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Aﬁstract

The wo;k described here relates to investigations made using data
from the topsidé sounder Alovette I. In Part I, from an examination of
many transpolar'ionospheric electron concentration distributions along
iracks of the satellite at a fixed direction to the earth-sun line, it
is found that there is an approximately characteristic profile for a
given direction. It is sugge;ted that this.implies a fixed concentration
distribution over the polar regions, under which the é;rth rotatés. Ir
it is assumed that the ionospherié trough at high latitudes is a demarca—
tioh between solar—produced ionisation lying insidé the plasmasphere and
v.auroraiiy associated‘ionisation at high latitudes, the midiafifudé fér?
_mination is the low-latitude wali'of the trough. From a Stuﬂy; of many
fopside sounder records obfained during the polar winter, the position |
of this fermination is located at the F peak at all local times, and its
.motions investigated. .When the trough is compared with the position qfthe
plasmapause projected back along field lines, syatematic differencés in
position appear, which are discussed. At higher latitudes, the pattern
of ionisation over the winter pole, at leést during periods of low solar
activity, consists of a torus of enhanced electron density, which corres-
pohd§ in pésition to, and is probably caused by, recently measured soft
electron fluzes. Some evidence is presented which suggests the outflow
of plasma along field'lines connected to the geomagnetic tail.

In Part II, the observation and theory of_ionogram resonance signals
is-reviéwed,,and some eiperiments are feported which confirm the existence
of the eyclotron waveé predicted fheoretically. The poésibilities of
using these waves as a diagnéstic tool in space, particulerly in the

measurement of eledtron temperatures, is considered.
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‘1:  Introduction

Since the discoverf of the ionosphere in the firstrquarter of the
century, it has been recpgnised that photo—ionisa%ion of the neutral |
atmesphere by solaxr ultravioleﬁ radiation would play an important part
in ifs production and maietenance. The solar influsnce was put on a
quantitative basis by Chapman in 1931 with an expression for thevproduc— |
tion'rate of ion-electron pairs. It is this process, when combined with
e suitable loss mechanism an& allowance for plasma diffusion ebove an
altitude of 200 km, which is today accepted as the mechanism for the
- formation of the mid-latitude 1onosphere. Thev F2 layer is - “pro-

" duced by ultreelolet radiation of wavelengths between the 1onisat10n
limit of oxygen atoms, i.e. 911 K and about 170 R, whlch is the same.
band that is respopsible for the F1 1ayer. The electron density, N, of
the former is greater because the loss process, which tends to the linear

form BN at F, altitudes, decreases upwards faster than does the produc—

2
 tion rate g. The layer peak forms at an altitude of 250 - 350 km,
representing ; 1eve1 above which plasma diffusion and other transpoxrt
processes become more 1mportant than productlon and loss in defermlnlng
the electron dlstrlbutlon. The 1nadequacy of . Slmple solar control of
the.ionisatioh at ﬁigh latitudes, however, isa dramaticelly illustrated
by ﬁhe continuance of the polaxr ionospbere throughout winter, when the :
» only insolation is-at grazingiincidence, well aboﬁe the usual altitude
of significant photo—electron‘production. In spite of fhis, the electron
denS1ty remains qulte high, and may in fact show increases.

The po]ar 1onosphere in Wlnter then is of particular 1nterest. As
the region is closely counled via fleld lines to the magnetosphere and

solar wind, it appears reasonable that the answer to the question of the

origin of the ionosphere should lie partly in this coupling. Reeognising.



Alouvette I  Explorer XX Alouvette IT ISIS I
Launch - Sep 29 1962 Aug 25 1964 Nov 29 1965 1969
- Initial Orbit
Inclination, deg  80.46 79.9 19.8 88.4
Perigee, km 996.0 ' 866.0 502.0 530.0
Apogee, km 1032.0 ~ 1010,0 - 2982.0 3500.0

Period’ min 10504 103.8 ) 12104

Table 1.1 Orbital data of the first four topside scundei' satellites.

ALOUETTE1] EXPLORER XX ALOUETTEIl

Antennas: Sounding - Crossed dipoleé Crossed dipoles Crossed dipoles

Length tip-tip 75" and 150’ 62" and 122’ 75" and 240'

Telemetry Turnstile . Turnstile

Frequency Swept, 0-45- 6 fixed frcquen- Swept, 0-2-
"11-8 Mc/s at _ cies. Sound- 2 Mc/s (0-15
. IMmefs? ing cycle (105 Mc/s?) 2-14

.ms) 722, 547, Mc/s (1 Mc/s?)
372, 2:85, 20,
1-5 mc/s, 15 ms cach

Pulse width 100 ps 100 us 100 ps
Repetition frequency 67 pps 67pps 30 pps
Peak power 100 w 8-45w : 300 w
Frame period 18 sec . — © 30sec .
Telemetry 136 Mc/s 2 W FM
(sounder video)

Beacon: Beacon:

136-98 Mmc/s 137 Mc/s

025w 75 mw CcW.

136-08 mc/s 2 w
Data acquisition 10 min direct 10 min direct 13 min direct

read out on ground command

Table 1.2 Basic electrical data of the sounder experiments in the

 three satellites from which dataaere currently availables-
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this, ground observations of the polar ionosphére have been made for some
timg, particu’arly during the IGY. 1In practice however, the ooverage
afforded.by these stations was not great, and while the4complexity of the
yarioﬁs phenomena was revealed by the data, it largely failed in produc-
" ing a coherent picture of the region, though the auroral programme was
a notable exception to this.

Topside sounders have éiven'an enormously improved accessibility
to the region; enabling ité gfoss features to be determined, and it is
to this that the first part of the thesis is directed. The first satel-
lite carrying a tépside sounding experiment, Alouvette I, was launched in
'September 1962, and has beeh operated continually since that date. Sub-
seqﬁently,Aothef satellites carrying sounderé of various types have been
placed in _dvifferen‘t o:c"'bi‘ts (Table 1.1) l

In princible, a toﬁside sounder is identical to a miniaturised
ground-based idnosonde, with the crucial difference that its antennas
_are immersedvin the ionosﬁheric plasma. Easic electrical details ;f the
- three topsi&e.sounders from which data is currently available'are given
in Table.152.v In the goundef experiment, a variable frequency pulsed
trahsmitfer is used to determine, as a function of frequéncy, the. time
Ataken by a short R.F. pulse to travel the round trip down to it§
reflection point in the ionosphere énd_back to a recéivef in the satellite.
"The time delay is coﬁverted to an apparent, or virtual depth h', calcu-
lated by assuming the wave packet propagates always at the speed of.light.
The data, i.e. h' as a function of the sounding freéuency f, is generally
displayed photégraphically, together with calibration marks for depth
and freduehcy. An Alouwette I ionogram, plus a schematic diagram 6f an
jonogram is shown in Fig. 1.1. The sketch il;uétrates the three normal
electrémagnetic traces, i.e. -the Z-gode (corresponding to the low fre-
quencyrbranch of the extra—qrdinary wave); the ordinary and extra-.

ordinary modes, together with the most commonly seen resonances. The
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' Fig. 1.1a Schematic diagram of an Alouette I ionogram,
showing the apparent depth h' below the satellite at which
a pulse of known frequency f was reflected, As well as the
usual electromagnetic traces, resonance spilkes, cons:.dered

1ater, are seen,

Fig. 1.1 An actual, midlatitude ionogram, showing both
" depth and frequency calibration lines.
(qQuito, 2009U.T., 2k Feb, 1963)



term resonance here is used to denote the condition where energy is
received for some time immediately after the’soundef transmitter is ' .
turned off, rather than the usual wave theorj definition of an infinity
in a wave refractive index. Resonance echoes are then the sPike—iike |
 traces adjacent to the zero depth axis. The electromagnetic traces are
well understood in terms;of Qold plasma theory and yield information on.
the ionospheric plaéma many kilometres from the vehicle. Employing
~ ionosonde data at poiar 1afitudes, the present work has shown that the
plasmasphere may bé locaﬁedjat all times in the ionosphere, whilst at
higher latitudes, a basic pattern of polar ionisation is present, wﬁich
" 1s almost certainly gaused by the low-energy electron i_‘lu::es recently.
-measured. -At still higher 1atiﬁudes; some experimental evidence whigh
éuggésts the outflow of ionisation, or the "Polar ¥ind" has been found.. .
‘Thé basic high latitude ionpgraﬁ data are frequently of poor
quality and their interpretation both gqualitatively and quantitatively,
is often greatly‘hélped by'the use of the resonance signals. This has
| lead to work aimed at'abhiéving a better understanding of resonance
phenomena. |

A étudy of the resonances in the second part of the theSié leads

v fﬁ the investigation of a class of electrostatic waves which are readily
excitedijxmaghqtpPLasmas, and which appear to haye éonsiderable potential
‘in future sééce experiments, particularly in the measurement of electron
teﬁperatures, With this in mind, some’experimental work on the'propaga-
'tion of these waveé-has beén carried out in a laboratory plasma.

Tﬁe results have been interpreted using an approach based on that
of Buckley (1968). Small discrepancies between theory and experiment
have 1ead.tojsome eétimates of the effect of streaming suprathermal elec-

~trons ﬁn the otherwise Maxwellian velocity distribution, and to measure-
ments on sheath effects. It appears that antennas designed to launch

electrostatic waves préferentially are possible. Finally, the usefulness
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of the waves in space and their advantages over conventional measurements

are considered in the last chapter.
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- PART T

2: FBarlier Polar Observations

Beforerconsidering.the polar ionosphere as seen by topside sounder,
it is appropriate to consider briefly'what has been'leafped of the region
from ground studies. In é review of the Antarctic ionosphere during the
IGY period, Penndorf (1965) was able to write that whilst the Avctic had
-become better known in the previous ten years, the Antarctie rémainea
more or less unknown. The large literature nov existing on the Antarctic
-ionospherg, primérily from the IGY, appears to have reversed the

situation.

--In the absence of normallphoto—ionisation, there are three possible
sources of polar ionisation:—
1. Downward diffusion éfter photo-production at great altitudes.
2. Horizontal transport from latitudes where densities are high.
3. Production by coréuscular bombardment.
Kamiyama (1966&) has considered the first process, in which mosb.
- production takes place at an altitude of about 800 km duve to the grazing
incidence~of the sun's rays. By_soiving the gontinuity equation for an
oiygen éthoSphere, it was shown that in equilibrium, a layer with a peak
height near 400 km formed. Electron densities above 105/50 (fOFé:>2.8 Mc/s)
~were possible'fof solar zenith'angles below 102°, and therefore this
process, though certainly present, is not dominant over the winter pole.
Réstogi (1960) concluded from the study'of parameters such as layer
height and thickness that the unexpected daily variations in the southern
: high latitude ionosphere were not'dﬁe to thermal expansion or vertical
,érifts aé_héd previously been sugéestedv(Ranzi, 1957), -but might be a
result of horizontal transport of ionisation from lower latitudes. It
was supposed that such transport might become significant in an area like

the VWeddell se%'where the dip angle is particularly low for its geographic
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latitude. No drifit-inducing mechanism other than density gradients was
considered; it would seem that evén in such a region of low dib;'the
transport of ionisation a great distance would require a considerable
transport across field lines, suggesting electro-magnetic processes.
"Indeed,magnetic influence has been recognised for some'fime} aé magnetic
co-ordinates are consistently superior in organising polar ionospheric
data (Coroniti and Penndorf, 1959). | |

Drift processes had been suggested by Sato (1959) to explain the
shape obtained when instanténeous contours of critical frequency were
constructed across the north pole. If this is done, a tongue of higher
~ density plasma is seen to extend iﬁto the night hemisphere from the sun;
lit side. ' This was taken up by Hill (1963) and Sato and Rourke (1964),
the former being concerned with isolated enhancements in the north, which -
‘seemed to grow withra tongue-iike character, and fhe lattér with the more
general average behaviour iﬁ the Antarctic. As well as providing a source
-of high—latitu&e ibnisation; Sato and Rourke concluded that the universal
.time effects seen in vafious polar barameters ﬁefe assoﬁiated with}the
.téngﬁe sﬁructure, The.drift théories were based on the ExB interaction
between the near vertical magnetic field, and the electric fields in the
ionosphérekdeduced from high latitude current syétems. This interaction
predicts speeds of about 100 m/é;.though whether drifting ionisatioh could
‘contribute a significant part to the total density has been questioned
'(Kaﬁiyama, 1966b). Using laboratory values of the rate coefficients of -

the major loss—determining reactions, i.e.

+ +
o+ 0, — 0 + 0.
ot + N, —> WO© 4+ W

and Jikely particle concentrations, the plasma should decay with a ti@e‘
constant of about three hours at 350 km. Drifting at 100 m/% during

this time, the ionisation could travel only 1000 km, or 10° of latitude.



AThere does remain a discrepanc§ between laboratory and ionospheric
Ameasurements of loss raﬁes (Yonezawa, 1966, which could mean that the
time of three hours is éhort; Drifts certainly do occur, and their study
will probably increase as a consequence of renewed interest in magnetd—
'-véphéric Circulation,_ana its ionospheric implications (Axford,-1969).

The view has been put forward a number of fimes that many featﬁres
of the ionosphere are a consequence, direct or otherwise;of'particle
precipitation. After ieviewing f0F2 data from many stations and many
years, Mariani (1963) concluded that an additional component of ionisa-
tion, probably due to precipitation, was necéssary to explain the lati-
tudinal variation of electron density. The second source, however,
peaked at a latitude below thé auroral zone; that is, in a region where
one would not expect,eiectron‘flﬁxes of energies suitaﬁlé fo: p;odgcing
F-region ionisation.

The eiistenée of a corpuscular, or at least non-solar ionising
source in the aﬁrﬁrai region may be inferred indirectly from the avérage
behaviour of the E—layer,-for it is known that. the variation of the

eritical frequency Of a photo—induced layer should be expressible as -
-foE‘ = A cos™

wheré'x is the solar zenith angle and n an index equal to .25Af0r an

" a=type recombination 1aw.4 The value of the exponent has been shown to

droé in fhe auroral zone in both hemispheres (Penndbrf, 1965; Yaehlum,

1958)3 in the Aﬁtarctic, mean values of n afove the auroral zone at

Little America (L=;13.8) and. Dumont d'Urville (L==36.4) were.0.24 and

0.26 respectively, whilst in the zone at Byrd sfation; (L=7.7)y » had
/

" fallen to 0.18. This is asciibed'to_an additional component such that

the critical frequenéy is given by an expression of the type

foE = A1 + A2 cosnx

According to Patton-et al., (1965) there is no corresponding corpuscular
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term in the equivalent expression for the F1 _ayer, though this is-under
the same solar conirol as the E-layer. One would not expect fo flnd
a2 similar variztion at F2 altitudes, as the ionosphere here is.not
exclusively under solar control. However, during an auroral display,
1rregular1tleo superlmnosed on an enhanced background density have been
observed at F heights (Iund et al., 1967), indicating dlrectly that
auroral zone densities are €nhanced by partlcle-preclpltatlon. Unexpec-
tedly high densities at polar 1atitudes have been reported for many
years (e.g. Meek, 1949), and the association of optical effects and den-
sity enhancements is not surprising. Obayashi (1958) ascribed the high
densities during the storm of October 28, 1951 to the ionisation produced
by bombarding particles associated with the excitation of aurora.. A
| nuﬁber of studies (i.e. Rees, 19633 Kamiyama, 1966b;'Maeda,v1965)-have.
been madg'which*give; for a parficular primary energys the‘ionisationl
pbéduced by an iﬁcoming electron as a function of height. Measurements
of the range of energetic electrons: (Grin, 1959) indicatevthat particleé
~with initial ene:gies of_10 kev will préduce'a.maximum of ionisation in
the lower'E—regidn,' Tﬂis ionisation will then ﬁe‘seen on ionograms as
. a thicE'E—layer (night E), or by some as yet unknown procesé, possibly
similar o that proposed by Bennett and Noel (1965), it may bé dﬁserved
as a thin deﬁse E-layer, or-sPdradic‘E. The energy spectrumn of ‘the
injected particles is a major factor in determining the thickness of ahy
resulting ayer of ionisation, and this will increase as the precipita-
tion becomes lesg-mohofenergetic. For overhead auroral displays, Bullen
(1966) has found a quantitative relation between optical intensity and
ionosphericvdensity in the E—regién; Frovarﬂnfs 'rangg Measuremehts,
particies with iﬁitial energies of about 1 kev would be required to
producasignificani F-region ionisation, and it is only very recently that
_ satelllte 1nstrumentat;on has been reflned sufflclently to detect such

energies by other than integral technlques. Thus while preompmtatlng
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particles, the ionisation and the auroral emissions they-cause have- been
directly measured in the E and F, regions (McIlwain, 1960; Bullen, 1966);
© the existence of a large flux at low enough energies to influence the

F—rpglon remalned speculatlon in the above studles.

A comprehen81ve review of all ionospheric phenomena thought to be
related to particle precipitation has been published (Hartz and Brice,
1967), in an effort to determine the general patterﬁ of particle precipi-
tation. Two zones were found, ons at higher 1atitudes,characterised by
soft and variable fluxes, fogethén with a region of more uniform harﬁ
"drizzle" throughout the day at a geomagnetic latitude of about 65 |
One might therefove expect to find enhancements of den51ty in the region

of the,softer precipitation.

Slnce the IGY perlod, a numbe“ of reports summarlzlng sometlmes in.
great detail the behaviour at particular statiqns-(e.g.'Bellchambers'et'
al., 1962) have been published. Reviews of fhe_observatioﬁs from a
number of stations in the Antarétic‘have also been pubiished for both
normal conditions(Penndorﬂ{1965) andvdiéturbed (Pétton et al., 1965).

One of the moxe‘intriguing.features which arises'f;om such studies is the
.universai fime éontfol of many ionospheric parameters, such as peak den-
sity andxheight,-over large regions of the polar zone. A similax» effect
hadﬁbeeﬁ'defected earlier in the Northern hemisphere by Dieminger (1959),
Qho observed a longitude dependence iﬁ the timé of a maximum value of
-eritical freqﬁency. He did not, however, point out that this peaking of
the F-region density 6ccurred everywhere at 2000 UT. Convincing evidence
foraixanalééous effect in the. south was‘provided by Knecht (1959) who
'perféimed a harmonic analysis of critical ffeQuencies observed during the
winter af;the south geographic pole. Although variations in the solar
zenith’angie were rnegligible, the diurnal variation in the F2 layer peak
:density showed a maximum at abouf 0700 Ur. A general review of the uni-

~versal time control of the Arctic and Antarctic regions has been given
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by Duncan (1962). The equivalent, though much less pronoun&ed UT enhance-
mént-in the Arctic occurs at about 1800 UT. The significance of these
times.in the North and South would seem to be that this is when the eccen-
- tric magnétic poles are towards the sun. If ihis fact is_rélevant, then
“one might anticipate greater effects in the south on account of the |
greater sepération of geographiq and geomagnetic poles there. Sato and
Roﬁrke (1964) consider the UT effect to be related to an enhancement of
the tongue structure mentioned earlier.

rAn alternative explanation was ﬁroposed by King et al. (1968). This
involves the interaction of neutral winds on a global scale with F—regioh
ionisation. Basically, such winds blow across the pole from.a local time
of about 1400 hrs, and effectively drag the_ionisation up or down magnetic
field lines, depending on the dip angle, so modulating’bothithe height- -
of the layer and its peek density. The theory has:béen,deVQIOPed assuning
‘a uniform electron density over the earth, and therefore applies more to
summer conditions. Good siﬁulation’of the f°F2 and hsz,qurves for indi;
Qidual stations has been‘achieved. it may be,séid that this is not a true
uﬁiversal.time effect.. In the south, the density at all stations isv
enhanced around 0700 Uf simply because all except Macquarie Island lie
on fhe séﬁé side of the dip pole. Excepting this latter station, the
relationship between. the Wind_and-the field at all stations is suchvthat
iohisgtion is being faised (and therefore NmF2 incrsased) at this fime.
On tﬁis thzory, however, Macquarie Islané,being on the opposite side of
the dip pole, should_have its density depressed at 0700 UT. According
to Duncan (1962), this was frobably not the case, though experimental
difficulties involved precludedaipositive answef.

A further suggestion for the caUse'of the UT variafionihas been
advanced most recently by Maelhum. This is based on the observed changes
in position of véfy loﬁ energy precipitating electrongiwhich now seeﬁ

RN

likely to be‘responsible for the formation of the polar F-region in
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. winter. The folé of this flux is discﬁésed furtﬁer in a later chapter.

The polar ionosphere ofﬁen appears from ionograms to be very dis-
- furbed, fut the sharpnéss of the transition-from & smooth region to one
populated with irregularities of ionisation ﬁecomes'apparent when
séqpences of.topside_ionbgrams are considered. The regions of disturbance
also show up clearly as scintillation patches in the records of Faraday
fading of a radio signal which has traversed the ionosphere. ‘Titheridge
and Stuart (1968) have examined such records from the Ionospheric Beacon
S-66, which is in a polar orbit at 1000 km altitude. They found com-
pletely scintillation - free pésses viere possible, though infrequent, bui
then extremely large horizontal density gradients were seen. More gener-
allygfirrégularities ﬁere preéént which persisted in the same position
for a humber of passes, vhile there were soméIIOCations, hotably between
the ‘geographic and géomagnetic'poles, which showed continuoaé disturbance.
~ This observation of the‘repeatability of effeclts over several passes has‘
been a feature of the'present work, and it is suggested it is very
significant. . |

- The spatial and temporal resolutions(normally not better than 15 mins)

provided by ground ionosondes are severe limitations at folai latitudes,
where much fine structure is evidently present. Satellite - borne
.instruments‘now enable a more detailed study to be made of the polar
‘piasma by pro?iding a virtually continuous record 6f the electfon density
alohé fhg track éf the vehicle. In the case-pf Alouette I, data from
which is now considered, the spatialrresolution corresponds to about

100 km, or a degree of latitude..
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3: The Plasmasphere Termination"

3.1 Introduction

A consistent featu¢e Seen on satellité records at high latitudes
is an zbrupt decrease in the electron qonéentratiﬁn as measured at a
. pqrticular altitude, by up to an order of magnitude in north-south
distances of sometimes less than 100 km. This is followed by a recovery
(sometimes very rapid) to larger values at higher latitudes. This effect
has,béen nﬁted independently in:a number of experiments, and the featuré
has been termed.the main trough (Muldrew, 1965).

Thomas and Dufour (1965) suggested that the trough was a‘demarcation
between the solar and aurorally producea ionization and commented upon 4'.
the poss1ble association between the trough and the plasmapause, or knee
in the eouauorlal electron concentratlon profile at a eocentrlc distance
of about 4 earth radii (:e) In,v1ew of the success of theories predlctmO
protonospheri.c electron concent;atlons from the.assuaption that dlffusmve
equilibrium prevails along geomagnetic tubes of force (e.g., Angeraml and
Thomas, 1964), and the observation of field aligned density structures
(Sayers, 1964) it appears reasonable that any association‘would be via
field lines. Ryeroft and Thomas (1967) have uéed whistler and topsidé
measurenents to inyestigate suéh‘a-link on.thé night side of the earth,
and found that for quiet magnetic conditions, the centre of the trough
Vappeared to lie on the same L shell as the midpoiﬁt of the plasmapause.
Thls work is no,‘extendel, and it is . suggested that it mlbht be more
meaningful in any attempt to correlate the plasnapause and trough positions
to associate the midpoint of the lowlatitude 'wall' of the trough with

the centre of the plasmapause as observed in whistler data.
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3.2 Data Analysis and Observation Programme

The basic data used in this survey were electron denéities both at
the P-layer peek, and the vehicle height,'derive& usually from the extra—
~-Qrdinary ray trace on successive topside ionograms.

. The electron concentration N at the altitude at which the frequency'

fX is reflected in the extraordinary mode is given by -

w= 24 x 10t f - 5 g) (3.1)

where fﬁ ig the electron gyfofrequengy at that altitude. In this formuia,
N is given in electrons/bc, and fX and fH are meésured in Hc/sf Thus
the electron concentration; I\Ts, at the satellite ( ‘lOOO_ 'm above the
earfh) is derived by putting f_ ;vfxs and fﬁ = f;o in (3.1), where f_
1is'the frequency at which the extraordinary ray has,zgro range (i,e,, is
_ reflected back from the immediaﬁe vicinity of the vehicle), and st is
the electron gyrof%equency at the altitude of the satellite. The latter
can be derived either fromvthé knownvmagnetip fieldvat the orbital
location of the satellite, or directly, from the-observed~gyroresonénce
signals that occur at integral mult@ples of the electron gyrofrequency
at the satellite. ASimilarly, Nm Foy the maiimﬁm electron concentration
in the .F region, occurrihg at an altitude thz? is obtained by puttiné
fx = fXsz(thé extraordinary rayrcritical'fréquency méasured on the
'ionogrém) and fy =_fH(hmF2)-in (3.1). '

" To derive the electron gyrofrequency fH(hmFE) at the height of the
F,péak, it is strictiy necessary tb'carry out a full rééi?height analysis,
‘i.e.'to derive the electron concentration distribution with height from
the‘observed virtual‘height—frequency traces reéordedvon the topside
ionograms. lowever, the altitude of the léyer’peak is knoﬁn to occur gt
éboutv360 km and fH is not strongly aititu@e dépen&ent, . so that if fx

does not approach fy too closely (Thomas and Sader, 1964), values of N

derived from (3.1) are likely to be accurate to within '“523‘ The
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- quantities foQ and’fxs are included in tabulated numerical data published
by the Canadian Defence Research Establishment (Alosyn) énd kave been
used to de:iye NS an@ HmFQ, the electron éoncentratioh parameters used
here. ,

Fig.'3.1 shows the distribution of telemetry receiving stations
affording cover of the northern polar cap and also the approximate range
of each station (after Thomas et al., 1966). Something like one-half of
the westernvhemisphere, which includes the magnetic poles, has continuous
coverage. On a projection such as this, the tracks of successive transits
appear very nearly as straight lines, each roﬁated sonme 25°,fu:ther
-westward as. sho*Lvn, d;ze mainly to the eastward rotation of the earth. All
tracks are tangential to a latitude of 80.50, equal to the vehicle's.
'orbit,plane'inclination; Because_of the high vehicle speed, the .time
occupied by a transit is small, and any changes in the ionospﬁere found
along a path ére reasonably assumed to be spatial rather than temporal
variations.

Vhile this method of displaying successive passes is useful, a bette;
physical picture is that of the qrbit plane fixedsinvspace with respect
to the eafthésun 1iﬁe, or actﬁally precessing slowly westward, while the
earth, with its ecceniric magnetic poles, rotates inside the orbit. This
shows clearly that over a period of time during which précession is small,
“the ;atellite wi11_feaCh a giveh latitude at two fixed local times, one
on the prime and one on the return sweep. Such a picture serves to
iilustrafe a2 major difficulty in satellite studies. The slow precession
vof'the-orbit, in this case one hour of local time per week at a given
latitude, means_that‘a period of three months is required to obtain a
é4—hour:locé1—time coverage. Dﬁrihg.this interyal, it is possible that
seasohalbefﬁeCts will obsgure diurnal variations.

