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1. INTRODUCTION

This work describes investigations in a relatively new fields
very low frequency radio emissions from the earth's exosphere, It
48 new in that most of the development has occurred in the last
five or six years, though the phencmena has been known for scme
decades. Two basic types of emissions ocour: continucus ("hiss")
and discrete. Uhen this work was begun in 1959 comparatively little
was known about "hiss", though a considerable amount of information
about the discrete emissions was obtained during the I.G.Y. The
cause of either of these types was still a mystery, though two
theories (shown to be unlikely in this thesis), which seemed to
explain some of the features of the discrete emissions, appeared
in that year.. |

The dominant feature of this thesis is the doppler shifted
(electren) cyclotron theory, which is shown to explain all types
of V.l.F. exospheric emissions. This idea ococurred to the author
while writing Chapter 4 (review of theories) after all‘the
experimental work and Chapters 2, 4, 5 and 6 had been completed
(late 1961). The development of this and other ideas and the
general layout of the thesis are given below.

Chapter 1, The present chapter, mainly an outline of the rest of
the thesis.

Chapter 2. This brings the reader up to the present State of
knowledge of the phenomena. The development of this knowledge is
traced from the earliest to the present time. Except for some of
the illustrations, the authorts contributions have been excluded.



Chapter 3, The author's observations and experimental techniques are
presented and discussed in this chapter. Only work on the continuous
emissions was performed.

- Chapter 4. All the theories proposed (up till about 1961) f§r the
generation of very low frequency emissions as well as some proposed
by radlo astronomers for high frequency generation are reviewed.

The most promising ides seemed to be the travelling wave tube (TWT)
process. A new idea suggested itself in discussion of doppler

shifted cyclotron radiation from protons. These ideas. are developed
in later chapters. '

Chapter 5.  Further development of these ideas fifet required

a model of eleotron density distributions In the exosphere. A
theoretical model based on geomagnetic contrel is derived in this
chapter, Soon after this work was done (1960) experimental confirmation
appeared.

Chapter 6. Using this model Gallet's TWT process ia treated in the
gene:fai ;zase and in more deteil, It is shown that this process can
account for all the relevent characteristics of hiss, though not

those of the discrete emissions for which it was originally proposed.
Chapter 7. ‘ The idea from Chapter 4, that cyclotron radiation from
electrons is permissible if it is shifted doun by doppler effect, is
developed. It is shown that this process glves the detailed frequency-
time characteristice of the discrete emissions, A new emission is
predicted.

Chaptep 8. Four tests of this electron-cyclotron theory are

presented. The most crucial of these was the observation of the



predicted emission with the predicted time characteristics.
mg_g, Since the frequency-time characteristics of oi:sérved
discrete lemissions could be accurately matched by suitably choosiﬁg
. the eleotron parameters (energy, helical pitch, and latitude) it
seemed that these parameters could be deduced from observed character-
istics. A method of doing this is presented, with examples from
publishéd spectrograma of emigssions.

Chapter 10. It 1s shown in this chapter that this electron-
eyclotron process can also account for the characteristics of hiss
as well as does the TWT process (as developed in Ghapt‘érw 6).

Tests for distingﬁishing the two theories are propésed.

Chapter 11, A brief resume of the progress achieved is given,
further work is suggested, papers published by the author on this
work ere listed, and acknowledgements are mades



2. HISTORICAL REVIEW

2.1 Introdugtien
At the audio frequency end of the electromagnetic syectrum

there are a number of naturally occurring emissions. These can be
heard on a sensitive audio amplifier connected to a lé.rge aerial in
avquiet aite. Two quite distinet classes occurs those. produced by
. 1ightning diacharges ("spherics" “tueeks“ and "whistlers");

those produced (as we will ses) 1n the earbh'a exosphere by the
interactj.on of fast aleotrona with the exospheric medimm. Only

_ the exospheric emisaions will be congidered in this mrl.c.

There are two, or perhaps 'c;hree,_.,v_main types(of.‘ exospheric
emission, The £1rst appears as band limited "white" noise, varioualy
called Thisg", "V,L;F, noise", "geamagnetic noise", and "auroral
noise® Spectrograms of hiss are shown in Figures 1, 5 and 8,
| Amplitude-frequency spectra of hiss are shown in Figure 4A. The

gsecond type includes all the "discrete events". Speoﬁrogx'ams of these
are shown in Figure 6. The third type, "da@ chorus®, is intermediate.
" Aurelly, or on fast apeetrom, chorus appears as a series of short
distinet musical tones ("discrete events") often overlapping in time.
At times, varticularly for some recording devices to be described
lster, ochorus may be indistinguishatle from hiss. Spectrograms of
chorus are shown in Figure 2.

Exospheric emissions are characterised by association with
periods of geomagnetie disturbance and with high geemagnetic htitudeso’
Audio frequencies are typical but not characteristic. I’requencies as

low as 100 ¢/s and as high as 200 ke/s occur at times,
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Fig. 1.  Spectrogram of hiss recorded at Boulder (after Helliwell
and-Carpenter ?).
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Fig. 2. Spectrograms of dawn chorus recorded simultaneously at
Dunedin (DU) and Wellington (WE). (after Helliwell and
Carpenter ? ).
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Following up cbgervations made by Bark.ha.usenl during World
War I (which may have included exospheric emissiens) Eolcersleyz et
al noticed a sound like the warhling of birdsi This tended to occur
most frequently near dawn and so was named "dawn chorus®, Soon after
(1933) Burton and Boardmaz® in Amerdca observed & "frying sound" |
- vhich was closely eorrelated with an awéeral displey present at
the times This appéars to be the first recorded obserxvation of
hiss®™ In England Eckeraiey (unpnhlished, queﬁeé by Stareyl‘) also
observed hisg, "at a frequency of about 5 kc/Ss on ‘a recoiver
connected to a pair of large direction finding loops and observed
that it was coming from e northerly direction®, '
. After this there was little work in this field until
Storey®, who published his work on whistlers in 1953 Storey
obsérved higss and inoidentally used this terms However Stereyts
main contributions to this field were indirect but much more
important. He demonstrated that much higker eleotron densities
existed in the exosphere than were previously thoughti Although
the densities required for his. theory (a few hundred electrons per
G:Ce ) are small by laboratory vacuum standards they made all the
difference between empty space and a medium having very interesting
properties. By clearing up the mystery of whistlers he opened
the door to study of the phenomena not explained by his theorys:
It seemed likely that these were propagated and guided aleng
megnetic lines of force in the same way as were whistlers; and

% In other ways their desoription seems that of a "swishler" or
broad band whistler:



were probably gonerated in the exosphere. Thus they became -knawn6 as

- Yaxogvheric emissions". »

Storsy further showed thet whistlers could be used to
probe the exosphere in much the same way as the ionosondé probes
the ionospheres; Later discoveries such as the "nose whistler®
effect‘az‘.g_ and the use of VL. F. “tx’'a.nBm_.’t».{ﬁ;ez."s%l"[’-’l;0 bore this
out further, i‘his,' and later the extra spur of the IGY-I1GC, led
a great many workers to begin recording whistlers on magnetic i‘.apam
Hiss and other exospheric emissions were sutematicslly recorded
on the same tapes. These were later analysed on frequency
Bpectrcgraphe ,.(vmgh as the "éonamphﬂ} along with whistlers |
(Figures ‘l;fand 2)e
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eﬂeco _Observations

Observations made in this wvay present a view of the |
phenomena (hiss) somewhat different to those ﬁsing techniques //

to be dﬂesoribed later on. In view of this; and the fact that over
the next five years (from 1953) very few observations were made
mthl'i;hese other techniques but a vast emount recorded on
ma_gqétie tape {one wo‘rkezﬁ recorded over 350 miles of tape in
four years), we consider these observations separately here,
All magnetic tape work up to the present time is considered here
80 that same discoveries after 1958 were preceded by Ellls and //
his co-workers. Some observations made at a very high Mtitu&éﬁ |
have been left for a later secticme

Tha correlation of hies and chorus phenomena with

magnetic activity was noticed by the early workers mentioned



above and also by Storey’, Galletd and others’*® more recently.

Dinger5 found that hiss and chorus activity was considerably higher
during most of 1958 (sunspot maximum) than during corresponding
_pe;'ioda in other yea‘rs; Alleock7,. and Crouchley and Brices' showed
ﬁhat. chorus is strongly correlated with magﬁetic disturbance index,
though for high latitudes (~ 60° geomagnetic) the latter showed that
a "saturation® chorus strength is reached for the magnetic index
E~3: For large K, chorus strength actually decreases. Since they
also found that chorus strength or occurrence frequency increases with
Jatitude, reaching a peak avound G.M. lats 60° they interpreted
‘-ﬁhi's as indieating an equator ward shift of a ten degree wide //
"chorus zone" with K index, Similar obsérvations covering a
greater mmber of stations were made by Helliwell and Garpenter9
(Figure 3).

At times of great magnetic activity hiss lasts for a
considerable times wattsm at Boulder (GsM. lat. 50°) and
Helliwell at Stanford (GeMy late 44°) simultaneously observed a
fnojgse storn" lasting 12 hours following a period of K, =%
Gallet examined 122 cases of hiss and found an average duration
of 1.6 hours though hiss sometimes lasted 10 hours.
| From four years of observaticn Dinger’ showed that hiss
is more common at night with a shallow minimum arcund noon. A
mich stmnge;? effect is shown by chorus>’ 45759,  The maximm //
occurs arciund dawn in middle (G.M,) latitudes but occurs prégressively
‘later as one observes it at higher 1atitudes7’8’-12, so that it occurs

near noon at about 65° G.Mi lat. This ischown in Figure
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Variation of chorus occurrence with latitude during mag-

netically disturbed and quiet periods. (after Helliwell
and Carpenter?). : '
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Fig. 4. Variation of time maximum of chorus with geomagnetic
latitude. (after Crouchley and Brice ®).
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Allcock’ finds this in agreement with the hypothesis that chorus signals
' are initiated by the arrival over the geomagnetic equator of positively
charged particles of solar origin. ? ‘ |

- The nolse storm observed by Watts'® and Hellivell™ showed
‘a band of hiss from 1 to 10 ke/s. At most times the peak intensity

. (Fia. kA
was around 3 ke/s. A At times the bandwidth became quite wide (100 ¢/s

to 20 ko/s or so). EHelliwell and Gaz-panterg summarigze data from

ten stations grouped about G.M. lat. 55° % 10° (both North and South).
They found that hiss occurred in a broad band, or one or more narrow
Bands (Figures 1 and 8), The narrow bands usually hsd bandwidths
arcund 1 ke¢/s, though narrover ones down to 750 c/s oceurred: They.
and other w&rkeraé’m 1 otten observed very narrow bands which slowly
drifted in frequency, both up and down (rarcly both types in the one
'even‘bq) » at rates of a few hundred ¢/s per second. Pope and C:a,mp‘nell.?l.:"3
observed an intensity modulated form of this which they named "surf®
(Figure 5).

Gallet6 noted thét gome of the more discrete phenomena,
particularly these "gliding tones® appeared to be the fine structure
of ‘hisa and suggested that hiss might consist of unresclved phenomens
of this type, However, more recently Holliwell and Cerpemter’ pointed
out that gliding tones were not very narrow bands of hiss as bandwidths
 betueen those of gliding tomes (< 150 c/s) and of hiss (> 750 ¢/s)
were not observed,: |

Chorus, on the other hand, is almost exclusively confined
to frequencies from 1 to 5 ke/s”. Other forms of discrete events

our’, mostly with bandwidths less than 150 ¢/e.. OFf these ."hooks"

(from their appearance on frequeney-time spectrogramg) are the most

2
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“Surf"’ recorded at College, Alaska (after Pope and
Campbell !3).
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commons  Others are "risers" which are rapid and "falling tones" which
are siWer- and last longers 'i_‘hege might be hooks with the rising or
falling pa.z'bs missings The remaining forms which occur compérétively
frequent]y, though rarely sai;isfy the eriterion of mpeatability, they
| ‘classed as "nmxsual éventa® Later in this thesis it will be shown
that many of these funusual eventa” are merely speaial cages of' the
same general phenamenon. Some eammples of theae discrete forms
‘ v(frequency—-time speetrograms ) are ghown in Fig, 6.

The phenomena o fa:; described are those observed at
latitudes (.G».M».') less than about 65° and generally 50° - 60% .
We now discuss obsemtims made from mugh higher latitudes of phenomena
preswnam,y occurring within 10 or 20 demes of latitude of the observers
We will discuss this point later an.

} There is some evidence of a downward shift in fi'equeney of
phenomena occurring in high latitudes. After a year's cbservation

at Godhayn, Greenland (G.M. latitude 80°N), Ungstrup'® found that

though chorus was observed about 18 per cent of the time arcund

most frequent - occurrence (10 - 12 local time); it was almost exclusively

confined to the frequency yange 500 to 1000 o/s. At lower latitudes,

es discussed above’, chorus is confined to the range 1 to 5 ke/s:

If Ungstrup's chorus was not & lecal phenomenon but bad been propagated

along the earth-ionosphere wave guide it would have suffered a certain

amount of attemmations Curves given by Watt and Ma.xwen15 ghow the

attennation at these frequencies to be about 6 db per 1000 km.
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Fig. 6. Spectrograms of discrete V.L..F. emissions (after Helliwell and Carpenter,?).
“Falling tones'’ appear in E, ‘‘quasi-constant tones’ in G, and “‘risers’’ in
F and G. The other forms are probably all “‘hooks’’.
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Thns this chorus probably occurred at G.M. latitudes of at least 60°,

It is difficult to see similar behaviour for hiss, for we have
already seen that it can cover a wide range of frequency. 4s will be
seen later hovever there is-a "quiet" form of hissy which is narrow
band, stable in frequency and amplitude, and often ccours at times of
- ‘rela-tiirely‘ weak magnetic ae_tivity. At G.M latitudes below about
50° this 4s observed at about 4 ko/s, At Kiruna, Sweden (G.M. latitude
" 65%) e stable band a_pp@a?"*zl at 750 o/s % 150 c¢/s (Figure 7). Higher
. frequency hiss (1.8 to 45 ke/s) of broader bandwidth and less stable
in frequency is also observed here. ené of those wark_erslg algo
' mede observations at Tromso, Norway (GaM. latitude 67°N). He
 observed a similar band at 800 o/s and a broader band normally centred

at eround 2 or 3 ke/s which sometimes extended from 0.5 to 7 ke/s.
| At gimilax GJM, latitudes in the southern hemisphere the “
. phenomena appears different: Two types of hise are observed at; Byrd,
 intaroticat® (.M. latitude 70%). One type,"normal® hiss,is nob
‘inconsistent with the observations abcwéi A spectrogran (Figui-e 8)
~ ghows a number of narvow bands (2 ko/s, 1 ke/s, 500 ¢/s). It only
.V :eectz_rs below 4 ke/s {partly by definition) and sometimes éxtends to below
150 ofa | |

The second type, "aurc_rai"hiss receives the main attention in
this pape_vlé. »It occurg above I;kc/a in a broad band centred at about
8 ke/s (also Figure 8) and shows a close asééciaticn with aurcrae,

The intensity and bandwidth vary with ionospheric absorption and may also
va.zfy' with thé intensity of the auroras. There are some indications that
the centre frequency of this auroral hiss band may be related to the type

of auroraj in particular, a centre frequency of 9.6 icc/a appears to be
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Fig. 8. Narrow bands of ‘““normal’’ hiss (bottom two spectro-
grams) and broader bands of ‘‘auroral” hiss (top two)
recorded at Byrd, Antarctica: (after Martin, Helliwell
and Marks '¢).
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associated with red auroram.; This 9.6 ke/s hias is also observed

at the (geographic) South Pole ! (G.M, latitude 79°S),

It is not impossible that the phenomena observed by the
Scandinavian and Anatarctic workers were the same. The apparent
difference night be aseribed to different interpretations and
different interests. The Scandinavians attached considerable
importance to tﬁe stable 800 s/ s band which they considered to be proton

gyro radiationw'a.

25 Augtralian Wor

The first successful equipment to be designed, built A
and operated specially for observations of hiss was due to Eﬂ.liszs.
A1l work using thess techniques so far published (i‘ate 1961) has been
confinéd to Ellis and other Australian workers influenced by him.
A1l other observations have been made on equipment designed for other
epplications. The tape recorded work just reviewed showed the spectral
characteristics of hiss and some of the long term effects and correlations
vith other phencmens,s These techniques, admirably suitable for whistlers
and discrete events are not suitable by intensity and intensity-v-time /
observat‘icns; On the other hand receivers used for recording V.L.F.
atmospherics, though of the intensity-v-time form, are virtually useless
for hiss recording as will be seen later,

The observations described in this gection are pen recorded
or photographed with chart or £1lm speeds of a fow cma per hour. A
day of recording would thus be a manageable two feet or so. However,
it is necessary to discriminate against atmospherics and other types of
impulsivg interference which can be some orders of magnitude stronger
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than hisss On the vhistler records reviewed above hiss is observeble
betwesen the atmospherics because the £ime resolution {some tens of
milliseconds) is much less than the interval between the atmospheries.
For slow continuous recordings; having time resoclutions of the order of
a mimxte, special techniques are required which are discussed belows

The most direct method ias to apply the detected signal o
the ¥ plates of a cathode ray tube and record on glowly moving £ilm.
An example of a burst of hiss réeorded in this way is shown in Figl;,re %
The gbteady noise component is given by the bottom of the filled in trace.
This represents the level im betwéen impulses: It is seen that the
peak leval of the atmospherics is alwsys completely off stalées This
is further demonstrated in Figure 10 where it is seen that atmospheriecs
are _appreeiabla even when the gain is decreased by a large factors
An alt.ema'bive method for recording on a pen and paper systém of much
dlower respoase utilises the minim'dm resding cirecult described by
M130°2%3,  This uses a partly’ nnid_.ceoaional integrater having a charging
time congtant of the order of & m:hmﬁe and a discharge time constant
of the order of 0.0l seconds (Figure Ji). Similar techniques can be
used for frequency time recording though generally :d'. was found that
hisgé could be readily distinguished from atmospheric¢s on the records,
as soen in Pigure 12

£11 other werk so fur published of contimous recoi-ding
of noise in the ViL,F. band hag been done without discrimination
against atmospherics and other impulse nolse: Most of these term:'ls‘:e‘rs'2‘5"27i
have been mainly interested in recording atmospherics and sime times
used peak reading circuitsz‘!'; It is not surprising that these have

reported a general lack O'f correlation between recorded intensitieg
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Fig. 9. A burst of hiss recorded at two frequencies by the C.R.T. and film method.
The time marks are also zero input levels. Impulsive (atmospheric) noise

is superimposed.

2 kc/s

21 22 LT
,VGO db. attenuation ———

Fig. 10. A period of no hiss but of very strong atmospherics. The latter contribute

only a very slight base level. An indication of the strength of these
\ atmospherics is shown in the latter part of the record during which 60 db
attenuators were inserted between the antennae and the receivers: many

impulses still produce full scale deflection.

2a



R,z 100 KQ

C,2C.=-05 UF

R~ION
~10° 00—
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Fig;. ll.
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“Minimum reading”” circuit. The input (A) is fed from a low impedance
from the last (A.C.) amplifier. The impulses would have overloaded the
last amplifier stages. The steady noise and the impulses are seen before
(A) and after (B) detection and smoothing. At the output (€), which must
be fed to a very high impedance, only the steady noise level remains.
The output level automatically rises to the minimum at B. For any in-

creases above this level at B the second diode (R,) is reverse biased so
that the ‘“‘up’’ time constant applies. This illustrates the principle. A

practical circuit is shown in Fig. 30.
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and geomégnetid "'disturhmceszg and so concluded that most if not a‘ll
audio frequency fluctuations originates in thunderstorm aotivity25 »

I'b is only at h:.gh latitudes during ;t;% magnetic disrburbanee, swihen |
atmospnerics from lew and m:.ddle 1atiﬁudes are weak and hiss relatively
sﬁrong, that hiss ia,stronger than atmospherios and so observable _

on these recardmg sysis,ms. Scme of the work discussed above was in
this category~> 0,2 (see Figure 7).

The first contimous recording of hiss was begun by Eliiszg |
in Juns 1958 ot Camdens The intemsity rocedver had a centre frequency
of l&é ke/s and & baﬁd@iydﬁh cfkvabout 800 o/s. Continuous measuréments

24

~were made on a pen recorder using the minimm reading technique deseribed

aboves The spectrum from 2 to‘ 4 ko/s wms also conbimioudly recorded
on £ilm uaing a f‘requenoy scanning analysers

The system proved to be imich more sensitive for de’oec%ing
hiss than the tape recorder systems reviewad above. .It vas Boon found
that hiss oceurred in bursts lasting some hours. No background of

hiss was preaénﬁ in between bursts ( More recent observations over an

B ‘exctended ?eriad on a high gain receiver in a,'very quiet site have not
confirmed this (Ellis, ungubliahe&).—) Apart from built in electronie
di'serfjmination, Ithese bursts of hiss are readily distinguished from man
made bursts by their comparatively slov build up and decay (Flgu.re 9)0
These bursts of hiss can be claasified into two main types both from
.‘ their spectral characteristics and duration- This olqasiﬁoationv fits
other properties discussmél 1ater. |

The most commen type were "isalated bursts" < These ooeurred



well separated from ore another and often during magnetically quiet
conditioné‘. They wef‘e'namw.bsx{ﬂ, usually 1 - 2 ke/a, centred at
about 4 ke/s:. Both the intensity end spectrun remained constamt
during these bursts.. This is the "quiet" form of hiss mentiomed
earlier, Isolatea buegts lasted about, an hour, Figures 9 and 12
ars mmples. v‘

‘ ~ The second type were extended serfes of bursts of hiss or
"noige storms” These lasted longer (up to 50 hours) and showed
- ¢msidera$1,e: intensity and spectrun vardiations (Figure 13), The

- frequencies of hiss observed on the spectrum analyser were similay
to those reviewed above. However in gehar&'h the bandwidth increased -
with magnet.’ie activity, extending aver most, of the recording range
during se'mere cliaturbancea. A1l major magnetic storms were sccompanied
by noise atoms. On the average these began about &% heurs after

a magnetic sudden commencements
| _ | A diurhal effect was noticed at Gamden ghowing a peak
~oceurrence around midnight and, initislly, no burste between 1000 '
and 1400.;.50111‘8 local time. lLater ebservatiouaj 7 choved that this.
wag entirely due to propagation (over the surface of the earth)
conditigns as practiqaily the reverse was true at Hobart (Figure 14).
It now appears that the eccurrence of bursts 48 equally probable at
~ all times but those ocourring between 0800 and 1200 hours local time
(at Hobarb) are generally sin:'t'mger3 7

~ Burats chowed a strong correlation with red oxygen. (6300 A)

‘adrglow on 6 nighta, On thres occasions hiss and airglow showed the

RS
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““isolated burst””. The spectrum is shown for the period between the

Fig. 12, An
arrows (after Ellis29).
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Fig. 13. \ moderate ‘“noise storm’ recorded at two frequencies. Note the rapid

bandwidth variation near 1400 [..']
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Fig. 14. Diurnal effects (after Ellis 37),
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- the same mimte to minute varia.tion and bath hiss and airglow appea.red

. t;o be coming from the south (Figure 15). ﬁbsemtiens at Byrdlé
 dlacussed above shoved that ionospherie absorption can prevent

' observation of hiss during aurora, gdnilarly belew hordazen airglow

.ar bad seeing conditi@ns could have prevented ebsemtion of ad.rglw A |
"-a*!; camderx. Possitly, then, hiss and airglow slwsys ooourred togethers

_ The amplitude *’J.uctmtions of a few noige stoms have followed
‘ ,a repreducible gequence with a 27 hour interval ;,bewee.n a,l@ng-_ burst
iesting several hours and a uuich weaker mrsbzsf’ .fhi_é nggéaﬁs a
source not fully partaking in bhe mevenent: of €he earthls surface
bt rather almost constant in positien in Right Aaaensian + Later

.' _Tebsemm.on confirmed this ei’fee‘&”‘aa

A difriculty vhich began to be recognised was that

E phemmena vhich was observed at e given polnt did not necesgarily
foccur™ near that points Phenomens brought abaut by propagation
o gensration in the exosphers mzch as hiss, chorus and vhistlers
could be channeled down the esrthts nagnetic ficld to @ point
~oh the ¢arthis surface at a céﬁaidembie d:m‘&amae i‘i*am the observer

| and stﬂ.l be obser’vedmy ‘Phenonena ousemd at a medi.mn latitude

: -atatmn night, be preds inantly high latitude phe:mena and vice versas
Thus tdziatlers. a relatively low latituda phenomenon,. e.re observed
ot the South Pole'’s At least one of these whlstlers vas traced
/ by Allcackla as having originated over 4000 km avayy: Utilization
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of the nose effect knd Vl.¥., trensnitberd resolved the difficulty
for the vhistler workers. -

Thus an important de{relopme‘nf; vas the losation of the regions
(virtual sources) on the sui*faée of the earbh from which h;i’és appeared
to be coming after prépagatieﬁ dotm to the earth frem the acﬁzal
region of generation above the ionespharé. The first observation
of this type appears to havée been made by Eckersl’eyﬁ ag mentioned
earlier,

Experiments at camden32

at 5 ko/s showed that direction
location was poseible with rotating loop systems. It was further
shown that the angular extent of the virtual gource could be
egtimated from the sharéne;ss of the m:l13 3 o A number of isclated
bursts were recorded at § ke/s simultaneously on direction finding
gystens at Gamaen, Adelaide and Hohartgl‘a For those which were
reasonsbly strong at all three stations it was possible to £ind the
locations, sizeés and approximate shapes. It was found that most
of the bursts came from sau,réias at G.M.: latitudes greater than
50° and many of these were too far south to be resolvables Those
resolved were roughly ciréﬁlar in shape, about 500 ln in geogfaphicéi
size and came from various gecmagnetic latitudes bétween 45° and 56°%
It wés’ pointed out by EI.ZI.:!.G3 4 that use of & large network
of lecating receivers would make possible the eonstfé,c'bion of & map
for any instant of the areas where the radiation emerges from the

| ionospheres Thig map would represent an image on the gurface of the

earth of the generating regidns in the exosphere. Work on mh:t.st:!.e:.‘es3 6

30
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has shown that guiding along a line of force is even stronger
than expected from Storey's theory (field aligned columns of ionization
have béén suggested as the cause of this effect‘as }o Thus the "focus" |
of the image should be quite sharpe |

| Thus the observation of images of only a few hundred kilometers
exﬁent‘ implies, for these at least, generation in quite marrow magnetie
‘tubes of force. If hiss is generated in the exosphere by low energy
charged particles (alse guided along the earth's field), then these
i charged particles must alse; at times, be confined to narrow tubes
of force. Direct observation by satellite of an "are® of incoming
chatged particles coincident with an auroral arc showed narrow
streans of particles of widths down to 25 kulh.

Very recently (late 1941) Gra.ty[‘s hag shown that pelarization
errors in rotating loop clir'ectio_n location of whistlers can be very
sericus. Both the mul bearing angle and the mill sharpnese
(meximam to mindmm ratio) are affecteds This casts serious
donbt on the validity of the method of es%imating source eizee
from null sharpness3 3 Howevery; ko-will
thesisf direction finding measurements of hiss should be less subjeot
to bearing engle errors than is the case for whistiers.

Position location is also possible without direction finding
if intensity records from three or more stations are available 3 7
This systém has certain advantages in that the equipment is simpler,.
position lecation 1s cotinucus and instantaneousy and for a large
_numbez' of stations it gives more information on positiaz;,‘ ghape and
size of géographically large sourcess: Eilisa 7 observed 43 separate



bursty and one major noise storm at 5 ke/s on a éx_e‘twqu of four
gtations extending across southern Australia. The majority of the
separate noise bursts appeared to come from geographical large
dources far to the south (G:M: latitudes greater than 50%). Two

of these appeared to be long narrow sources or "arcs® cccurrin
somevhers between 50° and 60° GoM. latitudes Eight of the separate
bursts were small discrete sources randomly distributed betwsen
geographic latitudes 38° and 45° (45° - 55° GuM.). Observations
during nolse sﬁoz’ta_aa 7438 ghowed the same general amplitude variations
at a1l stations though a considershle difference in the relative
amplitudes (Pigure 16). This was interpmteera 7 ag a very large
source with fine structure; Seéme of the pesks in this fine
stracture appeared progresgively later at the western stations ,
being ebserved at each station at about their same lgcal times
This sugg‘esteda 8 that the sources of these were remaining almost
eonstant in position in Right Ascensions.

| | Investigations by E11153° on isolated bursts cecurring
during periods of weak magnetic aotivity (K ~3) shewed that about
half {43 out of 97) vere aseociated with positive magnetic bags.

The bursts occurred at the seme time as the bagss Carturight’t
obtained evidence thet these bursts and baga are also coincident
in geographic position: Recent investigations of the ionospherié

current systems associated with magnetic bags suggest local precipitation

of protons and electronss Hence it seems likely that these particles
also produce the localised bursts of h&ssz €’-.

32
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3. OBSERVATIONS OF HISS.

3.0.1. Inttoduction.

The writebts experimental work was
confined to observations of hiss. In 1959 when
this work wés begun a vast amount of data in the
form of spectrograms of discrete emissions, cﬁorus
and hiss had already been recorded by several groups
throughout the world. Complicated and costly
equipment was needed to produce high qug%}ﬁy
spectrograms and essentially new work in this field
required more sophisticated experiments and tech-
niques. On the other hand Ellis had just opened
up a new field by his techniques for studying the
longer term amplitude and frequency variations of
hiss. In addition these techniqués required only

relatively simple equipment.

It should be noted that the definition
of the three types of exospheric emissions:
"discrete emissions", "chorus" and "hiss", are
based on their sound and their appearance on fast
spectrograns. The recording techniques used by
Ellis and in the work to be described would treat
discrete events as impulses, and so reject then. On

the other hand chorus consisting of overlapping

"discrete emissions" would be treated as hiss,
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3.1 WIDE BAND BURSTS

3.1.1 Introduction:

Early observations by El1is-C showed that

sometimes, particularly at times of strong geomagnetic
disturbance, wide band bursts occur spreading from

2 ke/s or less, to at least 30 ke/s. One of the
first experimental projects by the writer was to ex-
tend the observing range. to find out the frequency
range of very wide band bursts and how the intensity
varied with frequency. Very wide band bursts were
observed at frequencies from about 100 ¢/s to about
250 ke/s.. The observed (groﬁnd level) intensity

in Wm™2 (c/s)—l ranged from nearly 1077 at 100 e/s

~19 a4 250 ke/s. However as will be shown here,

to 10
the intensity at the source region in the exosphere
deduced by subtfacting the losses suf%red in the
ionosphere and below the ionosphere, shows a
relatively flat spectrum at a level of the order of
10710 wm ~?(c/s)L. |

Ground level intensities were recorded at
several spot frequenciés (125 e¢/s, 240 ¢/s, 410 c¢/s,
760 ¢/s, 1.8 ke¢/s, 4.3 ke/s, 9.0 ke/s,and 230 ke/s)

during wide band bursts observed at Hobart.
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Only six recording channels were available
so that simultaneous recordings were not made at ali
eight frequencies mentioned above.-» However there was
sufficient frequency overlap to suggest that the wide
band bursts measured mainly at the higher frequencies
were similar to those measured mainly at the lower
frequencies. |

Two sweep frequenéy analysers covering.
fhe ranges 40 ¢/s to 500 ¢/s and 400¢/s to 6 ke/s,
though of less sensitiviéty and of restricted use for
inténsity measurement, were used to check the

interpretation of the fixed frequency records.

3.1.2 Observations:

In a period of about fifteen months
(October 1959 to January 1561), twenty five wide band:
bursts were recorded. Three of these are shown in
Pigures 17 to 19. The main wide band burst in Pigure

3¥ (around 1130 local time) is accompanied by a medium

bandwidth burst between 10 and 11 local time and several

narrow band bursts after local noon. To avoid zero
intensities appearing in the statistical analysis,
consideration of intensities was restricted to these
twenty five for which non zero intensities were record-
éd on all channels. In general, as in Figure {7,

the peaklintensity during narrow band bursts at—=tke
was of 4la sawe ocder as Flat doeing wide baud boursts af Ha

36
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same frequency. The median intensities and the

spread of intensities recorded is shown plotted in
Figure 20. Medians for 125 c/s, 9.0 ke/s and 230 kc/s
may not be truly representative as less than five
values were obtained for each. This occured because
these channels were operated for a relatively short
period.

It is seen that very wide band bursts
covered the full observing range so it seems likely
that some extended beyond this range. However the
(burst) signal to (background) noise ratio became
graddélly worse at the very high and very low
frequencies so that this was not checked by extending
the observing range further.

The most striking feature in Figure 20
is the strong dependence of observed intensity on
frequency. We are interested in the source intensity
and its variation with frequency, so we will now attempt
to find out how much of the observed effect is pro-

duced by propagation losses.,

3.1.3 Peragation Losses:

Although there is no strong experimental

evidence to indicate the level at which V.L.F. noise
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is produced, we will assume here that it is above
most of the ionosphere,'that is abovs, say, 550 km.
Directional and spaced observations (Ellis34) show
that V.L.F. noise bursts often appear to be coming
from virtual sources of quite small areas on the
earth's surface. Consequently we adopt the model
that the burst is génerated in a relatively narrow
tube of force somewhere above the ionosphere, is

then piped down through the ionosphere in the

"whistler mode"™ and radiated out under the ionosphere

Fa

in the two surface (earth or ocean and ionosphere)
wave guide to the observer. This is shown in Figure
ete. We require, then, the losses suffered in these
two moaes.' |

The earth-ionosphere wave guide losses
have been calculated by Watt and Maxwe1178 for freg
quencies from 1 to 100 ke/s. Curves are given of
field strength versus frequency for propagation over
daytime and nightt%me sea wéter paths of varioué
distances for a ugit "white® point source. In our
case the distance between the virtual source and the
observing point is not known for each burst but a

" typical median value can be estimated along the fol-

lowing lines.

