that atomic oxygen or perhaps another 
metastable species could be present with a considerable density 
at altitudes above 73 km.

If the arguments are accepted for F 20 then, a fortiori, very few 
negative ions would exist in the daytime flight of Narcisi at 
heights above 80 km.

Principle of method

Considering the equilibrium of positive ions, their continuity
equation could be written

dN 
dt where q is production and L, loss.

In the flights we consider, for heights 80 to 85 km no more than
three species of positive ions are found in any quantity ; namely
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the positive ions of

been present on the Narcisi and Bailey flight

a serious question which must be faced and may make many mass
outright

density and higher cluster ion

If then these 4 ions are the only
positive

j We will return

even though
what we

The work of Burke and Miller (1969) indicates 
tion of the water cluster ions may take place

ions present then the total 
absence of negative ions,

They indicate
This is clearly

the rate coefficients would have to be very large, 
to this point in the discussion of the results.

the higher mass Clusters appearing most fragile, 
that clustering can also take place in sampling.

sampling experiments difficult to interpret if not 
meaningless.

that much falsifica- 
in sampling, with

ion loss rate is, in the

a measure of the sum of the Hr0o5 2 
densities.

+ ccD(O2+ aD ) e

However the ’total’ ion charge may be conserved in 
sampling: whereas bond energies, for example that

and HgO^ could

In spite of some 
believed to have

Ho0(19), NO(30), Oo(32) and HROo(37), H„O7(55)3 ’ ’ 2 □ 2 7 / o

and higher hydrates are not present, though H^O^ 

certainly have been detected in the F 20 flight. 
earlier uncertainty, these same Clusters are not

We cannot state that , and are dissociative recombination 
coefficients; indeed they may be three-body coefficients, and 
dependent on some neutral constituent. But if this were so, in 
view of the very low pressures at the altitudes being considered,

recombination coefficients for NO and 02 respectively.

The coefficients for NO and 02 are well known and 
they depend on the neutral temperature, we can make

where
H30+ and

are of the order of one volt, ionization energies are much higher, 
of the order of 15 volts. Maybe the H^Oo+ densities measured are

(Ferguson et al (1969))

mass spectrometer 
of H5O2 - H2O,

and cc2 are ion electron recombination coefficients for , I I --lHc0~ respectively, and a~(N0 ) and an(Oo ) are dissociative □ 2 U U c-
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believe to be good

So in the equation 
only two unknowns,

estimates for both of them.

for L for the flights we consider, there are 
and

P, due to solar radiation, was determined for the Narcisi flight 
by the method desribed in Armstrong, Lied and Thrane (1970).
They have carefully computed the ionizing processes at solar minimum 
for mid latitudes. P for the F 20 flight was determined from 
particle detectors carried on the rocket.

In equilibrium = 0 and so P = L for any height. We therefore 
have an equation for any altitude in the range 80 to 85 km.

In principle, we have a considerable number of equations with 
only two unknowns, and we now proceed to a consideration of the 
computations we have carried out.

In table A 4.1 are listed the data which we have used. In cases 
where there is only one cluster ion present then the solution is 
in principle simple. However there are considerable errors in 
probably all of the quantities which have been determined 
experimentally and we must .proceed with great care in view of 
this.

We conclude that a(19) is small and could not reasonably be greater 
_7 than 9.5 x 10 .

If we substitute this value in the equations where both masses 
19 and 37 occur we obtain a value of a(37) which seems to be 
much larger. For rockets AC 6341 and F 21 the best fit is for a 

—6value of a(37) about 4.5 x 10 , but for F 20 a value of about
_56 x 10 is found.

These results compare 
measurements reported 
1.1 i 0.2 X 10”6 cm3

not unfavourably with the laboratory
by
-1 s

ions at a temperature of

Biondi et al (1972) namely 
+ — 6 3and 2.4 - 0.3 x 10 cm for the two 

540 °K. A similar study to the above
has been published by Sechrist (1970) since the above work was 
done.
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APPENDIX 5

THE ABSORPTION OF ELECTROMAGNETIC RADIATION

Let us suppose that the layer is created by 
monochromatic radiation. Then

q = q^ exp|l - z - sec x exp(- z

Appendix 5, p. 1

IN AN IONIZED LAYER

the absorption of

the familiär Chapman expression, where z = (h - hQ)/H. The 
absorption coefficient is given by the magneto-ionic theory as

o 2
K - mc p

Nev
~ 72+ (UD + OL ) 