The survey was started with data for the northern winter of 1062

since, in this season, nonsolar effects will be relatively more pronounced

AY
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Fig 3.1 Location of the Alouette
receiving sites and their approx-

" imate coverage over the polar regions

- in the northern hemisphere. The
tracks of successive passes appear as '
straight lines, marked one and two,
and are rotated progressively westward

with respect to a fixed point on the

earth,
PA ° Prince Albert 0T Ottawa
RB  Resolute Bay C College

WPLD Winkfield GF Grand Forks
ST J St Johns '

" Fig. 3.2 Approximate positions with respect to the sun
of the transpolar‘satelli%e tracks considered in this survey.
A1l tracks are tangential to a geographic latitude of 80.50,

shown as the inner circle in the diagram.
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because qf theAabsencevof ultraviolet fadiation. It was also a time of
low solar activity, so that any results should represent'thg tjpical,
quietetimenionospheré. The fesults have come Ifrom a detailed sur?ey of
éll passes recorded in the first two weeks of each month from October 1962
Ato February 1963, by which time the diurnal coverage was cbmplete and
"~ included an>0ver1ap as a check on seasonal variations. |

Utiiizing the concept of the orbit plane precessing about the earth-
sun line, Fig. 3.2 shows the average position in space and local timé of
the various grouﬁs of passes. Dufing each of the %ﬁo~week interﬁals, in
-which the orbit plane rotates tﬁrough 2 hours ofilocal time, the polar
behaviour was taﬁén as’app}ying»fo the mean position of the tracks, whiqh

is drawn in the figure.

3.3 .Thc-Plasmaéﬁhere Termination
In this sectioﬁ,thé electron concentration troughs and, in particular, .

the changing position of thé trough boundaries aré considered in some

'detailf Electron concenfration troﬁghs in the topside ionosphere were

"evident in the Alouette I nightfime observations of Thomas and Saﬂef (1963,

1964), which were further brocessed to reveal the trough in contburs of |

" density at 1000 km by Dayharsh and Farley (1965). Muldrew (1965) observed

the same effecf in the northern hemisPheré‘from'a suddén drop in the P-

peak critibél frequency at a létitude of about GOOE, indicating a rarid

fali'in the electron concentration atan altitude of about 300 km. From

a real height—deﬂsit& analysis of a sequence of tdpsiﬂe ionograms, Thomas

et al. (1966) were able to show the presence of the trough simultaneously

at all aititudes from the F~layer>§eak up to the vehicle; By‘usg of ion

traps, Sharp (1966) detected the presence of the trough at various heights

in the P region from Qariatibns in the positive ion cohcentration.- More

recently, using differential Faraday rotation measurements froum the Beacon

- satellite S-66, Liszka (1967) has shown that the trough is present in
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: totél electfon contént measuremenfs, conf{irming that the phenomenon is
not simply a redistributioﬁ of ionization.

| It has been pointed out‘(Thomas' et al., 196_6;_ Calvert, 1966) that
the spread nature of echoés on topside ionograms poleward of the midlati-
~tude troﬁgh indicates that the ionosphere he:e is more distqrbed than at
1ow latitudes. Recently, resulté from the Alouette II topside sounder
(Welms and Lockwood, 1967; Hagg, 1967) have shown that at altitudes of
2000 -~ 3000 km there is.a fall in electrqn.concentration at a latitude
approximately equalling that of the F-region main trpﬁgh;,but that pole;
wards of this there is usually no recovery to highe£ concentration; the
.ionosphere aboveiéoolmagnetic latitude is réther depleted in electron
concentrati&n.

These two observations sﬁggest that the ionospheré should be con-
sidered in two parfs;‘the low-latitude, predominantly solar—controlled
" region, whicﬁ terminates fairly abruptly at an L:value of 4-5, and the
polar iénosphere at‘higher latitudes, containing enhanéements of ionization
as é-reéult of‘some.prooess as suggestéd by Thomas and Dufour (1965).' If
_the;enhancement is in the form of a b:oad peak, comnencing slightly above
fhe midlaﬁitude términatioh of the solar-controlled ionqsphere, the |
resulting curve of electron conceﬂtration-veréus iatitude mey well show a
- trough around L = 4., On this iﬁterpretatioh, perhaps the most physically
'meaningful parameters of the trbugh would be the positions of its '
boundarieé rather than its»centre. |
Data obtained from a November Passiand'converted to electfon

coﬁcenfration through éQuation (3.1) are plotted in Fig. 3.3 and .serve

to illuStrate the division of the,iohosphere into two parts, an abruptly
ferminating'midlatitude region together with a&ditional ionization'at
higher 12£itudes. It is also apparent that during the afternoqn hours,
the equatorial boundary of the trough is very steep, while the high~

latitude side is less steep, that is, the conceniration gradients are’
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Agreatest on the low-latitude side. This is the zeverse situation to that
described by Rycroft and Thomas (1967) for the night hours, where the
polaf side of the trough was steep enough to be described as the auroral
~eliff. It is significant that in the transit of Fig. 3.3, the solar
zenith angle varies only between 930 and 98D ovei the whple pasé. The
-sudden changes in electron concentration are thus very unlikely to be
related to photoionization effects.

From bctober passes, it is clear that, as noted by Kuldrew (1965),
the trough is absent during;midmorning. The distinctive feature on
successive passe; seems to be a consiétent falloff in F-peak concentraiion'
~from midlatitude vct-;lues ofrer-a period at least as long as such passes
are available, that is, 9-10 hours. However, this uniform falloff
frequehtly;terminates in a ‘corner', which leads into.a flatter region - .
identified here as the polaf ZONe . The corner, or step, was taken to be
‘the feature corresponding to the cliff-like concentration.gradient of
the low latitude boundary of the midafternoon trough. The view that there
'is é featuré'at this lpcai time which can be associated with the trough
is supported by the continuing presence at this latitude of an anomaly
in the Fafaday rotation'of moon.eéhoes, which has been linked with the
trough (G. N. Taylor, private communication, 1969). The evening.trough
-at about 1900 LT is quite marked and similar in shapé to, but wider than,
Athat found in midaftefnoon. Examples of the regioné 5ideﬁtified with the
trough for morning and évening ére shbwﬁ in Fig. 3.4, The high—iatitude
troughs df Huldrev (5965), which are to-be seen most frequently during
the.evehing hours, appégr sﬁperimposed on the main features (see, for
example, Figure 6 in the above reference) and have not beesn cbﬁsidered
in this survey.

.Tﬁe dayside passes recorded in December covering local times near
noon show the same rise in density toward midlatitudes as was evident in

the October records, except that the rise was greater and usually steever
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then in midmorning. This probably reflects a transition to the cliff-

like trough walls characteristic of midarfternoon.

3.4 -liovements of the Trough Boundaries .

It bas been noted elsewhere (Thomas et al., 1966) that the pési—
tions of the'troughs‘of ionigation on successive transits aprear to
follow L shells rather than geographic latitude. This does not imply
that the position of the trough in local time is similarl& aligneds; the
day-side phenomena occuf at'obviously higher L values thén the night- |
side phenomena; rather it implies that at é given local time the trough
moves sbout in oonjuhétion with the eccentric magnetic poles. Thus in
Fig. 3.5,which shows computed L curveS’superimposed on a north polar
geographic grid; a trough at a fixed 1oca1 {ime, i.e. positlon with res-
pect to the sun, would appear constralned to move along an L contour as
the earth rotated‘beneath it. Such movements have becn examined both as
a function of univérsal tiﬁe and Kp for all, rather than individual -days.

The obﬁect of»this-was to look statistically for a link between
.the plasmapause in the equator1a1 plane and the trough at high latltudps.
Since it is the mldp01nt of the knee that is 1ocatea by whlstler tech~
niques, ideally the corresponding point measured in thevionosphere should
be,the>midpoiht of the lov-latitude wall of the trough. In practice this
'.point is frequently-ill-defined, particularly»during the night hours.

The procedure adopted was to measure the p081t10n of the base of the
equatorlal wall of the trough, as this is generally the point most clearly
defined. It was 1uent1fled and measurad on a number of transits durlnv
each monthly interval, glvlng‘two sets of trough data per month, each

set spannlnp a 1oca1—u1me sector of two hours as a result of orbltal
precession,

for each time éector, a polynomial was fitted to. the trough base

‘position, measured in both geographic and invariant latitudes, as a
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‘Fig, 3,6 UT variations of the low-

_Latitude boundary of the troughs

5@; AFTERNOON SECTOR ~ Kp CORRECTED ‘recdrded during Novcmber 1—15,.1962.

gw:' _The points are‘the‘positions.in-in—

&t variant latitude, for Kp=2, and the

%wf- i ' s0lid line a fifth degree curve fitting

so- =" them, The broken line is the equivalent
% 16 18 4 6

20 22 _0 2 »
UNIVERSAL TIME, hrs, curve through the same data plotted in

terms of geographic latitude,

e e

Fig. 3.5 Computed contours of constant I value and the correspond-

, . ’ - :
ing generalised invariant latitude A (defined by.Af: cos 1\K1+h/Re)/L
at a height h) for an altitude of 1000km,'superimposed on a north

polar geographic grid. (From Thonmas .et al., 1966)
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:function of universal time. In every case, the éeographic 1atitudes of
troqghs observed at a given local time, showed a movement to or from the
equafbr. ‘The trough is closest to the equator at the universél time
when the eccentrically rotating I pole énters the local-time sector con-
‘cerned. The troughs are thus moved toward and away from fhe equator in -
synchronization with the rotating L pole. The'use.of invariant latitude A
removed this effect, and also.reduced slightly the standard deviation of
the fitted curve, indicating ﬁagnetic control. An example is shown in
Fig. 3.6 in which the trough positions have been normalized to a Kp
valué ofAé ‘using regression lines similar o fhat shown in Fig. 3.7.
A slight curvgture remaining in the invariant latitude locus indicates
 that the troughs do not follow exactlj the computed L contours, which
| are calculated froﬁ a di@rnally averaged model of the;magnetic figld.ﬁ‘“.
The“trﬁe locus, then, lies somewhere bétwéen a contour of geographic and
infariant 1atitud¢, but closer td the latter. Héd dip, father than
invariant, 1atitudé been used iﬁ-this aralysis, the peaking of the inva-
'riéht latitudes in Fig. 3;6 near 2100 LT (when;the magnetic pole ié in
the local time éector bf'the observations) would have been greater, as
the contours equivdlent to those of Fig; 3.5 in terms of dip latitude
are rather more eccentric (Thomas et al., 1966).‘ Thus invariant latitude
(suggesting distant magnetic influences) resulis in a better ofganisation
" of the data than dip létitude (suggesting local ionésPherié cont?ol).
The'troﬁgh is at itsihigheSt latitude near the iocal times of'Fig. 3.6,
i.e. midafternoon. ln invariant latitude of 70° at 300-km éltitude is
equivalent to an L of 9.

To examine movements with magnetic adiivity, first linear and then
parabolic regression lineé were calculated for.the position 6f the trough
edge as-a functioﬁ_of Kp in each 19051 time position. The scatter in the
plots is quite large, and the improvement in fit geined by the use of the

second—order curve was negligible. An exzmple, the regression of the
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:trougﬁs in tﬁe evening (~1800 LT) sector, is shoﬁh in Fig. 3.7. For the
" _evening troughs, the positions were correlated with the Kp index up to
30 hours before and 24 hours after the event in question. The corfela—
tion coefficiepts obtained are presented in Fig. 3.8. The -correlation
_bétweeﬁ trough wall position and Kp index is here highly significant. A
similar correlation analysis carried out for the other local-time sectors
showed that while the-highesf correlation was.obtained using the Xp value
ﬁithin six hours of the'time of the trough observation, the curves
vqorresPonding to Fig. 3.8 vwere less sharply peazked. In addition, the
maxi@um cdrrelation observed. fell progressively froxd the high values
Jdllustrated on the dusk side to rather lower and less significant values
'toward the dawn side of the earth. The linear regression equatiohs found
at vapioﬁs 109&1 times are lisfedAin Table 3.1. _Thus, ﬁhile the‘tpqugh
at all positions 5oves equatorward with increasing magﬁetic agitation,
the rate at which it does'so and the degree to which it is correlated

with>Kp'vary, both being greatest in the evening sector.

TABLE 3.1
. . L . No. of
Local-Time Sector Regression Bquation Points
10600 K= 57.28 - 1.07 Kp- 22
1000 . 62,09 - 1,01.Kp 49
1200 70.67 - 1.85 Kp =~ 22
1500 69.34 - 1.86 Kp 40
1800 . 69.59 - 2.44 Kp 42
0100 55.32 - 0.03 Kp 20

3.5 Link between Plasmapause, Trough, and Avroral Oval
Plasmapause measurements by whistler techniques have all been made
in the equatorial plane. Since some features of the polar ionosphere

are best organized by the use of the magnetic shell parameter L, it is



30

emr
8P . Tig. 3.7 The invariant latitude of
W b <. ) | : |

2 |’ . EVENING SECTOR © - the low~latitude boundary of the
£65 OCTOBER 1852 ’ '

'5 : trough for different values of the
= magnetic disturbance index Kp.

<55

§ The boundary moves towards the

= ., 4+ 4 ~equator as Kp increases.

i
1
i
i
{

OCTOBER, 19562 CORRELATION COEFFICIENT

90°Io SIGNIFICANCE

. . e n e s m— . Gm— . — . m— ¢ G e v Gmn o o v me e

’ A ' 1 1 | '
130 \35;/-18 12 6 0 6 12 18\/24

"< HOURS BEFORE 42 HOURS AFTER

'

| ¥ig. 3. 8 The correla’clon of the pos:Lt:t.on of the low-la’cltude
trov.gn bounclarles in the evenlng sector with ¥p up to 30
hours before and 24 hours after the time of the trough neas=~
urement. 'he p,eak correlation is sté.’tistically highly sig-

nificant for the 42 troughs considered.



of interest to determine the I, shells linking the position of the plasma-

" pause and the high-latitude ioﬁosPhere. The position in earth.radii of
a pqint in the equatorial plane and the loéation, in geographicﬁlatitude,
of the point at 300-lm altitude to Which it is connected.vié.a field
 1ine was compubed at different longitudes. Assuming that the ionosphere
is in equilibrium along a tube of force,>the width of a trough boundary
at 300 km in the ionospherevthat results in a knee width of 0.5 Re, or
vice versa, is estimated %o be 20, or twice the resolution of the Aiouette.
sounder. As some trough sidgs are steeper than_this, the figures
linking the widths of the plasmapause‘and trough sides are of the correct
magnitudé in the equatorial plane and at the F region. Against thié .
“must be sel the,factvfhat.the electron concentrations at 1000 km (e;g.,
Fig. 3.3) plus a few results from passes by Alouette II (Nelms and -
Lockwood, 1967) and Explorer‘31 (anléy,‘1967) do not show thé steep
concentration gradients reguired at intermediate heights. There reﬁain,
howefe;, gross similaritiesAinthe'hno phenomena such as the equatorvard
.motion accompanying maénetic.activity. Rycroft and Thomas (1967) have
observed similar motions of theiknee and trough throughout thé local
night. In addltlon, theories of plasma convectlon within the magnetosphere
predict uhe strongest interaction between the corotatlng plasmasphere
; and the convecting magnetospheric plasma in the evening hours (e+g.y
bungey, 1967), and it is at this tlme that the knee is observed to be
mbsf unstable. Thus the Dresent conclusions. that this is also the time
at which the trough is most clearly defined, correlated with and sensi-
tive to Kp chgnges'iS'evidenée that the trough has a magnetospheric
| link. |

The relative Doéifions of the kneé, the equatorial side of the
trough, and the auroral oval are shown in Fig. 3.9. The auroral oval
is tha% given by Peldstein (1963) for fairly quleb conditions, and the

plasmapause positicn is that glven by Carpenter (1966) as the average
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position for -days with Kp indices between 2 and 4. These data have been
- converted from an equatorial radius io an iavariant latitude at an alti-

tude of 300 km. On such & projection, the evening bulge in the equato-

" .rial plane is seen as a small flattening poleward. The trough rosition

is for a:Kp-value of 3 and, on the_nightside, is approximate, as data are
-available only fo: the 0100 hr local-time seétor. Several features are
apparent: '
| 1. Both the troﬁgh edge and the plasmapause occur below the
auroral ovél.
| 2; VVhile the auforél.oval and thevtrough ére eccentrically piaced
about the magnetic ﬁole, the knee is approximately symmétric. The posi-
~tion of the trough edge is in good agreement.with the zone of polar low
concenfrations found at all‘loﬁél’times at an altitude‘betwgen 1500_and
3000 kn (Hage, 1967)‘ _ |
3. Cohsidering only the trough and the knee, although they are
displaced and theré is no trough evening bulge to match that of the knee,
the two loci are approximately the same size. -The results of Rycroft
and Thdmas (1967) for troughs found in the summer night were substantially
in‘agreemént with the present conclusions j namelylthat the equatoriall
trbugh edge at night occurs at a significantly lower iatitude than the :
"eéuivalent létitude of the knee.
- The re§erse is true on the dayside. If a corredtion is made fof
.‘theifact %hat we have ﬁeasured the base of the trouéh edge,y rather than
tﬁe midpoint of its low-latitude wali thesé conclusions are unaffected.
: Tﬂe effect_of a correction would be to expand the trough locus slightly
"Aéquatorward, preferentially on thé night side.
The displécement of the two loci suggeststhat the effect might,
in part, be due to field line compressions»on the day side and expansion
on the nigﬁt side. This gives rise to two discrepancies which are

cumulative. In the Tirst, the effect of a day side compression is to
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Fige 3.9 The.reiative positions, in invarianf 1atitﬁéé; of
the trough bouﬁdary_(or plasmasphere termination), the auroral
oval, and the plasmavause projected back along a fiéld line
to thé ionosphere, fThe positions given are those expected for
rioderate magnetic activity (¥p = 3). There is a significant

displacement between the plasmapause and trough positions.

Fig. 3.10 Tield line distoriions

which would give rise to {the dis-

o crepancy betveen thevplaSma«

i S' NIGHT pause and trough vositions _
LT thzzﬁﬁﬁJﬁﬁ;me illustrated in the previous figure,
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bring the knee to a lower Re, while the compressed field line reaches

o fhg;earth at a higher 1§titude than the diurnally averaged-field maps
indicate. The day-side troughs, if linkéd.via the\distorted field line |
“to the plasmapause, .then appear at apparenfly high I values. The

" reverse would occur -on the night side. This is illustrated in Fig. 3.10. .
The second boint arises in the whistler determination of the knee
position. thistler ducts aré located basically by identifying the mag- -
netic field strength at théir‘équator crbssing point. The assumption

éf a particular field nodel then enables the geocentric fadius to be
detérmined. In deriving,the.plasmapause data ffom which Fig. 3.9 is
constructed,.Carpénter (1966) used a centred dipole'modei geomagnetic

- field. If -in fact the true field was compressed, a particular field

strength would be obtained at a greater radial distance than is indieated

by a simple dipole field; i.e. the knee woﬁld be placed at too small an
L value, or én a:field line intersecting the earth at too small a latitude.
Onée more, the reverse is the case in the extended geometry of the night
1fieid,-and the errors might again contribute to the discrepancy between
trough and plasmapause positions if they are dirégtly linked via field
1ines. | | |
Though there is other experimental evidence of large fielq distor-
; fion af low altitudes; particularly with varying solérAwind attack angles
k (Maelhum, 1968), theoretical caleulations of the effect of solar wind
preésure suggest that compressiohs on the dayside amount to only about
‘.i Re at 5 Re ( 3ead, 1964), too small to explain the present
discrépancy. These computations were for a dipole perpendicular to the
solar wind and as yeﬁ dnly preliminary reports have 3een made of the
effect of tilting the dipole (O1son, 1969). Experimentally; ilead and_
,Cahill'(1967)_ha§e reported that at above several Re, the deyside mag-
netic field can be severely distorted from the direction implied by the

field models commonly employéd and that; under disturbed conditions, ‘the
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field magnituﬂe near 3 Re can be altered by inflation, due to the exis-
’tenée of ring currents. |

'Thé plasmapause locus hés been founa;from wnistler data fro@ one
longitude (Carpenter, 1966). This means that the position found at a
particular local time is also at a defined universal time, so that it is
not possible té investigate whether or not the radial distance is a
function of UT as is suggested by the frough measurements of Fig. 3.6,
An experiment designed to do this would.be very desirable. A positive
result would imply that field line distortions at geocentric distances
of- 5 Re are possiblg,rwhile no moyemenf of the knee with UT would indicate -
that the fdilure of the.trough to follow completely a cohtour of fixzed
-invariant latitude is a feature local to the ionoéphere,

-On the evidcncevto date it'éeems that the latter is probably'the
major'contributqr to the-UT-mdfion_of ﬁhe trough. From Fig. 3.6, in
order to follow a constant L contour as the earth rotates, the trough
would have to migfatevseveral degrees nearer totheequator than it does.
In fhe absénce of any'apparent_reasoﬁ why the ionisation should recombine
at lower latitudes fo form the trough there, it must form eithei by
ionisatioﬁ floWing upwaras from the ionosphere,‘or,by moving the trough
bodily équatorwards; which ﬁould compress the ionisation at latitudes
below the trough. Thisvis the mechanish which might 5@ expected from
.magnefospherié'circulation the;ries‘of the frough o;igin'(Nishida, 1966),
and some support for this is seen in that‘fhe ﬁid—latitude electron
depsity-often appeax%higher when the.trqugh is closest to the equator.
This effect would be greatest on the dayside near hoon, since here solar
ultraviolet piodﬁotion reaches its highést latitudes. The greatest
;quatorwa:dé motion and compressién would theh occur near 1800 UT in
the north, and might be the cause of the universal time control of the
topside density scen at mid-latitudes (Rothweli,r1965). If the ionosphere

were a verfect collisionless plasma and no electric fields acted, the
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trough would remain "tied" to a particular fielﬂ line. Ih the -absence
of field line distortion, it is suggésted that the small but finite
electiqn—neutral collision frequencies near the F-layer peak (which
~from ¥(h) analysis was very low during this;priod)may-have been suffi-
cient to allow significant cross-field diffusion, producing the quasi~

magnetic control of the trough boundary in Fig. 3.6.
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4: Electron Density Distribution above the MWinter Pole

4.1 ~Transpolar Passes

In thé previous chapter;reasons were discussed for considering the
ionosphere to be made up of two parts, the part at low latitudes ﬁredomi—
nantly solar controlled, and the region at high latitudes aurorally
assoclated. Transpolar satellite pésses which regularly sample the .
second medium are now considered. These passes show that thé high lati-
tude electron densities tend o be rather variabie but to a first order,
a pattern may be extracted. The results of thé stﬁdy will be discussed
primarily with reference %o the éeries of about 100 passes obtained in
“November‘1962. As illustrated in Fig. 3.2, the satellite entered the . . .
polar zone around 0600 IT and left in midafternoon during this month,

The effects occurring aéross the polar cap during the November
local-time section were quife regular and, for a particular transit, the
.latitudinal distribution.of ionization was observed to follow the same
" pattern both af the FP-region pealr and at the satellite. At é given.
altitude ﬁithin this range (~300-~1000 km), the results fall into two
groups, correépohding to two basic patterns along a irack. The first
group eihibitéd two broad peaks of ionization at higﬁ latitudes,separa-
'ted‘by a region of depletion.over the polar cap itself, the second only
a single broad peak. \A good example of the first group is_shown-in-b
Fig. 4.1 in which thé electron concentration at 1000 km on a sequence of
consecutive passes on one day is shown. This method of display iz in a
geographical reference frame (Fig. 3.1L causing the pésses’to appear
displaced relative to each other, but this is only due to tne earth's
rotatioﬁ. Bach track lies at nearly the same anéle to the earth-sun line
(Fig. 3.?% so that the same range of local times is being saépled by

" each pass. The pairs of enhancements observed along each track were
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" -equally noticeable at the F-region peak at these times. The localjfime
at the two enhancements along the track differs by about 10 hours. An
example of ’ch_e second group, .showin,g only a single broad peak over the
polar regions, is shown iﬁ Fig. 4.2, The vertical butouts in thislfigure
show the general form of the transpolar variztion of electron concentra-
tion at tﬂe F-region peak, though the acfﬁal quantity plotted is the
extrdordinary ray critical frequency foé, which is related to NﬁFz
through equation (3.1). Again Tor these particular coﬁsecutive transits
the variation of Ns was similar. Fig. 4.2 illusirates partiqularly well
the midlatitude ionosphere termination discussad earlier for se?eral
‘passes. |
t is emphasized that the transits vof.Fig;s;. 4.1 and 4.2 do not

constitute instantaneous models of electron concentration over the. polar
cap but represent a sampling of the icnosphere along a fixed direction
to the earth-sun line at different universal times. It see@é highly
significént that the ionosphere can bes répresen%ed‘in this manner, for
it éuggests that longitudinal variations in the ionosphere'are less
important than local—timefeffects, tha% is, the position with respect
to the eafth—sun line. This representatioh shows also that the electron
concentration along a rarticular btrack can be highly répéatable over a
. period of at least 10 hoﬁfs, whigh in turn suggeststhere.may be an
- approximaﬁe but charécteristic.distribution,of poia; ionization under
which . the earth rotates.

, It was possible to classify almost all of the November passes into
the two.patternS«describéd (Figs. 4.1 and 4;2)3 with the twin-peaked
,group predominating by a factor of‘2 over thése exhibiting a single peak.
fhe siﬁgle pecked distribution was more characteristic of the first week
of the sémple (Wovember, 1-7), whilst the twin-peaked variety became
predominant in the Seqpnd veek. The significant feature here is probably

the steadily changing angle (by 30° over the whole two week sample) the
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NOVEMBER 3 1862
Kp =17 - 3°

Fig. a1 Three-dimensional scale model of the electron

density I at the Alouette I orbit (1000km altitude) for a
series of consecutive passes (565~569) above the north pole
on November 9, 1962. Each pass shows the same twin peaks
of density at high latitudes, Circles of geograbhic latitude-
are’indicéted.

NOVEMBER 1 1982, K.=1"-3°
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'Fig., 4.2 Three-dimensional scale model of the eitfaordinary
ray criﬁicai frequency of tpe Fé layer for a series of con-
secutive passes (455-460) in November; 1962. The quantity
f#Fé ipdicaﬁes the actual variation of electron density at
thgvpeak of the F layer ( 300km altitude). Circles of geo-

graphic latitude are also shown.
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Qrbit plane made with the earth-sun line.

The ability to so classify thg pass types indicates again that
both density distributions are stable, and to a first order are indepen~-
dent bf longitude. Any model of concentration must be able to exflain
" these two entirely differeht, vet both stable and repeatable profiles

obtained along approximately'the same satellite'track.

Passes occurring during February crossed on the night side of the -
-poie on a track epproximately parallel to those of the November group

aﬁd generally also shoved fwo high-latitude peaks, rafher less dense
than those of Hovembér,‘separated consistently By a region éf very low
-conc;antration over the polar-cap. In--a‘ddi‘bion," the -starts of these
pésses on entering the auroral zéne at about 1800 IT overlap the region
investigated in Qctqber,,four months earlier. Despite the large time . .
difference of four months between the October and-February observations,
the passes showé@xclose similarity at corresppnding local fimeé. An
exampie éf the very low values of NmF2 at highest latitudes is given in.
Pig. 4.3. Unfor?unately, accurate densities at the véhicle»are not

usually available from ionograms taken in such low density regions.

4.2 A Jodel -of the Polar Ionosphere

On the basis of these measurenents, it is possible to formulate a
‘ tentative model of the instantaneous eleétron density distribution over
the polar region. Although features may.beqome indistinct or absent on
particular passes, fhe fact that it is possible to detect an average
shape'along e particular line indicates thet a characteristic distribu~
tion of density exists, however perturbed it may become at times.

The featurgs of a stationary Qengity distribution in the upper F-
region.consistent with thqse found on intercepts in different directions
are shown diagrammatigally in Pig. 4.4 where darker shading represents

a greater electiron density. The picture suggested is a crescent-shaped



LOCAL TIME, hrs

N - 19 20 22 - 01 03
N I i I 1
el N_F2 -
m&‘ m 0432 - 0449 UT
S 7 FEB 1963
[ . -
= |
& 1 ~ Polar cap
= . .
a &f\aew
0= X ! I R |

50 | 70 | 90 70
INVARIANT LATITUDE, deg. :

Fig. 4.5 The clectron density at the pealk of the F2 layer along

a track which passed behind the geographic, and over the 1, pole,

In addition to the trough between invariant latitudes of 60 and

R s o [
70 degrees, extremely low demsities are visible above 80, in

the polar‘cap region.