Go



Supppse all sources were point sources
and that they were randomly distributed about Hobart.
We consider an annular area centred on Hobart at
distance r, Width dr, and area dA. We define the
probabilities: ps(r, dr) of a source occuring within
this annular area; po(r, ar) éf it being observed |
at Hobart if it did occur; and pos(r,dr) of an

observable source occuring within this area (within

r and r+ dr). It follows:

p, (r, dr)=dAer.dr

po (r, dr)e=intensity on arrival at Hobart

r

(=

wherezﬂ = attenuation coefficient for the earth -

ionosphere wave guide mode.

Hence, |
P,s(rsdr) = p (r,dr) . p (r,dr)

e—&r . dr

We ‘define a median range T such that

- o0
r ' :
go Pog(Trdr) = (‘f Pog(Trdr) o

that is

L™ ]_o ] ;E‘*rf
N r K )

e-&r = %‘

Hence,

)



The attenuation coefficient,«, is strongly frequency
dependent, but typical values are around 3 dB per
1000 km (Watt and Maxwell D) so that the typical
range (r) will be around 1600 km.,

o Suppose instead the sources were very
large so that everywhere in the viecinity of Hobart
was essentialiy uniformly illuminated by each burst.
We consider the same annular area described above.
The totél power intecepted by this annulus is pro-
~ portional to its area:

d_Ws(r) ~ r,-dr,
Transmission over distance r +to0 Hobart would decrease
this by a factor

e—rﬁr

r

So that the power observed at Hobart from this area
(from the ranges r to r + dr) is then
_ . - T

dwos(r) = Kce .dr
K being a constant of Proportionality. We define
the median range T as that range within which half
of the observedgpower ocecurs. Then

oty

«dr =K |_ e" T, ar

o r
Hence the same argument as the above leads to

K e~ %T

r ~ 1000 km.



Selection of the r = 1000 km. day and night
curves of Watt and Maxwell!O gives us the below-
ionosphere losses for the frequency range 1 to.

100 kc/s. Those for frequencies outside this range
are estimated by extrapolation.

| "The attenuation for whistler mode propa-
.gatioﬁ through the ionosphere were obtained from curves

11

by Helliwell using a model daytime ionosphere

from 80 to 550 km., given by francis and Karplus79'.
Night time attenuations were estimated from this model
- by disregarding the ionosphere below 100 km.  The
'attenuations sufferéqin the successive strata of'the.
ionosphére'thus calculated are given in.fablé 1 |
below.

Table 1
Power attenuation for whistler mode propagafidn

through successive’strata of the ionosphere at the

frequencies given.

Ionospheric Power attenuation (dB)at frequency (kc/s)

stratum (km) 0.1 0.4 4.5 17 230 500
550 - 140 0.12 0.24 0.8 0.9 8.4 22
140 - 120 0.04 0.08 .0.2 0.5 2.2 5
120 - 100 0.24 0.5 1.6 3.0 14 33
100 - 90 0.3 0.6 2.2 4,2 17 42
90 - 80 0.7 1.4 4.2 7.5 .20 48
Day 550-80 1.4 -, 9.0 16 60 150
Night550-100 0.4 6.8 2.6 5 25 60

“3



There is little experimental data to check

these calculations, particularly of the lower fre-

80.

quencies. However whistler mode echo observations
at 17 ke/s for daytime propgation indicated that the
actual® attenuation at the time could not have greatly
excéeded these figures. Very recent preliminary
dataS? from the LOFTI I satellite at 18 ko/s

indicate that 80 per cent of the time the attenuation
ranged from 33 to 45 dB by day and from 4 to 29 dB

by night. A rocket measurement8l

at 512 ke/s showed
at leaét'40 dB attenuation for night time propagation.
The losses for propagation thfoggh the.
ionosphere (whistler mode) and below the ionosphere
(wave guide) are combined and graphed in Figure 2©

for day and night conditions. We have assumed a

"white noise" source of intensity Il.O"loWni'z(c/s)"l

‘at a level of 550 km. - The curves thus represent

the expected intensity at an observing station on
the ground about 1000 km from the point immediately

below the source. The accuracy of these curves

deteriorates towards both ends of the frequency scale;

The treatment used above breaks down at the low end

' because the distances involved approach a wavelengih.
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At thé high frequencies the attenuations are so large
that small errors in the estimation of parameters
become important. Both ends will suffer from
extrapolafions.

It is seen from Figure 20that the expected
"ground level” spectrum resulting from this flat or
"white" source spectrum fits the obseved intensities
to an ordef of magnitude or so, although an intensity
» proportional to wavelength might give better fit at
the low frequency end. The main point emerging from
this study is that much of the very strong frequency
dependence of observed‘intensities is accounted for
- by attenuation.

Intensities of over 10‘14 Wﬁfz(c/s)’l
at 512 kc/s have been observed at a height of 400 km
by Mechtly and Bowhill81 (open cirele in Figure 20).
This is a lower limit (receivers overloaded) and so
consistent with our results. On the other hand at
frequencies above 900 ke/s, at times when the
ionosphere abo#é Hobart is transpearent, ground level

intensities (due to Cosmic Noise) of only 2 x 10"19

W1n"2(c/s)'1 are observed83:‘ This is some nine
orders of magnitude less than our value. However

it must be remembered that very wide band bursts are
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rare and occur only during very severe disturbances
whereas the ionosphere'is transparent at low frequencies
only during very quiet conditions. Neverfheless,

this does show that, at least at the higher fregquencies,

a continuous high background level does not exist.

3.1.4 Conclusions:

' The important results of this study are:
(1) very wide band bursts of hiss occur at times, (2)
the peak intensity of these (and narrow band bursts)A
near the regions of production is around 10'10Wm72‘
(c/s)"1 to within a few orders of magnitude, and (3)

this intensity is not strongly frequency dependent,

and may well be “flaf" or'frequency independent.

Y6



- 3,2 DYNAMIC CHARACTERISTICS

32,1 Amplitude Variat;qns,

The narrow band pass channel at 4.3 ko/s was operated
longer than any of the other channels. To show the amplitude
variations the original pen recorder (4.3 ke/s channel) charts were
redrawn on a compressed time scale, Eight months (June to
September 1960 and 1961) processed in this way are shom in Pigure
22, Each trace shows a single (local time) day . When these appear
as straight lines no hiss was received. The trace was not drawn
at times of equipment failure (e.g. 21st June, 1961). In
addition the trace is followed by a dot if the 24 hour average
(centred at 2200 L.T.) valve of Kp exceeded 5. The amplitude
soale is such that the separation of successive traces is
approximately 0;5 /% vol;.

Many of the features reported by Ellis, as desoribed
’in Chapter 2, ocan be seen in Figure 22, Both "isolated bursts®
and "noise storms" appear. The duration of "isolated bursts® is
seen to be of the order of an hour whereas "noise storms" last
several hours. Bursts appear at all times of the day but in
general hiss sotivity is strongest in daylight hours. The "noise
storms" ocour on days of magnetic activity, but "isolated bursts*®
ocour on other days as well,

One effect; also reported by Ellig, shows up quite
clearly on this type of presentations there is a general tendenoy
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for bursts to recur at about the same time on the following day,
often with similar sequences of amplitude variations. A good
example of this effect ocours 1n the group of bursts on the 26th

June, 1950, to the 1st July, 1960, thus 8 "xvnnded" burst at 1310

on the 26th June, “gpiked" burst at 1410 on the 27th June, a
triple poaked burst at about 1600 on the 27th June and a
“reotangular" or double peak burst at 1330 on the 30th June,
are each followed by s:lmilarly shaped "echoes" delmd by 22}, 23,
24 and 24 hours respectively. MNany other axamples are seen in
Figure 22. . Eﬁére‘ are some oasesvvo'f umitiple "oohoes" having an |
apparent two day delay in the middle of July, 1960.

| A similar effeot of long standing appaars on magnetio

recordss Chapman and Bartels 84

show several examples of recurring
ma.gnetic bays. In view of the ass'bciat‘i.on between ma.gnetvié bé,ys
and isolated bursts already established (Chapter2), this is not
unéexpeoted. .

In an attempt to test this effest objectively the
following rules were adhered to. The "echo" burst must occur at
least twelve and nlot more than thirty six hours after the
"originating" burst. Tho "echo" should be similar in duration.

If two similar "echo” burets occurred within a few hours of one

another, only the first was ¢onsidered. Only the bursts shown in
Figure 22 were considered. A histogram of time delays is shown in
Figure 23(a). It is seen that the delays are relatively narrowly

distributed about 23~24 hours. To test that this was not entirely
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Fig. 23. (a) Histogram of time delays between “‘originating’” and ““echo’’ bursts
in Figure 22. (b) Histogram of occurrence time of these bursts. The

latter distribution is broader.
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due to a diurnal effect, the times of occurrence of all
originating® and "echo” bursts were noted and are sﬁom in the
histogram of Figure 23(b). Although this shows a peak, the -
distribution is broader.
The amplitude variations which occur within a

burst or noise storm are generally too diverse to olassify into
types. This also applies to the onsets and tails of burstass
both fast and slow (and medium) rises and falls occur. On a fow
occasions, however, a regular variation has been observed. The
best example recorded is shown in PFigure 24. This appearsd as
a relatively wide band pulsating burst, having a pulsation period
of ahout two mimutes. MNagnetic records from Hélboume, Macquarie
Islend and Mawson for this time (0700-0800 U.T., 6 Sept. 1960)
wei'e' lexmnﬁxed dut no pﬂheziomené‘ of this period was ‘found. : ‘

R ‘Another effest which ocould perhaps be included in
this Icategoryv was observed in a clear cut form on.only §ne o
'6ccﬁéio;1. Ms is.shoi:n in Figure 25. At'fre,quangias ‘below about
1 k"t;/'s‘ there was a background noise which inoreased in mfensity
with deoreasing frequency. Thé origin of this was not determined.
This background level is seen in Figure 25 to be fairly strong at

125 6/5'; proéreséi%ly wogker at the higher frequencies; and ateady

in amplitude up t111 about 0850 L.T. At that time a strong (the
4.3 Xo/s and 1.8 ko/s channels gains were low) narrow band burst
bogan at abou£ 1.4 ko/s and simultaneously the background began to
decrease to the receiver noise 10#918. Towards the end of this

sa



Lio

-6 SEP 1360

760 -~ .

" 8

-9k

Fig. 24. Pulsating burst.
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Fig. 25. Blanketing of low frequency (particularly 125 ¢/s and 240 c/s)
background noise associated with 4 kc/s burst.
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parrow band burst s wide band ( — 125 of/s to ~ 2 ko/s) burst
began. Finally the latter died out and the background rose to' its
previous level. ' - |
- The ‘dmportant aspect of this event is that thef'

presence of the narrow and wide band bursts in some way inhibited
the background noise, eifher by inhibiting its géneratioﬁ ;r by
inhibiting its propagation (inoreased ‘é.t‘teihxatioxlx)'.' The. i'attef is
perhaps more likely as we have already seen '(Beetion }2.4)} thé.‘t
ionospheric absorption is correlated with hiss. Since the ‘bnrstn
were observed despite the increased attenuation, this suggests
that the bau!cgroﬁnd noise has its origin at greater distances
(higher latitudes).
34202 Proquency Variations

The speed of the épeotrograms used in studying
whigtlers and discrete emissions is such that a distance of one
second along the time scals is of the order of 10 ko/s along the
frequenoy scale (aspect ratio of 10 ke/s = 1 sec.). These show
RMes as a steady band or series of bands of noise (Pigures 1, 5
and 8) . Réuever, hiss .shm'm proncunced variatiéns of mtemity,
bandwidth and centre frequency if much slower spectrograms
(aspeot ratio of 10 ke/s = 't hour) are used. Examples are shown |
in Pigures 26,27 and 28. o

As found by Ellis (Chapter 2) "isolated bursts” were
typically narrow bsnd and the oentre frequency was usually constant.
However, some burats which appeared as short isolated bursts on
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Fig. 26. Burst recorded on 17th July, 1960. Compare this with the burst recorded
24 hours previously (Figure 28.).

43k www&f&:e,.
L2 smnd T } oo Spaaingigli L
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amplitude (pen) records showed some ya.rj.latiqn; That shown in
Figure 26 is an example of this. The spectrogram shows that
this burst lasted about t4 hours and was fairly narrow band
except for a short time (1515 to 1530 L-?L}:) when '1t apppaigd on
the 4.3 kofs pen chamnel. It slowly drifted domwards in |
frequeney so that at about 1600 L.'l‘. 11; became obvioue on the
148 ko/s pen chamnel, Tais burst can also be found in Figure 22
-where it appears as an “"echo" of a prev;qu noise storm I?’sp,i.kle_"
| (aee also Figure 28). |

During "noise storms" the bandwidth, and to some
extent the centre frequency, varied greatly. This g1 seen in
Figures 27 and 28. To some, and perhaps to a large extent, the
amplitude variations as observed on a narrow band fixed frequency
receiver are caused by these frequency variations., In contrast to
the frequency-time traces of discrote emissions (as observed on
fast spectrograms), the frequency-variations of hiss during "noise
storms" do not show repeatable forms. . However, the variations
are not erratic and are rarely discontinuous. Wide band noise
thus appears to grow out from narrow band noise, though it may
extend mainly to higher frequencies as in Figure 27 or mainly to
lower frequencies as in Figure 25,

As was seen in Section 3.1, the frequemoy extent of
vide band hiss oan be very large (some eleven ootaves). Thus, at
times, hiss has been observed at Hobart at frequencies from about
100 o/s to over 200 ko/s, On the other hand, whenever narrow band
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' hiss oscourred, both during "isolated bursts® in magnetioally quiet
periods and during "noise storms" in severely distmrbed pericds,
its centre frequenoy was usually around 3ko/s. It was never less

than 2 ke/s or greater than about® 8 ko/s.

# The upper limit is not well kmewn as it was outside the range
of the spectrum analyser., On rare occasionshiss occurred on the

9.0 ko/g penr channel which did not appear on the 4.3 k‘o/a ohannei;
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3.3 TECHNIQUES.

3s3.1 General
| A block dilagram of the complete receiving system is

shown in Figure 29. Two vertical loop antennae were used; The low
frequency ( =< 10 ko/s) loop had six turns of hook up wire. The

high frequenoy loop had two turns made from standard 300 ohm ribbon -

transmission liwe. Both loops were triangular (40 ft. base, 20 ft.
height) and of area 40 sq. metres. In both cases the signal was
fod into wide band pre-amplifiers situated near the loops; The
pre-amplifier outputs were fed into the remainder of the equipment
by coaxial cable. This equipment was housed about a hundred motres
from the loop antennae to minimise power supply' .piok upe

For the highest two frequencies (70 ke/s and 230 ko/s)

standard commmications receivers (R1155) were used. The frequencies

~ chosen were comparatively free from communication interference.

The deteotor outputs of these receivers were amplified and applied

to the deflector plates of a twin beam cathode ray tube, This was

recorded on 35mm film moving contimmously a.tv a rate of one or three

inches per hour;

Two systems were used for the lower frequencies (100 o/s

to 10 ko/s). Originally, as shown in Figure 29, the pre amplifier
output was further amplified (W.B.A.) and then fed through cathode
followers to seven fixed-frequenoy tuned amplifiers and two sweep~
frequenoy spechrum analysers. The bandwidth of the fixed tuned

amplifiers was approximately one tenth of the operating frequency.
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Fig. 29. Block diagram of receiving system.



A mintmum reader oirouit similar to that shown in Figure 11 was
used for pen recording.

The system so far described used standard techniques
and so will not be described in greater dstail. A later system

used separate complete receivers for each channel. A oircuit

~ diagram is shown in Figure 30.  This is a slight modification of -

that designed by Ellis, which is fully described elsewheres,

' The two chamnel sweep=-frequenocy spectrum analyser used
gtandard heterodyne techniques. The high frequency (400 ofs to-
6 ko/s) channel had a local oseillator mechanically swept (motor
driven cam) from 20 ko/s to 26 ko/s. Its intermediate frequenoy
amplifier had a centre frequency of 20 ke/s and bandirith of 40 ofs.
The low frequency limit (400 o/s) was set by local esocillator
bresk through. The sweep rats was 4 sweeps per-minnte; " The low
frequenoy channel (100 c¢/s to 600 .0/s) was bagically similars
is;o; sweep from 2.0 kofs to 2.6 ko/s, I.P. of 2.0 ko/s with 10 o/s
band width; and sweep rate of 2 s.p;m;: The outputs of these
channels modulated the intemsity of two in-line traces on a twin -
beam CeR.To A cirouit diagram of the intensity modulator is shown
in Pigure 31, and is discussed belows

. .In the quiescent state current through V1 and hence R
produces a potential difference aoross R1 and hence between grid
and cathode of V3 sufficient to keep V3 cut offe A sﬁi’ﬂaiently
strong (mogative) signal on the grid of V1 will cut off V4 and
thus allow V3 to conduot and asocillate. The output of this
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osoiu;;:br is amplified by V4 and applied to the Y1 deflector
plate of a ‘twin beam C.R.T. Also applied to T4 is & time base
voltage (B2 and C) and a shift voltage (P3). Thus in the absence
of a stroné input signal the C.R.T. spot moves across the soreen .
at a constant rate in step with the frequency sweep. VWhen a strong
eignal input triggers the oseillator the C.R.T. spot has impressed
on it‘ an additional very strong and very rapid movement. This
tends to make the spot invisible, This effect is augmented by the
characteristics of the G'.R;'l'. screen phospher and the photographio
emulsion. The second chammel operates in precisely the same way
and its output is applied to Y2. The net effect is two separate
in-line traces which can have different amplitudes and time bases
and which can be intensity modulated independently., Incidentally
this intensity modulation is "direct coupled”, i.e., it has full
response down to gexo ~£re’quency;
}. 3e2 Calibration

" fwo basic methods of intensity calibration were used.
In the first the loop antennae was replaced by a signal generator
or standard noise generator of the same impedance. Intensities of
hiss were then deduced from this receiver sensitivity caliba;ation

. and the effective height of the loop anterma calculated from measure~

ment of its physical dimensions. The second method gave direct

calibration by generating a known field strength in the vicinity of
. 85

~ the anteana from a remote suxiliary loop . This method has the

other advantages that the recsiving system is not disturbed and that
the calibration signal has to compete with interference (atmos-
pherléa)l in the same wiay as does the hiss signale. Both these methods



ga.ve consistent results. The _mlibraﬁ.on and reading accurancy
(about 10%) was more than adequate for the arguments presented in
‘this thesis. -

' Tn addition to mammal "absolute® intensity and
frequency cal'ibratiéns, -several calibrations were applied auto-
'matically. At the beginning of every hour g time mark was applied
to all chammels for about two mimutes. At first this was done by
removing the output from the pmmpiifters,- but later by replscing
the loop antennse by dummy loads (as in Pigure 30). This second
method ‘also provided a gzero level. An additional time mark was
applied at noon and midnight (local time). Ilater on this was
replaced by an automatic noise generator calibration (using a
" silicon 65.0:1386-)'; Two frequency calibrations at hamonies of

200 o/s and 1 kc/s (using a mltivibrator) were applied to the
spectrum analyser each hour for about one mi:mte;»

The timing for these operations was derived from
gynchronous motors (the power frequency in Tasmania is quite
stable). All recording devices such as the £ilm and paper chart
drives were motor driven from the A.C. mains ,suppiy; To avoid
ambiguities in timing arising from & power failure, and in

particular a series of power failures, & relay operated by the first

- power failure transforred the timing to a clock work system. This
relay was reset manually along with the synohonous timers.

3



4. REVIEW OF THEORIES OF GENERATION OF V.L.F.
EMISSICONS. -

4.1 Early work. Many of the early ideas on generation of V.L.F.
emissiong were borrowed from solar radio astronomy. When woxrk in
this field began, solar radio.astronomy had already made over a
decade of progress in obgervations and theoret ical work, However,
it should be noted that the earliest of the ideas discussed here is
ere less than five years old., .Bscause thils whole .field is so0 new
the development of .ideas from exrude to sophisticated does not fit
a strictly chronological ‘pattern. '

The sun's corona is in many ways similar to the
earth's exosphere, Some writers have in faet referred to the
exosphere as the terrestrial corona. The .ei_osphere is much smaller,
colder and less dense.and the magnetic .field is weaker. .The.last
two points also mmount to a socaling down (from H.F. to V.L.F.) of
the natural resonance frequencies, thess gyro and. plasma frequencies.
Another difference is that the magnetic field of the sun is highly '
complex while that of the earthis fairly closely dipole.

Nevertheleas it is surely signifiocant that in

-both regions eleotro-magnetic phenomena are produced at frequencies

of about the same order of magnitude of these natural resonance
frequencies., Thus many of the processes which account for H.F.
emissions from the solar corona might well account for V.L.F. emis- '_
sions from the earth's exosphere., There is an egsential difference,

‘however, In the solsr case only processes allowing outward

propagation from the region of generation to interplanectary space
and ultimately to the earth can account for observations made here
on the earth. Quite the reverse is true for V.L.F. emissions from

oo/2e
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the earth's exosphers: inward propagation is neoessary for
‘obgservation on the earth's surface. This point rules out many of
the prooesses which work in the solar case. '

Some of the processes which apply in the solax
case are synohrot'roﬁ radiation, cyclotron.radiastion, and plasma
osoillations, The first two are related to the particle gyro
f£requency given by.

e
2 = B
where e 1is the particle* charge

m iz the particle® mass .
-B is the .mgg_nertic intenaity

- . .Synchrot ron. radiation is produced by relativistic
electrons at multiples of the (particle) gyro frequency. For very
energetic.particles most of the e‘nefg is radiasted at the high -
herimonics. .Cycletron radiation is produced by non relativistie

: parti.:o].‘és at the gyro frequency only. Elli&vzg suggested that the
narrow band &c/e hiss -which he observed might be oyclotron radiation.
The (eleoctTon) gyro frequency has this value at abouté earth radii
from the centre of the eaﬁhaa. This is the region where particle

st reams from the sun should bde stopped by the geomagnetic fieldzs.

o Plasia oscillations oocur at the fraquency
where ¥ is the partiole dedkdty.

/3

% We are mainly eoncerned with electrons here. VWhen we consider .
protons we will use H and M for the proton gyro frequency and mass.
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see 3 (XYY

Flasma oseillations are excited by fast bartielea-, btat it is not
these particles whioch radiate as 1n the .synehrotron and cyclotren
cage, but the medium itself, the plasma, .

We.wlll now see Af any of these processes allew
downward propagation at V.L.P. from the exosphere through the '
ionosphere to.the earth's surface. .The only.propagatilon mede
allowable .is the."whistler mode®™: the longitudinal extraordinary
mode below the .gyro frequency. The refractive éndex of this mode
(n) is given by - | P ' ’ ’
o 2ot .fixt.f, " (4a)
where £ is the frequency of the wave being piopagated’ and p and b

refer to electrons,

e Since prapagation is not possible for £ > h,.
synchrot ron ra.diatien from electrons will not be observable (except
possibly at the fundamental feh), 4t f=h the refractive.index.
becames infinite ana.the a%tenu&tion very large. Thus even 'gycletron :
radistion (from electrons) will be severely imhibited. As we will

gee in ohapter §, the elostron density in the exosphere is approxi-
mately pr@portional te the magnetia field strength, t‘huc

p?/h =~ ocomstamt ( =~ 1xc/a) (4.2)

S:lnce, in the exesphere h =< 11[0/3- then p > h. Consequently,
electron plasma oscinat:;ong cannot propagate down to the earth.

. However, the exosphere must be electi':lcany
neutral so that in all regions the electrons must be balanced by an
equal charge of ions. These will be almost entirely pretoms. The
presemce of these protons has relatively little effect on the .
refractive index as caleulated on the electron component alene46,
but it does present the possibility of proton emission processes.

e
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The proton gyro frequency H is given by i-
B = bg -~ h/2000

The highest proton gyro frequencies will occur near the earth's
surface and near the poles, ELven there it is only about 800e¢/s,
Thus although allowable as.far as downward propagation is concerned,
cyclotren __radiatioﬁ.from’ protons would occur at frequencies too low
for most. of the V,L.P. emissions diseussed in Chapter 2, Adrons and
emoxkers.’??z.?’.21.suggest. that their.narrow band omission et.
750 of/s was proton cyolotron radiation, . On the other hand synchro-
tron radiation at multiples of H produced by highly relativistic
protons might resolve this diffiéuit&, At a given .point in the
exosphere a ,sez;ies of tones separated by B (a few oycles per second,
generally) would be produced. Since these tones weuld be rising the
net result would probably be indistinguishable from wide dand noise.
However, there are.probably not enough relativistic protons to pro-
vide .obgervable intensities even if ﬁmst- of the. energy of thoge
prétans is converted intq eleotrovmagneﬁ ic energy in f.hg V.L.F, band.

AncookT suggasted proton plasma osoillations

88 a possible mechanism for dawn chorus. He poiﬁted out that a
cloud of incoming fast particles might exeite eacillations at
decreasing levels in sequence. This would appeaf as a series of
rising tones to an observer on the earth, A similar process was
thought -to prdduce Pype III aoiar radio bursts, The proton plasma
frequency (P) is given by s~

2 m
. P - xp® ~ p? /200
Thus /b ~ S500¢fs . .
G’onsequentli downward propagation M proton plasma aescillators could

e¢cur for all regions for which h > 5000/s. This probably
includes all of what we will de'sermas the earth's exosphere,

eee/5
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S The much greater mass of protons make them very
poor radiators compared with electrons. It is doubtful if any of
these proton processes could produce an observable amount of
radiat ion., This and a more soﬁhisticated proton process will be
discussed in a later section. ; - |

4.2 Corenkov Radiation, . This.is produced when a charged particle
travels in a medium.at a velocity greater than the phase veloocity.
of electromagnetic waves in that medium, Radiation is produced .at
all frequencies for .which this condition holds. It has been obser-
ved and studied in the vigible light region for several decades.

It was proposed ags a mechanism for the generation of most . of the
non-thermal radio emission from the sun by narsha1147. Boting this .
E111348A showed .that Cerenkov.radiation would also be produced in the
exosphere at V.L.F. From (4.1) and (4.2), even for h >> £, the
(phase) refractive index 1s greater than 10 for £ < 10 ko/s. The
refractive index will also be.high near the gyro frequency (b—f
small). Thus in both cases V.L.F. emission would be produced even
from relatively slow particles (O.%i.). The emission would gener-
“ally be broad band hisa,

R , At first 1t appeared that the amount of
radiation produced would not be sufficient to produce the observed
intensities. However, rocket 49 and sat‘é-lliteu weasurements showed
that st reams of incoming particles were stronger than previously
‘supposed. Also Jelleyso pointed out that small (of dimensions mmch
less than a wave length) irregularities would radiate coherently,

80 that .the radisted power from each irregularity would be propor.
tional to the. square of the number of particles it contained. @uite
a small amount of irregularity or "bunching® suffices to explain the

observed intensities. .
. o ./6‘
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: In a sense it is the medium which
radiates rather than the particle or “"bunoh®., T a magneto active
plasma such as the ‘exosphere or the solar corona the process is

mich more complicated than in the simple media for which the
Cerenkov expr:‘ssione were originally derived. A vigorous theoreti.
cal tkeatment/Cerenkov emission produced by a single electron moving
in a magneto active plasma is given by Eidman51,

437 WT Amplification., The ideas discussed above have been

borrowed from solar radio astronecmy, We now consider an idea
berrowed from laboratory U.H.F. techniques. . [ dkanshtno

Aeiisinier, In the travelling wave tube (TWP) amplifier an
eleci:roh.i:aam and an electro . magnetic wave travel down the axis of
the tube. .A slow wave stracturs reduces the phase velocity of the
wave to a .val¥e considerably less than the free space velocity C‘.

The longitudinal component .of the eleet ric field of the wave can
interact with the elesctrons in the beam. When the electron velocity
(or component along the axis of the tube if magnetic focusing is
used) is equal to the phase velocity of the wave, electrons lose
enexgy to the wave so that the wave grows exponentially. Gallet

and _He‘.!.liwolls2 suggested that the same process might ocour in the
exosphere, The plow wave structure of the laboratory TWP is replaced
by .the high refractive index of the whistler mode in the exosphore.
Both streams of electrons and V.L.F. waves in the exosphere will tend
t0 travel down a magnetic fiecld 34me and thus de confined to . a
magnetic tube of force. A substantial longitudinal compenent of
electric field of the wave will exist for interaction with the
electron streamsz When the velooity of the electrons (assumed to
travel exactly dewn the field line), e, equals the phase veleoity

eee/s
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of a wave, 6/n, at frequency £, then amplification is produced at
these frequencies. '

' Shus from the condition -

ERY

And from (4.1), assuming n? >> ty they found

£ - % [1 + (f-ﬁ)ﬂ-.

It is seen that two frequenoies (£* and £7) are a.mp].itied. The
Cerenkev condition discussed ‘above is

EF > 1
Thus cerenkov radiation is produced in two.bands oover:lng the
freqnencies o to £ .and t* ton., If we impose. the restriction on
Cerenkov radiation that emission is only allowable in a direct ion
zlong the fiold line then Cerenkov radiation is alsoc only allowa.'ble

at these two frequencles, et and f .

e The attraction of the TWP process (or
regtricted Cerenkov emission) 4s that st & given amall region only
two frequencies are.produced... If the elsctrons in the .stream all
have much the same veleocity and if the length.of the astream along
ths. £ield 1ine is short. (a few hundred. kilmetem) then only two
narrow bands will be amplified at a given time. As the st ream

 progresses down the field line .the centre frequencies of these bands
will vary. To an observer on the earth these will appear as time
varying tones. Gallet &nd H‘elliwoll'jz showed that the frequency -
t4me sequence of one of .these narrow bands (™) agrees closely with
that ebserved for some types of discrete emissions ("hooks", "quasi
constant. tones"). Typically the frequency (f”) is fairly constant
!ﬁﬂe the stream is in the exosphere but rises rapidly when the
ee8/e
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stream enters the upper ilonosphere,

If amplification is restricted to the
exosphere where the £ is fairly constant then a long stream of
monoenergetic electrons shonld preduce narrow band hiss, It seens
roascnable that greater amplification would be produced in regions
and for electron velocities for which the frequency of amplifiocation
ia slewly varying. Some further observation and theeretical develop-
ments have méd‘e this theory more attractive. . F‘or these reasons
th:ls 1dea is much further develcrped in Ghapter 6.

f&; 4 Doppher Shifted Cyelotron Badiation. This is presented at this
' point becsuse these ideas followsd (and perbaps were stimulated . by)
the TWP paper by Gallet and Helliwell. naqmm” pointed out
that .px‘-ot ons gyrating at frequenc_y H will appear at the doppler
shifted and thus much higher frequency £ Af they are repidly
approaching the observer, where

where ¢} is the velocity component of the prat.oné in the direetion
of the magnetic field (and direction of propagation). He showed

that this approximated the TWP.expression. given above. Essentially
this is because.for H/f << 1, n , = 1.. The same process was also
considered by Mureray and Pope. However, they used the refractive
index at frequency H rather than that at £ and consequently obtained

a different (and erronsocus) expression.

. L . ¥uroray and Pepe54' 56

pohrbed out an admta.ge of the proton gyration theory over the TWT

theorys a quantitative estimete of radiation can be made. On. the

other hand such an estimate made by Swtiroecos > indicsted that

proton radiation would dbe mueh too small for detection. Murcray
.o/
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and Pope’® countered this by showing that sufficient radiation weuld
~ be produged 1f the protons radiated ccherently. There are a number

of flaws in Santirocco's arguement but his cemclusions are eorrect.

It is unrealistic to supposé that enormons numbors of protons would

radiate ooherently.

o While working on this
review an idea occurred to the writer which would resclve this
difficulty. . Santﬁ;'ecoo gave an expression.for radiated power which
shows that this is-inveraely proport ional to the square of the
particle mass. .Thus ene would expect the radiated power from gyre-
ting electrons to.be greater than three million times that from.
protons, other factors being the same. But only radiation emitted
at frequencles less than the electron.gyro frequency can propagate
down to the surface .of the earth, Thus we regquire a downward
doppler shift.of the -frequency h. This weuld happen if the electirons
travelled away from.the.habsezrver., This ides is developed in .
Chapter. 7. . (ke : :

4.5 Conclusions, All the mechanisms for production of V.L.F.
emissions in the exosphere so far published (late 196%) have been
roviewed above, The most promising ideas appear to be the TWT
amplification process (mainly for hiss) and doppler shifted cyelotron

s5). Before

radiation, at least for electrons (for—disorete—omicsic
theee . ideas (part iocularly the fomef) can be further developed i

is necessary to obtain an expression for the variation of electron
dengity in the exosphere along a geomagnetic field line., This is

derived in the next chapter.
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5. ELECTRON DENSITY DISTRIBUTION ALONG A
GEOMAGNETIC FIELD LINE IN THE EXOSPHERE.

§.1 Introduction. |
| Over the last few years whistler (and to
some extent, micropulsation) studies have yielded
considerable information about electron densifies
in the exosphere out to several eqrth's radiil
However&he‘measured quantities (delay times) are the
esult of an intergration over the whole path along
the field line. Phe important contribution to this
integral occurs at the equatorial plane where the
electron denaity and magnetic field are least for
the path. The value of this integral is relatively
insensitive to the way in which the electron density
varies along the path. Thus whistler work has pro-
duced faéiy accurate estimates ofvelectron density
in the equatorial plane but relatively little
information as to how the electron density varies
along the path (field line). It is this manner of
variation which we require forthe discuséions in

chapters & and ¥.
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An assumption oftennade is that the electron

density is distributed with spherical symmetry about the

centre of the earth. This would be logical in the
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absence of any magnetic field as any local discontin-
uities would tend to diffuse over a sphere. In the
presence of a magnetic field, however, charged
particles are fairly well confined to a magnetie tube

of force so that diffusion would ta%p place along the
2
magnetic field lines. Some workers have adopted a

gyro frequency model, that is, the electron density
is everywhere proportional to the magnetic field
strength or gyro ffequency. As it turns out in this
chapter, this is a good approximation. However no
theoretical argument justifying this has been given
previous to this work (1960).

