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PREFACE 

The 34 published works (papers, notes and letters, all 
referred to here as "papers") presented here span a period 
of 16 years and four main topics or fields in radio and 
space physics: 

Papers 1, 2 	: Ionospheric and related studies. 

Papers 3-17, 28-34 : VLF electron-cyclotron mode 
("whistler Mode") propagation 
and emission in the 
magnetosphere (called the 
"exosphere" in the earlier work). 

Papers 18-20 

Papers 21-27 

: Jupiter emission and related work. 

: Proton-cyclotron mode (variously 
called "micropulsation mode", 
"ordinary mode" and 
"hydromagnetic") propagation and 
emission in the magnetosphere. 

The order of presentation and listing is chronological 
with two exceptions (papers 17 and 20) to provide a more 
logical grouping. 	The "early" (3-17) and "late" (28 - 34) 
VLF papers are separated by an eight-year gap. 

The 30 papers for which I am the sole author are 
entirely my own work apart from help detailed in the 
Acknowledgements in each paper. 	Four other papers have a 
second author contributing in varying degrees. Mr Goldstone 
assisted in recording the event discussed in paper 3. 
Mr Emery assisted in data analysis in paper 22 and in 
construction of the device described in paper 23. 
Mr Allcock invented the basis of the technique described 
in paper 32. 	Papers for which I am not the senior author, 
or which have multiple authorship, have been omitted from 
this collection. 

To the best of my knowledge, all 34 papers describe 
only original research except where specific reference is 
made in these papers to the work of others, and •none of 
this work has been previously submitted for the purposes 
of the degree of Doctor of Science. 

Richard L. Dowden 
15 March 1974 
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Short-range echoes observed on ionospheric recorders 
R. L. DOWDEN 

Antarctic Division, Department of External Affairs, Melbourne 

(Received 15 May 1957) 

Abstract—Strong echoes from the 20-100 km region previously reported from several ionospheric 
stations near the sea have been examined at Macquarie Island and found to arrive from very low angles 
of elevation and with vertical polarization. It is shown that the echoes are therefore not ionospheric but 
are produced by coherent back-scatter of surface propagated waves by sea waves of length L = Al2. 

1. INTRODUCTION 

VARIOUS investigators have reported pulse reflections from D-region heights on 
frequencies much greater than the critical frequency. ELLYETT (1947) reported 
strong echoes (voltage reflection coefficient >107 2) at heights down to 20 km from 
Pitcairn, Raoul, and Christmas Islands. He suggested that these reflections might 
be characteristic of a tropical region. Similar reflections however, have been 
observed from Campbell Island (52i° S) and Macquarie Island (541-° S). MAJOR 
(1955) concluded that the reflections were peculiar to island observatories. An 
example of these "island echoes" is shown in Fig. 1. 

Inland, weak reflections (voltage reflection coefficients around 10 -4) from the 
D-region of the ionosphere from 60 km and upwards have been described by 
DIEMINGER (1952), GARDNER and PAWSEY (1953) and others. The latter used 
simple direction-finding tests to establish that their "low" echoes were arriving 
from near overhead. 

This paper describes similar direction-finding tests made by the author at the 
Australian National Antarctic Research Expedition's station at Macquarie Island 
at 7 Mcis which demonstrate that the "low" island echoes were arriving, not from 
overhead, but at very low angles of elevation. An ionospheric mechanism is 
obviously ruled out. 

At the observed ranges the only possible reflecting objects were tropospheric 
irregularities and the sea surface. From echo strength considerations the former 
is immediately rejected. However the latter mechanism is consistent with the 
strong echoes observed and also agrees with recent C.W. observations of sea 
reflections at 13 Mc/s made by CROMBIE (1955) in New Zealand. 

This apparently clears up an anomaly of long standing, viz, the conflicting 
reports on low echoes as summarized by ELLYETT (1947). Instead of yielding data 
on the ionosphere it is probable that this type of observation could be developed 
to give information on sea waves and so provide a useful tool in oceanographical 
research. 

2. OBSERVATIONS 
The equipment used was the Macquarie Island ionospheric recorder described 

elsewhere (CALLow, 1956). The transmitter "delta" aerial was used throughout the 
experiments and initially the usual receiver delta was used also. In addition three 
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half-wave dipoles—two horizontal and one vertical—were erected a quarter wave-
length above the ground. The two horizontal aerials had their wire axes pointing 
approximately north–south and east–west respectively. Any one of these aerials 
could be quickly connected to the receiver of the ionospheric recorder by a rotary 
switch. 

2.1. Angle of arrival. A large number of A-scope photographs of echoes 
received by each of the above aerials were taken. A typical series is shown in Fig. 2. 
The amplitudes and ranges of the strongest maxima of the short-range echo and the 
amplitude of the F2 echo were scaled from these photographs. The ratios of the 
echo amplitude on a horizontal aerial to that on the vertical aerial (i.e. HIV ratio) 
were then calculated. The mean ratios for each type of echo for both horizontal 
aerials are shown below in Table 1. The three range classifications of short-range 
echo are purely arbitrary. 

Table 1 

Echo Mean range HIV for N-S HIV for E-W No. of ohs. 

F2 — 6.0 6.7 24 
<30 km 22 km 0.032 0.067 19 

30-49 km 37 km 0-034 0.091 - 45 
>49 km 58 km 0-036 0.067 24 

Now the horizontal aerials have their maxima directed vertically upwards and 
the vertical one horizontally. Thus the high value of the HIV for the F2 is to be 
expected. But the values of HIV for the short-range echoes are about 1 per cent of 
those for F2 and are completely inconsistent with arrival-from overhead. The short-
range echoes must arrive from within a few degrees of the horizontal and must be 
vertically polarized. 

Further the higher average intensity on the east-west aerial compared with the 
north-south one appears to indicate a preference for an easterly or westerly 
direction. The east-west aerial would have its maximum sensitivity for vertically 
polarized waves from the east and west. The transmitting delta aerial which is• 
oriented about 30 0  west of north should radiate in the horizontal direction some-
what less in the E–W direction than N–S. Since the prevailing wind is E–W this 
direction of arrival is perpendicular to the dominant sea waves. 

2.2. Apparent reflection coefficient. The "apparent reflection coefficient" for any 
echo mechanism can be defined in terms of an equivalent smooth infinite plane 
surface of voltage reflection coefficient p. The power of the received echo at a 
distance "R" from such a surface can be found from the "radar equation" to be 
(in the usual notation): 

G  P A irp2  
P — 87T2 R2 

Trp2 

= K R2 (1) 

112 



km 
111 , 1 	'It! 	Ili- 
0 	200 	400 

Fig. 2. (a) Typical series of A-scope trace, 
taken about a few seconds apart using each of 
the aerials in turn. (b) Record showing very 
strong short-range echoes (vertical aerial). 
(c) Series of traces taken about a second 
apart using vertical aerial and fast time base. 
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Fig. 1. (a) Typical p' f record showing strong 
short-range echoes up to about 7.5 Mc/s. Band 
changes occur at points marked B. (b) Similar 
record using faster time base to expand range 
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Short-range echoes observed on ionospheric recorders 

The reflection coefficient of a horizontal layer can be found experimentally 
(MITRA, 1952) using multiple reflections from some other layer. Since all echoes 
come from the same direction, the equipment and aerial constants (the K term 
above) cancel. At first the short range-echoes were presumed at vertical incidence 
and p was computed to be 1-5 x 10 -2• As this is not the case, the apparent 
reflection coefficient is probably nearer 10 -i. 

2.3. Echo structure. The amplitudes and ranges of 152 maxima from a series of 
16 A -scope photographs taken over a period of about a minute on 14 August are 
shown plotted in Fig. 3. For ranges less than about 30 km it is likely that the 
receiver sensitivity is considerably reduced by ground pulse paralysis. Beyond this 
it is believed there is no strong variation of gain with range although this was not 
accurately checked. The spread of observations in Fig. 3 indicates no tendency to 

Fig. 3. Echo maxima from a series of A-scope photographs taken on 14 August. The full 
line is the .R-312  relationship expected for back-scatter from one-dimensionally extended 

objects (e.g. wave crests). 

form layers. Also the echo amplitude falls fairly slowly with range up to about 70 or 
80 km and then more rapidly. 

2.4. Fading. Slow fading of the different peaks of the echo was often noticed and 
is clearly shown in Fig. 4, obtained at a constant frequency of 7-0 Mcis on moving 
film in a similar manner to the routine p'f records. The receiver has been alternately 
switched from the vertical dipole to the north-south horizontal dipole every 10 sec. 
The first sample using the vertical dipole in Fig. 4 shows this fading very clearly and 
the fading period is seen to be very nearly 2 sec. Unfortunately this was the only 
observation actually recorded. 

2.5. Apparent diurnal variation. The intensity of the echo appearing on the 
standard p'f records was visually estimated on an arbitrary 0-4 scale according. to 
the area of p'f record covered. The mean hourly intensities for each of the two 
months (January and February 1956) for which this was done showed that the echo 
was usually just detectable at night but apparently strengthened rapidly around 
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sunrise to an intensity such as that shown in Fig. 1. Around sunset the echo 
rapidly waned. This pattern is similar to that reported by ELLYETT and others. 

This effect may be instrumental. The diurnal variation of the background of 
interference which is controlled by the absorption of the D-layer may have intro-
duced a strong diurnal variation of effective receiver sensitivity. At the time it was 
not possible to check this. 

3. DISCUSSION 
We now consider possible objects of reflection in the observed ranges of 15 to 

100 km. Obviously the echoes are non-ionospheric and, as the maximum dimen-
sion of the Island is about 30 km, they are equally obviously not .due to fixed 
objects. This leaves back-scatter from tropospheric irregularities or back-scatter 
from sea waves as the only possible mechanisms. 

3.1. Tropospheric back-scatter. A patchy plane surface (i.e. irregularities much 
smaller than a wavelength, 40 m) might conceivably give rise to our type of echo, 
the longer delay time components corresponding to lower angles of elevation. 
Echoes from higher angles would correspond to delay times well within the paralysis 
region and would not be seen. 

To derive an upper limit for the echo strength due to this mechanism we might 
consider a layer of small spheres of saturated air in dry air and choose the diameter 
of the spheres to give maximum back-scatter. The apparent reflection coefficient 
can then be estimated from the RAYLEIGH scattering law for 30 km echoes to be 
about 10-7. If the scatterers were somehow arranged to produce coherent scattering, 
then this value might be increased to about 10 -4, but this is still two or three orders 
of magnitude lower than the experimental value. 

3.2. Sea back-scatter. Sea echoes on centimetre and decimetre wavelengths have 
been studied in detail (KERR, 1951). At such frequencies however, fine scale 
irregularities are important, so the mechanism cannot be considered similar to ours. 
Back-scatter of dekametre wavelengths by the sea have since been reported by 
CROMBIE (1955) and McCuE ( 1956). The latter was concerned with fairly high 
angle back-scatter via the ionosphere and so his results are not readily comparable 
with ours. 

By measuring the Doppler shifts of sea echoes at 13-56 Mc/s CROMBIE (1955) 
found a strong resonance effect for sea wavelengths equal to half the wavelength of 
his radio waves, i.e. for L = 2/2. He found a smaller effect for the L = A case. 
This suggests that resonant or coherent scattering is the most important mechanism: 
of the large spectrum of sea waves normally present the radio wave selects those 
exactly half its length and in a direction perpendicular to the direction of 
propagation to yield most of the back-scatter. 

The intensity of the back-scattered radiation can be expressed as the product of 
two factors, one giving the scattering produced by a single sea wave and the other 
depending on the arrangement of the sea waves. For grazing incidence and back-
scatter, neglecting multiple scattering, the latter factor is of the form (DiTcnEuRN, 
1952): 

F(L) = 
sin2  27T.NLI2 
sin2  277-LP. 
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where N is the number of sea waves contained in the distance corresponding to the 
transmitter pulse length. Since this is about 70 ,usec, N is about (2/L) . 10 4 . 
Principal maxima are obtained for LIA = 1, 2, . . . etc. Most of the echo is 
therefore due to sea waves of length L = 2/2, the intensity of the L = 2 component 
being about one quarter as much. 

The scattering produced by a single wave is more difficult to calculate and only 
the order of magnitude is estimated. Since the height to wavelength ratio of sea 
waves is small /20) suppose we consider the waves to be triangular. As a 
further simplification we will neglect that part of the wave facing away from the 
transmitter, so that each sea wave becomes a "thin" ribbon, inclined (say) 6° to the 
horizontal towards the transmitter. Expressions for the scattering of waves by 
thin ribbons have been obtained by MORSE and RUBENSTErN (1938) in terms of 
Mathieu functions. From these, the power of the received echo at a distance R from 
N such scatterers spaced 2/2 apart is found from the "radar equation" to be: 

P 
0PA 

• 
N2h 

= 	8 2 B 	3   x 10 -2  

N2h 
= K. 	 x 10 -2  

R3  

To find the "apparent reflection coefficient" we substitute in equation (1) (page 112): 

N2h 
R3 	10-2  

For 30 km echoes, L = 2/2 = 20m, N 103, H = 2m, we find p 0.4, in 
reasonable agreement with the experimental value of roughly 0.1. 

This estimate is probably an overestimate since it includes end effects of the 
postulated ribbons which would be absent for real waves; further the wave height 
of 2 m is large for waves of a particular wavelength which need not be that of 
the principal waves. However it gives the right order of magnitude and the B-3/ 2  
law suggested by Fig. 3. 

.3.3. Propagation. To produce echoes from ranges of up to 100 km, the 7 Mc/s 
pulse must be confined to the earth's surface for about one degree of arc for both 
the outgoing and returning trip. We consider three mechanisms for this. 

The average ray curvature given by the rate of change of refractive index with 
respect to height for the layer of air between the ground and the 900 mb level at 
Macquarie Island was calculated from radiosonde data (ANARE, 1955). That for the 
best day found on inspection of a number of months was only 15 min of arc in 
100 km. Superrefraction if therefore ruled out. 

There is evidence (FRIEND, 1941) of sharp tropospheric discontinuities in 
temperature and humidity which usually escape detection because of the slow 
response of radiosondes. Even at vertical incidence, FRIEND reports voltage 
reflection coefficients of up to 10-4  which would be considerably augmented for 
grazing incidence. However an attenuation of one or two orders of magnitude over 
that for free space would be introduced. 
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The ratio of the strength of the surface wave to that expected for a free wave 
(inverse distance) for various distances travelled over a smooth sphere of various 
surfaces is given in Table 2 below (obtained from curves after TERMAN, 1943) for a 
frequency of 5.0 Mc/s. 

Table 2 

Distance Sea Good earth Poor earth 

40km 0.9 10-2  2 x 10-3  
80 km 0.8 5 x 10-3  6 x 10-4  

160 km 0.4 10-3  10-4  

For echo ranges up to 70 or 80 km over sea the attenuation is scarcely more than 
the free space wave. This is in agreement with the more rapid decrease in amplitude 
for echoes beyond 70 or 80 km noticed in Fig. 3. This also explains the association 
of the echo with islands. Over land, ground objects are highly reflecting but the 
surface waves are attenuated some hundreds of times more. 

3.4. Fading. As mentioned above, CROMBIE using C.W. observed a Doppler beat 
between the ground wave and the sea echo. Since the velocity v of a sea wave of _ 

9 length L is given by v = j —
27

L, g being the acceleration due to gravity, then the 

2v2 jg A _ J o . 1 
Af  = = 	-2-; • -2-  — 	A 

At 7 Mc/s, Af = 0.27 c/s and the observed fading of about 2Af 	c/s) would fit 
the beat between reflections from opposite sides of the island. 

3.5. Appare'nt diurnal effect. The observed diurnal variation is inconsistent with 
the sea-echo hypothesis. As mentioned above the effect is probably instrumental. 

4. CONCLUSIONS 
The short-range echoes observed on ionospheric recorders at Macquarie Island 

and other island observatories, and formerly attributed to reflections from the 
lower ionosphere have been shown to be due, not to ionospheric effects, but to back-
scatter from the sea propagated along the surface. 

Most of the back-scatter is produced by sea waves of length L = 2/2. The 
back-scatter and hence the relative amplitude of other sea wavelengths can be 
found by varying 2. Hence observations of this type should provide a useful tool 
in oceanographical research. 
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Doppler shift Al produced by sea waves of length L = -A 
travelling radially to the 

observer will be 	 2 
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Ionospheric thermal radiation at radio-frequencies in the 
auroral zone 

R. L. DOWDEN 
Ionospheric Prediction Service, Hobart, Tasmania 

(Received 11 August 1959) 

Abstract—Measurements of the temperature of the ionospheric D-region in the auroral zone from 
observations of 2 Mc/s radio noise are described and compared with measurements similarly made in the 
temperate region. The temperatures of the undisturbed and disturbed ionospheres at the two latitudes 
are found to be essentially similar, but the disturbing influence in the auroral zone is probably corpuscular 
rather than ultra-violet radiation. 

1. INTRODUCTION 

IN the absence of man-made interference and atmospherics, it has been found 
possible to measure radio-frequency radiation from the ionosphere at medium 
frequencies. 

The temperature of the ionospheric D-region has been previously measured by 
this method at 2 Mcis in temperate latitudes (PAwsEY et al., 1951; GARDNER, 
1954). In a companion paper (GARDNER and PAWSEY, 1953), the absorbing 
structure of the lower ionosphere was determined from D-region echoes to find the 
heights to which the temperature applied. However, it was felt that conditions 
might be very different in an auroral zone. 

Noise level and echo experiments were carried out by the writer at the Aus-
tralian National Antarctic Research Station at Macquarie Island as a member of the 
1956 party. The apparent D-region echoes were found to be not from the iono-
sphere, however, but from sea waves (DowDEN, 1957). The present paper describes 
the radio noise level experiments at 2 Mc/s using a half-wave dipole aerial to pro-
vide a direct comparison with GARDNER'S (1954) observations in a temperate 
latitude (30°S). 

2. EXPERIMENTAL PROCEDURE 
2.1. Site and aerial 

The site of the experiment was near Hurd Point, Macquarie Island (55°S, 159°E,. 
geomagnetic lat. —62°), on peat slopes at the foot of the plateau which forms most 
of the island. The nearest source of man-made interference of any kind was the 
Station, 20 miles north. Its noise was completely negligible at this distance. The 
nearest broadcast stations and atmospherics were several hundred miles to the 
north. 

The aerial used for this part of the experiment was a half-wave dipole (2 Mc/s) 
suspended from wires attached to various crags. The aerial itself was about 20° 
off horizontal, about a quarter-wave above the ground (120 ft) and more than a 
wavelength from the cliffs of the plateau. The aerial passed directly over the re-
cording hut from which it was fed by an 80 p shielded twin line. Far less trouble 
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Duration 
(days) Period Interval 

  

17 
21 
11 

9 
22 
11 

8 

May-June 	30 May-15 June 
June-July 	26 June-16 July 
July 	20 July-30 July 
August 	23 Aug.-31 Aug. 
Sept.-Oct. 	26 Sept.-17 Oct. 
Oct.-Nov. 	24 Oct.-3 Nov. 
November 	13 Nov.-20 Nov. 

Ionospheric thermal radiation at radio-frequencies in the auroral zone 

from winds was encountered than expected, the mean wind velocity at the site 
being only about half that recorded at the Main Station. 

2.2. Determination of ionospheric temperature 
The equipment used and the recording technique was similar to that described 

by GARDNER (1954). The receiver was automatically connected to a dummy aerial 
for 3 min every 7.5 min by a chronometer operated relay. The sensitivity 
of the recording system was checked with a diode noise generator three times a day. 
The impedance of the aerial was accurately rematched to that of the dummy 
usually once a day. 

The difference t between the noise level produced by the aerial and that by the 
dummy was read from the record in arbitrary units. A typical record showing this 
difference is in Fig. 1. The temperature T of the relevant part of the ionosphere 
can be found from this by an expression of the form: T, = At + I'd . The scale 
factor A is the reciprocal of the product of the sensitivity of the receiving system 
(in recorder units per degree K), the attenuation of the aerial feed and matching 
unit, and the "efficiency" of the aerial. T, is the ambient temperature of the 
dummy aerial, provided this is not greatly different from that of the matching unit, 
feed and ground. It was found that the temperature in the recording hut was 
usually within a degree Kelvin of that of the outside air and ground. 

The efficiency of the half wire dipole was calculated from the SOMMERFELD and 
RENNER (1942) analysis using measured values of ground conductivity and aerial 
height. The figure obtained was also checked by the impedance method (GARDNER, 
1954). Fortunately, for an aerial height of about a quarter wavelength, the 
efficiency is nearly unity and varies only slowly with height and ground constants. 
The adopted value was 0.90 + 0.05. The total attenuation of matching unit and 
aerial feed was easily measured by the noise generator. 

The errors of reading, sensitivity calibration and matching and those due to 
errors in aerial efficiency and attenuation measurement could be expected to give 
both systematic errors and random errors of about 5°K. 

3. OBSERVATIONS 

3.1. General 
The seven observing periods from May to November (1956) are shown in Table 1. 

Table 1. Observing periods 
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The observations made in the second period (June—July), showed strong inter- 
ference from natural sources and so were not used for temperature measurement. 
During daylight hours random thermal noise was usually the only component seen 
on the "aerial" trace—similar in all respects except level to the "dummy" trace. 

Occasionally, local cloud discharges produced small isolated spikes. Atmos- 
pherics propagated by the ionosphere from tropical latitudes were usually not 

Fig. 2. Histograms of all observations of noise levels for the different observing periods. 
Only those obviously affected by atmospherics or precipation static were excluded. The 
average atmospheric free time (length of observing time) in a day was much larger in the 

summer months than in the winter (see Fig. 3). 

observed until near sunset. Within an hour of their first appearance they were 
usually sufficiently strong to hold the recorder pen off scale continuously. A typical 
record showing this is Fig. 1. The length of observing time (about sunrise to sunset) 
varied from about 8 hr in May–June to 16 hr in November. 

3.2. Observed temperatures 
Histograms of the observed temperatures in each of the observing periods are 

shown in Fig. 2. All observed temperatures have been incorporated except those 
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obviously affected by atmospherics or precipitation static. These can be directly 
compared with temperate latitude observations (GARDNER, 1954). For the un-
disturbed months both sets of observations show distributions of temperatures 
starting from about 200°K, rising to a maximum around 220-230°K, then a slower 
tailing off to around 260-280°K. This undisturbed component of the distribution 
persists in most of the histograms. The temperatures of these first maxima (usually 
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Fig. 3. Diurnal variation of ionospheric temperature for the different observing periods. 
Only observations unaffected by atmospherics have been considered. Times of sunrise 
and sunset are as indicated. The spread in observations can be gauged from the corre- 

sponding histograms (Fig. 2). 

the modes), for each period in the Macquarie Island observations are usually within 
five or ten degrees of those for the corresponding periods in the Urisino (GARDNER, 
1954) data. Again in agreement with lower latitude results, the temperatures 
observed in the winter periods are lower than those observed towards summer. 

Hourly mean temperatures for each observing period are shown plotted in 
Fig. 3. Only observations unaffected by atmospherics, as gauged by the repetition 
rate and amplitude of the atmospherics, have been used in calculating these means. 
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The spread of observations in each period can be gauged from the corresponding 
histogram in Fig 2: The diurnal variations shown are on the verge of significance. 
This can also be judged from the corresponding histograms. The Sept.—Oct. and 
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Fig. 4. (a). Histograms showing ionospheric temperatures during (i) three hourly periods 
for which K, < 1, (ii) periods for which K, > 6 and (iii) periods of s.i.d.s. 

Fig. 4. (b). Histograms of temperatures for each value of K9 . 

the Oct.—Nov. periods were fairly undisturbed and also a large number of obser-
vations were made and so the slight diurnal effect for these two periods is probably 
significant. A slight rise in temperature of about five degrees occurs about noon. 
The temperatures near sunrise and sunset appear higher than those during the day 
by some ten degrees. This may be due to an error in judgement of the effect of 
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weak atmospherics on temperature levels. Another possibility is that, as mentioned 
in a later section, on disturbed days, observed temperatures are higher and the 
absorption of the D-layer is higher so that the onset of atmospherics occurs later. 
Hence on these days values unaffected by atmospherics can be made nearer sunrise 
and sunset (as happens in the November period) so that at these times the means 
may not be truly representative. 

A much larger effect of higher temperatures during early morning and late 
afternoon (about 500 ) at Urisino and a still larger one at Rankin Springs (GARDNER, 
1954) has been attributed to man-made interference propagated via the ionosphere. 
Consequently, the effect should be less at a site more remote from this interference 
as at Macquarie Island. 

3.3. Temperatures observed during disturbed periods 
During the November period some severe magnetic storms occurred. Two 

maxima are seen in the histogram (Fig. 2), suggesting a disturbed component. To 
separate this component histograms were computed of temperatures observed 
during quiet periods (three hourly periods for which the magnetic planetary index 
(K,) was .<„.1), three hourly periods for which K 2, > 6, and during sudden iono-
spheric disturbances (s.i.d.$). This is shown in Fig. 4(a). The correlation of 
observed ionospheric temperature with K„ is quite significant and sufficient to 
show up in a temperature—K, plot as shown by the plotted histograms in Fig. 4(b). 
Up to about Kp = 5 the temperatures appear undisturbed but are increased by a 
further increase of K,. 

The effect of s.i.d.s, however, does not appear significant. This may partly 
be due to competition with magnetic disturbances occurring at about the same time. 
Also by an unhappy chance the equipment was not operating during many of the 
large s.i.d.s so that information is limited. At the Urisino site, GARDNER (1954) 
reported "a very definite rise of about 40°K during an s.i.d." This is not observed 
at Macquarie Island. 

3.4. Non-thermal noise 
As mentioned above, owing to the remoteness of the site, no trouble was ex-

perienced with man-made interference and comparatively little from atmospherics. 
The other forms of atmospheric noise listed by GARDNER were observed, viz, rain 
static, cloud static and wind static. In addition snow static was occasionally 
observed. This is aurally similar to rain static, but the intensity can be several 
orders of magnitude greater. The noise from sufficiently distant snow storms 
appeared quite random or "white" and at low enough intensities to appear as 
slowly varying increases of apparent temperatures (100°K) lasting for an hour or so. 

The above spurious noise was easily recognized and ignored. A more serious 
type of non-thermal noise occurred in mid-winter. This produced an excess 
temperature of 50°K to 100°K or more for several days at a time. Because of this, 
the May—June histogram (Fig. 2) is strongly spread and shows temperatures above 
300°K. In the June—July series (which was not used for temperature measurement 
for this reason) the apparent temperature was above ambient (280°K) all day for 
10 days out of the 16 days observed. 
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Fig. 5. Histograms of observations of apparent temperatures made using 400 m "long 
wire" aerial tilted 34° to the south. 

Measurements carried out at 2.0 Mc/s and 450 kc/s using a southerly directed 
"long wire" aerial showed that this excess noise came from the south and that it 
was much stronger (2000°K) at 450 kcis (Fig. 5). At 450 kc/s a weak negative 

20 
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correlation with the magnetic index (K„) was found indicating that the noise is 
reduced during disturbed periods. During mid-winter at Macquarie Island, the 
elevation of the sun is only 12° at noon. Consequently at this time of the year, the 
night side of the earth is never more than about 1250 km distant. It is suggested 
then that intense radiation incident on the night side of the earth might travel 
beneath the ionosphere to Macquarie Island with sufficiently weak attenuation to 
produce the observed noise levels. The stronger noise at 450 kc/s might be due to 
less attenuation at this frequency and the reduction of noise during disturbed 
conditions (high KD ) suggests increased attenuation. 

At a frequency of 2 Mc/s the equivalent temperature of cosmic noise is of the 
order of 10 7  °K (ELLis, 1957). Near the edge of the night hemisphere the ionosphere 
would probably be transparent to this noise. For frequencies much below 1 Mc/s 
ELLIS (1956) has shown that observations of cosmic noise are unlikely. However, 
REBER (1956) reports night-time temperatures of about 10 5  °K at 520 kc/s. 
Hence intense radiation is incident at night at both frequencies, so we now consider 
attenuation for propagation beneath the ionosphere. ELLis (1958) has considered 
such trapping of noise and its subsequent propagation by hop transmission for 
large horizontal distances. The attenuation with distance for several ionosphere 
power reflection coefficients is given in his Fig. 11. If we now take the reasonable 
reflection coefficients of 0-01 at 2 Mc/s and 0-5 at 450 kcis and the initial noise 
temperatures of 10"K we can expect excess noise at Macquarie Island during mid-
winter days of about 10 2  °K at 2 Mc/s and 10 3  °K at 450 kcis. 

3.5. Observations at 5-6 Mcls and 7-0 Mc/s 
These measurements were made with the long wire aerial mentioned above. 

The 5-6 Mc/s histogram (Fig. 5) is not significantly different from the 2 Mc/s dipole 
one for Sept.—Oct. (Fig. 2). At 7 Mc/s the temperatures appear about ten degrees 
lower, which is barely significant. Cosmic noise was apparent at 7 Mc/s when the 
critical frequency of the F-layer (f0F2) went below 7 Mc/s. The very high intensity 
of cosmic noise made it easily recognizable, so that it has not been included in the 
noise levels scaled for temperature measurement. 

4. DISCUSSION 
Although a considerable volume of the ionosphere contributes to the measured 

temperature, it can be shown (PAwsEY et al., 1951) that only a small range of 
heights, about 10 km, contributes appreciably. Physically, the ionosphere is too 
opaque for the aerial to "see" beyond this range of heights and too transparent for 
it to "see" any ionosphere below it. To a first approximation, therefore, the 
measured temperature may be taken as that of a certain level of the ionosphere 
corresponding to the "optimum opaqueness" of the ionosphere which depends on 
the electron density N and collision frequency v. If either N or v is increased the 
optimum opaqueness will occur at a lower level. Rocket measurements (Rocket 
Panel, 1952) show that the temperature of the ionosphere varies with height so that 
we would expect a variation of N or v to produce a variation in measured tem-
perature. 

The diurnal variation of the height of the D-region has been investigated by 
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BRACEWELL et al. (1951), with reflections of very long radio waves and found to fit 
the formula: 

hz 	hx _ o 	A(t) ln sec z 

where z is the altitude of the sun and A(t) is a constant having the value of about 
six during the equinoxes. They also found a difference between the summer and 
winter noon heights and a sharp decrease in height during an s.i.d. (sudden phase 
anomaly). Using this, the expected diurnal height variation during an equinox at 
Macquarie Island together with summer and winter and s.i.d. effects is shown in 
Fig. 6. The temperature scale on the right was taken from the Rocket Panel (1952) 
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Fig. 6. Diurnal variation of the height of the D-layer at the equinoxes. Midday summer 
and winter heights are shown dotted. The temperature scale on the right was compiled 
from the Rocket Panel curve. The height decrease during a sudden phase anomaly 

indicates the temperature rise expected from an s.i.d. 

temperature—height curve which is approximately linear in the height range 
53 km to 74 km (210°K to 270°K). 

Consider the possibility that all the variation of observed temperature is due 
to variation in electron density (as indicated by height measurements at very low 
frequencies) alone. The predictions of this hypothesis and the experimental results 
are compared in Table 2. The general agreement here is quite good. The predicted 
diurnal variation barely shows up probably owing to the atmospheric effect dis-
cussed in Section 3. A somewhat stronger temperature rise occurs during disturbed 
periods than that predicted. This was also the case during s.i.d.s at Urisino (40°K). 
For large increases of ionization, however, the optimum opaqueness level, being a 
function of N and v, is depressed more than the isopyc* since the collision frequency 
v increases exponentially with decrease in height, giving a stronger rise in measured 
temperature. 

At 5-6 and 7 Mcis the temperatures were much the same (within the expected 
error) as the 2 Mcis measurements. However, at these frequencies the D-region 

* isopyc: surface through points of equal electron density. 
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is much more transparent so that there is no longer a thin layer of "optimum 
opaqueness" responsible for most of the temperature contribution. This situation 
is apparent from the principle of detailed balancing. Suppose the aerial is radiating 
power towards the ionosphere. At 2 Mcis the absorption is very high and most of 
the power will be absorbed in a relatively thin layer. At 7 Mc/s though, probably 

Table 2 

Fixed temperature—height 
hypothesis Experiment 

Mid-summer temp. : 240°K 
Equinox temp. 	: 225°K 
Mid-winter temp. 	: 215°K 

November 	: 235°K 
Sept.—Oct. 	: 227°K 
July 	: 225°K 

Noon temperatures, some 
10-15° higher than early 
morning and late afternoon. 

About 5° difference 
(Oct.—Nov. series) 

Rise of 15-20° during an s.i.d. 40-50° during strong 
magnetic activity 

only about half of this power would be absorbed on the ray's first trip through the 
D-region. If we assume that the reflection coefficients of the F-layer and "ground" 
(in this case the Southern Ocean) are both unity, then all the power will ultimately 
be absorbed in the D-region but the depth of ionosphere responsible for (say) 
90 per cent of the absorption might include the entire D-region. The temperature 
measured would then represent an average one for the whole region. 

Large increases in measured temperature and anomalously high absorption are 
strongly correlated with high K, values. Both of these effects are probably due to 
large overall increases of D-region ionization produced by auroral particle bombard-
ment. The apparent temperature increases have been explained above. If we 
make the simplifying assumptions that most of the absorption occurs in a relatively 
thin stratum, and that the various factors governing the absorption do not vary 
appreciably within this stratum, we find the total absorption p in nepers at fre-
quencies greater than the collision frequency v and the gyro-frequency fL  is given 

	

by: 	 P =CNev(f iL) -2  
where C is constant. 

Since the absorption decreases rapidly with frequency it is often measured on 
ionospheric soundings in terms of the lowest frequency for which echoes are re-
ceived (imin). During daylight hours Jima is around 2 Mc/s on undisturbed days but 
rises to around 10 Mc/s or more during highly disturbed conditions. Since the gyro-
frequency fL  is about F5 Mc/s it is seen that at any given frequency the absorption 
and thus the product Nev must increase by a factor of about 10. 

	

2 
	 17 



R. L. DOWDEN 

The collision frequency at any given height is unlikely to change by more than 
some per cent (since v cc P/ 2 ), but as a function of height we find an exponential 
relation, so that at a height 20 km lower the collision frequency is some ten times 
higher. In order to explain increases of apparent temperature of from 40° to 50° 
during strong magnetic activity we required a height depression of isopycs of some 
15 km (see Fig. 6). Owing to the limited region for which the slope of the tempera-
ture–height curve (Rocket Panel) is negative a further height decrease would not 
have given a further temperature increase. Hence during severe magnetic activity 
we might suppose that the overall ionization of the D-region is increased sufficiently 
to depress the lower isopycs by some 20 km. For each isopyc then, the collision 
frequency effectively increases some ten times so that the total absorption in-
creases by about this amount. 

5. CONCLUSIONS 
The temperature of the lower ionosphere has been measured in an auroral zone, 

using similar techniques to those used by GARDNER (1954) in a temperate region. 
The temperature range and seasonal variation of temperatures have been found to 
be the same as in a temperate region. Owing to the much lower intensity of 
atmospherics and complete freedom from man-made noise temperatures have been 
measured from sunrise to sunset, and the higher temperatures during early morning 
and late afternoon in GARDNER'S results were not apparent. The observed tempera-
ture variations can be similarly explained in terms of a fixed temperature height 
scale. 

No large increases in temperature have been observed during s.i.d.s, but during 
strong magnetic activity temperatures have been found up to 50° above normal. 
This, and the very large increase in absorption ("polar blackout") experienced in 
auroral latitudes during magnetic storms is thought to be due to bombarding 
auroral particles causing a strong increase in ionization and thus a descent of the 
region of absorption to levels of much greater collision frequency rather than a 
direct heating effect caused by these particles producing higher collision 
frequencies. 

For temperature measurements by this method the optimum frequency appears 
to be around 2 Mc/s. At much lower frequencies measurements can be con-
taminated by noise trapped from the night hemisphere and at much higher 
frequencies the D-region becomes too transparent for temperature measurements 
in a narrow height range. 
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(Reprinted from Nature, Vor 1183, 1"pp. 385--:386, Feb. 7, 1959) 

'Whistler Mode' Echoes remote from the 
• Conjugate Point 

EcimEs of very low frequency radio signals .  from 
• station NDT on 17.44 kc./s. in Tokyo (25 0  N. geo-

magnetic latitude) with delays of about 0.2 sec. have 
been detected at Hobart, Tasmania (51 0  S. geomag-
netic latitude). The Eckerslcy—Storey theory of 
'whistler' propagation predicts that 'whistler mode' 
signals from Tokyo would return to the Earth's 
surface at a point (the geomagnetic conjugate point 
to Tokyo) near Darwin, Northern Territory, some 
3,500 km. from Hobart. *, 
- The signals used were i-sec.'. pulses sent every 
second for a 4-min. period. These transmissions 

-were• specially arranged by the Australian National 
• Committee of the International Geophysical Year. for 

a conjugate point experiment. The.receiving equip-
ment consisted of a single-turn, crossed-loop system, 
70 ft. high, fed through a goniometer into a made-up 
receiver having four tuned radio-frequency stages and 
two tuned intermediate-frequency stages. The en-
closed area of each loop .  was about 900 m. 2, the 
receiver intermediate frequency was 750 c./s. and 
the overall band-width was about 15 c./s. The 
signals were recorded on tape. - The null direction of 
the crossed-loop system was adjusted so as to reduce 

• considerably the direct signal since the .i.VDT trans- 
' mitter radiated a strong residual signal in between 

the pulses. 	 . 
The direct signal from NDT was received With a 

strength of about 150 1.1.V./m. during the day. All 
measurements were Made at about 1250 Ideal time. 
A series, of distinct echoes were heard on only one 
of the five periods observed (1254 E.A.S.T., Septem-
ber 30). . On. analysis these were found to have an 
average time delay of 0.21 sec. and a strength of 

• 3 v.V./m. Four direct pulses, each followed by an 
echo of about this delay, are shown in Fig. .1.' - t As only a few echoes were heard it was 'not possible 
to locate the source by direction-finding methods. 
It seems most likely from the delay .times, however, 
that the echoes travelled via the 'whistler mode' from 

Fig. 1 



- 
Tokyo to somewhere around Darwin and to Hobart •  
via the Earth - ionosphere wave-guide mode. The 
observed 0-2-sec. delay is in agreement with observed 
whistler dispersions (from 30 to 50) for this geo-
magnetic latitudel and with a similar whistler mode 
echo experiment'', using -the station NPM, which is 
also on about this same geomagnetic latitude. The 
actual time spent in the whistler mode is found by 
adding tho travel time for the direct pulse from 
Tokyo to Darwin (0-02 sec.). This time is then 0-23 
sec. 

Use can be made of these results to estimate the 
minimum electron density on the line of force 
originating from the transmitter. Whistler mode 
echoes of very low-frequency stations have an 
advantage over natural lightning flash whistlers in 
that the position of the transmitter is readily and 
accurately known. As borne out by this experiment, 
the assumption that short whistlers originate near 
one's conjugate point could lead to an error of more 
than thirty degrees of latitude. 