Fig. 4.4 Idealised distrib-
ution of electron density in
the altitude range 300-1000kxm
above the winter pole, in

which darker shading repres-

ents a grealter particle

density, showing the polar

cap depleﬁion and the trough,
The sketch (right) shows two

" - possible densily records

which may bve obtained fron

s~

the same pattern if the whole distibution moves with respect to geo-

graphic co-ordinates, as it might, if for example, it followed magnetic
control as the earth rotates. Compared with the dcnsity pattern, i.e.
magnetic co-ordinates, the tracks A and B appear displaced., Passes

C and D relate to the two tyoes of pass seen in Hovember, as explained

in the text. The cross indicates approximately the magnetic ole.
! 2P g



trough of low density plasma surrounding the pole, narrow on the evening
A_side, widé during the morning hours, together with a large depression of
density over the polar cap itself, elongated and displaced in thé mid—
night direction. Alternatively,vif the ionosphere is considered in two
regions, thié pattern could be described as a relatively steep-sided
ring of ionization about the pole, surrounded eccentrically by the_low
-‘1atitude ionospheré which terminaies rather abruotly, particularlj~during
the afternoon hours. The noon portion of the mid-latitude ionosphere is
here assume& to overlap the ceniral core of ionizaticn soithét thé trough
disappears.

“The range of density, - ,NmFQZ’Z'* wi'bh'in,’che polar cap is xather large.
-wThe-average-density seen towards the nightside Qf«the pola; cap depletion
and in the trough was 0.5:c105cnr§ Densities within the high—latitudeu
peaks were rather variable and did'not always correlate with magnetic
activity, aé indicated by Kp. On the nightside, tyﬁical aensities lay

in the rahge 1.5 - 2.5x1050m~'§ rising to 3.5 - 4.5x1050m-3

on the day-
side. These densities are representative of cohditions at minimum solar
actiVity; _Féatures_usuélly seened .o be mbst.ciearly defined in quiet
magnetié éonditiohs,vand indeed appeared to "wash out" with appreciable
magnetic ‘disturbance, ©  Locally increaééd densities associated with sﬁdrms
and substorms are seen (V; Wallington, unpubliéhed results), not nedes4'
‘sarily in the ring-region, indicating that the latier corresponds to
~ the second zéne of enhancements reported more recently (Sato and Colin,
1969).

' Using this model, it is possible fo suggest qualifativély,réasons
- for some of the apparent'variability of the ionosphere from one pass to
fhe next, even dufing magnetically quiet periods, if it is assumed that
the whole.ionization distribution can move relative to the Earth with,
for example, ﬁniversal'time. The appargnt productiog‘of ionization

during the sequence of Fig. 4.5 in which a peak and a plateau of ioniza-
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tion were seen to aporoach each other, is simply explained geometrically

" if the ioniiation moved slightly towards the dusk side with respect to

. the satellite track. Relative ﬁo the ionigation, the tracks seem displaced
-and. the rather different profileé,indicated in Fig. 4.4 would be obtained.

In a.similaf viay, possible explahations can be oifered for the radi-

caily different sequences of Figs. 4.1 aﬁd 4.2, exhibiting either single

_or twin.density maxima. The observations are that for a given day‘during
November 1 -15, either distribution was possible, but tiwin peaks were
seen with increasing frequency as %he orbit-plane precesses.

The long term increase in twin-peake& passes is cleai‘from Fig. 4;4,

T.where‘;gasses,C.,amd D.rgpfesent tracks at‘the beginning and‘end respeé—
tively of the ﬂovembér data period.»-Thé day to day possibility of obser-
ving either distribution could be explained by a shift of the iqnizaﬁiéni_’_
a small distance towards the night hemiSphere.with respect to the November
passes, such that the vehidié was only just encountering ér avoiding the
polar éap deplefion iegion. An’indication that twin peaks are seen in
November near magnetic noon (1800 UT'), when the -pattern (if magnetically

.,cohtr011ad):is towards fhé dayside, is also cdmpatible with the model.

. The éfatisticaliposition of the boundéries of‘thevenhancements of
density at hizh latitgde has been investigated. Because of the high
latitudeé‘invblved,‘lérge differences can oceur between the lbcalisolar
time and the local magnetic tiﬁe.aj a point in space. Fof each Point;_AA

~ the coordinates used weré the eccentric dipole time {Cole, 1963) and the
generalized inveriant latitude, both calculated at.an altitude of 300 km.
Where polar.enhancements vere seen in‘ﬁhe records of N Fo the position
.of the mid-point of the density rise was hoted. Prom 276 observations,
the position of the low latitude boundary Wés computed in two hour sec—
tions of %ime, as a function of Kp index from thirty hours before to
thirty hours afier the %ime of observation.

Somewhat fewer data are available on the high latitude boundaries
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of the peaks.. From 187 observations, the location of thé upper boundary
has beeg calculated, again for éacﬁ two hour interval of ecgenﬁric,
dipole time.

The -contours representing the smoothed boundaries of the. ring are
‘dravn in Fig. 4.6 for a Xp index of 3. Also shown on the same figure is
the auroral oval for a 75-90 per cent occurrence of aurora (Feldstein,
.1963), together with the contoﬁr éﬁoVe which latitude the flux of 40 kev
electrons ishless than 104mf%?kFTank et al., 1964), and the position
of the low-latitude boundary of the tréugh. The flux contour is identi—
fied with the average boundary of the trapping zéne. The position of
-the-xring iower ;boﬁnd;ary is -statistically more -~ac<;:ura'be -on the nightside,

where the:dénsity rises very sharply (see, for example, Fig. 4.5), and

- rather less accurate on the dayside, largely as a result of the poorer . . |

definition (smaller density gradients) near the point being measured.
The_position of the upper boundary of the ring showed considerable varia-
bility, and thé pbsition shown on the figure'has.been smoothed coﬁsider—
ably. At such latitude35 the use-of ihvariant latitude in ofganiéing
data ceases to have any physical justification. |

Froﬁ the regreésibn equations calculated for each sector, the
lower boundary of the ring was shown to move towards the equator with
increasihg magnetic activity. ‘Nb time lag of ény sighificance was seen
between the time of the observation and the time of the magnetic indei |
showing the best correlation with the regression. The correlations
obtained, however, Wére in general not higﬁly significant, reflecting
the éreat veriability of the high latitude ionquhere. Nevertheleés, one \
ofzﬁhe more significant correiations and regressions towards the -equator
comas from the 0-0200 hr time secto;, where from the December data fo:

16 clear veaks the eguation for the position.&'in invariant latitude

_of the lower boundary was

A = 65.3 - 2.3Kp
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Fig. 4.6 The relative location of various high latitude
phenomena in terms of invariant.latitude and local time for
a Xp value of 3.- The piasmapause in’the.ionosphere is taken
to be the low latitude boundary of the trough. The smoothed
upper and lower boundaries of the high latitude rihg of
enhanced electron density are shown, and are seen in relation

to the visual auroral oval,
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and the correlation coefficient was 0.70. This is in contrast with the
low latitude boundary of the trough, where the correlation of position
with magnetic activity was highest in the ev?ping sector and.almost ZeT0
at midnight. This behaviour underlineé tﬁé.essen%ially'different rnature
of the ionosphere at high latitudes compared with that at latitudes
below the trough. |

The density distribution discussed is applicable only to the winterv
hemisphere. During the summer mogths, the ﬁhole of the pdlar cap is
illuminated continuously and there~is little evidence of the peaks and
depletioﬁs seen in winter. This is not to say that there are no dif-
[ Terences between the polar and midéiatitude ionospheres.. As over the
~—winter-pole, -the ‘summer-high létitude ionograms show more trace spreading
-and are generally more‘disturbed thah those from lower latitudgs; again,-;-
the transitioh from cne type to the other may take place over a narrow
rénge of 1atitudé._ The evidence of the continuing disturbance of the
: ionosphere; toéether with'sﬁmmerﬁtihe measurements of electron precipi-
tation (Maelhum, 1968) probably indicates that the absence of the peak
strﬁcturesai this‘time.ié a result of the increésed photo—production-of

ionigation.

4.3 Comparison with other Results

The distribution of ionization above the winter pole derived in
, fhis‘survey ﬁéy be cogpared with résults repdr%ed'by workers using
different techniques.

Using fesults from Alouette I W(h) analyses published by the
Canadian‘Defénce Research Establishment, Nishida (1967) has produced
éompﬁtér.averages_of electron densify over the north polar cap in the
form of dénsity contours on maﬁs of corrected loczl time and correéted
geomégnetid coordinates (Hakura; 1965). The crescent shaped trough on

the'nighfside is apparent, but the chief difference is that there is no
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suggestion of a polar depletion region. The difference could arisé’in
that automatic averaging will lose features which do roi occurvconsisten—
tly at a particular latitude. The mesh size used by Nishida‘was fairly
large: Zhr of local time and 40 of'lafitude. A grid of these dimensions
‘is necesséry in practice ﬁo encompass sufficient data points so that the
étandérd deviations in the averaged quantities are low. To avoid these
inherent difficulties, we have considered the ‘density variations along
individual tracks inclined at afproximately the same angle to the Farth-
Sun line, and built up a model from the characteristic shapes observed.
Probably‘of more significance in explaining Nighida's result is the facsh
. that the Canedian data was biased in favour of high density ionograms
{(G. L.‘Helms,,pfivate communication,.1969).

Comparl on with ground—based data is d1f¢1cu1t bscause of the-
scattered nauure of the sounding statlons.v Results comparable with these
are contours of constant critical frequency at various universal times
for winter days in fhe soutﬁern hemisphere (Sato and Rourke, 1964), and
similar coniours, fhough-in the forﬁ of monthlyiéverages, for several
"universalvtimes over the:North Pole region (Sato, 1959). A CQmparison
of the daté in these ﬁwé‘references.shows that in essence the same
density configufation.is present in both hemispheres, in spite of the
fact that‘the relationship betﬁeen magnetic and geographic'coérdinatés
dlffers considerably in the two reglon ‘This configuration was des-
cribed as a tongue of 1onlzatlon extendlng 1nto the polar cap from the
solar direction. A diagram from the first reference is rodrawn in Flg. 4eT
Althoughvthe'results are in terms éf geographic latitude, the crescent-
shaped trough is evident and is wider on the daﬁn side than on the dusk
side. Although, again, no polar‘cap‘deéletion'is shown; the tongue. struc-
ture_Seems ecuivalent tp;the high latitude ring of ionization. This aata
relates to the I.G.Y. which was characterised by much more solar acfivity

than the quiet 1962-63 period, and it is not impossible’on the evidence
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-~ Fig. k.7 Contours of nmonthly median critical frequency

£ Fs (in ¥c/s) at a”particular universal time across the
south pole (from Sato and Rourke, 1964). The tongue of.
high density plasma entering the the cap from the dayside
corresponds to the present high latitude ring of ion-
isation, and the elongated depression of deasity on the
’.nightside is the ionospheric trough. Geographic latitude

and longitude are indicated.
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of optical data (Bather, 1969) that under the extreme I.G.Y. conditions,

‘ fhe_polar ﬁepletion was not present.

The approximately stationary density distribution above the poles
deecribed here should give rise to detectable effects in the ionosphere
~data of stations rbtafing beneath it. This may be. 1nvest1gatcd using
f-plots, or dally graphs of Trequency data read from 1onograms.

College, Alaska, at a magnetic latitude of” 65 y 1is an auroral zone .
stafion; that is, it lies inside the position of the auroral oval and
within the zone where; from topéide'stﬁdies, density enhancements might
be expected. Wihter f-plots ehow that the dayside records are normal,
with the density peaking shortly after noon, but that during tﬁe night
hours, if the station is not covered bya layer of blanketing sporadic B,
reflexione may be obte;ned from enomalously dense layers. Suchnreflexieneln
may commance suddeply and are'frequently spread,‘suggesting an irregular |
reflecfiﬁg medium.

| Resoluﬁe'Ba&; at 830 magnefic latitude; 1iee aﬁove the'-auroral
- oval. The geogfaphic letitude of fhis.sta%ion (75° W) ensures that the
sun does noit rise_below'an'altitude of 70 km during‘mid—winter, at ﬁhich
ime the mipimum soler zenith angle is 98°— 99°, £-Plots for this station
during winter 1962 ~ 63 show that the.nl sht enhancements of F-region
density are rarely seen, but that frequently the oﬁerhead density peage
~“around noon. ‘The values of foFQ are commonly 6 MHz, which is excessively
high,for photbioﬁization 2t zenith angles of the order of 100°, It has
Vbeen found»that this daytime peak deﬁsity correlafes slightij negatively
~with magnetio activity, i.e. the density is greaﬁeetvfor guiet cenditiens.
On the other hand, it will be shown that the density enhaneements on fhe
dayside_correlate positively Qith_Kp. Such &iurnal behaviour is what
“might be expected fromELSuatlon rotating predominently inside the eccen-

trlc central core of denS1ty (”hlch expands equatorwards with 1noreasmb

-Kp), and intersecting it slightly on the deayside. King et al. (1968)
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have sugggsted that many of the density fluctuations at high latitude
statlions are caused by the component of a horizontal neutral wind forcing
ionizgation alonz field lines. Suéh an explanation must be inadequate fbr
the large density fluctuations seeh at Resolute Bay, for the neér—vertical
rield (dip=89°) would give a negligible force component along the field
linesfl | |
It seems likely that thelphenomenon of layer replacement such as
that noted at Halley Bay (Bellchambers et al., 1962), in which a degsef
layer appeared over the ibnoéonde dufing the night hours, is the same
effect as‘that descfibed previously for an’auroral zone station.
Bellchambers et al. noted that if the new layer was considered to be at
- the same heiéht as the old, then a relative speed of édvance could be
‘deduced forfit;' This consistently appeared as 70lm/s,»with:extreme.
values of 40'ahd 150 m/s. Thé geographic latitude of Halley Béy is 75.508,
'so the radial speed of the station is 116 m/é. Heasurements show the low-
létitude boundéry of the innér'ring of lonization moves towards the
) équator with increésing ﬁagnetic activity; from the consideration of
oblique echoes, Bellchambérs et él. conclude that in very quiet conditions
'the'replacément layer di@ not extend over Hélley Bay, and on disturbed
days the'layer vas seen "abhormally early". These_factsbaré‘consistenf
with the paééage of the station under aApattern of higher density which
éxpands with magnetic activity. |
k The vposition of the polar cap boﬁnﬁary in Fig; 4.6 is an avéraged
one. From data examinéd; if is:clear that whiieba‘depletion'is‘usually_‘
seen at high latitudes on the night-side, some dayside passes show
enhanced densities extending tq the magnetic_poie. {hile the Easic ring
of.enhanced density is similar in position to tﬁe auroral oval (Feldstein,
1963); or to the zone of inferred soft particle precipitation (Hartz and
Brices; 1967), both of vhich are at their highest latitudes on the aayside,

the latter do not show ovals extending as far as the pole itself., It is
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. thoughf the explanation may be 1inked with drifts. Ifagnetospheric .cir-
culation impiies that there isypossibly at all times, a distant convec-
tionpattern which is responsible (via the motion of field lines across

- the polar eap from a direction somewhat west of the sun) fo: the setting
up of the DP2 current sysiem iﬁ the lower ionosphere (Fishida, 1968;
Axford, 1969). At Feregion altitudes, the field line motion should cause
‘ionospheric drifts by conveeting exospheric ionization along‘with the .
lines of force. The effect of this would be both to obscure the morning
trough by iﬁtroducing plasma from lower latitudes, and to drag the ioni-
zation formed in the ring enhancemeﬁts to higher latitudes.

_ Gertainly,-theerelative positions of the auroral oval (the signifi-
_.cance of the boundary of whlch is merely a certain percentaﬂe probablllty
J‘OL the occurrence of aurora) and the lower boundary of the density ring
‘naturally suggest that the higher densities are the result of soft - '
particle bomberdmept. Somersupport is lent %o thie view by the very
irregular natufe of the ionoéphere in the peaks as inferrsd from iono-
grams, and from the thin sheeto of ionization seen at hlgh latitudes whlch
suggest callisidn’ionization. If,_however,<aurora1 region precipitation
 is the‘baeic cause of the high latitude ring of ionizetion, it remains
to be explained quanultatlvely why densities in the afterhoon are greater
than at nlght, and why it is that the den51t1es in the midnight sector,'
.whlch expezlenceo most auroral act1v1ty, are not greates». This is |
probably relaued to tne energy snectrum of the precipitating flux.

Recent measurements on low energy (< 5 keV) electrons (Maelhum, 1968
Burch, 1968) indicate that these particles, which would cause F region
ionigation, show a "polar cavity";uthat is, there is no flux at very
high latitudes. | |
,Thege.is in addition a day-night asymmetryvin the high 1ati£ude/
boundary of the flux.Aquantitative estimate of the ionization these

fluxes would produce is made laters
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5: 'The Effects of Precipitating Particles

5.1 High Energy Fluxes

The role of particle precipitation in ilonospheric processes has
been the subject of considerable speculation, and apparently conflicting
effects have been suggested. Thié'ariées from the possibility of.both
ionisation production, and of inc;eased losses as a.fesult of energy
dependent loss processes. (Thomas and Nortqn,A1966). Probably’the-eﬁergy
spectrum of the incoming'pérticles will determine which effects will
predoninate. Rees (1963) showed that elecirons of initial energy below
1 kev ﬁill deposit most of their energy aboVe'150 km, and mighﬁ there-
fore. be expectea to cause appreciable F-region lonisation. On-the ofher<;-
hand, most ofithe energy of a 40 kev electron is abéorbed near 100 km
bahd 80 will produce most_effect here, though it may have secondary
effects at greater altitudes, . |

| The fact that Alouette I‘carried both g'éharged parficle detector
and a sounder enables'é search o be m#de simulfaneously for precipita-
,tion-anﬁ its effects. A 1imitation iies iﬁ the fact that the detéctor
had a 40 kevAthreshold for'electrons, so that it meesured only the ener-
gefic tail of any flux which might be ébsorbed by the'ionosphe;e. In-
particula% iqnospherie effects were sought rélafed to the narrow and
isoleted "spikes'" ofh 40 kev electrons found on fhe nightsidevof the
polar cap (McDiarmid and‘ﬁurrpws, 1965), and thought to be related to
the islands of flux observed in the earth's megnetic taii (Anderson et
al., 1965), That intense bursts of low energy.elecfrons have not been
éeteétéd_at these-latitudes suzgests they were primarily a high energy "'
phenomenoh; irdirect evidence indicates that‘at'leaSt‘some of the “
.'electrons were unirapped.

Of 36 documented events (J. R. Burrows, personal communication),
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4OZ showed isolated sporadic E patches oﬁ topside ionogfams, usually
within a degree (or one ionogram) of the spikes Tlo quantitative relation
was seen between the_ES %op f;equency and the flux, but'this-is not sur-
prising given the nature of ES reflections, and the fact that the fluxV
‘measurement is an integ:al one, including particles penetrating well
below the E-region.

Though topéide ionogramé often showed anomzlous disturbances and
abéorption near the fluxesg'nd single effect vas observed. .Indicafionsfare
that hard precipitation can at times cause a localised drop of NmF2’
together with increased scale heights throughout the topside which may
result in an increased density at 1000 km. This suggests both raised
temperatures and greater loss rates, both of which have bsen anticipated

(Cole, 1967; Thomas and Norton,l1966).

5.2 Fluxes of Low Energy

MeaSureménts>of 1oﬁ—energy fluxés of electrons at high latitudes

‘ were’made first by the Lockheed g&oup”(Evans et al., 1966) and more
recently by Burch (1968)>and Hoffman (1969), who ektended the observations
awvay from the noon—midnight.meridian. The significant feature of all
these experiments has been the detection‘of_high fluxes of soft electrons -
‘extendihg‘to letitudes somewhat above the pptical auroral zone, gefore
“they fall (by typically two orders of magnitude) over the polar cap itself.
The fluxes as seen by séfellite have a_burst~1ike appearance, but it is
not clear whether this represents a éfafial gr tempofal effect. The
Lockhaed experiment could alsb defept protons above 4 kev. They report'
,(Sharé,vCarr and Johnson; 1969) that tﬁe proton energy is aboutl 102 of
that carried by the electrons. Sandford (1969) has deduced from opiical
data.thét undef,qﬁiet conditibns,.eléctrons carry 99Z of the incoming
ehergy over the entire polar cap. |

The Aurora I satellite (Burch, 1968) measured differential energy
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spectra, with a lowest channel of 48-j280 ev, and clearly Showedrthat
vspectra in the optical auroral zone are harder than in tﬁe higher
latitude, 'soft' zone. The éverage soft zone spectra found were (Burch,
1969) | | |

J = 2,7Tx 1O7E '48/cm2/ster/kev/sec (Nightside)

Ju = 3.0 x 1O7E 2. 26/cm /ster/?ev/sec _ (Dayside).
though ihdividual fluxes may be nuch greater. |

The mean polar boundaries of the Soft electronﬁfluxés observed over

North America (from Maelhum, 1968) are compared in Table 5.1 with the
present electron density measurements. 'AD andx\N are the invariant lati-
- tudes of the day and night limits of the polar cavity iﬁ the noon—midnigﬁt

meridian, measured in degrees.

TABLE 5.1
' . ’ Cavity
Observation Ap Ay | A Ay | size
electrons, .08-21 kev, winter 1963 78 72 6 30°
electrons, .05 - 1 kev, summer 1967 83 | 72 11 25°
plasma density, Kp=3, winter 1962 16 13 3 310

The agreement is reasonable,;particularlywhen allowance is madé for the

fact that A, for the plasma density is low. This arises because dayside

D
' passes which éhow only a single peak of density do not enable the boun-
dary (impiied at a very high latitude) to be determined. Table 5.1
strongly sug 6ests that the soft pre01p1tatlon is resnonsible for much
winter polar 1on1sat10n,'and an effort has been made to estlmatevquantl—
’ﬁatively the ionising effect 6f these fluxes. There are some uncertain~
ties in this, relating principaily to the lack of pitch angle infdrmation

in calculating production rates, and to some confusion over the recom-

bination rates of the ions formed.
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5.3 Estimated Production Rates

The theoretical calculation the atmospheric abéorption of an
energetic electron is a lengthy process which must be approached by a
Monte Ca;lb technique (Maeda, 1965). Rees (1963) intfoduced a much
simplified technique based on the measured absorption of a mono-egergetic
beém of electrons as it traversed a gas. In this way, all orders of
scatteriﬁg are inclﬁﬁed, and the question of collision cross-section is
avoided. The production calculation is based on the experimentally
synthesised, normalised enefgy dissipafion distribution functidn, l(z/R),
(Grin, 1959). This gives the energy fraction deboéited at a depth 2 in
the atmosphere by a mono-energetic fluX‘whichppeneprétes ‘maximum dis-

"~ tance R, the”rangg.._Grﬂn found A was substantially independent of the
particle energy,'though Maeda (1965) hés questionethhié at. low energies..
The values of R used here are those given by Rees (1964), togethér'with
some new results (Hartman, 1968) whichbextend the energies to 100 ev.

The function k; and:the range data are shown in Fig. 5.1.

The effect of the magnetic‘figld is neglected. This is permigsibié
for an extended precipitation source in a uniform field (Rees, 1964),
but in ah& case, in the absence of pitch angle information, the prbpor-.
tion‘of particles magnetically reflected before suffering atmospheric
collisionsis unknovn.

;
_ The model atmosphere used is CIRA 1965, 1400 hrs, for a solar 10.7 cm
flux of 150::?10”22 w/hz/b/s, which is somewhat higher than that prevailing
in 1962-563. Atmospﬂeric'models,‘however, are constructed for mid-~
latitudes, and these parameters were selected to épproximate to low solar
activity, but higher temperatures corresponding to polar latitﬁdes.-
Properties of the_atmosphere afe lisﬁé&‘in Table 5.2. Dépthsillthe table
are in ﬁnits of gm/cmz, which for a homogeneous absorber is (density_.x

length). For the inhomogeneous atmosphere, at altitude h)the depth-is

'given by
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0 : .
g = fpdh .where p is the density
h , -

1 .
- pg dh
g ~/ﬂpg

i.e. the ratio of the pressure at h to gravity , if g is constant.

n
It

2
g

The energy deposited between depths z and z+ dz from electrons of

" initial energy E is by definition

8E = J% A(z/R) dza® ev/cm2/sec,

il

where J.dE= flux component with initial energy between E and E+dE

R

range of particle with energy E, in gm/ce’
From the definition of é, o
= p(z)ah, |
so that the -energy is deposited per true distance-dh:dz/p(z), and the .::-

" energy deposited per unit volume is

8E = J-% A(z/R)p, 4B ev/cc/sed

For primary energies above 100 ev, 35 evAis.required for the production
of one ion-electron pair. As the major constituents above 200 km are

0 and N2, the ions.formed will be O' and N;. The ‘latter rapidly,recom—
bines,'(and therefore the emittéd radiation is a good experimentai
1nd1cat10n of productlon rates) consequently making 1ittle contribution
to the steady—state density. We are then concerned only with the pro—
ductlon of oxygen 1ons, and make the assumntlon that within a volume,
the productlon of an ion species is proporiional to its contribution to
_the totel mass density. This is not quite true, as each species does
"not exhibit quite the same éase>6f ionisétion (Reeé, 1969). In addition,
Fite anijrackman (1959) concluded that approximately 36 of oxygen )
molecules produce 0" on electron bombardment by the process

02+e —_ 0++O+2e
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~ HEIGHT Km log, P> (gn/cc) P, (dyneskm?) log, ) (gin/on” )
go ~7.739 9.74 x 10 ¥ ~1.9914
85 . -8.127 .3.98 -2.3788
90 ~8.515 1.63 ] -2.7670
95 . -8.929 . 6.97 % 107 ~3.1343
100 ~0.396 3.09 ' ~3.4868
105 -9.662 1.48 ~3.8069
110 -9.992 7.69 x 107 ° ~4.0904
120 © =10.602 2,713 ~4.5391
120 : -11,073 1.33 ' ~4.8508
140 ~11.409 7.01 x 107> -5.0731
150 -11:674 5.20 ~5.2541
160 -11.839 365 ~5.4067
180 -12.239 2.04 ~5.6576
200 -12.513 1.25 A -5.8697
220 ~12.745 8.21 x 107" ~6.0462
250 ~13.040 4.66 ~6.2882
300 . 213.453 2.04 -6.6421
360 ~13.876 8.58 x 107 ~7.0101
400 —14.126 5.04 —7.2351
500 —-14.690 1.49 6 -7.7520
. 600 -15.197 5.01 x 10 - -B.2125
700 -15.662 .86 - o -8.6308
80  -16.094 7.80 x 10~ +9,0250
1000 —16.824 1.60 - -9.6615
HEIGHT Km N n(Nz) n(Og) n(0) n(He) n(4)
80 14 2.963 0.795 - - 0.035
85 14 1.212 0.325 - - . 0.014
90 13 4.965 1.33 0.01 - - 0.06
95 13 " 1.94 0.52 0.03 - . 0.02
100. 12 8.18 1.99 0.50 - 0.0
105 12 3.45 0.79 0.36 - 0.04
- 110 12 1.62 0.35 0.20 - - 0.02
120 11 4.00 0.74 0.76 - 0.04
- 130 11 1.24 . 0.23 0.35 - - 0,01
140 10 6.10 0.95 2.03 = 0.04
150 10 3.2 . 0.47 1.32 - 0.01
160 10 1.92 0.26 0.92 - 0.01
180 9 8.20 1,02 5.25 - 0.02
200 9 4.11 0.47 3,27 - 0.0t
220 9 2.26 0.24 2.33 - -
250 9 1.03 0.10 1.44 - ~
00 8 2,17 0.26 T.17 0.04 -
360 8 0.86 - 0.06 3,38 0.04 -
400 8 0.38 0.02 2,10 0.03 -
500 7 0.51 0.02 6.68  0.25 -
600 7 .0.,07 - . 2,22 0.19 -
700 . 6 0.11 - 1.65 1.46 -
800 6 0.01 - 2.7 1.13 -
1000 5 - - - 3.50 6. 60

Table 5.2. CIRA 1965 for conditions given in the text.
The lower table gives_the particle concentratlons per cm3 p
when multiplied by 10V (column 2) :
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‘This was not taken into account as the molecular oxygen concentration
is low at F-region altitudes. With these assumptions, the production

rate of ions of the i~th species due to all incident energies is

( )
Q(Z) _35fJ_K( p

Aésuming that thé~f1uxes found by Burch (1968) were isotropic over

the lower hemisphere, the maximum production rates of O+ in the soft.
zone due to electrons with initial energies between R and 10 kev were

estimated as follows

Qox? cr3 sec™! | Altitude, km

Day 255 . 23

Night 270 180

v Because of the softer dayside spectrum, the-dayside production above

300 km is tw1ce that on the nlght81de. These peak rates may be compared
with: the measured photon flux at mld—latltudes at a similar solar epoch
(Hinteregger and Watanabe, 1962), from which Yonezawa (1966) estimated
the maximum production of ali épecies to be 800/cc/sec. Hoffman (1969)
reports éome fluxes are strongly mono;directional, which would have.

the effect of raising production rates near the F-layer peak.