Lu

for the ordinary
frequency

The total 
amplitide

and uu
Li

ray. p is the refractive index, v the collision 
the longitudinal angular gyrofrequency.

absorption for a 
of the reflected

reflected way is 
ray would be A =

2 r^Kdh and the
J o hexp(- 2j^Kdh)A o

It is customary to write

- log p = - log(A/A )/ = 2P^Kdh J o

and this is measured in nepers. (1 neper = 8.7 decibels).
2If q = aNg as is the case for dissociative recombaination when 

pressure independent, then

Ne (qQ/a)^ exp[i[l - z

so 2 PhKdh becomes
.1 o mc p

v exp[-J^( l-z)-sec x ex
2

V
2

Now dh can be written as Hdz, and v, following Thrane and Piggott
(1966), as exp(- z)

exp (■£) -
2 4ne v'oH(qo/a)i
mc p

so the absorption through the layer equals

-z e sec dz
ztz ; .2M e + (uj + au ) o L

dt and the lower limit changes to o
and the integral can be rewritten as
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1.1 The altitudes at 
is attenuated to

1.2 The results of a

FIGURES

Figures, p. 1

which solar radiation over a wide spectral range 
-1e times its initial value for zero zenith angle.

mass spectrometer rocket flight under daytime 
solar minimum conditions (after Johnson, (1966))

2.1 Experimental values of f E for London, England, compared with 
0 25 °a (cos x) ’ variation.

2.2 Schematic representation of an east-west shear in a horizontal 
wind system. With magnetic field into the paper the left hånd 
shear will produce plasma convergence at N.

2.3 Atmospheric pressure at heights of 80 to 120 km from CIRA (1965) 
and the US Standard Atmosphere Supplements (1966).

2.4 Atmospheric temperature at heights of 80 to 120 km CIRA (1965) 
and the US Standard Atmosphere Supplements (1966).

A sketch of the antenna arrangement used at Kingston, Jamaica for 
an ionosonde used in routine ionosonde observations and for drift 
measurements (transmitter and one receiver).

4.1 The map shows the location of Jamaica, Puerto Rico (Ramey), Great 
Bahama Island, San Salvador and Cape Kennedy ionosondes.

4.2 Plots of f E with time for the three ionosondes at San Salvador, o s
Grand Bahama, and Cape Kennedy for three supposed patch motions 
of E . s

4.3 a

4.3 b

The distribution with month of all E forms from January, 1963 to O
July, 1967 over Kingston, Jamaica derived from ionograms. Note 
that several types of Eg can be and are observed simultaneously.

The distribution with time of day for all Eg forms from January, 

4.4

1963 to July, 1967

Cross correlograms 
frequencies were 4

over Kingston, Jamaica derived from ionograms 

for a 53 minute observation. Radio and sampling
MHz and 0.2 Hz. The receiver numbers in the 

key refer to the geometrical configuration in the top right hånd 
corner and the transmitter is at position 1.

4.5 Cross correlograms and mean autocorrelogram for 4 h 18 m 0 s to
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4.6

4.7

4.8

4.9

4.10

4.11a

4.11b

4.12

4.13

4.14

Figures, P. 2

4 h 21 m 18 s P.M. , Eastern Standard Time, July 12, 
sampling frequency is 0.5 Hz.

Cross correlograms and mean autocorrelogram for 4 h

1967. The

21
to 4 h 24 m 36 s P.M., Eastern Standard Time, July 12, 
with sampling frequency equal to 0.5 Hz.

Cross correlograms and mean autocorrelogram for 4 h 24 
to 4 h 27 m 54 s P.M., Eastern Standard Time, July 12, 
with sampling frequency equal to 0.5 Hz.

Cross correlograms 
to 3 hr 45 m 40 s, 
radio and sampling 
respectively.

Cross correlograms 
to 3 hr 42 m 20 s, 
radio and sampling

Cross correlograms 
to 3 h 45 m 40 s,

m 18 
1967

m 36 
1967

s

s

and mean autocorrelogram for 3 
Eastern Standard Time, July 6, 
frequencies equal to 4 MHz and

and mean autocorrelogram for 3 
Eastern Standard Time, July 6, 
frequencies equal to 4 MHz and

and mean autocorrelogram for 3

h 39
1967

m 00 
with

0.5 Hz

s

h 39 m 00 
1967, with 
0.5 Hz

s

h 42 m 20 s
Eastern Standard Time, July 6, 1967, with

radio and sampling frequencies equal to 4 MHz and 0.5 Hz 
respectively.