The whistler mode delay- time for a signal of 
frequency f travelling along a line of force in a 
medium of plasnie, frequency fp  and gyro frequency 
hi/  is given by Storey's') equation (15) provided 

> f and f.„2> f : 

- 261 fp (ffH) ds 1 
-1/8 

If we assume a dipole field and a constant electron 
density along the line of force (neglecting, for the 
moment, the effect of the lower ionosphere), we can 
get the approximate expression : 

Ro 	 xo 7  fr.  (ffzio)_:.,2 10  (1-,2)812 (1 3,2)114 clx 

R o  (f f)1' x9(1-ixg2) + terms in xga 	( 1 ) 
- 

where 1? is the distance from the Earth's centre (in 
units of the Earth's radius) and x is the sine of the 
geomagnetic latitude angle. The subscripts 0 and g 
refer to values in the geomagnetic equatorial plane 
and at the Earth's surface respectively. The maxi-
mum value of x is xg  ------- sin 25° =-- 0-4, so to within 
an accuracy of a few per cent we may neglect terms 
in zo. • 

To this must be added 'a correction to take 
account of retardation through the lower ionosphere. 
Considering only the region and assuming a 
parabolic layer of semi-thickness y„„, critical fre-
quency,fp, and magnetic dip angle p  and assuming 
all other quantities to be constant within - the integra- 



tion limits, we find the correction to be applied is : 

At = 17rfPc (ffli) -1 / 2Yin cosec p 	(2) 

We can apply equations (I) and (2) to find fp, 
at R o. On substitution of xg  = sin 25 0  and t ± At = 
0-23 sec. we find At = 0.04 sec. R o  = 1-22 radii and 
fp.= 1-75 Mc./s. This suggests an electron density 
of about 20,000 cm.-3  at a height of about 1,400 km. 
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( Reprinted front Nature, Vol 811 pp. 803, September 12, 1959) 

Low-frequency (100 kc./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 Mc./s. and an intensity of about 10 -19  
watts per square meter per cycle per second (W.m.- 2  
(c./s.) -1 ). Ellis 2  later showed that cosmic noise at 
lower frequencies could not penetrate the earth's 
magneto-ionic upper atmosphere. Reber 3 , however, 
reported observations of steady noise of intensity 
10_22 w.m._ (,./s. , _1 ) 	at frequencies of 520 kc./s. 
and 140 kc./s. This appeared to be correlated with 
sidereal time and so was claimed to be cosmic noise. 

Recently 4  extraterrestrial continuous ('white') noise 
has been studied in the audio-frequency band. This 
normally shows peak intensity (10-' 6  W.M. -2  (C./S.) -I ) 
at. around 4 kc./s. It appears to be generated in the 
upper atmosphere by auroral particles 4 , it is highly 
correlated with auroral airglow 4 , 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- 14  W.m. -2  (c./s.)-'). In view of Reber's observ-
ations (and similar observations of mine' at 450 kc./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 kc./s. band. The centre frequencies of 
these channels were 4.6, 9.6, 27, 70 and 180 kc./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 . , -1 ) and for the higher 
two it was around 10- 21  (C./S.) -1 . 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 
was 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- " 
W.m.- 2  (c./s.) - ' at 4.6 kc./s.) but at 70 and 180 kc./s. 
the noise power was at least two or three orders of 
magnitude greater than normal (to about 10 - ' 9  
w.m.-2 (,./s. )_1) .  

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 kc./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 kc./s. and 9.6 kc./s. observations. 

R. L. DOWDEN 

Commonwealth Ionospheric Prediction Service, 
Hobart, Tasmania. 

Aug. 19. 
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(Reprinted front Nature, Vol. 187, No. 4738, pp. 677-678; 
August 20, 1960) 

Geomagnetic Noise at 230 kc./s. 
GEomAoNETio radio noise or 'hiss' usually occurs 

only in the audio rcgion. During severe magnetic 
storms it has been reported up to 30 kc./S. on a 
sweep frequency analyser' and at 70 and 180 kc./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 kc./s. are 
described here. 

-. - Observations were made simultaneously at the 
four frequencies. 4; 9, 70 and 230 kc./s. (using two 
dual-beam cathode-ray oscillographs and photo-
graphic recording) over the period mid-September 
to mid-November, 1959. Geomagnetic noise was 
observed on three occasions only : 2245 October 
31 ; 0430 13.77., November :3; and around 0330 UT., 
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 kc./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 .8p.V.m.- ' (c./s.) -4 at 9 kc./s. and 16  
(c./s.) - i at 230 kc./s., corresponding to intensities of 
about 10-" w.m.- 2 (c  Is  s- 1 ) at 9 kc./s. and 3 x 10-" 

(c./s.)-4  at 230 kc./s. The intensities observed 
at 4 and 9 kc./s. at these times were typical of strong 
bursts at these frequencies. The 70 and 230 kc./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 erenkov radiation from small 'clouds of charged 
particles travelling through the ionosphere and 
exosphere''.'. Radiation is produced at all frequences 
for . which the velocity of the particle clouds exceeds 
the group velocity. of the radiation (Nrenkov condi-
tion). The close correspondence between 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 kc./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  date.  The 
assumption was made that the electron  density  in the 
exosphere is spherically distributed.  At  9 kc./s. it 
was found that the group velocity  would  be every-
where less than 0.12 c. from the  ionosphere  to the 
equatorial plane (total distance 15,000  km.).  At 230 
kc./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 kc./s. group velocity would  be  everywhere 
less than 0.17 c. Consequently, particle clouds 
travelling down this tube of force at  0.2 c.  (say) could 
produce Cerenkov radiation at both frequencies. 
Since the travel-time even of 9  kc./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 Nrenkov 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 
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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 kc./s. would be proportional 
to the path-length in wave-lengths for which the 
eerenkov condition holds'. This indicates that the 
intensity produced at 230 kc./s. should be nearly ten 
times that at 9 kc./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 kc./s. by a factor of five. Also 
if the attenuation in regions of high collision frequency 
is taken into account (from Helliwell's curves') we 
find that 230 kc./s. will be attenuated by about eight 
times as many decibels as 9 kc./s. Agreement with 
the ratio of intensities observed at Hobart (3 x 10 3  
or 35 db.) is reached for an assumption of about 5 db. 
for 9 kc./s. and hence about 40 db. for 230 kc./s. 

Consideration of tubes of force ending farther south 
of Hobart require attenuations of 9 kc./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 kc./s. to a few hundred kc./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 are duo to Mr. G. T. Goldstone, who 
built much of the equipment and assisted in the 
observations, and to Mr. P. S. Bowling who provided 
housing for the equipment in the field. 

R. L. DOWDEN 
Commonwealth Ionospheric Prediction Service, 

Hobart, Tasmania. June 10. 
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A theoretical model of electron density distribution along a geomagnetic 
line of force in the exosphere 

R. L. DOWDEN 
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 
(ionosphere). The first case gives a distribution of roughly constant density for geomagnetic latitudes (A) 
up to 60° and the second to one of density roughly proportional to magnetic field strength for A < 60° and 
R < 1.25 earth's radii. 

1. INTRODUCTION 

OVER 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.l.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 aresupplied 
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 distribution of the faster particles which produce v.l.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 derived on the rough 
assumption that the electron density in the source regions (ionosphere) varies 
with geomagnetic latitude (A) as cos A. 

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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2. THEORY 

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

R = Ro  cos2  1 

R0  = sec2  A 

H =97H 0  

HA = H0A 0  hence A = A 0In 

ds 
= Roc4 cos 1 di  

where: 

R = radius vector in earth radii polar coordinates 1 = latitude angle 
2 = geomagnetic latitude at which the line of force cuts the earth's surface 

H = intensity of the earth's magnetic field 
= sec6  / 
= (1 + 3 sin2 0112 

A = cross section area of tube of force 
s = distance along line of force 

Subscript "0" denotes values for which 1 = 0 (i.e. in equatorial plane) and subscript 
"A" values for which 1 = A (earth's surface). We note immediately that: 

= cko = 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 tp and its speed v. Equations 
governing its motion (GOLD, 1959) are: 

v = vo  (constant) 

Hisin2  v 	H0isin2 Po 

Hence sin2  v =17 sin2  
The velocity of the "guiding centre" of the spiralling particle is: 

ds —dt = v cos v = v(1 — sin2  v)1 / 2  

= v(1 — 17 sin2  voly2. 

The probability Of finding this particle at position "1" is proportional to dud!. 
Now, 

dt 	dt ds R ost cos /[v(1 — 17sin2  vo)/2] -1 . T/ Ts dl 
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If we consider a large number of such particles (1, v 0 , v) the density (cm. -3) will be 
given by 

n( 	
K R s in2 v, 0)-312 

1P 	A) oc d
d
—t

1
1 = ---9  . 74 cos 1 (1 

A ov 

where K is a constant of proportionality. 
In the equatorial plane: 

• • K R 	 K R 
1/ 0(1P0) V ) = 	

 (I 	s i n2 suo)-1/2 = 	 
A ov 	 21 0v cos v 0 .  

Hence 
n(J0) = n o(v0 )770 cos 1 cos vo(1 — sin2  V0) -1/2 - 

	 (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 

dNo(vo ) -= No  sin vo  dv o  (2) 

where the expression on the left hand side represents the density (at 1 = 0) of 
particles having pitch angles in the range v o  and vo  ± (-Ivo . Substituting this for 
n(V0) in ( 1 ): 

dN Op 0) -= 00 cos 1 sin vo  cos vo(1 _ 7.1 s in2 vo)-1/2 dv,o.  

The total density at point 1, 2, is given by integration over all allowable values of 
• vo  from v o  = 0, to vo = its maximum value 7 0  given by n  sin211/0  = 1. Particles 

which had pitch T o  will have pitch v .77/2 at this point (magnetic mirror point). 
Particles of greater pitch will have been removed by .magnetic reflection before 
reaching this point. 

Hence 
To  

J N .--- N on0 cos 1 	sin L) 0 n2  v L) 0  cos vo(1 — ri si o)-1/2 dvo. 

Putting :V2 	— sin2  v, o , 

N N 0770 cos 1 - dx = N 0  cos 1. 17  
f

0
t 	

( 3 ) 

The expression cos 1 is unity at / = 0 and at sin 2  1 = 2/3 (1 , 55 0 ). It has 
its maximum value (1-15) for sin2  1 = 1/3 (1, 35e). Simple computation shows 
it to be within 15 per cent of unity for 1 < 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 (2) up to A = 60 0 . 

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 1 = A. The distribution of pitch angles is given [as 
in (2)] by 

dNa(vA ) = N2 sin VA dVA. 	 (4) 

We relabel these same particles by the pitch angles ('pa)  they would have on 
reaching the equatorial plane, where 

sin2  vA  = jA sin2  vo. 	 (5) 
Differentiating: 

2 sin vA  cos IPA  dipA  = 2711  sin 'Po  cos tp0  dipo . 
sin vo .cos 'Po  Hence 	 sin va  dtpA  = 	  &Po cos VA 

'la sin vo  cos v o (1 — 772  sin2  vo ) -  1/2 dip  
Relabelling (4) and substituting: 

dNa(vo) = NAnA  sin vo  cos vo(1 — na  sin2 V0)-1/2 dip°. 	
( 6 ) 

From (1) we have: 

Replacing no(v0 ) 

Integrating from 
1/712 )11'2] :  

Hence 

(1 _ 772 sin2 v0 )112 
no(V0) = n2(V0) 

in (6): 

1/772  [hence cos 1P'0  = (1 

(8) 

0AnA  cos tp cos A 
by dN o(vo) and n2(v0) by dNA (vo ) as.given 

dNo(V0) 
= N2 sin tp o 

 div°.  
v o  = 0 to vo  ---- To  where 

N A 

(7)==  

A cos 2 
sin2  To  = 

IT° 
•  io 	sin Vo dVo 

1/2 
( 	

?b. 
c  11 \ . 

knA) 

No 	z 

N0 = 0 A  cos A 

N A == 
OA  COS 2 

N A 
OA  COS A 

dNo(vo ) -= — sin v o  40 . 

C (7-12) 
We can now find N at any point "1" 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 sin2  To  = 1/771 . 

That is 
No  

N = 	 cos 1 [(1 — sin2  1p 0 )112]Fro  
( 1 1712) 

= N cos 1 C (17-11-2) 	G.) 

where 	= 1 — (1 — 
,11 112 ' 

 and use has been made of (5). 
?IA 	 71,‘ 

(9)  
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An approximation can be obtained by noting 

06) s  .6  + *62,  
Hence for na  > I. and > 

N = N0  cos 1. 	 (10) 

This approximation is good to within about 10 per cent provided nAin  > 211  or 
sec6A/sec6/ > 2 or .1? > 1-25. 

The distributions derived have been expressed in terms of N 0  since this quantity 
(as a function of R o  or A) is the one most readily found from whistler and pulsation 
studies. However, the No(A) distribution is derivable if we assume a distribution 
for NA, the electron density in the upper ionosphere. 
Suppose 

NA = NE  cos A. 
Substituting in (7) 

= 
PA VW 

NE 
2(k2n2 

for A > 25° 

Or in terms of R o (Ro  > 1.25): 
NE  

2R0 3(4 - 3/R0 ) 

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 SIBLEY (1959) find that the field lines connecting the auroral Zones (R0  6) 
.arc 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 10 8  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 = 5 Nds) along this line is about 80 cm -3  so 
that at this temperature the effective average collision frequency will be about 
2 x 10 -4  sec -1. 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 for electrons and ,4000°K 
for protons. CHAPMAN (1959) suggests that the temperature of the exosphere 

_ 

— 

— 
A(lcock 

—(whistlers) _ 
_ _ _ 

Dungey's distribution — 	 

. 940t• 

-N.' "■,,,„..........„...,..,,  Obayashi 
(pulsations) 

I 	• 
2 
	

4 	5 
	6 	7 

DISTANCE IN EARTH RADII 
Fig. I. 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. JOHNSON (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 Ro  and the definition of A. 

3.2. Computed distributions 
The electron density in the equatorial plane (N o) as a function of radial distance 

(R0) was computed from (11) for NE = 2 x 10 5  cm-3. This value of NE, the 
average electron density of the source region above the equator, is consistent with 
experimental measurements of the noon maximum density of the ionosphere 
(N„,a„) at the equator (CRoom et al., 1960) of x 105  cm-3  and values .AT „,a„ 
,0.2 at ,800 km (presumably the source region) found by satellite experiments 
(GARRIOTT, 1960). This is shown in Fig. 1 together with DIINGEY'S (1954) theoretical 
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distribution N cc exp (2.5/R) scaled to give agreement at 2 earth's radii and the 
experimental distribution of ALLCOCK (1959) from whistler studies for the range 
1•2-3 earth's radii, and by OBAvasin (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 R o  < 2, nearly a factor of ten for R o  r•-• 7, but decreasing 
at greater distances [using OBAYASHI'S extrapolation N =-- exp (17.5/R0)]. 
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Fig. 2. Electron density along a line of force. 

The distributions along lines of force A = 400  and 2 =- 60 0  were computed from 
(9) using values of No  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 A =- 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 1 and so provided 
also R > 1.25, we have from (10) N nN 0  or N cc H. Hence in this region the 
"whistler" mode (longitudinal extraordinary mode at frequencies much less than 
the gyro frequency) refractive index, being proportional to NIH, is approximately 
constant. 

Values of electron density (N) were computed for a large number of points 
(A, 1) for lines up to A = SO° from values of N o  taken from the experimental N0(R0 ) 
whistler-pulsation curve. For A > 65° values of effective N0  were obtained by 
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extrapolation. For the longer lines of force (2 > 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 R> 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/No  = H/L/0). The density distribution of "aurora" 
or "magnetic storm" particles has also been derived (equation 3). The latter 
expression approximates to N =No  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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NOTE ADDED IN PROOF 
. 	. 

IT HAS SINCE been pointed out to the writer by Dr. .T. H. PIDDINCTON and Dr. F. S. JoiiNsoN 
that satellite orbit data give temperatures of 1000-1500°K at heights around 400-700 km 
(ITAnnts and JASTROW, 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. HEY-Tx:v=) 
of.a. distribution of electron density out. to 5 earth radii obtained from nose whistler measurements 
(Siurrn,- 1960). This distribution was found to fit a "gyrofrequency" model: N KfE4,171, 
where K is constant. Our distribution can.be  put. in this form from (10) and (11) where 

	

NE95 cos l 	N K  _ 	 
2 ( f Ida 	2 (.111)). 

For Ro  > 1.25 and I and 2 < 60°, K is "constant" to within about .50per cent. The two distribu-
tions can he closely matched throughout this region if the value of NE  suggested in Section 3.2 
is reduced by a factor of about three. 
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Ellis [1960] showed that individual bursts of 
LF radio noise associated with geomagnetic 
sturbances (also called 'hiss' or 'geomagnetic 
)ise') are often fed into the ionosphere-earth 
aveguide structure at fairly well defined points. 
he geographical position of these virtual sources 
Lri be located by comparing noise intensities of 
Lree different stations [Ellis, 1961]. For each 
iir of stations there Will exist a family of curves 
fined by 

(r2/r,) exp [-a(r, - r2)] = R 

here R (a constant of each curve) is the ratio 
the power intensities observed from a noise 

,uree distant r 1 , rz, respectively, from stations 
and 2, and where a is the attenuation coefficient. 
Data were obtained for the pair of stations 
obart-Macquarie Island at the two frequencies 
3 and 9.3 kc/s for the 10 weeks from December 

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 kc/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-kc/s 
components which were not very much stronger 
at Macquarie Island. 

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 kc/s and 9 kc/s propagation, respectively, is 
given in Figure 1. A 4-kc/s source occurring on 
the Hobart-Macquarie Island line would appear 
10 db weaker at both stations if it were shifted 

TABLE I. Simultaneous Noise Bursts 

Date 
Universal 

Time 

• 4 kc/s Intensity 
• Wm-2(c/s)l X 10' 6  

9 kc/s Intensity 
Wm-2(c/s)- ' X 10 16  

Hobart M. I. Ratio Hobart M. I. Ratio 

Jan 14 
15 

Feb 	1 
2 

0500-1000 
2040 
1630 

1630-1715 

30 
30 

1.2 
1.2 

650 
14 
4.8 
1.2 

22 
0.5 
4 
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 0 <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 

1587 
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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 kc/s, and of 2 db per 1000 km (dashed) for 9 kc/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-kc/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 kc/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 positio 
varied from at least 100 to 500 km. 
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WIDE–BAND BURSTS OF V.L.F. RADIO NOISE (HISS) AT HOBART* 

By R. L. DOWDENt 

[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 c/s to 250 kc/s. The observed intensity [Wm --2  (c/s) -1 ] 
ranges from nearly 10 -2  at 100 c/s to 10 -2* at 250 kc/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-i° Wm-2  (c/s)-1 . 

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 occur 
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 kc/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 kc/s to more than 200 kc/s (Dowden 
1960). Later observations (this paper) have followed these wide-band bursts 
down to less than 100 c/s so it seems likely that occasionally bursts spread over 
the range from 100 c/s or less to a few hundred kc/s—a frequency ratio of several 
thousand. 

This paper examines the ground level intensities recorded at several spot 
frequencies (125, 240, 410, 760 c/s, 1 .8, 43, 9.0, and 230 kc/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. 
f 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. 

WM.Y001110111010 9  
240C 

WIMMIPM1010.10111.1116011001111.04"4,00111 
410C 

AUG. 17, 1960 

MVIOWN4401100"P"..*44"..VAM V‘rt own.*:...i,.Z 
760C 	12 	 13 	 14 	 15 

Lc) 

10 	 11 

4.3 KC 

jefiL 
11 

Lo I 

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 di -own 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 10%) was more than adequate for the argument pre-
sented in this paper. 



9 

0
 

CD
 

g
:  

at
; CD
 N•
 

cl-
 

t=3
" 

CD
 

02
 

et
 

1-$
 

0
 

L\
D 

0
1
 

CD
 

Do
 

1-4
 

co
 

(2
) 

co
 

CD
 

A
 

—
L

O
G

, o
s 

(w
 M

-2
  (c

../
9)

-9
 

CD
 	

173 	
CO

 

I 
-...

. 
....

. 
I 

S
 

S
 

S
 

I 
S
 

I
.
 

■
 

...-:
: 

S
 

:"..
:1  

-...:
: 

I::
" 

::.=
 

-..
. -..
 

>. 

---
: - S
 

,
 

S
 

.-.:
: 

■
 

,
 

■
 

•.-
. 
,
 

.-.
. 
,
 

-1
, : 

I 

.:-
--

 

--
: 
,
 

:-.-
- 

•-.1
. 

..
, 

--.
. 

■
 

-,
, 
,
 

6 
F
IE

LD
 S

T
R
E
N

G
T
H

 (
1
1
V
M

-1
(
C
/
S
)
)
 

5-
  5

 
Co  *1

 
P
 g

8
4
 

co
 

5. 	
0 

, -s
 ,..

..-i
,  5

2.
 	

0
 

co
 l
z 

,-1
-, 

N
 

cr
, 
p
 e

l-
 e

t 
te

i 
10

 
cl

.  
g

et
- 

g'
 i
g 

C
o 

oco 	
t
 

g
onco

  
O

...
, 

 
0
 

C
V
 G

 C
D

 
C
e 

C
M

.  
0
 P

 
8 

•
17

. 
et

 
C

+
 ,1

 
CD

' 
 

,
 

0
 —

 
.1

 
2.

 cm
 

C
D

 C
D

 c
o
ll
 0

 

4
10
 

le-D
. 

 

2.
 C

l-
 c

o 
co

 
co

 0
 is

o 
w

  
r.

 
. 	

g 
Co

 
CD

 
 c

o tzs
  4

 
CD

 
C
D

 0
 

G
O

 
C

.  
p
 

E 	
is i

g 
C:

e 
zs

 ir
s•

 
p 

P
 e

t 
,-

i e
l-

 
I.

..
 •

 0
r.

  
0
 
5
 

e
- 

e
- 

P
 

O
0.

,  C
D

 0
2
 

e+
. 

C
D

 D
I,

  0
 

0-
 	

P
 

O
1
 

0
,  O

" 
co

 
C
D

 P
.;

 
0

 t
ee

t- 
,.

.,
 C

D
 <

 
. 

C
D

 C
o  a 

. 

I i
g,

 a
l 

a 
 g

c°
 c°

  
<1 

0 
5 

Co  
(1

,  g
 

P
 

re
 —

11
  C

o ,-% 
g'

 
0
  

‘t
i 
C
D

 C
D

 0
 

P
g
 

8 
a
 

Cl
- c+ rz
' 

ct,
  P

 a
c
t 

co
 P

.,  
C

O
 0

0 



WIDE-BAND BURSTS OF RADIO NOISE (MSS) 	 117 

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 kc/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 kc/s) but worsened in both directions to about 5 dB 
at 100 c/s and 10 dB at 200 kc/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 kc/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 : ps (r, dr) of 
a source occurring within this annular area ; po(r, dr) of it being observed at 
Hobart if it did occur ; and pos (r, dr) of an observable source occurring within 
this area (within r and r +dr). It follows : 

pc (r,dr) ccdA ccr.dr 
po(r,dr) ccintensity on arrival at Hobart 

cc e ccr/r 

where a =attenuation coefficient for the Earth-ionosphere waveguide mode. 

po (r,dr)=Rjr,dr).p o(r,dr) 
=e-cer • dr. 

We define a median range # such that 

f0  Po (r,dr) =5 p,(r,dr), 

that is 

Hence 

1 	0 1 	- 
— cc 	cc 

e - = . 
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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 (f) 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, 

d_Ps (r)ccr.dr, 

Transmission over distance r to Hobart would decrease this by a factor e -ccr/r, 
so that the power observed at Hobart from this area (from ranges r to r +dr) 
is then 

di)„(r) =K. e 

K being a constant of proportionality. We define the median range f as that 
range within which half of the observed power occurs. Then 

co 
g e -ar.dr=K 	e 

0 

Hence the same argument as that above leads to 97. -,-;1000 km. 
Selection of the f. =1000 km day and night curves of Watt and Maxwell 

gives us the below-ionosphere losses for the frequency range 1-100 kc/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 kc/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-i0 wm -2 (c/s )- 1  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. 

It is 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 -14  Wm-2  (c/s) -1  at 512 kc/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 - ' 9  Wm-2  (c/s) -i 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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Doppler-Shifted Cyclotron Radiation from Electrons: 
A Theory of Very Low Frequency Emissions from the Exosphere 

R. L. DOWDEN 
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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. 

where h is the gyrofrequency, p is the plasma 
frequency, and Ode 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 

f = H/(1 — fldn) 

He showed that this approximated to the TWT 
expression. Essentially this is because for Hlf 
1, ni3d  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 electrons, since the emitted 

1745 

troduction. Very low frequency emissions 
✓ in the audiofrequency region and show 
iation with magnetic disturbance. It is 
rally thought that they are generated in the 
phere or upper ionosphere by fast charged 
tcles. Two main types occur: 'hiss,' a con-
xis white noise that can occur in broad or 
pw bands; and 'chorus,' which is made up 
sing and falling tones or whistles. Only the 
us type is considered here. This phenomenon 
;times occurs as quite separate discrete 
ties showing definite and repeatable forms 
'requency-time spectrographs. These have 

described by many workers as 'falling 
s,"hooks,"risers,' and 'pseudo noses.' 
nples of these are shown in Figure 1 (after 
well and Carpenter [1961]). 
le first theory explaining the frequency-time 
e of some of these was given by Gallet and 
:well [1959]. They suggested that, when the 
[de speed fi'dc was equal to the wave velocity 
at some frequency, energy from the particle 
d be fed to the wave in a process analogous 
rat of the traveling wave tube (TWT). 
ius from the condition 

= 1 

the refractive index 

n2  = 1 -I- p 2/[f(h — f)] 

n2  >> 1 
found 

= A [1 ± (1 _ 
4/3d2p2 \ /21 

2 	 h2 	) 
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2. Graph of equation 3 for finding emitted 
frequency. 	

kc 

er is inversely proportional to the square 
ie particle mass. Thus we would expect the 
ation power from electrons to be greater 
L 3 million times that from protons, other 
ors being the same. 
Iwory. Suppose that an electron (or rather 
nail bunch of electrons) is traveling in a 
c about a line of force of the earth's magnetic 
. Suppose that it is traveling away from the 

,rver's hemisphere with velocity component 
g the line of force of fiac. Thus the rotating 
ron (or bunch) is an oscillator of frequency kc 

16 	 oving away from the observer at velocity 
Lia a medium for which the observed frequency 
vels at velocity c/n. 

600 	400 	20° 	00 	20° 	400 	60° 
	

SEC 

SOUTH 	 NORTH 
	 (d) 

g. 3. Frequency emitted by an electron of 	Fig. 4. Frequency-time (dispersions) curves for 
energies shown as a function of position (lati- the electrons considered in Figure 3. These should 
angle). All four electrons have mirror points be compared with the observed spectrograms in 

. 0. Figure 1. 
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5 2.56 
10 1.82 
25 1.28 
50 0.81 

Thus 

f = h/(1 -F 
where 

n2  =`—' P2/[f(h 	for n2  >> 1 

(A) 
Slow Fost 

(a) 7S-  lo—w—  Fast 

(C) 
SLow Fast 

(D) 

._ 

North 

South 

TABLE 1. Mirror Oscillation Periods of the 
Electrons Considered in Figure 3 

Energy, 	 Period, 
key 	 sec 

Hence 
(h 	f)3 = p

213a
2f 

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 p2 = ah, where cv.- 1 Mc,/s [Smith, 19601 

.'• (h — f) 3  = af3d2fh 	( 1 ) 
This is difficult to evaluate algebraically except 
for f << h, when 

f 	h2/0d 2 

However (1) can be put in the form 

(1 — f / h) 3 	a0d2  
f/h 	h 

A plot of aq3d 2/h versus f/h permits f to be 
found, given 13,1 2  and h. This is shown in Figure 2. 
The approximation 2 is seen to be valid only for 
a13d2/h > 20. 

Values of f have been found from Figure 2 for 
electrons of energies 5, 10, 25, and 50 key 
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 1. The emitted frequency as a 
function of latitude angle is shown in Figure 3. 
The helical pitch (44) of all these electrons is 20° 
in the equatorial plane, so that mirror points 
occur in each hemisphere at 1 = 41°. The 

Fig. 5. Types of discrete emission that cl 
produced by this process. (A) Bunch inject 
midpoint (equatorial plane), mirrored in ol 
er's hemisphere, and scattered at midpoint (f 
tone or pseudo whistler). (B) Bunch inject 
midpoint and either absorbed near the min 
the opposite hemisphere or mirrored, and 
tered, at the midpoint (riser for slow b 
pseudo nose for fast). (C) Bunch injected at 
point, mirrored in observer's hemisphere, 
survived one transit through midpoint to 
into opposite hemisphere (hook). (D) Me( 
speed bunch injected at midpoint, mirror( 
southern hemisphere, then northern, soul 
northern, and finally scattered at the midpoii 
the northern hemisphere a riser, a hook, a 
falling tone are observed; in the southern 
hooks. Synchronized spectrograms from conj 
points would look like this. 

parameter f3d  is calculated for invariam 
magnetic moment: 

0a2  = fe(1 —17 sin2  
where 

n = (1 + 3 sin2  0 1/2  sec 6  1 

Suppose that these electrons make one 
from the mirror point in the observer's 1 
sphere to the mirror point in the opposite 
sphere. We need to find how frequency v 
vary with time as observed on the er 
surface at the base of this line of force. 
frequency-time curves can be found by sum 
the time delay due to the finite velocity c 
electron (7',) and that due to the finite 
velocity of the wave (T,). 

T = T, + 7', 

(2) 

(3) 



ad 

T, = f ds 
V , 

a1 /2 ir 	h., 2 

2c f   1/2  (h 	f)3/2 

D( ion osph er e)  
/1/2 

1 
I3c f(1 

ds  

77 sin2 lko) 1/2 
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TABLE 2. Hazards and Relative Occurrence 

Hazards 

Class and 
Types Mirrors 

Source 
Region 

Transits 

Observed* 
Relative 

Abundance 

Chorus 403 
3) Risers 0 0 178 

psuedo noses 7 
Falling tones 1 0 21 

-2) Hooks 1 1 15 
)) Multiple 

forms 2 
or more 

1 
or more 

— 

*From McInnes [1961]. 

here 

= I - 

Integration is carried out over the path, and 
le integrals were evaluated numerically. The 
!suiting frequency-time curves are shown in 
igure 4. The time T = 0 is defined as that 
Lstant when the electron passes through the 
watorial plane toward the observer's hemi-
)here. It could thus be the time of injection 
to the line of force. Note that for the 5-key 
ectron the time scale starts 1 second after this. 
Discussion. The frequency-time curves in 

igure 4 show good agreement with the ob-
!rved hooks in Figure 1. If the electron bunch 
ily makes half of the mirror-to-mirror trip, 
hich might happen if the source of the bunch 
)robably near the equatorial plane) is also a 
nk, then only half of the full hooks will be 
iserved. If this half trip was confined to the 
)server's hemisphere only, the falling part 
'ailing tone) would be observed. This might be 
istaken for a whistler in some circumstances. 
rips confined to the opposite hemisphere would 
ve rise to the other half: risers (f and g in Fig. 
and pseudo noses. 

On the other hand, at times several complete 
ips might take place before the bunch is lost. 

TABLE 3. Deduced Latitude and Energy of the 
Electrons Producing Nosed Hooks in Figure 1 

Event in 	 Energy, 
Figure 1 	Latitude 	key 

a 	 62° 	 7 
62° 
	

5 
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 away 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 (ho, 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 = (h0/870)'" 	1/0  in k c/s 

The one-sixth power makes latitude evaluation 
reasonably accurate even for very rough esti-
mates of h o. The minimum frequency (f 0) can 
also be scaled from an observed hook. Sub-
stitution of h o  and to  into equation 1 immediately 
gives the value of 13d2 in the equatorial plane. 
The pitch will be smallest in the equatorial 
plane, so that, except for large pitch angles, 

02 . The energy of the electrons in key is 
then given by 

E = 250/32  key  
Estimates of A and E for the three hooks in 
Figure 1 showing well-developed noses (a, d, h) 
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 l(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 key 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 
rwT theory also apply to MacArthur's gyrat-
ing proton mechanism. 

Conclusions. The qualitative frequency-time 

form of many exospheric emissions is explaine 
by this theory. Further, the theory does n( 
require ionospheric effects to explain part ( 
this form, as does the TWT type mechanism. 
addition to explaining characteristics alread 
observed, it predicts further points that woul 
provide a test for the theory. Since radiation 
produced only from electrons traveling awn 
from the observer, local precipitation effec 
(aurora, absorption, X rays) will tend to occt 
in the hemisphere opposite that from which ti 
radiation is observed. Observation of more tha 
one similar hook produced by bunches makir 
more than one trip would show that the hool 
were generated in a region whose mirroring 
possible (exosphere) and would give an inch 
pendent measure of particle velocity to chec 
the theory. Simultaneous observations at bot 
ends of a line of force (conjugate point exper 
ment) would be useful for checking this. 
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Theory of Generation of Exospheric 
Very-Low-Frequency Noise (Hiss) 

R. L. DOWDEN 

Ionospheric Prediction Service and University of Tasmania 
Hobart, Tasmania, Australia 

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 
occur, 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. 

'ntroduction. The phenomenon treated here 
that continuous type of exospheric emission 
iously called VLF noise, exospheric noise, geo-
gnetic noise, and hiss. It usually appears as 
id-limited white noise in the frequency range 
about 1 to 10 kc/s. Hiss occurs in a broad 
id or in one or more narrow bands. The nar-
7 bands usually have bandwidths of around 
c/s, though narrower bands occur [Helliwell 
1 Carpenter, 1961]. Hiss occurs in bursts of 
) main types [Ellis, 1959]. The most common 
e, 'isolated burst,' is typical of magnetically 
et conditions. These bursts are narrow band, 
ally 1-2 kc/s, centered at about 4 kc/s. 
ough detectable at relatively low latitudes the 
t majority of these have been shown to oc-
at geomagnetic latitudes greater than 50° 

Us, 1960]. The center frequency, bandwidth, 
intensity of the hiss remain remarkably con-

at over the duration of these bursts, which 
;enerally about an hour. The second type oc-
s as an extended series of hiss bursts or 'noise 
rms.' In contrast, these show considerable in-
sity and bandwidth variations. All major 
gnetic storms are accompanied by noise 
rms [Ellis, 1959]. Generally, the bandwidth 
reases with magnetic activity. During severe 
arbances very wide band bursts covering the 
ge from about 100 c/s to over 200 kc/s can 
ur [Bowden, 1962a1. 
Iiss shows a strong correlation with airglow 
anon and Ellis, 1959] and aurora [Martin, 

Helliwell, and Marks, 1960]. Rocket and satel-
lite observations have shown that streams of 
electrons produce aurora [Mcilwain, 1960] 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, 1959] 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 key) 
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 

2223 
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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, 1960], 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 c/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 flac the condition for 
amplification is 

nfld = 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 discrete 
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 

fl/3d = 1 

and the refractive index for whistler-mode propa-
gation 

n2  = 1 + p2/f(h — f) 

n2  >> 1 . 
We find by solving for f 

413d2 192 \ 1/21 

h2 	 ) 

where 

p is the plasma frequency, 
h is the gyrofrequency, 
I is the amplified frequency, and 
n is the refractive index. 

This is essentially the expression derived 
Gad and Helliwell [1959]. If a model of t 
exosphere is assumed, this expression can be p 
in a form in which, for a given line of force, t 
latitude angle coordinate is the only variat 
To do this we assume that, at least along t 
lines of force considered here, the magnetic fi( 
is a dipole and the electron density varies in 
way previously derived [Dowden, 1961]. TI 

h = nho  
= 19,2 no cos 1 for R > 1.25 

Pd 
_ 02 (1  _ sin2 4,0  

where 

n = 4, sec= 1, 
cl) = (1 	3 sin= 1) 112 , 
1 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 equatoi 

plane. 

We assume here that the energy loss of 
particle through amplification of the wave N 

be sufficiently small to regard the particle spi 
fic as constant. The effects of appreciable ene] 
loss will be considered in a later section. Si 
stituting these expressions, we find 

	

413P0 	7 • {1 	[ 2 2  I - 
h0

2 cos 1(1 — n sin' 1,G0) ] 

It will be seen later that the frequency gi ,  
by the minus sign is the more interesting. 1 

= —2 [1 ± (1 



EXOSPHERIC VERY-LOW-FREQUENCY NOISE 
	

2225 

n be put in a form containing relatively slowly 
rying functions, which is more suitable for 
mputation. We define 

a = 41:327)02/1102  
x = a cos' 1(1 — n sin2  4/0) 
-y = (2/x)[1 — (1 — x) 1/2] 

hen 

f -  = (774/2)[1 — (1 — X) 1/2 ] 

eap  2 
= PO 0 -y •ck cos 1(1 — n sin 2  4,0) 	(2) 

ho  
.equencies as a function of the latitude angle 1 
xe been computed for particles of various 
eeds and pitch angles traveling along the line 
force that terminates at geomagnetic latitude 

1°. A. smooth join to an ionosphere similar to 
at used by Gallet and Helliwell [1959] has been 
ade at a height of 2000 km above the surface 
the earth. The results of this are shown in 

gure 1. Except for the effect of the ionosphere, 
e shape of these curves would be very similar 
r lines of force terminating at other latitudes. 
aly a change in frequency scale is required. 
ae important parameter affecting the shape is a. 
is seen that in many cases the amplified 

3quency is fairly constant over great distances. 
is follows from (2), for 1, cos 1 stays within 15 

T cent of unity for 1 < 60°, 7 rapidly ap-
°aches unity for small values of x, and the 
rm containing the pitch angle is fairly constant 
cept near the mirror points. Of even greater 
terest are those regions for which variation of 
ese terms nearly cancels out, producing very 
arly constant frequencies over great distances. 
t, these frequencies amplification will be great. 
-e will consider this in greater detail. 
Interaction distance. For appreciable inter-
tion at any one frequency we require not only 
at the wave phase and particle guiding center 
locities be equal, but also that this condition 
ould hold effectively over some appreciable 
stance s. 
Suppose that initially (s = 0) the condition 

= 1 holds exactly at some frequency, but 
rther on, owing to changes in the guiding-
nter velocity of the medium, the particle stream 
)wly overtakes the wave. The stream (guiding-
nter) velocity relative to the wave is thus 

Liv = 	(fl/3d — 1) 
fl  

In time dt 

	

d(As) = Av• dt 	ds = cln•dt 

.*. d(As) = (fl/3d — 1) ds 
NOW 

(nga — 	= f 0  (ni3d)' • ds 

where 

a 
(od)' = — (M3d), as 

Hence 

As = 	(n,3d)' • ds- ds '1' 0 	0 

—ds 

 

In the region of interest, that is, on one of the 
curves defined by (1), the condition nfld  = 1 
holds at all points, changes in the medium or 
stream velocity being exactly balanced by 
changes in frequency f. 
Thus 

(fl/3d) = 0 

Hence 

a 	 a , 0  \ 
— k.npd), cons t . = as 

Now 

ni3d = Pfla[f(h — 1A-1/2 for 02 	1 (n2 >> 1)  

0 _ys (ni3d) r  

-1 /2 	df 	df 
11)13d[f(h — f)] 	•( h • cTs  — 2f )  

f(h — 

Hence 

a , 	 1 h — 2f  df 
— Myr') f cone t — 	• as 	• 	2/ h — f di 

since fl/3d = 1. Since As must be small (at least 
< X/2) throughout the interaction distance s, 
then s is given by the integration limits 

As = fo .  fo.  (n.f3d)' • ds • di 

fo' .10° 	2ff .  df) ds.  ds 
 di 

where X is the wavelength. 