5.4 Electron Densities

- To estimate the electron densities these production ratesvproduce,
it is essential to-inEIudé the effects of ambi-polar diffusion above
.200 km altitude. For ease of solutioh, diffusive equilibrium waes
assuméa to exisﬁlat 1000 km, though as discussed suBsequently, this may
well break down over cexrtain reg10n§ of the polar cap.

The coﬁpled\equatiohs of motion of bhe ions and electrons in;é

vertical magnetic field at a level z (positive downwards for reasons of

cbmputation)»are’(e.g. Nisﬁet, 1963)
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(n T.) (5.1)

It

miVin¥y = ™8~ 9F - n, i

my v
e.en e

it

m.g + gf - n, dz (nT,) (5.2)

Here - g modulus of the electronic charge

i

electric field due to charge separation in the ionosphere,

U

E
and all other terms havé their usual significance. A single ion con~
stituent (0Y) has been assumed, the justification for which is considered
later. These equations are valid while the inertial terms due to ion
and electron acceleration are small compéréd with the collision terms.
This is reasonable forzzminofity constituent where fhe_collision time is
not too large, such as ions moving through the topside ionosphere, bub
fo; greater altitudes, the full_momehtum equafions must be used (Banks
and Holzer, 1968).

Assumihg charge neutrality,

]

n . = n, N, the charged particle density

[ 1

S V. ~ Vv
and so £ o

L

v, the diffusion velocity

Since mvs >myv. s the -ambipolar diffusion flux may be written approxi-

en

'mately as

g - _Hg [Ny _diy ¥

Ny = . [H (1 dz) dz - (5.3)

: , in _
:‘ o _.é . ’ k(T-"“T‘ ) |
‘Where H(z). = —_=.
S g
and piti is the ambipolar diffusion coefficient Da for a vertical mag-
in ‘ ’ '

 netic field.
The steady state continuity equation, in the absence of horizontal

movement, at level z is

Q-1 - £ =0 o - (5.4)

where Q and L are the rates of prbduction'and loss per unit volume.



61

Equations 5.3 and 5.4 yield a second order differential‘equation,
which has been solved by é fourth-order Runge-Kutta techniqué from an
aititude of 1000 km, where diffusive equilbrium was assumed (i.e. Nv = O
in 5.3)‘to a level where diffusibn is again small, here»180 km. This
introducés a second constraint, namely that within these limits, the
integrated production and loss rates must be equal.

The‘SCale,height H was matched to experimentally derived polar
values, where ot is the dominant ion, by a linearly increaéing function,
rising from 80 km at a height of 150 km,'to 200 km at 1000 km. The
latter correspbnds to Tid-Te = 3780% if g = 980 cm/secz.

‘“Anfaltitudé dependent ‘scale height introduéeS"an-extra height
--dependence into the diffuéion_coefficient, but this is partly compensated
byva similar temperature dependence ofvfhe oollision frequency yin .
I(Dalgarno, 1964 ). ‘These’variations are much smaller than that introduced
by'the exponentially falling neutral density. The value assumed was

Da - 2x10’1‘9/(neﬁtral density) D (cm e sec—1)
| (Dalgérno,.1964; Yonezawa,; 1966)
The’lbés'proceséés at the'alfitude conoérhed.Were taken.to be dis-.

sociative recombination with the rate determining interchange processes

ot + N, — vt + ¥ (rate k)
+ i :
0" + 0, — 0, + 0 | (rate k,)

+ 4
N, + 0 — NO" + W (rate k3)

Torr and Torr (1969) have reviewed the laboratory data on the rate coef~
~ ficients and concluded that at ioﬁOSpheric temperatures, representative
values, in cm%/ sec are:

k1 k2 k3

2 11 10

2x10”

2% 107" _2.5x1o*

The high value of k., ensures the rapid removal of Ng'ions,‘and

3
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justifieé;the omission of this species in the transport equations. - The
" rate of removal of oxygen ions (assumingthed@ssociative recombination
processes go quickly enough to ensure that Eﬁj = N, the electroﬁ den=

sity) becomes
L = kv ]w + kx,.[o].w

Throughouf'most of the F-region, molecular oxygen densities are well below

those of nitrogen, and this leads to an approximate expression
L = 2x10"12x (molecular density) x N . ~ (5.5)

There is therebye a discrepancy between this laboratory rate and that
inferred from the ionosphere, e.g. Yonezawa (1966). From the latter, the
numerical coefficient in(5.5)is .65:x10_1% Both values have been used
~in the computations, the rgsults of.which are presented in Fig.“5f2-an&

Table 5.3 fér productioh rates corresponding to the day and night zZones

of soft electron precipitation.

TABLE 5.3
Loss cogfficiént ..l £ F,, ¥o/s | h F,, km h(Qmax) km
2x107 12 5.2 320
Day -13 N . 235
- 6x10 7.3 290
< 2x 10712 4.1 315 |
Night - | 13 180
6 x 10 6.0 290

The rénge of critical frequency, or density, in the table is in
good agreement with the measured densities reported in Chapter 4, and
it is concluded that soft electron fluxes must play a major role in the

maintenance of the polar F-region.
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" 6: Polar Densities and Universal Time BEffects

6.1 Densities and Magnetic activity

It is reasonable'to expect geomagnetic activity to have é bearing
on éxoépheric eleétron densities. At mid~latifudes, Titheridge (1968)
has found significant negative correiatibnsbetweeniﬁnQSphefic electron
content and magnetic acfivity. This was ascribed to the known increase
in molecular particle concentrations at disturbed times (Reber_énd Hicolet,
1965), which should accelerate' the loss of d+. Alternatively it has

been found in the laboratory that the rate of the loss—governing reaction

o+ N, — ¥o' o+ W

is strongly dependént on ‘temperature énd on vibrational excitation of NZ’
. (Bohme et al{, 1967, Schmeltekopf et al, 1967§;‘ BqthAof‘thése effects might
be expected to'occﬁi during times of magnetic activity, leading to
aepressed electron dehsities.

In the winter bolar ionosphere, there is no reason to believe thaf
'increased'loss rates should not be preSeht during storms, but there is
the difference that hére i%vis believed most of the ionisation is caused
by precipitating particles. No information has yet been published on the
‘magnetic dépendence of the.soft'fluxes; though Burch (1968) considers
themitp bé less affected by magnetic activity than fiuxes of higher
energy. - Two approaches can be made; the éfféct of magnetic activify on
thé ave?age backgroﬁnd-level of density, and secondly, its effect on the
preqipitation broduced density peaks may be investigated.

To obtain a figure for the background density, up ﬁo six values of-
fo2 were'read'from éraphs of this quanti%y.én polar transits at 160

intervals of geocentric arc. These values were converted to F-peak elec-

tron density, assuning a gyrofrequency of 1.3ch/s (the variation of fH
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across the polar cap at F;peak heights ig about 1.25-1.4 Mc/s), ana then
.averaged to give a mean'valuelbf electron density over that pass. This
was done for the last three months of 1962, and June 1963. Intercom-
parison df the data (shown graphically in Fig.‘6.1) is not generally
possible as the range of local times sampled differs from moﬁth to month
(see Fig. 3.2). This is not the case with the December and June results,
where in each case; the vehicle was travelling directly towards the sun,
enabling a direct qomparisbn befwgen sunner and winter densities to be
made. This shoﬁs'those in summer to be a factor of 2-3 times greatef
than winter values. Thelnﬁmber beside each ppint'in Pig., 6.1 gives the
number of passes included in the average. 

© --When consideredlagainst the current ¥p index (i.e. that prevailing
at the time of the observation), no clear genexral trend is apparent.. -
Thus the June densities tend fo fall with magnetic activity whilejthere
wésva rising trend in November which covers dayside local times. Con-
sidered as a.fﬁnétion of the mean Kp index over the 24 hours preceeding
the observation,iall months show a negative density correlation with Kp
which might have been aﬁticipated on the basis 6f mid;latitude findings.
Tﬁe.éffect of magnetic activity on the dayside denéity enhancements
was invéstigated by correlating the sizé of the enhancementé secn at the
F—iayer peak and the current Kp index. From 93 observations, the density

Ny in 1O4e1/cc, found in the peaks was given by
¥'= 31.22 +  (2.79  .85)p

The correlation coefficient was'.325. The probability of this result
arisiﬁg raﬁdomly in the sample when the’pobulation has zero Kp dependencé
is less than .22 ‘here. The dayside peaks'then'correlate sfrongiy and
positiVely with magnetic activity, though thé density enhancements at
other local times dia not show éuch a strong dependepce.

An examination of passes over the summer pole shows no peaks and
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local. times for different universal times. On the dayside, par-

ticularly near noon, the densities may become very high when the

L pole is in the local time sector concerned as discussed in the

text.
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froughs of ionisation, probably as a result of the dominance of solar
illumination. This'may explain why the background density correlates
hegatively with Kp in June, and slightly positively during the winter
months of November and ﬁebember. The overall balance can bé.ﬁnderstood
- qualitatively in terms of two éources, the smaller of which (particle
precipitation) depends on cufrent magnetic activity, the second and
stronger source coming during swmer from ultra-violet radiation, com-
bined with a loss rate ﬁhich rises during periods of sustained maghetic
activity. The results of the previous paragraph suggest too that any
maggetic dependence of the soft fluxes should;be gréatest onAthe day-

side.

6.2 Densities and Universal Time

" An aspect oflthe polar ionosphere whiﬁh has received considerable
vattentioé iﬁ'brevious years is the uﬁiversal time control of the density
bfithe i;nospheric iayers.  The subject was treated in éome detail by
ﬁuncan (1962) who concludéd that the density of- the whole Antarctic
ionosphere was enhanced a2t a universal time of'about 0600. The effect
dpes hgt éppear every day? but for example, in.the case of Elléwoith,
| ‘enhancements iﬁ,fon are seen ét this. time on about 502 of the days.

A similar UT effect was noted over fhevAr;tic ionosphere, with the dif-
‘ference that the enhancement then occured at 1800 UT and was rather iess
prdnounced than in the south. Significantly, both N&rthern and Southern
enhancements oceur when the magnetic pole is‘towards the sun; possibiy
thé greater separation of the geographic and geomagnetic poles causes
thé‘gréater UT effect in the south. | |

.Universal time control should be defectable in the records of-
density oﬁtained by satellites. In an,earlief analysis, Thomas et al.
(1966) examined Alouette I data for the winter of 1962-563, and concluded

that enhanced densities at 1000 km (the vehicle height) did in fact occur
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at times centred about 1900 UP. The analysis did not, however, sepafate
out local time effects, (which themselves produce density variations) as,
because of the nature of the vehicle.orbit and the location of the tele-~
metry sites in the VWestern hemisﬁhere, locai and universa1 time samples
are interdependent;

The Alouette I information has béen re-examined using data from
mﬁnths wheh the satellite was travelling approximatély peipendicular tb
‘the earth-sun line. This results in the solar zenith angle being
approximately constant over each ﬁass. Data from slighfly_smoothed plois
of f_F,, obtained during November 1962 and‘1963 at local times of 07, 09,
- 41, 13,-and 15 hrs, were used to calculate the eleciron density at the
Fz_peak when the satéllite_was inside {he polar ionosphere aj these local
times, l.e. fhe:vehicle was at a latitude aﬁove that of the plasmapause.
F—peék'electfon densities at local times of 20, 22, 01, 03 and 04 hrs
were éimilarly obtained from the February 1963 passes, when again the
_ orbit ﬁlane‘was peréendicular fo the earth-sun line. _These resulis are
. shown in Fig. 6.2,

Iﬁ this figure, the abscissa iS‘taken fo be the local time at the
longituaekof the I~pole, i.e. BOOW, and so is 53@ hrs behind universal
‘time that is fo say, local noqn.at the magnetic’ pole occuis between
| 1700_ahd 1800 hrs UT, the approximate time of the ground observed
“enhancements. The arrows in ﬁig. 6.2 denote when the local time at the
maghetic polé coinéides withithe local time of the density samples.

| The coincidence of the highest densities in‘Fig._G.Z and the time
at which tﬁe I~pole reaches the local {ime concerned is qui‘e striking
on the daygide, particularly near noon, i.e.‘1100 and 1300 LT, This
result.has bsen confirmed by én.equivalent analysis of data from November .
1963,. when the orbit configurationAwas similar. Thus densities at the
peak of the F-region at 2 point in space may become very high when the

-magnetic pole approaches ' that point, so that a2 "yave™ of higher density
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 p1asma appears to follow‘the motion of the pole, of some point close to
the pole.

There are several possible interpretations of this éffect which
should be considered. TheAunivefsal time corresponding to the arrows in
Fig. 6.2 represent the highest magnetic latitudes aitained at that‘local
_time-(since the L-pole is then closest to the point of observation). |
- The evidence of‘this figure alone is consistent with simply a single
enhancement of density over the pole itself, at least on the dayside of
the earth. This eécenﬁrically pléqed enhancemenf wouid fhen cgﬁse the
ﬁrogressive deldy in the universal time of-the maximum in the local timé
samples. ’Su.ch an explanation,is, however, inc.onsisi:em‘. with the form of
F-peak density records seen élbng many satellite tracks, from which a
different spatial structure has béen deduced. It is possible,iassum;ng
the presence‘Of that structure, (i.e. the ring of enhanced density which
is basicélly magnetically cbntrolled) that the maxima of Fig. 6(2 could
arise geometriéall&. Data poiﬂts taken af a fixed local time in this
work have approximetely the samelgeographic latitude, so thaﬁ their:
magnetié latiﬁude,flucfuates periodically thfoughout the UT day, as a
résult of the ecceﬁtricity of the geomagnetic axis. Density maxima
could then arise as the observation point :(in magnetic co-ordinates)
moves cﬁclically.acrqss this pattern. This presupposes a more rigid
“adherence tb magnetic'timé coﬁtrol thaﬁ the data suggests when individual
passes are eiamined; there is no systematic movement of the observation
point across a density pattern such as would be,réquired. In any’caée,
if this medhanism was the éause of the Ul maxima, it -should be -expected
to be equally §perative for the nightside, But this is not the case.

It thereforée seems that this is-a real énhancement effect, related
to the mégnetic pole being towards the sun, and probably the sunspot
minimum equivalent of £he up cohﬁrol of the Arctic ionosphere recorded

by Duncan. What the satellite study has shown is that although the
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effect is greatest at’approxiﬁately 1800 UP, the area of enhaﬁcement
follows the magnetic pole across the dayside of the eartn. The measﬁre~-
ments of.time—dependent enhanced densities support the suggestion that '
the‘mégnetospheric configuratioh is more conducive to the entry of.
energetic particles when the magnetic pole is on the daysidej furthermore,
the region of increased-density is localised in space to a zone near the
magnetic pole, suggestingvfhay’for example,the dayside neutral point may
be ‘involved in the increased precipitétion of particles. This conclusion
may be compared with the ground~bésed observations of Oguti and Marubashi -
(1966), in which rather irreéular enhanceﬁents of ionisation were seen‘in
the F-region near geomagnetic noon for stations in the latitude range of

these measurements.

6.3 " lovements of the Precipitation Zone

Maelhum (1968) found -bhat the 1a.ti-tude: of the poia.r boundary of
the soft fiuxes showeﬁ 1arge chénges with univefsal time, both on the
dayside and the nightside, so that the size’qf.the polaf cavity.varied
betweén 200'of arc at {900 UT. and 35°'at about 6700 UT._ This implies
there ié é ring of territory on the eafth, 7-—100 in width, above which
electro#s precipitate at magnetic ndon, but not af midnight. In a later

pafer, Maelhum (1969) proposeq that stations within this banq would see -
va'universal time contfol of the ionosphers above them, due to the -
' presence of ionising electron fluxes at 1900, but not at 0700 Ur. To
reports are known of UD variations in the megnitude of the fluxes, but
the results of éection'6.2 sﬁggest that these might also be greatest
near univefsal magnetic noon, i.e, 2bout 1800UT in the north.

‘ The data obfained from Alouette I on the poleviard. boundaries of
theAdensity enhancements has been exaunined as a function of UT, but does
not supporf Haelhum's suggeétién, though in many cases, the data is too

scattered to enable a positive conclusion to be reached. When the data
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is examined in monthly groups (to minimise any long-term effects of. the
dipble tilt angle) it seems that if anybvariétion with UT is present,
it'is the éame as that noted in connection with the trough motions; the
; “bourdary does not respond wholly'to magnetic COntroi, and it occurs at
highestAmagnetic latitudes neér the time the eccentric L~p61e is ih the
local time sector of the boundaries.in question. Some boundary data
. oblained at local times near 2000 hrs (eccentric dipole times around
1800 hrs) obtained in Februéry.1963 illustrate this in Fig; 6.3. Though
systematic frenés are small; the highest invariant latitudes do seem to
be reached near 0400 UT, close to the time the Lépole‘itself reaches
~ 2000 LT (0200 - 0300 UT). This scems to preclude the polarréensiﬁy cavity
reaching a maximum size (i.e. the boundary in Fig. 6.3 réaching a minimum
letitude) af‘07OO UT, as suggested by the particle measurements, and
there remains, therefore a possible discrepancy between the two types of
rmeasurement; -

| Two points may be relévanf here.

i) The expansion of the flux cavity has been deduced solely from
measurements in the nooﬁ - midnight meridian, Tt dées not necessarily
foilow théf it will e;pand similarly in the dawq - dusk'meridian if fof
example, it was simply distorted by fhe varying tilt angle of the earth's
dipole. | | ‘
V2) Electron densities will show less magnetic control than partiele
_ precipitation, as any ionisation formed ‘is squect tq drifts for some
hours until it recombines, which may account for the scalter of the elec-

tron concentration boundary data.
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Fig. 6.3 The boundary in-the polar cavity in the electron
density distribution at a given local time, as a function
of universal time. At the time marked B, the polar cavity
in the precipitating fluxes reaches a maximum size, ncas-

ured in the noon-midnight meridian. If the whole cavity

.expanded at this unlversal time, one might expect the den51ty

__boundary also to reach its lowest latitude here, However,

the boundary reaches its hlgnest latitude (suggesting a
smaller cavity) near the time A, when the I pole reaches

the local time sector of the data., This suggests that the

'denglby enhancements, like the trough boundaries, show part

nagnetic, part geographic control, rather than the magnetic.

latitude~U,T, control of the precipitating electrons.
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. 1: Polar Electron Density Profiles

T+.1 The Breakdown of Diffusive Equilibrium

At low latitudes, the topside ionoéphere is often conéidered to be
in a state of diffusive equilibrium in regions where proddction and loss
are insignificant. The basic reason for this is quite simple:—.sihce
the collision freguencies ¢ are 1ow)the particles are constrained to move
aloﬁg field lines, and because the latter are closed, any-particles
rising from each hemisphere create a pfessure gradient at the.top of the

field line which opposes and eventudlly halts further upward diffusion.

- At very high latitudes, however, the field»lines méy connect to inter—
planetary spaée, or go to a region of the @agnetOSPheric tail where - the
plasma pressufe is foo low %o pfeﬁent the upward flow of particles. At
iﬁtérmediate latitudes, e.g. near the ionospheric trough, the densities
within closed field,tubes arevso low that it has been suggeste& fhat the -
collisionless treatment of Eviatar; Lenchek andhsinger (1964) may apply.
This tfeatment, though,-which leads to a faéterlfall off. in density than
does‘diffusive eguilibrium, is true only for zero collisions,  and there
is doubf'és to its validity when applied to the steady state solution.of

‘a éystem with a small but finite collision frequency. |
| The observation at high latitudes of almost mono-energetic fluxes

~of electrons could mean, contraxry to the usual assumptions, the existence
of’electriq fields parallel to the magnetic field, and parallel currents.
Schield, Freeman aﬁd Dessler (1969) suggeétvthat such currents, driven -
by magnetospheric convectién,should flow almost contimiously into the
;urorai oval. Thé presence of these currents ﬁas predibted 1o have a
large efféct on the topside densities and‘it,has been suggested that they

may be linked with the formation of  the t.fough (Block and F4lthammar, 19'68).

The problem of the behaviour of the ionosphere on an essentially



4
open field line is mathematicailyvsimilar to the expansion of the solar
cordna and has interesting physical consequences . . The problem-has been
treated by Banks and Holzer (1968) on a hydrodynaﬁic approach, though
‘this bas been fhe,subjeéﬁ of some contention (Dessler and Cloutier, 1969;

Banks and Holzer, 1969).

T.2 The Polar Vind

" Following Banks and Holzer (1968) the egquations of motion of the

electrons and ions of the jth species are

3P, - ~ |
1 e eB
"')—e"é—r— + -nTe— = 0 | (7.1)
. 2 ,
du. dP. ga P. Q.
u, + — + - = ), u, - - =u, (7.2)
T ma o5 % T o uk Exh

In these equations, which are coupled by the charge separation electric
_field E, P is the partial pressure, m the particle mass, n. the concentra-
tion,and p==nm.. Distances rAare measured along the near-vertical magnetic
field. Some approximations have beéﬁ made in (7.1) as a result of the
low electron mass, while the ion momentum equation is an extension of that
assumed in Chapter 5, where now the inertial terms must be considered as
at scme alrltudes? they will become greater than the drag due to ion
friction with other species. The latter effect is incorporated in the
first term on tﬁe right, wﬁefe Djk is the diffusion,coefficient of the
ions-as they flow with speed uj through fhe kth specie;, which itéelf has
- a bulk velocity u . The final term in (7.2) allows for ion produdtion
.qj'which is assumed to .occur With zero flow velocity.

A further equation in the steady state is ﬁrovided by the conserva-

N

tlon of charge of the individual specles as they flow along a flux tube.

"of area A, i.e.
S (mud) = A (g -1.) C13)
or 33 . J N

wherelj is the species loss rate..
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" These three equations m-a'y be combined and the electric field-.
elixﬁinated 1o give the Mach equation, i1f the pressure and density are
linked by the sound speed c, v)here |

P 7-;-. ch

7a/n-c1 c?:K‘l’/m’ for a Maxwellian distribution.
In terms of a dimensionless d.'istance co-ordinate S = r/a, where for
convenience a is taken to be 1Re, the Mach eguation, in terﬁxs of

M. (= u./c.) is
5 ( ua/ca) is

oM. ga ' ST,
o T D R 194 1909 1 Ui, 2
'M 3 (I.Ij 1) = ‘é.;s,a-!- T35 335 2T, 55 (Mj +1)
J
1 iI'E ) aZ;(c M. - )
T. 38 - ._ Djk
P .
T dn g.aM."A T
—'rfn—-eﬁ_‘"a—ge" - Q (7-4)
i‘e
. : T S . . )
where Q = a/ (rj‘_j - 1j)A as + nujA - (7.5)
. - ‘ S
S 7 o

0

Iﬁ (7.4L the effects of the other species ehtér partiy through the fric-
tion term; but mainly‘via the eléctron density gradient, which by (7.1),
incbrpofateS‘the separation electric field. As this gradient is not
initially known, and depends on all constituents, self consistentbsolu— '
.tiong to (7.4) can only be'obtagned by numerical techniques, though somé
features of the solutions can be obtained i#tuitively by analogy with
Pa;ker'é (1967) treatment of the solar wind. - |

Con51der1ng only a single species, with equal ion and eleciron
temperatures,n ==n3, and the electron pressure term may be absorbed via
the continuity equation to yield a;modifled Mach number equation

: .’2‘

- _ g.aku’:
oQ calf i (7.‘6)

1
Q oS 2D, Q

ES N
' ojlo/
>

du 8o
5‘5(”2—1)=-:2“52 +

The diffusion coefficient is now between ions and neutrals, and ¢ refers
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Fig., 7.1 TFanily of solutions to the Mach equation for protons
in the atmosphere indicated (from Banks, 1969). Each curve
corregponds to é given préssure at great heights. The dotted
lines divide the solutioné into'regions characterised by‘slopes
of the‘samé sign., Only at the critical point, where the heavy
‘lines (the ascending and déscending critical solutions) cfoss,_
is the‘slope not defined, -The_aSCending critical solution is

thé only one which which matches the actual boundary conditionu.
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to the sound speed of the'plasma,WZKT/hs. The equation of static equi~
libfium (u=0) does not follow from the Mach equation,as the latter is
 derived via the contimuity equation, which.assumesn and u are related.
"Flg. 7.1, from Banks (1969), shows .a family of solutlons of the Mach
equation, actually for a multiple constltuent 1onosphere, but which are
of the same form as the solutions to (7.6). Each curve corresponds to a
definite pressure at infinity, and on physical grounds, those giving
infinite flow speeds at low altitudes may be neglected. The originéof
.such a family may be seen ffom (7.6).. For M >0, all the terms on the
right are negative, except for the flux divergence as initially in thé
- “ilonosphere, AOCS3. |
At low altifudes,.and for likely temperatures, the gravitationai
term, augmented by the other negative tefms, exceeds the tube divergence . -
and the right of (7.6) is negative. As S increases, the last three'terms
eventuélly'become_zero as pfoduction and loss cease and friction decreases
exponenfially, while the grévitational term-falls as S—2, tube diveréence
és S—1. There is therefore a critical altitude, Sc’ where thé R.H.S.
goes through zero and becomes poéitive. In addition, for U greater than,
‘or less thén 1, the cbefficient'of g% is respectively positive of nega-
tive, Comblnlng these observatlons, the sign of g% is positive or
negatlve, dependlng on which "quadrant" (labelled 1-4 in Fig. 7.1) we are
:’Ln. - Thus for the fourth quadrant, M<{1, and as the R.H.S. of (7. 6)_ is
| }negatlve, gg:>0. Along the‘horizontal line M=1, the curves mustAhave
infinite slorpe, whilé their slope is'zero.along the line obtained by
equating thevR.H.S. of the Mach equation to zero. The slope is not
defined at the critical point, which gives rigefto the two heaﬁy lines
through this point, the aséending and, descending critical solutions.
‘Curves below. the déscending_critical solution correspond to out-

wards, subsonic expansion of the plasma, while there is a higher pressure

‘at infinity which gives the solution ¥ —> 0, corresponding to the dif-
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. fuéive equiliﬁrium profile. However, thé former.solutions, with low and
decreasing velocities at great altitudes, correspond to pressures in the
tail an order of.magnitude abéve those measured experimentally (Banks,
- 1969); and it is concludéa that such steady state soiutibns are not pos—
sible. The bnly available solution giving a low pressure af infinity is
the ascending cfitical curve, which has a supersonic velocity and zero
' pressure éf infinity. In reality, the pressure at Qinfinity” is small
but finite, and the expansion will proceed until the stagnation pressure
of the flow (theimomentum /bmz/éec) falls to the tail pressure (Parkef,
1967). The flow is then halted by a shock transition, but since this
takes blacé béyond Sc’ no signal c¢an proceed upstream to change the con-
“ditions of the expansion.