This chapter is an attempt to hake this
effect into amcount and derive thevdisfribution along
a field line on the assumption that the tubes of force
are supplied with charged particles}(electrons and
protons) from the upper ionosphere. The particles
will move in helical orbits along the field line
(Figure 32). Since the cross-section of the tube of
force rapidly increases towards the equatorial plane and
since the pitch of the helices decreases (i.e. opens
out) in this direction we would expect the density

to decrease rapidly. Collisions are neglected except

in the source regions near the earth's surface. Here
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down coming particles which are scattered and'lost"
are replaced (assuming equilibrium) by an equal number
of up-going ones. |

Thus the distribution of the thermal particles
(electrons and protons) which make up the medium'is
derived on the assumption.of injection near the earthfs
surface (upper ionosphere). The distribution of the
faster particles which produce aurora and airglow and
presumably V.L.F. emissions is derived on the assumption
that these particles are injectedfinto the tubes in
regions farthest from the earth, thaths near the equat-
orial ﬁlane. Finally, for completéness, the distrib-.
utions for injection at any point is derived. Phis
latter is briefly discussed with regard to the outer
Van Allen belt.
| If the source distributions, both along
the field lines ana across the field lines, were
known, it would be possible to find the particle densities
at any point in the exosphere. This is done in the
case of the thermal particles making up the medium

o Sourew vegion

by taking a simplified model ofjpelectron density

variation with geomagnétic latitude.
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5.2 Theory.

The various equditions describing the

dipole magnetic field, a line of force and a tube

56

of force are given (Alfven’®, Chapman and_SugiuraSB,):

2
R = Rocos‘i

5
Ro = sec %'

B =nB,

BA = B_A hence A =.Ab/q

%$ = Roﬁcos '

where:

.

R .= radius vector in earth radi |

: ?gg%%ainates
1 = latitude angle
A

= geomagnetic latitude at which the line °
of force cuts the earth's surface

latitude of injection point -

W -

intensity of the earth's magnetic
field

N g se06£
g = (1L + 3 sinzﬂ)%
A

= cross section area of tube of force

4]
i

distance along line of force.
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Some of these definitions are illustrated in Figure 32.
Subscript "o" denotes values fdr which Q~= 0 (i.e. in
equatorial plane), and subscript "L" values for which
{ = L, subscript "A* values for which £ = A\ (earth's
surface), We note immediately that: |
No = &, =1-
‘ We consider one of the particles spiralling
along the line of force determined by "A". At the
point determined by "1", let its pitch angle be "¥" and its
speed "v". Equations governing its motion (Goldsg),
ares
v o= v, (constant)
B/sit?= Bo/ sinQ\PO
Hence: sinzqu q sinzkyov

The velocity of the "guiding centre™ of
the spiralling particle is:

g—% =v cosY = v(1 - sin2\[1 )’15_

_ 5 3
= v(1 - Nsin®Y )2
The probability of finding this particle at position

"{" is proportional to %%

- ‘l
t dt 4 2
Now %Z = Egvai = Roﬂ cos g_ v(1l -r]sin.ﬁFo)é]

If we consider a large number of such particles

v(ﬂ,\Po, v) the density (cm_3) will be given by
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%
N

Fig. 32. Definition of coordinate system.

v
d¢L
sin
(A " "
2rrsing d QJL

2m

dN () = N siny dg

Fig. 33.  Pitch distribution for isotropic injection.
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'In the equatorial plane:

79

9
"~

|

/A
Av; .VL¢ cos (’_'15iniwg>_é

where K is a constant of proportionality.

Nid vy =

~ oa
2 e

kR et kR
.%(\Po,v) = A:—; (‘ - Sin kPo) = A, v Cos\b‘,

Hence

N () = M) qécosbeosd, (- qsin )

We first consider the simpler case

Y (s

of a source of particles in the equatorial plane
(L = 0). If the éource is isotropic (no pre-
ferred paiticlé’direction) simple geometrical
considerations (see Figure 33)‘show that the
distribution of pitch angles will be given by’

AN (4 = N, sing, d, (s2) |
where the ekpression dn thé left hand side represenfs
the density (at é = 0) of particles having pitch
angles in the range 4; and #g + d %g‘

Substituting this for #,(Y.) in equation (5.1):

AN(Y) = N ¢ cosdsing cosdy (1- nsing) S ol
The total density at pointi i A is given by inte-
gration ovei all allowable values of 4@ from 4g==° to V¥,

= its maximam value'qt given by ﬂ 5;“L'§i = 1.

3

—

Particles which had piteh {7 will have pitech ¥ = 2
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at this point (magnetic mirror point). Part-
icles of greater pitch wild have been removed

by magnetic reflection before reaching this point.

Hence ¥ . - '
N = N°W¢C°5£{; st cos ¢, (f—l’lSl‘r\a'{J‘)_Lo(kK
Putting
I R
N = Noqq‘@s(ﬁ'{of‘s = N, §eost ‘ ( s3)

| The expression B cos £ is unity
at £ = 0 and at sin® £ = 2/3 ({~55° It has its
maximum value (1.15) for s { =1/3 (£~353°
Simple computation shows it to be within 15% of unity
for 4 < 6o°

| Hence this distribution which probably
applies to the case of solar>particles injected
into the tube of force during magnetic storms

gives a praetically constant density along a

line of force for all lines (A) up to A = &o°

The thermal particles which make up
the background medium are prdbably supplied where
ionization is taking place, i.e. in the ionosphere.
Accordingly we consider an isotropic source at L = X
The distribution of pitch angled is given (as in Equ. 5.2)by
AN, (§) = N, singydy, (5.4)
We relabel these same particles by the pitch angles
(%@) they would have on reaching the equatorlal

plane, where



sin” = 1, SinT Y, (5.5)
Differentiating:

2siny, cosd dd, = an sing, osd, 44,
Hence Sin ¢, cos ¢,

Sin \{lx 0(4}» = q)

Relabelling Bqu.(5.4 ) and substituting:

OIN)‘(\PO> = N }"X SIHKP COSkk’ (( Pl Slr\ ﬂ{J)-?{S-t)
From Equ.(5.1) we have:

(1— g sin” 4»,)-;:
N (4 ( >
(kP ) N’ kp) ¢ rl)‘ C.QS\A, ws)\
Replacing N;(\P,) by N () and JV; (¢.) L"; dN, (¢
ANL(&) = :ﬁ 5‘““’ d ¥,
Integrating from , =o +o ‘(’o = 11'{',» wheve =it "P;
= l/q* (hewce AC—OS'.Y'-: = (1= ‘/Vh){ )Z

N. =¢%‘x (o sin, d ¢,
¢ Co$>\ [ r = (l '/qu;?:(
gy f(ﬁ:) (D
Hence |

0( No (L/"o) = EE:_E> Sl.h \-{’o o(ké’u (s".i?)

&l



We can now find N at any point ®{" as in the
previous argufment by replacing the pitch distrib-
ution given in Equ.(5.2) by that in Equ.(5.8)

except that the upper limit is now giveh by

sinzﬂt = /7>~

N, : 1,0 .
e N s gy fest [ )] (sew
| = N bt 8/ E(3) (-
where §(’%} = f(' - {)‘ and use has been

made of Equ. (5.5)
An approximation can be obtained by noting

(8§ = 38 + 3 S
Hence for 4, >>! and N, B>

N = Ngb] f cos { (s-10)

This approximation is good to within about 10%
provided le/.? >g;'_ o sect)\/s..,ﬁ_e >2  or R >tz2s,
‘ It is easy to generalise these
expressions for the case of injection at any
point 4 = L. The argument from'equation (5.4)
tbiequation (5.8a) applies if the subscripts N
are replaced by subscripts L. However the.
limit of integration'qt at the point 4 X depends
on whether this point is on the earth side or
the other side of the injection point &L, A .

All the injected particles can reach points at { <L,

g2
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, but some cannot reach points for A >L .
Thus'?:is given by:

s{v\"g;; l/VIL for &4 < L
= \-/‘1 e 4 2L

1

Substituting in equation (5.8a), where subscript
A is replaced by subséript L:
. 1 L :
N N, qglcof,i.f(:h)/f(-%} 4 =<
= [Vo ¢ (,osoe ’(

A discontinuity in high order derivatives occurs

in N({) because the injections itself is a
discontinuity. If a nﬁmber of injection points
or a smooth distributibn of injection exists
then the resulting density distribution would

be avSummation—or integration of density distrib-

utions as given in equation (5.9a).

The distributibns derived have been
expréssedﬁn terms of No since for the thermal
particles, this quantity (as a function of R, or )
is the one most readily foﬁnd from whistler and
pulsation studies. However, the N°(>Q
. distribution is Qerivable‘if we assume a<distribution
of injection as a function of X .We take this to
.be equal to N, , the electron density in the

upper ionosphere. A simplified model of the
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variation of this electron density with geomag-

netic latitude is

N) = NE C_o>>\
where N, is the density above the equatore(h=o)

Substituting in equation (5.7)
: Ne L
N = & £(,)

= N [2dn, for X\ >25°
or in terms of R. (R >tze):

N

ER:’_ (4 - 3[R)

 Substitution of these expressions for N, into

(gin)

N

equation (5.10), we get N for any pointl,k :

N o= el Nt
2 NN

Or in terms of I,R :

Ne . 9§Lcosf
A 2R 4 -z ces™d

Transposing we get the equation of an isopye

(surface of constant N) in a form suitable for

computation:
-
- co s _
Ry =~ _Nr . __T___qﬁ . (s12)
2N 4-§-cosl
5.3 Assumptions. The main purpose of this

chapter is the derivation of the electron density

distribution along a field line as given in



equations (5.9) and (5.10). The derivation

is valid provided (i) that the geomagnetic field
is approximately dipole, (ii) that collisions
and (iii) gravitational forces can be neglected,
and (iv) that the electrons (and protons) aré
supplied mainly from near the earth's surface

(L =X ). We will consider each of these as-
sumptions separately.

60

Recent data”~ from the space probe

Pioneer V indicates that the field extends out
to about 14 earth's radii. Vestine and Sibley®l
find that the field lines connecting the auroral
zones (R_~ 6) are not seriously distorted by
solar éfreams, even during auroral'displays,

Thus the magnetic field is probably a dipole

one out to about 10 radii.

As pointed out in section 5.1,
collisions in the region of highest collision
frequency, the source regions, are effectively
taken into account by the theory. In an exosphere
of protons and electrons only~collisions of
electrons with protons are important since elastic

collisions betwwenm: like particles involve only



velocity exchange and the much heavier protons
arebot greatly affectedky collisions with electrons.
Assuming a temperature of about lO?OOOOK in the
source regions, the thermal velocity of an electron
would be around 100 cm/sec. The time taken for
one trip along even a very long field line such
as A =70° would be about 100sec. The effective.
average density N given by

Ns = INds
along this line ia about 80 cmf3 so that at this
temperature the effective colﬁ;on frequency will
be about 2 X 10™% sec™ .  Thus the probability

of an electron suffering a collision during a

single trip would be about 1 in 50.

Gravitatiohal forces can also be
neglected if the m;amum gravitational potential
energy iqhuch less than the kinetic energy of
the particles. This condition is met for temp-
eratures in the source regions of about 2% for
electrons and about 4000°K for protons. Thus
the temperatures of 10,000K assumed above would

be adequate.

When this chapter was first pre-

pared (1961) there was some controversy about
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the temperature of the souree regions. In 1959
Chapman62 suggested that the temperature of the
exosphere would range from 30,000°K at heights
around 1000 km. to about 200,000°K where the exo-

- sphere merges into interplanetary space. On

the other hand satellite drag data®d

give temp-
eratures of 1000-1500°K at heights around 490 - 700
km, Although the latter temperatures refer to

the neutral particle gas which predominates at
these levels, Johnson64 pointed out (in 1960) that
the electron temperatures would be the same.
Howevér the situation has since changed. Direct

65

electron temperatures measurements -~ using the

"dumb-bell" electrostatic probe installed in

817 s Show that electron temperatures are

rockets
about twice as high as neutral particle temperatures
at heights up to about 300 km. Electron temp-
eratures deduced from nose whistier attenuatioﬁSS
are of the order of 250,000%K at about 4-4.5

earth's radii. Recent theoretical considerations89
show that electron temperatures in the ionosphere
may exceed neutral particle temperatures by a
factor of three or more, Thus in the source
regions (height of about 1000km) the electron
temperature may well be of the order of (or more

than) 10,000°K, but direct measurements at these



heights have yet to be reported.

8everal complications arise if the
source region temperature is low. At 1500°K
collision frequencies would be some twenty times
greater fhan those for 10,000°K. The probability
of an electron suffering a collision during a
single trip would be then about one in two or
three. Collisions would bend to randomige the
electron pitch distributions. Thus we might
expect that the electron density distrbutions
aleng a field line weuld consequently fall off
less rapidly than as given by equations (5.9)
and (5.10)Q On the other hand the much heavier
protons will be little affected by collisions
.and since the conductivity of the exosPhefe is
very high the electron density must be everywhere
equal to the proton density. The protons, how-
ever, will now be appreiably affected by gravitation-
al forces. If the exosphere rotates wifh $he
earth these will be cancelled out by geocentrifugal
forces at around 6 earth's radii {in the equat-

orial plane).

66

Johnson has shown that_the electrons

etc. making up the exosphere must be of telluriec

g8
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(terrestrial) rather than solar origén . Hence

the ultimate source must be the ionosphere where
appreciable ionization is taking place. Egquations
(5.9) and (5.10) are derived on the basis of
injection at L=N sy that is, at the earth's
surface. However even if the injection level

is quite high, equation (5.9a) shows that the
approximation (5.10) is unaltered.

.

5.4 Computed Distributions. The distributions

along the field lines A= 40° and A = 60° were
computed from equation (5.9) using values of

N_ of 10,000 cm™> and 100 om™> respectively taken
from the Allcock~ Obayashi curve in Figure 35.
These are shown in Figure 34 together with dis-
tributions cdmputed from this experimental curve
for a spirically symmetrical distribution.

The dashed portions of the curves correspond %o
extrapolations into regions within the upper
ionosphere (within 1000 km of the earth's surface).
The fact that the discrepancies between the two
types of distributions change sign between N =40°
and A = 60° suggests that the spherical symmetry

distribution may be a reasonable approximation

within this range of A
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The electron density in the equatorial plane

(No) computed from equation (4.11) as function

of radial distance (Ro) is shown in Figures 35.
Also shown is Dungey'367 theoretical distribution
N =< <ex p(2'§/R> » a composite experimental curve
by Allcock®® (from whistler data) and Obayashi®?
(pulsations), and two curves by smith*3 £rom

nose whistler data. These have been scaled

to the Allcock-~ Obayashi curve to agree at Ro= 2.
Smith's nose whistler data (published after this
work was done) is considered the most accurate.
Obayashi's work has since been questioned.

The two curves by Smith sorrespond to two periods
of observation SOme six months apart. For agree-
ment with Allcock's data at R = 2, we require

N, = 2x10° cm™3 in equation (5.11). Very good

B
agreement with Smith's daba at all points is

v -3
reached for Ng = 6 X1o cm ™ Both of these values
of NE are consistant with experimental measure-

70 4f the nonn maximum density of the iono-

ments
sphere (N___) at the equator of 20 x10° cm™> and
values Lot N/Nmax of about 0.2 at around 800 km

(source region?) found by satellite experiments.

Values of electron density (N) were

computed for a large number of points ( X, € )
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for field lines up to A\ = 80° from values of No taken
from the experimental NO(RO) Alleoék-Obayashi curve,
For X > 652 values of effective No were obtained by
extrapolation. Besulting contours of electroﬁ
density or isopycs are shown in a plane containing
the geomagnetic axis in Figure 36. The field line

X = 70° is shown for reference. This suggetts

‘considerable extensions of electron density in the

direction of the axis.

Since Smith's data*3 fits equation (5.11) so well

the assumptions jnvolved in the derivation of (5.11)
and (5.12) must;be.reasonable. Contours were then
calculated from equation (5.12) for NE =.-.6x104 cm'3-

as shown in Figure 37. The anomalous features in

" Pigure 36 due to use of Obayashi's data disappear.

The polar dip shown in Figure 37 should not be taken

too seriously since N, at the poles is not zero. In

any case this type of treatment cannot be applied at

very high latitudes as the magnetic field will not

be dipole.  que ocyurve labelled "K' in Pigure 37
is one of constant magnetic field strength or gyro

frequency and is shown here for comparison.



Fig. 36. Electron density contours derived from the experimental

N, (R,) curve of Allcock and Obayashi (Fig. 35).

GEOMAGNETIC AXIS

Fig. 37. Electron density contours calculated from equation (5.11).
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The process of calcuiating—a density
distribution from a source distribution can be
reversed. Thus some idea of'the injection points
can be obtained for a given demsity distribution.
This was done for published72 count rate contours
of the outer Van Allen belts. It was assumed
that the count rate would be directly proport-
ional to density. Count rates as a function
of (4,X ) taken from contours are shown as the
solid curves in Pigure 38. The calculated curves
(dashed) were found in the following way « It was
assumed that the outer Van Allen belts are filled
from isotfoPic point sources (one for each field
line) in a shbrt time at time t = 0. After
a time interval t, long compared with this filling
time, the original density distribution N(O)
calculated from equation (5.9a) will'have}decayed
through collisions with neutral particles to N,

where

-pt
N:N(O>€f
where P. is proportional to the neutral particle

density as given by Singer73.

The injection points for calculated

density distributions which give the best fit
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are shown by the small circles in Figure 38.
The agreement is not close. 'The "measured"
densities (count rates) decrease too rapidly
- towards the equatorial plane for A =’65° and
>~ = 70°. No injection distribution could

produce this effect. However it appears that

the experimental data is not sufficiently accurate -

to draw any conclusions from this.

5.5 "Scale frequency" of the exosphere.

A further approximation (C#<°$( *’Q
of (5.10) gives “’“”Noq or N =<B, Since N =< PL
and B = ki, where p and h are the plasma and |
gyro frequencies, this can be expressed as:

p® = ah (5.13)
The constant of proportionality, a, has the dim-

ensiohs of frequency and so might be called the

"scale frequency" of the exosphere. It is typ-

ically around 1 Mc/s (as deduced from Smith's work?3)

To the extent that the "gyro-frequency
model® (N =< B) fits the real exosphere, the
scale fréquency is constant. However for any
other model of the exosphere the scale frequency

can be considered a varying parameter defined

a.
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by (5.13). Thus (5.9) becomes: |

a = a, et 200 [q £
which for 4,>>! and '1x>>7 » becomes:

a = 4d, ¢ cosd - ~ a, |

| Since these equations and Smith's

data43 show that the sdale frequehcy is at least
quasi—constént than variations in space and time
could be senéitively expressed by it. Scale
frequencies can be deduced from whistler measure-
ments of nose frequency_(fn) and time delay at
this frequency (tn)Q

90 that for a wide

It has been shown
range of exospheric models the nose frequency
dispersion (Dn =t fi) is related to the "low.
frequency" (£~ 0) dispersion, D(0), by:

D, = 1.456 D(0)
where Do) = LEr = ii—Lc g I\E{ s

[N
To the extent that the scale frequency is constant
along a field line:

D(0) = af sfe
where s is the half length of a field line.

Thus we have : _
a = N(EVE £ (siea
wlave  N(&y = (rgse £ 5977 (s h)

Since both s and fn are fundtions of latitude >\,



then s can be expressed in terms of fn. Thus
N is a function*bf fn only. In this particular
form, E»is a slowly varying function. A nomo-
gram based on (5.14) and given in €hapter 9 (see
figure 53) enables quick evaluation ofhg'fQ}m
fn’ tn dafa.

* Do uef couw Losa  +a Louchiow _N_ wdl

{(09'{—!‘&\* o(&us"-‘-s S-SM L.ac( N
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6. THEORY OF GENERATION OF CONTINUOUS V. L. F.
NOISE ("HISS") FROM THE EXOSPHERE. |

6.1l. Introduction.

As discudsed in Chapter 4 the TWT process
was proposed by Gallet and Helliwell52 to account
for the frequency time characteristics of the
discrete emissions. However, as we will see, this
process can give qualitative agreement with only
ohe or two types of discrete emissions: "quasi-
constant tones" and those "hooks™ which are pre-
ceded by a quasi-constant tone. Furthermore, this
proceés is ;nefficient for the production of rapidly
varying tones. On the other hand, it is well
suited for the production of hiss, In this
chapter, by taking into account the spiral motion
of electrons travelling in the magnetic field, the
interaction distance for which amplification at any
frequency can occur, and the slowing down of the
stream electrons by the wave amplification, it is
shown that all the important characteristics of

hiss can be produced by the TWT process.

Gallet and Helliwell made the simplify-
ing assumption that both the electroms of the stream

and the amplified wave travelled exactly along the

a9
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direction of the magnetic field. Since their work
it has been established by several workers that field
aligned columns of jonisation occur in the exosphere43
and these produce a strong wave guide action in the
very low frequency range35. Thus the second assump-
tion is well justified. The flirst assumption requires
modification. - In general the electrons will spiral
down the field lines. The pitch at any position
is determined as in chapter E.. For the low energy
particles required for this process (at most a few
k.e.v.) the radii of gyration will be much smaller
than the extent of the wave front. Thus it is the
compouent of particle ‘velocity down the field line or
"guiding centre" velocity which must be equated to
the wave phase velocity.

The analogy of this Process with the trav-
elling wave tube is perhaps closer than envisaged
by Gallet and Helliwell. A longitudinal magnetic
field is often introduced into travelling wave tubes
to focus the electron beams, and it is the guiding
centre velocity of the electrons which determines
the amplification. As the case of the laboratory
TWT a (signal) longitudinal electric field is required
for interaction with the stream. As pointed out

by Gallet and Helliwell a substantial longitudinal

component of electric field will exist in the
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exospheric TWT. It is the phase'velocity of this
| component which is important, but for simplicity ~
we will assume that this is ¢/n, where n is the re-
fractive ihdex of the medium for striet longitudinal
propagation in the extraordinary mode below the gyri
frequency (5whist1er mode"). Thus for guiding
centre velocity~(3dp the condition for amplification

3

is _
nf3d =1
In addition to‘this we - assume  that, as
in the case of the laboratory TWT, the aﬁplification
.in decibels or nepers is proportional to the distance
in wavelengths along the field 1ine'for which |
amplification is possible at any ong freéﬁency.
In the treatment given btelow the physicél prbcesses-

of amplification are not cosidered further.

6.2. Amplified frequencies.

Replacing * by Pd in the necessary cond-
ition for 'amplification to occur, we find the ampli-
fied frequencieé~ | | |

. m 4@21’2 %
e ?‘[Iii (1_———hr— )

-
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This is essentially the expression derived by

Ballet and Helliwell as given in chapter 4. If a

. model of the exosphere is assumed this expression

can be pvu.t in a form where, for a given line of force',
the latitude angle co-ordinate is the only variable,
To do this we assume that at leaét~,along the lines
oi: force considered here the magnetic field is di-
pole an_d the electron density varies as derived in
chapter 4. |

" Thus:

h

Nk, |
p2‘- 2 g cosl - for R >1.25
= P A _ T
f;z = p2 2 |
a (1 - nsin J o)

Substitution of these expressions we find

nh . 4@21)2- ' ' 7 — %‘J
fz-?ggl-[l-——gg—- cosl(l-"\s::.nkpo)
° . . «(6.1)

It will be seen later that the frequency
given by the minus sigﬁ is th_e more interesting.
This cen be put in a form containing relatively slow-
ly varying funétions which is more suitable for com-
putation. We define:

4?2p§

8-
0

Z = a 00372 (1 - "Isinzﬁ(lo)
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V. =§-[1- (1,_2)%
Then:
£ =q—;9-[1-(1-z)'%
8%p,° 2
=—17i'3— V.ﬁlcosf (1—#’]sin k[Jo)

' e « o (6.2)
FreQuencies as a function of the latitude angle &
have been computed for particles of various speeds
and pitch angles travelling along the line of force
which terminates at geomagnetic latitude 50°. A
smooth join to an ionosphere similar to that used
by Gallet and Helliwell52 has been made at a height
of 2000 km above the surface of the earth. The
results of this are shown in Figure 39. Except
for the effect of the ionosphere the shape of these
curves would be very similar for lines of force term-
inating at other latitudes;. Only a change in fre-
quency scale is required. The important parameter
affecting the shape is g: It is seen that in many
cases the amplified frequency is fairly constant
over great distances. This follows from (6.2),
for # cosz'stays within 15 per cent of unity for-
6‘1600, V rapidly approaches unity for small
values of Z, and the term containing the pitch angle
is fairly constant except near the mirror points.

*
\AO“' ‘{‘o {DQ CO\«'CUS e . ol séq(q rreoruag“) (Cg) ) L«D(-l'cL
I.S \to‘(' usod fa -FLls C.La.‘-‘-ﬂ.\’,
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F1g3‘9 Frequencies amplified by streams travel-
ing along the field line that terminates at geo-
magnetic latitude 50°. These are plotted against
the latitude coordinate angle I. The frequencies
given by the negative sign in£6.1 )a.re shown by the
solid curves for several initial pitch angles .
Those for the positive sign are shown by broken
curves. (a) Stream of 0.25 kev electrons. The shape
of these curves is typical of ¢ « 1. The upper
frequency (f*) approximates the gyrofrequency at
all points and is thus well above the frequency
scale shown here. (b) 2.5 kev electrons. This is
typical of the ‘resonance’ condition for small pitch
angles: @ ~ 0.6. (¢) 5 kev electrons. This is typical
of g > 1. The ‘noses’ where the two branches meet
occur at half the gyrofrequency.
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Of even greater interest are those regions for
which variation of these terms nearly cancels
out producing very nearly constant frequencies
over great distances. At these frequencies
amplification will be great. We will consider

this in greater gdetail.

6.3 Interaction distance. For appreciable

inteiaction at any one frequency we require
not only that the wave phase and particle
guiding centre velocities be equal, but that
this condition shouid hold effectively over
some appreciable distance s.

Suppose that initially (s.= 0)
the condition nf , = 1 holds exactly at some
frequency but further on due to changes in the
guiding centre velocity of the medium the
particle stream slowly overtakes the wave.
The stream (guiding centre) velocity relative

to the wave is thus:

Av =2 (nf,y - 1)



lobk

In time dt

Therefore d(a s8) = (n(;d - 1) ds

Now (npy-1) = gs. (nBq)* . as
: o
' d
where: (n@d) = =5 (n@d) f const.
H A Ss ° ( )
S t—1 [ 2 d * d
ence . . n(id . s s

w%%@mﬁ mreét, foat & On one of the
curves defined by (6.1) the condition n(&d =1
holds at all points - changes in the medium or

stream velocity being exactly balanced by changes

in frequency f.

Thus & (n By = O

Hence o (nR,) = e > (n(3;)

' TS Fd f const.” T 38 @d f varying
Now n(?d = p(%d[f(h - f)} -% for(} e 1 (n2>>1)

)
Therefore - y— (n(gd)f varying =

-4 af af
%p@d{f(h—f)] 2 . (h .'a-é-—Qf * 3s

f(h - £)



d _ ' _h-2fF de
Hence ds (VLPJ)CwKsF ) ac T ods

Stince 'Lfo( = |

Since A s must be small (at least < 2 ) throughout

the interaction distance s, thens is given by:
X

= .> as = J‘,‘[Enfu)’d;ds = -'-{s(ji' i’\'—:aéc- ‘;i;)cls ds (C-2)

(-]

where X\ is the wave 1ength’t

This shows that amplification will not
- be appreciable at the frequency given by the plus

sign (£*) in (6.1) for two reasons. Firstly because
d€

R0

a5 is usually large (Figure 39) and secondly because
(b - £) is generally quite small. At the points
where the two curves join (FPigure 39¢) h - 2f is

zero but also %_(_; is infinite. Consequently the

high frequency branch will not be considered further.

Thus considering only the low frequency

branch, we differentiate (6.1) with respect to 4
‘ 2
1 - {1-_3;__0087»( (1 - W sin k}/o‘)‘]%} (6.1)

|
%

Q
h
!

f-rR Ty

R - ):73 cossi’(-sinl)(l - s:‘m2 \,Uo)
+a cos' (- ‘;.‘-ﬂ{. sin® \{JO)J

4

Vs

o‘ }\ = Q.H, (q‘i-‘uoka (s «voidkad ol CL'-&L"'
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log
-.-% .91 - [\_ho[ ]-é& cos’4 [7 tan 4 + |

“sinzkpo (“;}";ll—l —7tan«[)]

Now‘;i (:J—n = [ 6 + B:qu]h“'e

. . 5¢os"-l .-
scod Laeeid[14q(TFT -'><‘“@}
- s, g 6 + A “'uh{

—tam

Thus L 4 =
‘? O\( - P> a cos'd (t—lf’sft*?%) - il]—io

Making theV substitution:

=k
"

3 ‘.e *
> - § 6+ =t 7+n ("G - Y st ‘*‘}fmt

T ((-nsietg) (2-9)
-6 (6@

Phis expression is shown in Figure 40 as Q - v - 4

for several values of V'  and a. Note that for

\Po small and a ~ 0.6 the function Q is close to

zero for a large range of 4. |

From the line of force equations for a dipole field

STE = R, @ cos 4 (6.5)

The resulting eipression containing s can be simplified

by noting that deosd~l for L< 60° and in the region

of interest (high amplification) the term

h-2f
hW- f




Fig. 40. Fractional rate of change of amplified frequency (Q) as a function of the

latitude angle coordinate (!). Amplification will be large when Q stays

close to zero for an appreciable range of (l), as in the case a~ 0.6.

Fig. 41., Calculation of s/A. Equation 6 is plotted
for tnree values of a near 0.6 for ¢ = 0, and for
a K 1fory, = 20°

0 . . .

4 3 3 10

1
FREQUENCY  (ke/s)
Ng.42. Interaction parameter s/A for stream
particles of small pitch guided along the field line
terminating at geomagnetic latitude 60°. At other
latitudes frequencies will scale so that maximum

8/X occurs at the frequency given by the dashed

curve.
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is also dlose to unity. Thus from (6.3), (6.4),
and (6.5) we have

eds ( [ @ dt d4 (6:6)
Rs ) .
S, ~
= k-t

| We assﬁme that, as in the TWT process,
the amplifacation (in db. or nepers) is propor.'tional
0o the interaction distance measured in wavelengths,
s/N . In those cases for which s is sufficiently
small, The integration range 22 - 41 is also small
so that over this range the integral § in (6.6)
will be approximately constant. Thus

2 Aas

Ro = @é(ez _.{')1

= %‘- in the limiting case ( As = %)
<

| c Fac
Then, since A\ = [ f = T
£ K, $ cos ¢ ' ((5.7)

5~
» T @

However in the more interesting cases
where s is large (6.6) must be integrated. @urves
giving 2 As/Ro as a function of { are shown in Fig.
41 for some of the cases which give relatively large
values of s. For a given curve the value s/\ is

found by selecting a range of 4 which has a range of

lto



24s/R equel to A/R . This range of { is then
s/Ro as shown in Figure.41. Itis seen that for
very small pitch angles the highest valuesvof s/
are found for a ~0.6. Por larger pitch angles these
are found at lower values of a. No particles of
pitch angles\Po much grgater than 20° have large
s/> values. |

The parameter s{\ as a function of
frequency for particles of very small pitch angles
travelling along the line of force terminating~at
geomagnetic latitude 60° is shown in Figure 42.
Particles of greater pitch angle will have a s/)\
curve showing a smaller and broader maximum occuring
at lower frequencies. For other lines of force
the essential change in the s/»\ curve is the fre-
quency ssale, the maximum occuring (from(6.2)) at:

fr~ & ah,  ~ 0.15 h
This relation is also shown in Figute 42.

The theory derived so far shows that
‘'provided a particle strel is confined to a narrow
tube of force and provided this sbream is "weak"
so that very high amplification is*required, a nar-
row band of noise(fhiss") can be produced even though
the stream contains a wide spectrum of particle

velocities and pitch angles. This occurs because

[t}



only a very narrow range of particles velocities
and pitches can give the necessary amplification.
Thus we have explained the observed occurrence

of narrow band, "quiet", isolated bursts. The

theory further predicts that the frequency at which

these bursts occur is a function of the terminating

latitude of the line of force. There is not

sufficient ekperimental evidence as yet to prove

this one way or the other, though those observations

discussed in Section 2.4 seem to indicate that
lower frequencies occur at higher latitudes as

predicted.

6.4. Energy Loss: On the other hand, if the

stream is "strohg" so that a high rate of ampli-
fication occurs, considerable energy will be trans-
ferred from the stream particles to the wave within
distances appreciably less than the "no-loss® in-
teraction distances calculated abowve. The stream
particles will thus be slowed down by the wave

and synchronism will be lost-aftér some distance
which is the effective interaction distance.

All 2no-loss” interaction distances greater than
this will be limited by this effective value so
that a wide band of frequencies will be amplified

by roughly the same amount.

"2



This process is closely analogous to
a sensitive narrow band amplifier kaving a fre-
qQuency response as in Figure 42. For a very low
level input of very wide band noise a narrow band
output is obtained. However,.for progressively
higher levels of noise the amplifier reaches fhe
overioad condition. Prom that point on, higher
1éﬁel§ of input noise cannot producé a higher
output level but only a wider band of output noise.
We consider thié pfdcess in more detail. |

We assume that the amplification (in
nepers) is proportional to s/\ . Thus the ampli-
fied power is v |

W = bexp (%3) (6.8)
where b and « are constants. The constant "b"
is thus the power before aﬁ&ification or‘ét least
that initially produced for s very small. We
will not consider its preciée physical significaﬁce.
If we put b in the form of intensity ( W2 (c/s)—l)
then W will also be in this form. The constant
controlling the amplification rate is probably
stroﬁgly'dependent on the stability or density
fluctuation of the particle stream.

| | The kinetic power of the particle

stream K can be expressed as

"3



W

Iy
= xf?
where k is constant during the amplification pro-
cess, The power gained by the wave is equal to
the power lost by the stream.
AK = AW
We assume that AK/K is small, thouzh AW/b
may be very large.