(3) 
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Fig. 1. Frequencies amplified by streams travel-
ing along the field line that terminates at geo- 
magnetic latitude 50°. These are plotted against 	300 
the latitude coordinate angle 1. The frequencies 
given by the negative sign in (1) are shown by the 
solid curves for several initial pitch angles 1Go. 
Those for the positive sign are shown by broken 
curves. (a) Stream of 0.25 key electrons. The shape 	100 
of these curves is typical of a << 1. The upper 
frequency (f+) approximates the gyrofrequency at 
all points and is thus well above the frequency 
scale shown here. (b) 2.5 key electrons. This is 
typical of the 'resonance' condition for small pitch 
angles: a •-■• 0.6. (c) 5 key electrons. This is typical 	30 
of a > 1. The 'noses' where the two branches meet 
occur at half the gyrofrequency. 

10 	. 20' 	30' 	40' 

(c) 



40 °  30 °  10° 	20 °  

Fig. 2. Calculation of s/A. Equation 6 is plotted 
for three values of a near 0.6 for 11, 0  = 0, and for 
a <<1 for tp o  = 20°. 
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his shows that amplification will not be 
)reciable at the frequency given by the plus 
1 (f+) in (1) for two reasons; first, because 
r/s is usually large (Fig. 1) and, second, 
ause (h — f) is generally quite small. At the 
nts where the two curves join (Fig. 1c) 
- 2f is zero, but also df/ds is infinite. 
isequently, the high-frequency branch will 
be considered further. 

Chus, considering only the low-frequency 
nch, we differentiate (1) with respect to 1 
I make the 7 substitution 

3 cos2  = tan / 6 -I- 

7 + n(3 cos2 1 — 	 2  1)•sin — 	;k0  

(1 — n s in2  iPo)(2  — 
,m the line of force equations for a dipole field 

ds = Rocb cos 1 
	

(5) 

resulting expression containing s can be 
piffled by noting that ch cos 1 for 1 < 600  
[, in the region of interest (high amplification) 
term 

(h — 2f)/(h — 
61so close to unity. Thus from (3), (4), and 
we have 

2 As  
Ro 

f " 
1

L dl dl 	(6) 

s/Ro 	12 — 
Ve assume that, as in the TWT process, the 
alification (in decibels or nepers) is propor-
'al to the interaction distance measured in 
relengths, s/X. In those cases for which s is 
iciently small, the integration range 12 — 11 

lso small, so that over this range the integral 
n (6) will be approximately constant. Thus 

2 Ls 2 	X 
L•1(12 	11)  = /To  

he limiting case (As = 
'hen, since 

C 	!Lc 
nf 	f 

(sit  ) 2 	2f . R04, cos 1 
/3cic 	L 
	

(7) 

However, in the more interesting cases where 
s is large, (6) must be integrated. Curves giving 
2As/R o  as a function of 1 are shown in Figure 2 
for some of the cases which give relatively large 
values of s. For a given curve the value s/X is 
found by selecting a range of 1 that has a range 
of 2As/R o  equal to X/R o . This range of 1 is then 
s/R o , as is shown in Figure 2. It is seen that for 
very small pitch angles the highest values of 
s/X are found for a 0.6. For larger pitch 
angles these are found at lower values of a. 
No particles of pitch angle ;G o  much greater than 
20° have large s/X values. 

The parameter s/X 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/X 
curve showing a smaller and broader maximum 
occurring at lower frequencies. For other lines 
of force the essential change in the s/X curve is 
the frequency scale, the maximum occurring 
(from equation 2) at 

f 	aho/ 4 	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. 

— L (4) 
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Fig. 3. Interaction parameter s/X for stream 
particles of small pitch guided along the field line 
terminating at geomagnetic latitude 60 0 . At other 
latitudes frequencies will scale so that maximum 
s/X 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 
Gustafssan, Egeland, and Aarons [1960]; others 
[Outsu and Iwai, 1961] seem to indicate the 
reverse. 

Energy loss. As for the laboratory TWT, we 
expect the amplification (in nepers) to be 
proportional to s/X. Thus the amplified power is 

	

P = b exp (as/X) 	(8) 

where b and a 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 a controls the rate of 
amplification. This must be some function of 
the properties of the stream. 

If b (in Wm -2  c/s-1) is not a strong function 
of frequency, then, from (8), the s/X 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  

pitches. Clearly, the noise power produced 
this band cannot exceed the kinetic power (J 
of the corresponding particles. Thus 

P < K 
This 'overload' condition is probably Inc 

restrictive than this, so we write it as 

P P„, = AK 

where A is a factor as yet undetermined. TE 
in general there will be an overload plate 
region of relatively constant intensity, providl 
of course, that neither A nor K is a stro 
function of frequency. This will be reached fo 
given value of a when the intensity given by 
reaches that given by (9). Then for all values 
s/X as given in Figure 3 greater than the criti 
value (from equations 8 and 9) 

(s/X)cri t = 1/a log, (AK/b) 

the intensity will be given by (9). 
Consequently 'weak' streams for which 

rate of amplification (a) is small will prod' 
narrow band hiss, and 'strong' streams (large 
will produce wide or very wide band hiss. 'I 
peak intensity for all will be given by (9), 
that unless A or K is a strong function of 
the main effect of varying degrees of amplifi 
tion rate should appear in the bandwidth rat 
than in intensity. If a is related to magm 
activity, then this explains why the peak 
tensity of hiss bursts occurring during m 
netically quiet periods is of the same order 
that during disturbed conditions, but in gen( 
the bandwidth increases with magnetic activ 
from around 1 kc/s for 'isolated bursts' [El 
1959] to over 100 kc/s during severe disturban 
[Dowden, 1962a]. 

It is difficult to make quantitative estimal 
since little is known of the relevant quantit 
We can get some idea of the amplificat 
required in the following way. The obser 
peak intensities of hiss after allowing for pro 
gation losses [Dowdert, 1962a] are of the orde] 
AK = 10 -10  Wm-2  (c/s) -1 . If the amplificat 
is large we require only a very crude idea of 
initial noise intensity b. For Cereiakov emiss 
[Ellis, 1957] this would be of the order of b = 
Wm-2  (c/s) -1. Then from (8) it is seen t 
about 20 nepers of amplification would 
required. From (10) and Figure 3, a = 2 X 1 
would be required for a narrow band burst 
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ss and a = 2 X 10-2  for a wide band burst. 
[though this amplification is very high corn-
[red with laboratory TWT practice, the values 
amplification rate a required here are very 

nservative. 
We also need to see if the kinetic energy of 
actron streams is adequate to explain the 
served hiss intensities, that is, if the required 
dues of A in (9) are reasonable. Rocket meas-
ements [Mcilwain, 1960] have been made in 
L electron stream that produced a quiescent 
[roral glow and so might be taken as typical. 
ithin the range of measurement (3 to 30 key) 
e stream kinetic energy flux in watts per 
uare meter per unit energy interval (key) was 
und to fit the expression 

K = 5 X 103E exp (—E/5) 	(11) 
in key. At around 2 ke/s, from (2), amplifi-
tion will be produced by 0.5 key electrons, 
Ld an energy interval of 1 ev will correspond 
a frequency interval of about 4 c/s. So 

suming that the above expression (11) is valid 
Iwn to 0.5 key, the stream kinetic 'intensity' is 

K 	6 X 10 -7 Wm-2  (c/s) - ' 

.om (9) and the observed intensity quoted 
)ove, A 10-4 . Even if this extrapolation of 
1) is a very crude approximation, it seems 
at there will be sufficient energy, that is, A <1. 
m. the laboratory TWT the efficiency is around 
1 per cent; that is, A 0.1. However, we 
mild expect much lower values for the exo-
here because, within the much longer iteration 
stances of several thousand wavelengths 
quired, a relatively small loss of kinetic energy 
mild destroy synchronism. 
Discussion. The theory explains the main 
[aracteristic of hiss: that it appears as band-
nited white noise. The expression (9) suggests 
at within this band the intensity will be 
latively uniform but outside the band the 
tensity (8) drops exponentially. Bandwidths 
mm very narrow to very wide are possible 
Lthout requiring special velocity and pitch 
stributions of the stream particles. The band-
dth of the noise increases with the 'strength' 
the stream, which seems in agreement with 

e observation that bandwidth increases with 
agnetic activity. Very strong streams requiring 
dy short distances of interaction to reach over-
3.41 power could produce noise at all the fre- 

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 a 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 kc/s. Thus 4-kc/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. Mcilwain 
[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 [O'Brien, Van Allen, 
Roach, and Gartlein, 19601 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 n = 1. 

Acknowledgment. I am indebted to Professor 
G. R. A. Ellis of the Physics Department, Uni-
versity of Tasmania, for suggesting this work ini-
tially and for giving many helpful criticisms and 
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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 , (f.) 

and time delay at this frequency (tn ) give a fn , tn  
distribution well fitted by a `gyrofrequency' model of 
elec tion density in the exosphere': one for which the 
electron density is everywhere proportional to the 
magnetic field strength or g,yrofrequency (A). Since 
the electron density is directly proportional to the 
square of the plasma frequency (fo ) and uniquely 
determined by it we can express this model by the 
relation: 

fg = fafll 
The constant of proportionality, fa. 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 1 ). 

5 	10 	20 	.50 
(kc/s) 

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 communication 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 (fa, fjj, f) describing emission and propa-
gation in the exosphere. The low-frequency dis-
persion Do  = p iq becomes Do  = s fa1 /2  where .s is the 
half-length of the field line in light-time units (light-
seconds). For fa  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 disturbance 
effects. 

Scale frequencies are readily deduced from f,,, t„ 
data from nose whistlers. A recent extension of 
whistler analysis' makes it possible to obtainf,, and In 
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 (DO is 
related to the low-frequency dispersion (Do ) as: 

D„ = 1•456 D o  
Thus: 

= 1.456 8 f/2  

Since the field line (and length 8) is uniquely determ-
ined by the nose frequency, a function of f,, can be 
substituted for s. Thus: 

= F t2n, 	kc/s 

F = (1.456 8/.1 /3 ) -2  

where 1,, is measured in seconds, f,, in kc/s 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. DOWDEN 
Ionospheric Prediction Service, 

University of Tasmania, 
Hobart. 
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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 

Jr 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 deduce-afro-in this shape. Thus, electron energy (E), 
initial -  helical Pitch angle_(q, o ), geomagnetic field line 
of occurrence (A), 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 a demonstration, consider the 'hook' shown in 
Fig. la. The location of three points in the frequency-
time plane unambiguously requires E = 150 keV, 

= 68.6°, A = 61.4° and fa  = 527 kc/s. To test 
the theory, 25 points were calculated from first 
principles using this information. The curve through 
these points is shown in Fig. lb. 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 hooks are received in 
'opposite hemispheres alternately, that is, the sequence 

•observed in one hemisphere is displaced half a boimce 
.period from that observed in the other. This -effect 
distinguishes the predicted emission from:some:other 
effeet such as periodic injection 6f electrons. 
• e -ObServation of this predicted emission showing a 

"bounce period consistent:with E,eh, -  and -A scaled 
' .- frOin the shape would be a_crucial test of the theory 
_ both qualitatively and quantitatively: 
- 	A sequence which was probably of this predicted 

type as reeently discussed'. It appeared as two 
- 	•- 	• 	 • 
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Fig. 1. a, 'Hook' recorded at Seattle, on September 23, 1957, 
at 2035 .  28 Q.T. (after Helliwell and Carpenter, ref. 6), b, as 
calculated from the theory (ref. 1) for E =  150 keV, 	= 68-6, 

A =, 81.4 and )', = 527 kcis 

bursts of 5-6 kc/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 



Table 1. COMPARISON OF OBSERVED RECURRENCE PERIOD (P o) 
WITH THAT CALCULATED (Pc) FROM E, y. AND A DEDUCED FROM 

THE FREQUENCY-TIME SHAPE 

Sequence 
No. 

No. of 
hooks 

in each 
sequence 

Energy 
(E) 

(keV) 

Helical 
pitch 

1,s. 

Geomag- 
netic 

latitude 
A 

Calcu-
lated 

period Po 
(sec.) 

Observed 
period P, 

(sec) 
1 3 14 70° 59° 1.2 1.6 
2 6 8 62° 59° 1.7 1.6 
3 2 15 72° 59° 1.1 1.6 
4 3 5 48° 59° 2.1 1.6 

considerable frequency extent of the hooks and the 
relatively large number of separate hooks (six, in 
one sequence). Gallet 5  remarked on this at the time. 
Table 1 shows E, tp o  and X deduced from the shape of 
one of the hooks for each sequence. The expected 
bounce periods calculated from E, 4, 0  and X are shown 
as Pe  and the observed periods (as measured by 
Gallet) are shown as Po . The Spectrograms as pub-
lished5  are rather small for accurate scaling so that 
the probable error in P c  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 Yew. 
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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 

IN 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 kc./s. frequency region was observed at both 
Knob Lake, Canada (68° N., geomagnetic), and at 
Byrd Station, Antarctica (70 0  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 indicates 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 kc./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 kc./s. propa-
gation of this type'. Thus if this phenomenon were 
due to whistler type echoes the 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 be 
half this periods. 

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 0 ) 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 Byrds. 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 emissionss. 

I thank Prof. G. R. A. Ellis, of the Physics Depart- -  
ment, University of Tasmania, for advice. 
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Author's Reply to the Preceding Discussion 

R. L. DOWDEN 

Ionospheric Prediction Service, Hobart, Tasmania 

Brice has devised a method of testing one of 
he features of my [Dowden, 1962a] electron 
yclotron theory of discrete VLF emissions: 
hat the sequence of emitted frequencies is 
patially symmetric about the top of the mag-
etic field line (geomagnetic equatorial plane). 
le has derived testing parameters which should 
e equal to unity for any sequence of successive 
rhistler mode echoes of a hook beginning with 
he zero order or nonreflected hook. When this 
est was applied to four such sequences this 
arameter was of the order of three, quite sig-
ificantly not unity. Brice concludes that my 
heory therefore cannot explain these hooks. 
Now, using Brice's notation, it can easily be 

hown from his equation 2 that for symmetri-
al generation the theory predicts: 

T„ - To ' = (2n ± 1)(T0 - To') 	( 1) 
I these difference times are calculated from his 
7able 1, it will be seen that they are clearly not 
I the predicted ratio 1:5:9 for the first se-
uence and 1:3 for the other three. 
On the other hand, it is rather striking that 

aese 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 11  
and fo . 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 
87-0  = 4.10 sec and 8r1  = 3.72 sec. Thus from 
Brice's equation 1, T0  - To' = 2( - = 
0.095 sec. This is 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 

n T., sec 	T.', sec T 	- 7'„', sec 

Predicted 
T„ - 

Ratios 

n - 1 	- T1 ' n - 1 	- 

3 	T, -T1  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 
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. 

sctrograms for the other three sequences, we 
mot  here make similar statements about these 
ler three. Brice's statement that 'this am-
pity  is removed if the hook and echo are 
served  at conjugate stations' is not strictly 
ie.  Although the zero order signals must 
ye  been  reflected somewhere near one of the 
ajugate  stations, they could have been miss-
; from  the spectrograms or at least not recog-
ed  as  such for a variety of reasons. 
However,  we can say that Brice's first se-
mace  unambiguously demonstrates the sym-
try  aspect of my theory in both the predic-
ns  that  the T„ — T.' ratios should be close to 
3:7:11  (from equation 1) and that his test-
;  parameters should be close to unity. The 
ier three  sequences fit the theory if the same 
erpretation of n applies to these also (Table 

Furthermore, this can easily be checked 
m  the  spectrograms as shown above for the 
It  sequence. It should be noted that the re-
6ining  discrepancies in T. — T„' and his testing 
rameter  values are easily accounted for by 
'ors in  scaling the times 7',. 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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Summary 
It has been shown that the detailed frequency-time shape of discrete very low 

frequency emissions from the exosphere can be closely fitted on the electron-cyclotron 
theory by suitably choosing the electron parameters. Additional support for the 
theory has since been obtained in the verification of its prediction. It is shown here 
that the fitting process can be reversed so that these parameters can be deduced from 
the observed spectrograms. These are : the energy and helical pitch of the emitting 
electrons, the field line which guides them, the instant of their passing through the 
equatorial plane, and the electron density of the medium. Nomograms are given 
allowing calculation of these with occasional use of a slide rule and simple arithmetic. 

I. INTRODUCTION 
In a recent paper (Dowden 1962a) it was pointed out that the cyclotron 

radiation from an electron spiraling along a geomagnetic field line away from 
the observer will be Doppler shifted to a frequency appreciably less than the 
frequency of gyration of the electron. An electron (or rather a small bunch 
of electrons) travelling from the observer's hemisphere to the opposite hemisphere 
will radiate at a decreasing frequency until it crosses the equatorial plane, and 
thence at an increasing frequency. Consideration of electron travel times and 
wave-group propagation times gives the frequency-time (spectrogram) shape of a 
" hook " for such a hemisphere to hemisphere traverse. 

Other types of discrete emissions (" chorus ", " risers ", " pseudo noses ", 
"falling tones ", etc.) are produced by incomplete traverses. In particular the 
theory predicted a repetitive type emission when the electron bunch survives 
several hemisphere to hemisphere traverses or " bounces " between magnetic 
mirror points. Occurrences of this type have since been shown (Dowden 1962b) 
and the observed bounce periods (hook repetition period) agreed well with those 
calculated from electron parameters deduced (by the method to be discussed 
here) from the frequency-time shape of the individual hooks. 

The parameters which affect the frequency-time shape, scale, and position 
of the complete transverse emission (" hook ") as observed on the Earth are .: 
the energy E and helical pitch 4, of the emitting electrons, the terminal geo-
magnetic latitude X of the field line which guides them, the instant (y0) of their 
passing through the top of this field line, and the "scale frequency" a of the 
electron density of the medium. If these are suitably chosen a theoretical 
frequency-time trace can be calculated to give an effectively exact fit to any .  

* Ionospheric Prediction Service, University of Tasmania, Hobart. 
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observed hook. This has been demonstrated with a relatively complex hook 
(Dowden 1962b). This and the later verification of the prediction mentioned 
above effectively establish the theory. In addition the observed trace contains 
the effects of these parameters so that it may be possible to deduce these para-
meters from the observed trace. 

It will be shown here that the scaling of only two frequencies (f n  and AO 
and two times (T+ and T- ) is sufficient for complete and unambiguous evaluation 
of the parameters cited above. 

II. ENERGY 
The general expression for the Doppler-shifted cyclotron frequency from an 

electron spiraling along a field line is (Eidman 1958) 

f =h[y(1 +13dn cos 0)1 -1 , 	 (1 ) 

where h is the local gyro frequency, y is the relativistic correction (1 —p2)-1/2 ,  
n is the refractive index of the medium at the frequency f, f3d is the longitudinal 
component of velocity in units of the velocity of light, and 0 is the angle between 
the field and the direction of emission. 

The minus sign in (1) refers to forward Doppler shift and so need not be 
considered here. The angle 0 in (1) also appears in the general Appleton-Hartree 
expression for the refractive index. For the terrestrial case of backward Doppler-
shifted emission the general expression for f obtained by substituting this 
refractive index n(0) into (1) is found (Ellis 1962) to be almost independent of 
0. If it were otherwise we would not expect such narrow-band V.L.F. emissions 
as are observed. Consequently we consider only the case 0=0. 

The whistler mode refractive index is given by 
+p2g(h 	 (2) 

where p is the plasma frequency of the medium. This latter can be expressed 
in the form 

p2  =ah, 

where a is the "scale frequency" (Dowden 1962c). For a gyro frequency model 
(electron density everywhere proportional to magnetic field or gyro frequency), 
as suggested by whistler data (Smith 1960), a is constant. 

From (1) and (2), making the appropriate substitutions discussed above, 
and for n2 >1, we have 

(h —f)(hly —f) 2 
	

(3 ) 

This more general expression reduces to that obtained previously (Dowden 
1962a) for y=1. If cp is the helical pitch angle we have 

pd=i3 cos 4,. 
The helical pitch at any point is determined by its value at any other point by 
the principle of invariance of magnetic moment. Thus, specifying quantities 
in the equatorial plane by subscript zero, we have 

Pi =P 2 [1 —7) sin2  4,0 ], 	 (4) 



492 	 R. L. DOWDEN 

where 7) is the ratio of the magnetic field or gyro frequency at the point in question 
to that at the equatorial plane. For a dipole field 

=(1+3 gin21)1/2 gees /, 

where 1 is the latitude coordinate angle. 
At the equatorial plane (1=0) we have from (3) and (4) 

(ho --h)(hoiY —fo) 2 =02  cos2  4i0/10.i0. 	 (5 ) 
Making the substitution x.=he/fe  and p2=(y2 _1,  y 2 H we get 

y2  —1 	fo 	[x-1] 3  I xly —1  .1 2  
y2 	a cos2  4)0 	L x-1 

The kinetic energy of an electron is given by 

E =500(y —1) keV. 	 (7) 

As we will find later, nearly all emissions are produced by electrons of energies 
for which relativistic effects are very small (yr_—_1). 
For these we can write 

E' =250P2  =(250f0/a cos2  4),)(x —1) 3/x keV. 	 (8 ) 
From (6), (7), and (8) we find 

E' =E(14-E x10 -3)[(x —1)/ (x —y)12. 	 (9) 
From (8) we would generally expect high energies to be associated with large 
values of x, in which case the term containing x is close to unity and (9) is in a 
convenient form for applying relativistic corrections to a nomogram energy 
scale. This is shown in Figure 4. 

Of the quantities in (8) required for evaluation of the electron energy only 10 
is measurable in an obvious manner from spectrograms of complete emissions 
(" hooks "). This is the minimum or cusp frequency of the hook (for 
as shown previously (Dowden 1962a). We now consider methods of deducing 
the other parameters. 

III. LATITUDE A AND PARAMETER X 
Suppose we assume that the energy lost (radiated) by the bunch during one 

hemisphere to hemisphere traverse is negligible. Then the observed emission 
frequencies will be symmetric with respect to the geomagnetic equatorial plane. 
That is, the frequency produced by the bunch at latitude angle / in the northern 
hemisphere will be the same as that produced when this bunch is at the same 
latitude angle in the southern hemisphere. 

Consider the hook in Figure 1 as observed in the northern hemisphere. 
We require the times T 1  and T 2  for some frequency f. These times, which define 
the shape of the hook, are made up of group propagation times (t g ) of waves of 
frequency f and 10  and electron bunch travel times (te ). We can specify a point 
on a given line of force by the gyro frequency at that point. Suppose that at 
the two points (one in each hemisphere) where the frequency f is produced, the 

(6) 
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gyro frequency is h. The equatorial plane is then denoted by h, and the Earth's 
surface by hx. Propagation times along the surface of the Earth to the observer 
do not involve dispersion and so do not change the shape of the hook. 

Consequently the time T1  is the time taken for the electron bunch to travel 
from the point hN in the northern hemisphere where frequency f is produced to 
the equatorial plane (10 plus the difference between the propagation times for 

W A VE 

 

ho.fo 

Fig. 1.—A tracing of a frequency-time spectrogram of a hook and the path of the 
electron bunch which generated it. 

frequency f, to travel from the equatorial plane (h0 ) to the Earth's surface (h,xiv) 
in the northern hemisphere and that for frequency f to travel from point hN 
to hx v. Putting this in symbolic form, 

T1 =te (hN—>ho ) 	g (fo,h, -->h),N) —tg(f,hdc --->-kdv)• 

In a similar way we find 

T 2 =te (11,--->hs) +t g(f,hS —A),N) —tg(f0,h0 -40,N) 
=te (110-->lS 	f,hs -->k) g ( f,h0 —>hN ) 

-Pt g (f,hN —>h),N) —t g(f0,11/4—>h),E). 

We can drop the N, S subscripts if we always refer to the shortest distance. 
Taking the sum and difference times 11 + and T-  we find : 

T =11 5 -PT 2 =24(120 --›-h) +24( f 	 (10) 
T T1  T 2 =2t g( fo,h,—>k) 	 (11) 

We will discuss (10) later. Consider now the difference time T-  given by (11). 
This contains only wave propagation times. Furthermore, if we consider T-
as a function of frequency f, then (11) is the general (nose) equation of a" short" 
whistler centred on the time (T - =0) for which f =f0 . The frequency for which T-
is maximum is then the nose frequency f n  of the equivalent nose whistler. 
Measurement of f n  defines the line of force in which the hook is produced and along 
which the electron bunch is guided. A function given by Smith (1960) enables 
h, and ?, to be found from fn. 

A simple but accurate way of measuring fn  is shown in Figure 2. The 
frequency-time shape of the hook is traced on transparent paper. This tracing 
is turned over onto the original hook so that the frequency scales still correspond. 
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By moving the tracing in the time direction a position will be found where the 
descending 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 frequency fn . Note that this is always higher than the pseudo nose which 
sometimes appears on the ascending part of the hook (Fig. 2). 

The nose frequency difference time (Tn- ) can be found at the same time, 
as shown in Figure 2. We have shown that T-(f) defines the exact shape of a 
whistler and so should provide electron density information. Smith and 
Carpenter (1961) have shown that if the time delays (t) and frequencies (f) of 

fn 	- 	- - I- - 
I 

fo- - - 

Fig. 2.—Method of scaling the nose frequency and difference time 
at this frequency. The midpoint locus (broken curve) has the 

shape of a nose whistler. 

whistlers are normalized to nose values (t a  and fn ) then the resulting curves of 
On  versus flf, all closely fit a single "universal whistler dispersion function" 
which they have calculated. Our Tn-  is then 

21,;" =t0 -t, 
that is, 

Tn-  ltn = AS(folin) -1, 	 (12) 

where to  is the short whistler time delay at frequency 10 , and S is the Smith-
Carpenter dispersion function. The double-sided scale shown in Figure 3, 
which has been constructed from this function, allows calculation of t n. Note 
that we can also find the time it,, which is the time between the instant the 
electron bunch passes through the equatorial plane (where frequency f, is emitted) 
to the instant of reception on the Earth of the cusp or minimum frequency of 
the hook. 

It is interesting to consider here an alternative method of finding f n  and T; 
which illustrates some of the points made above. The mid point of a line drawn 
from some frequency f on one branch of the hook to the same frequency on the 
other branch is given by 
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Thus the locus of the mid point is the whistler which would be observed if a 
wide-band impulse occurred at the instant the electron bunch passed through 
the equatorial plane. This "half whistler" is shown in Figure 2. This 
alternative method is useful for finding fn  when the hook does not extend to this 
frequency by using the Smith-Carpenter techniques, particularly if the scale 
frequency (discussed below) is known from other data. 

fn  
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Fig. 3.—Nomogram for calculation of scale frequency a. 

Having found tn , fn by the methods outlined above, or more accurately 
perhaps by the use of real nose whistlers we can now find the scale frequency a. 
This is given by (Dowden 1962c) 

a=NUngn5134217 

where N is a slowly varying function. A nomogram for solving this equation is 
given in Figure 3. The function N has been built into the fn  scale. 

IV. FIELICAL PITCH 

The sum time T÷ is the time width of the hook at any given frequency, as 
shown in Figure 1. From equation (10) we see it contains both wave propagation 
times and electron bunch travel times. Thus T+ will be dependent on t1), so 
that it should be possible to use T÷ as a measure of 4r0 . 

Suppose we measure T÷ at frequency f=2f0 . For a dipole field we have 

2t ie =2 1  .R0  cos ,po  • 7, cos7 ldl 
0 Pc[l —7) sin2 4)op 
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The radial distance to the top of the field line (R0 ) can be expressed in terms of h0 , 
p is given by (8) and ho =fox. Thus 

f 1 
2te  =12.820' 2h-5/6  cos 4,0061/6(x_i)3,2 	cos 7  ldl 	

(13) 0 	_71 sin24,0 ii12 

in seconds, where a is in 31c/s and 10  in kern. 
For the propagation time we have 

21g= 
2  fl 	phds  

2002f0) 0 [h-2f0]312' 

where s is the distance along the field line and p is the plasma frequency of the 
medium. Smith (1960) has shown that this integral is only slightly dependent 

(Kc/s) 
faKC/5) 

Fig. 4.—Nomogram for complete calculation of A, cp o, and E, when T+ is measured at the 
frequency 2f0. The scale frequency a must be in units of Mc/s as given in Figure 3. In 

the example calculation shown, meaningful intercepts are marked with circles. 

on the model of electron density variation along the field line, even when integra-
tion is taken right down to the Earth's surface. Consequently we will use the 
quasi-constant model given by Smith (1960) which gives an algebraic solution. 
Thus 

30 50. 

3 - -55°  
107.: 

2 s  
5 - 

60°  

2 65°  

1- 

0 .5 
f n  _ 

2t g  =4.28012f0-5/6x716Till2[1 
—1/.0 

a -2 , [-rix —2] -112 . 	 (14) 
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In (13) and (14) the integration limits 1 and yi refer to values at the level 
for which f =2f0  (and h=-7)120 ). At this level we have from (3) and (4) for the non- 
relativistic case 	

[7)11,0 -2M 3 -=a p2 • 2f0  h0 [1 -7) sin2  q,0 ]. 

At the equatorial plane (f =f0 ) we have 

[h, 	=aP 2fohn  cos 2  tPo• 

Dividing and making the x substitution 

[(7)x -2 )/(x -1)P =21 [1 --y) sin2  4p0 ]/cos 2  ti)e . 	 (15) 

We can now find 71 from (15) and 1 from 1 and substitute these into (13) and (14). 
Then from (10) we have 	

T+ =a112.10-516F(x l 
	 (16) 

where F is a function of x and t,t), but not of 7). For a given value of F, which 
can be calculated from observed values of T+, a, and fe , then 4)0  is a function of x 
only. This is shown by the family of curves of constant F in Figure 4. In this 
nomogram (Fig. 4) a point on the x scale is found from f0  and fn  and a point in the 
11  scale from fn  and T+ (for a =1 Mc/s). With the help of the nose-shaped curve 
the appropriate F curve is selected. This curve will intercept the previously 
found x value at the t,U, value given by the top scale. 

The highest frequency observed on the rising part of a hook is about 
0.5-0 .6h0. This effect is well known in whistler studies (Smith 1960) and is 
caused by high attenuation in the vicinity of the gyro frequency. Thus measure-
ment of T+ at f =2f, is not possible for hooks of x <3 or 4. Also it will be noted 
from Figure 4 that the F curves become nearly horizontal for low values of x. 
For such hooks we use an alternative method based on T+ measurement at 
f=fn  or in general at f=gho . 

Equation (15) becomes 

[( -.g)/(x-1)P =-0[1-7] sin2 c1),]/oc 2  cos2  
Rearranging, 

X2/ [X —1] 3  

	

sin2 4'0]/ [71 -g] 3  cos 2  q)o 	 (17) 

From (8) and (17) we find 

	

2h0 		
[7) —g]3  

r 	a 	IN [1 	sin2 4,0 ] • 

Substituting this into the integral for 2t e  we find 
fi cos7  /d/ 2te  =8 4012 72,37 51'  • I  A l /2 

on  [1 

[1 	sin2 oJ" 2 	7) cos .' ldi  
1 	[1 	sin2 4)0 ]i /2 	2  (18) 

0  [1 	sin2u112. 

Note that this does not contain x. Also to the extent that 

sin2 4,0 ]1/2 
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and using the approximation for small values of /, 

3 
we have 

2te =3 .96a1121/6-5/61 112 . [1 _1 p121[7) —0312. 	 (19) 

Using the same quasi-constant model of electron density and referring all 
frequencies to it, we find 

606  n  2tg —g1.12[1 _gl 
nh- 5/ 6  	/2 11/2 L'1 

So that from (10) we have 

f (g) =a1.12h6" 516G(g ori ) ,  

where G is given by (19) and (20). 
The error introduced into t e  by assuming the validity of (18) is very small 

at low frequencies (near fo ) where te> t g. It becomes larger at the higher fre-
quencies, but there t g> te  so that the resulting error in 11+ is never appreciable. 
It may seem surprising then that G, which does not contain cp, explicitly, can be 
used to find 41,. However, we can obtain by inverting G and then, solving (17) 
for 4,0, we have 

see 2 qj0=  1  [11  X1(11-9) 3] 	 (22) 7)-1 

V. USE OF NOMOGRAMS 
We have obtained expressions for the electron parameters E, 4)0 , A, to , and a 

in terms of the quantities fo, 1  T,T, and T+ which can be scaled from spectrograms 
of hooks as explained above. We now discuss techniques of evaluation of these 
parameters using the nomograms of Figures 3, 4, and 5. 

The scale frequency a is found from the nomogram of Figure 3. The fn, tn 
data may be taken from (i) the hook to which one is to apply the scale frequency 
value for calculation of other parameters, (ii) a nearby hook, or (iii) a nose or 
" near-nose " whistler. In the first two cases t n  is deduced from fn, fn, and Tn 
by use of the double-sided scale in Figure 3. It will be seen from this scale that 
for reasonable accuracy we require a hook for which fn ,>.,2fo. In general, whistler 
measurements will be more accurate. However, in both cases (ii) and (iii) we 
may be measuring scale frequency in a different field line (if .f. is different). This 
could introduce an error of 40% (Smith 1960). 

For evaluation of the other parameters T+ is measured at f =2fo  and the 
nomogram of Figure 4 is used, providedfn,.?.,2/0 . Otherwise T+ is measured at 
f =fn or f= and Figure 5 is used. In both cases the terminating geomagnetic 
latitude of the field line is immediately obtained from the f n--A scale. 

Consider the first case (Fig. 4). The 10  scale is graduated and scaled 
logarithmically info . The fn-X scale is scaled (but not graduated) logarithmically 
in 11/4. A straight line through appropriate values of 10  and fn  gives the position 
of x on the x reference line. This scale is not graduated as the actual value is 

(20) 

(21) 
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not required. Similarly the position of F on the F reference line can be found 
from fo  and T+//a. The curve labelled 12 is the function 

12 =(x —1)3/x. 

The position of 1 2  on the X, reference line, corresponding to x found above, 
is obtained by drawing a horizontal line through the x point and a vertical line 
through the 1 2  point such that these intersect on the 12 curve. A horizontal 
line drawn through the F point will intersect the nose-shape curve at a point 
which lies on the appropriate constant F curve of the family. This curve will 
intersect the horizontal line through x at the value of (I), given by (vertical line) 
the (i)o—/ in  scale at the top of Figure 4. This scale is graduated in degrees for 

Fig. 5.—Nomogram for calculation of 7), X 1 , and X, for T+ measured at the nose 
frequency or three-quarters of this frequency. Energy and helical pitch are then 
obtained from the expressions (8) and (22). This method entails some simple arithmetic 

and slide rule calculations. 

(I), and / in  (latitude angle of mirror point) but scaled logarithmically in sec' tiJo . 
The energy (B) and p are then found from f0 /a, the position X, and sec2  
nomographically. This part of the nomogram expresses equation (8). The 
E—p scale is scaled logarithmically in E' but graduated according to the relativistic 
correction given in equation (9). 

This procedure is illustrated by the example shown in Figure 4. Only 
certain combinations of scales bear nomographic relationships so meaningful 
intercepts are marked with small circles. It is, of course, unnecessary to draw 
any of these lines or curves. All scales and reference lines are parallel or 
perpendicular so that set squares can be used for the graphical parts. It should 
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be noted that the scale frequency must be used in units of Mc/s as obtained in 
Figure 3. 

If fn  <2fo, measurement at f=-2f0  may be impossible. In this case the 
nomogram of Figure 5 is used. The value of 7) is found from the f n  and T+I-Va 
scales. The 7) scale is logarithmically scaled in the function G of equation (21) 
but graduated in 7) for two values of g. As will be seen later, the terminal 
latitudes (X) of the field lines in which hooks are generated appear to be confined 
to a narrow range about 60°. For this range these two values correspond to 
f ==fn and f= The time T+ can be measured at either of these frequencies 
provided the corresponding side of the 71 scale is used. The X1-X 2  scales are 
scaled logarithmically in x and so these values are obtained from the f. and f, 
scales as shown in Figure 5. Then E, p, and ci), must be calculated from equations 
(22) and (8). Since this case (f„<2f0 ) corresponds to low values of x, which are 
generally associated with low energies, we do not require a relativistic correction. 
The simpler form of this nomogram is offset by the necessity of additional slide 
rule and arithmetical calculations. 

The discussion so far has been limited to " original " or non-echoed hooks. 
However, the electromagnetic energy or signal may be reflected near the Earth 
back along the field line once (and so be observable near the conjugate point) or 
perhaps several times. Such echoed hooks can also be used for evaluation of 
electron parameters. The frequencies L and fn  will be unchanged. From (10) 
we see that 11+ also will be unchanged. On the other hand the midpoint locus 
IT-  for a non-echoed hook is the dispersion of a single trip from the equatorial 
plane to the Earth's surface. For a once-echoed hook the dispersion path is 
three times this so that 11,1-  for such a hook is three times that of the original hook. 
Since a once-reflected hook is not easily recognized as such, calculation of scale 
frequency from TIT by Figure 3 would lead to a value nine times too large. 
Fortunately, however, such an ambiguity can usually be resolved. Carpenter 
(1962) measured fn, t r, of over 250 whistlers. If these are converted to scale 
frequencies, about 75% lie in the range 0.5-2 Mc/s. The highest was about 
4 Mc/s and for nose frequencies less than about 10 kc/s there was none above 

Mc/s. Consequently, apparent values of a> 2 or 3 as obtained from Tn-  are 
evidence of echoed hooks. This ambiguity is completely removed if more than 
one echo is observed, as t n  can then be measured directly. 

In general, the treatment given above can only be applied to complete 
emissions or hooks. Incomplete forms such as "falling tones" and " risers " 
only provide 10,  and T, or T2. If the nose and scale frequencies are known from 
other data the missing parts could be supplied from the midpoint locus T. 
This would be the case if identifiable echoes were observed. 

The theory of this treatment is based on the assumption of a dipole magnetic 
field and a constant scale frequency along the field line within the region of 
generation of the observed frequencies. Some departures in the T+ curve over 
that calculated from the theory have been noticed. As these occur at the high 
frequency end it is perhaps advisable to measure T+ at the lower of the frequencies 

and 2f0. These departures do not seem to occur in the T-  curve, indicating 
that any perturbations are symmetrical about the equatorial plane. 
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VI. SOME EXAMPLES 
As an example of the method 14 hooks were scaled from spectrograms 

published by Gallet (1959) and by Helliwell and Carpenter (1961). These 
published spectrograms had the usual aspect ratio of 10 kc/s range being 
equivalent to 1 second interval, which is ideal for our purposes. The size, 
contrast, and definition of these spectrograms as published were not really 
suitable for accurate scaling but useful results were obtained, as shown in Table 1. 
The first five of these hooks were taken from Gallet and the remaining nine from 
Helliwell and Carpenter. 