Autocorrelograms 
20 s to 3 h 59 m

Crosscorrelogram 
3 h 52 m 20 s to 
abscissa by 2 to

(refer to figure 4.4) for the period 3 h 52 m 
00 s P.M., E.S.T., July 21, 1967.

for receivers 1 and 2 (refer to figure 4.4) for
3 h 59 m 00 s P.M., E.S.T., July 21, 1967. (Multiply 
give seconds).

Cross correlograms and autocorrelograms for receivers 1 and 3 
(refer to figure 4.4) for 4 h 19 m 24 s to 4 h 22 m 44 s P.M., 
E.S.T., July 27, 1967. ’+Lag’ indicates signal appearing at
receiver 1 before receiver 3 and ’-Lag’ the

Power spectra for receivers 1 and 3 for 4 h 
4 h 22 m 44 s, P.M., E.S.T., July 27, 1967.

The apparent velocities of movement deduced

reverse situation.

19 m 24 s to

from cross-corre-
lation functions for observations during spring and summer 
1967. The length of the vector represents the magnitude of 
the velocity on a logarithmic scale.
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4.15

4.16

Phase difference between receivers 1 and 2 (refer 
as a function of frequency on April 21, 1967, for 
to 3 h 41 m 51 s, P.M., E.S.T.
Phase difference between receivers 1 and 2 (refer 
as a function of frequency on July 27, 1967 for a 
20 second interval.

to figure 4.4)
the time 3 h 30

to figure 4.4) 
6 minute

4.17 The Chapman E 
years 1962 to

The Chapman 
each year’s

layer index as a function of local time for the 
1966 at Kingston, Jamaica.

E layer index during the period 1963 to 1966 with 
data plotted separately

4.19 The Chapman E layer index for 1963 to 1966 with data separated 
according as Ap is greater or less 8

4.20 Scatter plot of all fQE values for 
using logarithmic scales.

4.21

than

1964 as a function of Ch(y)

The absorption index D as a function of 
and January, 1953 at Kjeller.

4.22

cos x for June, 1952

Proposed variation of dissociative recombination coefficients 
with height in summer and in winter.

4.23 The absorption index D as a function of month for the years 
1951 to 1953.

4.24 Histogram for variation of log D versus log cos x for 1951 
to 1953. December, January and February are plotted together 
and the other 9 months also are lumped together.

4.25 Histogram for variation of log D versus log cos x for 1954 
to 1957. December, January and February are plotted together 
and the other 9 months also.

4.26 Calculated values of absorption plotted against cos x, deduced 
from assumed values for production and loss. The deduced slope 
clearly different from the Chapman layer value of 1.5. Discrete 
points represent experimental observations. Dashed and füll lines 
are computed with and without a small constant extra production term

4.27 Pressure variation for Kingston, Jamaica at approximately 200 m 
above sea-level during the time 9th to 15th May, 1960. The 
scale is arbitrary, but peak to peak deflection in one 12 hour
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4.28 The 
for 
and

Fourier analysis of 
a duration of 1,846 
8 hours and a noise 

Figures, p

the ground level pressure variations
hrs. There are sharp peaks at 
type amplitude which decreases

12, 24 
with

frequency (Kingston, Jamaica, 18°N, 76°45’W)

4.29 Schematic representation of the movement of a constant pressure
level above the earth's surface and the consequent alteration of 
sensitivity of a fixed angle telescope.

5.1 Schematic arrangement of the most important negative ions and 
their reactions in the D-region, after Thomas (1973). Note that 
water cluster ions or complex ions such as HCO^ are not included.

5.2 Concentration of atomic oxygen as measured by various techniques. 
The mass spectrometric observations of Hedin et al (1964) and 
Shaefer and Nicholls (1964) are absolute values, as are also the 
values derived by the silver film method of Henderson (1971).