Thus AR <
2K .'Eg = blexp (=) -l] (6.9)

The frelocityﬂ(k.c is the velocity of the wave
relative to the stream. . After the stream has
travelled a distance s this finite readtive velocity
will have caused the stream to lag behind the

wave by distance As. We again use the criterion

that when As = N/2, amplification ceases.

s
Row As:KA(Zc o—(-s'ols

Substituting from (6.9) and assuming
That the change in K is small over the integration
As = aKZ( (Q —-‘)—$} |
Wé are interested in cases where the amplification

is appreciable, so that

s s
exp (x % ) => ¥ =1
b
Thus As zd—?'% exp (<3 )

Using the criterion for maximum As we find the
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maximuam power attainable is thus

W= «kK - (6.10)

Thus amplification continues until the wave power
reaches some fraction X of the stream power.
Amplification then ceases at this fréguency because
the particles are no longer synchronised with the
wave. '

The kinetic power K uséd above refers
only to those particles capable of producing some
amplification. We seek it in the form of intensity:
watts per square meter per unit frequency interval
of the amplified band. From (6.2), neglecting
terms usualy close to unity

£ (;2 p2 /b )

Nose whistler data3 show that pi /ho is effectively
constant in the exosphere and is approximately 1 mc/s,
For electronmns G 2 denotes an energy B =:250(32 k.e.v.
so that

£~ 4E x 10 ¢/s (6.11)

McIlwain49 has measured the flux and
energy spectrum of an electron stream which was
observed to produce a quiescent auroral giow;_

We will assume this to be typical of streams pro-
ducing our process. He found that the particié.: -

flux could be expressed as (B in k.e.v.)



10 -2

exp(-E/5) sec Lem
(6.12)

J (>E) = 1.5 x10

The energy flux in watts per square meter per
unit energy interval (k.e.v.) is then
d7T =
Ege = 4.8 x 10° B exp(-E/5)

From (6.11)
dE

| de¢
So from this and (6.11) we find K for electrons

= 2.5 x 10°% x.e.v. per (c¢/s)

(0.5 k.e.v.)*® producing amplification around 2 ke¢/s:

K=6x 107 wn™2 (c::/s)—1

It should be noted that all the particles
of such a stream must have had the small initial
pitch angles (\PB) required for appreciable
amplification, otherwise they would not have been
able to get to within a few hundred kilometers
of the earth where the above measurements49 were
made. We have expressed K as an intensity also.
This introduces an apparent difficulty because
all such intensities will increase towards the

earth. This occurs because both the stream and

the amplified wave are confined to a tapering

* this involves considerable extrapolation as
McIlwain's expression (6.12) was only observed

to apply for the range 3 to 30 k.e.v.

e
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magnetic tube of force. We avoid this difficulty
by referring all intensities to the values they
would have near the earth's surface.

An estimate of the initial intensity
b is required. As will be pointed out later a

rough order of magnitude estimate will suffice.

-‘Suppose, then, that this is produced by the -

Cerenkov process. The specific power per electron:
(Marshall*’) is given by

w= (Becf x 10742 w(e/s)7t

For frequencies around 2 ke¢/s and
electrons which produce amplificatioﬁ atvthese
frequencies (0.5 k.e.V.)y W = 3 X 10733, We
suppose that the stream density is uniform init-
ially so that radiation from a large mumber of
electrons will add incoherently. We require b
in the form of intensity referred to the e=mrth's
surface so we take é tube of force having a cross-
section area of one square meter at the earth's
surface. From (6.12) the stream density near the
earth's surface for 0.5 k.e.v. electrons is about
10 em™3. Throughout the length’ of the tube the
linear density is thus approximately 107 electrons
per meter. If 2 ke/s @Berenkov radiation can be
produced over a distance of around 10,000 km, the

total number of electrons involved is 1014. Thus
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b ~ 3 x 10719 Wm-2(c/s)-1 -

We consider vartbtus streams all des-
cribed by (6.12) but having different values of
the parameter £ . We assume that this is possible,
that is, that « is influenced by some faétors not
described by (6.12). We will not consider its
precise physical significanee though it is reason-
able to suppose that streams occurring during
disturbed conditions might have larger density
fluctuations oi less stability 1eading to higher
values of . In which case € would be a disturbance
index.

If we assume a value for £, we find
for s/X (given in Pigure 42) greater than a
critical value, the noise intensity is the'Bver—
load" value given by (6.10). For s/A 1lessthan
critical the intensity is given by (6.8). Thus
we have a plateau region of maximum intensity
with quité.steep (exponential) sides. At the
critical value both (6.8) and (6.10) apply so that

(3X)opit, = &Lloge(%) (6.13)
The two frequencies defining the plateau region are
those for which s/\ ts ecritiecal. These frequencies
can be read off the curve in Figure 42.

The interesting characteristics of

noise are the peak intensity and the frequency



9

range. The important parameter is L. The

peak intensity is independent of b, Though this enters
into calculation of critical s/X\ and thus frequency
range. However for strong amplification, say

o(";; ~.20, an error of evén three orders of magnitude
in estimation of b will change critical s/X\ by

only 35 per cent. In Table 2 estimates of these

Table 2 Peak intensity (at 2 ke¢/s for wide band

hiss), frequency range and bandwidth of hiss pro-

duced by electron streams of flux J(>E) = 1.5 x 1019

1

exp(~-E/5) electrons sec™ cm"2 (E in k.e.v.), and

of various €,

Disturb. | Peak Crit.S/A | Frequency | Bandwidth
(FPlex 3, [Tntensity | (x 1073)| Rangel | (ke/s)
1 6 21 2.6 " 0.15
2 12 11 2.6 0.20
-5 30 4.6 1.1 - 3.4 2.3
10 60 2.4 0.3 - 4.3 4.0
20 120 1.2 0.1 - 5.2 | 5.1
50 300 0.5 0:1 - 17.0 6.9
100 600 - 0:26 0.1 -{(100) 100

* The first two entries are centre frequencies.

characteristics are given for several values of<{.
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These have been chosen to show the bandwidth charact-
eristics. The values of peak intensity then
follow from (6.10).

Disciission. - The noisé characteristics as derived

from this theory and listed in Table 2 agree well
with those observed. A large range off bandwidths
is possible. It is seen that there is a range of
o 4 probably corresponding to éiet magnetic cond-
itions, which produces narrow band bursts. This is
followed by a transition region for which the band-
width incereases rapidly and then fapers off. This
is typical of the observed behaviour during magnetic
stormsza. Finally for large £ (severe magnetic
disturbénces) very wide band bursts are predicted
as observedzs(Chapter 3). Short streams some 1000
km lomg in the direction of the field, having high
values of o and a harrow spectrum of velocities,
would ampiify the frequencies alomg ene of the
curves in Pigure 39 in sequence. These might
produce the "quasi constant tones" and perhaps the
TWT "hooks" as proposed by Gallet and Helliwellsz.
However the 1atter'(“hook§) would occur in regions of
rapid frequency change and so require very short
streams aﬂd very high « values for appreciable
amplification.

| The predicted peak intensities in Table2



are somewhat greater than those deduced from observ-

1°wmf2(c/s)‘1) after correction

ations (around 10~
for propagation losses in the ionosphere and
earth-ionosphere wave:.guide (Chapter 33. H owever
the errors involveé in ﬁhe propagatién igss cprrect-
ion could easily account for this discrepancy, so
that quantitative agreement is probably quite
good.,.

Rarrow band noise at a given latitude
at frequencies other than those given in Figure 42
(dashed curve) can be produced by n#rrow=energy
(velocity) or pitch distributions of electrons in
- the streamns. McIlwain49 found that a stream which
produced a strong visible aurora consisted of
~ practically monoenergetic electrons. In this way
more than one marrow band can be produced as is
sometimes observed (Figure 8). Multiple narrow
bands can also be produced if several streanms
occur in slightly different latitudes simultaneously.

Thus, as seen from Figure 42 (dashed curve), centre

frequencies differing by a factor of two can be

produced by streams less than 5° of latitude (~ 500km)

apart. In the same way the finite width of streams

would set a limit to the narrowness of the amplified

41

band. However, satellite measurements at a

"height of a few hundred kilometres show that some

2]



streams are as narrow as 25 km (traveréed by the
satellite in 3 seconds).

It may appear to the reader that this
theory rests on the assumption that detailed ex-
pressions can be.extracted from a theoretical
model which might not be truly representative of
the peal exosphere. However, provided the electron

density along the field line varies smoothly in a

manner not greatly different from the model used,
the essential qualitative results of this theory
should still hold. Similarly the qualitative
results may not be greatly affected should sub-
sequent study of the exospheric TWI mechanism
require some modification to the amplification
condition n(ad = 1.

A very different theory, based on the
process to be discussed in the next chapter, is
presented in Chapter 10. This new theory also
'explaines‘all the features discussed in this section.
However new experiments (proposed in Chapter 10)
are needed to find out whether this new process or
the one (TWT) presented above (or both) actually

produces the hiss we obsreve.

l2za
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7. DOPPLER SHIFTED CYCLOTRON RADIATION FROM ELECTRONS 3
A THEORY OF DISCRETE V.L.F. EMISSIONS FROM THE
EXOSPHERE. ' ' ' ' o

.

7.1 Introduction. As mentioned in Chapter 4, electrons which spiral
gﬁ frezﬁ thé .eb‘server will produce a downward doppler shift of the
eiéétron gyro frequency. Further, ainéé -e];éétlrons are mich better
radiators than protons, the intensity of the radiation should be
easily observable without presupposing enormous rmumbers of particles

radiating coherently, as is required for protons;

1;2‘ Theory. Suppose an electron (or rather a small bunch of eleoctrons)

is trévelling in a helix about a line of force of the earth's
magnetio field; Suppose it is travelling away from the observer's
hemisphere with velooity component along the iine of foroce of ﬁdc;
Thus the rotating electron (or bunch) is an esecillator of frequenoy
h moving away from the observer at velooity @ a°® in a medium for
which the observed frequency f travels at velocity o/n;

Thus
h
t 1 ¢ (30.“
where
-3
n® =~ P n2 >> 1
f (h=t

Then, using the “"scale frequency" a, defined in seotion 5.5, we
have 3 .

(h-12)3 =« a @: £h (749)
# This chapter is only concerned with the discrete emimssions, but it

will be shown later (Chapter 10) that this process can also explain
the deteliled features of chorus and hiss;

23



This is Aifficult to evaluate algebraically except for £ << h

when ' 2 .

However (5;1) can be put in the form

1-2/m)} -
O :7h,b")'. -

A plet of a (5 2/11 versus £/t enables £ to be found, given (5 d2

3 .
8 > (7+3)

and k. This shown in Mgure 43. The approximation (7.2) is seen
to be valid only for a (éaz/h > 20, |

Values of £ have been find from Figure 43 for
electrons of energies 5, 10, 25 and 50 k;e.v. travelling along the
line .of force terminating at geomagmetic latitude 60°, The position
of a point on this field line is determined by the latitude angle { .
The emitted frequency as a function of latitude angle is shown in
Pigure 44. The helical pitch ( \{/ .) of all these electrons is 20°
in the equatorial plane, so that mirrer points occur in each
hemisphere at l e 41’9; The parameter (Sd is czleulated for
invariance of magnetic moment (as in Chapter 5)

(zaz - fA1- e P

Suppose these eleotrons make one trip from the
mirror point in the observer's hemisphere to the mirror point in
the opposite hemisphers. We require to find how frequency would
vary with time as observed on the earth's surface at the basge of
this line of force. Such frequenoy-time curves can be found by
summing the time delay due to the finite veloocity of the electron
'(te) and that due to the finite group velecity of the wave (tg);
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Fig.4 4. Frequency emitted by an electron of

the energies shown as a function of position (lati-
tude angle). All four electrons have mirror points

“at 41°.
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Fig. 45. Frequency t:ime (dispersion) curves for the electrons considered in Fig. 44.
These should be compared with the observed spectrograms in Fig. 6.
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t-te+tg

3/2 .
where ¢ = ggg - a.i h~ ~
8 o ds + D(ionosphere
Vg 2044 (h - f)3/ 2 fE )

ds
Vo TFo ) (1- na®y)F

The two parts of the first (tg) integral correspend
to exospheric and ionospheric delays respectively. Smith43 glves a
value of 5 aecﬁ for the ionospheric "dispersion" D, calculated for a
simple one layer parabolic model of the ionosphere. For a = constant
as used here, the exespherio integral becomes43 an elliptic ﬁmotion;
However Smith43 found that the calculated frequenoy-time shape of a
nosoe whistler is almost independent of the exospherie model used.
Consequently we will use the quasi-constant electron denitty model,
also given by Smith“, which gives an algebraic solution. If the
integration is taken from the level h = h (equatorial plane) to
h = h, the exospheric dilay is then

4 (o) = %}1—5/3 . h./h . (2R (1.4)

in seconds where a is in Mo/e and £, h in ko/se

The second intogral (te) cannot be solved direetly;
However, except near the mirror points, the integrand is slowly
varying. In this region a graphical method (planimeter) is adequate.
As the mirror poinis are approaohed the integrand goes to infinity.

In thls region an approximation 14 can be used

‘ ces f. . casﬁ' lm '(ces '( - God ‘zm)é. (7‘5)
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whore 4 45 ths latitude angle of the mirror points and %, is the
time taken for the eleotron to travel from { to em; '

In eack case ;ntégrafion is oariied out over the
a_ppropriate patha. The resulting frequeney-time curves are shown in
Figure 45.} The't‘ime t.-. 0 is déﬂﬁéd #s- that :i;istant the electron
passes through the equatorial plane towards the pbserver's hemisphere;
It coﬁld thus be the time of injection into the line of force. Note
that for the 5 k.:e.,v.. electron the time acale starts one second after
this. o |
1;} Sgegtm; The 't‘requency;time ourves in Figure 45 show good
agreement with the observed hooks in Figure 6. If the electron bunch
only makes half of the mirror to mirror trip, whioh might happen if
the source of the tunch (probably near the equatorial plane) is aleo
& oink, then only hal? of the full hooke will be observed. If this
half trip was confined %o the observer's hemisphere only the falling
part ("falling tone") would be observed. This might be mistaken for
a whistler in some oircumstances. Trips confined #o the opposite
hemisphers would give rise to the other halfs ."risers" (£ and g in
Figure 6) and "pseudo nosges®.

On the other hand, at times, sevéral complete trips
might take place befors the bunch is lost: This would give rise to
a series of hooks or similar shipe separated in time YWy the period
of oseillation of the bunch hetwesn mirrors. Por the faster
particles in Pigure 45 this 1z indicated by the ourved dashed lines.
The osoeillation periods ars given in Table 3. An observer in the

opposite hemisphere near the conjugate point would observe the same
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Table 3Je

Mirror oscillation periods of the electrons considered in Figure 44.

Eﬁergy Péried )

(k.e.jg) (sec.)
5 2.56
10 1.82
25 1.28

50 0.81

series of hooks, but sih&e radié.tion ié oﬁ’serve‘d only when the bunch
18 travelling away from this observer he will observe this series
shifted in time by half a period. Thus & northward going bunch sends
a hook to the southern observer then when returning on its southward
trip sends a hook to the northern observer. This conjugate point
test of the theory was suggested to the writer by Professor G.R.A.
Ellis.
The cases described above are illustrated in Figure
46. A bunch will tend to be scattered by turbulent magnetic fields
in the source rsgion (probably near the equatorial plans) and be
absorbed by collisions near the mirror points. Thus we would expect
the relative frequenoy of occurrence of the various types of
emission to deorease with the number of mirrors and source region
transits required for each types. Thus "risers®" which are required
to0 survive no such hagards should be the most common. In Table 4
tho number of hagards for each type (as listed in Figure 46) is

compared with the observed relative frequency of occurrence (from



(A)

(B) m ﬁ

* Slow Fast
(C)

North

D
(0 South -

Fig. 46. Types of discrete emission which can be produced by this
process. (A) Bunch injected at midpoint (equatorial plane), mirrored
in observer’s hemisphere and scattered at midpoint (‘‘falling tone’’ or

‘‘pseudo whistlers'’). (B) Bunch injected at midpoint and either

absorbed near the mirror in the opposite hemisphere or mirrored, and
scattered at the midpoint (‘“‘riser’’ for slow bunch, “pseudo nose’’ for
fast). (C) Bunch injected at midpoint, mirrored in observer’s hemi-
sphere, survived one transit through midpoint to pass into opposite
hemisphere (**hook’’). (D) Medium speed bunch injected at midpoint,
mirrored in southern hemisphere, then northem, southern, northern and

X3

finally scattered at the midpoint. In the northern hemisphere a

a ‘“‘hook’’ and a ‘‘falling tone’’ are observed; in the southern, two
“‘hooks’’. Synchronised spectrograms from conjugate points would

look like this.
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leInnes75,); Nosed forms seem to be relatively rare. This is

probably because low particle speeds occur more frequently than

high. The observed order of abundance is otherwise as expected.
Table 4e

Hazards and Relative Occurrence

Class and ~ °~ ~ ' Hagarde " Observed ®
Types Mirrors Source region Relative
(ses Fig. 46) - " Transits Abundanoe
(B) "rigers" 2 - I 0 178

"p. noses" i 7

(A) "£alling tones" 'R 0 21

(C) "hooks® 1 1 15

(D) Multiple forms 2 1 -
or mors er more

= from noInnee75
1.4 Intensity Estimates. One of the advantages claimed55 for this
type of theory is that quantitative estimates of intensity can be
made. If we assume that each electron radiates independently (i.e.
incoherently) then the caloulated intensity from reasonable mumbers
of eleotrons will be some orders of magnitude too lowe. On the other
hand if emall tunches of electrons radiated c¢oherently the radiated
pbver from the bunch would bs preportional to the square of the
number of the eleotrons in the bunch. For reasonable densities of
the radiating eleotrcnsag’ 16 bunch sizes of the order of a few tens
of metres would suffice.

However, without independent knowledge of such

bunchking effeots, detailed estimates of intensity are pointless.

1 %0



Suffice to say that on the simple theory of oyclotron radiation from
charged particles in a vacouum the radiated power is inversely pro-
portional $o the square of the particle mass. Thus radiation from
eleotrons would be some three million times that from protens, other
factors being the same.

15 Conclusions. The qualitative frequency~time form of many exos~
pheric d:lsoiefe emissioné is explained by this theory. Further it
does not require ionospheric effeots to explain part ¢f this form as
does the TWT type mechanism. In addition to explaining oharacteris;-
tios aiready ébserved it prediects further points which would provide
a test for the theory. Since radiation is only produced from
electrons travelling away from the obsérver locai precipitation
‘effeots (aurora, abserpt:l;on, X rays) will tend to ecour in the hemi-
sphere opposite to that from which the radiation is obasrved. Obser-
vation of more than one similar hook producsd by bunches making mere
than one trip would show firstly that the hooks wers generated in &
region where mirroring is possible {exosphere) and secondly give an
independent measure of particle veloeity to check the theory. Simu=
ltansous observations at both ends of a line of force (conjugate

point expsriment) would be useful for checking this.

13



8., TESTS OF THE CYCLOTRON THEORY.

.

8.1 Spectrogram matching. It was shown in Chapter T that the
doppler shifted ocyoletron radiation from receding electrons would

give the observed frequénoy-time shapes of disorete V.L.F. emissions;

A mere exacting test of this theory weuld be to take a well defined
and complicated hook as obsérved on a frequenoy~time spectrogram
and attempt to match 1t in shape and scale with ene caloulated
acéording'to_the tlieoi'y. ' Such a hook is shown in Figure 4;1. This
vas observed® at Seattle on September 23, 1957. It also appears in
Figure 6(4). | |

It will be ghown in the next chapter that feur
parameters (two frequencies and two times) soaled from the observed
hoek is suffioient to allow caloulation of electron energy (Qg)’
initial helical pitch angle ( \{’.); geomagnetic field dine eof
ocourrence ( X\ ) and soale frequeney (a). Thus for the hook in
Figure 47 the location of three points in the frequenoy-time plane
unambiguously requires E = 150 keawve; L, = 68.6°, A= 61.4° and
8 = 527 kc/s. To test the theory, 25 points were caleulated from
£irst principles (Chapter 7) using this information and assuming a
dipole magnetic field and an exosphere ;;f constant (along a field
1ine) scale frequoncy; fme curve theugh these points is shown
verfiéally above the observed hook in Figure 47. Comparison shows
excellent agremment.
8.2 Symmetry of Emission. One of the features of the theory is
that the sequence of emitted frequencies is spatiocally symmetric

Y4



Fig. 47 Hook recorded at Seattle on 23rd Sept. 1957 at 2035:28 U.T. (after Helliwell
and Carpenterg). Above this is the hook calculated from the theory for F =
150 k.e.v., ¢, = 68.6°, A = 61.4° and a = 527 kc/s. Superimposed ~:
the observed hook is drawn a computed nose whistler originating from a kypo-
thetical impulse at the equatorial plane at the instant shown by the acros

Note that this computed curve is in the centre of the hook at all frequencies.

SE | OCT &I 1250 UT

O_ A Aa 2 o 80 o Al A . . ! " PO
——dl gl i
—I.0 SEC—

Fig. 48 ‘‘Hooks, (A, A, A,) and whistlers (B,» B,and C,, C,) echoing in the
whistler mode over the same path”. (Figure with caption after Brice?2).

The notation used here is Brice’s, not that used in Chapter 9.
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about the equaterial plane (previded that this s a symmetry plane
for the magnetic field and electron density distribution). Thus the
frequency emitted at the point (N , { ) is the same as that at
the point ( X 5 = 4')« This was illustrated in Pigure 44. As
will be shown in the next chapter (equation 9.9), one consequence
of this symmetry feature 1s that the observed frequenoy#‘éme
distribution of a hook should be symmetrically spsced (in time)
about & half<«dispersed nose whistler. In other words, af any
frequ’enc& the mid-point in time between the two branches of a hook
should lie on a curve corresponding to the whistler mode dispersien
of a hypothetical wide band impulse originating at the top ef the
£ield line at the instant of generation of the lowest frequency.
This is alse the instant at which the emitting electron bunch
passes through this pointe |
Consider the hook shown in Figure 47. Super-impeosed
on this is drawn the nese whistler originating from a hypethetical
impulse at the top of the field lins at the msfanf shom by the
arrow. The frequenoy~time ghape of this nose whistler was caloulated
#rom a function given by Smith and Garpente? ° ihieh; they have
shom, accurately represents this shape. The frequency-time secale
adopted correspands to a nese frequency (fh) of 4.60 ke/s (latitude
of end point 61.4°) end a short whistler delay time (%) at this
frequency of 1.64 secends. This(fn; tn) 1s typloal of moderately
disturbed conditions (c.',;:t-pexrlzer9 1) when gensration of hooks is likely.
Careful measurement of Fige 47 shows that this curve is accurately

in the eentre of the hook at &ll frequencies as predicted.



A different test of the symmetry feature was proposed by
Brioe92; He oeﬁsideﬁd ihi-fler mede iotleet;ons of hqoks. measured
at the mininnm f?equezioy f‘e and gome ytﬁe'r ﬁequenoy Ly By denoting
the prépagation times for these two frequénoiesl from the top of the

path (equatoria.l plane) to the observer 'by C, and T 4 Tespectively,
Brice showed (us _1_15 Brice's netu.tion) A ,
..... .
11 - w. - 2 ( .‘Co - ‘C,) - "r‘ -9 (8.1)

where 1‘ md '!' are the times between the obsemtion of the ﬁret
appeamoe of f.' a.nd f and af f and the seoend appearance ot f1
respectively. '-J.'hase t:l.mes refer to the "zere order" or nen-reﬂectod
hoek. Tho times !‘, and. '1’1 are the oomsponding times for the
"first ord.er" or once rofleoted hook. These def.init;ons m
11lustrated in Figure 48. He ganeransed (8¢1) for an ‘nt ﬁap echo 3

o ' i ' ' '
T -1 =n(1‘.-!e) -T, -7, (8.2)
From this he derive,(i his testing parameters @
' t
n(Te-Te) -n(?o"mg)'-"' (8.3)
BT T, -Qz:‘

If the hook and echoes are ebserved at only one station, an ambiguity
extsts (as Brice pointed out) because one would not Xnow whether the
first hoek observed was the gzere erder or non-reflected hook or the
first order er ence reflected hook. In the latter case the non—
reflected hoek would only be observable at the conjugate point. In

which case the testing parameter becomes ¢

% As explained in the next chapter (Section 9.5) this ambiguity can bde
removed if the true nose frequensy is measurable = not ths ease in

Figure 48;

135



t ]
n=1 . M"" en-1.H"H _ ., (8.4

| Brice oonsidered the series of hooks shown in Figure 48
as well as three other series observed sizultanecusly at conjugate
stations (spectregrams ef these were not given). He used the inter-
pretation apprepriate to (8;3) for all these because the oonjugate enes
indicated this. His tabulated rosults9 2 are reproduced in Table 5_;

TABLE 5.
C * ' t
., £ o = 2' ar-c’) afr -2
LA A A
| n" ‘e A
ko/s kofs gec. 80,

65 5.4 0 .39 .05
2 5T =etd 3.8 3.6

45 3.8 0 6 .03
1 22 "603 2.2 202

50 3.8 0 .35 .02

44 38 0 AT .02
1 .22 =03 3.0 3.0

As can be seen in Table 5 Brice's testing parameter is of
the order of three and quite significantly net un:i.’cr,. Br1099 2 conoluded
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that the theory fherefore cannot explain these hooks.

| HNow, -ﬁsing Brice's notation; it oan éasily be shown from
(8;2) that for symmetrioal generation the theory predief.s:

m-1, = (me)(T,-1,) (8.5)
If these difference times are calculated from his Table 5 it wﬂ.l be.
seen that they are clearly not in the predicted ratie 1 8 589 for
the first ‘ssquence a.nd 113 3 for the other three.
On the other hand it is rather striking that these raties

are nené the less in a logical order. They are quite olose to 3 ¢ 7
t 11 for the first sequence and 3 3 5 for the other thres, This
suggests that in each sequence the first trace observed by Brice was

not the gero erder or non-reflected hook but the firat order or once

'reﬂected hook. In which case each of Brice's tabulated values of n
" should be increased by one. Now we can resolve this by measuring the

times between any two traces in a 'sequé‘nce at 2, and t.; These are
the propagation times foi the a.ppropﬁate mmber of complete
hemisphere to hemisphere I}‘mpa. Thus using the first and tm of the
traces 4n Fig, 48 wo £ind 8§ T = 4,1O sec. and 8 Ty = 3.72 sec.
Thus frem (8.1), %, = 1.' = 2 T, = T,) =.095 sec. Mis is
approximately one third of the value tabulated by him. Consequently
foxr the first sequence at least we have clearly demonstrated that the
first trace observed is the first order or once reflected hook. Thus
for this sequence Brice's tabulated values of a should be increased
by one and his testing parameters ahould be calculated from equation
(8:4)s This &k shown in Table 6. |
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v . Preticted nf 21, mt @ -1
» Ta b 5!11""#:: ? -’ ' T om it
sso; ses, ses;  ratios. A A
o oot i) 35 1
1 .39 05 .34 3
3051 =etd W1 T 103 1.2
5 475 =31 1,06 11 1,3 1,3
6. | (.na,t observed) . ‘. 1'
1 6 03 .3 3
2 .22 =03 25 5 o7 -
0 (not observed) # 1
1 .35 .02 .33 av 3
2 w42 =07 89 5 1.6 1.2
6 (not‘ observed) ® 1
a7 ;62 .15 3 |
2 22 -.-.,,63 25 5 1.0 1.0

* th'ese‘ inissiné values could be ebfai‘ned from the erigina.l spectro-

gramsql

Without having recourse to the original spectrograms for
the other three sequonces we cannot here make similar statements

about these other thres. Brice's statemnt9 2 that "this ambiguity 1s



removed if the hook and écho are observea &% CONJUZELE BEBLAVLS~ AD
not strictly true. Although the zero order signals must have been
reflected somewhere near one of the conjugate stations they could have
been missing from the speotrograms or at least not recognised as such
for a variety of reasonse.

However we can say that Brice's first sesiquence unambig-
uously demonstrates the symmetry aspect of the theory in both the
prediotions that the T = T ' ratios should be olose to 1 ¢ 3 8 7 & 11
(£rom equ. 8.5) and that his testing parameter should be close to
unity. The other three sequences fit the theory if the same inter-
pretation of n applies to these also (Table 6.) Furthermore this can
easily be checked from the spectrograms as shown above for the first
sequence, It should be noted that the remaining disorepancies in
‘l‘n - Tn' and his testing parameter values are easily acecounted for by
errors in scaling the times 'l‘n and !n‘ of adbout.01 to .02 sec. This
is quite reasonable since the widths of the traces are some .05 to
«1 sec. as seen in Fig. 48.

8.3 BRemgencrated Hooks. It was predicted in Seotion T3 that a
bunch of eleetmné which makes several complete hemisphere to
hemisphere trips between magnetic mirror pointe will generate a new
hook on each trip. This would give rise to a series of gimilar hooks
soparated by the bounce period of the electrons. It is readily
distinguished from whistler mode echoes of a single hook since
successive hooks are not progreseively more dispersed according to

their order in the sequence. Since the observable radiation is un=-

idirectionel the hooks are received in opposite hemispheres alternately,
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that is the sequence observed in one hemisphere is displaced half a
bounce period from thét obssrved in the other. This effect distin-
guishes the predicted emission from some other effeet suoh as periodic
injeotion of electrons.

Observation of this predicted emission showing a bounce
period consistent with E, \{zo, and A scaled from the chape would be
a orucial test of the theory both qualitatively gnd quantitatively.

A sequence which was probadly of this type is shown in
Figure 49 (with original captionn) e« The two spectrograms were
observed at approximately conjugate stations and the times were
accurately synohronised. This was :I.ntez'preted77 as a sequence of six
noise bursts in the 5-6 ko/s frequency region observed at both Knob
Lake, Canada (68°N, geomagnetio) and at Byrd Station, Antarctica
(70°s, geomagnetio), the sequence beginning at Knob Lake 0.8 # O.4
sec. before it began at Byrd.

However, olese inspection of Fig. 49 indicates that in
each cage the sequence 1s not six separate dbursts but a pair of
bursts seen three times. In support of this it will be noticed that
the shapes and separation of the two bursts in each pair are similar
and in each case the first burst ocours at a slightly higher frequency
than the second. Furthermore the time separation beiween successive
pairs (using the time scale provided) is 1.6 + O.1 sec. which is just
twice the delay between Knob Lake and Byrd. Thus at intervals of 0.8
sec. this pair of bursts appeared alternately at Knob Lake and Byrd.

Since only a narrow frequency band was observed the

progressive dispersion oriterion cannot be applied. However, as -
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Fig, 50 Four trains of re-gencrated hooks observed in Alaska (after Gallet®).
The first hook of each train in marked ‘0", Progressive dispersion

(as in Figure 48) is clearly absent.
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pointed out in this paper 77 whistler observations in these latitudes
show 5 ko/s propagation times between 1.5 and 2.5 sec. for a single
hemisphere to hemisphere trip, i.e. two or three times the observed
reocurrence period. On the other hand the complete oscillation period
of 1.6 sec. would correspond to 60 k.e’.v.' electrons (for \[/ 0™ 20°)
if the guiding field line was that comnecting the two observing
stations or 15 k.e.v. (see Table 3,) if the guiding field line was
typical of those ( N ~ ‘00) producing nose whistlers observed at
Byrd43. Thess eleotron energies are of the order of those used in
Chapter T and those measured in the next chapter (Table 8).

The above was published in a letter to Natur993 e In repl? 3
Helliwell agreed with the interpretation that the phenomenon was a
pair of bursts seen three times but pointed out that occasionally
whistler delay times oan be suffioiently emall during severe magnetic
storms so that in this case the echo pessibility cannet de ruled oute
In any cass this is not the orucial test we would like as the full
shape of a ook dces not appear so that independent {(of the bounce
period) estimates of B, o and A\ cennot be made.

Later a rmch better example (four trains of re-gemerated
hooks) was noticed in a sequenco of speotrograms published by
G&119t6. This is shown in Figure 50, In each of these there is e
striking laok of progressive dispsrsion despite the considerable
frequency extent of the hocks and the relatively large number of
separate hooks (six, 3n one sequence). Gallet6 remarked on this at
the time. Table 7 shows E, k{/o, X  deduced from the shape of one

of



TABLE 7. Comparison of observed recurrence period with
that calculated from E, \/ ot »  deduced frem
the frequency-time shaps.

Sequenss Number of Energy  Helical Geomage Calculated Obser-

Noe. hooks in E. Pitoh lLatitude Period ved Por-
each sequ~ (k.Gev.) o PN (see.) 108
ence. | (sec.)

1 3 14 10° 59° 12 1.6

2 6 8 622 59° 1.7 146

3 2 15 S P 1.1 1.6

4 3 5 58° 59 2.1 1.6

tﬁe heooks for cach sequence; The ‘expected bounce periods ocalculated
from B, \Po’ and \ and the observed periods (as measured by Gallet)
are shown. The specirograms (Figure 50):”“ pm“uli.s]:md6 are rather small
and lack contrast for acourate soaling so that the probable error in
the caleulated periods is rather large. However the general agreement

is quite good.

' 8.4 Concluaions. We have secn that the eleotron cyclotron theory gives

exoellent agramont with the detailed frequenoy-time characteristios of
observed disorete emissions. Two quite different tests of the symmetry
aspect of the theory give agreement limited only by scaling errors.