The sum time T+ was measured at 2f0  for each hook and at fn  as well for 
six of these hooks. These times are shown in Table 1 as 11-0  and T: respectively. 
For these six hooks both methods were used for energy and helical pitch calcu- 

TABLE 1 

ELECTRON DATA DEDUCED FROM HOOKS 

No 
Measured Deduced 

.io 
(kc/s) 

In  
(kc/s) 

T,- 
(sec) 

T: 
(sec ) 

T 1-0  
(sec) 

it, 
(sec) 

a* 
(Mc/s) 

A tki E 
(keV) 

'Pot Et 
(keV) 

1 3•3 9. 6 0.40 0•57 0•33 0 • 85 1 . 3 57 0  64° 85 62° 78 

2 3.3 5•7 0•22 0•56 0. 70 1 . 3 1•8 60° 74° 47 700  31 

3 3•7 7•1 0 - 23 0•70 0•75 1•0 1 • 5 59° 58° 23 63° 29 

4 2.7 5•3 0.35 0•78 0.80 1 - 5 1•7 60° 64° 26 66° 26 

5 3•9 10.4 0.40 - 0.53 1.0 2.1 57° 56° 37 - - 

1 • 6 4.6 0.48 - 0.31 1.0 0•50 61° 68° 150 - - 

7 4.2 8•0 0.28 0•42 0.49 - (2.8) 58° 50° 47 57° 60 

8 2.7 7.5 0.28 - 0•43 0•65 0•53 58° 38°  55 - - 

9 1•6 6•5 0.61 - 0.36 0.95 0•59 59° 41° 70 - - 

10 2.0 6•5 0•44 - 0•42 0.85 0.56 59° 48° 68 - - 

II 2.3 6•5 0.44 - 0.38 1.0 0.82 59° 58° 83 - - 

12 2.1 6.5 0.35 - 0.38 0.70 0•40 59° 56° 80 - - 

13 3.2 7.1 0.28 0.56 0.48 0.95 1•1 590 
 52° 51 56° 57 

14 1•9 6.3 0.50 - 0•38 0•95 0.63 590 
 55° 88 - - 

*Deduced from the hook. The value used for energy and pitch calculation may differ from 
this. 

f Calculated by the alternative method (Fig. 5). 
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lation. The two sets of these values are shown in Table 1. There is reasonable 
agreement between them. What discrepancies there are could be explained 
by either scaling errors or the simplifying assumptions used in deriving the 
alternative (f.) method. 

The scale frequency a as calculated from Figure 3 for each hook is shown in 
Table 1. However, for the value adopted for energy and pitch calculation, 
use was made of the fact that hooks often occur in groups. For instance, the 
last seven hooks all occurred within 30 seconds or so of 0135 U.T. on October 6, 
1959. Also hooks 2 and 3 both occurred at 0635 U.T. on February 15, 1958. 
It seems reasonable to assume that the scale frequency would not change in such 
a short time. Thus a weighted average value was adopted in such cases. 

This sample is too small for statistical analysis. It seems that relatively 
few spectrograms of hooks have been actually published, though since 7 of the 14 
considered here occurred in an interval of half a minute one would expect that 
enormous numbers would have been recorded during the I.G.Y. However, 
some interesting preliminary conclusions can be drawn from the few we have 
here. 

Table 1 shows that the generation of these hooks was confined to a narrow 
range of field line latitudes. The last seven were observed at Seattle (geomagnetic 
latitude 54° N.) but barely or not at all at Stanford (44° N.), as shown in Helliwell 
and Carpenter (1961). This indicates an observing range for any one event 
(produced by propagation under the ionosphere) of some 10° of latitude. Thus 
we would predict from this that the occurrence rate of observations as a function of 
receiving station latitude should show a broad maximum in the vicinity of 59°. 
The observed (Helliwell and Carpenter 1961) occurrence rate of " chorus " for days 
of .110 >4 shows such a maximum at approximately 58°. Although the average 
latitude of the field lines of generation can be deduced from such analyses of 
occurrence rate of observations, the method given here for the first time gives the 
latitude of individual emissions. The method also gives the time of generation 
of the centre (A) of the hooks. From Table 1 we see that this occurred about 
1 second before observation. 

If the electron bunches which produce these hooks were all injected into the 
field line near the equatorial plane and if there were no preferred direction of 
injection, one would expect the median of the equatorial pitch angle 4)0  values 
of a large number of bunches to be 60°. This is approximately so for the 14 hooks 
in Table 1. The latitude angles of the mirror points (I.) corresponding to these 
values of (1)0  range from about 8 °  to 30° as seen from the top scale of Figure 4. 
The latitude angles of the points at which the frequency f was generated was 
found from for the six hooks for which Tn+  was scaled. These ranged from 7° 
to 14°. Thus most of the observed frequency range is generated within some 
10-20° of the equatorial plane. It is important to note that, since f n  is the 
highest frequency at which measurements are made, the assumptions of constant 
scale frequency and dipole magnetic field need only apply within this region. 

Probably the most important parameter is the electron energy. The energies 
shown in Table 1 are of the order of a few tens of kilo-electron-volts. Thus 
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typical values of fi are around 0-3-0-5. Relativistic effects are very small at 
these velocities, so that the approximate correction formula (9) which was applied 
to the energy scale of Figure 4 should be sufficiently accurate. 

VII. ACKNOWLEDGMENT 
I am indebted to Professor G. R. A. Ellis of the Physics Department, 

University of Tasmania, for advice, criticism, and encouragement. 

VIII. REFERENCES 
CARPENTER, D. L. (1962).—J. Geophys. Res. 67: 135-45. 
DOWDEN, R. L. (1962a).—J. Geophys. Res. 67: 1745-50. 
DOWDEN, R. L. (1962b).—Nature 195: 1085-6. 
DOWDEN, R. L. (1962c).—Nature 195 : 984-5. 
EIDMAN, V. IA. (1958).—J. Exp. Theor. Phys. (U.S.S.R.) 34: 131-8. 
Enms, G. R. A. (1962).—Au8t. J. Phys. 15: 344-53. 
GALLET, R. M. (1959).—Proc. Inst. Radio Engrs. 47: 211-31. 
HELLIVVELL, R. A., and CARPENTER, D. L. (1961).—Whistlers—West I.G.Y.—I.G.C. Synoptic 

Program. S.E.L. Report March 20, Stanford University. 
SMITH, R. L. (1960).—The use of nose whistlers in the study of the outer ionosphere. S.E.L. 

Report No. 6, Stanford University. 
SMITH, R. L., and CARPENTER, D. L. (1961).—J. Geophys. Rae. 66: 2582-6. 



Planet. Space Sci., 1963, Vol. 11, pp. 361 to 369. Pergamon Press Ltd. Printed in Northern Ireland 

DOPPLER SHIFTED CYCLOTRON GENERATION OF 
EXOSPHERIC VERY-LOW-FREQUENCY NOISE ("HISS") 

R. L. DOVVDEN 
Ionospheric Prediction Service and University of Tasmania, Hobart, Australia 

(Received 20 November 1962) 

Abstract—Cyclotron radiation from a receding electron in the exosphere can be doppler 
shifted to a frequency much less than the local gyrofrequency. A discrete bunch of electrons 
will produce a discrete emission as shown previously."' A stream of electrons will produce 
band limited white noise or hiss. The low frequency limit of this band is an emission cut off 
and the upper limit is a propagation cut off. Narrow, wide and very wide bands of hiss can be 
produced by electron streams of even very broad velocity and pitch distribution. Tests of this 
theory and of the TWT theory") are suggested. 

1. INTRODUCTION 
Very low frequency exospheric noise or "hiss" occurs in the audiofrequency region 

usually in association with magnetic disturbance. In this and many other respects it is 
similar to the discrete emissions such as "hooks", "risers", "falling tones", etc. The most 
important difference is that the latter appear as separate discrete falling and rising tones 
whereas hiss appears as band limited white noise. 

Several theories have been advanced to explain these emissions, but most of these do 
not attempt to account for the detailed features that are observed. Recently, however, two 
theories were advanced, one for hiss and the other for the discrete emissions, which do 
account for the detailed features of the two types of emissions. 

The first (2)  explains hiss as amplified erenkov emission from electron streams by 
analogy with the travelling wave tube (TWT process). It was shown that an electron 
stream in the exosphere acts as narrow band amplifier if the stream is "weak" but as an 
overloaded amplifier for "stronger" streams. Largely as a consequence of this it was 
possible to explain the following characteristics of hiss: that it occurs mostly in the 1 to 
10 kc/s region; that the vast majority of hiss originates at geomagnetic latitudes (3)  greater 
than 500 ; that the bandwidth varies from about" )  750 c/s to over (5)  200 kc/s, though 
bandwidths of 1 or 2 kc/s are more usual (6) ; and that in general the bandwidth increases 
with the degree of magnetic activity. (6)  Several other features of hiss, such as the occasional 
occurrence of multiple narrow bands of hiss and the long term (minutes and hours) fre-
quency and amplitude variations of hiss, could be explained in terms of this theory, but 
these features are determined by the properties of the sources of the electron streams and 
so not relevant to the actual hiss generation process. 

The second theoryw explained the discrete emissions by a very different process. It 
was shown that a single discrete bunch of electrons spiralling along a field line away from 
the observer will radiate the doppler shifted frequency (f) given by: 

(h —f)3  = af32hf cos2  v 	 (1) 
where h is the local gyro frequency, a is the electron density parameterm "scale frequency", 
fi is the electron velocity in units of the velocity of light, and v is the helical pitch angle of 
the electrons. Consideration of electron travel times and wave group propagation times 
gives the frequency-time shape of a "hook" for a complete hemisphere to hemisphere 
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traverse. A family of hooks calculated in this way is shown in Fig. 1. A half traverse 
(bunch lost at mirror point or at re-entry of injection region) gives only half a hook. This 
may be a "falling tone," a "riser" or a "pseudo nose" as seen in Fig. I. 

E (k.eV.) 

— 5 
— 7 
— 10 
—15 
— 20 

—40 

— 80 

—150 

1.2 	1.4 sec 

FIG. 1. A FAMILY OF HOOKS CALCULATED FOR ELECTRON BUNCHES OF MINIMUM PITCH ANGLE W = 60° AND 
SEVERAL ENERGIES AS SHOWN TRAVELLING IN AN EXOSPHERE OF SCALE FREQUENCY a = 500 kc/s ALONG THE 
(DIPOLE) FIELD LINE 2 = 60°. AT TIME t = 0 EACH BUNCH PASSED THROUGH THE EQUATORIAL PLANE FROM 
THE OBSERVER'S HEMISPHERE TO THE OPPOSITE HEMISPHERE. THE BROKEN CURVE (WHICH HAS A NOSE WHISTLER 
SHAPE (13)), DIVIDES THE HOOKS INTO FALLING AND RISING PARTS GENERATED IN THE OBSERVER'S AND THE OPPO- 
SITE HEMISPHERES RESPECTIVELY. THESE PARTS MAY OCCUR SEPARATELY GIVING "FALLING TONES", "RISERS", 
ETC. THE RISING PART IS CUT OFF AT THE FREQUENCY 0.55110 . THE HIGHEST FREQUENCY OF THE FALLING 

PART IS f,„ GIVEN BY (3). 

This theory also includes "dawn chorus". This is a continuous emission made up of 
discrete emissions (hooks, risers, etc.) often overlapping in time. At times this discreteness 
or fine structure may only be apparent when observed aurally or on fast spectrograms.") 
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. This suggests that 
perhaps hiss is only a type of unresolved dawn chorus produced by the cyclotron process 
by a sufficiently large number of small electron bunches or a continuous stream of electrons. 
This merely explains the continuous or white noise nature of hiss. However it will be 
shown in this paper that all of the other characteristics of hiss which are explained by the 
TWT process can be equally well explained by the doppler shifted electron–cyclotron process. 

2. FREQUENCY BAND LIMITS 

It is clear 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 one might 
expect only broad band noise from unresolved "discrete emissions" produced by the 
cyclotron process. But two effects limit the upper and lower frequencies respectively. 

For electrons of given energy and minimum pitch angle, the minimum frequency occurs 
at the geomagnetic equatorial plane. Using subscript zero to denote values at this point the 
minimum frequency or low frequency cut off (fo) is given by: 

(ho  — fo)3  = afl2hofo cos2  vo 	 (2) 

The highest frequency emitted (from (I)) is the gyro frequency at the mirror point. 
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However there is a propagation cut off much below this limit caused by attenuation near 
the local gyro frequency. It is very sharp: Liemohn and Scarf (8)  found that in the vicinity 
of this cut off the attenuation increased from 5 dB to 50 dB in a three per cent interval of 
frequency. Smith (9)  found that the upper cut off frequency of all nose whistlers he analysed 
never exceeded 0.55 to 0.6 times the minimum gyro frequency along the whistler path. 
Choosing the lower frequency, for example, the highest observable frequency from emissions 
generated in the hemisphere opposite that of the observer will be 0.55 ho . For emissions 
generated in the observer's hemisphere, however, the lowest gyro frequency along the path 
from the emission point to the observer occurs at the emission point. Thus the highest 
observable frequency (fm) will be 0.55hm  where h io  is the gyro frequency at the point at 
which f. is generated. Substituting into (1). 

(hn, — 0.55h„,)3  = 0.5502142 cos2 Pm 

From the principle of invariance of magnetic moment we can express the pitch (p) in terms 
of its value at the equator: 

cos2  v = 1 — (hlho) sin2  vo . 
Consequently: 

fm = 0•55k. = 0.55 [0.17/0 2  + sin2  ipo/h0]-1. 	 (3) 
These points are illustrated in Fig. 1. The rising parts (right hand side of broken curve) 

are produced in the hemisphere opposite that of the observer and so are limited to 0.55h 0  = 
7.4 kc/s. The upper limits of the falling parts are given by (3). At any given frequency 
only energies above some limit can produce radiation. At frequencies below the whistler 
cut off (0.55h0) radiation from both hemispheres can be observed. If the stream is confined 
to the hemisphere opposite that of the observer the upper limit will be the whistler cut off. 
This is another way of saying that if the hiss consists entirely of unresolved "risers" and 
"pseudo noses" (no unresolved "hooks" or "falling tones") the upper frequency limit will 
be 0.55h0. This is perhaps likely at times since rising type discrete emissions are about 
ten times as common as hooks and falling tones."° )  

The upper and lower limits as a continuous function of energy for discrete pitch angles 
and of pitch angle for discrete energies are shown in Figs. 2 and 3. 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 II,. A constant scale 
frequency of 500 kc/s has been assumed but a definite model of magnetic field is not required 
(provided it is monotonic) except for obtaining field line latitude A from minimum gyro 
frequency h0 . Note that narrow band noise can be produced by a range of energies for any 
given pitch angle, but for large pitch angles this energy range is larger. Wide and very wide 
band noise will be produced by electrons of low pitch and high energy.' During magnetic 
storms electron streams reach down to the ionosphere to produce auroraem ) . At high 
latitudes (--,60°) this requires pitch angles (7p0) less than about 5°. We might also expect 
higher energies during storms and thus wide and very wide band noise as observed (5) . 

3. AMPLITUDE—FREQUENCY SPECTRA 

In considering bandwidths of hiss produced by streams of electrons of various energies 
and minimum pitch angles we have assumed mono-energetic, mono-pitched streams. 
This is not an unreasonable assumption since it is observed that the bandwidths of indi-
vidual discrete emissions rarely exceed 150 c/s at any instant" ) . This could not happen 
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FIG. 2. UPPER AND LOWER BAND LIMITS OF HISS GENERATED IN THE FIELD LINE Z = 60 0  
AS A FUNCTION OF THE ENERGY OF THE ELECTRONS GENERATING IT. CURVES ARE SHOWN FOR 

THREE DISCRETE VALUES OF MINIMUM PITCH ANGLE (cos /Po) 

unless the electrons in the bunches which produce these emissions had narrow ranges of 
energy and pitch. One would expect the same to hold true of streams. Also m-  ono-energetic 
electron streams have been observed (11) . Pitch angle measurements of electrons in streams 
have not been reported. However we will show that the main features of hiss can be pro-
duced even if the electrons of the streams have wide energy and pitch distributions. 

Two energy spectra of electron streams as measured by McIlwain (n )  will be considered. 
Both were measured by rockets fired into visible aurora. The first was observed inside a 
quiescent auroral glow of intensity I. It showed an integral number energy spectrum 
proportional to exp (—E15) electrons/sec cm2  over the range 3 to 30 keV. The second was 
observed in a bright active auroral arc. This stream consisted of practically mono energetic 
electrons of energy 6 keV. 

We will consider a pitch angle distribution produced by isotropic injection at the 
equatorial plane. It can be shown by simple geometrical considerations that the fraction of 
pitch angles between vo  and ipo  chpo  is given by 

dN(y0)11■1 = sin vo  dvo . 	 (4) 

Satellite measurements 02)  of the low energy ( < 500 keV) electrons in the outer radiation 
zone indicate such a pitch distribution. Preliminary measurements from hooks (13)  indicate 
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FIG. 3. BAND LIMITS OF HISS GENERATED IN THE FIELD LINE A = 60 0  BY ELECTRONS OF ENERGY 3, 10 AND 
30 keV RESPECTIVELY, AS A FUNCTION OF THE MINIMUM PITCH ANGLE V °  OF THESE ELECTRONS 

that the pitch distribution of the electron bunches (but not of the electrons in an individual 
bunch) is also of this type. 

The power radiated by an electron travelling along a helical path in a plasma with 
superimposed magnetic field has been given by Eidman (14) . A much simpler expression 
will suffice for our purpose since the spectrum shape is mainly controlled by the pitch and 
energy distributions. That is: • 

p = kf3I2E (5) 

where k is assumed constant. This is the power radiated by a single electron. From Figs. 2 
and 3 we see that a given frequency f requires electrons of energy equal to or greater than 
some minimum value E„(vo), which is a function of vo. We will assume that the power 
radiated by the electron stream at this frequency is proportional to the number of electrons 
fulfilling this condition, weighted by their energy as in (5). If the number of electrons 
having energies within dE of E is dN(E) and if the pitch distribution is given by (4), then the 
power radiated by the stream at frequency f is given by (arbitrary units): 

;0. 

J r,,

.  

P =1'3/2  f 	E dN(E) sin vo  40 . 	 (6) 
Jo  
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FIG. 4. AMPLITUDE—FREQUENCY SPECTRA OF HISS GENERATED IN THE FIELD LINE = 60 0  BY ELECTRONS 
HAVING THE PITCH DISTRIBUTION GIVEN BY (4) AND ENERGY DISTRIBUTIONS AS IN THE STREAMS OBSERVED 

BY MCILWAIN. A FINITE STREAM WIDTH WOULD SMOOTH OUT THE DISCONTINUITY AT 0.55k,. 

For McIlwain's first stream the integral number energy spectrum is given by 

J(> E) cc exp (—E15) electrons/sec cm2 . 

The number energy spectrum per energy interval in then: 

dJ 
cc exp (—E15) 

The density of the electrons in this energy interval dE is given by: 

dN(E) cc d.1113c CC E-112  dJ 

CC E-112  exp (—E15) dE. 

For McIlwain's monoenergetic stream we take: 

dN(E) =11 for E = 6 keV 

= 0 for all other values of E. 

Amplitude-frequency spectra of hiss generated by these two streams as calculated from 
(6) for streams confined to the field line terminating at latitude A = 60 0  are shown in Fig. 4. 

10 
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FIG. 5. AMPLITUDE—FREQUENCY SPECTRA OF HISS GENERATED IN THE FIELD LINE A = 63-5° BY TWO MONO- 
ENERGETIC ELECTRON STREAMS HAVING PITCH DISTRIBUTIONS GIVEN BY (4). 

Note the similarity in shape of the two spectra. The peak or average amplitudes are not 
comparable, they have been arbitrarily chosen for best clarity. The band limit of the hiss 
generated by the monoenergetic stream are approximately given by the cos y o  -= 1 curve of 
Fig. 2. Thus the hiss spectrum from the first stream (exponential energy distribution) 
could be approximated in shape, amplitude and band width by one generated by a mono 
energetic stream of 15 keV electrons. Hiss spectra from two hypothetical mono energetic 
streams at latitude A = 63.5°  are shown in Fig. 5. From what has been said above we would 
expect similar spectra from streams having energy distributions J (>E) cc exp (—ElEc) if 
Ec  is appropriately chosen. 

An amplitude discontinuity occurs at the whistler cut off frequency 0.55h0 . Above this 
frequency only hiss generated in the observer's hemisphere can be observed, whereas below 
this frequency hiss from both hemispheres can be observed (see Fig. 1). For hiss consisting 
entirely of unresolved "hooks", or of "hooks" plus equal amounts of "risers" and "falling 
tones" the discontinuity will be a factor of two in power or of root two in amplitude as 
shown here. If the hiss consists entirely of "falling tones" the discontinuity will disappear, 
but if it consists entirely of "risers" and "pseudo noses" the high frequency side (f> 0.55 ho) 
will not be observed at all. In all cases 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 discontinuities will be considerably rounded by finite attenuation at cut 
off and finite stream width (field line latitude ranges of a few tenths of a degree would suffice). 
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Figure 6 shows amplitude-frequency spectra of hiss observed by Watts" 51  during a 
magnetic storm. These show similar shapes to those of Figs. 4 and 5 if the discontinuities 
are rounded off. The observed spectra will have been modified by attenuation in pro-
pagation through and under the ionsphere. This increases with frequency (5) . As it is the 
comparison indicates that the frequency 0.55h0  is about 2 kc/s. This would correspond to a 
field line of generation of about latitude 65°. 

FIG. 6. HISS SPECTRA OBSERVED BY WATTS  (NOTE  CHANGE OF AMPLITUDE SCALE). THESE SHOULD BE COM-
PARED WITH THOSE CALCULATED IN FIGS. 4 AND 5. (AFTER WATTS 515)). 

4.  DISCUSSION 

This cyclotron theory of hiss can account for the observed characteristics of hiss listed 
in Section 1. From Figs. 4 and 5 and equations (2) and (3) we see that narrow and medium 
band width hiss occurring at frequencies less than 10 kc/s would be produced at geomagnetic 
latitudes of 60° or higher. Very wide to narrow band widths can be produced by this 
process even for wide pitch angle and energy distributions provided the high energies are 
fairly sharply cut off (power law or exponential) as observed ( " ) . Wide band widths will 
be produced by higher energy electrons which we might expect to be associated with mag-
netic activity. 

From our present state of knowledge, the cyclotron process explains the observed 
features of hiss as well as does the TWT process. In addition the cyclotron process already 
explains the much more detailed  features  of the discrete emissions and dawn  chorus. 
However the two processes are not  mutually  exclusive. Both may operate,  possibly  even 
at the same time and in the same  electron  stream, though one may dominate.  It  should be 
possible to distinguish between these  three  possibilities (cyclotron, or  TWT,  or both),  if 
not from present data, at least from newexperiments based on predictions of  the  two theories. 

The TWT process requires a stream travelling towards the observer whereas  the cyclo- 
tron process requires the reverse. Unfortunately hemisphere to hemisphere electron  and 
wave travel times are of the order of  seconds  whereas time variations of hiss are of the order 
of minutes or hours (6) . Thus whistler mode reflections of hiss and magnetic reflections of 
electrons would make the original  stream  and emission direction very difficult to detect. 

Although both theories predict  that the  centre frequency of narrow band bursts will be 
proportional to the minimum gyro frequency (ho), the constants of proportionality are 
different. For the TWT theory this  frequency  is 01 5h0, whereas for the cyclotron theory  it 
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is 0.55k. For typical 4 kc/s narrow band hiss the corresponding field line latitudes are 
55.5° and 63.5°. In addition the TWT process can produce narrow band hiss not obeying 
this relation if the stream is mono energetic and narrow pitched (2) . This effect is difficult to 
detect on the earth because propagation under the ionosphere allows observation of hiss 
generated in a wide range of field line latitudes. On the other hand a satellite travelling 
just above the ionosphere (or higher) will receive only radiation generated in the field line 
through which it is passing. In addition, since there would be no ionospheric losses to 
contend with, the intensity would be several orders of magnitude greater (5)  and the observed 
amplitude-frequency spectra would be as generated (5) . For similar reasons such a satellite 
would be very useful for work on discrete emissions and whistlers. 

5. CONCLUSIONS 

Doppler shifted cyclotron radiation from receding electrons which already explains the 
detailed frequency-time shapes of discrete emissions can also explain the observed 
characteristics of hiss. However the amplified Cerenkov (TWT) process also explains these 
characteristics and it is difficult to distinguish between the two theories for hiss on present 
data. Observations from a satellite of the variation of frequency of narrow band hiss with 
geomagnetic latitude could resolve this. 
Acknowledgements-The author would like to thank Professor G. R. A. Ellis for many criticisms and 
suggestions concerning both the theory and the manuscript. 
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Peatome-IAmmoTpotinoe na.nynenne OT oTcTynaanuero anexTpona B axcoccDepe 
MOHieT II0HriliTb CLUMP gormaepa o nacToTu, noTopan ropaallo menbine mecTmail 
rnponacToTm. Han 61,ino nonaaano pamanew, AncimemEM nynen OJIOHTPOHOB coagaeT 
ancupemylo 3MHCC1410. nOTOH 3.11OHTp0HOB CO3AaeT 6e3Iblit inym 143111 umneime C 
orparimennofl nouocoit. linanonacToTnan rpamtua 3TOH 110710CLI-3MIICCHOHHOO 
orpanwienme, a BLICOHO4aCTOTHaci rpamma-orpammenne pacupocTpanemm. Yanan, 
umponan H O'leHb umponan HOHOCLI unmemin MOUT 6LITL CO3jIallbl aileKTp0HHLIM/I 
noTonamn c paimomeptum, ovum umpornam pacnpellenennem cnopocTit H yrua mencily 
CHOpOCTFIMII OJICHTp0HOB 14 marnurrnmmit CHHOELIMII JIHHI4IIMH. npeAJI0HieHM Menu-
TaHlIFI aTal TeOpIIII II TWT(2). 
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EFFECT OF MAGNETIC ANOMALIES ON VERY LOW FREQUENCY 
DISCRETE EMISSIONS 

By R. L. DOWD'EN 
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for incomplete traverses (Dowden 1962). However, many discrete emissions have 
distorted spectrograms which cannot be explained by the theory, if a dipole field 
is assumed. Examples of these are shown in Figure 2. 

The following points suggest that these distorted emissions are produced by 
magnetic anomalies in a predominantly dipole magnetic field. An atlas of spectro-
grams,  of V.L.F. emissions (Jones et al. 1963) observed at times of quiet conditions, 
moderate disturbance, and Severe disturbance, indicates that the degree of distortion 
increases with the degree of disturbance. Reference to Figure 1 shows that the 
emitted frequency can be quite sensitive to small changes in magnetic field or gyro 
frequency,. particularly for large pitch angles. Anomalies observed by satellites and , 	. 	 . 	_ 
space probes appear to have significant amplitudes. These are shown in Table 1 
(the last two entries refer to hydromagnetic -fluctuations). 	- 

•• TABLE 1 
SATELLITE OBSERVATIONS Or MAGNETIC ANOMALIES 

Region 
(Earth radii) 

Amplitude 
(gammas) 

• 
Remarks 

- 

Reference 

7 
51 

— 
— 

—50 
+15 

. 800 
149 	. 
10 

100 - 10 - 

 

(ring current?) 
quiet period 
disturbance 
disturbance. 

H.M. (100j500S) 

H.M. (0.3 c.p.s.) 

Smith et al. (1960) 
Heppner at al. (1963) 
Dolginov et al. (1960) 
_Dolginov & Pushkov (1962) 
Judge & Coleman (1962) 

{Sonett e.t al. (1960) 
Coleman et .al. (1960) 

It is not clear what anomalies should be taken as typical during disturbed • 
periods in the region of interest (L ,---4 Earth radii or kc/s). However, to 
demonstrate the effect a number of hypothetical anomalies of 54 gamma (Ah = 1.5 
kc/s) were assumed. These models are shown in Figure 3 together with the resulting 
distorted hooks caleulated from the integrals for electron travel times and wave 
group propagation times given previously (Dowden 1962). Field lines were chosen 
so that the minimum gyro frequency h e, = 15 ke/s. The first model is a purely 
dipole field. In the remaining models the undisturbed dipole field is shown by the 
broken curve. Two hooks have been computed for each model corresponding to 
cos 1i = 0.5 and 0.4 respectively. Both are produced by electrons of 150 keV 
moving in a medium of scale frequency 500 kc/s along a field line terminating at 
about 590  geomagnetic latitude. 

In each case the total fields (dipole plus anomalies) are taken as symmetrical 
about the geomagnetic equatorial plane. This is not particularly likely (especially 
for cases 4, 5, and 6) but was chosen to show the different effects of the anomalies 
on the predominantly falling and rising parts of the hooks respectively. A more 
realistic approach would be to consider different models for opposite hemispheres. 
Since very little of the distortion arises from propagation effects (as discussed later), 
the resultant hooks from a combination of any two field models shown here can be - 
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parameters. In Figure 3 we see that the distortions of the hooks relative to the 
undistorted or "dipole" hook are roughly similar to the distortions of the anomalous 
fields relative to the pure dipole field. Thus, for any emission which is recognizable 
as a distorted form of a standard or dipole hook, we can get some idea of the shape 
and the sign of the anomaly. 

It has been shown above (see Figs. 1 and 3) that the frequency-time shape 
of some V.L.F. emissions is remarkably sensitive to small field anomalies : changes 
of a few percent over a few hundred kilometers would be detectable. Whistlers, on 
the other hand, are quite insensitive to anomalies along the propagation path. 
Indeed, in an investigation into the effects of much larger anomalies on whistlers, 
Spreiter and Briggs (1962) found that, although there might be an appreciable 
change in the nose frequency and nose time delay, there is very little change in 
shape; i.e. the frequency-time plot of a nose whistler produced in a highly anomalous 
field could be closely fitted to one produced in a dipole field by suitably changing 
the field line latitude and the scale frequency or electron density. 

I am indebted to Professor G. R. A. Ellis, Physics Department, University 
of Tasmania, for many criticisms, suggestions, and discussions. 
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Minimum-Reading Phase-
Sensitive Detector* 

Many of the powerful techniques of radio 
astronomy make use of a device which meas- 
ures only the difference signal between two 
inputs or situations. Well -known examples:' 
the Dicke system for suppression of receiver 
fluctuations, the phase-switched interferom-
eter for suppression of galactic background 
and the pencil-beam Mill's Cross. The effect 
is produced by rapidly switching between 
the two inputs or situations 'and recording 
the difference signal with a phase-sensitive 
detector ( PS D ). 

A very different technique, the minimum 
reader, has been used in LF radio astronomy 
and in exospheric VLF noise studies for the 
suppression of atmospherics and other im-
pulsive interference.' This is a partially uni-
directional integrator having a long time 
constant for signal increases and a very short 
one for signal decreases. Thus only the 
slowly varying signal component between 
impulses is recorded. If the receiver (local 
oscillator) frequency is rapidly swept over a 
short range (a few times the receiver band-
width), communication transmissions be-
come impulsive interference so these are 
also suppressed. 3 . 4  

In LF radio astronomy both techniques 
may be required: a switched system with a 
minimum-reading PS D. In a simple Dicke 
system one input is connected to a dummy 
antenna or a calibration noise source. Im-
pulses can only occur in the other (signal) 
input so that at the output of the PSD these 
will always appear with the same polarity. 
These can then be suppressed with a mini-
mum reader as is done in the riometer. 3  
However, in other systems in which the im- 

pulses can appear in either input (inter-
ferometer, Mill's Cross), this is no longer 
true. A method of overcoming this is dis-
cussed below. 

Fig. 1 shows a complete system, input-
switching and minimum-reading PS D, using 
only two twin triodes and six solid-state 
diodes. As well as alternately switching the 
receiver to the RF inputs through diodes 
D I  the multivibrator TCalternately applies a 
positive potential to the "earth" end of the 
detector loads RI . The potential at point A 
is then alternately the detected signal from 
input 1 (top half of T, cutoff) and the al-
ways higher potential of the multivibrator 
cathode. The minimum reader, comprising 
the unidirectional Miller integrator D2, C2 
and T2, sees only the least of these, the de-
tected signal from input 1. Thus the outputs 
1 and 2 are the respective detected mini-
mums of the inputs 1 and 2. The difference 
signal appears across outputs 1 and 2. Im-
pulses appearing in either or both of the in-
puts are suppressed. The output impedance 
is of the order of 1000 ohms so that a record-
ing milliammeter call be connected directly 
across the output terminals. Terminal 3 is a 
fixed backing-off voltage. Three recorders 
connected respectively between 1 and 3, 2 
and 3, 1 and 2, will allow separate recording 
of signal 1 only, signal 2 only and the differ-
ence signal only. 

With the circuit values as shown, the 
multivibrator frequency is about 12 cps.; the 
detector time-constant (RI CO is about 
1 msec; and the upward time-constant of the 
minimum reader is about 15 sec. This latter 
is adjusted through the capacitors C2. The 
output zero can be adjusted with the po-
tentiometer shown and the gain equalized 
by adjusting the plate loads R2 . This system 
is being used for polarization measurements 

R.E signal 	
RECEIVER 

Fig. 1—Minimum-reading phase-sensitive detector. 
This circuit is symmetrical so that components are 
labeled in one half only. 

at 10.1 Mc with a local oscillator sweep of 
12 kc, a sweep rate of about 20 per sec, and 
a receiver bandwidth (rectangular) of about 
4 kc. However, this system could also be 
used as a phase-switching interferometer or a 
Mill's Cross. 
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POLARIZATION MEASUREMENTS OF JUPITER RADIO BURSTS 
AT 10•1 Mc/s 

By R. L. DOWDEN* 

[Manuscript received May 1, 1963] 

Summary 

At 10- 1 Mcis Jupiter bursts of both senses of circular polarization are readily 
observed. The algebraic mean axial ratio is a strong function of Jovian longitude. 
This is almost entirely due to variation with longitude of the relative proportion of 
bursts of opposite sense of polarization. If bursts of the two senses (L.H. and R.H.) 
are analysed separately the two mean axial ratios show little or no variation with 
longitude and are equal and opposite in sign. The axial ratio distribution and 
other observations are compared with the predictions of the Doppler-shifted cyclotron 
theory. 

I. INTRODUCTION 

Decametre radio bursts from Jupiter are elliptically polarized, usually in the 
right-handed (R.H.) sense. Observations by Bollhagen (Carr, personal communication) 
show that at 22 Mc/s, 99.4% of bursts are R.H. and 0.6% L.H., while at 16 Mc/s, 
67% are R.H. and 33% L.H. No systematic variation of these ratios with longitude 
has been reported though "there are slight but apparently significant differences in 
the average polarizations" of bursts from the three main longitudes of emission (Carr 
et al. 1961). In contrast the measurements at 10-1 Mc/s described here show that, 
while the average for all longitudes is about 63% R.H. and 37% L.H., this ratio is 
strongly dependent on longitude,t varying from 95% R.H. at 270° to 17% R.H. at 85°. 

II. INSTRUMENTATION 

Jupiter bursts were received on a horizontal array of twenty pairs of crossed half-
wave dipoles arranged in a 10 x 2 configuration with the long axis in the north-south 
direction. The half-power cone of the antenna beam cuts the celestial sphere in a 
banana-shaped curve which enclosed Jupiter for some two or three hours either side 
of transit throughout the period of observation. For symmetry (and minimum number 
of support poles) the two sets of dipoles were positioned in the NE.—SW. and NW.—SE. 
directions respectively, that is, both at 45° to the long axis of the antenna. 

The transmission lines from the two orthogonal linear polarizations were inter-
connected by a quarter-wave line and matched to identical preamplifiers. The outputs 
of these, which were the amplified L.H. and R.H. components respectively, were sampled 

* Ionospheric Prediction Service and the University of Tasmania; present address: Physics 
Department, University of Tasmania, Hobart. 

t The longitude system used in this paper is the original System III of period 9h 55m 28- 8s 
(Carr et al. 1958). To convert to the I.A.U. revised System III of period 9h 55m 29.37s (Carr 
at al. 1961), subtract 300  from the longitudes quoted in the text and the longitude scales of 
Figures 5, 6, and 7. 

Aunt. J. Phys., 1963, 16, 398-410 
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by a commercial communications receiver through a diode switch as shown in Figure 1. 
C.W. (e.g. communication and broadcast transmissions) interference was completely 
suppressed by using a "rectangular" LI band-pass filter of 4 kc/s bandwidth and by 
rapidly sweeping the second local oscillator through a range of about 12 kc/s. This 

Fig. 1.—Block diagram of polarimeter. 

converted c.w. interference to impulsive interference which could be suppressed, as 
explained later. Power linear detected outputs were obtained by doubling the inter-
mediate frequency and using linear detectors. Voltage or field-strength linear outputs 
were also obtained by linear detection of the intermediate frequency before doubling 

Fig. 2.—Typical C.R.O. record of 10-1 Mcis Jupiter bursts. 

(not shown). At each output the unwanted component of circular polarization was 
suppressed  by applying a positive pulse to the "earthy" end of the detector load during 
the time the receiver sampled the unwanted component, as shown in Figure 1. 

The wanted circular polarization component of Jupiter and Galactic radiation is 
separated from unwanted c.w. interference, wide-band impulsive interference (such as 
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atmospherics), and the unwanted polarization component by using a system which 
records only the least signal occurring in a period of a few tens of milliseconds. The 
record shown in Figure 2 was obtained by connecting the L.H. and R.H. outputs to 
the deflection plates of a twin-beam cathode-ray oscilloscope. It is seen that all un-
wanted signals have been converted to unresolved pulses (filled-in white areas). Jupiter 
bursts appear as resolved (black) pulses and the Galactic component appears as a 
small steady level just above the zero level indicated by the one-minute time and zero 
marks. Pen recorders were also used by employing minimum reading circuits. This 

Fig. 3.—Apparent or projected axial ratio as a function of the 
inclination of the ellipse minor axis for various actual ratios and 

for an angle of incidence of 37°. 

system is discussed in more detail elsewhere (Dowden 1963). A total of eight pen-
recorder channels and six C.R.O. channels recording L.H., R.H., and L.H. minus R.H. 
components, using both power linear and voltage linear recording and different paper 
and film speeds were operated simultaneously. However, the two power linear C.R.O. 
channels recorded on 35-mm film moving at 6 in. per hour produced the best records, 
and only these are discussed here. 
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•.III. AXIAL RATIO MEASUREMENT 

If Jupiter bursts are completely elliptically polarized and if the peak powers 
of the two components of a single burst are obtained, the apparent axial ratio is given 
by y = (ri-1)/(r4  +1), where r = Peak power of L.H. component/Peak power of 
R.H. component. 