6.1 Idealised representation of coning and spinning oscillations of 
a transverse magnetometer in rocket flight with turnover on 
descent. In the coning cycle let the maximum signal in the spin 
cycles oscillate between h2 and h^di^ 
signal be h^. Then the values h2, h^

> h2) and let the turnover
and h^

B cos(6 + 2a), B cos 0 and B respectively 
are proportional to 

B is the local magnetic
field, 9 the minimum inclination of the rocket to 
field direction in the coning motion and

6.2

the magnetic 
coning half angle

The spinning and coning motion on rocket 
an axially transverse magnetometer. The 
clearly superimposed on the short period 

a is the

F 24, as recorded by
slow coning motion is 
spin. An unusual aspect

of this flight was the slowness of the coning motion. The rocket 
axis at about 276 seconds was parallel to the magnetic field so 
that the transverse field instantaneously shows no variation. At 
about 396 seconds the rocket was perpendicular to the 
field.

7.1 The variation of the photometer signals with altitude 
rocket F 16.

7. 2 Transmission characteristics of the filters used on F 

magnetic

for the

16
ultraviolet observations together with the response curve for

■
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the P 102 photodiode. The latter .is normalised to 9 
using right hånd scale.

7.3 Drawing of the holder for the ultraviolet photmeters

at maximum,

on rocket
2F 16. The size of the slit was 1.5 x 0.5 cm and was set with the 

long side parallel to the axis of the rocket. The holder for the 

7.4

visible light sensor

The charged particle 
for the rocket F 16,

was closely similar to that shown here.

production function variation with altitude 
derived from the on-board measurement of 

precipitating particles (Courtesy G. Skovli)

7.5 This figure shows a number of observations performed on the 
rocket F 16. The three photometers refer to the upper scale while 
the ion and electron densities use the lower scale. Note that 
the 439 nm and 318 nm radiations have probably reached their 
maximum values. The errors associated with the ion and electron 
densities can be such that their values are equal for all heights 
above 73 km.

7.6 Geometry of the Omega 10.2 kHz path from 
Tromsø.

7. 7 The amplitude and phase variation of the 
as received in Tromsø for the morning of

Aldra near Bodø to

10.2 kHz Omega signal 
the rocket flight.

There is probably some ground wave contamination in the curves 
shown, due to an imperfect antenna system.

7.8 The spin modulated positive ion Gerdien probe signals as a function 
of altitude for 
shows a maximum 
measurements on

the rocket F 24. The upper envelope of the curve 
at about 110 km in general agreement with other 
the aurora (see for example fig. 7.17).

Because X, the ratio of negative ion to electron conventration, 
is very small above 90 km, the envelope shown is also believed 
to indicate the electron density variation.

7.9 Values of A /A taken from partial reflection measurements at x o
Lavangsdalen (August 7, 1970) using 6 consecutive pulses separated
bv one second with deduced values of A /A taken from rocket x o
flights from Andenes (August 4) and Esrange (August 9).

7.10 Values of A /A for the next six seconds after the values shown
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7.11

7.12

7.13

7.14

7.15

7.16

7.17

7.18

Figures, p

in fig. 7.9. There appears to be a rapid variation of the 
height of the electron density gradient.

Hypothetical A /A curves (smooth lines) for electron density 
profiles each with a sharp gradient but at altitudes separated 
by 
by 
if

five kilometres. The points marked x are the points obtained 
superposing the two smooth curves, i.e. 
the electron gradient shiftsin position

during the observations

The riometer chart together with the quiet 

the profile obtained 
by five kilometres

day curve on a
hypothetical day drawn to illustrate the conventions used in the 
scaling. Sharply rising absorption of short duration is assumed 
to be interference. A return to the quiet day curve was assumed 
to show a terminated event. A change of slope of more than 90° 
(on axes where 10 minutes equalled approximately the difference 
between 2 and 3 dB absorption) was taken to indicate the presence 
of two overlapping events.

Frequencies of intervals between riometer events greater than 
0.5 dB, as a function of interval length for Skibotn during the 
time 1 October 1958 to 30 June 1959.

Frequencies of intervals between riometer events greater than 
0.5 dB, as a function of interval length for Tromsø during the 
period 1 July 1963 to 30 June 1964.

Frequency of occurrence of intervals between auroral absorption 
event maxima, greater than 0.5 
length for Trondheim between 1

Frequency of intervals between 

dB, as a function of interval 
October 1958 and 30 June 1959

auroral events
when all auroral events occurring sooner than 
previous event are ignored. Data for Skibotn 
to 30 June 1959.