Tn addition tho predicted periodic emissién { re~generated hooks) is
shom to ocour smd with periods redsonably olose to those predicted.
Verifiocation of the theory justifies the use of spectrograms of
emisatons for finding information about the elootrons wlkich produce
them. A method of doing this is given in the next chapters
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9. METHOD OF MEASUREMENT OF ELECTRON EWERGIES
AND OTHER DATA FROM SPECTROGRANS OF V.L.F,
EMISSIONS.

9.1 Inﬁédtid‘tioﬁ. The parameters wlﬁoh affect the frequenci-
time shape, Qca.le and position of the complete framve’rse emission
("hook™) as observed on the earth are: the energy (E) and helical
pitch (/) of the emitting electrons, the terminal geomagnetic
latitude ( X ) of the field line which guides them, the instant’ |
(#,) of their passing through the top of this field line, and the
"soale frequenoy" (a) of the oleotron demnsity of the meddum. Iz
these are suitably chosen a theoretical frequenoy-time trace can be
calculated to give an effectively exact fit to an;’ observed hooke.
This has been demonstrated with‘a relatively complex hocke. The
observed trace contains the effeots of these parameters so that it
may be possible to deduce these parameters from the observed trace.

It will be shown here that the scaling of only two
froquencies (fn and fo) and two times (T* and *) is sufficient for
complete and unambiguous evaluation of the parameters oitéd above.
9.2 Fnergy. The general expression (51)!&1' the doppler shifted
cjéiofﬁn -frequ'ency from an electron spiraling along a field line
iss

fm h[K (15 _{%d n cos Oﬂ -1 (9.1)

where h is the loeaJ: &ro frequency, ¥ 418 the relativistio
eorrection (1 -(3 2);1/ 2 1 is the refractive index of the medium
at the frequency f, @ a is fahe longitudinal component of velocity in



units of the velooity of light, and @ is the angle between the
field and the direction of emission.

The minus sign in (9.1) refers to forward doppler
ghift and so need not be considered here. The angle @ in (9.1)
also appears in the -genaral Appleton=-Hartree oxpression for the
“ refractive index. For the terrestrial oase of backward doppler
shifted emission the general expression for f obtained by substi-
tuting this refractive index n () into (9.1) is fond’? to be
almost independent of @. If it were otherwise we would not expect
such narrow band V.L.P. emissions as are observed. Consequently we
consider only the case & = O,

Making the appropriate substitutions as in Section T.2,

we haves
(-1 @/ -1)? -a(zd
-3(5 2 pe (4~ k]ain Y o) (9.2)
This more general expression reduces to that obtained
previcualy (eque 7.1) for ¥ = 1. | |
At the equatorial plan (£ = 0) we haves .
(.l.’o - fo.) (ha/X - f@)2 -a (2 2 oo08° Lll/ o BTy (§.3)

Making the substitution x = b /2 and (> 2= (% %1}/ ¥ 2 we get

x?—1 L (x-1)3 x/x =12 (9.4)
a 008 LF. x~-1
The kinetic energy of an eleestron is given by
B =50 (¥ =1) keouve -~ (9.5)

As we will f£ind later nearly all emissions are produced by eleotrons
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of energies for which relativistic effeots are very small
(Y= 1), For these we can write

- a ‘con L}Jo
Fron (9.4), (9.5) and (9.6) we £ind -
R Bx 1073 [221(2 .7

h’cml(9;6) we would generally expsect high emergies to be associated
with large values of'x.. In wlﬂ.oh cage the term contadning x is
olose to unity and (9.7) is in a convenient form for arplying
relativistic corrections to a momogram energy scale. This is shown

in Figure B4
Of the quantities in (9.6) required for evaluation of

1

the electron energy only fe'.' is measmrable in an obvious manner from
speotrograms of comjleté emissions ("hooks"). This is the minimum
or cﬁap frequenoy of the hook (for ¥ = 1)« We now consider methods
of deducing tl;e other. j:a,.ramoters. .

QQ}'igtiﬁxde 2 and M ramoter x. Snppésq.we sssume that the energy
lost J(i;ad;tated) by the bunch during one hemisphere to hemisphere .
traverse 15. negligible. Then the observed emission frequencies will
be sy"\‘netric with reapéot to the gecumagnetic equatorial plane. That
is, the frequency produced by the tunch at latitude angle 4 in the

northern heméphare will be the same as that produced when this bunch

18 at the same latitude angle in the southern hemisphere.

Consider the hook in Figure 51 as obssrved in the northern

hemisphere, We require the times ‘l‘.-' a.nd'lv'z for some frequency f.
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Fig. 51 A hook and the path of the electron bunch which generated it. Definitions.

Fig 52 Method of scaling the nose frequency and difference time at this frequency.
The midpoint locus (broken curve) has the shape of a nose whistler.



These times, which define the shape of the hock, are made up of
group propagation times (+ 8) of waves of freqtzenby f and £ and
electron bunch travel times (t.). We can specify a point on a
giygn line of force hy the g’yro frequengy at that point. Suppose
that, at the two points (one in each hemisphere) where the
frequenoy £ is produced, the gyro frequency is h, The equatorial
plane is then denoted by ho and the earth's surface by hy »
Propagation times along ths surface of the earth to the observer
do not involve dispsrsion and so de not change the shape of the
hooke. | |

Consequently the time 11 is tho tims taken for the
electron hunch to travel from the point hl in thse northern hemi-
sphere where frequenoy £ is produced to the equatorial plan (ho)
plus the difference hetwsen the propagation times for frequency f,
té travél from fhe equatorial plan (ho) to the earth's surface
(n N 8) in the northern hemisphere and that for frequeneoy £ to
travel from point hlt to h H® Putting this in symbolic forms |

r -t (hg*h)‘” (fih h%n)"e(f’bf;h‘“%;

r f\‘L o

In a ei.milar wiy we finds T T S A

"z =t (h=n) + ¢ (r,he,n%i)-t ,(" B b, )
-t, (h->h)+t (f,h—>h)+t (£, b h n.)

+ 1, (2, hl hn') =t (2, b>h )
We can drop the N, 8 subscripts if we always refer to the shortest
distance. Taking the sum and difforence timeu t* and 7" we findc
Wer a2t (he—zwx)_ +2 %, (2, b;>1) (9.8)
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7 -1 - T, =2t (€ ho%hx) -2t (£, b~ h,) (9+9)
We will discuss (9.8) later. Consider now the differenée time T
given by (9.9). This contains only wave propagation times. PFurther
more, if we consider T ‘as a function of fieqﬁenoy £ then (9.9) 1s
the general (nose) equation of a "short" whistler centred on the
time (T~ = 0) for whioh £ = £_o The frequenoy for which T 1is
maximum is then ;he x{ose frequenoj""‘fx; of the equivalent nose“vhistler,
Measurement of fn defines the line of force in which the hock is
_. produced and along whioch the electron bunch is guided. A function
given by Suith? onables ) and X to be fownd from £,

A simple btut accurate way of measuring "'n is shown in
Figure 52. The frequency=-time shape of the hook is traced on
transparent papere This tracing is tummed over on to the original
hook so that the frequency scales still correspond. By moving the
tracing in the time direction a position will be found where the
deseending part of the traced hook just touches the ascending part
of the original hook and vice versa. The frequency at which this
occurs is then the "true" nose fz;éciuenoy fa; Note that this is
always higher than the pseudo nose which sometimes appears on the
ascending part of the hook (Figure 52).

The nese frequency difference time (2 ~) ean be found at
the same time as shown in Figure 52. We have shown that Q—(t)
defines the exnot shape of a whistler and so should provide electron
den#ity informstion. Smith and Carpenter’° have shown that if the
time delays (t) and frequencies (£) of whistlers are normalised to
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nese values (tn and fn) then the resulting curves of t/tn versus
:r/:tn all olosely fit a single "wniversal whistler dispersion
funotion" which they have calculated, Our T~ is them

. _,?n"te-?n‘
1ese T / t =8 (2 /) =1 (9‘.10)

where to s the short whistlr time delay at frequency fo’ and 8
18 the Smith~Carpenter dispersion fumction. The double sided mdsle
shown in Figure 53 which has been Gonstructed from this funotion
allows oalculation of ¢ n; Note that we can also find the time & t
vhich is the time between the instant the electron bunoh passes
through the equatorial plane (where frequency £, is emittdd) to the
instant of reception on the earth of the cusp or minimum frequenoy
of the hooke

It is interesting to consider here an alternative
method of finding f_n and ?n-'-‘ which inustrates some of the poinﬁ
- made above. The mid point of a line drawn from some frequenoy f
4n éne ,braneh of the hook to the same frequency on the othér branch
is él.ven by |

T1 - .i!* - i’!"

Thus the lecus of the mid point is the whistler which would be
observed if a wide band impulse ocsurred at the instant the eleotion
bunch passed through the equatorial plane., This "half whistler™ is
shown in Pigure 52. This alternative method is useful for finding
tn vhen the hook does not extend to this frequenoy by using the Smith-
Carpenter techniques, particularly if the soale frequency (discussed
beio') is known from other data.
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Having found tn’ fn by the methods outlined sbove, or
more aocurately perhaps by the use of real nose whistlers, we can
now find the scale frequency a, This is given by (5-14)-
momogram for solving this equation is given in Figure 53« The
funotion N(£ ) has been built into the £, soale. -

9e4 Helical Pitch, The sum time T' is the time width of the hook
at any given .fre.quenoy as shown in Figure 51. PFrom (9.8) we see it
contains both wave propagation times and olootmn ‘bunch travel
times. Thus L will be depsndent on \\{/ 6 % that it should bo ’
possible to use ¥ as a measure of kl/o

Suppose we measure ot at frequency ¥ » 2!6.- For a
dipole field we have o

| W oos 4 4 Jz L
(30 (1= V‘ 8in k{z )8

The radial distance to the top of the field line (R ) oan be

expressed in terms of b , (z is given by (9.6) and h = £ x. Thus

2 ¢, = 1282 o ¥ £ =5/6 o8 Vo /6 (1,1)3/2 "lcos /2 al

o (1- 1 sin?y y¥ (9:1)

in seconds whero a is in Mo/s and f_ in ko/s.

For the propagation time we have

L
2t = .—_—.—.2 g ph.d‘ ~
‘ i I &
8 2¢ .2f° ° (h =2 ge) /

" From (7.4) this becomes $

2 ¢ = gk 2.5/ 5 1/6 1301 - /1) (qz- 272 (9.12)

x -2
In (9.11) and (9.12) the integration limit { and N reter

to0 values at the level for which £ = ef, (andh = qho). At this



level we have fmn(9.2) for the non~relativistic cases
3 2, 2

(NE,=22)=ap3%22:nn, (-nan" Y )

at the equatorial plane (f = fo) we haveP \

(n, = 2,) = ¢ ? 2, by cosyf/

Dividing ands maki.ng~ the x substitutions .

[ x_1] - 2l '2?2%] (9:13

Wo can viow f£ind 'q from (9.13) and { from 1 end gubstitute

these into (9.11) and (9.12)s Then from'(9.8) we have
?+ - & 'fe-'-5/6 ? (x, \[{Q)' | -(9.14)_

whers F is a function of x and \{/o but not of ] « ¥or a given
value of F wh:lph can bé calculated from observed values of 1'*, a,
and £, then \'Po is & funotion of x onlys This is shown by the
family of curves of constant F in Figure 54 In this nomogram
(Figure 54) a point on the x scale is found from £ endf end a
point in the F scale from £, and T* (for a = 1 Mc/s). With the
help of the nose shaped ocurve the appropriate P ourve is selected.
This curve will 'mteféept the previdual_y. found x value at the \l/o
valie given by the top scales

* The highest freqneney ébseive;-on the rising part of a

hook is about .5 to .6 h o This effect is well known in whistler
88

studie 43 aml is caused by high attermation” in the viecinity of the

&yro frequenoy. 'nms measuremnsnt of ‘1‘ at vf - 2!0 is not possible

for hooks of x < 3 of Be Also it will be noted from Figare 54

that the ¥ ourves becomo nearly horisental for low values of x. Jor
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suoh hooks we use an alternative method based on ot measurement at
f-fnoringeneralatf-gh. | -
Equation (9.13) becomes

(_'1_;_6_)3 - qs(1-r\a1n L(Jt,)
‘ ’ x oos ﬂ{/

Bemanging:

£ - neli- sy ) e x (9.15)

3
(x-—.‘l) | (4"8)39952\,[)0
From (9.6) and (9.15) we find
2 _n . (n -8°
3 — 3
* e (1- natn® )
Substituting this 1nto the mtagral for 2t, we find

L
- a1/2 -5/6 !;] ‘ . 1/2 cos” ’
t 8.4 f )3/2 V\ 1n h{'o) _ﬁ—__i C’le
N e ALV yV/2

Note that this does not contain x« Also to the extent that
7 C g,
(1 - Vlsm \{/ °)1/2 ") cos 4 @H

4 g (1= emPy | we T o

and using the approximation for small values of £

,ﬁx‘}g ("] -:1)1/2' _

We ﬁa_ve § .
e V\ V] 8)3/2 ‘

Using the same quasi constant model of eleotron denisty and referring
all frequenocies to ho we find
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A = iLW;‘ﬁ (=" (s.18)

7% (19
So that from (9;_8) we havet
™ () =a255/6 a(e, ) ¢ (9419)

where G i‘;s'giw'r'én‘by (9.17) and. (9;'718),,
The error introduced into t, by assuming the

validity of {9.16) is very emall at low frequencies (near fo) where

%, = .o It bacomes largor at the higher frequencies but there.

% 2 = ¢ o 50 ‘that the resnlfiixg érro: in ** is never apﬁreciablo;
It may seem surprising then that G which does not contain °
expliocitly can be used to find kP o; However we can obtain “ ¥

inverting G and -the:‘r, golving (9.15) for L(/ , we haves
K - e>31 9.20
F e g JREL2 o)

9. 5 Use: of Homogams. Ve have obtained expressions for the

electron paramsters E, k{/ o’ , £ and a in terms of the
scaled -

| qumtitiea f ’ f , T and !‘ which can be selected from epeotrograms

of hooks as expla.:lned a‘bove. We now discuae teohniques of
evaluation of these parameters using the nomagrams of Figures 53,
54 and‘55.- _‘ |

The .scale frequency a is found from the nomogran
of Figure 53. "he fg, én data may be taken from (i) the hook %o
which one is to apply th‘e scale frequency value for mlwhtion of
other pé.,rametérs, (11) a nearby hook, or (iii) a nose or "near-nose"
whistlers In the first two cases t, is deduced from £, £ and 7
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by use of the double ‘sided scale in Figure 53. It will be seen
from thie éoale that for reasonable accuracy we require a hook for
wiﬁoh f 2f ' In genera.l whistler measuremsnts will be more
acourates However in both cases (i:l.) and (141) we may be
measuring scale freqiency in a different field line (12 z is
different). This could introduce an error of 40 per oentd3,. -

For evaluation 6f the other parameters 1"" is
measured at £ = 2f°' and the nomogram of Pigure 54 is used provided
tn = Zfo. Otherwise ¥ io measured at £ = fn oF f = ﬁfh and
Figure 55 is used. In both cases the terminating geomagnetic .
latitude of the field line is immediately obtained from the
2= A scale.

Goneider the firet oase (Pigure 54). The £,
scale is gra&u.ated’ and scaled logarithmically in fo; The
£, — N soale is scalod (but not graduated) logarithmically in
ho; A straight line through appropriate values of fo and fn glves
the position of x on the x reference line. This soale is not
graduated as the actual value is not required. Similarly the
pos}tion of F on the F referencé line can be found firom fo and.
¥ / Ja. The curve labeled X, is the funotien

X, = {(x-1%x

The position of xa on- the Xz reference line corresponding to x
found above is obtained by drawing a horizontal line through the x
point and a vertical Iinerthrou@, the xa point such that these
intersect on the 'Ichrve; A horigontal line drawm through the ¥
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f (kc)
a (Mc)

10

20

fo(kc.)

TV is measured at the frequency

calculation shown, meaningful inter cepts are marked with circles.

The scale frequency (a) must be in units of Mc/s as given in Figure 53. In the example



3

point will interseéct the nose shape curve at a point ‘which lies on
the apiropria.te 'cgnsfa_nt ¥ curve of the family. This curve will
interseot the horizontal line through x at the value of kl/a given by
(vertioal line) the (' = { scale of the tep of Figure 54, This
soale is graduated in dggrees for L(/ ° and - lm (latitude a.ngi'e of
mirrer point) tut soaled loga.ﬂthmiean.y in geo® P o; The energy
(E) and (3 are then feund from f, / ay the position X and.‘ee'ca

L}/ o nomographia&lly; This part of the nomogram expresses
equation (9+6)s The B.e— (3 scale is socaled hgaﬁthmicall& in B
but graduated acc_prding to the relativistic correction given in
(9:7)s |

This procedure is illustrated by the example
shown in Figure 54. Only certain com'bliz‘mtion's of scales bear
nomographic relationships so meaningful intercepts are marked with
émall eireles. It isy of course; unnecessary to draw any of these
1;1:193 or curves, All soales and reference lines are parallel or
perpendicular so that set squares can be used for the graphical
parts. It should be noted that the secale frequenscy {a) must be
used in units of Mo/s as obtained in Figure 53.

Ie fn< 2t measurement at £ = 2f may be
impossible. In this case the nomogram of Figure 55 is uséd. The
value of 1| 4s found from the £, and T* / /a scales. The 1| soale
is logarithmically scaled in the function G of equation (9.19) btut
graduated in V] for two values of g. As will be seen later the
terminal latitude ( X\ ) of the field lines in which hooks are
generated appear to be confined to 2 narrow range ahout 60°. Por
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expressions (9.6) and (9.20) . This method entails some simple artihmetic and slide

rule calculations.
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this range these two values correspond to £ = £ and £ %tn; The
time T* can be measured at either of these frequencies provided the
corresponding side of the Vl gsoale is used. The X1 - Xe scales
" are scaled legarithmiocally in x and so these values are obtained
from the £ and £ scales as shown'in Figure 55. Then B, (3 and
' mist be calculated from equations (9.20) end (9.6),

| Since this case (fn < 220) corresponds to low
values of x which is generally associated with low energies we do
not require a relativistic mébtion. The simpler form of this
nomogram is offset by the néoessity of additional slide rule and
ari thmetical calaulations.

ﬂ!hé discussion éo far has bheen limited to

"original® or non-echoed hooks. However the electromagnetic emergy
or signal may be reflected mear the earth back along the field line
once (a.nd‘ 80 be observable near the cori;ﬁzg"ate point) or perhaps |

several times. Such echoed hooks ean aléo be used for evaluation

of electron parameters, The .fr‘equenciés fo '.and,. f# will be tmohanged.

Fron (9.8) we sce that T* also will bs unchanged. On the other hand
the midpoint loocus i‘!' for a non-echoed hook: is the dispersion of a
single tﬂ.pl from the equatorial ﬁléﬁe to the earth's surface. For a
once-echoed hook the dispersion path is three times this so that Q;‘
for such a hook is three times that of the origj.nai hooke BSince a
once=reflected hook is not earily recognised as such (see Section
8.2) calculation of secale frequenc& fi‘om_ !1: by Figure 53 would
"lead to a value nine times too 18‘1'899 Fort\;nately, however, such an
ambiguity oan usuaily be resolved. ca.rpént,elg 1 measured L9 t# of
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over 250 'hi-atlers; If these are converted to scale frequenocies
about 75 per cent lie in the range 0.5 to 2 Mo/s. The highest was
about 4 Mc/s and for nose frequencies less than about 10 ko/s there
was nons above 2 Mo/s. Consequently apparent values of & > 2 or 3
as o'btained from. ’l' is evidence of eohoed hooks. This am'bignity is
completely removed if more than one echo is o'bserved. as t can then
be measured directly (provided z, is measurable)o o |

In general the treatment given above can only be
applied to cemplete em:lesions or hooks. Incomplete forms such as
"falling tones" and "risers" only provide fo' and '1‘1 or ‘1‘2; If the
nose and scale freé_nencies are knom from other data the missing parts
oould be gupplied from the midpoint loous 317, This would be the
case if identifiable echoeé were observed.

."l‘he theory of this treatment is based on the
assumption of a dipole magnefic field and a constant scale frequency
along the field line within the region of generation of the ebserved
fre'qnenoiee. Some departures in the q* curve over that oa.lculated
fiemm the theory have 'beei noticed. | As these ocour.at the high frequeno}
and it is perhaps advisable to measure #* at the lower of the
frequencies f, and 2 . These departures do not seem to occur in the
T urve indicating that any perturbations are symmetrical qbﬁut the
equatorial plane; |
2;6 Some Ezamples. As an exsmple of the method fourteén hooks were
éoaiéd ﬁom épeéi;rograms published by (}al:'l.et'6 and by Helliwell and

carpente,rg + These published speotrograms had the usual aspect ratio
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of 10 ko/e range being equivalent to one second intefval which is
ideal for our purposes, The size, contrast, and definition of thesge
speotrogfams as published were not really suitable for acénrate‘
sealing but useful results were obtained as shown in Table 8, The
firast five of these hooks were taken from Gallet a.nd the remaining
nine from Helliwell and Carpenter.

The sum time T* was measured at 21’ for each hook
and at 1, as well for six of these hooks. These times are ghown in
Table 8 as Eza and Ta respectively., For these six hooks both
methods were used for energy and helieal pitoh caloulation. The two
sets of these values are shown in Table 8., There is reascnable
agroement between them. What discrepancies there are could be
explained by either scaling errors or the simplifying assumpt'ions
used in deriving the alternative (£,) method.

The scale frequency a as calculated from Figure 53
for each hook is shown in Table 8. However for the value adopted
for energy and pitoh caloulation, use was made of thé fact that
hooks often ocour in groups. For instance the last seven hooks all
occurred within thirty seconds or so of 0135 U.T. on Ootober 6, 1959.
Algo hooks 2 and 3 both oceurred at 0635 U.T. on February 15, 1958.
It seems reasonable to assume that the seale frequency would net
change in such a short time. Thus a weighted average value was.
adopted in such casess

Phis sample is too small for statistieal analysis.
Tt seems that relatively few spectrograms of hooks have been actually
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Table 8. Electron data deduced from hooks.
MEASURED DEDUCED
fo fn T; T; T;o %tb ax A \H E %?* Exx
No. ké. kc. sec sec sec | sec Mc. kev kev
1 3.3 9.6 .40 .57 .33| .851.3 57° 64° 85 62° 78
2 3.3 5.7 .22 .56 .70 |1.3 1.8 60° 74° 47 70° 3%
3 3.7 7.1 .23 .70 .75|1.0 1.5 59° 58° 23 63° 29
4 2.7 5.3 .35 .78 .80|1.5 1.7 60° 64° 26 66° 26
5 3.9 10.4 .40 - .53|1.0 2.1 57° 56° 37 -~ -
6 1.6 4.6 .48 - .31|1.0 .50 61° 68%°150 - -
7 4.2 8.0 .28 .42 .49| - 2.8 58° 50° 47 57° 60
8 2.7 7.5 .28 - .43 | .65 .53 58° 38°55 - -
9 1.6 6.5 .61 - .36| .95 .59 59° #°70 - -
10 2.0 6.5 .44 - .42| .85 .56 59° 48° 68 - -
11 2.3 6.5 .44 - .38|1.0 .88 59° 58°83 - -
12 2.1 6.5 .3% - 38| .70 .40 59° s56° 80 - -
13 3.2 7.1 .28 .56 .48 | .95 1.1 59° 52° 51 56° 57
14 1.9.6.3 .50 - .38 .95 .63 59° 55° 88 - -

*Deduced from the hook.

The value used for energy

and pitch calculation may differ from this.

*%Calculated by the alternative method (Figure 55).



published though gincs seven of the fourteen consideresd here
ocourred in.an interval of half a mirute one would expect that
enormous mumbers would have been recorded during the .I;G;l;_'
However some interesting preliminary conclusions can bél drawn from
the fe# we have hers.- o B
| Table 8 ghows. tﬁat' the generation ef these hooks

was confined to a maxrow rangs of field line latitudes. The last
soven were observed at Seattle (gecmagnetic latitude 54°1T) but barely
or not at all at Stanford (44°F) as shown in Helliwell and
(.mr;,mrl:e:;9 » This indicates an observing range for any one event
( produced by propagation under the ionosphere) of some ten degrees
of latitude. Thus we would predict from this that the ocourrence rate
of obzervations as a function of receiving station latitude should
show & broad maximum in the vicinity of 56°. The observeé?
(Figure 3) oosurrence rate of "chorus" for days of.Kpé. 4 shows suoch
& maximum at approximately 58°. Although the average latitude of
the field lines of generation can be deduced from such analysss of |
ocourrence rate of observations the method given here for the first
time gives the latitude of individual emissions. The method also
gives, the tine of generation of the oentre (2,) of the hooks. From
Table 8 we see that. this occurred sbout one seoond before observation.

| If the electron bunches which produce these hooks
ware all injected into the field line near the equatorial plane and
if there were no preferred dirsction of injection, one would expect
the medimn of the equatorial pitch angle { \/) values of a large
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number of hunoches to be 60°. This is approximately so for the
fourteen hooks in Table B. The latitude angles of the mirror
points ( 'Q'ﬁ) ‘sorresponding to these values of V o ranuge from about
8% to 3° as sesn from the top sealo of Figure 54. The latitude
angles of -‘the' points at which the frequency f# was generated was
found from | for the six hooks for which Tx': was scaled. These
rariged £rom 7° to 14% ' Thus most of the observed frequency range is
generated within some ten to twenty degrees of the equatcrial plane.
It is important to note that since £ is the highest frequency at
which meaiéurements are made, the assumptions of constant ccale
frequenocy and dipole magnetic field need only apply within this
region. -

Probably the most important peramster is ths
electron energy. The energles shown in Table 8 are of the order of
e few tens 9;2 k:llt:». ¢lectron volis, Thus typical values of (s
are around 0.3 to 0.5. Relativisiic effeots are very mmsll at
these velocities so that the rough correction formla (9;7) which
was éppli;.‘ed to the eﬁergy seale of Fig‘uie 54 should be sufficiently
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10. ELECTRON - CYCLOTRON GENERATION OF
EXOSPHERIC V.L.F. NOISE {"HISS")..

10.1 Introduction. Over the last three chapters (7, 8 and 9) the

doppler—-shifted electron=-cyclotron theory of discrete V.L.F.
emissions has become well established. = Since by definition "dawn
chorus* is made up of discrete emissions, then it is also explained
by this theory, Thus we have a well known and very common class of
emissions which are explained in terms of the cyclotron theory and
which can be very similar to hiss (see Section 2.1, Figure 2 and
Ref. 9)s This suggests that perhaps hiss is only a type of
unresolved dawn chorus produced by the -cyelotroﬁ process by a
sufficiently large nmumber of small »ele'otron MGhes or a continuous
stream of electrons. This merely explains the continmuous or white
noise nature of hiss. However it will be shown in thia Chapter
that all ef' the other characteristics of }hiss which are explained
by the TWT process of Chapter 6 oan be equally well explained by

the doppler shifted electm’n-o&olotron process.

10.2 Prequency band Limits. It is elear that a sufficiently large

number of overlapping and unresolved "discrete emissions" could
produce white noise. However an essential feature of hiss is that
it is band limited and that the band width is often quite small,

whereas at first sight oﬁe might expect ondy broad band noise from

unresolved "discrete emissions" produced dy the clyclotron process.
But two effeots limit the upper and lower frequencies respectively.
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‘The highest ﬁ'equeney emitted (eque T+1) 1s the gyro

frequency at the mirror point. However there :ls a propagation cut
off much below this 1limit caused 'by attenuation near the local gyro
freoueney. It ie very sharps Id.emohn and Sw(:a.x'f88 found that 1n
the vicinity of this cut off the attemmtion increased from 5 db
to 50 db in a three per cant mterval of frequancy, . th43 found
that the upper cut off frequenoy of all nose !hietlere he a.nalysed
never exceeded 0.55_to 0.6 times the minjmm gyro rregueney along .
the vhistler,p,ath, ' Choosing the lewer frequeney, fo;"vexaugple,’,_-‘-l_:he»
highest o'bseryeble 'frequeney f%o;n emiesioﬁe generated inthe 'f"')
hemtephere opposite that of the cbserver will be 0,55 h.e For
emissions generated in the o‘b'seiver.'ve_»hemispﬁeie',' however, the
lowest gyro frequepoy ‘va__lo,ng the path from the emission point 'to the
observer occurs at the emission point. Thus. the highest observable
frequenoy *(,fm) will be 0;55,,hm where h_ is the gro _fiequenc5% at
the point at whichf is generated:  Substituting into (7.1).

| (i;' - 0.55 b, )3 =0.55a Pa n 2 -ca‘szk{J o
From the principle of invariance of ma@etio roment we can express
the pitch (\P) in terms of its value at the equator:

ccszL{J -1-(h/hr;) sin® \pe

00nsequant]yc ¥ ' S -

| £ = 0,55 b = 0.55 {O.ﬂ/& (5 + ain x[J ufnol" (10.1)

_ These peints are illustrated in ngre 56.
rising parts (right hand side of bircken curve) are produced in the’
hemisphore opposite that of the obsérver and so are Iimited to
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Fig. 56 A family of hooks calculated for electron bunches of minum pitch angle

: Y, = 60° and several energies as shown travelling in an exosphere of

scale frequency a = 500 kc/s along the (dipole) field line A = 60° .

At time t = 0 each bunch passed through the equatorial plane from the
observer’s hemisphere to the opposite hemisphere.

k1R o

el

FREQUENCY (kc/s)

FREQUENCY (kc/e)
s

' v ] 10 00 o 2 "
| ELECTRON ENEROY (kev)

Fig. 57 Upper and lower frequency limits of hiss generated in the field line A=60.
(a) Curves f{(E) for discrete values of cos l/lo . (b) Curves f(y,) for
discrete E .
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0.55 b = T4 ko/s. e upper limits of the falling parts are
given by {10.1). At any given frequency only enérgies above 8ome
limit can prodﬁce radiation. At frequencies bolow the 'histler cut
off (6.55 h o) radiation from both hemispheres can be observed. If
‘ths stream is confined to the hemisphere opposite that of the
observer the upper limit will be the whistler cut off. This is
another wey of saying that if the hiss consists entirely of
unresolved "risers” and "pseudo noses" (no unresolved "hooks" or
"falling tones") the upper frequeney limit will be 0.55 h. . This
is perhaps likely at times since rising type disorete emissions are
about five times as common as hooks and faflling tones (Table 4).
The upper and lower limits as a contimous function of
energy for discorete pitch angles and of pitch angle for discrete
energies are shown in Figure 57. These are drawn for the field
line terminating at latitude A = 60°. The same curves can be
applied at any other latitude if the frequencies and energies are
scaled in proportion to h . A oconstant soale frequency of 500 ke/s
. has been assumed but a definite model of magnetic field is not
required (provided it is monotonic) except for obtaining field line
latitude )\ from minimm gyro frequency b« HNote that narrcw bend
noise oan be produced by & range of ensrgies for any given piteh
angle, but for large pitch angles this energy range is larger.
Wide and very wide band noise will be produced by slectrons of low
pitoh and high energy. During meguetic storns electren streaus
reach dmm to the ionosphere to produce anmrae.49; At high latitudes
( ~ 60°) this requires pitchk angles { % o-) less than about 5°. We
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might also expect higher ensrgies during storms and thus wide and
véz'y wide ba.ndnéiée as observed (Seotion '3.1)-

10s3 Amplitude ~ frequency spectra. In oonsidering bandwidths of
niss prddnégﬂ by stréams of 4eAiec‘h;ons “of various encrgles and .
mindomm piteh engles we have assumed mono energetic, momo pitched
streams. This is not sn unreasonable assumption since it is
observed that the bandwidths of individusl disorete emissions rarely
exceed 150 c/s at any 1nstanf,9 This could not happen unless the
elcotrons in the bunches which produce these emissions had narrow
ranges of energy and pitch. One would expest the same to hold true
of streams. Also mono energetic eleotron streams have been
observed.®? Piteh engle measurements of electrons in streams have
not ‘been reported. However we will show that the main features of
hiss can be produced ¢ven if the elecirons of the streems have wide
energy and pitch ddstributions. N

Two energy speetra of electron sireams as measured by
MoTluedn®? will be considered. Both wers measured by veokets fired
into visible surora. The first was observed inside a quiescent
auroral glow of intensity I. It ahowed an integral mumber energy
speotrum proportionasl to exp (_-‘-E/S') el'ect'rcns/ gec cma" over the range
3 to 30 kev. The second was cbaerved in a bright sctive auroral ::n:-
Mig stream consisted o2 practieélly monc energetic elecirons of
energy 6 kev.

We will consider a pitech angle diastribution preduced by
isotropic injection at the equatorial plane given by oqu. {5.2).



Satellite measurements’? of the low energy ( 500 kev) elegtrons
4n the outer radiation zone mdica.té such a pitch distribution.
Preliminary measurements from hooks (Section 9.6) indicate that the
pitch distribution of the electron bunches (but not of the eleotrons
in an individusl bunch) is also of this type.

The power radiated by an electron travelling along a
helical path in a plasma with superimposed magnetic field bas been
given by Em_man.m For our purpose & crude approximaticn of his
expression will suffice.

v -xe? B (10.2)

where k is assumed constant. This is the power radiated by a single
electron. From Pigure 57 we sec that a given frequency f requires
electrons of energy equal to or greater than some minimun value
E, { [,), which 15 a funotion of [/,« We will assume that the .
power radiated by the electron stream at this frequency is propor-
tional to the number of eleotrons fulfillingthis condition, weighted
by their energy as in (16;2). If the number of electrons having
" enérgies within 4E of E is dN(E) and if the pitch distribution is
given by (5;2), then the power radiated by the stream at frequency
£ is given by (arbitrary ﬁ,nits)c

w(£) -;4,& - gi’" QE d ¥(E) sin “Po ay, (10.3)

Por McIlwain's first stream the integral mumber emergy spectrum is

given by

J(>B) =< eip(-EJS) olectrona/sec em®
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The mumber energy spectrum per energy interval is thent
& =< exp{-E/5)
= _

The density of the electrons in this energyﬁ interval 4E is given bys
a(e) > &fpe = ¥ta
=< E¥ exp(~5/5) 4E
For Nollwain's moneenergetio stream we taket
’ an(e) -1 for E = 6kev
«0 for e.11 other values of E.