However, with a horizontal antenna system as described above, the axial ratio 
measured is that of the horizontal components of the electromagnetic field, and thus 
that of the polarization ellipse projected onto the horizontal plane. The apparent or 
projected axial ratio y is related to the true axial ratio I' by the expression: 

Y = [(P+Q — R)1(P -FQ -FR)i e , 

where P = sin20 (1 +Pcot 20), - 
Q = sec2  i cos20 (1 d-r2tan20), 
R = (P —Q) 2  +411 2 , 
H = sec i (1 —P)sin 0 cos 0, 

= angle between the major axis of the ellipse and the horizontal plane 
(or inclination of the minor axis), 

i = angle of incidence of Jupiter radiation. 

Figure 3 shows this relation for an angle of incidence of 37° which was typical for the 
observations reported here. Faraday rotation along the path will cause the inclination 
of the ellipse (0) at the antenna to differ from that at the point of emission on. Jupiter 
by some hundreds of radians. A small change in the total electron content along the 
path will produce a large change in 0 so that in general 0 will be changing continuously. 
If 0 changes slowly in time so that it is essentially constant during a burst, then a large 
number of bursts of a given axial ratio will be observed as a distribution of projected 
axial ratios which can be calculated from the appropriate curve in Figure 3 by assum-
ing that all values of 0 are equally probable. Slight complications arise if 0 varies during 
a burst, but this is automatically overcome, as we will see later. 

Faraday rotation is also frequency dependent. If the differential rotation over 
the bandwidth of the receiver is greater than 180° all values of y for a given I' will be 
averaged. The mean projected axial ratios (y) as a function of incidence angle (i) for 
several values of true axial ratio (r) are shown in Figure 4. 

An expression for the Faraday rotation fading rate is given by Aitchison and 
Weekes (1959). If longitudinal propagation is assumed and a typical effective value 
of total electron content (I) of about 30 x 1012  cm -2  is substituted, this becomes 

a 
2—

ao 
= 4 x 104 (//2) -1—(1 sec at 	at 

where 0 is measured in revolutions and the frequency (f) in megacycles per second. 
Substituting / = 10 Mc/s, the average fading rate caused by the variation of incidence 
angle (i) over the 5-hr observing periods centred on transit would produce a fading 
rate of about one per minute. A 30% change in I (at constant i) spread over the same 
period would produce a similar rate. This fading period is much longer than typical 
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Jupiter bursts. An expression for the rate of change of rotation with frequency can be 
similarly derived: 

opt = —8 x 104  f 3  sec i 	rev/(Mc/s). 

For f = 10 Mc /s and sec i = 1-25 we find that 0 will change by 1800  over a bandwidth 
of 5 kc/s. 

Fig. 4.—Projected axial ratio averaged over all ellipse inclinations 
as a function of the angle of incidence for various actual axial 

ratios. 

Since the receiver bandwidth was about 4 kc/s, the projected axial ratios will be 
averaged by the receiver, giving the corrections indicated in Figure 4. Over the range 
of incidence angles which apply to these observations (as indicated by the limit bar in 
Fig. 4), and for /'<0-7 we find to within the limit of the scaling errors. This 
also applies if the amount of Faraday rotation has been underestimated. If it has been 
overestimated values of y will not be completely averaged by the receiver. This will 
produce a broadening effect, since each value of l' produces a range of y. However, 
for the distribution as shown in Figure 11 the total corrections would be less than the 
statistical errors. 
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Apart from projection effects, the observed axial ratio will be smaller _than those 
emitted on Jupiter if some bursts of opposite polarization are superimposed on the 
record. In this way apparent ratios near zero could be produced by coincident and 
oppositely polarized bursts of relatively high axial ratio. 

A similar and potentially more serious effect may be irrelevant. Roberts (1963) 
has pointed out that polarizations deduced from measurement of only the two circular 
components could be interpreted in two ways: pure elliptical polarization or a mixture 
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Fig. 5.—Histograms of Jupiter bursts for three observing periods. 
The shaded portions correspond to bursts polarized in the right- 

handed sense. 

of pure circular plus random polarization. He pointed out that this could be resolved 
by measuring the random component as well. However, this is difficult at decametre 
wavelengths because the Faraday rotation is large and is both frequency and time 
dependent. Thus, at 10 Mc/s, for the Faraday rotation estimated above, the orienta-
tions of ellipses would be completely randomized over a bandwidth of about 5 kc/s or 
a time constant of about 1 min. Thus physically realizable polarimeters would tend to 
see only circular plus random polarization when pure elliptical polarization was 
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incident. In view of this, one or other interpretation must be chosen on other grounds. 
The former (pure elliptical) is chosen here. 

An alternate methed of studying polarization variations is to count the relative 
proportions of L.H. and R.H. bursts. This method does not suffer from any of the 
effects mentioned . above, -since none of them can reverse the sense of polarization. It 
has the additional advantage of involving only simple counting instead of two measure-
ments and a calculation for each burst. Much of the following discussion is based on 
this method. The effect of imbalance between the L.H. and R.H. channels, which 
can occur both in the equipment and in the Earth's -ionosphere, leading to a zero shift 
in axial ratio, will be discussed later. 

leo° 	- 	2700  
LONGITUDE. SYSTEM III 

Fig. 6.—Smoothed occurrence rate of right-handed and left-handed bursts in 
September-October. 

IV. OBSERVATIONS 

Polarimeter records of Jupiter bursts were obtained from July to December 1962. 
This period was divided into three periods of from July 4 to August 28, August 28 to 
October 8, and November 21 to December 22. Histograms of burst occurrence in 20° 
intervals of longitude are shown for the three periods in Figure 5. The number of R.H. 
bursts is indicated by the shaded areas while that for L.H. bursts is superimposed as 
white areas. The histograms for the three periods are similar, bearing in mind the 
statistical error and the different lengths of the observing periods. Thus the bursts 
occurring in the September—October period, which were scaled in greater detail, should 
be reasonably typical. For this period the L.H. and R.H. power components of circular 
polarization were measured, and the (apparent) axial ratio calculated, for each burst. 
Intervals of five degrees of longitude were used, but to reduce statistical fluctuations 
centred running means over 25° were calculated. 

Figure 6 shows the occurrence rate of L.H. and R.H. bursts for the September—
October period. The occurrence rate of R.H. bursts shows a pronounced variation ,  
with longitude with peak occurrence at 240°. Nearly half (48%) of all R.H. bursts 
occurred within 40° of this peak. The occurrence rate of L.H. bursts shows less variation: 
and a number of subsidiary peaks, the largest occurring at about 40°. 
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The sum of the peak powers of all bursts occurring within 25° ranges of longitude 
are plotted (dots) at 5 0  intervals in Figure 7. The L.H. and R.H. components have 
been added. The burst occurrence rate is plotted in a similar way (crosses) on the same 
graph. In general the two curves follow the same trends though the "total power" 
seems to be more sensitive to longitude than burst occurrence rate and has a greater 
maximum to minimum ratio. 
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Fig. 7.—Smoothed longitude variation of total power and mean axial ratio (dots), 
and of the burst occurrence rate and the proportion of bursts which were polarized 

in the right-handed sense (crosses). 

Also shown in Figure 7 are the mean algebraic (positive and negative) axial 
ratios (dots) of bursts occurring within 25° ranges of longitude and the percentage of 
these bursts which were polarized in the R.H. sense (crosses). Both show a pronounced 
and very similar variation with longitude. We would expect some relation between 
the two for the following reason. The mean algebraic axial ratio is defined as 

= 
N ' 

where N is the number of bursts observed. If the bursts are separated into L.H. and 
R.H., we have: 
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Variation of Fcan be produced by variation of either (or both) NL/NR  or FL/FR• It is 
quite clear from Figures 6 and 7 that N L/NR  is not constant, so we will consider 

= PA. Then 
= NL  -NR. 

 =k 1
_2  NR) 

NL  -FNR  A 	N 

Thus, if the distribution of absolute values (signs disregarded) of axial ratio is not 

L.H. 	 R.H. 
MEAN AXIAL RATIO 

Fig. 8.—Correlation of the mean axial ratios and the percentage of 
right-handed bursts. The circles at 0% and 100% are the mean axial 

ratios of left-handed and right-handed bursts respectively. 

TABLE 1 

MEAN AXIAL RATIOS OF L.H. AND R.H. BURSTS 

Longitude 

Left Hand Right Hand 

E r r jr 

0°- 600 
 63-25 237 0.27 51•20 230 0•20 

600-1200  51-00 210 0.24 20-45 110 0.185 
120°-180° 27.95 120 0.23 29-25 141 0-21 
180°-240° 31-15 157 0.20 81•15 423 0.19 
240°-300° 8-70 41 0.21 104-15 459 0-225 
3000-3600  34-55 148 0•235 40-90 193 0-21 

0°--360° 216.60. 913 0.237 327-10 1556 0.210 

dependent on longitude, the algebraic mean axial ratio will be a linear function of the 
percentage of R.H. bursts (NR/N). 
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The correlation of these two quantities is shown in Figure 8. A linear relationship 
is a good fit. Mean axial ratios of L.H. and R.H. bursts considered separately and for 
six longitude intervals of 600  are shown in Table 1. 
It is seen that there is little or no systematic variation of average axial ratio with 
longitude for bursts of either sense of polarization. The cyclotron theory (Ellis and 
McCulloch 1963) predicts a slight tendency for r to follow N according as 

E  r cc N1.05 .  

The relation is tested in Figure 9 by plotting the information given in Table 1. The 
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Fig. 9.—Correlation of summed axial ratio and occurrence 
rate of bursts. Left and right-handed bursts are plotted as 
dots and crosses respectively. For the small dot both 

scales should be reduced by a factor of ten. 

exponent for best fit appears to be 1.10, which is probably not significantly different 
from that predicted. A similar prediction of the cyclotron theory is that the total 
power (I P) be related to the number of bursts by the relation 

P cc N". 

The exponent for best fit of the data in Figure 7 is seen in Figure 10 to be 1.51. The 
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difference, if significant, could be due to the increased -  probability of coincidence of 
bursts when the occurrence rate is large. 

It will be noted from Figure 1 that not all the amplification of the signals from 
Jupiter was common to both polarization components. Gain balance was measured 
by automatic hourly noise generator calibrations, though no special precautions were 
taken to maintain exact balance. Since the relation between measured axial ratio 

Fig. 10.—Correlation of the total power and the occurrence 
rate of bursts. 

and power ratio (r) is quite closely logarithmic for values of r between 0.1 and 10, a 
small amount of imbalance would affect nearly all values of measured axial ratio 
by an algebraically additive constant. That is, it would shift the zero of the axial 
ratio scale. The zero chosen was deduced from the noise calibrations. For this zero 
the Galactic noise has an apparent axial ratio of about 0.043. This suggests a ,small 
amount of differential absorption in the Earth's ionosphere, assuming that Galactic 
noise is completely randomly polarized. The absorption is not necessarily the same for 
Jupiter radiation, since the brightest parts of the Galaxy were lower in the sky than 
Jupiter during these observations. " 
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It is interesting to note that if a correction of 0•025 is used we find that, averaged 
over all longitudes, _FL  = = 0.212. Also the regression line in Figure 8 now 
passes through the point = 0, N it/N = 50%, and the two regression lines in Figure 9 
(for L.H. and R.H. bursts respectively) coincide. This zero correction has been applied 
in the histogram of absolute values of axial ratio shown in Figure 11. The absolute 
axial ratio distribution does not appear to be a function of longitude, so this histogram 
was compiled from values from all longitudes. The projection correction has not been 
applied, as it would have very little effect. The observed distribution is similar in 
shape to that predicted by Ellis and McCulloch, if it is assumed that apparent axial 
ratios below about 0.2 are produced by superimposition of bursts of higher axial ratio 
but of opposite sense of polarization. The position of the predicted distribution on 
the axial ratio scale depends on the model used rather than on the theory. 

Fig. I I .—Histogram of absolute values (both left and right taken 
positively) of axial ratio. The zero correction has been applied but 
the shape of the distribution makes the projection correction 

unnecessary. 

V. DISCUSSION 

On the cyclotron theory (Ellis and McCulloch 1963) the configuration of the 
Jupiter magnetic field in longitude can be deduced from observations of the longitudi-
nal variation of burst occurrence, preferably at a number of frequencies. Much ad-
ditional information is provided by polarization measurements. Thus, by considering 
the L.H. and R.H. burst occurrence rates separately, as in Figure 6, both the regular or 
dipole component and the anomalous components can be resolved into hemispheres. 
It is felt that the polarization data obtained so far are not sufficient for a detailed 
analysis of field configuration. Intercomparison of the three histograms in Figure 5 
shows that much of the fine structure of the occurrence rates is statistical error. 
However, some conclusions can be drawn from the broad features which persist through 
these three histograms. 

The main features of the occurrence rates in Figure 6 are a large and fairly narrow 
peak for R.H. bursts at about 240° and a smaller and broader peak for L.H. bursts 
at about 40°. The L.H. peak is somewhat larger and more prominent in the July—
August histogram of Figure 5. If the occurrence rates are not masked by anomalous 
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peaks, this would give the positions of the north-seeking and the south-seeking poles 
respectively. Decimetre observations by Morris and Berge (1962) show that the 
longitudes of the poles are 230 +10° for the pole in the northern hemisphere and 50+10° 
for that in the southern hemisphere, after conversion to the longitude system used 
here. Observations by Roberts and Komesaroff (Bolton 1963) show these poles at 
215° and 35° respectively. Both of these are in reasonable agreement with the positions 
deduced from Figure 6, and further indicate that the sense of the magnetic field of 
Jupiter is opposite that of the Earth, for the north-seeking magnetic pole is located 
in the northern hemisphere. 

The fact that the R.H. or northern hemisphere peak is two to three times the 
L.H. or southern hemisphere peak may be significant. The large R.H. peak could be 
a combination of a "polar" peak at about 220° and an anomalous peak at about 260°. 
The data considered by Ellis and McCulloch support this interpretation. On the other 
hand an asymmetry in the polar peaks (without localized anomalies) of about this 
amount would be produced if the magnetic dipole is displaced along its axis towards 
the northern hemisphere by an amount (0 . 05 times the planet's radius) similar to that 
of the Earth. This asymmetry would increase with frequency and produce different 
cut-off frequencies for the two polarizations. The observed cut-off frequencies are 
around 38 Mc/s (Barrow 1963) for R.H. radiation and around 22 Mc/s (Carr et al. 1961) 
for L.H. radiation. 

Such displacements of the dipole are not inconsistent with the decimetre obser-
vations. In particular, it should be noted that the decimetre observations only locate 
the longitudes of the poles if the magnetic and rotation axes are coplanar. Thus, if the 
dipole is displaced about 0 . 05 radii in a direction perpendicular to both axes, the longi-
tudes of the poles (using the Morris and Berge data) would be 214° and 34° (or 246° 
and 66°) and thus only 148° apart. More data are required for accurate location of the 
dipole position. Polarization measurements at a low frequency (such as 5 Mc/s), where 
contributions from dip anomalies are very small (Ellis and McCulloch 1963), may resolve 
this. 
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Vol. 1, No. 4, pp. 159, December, 1968) 

A Jupiter Model of Pulsars 

R. L. DOWDEN 

Department of Physics, University of Otago, New Zealand 

A precedent to the recently-discovered pulsed radio sources 
or 'pulsars' exists in our own solar system. Jupiter could 
be thought of as a very slow 'pulsar' having a period of 
about 10 h or 35 000 s. Like pulsars, this emission period 
is known to a high order of accuracy (about 1 in 10 6). 
One difference is that Jupiter emission is received over an 
appreciable part of this period (I to or more) compared 
with about 1/30 of a typical pulsar period (about 40 ms 
in 1.3 s). Both pulsar and Jupiter bursts have a micro-
structure of the order of milliseconds, suggesting similar 
sizes of instantaneous emission regions. In both, the 
intensity observed varies from period to period. Emissions 
from both have relatively strong circular-polarization 
components at times. 

There is good evidence, which I will not detail here, 
that the decametric radiation from Jupiter is Doppler 
shifted cyclotron radiation from electrons.' This idea 
came from a theory of VLF emissions in the Earth's 
magnetosphere,' so it is appropriate, particularly at this 
conference, to see if these 'solar system' ideas might work 
for pulsars also. 

I suggest then, that a pulsar is a star rotating with the 
observed emissions period (---4 s), with a fairly strong 
dipole or radial magnetic field and that the magnetic axis 
is inclined to the rotation axis. Unlike Jupiter, there is 
no special reason to expect the rotation axis to be nearly 
normal to the line of sight to the Earth, so that in general 
we would expect to observe radiation from only one mag-
netic hemisphere, perhaps only during brief intervals 
when the angle between the magnetic axis and line of sight 
is relatively small (-- , 10 ° , say). 

The purpose of this paper is to compare the received 
power from a pulsar with what we might expect if the 
radiation process (cyclotron) is similar to that for Jupiter. 
The model outlined above is generally less extreme than 
many suggested in recent papers in Nature. Some 
further details will be filled in below. 
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The peak power flux received from the pulsars is typically 
10-24 wm-2 H —1 z compared with about 10 -20  Wm-2  Hz-1  
from Jupiter. On the other hand our distance from a 
pulsar is about 2 x 10 6  times that from Jupiter so the 
effective (excluding beaming) radiated power from a pulsar 
is about 4 x 108  times that from Jupiter. On the model 
outlined above we might take the rather small on-off 
ratio (-4/30) of pulsar reception to indicate beaming 
(a 'lighthouse' theory). If this is effective over two 
dimensions we gain a factor of 100 or 1000 in comparing 
Jupiter with a pulsar. So we need now to justify a pulsar 
radiating at least 10 6  times the power of Jupiter. 

The decametric radiation from Jupiter and the radiation 
from pulsars show broadly similar energy spectra. The 
upper cut-off frequency for Jupiter is about 30 MHz 
whereas that for pulsars is about 1000 MHz. If this is 
indicative of the highest magnetic fields in the regions of 
emission, the ratio of magnetic field in the corresponding 
regions in pulsars and on Jupiter is 

The radiated power from similar volumes on Jupiter 
and pulsars may be proportional to a relatively high power 
of the magnetic field B. The radiated power per electron 
is proportional to B 2 . For incoherent radiation the power 
per unit volume is proportional to the electron kinetic 
energy density which is itself limited to the magnetic 
energy density (cc B 2). Hence, if the Jupiter and pulsar 
ratios of kinetic to magnetic energy densities are similar, 
we might expect the total radiated power ratio to be pro-
portional to the fourth power of the ratio of B. 

Taking the ratio of B as 30 we might expect a pulsar to 
radiate 10 6  times the power of Jupiter as required. This 
calculation, which might be out by a few orders of magni-
tude either way, may not stand detailed examination, but 
it at least provides a degree of plausibility to a Jupiter type 
model and indicates that a closer examination might be 
worthwhile. 
'Ellis, G. R. A. and McCulloch, P. M., Aust. J. Phys., 16, 380 (1963), 
' Dowden, R. L., J.  Geophys. Res., 67, 1745 (1962). 

2 



Planet. Space Sci. 1965, Vol. 13, pp. 761 10 772 Pergartion Press Ltd. Printed in Northern Ireland 

"MICROPULSATION MODE" PROPAGATION IN THE 
MAGNETOSPHERE 

R. L. DOVVDEN 
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(Received 8 March 1965) 

Abstract—Propagation of extremely low frequency ( ,--1 c/s) waves along field lines in the 
magnetosphere in the "micropulsation mode" is considered. Expressions for phase and group 
refractive index for any wave normal direction are derived. Although wave normal angles are 
likely to be large, longitudinal expressions can be used with reasonable accuracy in calculating 
travel times and dispersion. The medium produces strong guiding without field aligned 
columns. The maximum deviation of the ray path from a field line is shown to be small. 

I. INTRODUCTION 

Certain types of micropulsations give rise to a dynamic spectrum of rising tones of fre-
quency of the order of 1 c/s and repetition rates of the order of one per minute. An example re-
corded at Hobart is shown in Fig. 1. In private communications to Jacobs and Watanabe," )  
Obayashi and Lokken independently suggested that the sequence of rising tones might be an 
expression of dispersion in the propagation of a hydromagnetic wave packet guided by a 
magnetic field line in a manner similar to the falling tones of atmospheric whistlers. Jacobs 
and Watanabe" )  showed that, of the two modes which can propagate in the magnetosphere 
at these frequencies, one (called here the "micropulsation mode") is strongly guided by the 
Earth's magnetic field, is propagated more slowly at higher frequencies, and has a cut-off 
near the ion gyro-frequency. By calculating travel times as a function of frequency of hydro-
magnetic wave packets echoing between the conjugate joints along the field line terminating 
at latitude 65 °  they obtained a dynamic spectrum. This showed good agreement with an 
observed dynamic spectrum. Particularly so when it is remembered that only the field line 
could be chosen to fit the data as the plasma density model is already determined by VLF 
whistler studies. 

The essence of this idea is that "ray" features applicable when relevant dimensions are 
large compared with a wave length are more important than "wave" features applicable 
when the reverse is true. This is due to long path lengths and a refractive index of the order 
of a thousand. 

This paper considers the propagation relations in greater detail to provide a basis for 
further work. Where appropriate, a ray approach has been used. Much use has been made 
of ideas developed for VLF whistlers as discussed by Smith. 42)  

2. REFRACTIVE INDEX AP 

Astrom" )  has shown that the refractive index n for propagation in a magneto-ionic 
medium with wave normal direction U is given by the roots of the equation : 

— 4)1e 1 	n 
	 (I) 
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For a neutral medium of electrons and protons the dielectric coefficients become: 

a 	a 	a 
8 1  1 + 	 (f < 

mg-f
+
g+f g+f 

a 	a 	a 
82 = 1 + 

Mg f g - f g-f 	
(f < 

 
aMg ag _ aMg 

(f < 

	

28,8 2 	a 
84 - 	 (f < 

81+ 82 g 
where f is the wave frequency, g is the proton gyro-frequency, M is the proton-electron mass 
ratio (M = 1838) and a is the scale frequency (4)  or ratio between the plasma frequency 
squared and the gyro frequency. Use has been made of the fact that the two gyro frequencies 
are opposite in sign and that for a neutral medium the two scale frequencies are equal and 
opposite in sign. The approximations apply in the region of interest (i.e. at frequencies less 
than the proton gyro frequency) to an accuracy of about one part in M. Consistent with this 
accuracy we can neglect 1/8 3  in comparison with 1/n 2  so that (1) becomes (for f < g) 

	

tan2  0 = - r' 	f) 	 g 	f)1/ [,. 

Giving: 

and thus: 

1 	2g 	 1 	g2 	f2 
sec2  0. - 	(1 + tan2  0). -2 	a2

' = 0 

a 
n2  = - [1 - sin2  0 + V(.1 sin4  0 ± 22 cos2  0)] -1  2 (2) 

where: 

A few special cases are of interest. For the positive sign before the radical: 

a 1 	=-- 0 

a 	 -= 90° 

a 	
f= 0, all 0 

At micropulsation frequencies this mode is quasi-isotropic in 0. The first solution corre-
sponds to n2  = E2 obtained directly from (1) by equating the r.h.s. to zero. If we use 
approximations for 8 2  appropriate tof g, f < Mg we get, for 0 = 0: 

aMg 	1 	fo2  n2  = 1 +  	4- 
f(mg - f) 	f(fri - f) 

in more familiar notation. This identifies this mode with the "whistler mode". 
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FIG.  I. DYNAMIC SPECTRUM OF A MICROPUISATION EVENT RECORD AT HOBART (1800 U.T. 10TH 

APRIL 1964). 
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For the negative sign, it is the component of refractive index in the direction of the 
magnetic field n 11  which is quasi-isotropic 

n11 2 	n2  cos2  0 — 
al 

— — g 1 — 

a! 
g 1 — 22  

0 = 0 

0 = 90°  

a = - 	 -= 0, all 0 

The mode corresponding to the positive sign is right-hand polarised which is the direction 
of rotation of the electrons. This mode is responsible for VLF whistlers. It is strongly 
anisotropic in 0 for f g (VLF region) but in the region of interest (f < g) it is almost 
isotropic as shown above and by Jacobs and Watanabe. (1)  Its behaviour is "ordinary" in the 
region of interest (Astrom (3)  referred to it as the ordinary mode) but "extra-ordinary" in the 
VLF whistler region. To avoid confusion it will be called the "whistler mode" in this paper. 

The mode corresponding to the negative sign which has the interesting properties 

1 0 

01 
10 	100 
	

1 0 00 
Normalised frequency (A) 

FIG. 2. NORMALISED REFRACTIVE INDEX AS A FUNCTION OF NORMALISED FREQUENCY (i.) FOR 
STRICT LONGITUDINAL PROPAGATION IN BOTH MODES. 
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discussed above and by Jacobs and Watanabe (1)  will concern us here. The electric and 
magnetic vectors rotate in the direction of the protons (left-handed). It is thus the proton 
counterpart of the whistler mode. It will be referred to here as the "micropulsation mode". 

The refractive index for longitudinal (0 = 0) propagation in the two modes as a function 
of frequency is shown in Fig. 2. The refractive index has been normalised to its value at zero 
frequency n(0) where 

, a 	c n(0) = - = - g v 

where v is the Alfven velocity. The frequency has been normalised to the proton gyro-
frequency. 

3. GUIDING 

A polar diagram of normalised refractive index (radial) versus the angle 0 for various 
values of A is shown in Fig. 3. The ray direction (0) is given by the normal to these curves as 
shown. It is seen that for all values of 0 and A the ray direction is close to the direction of the 
magnetic field, as pointed out by Jacobs and Watanabe. ( ' )  The angle ct. is given by : (2)  

tan (ck — 0) = — -1 dn 
n d0 

By expansion of the L.H.S. and differentiation of (2) if can be shown: 

tan =R tan 0 (1 sin4  0 ± A2  cos2 0)112 	sin4  0(tan 0 + cot 0) 
— 4-22  sin 0 cos 0J/Ki sin4  0 + A2  COS2 0)1/2 - f).2(1 	cos6  0)] 

(3) 

Values of q  calculated from this expression (3) are shown plotted in Fig. 4 as a function 
of 0 for selected values of A. It seems likely from analogy with VLF whistlers that the highest 
frequencies propagated correspond to A = 0-6 or so. However even for a maximum of 2 = 0-8 
we see that for all frequencies the angle between the ray and the magnetic field must be less 
than 11-4° everywhere along the path. A similar, though less pronounced, effect occurs for 
VLF whistlers which has been described as magneto-ionic ducting. (6)  

In order to find the ray path we can assume that ray is always fairly close to the field line 
on which it started. Thus values calculated for the field line will apply reasonably accurately 
to the appropriate points of the ray path. Accordingly we will find 0 and thus ch as a function 
of latitude "e" along the field line and then use these to find the deviation of the ray from 
this field line. 

The values of wave normal angle 0 (and thus 0) to be expected in the magnetosphere 
depend on the mechanism which initiates these micropulsations. There is some evidence 
that they are initiated by particle (probably proton) emissions." Theoretical work (6)  on 
VLF emission from single electrons (neglecting stream effects) indicates emission at fairly 
large angles 0. On the other hand, recent satellite observations show (7)  both "micropulsation 
mode" and "whistler mode" whistlers initiated by common atmospheric impulses. For 
micropulsations initiated by atmospheric impulses we might expect small angles 0, since, to 
the extent that a ray approach is valid, waves from a lightning stroke entering the iono-
sphere will be refracted to the vertical (field direction in high latitudes) because of the high 
refractive index. 
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FIG. 3. POLAR DIAGRAM OF NORMALISED REFRACTIVE INDEX VERSUS 

WAVE NORMAL ANGLE 0 PARAMETRIC IN NORMALISED FREQUENCY A. 
THE RAY DIRECTION (0) IS NORMAL TO THESE CURVES AS SHOWN. 

FIG. 4. RAY DIRECTION (0 AS A FUNCTION OF WAVE NORMAL ANGLE 0 FOR 

VARIOUS NORMALISED FREQUENCIES A. 
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We take up our consideration of the micropulsation wave packet as it passes through the 
equatorial plane. We will take the field line which passes through this point as reference and 
denote quantities (0, A, g) at this point (/' = 0) by subscript zero. 

FIG. 5. VARIATION OF WAVE NORMAL ANGLE ALONG THE FIELD LINE (DEFINED BY THE LATITUDE 

ANGLE 1) CALCULATED FROM (4). INITIAL VALUES OF 0 ARE 00 = 100  AND 00 = 30°. INITIAL 

VALUES OF NORMALISED FREQUENCY (A n) ARE AS SHOWN. 

The wave normal angle at any point along the field line is given by Snell's Law: 

n(0) sin 0 = n(0 0) sin 0 0  

tan 0 	n 11 (0 0) 
tan 0 0 	n 11 (0) 

a ! 
As shown above 	 n 1 (0) L-2 n 11 (0) — g 	 

to within 20% or 30%, 
v/2 

i.e. 	 tan 0 	tan 001 
I g 1 	2.  
	 (4) 
\go 1  — 

Values of 0 calculated from (4) are shown in Fig. 5 as a function oft. Note that the wave 
normals are almost perpendicular to the field when the wave packet is near the bottom of the 
magnetosphere even for fairly small initial values of 0. 

For any given initial values 0 0 , A o, we can find 0, A along the field line and thus the ray 

Thus 
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direction 0. This is shown in Fig. 6 for selected values of 00  and A. It appears that the path 
of the ray corresponding to 2 0  = 0.8, 00  = 300  would deviate from the reference field line 
about as much as any other. We will estimate this deviation by approximating the relevant 
curve in Fig. 6 to one giving 0 = 10° for e < 20° and 0 = 0 for e < 20°. Then at a distance 

A . 

10° 

50  11 ..  __Isittttt‘‘  

0° 
0° 

0• •■•  

\ 
V 0° 

30° 60° 

FIG. 6. VARIATION OF RAY DIRECTION (0) ALONG THE PATH AS - DETERMINED BY THE LATITUDE 
ANGLE t. FOR THE SOLID CURVES, Op = 30°, 2 a  IS AS SHOWN. FOR THE BROKEN CURVES, A0 = 0.6, 

0 0  1S AS SHOWN. 

s along the reference field line corresponding to e = 20° the lateral deviation of the ray path 
will be approximately: 

AR s tan q= s tan 10° 

where R is the distance from the Earth's centre (in Earth radii) of the corresponding point on 
the reference field line 

R =- R 0  cos2  e = R0  cos2  20° 

Beyond this point (/' = 20°) the ray path will be along a new field line defined by 

R AR = (Ro  AR0) cos2  20° 

s tan 0 
Hence 	 ARo 	= 

cos2  e 
± 0.07 R0  

Thus all rays starting from the equatorial plane on the field line terminating at geo-
magnetic latitude 65° (say) would reach the Earth within one degree of this latitude. Since 
the lateral deviation of the ray paths is small the differences in total path length are likely to 
be negligible. 

Guiding might also be produced by field aligned columns of excess ionisation. This effect 
is important for VLF whistlers and is usually referred to as "trapping". If we can assume 
that the relevant dimensions such as the width of the column and distance over which medium 
changes appreciably are large compared with a wavelength, then we can show that trapping 

(5) 



[1 — sin2  0 — ( sin4  0 ± 22  cos2 0)1/213/2 

This simplifies in two special cases: 

(ay /2 1 — sin2  — (1 sin4 	A2  cos2 0) 112 ± i22  cos2  0(1 sine' ± A2  cos2  0) -112 
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can occur for quite a small ratio of excess plasma density inside the column (AN) to the 
ambient density outside (N). These assumptions imply that the space gradient of refractive 
index is normal to the magnetic field direction so that by Snell's Law, n 11  is constant. If the 
wave normal angle at the centre of the column is 0, it will be zero at the point where the 
plasma density has fallen from N AN to N: 

For all 0: 

AN n 11 2(0) 
so that 	 1 

N 	n 11 2(0) 

Trapping would be most useful where the magneto-ionic ducting effect is least. Thus, 
taking n il  from Fig. 3, we would require an excess density of about 12% for 2 = 0-8 and 

= 30°. However in view of the apparent effectiveness of magneto-ionic ducting this 
effect will not be discussed further. 

4. TRAVEL TIME 

For the purposes of calculating the travel time of a wave packet along its ray path we 
will assume that this path is exactly along a dipole field line. The group refractive index in 
the direction of the field is given by 

nG  = cos 0 62- (n2) 
(12 

n ii (0 , N + AN) 	N) 

N AN 'ON ± AN) —  N   n 11 2(N) 

a)1I2 
0 	n G(0°) = 	(1 — A)(1 — 2) -312  

nG(90°) 	(el
)1/2

(1 — 22) -3/2  = 90° 

It will be convenient to express n G(0) in terms of the strictly longitudinal case (0 = 0): 

n G(0) = x(2, 0) n0(0°) 

The function a is shown plotted in Fig. 7: For given values of 00  and 20 , subsequent 0 and A 
are determined as discussed above which can be used to calculate or at all points along the 
field line. Values of a calculated in this way for 0 0  = 300 , and 2 0  = 0-6 and 0-8 are shown 
superimposed as broken curves in Fig. 7. These curves suggest that it might be a reasonable 
approximation to use the simple expression for n 0(0°) in calculating travel times. If this 
were so it would also avoid having to decide what values of 0 0  are applicable. The travel 
time for a "half-hop" (i.e. equatorial plane to the Earth's surface) becomes 

t(00) = -
1 .1.8n0(0) ds 
C 
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The percentage error in assuming strictly longitudinal propagation given by 

(

1 — 	 ) 100% 
t(0°) 

is shown in Fig. 8 as a function of 0 0  for 2 0  = 0.6. This value of 20  may well correspond with 
the upper observable limit. In the worst case (0 0  = 900) the travel time is about 23 % less 

0° 
	

30° 
	 60° 	 990 

a 
FIG. 7. THE RATIO (0e) OF GROUP REFRACTIVE INDEX AT WAVE NORMAL ANGLE 0 TO THAT AT 0 = 0 
AS A FUNCTION OF 0 PARAMETRIC IN 2. THE SEQUENCE OF VALUES CC OCCURRING ALONG A FIELD 

LINE PATH IS SHOWN BY THE BROKEN CURVES FOR ). 0  = 0.6 AND 2 0  = 0.8. 

than that for 0 0  = 0. However there may well be some restriction on the maximum allow-
able values of 0, particularly in the lower regions of the magnetosphere, which does not 
appear in this analysis. Thus the error would be less than 2% if we need consider only wave 
normal angles less than, say, 75°. The following discussion will be restricted to the longitu-
dinal case. 

FIG. 8. PERCENTAGE ERROR INCURRED BY ASSUMING STRICT LONGITUDINAL PROPAGATION IN 
CALCULATING TRAVEL TIME SHOWN AS A FUNCTION OF INMAL WAVE NORMAL ANGLE 00 FOR 

= 0.6. 
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The one-hop (hemisphere to hemisphere) travel time is then 

2 is 	 2R 0R  ( a t(A0) = – 	nG(Ao, 0°) ds —  	
\1/2 

Jo c (go) 	g — — A0) a& 

	

o 	)(g 	

_3/2 

go c 	
(6) 

where R. is the radius of the Earth, R0  is in Earth radii, and L is the terminating latitude of 
the field line. We have assumed a model of the magnetosphere for which the scale frequency 

FIG. 9. TRAVEL TIME (r) NORMALISED TO ITS VALUE AT ZERO FREQUENCY SHOWN AS A FUNCTION OF 
FREQUENCY (A s) NORMALISED TO THE MINIMUM PROTON GYRO-FREQUENCY (go) ALONG THE PATH. 
DISPERSION CURVES ARE SHOWN FOR PATHS TERMINATING AT GEOMAGNETIC LATITUDES L = 500, 

60° AND 700  (THE LAST TWO ARE BARELY RESOLVED WITH THIS LINE THICKNESS). 

is constant along a field line (so-called gyro frequency model of plasma density). For a 
dipole field 

a = (1 + 3 sin2 er2  Cost 

and 	 glgo  = a sec7  e 
The terms outside the integral can be avoided by normalising the travel time to its value 

at 20 = 0: 
7(20) =--- 420)/40) 

The normalised time as a function of normalised frequency 2 0  is shown in Fig. 9 for 
geomagnetic latitudes L = 50°, 60° and 70°. Note that T is virtually independent of latitude 
for latitudes greater than 60° or even 50°. The frequency range over which micropulsations 
of this type are observed suggests that only these high latitudes are involved. 
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Consider now the zero frequency (A o = 0) propagation time. The integral of (6) is now 
a function of L only. Expressing R o  in terms of go  we get 

a1/2g -5/8 0  T(L) sec 

where a is in Mc/s and go  in c/s. Other numerical factors have been absorbed into T(L) 

200 

150 

 

30° 	 40° 	 50° 	 70° 

FIG. 10. THE PARAMETER T(L) REQUIRED IN (7) FOR CALCULATION OF ZERO FREQUENCY TRAVEL 
TIME tn. 

which is shown in Fig. 10. The slope of the T(L) curve is small at high latitudes so that 
T(L > 50°) 210 to within 3 %. 

5. DISCUSSION 
We need to justify the assumption in the analysis above that in the regions of interest the 

relevant dimensions are always large compared with a wavelength. Suppose we consider 
the field line terminating at latitude 65 °  (for which.g o  = 2.6 c/s), a constant scale frequency 
a = 1 Mc/s and a signal frequencyf 1.5 c/s. At the top of the path the refractive index (n) 
is of the order of 1000 so that the wavelength is about 200 km. This corresponds to about 
one third of a degree of latitude angle e or 0.2 % of the total path length. The choice of field 
line is not important for the wavelength and scale of the field line change in nearly the same 
ratio. Thus, in the upper regions of the magnetosphere at least, the ray approach appears 
justified. 

In the lower regions of the magnetosphere and in the ionosphere the refractive index 
decreases (n 200) and the wavelength increases to about 1000 km. In these regions a ray 
approach would not be justified. However this is of no great consequence for nearly all the 
travel time and dispersion takes place where the refractive index is large (wavelength small) 
in the upper regions. This is apparent from Figs. 9 and 10. These lower regions cannot 
change the dynamic spectral shape or travel time significantly, but can affect the amplitude 

(7) 

60° 
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(a function off and 0). For instance, the large change of refractive index at the ionosphere—
atmosphere boundary may impose restrictions on the allowable values of 0 as would be 
predicted by a ray approach. 

Finally, it is perhaps interesting to mention here a possible "wave" effect which does not 
appear as such in whistlers. VLF whistlers and, to some extent, emissions often show fine 
structure due to small differences in path length and so small differences in travel time. Now 
for the micropulsation signal and path discussed above the total path length in wavelengths 
(given byft„ where t„ is the phase travel time) is about 200. For slightly different paths this 
number would be different so that the signals as observed on the ground would arrive in and 
out of phase depending on frequency. This may explain the typical modulation of intensity 
along the rising tones seen in dynamic spectra as shown in Fig. 1. For VLF whistler mode 
propagation the number of waves in each path is some two orders of magnitude greater so 
that the fine structure is unresolved in frequency but resolved in time. 