- In theory, any ioh can reach a supérsonic speed, as, unlike‘tﬁé
escape of neutral constitﬁénfs, energy is cohfinuously supplied by the
-separation electric field, though the probabilit& of this occurring islow
for heavy ions. The critical point for 0% ana H' ionospheres may be
_ found from (7.6) by equating the éravitational énd field diﬁergence terms,
onithe-assgmption that production, loés, ahd friction are sméll at Sc'

For Ax683, and T==1OOCOK, we have

S (HY) = 1.25 Re

sc(o+) =" 20 Re

‘7Retfo$pectiveiy, the heglect of frictionat Sc was Jjustified for
. oxygen, but not for hydrogen, though the probability of oxygen reaching
such altitudes and speeds is low. —

The loéus of the poipt of zero slope of the Mach curves (shown as
the near ver%ical dashed line), is obtained byzmitingthebentire R.H.5.
of (7.6) equal to zero. Immediately it is clear that the locus is a

function of M, unlike the solar wind case, where this locus was a straight

line at a fixed altitude. Qualitatively, the tefms involving production
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ana friction add to the gravitétional term, and therefore the altitude
of the critical point, i.e. when tube divergence equals this sum, is
increased. The magnitudevof the.fpiction_term depznds exponentially on
the neutral temperature; raising this decfeases the diffusion coefficient
and rapidly pushes the critical‘ point outwards.

Makiﬁé the assumption that the point of éero slope is above the
" region of production iand loss, we have épprozimateiy for its locus

g .8 ,
" K(%-C—ZSQ) exp% @
where K is a constant, and the diffusion coefficient has been assumed to
increase,ex@onentially upwards with the scale height of the neuntral atmos—
.'phere‘Sn, vhich is very small compared with S. since along this line,
in the preSenée-of friction,' B
3/8 > g,a/o%s,

tﬁis locus.incréases upwards as'é vérj strong exponential, rather than
the verticél‘line'of the solar wind case. This is evident in Fig.1 of
- Banks and Hoklzer. (1968). |
| In‘ﬁhe real ionosphere, while at 1ow;heigh£s ot is the dominant ion,

BY is formed near SOOIkm by the»resonant charge.éxchange process
"H + o8 — ® + o,

and helium iqns will also be present in significant quahtities. The

. relevant Mach equations are now (7;4) énd the simplification made earlier
by eliminating the electron pressﬁre term ig\?o 1longer possible. The
_comﬁuted solutibns for hydrogen‘iOns_in.an.oxygen ibhosphere-are those

of Fig. T.1 for the condiﬁionsgiveng where tﬁe most apparent effect of

‘ the éouﬁling fiela is {o produce the marked asymmetry about the M=1 line -
compared'%ith the single éonstiﬁuent soiutions~(e.g. Fig.1 in Banks and
_Holzer, 1968).

The effect of the coupling on Sc may be seen approximately if il
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is~a minority -ion. In that cése, the distributionvof 0+,-since it_does
not ;eadily escape, may he‘not too different from that of diffugiﬁe
quilibrium; i.e. if no temperzture gradients exist,

ane _

A e
n, 205 -

fesf I}

whers H is the scale height of the oxygen plasma. This term will add to
- the field tube divefgence terﬁ 3/s. However, sinée'it is kﬁowh that the
hydrogen critical point is reaéhed at S¥41.5, and H may be 200 -~ 300 km,
| a=6370 ki, the electric field due to the oxygen, or the electron pressure
gradient, dominates over the effect of field divérgence. The result is
that protons are accelerated upwafds by this procéss,at least until the
0+/H+ concentration ratio falls. In terms of hydrodynamic flow, the
‘tube divergence is strongly augmented, and the criticql point is lowered :“;
-t0 an altitude whére production, loss and friction are certain1y4n6t
negligible. This_complicates the locus of the line of zero slope equi-
valent to (T.T), which now becomes quadrétic in M.

The effects. of temperaturejgradients may be_seen qualitatively: if
’these are positive, theAgravitational term-is augmented, and the critical
- point raiéed, o¥ the flow reduced. The reason for this is thét an
increasing temperatﬁre iowers the species pressure gradient, VnK?. Such
an observation assumes that the other terms are unmodified. In fact;
for exémple, the increased temperatures corresponding to a positive tem-
perature gradient reduce the gravitational tgrm, (66%) and Qppose'the
first effect. The defailed_effect of temperature variations is therefore
only reliably determined numerically. Such computatiohs have been made
‘(Holzer; 1969), and lead to>the general result that prétons are swept
from.the ionbéphera, leaving 0+ as tpe dominant ion to altitudes of

several thousand kilometres.
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7 3 Exnerlmental Observations of Polar Topside Densities

" The changes occurring in the 1onosphere across the pole can be
~investigated in more detail after performing a real helgﬁ¥—den31ty analysis
of ionograms in the regian. This has been done for a number of ionogram
sequences during which the satellite traversed some of the polaf features
described earlier. |

Ionograms were reduced to ieal height‘profiles by the method of
contiguous parabolas (Doupnik and-Schmefling, 1965))after which interpo-
lated densities and scale heights were computed at 50 km intervals from |
1600 km downwards. High'latitude ionograms are frequently of poor éuality
and éaution is needed in interpreting results obtained from them. -Com—
monly, the density at the height of the vehicle is very low and only
‘ apbroximateiylknown, though it may sometimes be found Ey a plasma feso~A
nance technique mentioned in é léter chapter. The effect of‘this
ﬁncertainty, and the type of compensation reqﬁiréd for the altitude~
dependent gyrofregquency is discussed in Appendix IT , where it is showm
‘that while the topmost portion of the computed frofile is in error, the
~profile at lower dtitudes is reliabie. Thé presence of large gradients
»of‘ionisafion results frequently in multiple traces, and little weight
can be éttached to profiles obtained in such regions. This has meant
“that pfofiles of the trough haje comé largely from the morninghourSWMEn
the feature is widest‘and the ionograms afe felt to be most reliable.

" The interpfetation of the scale haight H, defined by

H = -Ng | | S e
where N is the electron density, assumes that the ray has propagated
vertically down into the 1onosphere. 'For hlgh dip angles, if dlfqulve -
equilibrium.prevails, H is given by
‘m.g o a(meT)

H T K(TAT) + T+T_ ~ db

-

(7.8)
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vhere é = acceleration due to gravity at an altitude b
| m, = mean ionic mass at that altitude.
Ti’Te are absolute femperatures Qf the ions and electrons
K =_»Boltzmann‘s constanf.

The second term is small but not zero, as over the altitudé considered;-
the ion temperature is riSing‘from that of the neutral atmosphere to that
~ of the electron gas. Smith and Kaiser (1967) estimate d(Ti+Te)/ah to be
2-3%/km at high latitudes, and so at heights near 700 km, where this
gradient is greatest, and T +T_ typically 4ooo°, K(Tiiwé)_/f_'mi g ~ 200 km, -
'tﬁe second term contributes about 1TZ to H. Thus H basically carries
~information on the ratio Ti+Te,/mi.. In view of the preceeding séction,
4t -is-unlikely that the highest latitude ionosPhere is in diffusive egui-
1ibrium,lbut in the absence of ‘more knowledge on field aligned currents, - -
the scale height at latitudes where the field lines must be closed has’
béeh interpreted qualitatively in terms of relative changesvin Ti+Te‘/mi'
| ‘The resﬁits“f:om Onevpass are-shown in summary form in Fig. T.2.
. During-this-sequehce at about 0600 LT, the ‘satellite traversed the mid-
.1atitude ionosphere, thé morﬁing tréﬁgh,and enteﬁed a polar density -
enhanceéeﬁf. A fairly ébrﬁét change in the form of the reflections was
noted'at‘the low 1atitude-boundafy of the.frough. At higher latitudes
and particularly in fhe polar peaks»the traces were thicker and generaily
.more irregular. Significant features appear to be: | |
1+« The densify-variations at all heights follow those at the F-layer
peak, and so the total elebtbon cohtent of the topside ionosphere
computed betwéen 450 ‘and 950 km also followed the NmFQ variations.
This shows that the peaks and trbughé are not caused simply by a

vert1cal redlstr1but10n of 1on1sat1on.

-

2. The scale height at great altltudes drops stoadlly from high
values at low latitudes to rather low values in the polar
region. At the same time, H at 500 km rises sharply from a

-mld-latltude value of 110 km to almost 200 km 1ns1de the



§

83
trough. In terms of scale heigﬁts, 500 km ié now closer to the-
1ayer peak, in the vicinity of.which the expression used to obtain
H breaks down. Nevertheless, extrapolating H(h) curves downwards
“td SOO'km shows that the scale height at this level probably has
increased to about 140 - 150 km. |
 Since the dominant ion at 500 km'is O' (Bowen et al., 1964), the

change in H from.mid-latitude to polar ionosphere represents a sudden
temperatuje rise, with the result that the change from ot to.liéhter ions
does not occur below 1000 kmjover the pole. The +two profiles at the
points marked A and B illustrate this. The former has a pronounced curva-

ture-at an altitude of 500600 km, typical of low latitude profiles, and

must be caused by a transition to ions lighter than O+.‘ The slope below

500 km, in the ot region is rather less than that of profile_B obtained -.-

" inside the trough. In the latter example, the slope is approximately

unchanged up to the satellite, indicating that the trough consists of a
hot,'predéminantly oxygen plésma.

; The remaining_profiie, C, is taken from the region of the polar
peak of iénisation. Above 500 ké; there is surprisingly littie difference
in the shaﬁes of profiles B and C, though the electron content of the
latter is a factor of ten gréater than that in the trqugh. The scale
heights above 600 km have increased slightly, frobably indicating the
ﬁresence of some lighter ions, but fewer than at'mid—latitu@es.

.'Some ionogran sequences extending to the highest latitudes an the
nightside of the eaftg have béen examined for e&idence of the polar wind.
According to Banks (1969))the escape flux bf H" can be as high as
8:t1080m~zsec-1, which could empty a flux tube in a time of thé order
1 -2 hours. In the steady state, these protons-must be reflénished by
o ions diffusing upwards from near the F~peak'and charge exchanging with
neutral hydrogen. The flux of ox&gen ions reguired is sufficiently ¢1ose

o the maximum rate set by O — OF collisions that the 07 scale height is
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- depressed towards that of the neutral oxygen atmosphere fhrough which it

diffuses, rather than being that of diffusive equilibrium. In the alti-
fude range accessible to Alouette I, this depression is the manifestation
-of ‘the polar wind most likely to be seen, and such an effect has in fact
been observed on passes at very high latitudes. .Avpass which entered the
polar region in the eveniﬁg and crossed the polar cap depletion on the
nightside is analysed in Fig. T.3. As before, the scale height at 800 km
drops at the trough, leaving a predominantly 6xygen plasma at higher. i

latitudes. At 500 km, (7.8) for an oxygen plasma becomes
. . .
T,+T, = K [16.2 + T (Ti+Te)]

where heights are measured.in kilometreé.
Below T70° magnetic latitude, HSOO is consistehtly'1507km, which if a .
‘maximum temperature gradient of 3°K/km is assumed, gives T 4T =?3889?K,:
Few direct measurements of particle temperatures at high latifudes‘haVe
been made. From the resuits of Brace and Reddy (1965) the electron tem-
- perature at 500 km could bhe about 2000° for theSe local times and solar
epoch. . From backscatter observ?tions,(Evans, 1967),the ion temperatﬁre
at 500 km;is not greatly above the neutral gaS‘temperéture, which at this
time was probably near or below 1000°. Thus, the plasma temperature of
Just be10w>30060'predicfed by diffusive'equilibrium isAquite possible.
.Howeyer, at higher latitudes, while still within theApolar peak, the
scale ﬁeight at 500 km falls as low as 102 km, Assuming diffusive eéui—
Jiprium;stillvapplies'and Ti44Te is still 28800, the temperature gradient
must bén12.8°K/kﬁ, which is unrealiétically high;' Alternétively, the
.propabie maximum gradient of 3°K/km in an oxygen plasma implies
ig-PTe = 1980%, Whilé the resulté of Brace and Reddy (1965) indicate
a possibie‘fall in electron temperature at highest latitudes,this would
fepresent a drop of 1OOZ on values deduced a few degrees south and does

not seem probabie. Thus diffusive equilibrium, which gave reasonable
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temperaturé values at lower latitudes, appears to have failed above "an
inveriant latitude of 800. The scale height of neutral oxygen at 500 km

; is.62 km for a temperature of 10000; the low plasma scale height of

102 km is thus depressed in this direction and could be caused by the

upwards diffusion of 0" ions predicted. Such evidence for the polar wind

is indirect, but the phenomenon has bgen.observed on other passes and

- seems to be characteristic of latitudes above 800, wheré one would not expect

field aligned currents, another possible source of scale height depression.
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Fig., 7.2 The results of an N(h) analysis of a pass which crossed
the morning trbugh; and entered a polar peak. Where two traces
‘were seen on the ionograms, and neither was clearly oblique, data
from both traces is included, giving rise to some double lines

on the diagram at the left.

2 — B | PASS 1773
| 6 FEB 62

Polar cap

100 L3390~ — AN %

50 60 . 70 -80 50
' INVARIANT LATITUDE, deg
Fig, 7 3 The analysis of a sequence of ionograms where the sate11~
ite passed over the magnetic pole on the nightside of the earth,
Above magnetic latitudes of about 800, scale heights are depressed

well below those expected if diffusive equilibrium prevailed.
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. 8: Conclusion

The sketch of Fig.'8.1, which is not to scale, outlines what is
currently believed to be the overall shape of the earth's magnetoplasma.
The strongest, and most predicteble, ionosphere - magnetosphere coupling
applies within the closed plasmasphere, though the somewhat more erratic
effects at higher latitudes map to potentially more interesting regions
of the magnetiosphere.

The higher temperatures inferred in the polar ionosjhere above the
" -~plasmapause are consistent with current ideas ofamagnetospheric circula—
~tion, in which the whole regiop is pgpulated with hot plasma froﬁ the

tail,.which entérs the closed field lines from the nightside. . The .
increased temperaturés may be produced by conduotioh d&wnwards from this
'convecting plasma, or by the joule heating from the current systéms
related to the ciroulation,which flow in the ionoéphere, as well as the
more.impulsive heat éources such as glectron ﬁrécipitétion in the auroral
oval. | |
The.sburce of the nightside M"soft" precipitaﬁion, which appears at
latitudes coincident with the more impulsive and harder auroral - type
precipitation, is probaﬁly'the plasma sheet and its horn- like extensions.
Phe daytime source, however, is'not yet determined. _Burch (1968) con-
sidered the fiuxeé may have been associated with the daysidebneutral
-po;nt. ;The present observations of plasma densities reported in Chapter 6
~ also suggest‘the direct entry‘of solar wind particles,gpartially-thermélé_
ised in the bow shock. On reconnection models of the magnetosPhere
(Dunéey, 1961) such an entry along.field lipes copnected to the boundary
" of the mégnetosphere is to be expected.
While a coarse picture of {hé mzgnetosphere is now available, many

theoretical éxplanations remain to be made. For example, though an
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intimate connection between the ionbspheric trough and the plasmapause
seems beyond doubt, the present explanations say nothing of the extremely
high density gradients reported, at both high and low altitudes. Some
lonospheric scale height measurements in the afternoon hours, when the
horizontal gradients were large, showed surprisingly little differgnce

in the N(h) profiles at latitudes in and below the trough. The dis-

- crepancies found between the trough and plasmapause still lack an adequate

explanation if the coupling between ionosphere and magnetosphereiis direct,
via field lines, and the present information on the plasmapause, trough
and megnetic field is not in error.
""The halo of“electron déensity found over the pole related to & very

~quiet -solar period -and winter conditions, which probably enabled precipi-
tation effects to be located more easily. A quéstion_still to be answered
concerns whether or not the ring structure is present at all solar epochs.
Chrrentiy, it seems that‘the depletibn of density at high latitudes
'reiated to the absence of ibniéing particles there, rather than to the
removal of plasma by é mechanism such as the polar wind. It is still of
interest to learn to wﬂat exteﬁt the wind can.rémove ions,Aand whether
>or not %his is é continuous process. To date, aparf from the present
finding'of depregsed scale heights, the oply experimental evidence knpwn
of the supersonic outflow of protons is an observafion of Hoffmaﬁ (1968)
iwhich has been interpreted as a flow of hydrogen, relative to oxygen ions.
!hilélundoubfedl& the most conclusive evidence of a supersonic wind must
‘come from more refined direct velocity measurements,'deduétions based
on N(h) profiles, particularly from high- orbit satellites, éan still be

valuable.
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PART _II

9: Resonance Observations in Space

9.1 - Introduction o _ N
| Although resonance effecis in laboratory plasmas have been knéwn
to occur for many years, ﬁheir.observation inlﬁlasmas in space is fairly
recent. The excitétion of resonances in the ionosphere was firét repor-
| ted by Khecht-et al. (1961),>and by Knecht and Russell (1962), during
rocket flights desigged to'tést the feasibility of variable—frequency’
pulsed-radar experiments from satellites. Subseéuently, they have been
“identified and recorded regularly in experiments involving all the top-
--side -sounders launched to date. The resonanceé,correspond'to signals
which last for a4relatively long time (several milliseconds)‘being
~received at a number of charadteristic frequencies, following fhe excita—-
tion of thé plasma by a radio frequency pulsé of very short duration
(~100 microéeconds). The pIASma is said to 'ring' at these characheris-
fic frequencies. The most important'of these were identified as the local

plasmg frequenéy fN’fo and its harmonics; and-fhéfﬁpper hybpid_frequency

' L2 .24
fp = A(fN + £°)2

It-will be seen that thése resonanceé can be atfributed to_eléctro—
.static osgillations of the plasma, the associated rlasma waves having
grouﬁ velocities comparable with the satgllite speed.l Most attention
'will subsegquently bevdirected to the resonances-at fT and an, i.e..those o
involving'the megnetic field, as these are more interesting in terms of
possible'applications,

o From the pulse powers given in ?able-1.2, it may be deduced that‘ 
,voltageé far in excess of the thermal energy of the ionospheric plasma
( «1ev) are imposed on the medium, and while the antenna-ionosrhere

coupling is not understood, one should expect non-linear effects. These
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" have been seen recently (Nelms, 1969), but'afe not discussed here. - Gyro-
resonances are charactefised by a short time persistence compared with
theAfN and fT resonanées; In'the ionogram of Fig. 1.1, the former per-
sist for abouti200 ¥m of &irtual depth, corresponding to about 2000 RF
periods at the frequencies involved. ‘(100 km of depth is equivélént to
a time delay of 667 us.) In this time, the satellite has travelled some
10-20 m along its orbit.

The records from Explorer XX give éontinuously the virtual depth
of reflection at six fixed frequencies. This format shows the reéonances'
to have a fine structﬁre, which is not seen on the standard Alouette dis-
~ play. Béth-a slpwlroll modulation of the resonance persisténce, due to
~the~chahging antehna-orientatiop, and a beat~type interference on the
resonance signal itself are commonly seen. Such patterns‘at.the-gjro-
harmonicé are_not understood, but may be related to the launching of two
waves as oﬁtlined ip the next chapter. Similar effects are seen at the

f; resonance. MchAfee (1969)~has proposed an explanation of this resonance

N
by & plasma pressure correction to the ordinary propagation mode at fre-

quencies very close to fN’. This yields a quasi-electrostatic mode, which
exhibits rather complicated ray paths within a few hundred metres of the
vehicle. From these paths, when the exciting signal is a pulse with

component frequencies, a time dependent beat develops at the receiver as

the components return with different delays.

9.2 Resonance Identification
| The mégneto-ionic conditibnscﬂ?ail“the spike-like responses, both -
resonance and electro-magnetic in origin, seen on ionograms'are summarised
iﬁ T;ble 9.1. From the relationships in this table, it is clear that
i‘esionance‘identification is facilitated by the fact that they must occu:;'
' 2 2

. A 2
in a particular sequencej for example, since fT = fN + fﬁ , both fN and

fH resonances must occur at frequencies below the upper hybrid resonance.
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Magnetoionic condition Remarks Frequency
Y=1/n, n=12,.. Cyclotron harmonics nfy; —_
Oscillation
1B
X=14+Y Z trace zero range
. echoes Jes % = fhe—SasSus
X=1 Ordinary trace zero
o range echoes Jos s 5
X=1 Plasma resonance  fy, Jos =1
Oscillation | B g
X = 1-Y? Z trace infinite
1—Y?cos? (n/2—0,) range echoes few —
X=1-Y2 Magnetic plasma v
resonance fTs . f%s =f1?<fs +f11-,1.s
Oscillation | B
X=1-Y Extraordinary
’ © trace zero range Fos JE = fhstfesSus

- Table 9,1 TFrequencies and magnetoionic conditions at which
spike-like responses may be seen on topside gounder records.
The subscript s refers to a quantity measured at the satellite,

while X = £2/¢2 v = £/

+f 4
N

IIO.O ——t
9.0 TOmgT o0
8.0 lvo—g—c-0—0

7.0
o 6.0}
‘¥ 50
— ,
" 4.0 0
3.0 : ,
2.0 00O 'Jvo—o
1.0 —-—————wc-ooo—o-o-c»&oa:,————o——oo-ooo&oo.._f’._.
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Fig. 9.1 Ratios of the measured gyroresonance frequencies to the
calculated gyrofrequency at the satellite for four passes., The
ratios are closely intesral, indicating that any deviations of

the gyroresonances Iron integral multiples of fﬁ are small,
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In addition, the gyrofregyuency is.known accurately from field expansions,

and the plasma frequency may be found, independently of the reéonances,

from the ordinary or exiraordinary ray zero range traces, as indicated
-in Table 9.1. Calvert and Goe (3963) identified resonances at nfy

st and fTS»psing sequences. of Aloueﬁte I_ionograms in ﬁhich the variation

of electron density and geomagnetic field along the orbit was used to dis-

tinguish between the'different resonances.and also to indicate spurious

instrumental responses. In another investigation (Thomaé and Andrews,

1968) involving all the spike-like‘responses occurring on the ionograms
_df fourvpasses, it was éonfirmed that_the &esonances seen by Alouette I.
-ocourred at the above frgquencies, togetﬁer with some at 2fT. The latter .
.—are thought to be due 1o a non—lineérity in the receiver. Fig. 9.1 shows

the frequency ratio of signéls identified as gerreéohanCes'to the computed

electron.gyfofreqﬁency,for thé four passés. It is clear the ratios are
closely in{egral. _ |

Attempts have'béen made t6 estimate quantitativeiy-any deviations

.from such:a harmonic relationship by e#amining portions.of seven passes
»(650_and 663,&Ottawa; 243, 257, 236, Quito; 1i94; 1234, Prince.Albert)

which'sﬁoﬁed clear.gyroresonances up to high harmonics..

With high harmonics present it becomes simple to determine the qrder

n of each harmonic. Allowing for the greéter’éccuracy inherent in mea-

4surements on the high harmonicé, a weighted mean gyrofrequency,

2 s

T = Sn

N

| -was determiﬁed from.all gyroreéonances-seeh'on a farticular ionogram,
_aftef which the mean deviation of'the gyroresonanbes‘from the exact
iﬁtéérallpultiple'of st was found. Such deviations were small; in pass
650, for example, the mean deviation from the.weighted gyrofrequency was
0.0113 Mc/s, while the 58 gyrorésonanceé seen on pass 1234 had a mean

deviation from the weighted gyrofrequency of 0.0105 Mc/s. These devia-
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tions of about 1Z‘are well within fhe experimental iimits imposed by the
mach}ne-digifising of fhe_ionogram frequencies to three significant
: figﬁres, by film non-linearities, and by satellite poéiﬁion and hence
& magnetic field variations between harmonics measured, since the vehicle
“speed is T km/sec and the time between the first and last gyroresonances
is typically 5 secpnds. At the same time, the plasma density varies by
a_factor 6f four over the seven passes, from a high of 2.8:{104 el/cc on
pass 650 to~a,;6 x 104el/cc on paés 1234. Thus -within the accuracy of the
experiment, the gyroresonandes'do occur at integral multiples of the
gyrofrequency, independently of the ambient plasﬁa density. ASomewhat
better frequency resolution can be realised through the use of the data
ﬂ«iniitswvideotape form; using. tape formats, o? A-scans, Benson (1967) has
- reported systemafic, though small deviations of the:resonances from.
integral multiples of the gyrofrequency. With Alouvette I, however, the
basic limitation of frequéncy defermination is imposed by the radar-type
sgunding tiénsmittef. Thié‘limit is abéut i6.5Kb/% since the 1 Mc/s2
linear sweep rate and 67 pps repetition frequenéy yield frequency incre-
‘ments of 13 Kc/s pulsé centre to pulse centre. Resonances at intermediate
' frequeﬁcieé wouldlof'course’be exéite% because of the almost continuous
freguency spectrum of the transmitted pﬁlse; the frequency components are
spaced approximately every 67 c/s, ﬁith'a 5andwidth of the order of * 10Ke/s
'about the centre frequency. In his work, Benson measured the centre of
the resonance by an interpolation technique involving the time for which
.ringing was seen on the A-scans following the transmitted pulse. By this
ﬁethod, the error was thought to be reduced to around * 4 Kq/ég.but it
seems that the important questién of whether the gyroresonances'bear an
exact harmonic relationship to each other is difficplt to decide unam-.

biguousiy from the Alouette data.
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<+ 9.3 Other BEffects

| In addition to the signals received at the characteristic frequencies
énumerated in Table 9.1, a number of additional effects are seen on topside
-ionograms, particularly from Alouette II and the newly launchedAISIS-I.
These include a remote resonance (Hagg, 19663 Muldrew, 19663 Muldrew and
Hagg, 1966) which_links the extraordinary ray and the gyrofreqﬁency at a
point away from the vehicle; an infrequently occurring resonance, diffuse
in appearance (Nelms and Lockwood, 1966); and a spui on an electron reso-
nance, which is connected to the proton gyrofrequency (King and Preece,
1967). Resonances were a by—product of the Alouvette I programme, and
coﬁplicated effects éuch as these are probably best investigated with
Jater-generation sounders, such asbISIS~I, desighed with resonance

investigation in mind.
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10: FElectrostatic Waves in an Infinite Plasma

“10.1 Introduction

The'existence of resonances at frequencies equal to #N and fT
suggests that electrostatic oscillatibns of the electrons in the plasma,
. in directions parallel and perpendicular to the static magﬁetic field
might be imvolved as suggested by Calvert and Goe‘(1963). In this prodess,
the electrons may be envisaged oscillating against a restoring force
caused by the charge separation of the ions and electrons. fThis type of
. ¢0ld plasma mechanism, howeﬁer, is ﬁnabie to predict effects at fre-
-quencies equal to multiples of the gyro-frequency. These effects depend
on thermal motions. Though iﬁ the theory, infinitely small oscillations .
are considered, thermal motion causes the particles to gyrate with finite
cybiotron radii. Under certain conditions, a bunching of the gyrating
eléctrons is caused by the alternating electric field, whic¢h, in turn,
isvsustained by the bunched'gyiations (Lockwood, 1963, Johnson and Nuttall;
1964). In a,realAplasmé, the many different farficle velocities lead to
- wave—par%iéle interactions, some of them resonant, which can only be
satisfactorily taken'into‘account via é distribution function. The tech-
niqhé was first introduced by Landau (1946), who showed that the simple
électrostatic oscillation at tﬁe plasma freguency would,‘in the absence
of a magneticAfield, be changed into slowly propagating damped waves.
The analysis was developed (e.g. Gross, 1951, 3ernstein, 1958) as outlined

in section 10.3 to include the effects of a static magnetic field.