Ampl:l.tude-frequeney epeetra of hies generated by these
two streams as oalculeted from (10.3) for streams confined to the
field line teminating at latitude A 60° are shown in Figure 58.
Note the similarity in ehape of the two epeotra. The penk or
average amplitudes are not comparable, they have been erbitrarily
chosen for best olarity.x The bands limits of the h:l.se generated by
the monoenergetie etream are appro:imately glven by the
cos LP o « 1 ourve of Figure 57(a). Thus the hiss speetmm from
the first stream (exponentia.l energy distri‘bution) oould be
approximated in ehape, amplitude and bandwidth 'by one generated by
a mono energetic strea.m of 15 kev eleotrons. Hise speetra from two
Wthetioal mono energetio streams at lati.tnde >\ = 63.5 are shown
in Pigure 59. From what has been ea'i'a above we would expeet
eimilar speotra from streams having energy dlstributions
I > B) =< exp(-E/E ) 4 E ia appropriately ohosen.

An amplitude diecontinuity ooours at the 'histler out
o2f frequency 0.55 ,ho . Above this frequenocy only hiss generated in
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Fig. 58 Amplitude-frequency spectra of hiss generated in the field line A = 60°
by electrons having the pitch distribution given by (5.2) and energy dis-
tributions as in the streams observed by Mcllwain. A finite stream width

would smooth out the discontinuity at 0.55 h, .
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Fig. 59 Amplitude-frequency spectra of hiss generated in the field line A = 63.5°
by two mono energetic electron streams having pitch distributions given
by (5.2) . Compare these with the observed spectra in Figure 4A .
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the observer's hemisphere can be observed, wheréas below this
frequency hiss from both hemispheres oan be observed (ses Figure 56).
For hiss consisting entirely of unresolved "hooks", or of "hooks"
plus equal amounts of "risers" and "falling tones" the discontimmity
will be a factor of two in power or of root two :I.n amplitude as
shown hore. If the hiss consists entirely of "falling tones" the
discontimuity will disappear, but if it consists entirely of
"rigera” and "pseudo noses" the high frequency side (£ > 0;55 ho)
will not be observed at all. In all oases the low frequency side -
could be further augmented by whistler mode reflections near the
earth of previously generated hiss. In any case the sharpness of
the discontimuities will be considerably rounded by finite atten—
uation at cut off and finite stream width (field line latitude
ranges of a few tenths of a degree would suffice).

Figure 4A shows amplitude~frequenoy spectra of hiss
observed by Watts19 “during a magnetic stom'-; These show gimilar
ehapes: to those of Figures 58 and 59 1f the discontuities are
. rounded off. The observed spectra will have been modified by
" attenuation in propagation through and under the ionosphere. As

it is the comparison indicates that the frequency 6.55 ho is about
2 ko/s. This would correspond to a field line of generation of
about latitude 65

| 10;'4' Msou_e'aion; This oyclotron theory of hiss ca.n' account for the
obgerved characteristios of hies listed in Chapter 2. Prom Figures
58 and 59 and equations (9.3) and (10;‘1') we gsee that narrow and



medium band width hiss occurfing at frequenoies less than 10 ko/s
would be produced at geomagnetic latitudes of 60° or higher. Very
wide to narrow bandvidtﬁé can be produced by this process even for
wide pitch angle and energy distributions provided the high
energies are fahly sharply out off (power law or exponential) as
ob:serveé.:49 Wide bandiidths will be produced by higiar energy
electrons wl;ioh we might expect to be associated with magnetic
activity. | o

From our present state of knowledge, the oyclotren
procosa explains the observed features of hiss .‘as well as does the
™wze process (see Chapter 6). In sddition the oyclotron process

' already explains the moh more detailed features of the discrete

emigsions and dawn chorus. However the two processes are not

mtually exclusive. Both may operate, possibly even at the same

time and in the same electron stremm, though one may dominate.

It ehould be pesaible to distingnish between these th:aee possibi‘u.-

ties (cyclotron, or TRT, or both), if not from present data, a.t

least from new experiments based on predictions of the two theories;

The TWT process requires a strea',m' travelling towards

the observer whereas the oyclotron process requires the rei}ei’se; '

Unforﬁmately hemisphere to hemisphere electron and wave travel

times are of the 6rder of seconds whereas time variatidns of hiss
are of the order of mimtes or hours2C. Thms whistler mode

roflecti.ons of hiss and magnetic refleotions of electrons would make

the original stream and emission directionsvery difficult to detect.
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Although both theories predict that the centre
frequency of narrow band bursts will be proportional to the
minimum gyro frequency (hé)’ the constants of proportionality are
different., For the TWT theory this frequency is 6;15 ho’ whereas
for the cyolotron theory it is 0,55 ho; For typical 4 ko/s
narrow band higs the corresponding field line latitudes are 55.5°
and 63.5°. In addition the TWP process can produce narrow band
hiss not obeying this relation if the stream is mono energetic and
narrow pitched. This effect is difficult to deteoct on the earth
because propagation under the ionosphere allows observation of hisa
generated in a wide range of field line latitudes. On the other
hand a satéllite travelling just above the ionosphere (or higher)
will receive only radiatiocn generated in the field line through
which it is passing. In addition, since there would be no
ionospheric losses to oonfdnd with, the intensity would be several
ordersv of magnitude gre;téi and the observed amj;iitude-frequenoy |
aspeotra would be as generated. For similar Teasons such a satellite
would be vexry useful fér work on disérete emissions and vhistlers.
10;5 Conoiusions; Doppler shifted eyolotron radiation from receding
electrons which already explains thé detailed frequency-time shapes
of discrete emissions cén also expléin the observed characteristics
of hisg. However the amplified cerenkov (M) process also explains
these ‘oharaoteristics and it is difficult to distinguishbbethen the

two theoriex for hiss on present data. O‘bservations from a sateliite

of the variation of frequency of narrow band hiss with geomagnetie
latitude could resolve this,

176



11. CONCLUDING REMAEKS.

1.1 Genertl; !‘he ‘releva.nt (emiééien) properties of V.L.F. emissions
deséﬁbed m Chapters 2 and 3 are explained. ' Either or both of two
quite different processes might produce "hiss"; but only the elsotron-

eyolotron precess can explain the detailed features of the "disorete

emisjions"-. Farthormere this latter process can explain thg other
types of disorete emissions (“chorus" and "hiss"). Not only does
this c¢lear up a mystery of long standing but provides a new tool
(Chapter9) for the investigation of fast eleotrons in the exosphere.
Other properties not relevant to the emission process
ate not dealt with in the theoretical treatment. These inolude the
westerly drift of noise sources mentioned in Seotion 2.6, the 24 hour
%gcho" bursts and the dynamic variations of amplitude and frequency
of hiss deseribed in Chapter 3. These and other long term effects
reXTect the properties of the sources of the electrons which generate
the emissions. However the establishment of the emission process and
the teohniques (chapter 9) for finding the emergy, pitch and latitude
of these eleotrons provide a basis for investigation of these sources.
11.2 Suggestions for Further Work.
(1)  The techniques derived in ‘Ohapter 9 would provide very inter-
esting information if used on a sufficiently large number of hookse
Although fow spectrograms of hooks of suitable aspeot ratio ( 1 sec. =
10 kc/s) have been published; the vast amount of tape recorded during
the IGY years (Section 2.3) should contain ample. These techniques
should prove as useful for the fast elootrons as whistler measurements

have been for the thermal eleotrons ((hn’éit_w§3 dnd temperatureea);

1
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(11) Experiments to test the frequency-w-latitude variaticns of
narrow band hiss as predicted by the eleotron-cyclotron and TWY
theories should be carried ocut, as outlined in Chapter 10;

(144) Ao montioned at the end of Section 9.5, the high frequency
parts of hooks sometimes show significant departures (7% teo large)
from the predicted shapes. The cause of this may lie in the assump-
tions of an unperturbed dipole magnetic field, a constant scale

frequency and = 0 (Section 9.2).
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13. SYMBOIS

All symbols are defined in the body of the thesis where they
first occur. Those which are used extensively and which may eccur
away from their definitions are alse listed here. Where appropriate
the reader is refei'red to a Section er Figure for further information,
Note that a different notation (Bricet's) is used in Section 8.2 and
in Figure 48.

a pz/ h = scale frequency (Section 5.5)

a s 432992/%2 (used only in Chapter 6)

B = geomagnetic field intensity

-]
L]

- velocity of light in free space
t£f = whistler "dispersion®.

]

energy

n B ©
"

i

signal or emission frequency

£+,£ = upper and lower TWT amplified frequencies (Section 6.2)
fn = whistler nose frequency
g = f/n,
h = electron gyro frequency
J(>E) = flux of particles of energy > B

o4
1]

- latitude angle coordinate (Fig. 32)

e
t

= B v 8
]

latitude coordinate of mirror point.

electron plasma frequency

refractive index

L

electron density
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Subseript X
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radius vestor (in earth redii)
distance along a field line (Fig. 32)
delay time

times related to hooks (Fig. 51)®

T, +T, = time "width" of a hook i

1
T, «T, ( = equivalent nose whistler delay)

velocity
By/fo

xz/ (x - 1)3
(x - 1)%/x

attenuation (or amplification) constant

v/e

(1- g

g sec® |

angle between directions of emission and magnetic field..

geomagnetic latitude at which a field line cuts the earth's
surface (Fige. 32)

(1 + 3 s1nl)?
helical pitch angle (cos\p = vd/ v)
value at ¢ = 0 (equatorisl plame)

value at { = \ (earth's surfacs) .
component in the direction of the magnetic field

% Used with a different meaning (Bricets) in Section 8.2 and

Figure 48.



Subseript
Subseript
Subgeript

Subscript

maximum value (Seetion 10.2)
value at £ = fn

electron component (Seotion 7.2) -
vave group component (Section 7.2)
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(Reprinted from Nature, Vol. 195, No. 4845, pp. 984-985,
September 8, 1962)

‘Scale Frequency’ of the Exosphere

WHISTLER measurements of nose frequency (fn)
and time delay at this frequency (¢x) give a fn, tn
distribution well fitted by a ‘gyrofrequency’ model of
elec tron density in the exosphere': one for which the
electron density is everywhere proportional to the
magnetic field strength or gyrofrequency (fm). Since
the electron density is directly proportional to the
square of the plasma frequency (f,) and uniquely
determined by it we can express this model by the
relation :

f 3 = f af H
The constant of proportionality, f., has the dimensions
of frequency and so might be called the ‘scale fre-
quency’ of the exosphere. It is typically around one
megacycle - per second (as deduced from Smith’s
work?), . ‘

\
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Fig. 1. The function F for calculation of scale frequency from

nose frequency and nose delay time



To the extent that the gyrofrequency model fits the
real exosphere the scale-frequency is constant. But
the point I wish to make in this communlcatlon is
that, regardless of this fit, the parameter, ‘scale
frequency’, is a very useful one in exospheric studies.
It is in the same form (frequency) as the other
parameters (fy, fu, f) describing emission and propa-
gation in the exosphere. The low-frequency dis-
persion D, = f!'/2%¢t becomes D, = .sfrll/;-’ where s is the
half-length of the field line in light-time units (light-
seconds). For f, constant along a field line the nose
whistler integral can be solved analytically’. Since
whistler data show that the scale frequency is at least
quasi-constant then variations in space and time can

" . be sensitively expressed by it. This would be.par-

ticularly useful in discussing magnetic dlsturbance
effects.

Scale frequencies are readily deduced from‘ Jns tn
data from nose whistlers. A recent extension of
whistler analysis? makes it possible to obtain f, and ¢,
from perhaps all well-defined whistlers even when the
nose is not directly observable. In this work? it
was shown that the nose frequency dispersion (D) is
related to the low-frequéncy dispersion (D,) as:

Dy = 1:456 D,
Thus:
- tnfi? = 1-456 5 f1/2

Since the field line (and length s) is uniquely determ-
ined by the nose frequency, a function of f, can be
substituted for s. Thus:

fa=F & S8 kejs
F = (1-456 5 f1/3)-2

where ¢, is measured in seconds, f, in kefs and the
slowly varying function F is shown in Fig. 1.

It is interesting to note that a theoretical model® of
electron density in the exosphere based on the premise
that .the electrons are controlled by the Earth’s
magnetic field rather than gravity gives a quasi-
constant scale frequency. Thus, this is largely a
consequence of geomagnetic control of exospheres
just as a quasi-constant scale height in the Earth's
atmosphere is a consequence of gravity control.

R. L. DowbpEN

Tonospheric Prediction Service,

Unlvers1t,v of Tasmania,
Hobart.

1 Smith, R. L., Ph.D. dissertation, July 11, 1960, S.E.L. Tech Rep. 6,
Stanford Umversxtv

? Smith, R. L., and Carpenter, D. L., J. Geophys. Res., 86, 2582 (1961).
3 Dowden, R. L J. Atmos. Terr. Phy.s 20, 122 (1961)

Printed in Great Britain by Fisher. Knight & Co., Ltd., S1. Albans.




( Reprinted from Nature, Vol 811 pp. 803, September 12, 1959) .

Low-frequency (I06 ke./s.) Radio Noise from
the Aurora '

EXTRATERRESTRIAL radio ‘noise’ has been in-
tensively studied during the past decade.- The steady
background radiation or ‘cosmic noise’ from inter-
stellar space has been observed! at frequencies down
to about 1 Me./s. and an intensity of about 10-1°
watts per square meter per cycle per second (W.m.-2
(c./s.)-1). Ellis? later showed that cosmic noise at
lower frequencies could not penetrate the earth’s
magneto-ionic upper atmosphere. Reber3, however,
reported observations of steady noise of intensity
10-22 W.m.-2 (c./s.)-! at frequencies -of 520 ke./s.
and 140 ke./s. This appeared to be correlated with
sidereal time and so was claimed to be cosmic noise.

Recently* extraterrestrial continuous (‘white’) noise
has been studied in the audio-frequency band. This
normally shows peak intensity (10-1® W.m.-2 (e./s.)-1)
at around 4 kec./s. It appears to be generated in the
upper atmosphere by auroral particles®, it is highly
correlated with auroral airglow®, and it has been
designated ‘hiss’. .

I have also carried out observations of ‘hiss’ at
Hobart, Tasmania, to provide a comparison with
those of Ellis at Sydney. Results appeared broadly
similar but the intensity at Hobart is much higher
(10-'* W.m.~2 (c./s.)-}). In view of Reber’s observ-
ations (and similar observations of mine’ at 450 ke./s.
at Macquarie Island) it was decided to operate on
five frequency channels simultaneously, covering the
gap from the normal ‘hiss’ frequencies to the con-
troversial 100 ke./s. band. The centre frequencies of
these channels were 4-6, 9-6, 27, 70 and 180 ke./s.
For the loop antenna and amplifiers used the sensitivity
increased with frequency, so at the lower two channels
it was about 10-17” W.m.-2 (c./s.)-! and for the higher
two it was around 10-2' W.m."? (c./s.)-'. It was
found that the intensity of both the ‘back-ground’
radiation and the usual ‘bursts’ showed a general
decrease with frequency so that normally nothing
wasg observed at 70 and 180 kc./s.

On one occasion, however (April, 1959) a number of
bursts were observed which showed deep fading.
When the records of the five channels were examined
together it was found that strong noise was present on
all channels. Moreover, the fades on each channel
showed a strong one-to-one correspondence and were



simultaneous to the limit of reading (~ 10 seconds).
The noise level of these bursts at the lower frequencies
was fairly typical of the more usual bursts (10-13
W.m.-2 (c./s.)-! at 4-6 ke./s.) but at 70 and 180 ke./s.
the noise power was at least two or three orders of
magnitude greater than normal (to about 10-!°
W.m.-2 (e./s.)?).

Unfortunately it is not known exactly on what day
this occurred nor whether a notable geomagnetic event
took place at the same time, for the research station
together with the equipment and records was des-
troyed by fire on May 24, 1959. It is probably a rare
event as it only occurred on one occasion in about two
months observing. It is none the less established that
‘hiss’ can sometimes occur at frequencies up to
180 ke./s. at least, suggesting that extraterrestrial
noise much below a megacycle might be ‘hiss’ (that is
generated in the upper atmosphere) rather than
‘cosmic noise’.

My thanks are due to Mr. G. T. Goldstone, who built
and operated much of this-equipment and assisted in
the observations, and to Dr. G. R. A. Ellis, Upper
Atmosphere Section, C.S.I.R.O., who provided part
of the equipment and-circuits and who suggested the
4-6 ke./s. and 9-6 ke./s. observations.

R. L. DowbpeN

Commonwealth ITonospheric Prediction Service,
Hobart, Tasmania.
Aug. 19.

1 Reber, G., and Ellis, G. R., J. Geo. Res 61 1 (1956).
¢ Ellig, G. R., J. Atmos. Terr. Phys 9, 56).

3 Reber, G 7. Geo. Res., 63, 109 (19

¢ Ellis, G. R., Plan. Space Sci. (in the press).

s Ellis, G. R., J. Atmos. Terr. Phys., 10, 302 (1957).

¢ Duncan, R. A, and Ellis, G. R., Nature, 183, 1618 (1959).
7 Dowden, R. L., J. Atmos. Terr. Phys. (in the press).

Printed in Great Britain by Merritt & Hatcher Ltd., London & High Wycombe



(Reprinted from Nature, Vol. 187, No. 4738, pp. 677-678,
August 20, 1960)

Geomagnetic Noise at 230 kc./s.

GEOMAGNETIC radio noise or ‘hiss’ usually occwrs
only in the audio region. During severe magnetic
storms it has been reported up to 30 ke./s. on a
sweep frequency analyser! and at 70 and 180 ke./s!
on fixed tuned channels®. The latter report® was
written after the records had been destroyed in a
fire. New observations at up to 230 ke./s. are
described here.

. Observations were made simultaneously at the
four frequencies 4, 9, 70 and 230 ke.fs. (using two
dual-beam cathode-ray oscillographs and photo-
graphic recording) over the period mid-September
to mid-November, 1959. Geormagnetic noise. was
observed on three occasions only: 2245 u.T., October
31; 0430 u.t., November 3; and around 0330 uU.T.,
November 6. The planetary magnetic index (kp) ranged
from-4 to 6 at these times. The noise burst observed
on November 6 is reproduced in Fig. 1. This shows
9 and 230 ke./s. only, since the camera recording 4
and 70 ke./s. jammed on this occasion. ’

The general appearance of the noise burst—
relatively gradual rise and decline of intensity (as
distinct from the sharp ‘on’ and ‘off’ of man-made
interference) and impulsive noise- component superim-
posed on a steady or ‘white’ noise-level—is typical
of geomagnetic noise bursts observed at audio-
frequencies. The maximum noise-levels are seen to
be 0-8uV.m.-! (c./s.)"tat 9 ke.fs. and 16 mpV.m.~1
(c./s.)-¥ at 230 ke.[s., corresponding to intensities of
about 10~ W.m.-2 (c./s.)"! at 9 ke./s. and 3 x 10-1°
W.m.~2 (c.[s.) ! at 230 ke./s. The intensities observed
at 4 and 9 ke./s. at these times were typical of strong
bursts at these frequencies. The 70 and 230 ke./s.
intensities were of the same order as previously
reported®. A striking feature of Fig. 1 is the close
correspondence of amplitude fluctuations at the two
frequencies. These appear simultaneous to the limit
of reading of the time scale (~ 10 sec.).

A probable mechanism for generation of this noise
is Cerenkov radiation from small clouds of charged
particles travelling through the ionosphere and
exosphere!,2f, Radiation is produced at all frequences
for which the velocity of the particle clouds exceeds
the group velocity of the radiation (Cerenkov condi-
tion). The close correspondence hetween the two

-
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frequency components observed suggests production
by the same particle clouds and in the same geomag-
netic tube of force since moving charged particles are
effectively constrained to a tube of force.

Accordingly the tube of force ending at Hobart
(geomagnetic lat. 52° S.) was considered, and the
group velocities of 9 and 230 ke./s. radiation call
culated* as a function of distance along this tube of
force. Electron density as a function of radia-
distance was obtained from whistler data®. The
assumption was made that the electron density in the
exosphere is spherically distributed. At 9 ke./s. it
was found that the group velocity would bhe every-
where less than 0:12 c. from the ionosphere to the
equatorial plane (total distance 15,000 km.). At 230
ke./s. only radiation produced below the gyro-level
is observable on the ground. From the ionosphere
to the gyro-level (a distance of about 5,000 km.)
the 230 ke./s. group velocity would be everywhere
less than 0-17 e¢. Consequently. particle clouds
travelling down this tube of force at 0-2 ¢. (say) eould
produce Cerenkov radiation at both frequencies.
Since the travel-time even of 9 ke./s. radiation
produced at 15,000 km. would be less than a second,
bursts of radiation at the two frequencies would
arrive at the ground simultaneously to our limit of
reading.

Estimates of absolute intensities to be expected
from the Cerenkov process depend too strongly on
unknown factors (for example, size and number of
clouds and cloud density) to be meaningful. But we
can make an order-of-magnitude estimate of the

9 ke./s.

230 ke./s.

relative intensities based on reasonable assumptions.
If these unknown factors were the same for both
frequencies we would find that the ratio of intensities
produced at 9 and 230 ke./s. would be proportional
to the path-length in wave-lengths for which the
Cerenkov condition holds®. This indicates that the
intensity produced at 230 ke./s. should be nearly ten
times that at 9 ke.[s. However, this ratio will be
modified by the ear trumpet effect of the converging
tube, giving enhancement proportional to the tube
cross-section, which is in turn inversely proportional
to the field-strength or gyro-frequency. For the tube
of force under consideration this will enhance the
ratio in favour of 9 ke./s. by a factor of five. Also
if the attenuation in regions of high colligion frequency
is taken into account (from Helliwell’'s curves?) we
find that 230 ke./s. will be attenuated by about eight
times as many decibels as 9 ke./s. Agreement with
the ratio of intensities observed at Hobart (3 x 102
or 35 db.) isreached for an assumption of about 5 db.
for 9 ke./s. and hence about 40 db. for 230 ke./s.

Consideration of tubes of force ending farther south
of Hobart require attenuations of 9 ke./s. considerably
less than this, in keeping with observations of multi-
echo whistler trains. Thus estimates based on this
mechanism give reasonable agreement with observa-
tions of wide-band noise bursts for frequencies from a
few ke./s. to a few hundred ke./s.

It is interesting to note that for this mechanism
wide-band bursts will only be observed if the electron
density distribution along a line of force is such that
the plasma frequency is always greater than the gyro
frequency for the range of frequencies observed.
Since the electron density in the equatorial plane is
obtained from whistler data this gives a lower limit to
electron density at each point along the line of force.

My thanks ave due to Mr. G. T. Goldstone, who
built mueh of the equipment and assisted in the
observations, and to Mr. P. 8. Bowling who provided
housing for the equipment in the field.

R. L. DowbDEN
Commonwealth Tonospheric Prediction Service,
Hobart, Tasmania. June 10.
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A theoretical model of electron density distribution along a geomagnetlc
line of force in the exosphere

R. L. DowbpEN

Ionospheric Prediction Service, Hobart, Tasmania, and the University of Tasmania
(Received 17 August 1960)

Abstract—By consideration of charged particles spiralling in geomagnetic tubes of force, particle densities
are derived for a source of particles filling the tubes at (i) the equatorial plane or (ii) the earth’s surface

- (lonosphere). The first case gives a distribution of roughly constant density for geomagnetic latitudes (1)
up to 60° and the second to one of density roughly proportional to magnetic field strength for 1 < 60°and
R < 1.25 earth’s radii.

1. INTRODUCTION

OvEer the last few years whistler and micropulsation studies have yielded in-
formation about electron densities in the exosphere out to several earth’s radii.
So far this information has not been sufficient to determine whether or not the
electron density varies with latitude. In studies of propagation of radio and hydro-
magnetic waves along the geomagnetic lines of force and of the generation of v.1.f.
radio noise, dawn chorus, etc., it is necessary to assume a distribution of electron
density along the line of force. The assumption usually made is that electron
density is distributed with spherical symmetry about the centre of the earth. This
would be logical in the absence of a magnetic field as any local discontinuities
would tend to diffuse over a sphere. In the presence of a magnetic field, however,
charged particles are mainly confined to a tube of force so that diffusion would
take place along the magnetic field lines.

This paper is an attempt to take this effect into account and derive the dis-
tribution along a line of force on the assumption that the tubes of force are supplied
- with charged particles (electrons, protons, etc.) from near the earth’s surface
(e.g. the upper ionosphere). The particles will move in helical orbits along the line
of force. Since the cross-section of the tube of force rapidly increases towards the
equatorial plane and since the pitch of the helices decreases (i.e. opens out) in this
direction we would expect the density to decrease. Collisions are neglected except
in the source regions near the earth’s surface. Here down-coming particles which
are “lost’”’ are replaced (assuming equilibrium) by an equal number of up-going
ones.

The density dlstrlbutlon of the faster partlcles which produce v.1.f. radio noise
and possibly aurora during magnetic storms is also derived on the assumption
that these particles are injected into the tubes in regions farthest from the earth,
that is near the equatorial plane.

Finally the electron density at any point in space is derlved on the rough
assumption that the electron density in the source regions (ionosphere) varies
with geomagnetic latitude (1) as cos 4.

In all cases symmetry about the geomagnetic axis is assumed. Hence the
relatively slow drift of charged particles in longitude has been neglected.
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A theoretical model of electron density distribution along a geomagnetic line of force in the exosphere

2. THEORY

The various equations describing the dipole magnetic field, a line of force and a
tube of force are given (ALFVEN, 1950; CHAPMAN and SUGIURA, 1956):

R = R, cos?l
R, = sec? A
H =nH,
HA = HyA hence A = Ay
ds
¥ i Ryp cos !

where:

R = radius vector in earth radii
I. = latitude angle

A = geomagnetic latitude at which the line of force cuts the earth’s surface

== intensity of the earth’s magnetic field

= ¢ sect ]

(1 4 3 sin? [)1/2

— cross section area of tube of force

= distance along line of force

polar coordinates

P N E
Il

Subscript “0”” denotes values for which ! = 0 (i.e. in equatorial plane) and subscript
“A”” values for which [ = 1 (earth’s surface). We note immediately that:

No = ¢o = 1.

We consider one of the particles spiralling along the line of force determined by A.
At the point determined by “‘I’’, let its pitch angle be y and its speed v. Equations
governing its motion (GoLp, 1959) are:

v = v, (constant)
H/sin? p = H[sin? p,

Hence sin? p = 7 sin? yp,,.
The velocity of the “guiding centre’ of the spiralling particle is:
ds

— = v cos p = v(l — sin? ¢)!/?

dt
= v(1 — 7 sin? p )2

The probability of finding this particle at position “I”’ is proportional to dt/dl.
Now,
dt dt ds .
FT i Ry cos l[v(1 — 7 sin? yg)'72] L.
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If we consider a large number of such particles (I, y,, v) the dens1ty (em~3) will be
given by

KR,
= = —1/2
n(WO’ U) o d]/ AO’U 1/"0)
where K is a constant of proportionality.
In the equatorial plane:
KR, KR
= 1 — sin2yp, )12 o 00
oo, V) A0 ( sin? y,) A v cos
Hence
n(yo) = No(pe)nd cos I cos yo(l — 7 sin? py)~12 (1)

We first consider the simpler case of a source of particles in the equatorial
plane. If the source is isotropic (no preferred particle direction) simple.geometrical
considerations show that the distribution of pitch angles will be given by

dN o(po) = Ny sin p, dy, (2)

where the expression on the left hand side represents the density (at.l = 0) of
particles having pitch angles in the range y, and y, -+ dy,. Substituting this for

no(1o) in (1):

N(p,) = Nyn¢ cos I sin g cos wo(l — % sin? yo)712 dy,.

The total density at point I, 1 is given by integration over all allowable values of
y, from yo, = 0, to y, = its maximum value ¥, given by 7 sin? ¥, = 1. Particles
which had pitch ¥, will have pitch ¢ = =/2 at this point (magnetic mirror point).
Particles of greater pitch will have been removed by magnetic reflection before
reaching this point.

Hence

0
N = Ny cos lf sin p, 608 Po(l — 7 sin? y,)™/2 dy,.
0
Putting 22 = 1 — 7 sin? y,,

1t
N = Ny COS'ZZL dr = Ny cos . (3)

The expression ¢ cos ! is unity at I = 0 and at sin? I = 2/3 (I ~ 55°). It has
its maximum value (1-15) for sin? [ = 1/3 (I ~ 35}°). Simple computation shows
it to be within 15 per cent of unity for I < 60°.

Hence this distribution which probably applies to the case of solar particles
injected into the tube of force during magnetic storms gives a practically constant
density along a line of force for all lines (1) up to 4 = 60°.

' The thermal particles which make up the background medium are probably
supplied where ionization is taking place, i.e. in the ionosphere. Accordingly we
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consider an isotropic source at = A. The distribution of pitch angles is given [as
in (2)] by

dN(y;) = N, sin y; dy;. (4)
We relabel these same particles by the pitch angles (y,) they would have on
reaching the equatorial plane, where

sin? y; = 7, sin? y,. , (5)
Differentiating:
2 sin y, cos y, dy, = 27, sin y, cos y, dy,.
sin p, cos
Hence sin g, dy; = 7, S Yo 0% ¥o dy,

cos y;
= 7 Sin g cos yo(l — 7, sin® y,)72 dy,,
Relabelling (4) and substituting:
AN)(po) = Nym, sin g cos po(l — 7; sin® yo)~/2 dy,,. (6)
From (1) we have: ,
(L — 7, 8in? po)t/®
$m; cos py cos A
Replacing n4(yo) by dN o(yo) and n,(p,) by dNV,(y,) as given in (6):

No(Wo) = n(y) -

_ N, sin g,
" ¢, cos 2 Yo

Integrating from gy = 0 to y, = ¥, where sin2 W, = 1/x, [hence cos ¥, = (1
— 1), -

dNo(Wo)

N ¥o
e
Vo &, cos 2 Jo SIn 9o ¢y

N, T, 1\1/2
= (1= =
g (75)

N, 1 )

st )

Hence AN o(w,) = 10 sin y, dy,. (8)
o

We can now find N at any point “I”” as in the previous argument by replacing the
pitch distribution given in (2) by that in (8) except that the upper limit is now
given by sin? ¥y = 1/n;.

That is
N = Yo é cos I [(1 — 7 sin? po)1/2]4
&1 [n) ’
7 1
=N,dcosl [ — 9
0 008 C(m) /g'(m) ©
7 7 1/2
where { (——) =1— (1 — —) and use has been made of (5).
7 a
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An approximation can be obtained by noting
{(0) ~ 15 + 6%
Hence for ; > 1 and 7, > #:
N = Ny cos l. ‘ (10)

This approximation is good to within about 10 per cent provided #,/n > 2} or
sec®l/sect] > 2 or R > 1-25.

The distributions derived have been expressed in terms of N, since this quantity
(as a function of R, or 1) is the one most readily found from whistler and pulsation
studies. However, the N (1) distribution is derivable if we assume a distribution
for N,, the electron density in the upper ionosphere.

Suppose
N; = N cos 4.
Substituting in (7) :
N 1
L
) ¢ 7
Ng
A for 2 > 25°
2¢:m;
Or in terms of Ry(R, > 1-25):
Ny

N, (11)

~ R34 — 3Ry

3. DiscussioN
3.1. Assumptions

The theory is valid provided (i) that the geomagnetic field is approximately
dipole, (ii) that collisions and (iii) gravitational forces can be neglected, and (iv)
that the electrons (and protons) are supplied mainly from near the earth’s surface.
We will consider each of these assumptions separately.

3.1.1. Dipole field. Recent data from the space probe Pioneer V (COLEMAN et
al., 1960) indicates that the field extends out to about 14 earth’s radii. VESTINE
and S1BLEY (1959) find that the field lines connecting the auroral zones (B, ~ 6)
are not seriously distorted by solar streams, even during auroral displays. This
indicates the dipole field is valid out to about 10 radii.

3.1.2. Collisions. As pointed out in the Introduction, collisions in the regions
of highest collision frequency, the source regions, are effectively taken into account
by the theory. In an exosphere of protons and electrons only collisions of electrons
with protons are important since elastic collisions between like particles involve
only velocity exchange and the much heavier protons are not greatly effected by
collisions with electrons. Assuming a temperature of about 10,000°K in the source
regions, the thermal velocity of an electron would be around 108 cm/sec. The time
taken for one trip along the line of force A = 70° (say) would be about 100 sec.
The effective average density N (Ns = [ Nds) along this line is about 80 em~2 so
that at this temperature the effective average collision frequency will be about
2 x 10—%sec~l. Thus the probability of an electron suffering a collision during a
single trip would be about 1 in 50. Collisions would involve pitch changes and so
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change the theoretical pitch distribution slightly. In the equilibrium condition
this effect could be allowed for by a weak source in the equatorial plane giving rise
to a small and essentially constant additive term (equation 3).