6. CONCLUSIONS 
It has been shown that the dispersion and travel times are given reasonably by the 

strictly longitudinal expressions even though the wave normal angles may be large, partic-
ularly in the lower regions of the magnetosphere. If the frequency and travel times are 
expressed in terms of their normalised values (4, T) the resulting dispersion (for high 
latitudes) is "universal", that is independent of other parameters. The ray path in the regions 
of interest is well confined to a magnetic field line by magneto-ionic ducting. Trapping by 
field aligned columns of ionisation may also occur though the ducting effect alone seems 
adequate. 
Acknowledgement—I would like to thank Professor G. R. A. Ellis for stimulating discussion and for bringing 
to my attention reference'. 
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rmkuponanne 6e3 nupanininaembrx no.nem cTon6nen. IIomunimomy, manctima.nbime 
OTHJI0Helille TpaenToprin aria OT LIOJIBBOLI 	 He3HBAIITeRbH0. 
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THE USE OF MICROPULSATION "WHISTLERS" IN 
THE STUDY OF THE OUTER MAGNETOSPHERE 

R. L. DOVVDEN and M. W. EMERY 
Physics Department, University of Tasmania, Australia 

(Received 8 March 1965) 

Abstract—Certain types of micropulsation dynamic spectra show a series of rising tones 
thought to be caused by dispersion in the magnetosphere. Based on this idea and a previous 
analysis it is shown that these spectra can be used to evaluate the plasma density in the outer 
magnetosphere (five to eight Earth radii) in a way analogous to that used for VLF whistlers. 
The method is applied to micropulsations observed at Hobart in April, 1964. The results 
indicate a substantial decrease in plasma density beyond about five Earth radii in broad 
agreement with previous VLF work. 

1. INTRODUCTION 
It has been suggested" )  that the sequence of rising tones observed in dynamic spectra of 

certain types of geomagnetic micropulsations might be an expression of dispersion of a 
hydromagnetic wave packet guided by a magnetic field line through the magnetosphere in a 
way similar to VLF whistlers. Dynamic spectra calculated on this hypothesis show good 
agreement with observed spectra." )  This suggests that it should be possible to obtain 
plasma density (N,— 1? 0) profiles from information contained in observed dynamic 
spectra. 

A method of doing this is developed here. This method is based on a study of pro-
pagation in the "micropulsation mode" given previously (2)  (referred to here as Paper 1). 
It was shown there that the observed dispersion should be that of a single "universal" 
dispersion if frequency and time is suitably normalised. The problem is to find these two 
normalisation factors which then determine the path (or R 0) and the plasma density (N0) 
at the top of the path respectively. 

It should be stressed that the dispersed times have been determined by the time intervals 
(as a function of frequency) between successive echoes and not the spectral shapes of the 
rising tones themselves which may depend on an emission process. 

2. DETERMINATION OF PATH (go) 
It was shown in Paper 1 that if travel times are normalised to their value at zero fre-

quency and frequencies normalised to the minimum proton gyrofrequency along the path 
(g0), the frequency-time (2 0  — T) dispersion curve is "universal" for latitudes greater than 
about 500 . This means that, in principle at least, observed dispersion curves obtained from 
dynamic spectra of micropulsations can be used to determine the paths (field lines) along 
which the micropulsations were propagated. Measurement of travel time at zero frequency 
and at frequency f would give T and consequently 20  at f, and hence g0 . 

However, observed micropulsations do not extend down to zero frequency so that 
modified methods have to be devised. 

2.1 Method] 
The first method is based on one devised by Smith and Carpenter (3)  for the similar 

problem of determining the path travelled by VLF whistlers which do not extend up to the 
773 
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nose frequency. Measurements of travel time ((tu , tr) are made at two frequencies fu  and 
fL . The best accuracy is obtained if these frequencies are the highest and lowest at which 
accurate measurements can be made. Then since t(0) is common to both tu  and tL, and 
since T is "universal": 

s(fllfu,fulgo) 
The function S which has been deduced from Paper 1 (Fig. 9) is shown in Fig. 1. From this 
set of curves the measured ratios fau  and tu/tL  determine fu/go  and thus go. 

3 

FIG. 1. THE UNIVERSAL PARAMETER S USED IN METHOD 1 SHOWN AS A FUNCTION OF fu/g0  FOR 
VARIOUS VALUES OF faii• 

2.2 Method 2 
Many events have a restricted range of frequency. For these Method 1 is difficult to 

use. Usually the total number of hops is large so that the dispersion or incremental in-
crease in travel time At over a small range of frequency Af is easily measured. If these are 
expressed in terms of the average travel time and frequency we get: 

At/Af 20 	2 = 	= ( 0) 
t f 	T C120 
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The universal function W, o) has been calculated by graphical differentiation of the universal 
1-(A°) curve derived in Paper 1. This is shown in Fig. 2. 

2.3 Method 3 
For some events dispersion may not be measurable. VLF nose whistlers have an upper 

cut-off frequency at about 11 times the nose frequency.* At high latitudes (65° , say) this 
would correspond to 2 0  0.55. If this is caused by thermal broadening of the electron 
cyclotron resonance (4)  then an analogous cut-off for micropulsations caused by protons 
would be expected (5)  at about A, L-2 0.6. If the highest observed frequency (fmax) is limited 
only by this process then g o  = 1.7 finax . This "method", though of doubtful validity, is 
useful as a last resort. 

3. DETERMINATION OF PLASMA DENSITY 
For latitudes greater than about 50 °  the scale frequency is given by equation (7) of 

Paper 1, rearranged to the form : 

a = 5.712(0)ge1s x 10-6  Mc/s 	 (1) 

where t(0) is the zero frequency travel time in seconds for one complete (there and back) 
trip and go  is in cycles per second. The quantity t(0) is not measured directly but deduced 
from the measured value t(A 0) and T(2 0) as given in Fig. 9 of Paper 1. 

The concept of scale frequency is used because it is quasi-constant in the magnetosphere. 
The plasma density No  at the top of the path in particles per cm 3  is numerically equal to 
23 ag, for a in Mc/s and g, in c/s. The radial distance of the top of the path is equal to 7.8 
g0- 113  in Earth's radii. For a non-dipole field this (R0) can be regarded as a convenient 
parameter. 

The main errors in the determination of scale frequency will be caused by uncertainty 
of Ao  (and consequently r) at which the travel time is measured. If (1) is differentiated 
with respect to 2 0 , it can be shown: 

Aa 	A).o  
- 

Ao
- (2e + 5/3) 

Thus travel time should be measured at a low frequency where is small (see Fig. 2). Note 
that for 	0.5 the percentage error in scale frequency is about three times that of A o . 

4. RESULTS 
Dynamic spectra have been made of 15 micropulsation events recorded near Hobart, 

Tasmania during April, 1964. The spectrum of No. 13 is shown in Fig. 1 of Paper 1. Some 
of the data scaled from each event is shown in Table 1. Values deduced from this, and 
additional data not shown, are shown in Table 2. In most cases all three methods have 
been used. 

Some of the extreme values of scale frequency (a) seem to correspond with extreme 
values of deduced normalised maximum frequency A o(max). This is probably caused by 
errors in deducing A o  as discussed above. Since the deduced value of g o  (and Ro) depends 
on the measured f(max) and the deduced A o(max), such errors would tend to produce a 
spurious variation of a with Ro . Values determined by method 3 would not show this 

* This is based on ratios calculated by one of us (R.L.D.) from published" )  data scaled from all available 
(57) nose whistlers of high quality. The ratio appeared to be independent of nose frequency over the range 
3.5 kc/s to 13 kc/s and had a median of 1.23 -I- 0.05 (quartile range). 

4 
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FIG. 2. THE UNIVERSAL PARAMETER USED IN METHOD 2 AS A FUNCTION OF NORMALISED 
FREQUENCY A. THE UPPER CURVE IS AN EXTENSION: ITS SCALE IS SHOWN AT THE TOP. 

error. To test this the a(R0) values were plotted in Fig. 3. It is seen that the distribution of 
values deduced by methods 1 and 2 is similar to that of the method 3 values. Thus the 
dependence of a on Ro, which does not appear in VLF whistler measurements of the lower 
magnetosphere (R 0  2 to 5 Earth radii), seems to be a real effect. 

Values of N0(R0) deduced from the a(go) values in Table 2 are shown plotted in Fig. 4. 
Also shown is Smith's (6)  distribution derived from VLF nose whistler which fits a model of 

TABLE 1. EXPERIMENTAL DATA 

Event 
No. 

Date 
(April '64) 

Time 
(U.T.) (c/s) 

faiin* 
(c/s) (sec) 

1 4th 0-.45 0-7 0-5 130 
2 4th 1025 0.8 0-6 100 
3 4th 1320 1•1 0-5 110 
4 4th 1405 1.3 0.8 75 
5 4th 1454 1-4 1-0 95 
6 4th 1705 1-8 1.6 60 
7 4th 2038 1-4 — 80 
8 5th 1440 1-6 1-2 90 
9 6th 1240 1.0 0-7 170 

10 6th 1415 1.1 0.9 120 
11 6th 1748 1.5 1-0 120 
12 — — 0-7 0-6 135 
13 10th 1750 1-4 0.9 125 
14 15th 1940 1-4 — 125 t 
15 15th 1030 1-5 1-0 140 

* Highest and lowest frequencies reached 
t Measured at 1-2 c/s 
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FIG. 3. SCALE FREQUENCY VALUES FROM TABLE 2 PLOTTED AS A FUNCTION OR Ro. 

constant scale frequency (a 	1 Mc/s). Our results do not fit such a model and in addition 
the Arc, values are about an order of magnitude lower than an extrapolation of Smith's. 

5. DISCUSSION 

We now propose to show that our results are in broad agreement with VLF whistler 
measurements. This is necessary to give an experimental basis to this theory of "micro-
pulsation whistlers" so that it can be used with some confidence in later work. 

Recent observations of VLF "knee" whistlers show (7)  "that the magnetospheric ioni-
sation profile often exhibits a 'knee', that is, a region at several Earth radii in which the 
ionisation density drops rapidly from a relatively normal level to a substantially depressed 
one". The reduction in plasma density is about one order of magnitude. (7)  There is 
evidence(7)  that "the knee exists at all times in the magnetosphere, and that its position 
varies, moving inward with increasing magnetic activity". Thus our data can be reconciled 
to VLF whistler data by assuming a "knee", at Ro  5 as shown (dashed curve) in Fig. 4. 

Dynamic spectra of high latitude VLF whistlers of unusually low nose frequency 
(corresponding to Ro  7) have been published recently by Carpenter. (8)  Assuming that 
these are "short" whistlers we have deduced (by a technique described in reference (3)) scale 
frequencies of the order of 100 kc/s. This is in reasonable agreement with our measurements 
in this region as shown in Fig. 3. 
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TABLE 2. DEDUCED DATA 

Event 
No. Method A 0(max) 

go 
(c/s) 

t(0) 
(sec) 

a 
(kc/s) 

1 1 0.67 1.1 76 25 
2 0-76 0.95 58 20 
3 0-60* F2 74 20 

2 1 0-70 1:2 44 16 
2 0-74 1.1 42 12 
3 0.60* 1.4 54 30 

3 1 0.44 2.5 60 90 
2 0-71 1.5 72 60 

4 1 0-76 1.7 44 25 
2 0-80 1.6 46 25 

5 1 0-61 2.3 48 60 
2 0.61 2.3 52 60 

6 2 0-84 2.2 18 8 
3 0-60* 3.1 34 40 

7 3 0.60* 2.3 46 50 
8 1 0.65 2.4 45 50 

2 0.69 2-3 45 45 
3 0.60* 2.7 50 70 

9 1 0-78 1.2 67 35 
2 0.82 1.2 65 30 
3 0.60* 1.6 98 120 

10 1 0-51 2-2 40 130 
2 0.48 2.3 40 140 

11 1 0.74 2.0 24 45 
2 0.78 F9 24 35 
3 0-60* 2.5 34 120 

12 1 0.68 1.1 24 25 
2 0-66 1.1 31 25 
3 0.60* F2 38 ao 

13 1 0-86 1.6 30 30 
2 0.80 1.7 20 25 
3 0.60* 2.3 36 110 

14 1 0.66 2-2 42 100 
2 0.64 2.3 38 130 
3 0.60* 2-4 38 140 

15 1 0.49 3.1 45 300 
2 0-56 2-7 41 190 

* Assumed for method 3. 

6. CONCLUSIONS 

We have shown that there is broad agreement between plasma density measurements 
deduced from micropulsation dynamic spectra and those from VLF whistler measurements. 
A more crucial test would be the comparision of measurements made from simultaneous 
observations of micropulsations and high latitude VLF whistlers from the same region of 
the magnetosphere. 

It should be pointed out that the accuracy of measurements from micropulsations is 
considerably less than that obtained from VLF whistlers. This is largely due to the limit* 
in dynamic spectral detail imposed by the uncertainty principle Af. At ,  1. On the 
other hand micropulsations have certain advantages: the very low tape speeds required 

* We have gone beyond this limit by measuring times over many echoes in each event. 
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FIG. 4. PLASMA DENSITIES IN THE EQUATORIAL PLANE (N0) DEDUCED FROM TABLE 2 PLOTTED AS 
A FUNCTION OF R o . THE TWO PARALLEL CURVES CORRESPOND TO SMITH'S" )  VLF WHISTLER 
MEASUREMENTS. THE CURVE LABELLED a = 45 KO IS AN ATTEMPT TO FIT OUR DATA TO A MODEL 
OF CONSTANT SCALE FREQUENCY. THE BROKEN CURVE IS AN ATTEMPT TO RECONCILE BOTH SETS 

OF DATA BY A "KNEED" DISTRIBUTION" ) . 

(we record at 6i in per hr) allow continuous recording and, as our results appear to show, 
high latitude phenomena (R0  8) can be observed at low latitudes. 
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Pemome—Hatiecrnme BHAbI miniponyabcarimi B utmamipiecHnx cneHTpax o6Hapymit- 
BatoT pm( Hapocratoultax TOHOB, npoH3Boginumx, HaH rionaratoT, TutcHepciteci B mar- 
Huroccliepe. Ha °atone TaHoil npennocbintai Ii npegmunuix aHaHaxacus yHaahmaeTcH, 
‘ITO 8TH crieicrpm moryr 6bITb HCTIOHb30BallbI Ansi ouemiu IIHOTHOCTH II2lR3MbI BO 
imeameii marmyrocifiepe (OT IIFITH 710 BOCbMil pannycon 3eman) nocpegmom TOTO ooe 
npuema, HOTOpbIn ripitmemiercH gun antoculiepHmx CMICTROB Hechma HH3HOIS pan- 
110,1aCTOTLI. OTOT meTog HpHaaraercH H H mmiponyabcamtrim, Ha631toAaemb4x B ro6apre, 
B anpene 1964r. PeayabTaTm yHanniatoT Ha 3H8N14TeHbH08 coxpamemte B TUIOTHOCTII 
riaa3mH 3a Hpegenost 11p116a. nFrrn paullycon 3eman, YTO cornacyeTcH, H o6nutx mepTax, 
C npegugyramm H3hICHRHIIHMH Ha npegmeT Becbma Hit3Hoil panHomacTomt. 
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AN AUTOMATIC DYNAMIC SPECTRUM 
ANALYSER FOR TAPE-RECORDED 

SIGNALS 
By DR. R. L. DOWDEN and M. W. EMERY 

Department of Physics, University of Tasmania 

A DYNAMIC spectrum analyser provides amplitude 
or intensity as a function of both frequency and 

time of transient signals such as music, speech, atmo-
spheric 'whistlers', geomagnetic micropulsations, etc. 
Typically, for such phenomena, one requires a frequency 
resolution Af corresponding to 1 per cent or less of the 
frequency range of the phenomena and a time resolution 
limited only by the uncertainty relation if At 1. 
Two types of analyser are commercially available. The 
first uses a bank of several hundred narrow band-pass 
filters. This type has the advantage of 'real-time' analysis 
but is expensive and inflexible. The second type uses a 
single narrow band which is tuned (usually by a hetero-
dyne system) over the desired range. However, in order 
to obtain the maximum available time resolution the 
signal must bo passed several hundred times through the 
filter. In fact, it is easily shown by the uncertainty prin-
ciple that the number of passes required is about equal 
to the number of filters required in a filter bank analyser. 
Its advantages follow from the use of only one filter. 
Thus it is relatively inexpensive and highly flexible in that 
its frequency range and frequency resolution are easily 
adjusted manually or automatically to follow a pre-set 

Fig. 1. The complete spectrum analyser, showing details of the 
multiple pass system 
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'rime (sec) 
Fig. 2. The locus of a point on the tape as it passes through a 16-pass 
system. The slopes correspond to the slow capstan, playback and 

flyback speeds. The 2.  direction is as  shown in  Fig. 1 

Fig. 3. A photograph of the tape deck showing the modifications. A, 
B, C and D correspond with the points so marked in Fig. 1. The filter 

and display are not shown 

programme. Its obvious disadvantage is related to the 
large number of passes. Even for high-speed replay, 
continuous analysis of long signals is very tedious. 

Some ingenious methods (for example, ref. 1) have been 
devised to overcome this, even to the extent of providing 
'real-time' analysis. However, in our case the phenomena 
are already recorded on tape. What we required was an 
analyser which would provide continuous analysis of any 
length of tape completely automatically. A long analysis 

2 
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Fig. 4. Continuous spectrograms produced by the analyser in Fig. 1. The upper one shows a very-low-frequency 'nose whistler' and the lower 
one a train of 'rnicropulsation whistlers' (both phenomena were recorded at Hobart) 



time, provided the operator's time was not involved, was 
quite acceptable. 

The principle of operation is illustrated in Fig. 1. 
Between A and B the tape travels at the normal playback 
speed (4.75 cm/sec) controlled by the capstan B, or very 
much faster in the reverse direction when vacuum 
is applied at A and the capstan B is disengaged. Thus the 
tape executes an oscillatory 'saw-tooth' motion past the 
pick-up head. The forward travel is determined by the 
programmed duration of a pass (since the speed is fixed). 
The extent of the 'flyback' is determined by the size of the 
loop at B. However, since part of this loop has been pulled 
out by the slow speed capstan C during a pass, the flyback 
travel is slightly less than the forward travel. Thus the 
sample of tape passed is changed slightly after each pass. 
It will be seen that the number of times a given point on 
the tape passes through the head is equal to the velocity 
ratio of capstans B and C. The position x of such a point 
as a function of time is shown in Fig. 2, for a capstan 
velocity ratio of sixteen. A photograph of the tape deck 
taken during operation is shown in Fig. 3. 

A saw-tooth voltage synchronized to the tape motion 
controls the frequency of the filter and provides the 
frequency-time base trace for the display cathode ray 
tube. The detected output of the filter is applied to the 
cathode-ray tube as intensity modulation. The modulated 
trace is recorded on continuously moving film. Note, how-
ever, that since the analyser scans in both frequency and 
time, the trace must be inclined at a certain angle relative 
to the film direction in order to obtain orthogonal fre-
quency and time axes on the resulting spectrogram. 
The film speed is adjusted for slight overlap of successive 
traces. The frequency-time aspect ratio is then con-
trolled by the slow capstan (C) speed. This is made adjust-
able so as to provide only the required aspect ratio 
(and time resolution) with a consequent saving in both 
film and analysis time. 

Examples of dynamic spectrograms made by this 
analyser are shown in Fig. 4. When referred to the play-
back speed (4.75 cm/sec) the frequency range in each case 
was 0-10 kc/s, the filter band width (frequency resolu-
tion) 80 c/s, and aspect ratio about 10 kc/s = 1 sec. The 
real time or record speed values depend on the play-back/ 
record speed ratio, which was very high for the long 
period phenomena. The capstan velocity ratio (or pass 
number) was 385 in each case, which was somewhat greater 
than necessary. Note that the analysis time is less than 
'real-time' when the capstan velocity ratio is less than the 
play-back/record ratio. Note also that tape recordable 
phenomena in any frequency range can be analysed by 
suitable choice of the latter ratio. 

The method described here provides automatic and 
continuous spectrum analysis in a relatively simple way. 

4 



The instrument involved only minor alterations to a 
standard commercial tape recorder. In fact if the recycling 
programme is switched off and the slow capstan disen-
gaged it will operate as a 'normal' tape recorder. As an 
additional refinement our slow capstan is engaged by a 
solenoid. Thus at any time during 'normal' operation 
for aural monitoring, analysis can be started immediately 
by pressing switch D shown in Figs. 1 and 3. 

Gill, J. S., Nature, 189, 117 (1981). 

Printed in Great Britain by Fisher, Knight & Co., 12d., St. Albans. 



(Reprinted from Nature, Vol. 207, No. 5000, pp. 963-964, 
August 28, 1965) 

Ordinary Mode Whistlers observed in 
Satellites 

SMITH et al. 1  recently published dynamic spectra of a 
very interesting phenomenon observed in the satellites 
Alouette I and Injun III. One of these is reprinted here 
as Fig. IA. This shows a whistler (rapidly falling part) 
produced by (extraordinary mode) dispersion of an 
atmospheric propagated upwards to the satellite. The 
whistler is followed by a rising trace which flattens out at 
a frequency which could correspond to the ion gyro-
frequency. 

Although such a sequence of events may suggest a 
'triggering' process for the rising tracel, I would like to 
show that the spectral (frequency-time) shapes of both 
traces can be closely matched if both are interpreted as 
dispersed forms ('whistlers') of the original atmospheric. 
Thus the falling trace is an extraordinary mode whistler 
and the rising part an ordinary mode whistler. 

The ordinary mode can propagate only below the ion 
(proton) gyrofrequency. For frequencies very much less 
than the electron gyrofrequency, the refractive indices 
(for longitudinal propagation) .become 2 : 

n2  = a(g ± f) - ' 
where g is the proton gyrofrequency, f the wave frequency, 
and a the scale frequency (ratio of plasma frequency 
squared to the gyrofrequency, for either protons or 
electrons). The plus and minus signs correspond to the 
extraordinary and ordinary modes respectively (f < g for 
the latter). I have assumed a neutral plasma of electrons 
and protons only. The group refractive indices are then 
(signs as above): 

nG 	a 1 , 2(g  ± 	(g 	f)-312 

The travel times of waves in the two modes can be 
calculated from this with an appropriate model. Fig. 1B 
shows the result of such a calculation using parameters 
(a,g and path length) to fit the observed dynamic spectrum 
in Fig. IA. 

The agreement for both modes is quite reasonable. 
Effectively only two independent parameters can be 
chosen to obtain a fit. These determine the time and 
frequency scale. The shape is mainly determined by the 
refractive index expression given here and only slightly 
by the model or form of the plasma density and magnetic 
field variation. The effects of other ions do not appear 
to be important. 

Jacobs and Watanabe3  have suggested that certain 
types of micropulsations which have dynamic spectral 
shapes like the rising part shown in Fig. IA might be 
such ordinary mode whistlers (they used the term 
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Fig. 1. A, Event observed by Injun III (after Smith et 01. 2 ). B, An attempt to match the event shown in A by the two-mode whistler 
hypothesis. The solid curves correspond to the portions actually observed. The time of the initiating atmospheric is shown by the vertical 

broken line 



`micropulsation whistlers')._ This adds considerable weight 
to their theory and is perhaps the first direct evidence 
that these can be initiated by an atmospheric impulse. 

Note added in proof. _Since this letter was submitted 
the same idea has been presented by Gurnett et al. 4  

R. L. DOWDEN 

Physics Department, 
University of Tasmania, 

Australia. 
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MICROPULSATION "NOSE WHISTLERS" 
A HELIUM EXPLANATION 

R. L. DO'VVDEN 
Physics Department, University of Otago, New Zealand 

(Received 30 June 1966) 

Abstract—Occasionally micropulsation dynamic spectra show a series of nosed tones in place 
of the more usual purely rising tones. These are explained in some detail if, at times, some . 
3-10 per cent of the ionic content in the outer magnetosphere is helium (1-1). Although this is 
one or two orders of magnitude greater than expected from diffusive equilibrium theory, it is 
in broad agreement with recent Ogo-A measurements. 

I. INTRODUCTION 
Micropulsation or hydromagnetic whistlers consist of a series of rising tones of fre-

quency of the order of 1 c/s and repetition rates of the order of 1/min. It is thought" )  that 
this is an expression of dispersion of a hydromagnetic wave packet guided by a magnetic 
field line through the magnetosphere in a way similar to VLF whistlers. Agreement with 
observed dynamic spectra is obtained in most cases assuming an impulsive source, prop-
agation in the proton-cyclotron or "micropulsation" mode and suitable models of the 
proton density distribution along a field line (the spectral shape is relatively insensitive to 
changes in this model). The observed rising tones would then correspond to dispersion 
produced over many hemispheres to hemisphere hops. The origin of the hydromagnetic 
wave packet is unknown, and so may not be strictly impulsive (like a VLF "sferic") but if 
the original emission is generated over a path length short compared with the total path 
length of many (50, or so) hops the resulting dynamic spectrum would be indistinguishable 
from one produced by an impulse. 

It is therefore of interest to look for the cause of departures from the calculated dynamic 
spectral shape such as that shown in Fig. I. These tones show a well developed "nose" at 
about 1.5 c/s. Although this was the best example observed in fifteen micropulsation 
whistler trains observed (2)  during April 1964, one or two other trains showed some evidence 
of a nose near or somewhat below the minimum observed frequency. Similar trains 
showing weak nose effects appear in the published spectra of other workers (for example, 
Fig. 3 of reference 3). 

One acquainted with the history of VLF whistlers might suspect that the answer lay in 
oversimplifications used in deriving the dispersion equation. However, this does not appear 
to be the case. Another possibility might be dispersive group retardation during iono-
spheric propagation across the surface of the earth from the entry point to the observer. 
However, observed velocities in this mode are of the order of 1000 km/sec," )  so that even 
for great distances (---10,000 km) group delays would be of the order of 10 sec. In Fig. 1, 
on the other hand, there is a differential delay over a frequency range of only 0.3 c/s of about 
one minute. 

It occurred to the writer at the time that the effect could be produced if helium ions were 
present in sufficient quantity near the top of the path (i.e. in the vicinity of the equatorial 
plane). This would mean that the observed dispersion is produced during propagation at 

1273 
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frequencies between the proton and helium ion gyrofrequencies. Since the observed fre-
quencies are much less than helium ion gyrofrequency in the vicinity of the earth, the wave 
packet must pass through a stop region in the vicinity of the local helium ion gyro frequency 
at least twice per hop. For appreciable tunnelling (since the attenuation per hop seems 
very small) the helium ion concentration would have to be low in these regions. Such a 
model, requiring appreciable quantities of helium near the top of the path but not in the 
lower regions, seemed contrary to current ideas. According to diffusive equilibrium theory (5)  
proton density to helium ion density (R) should increase monotonically from about unity 
at an altitude of 3000 km to about 1000 in the regions of interest (altitudes beyond about 
20,000 km). 

Recent measurements by Ogo-A, (6)  however, indicate that the required helium ion 
densities do exist in the regions of interest. Thermal hydrogen and helium ion (116- ) 
densities were measured at altitudes from 1500 km to about 30,000 km. Over most of this 
range the hydrogen/helium ratio was of the order of 100, and in general this ratio (R) 
decreased with altitude. Data were given for three satellite passes in the region of interest 
(above 20,000 km). These showed minimum ratios (R) between 10 and 50. 

These results show that the model required for a helium explanation of nosed tones is 
plausible, particularly if the model need apply relatively infrequently. 

2. REFRACTIVE INDEX 

For a medium of electrons, protons and helium ions (H6+), the refractive index for 
longitudinal propagation at frequency f is given by : (7)  

n.2 	
P22 	

p32 

n2  = 1 ±  ri  
gi(gi +f) g2(g2 	g3(g3 f) 

where pi  are the plasma frequencies and g, the gyrofrequencies for the electrons (1), protons 
(2) and helium ions (3), respectively. For the micropulsation mode (ion cyclotron or 
Alfven "slow" mode) the upper signs are to be taken. For frequencies f < g2 ; the first 
two terms may be neglected, giving: 

n  2 	 n  2 
2 	F2 	 F3  n — 

Substituting 
fig2 ,  R = N2iN3 — 1p22Ip32, I - g3/g2  

We get: 

	

4 	1 1/2  
n = n(0, oo)[. _ 

1 
1 	R(4). — 1)j 

where n(0, co) = p2/g2  is the refractive index at zero frequency (2 = 0) in the absence of 
helium (R = co). This is shown in Fig. 2 for several values of R, the ratio of proton to 
helium ion concentration. Note that the refractive index is zero at the frequency: 

1 R ± 4 
2, = 4 R + 1 

For frequencies I < 2 < 1„ the refractive index is imaginary. 

g2(g2 -f) g3(f - g3) 
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FIG. I. MICROPULSATION "NOSE-WHISTLERS" RECORDED AT HOBART AT 0150 L.T., 6TH APRIL, 1964. 
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For calculation of signal travel times we require the group refractive index given by: 

	

i —A 	82-4 F  1 	4 	—1/2 
nG  = (nf) cu (nA)= no  (0, co) 	 

ci—f 	 — 2)2  R(42 — 1)2J Li — 	R(42 — 1) 

where na(0, co) = n(0, co) = p2/g2 . 

This is shown in Fig. 3 for several values of R. Note that small amounts of helium 
(large R) affect the group refractive index more than the phase refractive index. Note also 
that the group refractive index is infinite at A = 1. 

For short distances (i.e. constant p 2 , g2  and R) the travel time or group delay is directly 
proportional to the group refractive index, so that frequencies for which nG  is least would 
correspond to nose frequencies. 

FIG. 2. NORMALIZED PHASE REFRACTIVE INDEX AS A FUNCTION OF FREQUENCY NORMALIZED TO 
THE PROTON GYROFREQUENCY SHOWN FOR SEVERAL VALUES OF R, THE PROTON—HELIUM ION 

DENSITY RATIO. 

3. DYNAMIC SPECTRUM 
As pointed out in the introduction the observed signal becomes "nosed" by dispersion 

during propagation between the helium and proton gyrofrequencies near the top of the 
path. However, to be observable on the earth each frequency component must pass 
through the helium gyro-frequency at some lower point of the path. This is illustrated in 
Fig. 4. This refers to a field line of L = 5.6 or terminal geomagnetic latitude 65° (the event 
in Fig. 1 probably occurred on a slightly lower latitude line). The signal range (At, refers 
to values in the equatorial plane) is shown by broken lines. In order to avoid computational 
difficulties at frequencies A close to A, the helium is considered to be strictly confined to a 
region near the top of the path. Later an estimate will be made of the allowable helium 
concentration in the lower regions. 

Dynamic spectra are calculated for two models. One for R =- 10 within latitude 
angles +10°, or within about 6000 km of the equatorial plane, and the other for R = 30 
within +14° or about 9000 km of the equatorial plane. For both models R =- co outside 
this range. The stop regions (imaginary refractive index) corresponding to these models are 
shown in Fig. 4 as shaded areas. 
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The group delay or travel  time per hop is given by 
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s (km) 

FIG. 4. PROTON AND HELIUM ION GYROFREQUENCY AS A FUNCION OF DISTANCE DOWN FROM 
THE EQUATORIAL PLANE ALONG A FIELD LINE OF TERMINATING GEOMAGNETIC LATITUDE 65° 

(L = 5.6). 
The band of frequency within the broken lines represents the observed signal. This must 

pass through the helium ion gyrofrequency to be observed on the Earth. The shaded portions 
correspond to the stop regions for two models of helium ion distribution down the field line. 
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30 min. 

FIG. 5. DYNAMIC SPECTRA CALCULATED FOR NO HELIUM (R = CO), APPROXIMATELY 3 PER CENT 
HELIUM OVER THE LATITUDE RANGE ±14 °  (R = 30) AND ABOUT 10 PER CENT HELIUM OVER 

THE RANGE ±10°  (R ----- 10). 
These may be compared with observed spectra in Fig. 1. 

It is seen that a helium ion density of 3-10 per cent of the proton density (R = 10-30) 
can explain the event observed in some detail. At lower concentrations the nose would 
occur at a lower frequency and be sharper. A few other spectra from the Hobart events 
and some spectra published by other workers (3)  seem to show this near the lower frequency 
limit. A rough estimate of R made by comparing the trend in Fig. 5 with that in Fig. 3 
indicates that R 100 or 1 per cent helium would produce these. 

4. STOP REGION TRANSMISSION 
So far a purely ray approach has been used. In the calculations above for the field line 

of Fig. 4 the region from about 12,000 km to 18,000 km (along the field line) where the 
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local helium ion gyrofrequency sweeps through the observed range of frequencies was 
assumed to be devoid of helium ions. This is unlikely to be true literally, so it is of interest 
to estimate the tolerable concentration of helium. This may require a full wave approach 
using the refractive index for a hot plasma with collisions. Coupling between the "micro-
pulsation" or ordinary mode and the extraordinary ("fast" Alfven) mode may also be 
important. However, an estimate will be made here using the W.K.B. approximation for 
micropulsation mode waves in a cold, collisionless plasma. 

At a given frequencyf, the refractive index will be imaginary over the path s1  to s2  where 

42(s1) > f> 1g2(s2) 

In this region the spacial part of the signal wave function has the form of a decreasing 
exponential. Using the W.K.B. approximation this has the form: 

2 
b cc exp (— 	y(s) dS) 

8  0 

where b is the amplitude of the perturbation magnetic field (i.e. the signal amplitude), 
so  corresponds to an arbitrary constant, and y(s) is given by 

27/ 	 1 	1 1 1/2  
y(s) = —n(0, oo)[ R(A — 1) 1 — A_I 

The amplitude decrease in nepers across the stop region is then approximately: 

log [b(s2)/b(s1)] = f y(s) ds 
2, 

The variation of y(s) over this range is caused by variation of g2  and hence 2. The 
important term is (A — 1) -1  which becomes infinite at s = s2 • However, for the values of R 
of interest the distance s2  — si  is short so that we can treat (1 — 2)-1  as a constant and 
assume A(s) is a linear function of s, so that 

dA 
—ds = cc (assumed constant) 

Expanding y(s) by the binomial theorem and integrating term by term from A --- 2, to 
= corresponding to the range s = s1  to s2, we find: 

j8 r 	 1 	1/2 	 1.37 
R ( A 1— 1) 1 — 	

ds  0.79 R-1/2 2 (2 	= 	  
b-V[R(1 R)] 

1 ±  RI4 
using A°  — 

1 R 

Substituting typical values for n(0, co) and f, g2  and a deduced from Fig. 4 we find, for 
large R, that the amplitude decrease across the stop region is approximately 1500/R dB. 
This does not change significantly over the frequency range of interest because changes of 
g2 , a, and n(0, cc) at the relevant levels down the field line are counter balanced by the 
changes inf. 

Since the stop region is transversed twice each hop, taking R = 1000 as a maximum 
likely value (as predicted by diffusive equilibrium theory) (5) , we find a loss of 3 dB per hop. 
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This would seem to prohibit trains of some twenty or so echoes (forty hops). However, 
there is evidence that the echoing wave packet is amplified along the path since during the 
first half of many observed echo trains the echo amplitudes increase with order. (9)  Thus 
for 30 dB amplification a stop region loss of this order could be sustained so that allowable 
values of R might be as low as 100. Finally, it might be noted that the assumption of a cold, 
collisionless medium and propagation in the longitudinal ordinary ("micropulsation") mode 
only may have lead to an over estimate of the stop region loss so that under favourable 
conditions a medium of relatively constant R 30 might produce observable nosed forms. 

5. DISCUSSION 
The micropulsation nose whistler in Fig. 1 seems to imply a helium ion density at the 

time of about 3-10 per cent of the proton density. This would be required in the vicinity of 
the equatorial plane to produce the observed dispersion. A helium ion density of about 
1 per cent of the proton density would probably produce the relatively sharp but less 
noticeable noses near the lower cut off frequency which are more commonly observed. The 
estimate of attenuation in the stop regions made above seems to require lower densities in 
these regions to allow observation of any micropulsation whistlers. A more complete 
treatment of this, however, may show that a uniform density of about 1 per cent of the 
proton density along most of the path is allowed. 

The Ogo-A measurements are consistent with these results. Over most of the observed 
region (1500-30,000 km altitude) the helium ion density was of the order of 1 per cent of 
the proton density, and up to 10 per cent along portion of one orbit. However, the limit of 
detection of helium by Ogo-A (6)  was about 1 cm-3  so that Ogo-A measurements of helium 
were confined to the "plasmasphere" or the magnetosphere within the knee of the radial 
density distribution. Micropulsation whistlers on the other hand propagate outside the 
knee, so that these two methods of estimating the proton—helium ion density ratio (R) refer 
to different regions. 

It seems then that on both sides of the knee the helium ion densities are of the order of 
1 per cent of the proton density. Even when observable noses are not produced, absorption 
by this helium may be the main factor which limits the downward frequency extent of 
observed micropulsations. The energy absorbed by the helium ions would mainly appear as 
an increase in transverse velocity since the absorbed wave is circularly polarized in the same 
sense as the gyration of the helium ions. This would increase the pitch angles and so tend 
to trap the helium ions between the absorption region and the top of the path. Since the 
absorption region will be near the top of the field line path, this suggests that perhaps the 
micropulsations are responsible for increasing the helium ion density above that expected 
from diffusive equilibrium theory. 