10.2 The Plasmz Permitbivity
In an analysis of plasma behaviour, tﬁo approaches are possible.
The plasma may be treated as a region of space with permittivity e ,

-together with an assembly of free charges and currents, or it may be
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Table 10.1

»AQuantities,used in Part II and their meaning unless specified otherwise.

E Electric field

B Magnetic field

D Electric-displacement

T position'vector

v  particle velocity

ﬁ : » particle mass

£ $ime

e electfonic.charge-(positive)
X Boltzmann's constant

T : Absolute  temperature

N Electron density .
Vip - thermal speed of a partiéle,ﬂ!%g‘
vg’- group velocity

vp phase velocity

c speed of light in vacuo

wc eleétrop gyrofrequency, %%
£ , ‘_ (.oc/27r

f, fo' wave frquehcy

W5 W, '2nfd

k wave vector .

A wavelength, 2mn/fi

fT i upper hybrid frequency
.w 2nf

T : T
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" treated as a dielectric medium with a tensor pezmﬁ%ivity g. Where -
sources are involved, external charges (e.g. on an antenna in the plasma)
and the currents due to them must be considered. If Pint and d; ¢ Bre

the normal plasma charge and current, Poyt the external (source) charge,

the plasma current due to the sources, Maxwell's equations:become

Jext
VB = Joop * dipt T edéﬁ = Joxp * géf (10.1) .
V.E ='-é | | | (10.'2)
V.3 - 0 | »_ - . (10.3)
V.eE = p or V.ieE = (10.4)

o- int o Pext = Poxt

- Transform methods enable these equations and the Boltzmann equation to
be handled algebraically. A guantity A(z,t) may be Laplace transformed
in time and further Fourier transformed in space according to the con-

vention

o o . o |
E(k,0) = f d__r‘f at A(z,e)e i@ K2} (40.5)

- 00

The reverse transform is

to :
Az,t) = (=) f dic. f awk(k,0)et (WF~EZ) (40,6)

, L. A , |
Eéﬁation\(10.5) implies that w has a negativé imaginary part so that the
inteérénd'is bounded, which requires the inverée transform (10.6) to be
taken élong a contour below fhe real w-axis. These.transforms are
eQuivalent to the normal mode analysis (after initiél conditions are

qeglected), in which all quantities are assumed to vary as
exp i(wt - k.r)

Maxwell's équations are then transformed in the usu2l way by

writing .
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-ik

\) = £
.
5% = W

and may be combined to give the wave egquation, with sources, applicable

for times after initial transients have disappeared, i.e. .
KKaE + o'p e.E = dwp (10.7)
==t o="= o*ext ‘

Here, the tranéformed permittivity € is defined by the equation

D(kw) = g(}é,m).@(k,m)

and where now all variables represent the. doubiy transformed quantities.

From the continuity equation for external charges and currents

CPext = E'Qext

We seek electrostatic solutions, or waves whose electric field is related

‘to a pbtential i.e.
B =-V¢ = ik¢ - - (10.8)

This implies V,E = 0, (i.e. k{E), and by (10.2), B is zero also; that
is fo‘say, when the wave vector k is parallel to the wave electric field,
the wave is purely electrostéfic (E.S.), and there is no associated mag-

netic field. In this case, the wave equation reduces to

wg-l_‘_] => i;ex'__t : ) (10.93)

which'might,have been’deducea:viaIbisson% electrostatic equation.

From (10.92) and the continuity equation, since klIE, we have

| | 3K Jext o '
ke k Bk = —— =ip - (10.9b)

The dispersion equation for electrostatic waves is obtained from

"this expression by examining theconditions for non-zero values of E to
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exist in fhé absence of Pext? the driving term; i.e. E°§-E = 0, Without
loss. of generality, consider a Cartesian system, with EZ parallél to the
appﬁéq_magnetic field 20, and the remaihing axes such that Ey (and hence

ky) is zero. This leads to the E.S. dispersion relation

.E; e + ke 4 ‘E; e, = O

where the expecied equality of_sxz and & (stix 1962) has been used.

For propagation perpendicular to Eo’ kz = 0, and the dispersion relation

becomes simply, writing €, = -

ke, = 0 . _ B (10.10)

The evaluation of the dispersion equation in this case then gives

-an expression for e,, which is required in the analysis of later driven - - - -.

prbblems. In these problems, which involve perpendicular propagation,

- (10.9b) gives the associated perpendicular (to §é) electric field

ik |
B - “2GXt 4 S ~ (10.11)
~k'€¢ » :

These perpendicular modes afé highly significant as they do not
suffer.Lanaau damping (Bernstein;'1958). Cléarly, the quantity e, is
.'highly significaht, as it determines the normal modes via the.diSpersion’
equation, and the electric fields (and hence admittances) in driven
‘pioblems. A |

- The glectréétatic assumption, i.e{'gnglor very nearly so, rébtricts
somewhat the possiblé rahge of k. On separating the electric field into

components parallel and perpendicular k, the wave equation (10.7) may be

written (Stix,1962)

(Sonz— EQ)E.L .--'- E-E"

. . . . ck . . NI
in which n is the refractive 1ndex-z; of the medium. Since we require
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- E, > 0, we require n? large, i.e.

3E'>>1,
w

.or -the phase velocity w/kf<< ¢, the vélocity of light. This implies that

k must not be too short, and the waves are slow.

10.3 Electron Oscillations in a Warm Plasma

‘The phenomenon of.cyclotron ﬁaves, or Bernstein wave propagation
is characteristic of warm plasmas, in which wave-particle interactibns
are taken into consideration by the use of the £unction f(g,g,t) which
.describes the particie distribution in the plasma.( The fields, currents
and the distriﬁutibn.functioﬁ are linked through Boltzmann's equation,
which.stateé that the éhanges iﬁ.f along a trajectory iﬁ phase space are
caused onl& bj coliisions. In many applications, such as space plasmas,
collisibns aré unimportant enough that one may apbly Liouville's eguation,
which regquires that.pérticles are conserved along a trajectbry in phase
Space; Thus for the electron gas alone (since at the frequencies of

‘interest, the ions will be effectively at rest),

3 ¢ v, 3E L @ 4+ v.B
or m = -

3 ~y v . ' '(10.13)

A lihearised, normal mode analysis is used to solve this equation; we
assume any gquantity may be expressed as the sum of its unperturbed value,
subscripted zero, and a perturbation, which varies as exp i(wt - E'E)‘;

Thus,ﬁe;have

but : E = E,

since we assume there is no applied electric field.
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Inserting these terms in (10.13), and retaining only first order
quantities yields the linearised equation

af - of,

o v
ay + _\_T,.:_Bo.'é-‘—r-) o= 0' (10_.1’4)

if, (w - k¥) - =GE,.

Hio

3F
The term Y*P"ERF_ is omitted in this expression; in the case of pure
- v-B,

~ BE.S. propagation, it is zero since B, = 0. 1In general, B is of order
¢
v_ ¥,

s where vp is the phase velocity, and'vT the thermal speed of the
C M R
particles, so that the term is small for quasi - electrostatic propagation,

characterised by low phase speeds.
Following the treatment of Bernstein (1958), to solve (10.14) we
“intrpduce a rectangular co-ordinate system in velocity space, wifh unit

"vectors 3, 5, ﬁ, in which Q is parallel +to go’ and the wave vector k is

in the -k plane making an angle © with the ﬁ axis (Fig. 10.1).  Thus
" o~ .
k = 1iksing + kkcosg

In terms of the notation in Fig. 10.1, the particle velocity v(u,w,¢) may
, PO

be resolved into components u in direction kj and w, the perpendicular

velocity, in the i- gvplane with an azimuthal angle ¢. Thus,

. R - )
‘v = w 4+ u = iw cos¢ + jw sin¢ * ku

In‘terms of these cylindrical‘co-ordinates,

: R _ o~ 3f A ~ 1 3f
s L o= ovoagy +vou R e v

b
5 [

A . " . . .
where w represents a unit vector,the direction w etc., and hence

of, af,

R A T

Equation (10.14) becomes

f, ilw - k.¥v) o af, ( 5
—_— + - - T = —— E'a 10-15
9¢ o, ' nw, - 3V

This equaticn may be solved explicitly, subject to the requirement that
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f, is periodic in &, with reriod 2w, by the use of an integrating factor

G, where

—

Yol - koy)
G = exp-—/ - d¢
.¢.| c
The required solution of (10.15) is then
o .
, £ (v')
1 e o -
pig = —_— ! —_
ot W d¢' G m Ee- ov'
cJ Y
where v' is a vector defined by
v' = 3w cos ¢' + jw sin ¢' + ku.

(10.16)

Equation (10.16) explicitly links perturbations in the distribution

function and the corfésponding electric field variations. The electric

field mey also be found from the distribution function and Maxwell's

equations. Here, the full Maxwell equations may be used, yielding all

'possible waves, or the ihduced field B, may be omitted as ip electrosta—

ties giving longitudinal waves with kllE. Adopting the latter course, the

" current equation gives

VuE = 0 = g, Et = ding E.o E
. ds
Also, iint = _led3vf'y wvhere a3v

implies an integration

over velocity space. Using the expression for f, derived in (10.16), and .

kB,

puttiné E, = :E_’ we derive the dispersion relation (cf 10.10).

¢ 3

£
ﬁ3v [ do'k.¥Gk.s—
c -

)

0

(10.27)
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An equivalent'expression could have been derived using the equations of

charge rather than of current. For a Maxwellian plasma

. 3 , )
m = nv
= 2 —_ e——
f, =. % (QﬂKT) °XP = BT
and the dispersion equation may be integrated progressively (e.g. Bernstein,
1958) to yield finally,

" o0

1 + k2a? = %—-uladyexp {—%l -2 (0 - cos y) - %pyZ} (10.18)
. o V -

c c
where
, N eoKT %
a = Debye length = NeZ
& = iw = Laplace transformed freguency
A = kZ%r2sin?e
u o= k2r2c6529. )
r = gyroradius of a thermal electron = oA
6 = angle between k and the field §°
y o= ' - ¢

This integral is defined for all s if p)O; or if s has a small real
componeht. The_electron oscillations parallel to the applicd magnetic
field are given by (10.18) with A =0, while the.cyclotroﬁ modes emerge
whenvthe propagation is at right angles to §0, i.e; p==0{ For this
b--propagation mode, Bernstein (1958) ‘showed that the @amping caused by wave-
particle interactions is mero, that is, w is wholly real. As the direc-
tion af_propagation is varied from the perpéndiculap,4Landau damping
inbreaées extremelylrapidly, and is rather wave-length debendent. From
expressions for the Landau damping of waves in the presence of a magnetic
field (Yngvesson and Perkins, 1968) the magnitude of the damping for
propagation angles bétwéen 0° and 90°.to the magnetic field,may be much
greater than in the no-field case. Near 900, thé damping depends strongly

on whether w is near a2 multiple of the gyrofreguency.
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A=l

F-3

Fig, 10,2 A plot of the Bessel function series a{Q,\) in
equation 10,19 for the case A = 1.0 (From Bernstein, 1958),

>2(U,W.®)

=

v
)

!
i
1
|
1
i
H
[l
1

Fig. 10,1. The co-ordinate system and nomenclature used to

transform Liouville's eguation to cylindrical co-ordinates.,



106

10.4 Perpendicular Propagation

For the case of waves propagating at right angleS'hothe applied
- megnetic field, Bernstein (1958) has shown that s is wholly imaginary.~
- Several -representations of the dispersion relation are possible.

(i) Series Method:i- Using the relation
. $oo

etcos vy o= E L (rA)e™ M0V

‘n=—e
where 1, is Bessel function of the first kind of imeginary argument,”

(10.18) with p=0 may be integrated to yield

2,2 - -A N -2 02 :
k2a e IO(A)+2‘Ze L, W) sz -1
1 (10.19)

-where @ has been written for w/bc,
‘As noted earlier, the perpendicular warm plasma permitbivity £, ; .,
_may be derived from this dispersion relation. Comparing (10.10), (10.17)

and (10.19) it may be deduced that

o 1 -2 - Q2
eyfe, = "1+ W [1 - e "1 () - 22191n (A)m]
. , , _ ' (10.20)
The series dispersion equation (10.19) is useful in predicting the

kind of solutions (ive. w, k pairs) to be expected. The function.on the

| right has been discussed by Bernstein (1958), who produced the‘graph of

V.itAshowﬁ in PFig. 10.2; Clearly, poles will be préduéed each time @

' approaches an integer, regardless of the smallness of the smoothly
decaying multiplier e-RIn(A).> Thus the  solutions of'tﬁe dispersion
equation (10.19) wiii be given by the intersectioh of the horizontal line
of ordinate k2a?yith the Bessel series. For a value of k2a2 then,
particulérlyfif this is large, it is clear thai there will be'ah infinite )
number of solutions of {2, all close ?o,-but slightly greater than intef
gers. This fact may be used in numefical Qomputations.

(ii) Integral Representation:- Alternatively the solution of equation

(10.18) with u=0 may be computed by an integral technique. If it is
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assurned that's has a small real part, i.e.
s = i + b | - (10.21)

equation (10.18) may be written (Gross, 1951),

om < 4
exp ;- El -2 (- cos y)s

> . ¢ - (10.22)

- 278 .
1l - exp w, |

The assumption in (10.21) is necessary to ensure the convergence of an

Elm

c:

1+ k2a2 =

infinite series to the form of‘the denominator in equation (10.22),
Collecting real and imaginary parts of this equation yields two integral
representations of the perpendicular dispersion relation (and by implica-

tion sl);‘ In the limit of vanishingly small 6, we obtain
27 |
21 + x2a%)sin’rp = 9./r sinQy exp -2 (1 - cos y)dy (Real) ™

5 _
o (10.23)

and (1 + k2a?)sin2sQ = Q.)f' cos y exp -2 (1 - cos y)dy (Imaginary)
i ° (10.2L)

10.5 Numerical Solutions

The~disperSi§nrequation has been soived ﬁumerically for the undamped
case 6f pfopagatioh perpendicular'to fhefmagnetic field. Solutioné were
_ computea by a Newton-—Raphson technique, using both.integral and series
representations of the dispers?on equétion, parametric first in wF?/bcz,
then in wr?/b% via the plasia'density term k2a2 in'theféquation. Two
examples are présented in Fig. 10.3; in which -the normalised variables
w[bc (of f/fH) and kr are used, rather thanu;énd]s;-Since the dispersion
‘equation involves bnly (kr)z, k may be negative, though only the positive
branch is shown. . | |
' Thé relevance of either thé-fiist'or secondApresentation depénds
on the eépeiimental‘éituation; in the experimenj t0 be described, wpz/bz
is coﬁstant, since w/bc‘is changed by varying the g&rofrequency. On the

other hand, in an experiment such as Alouétte, it is the operating fre-
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‘qﬁency which is variéd, whilst wbz/bcz is fixed.
Below the upper hybrid freguency wT,.there is a‘continuous spectrum
- of waves; that is, for any real value of w there is a corresponding real
‘wave number k. -Above Wi s gaps afe present in the spectruvm of waves; and
propagation is possible only in a band on the high frequency side of the
gyrofrequeﬁcy harmonics. ‘Whgre wpz/bc? is constant, the curves flatten
- progressiVely as the harmonic number n increases, causiﬁg the upper liﬁit
of the propagation window to lie closer to‘an integral multiple of the
- gyrofrequency. This is not so for cénstant wpz/bz. Here the differencg
between the "hump" frequency and the harmonic below stays almost constant.
‘Numerical values‘of'the solutipns are included in an appendix.
"The,limitations on thg range of kr computed are set by the electro-

static assumptions. In terms of the variables kr and @, (10.12) leads to. ..

Where-vé is the electron thermal speed. Since q/&T ~ 1000, the computed
-‘solutions become invalid above the light line SZ; 1000 krj; that is, the
curves doAﬁot~continue to approach the w—axis with‘zero slope in the
wedge-shaped zone QherefE-M effects must be considered. At the other
end of the scale, there is nothing in the theory to preclude infinitely
short wavelengths. dn physical grounds, however, one would not expect
_ wavelengths less than the Debye length, fof the waves would not see col-

1ec£ive particle effects, and the wave fields would be influenced by

individual particle trajectories. Hence we set

2n a i.e kr { 2n 32
k } . LT r R

and in the worst computed case, where mpﬁ»c==1, kr is restricted to values

below about 5.

10.6 Physical Origin of the Sotinder Resonances

It is now possible to understand physically how the resonances might
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" arise by reference to the dispersibn curves. Since fhe resonance signals
on ionograms are caused by the reception of energy for sometimes of the
“order of milliseconds, it is fhought that'this must be due to the satel-
-1ite's velocity matching fhe group velocity of an excited electrostatic
wave packet, and hence éxtracting energy from it fof a considerable |
period of time. Fejer and Calvért (1964) have shown that the rate at
which a wave packet spreads~int07the surrounding médium-depends on the
ratio of‘phase to(group velqcify. Ina ﬁave packet with differing
- propagation vectors k, the smallest size‘of-the packet wiil be determined
approximately by the width of the épatiél spectrum of Fouriexr coﬁponents..
- If the wave number is k at the center of the spectruﬁ, the spatial width
_will be -about 2n/k. -In an isot;opic medium, since the diréction,dﬁ the
.groupivelocity is'%hat of k, the packet will spread in all directions.
An index of the time T iéquired for substantiai spreadiﬁg to occur may
be taken as the time required for the. wave packet to just displace itself -

i.e. the spatial size divided by the group velocity Vg. That is,

2n

T kv
g

In terms of wave périods 2n/b, this will occur after r periods, where

Y
i
w k™

'.This'is t;pe in an isotropic meéium, such as a plasmg without a magnetic
field, in which Case Fejer and Calvert showed tﬁat the decay of oscilla—‘
tions fpf_conditions found in the exosphere'would_be caused almost
entiiely‘by the spreading of the wave packet, the decaybdﬁe to Landau
dambing being small at the wavelengths concerned. The result is modified
if a magngtic field is‘preSent, as.the group velocity in general is not
in the direction of k. However, for the special cases of propagation
parallél and perpendicular to the magnetic field, Fejer and Calvert showed

that the group velocity is in the direction of k: Thus in these cases,
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the time for which oscillations‘remain localised is given by the ratio
of rhase to group velocity as in the no field case. Since the group
" velocity is low, the persistence at these limiting angles is high. The
argunents advanced concerning the relative unimportancebof Laﬁdau damping
of course are strengthened for kiB .

In view of the large damping of the electrostatic waves at other
. than pefpendicular propagatién, it would seem then that to observe reso-
nances for an extended period requires that the satellite velocity normal
to the field should match the grouﬁ»velocity of the undamped waves travel-
ling in that direction; further, to ensure.the energy does not become |
~rapidly-dispersed,. the group velocify should be much,le‘ss than the phasé
~-velocity.

The group velocity‘of the electrostatic waves (= dw/ag, oxr theini,
gradient_of w in k spacej can be derived by‘differentiating the dispersion
curves of Fig. 10.3a. In terms of the normalised variables of that figure,

| the-slopes give the'requifed grbup velocity normalised to the average
thermal velocity of an electfon. An-exampie illustrating the group velo-
cities fof gyroharmgnicé~above the second and-thé plasmé,parameter
wp?ﬁ»02’¥ ﬁ is given in Fig; 1054. Here, speeds are normalised td the
fhermal velocity, but the true speedS»for a plasma temperatﬁre of 1000%
‘cofreSpohding t§ the topside ionosphere are also indicated. From the
'dispersion curves, it is apparént that for a given frequency w within

_ the.tfansmission band, there are two elecﬁrostatic waveé with differing
wave numbers. Corresponding to these waves,>the’élope of the dispersion
curves or the group'§elocity, has two ﬁalues, one positive'and.one
negative, indicating that the.groﬁp and phase velocities are oppositely
directed. In the diagram of group vélocities, (Pig. 10.4), speeds
arising from negati&e slopes are plotted to the left and vice versa, to
illustrate the continuity of the group velocity as the wave number changes.

In the figure k decreases as one moves clockwise around the various loops



112

from the "six o'clock" position. It is here 2lso, i.e. large and small
k, that the electrostatic assumptions made become invalid. Thé general
flattening of the dispersion curves deécribed eaplier ﬁere manifests
"itself as a progressive decrease in the maximum group speed reached as
“the harmonic number of‘the transmission band increases.

~ From this diagram of group velocities, there are apparently séveral
frequencies, all above integral multiples of the gyrofrequency, at which
" the component of satellite velocity normal to the magnetic field matches
the. group velocity, and it ﬁay be significant that Benson (1967) noted
sévéral resonance spikes which appeared aS~&oublets. |

',’“From"laboratory experiments and the argument presented earlier, it

-is -unlikely-that the matched frequencies corresponding to k — = .would
be seen. This leaves, however, two sets of resonant frequencies; one . -.-
quite near to integral mltiples of the gyrofrequency, and the others
well displaced corresponding to the "hump" on the dispéision curves. In
many cases, pérticularly Wifh_high order harmonics, the deviation of the
'firsf ;et from _an would be too smell to be measured from the Alouette I
data. ‘This'is not the case witﬁ fhe frequéncy deviations of the second
.set, whicﬁ may be large. The maximum possible deviation from an integral
_muliiplé of the gyrdfrequencx corresponding to zero group velocity,
expressed as a percentage for various values of plasma parameter and
harmonic number is shown in Fig. 10.5, and corresPonds‘to the approximate
anaiytic expression, based on a similar'treatment of the Bernsteih modes,
givén-by Doughexty aﬁd Honaghan (1965). These resonances were never
detected on the Aouette I records, but have recently been reportgd in'
the data from Alouvette II (Warren and Hagg, 1968). The existénce of these -
'reSOﬁancés is strong evidence for the validity of the theorj.

- Rather appfoximate expressions for the strength and duration of the
resonaﬁces'have been given in the literature, and have been reviewed

elsewhere (Thomas and Andrews, 1968).
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Fige 10.5 MHaximum possible
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-11: Laboratory Experiments: Background

‘111 Introduction

The interpretation of the Alouetté resonance signals has been based
on a theory of warm plasmés whiCh was shown to prsdict waves near the
gyroharmonics, via the dispersion relation g .= 0. 4&s a.check_on this,
the existence of these waves can be bettér verified by experiments in
the relatively cpntrolled environment of the 1aforatory,

. There is a considerablé literature of experimental observations of
effects at frequencies related to the gyrofrequency;and as comprehensive
réviewé have been given by Crawford (1965, 1968))only an outline is given
here. - |

Observations of noise emissions at right angles %o B, at multiples
of fy, were reported by Wharton (1960), and by Landaﬁer(1961), in experi-
ménts involving streaning electrons. Landauer(1962, 1964 ) subsequently
detected emissions up to the 45th’harmonic; in‘éll cases of.én intensity
far greatér fhan expected from thermal radiation. . Because of.the vresence
of the sfreaming electrons in the exveriments, it was supposed thaf much
.of fhe cyclotron radiation came from beam-plasma interactions. This
was confirmed (Bekefi aﬁd Hooper, 1964) iﬁ an experiment in which dif-
.ferent'amounté of the streaming energy could be injected transverse to
Eb, so'varying the number of particles able to couple to transverse vaves.
Working_ﬁith-hot cathode discharges, and fewer streaming electrons than
thé Tirst experimenis, Téﬁaka ét al. (1963) showed that maximumAnoise
emission could occur displaced from an. Both absorption and transmis—
égon ﬁeasureﬁénts show structure,-ﬁhich was interpreted by Buchsbaﬁm-
and Hasegéwa (1966) as the trapping of discrete cyclotron wave modes in
the in%eriér o7 the innomogehneous plasma. This is possible in a column

discharge, because continuouswave propagation can exist only below the
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npper hybrid frequency (Fig. 10.3). In a plasma column'with a radial
' density profile, Wrr decreases outwards until a point is reached at which
a wave of a particular frequency cannot propagate.

A major advance on the eariy obsarvationswasmade by Crawford et
al. (1964), and by Harp (1965), when discrete modes of propagatioﬁ vere
excited by probes placed inside the plasma column, in regions of fairly
. uniform density. This means that the treatmént of chapter 10, which
applies strictly only for uniform pldsmas, mey be used. Since the vre-

- sent investigation began, some experiments in similar discharges have
been reported By Crawford et al. (1967), and most recently by
"Clinckemaille (1968). “Ffom'(1Q.11), the electric field near a source,
-such-as an ﬁntenna in the plasma, is closely linked with.§4.. This iﬁplies
that the admittance between two prqbes also dgpends on g,, 80 that the
dispersion equation may be deduced from measurements of this quantity.

The_experimental vork reported herse conﬁismé of part of a programme
désigned ultimately‘fo test the‘feasibility of a cyclotron.wave diagnos~
tic technique_in‘space. This thesis concerns the deveiopment of a |
svitable discharge tube; and some experiments from which the E.S. dis—
persion'feiation via.s measuréd, and some disgnostic measurements made.

11.2 Theoretical Asvects of the experiments

~The linear theory commonly used 1is incapable of describing the
~plasma behavibur in the sheath fegion very near to the antermas. It is
here that charge fluctuations on the probes are coupled fo the plasmé via
perturbatiogsto the trajeciories of particles?which pass throughlthe
region (Pavioviich gnd Kino, 1963). Due to the uncertainty of these
Eounaary_conditioﬁs, it is expected that thé theory will hold good only
for distances greater than a fewv Debye lengths from the antennas.