Frequency of intervals between auroral events 

greater than 0.5 dB 
3 hours after a 
for 1 October 1958

greater than
0.5 dB, when all auroral events occurring sooner than 3 hours 
after a previous event are ignored. Data for Tromsø for the 
year 1 July 1963 to 30 June 1964.

Number of riometer events plotted logarithmically as a function
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be shorter than those of the others

the atomic oxygen density prevailing at the time

with time.

■

Atomic 
signals

Kineyko (1970) and Fontijn et 
response and the positions of
filter 
factor

The spectra of the nitric 
sion obtained by Spindler

The intensity ratios of the 668.3 and 557.8 nm signals and the 
427.2 and 557.8 nm signals plotted as a function of altitude.

halfwidths and maximum 
of 10) are also shown.

The gas 
crosses

Photometer 
photometer

the narrow band photometers (with 
transmissions scaled downwards by

oxygen profiles compared with the broad band photometer 
on F 24.

probably accounts for the absence of structure on its plot at 
heights below 90 km.

jet flow during pulses. Measured values are denoted by 
(+) and higher values are an exponential extrapolation

signals as a function of altitude. The broad band 
has a significantly lower sensitivity and this

Profile of the light emission recorded 
The background level of the instrument 
3.5 on the intensity scale, although 
seem to be consistent with one another 
level. This profile we consider to be

227

gas emission. The scales are approximately logarithmic. There 
is a general increase of the 557.8 nm signal from one burst to 
the next, which is not the case for the other two wavelengths.
The time constant of the 557.8 nm photometer is clearly seen to

7.27

7.28

7.29 The ratio of positive ion currents (Gerdien cylindrical probe) 
with and without nitric oxide ejection. As with the positive 
ion current (fig. 7.8) there seems to be a maximum effect near the 
auroral altitude of 110 km.

7.30 by the broad-band photometer 
is believed to lie at about 
the signals at about 118 km 
and to be above the noise 
a good approximation to

.7.31 oxide, atomic oxygen reaction’s light emis- 
(1966), Golomb et al. (1965), Vanpee and

al. (1964). The broadband photometer

a

7.32

7.33

7.34 557.8 nm signals at the end of six pulses on an approximately 
logarithmic scale with time as abscissa (füll line) with calculated 
values (dashed lines) if the circuit solely dictated the fall of
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than the circuit demands and the durations of this extra interval
and may indicate the presence

7.35 photometer pulse and the
circuit time constants were

operative as soon
afterglow effect.to be clear evidence of an

7.36

A low impedance opening, 1.6 mm diameter by 1.4 mm long, allowed
air into the device.

7.37

1965, showing upper and lower limits and a mean curve.

8.1

8.2 with flow tube shown in fig. 8.1.Conical quartz nozzle used

8.3
J

II
8.4

2

M Negative ion mass Spectrum with and without nitric oxide injection8.5

H

N

This figure shows 
dashed line shows

Thermopile pressure sensor 
spiral thermopile elements

results (x) obtained with the thermopile pressure 
smooth curves show Russian results quoted in CIRA

a single 557.8 nm 
the decay if only

both pumping 
main flow.

Experimental flow tube showing inlet from quartz conical nozzle 
and outlet to pumps (D or E) and mass spectrometer (along axis

Schematic representation of the experiment showing 
systems, electronic assembly and gas inlet for the

ports A, B and C for reactant gas 
instrumentation.

(Hastings - Raydist). The four thin 
are mounted on four copper supports.

Experimental 
sensor. The

are given as ’shifts’ in the figure 
of afterglow effects.

to right). Also shown are 
intorduction or diagnostic

as the pulse begins to collapse. There seems

into a helium flow (0.4 Torr) with about 10% oxygen added. Note 
that the left scale is appropriate for the flow with nitric oxide 
added (upper curve) and the right hånd scale applies to the flow 
without nitric oxide (lower curve).

signal. It is clear that in all six cases the signals last longer

Injection system for mass spectrometer from flow system on top 
to mass spectrometer below. The disc holding one end of each of 
the rods had a smaller diameter than the wall of the chamber 
(6 mm difference) and this lessened the pumping impedance between 
the lens system and the mass spectrometer drift chamber, to which 
the mass spectrometer pumping system was connected.
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