An order of magnitude estimate of this could be made in the following way. Suppose 
the missing part of an observed signal from 2„, = 0.25 to 20  = 0.4 (a range of 0.4 c/s for the 
field line of Fig. 4) is absorbed by helium. Magnetometer measurements from Ogo-1 (10  
indicate a micropulsation energy density in the magnetosphere of about 1 eV/cm 3  for this 
frequency range. For an initial helium ion density of about 10-2  cm-3  (R 103) and mean 
thermal energy of about 0-2 eV (7 ,--, 1500°K) the transverse to longitudinal velocity ratio 
would be increased to about twenty corresponding to pitch angles of about 87°. This would 
seem quite adequate to trap the initial amount of helium. Fresh helium diffusing upwards 
along the field line from lower levels would tend to be trapped also. As the helium ion 
density increased however, the energy available from the wave per helium ion would 
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decrease. The final density might be limited by the finite duration of the micropulsations or 
might represent an equilibrium between gain by this process and loss by various scattering 
processes. If the former is true we might expect to observe micropulsation nose whistlers 
after a relatively long series of the more usual micropulsation whistlers if these occurred on 
the same field line. 
Acknowledgements—My thanks are due to the staff of the Physics Department, University of Tasmania, 
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Peaiome--AHHaanittecHne cneitrpm mintponyabcarnin no HpemeHam BM/IBRHIOT psi 
HOCOBISX TOHOB, smear° 6o.nee 06bIMHHX, MIICTO-yCH.1114B31011114XCF1 TOHOB. THROW:de 
0613FICHHIOTCH II0BOJI1.110 AeraabHo npx yCHOBHH, qro HHorAa OT 3 AO 10% corkepatarani 
HOHOB BO intenniett marmrroapepe, 1113.11/110TCH rennem (H,+ ). Heemorpri Ha TO, IITO 
3TO OHHHM MI ByMCI noprinitamx BeJIHMIIHM 6071bIlle, Heacenn npeinsHnenoca Ha 
OCHOBHHITH reopini AircHiyanEHoro pasaosectin, 3T0 B 06THHX MepTax cornacyercH C 
negarmitmH HamepeHHHmm Oro-A. 
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Letters 

Possible Helium Ion Effects in Micropulsation Spectrograms 

R. L. DOWDEN 

Physics Department, University of Otago, New Zealand 

Ipectrograms of micropulsation 'pearls' (Pc 
typically show a series of rising tones of fre-
my of the order of 1 cps and repetition 
ss of the order of 1/min. According to cur-
t ideas [e.g. Jacobs and Watanabe, 1964], 
; is an expression of dispersion of a hydro-
petic wave packet guided by a magnetic 
i line through the magnetosphere in a way 
ilar to VLF whistlers. Agreement with °b-
red dynamic spectra is obtained in most 
ss assuming an impulsive source, propagation 
the proton-cyclotron or `micropulsation' 
ie, a pure hydrogen magnetosphere, and 
able models of the proton density distribu-
t along a field line (the spectral shape is 
tively insensitive to changes in this model). 
t observed rising tones would then corre-
ad to dispersion produced over many hemi-
ere-to-hemisphere hops. The origin of the 
romagnetic wave packet is unknown, and 
it may not be strictly impulsive (like a 
F `sferic'), but, if the original emission is 
crated over a path length short compared 

the total path length of many (50, or so) 
s, the resulting dynamic spectum would be 
stinguishable from one produced by an im-
te. 
[owever, if the magnetosphere -contains ion-

helium (He) in concentrations (particle 
sity) of, say, 3% of the proton number 
say, the dispersion of the wave packet 
Id be significantly different in the vicinity 
he local helium ion cyclotron frequency. Re-
; measurements by OGO-A [Taylor et al., 
5] at altitudes from 1500 km to about 30,000 
showed helium ion number densities of 

at 1% of the proton density over most of 
range and some values up to about 10% 

ierally at the greatest altitudes). It should 
pointed out that these measurements were 
ined to the inner magnetosphere, that is, 

the region inside the knee of the plasma density 
distribution, whereas micropulsations appear to 
propagate in the outer magnetosphere. How-
ever, the solar wind is about 10% helium and 
may even be the source of the unexpectedly 
large concentrations of helium measured in the 
inner magnetosphere. Thus it is worthwhile 
to examine the effects of (say) 3% helium in 
the outer magnetosphere on micropulsation 
spectrograms. One such effect has been con-
sidered recently [Dowden, 1966]. In view of 
recent observations by Heacock [1966] this 
work is extended here. 

.The refractive index expression .  for longi-
tudinal propagation in the micropulsation mode 
(ion cyclotron or Alfven 'slow' mode) in a hy-
drogen-helium magnetosphere is given elsewhere 
[Dowden, 1966]. For a hydrogen-helium ion 
number density ratio of 30 (i.e. 3% helium), 
the behavior of both the phase and group re-
fractive indices is shown in Figure 1. The group 
refractive index becomes infinite at the helium 
ion cyclotron frequency and at the frequency 
where the phase refractive index passes through 
zero. The band defined by these two frequen-
cies is a stop region since the phase refractive 
index is imaginary. 

The dynamic spectrum (delay time versus 
frequency) produced by dispersion of a hypo-
thetical impulse propagating in a medium of 
constant magnetic field and constant proton 
and helium ion densities would have the shape 
of the group refractive index curve in Figure 1. 
This is because the travel or delay time at any 
frequency would be equal to the group refrac-
tive index at that frequency multiplied by the 
distance travelled in light-seconds. Note that 
the spectrum is split into an upper and lower 
band separated by a stop band where the re-
fractive index is imaginary. In the real case of 
interest (propagation in the magnetosphere) 
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Fig. 1. Phase and group refractive indices, 
relative to zero frequency values, for longitudi-
nal propagation in a magnetosphere of 3% 
helium (He.) and 97% hydrogen (EV). 

the magnetic field strength changes along the 
path so that a component of the wave packet 
at a frequency greater than the minimum he-
lium-ion cyclotron frequency along the path 
(the geomagnetic field line) must encounter a 
stop region somewhere along the path. This 
would seem to remove the possibility of observ-
ing an upper band. We will avoid this difficulty 
here by supposing that the helium is appreci-
able only within about 15° of the equatorial 
plane that corresponds to about 20% of the 
field line path length. This limitation may be 
unnecessary if coupling to the electron cyclo-
tron mode or wave 'tunneling' through a short 
stop region is appreciable. 

The dynamic spectra shown in Figure 2 have 
been calculated for a field line of about L = 8 
(minimum proton cyclotron frequency of 1 
cps), a proton density model for which the 
density is proportional to the magnetic field, 
and a helium ion density of 3% of the proton 
density along the outermost 20% of the field 
line path and zero over the remainder. The 
series of progressively dispersed traces shown 
corresponds to a train produced by many 
hemisphere-to-hemisphere hops of the wave 
packet. Note that the micropulsation spectrum 
is split into an upper and lower band. The 
upper limit of the lower band is the minimum 
helium ion cyclotron frequency along the path 
(0.25 cps). The upper band extends from the 
minimum proton cyclotron frequency (1 cps) 
down to the maximum frequency for which the 
phase refractive index passes through zero along  

the path. This frequency is determined by i 
latitudinal extent, along the path, of helii 
(0.35 cps for the model used here). As seen 
Figure 1 this frequency at any level is sligh 
greater than the local helium ion cyclotron f 
quency, so that if the helium ion density alt 
the path is significant beyond about 33° fri 
the equatorial plane, then the upper band N 

not be observed at all (unless wave tunnel] 
or mode coupling is appreciable). If losses 
considered, the upper limits will be below I 
minimum cyclotron frequencies. The over-
lower limit (i.e. lower band) may be determix 
by the emission or amplification process or 
propagation. 

Little is known about the distribution a 
time variation of helium in the outer magne 
sphere. If we suppose that both the spac 
distribution and the relative concentration 
helium varies in time (perhaps with magnc 
disturbance or solar wind variation), we woi 
expect normal Pc 1 micropulsations when 
helium is insignificant, a two-band structure 
in Figure 2 when the helium ion concentrat 
is significant only in the upper regions or nl 
the equatorial plane, and the lower band al( 
when the helium ion concentration is signifiu 
at lower levels also. 

To what extent do these ideas fit the prop 
ties of the 4-sec period band and the occ 
ionally associated Pc 1 micropulsations 
scribed by Heacock [1966] ? The spectrogra 
of events when both bands occur simultaneou 
[Figure 7, Heacock, 1966] do not appear 

cps 

0.6— 

0.3— 

1 hr. 

Fig. 2. Dynamic spectra expected from 
perthve propagation in a hydrogen-helium m 
netosphere. 
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y as the calculated one in Figure 2. How-
., it is of interest to see nosed forms in his 
er band as expected and also that the fre-
acies of the upper and lower bands occur 
bout the same ratio as those shown in Fig-
2. Heacock's observation that the lower 

d (4-sec) activity is most prominent at 
of higher K, while the upper band ac-

;37 is most prominent at lower values of K9, 
simultaneous occurrence is relatively rare, 
in with the above ideas if the helium ion 
2entration and distribution increases with 
On the other hand, Heacock's observation 
; the structure repetition period in the 
er band is often shorter than in the lower 
d is difficult to explain in these terms unless 
r the lower part of the upper band and the 
ermost part of the lower band is observable 
also Figure 1). 
he purpose of this letter has been to point 
the dispersion effects of helium ions in the 
n. magnetosphere. The evidence that Hea-
c's 4-sec period band is the lower band dis-
Rd here is only suggestive. The evidence for 
lium explanation of the nosed forms in the 

upper band is stronger [Dowden, 1966]. A the-
oretical investigation should be made to deter-
mine the maximum allowable helium ion con-
centration in the lower parts of the path for 
adequate transmission through the stop region. 
If these ideas can be placed on a sound footing, 
micropulsation spectrograms could be used for 
investigating the proton and helium ion dis-
tributions in the outer magnetosphere, which 
are not easily obtainable by other means. 
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Dotted Pearl Micropulsations 

R. L. DOWDEN 

Physics Department, University of Otago, Netc Zealand 

Spectrograms of pearl (Pc 1) micropulsations show dotted rising tones. It is suggested 
here that the dot structure is due to interference between the two components of a double 
tone or 'hook.' The observed dot structure could be produced by a nonconvective cyclotron 
instability of protons of about 100-key energy and 60° pitch angle. 

1. INTRODUCTION 
'C 1 or 'pearl' micropulsations appear on 
lamic spectrograms as dotted rising tones at 
iuencies of the order of 1 Hz spaced about a 
lute apart. This is believed [e.g., Jacobs and 
tanabe, 1964] to be produced by dispersion 
m impulsive wave packet, propagating in the 
ton-cyclotron or L mode along a field line in 
magnetosphere over several hemisphere-to-- 

lisphere hops. However, little is known about 
generation of the initial wave packet or the 
se of the dot structure. In this paper, I 
gest a process of generation of an initial wave 
ket that would be observed after dispersion 
a dotted rising tone, as though a 'dotted 
nilse' had occurred at the top of the field 

2. DOT STRUCTURE 
L typical dotted pearl event is shown in Fig-
1. It is seen that the frequency interval be-

en dots is of the order of 0.1 Hz. TO find the 
xibution of this interval, measurements were 
le from a large number of spectrograms. A 
ogram of this is shown in Figure 2. The 
k occurs at about 0.07 Hz. There is some 
ht evidence of subsidiary maxima at twice 

three times this frequency. This would be 
duced if dots are occasionally missed, so that 
measures the interval over two or three 

making these measurements, a few other 
erties were noticed. In general, as one looks 
one rising tone to the next, the dots am 

at very nearly the same frequencies. There 
is to be a general tendency, when scanning 
in frequency along a given rising tone, for 
dot interval to decrease; that is, the dot  

structure becomes finer with frequency. Also, 
on the average, the holes between dots span 
about the same frequency interval as the dots 
themselves. 

The following properties have been noted by 
Kenney and Knaflich [1967]. If the same pearl 
event is observed at widely spaced stations, the 
dot structure is identical; therefore, the dots 
cannot be produced by ionospheric duct propa-
gation. The dot structure seems peculiar to 
pearls, for the structured elements of rising 
tones in irregular pulsations of diminishing 
periods (IPDP) are continuous, not dotted. A 
consistent harmonic relationship 'between the 
dot frequencies has not been found so far. 

Various suggestions to explain dotting, based 
on generation or propagation of a set of discrete 
frequencies, have been discussed recently. by 
Jacobs and Watanabe [1967]. In an earlier 
paper [Dowden, 4965], I suggested that dotting 
might be an interference effect. In this paper, I 
will discuss interference effects produced by 
two wave packets arriving at the observer's re-
ceiver at slightly different times, that is, within 
a time interval less than the time resolution of 
his spectrograph. 

3. TIME INTERVAL INTERFERENCE 

Consider two short 'de pulses occurring at 
time zero and at time T. If these are idealized 
as delta functions, the total function can be 
represented by 

F(t) = S(0) 	S(T) 

The Fourier transform (unnormalized) of this 
is given by 
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Fig. 1. Pearl event recorded at Hobart  (April  10, 1964). An hour mark (1800  UT)  appears 
as a double impulse near the middle of the event. 

= 1 	exp (--42irfr 
So the real part of G (f ), 1 + cos 21-f T, is maxi- 
mum for integral values of the product fT  and 
zero when this product is integral plus one  half. 

From this we see that the dynamic spectrum 
or frequency-time spectrogram of a single  such 
pulse is a vertical line (i.e., parallel to the fre-
quency axis). Two such pulses separated  by 
time T will appear as two vertical lines, if T  is 
large, and a single dotted line, if T is small. 
In the latter case, the frequency interval be-
tween dots is 1/T. If the dynamic spectrograph 
has frequency resolution Af and time resolution 
At, it will resolve the vertical lines if T >  At, 
and it will resolve the dots if 1/T > Af. For a 
good spectrograph, Af • At 1/3, and, therefore, 
for some such double pulses both the time 
structure (vertical lines) and the frequency 
structure (dots) can be resolved. 

This is illustrated in Figures 1 and 3. The 
hour marks have been produced by passing a 
40-second 'pulse' of current into a loop that was 
inductively coupled into the antenna loop. This 
produced in the receiver two voltage spikes 
(actually of opposite sign, but this is not rele- 

vant here) 40 seconds apart. The sonogran 
Figure 1 was made with Af = 0.03  Hz 
At = 10 seconds, so that the double pulse 
pears as two vertical lines without resolved 
structure. For Figure 3, the micropulsation  I 
was played at double speed, so that  here A, 
0.015 Hz and At = 20 sec. In this case, 
the vertical lines and the dot structure of  0.1 
Hz spacing are resolved. VLF spectrogr 
usually show dotted sferics as in Figure 4.  T 
would occur whenever two lightning impt 
arrive at the receiver within a few millisem 
of one another. 

It is interesting to look at the phyi 
process. A dynamic spectrograph effecti 
consists of a large number (a few hundred 
narrow band filters that span the freqw 
range of interest. The `rayspan' is of just 

Fig. 2. Histogram of the frequency interval 
tween dots. 
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Fig. 3.  Enlarged portion of a sonogram of the hour mark played at double speed. Note that 

the second impulse is dotted. 

and  the `sonograph' synthesizes this by 
;  a  single filter a few hundred times. Con-
.  the  response of such an array of filters to 
louble  pulse discussed above. The first pulse 
set all the filters ringing for a time of the 
r  of  the time resolution At. This on its own 
tl  produce  a continuous vertical line (paral-
)  the  frequency axis) on the display system. 
le  second  pulse arrives after time T >> At, 

the  filters have stopped ringing, this sec-
pulse will produce a similar line. If the 
id  pulse  arrives while the filters are still 
ng  (T  < it), it will augment the ringing 
)me and reduce it in others, depending on 
phase of the ringing in each filter when the  

second pulse arrives. This will produce a dotted 
line on the display. 

Consider now the more general case of two 
gliding tones that can be represented by WKB 
solutions: 

F(t) = cos (2/r f f„ dt) 
t o 

-I- cos (27r f i  lb  dt) 	(1) 

where f, and fb  are the instantaneous frequen-
cies at time t, and we suppose that the two sig-
nals were in phase at some time to . This can also 
be put in the form 



2998 
	

R. L. DOWDEN 

:g 
.7.4 	F(t) = 2 cos (27r f f di) 
a 	 • t. 
0 -- 

-5. 	 • cos (r. .1 t  (51 dt) al 0 	 g. 
• where f is the mean frequency and of is 

difference frequency at time t. This is in the I 
of an amplitude modulation of the mean 
quency. Maxima (dots, in our case) occur 
the times for which 

f Of di = an integer .1) 
i• 

• This integral is the phase difference (in cyc 
at time t between the two signals, which 
accumulated since time to . Maximum ampliti 0 

• (dots) will occur near those times for w 
-o O the phase difference is an integral numbe 
E 	cycles. 
• o

• 

i 	Figure 5 shows two time-varying tones star 
• I-1  from a common point, and hence clearly in pl 
• at time to. Since 'area' in the frequency- 

plane has dimensions of phase (units of cyc 
a 4 the phase difference accumulated up to time 

the area enclosed by the two tones up to tir a 0  
At time II , this is unity; that is, the phase 

<6

▪ 

,

▪ 

	ference is one cycle, so that a dot will occu: 0 
^  X the mean frequency curve. The frequency j 

this dot is approximately] (ti). 
8 	The dot frequencies can be determined 

-c$ 	more direct way. A narrow band filter at 
g Z; 	set ringing by the first tone it encounteri 

the second tone arrives exactly in phase 
this ringing, this filter will be augmented r 

• than adjacent ones. That is, a dot will o 
centered on fi . The phase condition is that 
phase enclosed by the closed path BOAB i 
integral number (unity for 1,) of cycles. ' 

• can be determined by equation 3, or more 
veniently by integrating in the frequency d 

• tion, giving the condition 

f I . 
eq.  

T cif = an integer 

• where T(f) is the time interval between the 
.44 	tones at frequency 1, and h is some othei 0) 

.4 
0 O phase frequency (in this case the point of ( 

P.. 	mon origin). Since the dot frequencies are 
.-4 

• 	

changed by arbitrary dispersion, this is a ger 
condition applying also in cases where the di 

• of the two impulses considered above. 
.4; 	ence frequency Of is not definable, as in the 
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5 	sec. 
g. 5. Arbitrary double rising tone that di-
es from a common point. The enclosed 
;e between to and ti , or between fo and fi, is 
cycle. A dot of at least the size shown by 
shaded circle (Y3 cycle enclosed phase) will 
r near fo, to, and Ji, to, etc. 

we define the mean interval T between two 
s over the frequency range from one dot 
tiency (f.) to the next (f„,i) as 

T  = f
In+, 

T dt/(f„." — f„) 

t since the phase integral is unity, 

T = (1.+1 — 

; means a smoothed form of T(f) can be 
iced from the observed dot frequencies. 
e, from Figure 2, the dot spacing is typically 
Hz, then T is typically 15 seconds. 

he size of a dot in a spectrogram will be at 
that determined by the bandwidth and 

ing time of the spectrograph filters. Such a 
mum size (Aft 1/  cycle) is indicated 
he shaded circle in Figure 5. It will gen-
y extend along the direction (in the Ire-
icy-time plane) of the mean frequency (or 
) curve a distance of about half the dot 
ing. 
ippose (as in section 4 below) we wish to 
ilate the phase difference, Ach(f), at Ire-
icy f between two signals originating from 
npulse at point s =. 0, which have traveled 
Efferent paths (1 and 2) to the observer. 
n (4) we find 

r I 
= &pa.) 	T df 	(5) 

T(f) is the interval between the arrival 

of the two wave packets, that is, the difference 
between the two group travel times. This inter-
pretation of T is consistent with the way (4) 
was derived, though it may seem odd to deter-
mine phase from group travel time. It would 
seem more appropriate to say that the phase 
length (in cycles) along path 1 is ft,, and that 
along path 2 is ft,, where t, is the phase travel 
time, so that at the observer 

= 	— tp3f = Tvi 	(6) 
However, these two expressions (5 and 6) are 

equivalent. The phase and group travel times 
for each path are 

1 f = 
c
— 

„ 	
d.s, and t

° 
 =lrn ds 
 c 

where 

n, = 	(n,f) 

Or 

n,f= f n, df 

Then the phase length along path 1 using (5) 
is 

= f t„, df 

= 1
f 
 f

. 	
1 " 

- 71,0  ds df = — f n f ds 
c „ c ro  

= ta„ f 
From a similar expression for sb2, we see 

AO(f) = 	T df = Ty! 

Either (5) or (6) may be used, depending on 
convenience, provided fo is appropriately chosen. 

4. DOUBLE TONES 
If dotted rising tones can be described pre-

cisely by expression 2, they can also be described 
by the mathematical equivalent expression 1. 
That is, dotted tones and double tones are 
equivalent, so that we might look for a physical 
process that inherently produces double tones 
rather than one that directly modulates a 
single tone. Such a double tone might be pro- 
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duced by double generation or double propa- 
gation (i.e., two paths) in the magnetosphere. 

Consider the latter first, that the double tone 
(and ultimately the dot structure) is produced 
by a single impulse that propagates along two 
slightly different paths in the magnetosphere. 
This might be justified by supposing that 
trapping in field-aligned columns of ionization 
is important and that the impulse seeks out the 
two nearest columns on either side of it. 

The two wave packets will then propagate 
along slightly different field lines and so have 
slightly different propagation times. With each 
successive hemisphere-to-hemisphere hop, the 
interval (T) between the arrival times at the 
receiver of the two wave packets will increase, 
so that the dot structure will become progres-
sively finer. The dot frequencies will change 
progressively from riser to riser. Eventually the 
wave packets will arrive at opposite hemi-
spheres simultaneously giving an in-phase rela-
tionship between conjugate receivers and 'struc-
ture doubling' at both. 

The deduced properties of two path propaga-
tion do not seem to fit those observed. Also, it 
is difficult to justify two paths. Theoretical con-
siderations [Dowden, 1965] indicate that the 
wave packet is adequately guided along field 
lines in the absence of field-aligned columns. 

Many insights into the understanding of ULF 
phenomena have been gained by analogy with 
VLF phenomena. However, the possible resolu-
tion and hence information in spectrograms of 
ULF phenomena is much less than that in VLF 
phenomena. As pointed out above, the minimum 
grain size, Af-At, on a spectrogram has an 
'area' (enclosed phase) of about 1/3 cycle. A 
typical ULF rising tone, as in Figure 1, has a 
frequency range of about 10 Af and an interval 
between rising tones of about 10 At. The disper-
sive periodic VLF emission (As, A2, As ) shown 
in Figure 4 [Brice, 1962], on the other hand, 
has a frequency range of about 60 if (3 kHz) 
and echo interval of about 300 At (2 seconds), 
so that fine structure is easily observable. 

The emission in Figure 4 is of the type known 
as a 'hook.' After successive dispersion (A.„ A s), 
it becomes a double falling tone of the same 
general shape as the lightning-flash-initiated 
whistlers (B„ B2  and C'1, CO also shown. Per-
haps dotted pearl micropuLsations are the 
counterpart of periodic VLF hooks. In the VLF  

regime, the double falling tones are resolve( 
such, whereas in the micropulsation or 
regime the sense of the dispersion is rever 
and the double tones would be observed as 
equivalent dotted rising tones. Note that 
dot frequencies would be constant from 
rising tone to the next, and the dot spacing al 
a rising tone would decrease as observed. 
the next section, I discuss processes that m 
generate such ULF hooks. 

5. GENERATION OF HOOKS 
Theories that have attempted to desc 

the detailed dynamic spectral (frequency-th 
shape of VLF hooks are based on movemen 
a relatively localized emission source alon 
geomagnetic field line. [Ga!let and Hellit 
1959; Dowden, 1962a, b; Helliwell, 1967]. 
the first two of these three, the emission sot 
is an isolated bunch of charged particles (e 
trons) that therefore moves with velocity e( 
to the average longitudinal component 'of 
ticle velocity. In the third [Helliwell, 1967] 
emission source is a localized interaction rel 
in a continuous stream of particles. This in 
action region tends to drift in the directior 
the particles, though generally at a slower sp 

Consider then a localized emission sot 
(whether a bunch or interaction region c 
stream), moving along a geomagnetic field 
with velocity v 4 . Suppose that the local pia 
and gyrofrequencies, f, and fri, at a point s c 
field line have the same values at the conjt4 
point s*, where s and s* are at equal distal 
from the midpoint (equatorial plane) of 
field line, 0, as shown in Figure 6. If the sot 
travels from one hemisphere to the other, 

Fig. 6. Localized particle bunch (dot) tra 
ing in the direction sOs* and emitting a way 
the opposite direction. 
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; conservation of magnetic moment of the 
-ticles holds, then the longitudinal velocity 
the particles, /3 11c, will be the same at s and s*. 
this is also true of the emission angle 0, then 

emission frequency f will be the same at 
ad s*. 
3uppose then, an emission source traveling up 
field line toward the equatorial plane emits 

the backward direction (down the field line 
,ard the earth) the frequency f at point s 
I again at point s*. From s downward, both 
issions at frequency f travel the same path, 
that the time interval T(f) between recep-
i on the earth of these two components is 

sum of the times taken by the emission 
rce to travel from s to e and the wave 
;ket (at frequency f) to travel from e to s. 
on the other band, the source emits in the 
ward direction, T(f) would be the difference 
ween the source and wive packet travel 
RS for the trip s to s*. In both cases, T(f) is 
hook 'width' at frequency f. This determines 
dot structure of an unresolved hook. 

Ve now need to see what determines the 
pe of an unresolved hook, that is, the fre-
mcy-time shape of a ULF rising tone. Sup-. 
:e for the moment that the velocity of the 
Lssion source v, is either constant or at least 
metric about 0, so that v, (s) = Me') for 
points s, s*. This would produce a symmetry 
the emission times also, so that the corn-
lent at frequency f of a hypothetical impulse 
urring at 0, at the instant the source passes 
ough 0, would be received on the earth at a 
e halfway between the times of reception of 
real emissions at this frequency f generated 
and s*. This is true for all frequencies gen-

ted (and corresponding points s, s*), so that 
curve that bisects the two halves of the 

lc will have the form of a hypothetical im-
se at the midpoint 0 dispersed during propa-
ion in the appropriate mode from 0 to the 
erver. That is, the bisector of the first hook 
arrive at the earth is a 1/2-hop whistler. 
ltiple echoes of this hook will show disper-
is of this bisector in the ratio 1/2  : : 41/2 
one end of the field line, and 11/2 : 3% : 
he other end. 
f vs (s) does not vary symmetrically about 
the dispersed impulse would not bisect the 
k, though for a moderate degree of asym-
,ry it would still lie within the hook. In the 

-ULF case, the hooks are not resolved, so that 
the sequence of rising tones should have the fre-
quency-time shapes of an impulse dispersed in 
the ratos given above. 

It should be noted here that observed events 
may be considerably modified by amplification 
and attenuation in the magnetosphere and iono-
sphere. The first few echoes in many pearl 
events show increasing amplitudes that suggest 
an amplification process. Liemohn [1967] has 
shown that suprathermal protons can produce 
amplification of ULF signals in the magneto-
sphere. Thus, it seems likely that in many 
events the first rising tone observed has already 
been dispersed by several hops. Also the fre-
quency span observed may be less (but not 
more) than that generated. 

6. EmISSION INSTABILITY 

In general, the emission frequency is given by 
[Eidman, 1958] 

f = nryfli/(1 — NOD 	(7) 
where n = n cos 0 is the longitudinal com-
ponent of the refractive index of the medium 
for propagation at frequency f and at wave 
normal angle 0 in the appropriate mode. This is 
simply the Doppler-shifted frequency of an 
oscillator in motion. The oscillator frequency, 
yfil, is the relativistic cyclotron frequency of 
the emitting particles. The type of instability is 
determined by m, which takes integral values: 
0, -±-1, • , etc. 

We require emission and propagation in the 
ULF L mode at frequencies f < IH. For nega-
tive values of m (anomalous Doppler shift), we 
may need relativistic electrons. For positive 
values of m, the conditions are met by protons 
of reasonable energy for m = 1, and m 0, 
but considerably greater for m > 1. Since low-
energy particles are much more abundant than 
high-energy particles, I shall consider only 
m = 1 and m = 0 for which the relativistic 
term y is very close to unity. These two values 
correspond to backward cyclotron and Ceren-
kov instabilities, respectively. 

For m = 1, since f < fH, the product n R/30  
must be negative, which means that the par-
ticles and the generated wave travel in opposite 
directions (backward emission). Substituting in 
(7), taking no  and /3 0  as positive quantities, 
we get 
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f = fll/(1- + no3 n) 
or the condition on no  

n o  = 	— 1)/13 1 	(8) 

For m = 0, and f 0, we require 

1 — n o f3 0  = 0 
or 

n o  = 1/8 o 	 (9) 
In this case, the particles and generated wave 
travel in the same direction (forward emission). 
The emission frequency in each case is given by 
substituting in (8) and (9), respectively, no  
for the ULF L mode, given by Dowden [1965] : 

importance of the two instabilities (m = 
or 0), it is of interest to see if either or bc 
can produce the observed dot structure. 

Using the appropriate models for f, and 
the generated frequency in each case can 
found as a function of position (s) along a fi, 
line. The wave packet and source travel tin 
from s to e (the two points where frequer 
f is generated) determine the interval T(f) 1 
tween the arrival at the earth of the emissi( 
from these two points. For backward cycloti 
emission (m = 1), T(f) is the sum of the t 
travel times; whereas for Cerenkov emissi 
which is forward, T(f) is the difference of th 
times (assuming positive source velocities). 

As shown in section 3 above, the emissions o 
their multiple hop echoes would be observed 

2 	 (//102 COS 2  e 	. 
nu  — 1 — sin2  e — sin4  0 ± (0„) 2  cos2  eF2  (1 

At the highest frequency of interest (lg. 
0.6), n5 (0) varies by only 30% over the whole 
range of 0. At lower frequencies the variation 
is even less. 

For protons of the appropriate energy, the 
emission and growth will occur in whatever 
combination of m and 0 that produces the 
strongest instability or most rapid growth. For 
m = 1 (cyclotron), the emission frequency is 
almost independent of 0, being always within 
8% of the value for 0 = 0. This is not so for 
m = 0 (Cerenkov), though the velocity (fl u ) 
required for resonance varies with 0 only 
slightly (<30%). Also the generated wave is 
strongly guided for all values of 0 [Dcrwden, 
1965]. So for 'both instabilities, effects (dotted 
pearls) calculated for 0 = 0 will be reasonably 
similar to those for other values. 
For 0 = 0 then, (10) becomes 

2 
no = (fdin) 2/( 1  On) 

Substituting in (8), the generated frequency 
for the cyclotron instability .  is given by 

(1 — f/in) 3/(inn) 2  = (13oildin) 2 	(11) 
And similarly from (9) the Cerenkov frequency 
is given by 

= 1 — (13uip/iH) 2 	(12) 
Although we might determine the relative 

dotted risers, the frequency interval betw( 
consecutive dots being 1/T(f). However, it is 
interest to examine first the equivalent ho( 
for the two instabilities. The hook is deternah 
by its 'width' T(f) at each frequency and 
bisector curve that has the form of a 1/2-E 
ULF whistler. 

Figure 7 shows such a hook for each ins 
bility. I used a dipole model for fir  and 
model f92  cc f. (plasma density proportional 
magnetic field) for f.  At the top (equator) 
the field line I chose f. = 2 Hz and f, = 300 
These are typical of values deduced from pe 
dispersion measurements [e.g., Dowden c 
Emery, 1965]. To obtain a reasonable f 

Hz 

.5 

	30 sec. 	 
Fig. 7. Calculated spectrograms of a cyclot 

hook and a Cerenkov hook. The ticks on the 
sector curves indicate dot frequencies. The sha( 
circle indicates the resolution grain size. 
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sequent echoes. The dots are shown as circles 
of size Af • At V3  cycle. The lowest dot may 
be elongated slightly up the rising tone, and the 
top few may be elongated in the time direction 
(since T 20 seconds). 

It seems that if ULF emissions are produced 
by a nonconvectiye instability in the magneto-
sphere, the cyclotron instability rather than the 
Cerenkov explains the observed dot structure. 
It is interesting to note that the proton energies 
and pitch angles required to match the observed 
features of typical ULF emissions are remark-
ably close to the electron energies and pitch 
angles required to match those of typical VLF 
emissions (hooks), if both are produced by the 
cyclotron instability [Dowden, 1962a, b]. In 
both cases, if the generation is as outlined 
above, the energy and pitch angle of the par-
ticles could be determined from measurement 
of T(f) and the minimum frequency generated, 

[Dowden, 1962c]. In the ULF case (dotted 
pearls), T(f) could be estimated from the dot 
frequencies, fo, fi, . . . . , if these are observed 
and identifiable. One might be able to check 
from the form of T(f) whether the lowest fre-
quency observed is fo  (the lowest frequency 
generated). 

	15 min. 	  
;. 8. The cyclotron hook and its echoes 
n to a frequency-time aspect ratio similar to 
of Figure 1, so that the hooks appear as dot-
ising tones. The dots have minimum size (% 

tcy span and time width (T 	15 seconds), 
ose protons of 100-key energy and mini- 

(i.e., at the top of the field line) pitch 
3 of 60 0  for the cyclotron hook. For the 
nkov hook, I chose proton energy and 

angle (15 key, 20°) to produce a wide 
:, though it is not wide enough to produce 
)ical dot structure. 
)r calculation of T(f) and hence dot struc-
I have assumed Ms) f3 11 (s)c for both 

,bilities. In the case of VLF emission by 
rons through the cyclotron instability, 
Well [1967] regards this as an upper limit 

expected only under conditions of very 
particle fluxes. In the ULF case, this as-

)tion can be regarded as a simplifying one 
first approximation that should be investi-
I more thoroughly later. Note, however, 
if the ULF instability is cyclotron, this 

nption gives the dot structure typically 
rved (see below). If the source velocity 2) 4  
uch less than this, the hooks would be re-
d, and the dot structure would be unre-
d. 
le dot frequencies deduced from the phase 
:ral (4) are shown by ticks on the bisector 
es. Note that for the Cerenkoy hook only 
appear, the first at over twice the minimum 
iency generated. For the cyclotron hook, 
lot frequency intervals range from 0.14 to 
Hz, which are typical values as seen in 

re 2. Since T increases with frequency, the 
interval decreases. Figure 8 shows the 
Ll (1/2 hop) cyclotron dotted riser and sub- 
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Location of Generation Regions (in L and X) of Midlatitude VLF 
Discrete Emissions by Dispersion Analysis of Ground 

Station Observations 

RICHARD L. DOWDEN *  

Cooperative Institute for Research in Environmental Sciences 
University of Colorado, Boulder 80302 

Dispersion analysis of emission echoes, triggering whistlers, and associated whistlers deter-
mines the minimum gyrofrequency (and hence L shell) and the plasma density along the 
path for each event. These measurements and comparison with the plasmapause —Kp 
relationship indicate that micllatitude emissions are generated and propagate near the plasma-
pause, usually just inside the plasmasphere. Evidence for generation at or about the equa-
torial plane is that the dynamic spectrum of hook emissions is closely symmetrical about 
minimum frequency if the appropriate amount of path dispersion to the observer (1/2 or VA 
hop) is subtracted. 

Very-low-frequency discrete emissions (risers, 
falling tones, hooks, etc.) occur in about the 
same frequency range and often in association 
with whistlers. Although discrete emissions have 
been recorded and studied for some twenty 
years, comparatively little was learned about 
the location of the emission regions until fairly 
recently. These recent studies, using in situ 
satellite observations [Burtis and Helliwell, 
1969; Bullough et al., 1969] indicate that these 
discrete emissions, which are usually nonguided 
and thus not observable on the ground, originate 
in the magnetosphere near the equatorial plane. 

This paper shows that location of the geomag-
netic field lines along which ground-observed 
discrete emissions travel (and presumably were 
generated), as well as location of the emission 
regions along these field lines, can be deduced 
from dispersion analysis of ground-based record-
ings of dispersed events. 

The most obviously useful events for such 
location would be an emission clearly triggered 
by a nose whistler, since the nose frequency is 
simply related to the minimum magnetic field 
along the path, which thereby locates, or at 
least labels, the field line of origin. In most 
cases of interest the nose frequency does not 

*On leave from Department of Physics, Univer-
sity of Otago, Dunedin, New Zealand. 

Copyright © 1971 by the American Geophysical Union. 

appear within the observed frequency range. 
However, the nose frequency can still be deter-
mined if one can measure the group propaga-
tion time (t) per hop versus frequency (f) over 
a reasonable frequency range. The standard 
method of Smith and Carpenter [1961] uses 
measurements of t(f) at the highest and lowest 
frequencies observed. The method used here 
[Dowden and Allcock, 1970] uses as many t(f) 
points as can be measured. Although more 
tedious, this method considerably reduces the 
effect of individual reading errors. 

Examples of dispersed events for which this 
is possible are shown in Figure 1. These fall into 
three categories: discrete emissions with whistler 
mode echoes (Figure 1A), whistlers that trigger 
emissions (Figure 1B), or whose echoes trig-
ger emissions (Figure 1D), and 'associated' 
whistlers (Figure 1C). The last can be identified 
as echoing on the same path as the emissions. 
The identification is possible if both the whistler 
and the discrete emissions have the same propa-
gation time per hop over the frequency range 
common to both. 

It is important to note that location is based 
on the dispersion of whistlers or on the extra 
2-hop dispersion encountered by an emission 
between its first, second, and later appearances 
at the ground. This is, of course, independent 
of the emission process. However, we do make 
the reasonable assumption that the field line of 
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propagation so located is also the field line where 
the emission was generated. 

DISPERSION ANALYSIS OF DISCRETE EMISSIONS 
The total number of available independent 

events amenable to dispersion analysis was rela-
tively small. Very few of the sample spectro-
grams in the published literature and the 
private collections were usable because the 
spectrograms were either too short in duration 
to show whistler source (i.e., epoch) or whistler 
mode echoes of the emission illustrated, or .too 
low in time resolution for dispersion measure-
ments. On the other hand, long-duration sched-
ules of high resolution were ideal but gave only 
one independent location per schedule. 

Several 2-mM schedules showed an abundance 
of emissions but no echoes at all, and one pre-
sumably synoptic 2-min schedule of a conjugate 
pair (Baie St. Paul and Eights) showed strong 
and similar emissions at both stations without , 
even 1-hop echoes. 

In searching for examples, we noted that nose 
whistlers often triggered short-duration (some-
times only a few milliseconds) emissions at the 
whistler cut-off frequency (half the minimum 
gyrofrequency). In many single-source multi-
path events several of the nose whistlers showed 
such triggering. On the other hand, in all cases 
examined, discrete emissions of appreciable 
duration (books, risers, etc.) and long trains of 
emissions were always single-path. (Hiss, how-
ever, may occur on a different field line, as seen 
by the different propagation time per hop in 
Figure 1B.) So in the analysis below these very 
short emissions triggered by nose top were ex- 

Fig. 1. Examples of events suitable for dis-
persion analysis, March 1, 1969. (A) Riser (R). 
with 2-hop whistler mode echo (2R). (B) Riser 
triggered by 2-bop whistler (2W) with initiating 
sferic (arrow) and 4-hop echo (4W). Hiss burst 
(2H, 4H, 6H) appears to have been triggered by 
a whistler from the same sferic but followed a 
shorter path. (C) Associated 2-hop (2W) and 
4-hop (4W) whistler originating at arrow and 
traveling in the discrete emission path. Note 
also the whistler confined to the hiss band (2HW), 
which appears to be traveling in the hiss path. 
(D) One-hop multipath whistlers originating at 
arrow traveling in the hiss path (1HW) and dis-
crete emission path (1DW). The latter triggers 
risers on its second (only observable near Dune-
din's conjugate) and third hop (3DH), as deduced 
from the riser shapes.  

eluded, though some of the 'normal' emissions 
considered here were triggered by nose top. 

Field line location. Measurement of the nose 
frequency (f.) uniquely determines the field 
line path, which can be labeled by f„ or by the 
derived parameter (f„ in kHz) : 

LB = (325/f„)" 3  
The second is more usual, since for a centered 
dipole magnetic field LB  is equal to the invariant 
L and is also the geocentric distance, in earth 
radii, to the top of the field line. 

Measurements from fifteen separate discrete 
emission events gave LB  values ranging from 
about 2.5 to 4.5. This suggests that emissions 
might be generated at or near the plasma-
pause, particularly since recent ideas [Cole, 
1970] suggest a high concentration of supra-
thermal particles in this region. Unfortunately, 
simultaneous measurements of plasmapause 
position (LB ) are not available. Plasmapause 
position is related to magnetic indices, however, 

3 4 	5 i 
L B  

Fig. 2. The equivalent L shells on which dis-
crete emissions were generated (dots) versus 
maximum 3-hour Kp value in the 24 hours pre-
ceding the measurement. The band defined by the 
two lines represents the relationship between 
plasmapause L shell and this same index [Car-
penter, 19671. 
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so it is interesting to compare emission posi-
tion determination with the same indices. 