3.1.3. Gravitational forces. These can be neglected if the maximum gravitational
potential energy is much less than the kinetic energy of the particles. This condition
is met for temperatures in the source regions of ~2°K for electrons and ~4000°K
for protons. CHaPmMaN (1959) suggests that the temperature of the exosphere

,
(=}

A
7

TTT T
e

~~~~J]___Dungeys distribution ]

|~ Allcock

DENSITY cM™

10° E(whistl.ers) \ \
3 - * \ &,
N

E L .. \\\ %Qtlo”
e N 4
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. DISTANCE IN EARTH RADII
Fig. 1. Electron density along a radius in the equatorial plane,

ranges from 30,000°K at heights around 1000 km to about 200,000°K where the
exosphere merges into interplanetary space. Thus it is likely that the condition
is met for both electrons and protons.

3.1.4. Source points. JouNsoN (1959) has shown that the electrons etc. making
up the exosphere must be of telluric (terrestrial) rather than solar origin. Hence
the source will be the ionosphere where appreciable ionization is taking place.
The theory developed above strictly requires that the ‘“‘surface of the earth”.be
the ionosphere and so the “radius of the earth’” be the radius of the ionosphere.
This will effect slightly the units of R and R, and the definition of 4.

3.2. Computed distributions

The electron density in the equatorial plane (N ,) as a function of radial distance
(R,) was computed from (11) for Ny = 2 X 105 cm~3, This value of Ny, the
average electron density of the source region above the equator, is consistent with
experimental measurements of the noon maximum density of the ionosphere
(IV ax) at the equator (Croom et al., 1960) of ~20 X 10° cm—3 and values N/N,
~0-2 at ~800 km (presumably the source region) found by satellite experiments
(GARRIOTT, 1960). Thisis shown in Fig. 1 together with DuNGEY’s (1954) theoretical
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distribution N oc exp (2-5/R) scaled to give agreement at 2 earth’s radii and the
experimental distribution of ALrcock (1959) from whistler studies for the range
1-2-3 earth’s radii, and by OBayasH1 (1958) from pulsation studies for the range
4-7 earth’s radii. When compared with the experimental curve we find a dis-
crepancy which is small for B, < 2, nearly a factor of ten for B, ~ 7, but decreasing
at greater distances [using OBAYASHI’S extrapolation N = exp (17-5/R,)].

N
5 4
10 E /1 } -40.
 F o 4
S B /" / 1
> B L i
[ / // /
v 10 -
2 e iV
:E / /
z B /
g - //
3
S 10 A
o £ /
- P e
- ’/ Equation (9)
= —-— Spherical Symmetry
16
1 l '

o

10 20 30 40 50 60

LATITUDE ANGLE *“l" DEGREES

Fig. 2. Electron density along a line of force.

The distributions along lines of force 1 = 40° and A = 60° were computed from
(9) using values of N, of 10,000 cm—3 and 100 cm~3 respectively taken from the
whistler—pulsation experimental curve. These are shown in Fig. 2 together with
distributions computed from the experimental curve on the assumption that the
electron density is distributed with spherical symmetry about the earth. The
dashed portions of the curves correspond to extrapolations into regions within
1000 km. The fact that the discrepancies between the two types of distribution
change sign between A = 40° and 1 = 60° suggest that the spherical symmetry
distribution may be a reasonable approximation for longitudinal propagation
studies within this range of 2. However, for A < 60°, ¢ cos ! ~ 1 and so provided
also R > 1-25, we have from (10) N ~ yN, or N occ H. Hence in this region the
“whistler’” mode (longitudinal extraordinary mode at frequencies much less than
the gyro frequency) refractive index, being proportional to N/H, is approximately
constant.

Values of electron density (N) were computed for a large number of points
(A, 1) for lines up to 4 = 80° from values of IV, taken from the experimental N (R,)
whistler—pulsation curve. For 1 > 65° values of effective N, were obtained by
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extrapolation. For the longer lines of force (1 > 70) it was assumed that the theory
would remain a reasonable approximation for R < 10 even though the line of
force equations may not hold for B > 10. Contours of electron density or isopycs
are shown in a plane containing the geomagnetic axis in Fig. 3. The line of force
A = 70° is shown for reference. Presumably the contours close over the axis poles.
This suggests considerable extensions of electron density in the direction of the axis.

Fig. 3. Contours of electron density (isopycs) in a plane containing the geomagnetic axis.

4. CONCLUSIONS

The distribution of electron (and proton) density along a line of force has been
derived (equation 9). At latitudes less than 60° and heights greater than about
2000 km (R > 1-25) the electron density is approximately proportional to the
magnetic field strength (N/N, = H[H,). The density distribution of ‘‘aurora’
or ‘“magnetic storm” particles has also been derived (equation 3). The latter
expression approximates to N = N, for latitudes less than about 60°. The electron
density distribution in polar coordinates has been derived graphically (Fig. 3).
At low latitudes the distribution is approximately spherically symmetrical, but at
-high latitudes departures from this are great, tending towards constancy along
radii. This suggests considerable extensions of electron density above the geo-
magnetic poles.
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Charge, Ionospheric Prediction Service, for helpful discussions and suggestions.

129



R. L. DowpEN

NoTE ADDED IN PROOF

IT BAS SINCE been pointed out to the writer by Dr. J. H. PippiNceToN and Dr. F. 8. JoENSON
that satellite orbit data give temperatures of 1000-1500°K at heights around 400-700 km
(Harris and JasTrROW, 1959) so that the assumption of 10,000°K in the source regions is-around
seven or eight times too high. If these low temperatures applied throughout the exosphere,
collision frequencies would be some twenty times greater. The electron density distribution will
be largely controlled by the distribution of the much heavier protons which may not be seriously
affected by electron collisions, but at these low temperatures thermal protons would have
insufficient energy to neglect gravitional and geocentrifugal effects. This difficulty might be
resolved by placing the source regions at a much greater height where the effective gravitional
potential energy is lower and where the temperature may be much higher. The same equations
derived above will describe this case provided quantities are redefined as discussed in Section
3.1.4. '

On the other hand the writer has also been informed since (by Professor R. A. HELLIWELL)
of a distribution of electron density out to 5 earth radii obtained from nose whistler measurements
(SmrtH, 1960). This distribution was found to fit a ‘“‘gyrofrequency’’ model: N = Kfpd, 1,
where K is constant. Our distribution can be put in this form from (10) and (11) where

_ Ny cosl N Ng
20fmhn  2fgn’

For Ry > 1-25and land 2 < 60°, K is “constant” to within about 50 per cent. The two distribu-
tions can be closely matched throughout this region if the value of N suggested in Section. 3.2
is reduced by a factor of about three.
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NOTE ADDED TO REPRINT

R. L. Dowden

fonospheric Prediction Service, Hobart, Tasmania

The shape of the isopycs (Fig. 3) is drastically dependent on the
No (Ro) model used. Since (11) agrees very well with Smith’s data for
Ng =6 x10* cm™3 these curves have been redrawn on the following basis:

N
No- 7 . cosl  from(10) and (11)
7 P\
N 2 1 :
E_. $ _cos const. for each curve

2R3 4—ﬁ3coszl =

This is shown in Fig. 4. llorns of Fig. 3 near A = 70° are now removed.
Since N, is not really zero at the poles, the polar dip (I>70°, say) of Fig. 4 ,
will also be affected. ‘‘H’’ is a curve of constant gyro frequency.

GEOMAGNETIC AXIS

Fig. 4
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Theory of Generation of Exospheric
Very-Low-Frequency Noise (Hiss)

R. L. DowpeN
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Abstract. The traveling wave tube amplification process proposed by Gallet and Helliwell
is considered in greater detail. Account is taken of the spiral motion of particles traveling in
the magnetic field, the interaction distance for which amplification at any one frequency can
oceur, and the slowing down of the stream particles by the wave amplification process. It is
shown that narrow band bursts of hiss can be generated by weak electron streams of even very
broad velocity and pitch distribution. The center frequency of such a band is characteristic of
the terminating latitude of the line of force of generation. Stronger streams produce an over-
load effect giving rise to wide and very wide bands. Narrow bands can be produced at other
frequencies by streams of narrow velocity and pitch distribution.

Introduction. The phenomenon treated here
is that continuous type of exospheric emission
variously called VLF noise, exospheric noise, geo-
magnetic noise, and hiss. It usually appears as
band-limited white noise in the frequency range
of about 1 to 10 ke/s. Hiss occurs in a broad
band or in one or more narrow bands. The nar-
row bands usually have bandwidths of around
1 ke/s, though narrower bands occur [Helliwell
and Carpenter, 1961]. Hiss occurs in bursts of
two main types [Elis, 1959]. The most common
type, ‘isolated burst,’ is typical of magnetically
quiet conditions. These bursts are narrow band,
usually 1-2 ke/s, centered at about 4 ke/s.
Though detectable at relatively low latitudes the
vast majority of these have been shown to oc-
cur at geomagnetic latitudes greater than 50°
[Ellis, 1960]. The center frequency, bandwidth,
and intensity of the hiss remain remarkably con-
stant over the duration of these bursts, which
is generally about an hour. The second type oc-

" eurs as an extended series of hiss bursts or ‘noise

storms.” In contrast, these show considerable in-
tensity and bandwidth variations. All major
magnetic storms are accompanied by noise
storms [Ellis, 1959]. Generally, the bandwidth
increases with magnetic activity. During severe
disturbances very wide band bursts covering the
range from about 100 ¢/s to over 200 ke/s can
occur [Dowden, 1962a].

Hiss shows a strong correlation with airglow
[Duncan and Ellis, 1959] and aurora [Martin,

Helliwell, and Marks, 1960]. Rocket and satel-
lite observations have shown that streams of
electrons produce aurora [Mcllwain, 19607 and
airglow [O’Brien, Van Allen, Roach, and Gart-
lein, 1960]. It seems likely that these streams
also produce hiss, though experiments to test this
have yet to be reported.

Several mechanisms have been suggested [El-
lis, 1957, 1959 ; Allcock, 1957 ; MacArthur, 1959;
Gallet and Helliwell, 19597 capable of producing
noise in this frequency range. However, none of
these attempts to account for all the features
outlined above. The most promising approach
is the selective amplification process analogous
to the traveling wave tube (TWT) proposed by
Gallet and Helliwell. In this an electron stream
provides amplification at frequencies for which
the phase velocity of the amplified wave is equal
to velocity of the stream. Both electrons and
wave were assumed to travel exactly along the
direction of the magnetic field.

Gallet’s TWT process can be generalized by
removing the restriction that the electrons travel
exactly down the field line. In general, the elec-
trons will spiral down the field lines. The pitch
of the spiral at any position along the field line
is determined by the principle of invariance of
magnetic moment. For the low-energy particles
required for this process (at most, a few kev)
the radii of gyration will be much smaller than
the extent of the wave front. Thus it is the
component of particle velocity down the field
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line or ‘guiding center’ velocity that must be
equated to the longitudinal component of the
wave phase velocity.

The analogy of this process with the traveling
wave tube is perhaps closer than envisaged by
Gallet and Helliwell. Since their work was pub-
lished, it has been established by several people
that field-aligned columns of ionization can oc-
cur in the exosphere [Smith, 19603, and these
produce a strong wave guide action in the very-
low-frequency range [Smith, Helliwell, and Yab-
roff, 1960]. A longitudinal magnetic field is often
introduced into traveling wave tubes to focus
the electron beams, and it is the guiding center
velocity of the electrons that determines the
amplification. As for the laboratory TWT, a
(signal) longitudinal electric field is required for
interaction with the stream. As was pointed out
by Gallet and Helliwell, a substantial longitudi-
nal component of electric field will exist in the
exospheric TWT. It is the phase velocity of this
component that is important, but for simplicity
we will assume that this is ¢/n, where n is the
refractive index of the medium for strict longi-
tudinal propagation in the extraordinary mode

.below the gyrofrequency (whistler mode). Thus
for guiding-center velocity Bsc the condition for
amplification is

nB; =1

In addition to this, we assume that, as for the
laboratory TWT, the amplification in decibels
or nepers is proportional to the distance in
wavelengths along the field line for which am-
plification is possible at any one frequency. In
the treatment given below the physical processes
of amplification are not considered further.

Many of the writers referred to above de-

scribed mechanisms for the production of chorus

type phenomena rather than hiss. These diserete
VLF emissions differ from the phenomenon
considered here in ways other than their dis-
creteness [Helliwell and Carpenter, 1961]. A
mechanism for the production of these discrete
emissions, very different from that considered
here, is described by the writer elsewhere [Dow-
den, 1962b].

Amplified Frequencies. From the condition

nﬁd=1

and the refractive index for whistler-mode propa-
gation

R. L. DOWDEN

n' =1+ p/f(h — )
> 1
We find by solving for f

_ kb _ 4_6_3)]
I=35 [1 =+ (1 47

p 18 the plasma frequency,

h is the gyrofrequency,

f is the amplified frequency, and
n i the refractive index.

where

This is essentially the expression derived by
Gallet and Helliwell [1959]. If a model of the
exosphere is assumed, this expression can be put
in a form in which, for a given line of force, the
latitude angle coordinate is the only variable.
To do this we assume that, at least along the
lines of force considered here, the magnetic field
is a dipole and the electron density varies in a
way previously derived [Dowden, 1961]. Thus

h = nho

2

p° = po n¢ cos’l for R > 1.25
B’ = B(1 — qsin’ Yo

where

7 = ¢ sectl,

¢ = (14 3sin2 D172

I is the latitude angle coordinate,

R is the radius vector in earth radii,

¥ is the pitch angle, and

subscript 0 refers to values in the equatorial
plane.

We assume here that the energy loss of any
particle through amplification of the wave will
be sufficiently small to regard the particle speed
Be as constant. The effects of appreciable energy
loss will be considered in a later section. Sub-
stituting these expressions, we find

§= 2o

-{1 + [1 - 4B}:7§°2 cos’ I(1 — 7 sin’ %)]m}
(1

It will be seen later that the frequency given
by the minus sign is the more interesting. This
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can be put in a form containing relatively slowly
varying functions, which is more suitable for
computation. We define

a = 452]702/’102

a cos’ I(1 — 7 sin® ¥o)

.=
y= (/91 -1 ="
Then
1~ = (nho/2[1 — (1 — 2)**]
= ’SZ"zqu cos (1 — nmsin’ ¥o)  (2)

Frequencies as a function of the latitude angle !
have been computed for particles of various
speeds and pitch angles traveling along the line
of force that terminates at geomagnetic latitude
50°. A smooth join to an ionosphere similar to
that used by Gallet and Helliwell [1959] has been
made at a height of 2000 km above the surface
of the earth. The results of this are shown in
Figure 1. Except for the effect of the ionosphere,
the shape of these curves would be very similar
for lines of force terminating at other latitudes.
Only a change in frequency scale is required.
The important parameter affecting the shape is a.
It is seen that in many cases the amplified
frequency is fairly constant over great distances.
This follows from (2), for ¢ cos I stays within 15
per cent of unity for ! < 60° v rapidly ap-
proaches unity for small values of z, and the
term containing the pitch angle is fairly constant
except near the mirror points. Of even greater
interest are those regions for which variation of
these terms nearly cancels out, producing very
nearly constant frequencies over great distances.
At these frequencies amplification will be great.
We will consider this in greater detail.

Interaction distance. For appreciable inter-
action at any one frequency we require not only
that the wave phase and particle guiding center
velocities be equal, but also that this condition
should hold effectively over some appreciable
distance s.

Suppose that initially (s = 0) the condition
nBs = 1 holds exactly at some frequency, but
further on, owing to changes in the guiding-
center velocity of the medium, the particle stream
slowly overtakes the wave. The stream (guiding-
center) velocity relative to the wave is thus

Ay = Zc(nﬁd — 1)

2225
In time dt
d(As) = Av-dt ds = ¢/n-dt
Sod(As) = (nBy — 1) ds

Now
(nBs — 1) = fo (nB.) - ds
where
i)
(an)’ = 5; (nﬂd)/ const.
Hence

As = ‘/;' fo‘ (nBq)’ - ds-ds

In the region of interest, that is, on one of the
curves defined by (1), the condition n8; = 1
holds at all points, changes in the medium or
stream velocity being exactly balanced by
changes in frequency f.

Thus
d
Hence

a d
a_s (nﬁd)f const. — '—& (nﬁd)f varying

Now

nBa = pBalf(h — N7 for F L 1" > 1)

.' _% (nﬁd)/ rarying -
s (, 4 df

b = 1)

Hence

9 - L.h=2fdf
aS (nﬁd)fconst. - 2]‘ h _f ds

since nBy = 1. Since As must be small (at least
< MN/2) throughout the interaction distance s,
then s is given by the integration limits

%> As = fo fo (nB.) - ds-ds

_1r 'l,i—_‘z_fﬂ) .
—2./;j;(fh—fdsd3ds (3)

where A is the wavelength.
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This shows that amplification will not be
appreciable at the frequency given by the plus
sign (ft) in (1) for two reasons; first, because
df/ds is usually large (Fig. 1) and, second,
because (h — f) is generally quite small. At the
points where the two curves join (Fig. lc)
h — 2f is zero, but also df/ds is infinite.
Consequently, the high-frequency branch will
not be considered further.

Thus, considering only the low-frequency
branch, we differentiate (1) with respect to !
and make the vy substitution

3 cos’ !

¢’

7+ n( o 1>-sin2 Yo
T (1= psin® yo)(2 — ) =L

From the line of force equations for a dipole field
ds
(5)

a = Ry cos [
The resulting expression containing s can be
simplified by noting that ¢ cos I ~ 1 for I <*60°
and, in the region of interest (high amplificatibn)
the term

}l-d—f=tanl6+

3c0sl

(b — 20)/(h — f)
is also close to unity. Thus from (3), (4), and

(5) we have
2 As ‘/‘ bt
~ Ldldl
RO [ 3 i
s/Ro~1l, — I,

We assume that, as in the TWT process, the
amplification (in decibels or nepers) is propor-
tional to the interaction distance measured in
wavelengths, s/A. In those cases for which s is
sufficiently small, the integration range I, — I,
is also small, so that over this range the integral
L in (6) will be approximately constant. Thus

2 As

] (1]

in the limiting case (As = N/2).
Then, since

(6)

~ L'%(lz - ll)z =

¢ _ Be

™
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‘Calculation of s/A. Equation 6 is plotted
= 0, and for

Fig. 2.
for three values of a near 0.6 for ¥,
a K 1 foryy = 20°.

However, in the more interesting cases where
s is large, (6) must be integrated. Curves giving
2As/ R, as a function of ! are shown in Figure 2
for some of the cases which give relatively large
values of s. For a given curve the value s/} is
found by selecting a range of [ that has a range
of 2As/R, equal to N\/R,. This range of I is then
s/ R, as is shown in Figure 2. It is seen that for
very small pitch angles the highest values of
s/\ are found for a ~ 0.6. For larger pitch
angles these are found at lower values of a.
No particles of pitch angle ¥, much greater than
20° have large s/ values.

The parameter s/ as a function of frequency
for particles of very small pitch angle traveling
along the line of force terminating at geo-
magnetic latitude 60° is shown in Figure 3.
Particles of greater pitch angle will have a s/\
curve showing a smaller and broader maximum
occurring at lower frequencies. For other lines
of force the essential change in the s/A curve is
the frequency scale, the maximum occurring
(from equation 2) at

fﬁ-’ aho/4 g 0.15h0

This relation is also shown in Figure 3.

The theory derived so far shows that, if a
particle stream is confined to a narrow tube of
force and if this stream is ‘weak’ so that very
high amplification is required, a narrow band of
noise (hiss) can be produced even though the
stream contains a wide spectrum of particle
velocities and pitch angles. This occurs because
only a very narrow range of particle velocities
and pitches can give the necessary amplification.
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Fig. 3. Interaction parameter s/A for stream
particles of small pitch guided along the field line
terminating at geomagnetic latitude 60°. At other
latitudes frequencies will scale so that maximum
s/\ occurs at the frequency given by the dashed
curve.

Thus we have explained the observed occurrence
of narrow band, ‘quiet,” isolated bursts. The
theory further predicts that the frequency at
which these bursts occur is a function of the
terminating latitude of the line of force. There is
not sufficient experimental evidence as yet to
prove this one way or the other: some observa-
tions indicate that lower frequencies occur at
higher latitudes as has been predicted by
Gustafsson, Egeland, and Aarons [1960]; others
[Outsu and Iwai, 1961] seem fo indicate the
reverse.

Energy loss. As for the laboratory TWT, we
expect the amplification (in nepers) to be
proportional to s/A. Thus the amplified power is

P = b exp (as/A) (8)

where b and « are constants. The constant b is
thus the. power before amplification, or at least
that generated at the beginning of the amplifica-
tion process. The constant o controls the rate of
amplification.” This must be some function of
the properties of the stream.

If b (in Wm™ ¢/s™?) is not a strong function
of frequency, then, from (8), the s/\ curve in
Figure 3 has the shape of a logarithmic plot of
generated noise intensity with frequency. How-
ever, from (2) the noise power in any given small
band of frequency is produced by particles of a
corresponding small range of velocities and
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pitches. Clearly, the noise power produced in
this band cannot exceed the kinetic power (K)
of the corresponding particles. Thus

P<K

This ‘overload’ condition is probably more
restrictive than this, so we write it as

P<P,= AK (9)

where A is a factor as yet undetermined. Thus
in general there will be an overload plateau
region of relatively constant intensity, provided,
of course, that neither A nor K is a strong
function of frequency. This will be reached for a
given value of a when the intensity given by (8)
reaches that given by (9). Then for all values of
s/\ as given in Figure 3 greater than the critical
value (from equations 8 and 9)

(8/Nerie = 1/ log, (AK/b)

the intensity will be given by (9).

Consequently ‘weak’ streams for which the
rate of amplification (a) is small will produce
narrow band hiss, and ‘strong’ streams (large a)
will produce wide or very wide band hiss. The
pea:}E intensity for all will be given by (9), so
that unless A or K is a strong function of «,
the main effect of varying degrees of amplifica-
tion rate should appear in the bandwidth rather
than in intensity. If « is related to magnetic
activity, then this explains why the peak in-
tensity of hiss bursts occurring during mag-
netically quiet periods is of the same order as
that during disturbed conditions, but in general
the bandwidth increases with magnetic activity
from around 1 ke/s for ‘isolated bursts’ [Ellis,
1959] to over 100 ke/s during severe disturbances
[Dowden, 1962a].

It is difficult to make quantitative estimates,
since little is known of the relevant quantities.
We can get some idea of the amplification
required in the following way. The observed
peak intensities of hiss after allowing for propa-
gation losses [Dowden, 1962a] are of the order of
AK = 107 Wm~2 (c/s)~*. If the amplification
is large we require only a very crude idea of the
initial noise intensity b. For Cerenkov emission
[Ellis, 1957} this would be of the order of b = 10-1?
Wm=t (¢/s)-*. Then from (8) it is seen that
about 20 nepers of amplification would be
required. From (10) and Figure 3, a = 2 X 103
would be required for a narrow band burst of

(10)
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hiss and @ = 2 X 102 for a wide band burst.
Although this amplification is very high com-
pared with laboratory TWT practice, the values
of amplification rate « required here are very
conservative.

We also need to see if the kinetic energy of
electron streams is adequate to explain the
observed hiss intensities, that is, if the required
values of A in (9) are reasonable. Rocket meas-
urements [Mcllwain, 1960] have been made in
an electron stream that produced a quiescent
auroral glow and so might be taken as typical.
Within the range of measurement (3 to 30 kev)
the stream kinetic energy flux in watts per
square meter per unit energy interval (kev) was
found to fit the expression

K = 5 X 10°E exp (—E/5) (11)

E in kev. At around 2 kc/s, from (2), amplifi-
cation will be produced by 0.5 kev electrons,
and an energy interval of 1 ev will correspond
to a frequency interval of about 4 c¢/s. So
assuming that the above expression (11) is valid
down to 0.5 kev, the stream kinetic ‘intensity’ is

K~6X107"Wmn7?(c/s)™

From (9) and the observed intensity quoted
above, A ~ 10-4. Even if this extrapolation of
(11) is a very crude approximation, it seems
that there will be sufficient energy, thatis, 4 < 1.
For the laboratory TWT the efficiency is around
10 per cent; that is, A ~ 0.1. However, we
would expect much lower values for the exo-
sphere because, within the much longer iteration
distances of several thousand wavelengths
required, a relatively small loss of kinetic energy
would destroy synchronism.

Discussion. The theory explains the main
characteristic of hiss: that it appears as band-
limited white noise. The expression (9) suggests
that within this band the intensity will be
relatively uniform but outside the band the
intensity (8) drops exponentially. Bandwidths
from very narrow to very wide are possible
without requiring special velocity and pitch
distributions of the stream particles. The band-
width of the noise increases with the ‘strength’
of the stream, which seems in agreement with
the observation that bandwidth increases with
magnetic activity. Very strong streams requiring
only short distances of interaction to reach over-
load power could produce noise at all the fre-
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quencies in Figure 1 simultaneously and so
produce the very wide band bursts. Short streams
some 1000 km long in the direction of the field.
having high values of @ and a narrow spectrum
of velocities, would amplify the frequencies
along one of the curves in Figure 1 in sequence.
These could produce the ‘quasi-constant tones’
and the TWT ‘hooks’ as proposed by Gallet and
Helliwell [1959].

We would expect ‘isolated bursts’ to be
produced by weak streams. If these generally
occur in geomagnetic latitudes from about 50°
to 65° then the corresponding center frequencies
(broken curve in Figure 3) should range from
about 1 to 10 ke¢/s. Thus 4-ke/s bursts should
occur at around 55° to 60°. The experimental
evidence so far obtained seems to allow this,
though there is not sufficient data to provide a
test. :

On the other hand, narrow band noise not
conforming to this frequency-latitude relation
could be produced by streams of narrow energy
(velocity) and pitch distributions. Mcllwain
[1960] found that a stream which produced a
strong visible aurora consisted of practically
monoenergetic electrons. A stream having more
than one such energy distribution could produce
more than one narrow band of noise. Multiple
narrow bands could also be produced by weak
streams of uniform velocity distribution if
several occurred in slightly different latitudes
simultaneously. Thus, as seen from Figure 3
(broken curve), center frequencies differing by a
factor of 2 can be produced by streams less than
5° of latitude (~500 km) apart. In the same
way the finite width of streams would set a
limit to the narrowness of the amplified band.
However, satellite measurements at a height of
a few hundred kilometers [0’Brien, Van Allen,
Roach, and Gartlein, 1960] show that some
streams are as narrow as 25 km (traversed by
the satellite in 3 sec).

It may appear to the reader that this theory
rests on the assumption that detailed expressions
can be extracted from a theoretical model which
might not be truly representative of the real
exosphere. However, provided the electron
density along the field line varies smoothly in a
manner not greatly different from the model used,
the essential qualitative results of this theory
should still hold. Similarly the qualitative
results may not be greatly affected should
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subsequent study of the exospheric TWT
mechanism require some modification to the
amplification condition nB8; = 1.
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Abstract.

Cyclotron radiation from electrons.in the exosphere spiraling along a line of

force away from the observer will appear at a frequency less than the local gyrofrequency. An
electron traveling from the observer’s hemisphere to the opposite hemisphere will radiate a
decreasing frequency until it crosses the equator, and thence an increasing frequency. Propaga-
tion conditions and various particle speeds give frequency-time spectra similar to those
observed. A method of scaling electron speeds and the field lines in which they occur from
observed data is described. Tests of the theory are discussed.

Introduction. Very low frequency emissions
occur in the audiofrequency region and show
association with magnetic disturbance. It is
generally thought that they are generated in the
exosphere or upper ionosphere by fast charged
particles. Two main types occur: ‘hiss,’ a con-
tinuous white noise that can occur in broad or
narrow bands; and ‘chorus,” which is made up
of rising and falling tones or whistles. Only the
chorus type is considered here. This phenomenon
sometimes occurs as quite separate discrete
whistles showing definite and repeatable forms
on frequency-time spectrographs. These have
been described by many workers as ‘falling
tones,” ‘hooks,’ ‘risers,” and ‘pseudo noses.’
Examples of these are shown in Figure 1 (after
Helliwell and Carpenter [1961]).

The first theory explaining the frequency-time
shape of some of these was given by Gallet and
Helliwell [1959). They suggested that, when the
particle speed B.,c was equal to the wave velocity
¢/n at some frequency, energy from the particle
would be fed to the wave in a process analogous

‘to that of the traveling wave tube (TWT).

i

Thus from the condition

nBy

and the refractive index

n' =14 p*/[{(h — f)]
> 1

they found
2 2\1/2
[1 + (1 - —4[3}‘:2”) ]

=

[ SRR

where h is the gyrofrequency, p is the plasma
frequency, and B,c is the component of particle
velocity along the magnetic field line. (This is a
more general form. They considered particles
traveling exactly along the field line.)

This was applied to ‘hooks’ having a slowly
descending frequency followed by a rapid rise.
On this theory the first part would be produced
in the exosphere and the rapid rise in the upper
ionosphere.

MacArthur [1959] considered Doppler-shifted
cyclotron radiation from protons. Protons gy-
rating at frequency H will appear at a much
higher frequency f if they are rapidly approaching
the observer, where

= H/(l - 54’")

He showed that this approximated to the TWT
expression. Essentially this is because for H/f «
1, nBs2~ 1. The same process was also considered
by Murcray and Pope [1960a]. However, they
used the refractive index at frequency H rather
than that at f and consequently obtained a
different expression. This was corrected in a
later work [Murcray and Pope, 1960b).

Murcray and Pope {1960a, 1961] pointed out
an advantage of the proton gyration theory over
the TWT theory: a quantitative estimate of
radiation can be made. On the other hand, such
an estimate made by Santirocco [1960] indicated
that proton radiation would be much too small
for detection unless [Murcray and Pope, 1961]
enormous numbers of protons radiate coherently.

However, the situation is different for radia-
tion from gyrating elecirons, since the emitted
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Spectrograms of discrete VLF emissions (after Helliwell and Carpenter [1961]). Falling tones appear in e, quasi-constant tones in g,
risers in f and g. The other forms are probably all hooks.
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Fig. 2. Graph of equation 3 for finding emitted
frequency.

power is inversely proportional to the square
of the particle mass. Thus we would expect the
radiation power from electrons to be greater
than 3 million times that from protons, other
factors being the same.

Theory. Suppose that an electron (or rather
a small bunch of electrons) is traveling in a
helix about a line of force of the earth’s magnetic
field. Suppose that it is traveling away from the
observer’s hemisphere with velocity component
along the line of force of Bsc. Thus the rotating
electron (or bunch) is an oscillator of frequency
h moving away from the observer at velocity
Bac in a medium for which the observed frequency
f travels at velocity ¢/n.

100 ¢

|GEOMAGNETIC LATITUDE 60° |

50[

1 * : - - : : -3 * ' -] ! ]
60° 40° 20° 0° 20 40 60
SOUTH NORTH

Fig. 3. Frequency emitted by an electron of
the energies shown as a function of position (lati-

tude angle). All four electrons have mirror points
at 41°,
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Fig. 4. Frequency-time (dispersions) curves for
the electrons considered in Figure 3. These should
he compared with the ohserved spectrograms in
Figure 1.
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TABLE 1. Mirror Oscillation Periods of the
Electrons Considered in Figure 3
Energy, Period,
kev sec
5 2.56
10 1.82
25 1.28
50 0.81
Thus
f=hQ + Ban)
where
n’ =~ p*/[f(h — f)] for n°>>1
Hence

(h = 1) = p'BS’f
Smith [1960] has shown that a model of elec-
tron density distribution in the exosphere for
which* the electron density is everywhere pro-
portional to the gyrofrequency fits his nose
whistler data rather well. Theoretical considera-
tions by Dowden [1961] lead to a distribution
that approximates to this gyrofrequency model.
Thus p? = ah, where a=~ 1 Mc/s [Smith, 1960}

(= )° = aBSfh (1)

This is difficult to evaluate algebraically except
for f < h, when

f o~ hz/aﬁdz (2)
However (1) can be put in the form
(1 — i/m° _ aBS
T ®

A plot of aBs?/h versus f/h permits f to be
found, given 8.2 and &. This is shown in Figure 2.
The approximation 2 is seen to be valid only for
aBs/h > 20.

Values of f have been found from Figure 2 for
electrons of energies 5, 10, 25, and 50 kev
traveling along the line of force terminating at
geomagnetic latitude 60°. The position of a
point on this field line is determined by the
latitude angle I. The emitted frequency as a
function of latitude angle is shown in Figure 3.
The helical pitch (¥,) of all these electrons is 20°
in the equatorial plane, so that mirror points
occur in each hemisphere at [ = 41° The
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Slow Fast
(A) \
@

W

Fig. 5. Types of discrete emission that can be
produced by this process. (A) Bunch injected at
midpoint (equatorial plane), mirrored in observ-
er’s hemisphere, and scattered at midpoint (falling
tone or pseudo whistler). (B) Bunch injected at
midpoint and either absorbed near the mirror in
the oppostte hemisphere or mirrored, and scat-
tered, at the midpoint (riser for slow bunch,
pseudo nose for fast). (C) Bunch injected at mid-
point, mirrored in observer’s hemisphere, and
survived one transit through midpoint to pass
into opposite hemisphere (hook). (D) Medium-
speed bunch injected at midpoint, mirrored in
southern hemisphere, then northern, southern,
northern, and finally scattered at the midpoint. In
the northern hemisphere a riser, a hook, and a
falling tone are observed; in the southern, two
hooks. Synchronized spectrograms from conjugate
points would look like this.

Fast

(B)
(€)

(D)

parameter B, is calculated for invariance of
magnetic moment:

342 = 32(1 -7 sin’ '/’0)
where
7= (1 4+ 3sin® )'"* sec® I

Suppose that these electrons make one trip
from the mirror point in the observer’s hemi-
sphere to the mirror point in the opposite hemi-
sphere. We need to find how frequency would
vary with time as observed on the earth’s
surface at the base of this line of force. Such
frequency-time curves can be found by summing
the time delay due to the finite velocity of the
electron (T,) and that due to the finite group
velocity of the wave (T,).

T=Te+Ta

it
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TABLE 2. ) Hazards and Relative Occurrence

Hazards
Source  Observed*
Class and Region Relative
Types Mirrors Transits Abundance
Chorus 403
(B) Risers 0 0 178
psuedo noses ) 7
(A) Falling tones 1 0 21
(C) Hooks 1 1 15
(D) Multiple
forms 2 1 —_
or more or more
* From McInnes [1961].
where
ds a2 B2
T, = f"— = 1/2_[ 572 ds