To make the problenm physiéally neaningful , a gollision term is

incorporated in the Boltzmann equation by writing, with the present sign
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conventions

of | |
3t |collisions -~ Vi1
-Wwhere V isithe electron-neutral collision frequency (eppropriate in the
case of 1ight1y_ionised,p1asma). If this term is transposed, the
Boltzmann équation becomes formally equivalent %Q the collisionless
Liouville equation (10.13), if w is replaced by ®=ive

To investigate the electfig field in the plasma,,coﬁsider an‘infi—
: hite plane grid ét x=0, in;the y—-2 plane, parallel to ga,th;pugh which
electrons pasé withoqt beinz collected (i.e. it is a source of charge,

but does not otherwise intersct with the plasma), and on which is placed

a driving charge oscillaiing at a frequency wo; -

i.e. p Ly = eletG(x)

ext -
- with its double transform

1

ﬁext (kr w) = .
. i(w-wo)

From (10.11) and (10.6), the temporal electric field perpendicular to

the grid is

_ : r ilwt, -

| 2nk? c,el(w-iv,k)(w—wo)

Since for real k, the roots w of sl(w,k)==0 are real, the zeros of
g, {w-1iv,k) now lie at w+iv. Thus the electric field arising from a

real wave number is

: iw, t ' »
E(k,t) = ik —2"2 -~ 4 g (11.1)

kzel(wo—iv,k)

where T is a series of terms arising from the zeros of g,, all of which

involve a time dependence e—Vt. Por large t then, for any degree of
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damping, the system responds only to the driving frequency and one-ﬁa&
validly assume all time dependences of the form expiwot. The Spatial

electric field is then given by

h N . +m - .
l(ﬂot o -ikX . - o
E(x,t) = = tke  dk (11.2)
(2ﬂ)' ‘ kzei(wo-iv,k) ‘

-0

.. In the absence of COilisions, it has been shown (Bsrnstein, 1958)
ﬁhat the poles of the integrand For real wo’fall at real values of kj
i.e. along the ihtegration éath~(though there are complex poles also).
With the small component -iv now associated with A the value of k
reguired tO‘reduce-el to zero becomes compléx by an amount found by
 -Taylor expahding el(wé-;iv, k) about w s k_, where el(wo, ko)==0. It is

iv ; :
o -T), and the poles .no..

found that the root (wo,.ko) moves %o (wo-iv? k
longer fall on the integration path.
For x:>o; (11.2) is effected by closing the integration contour
'in the 1ower—half>k plene. The contour and the shifted poles naai the
.feal k aiis are illuétrafed in.Fig.:11.1. The éignificance of this
' discussion is that it shoﬁs thaf for.positive directions, oﬁly the poles
A aﬁd B’whichtarisé from vositive group velocity portions of the disper--
siorn. cufve;'i.e. outward prbpagating energy, contribute to the field.
Though one cyclotron mode may have a negétive phase velocity, the energy
-is always carried awéy from the iadiator as physiéally it must. |
Buckley (1968) huas expanded (11.2) for vanishingly small v.as a

sum of residuals corresponding to the poles of the integrand. The

_result is of the form

. +ik.x  -ik.x
E(x,t) = -e*Wo? 1 + “e—'s“f“ + ..@__3_5__
| R
k=0 : 1 ag ky - T2 9k | k,
' . -1k x
"+ 2Re E —5—3_2_ (11.3)
S g.'_ o
n=3  kp 3% |k
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The final summation ezpresses the spatially damped coniribution from
any -complex zeros of g,, .which arise, for example, when w, lies outside
a propagating cyclotron band. Roots * k of g, thgn appear in complex
-conjugate pairs. This suamation rapidly decays as x increaées. Terms
'iﬂ'k1 and k2 represen% undanmped , propagating Bernstein modes. In the
stop-band zones, both aré_omitted, whilst only kﬂ is included at fre-

guencies below w The denominator of the first term, which arises from

TI
thefpble at k=0, may be found from (10.20) to be

w2/u,? | -
k=0 - wo?lw 2 -1/ i

and is just &, the cola plasma perpendicular permittivity. Thus term 1.
representSfthe capacitively transmitted field, with an infinite wave
léngth in the E.S. approximatiqn. The kind of eléctric fiéld excited

as a funcfion of x, resulting from the'interference of the componenté
may be seen from (11.3). Fbr simplicity, consider W <@gy SO that
‘k2==0,.and x~is éssumed.large enougﬁ'that damped contributions are neg;

ligible. Then E is of the form
E{x,t) = Eoelmot (a +cos k,x +i sin k. x)

1

Bxpressing this in an amplitude - phase form, the phase is given by

| _ ' - f .sin klx '
¢ (x) = +tan $ —

- a+tcos klx
and the amplitude A by

A2(x) = (1 + a2 + 2a cos klx)Eo2 (11.5)

Experimentally, we detect the power in the wave, proportionalvto.A?. As
a detecting probe moves away from the radiaior, we expect to find ampli-

tude maxima separated by a distance &x, where
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bx = b=

-

i.e. the maxima are separated'by one cyclotron wavelehgth, rather.than
_%é, as is the usual standing vave case.’ Findingvthis wavelength for a
given wo*by'moving a detecting probe enables the dispersion relation to
'be,found. The extension of this approach to a frequency at which two
waves may propagate shovs thé amplitude to be again x- dependent, dbut
-now contains a beat frequency, cos(k1-k2)x, as‘well as the»componehts
cosk1x and coskzx.l |

The impedance between two grids may be found from the series ex-
pansion of (1‘1.3), whidy has the advantage = of exhibiting the contri--
buting componants. The current supplied té fhe plasma is found from
thé'time derivative of pe#t’ and the ariving'voltage from integrating
an expression similar to (11.3) between grids. The result for W, < @

given by Buckley (1968) in terms of the vacuum capacitance Co/unit area

is

(11.6)

€, > sin k,d ‘ |
w CX = = - il 3 + [berms fronm complex)
zeros of ¢

;where the impedance Z= R + iX per unit area,.and the grid spacing is d.
Qualitative results may be seen from (11.6)

1) The real part of the admittance is provided solely by the propagating

Bernstein wave.

2) As d inéreases, R —>0, and iX "*ﬁ‘gc" where C is the cold plasma

capacitahge,

From the second result we expect the admitiance betveen the grids

- will be progportional to Iscl , with warm plasma effects superimposed near
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the propagation bands oi the waves. The signal in a transmission -
exyériment wi1l then be related to lscl. Phis quantity, from (11.4),
is sketched against wc/bo(as.measured in experiments)'in Fig. 11.2,

The ﬁheoretical fofm of'the-admiﬁtance between two infinite,
‘eyclindrical parallel wires was computed by Hantel (1967), ahd is quali—‘
tatively very similar to’ﬁhe infinite grid case. Man%ei'S'results are
redrawn in Pig. 11.3 to shbw the relation of the admittance to the
.propagation bands. Adnittance maxina above the gyroharmonics (above wT)
and»beloW'wT are caused.by é minimum fqltage across the plasma, due to
tﬁe presence of an even number of cyclqtron half wavelengths between
“antennas. Between adnitbtance peaks then, wc/@bhas éhanged to. allow one -

more (or less) cycloiron wavelength o be accomodated.
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ik1, iﬁg’ on the dispersion éurve, i.e. these points become integration
When collisions are inclvded, the poles

move to the positions indicated, and only those at 4 and B, corres—

ponding to positive group velocities, contribute in the integration.
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Figs 1142 The modulus of the cold plasma permittivity as wc/é;is
increased. The curve also gives the overall shape of the perren-—
diéular admittance ex@ected between two antennas in a magneto-

plasma.
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DISPERSION CURVES PARALLEL WIRE ADMITTANCE
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" WAVE NUMBER k —»  RELATIVE ADMITTANCE

"Fig. 11.3 (Right) The computed admittance per unit length
between two‘parallelfconducting cylinders immersged, parallel
to Eo’ in a plasma with a low electron-neutral collision
frequency, for a typical experimental geometry (from Mantei,
1967). The sketch on the left shows the relatiohship between .
the admittance,particularly the uﬁper hybrid null and the

oscillations in the regions of propagating cyclotron anes,

and the dispersion curve,
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12: Laboratory Experiments: Observations

v12.1 rEguipmént

Experiments have been carried out in the discharge tube shown.in
Fig. 12.1, which consists of a cathode "gun" separated from the discharge
‘chamber by a mesh anode. The chamber is 65 cm long, 16 cn in diameter;
the plasma size corresponds to the cathode diameter, which for these
. expefiments was 5 cm. A thérmionic cathode is necessary at the operating
pressure (1073 - 1074 torr, Argon), and both tungsten wire and bariﬁm
- oxide coated nickel discs-have been-used, the latter producing a more
uniforn plasma, but requiring some 200 watts of heating. While the
neuﬁral pressure is low enough to require hot cathodes to sustain the
‘discharge, the significant collision frequency (between electrons and
neutrals, since tﬁe degree of ionisation is low) is estimated to be about
1}Mc/s, which agrees approximately.with an experimental estimate under
'siﬁilar coﬁditions (FreeSﬁon, 1968). The ratio' of collision to operating
frequency is therefore of Qrder .001, or .an order of magnitude abo&e
that found in the ichosphere at 1000 km (Thomes and Andrews,-1968).

'The antenna probes may. be cﬁanged, and both are movable by a thread
of 1 mm pitch. One -probe may be extracted at a speed»of about 2 mm/sec
by means of an electric motor. The magnetic fieldeas calibrated by a
Hall probe gaussmeter. Near the probes; it is constant to 17, over * 4 cm
along the tube axis,-and substantially- independent of radial position;
By means of the coil power supply, the electron gyrofrequency may be
held fixed or swept mechaniéally from zero to T00 Mc/sﬂ

Since plasma densities depend primarily on. the tube currént, the 
discharée is -operated by a current—regulatgd supply, which applies a
potential of up to 50 volts between cathode and anode for currents up to

«5 Amp. Some 50 volt electrons passAthrough the earthed anode mesh, which
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Fig. 12,1 Cut-away drawing of the dischérge tube, fitted with an
indirectly heated oxide cathode., Antenna types, shown in the in-
set, are interchangeable. The operating gas is fed in through a
port below the probes, and the system is continuously pumped

through holes in the plate at the far end of the tube,
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has been found to isolate the discharge chamber from any fluctuations
"near the cathode, and produce a stable plasma by collisions in the cham-
Eer. The range of electron dénsities available, found by the null in
transmission at fT (see Fig. 11.2) and by approximate Langmuir'probe
measuraments, is.fromi109— 1010e1/cc, or plasma frequencies of 300-1000Mc/é.
As the neutral density at 10"4 forr iS'V5IK1O12/CC, the percentage ioni~-
sation is indeed low.

Langmuir probe meésurements indicéte electron teﬁperatures of 10 ev
at the lowest pressures, falling to 3 ev as the neutral pressure is raised,
but it is thought thét these estimates are incorrect. An electron-neutral
'collision frequency of 1 Me/s means a 50 volt ‘electron can travel almost
- the tub° length before making a collws1on, and so one. should expect a
1arge suprathernal component in the tail of the electron ve1001ty distri-
bution. As it is this portion of the distribution which is sampled when
éstimating témperatures, it seems probable that the.probe measurements
willlbe contaminatéd by streaming électroné. The harked fall in Te with
increasing néutral pressure (and-hencé decreasing mean free path) supports
thls 1nterpretat on.

An amplltude—modulated s1gna1 of about .1 volt amplitude; and between
450 and 1000 Mc/é is transmitted through the plasma, and received by a
heterodyné’detector; After filtering, the modulating signal is rectified,
‘and displayed: on a chart recorder. Aé the output of the signal generator
is not coﬁstant, it is more convenient in sWept meaéurements to vary the
'magnetlc field, whllst leaving the wave frequenCJ fixed. In this way
_ also,the problem of tracking the transmitted frequency with the receiver

does not arise.

12.2 Admittance Measurements

Several different types of antenna have been used, as illustrated -

in Fig. 12.1. The double wire type employ a spacing of about 1 mm, in
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an attempt to impose a longitudinal field on the system. Best results
were obtained with antennas of type B, though this may have been connected
- with the ferromagnetlc nickel wire from which they were constructed. This
vis likely to have modified thermagnetic field very close to the_wires,
and may well have improved the coupling to.the plasma.

Fig. 12.2a shows {he signal current received when transmitting

. between parallel-wire antennas. Since the transmitter voltage is fixed,
the signal is related to the admittance Setween the antepnas. Comparison
-of the admittance with the overall shape of g, (Fig. 11.2) shows basi-
‘cally the same form, falling to a minimum at fT. The warmdplasma effects
--are superimposed on this shape, localised to regions below :E‘T and near
..cyclotron harmonics. -As near as can be measured, the admittance peaks,
visible to 20 T

H

Mantei (1967). All the predicted behaviour is exhibited near fT’ and more

detail in thns region 1s shown in Fig. 12 2b, while the resPonse near fH

s do fall at the gyrofrequency harmonics, as computed.by

is shown in Fig. 12.2¢c, using dlfferent 81gnel frequencies to alter the cover-
agecﬁ'the ratio f/f . While the oxide cathode gives a more unifdrm plasma,
it is not as stable as that from the hot fllament over a wide range of
magnetic ‘field. |

The admittance in Fig. 12.2b follows the general shape of €, ;

together ﬁith the oscillatory structure due to regions of cyclotron waves
. Below fT end above the gyroharmonics. éualitatively, the agreement'with
Mantei's (1967) admittance computatiohs, (Fig. 11.3), is good, but dif-
ferences do occur in tﬁe size of the propagation regions, which in theofy '
should extend out to the "nose" of the propagation window. in Fig. 12.2b,
from the position of the upéer hybrid null, £N2==.69 f2, and the region
of visible cyclotron.wave interference extends above the second and third

yroharmonios to 2.38 y and. 3.33 fy respectively. For this plasma

dens1ty, however, waves should be present to 2. 51 fH and 3.52 f H’ or

rather more than is observed. The discrepancy is probably -
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Fig. 12.2 The signal received (which is proportional to the
admittance for a constant driving voltage) when transmitting
between two antennas in the plasma. Curve (a) was obtained

- using a hot-wire cathode, which gave a stable plasma over
a wide range of magnetic field, but one which was less uniform

than that obtainable from the oxide cathode in (b) and ().
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due to collisidnal damping. It has been shown that the imaginary part
of the wave vector k is -iv/%g,where v is the collision frequency, and
so the low group velocity modes in the "nose" region of the dispersion

curve will be attenuated'first.

12.3 A Cold-plasmz Sheath Resonance

The overall shape of the admittance curve below fT is not completely
understood. From Fig. 12.2b, the warm plasma 030111at10ns are superim-—
‘ posed.qn a background which reaches a peak between Wy and W, From
Fig. 11.2,€¢j§negafiveihere, i.e.-the plasma is inductive on cold theory.
Since the antennas will be surrbﬁnded by a capacitive sheath, it is pos-
sible that a series resonance may adcount for thé peak, .as illustrated
in Fig. 12;3.- Due. to the sheath impedence, a peak in admittance is:now

reached at fR; rather than f If the sheath capacitance is large (i.e.

H.
has a small impedence) the shift (fR - H) will be small.
The simplest antenna - plasma model of the experiment is drawn in
Fig. 12;3b, in which the antennas of length 1 are surrounded by electron-
free cylinders of radius R. The sheath capacitance CS and the free space
capacitance between the two sheaths Co, are given by
- 2me 1l
C. = 2.
s 1ogIORb
ne 1
e
° cosk! a/r
These capacitances are plotted as a function of R in Pig. 12.3¢, for an
antenna radius R of .1 mm, as was used in the experiment of Fig. 12.2b.
‘The Debye length here is about .2 mm, and since the RF sheath is probably
© several tlmes thls,(Holt and Lerfald, 1967) R may be~1 mm. R and Ro
are thus very different and CS is small, which is the condition that

‘ (fR - H) is not small. In this experiment-only one antenna had a .1 mm

‘radius, the other being considerably larger, with a much greater sheath
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‘ 6apacitance. .This means that the reactance of tﬁe sheath surrounding the
thin antennas will dominate in the combined series sheath impedence;
.Assuming R=1 mm, CSéQQCO, and a series resbnance between sheaths and

plasna shouid occur when

ineo ' ""’c' = -—2

' Fpr the data of Fig. 12.2b, f&?f2==.69, and so thé series resonance con-
dition is reached ét_fH/T==788, which compares reasonably withﬁthe experi-
mental peak at fH/T==.83'when the antéhné approiimations-;re considered,
There are.other'tests one can apply to see if this is a resonance

peak;‘for‘example a positive bias on the antenha should collapse tﬁe
sheath. Experimentally, this had.the reverse result to that anticipated
on simple theories, a similar‘result to that found by Freeston (1968)
during'experiments with novmagnetic field. A resonance, however, should
occur at ﬁhg same value of g, regardless of fréquency, for a given probe
separation and plasma density. For a particular geometry, the following

results were obtained at the admittance peak.

'fféquenéy (Mc/é)l 750 600 550

Gc . :
'E- "‘081 -082 "‘.92
(o] K

~ The near constanf value of e, supports é resonance interpretation of the
observed-results. There are ofher frequencies, near the_gyro—harmonics,
at which the warm plasma_reéctance becomes inductive, and resonance
effects near these frequencies should also be present, though they are

probably swamped by the other effects at these frequencies.

12.4 Measurements with Moving Probes

Equation 11.5 predicts that the electric field within a Bernstein
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size to the sheath, The variations of sheath capacitance Cs’ and

C, as the sheath radius R is changed is shown in (c). Only for R

verj_small is the sheath impedance negligible.
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© pass-band should have.a spatialiy dependent amplitude, which should cause
the admittance between probes to exhibit a‘related spatial behaviour.:
This is readily checked with the moving probe., The output from several
‘such sweeps is shown in Fig. 12.4 and cléarly shows the expegted wave
structure superimposed on a decaying background. Waves in the region of
continuous propagation (below fT) are relatively easy to excite, and have
considerable amplitudes. Since for a given transmitting frequency, the
wave number k is dependent on the electron density, the progressive
change of the wavelength with probe sepa?ation which is frequently seen,
reflects the_rédial density profile of the plasma column.

~~The ﬁave ~ampli;bﬁde below-:f‘T:decreases pr.ogressively as the ratio
af/fH isAre&ﬁced to the gyro—hagmonic below. In the first band, propaga-
tién hqs not been observed below typically f/fﬁ;=1.2. Three factors
‘may account for this:

1. From equation 11.3, the amplitude of the electric fields goes
as %3 i.e. they decrease as the frequenéj is lowered and the wavenumber
rises. |

| 2. As k increases, the group velocity jg tendé to zero, so that
the'imagiﬁary part of k (in the présence of collisions), —iv/%g; produces
increasing damping.

3. ‘One would not expect to see a wavelength smaller than the
."collector" size, that 1s, the dlameter of the antenna and its sheath.

: In this discharge, the Debye lengih 1s qulte 1arge (~.2 mm) If
-the sheath is much larger than this, the latter point suggests that the
smallest antennas used here (.1 mm radius) were unnecessarily small, as
the sheath is thg major contributor to the collector size. Mantei (1967)
ﬁowever, reﬁorts more clearly defined-admittanbe peaks_with antennas of
small radiug; possibly the efficiency of the wave-antenna coupling depends
on the ratio R /R in Fig. 12.3.

The records of Fig. 12.4 corresponding.to frequencies above the
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Fig. 12.4 Signal received as the antenna separation is increased.
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Fig.‘ 12.5 Dispe;rsion cﬁrw'fe' derived Af.roi:i»t;n-e' s{#ept fi:eld record of
Fig. 12.2(b), in whichecircles and triangles represent points of max-
imum and minimum admittance respectively, The full line is the theor-
-etical curve for the value of plasma density deduced at the upper
hybrid null, Discrepancies between theory and experiment are attrib-

uted to density variations as the magnetic field increases.
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second and third gyroharmonics clearly demonstrate the existenceé of pro-
. pagation bands near multiples of fH and above fT, and further illustrate
the gieater damping at the higher harmonics. This is to be éxpected due
to the lower group velocities wifh increasing harmohic number (Fig. 10.4).
Physically, on arguments of phase bunching of the electrons, a wave at
fH requires particles to be collision»freerfbr a time of the order of
the cyclotron peribd; to produce a comparable effect at the same wave
frequency, when this is now the nth harmonic of fH’ requires fH to beA
lowered n times, and for the partiqles_to remain phase—bunched for n
.wave—peribds, or one new cyclotron period,iclearly'a more stringent re-
quirementf In the example of Fig; 12.4b, waves were seen only from 2.07
to 2,21 fH’ and 3.i2 to 3.22 fH’ corresponding to the.fastest.waves in
the band. ?Theoréﬁically prppagation~shoﬁld have been seen from”27-2.3.fH:_
and 3"3f3 fH for this density.

- ¥o expérimental evidence has been seen of the second cyclotron
mode aﬁove fT' It ?s thought this is relafedvto its shorfer waﬁelength,
its theoretically decreaéed amplitude, and its increased collision dam-
ring ﬁhich arises.from its lbw group velocity.cdmpared with the short-k

mode at the same frequency.

12.5 The Dispersibn Relation

The ﬁltimate quantitativé check on the Bernstein wave predictions

. is to derive the dispersion relation experimentally. This may be -
achieved here in two ways, of which the fastest ié sweeping wc/b.v It is
known that %he progression from an admittance maximum to a minimum is a
result of the addition or subtraction of Qne-cyclotron half-wavelength
Between.transmitting and receiviﬁg probes. The ambiguity in the integral -
number of wavelengths between the antennas is resolved by the knowledge
thet this is zero adjacent to a harmonic of £, or at fy, since the Viave-

length is infinite (k=0) here. Knowing the antenna spacing then enables
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the wavelength to‘be foﬁnd as a function of wc/b as one moves away from
: sucb:points. A complication in the laboratory (when w, is swept) arises
because the plasma density depehds slightly on the magneticvfield, and
the method isin@qcurateabove fT’ where few interference maxima are seen
(e.g. Fig. 12.2). Another problem is the effective separation of the
antennas. Normally fhe ﬁhysical separation d is taken, but unless this
. is iarge compared with the sheath thickness 5, a éystematic error is
introduced.

The dispersion curves of Fig. 12.5 have been derived from the data
of Pig. 12.2b, which enables values of k to be fowndas a function of
Q/bc. The contihuouszlines give the computed curves for 45?62 = .686,
deduced from the upper hybfid transmission null. As such'solﬁtions_are

in terms of kr, where

- v oy
» o o
c c :
w/bcwas first plotted against k.é?—, which was then scaled to fit the
v o . .

theoretical data below the upper h&brid frequéncj. The scale factop
VT/b Qontains fﬁe_electron tempefature, here 1.57 ev or 18,2000K, rathe:
less than that implied by Langmuir pfobes for reasons discussed. The
discrepancies between the theory and éiperimént are systematic, and can
ibe explained by the fact that the density is not constant, but increases
‘slightly with magnetic field. Above 3fH, the experiméntal points are
rathér unreiiable. | -

It has been assumed that at the admittance maxima
n7\.=dv or k:—a-—

When an effective sheath s around each aptenna~is assumed, d is reduced

and .

2nn
a(1 ..EdE
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: _If s is constant, k is in error by a constant fraction, and the earlier
yalue of electron temperature should be reduced by the factor (1-%?)%
Whether or not this effect is.significant has been tested by measuring
wavelengths directly in the expefiment from which the dispersion curves
were constructed, using the moving probe facility, which gives a true

value of A unaffected by sheaths to an accuracy of 1-—22. For a given

© value of w/bc we have

. d-2s d
AN T . Y = n
7ta - lt S . c g
i.e. . % Tos independent of n, where Xt and Xa

refer to the true and apparent values of A found from moving probe and
swept field mezsurements respectively. The following resulis were

obtaiﬁed:- ‘

',w/bc ‘ Ay, mm . S, mm ?/%3
1.52 297 . .13 4 4.5

1.38 1.72 : 55 3.5

The Dehye length XD was found from the temperature given earlier, but is
not strongly dependent on Te' While the sbeath estimates are subject to
quite 1afge errors, they are compatiﬁlé with other‘estimates of RF
sheaths (e.g. Holt and Lerfald, 1967), and the sheathsinferred when con-
‘sidéring the éffecté of antenna capacitances in section-11.3.

. The'shorteét waﬁelehgth obéerved experimentally was about .8 mm,
which ié comparable with the sheéth, rather than the antenna size of ‘
.1 mm radius. This 1imitation makes-it_unlikely thét two waves.could be
, even apart from considerations of amplitude. Cpnsider

T

the propagation above 2fH in Fig. 12.5. Propagation is not seen beyond

2.3 fH’ When A= 3.7 mm for the long wavelength mode. At this point, theA

detected above T

second (short) wavelength is theoretically .85 mm, the minimum detectable,

so that in the band where the long mode is seen,.the second. wavelength is
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always shorter than .85 mm, and unlikely to be seen in this apparatus.
A tube with an inherently smaller Debye length is required to reduce the

the collecting size of the antenna.

The problems of sheaths and field—dependent dens1ties can be over—
come by using the movable probe at different operating frequencies to
ontain A\ directly. The result of such an experiment is shown in Fig. 12.6,
~ for conditions Where propagation was continuous between one and two er
To facilitate comparison with theoretical curves, (computed in terms of
kr), without assuming a value of electron temperature, the ratio k/k(f_1 58 )
is plotued, rather than k. It appears that with the possible exception

of 1ong wavelengths, the erperiment agrees reasonably well with theora. :

The probable ex1stence of a non—thermal tail in the_electxon
velocity-distribution‘has been mentioned. For propagation strictly per-
tpendicular'to the magnetic field, the parallel velocity component does
not-affect the‘dispersion equation, since k, = O (Crawford, 1964).
However, as a result of collisions and fieldﬂnon-uniformities, a propor-— .
tion of the streaming glectrons will acquire a veloecity transverse to

.the field, which does aifect'the dispersion function. To allow for this,
it was assumed the density consists of a fraction a electrons with a
Maxwellian distribution, znd the remainder with a ring velocity
distribution

1

folvasvu) =

8(vy=voy) &Vy 5

i.e. particles of velocity vo, circulating with zero parallel velocity.
The dispersion equation for ‘such a mixed distribution, derived from

Pataronis (1967) is

1 i
W

sin 5 Q + e f sin Qy sin y.

e : ,

0

i
o

. 2vo;
;a exp- A{1 + cos y)+(1—a)Jo( A cos l)§ dy
» . _ T



137

2.0 A
Argon, 2x_10'4 Torr
f,, = '
18 -ty 300 Mcl/s
. N IQ = ZOOmA
- 5
- 1.6~
Maxwellion
Mixed . —_——
1.4—
| [ [ { | [ J
0 2 | A : %) 8 1.0 12 1.4

K/ Kl.5

Fig..12.6 Dispersion curve'bfanchiderivéd using the moving probe.
The experimental points are well bracketed by the two theoretical
Maxwellian dispersion curves, while that for a mixed velocity distrib-

ution is discussed in the text.
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Fig. 12,7 Theoretical curves involving measurenments at two frequencies
from which plasma parameters may be extracted. The dashed lines refer

to the example in the text,
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: Jo.is a Bessel function of the firsf kind, and a2ll other quantities are
as defined earlier. The solution of this eguation is included in Fig. 12.6
as the dashed line for wpzﬁn02==5 (2 value derived below), a=.9, implying
a high proportion of the electrons are streaming, and VOL/WP='3' The
iatter corresponds to a non-thermal "temperature" 9 times the Maxwellian.

Apparently even this proportion of non-thermal -particles does not
radiéally change the dispersion curves. The largest deviation from the
thermal plasma occurs near f/fH=;1.7; when the éxperimenfal,points are
bracketed well by the Maxwellian curves. It therefore appears that the
discrepancies above f/fH==1.9 are hbt caused by a high energy plasma com-

ponent, and are probably associated with the difficulties in measuring

long wavelengths accurately.

12.6 Plasma.Measurements

A techﬁique is -suggested by Fig. 12.6 for measuring temperatures,
and with less accuracy, plasma densities. If fH is constgnﬁ, the gyro-
radius r, containing fhe electron temperature is also constant, but both
r and £, may be extracted from measurements at two fféquencies, subscrip-

N .
~ted 1 and 2. Since kr is a known function-ofvf/fH and fN/fH, we have

5
H
1

(£ /Ty Ty/fy)

~
H
il

0 F(£,/Tys fy/Ty)s

and the ratio k1/k2 is then a known fun~tion of density for given values
of,f1/fH and fZ/fH' The dependences of k1r, k2r and k1/k2 on fN/fH have
been computed for f1==1.50 fH and f2:=1.75 fH’ corresponding to the data
in Fig. 12.6, and are shown in Fig. 12.7.. From the former, k, S/k1 75::1;79,

N I
since ky =30.4 cm“1 it may be deduced that

'so that fig=2.25 £y, or 675 Me/s. Also, when fi,=2.25 fp, k1r='.83, and

T, o= 17 ,200°%K
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This solution>has been illustrated graphically, but it could-be
programmed to allow greater flexibility in the ghoice pf frequencies,

: compléteiy analogous techniéue is possjble in which the group velocity,
rather than kr, is considered as a function of density and frequency. It
is clear from Figs. 12.6 and 12.7 that the plasma frequency is 6n1y a
weak function of the ratio k1/k2; but this is an adﬁantage where tempera-—
tﬁre measurements are éoncerned. Ideally, one would measure the.plasma
frequency, using a swept ffequency and tracking receiver, to locate the
upper hybridvnull,unaffected by sheaths. The electrén.temperature

follows from a single measurement of k or Vg’ since kr or"vg/vT may be.

computed at that density and wave freguency.

Note Addeds Recent measurements (P. A. Hall, unpublished results),
using the moving probe and improved recording equipment have shown
excellent agreement with the theoretical Maxwellian dispersion curves,

~confirming the conclusions of section 12.5.
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13: Applications of Electrostatic Waves

13.1 Direct Resonance Measurements

The final section of this wqu is concerned with the application
of electrostatic signals to measurements in space. The discussion falls
into two categories, the first»largely concerning simple measurements .-
which havé been made from ionogram resonances, and second a discussion
;f the type of experiment which might be conducted using discretely

excited cyclotron waves.

Clearly, the simpiest measurement which can be made is of the scaiar
magnetic field, if it is assumed that the gyroresonances do-noﬁ,in prac-
{tice, show deviations from integral multiples of fH- (Thomas, 1964 ; .
Thomas and Colin; unpublished work). In Fig. 131 the éarthis field has
been found for two passes from the gyroharmonics, weighting the higher

. harmonics because of their greater inherent accuracy. For the nth harmonic

'fr ; 2.799 B.n (Mc/s, Gauss) -
then -

88 = & /n

It is estimated that with the ionogram film format, the accuracy of fre—
quency determination with Alouette I is usually from 20 Kc/s to t 35 Kc/s.
The corresponding uncertainty in the magnetic field as measured from the

nth harmonic is as follows

n 8B, ¥ vy = 1072 gauss)
of, = * 20 Ke/s 8, = + 35 Ke/s

1 + 700 1260

5 + 140 + 250

9 T 78 ¥ 140
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COMPARISO'\J OF OBSERVED AND CALCULATED MAGNETIC FIELD AT
ALOUEﬂE ORBW :

40 -
38 ~

Lo

2 .36 ~

O

o
D. .

@34 ~ o FROM 3RD,
w & OBSERVED FIELD,PASS 1234 | 4TH AND 5TH
Q ‘ X OBSERVED FIELD,PASS 1194 | CYCLOTRON
f 32 = : HARMONICS
G - — HARMOMC EXPANSION (JENSEN AND CAI\')
<
= 39 _

s . o ' TELEMETRY STATION, PRINCE ALBERT
.28 L ! o (I ] i P i P
- 25 30 35 40 45 50 55 60 65 70
GEOGRAPHIC LATITUDE, degrees
Fig. 13.1 Comparison of the Earth's magnetic field as deduced
from gyroresonrances with that computed from the harmonic expansion
GSFC .12/66 for two passes of Alouetite I over Norbh America at an

‘altitude of approximately 1010k,

fN<Kﬂ1 N>ty

~f, fg=f-f

fr= k3

B” T

PLASMAPAUSE —~

Fig. 13.2 ‘Schematic diagran showing the approximate regions in
space where beats night be expected because of the order of mag-
nitude difference between the electron gyrofrequency and the
plasna freéuency. Beats over the polar regions of the earth
have been detected; the possibility of beats in the plasmasphere

is inferred from probable particle densities in the area,,
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The percentage error in measuring the field at the Alouvette orbit from
the ninth harmonic is about .3]. Also shown in Fig. 13.1 is the main
field of the earth computed from the spherical harmonic expansion GSFCJ12/66
of Jensen and.Cain. This field is that due to magnetic sources within
the earth which can, from potential theory,:be.shown to account for more
thah-99Z of the geomagnetic field. Cleariy this technique of field
_ measurenment is to be regarded as a sometimes useful bonus rather than an
experiment-in its own right, as betfer'magnetometers are available.

More useful is the measuremeﬁt of plasma density from the'fN reso-
nznce. With the ionogram format of Alouette IT, frequency meaSuremenﬁsv
may be madé to an-accuracy of I 0.005 Mc/s below 2 Mc/s, where the s&eep

raté is low. If‘é more typical value of * 10 Kc/s is taken to be the
accuracy with which the fN resonance can be determined, the coriequﬁding _,

errors in the electron density are

* 7Z at 280'é1/cc. (fN.= .15 le/s)
t 2Z Cat 3,100 el/cc (g = 50 Mo/s)
1/ abt 49,600 el/ece (£ = 2,0 le/s)

The accdraby obtainable falls at higher frequencies because of_thé faster

sweep rate above 2 Mc/é._

A13.2 Bxcitation of Beats between Plasma Resonances

~ When o resonances are excited simultaneously and both lie within
‘the bandwidth of the detecting equipment, the reéulting signel will show
beat interférénce. ‘Using Alouette IT data, Hagg (1967) identified a
regular hodulation on the fT resonanée as a beat betweeﬁ fT»and fH. From
the beat frequency, he was able to deduce electron densities down to
8 el/cc. These &easurements.were made at altitudes of about 2000 km in

zones above the poles where the plasma frequency wes much less than the

gyrofrequency, so that the beat frequency
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p) 0
fN + f fH

may be approximated by

2
e~ 1 m
b 2 fH fH

- where N is the electron density and X a constant. ‘Since the field in:
thesé regions is known to gooﬁ accuiacy, the accuracy of the-density
méasurement is set by the accufacy with which the beats may be measured,
Which, at the low frequencies concerned, could be quite high in an
experiment designed for this purpose. This beat is also common on
Alouette i polar ionograms, and has been used extensively in N(h) analysis.’
At greater heights within the plasmasphere, the situvation is revef—
sed and the_plasma fréquency greatly exceeds the gyrofrequency (Angerami -

and Thomqs, 1964) In tnls 51tuat10n, the upper hybrlé resonance 1s now

close to the plasma frequency, and a low frequency beat of less than 10 Kc/s
may be expected between these two resonances at altitudes above 2Re..

Fig. 13.2 shows the zoneé of the magnetosphere where the two kinds of beat
may be excited. For magnétospheric measurements, fhe polar type of beat is
more useful as it detects ambient plasma densities difficult to measure by.
other techniques..-The sécond class of beat yields the plasma frequency

and a coarse measurement of megnetic field.

13.3 Experiments with Electrostatic Waves

| . The wak of Chapter 12 suggests that it may be possible to conduct
electrostatic wave exﬁeriments in space. The experiment essentially
would derive part of the dispersion cﬁrve, which would then be compared
with computed curves for farious plasmas. The parameters extyacted
w&uld be both the electron density anq temperature, which modify the dis—~‘
persion éurveé. The great advantage of such experiments is that one is
measuring a bulk plasma effect on the propzgation of a wave, and the-

results ghbuld be independent  of sheaths and the vehicle potential.
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ﬁSome characteristic lengths andvfrequencies in the ionosphere and mag-
netosphere are illustrated in Fig. 13.3. At all altitudgs of interest,
the spacé plasmas approximate far more than laboratory plasmas to the
infinite, uniform, collisionless plasmas of theoreticians.

The physical size of the antennas needed to excife plaéma waves in
space is not excessive even at altitudesvof several earth radii, if the
requirement is {taken to be a radiator of a size comparable with fhe'
electrostatic wavelength. For experiments involving the gyroresonances,
values of kr of the order of 2 are necessary. In terms of the wavelength
l; we have then | |

A ~mx
In the topside ionosphere, r is about 2.4 cm for a'1500°K plasma; at 5 Re
, (appfoximately a geo-stationary orbit) r is 7.8 metres for a plasma tem-
perature of 10,0006K; Thus the required wavelength is still only ~20
metres. In tﬁe latter case, a greater problem arises dus to the fact
that the Debye length at this extreme altitudé.is estimated to be several
metres. If aﬁ antenna radiéting in such a tenuous plasma still has an |
R.F. sheath several Debye lengths about it, it would require the‘propaga~
tion path fo be long, unless the sheath could be collapsed by biasing.
It could well be, however, that the sheath sizé at great altitudes will
restrict possible experiments to the plasma ringing type of the previous.
éect;on, in which the ambient piasma is shocked by‘a strong fulse.

- Propagation information may be compared with tﬂeoreticai disPersioh
curvés via»either,grqup velocities or direct @-—k measurements. The top- °
sidé~souﬁder'experimént,immediately-suggests a pulse delay experiment;
where the time of flight‘of an eleétrostatic pulse is measured over a
known distan¢e. This.has been sucéessfu}ly accomplished in the laboratory
(Crawford;.Harp and Mantei, 1967). Such an experiment has the adVantage‘
‘that the fast,capacitively coupled signal, the k=0 mode, is automatically

" separated from the slow cyciqtron wave, and looks attractive in the lower
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‘Fig. 13.4 Group velocity diagram for Bernstein-type propagation

oo 2 2 . .
- inside the plasmasphere where f, = 10f , Continuous provagation

N H
is possible up to the third harmonic, in this case, before discrete
propagation windows avpear., For a geostationary orbit, fN:=1QfH,

- and on Bernstein theory, continuous propagation would be obtained

up to about the tenth harmonic of the gyrofrequency.
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mégnetosphere. Here fH<<:§N, and there are many branches on the disper-
,'sipn gurves'below fT’ wherz the propagation is continuous as frequency
. increases, and the group velocity does not go through zero for-non—éero
k. Thus the closedv”loops" of grbup velocity found above fT become
broader half loops below f,. Séme‘compufed examples are illustrated in .

T
Fig. 13.4 for the case T 2 . 10f32, corfesponding approximately to a

N

.maghetOSpheric‘altitude of 3 Re. In this case, continuous propagation
is obtained below about the third éyroharmonic. The advantage in opera-
ting inithe regioh of continuous pfqpagation is that values of dvg/aw
“are lower than those above'fT, and fhus deléys can be measured with: a
minimun of pulse dispersion, which results from the differing velocities
of the pulse_freduency components. |

"However,vpulse experiments‘need mére consideration. It is.desi;aplg _
that the length of the pulse of energy received shoula be small in com-
parison Qith the total delay of the pulse; The pulse length (i.e. number
of cycles), cannot ﬁé indefinitely reduced as this widens its Fourier .
spectrum, and the diépersive-effecfs of the medium may theh,cause.unaccep—
table broadening. _In~idnosondés, ﬁhe pulse iehgth is typically 100 us
at a freQuéncy of’1 Mc/s, or a pulse length of 100 R.F. cyclés, which w111 
be taken.here aé a reasonable length in an electrostatic sounder.

Ideally, one would require a pulse time of flight ten times the
undispersed pulse width to make accurate time delay measurements. Let
D be the path length, f the operating frequency and vg the group speed
of the ﬁave. Thus we need .
103v-

For ionqspheric conditions, {e.g. Fig. 10.4) operating at 2fH, or 2Mc/s,
) the most extreme case comes from the maximum group speeds, which are about
‘1O4m s, In this case, D must be 5 metres or mofe, which is practicable.

In the magnetosphere however, the gyrofrequency has fallen and typical
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group speeds riéen to the extent that D becomes prohibitively 1arge_for.
. opgrqtion at lcw gyroharmonics. As an illusfration of the requirementé
at 3Re (Fig. 13.4), when’the fréquehcy is between one and two fimes the
gyrofrequency (10 Kc/é), the maximum Vé is about .6 Vs i.e. about i05m/s.
‘Then to achieve the desired pulse—léngth to travel-time ratiog a value
of D in excess of 104m is required , wﬁich is clearly impracticafle.th :
more reaiistic_approach would ﬁe to set D to what might be possible in
practice, say 20 m, (which is é minimum és the path must be at least
several gyro radii) and to séék a possible région where the ratio vg/f
is suitable. In practice this clearly means.usi@gthehigh order harmonics
of the gy;ofrequency, which has the effect of both reaucing Ve and
inéreasing f in (13.1). The operating region is now away from zones where
the gioup velocity éhanges slowly with frequepby as described_above. Thq__
data contained in Fig. 13.4 suggest that the 1argesf group velocities
encountered would still be perhaps .1 Vi or abouf 104 m/s, in which case
a frequency of SOO‘Kc/s, which is 50 fH’ is needed. It is doubiful
whether such,eiperiments are feasible, though more favourable figures
would be obtained if the requirement that the time of flight bé ten times
the pulse width were relaxed. Possibly 2 more useful a?broach in the
magnetosphere would be via tﬁe analogue of the awept field technique used
in the 1aborator& to obtain disbersion curves from admittance measurements.
As mentioned previously, there afe several branches of the magnetospheric
dispersion curve where propagation is continuous. For a region.of space
_ where‘the gyroradius is 2 metres, the range of.kr of interest - say 2
to 3 - corresponds to wavelengths from 60 to 4 mefres. If it ié possible
to arrange a propagation path comparable to the first wavelength, many
admittance maxima like those of Chapter 12 shou}d be seen.when now the
‘transmitfer freqﬁeﬁcy is swept. -4 sméller spacing would result in fewer

admittance oscillations. Fig. 13.5 shows a laboratory simulation of .the

type of record obtained when fN:a>fH, giving many cqntinuous propagation
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Fig, 13,5 The signal transiaitted between two parallel-probes
° w > |
in the regions of continuous propagation below the gyroharmonics,

in a laboratory plasma for which f showing interference

A similar situation exists in many regions of space, and could

be the basis of an admittance experiment to derive plasma parameters.
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Fig, 13.6 Outline of an exveriment to measure Bernstein mode
group velocities in the lower magnetosphere by a phase tech-
nique. From measurements at two frequencies, eleciron temperatures

and densities c¢ould be found,
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bands bslow fT' This technique is the basis of a proposed spa&e*experi—
" ment (. A. Hall, Imperial College Note, 1969). While it should operate
at both ionospheric and magnetospheric altitudes by judicious antenna
spacings, it suffers from the diéadvantage that a complete and continuous
frequency sweep is required.

It is not feasible to 6bfain the electrostatio wavelength directly
.vfrom phase measurements; as there will be a phase ambiguity of 2nm radians
aftef “a propagation path of many wavelengths. There appears to be anj'
alternative method of finding thé group velocity using a ¢, technique.
The advantage lies in the fact that although the éarrier is moduléted,
the system bandwidth can be made much smaller than that used in pulée
experiments. Assuming that the magnetic fieid is known, knowledge of the
group velocity at two frequéncies is sufficient to establigéh both the -.
electfon'density and temperature. |

The E.S. waves launched by an antenna cpnsist.of two types

1. One or two propagatiné Qyélotron waves

2. A non~propagating,,capacitiﬁe (k=0) signal.

We transmit-an amﬁlitude'modulated signél,'proportional to

(1+4A cos wmt)sin wt, i.e. the three components

. AL A . '
sin wt + —2-s1n(u')+wm)t. + Esm(w-wm)t

It is assumed that the group velocity is constant over a band of the

~order of the modulating signal, i.e.

® o
-vé = ‘%ﬁ = SE = constant.

The +three components transmitted in the cyclotron mode will arrive at

the receiver, distant x from the transmitter, as

sin(wt + kx), -‘% sin { (wt+kx) T (wmt + 6kx)}

i.e. {1 + A cos(wmt+'5kx_)} sin{wt + kx)



150
in the region of one propagating mode. Compared with modulating signal,

the detected oufput is phase shifted an amount 6¢ where

8¢ = Bkx
O)mX .
_and . Yg = 7;;

A low mbdulating frequency ensures that the modulation phase change over
an R.F. path of mny wavelengfhs is small, and that the phase comparison
ﬁay be made simply.

| Unfortunately, the capacitively coupled mode is also received, with
zer;'phase shift. We then have two components, With and without phase
shifts, whose amplitudes a énd b are in an unknown ratio depending on

the path lenéth and the plasma parameters. ﬁThe capacitive signal cannot
be nulled out asﬂiﬁ ﬁany plasma density probes, sinpe vie wish'to remove
not oﬁly the free'space‘capacitance effect, but-aiso that contributéd by
the "céld plasma.

After detection and filtering, we have the modulating voltages
8 cos ® b+ b cos(wmt + 8kx)
i.e. . © Re emwmt(a + b cos &kx + ib sin &kx)

Expressing this in amplitudeé-phase form, compared with the modulating

signal, the phase is nowv

_ -1 _sin &kx
6¢ = tan a/b + cos bkx’

This phase depends on the relative amplitudes of the components. "~ If the
experiment is repeated using a modulating frequency Qmm, dk also doubles
as we hafe assumed vé is constant. The ratio a/b should not chanze, nor

should it be affected by a change in -modulation percentage. Thus

-1 sin &kx
%¢ 4 = tan a/b + cos &kx

sin 28kx
a/b + cos 28kx

5¢)2 = tan™!
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from which &kx may be extraﬁted. A possible experiment is outlihe@ in
Fig. 13.6. When the capacitive signal is absent, a=0 and 8, = 266, s
and this fact could be used in an automatic éxpériment to eliminate the
unwanted signél by a féédback ﬁéchnique. While only one phase would
need to be telemetered, the increase . in electronic cbmplgzity is

considerable.

13.4 Future Work

| Problems still to be»investigated in this work relate to the feasij
biiity of cyclotron-mode experiments in sbace.' Foremost among these is
the effect of a propagation path which departs from.purely perpendicular
to the magnetic field. It isnot known presently at what angle perpendi-
cular effects cease, but-this could be investigated with the current _ _
laboratory equipment. It appears that the sheaths about the antennas
'could be collapsed without altering the_dispersion propertiesvbut further
measurenents §n thié remain to be made. The removal of the sheaths is
probably a necéssity at mégnetospheric altitudes, but only.a small source
of error in the ionOspﬁere; ‘Finally, it is ihténded to investigate in
the iabbrétory the possibility of measuring group velocities by the phase

technique proposed in the previous section.
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Appendix I

Yumerical Solutions of the Bernstein>Dispersion Bauation

The following tabulations cover values of the plasma density factor
2,9 R
fN /fH between 1 and 10. This includes the ionospheric, and much of
the magnetosphéric plasme. The computations have assumed the electrons

have a Maxwellian velocity distribution. Column beadings are as follows:-

KR . Wavenumber x electron gyroradius

OMEGA Ratio f/fH corresponding to the value KR
V. GROUP Group velocity of the mode, normalised o the thermal. speed v,

T

The latter ve1001t1es are given with the s1gn of the dlsper51on
.cur;e slope at the point of computations; this is 31mply an ald llnklng.
“the group velocity and the relevant portion of the dispersion curve, for,
as descriﬁed in Chapter 11, the group velocity is always positive, carry-
ing energy away from the radiator.

>Va1ues'of V GROUP afe to be multiplied by the electron thermal

- speed to obtain the actual speed. For an electron gas of temperature TOK,

vp = 3.9x10°/F n/s

For T ='1000°K, Vg = 1.23:{105m/s, while the speed for a temperature of
10,00Q°K is 3.9:c105m/s. Thus, as a result of its weak temperature
dependence, Vs or the scale factor in the group velocity tabulations,

is always about 2:{105m/s for space plasmas.



BERNSTEIN MODES = NUMERICAL SOLUTIONS

Density factor = 1.0

. OMEGA 7V GROUP KR OMEGA ¥ GROP KR OMEGA  V GROUP

1,003 =0.17658~-02 5.0 . 2.006 =0,3206E-02 5.0 3.008 =0,4075E-02
1,004  =0.2643E-02 - L5 2,008 -0,4696E-02 Los5 3,010 =~0.,57378-02
1,006 = =0.4134E-C2 L0 2,011  ~0,712LE-02 4,0 3,014 ~0,8221E-02
1,008 -0,68238-02 3.5 2.015  ~0,1124E-01 - 3.5 3.019 -0.11898-01
- 1.013  =0.12045-01 3.0 2.022 ~0.18478-01 3.0 3.026 =0,1691E-01
1,021  =0.2316E~01 _ 2.5 < 2.03h  =-0.313L4E-01 2.5 3,036 -0.,217,E-01
1,039  ~0.4948E-01 ‘ 2.0 2,055 ~0,5178E-01 - 2,0 3.046 -0,1763E-01
1.077  =0.11L6E 00 ' 1.5 24085  =Q,6469E-01 1.5 3,048 0.1587E-01
1,164 -C.2405E 00 1.0 2,106 0.3479E~-02 1,0 3.028 0.5936E-01
1.217 =0.2929E 00 , 0.8 2,099 0.6930E-01 0.8 3.016 0.5533E-01
1,280 =C,3223E 00 0.6 - 2,078 0.1389E 00 0.6 3,007  0.36445~01
1343 ~0.2994F 00 Ou.h 2,046  0.1738E 00 Ouk 3,002  0.1470E~01
1.394 -0,1915E 00 0.2 2,014  0,1290E 00 0.2 3,0C0 0,2287E-02

"FR  OMEGA V CROUP KR  OMEGA Vv GROUP

5.0 L4009 =0.4259E-02 5.0 5.010 -0.3802E-02

k.5 2,012  ~0,5630E-C2 . 4e5 5,012  =0.4552E-02

4,0 4,015 -C.7339E-02 4.0 5.01k  ~0,5050E~02

3.5 L.019  =0,9095E-02 3.5 5.017 =C.L563E-02

3.0 L4.02% =0,9630E-02 3.0 5,018 =0,1552E-02

2.5 4,028 -0,5243E-02 . 2.5 5.017  0.,5749E-02

2.0  L4.,027 . 0.97628-02 : 2,0 5.012 0.1451E-01

1s5 1,017 0.2762E~01 \ 15 5,005 0,1317E-01

1,0  4.004  0,18428-01 - : 1.0 5,001 0.3263E~-02

0.8 4.002  0,9626E-02 0.8 5.000 0.1059E-02

0.6 = 4,000  0,3306E-02 0.6 5,000  0.20338~03

Oek  4.000 0.5835E~03 Ouls = 5,000 0.1907E~0l

0.2 4,000 0,114 ZE=0L. 0.2 5,000  0.2682E~0L

€aL



5.0
4.5
4.0
3¢5
340
2.5
2.0
- 1.5
1.0
0.8
0.6

- 0L

0,2

- OMEGA

1,009
1.011
1,016
1.023

- 1034
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Appendix IT

The Analysis of Low - density Topside Ionograms

The reduction of topside ionograms takén in regions of srace in
ﬁhich the plasma density near the vehicle is low introduces problems into
N(h) analysis of both a theoretical and practical nature. Such ionbgraﬁs
' show a very steep cusp on the X-trace at fhe 10# frequency énd, corres—

ponding to the waﬁe travelling in a medium where its éroup velocityAis
éxtremely low, caused by the fact that fxs is only slightly above ;0
This condition is often met at night afkléw latitudes, and is very common
over the‘polar caps. High altitude ionograms, such as those from
Alouette II, will always show fhis effect. The'theoreﬁical problem con-
sists of compensating adequately for variations in gyfofréq@enc& with
altitude, ﬁhile the practical difficulty in‘analysis lies in the fact'
fﬁat‘the initial, near vertical section of the trace is often indistinct
or absent; even though the remainder of the'curve is perfectly clear.
* The result is generally a Qalue of fxs.which wiil almost cértainly‘be in
STTOYry plus (h',fj pairs of normal accuracy from the cusp frequency
upwards.

This appendix outlines the results of tests made on two N(h) pro-
_gramméé in use at Imperial College. More details, and the modifications-
made to one programme are given elsewhere (Andrews, 1969).

| It is first ﬁecessary to conétrqct a vijtual depth profile. Thié
has been.done for the case of a pure exponential density versus height
layer in the presence of é'height dependent gyrofrequency fH(h). The
1at£er feature neqessitates'some departures from the method outlined by
Thomas énd Westover (1963).
The piasma ffequency fN of the layer.is related to the plasms freF

-quency fo at the satellite by

2 2
£° = £, exp(b/H)
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where h is the depth below the vehicle, and H the layer scale height,

assumed constant. Define the corresponding frequehcy;f‘, by

L2 2. .
t e —
ELREETE £ f(h),

where fX is the extraordinary wave frequency for which the virtual depth

 is required, and a quantity T by
P2 - 9 - fN?(h)/f'Q(h) (a.1)

It can be shown that the virtual depth of reflection is given by

a Gx )
h'(f) = 2Hf ar . (4.2)
X 2 ,
A (1-1%) =(n)
where Gx = cT/ﬁg,-vg ﬁeing the X-ray group Velocity
: - 3HfxfHg
and 2(h) = 1+ T30 7 (w) (1 - B/7370)0

for a vehicle altitude of 1000 km. E#pressions for Gx have been given
by Becker (1960). The limits of the integration correspond to the height
" of the satellite, where Té=a, and fhe point ofvreflection, T=;O. At
each valué of T, (A.1) must be solved for a depth h)before the weighting
function z(h); contaiﬁing the effect of the varying gyrofrequency, can
be found. |

Table A.1 gives the theoretically conmstructed (h',f) data pairs.
The N(h) programme tests consisted of opitting-the virtual depth of
'1149:7 km on the near-vertical section of the trace, and varying the
value of fy above‘and below its true value of 1.0385 Me/s to simulate
a real. ionogram. The results of the test are shown in Fig. A.1. Dif-
fefénces in the accuracies of the programmes‘lie entirely in the type of
fH compensation used. The contigubué parabola;programne (Doupnik and
Schmefling, 1965) éompensated in continuous fashion for fH variatioqs;

the Ames Research Centre overlapping polynomial programme used post

reduction correction. The latter consists of evaluating the whole profile
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TALLE A.1 - Virtual depths for test ilonograms

200 km

. Extra~ordinary wave Dip = 70° H

f
]

Vehicle Height = 1000 km  fj_ = 1.0 Mo/s  f_ = 0.20 Me/s

S

Frequency, Mc/s Depth, km Frequency, Mc/s Depth, km

11,0385 | 0.0 1.9000 . 1238.5
1.0685 1149.7 2.0000 124844
1.1185  1310.8 2.1000 1259.5.
1.1685 - .1319.6 | 2.2000 1271.4
1.2000 131041 2.3000 . 1283.5 ..
1.3000 1271.2 2.4000  1295.9
1.4000 . 1243.5 © 2.5000 1308.4
1.5000 1228.8' 2.6000 ' 1320.8
1.6000 1223.7 2,700 1333.2

1.7000 1225.0 2.8000 1345.4.

1.8000 1230.3
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fx. ESTIMATE. Mc/s .
low < %s : > high
.02 1.0385 1.05 1.08 .

' o I TRUE REFLECTION

- LEVEL,km
_____ - -~ 876-2(fx=1.1185Mcls)
650 ’
800 Y .
400
[ - e o= - 3783 (fx=18MclS)

350 o=

oy
———
-

300 —
200 p~— -

150 f= ';—"—"""__—_:ff:’:'_:::::;--— 160.8 (fx = 2.5Mc/s)

R

100 L—

COMPUTED REFLECTION
ALTITUDE, km

ALTITUDE
250 — .

800 km

200

150
250

600 km

200

150
250

400 km

200

150 =

-250 l-—

200 | gmoso or====8- 200 ken

. COMPUTED SCALE HEIGHTS, km

150 I—
fy, Compensation
—o—Continuous.
----Post reduction
"Fig. A¢1 The results for different N(h) progpammes in the iono-
gram tests, when fx was varied above and below its true value of
1.0385Mc/s: Differences are solely due to the type of fH compen-—
sation used, and post réduction'cqrrection is clearly inadeqﬁate

for such low density ionograms. Errors in the computed scale.

height_due to an incorrect starting frequency are small below 600kn, -
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éssuming fH ='fHS to obtain a set of real depths of reflectién, aftér
which the densities at these altitudes are recomputed using the true

value of fH at the reflection level. The gyrofrequency enters the com~
putation in two places for the X-ray; in the limits of the virtual height
Iintegral, and in the group refractive index. The success of the post-
reduction correction lies in the fact that fhese two erro}s very nearly
cancel themselves under normal (mid-latitude) conditions, when the probing
frequenc& fx is not clos? 10 fH‘ The ove:lapping polynomial programme

has beenrextensively modifiéd to incorporate thevfull fH correction, which
imust be done on an iterative basis.

- Referring to the figure, even when the correct points are used as
input, post~reduction correction gives depths which are seriously in error,
by typ;cally.25 km, while~the complete fH compensation is unaffected by - -
the omission of points on the near verfical portioh of the trace. Clearly
the latter type compensation is esseﬁtial at high latitudes. When an
‘error is introduced into-ﬁhé value fy , the errors in the remainder of
»fhe profile are mipimised.’ with continuous fH compensation, and sig-
nificantly, they decrease with ihcreasing reflection depth. By 600 km
altitu&e, fhe.error in the‘scale height produced by typical starting errors
is only 10 km, or 52, which is gcceptably small.

It is concluded therefore that N(h) énalysis is reliable under the
.conditions outlined at the start of this appendix, provided adequate
allo@ances are made for the gyrofrgquendy vafiation,,and sufficieht points

are read from the accurate portions of the trace to enable the profile

computed to correct itself.



162

Publications

Changes in the topside ionosphere during a large magnetic storm.
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The-tranépolar exospheric plasma, 3: A unified picture.
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