Vo o 2f (h =1
D(ionosphere
+ Dlionosphere)
f
and
e
‘ V.  Bed (1 — gsin® yo)'”

Integration is carried out over the path, and
the integrals were evaluated numerically. The
resulting frequency-time curves are shown in
Figure 4. The time T = 0 is defined as that
instant when the electron passes through the
equatorial plane toward the observer’s hemi-
sphere. It could thus be the time of injection
into the line of force. Note that for the 5-kev

" electron the time scale starts 1 second after this.

Discussion. The frequency-time curves in
Figure 4 show good agreement with the ob-
served hooks in Figure 1. If the electron bunch
only makes half of the mirror-to-mirror trip,
which might happen if the source of the bunch
(probably near the equatorial plane) is also a
sink, then only half of the full hooks will be
observed. If this half trip was confined to the
observer’s hemisphere only, the falling part
(falling tone) would be observed. This might be
mistaken for a whistler in some circumstances.
Trips confined to the opposite hemisphere would
give rise to the other half: risers (f and ¢ in Fig.
1) and pseudo noses.

On the other hand, at times several complete
trips might take place before the bunch is lost.

1749

TABLE 3. Deduced Latitude and Energy of the
Electrons Producing Nosed Hooks in Figure 1

Event in Energy,
Figure 1 Latitude kev

a 62° 7

d 62° 5

h 62° 25

This would give rise to a series of hooks of simi-
lar shape separated in time by the period of
oscillation of the bunch between mirrors. For
the faster particles in Figure 4 this is indicated
by the curved broken lines. The oscillation pe-
riods are given in Table 1. An observer in the
opposite hemisphere near the conjugate point
would observe the same series of hooks, but
since radiation is observed only when the bunch
is traveling agway from this observer he will
observe this series shifted in time by half a
period. Thus a northward-going bunch sends a
hook to the southern observer, then, when re-
turning on its southward trip, sends a hook to
the northern observer. This conjugate point test
of the theory was suggested to the author by
G.R. A. Ellis.

The types of emission described above are
illustrated in Figure 5. A bunch tends to be
scattered by turbulent magnetic fields in the
source region (probably near the equatorial
plane) and to be absorbed by collisions near the
mirror points. Thus we would expect the rela-
tive frequency of occurrence of the various types
of emission to decrease with the number of mir-
rors and source-region transits required for each
type. Thus ‘quasi-vertical’ or ‘typical’ chorus,
and risers, which are required to survive no such
hazards, should be the most common. In Table
2 the number of hazards for each type (as listed
in Fig. 5) is compared with the observed relative
frequency of occurrence (from McInnes [1961]).
Nosed forms seem to be relatively rare, prob-
ably because low particle speeds occur more fre-
quently than high. The observed order of abun-
dance is otherwise as expected.

It can be seen from Figure 4 that when cir-
cumstances (fast particles, high latitudes) give
rise to a nose similar to the nose whistler, the
nose frequency is about one-third of the mini-
mum gyrofrequency (k,, shown by broken line).
This allows calculation of the terminal latitude
(A) of the line of force along which the bunch is
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guided:

cos X = (ho/870)'* ko “inke/s

The one-sixth power makes latitude evaluation
reasonably accurate even for very rough esti-
mates of ko, The minimum frequency (fo) can
also be scaled from an observed hook. Sub-
stitution of k, and f, into equation 1 immediately
gives the value of §.* in the equatorial plane.
The pitch will be smallest in the equatorial
plane, so that, except for large pitch angles,
B4 =< 2. The energy of the electrons in kev is
then given by

E = 2508° kev

Estimates of A and E for the three hooks in
Figure 1 showing well-developed noses (a, d, k)
are given in Table 3.

It is interesting to compare this theory with
that of the TWT. In the exosphere, for a gyro-
frequency model of electron density and for
fairly slow particles, the latter gives rise to a
constant or slowly changing frequency. It is only
when the particle (or bunch) penetrates the
ionosphere that the frequency increases rapidly.
Thus the TWT theory explains narrow-band
hiss, ‘quasi-constant tones,” and hooks having a
fairly constant frequency first part and a rapidly
increasing second part. A nose might be pro-
duced with this mechanism if the TWT hook is
reflected back along the line of force and ob-
served in the opposite hemisphere. The hook
shown in Figure 1(H) might be of this type. On
the other hand, the theory presented here pro-
duces all the forms entirely in the exosphere. In
addition, it can explain the other hooks shown
in Figure 1. The TWT theory will not produce
multiple hooks from successive particle mirror-
ing, since particles having mirror points in or
below the ionosphere will not survive. It seems,
then, that both mechanisms operate. The TWT
theory produces some of the observed forms
with relatively slow particles (1 kev or less) of
small pitch angle (for hooks). Our theory pro-
duces other forms with faster particles, which
may have greater pitch angles. In both theories
noses are produced by propagation and so can
be used to determine the line of force associated
with the particles. The above comments on the
TWT theory also apply to MacArthur’s gyrat-
ing proton mechanism.

Conclusions. The qualitative frequency-time

R. L. DOWDEN

form of many exospheric emissions is explained
by this theory. Further, the theory does not
require ionospheric effects to explain part of
this form, as does the TWT type mechanism. In
addition to explaining characteristics already
observed, it predicts further points that would
provide a test for the theory. Since radiation is
produced only from electrons traveling away
from the observer, local precipitation effects
(aurora, absorption, X rays) will tend to occur
in the hemisphere opposite that from which the
radiation is observed. Observation of more than
one similar hook produced by bunches making
more than one trip would show that the hooks
were generated in a region whose mirroring is
possible (exosphere) and would give an inde-
pendent measure of particle velocity to check
the theory. Simultaneous observations at both
ends of a line of force (conjugate point experi-
ment) would be useful for checking this.

Acknowledgment. 1 am indebted to Professor
G. R. A. Ellis, Physics Department, University of
Tasmania, for many suggestions and discussions.
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(Reprinted from Nature, Vol. 195, No. 4846, pp. 1085-1086,
September 15, 1962)

Cyclotron Theory of Very-Low-Frequency
Discrete Emissions

It was recently shown! that the Doppler shifted
cyclotron radiation from receding electrons would
give the observed frequency-time shape of discrete
very-low-frequency emissions. A further develop-
ment enables information about these electrons to
be deduced from this shape. Thus, electron energy (E).-
initial helical pitch angle (¢,), geomagnetic field line
of occurrence (1), and the exosphere electron density
parameter?, ‘scale frequency’ (fa), are obtained from
four parameters (two frequencies and two times)
scaled from a spectrogram of the emission. Full
details of this process will be published elsewhere.

As & demonstration, consider the ‘hook’ shown in
Fig. 1la. The location of three points in the frequency-
time plane unambiguously requires E = 150 keV,
o = 68:6°, A = 61-4° and f, = 527 kef/s. To test
the theory, 25 points were calculated from first
principles using this information. The curve through
these points is shown in Fig. 16. Comparison shows
excellent agreement.

The theory! explains other types of discrete
emissions as special cases of ‘hooks’. In particular,
the theory predicted a repetitive type of emission
not previously recognized. This occurs when the
electron bunch survives several hemisphere to hemi-
sphere traverses or ‘bounces’ between magnetic
mirror points. The emission appears as a succession
of similar hooks separated by the bounce period of
the electrons. It is readily distinguished from whistler
mode echoes of a single hook since successive hooks
are not progressively more dispersed according to
their order in the sequence. Since the observable
radiation is unidirectional the hoooks are received in
opposite hemispheres alternately, that is, the sequence
observed in one hemisphere is displaced half a bounce
period from that observed in the other. This effect
distinguishes the predicted emission from some other
effect such as periodic injection of electrons.

Observation of this predicted emission showing a
bounce period consistent with &, ¢, and A scaled
from the shape would be a crucial test of the theory
both qualitatively and quantitatively.

A sequence which was probably of this predicted
type was recently discussed®. It appeared as two
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Frequency (ke/s)
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Fig. 1 , “Hook’ recorded at Seattle, on September 23, 1057,

at 2035 : 28 v.r, (after Helliwell and Carpenter, ref, 6) ; b, as

calculated from t,he theory (ref 1) for E = 150 keV, y, = 68:6°,
4° and fa = 527 ke/s

bursts of 5-6 ke/s noise (presumably parts of a single
hook) seen three times. It was observed in both
hemispheres, not simultaneously, but alternately as
explained here. Since only a narrow frequency
band was observed the progressive dispersion criterion
could not be applied. However, the recurrence
period was consistent with a bounce period for
electrons of typical energies as deduced from other
hooks, but only a half to a third of typical whistler
mode echo, delay times at this frequency. On the
other hand, in a reply*, Helliwell pointed out that
whistler delay times can be sufficiently small during
magnetic storms so that in this case the echo possi-
bility cannot be ruled out.

I have since noticed four clear-cut examples
published by Gallet®. In each of these there was a
striking lack of progressive dispersion despite the

Tonospheric Prediction Service,

Table 1. COMPARISON OF Oasnvxn RECURRENOE PERIOD (P,)
WITH THAT CALCULATED (P, FROM E, y, AND A DEDUCED FROM
THE Fanuncv- TIME SHAPE
No. Goomng- Caleu-
uence hooh Energy Helical lated Observed
0. in each (Q piteh hmude period Pe period P,

sequence (keV) Yo (sec.) (sec)
1 3 14 70° 59" 12 1-6
2 6 8 62° 59° 1-7 16
3 2 15 72° 59° 11 16
4 3 b5 48° 59° 21 16

considerable frequency extent of the hooks and the
relatively large number of separate hooks (six, in
one sequence). Gallet® remarked on this at the time.
Table 1 shows E, ¢, and A deduced from the shape of
one of the hooks for each sequence. The expected
bounce periods calculated from E, ¢, and A are shown
as P, and the observed periods (as measured by
Gallet) are shown as P,. The spectrograms as pub-
lished® are rather small for accurate scaling so that
the probable error in P, is rather large. However.
the general agreement is quite good.

The electron cyclotron theory gives excellent
agreement with the observed frequency-time shape
of discrete emissions. In addition, the predicted
periodic emission is shown to occur and with periods
reasonably close to those predicted. Verification of
the theory not only clears up a mystery of long
standing but also justifies the use of spectrograms of
emissions for finding information about the electrons
which produce them. Large numbers of such spectro-
grams were recorded during the International Geo-
physical Year.

I thank Prof. G. R. A. Ellis for advice.

R. L. DowpeN
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Hobart, Tasmania.
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s Helllwell R. A .lnd Caﬁpenter D. L., Whistlers-West [.G.Y.-1.G.C.
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(Reprinted from Nature, Vol. 195, No. 4836, p. 64 only,
July 7, 1962)

Very-Low-Frequency Discrete Emissions
received at Conjugate Points

Ix a recent article! describing a geomagnetic
conjugate point experiment an accurately synchron-
ized pair of spectrograms was shown. As shown in
Fig. 1 of that article a sequence of six noise bursts in

the 5-6 ke./s. frequency region was observed at both

" Knob Lake, Canada (68° N., geomagnetic), and at
Byrd Station, Antarctica (70° S., geomagnetic); but
the sequence began at Knob Lake 0-8 + 0-1 sec.
before it began at Byrd.

However, close inspection of Fig. 1 mdlcates that in
each case the sequence is not six separate bursts but a
pair of bursts seen three times. In support of this it
will be noticed that the shapes and separation of the
two bursts in each pair are similar and in each case the
first burst occurs at_a slightly higher frequency than
the second. Furthermore, the time separation be-
tween successive pairs (using the time-scale pro-
vided) is 1-6 + 0-1 sec., which is just twice the
delay between Knob Lake and. Byrd. Thus at
intervals of 0-8 sec. this pair. of bursts appeared
alternately at Knob Lake and Byrd.

This phenomenon cannot be due to successive
reflexions in opposite hemispheres of electromagnetic
energy .because' the observed time delays are too

short. Whistler observations in these latitudes show-

5 ke./s. propagation times between 1-5 and 2-5 sec.
for a single hemisphere to hemisphere trip%: Even
then these times refer to lower latitudes because
geomagnetic field lines terminating at latitudes

greater than about 62° do not allow 5 ke./s. propa- ~

gation of this type?. Thus if this phenomenon were
due to whistler type echoes thée delays would be
several times longer.

However, such a sequence of alternate reception at
conjugate points was predicted in a theory proposed
by me® for the production of very-low-frequency
discrete emissions. In fact such a conjugate point
experiment was suggested as a test for the theory.

According to this theory Doppler-shifted cyclotron
radiation is emitted by a small cloud or bunch of
electrons spiralling along a field line. Only the down-
ward-shifted frequency can propagate so that radia-
tion is only emitted backwards. If the bunch should
survive several trips along the field line from hemi-
sphere to hemisphere, being reflected at the ends by



'

magnetic mirror effect, then an observer at each end
of the field line would receive an emission each time
the bunch was travelling away from him. .Thus for
each observer the time between successive emissions
would be the complete (there and back) oscillation
period of the cloud and the delay between the
sequences observed in opposite hemispheres would he
half this period?. .

The complete oscillation period of 1-6 sec. from
Fig. 1 (ref. 1) would correspond to 60 keV. electrons
(for minimum helical pitch angles of 20°) if the guiding
field. line was that connecting the two observing
stations or 15 keV. electrons if the guiding field line
was typical of those (around 60°) producing nose
whistlers observed at Byrd®. These electron energies
deduced from the oscillation period (15-60 keV.) are
close to those (5-25 keV.) required by my theory to
produce the detailed frequency-time shape of observed
discrete emissions®.

I thank Prof. G. R. A. Ellis, of the Physics Depart-
ment, University of Tasmania, for advice.

, R. L. DowpEN
Tonospheric Prediction Service )
and Department of Physics,
University of Tasmania,
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Author’s Reply to the Preceding Discussion

R. L. DowpeNn

Tonospheric Prediction Service, Hobart, Tasmania

NoveMBER 1962

Brice has devised a method of testing one of
the features of my [Dowden, 1962a] electron
cyclotron theory of discrete VLF emissions:
that the sequence of emitted frequencies is
spatially symmetriec about the top of the mag-
netic field line (geomagnetic equatorial plane).
He has derived testing parameters which should
be equal to unity for any sequence of successive
whistler mode echoes of a hook beginning with
the zero order or nonreflected hook. When this
test was applied to four such sequences this
parameter was of the order of three, quite sig-
nificantly not unity. Brice concludes that my
theory therefore cannot explain these hooks.

Now, using Brice’s notation, it can easily be
shown from his equation 2 that for symmetri-
cal generation the theory predicts:

T, ~ T, = (2n + 1)(T0 - Tol) (1)

If these difference times are calculated from his
Table 1, it will be seen that they are clearly not
in the predicted ratio 1:5:9 for the first se-
quence and 1:3 for the other three.

On the other hand, it is rather striking that
these ratios are none the less in a logical order.

They are quite close to 3:7:11 for the first
sequence and 3:5 for the other three. This sug-
gests that in each sequence the first trace
observed by Brice was not the zero-order, or
non-reflected, hook but the first-order, or once-
reflected, hook. Then each of Brice’s tabu-
lated values of n should be increased by one.
Now we can resolve this by measuring the times
between any two traces in a sequence at f;
and f,. These are the propagation times for the
appropriate number of complete hemisphere to
hemisphere hops. Thus, using the first and
third of the traces in Brice’s Figure 1 we find
87, = 4.10 sec and 87, = 3.72 sec. Thus from
Brice’s equation 1, Ty — Ty = 2(10 — ™) =
0.095 sec. This i1s approximately one-third the
value tabulated by him. Consequently, for the
first sequence at least we have clearly demon-
strated that the first trace observed is the first-
order, or once-reflected, hook. Thus, for this
sequence Brice’s tabulated values of n should be
increased by one, and his testing parameters
should be calculated from his equation 4. This
is shown in Table 1.

Without having recourse to the original

TABLE 1
Predicted n — 1 T1 - Tl’ n — 1 T1 - Tll
T, — T, — .
n T,, sec T,’, sec T, — T, sec Ratios 3 T, — T 3 ' - T,
0 Not observed 0.095 1
1 0.39 0.05 0.34 3
3 0.57 -0.14 0.71 7 1.3 1.2
5 0.75 -0.31 1.06 11 1.3 1.3
0 Not observed * 1
1 0.16 0.03 0.13 3
2 0.22 —0.03 0.25 5 0.7 0.7
0 Not observed * 1
1 0.35 0.02 0.33 3
2 0.42 -0.07 0.49 5 1.6 1.2
0 Not observed * 1
1 0.17 0.02 0.15 3
2 0.22 —0.03 0.25 5 1.0 1.0

* These missing values could be obtained from the original spectrograms.
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Fig. 1. Hook recorded at Seattle on September 23, 1957, at 20h 35m 28s UT (after Helliwell

4901

and Carpenter [19611). Superimposed on this is a computed nose whistler originating from a
hypothetical impulse at the top of the field line at the time shown by the arrow. Note that
this computed curve is in the center of the hook at all frequencies.

spectrograms for the other three sequences, we
cannot here make similar statements about these
other three. Brice’s statement that ‘this am-
biguity is removed if the hook and echo are
observed at conjugate stations’ is not strictly
true. Although the zero order signals must
have been reflected somewhere near one of the
conjugate stations, they could have been miss-
ing from the spectrograms or at least not recog-
nized as such for a variety of reasons.
However, we can say that Brice’s first se-
quence unambiguously demonstrates the sym-
metry aspect of my theory in both the predic-
tions that the T,, — T’ ratios should be close to
1:3:7:11 (from equation 1) and that his test-
ing parameters should be close to unity. The
other three sequences fit the theory if the same
interpretation of n applies to these also (Table
1). Furthermore, this can easily be checked
from the spectrograms as shown above for the
first sequence. It should be noted that the re-
maining discrepancies in T,, — 7',/ and his testing
parameter values are easily accounted for by
errors in scaling the times T, and 7, of about

0.01 to 0.02 sec. This is quite reasonable since
the widths of the traces are some 0.05 to 0.1 sec.,
as is seen in his Figure 1.

Another test of the symmetry aspect of my
theory is now presented. It is a consequence of
this symmetry feature [Dowden, 1962b] that
the observed frequency-time distribution of a
hook should be symmetrically spaced (in time)
about a half-dispersed nose whistler. In other
words, at any frequency the midpoint in time
between the two branches of a hook should lie
on a curve corresponding to the whistler mode
dispersion of a hypothetical wide-band impulse
originating at the top of the field line at the
instant of generation of the lowest frequency.
This is also the instant at which the emitting
electron bunch passes through this point.

Consider the hook shown in Figure 1. Super-
imposed on this is the nose whistler originating
from a hypothetical impulse at the top of the
field line at the instant shown by the arrow. The
frequency-time shape of this nose whistler was
calculated from a function given by Smith and
Carpenter [1961] which they have shown accu-
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rately represents this shape. The frequency-time -

scale adopted corresponds to a nose frequency
(fa) of 4.60 ke/s (latitude of end point 61.4°)
and a short whistler delay time (Z,) at this
frequency of 1.64 seconds. This (f., t.) is typi-
cal of moderately disturbed conditions [Car-
penter, 1962] when generation of hooks is likely.
Careful measurement of Figure 1 shows that
this curve is accurately in the center of the
hook at all frequencies as predicted.

It is interesting to note from this second test
that the ‘symmetry curve’ or ‘equivalent half
short whistler’ of any hook allows direct mea-
surement of f, (as in Figure 1) or estimation

(when the nose does not appear) by the Smith -

and Carpenter [1961] techniques mentioned by
Brice. These same techniques allow estimation
of t. for nonreflected hooks. Thus, in principle
hooks give the same propagation information as
whistlers. In addition, f. locates the path of the
emitting bunch, and 1¢, gives the instant the
bunch passed through the top of this path.
More convenient methods of scaling f, and t,,
as well as methods for deducing electron energy
and helical pitch angles, are given elsewhere

LETTERS TO THE EDITOR

[Dowden, 1962b]. Thus all the relevant infor-
mation about the emitting electrons can be
deduced from a spectrogram of a hook. Tests of
other predictions of my theory are published
elsewhere [Dowden, 1962c].
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WIDE-BAND BURSTS OF V.L.F. RADIO NOISE (HISS) AT HOBART*
By R. L. DOWDEN{
[Manuscript received August 15, 1961]

Summary

‘Wide-band bursts of radio noise from the upper ionosphere or exosphere have been
observed at frequencies from 100 cfs to 250 kefs. The observed intensity [Wm=2 (c/s)~1]
ranges from nearly 102 at 100 ¢/s to 10~!? at 250 ke/s. However, the intensity at the
source (above the ionosphere), deduced by subtracting the losses suffered in the iono-
sphere and below the ionosphere, shows a relatively flat spectrum at a level of the order
of 10~ Wm-2 (c/s)~*.

I. INTRODUCTION

V.L.F. noise, also known as * hiss ”’ or geomagnetic noise, is audio-frequency
radio noise originating in the upper ionosphere or exosphere which tends to oceur
at times of aurora and geomagnetic activity (Ellis 1959). It usually occurs in
bursts of minutes or hours’ duration. These bursts are usually narrow band
(a few kilocycles bandwidth) centred at around 5 ke/s (Ellis 1959). Sometimes,
particularly at times of strong geomagnetic disturbance, very wide-band bursts
occur (Ellis 1959 ; Dowden 1960). Some very wide-band bursts have been
observed covering a range of from less than 5 ke/s to more than 200 ke/s (Dowden
1960). Later observations (this paper) have followed these wide-band bursts
down to less than 100 ¢/s so it seems likely that occasionally bursts spread over
the range from 100 c/s or less to a few hundred ke/s—a frequency ratio of several
thousand.

This paper examines the ground level intensities recorded at several spot,

frequencies (125, 240, 410, 760 ¢/s, 1-8, 4-3, 9-0, and 230 ke/s) during wide-
band bursts observed at Hobart. The corresponding intensities at an arbitrary
level above most of the ionosphere (550 km) are deduced from considerations
of the losses affecting the wave from that level to the observing point.

II. EXPERIMENTAL
(a) Techniques
The receiving systems were broadly similar to those described elsewhere
(Ellis 1959). A vertical loop antenna fed a wide-band amplifier followed by a
narrow-band pass amplifier for each channel. Special techniques were used to
avoid spurious effects of atmospherics and other impulsive noise.
In one recording system the detected outputs were applied to the vertical

deflection plates of a C.R.O. During an impulse the C.R.O. spot would be
deflected well off scale but between impulses the spot would be deflected only by

* Presented at the Conference on the Sun-Earth Environment, Brisbane, May 24-26, 1961.
t Ionospheric Prediction Service, University of Tasmania, Hobart.
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continuous signal. When such a display is photographed by slowly moving film
the continuous level between impulses is readily apparent.

The second system was developed by Ellis (1959) for recording on a pen
recorder. This also records only the continuous level between impulses. In
this method the detected outputs were applied to a partially unidirectional
integrator. This had a long time constant of many tens of seconds for increases
in signal but a very short time constant of some milliseconds for signal decreases.
The system is thus the reverse of a peak-reading voltmeter.

Both systems give strong discrimination (of about 40 dB) against atmos-
pherics even when the ‘ mark-space *’ ratio of atmospherics is very high. In
some cases both recording systems were used on the one frequency channel.
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Fig. 1.—Typical wide-band (c. 1130 L.T.) and narrow-band bursts.

Further discrimination from any spurious effects follows from the nature
of the phenomena studied. That shown in Figure 1 is fairly typical. The
smooth rise and fall of amplitude during bursts, the duration of bursts (order
of an hour), and the relative infrequency of bursts (around 10 per month), make
the phenomena readily distinguishable from steady background noise or man-
made bursts of interference.

Two basic methods of intensity calibration were used. In the first the loop
antenna was replaced by a signal generator or noise generator of the same
impedance. Burst intensities were then deduced from this receiver sensitivity
calibration and the effective height of the loop antenna calculated from measure-
ment of its physical dimensions. The second method gave direct calibration
by generating a known field strength in the vicinity of the antenna from a remote
auxiliary loop. Both methods gave consistent results. The calibration and
reading accuracy (about 109%,) was more than adequate for the argument pre-
sented in this paper. )
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Only gix recording channels were available so that simultaneous recordings
were not made at all eight frequencies mentioned above. However, there was
sufficient frequency overlap to suggest that the wide-band bursts measured
mainly at the higher frequencies were similar to those measured mainly at the
lower frequencies.
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Fig. 2.—Medians and spread of peak intensities of observed wide-band

bursts. Curves are expected ground intensities for a ““ white * source

above the ionosphere at the hatched level [10-1° Wm~2 (¢/s)~1]. The
right-hand ordinate is field strength.

”

Two sweep-frequency analysers covering the ranges 40-500 c¢/s and 400 c¢/s
to 6 kc/s, though of less sensitivity and of restricted use for intensity measurement,
were used to check the interpretation of the fixed-frequency records.

(b) Observations
Twenty-five wide-band bursts recorded over a period of about 15 months
are considered here. Figure 1 shows one of these recorded on the five frequencies
operating at the time. Other narrow-band bursts at around 2 and 5 kefs are

S~
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seen on the same record. The median intensities and the spread of intensities
recorded is shown plotted in Figure 2. Medians for 125 c¢/s and for 9-0 and
230 ke/s may not be truly representative, as less than five values were obtained
for each. The burst signal to background noise ratio was best around the middle
of the band (20 dB at 5 kefs) but worsened in both directions to about 5 dB
at 100 ¢/s and 10 dB at 200 ke/s.

III. DISCUSSION

Although there is no strong evidence to indicate the level at which V.L.F.
noise is produced, we will assume here that it is above most of the ionosphere,
that is, above (say) 550 km. Directional and spaced observations (Ellis 1960 ;
Dowden 1961) show that V.L.F. noise bursts often appear to be coming from
virtual sources of quite small areas on the Earth’s surface. Consequently we
adopt the model that the burst is generated in a relatively narrow tube of force
somewhere above the ionosphere, is then piped down through the ionosphere
in the ¢ whistler mode ”, and radiated out under the ionosphere in the two-surface
(Earth or ocean and ionosphere) waveguide to the observer. We require, then,
the losses suffered in these two modes.

The Earth-ionosphere waveguide losses have been calculated by Watt and
Maxwell (1957) for frequencies from 1 to 100 ke/s. Curves are given of field
strength versus frequency for propagation over day-time and night-time sea-water
paths of various distances for a unit * white ’* point source. In our case the
distance between the virtual source and the observing point is not known for
each burst but a typical median value can be estimated along the following lines.

Suppose all sources were point sources and that they were randomly
distributed about Hobart. We consider an annular area centred on Hobart at
distance r, width dr, and area dA. We define the probabilities : p(r, dr) of
a source occurring within this annular area; py(r, dr) of it being observed at
Hobart if it did occur; and pg(r, dr) of an observable source occurring within
this area (within » and r-4dr). It follows:

p,(r,dr)occdd occr.dr
Po(r,dr) ccintensity on arrival at Hobart
oce—arfr

where o =attenuation coefficient for the Harth-ionosphere waveguide mode.

Pos(r,dr) =p,(r,dr) - po(r,dr)
. =e—or.dr.

We define a median range 7 such that

r ©
f po:(r’d'r)zf_ Pos(r,dr),
0 r
that is

Hence
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The attenuation coefficient, a, is strongly frequency dependent, but typical
values are around 3 dB per 1000 km (Watt and Maxwell 1957) so that the typical
range (7) will be around 1000 km.

Suppose instead the sources were very large so that everywhere in the vicinity
of Hobart was essentially uniformly illuminated by each burst. We consider
the same annular area described above. The total power intercepted by this
annulus is proportional to its area,

dP (r)cr.dr,

Transmission over distance r to Hobart would decrease this by a factor e—arfr,
so that the power observed at Hobart from this area (from ranges r to r-dr)

is then
4P, (r)=K.e—ar.dr,

K being a constant of proportionality. We define the median range 7 as that
range within which half of the observed power occurs. Then

KJ ’ e—udr:wa e—ar.dr.
0 r

Hence the same argument as that above leads to #a1000 km.

Selection of the #=1000 km day and night curves of Watt and Maxwell
gives us the below-ionosphere losses for the frequency range 1-100 ke/s. Those
for frequencies outside this range are estimated by extrapolation.

The attenuations for whistler mode propagation through the ionosphere
were obtained from curves by Helliwell (1958) using a model day-time ionosphere
from 80 to 550 km given by Francis and Karplus (1960). Night-time attenua-
tions were estimated from this model by disregarding the ionosphere below
100 km. The values found are roughly consistent with whistler mode echo
observations (Dowden 1959) at 17 ke/s and observations of 512 ke/s signals
from the ground made by a receiver carried in a rocket to a height of over 400 km
(Mechtly and Bowhill 1960).

The losses for propagation through the ionosphere (whistler mode) and
below the ionosphere (waveguide) are combined and plotted in Figure 2 for
day and night conditions. We have assumed a ‘ white noise »’ source of intensity
10-1°Wm-~2 (¢fs)~! at a level of 550 km. The curves thus represent the expected
intensity at an observing station on the ground about 1000 km from the point
immediately below the source. The accuracy of these curves deteriorates
towards both ends of the frequency scale. The treatment used above breaks
down at the low end because the distances involved approach a wavelength.
At the high frequencies the attenuations are so large that small errors in the
estimation of parameters become important. Both ends will suffer from the
extrapolations.

Itis seen from Figure 2 that the expected ‘‘ ground level ” spectrum resulting
from this flat or ¢ white ”’ source spectrum fits the observed intensities to an
order of magnitude or so, although an intensity proportional to wavelength
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might give a better fit at the low frequency end. The main point emerging
from this study is that much of the very strong frequency dependence of observed
intensities is accounted for by attenuation.

Intensities of over 10-1¢ Wm~2 (¢/s)~! at 512 ke/s have been observed at a
height of 400 km by Mechtly and Bowhill (1960). This is a lower limit (receivers
overloaded) and so consistent with our results. On the other hand, at frequencies
above 900 kc/s, at times when the ionosphere above Hobart is transparent,
ground level intensities (due to cosmic noise) of only 2 x10-1° Wm—2 (¢/s)—! are
observed (Ellis 1957). This is some nine orders of magnitude less than our value.
However, it must be remembered that very wide-band bursts are rare and occur
only during very severe disturbances, whereas the ionosphere is- transparent
at low frequencies only during very quiet conditions. Nevertheless, this does
show that, at least at the higher frequencies, a continuous high background
level does not exist.
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Simultaneous Observations of VLF Noise (‘Hiss’)
at Hobart and Macquarie Island
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Ellis [1960] showed that individual bursts of
VLF radio noise associated with geomagnetic
disturbances (also called ‘hiss’ or ‘geomagnetic
noise’) are often fed into the ionosphere-earth
waveguide structure at fairly well defined points.
The geographical position of these virtual sources
can be located by comparing noise intensities of
three different stations [Ellis, 1961]. For each
pair of stations there will exist a family of curves
defined by

(ro/r:) exp [—alry — 1)] = B

where R (a constant of each curve) is the ratio
of the power intensities observed from a noise
source distant r,, 7., respectively, from stations
1 and 2, and where « is the attenuation coefficient.

Data were obtained for the pair of stations
Hobart—-Macquarie Island at the two frequencies
4.3 and 9.3 ke/s for the 10 weeks from December

TABLE 1.

26, 1959, to March 3, 1960. Bursts recorded at
both stations are listed in Table 1. It should be
noted that the sensitivity of the receiver at
Macquarie Island was much lower than that at
Hobart, particularly at 9 ke/s. Only those bursts
observed at both stations were considered. This
tended to exclude 4-kc/s components that were
not stronger at Macquarie ‘Island and 9-ke/s
components which were not very much stronger
at Macquarie Island. S

A map of the area showing Hobart and
Macquarie Island, the auroral zone (hatched
arc), and. constant R curves for attenuation
coefficients of 10 db/1000 km (full line curves)
and 2 db/1000 km (dashed) corresponding to
4 ke/s and 9 ke/s propagation, respectively, is
given in Figure 1. A 4-ke/s source occurring on
the Hobart-Macquarie Island line would appear
10 db weaker at both stations if it were shifted

Simultaneous Noise Bursts

" 4 ke/s Intensity
Wm2%(¢/s)™1 X 10t

9 ke/s Iﬁtensity
Wm™(c/s)t X 1016

Universal
Date Time Hobart M. 1. Ratio Hobart M. L Ratio
Jan 14 0500-1000 30 650 22
15 2040 30 14 0.5
Feb - 1 1630 1.2 4.8 4.
2 1630-1715 1.2 1.2 1 »
3 0450-1400 8.5 170 20 1.2 480 400
3 2125 13 120 3
4 0200-1900 4.8 330 70 0.5 330 660
5 0530 2.1 19 9 <0.5 210 >400
6 0130 2.1 19 9 0.3 270 900
6 2330 0.5 19 36
9 1315 3.3 480 140 0.3 270 900
19 2045 0.3 13 45 <0.13 120 >1000
19 2100 - 0.8 30 36 0.2 210 1000
26 1600 0.3 2.1 7 1.1 <3.3 <3
29 2235-2310 2.1 8.4 4
Mar 1 2130. 2.1 19 9
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Fig. 1.

Map of .area showing constant intensity ratio curves for attenuation coefficients of

10 db per 1000 km (full-line curves) for 4 ke/s, and of 2 db per 1000 km (dashed) for 9 ke/s. The
hatched arc is the auroral zone. Coordinates are geographic.

along a curve of constant intensity ratio to the
dash semicircle marked ‘10 db.’

Independent ‘fixes’ of individual bursts are not
possible without data from another pair of sta-
tions. All but one of the observed 9-ke/s com-
ponents must have occurred well inside the
R = 30 ring (Fig. 1). Little can be said about the
positions of the 4-kc/s components except that
they occurred on the appropriate curves and
probably within the 10-db semicircle. However,
two important points emerge. First, at 9 ke/s
only sources of a few kilometers in extent could
produce intensity ratios of 1000 even if the
sources occurred overhead at Macquarie Island.
This shows that some sources at least have very
narrow dimensions. Second, it is immediately
apparent from Figure 1 that for all but one
(February 26) of the eight bursts observed at
both frequencies, the source positions for the two
components could not have coincided. In fact,

the distances between these two source positions
varied from at least 100 to 500 km.
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