This is shown in Figure 2. The magnetic index 
(maximum Kp in the preceding 24 hours) is 
that used by Carpenter [1967] for comparison 
with plasmapause position. The band defined 
by the two lines represents the trend of Car-
penter's data. A little over half of his plasma-
pause points lay within this band, although 
they tended to cluster along the two lines, as 
he stated. We note that most of the emission 
points also lie within this band. The worst 
deviant is the measurement of L il  2.75 within 
24 hours of a maximum Kp of only 2- , although 
Kp was 4-  in the preceding 27 hours and reached 
8-  three days previous to this measurement. 
Since the magnetosphere takes 5 or more days 
to recover from a magnetic disturbance [Park, 
1970], this point might also correspond to the 
plasmapause. 

There is, then, evidence of emission near the 
plasmapause, although simultaneous emission 
and plasmapause location would be more con-
vincing. For about theree quarters of these 
events the nose delay (t„) indicated propaga-
tion on the high-density side of the plasmapause 
and the other quarter on the low-density side. 
Carpenter [1963] noted emission triggering by 
whistlers on the low-density side of the plasma-
pause. Thus, it seems that emissions can propa-
gate on either side. It is conceivable, however, 
that emissions could be generated on one side 
but could propagate in ducts on the other side. 

Location of source region along field lines. 
Having determined the field line paths, we next 
try to locate the position along the field lines 
where the emissions are generated. This is not 
so straightforward when using dispersion anal-
ysis, for, unlike a whistler's sferic, we have no 
a priori knowledge of the true or intrinsic 
dynamic spectral shape of the emission before 
it is dispersed on its way to the observer. A 
more fruitful approach is to postulate a likely 
emission point, subtract the corresponding 
fractional hop dispersion on the basis of the 
dispersion per hop that we have already deter-
mined, and then look for evidence that what 
remains is indeed the true or undispersed shape. 

There is already strong evidence that emis-
sions are produced near the equator or point 
of minimum gyrofrequency. For instance, the 
multipath nose top triggering mentioned above 
shows that triggering is particularly effective at 

half the minimum gyrofrequency, even when 
conditions along the path are not conducive to 
enduring emissions, and strong triggering action 
is expected at half the local gyrofrequency at 
the point of generation [Helliwell and Burtis, 
1969]. Also, satellites Ogo 1 and 3 observe dis-
create emissions in a single, variable frequency 
band. The frequency of this 'banded chorus' is 
related not to the satellite local gyrofrequency 
but to the minimum gyrofrequency along the 
field line passing through the satellite [Burtis 
and Helliwell, 1969]. Similarly, the polar orbit-
ing Aeriel 3 observed in both hemispheres that 
emissions at 32 and 9.6 kHz decrease greatly 
in intensity as it moved to higher L shells, along 
which the minimum gyrofrequency falls below 
the observing frequency [Bullough et al., 1969]. 

For equatorial generation, then, the fractional 
hop dispersion to be removed is just half that 
for 1 hop, provided the emission came to the 
observer directly. An ambiguity arises, since it 
is not immediately clear whether an isolated 
emission, or first of a series of whistler mode 
echoes, has come to the ground observer directly 
with 1/2-hop dispersion or has arrived via reflec-
tion at the observer's conjugate with corre-
sponding 11/2-hop dispersion. The ambiguity is 
resolved if synoptic observations from conjugate 
stations are available, because the first appear-
ance on the ground must be the direct or 1/2-hop 
emission [Brice, 1962]. An example of this is 
shown in Figure 3B. The ambiguity can also 
be resolved from single station observations if 
both types are observed, however, since the dy-
namic spectral shape of emissions of a given 
type observed within seconds or minutes of one 
another varies little from one to the next. Thus 
the 1/2-hop hooks in Figure 3B have nearly 
vertical rising parts, whereas the 11/2-hop hooks 
are similar to one another, but the 'rising' parts 
now have negative slope. On this basis the hooks 
labeled H8 and H9 in Figure 3D must be % hop, 
whereas the hook labeled T, which has just the 
slope expected for the extra 1-hop dispersion, 
must be 11/2 hop. If the ambiguity cannot be 
resolved in either of these ways, we must per-
form the exercise for both 1/2-and 1 1/2-hop dis-
persion. The hook in Figure 3A and those in Fig-
ure 4 have been typed on the basis of the results 
discussed below. 

Figure 5 shows the shape of hook 1 (labeled 
H in Figure 3A) after removal of %-hop dis-
persion. The 2-hop dispersion was determined 
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Fig. 3. Hooks that have come to the observer directly without reflection. (A) Unusually 
deep hook (H) with 2-hop echo (211). (B) Synoptic conjugate observation of a hook that 
appeared first (H) at Dunedin. with 1-hop echo observed (1H) at Unalaska and 2-hop echo 
observed (211) at Dunedin (after Brice [19641). (C) Wide hook (H) with 2-hop echo (2H). 
(D)  Direct hooks (H8 and 119). Comparison of the shape of hook T with either H8 or H9 
shows that it has traveled one more hop. It appears that the leading edge of H8 triggered 
7'  as it traveled away from Dunedin after one reflection and triggered 119 on its way back. 
Its  2-hop echo is 2118. 
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Fig. 4. Hooks that have come to the observer after one reflection in the opposite  hemi-
sphere. (A) Hook (A1) with whistler mode echoes (A., A3) and associated whistlers (131, B2, 
and CO traveling in the same path (after Brice [1962]). (B) Hook (H) with echo (2H). The 
train of whistler echoes (OW to 6W) follows the same path. (C) Hook (H) with echo (2H). 
These emissions occur near the nose frequency, so that apparent dispersion is small. Note 
the narrow band of activity at the triggering frequency. 

by its echo (2H) and also by a nearby asso-
ciated whistler (not shown). The 'corrected' 
shape (solid curve) is remarkably symmetrical 
about the central vertical line, as shown by the 
20 points midway between the rising and falling 
parts. The maximum departure of these points 

is 13  msec (at 5 kHz), and the median departun 
(i.e., half are more and half are less) is 4 msec 
The observed or uncorrected shape is shown 132 
the broken curve. 

A large number of book emissions wen 
digitized and tested for symmetry, after sub 
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I--- I SEC 

0 	  
Fig. 5. Hook 1 (of Figure 3A) with 1/2-hop dispersion (corresponding to travel from the 

equatorial plane) removed (solid curve) and as observed (broken curve). The 20 dots are 
midway points between the two halves (AB and A'B) at each frequency. The maximum de-
parture of these points from exact symmetry (vertical line) is 13 msec and half are less than 
4 msec. 

traction of the appropriate 1/2- or 11/2-hop 
dispersion, by using a computer program. The 
results for some of these are displayed sche-
matically by using only the extreme points A, A', 
B, B' (defined in Figure 5) joined by straight 
lines. These are shown in Figure 6, where again 
the corrected forms are shown by solid lines 
and the original or observed forms by broken 
lines. The numbers on the hooks are used for 
identification in Table 1 and for the selection of 
these shown in Figures 3 and 4. Numbers 1 to 
10 are direct or 1/2-hop hooks, and for all but 

the first of these the ambiguity was independ-
ently removed in one of the two ways described 
above. Table 1 also gives the maximum time 
separation between falling and rising parts or 
width (A A'), the skew (B B'), or amount by 
which the hook is straightened out by dispersion 
removal, and the median of the moduli of the 
departures (up to 20 points used for each 
hook) from exact symmetry. 

Recalling that the spectrogram time resolu-
tion is about 3 to 10 msec and the emission trace 
thickness is 20 to 50 msec, the dynamic spec- 

. 	1— 1 SEC —I 
Fig. 6. Schematic drawing of hooks corrected for dispersion (solid lines) and as observed 

(broken lines). For simpler presentation the hooks are drawn as straight lines ABA' and 
AB'A' where these points are defined in Figure 5. The frequency scales in each of the panels 
A, B, and C are offset to save space. The dispersion removed was 1/2 hop for the first 10 
(panels A and B) and 1% hop for the remaining 6 (C). The numbers can be used for cross 
reference to Figures 3 and 4 and Table 1. 
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TABLE 1. Median Deviation from Symmetry after Removal of Dispersion (I Hop for 1-10, 1i Hop for 
11-16) 

Median 
Width (AA'), Skew (BB'), Deviation. 

Number 	Date 	Time ,UT Recording Station 	sec 	sec 	msec 

1 Feb. 28, 1968 0051:00 	'Lauder, N. Z. 1.350 0.246 4 
2 Sept. 26, 1958 0136:31 	'Dunedin/Unalaska 0.394 0.133 7 
3 Sept. 26, 1958 0135:48 'Dunedin/Unalaska 0.221 0.095 10 
4 Sept. 6, 1969 0123:18 	Dunedin, N. Z. 0.788 0.152 10 
5 Mar. 1, 1969 0106:05 	Dunedin, N. Z. 1.387 0.391 29 
6 Mar. 1, 1969 0113:24 	Dunedin, N. Z. 1.291' 0.366 12 

Mar. 1, 1969 0204:46 	Dunedin, N. Z. 1.391 0.278 20 
8 Mar. 1, 1969 0206:10 	Dunedin, N.Z. 0.778 0.186 16 
9 Mar. 1, 1969 0206:14 	Dunedin, N. Z. 1.215 0.324 28 

10 Mar. 1, 1969 0223:36 	Dunedin, N. Z. 0.615 0.096 3 
11 Oct. 1, 1961 1250:00 	'Seattle 0.282 0.084 9 
12 Nov. 27, 1962 1950:11 	'Minnesota 1.098 0.432 16 
13 Aug. 13, 1966 1851:41 	'Lauder, N. Z. 1.136 0.236 19 
14 Sept. 6, 1969 0124:46 	Dunedin, N. Z. 0.958 0.339 10 
15 Apr. 4, 1967 1251:12 	'Lauder, N. Z. 2.068 0.586 28 
16 Apr. 4, 1967 1251:16 	'Lauder, N. Z. 1.734 0.529 28 

Spectrograms for these events were supplied by 'G. McK. Allcock, 2N. M. Brice, and 'R. M. Gallet 

tral shapes of hooks are fairly symmetrical when 
dispersion corresponding to travel from the 
equatorial plane is removed. That any special 
feature should appear after this exercise is evi-
dence of equatorial generation. Moreover, since 
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Fig. 7. Histograms of minimum, trigger, and 
maximum frequencies of discrete emissions in 
units of the minimum gyrofrequency along their 
field lines. The two boxes defined by broken lines 
contain values limited by the spectrogram fre-
quency span.  

the' equatorial plane is an extremum for the 
parameters likely to be relevant to the genera-
tion process (gyrofrequency, plasma density, 
fast particle and wave velocity, etc.), sym-
metrical generation might be expected. It should 
be noted that symmetrical generation does not 
require that the whole emission be generated at 
the top of the path, but only that the genera-
tion be symmetrically disposed in time and space 
about the equatorial plane. 

Emission frequencies in terms of the local 
gyrofrequency. If emissions are generated at 
the top of the path, then the gyrofrequency in 
the region of generation is the field line mini-
mum given by (for a diffusive equilibrium 
model) : 

flio = f,,/O.37 

where f„ is determined by direct obserVation or 
by dispersion analysis. It is interesting to relate 
the emission frequencies to this frequency, be-
cause the ratios are likely to be relevant to 
the generation process. 

Histograms of these ratios for the minimum, 
maximum, and triggering frequencies for many 
individual emissions are shown in Figure 7. 
Note that for an appreciable number, emission 
frequencies were sometimes an order of mag-
nitude less than the gyrofrequency. For cyclo-
tron emission this would require electron veloci-
ties of about 10 times the wave phase velocities, 
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'esponding to electron energies of about 
WO key, depending on ambient plasma den- 

'riggering appears to occur mainly in a 
td region (0.15 to 0.25 f i,) usually near the 
imum frequency. Although the statistical 
ad of trigger frequencies is large, the trigger 
uency during an event lasting several min-
, is often remarkably well defined and stable. 
is sometimes marked by a thin band of 
hal activity as in Figure 4C. (It is not 
!ssarily related to a hiss band, because, as 
!id above, the hiss band present during the 
iedin event of March 1, 1969 (Figures 1 and 

was generated on a different field line.) 
3 suggests that the trigger frequency is re-
d to the velocity distribution of the particles 
lonsible for the emission, rather than to the 
)frequency. However, the secondary peak at 
15 , which would have been much bigger if all 
very short emissions had been included, is 
mbly due to the focusing effect at that fre-
acy described by Helliwell and Burtis [1969]. 
he maximum frequencies show a broad dis-
ution limited to about 0.5 1,7 0 , as expected 
propagation to the ground from or beyond 
top of the field line. The additional blocks 
vn as broken lines represent values limited 
he spectrogram span, so these values should 
listributed further up the frequency scale. 
nany cases the maximum frequency was a 
over point rather than an apparent cutoff. 
; and the rather broad distribution suggest. 
the maximum frequency is usually deter-

ed by factors other than, or at least in 
ition to, the gyrofrequency. 
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Electron Energy Spectrum and Structure Deduced from Analysis 
of VLF Discrete Emissions by Using the Helliwell Criterion 

R. L. DovirDEN 1  
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Helliwell's [1967] theory of VLF discrete emissions is based on cyclotron resonance between 
energetic streaming electrons and waves in a localized interaction region near the equator. 
Maximum wave–electron coupling requires that the emission frequency change at a rate 
determined by the position, relative to the equator, of the interaction region. In general the 
interaction region drifts along the field line; the drift velocity is determined by equilibrium 
between the input electron flux and the output radiation. This criterion is used in this paper 
to derive a method to determine the electron stream properties from ground-observed VLF 
emission spectrograms. This method is applied to the analysis of 75 discrete emissions from a 
single 3-hour event. Over the range of resonant longitudinal energies scanned by the emissions, 
6-60 key, the average energy spectrum was of the form E'', in general agreement with 
satellite measurements in the same region (L = 3.3). The relative stream density, as deduced 
for this energy spectrum, showed spikes similar to electron microbursts observed in satellites. 
A further test of Helliwell's requirement for internal consistency, that the interaction drift 
should never overtake either the emitted wave or the resonant electrons (—v g  < V < v 11 ), 
was performed for about a thousand such v u  triplets. With four exceptions that were 
within the probable error, all satisfied this test. 

discrete VLF emission usually consists of 
ingle sharply defined tone that varies in 
iuency in a complicated but fairly charac-
stic manner (galling tone,' riser,"hook,' 
). These emissions appear to be generated 
r the equatorial plane on L shells near the 
smapause [Dowden, 1971] and are observed 
the ground via whistler mode propagation in 
i-aligned ducts. 
Ithough several theories have been suggested 

Helliwell, 1965, 1967], the most promising 
based on backward Doppler-shifted cyclo-

i radiation from energetic electrons. This 
; first proposed by the writer [Dowden, 
2], who showed that the basic dynamic 
ctral shapes (riser, hook, etc.) could be pro-
ed by a single electron traveling along the 

line near the equatorial plane. However, 
pbtain observable intensities as well as nar-
; band tones, discrete bunches of mono-
rgetic electrons were required. To avoid these 
iculties, Brice [1963] suggested the cyclotron 

On leave from Department of Physics', Uni-
iity of Otago, Dunedin, New Zealand. 

)pyright 0 1971 by the American Geophysical Union. 

or transverse resonance instability. In this proc-
ess, Doppler-shifted cyclotron radiation from 
electrons, traveling back along the electron 
stream, phase bunches incoming electrons to 
sustain a coherent oscillation. Brice noted that 
this feedback allows the interaction to remain 
fixed in space like a localized backward wave 
oscillator. Since this acts as a runaway amplifier, 
a discrete tone can be sustained, once started, 
by a continuous stream of electrons of broad 
energy spectrum. The discreteness is produced 
by a discrete or localized interaction region re-
maining at the equatorial plane (where the 
magnetic field is uniform). 

The next step, the explanation of the detailed 
spectral forms, was taken by Helliwell [1967]. 
He showed that if the interaction region was 
not a region of uniform field, that is, not pre-
cisely in the equatorial plane, the feedback 
would be altered in a very interesting way. For 
now the Doppler-shifted cyclotron frequency 
from a given group of electrons would change 
slightly as these electrons traverse the interac-
tion region. New electrons entering the interac-
tion region would then be phase bunched by 
this changed frequency. By considering this 
frequency change produced by the field gradient 

3034 
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and the feedback delay produced by the finite 
wave and electron velocities, Helliwell showed 
that this produces a characteristic rate of 
change of frequency that, for a given field line 
and ambient plasma, depends mainly on the 
instantaneous (and hence initial) frequency and 
position of the interaction region and is almost 
independent of the electron spectrum and struc-
ture. It is then the Helliwell criterion and the 
movement of the interaction region, which does 
depend on electron spectrum and structure, that 
determine the detailed spectral shapes of discrete 
emissions. 

Helliwell's theory is the only one that can 
explain the detailed features without requiring 
unsupported assumptions. However, it is diffi-
cult to test, for, unlike the original bunch idea 
[Dowden, 1962], the constraints on the motion 
of the interaction region are rather wide. Also 
one can never be sure, on theoretical grounds, 
that the Helliwell criterion (and not another 
as yet unrecognized) is the dominant criterion 
controlling the process. On the other hand, if 
this theory can be verified, it would not only 
clear up a problem of long standing, but it 
would also provide a very useful tool for study-
ing the spectrum and structure of energetic elec-
trons in the magnetosphere. 

In this paper we apply this theory to the 
analysis of a large number of emissions re-
corded during a single 3-hour period of obser-
vation and then examine the electron spectrum 
and structure so determined for consistency 
with direet measurements. (In the following all 
reference to Helliwell means HelEwell [1967] 
unless specified otherwise.) 

EXTENSION OF THEORY 
In this section we extend Helliwell's theory 

by using his principles to derive an expression 
giving the electron energy spectrum in terms of 
the motion of the interaction region. As Helli-
well showed, this motion is determined from the 
way the rate of change of frequency of an 
emission (after dispersion correction) varies 
with time. 

The first principle stems from his conclusion 
that the wave amplitude (wave magnetic field 
B,,,) grows in the interaction region to a limiting 
value (Helliwell's equations are prefixed by H 
in the following)  

2 
B,,, = — — — 	 (1131) 

8 q v,_ L 

where m and q are the electron mass and 
charge, X is the wavelength, v u  and v, are the 
parallel and transverse velocities of the resonant 
electrons, and L is the effective length of the 
interaction region. The corresponding limiting 
power is 

P. = (B,, 2/ /42)(377 /c)v„ 

= [(7r/8)(m/q)] 2 (1/142)(377/c) 
(x2/1,12) (v14 44) vp 	Tiv m-2 

where p..0  is the permeability of free space and 
V P  is the wave phase velocity. 

If the interaction region is moving with veloc-
ity (positive in direction of electron stream) v,, 
we assume, following Helliwell, that P,,, deter-
mined by the limiting value of B„, remains in-
dependent of v,. Then the power radiated out 
of the interaction region is 

Poo, = P„,(v, 	v,)/v,, 	Wm 
 - 2 	(1) 

where vu  is the wave group velocity. Thus, as 
noted by Helliwell, when the interaction region 
drifts backward at the wave group velocity 
(v, = —74), no power flows out of the interac-
tion region. 

On the other hand, the electron kinetic power 
flowing into the interaction region is 

P in  = i.mv u 2 (v u  — v,) • dN(v u) 

where dN(v ii ) is the density of resonant elec-
trons, that is, those having velocities within dv u  
of the resonant velocity V. It is more con-
venient to label these electrons by the equivalent 
resonance energy (or rather parallel component 
of energy) E and range dE, and so to replace 
dN (v) by dN (E), where 

dN(E) = N(E) dE = N(E)mv a  dv a  
We can estimate the range of resonant veloci-

ties (dv u ) by following the argument that Helli-
well used to estimate the Doppler-broadening 
bandwidth due to this range. Expressing this 
bandwidth (H24) in terms of dvu  using equation 
H2, 

fHVp v a  
dvo = L 

7 771 X v u  
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where f is the Doppler-shifted cyclotron fre-
quency and fH  is the cyclotron or gyrofre-
quency. 

We then have the usable input power 

P,,, = 	m2v 1 4 	f2)(v — v i)/ L 

	

W m-2 	(2) 

where y is an efficiency factor that we will 
assume to be constant. 

The second principle is that the interaction 
region moves so that P 1 ,, = Po„,. Hence equat-
ing (1) and (2) we get an expression for the 
differential energy spectrum (density per unit 
energy interval) 

N(E) = [(r2/32 42) (377/Ao20 ( 1 /71)] 1thr) 

• (1/L3)(v„2 /v0 1.2)(v, 	v,)/(v u  — v i) (3) 

where the brackets enclose constant quantities. 
We can simplify this further by using Helli-
well's relation between the interaction length L 
and the resonant velocity v,, 

L3  cc v o 	(1121) 

which involves constants that we can place 
inside the brackets of equation 3. We also use 
the Doppler-shifted cyclotron resonance condi-
tions to express v, and v, in terms of v u  (from 
H3, H4, and H7) 

v„ = A/(1 — A)v u  

v, = 2Av u  
where 

A = f/fH 

For a given resonant value of v u  there will 
be a whole spectrum of v., values determined by 
the pitch angle and energy distribution. How-
ever, following Helliwell, we assume that the 
effective value is 

= v u  tan a 

where a is an effective or characteristic pitch 
angle that is independent of v u . Thus the corre-
sponding constant can also be included in the 
brackets of equation 3. Hence, we get 

N(E) = K(A/( 1 — A)2) (1/v 1 2) 

(2Av 0 	v i)/(v u  — v i) 	(4)  

where K contains only constant quantities and 
v i  is taken as positive in the direetion of V. 

ANALYSIS METHOD 
The analysis procedure follows that of Helli-

well with the addition of equation 4 as follows. 

1. It is assumed that one has a sequence of 
discrete emissions on a long spectrogram and 
that by dispersion analysis of echoing emissions 
or triggering whistlers one has determined the 
field line path parameters (for example, mini-
mum gyrofrequency and plasma frequency) and 
has determined whether the emissions have 
arrived directly or after one reflection in the 
opposite hemisphere. The rest of the pro-
cedure is performed for each individual dis-
crete emission, f versus t, trace (for example, 
a single hook or rising tone). 

2. Since the path parameters are known, 
each f(t) trace can be corrected for dispersion 
encountered in traveling (1/2 hop or 1 1/2  hop as 
determined above) from the equatorial plane 
to the observer. Since all of the emission trace 
is produced near the equator, the slope at each 
point along the corrected trace (t) is nearly 
the intrinsic rate of change of frequency. Helli-
well gives the relation 

= CsA312(1 — A) 3/2(1 	2A) -2 	(I115) 

where C is a constant determined by the path 
parameters, s is the distance along the field line 
from the equator to the interaction region 
center A = f/fH , and the pitch angle term in 
equation 1115 has been neglected. In deriving 
this expression, which depends on the local 
gyrofrequencies and plasma frequencies and 
their spacial gradients, Helliwell has assumed a 
dipole field and a constant plasma frequency 
within the range of s involved. By taking fH  as 
the equatorial or minimum value, one can then 
compute s(t) for each point f (f, t) along the trace. 

3. Having -  found s(t), we make a further 
correction to the propagation time from the 
interaction region to the observer, since in the 
previous step we had to assume s = 0. The 
sign of this correction depends on the sign of s, 
that is, on whether the interaction region is on 
the observer's side (negative s) or on the far 
side (positive s) of the equator. This correction 
is particularly important, since we require the 
time derivative of s(t) in the next step. However, 
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for the short distances involved (of the order 
of 1000 km) a simple model of constant gyro and 
plasma frequency in this region is quite adequate. 
We could at this point iterate back through step-
2 to get a better dispersion correction for 
and a better value of fll  for A. However, since s 
is usually small (see below), this was not done 
here. 

4. The time derivative of s(t) is v 4 (f), the 
interaction region drift velocity. Since we now 
know s(t) and hence fll(s), etc., we can com-
pute v o  and v, for each point in s or time and 
make the test of Helliwell's theory that —v, < 
v, < v n . 

5. By substituting these values into equation 
4 we get N(E) as a function of time as seen 
from the center of the interaction region. Since 
we find interesting temporal variations in N(E), 
it is convenient to make a further time correc-
tion (—sv n ) to get these temporal variations of 
the electron stream as would be seen by an 
observer at the equator. 

6. At each point, that is, for each value 
N(E), we can calculate the corresponding res-
onant energy E (or rather the parallel compo-
nent of energy) from v 11  for that point. A single 
emission that scans through a range of fre-
quency thus scans through a range of E. We 
cannot get N(E) versus E from a single emis-
sion, since N(E) may also vary in time. How-
ever, we can presumably get this energy spec-
trum by averaging over a large number (75 in 
this study) of emissions in one event. Having 
found this energy dependence of N(E) we can 
then find the temporal fluctuations in N(E), 
or electron stream density, provided that the 
energy spectrum is not also dependent on time 
or s. 

ANALYSIS OF OBSERVED EMISSIONS 
An event lasting nearly 3 hours (0030 to 

0330 UT) was recorded on magnetic tape at 
Dunedin, New Zealand, on March 1, 1969, and 
later a continuous high-resolution (10 kHz per 
second aspect ratio) spectrogram was prepared 
from this tape by using a spectrum analyzer 
previously described [Dowden and Emery, 
1965]. This event contained a few hundred dis-
crete emissions together with whistler mode 
echoes, triggering whistlers, and other whistlers 
traveling in the same path. Dispersion analysis 
of these [Dowden, 1970] gave the field line  

parameters, nose frequency (9.9 kHz), and 
group delay (1.47 sec), and hence the derived 
ones, minimum gyrofrequency (27 kHz) and 
plasma frequency (214 kHz). Both 1/2-hop emis-
sions (direct arrival) and 11/2-hop emissions 
(arrival after one reflection in opposite hemis-
phere) were observed so the latter were readily 
distinguishable by the addition 1-hop disper-
sion. 

For analysis, 75 well-developed, 1/2-hop emis-
sions were selected. Several of these consisted 
of books with branching risers (like those shown 
in Figure 5). 

The f versus t traces of these emissions were 
sampled at about 20 points at intervals of either 
40 or 80 msec, depending on the structure of 
the trace. The various quantities, s, v,, yo , 
E, and N(E), were computed at each point for 
each emission giving about 1000 values for each 
quantity. 

In addition, a 20-channel energy spectrum 
analyzer was synthesized within the computing 
program. These channels were spaced logarith-
mically spanning the range 2.5 to 250 key. For 
all emissions, as each value of N(E) was cal-
culated, it was placed in the appropriate energy 
channel, so that, at the end of the analysis of 
all 75 emissions, the mean value of N(E) for 
each channel was obtained. This set of N(E) 
versus E was fitted to the power expression 

N(E) = AE-" 	 (5) 
Using the average intensity A and exponent n 
so obtained, the whole program was run through 
again, normalizing each value of N(E) by 
equation 5 to obtain the instantaneous relative 
intensity. This assumes that the fluctuations in 
the electron stream are due to changes in in-
tensity A rather than to changes in spectral 
index n. As a check for variation in spectral 
index, the N(E) versus E data were divided 
into two sets in time separated by a relative lull 
in activity at about 0130 UT. 

DISCUSSION 
An example of the analysis for one of the 75 

emission traces is shown in Figure 1. This trace 
was chosen because parts of it were scaled and 
digitized two or three times (the computer pro-
gram was limited to 20 f(t) points per run). 
Each scaling used 75 msec intervals, two at the 
same times and one at intermediate times. The 
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scaling and computation errors can be judged 
by the difference between values computed for 
the same time. We note that the errors in v, 
are much larger than those in v u  and v g . This is 
because the errors in v u  and v, are due essen-
tially to errors in frequency measurement, 
whereas those in v, are due to errors in the 
second derivative of frequency or curvature of 
the 1(t) trace. 

The main constraint that the data must 
satisfy on Helliwell's theory is that —v, < 
v, < v u . This is clearly true for all points in the 
trace analyzed in Figure 1. Of the total (from 
all 75 emission traces) 1000 or so values of v, 
computed, all satisfied the lower constraint v,, 
but four points (one in two traces and two in a 
third trace) were slightly greater than the cor-
responding vu . However, these deviations from 
a possible v, = v u  were well within the errors 
expected for v, as discussed above. 

We notice from Figure 1 that a single emission 
typically scans through a large range of v u  
and thus through a large range of corresponding 
electron energy (6.4 to 54 key in this case). 

Cr) 

u_ 

cn 

14 

12 

10 

8 

. 	• 

: • 

• . VII 

E 4 

.vi 
›- 2 

C.7) 
• 

• • . 

-J 0 . . . 	. 	. 

Lii 

-2 
............... -VG  

4 .3 .6 .9 1-2 I5 I I-8 SEC 
• TRUE TIME 

Fig. 1. Parallel, group, and interaction region 
drift velocities versus true time. Parts of the 
emission trace (0103:57 UT) were scaled three 
times giving some scatter in the points computed, 
particularly in vi. 

However, the random errors and real temporal 
fluctuations in v 1 , and hence N(E), make it 
difficult to get a meaningful N(E)-v--E electron 
energy spectrum from a single emission. The 
average spectrum from all emissions is discussed 
later. 

A histogram of the minimum (shaded) and 
maximum values of the interaction drift veloc-
ity v, of each emission trace is shown in Figure 
2. The ranges of the corresponding values of 
group velocity v, and parallel component of 
electron velocity v u  are also shown. Three of 
the four exceptions noted above (two were ad-
jacent values in one trace) are also shown as 
shaded. It is interesting to note that, apart from 
these exceptions, the extreme drift velocities 
approached but stayed within the constraints 
and that the ratio of positive to negative values 
is approximately the ratio of v u  to v, (about 
5: 1). 

The extreme values of the interaction distance 
s are shown as histograms in Figure 3. We 
notice that the extremes were usually between 
—1000 km (south) and +2000 km (north) and 
nearly always within ±-3000 km. Since the geo-
centric distance to the top of this field line was 
about 21,000 km, this corresponds to genera-
tion within about 10 0  of the equatorial plane. 

Also shown in Figure 3 is a histogram of the 
interaction region position near the start of 
each emission (corresponding to the second 
point of the digitized trace). This indicates a 
preference for triggering or spontaneous start 
near the equatorial plane. 

The average energy spectrum determined 
from the 20-channel system described above is 
shown in Figure 4 where N (E) versus E is 
plotted on log-log scales. This average spec-
trum, using all 1000 or so N(E) determinations 
(solid and open circles denote means of over 
100, and over 20 values, respectively), shows a 
significant power-law type trend. The line shown 
corresponds to N(E) cc E-2-2 . Dividing the data 
into two sets about 0130 UT gave spectral in-
dices of 2.14 and 2.22, respectively, thus indi-
cating no significant change in spectral index 
during the 3-hour event. 

We gain some insight as to the dynamics of 
the emissions by examining the variation of the 
computed quantities during individual emissions. 
For convenience, five emissions were selected 
that showed most of the features noticed in the 
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Fig. 2. Histogram of the minimum (shaded) and maximum values of the interaction drift 
velocity (vs) of each emission trace. The ranges of the corresponding values of group velocity 
(v,) and parallel component of electron velocity (v o ) are shown as horizontal bars. The three 
values of vs shown with different shading (one is off scale) are the exceptions vs > 

whole group. The original spectrograms of these 
five are shown in Figure 5 and the detailed 
analyses of these in Figure 6 (first two) and 
Figure 7 (other three). 

The top panels in Figures 6 and 7 show the 
frequency versus time trace plotted from the 
digitized samples to show the interpretation and 
the amount of detail 'seen' by the computer. 
The second panel shows the motion of the in-
teraction region in true time, that is after 
correction for propagation delay from the in-
teraction region to the observer. 

During a single emission, variations in N(E) 
may be due to variations in energy, energy 
spectrum, or electron stream density. If we 
assume that the energy spectrum is constant 
(E-2.2) ,  we can remove the energy dependence 
by using equation 5 to get the relative stream 
density N(E)/N(E) = A/A. This is shown in 
the bottom panel, versus the time that these 
electrons would be expected at the equatorial 
plane, that is, time corrected by v l , (usually only 
a few tens of milliseconds). The time scale is the 
same for all three panels, but, as the corrections 

km 

Fig. 3. Histograms of the extreme and initial positions of the interaction region during each 
emission, as distance along the field line from the equator. 
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These peaks or spikes in stream density, 
which show resemblence to electron microbursts 
as discussed below, appeared in most of the 
hooks analyzed. In f (t) spectrogram, they ap-
pear as sharp increases in curvature, or crf/dt2 . 
If a falling tone is in progress, a microburst 
will tend to bend it up into a rising tone, mak-
ing a hook. An initially rising tone is not so 
obviously affected. However, a microburst is not 
essential for a hook (see below). 

It is interesting to note here that the hook 
analyzed by Helliwell [1967] showed a peak in 
v, also. This hook appeared with a large number 
of other artificially (morse pulse) stimulated 
emissions, or ASE's, as seen in Figure 7-66 of 
Helliwell's [1965] book. Most of the other ASE's 
were monotonically rising or falling tones, as 
would be expected for a constant electron  

stream and triggering slightly to one side or 
other of the equator, or for equatorial trigger-
ing when the electron stream density was 
slightly above or below a critical value. An oc-
casional naicroburst would thus change an ini-
tially falling tone into a hook like this one. 

Although they are relatively rare, it is not 
clear how the hooks with branching risers in 
Figure 5 are produced in this theory, since 
branching implies branching or splitting of the 
interaction regions upon the arrival of a micro-
burst. One possibility is that the interaction 
region has a lateral extent across field lines 
somewhat larger than the lateral extent of the 
microbursts, which are then able to take over 
one side of the interaction region, leaving the 
other side under control of the relatively steady 
electron steam adjacent. Another possibility is 

1 SEC. 

Fig. 6. Analysis of the two emissions shown in the top half of Figure 5. Top panel : Frequency 
versus (observed) time plotted from the digitized samples. Middle panel: Position of inter-
action region (distance s from equator) versus true time. Bottom panel: Normalized electron 
stream intensity versus time of equatorial crossing. Time scale shown is the same for all 
three, but the panels have been offset (centralized) to show correspondence of main featufes. 
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Fig. 7. Analysis of the three emissions shown in the bottom half of Figure 5. The arrange- 
ment is as in Figure,6. 

that the microburst electrons are triggered to 
emit by radiation from the first interaction 
region before they reach it. If the microburst 
spectrum is also peaked and is not, as assumed, 
the same as that of the steady stream, the first 
interaction region would not 'see' the micro-
burst electrons when they arrive if this energy 
peak is not near the first interaction resonant 
energy at this time. Also, this second interac-
tion region could then pass through the first 
without effect if the emission frequencies and 
hence the resonant energies are sufficiently dif-
ferent. 

A feature of the emissions in this study, as 
seen in the middle panels of Figures 6 and 7 
(particularly for the event at 0224:24 UT), is 
that the interaction region is inherently equa-
tor seeking. It tends to start near the equator 
and if it drifts upstream it tends to return even 
in the absence of microbursts. This appeared 
from some emissions that did not involve micro-
bursts and is also seen in the traces produced 
here by the part of the interaction that was 
left behind when a microburst swept through. 
When the interaction is taken downstream 
across the equator by a microburst it also tends 
to return. The reason for this is outlined below. 

From equation 4, the condition for zero drift 
velocity is 

N(E) = K(2A2/(1 — A)2)(1/v 0 2) 
and if N(E) can be represented by 

N(E) = AE-* 
we get the critical stream intensity A. 

A 0  = K(2A2/(1— A) 2)(r/v a 2) 
Since E cc ve, 

A °  = IC2 (A/(1 — A)2)v a2r-2 

Then, using the resonance condition (116) to 
express v in terms of frequencies and placing 
constant quantities together, 

Ao = 1C3gin" --  .0r-2  
Since v, is determined by N(E) according to 
equation 4, the interaction region drifts up- 
stream or downstream depending on whether 
the electron stream intensity A is smaller or 
greater than 240 . For n 	2, as in this case, the 
energy term is almost constant, so A. increases 
with frequency up to y2b, which is also the 
duct guiding cut off. So we see that in the 
absence of any special fluctuations in A this 
produces an equatorward acceleration, for when 
s is negative (interaction upstream of the equa- 
tor) the frequency must be falling and so v, 
must be increasing, whereas when s is positive 
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the frequency must be rising and so v, must be 
decreasing. In general we would expect over-
shoot of the equator and hence oscillation be-
cause the drift velocity will tend to increase or 
decrease monotonically during the whole time 
the interaction region spends in one hemisphere. 

This implies that an emission, once triggered, 
should continue through many such oscillations 
whereas more than one or two oscillations are 
rarely observed, and emissions seem to stop 
without obvious reason, although usually at an 
upper or lower frequency limit. However, for 
emissions to occur and be sustained we also re-
quire a velocity distribution that can provide 
signal amplification or radiative instability. An 
appropriate distribution would confine the emis-
sion to a frequency band, and temporal fluctua-
tions in this velocity distribution might occa-
sionally stop (and possibly start) emissions 
within this band. 

The effects discussed above can be seen in the 
five emissions shown. Thus traces 2 and 3 in 
the one at 0224 : 24 show a complete drift oscil-
lation with the beginnings of a second. These 
both end within the normal emission band. The 
risers of the other emissions seem to have ended 
at the upper limit of the band, although the 
falling tones (or aborted hooks) in the emis-
sions at 0100 : 28 (4) and 0224 : 30 (3) seem 
to have ended at the lower limit. Some apparent 
cutoffs are produced by the receiver (built-in 
at 1 kHz and 10 kHz for interference suppres-
sion), which might explain the missing low-
frequency part of the deep hook (not processed) 
at 0100 :28 in Figure 5. But if there was no 
natural cutoff we would expect to see the emis-
sion when it was returned to the observable 
range. 

COMPARISON WITH DIRECT MEASUREMENTS 

It would be very interesting to compare the 
energy spectrum and microburst structure de-
duced from analysis of VLF emissions with 
those measured simultaneously in the same 
place by direct methods. Such simultaneous 
measurements are not yet available for this 
event. However, spectrum measurements in the 
same region (afternoon sector, geocentric dis-
tance RE, latitude ,--,20°) by Ogo 3 
[Frank, 1967] showed a power law spectrum for 
N(E) over the range 300 ev to 50 key with 
spectral index n 2.3. The index obtained  

above (n 	2.2) is in very good agreement 
with this and (although possibly fortuitous) it 
is in general agreement with typical values of 2-3 
found by McDiarmid et al. [1963] and the 
general range 2-4 for trapped outer zone elec-
trons in the energy range 40 < E < 250 key 
[Hess, 1968]. 

The spikes in normalized N(E) in Figures 6 
and 7 show a general resemblance to electron 
microbursts observed in satellites [Oliven et al., 
1968] and, via X-ray bremsstrahlung, in bal-
loons [Venkatesan et al., 1968]. Thus both 
involve about the same electron energies (tens 
of key), about the same time scale (-0.1-0.2 
sec), and often show faster rise times than fall 
times (particularly those in Figure 6). On the 
other hand, microbursts occur generally before 
noon and on L shells above 4 (usually 6-8.5) 
[Oliven et al., 1968], whereas this VLF event 
occurred just after local noon at about L = 3.3. 

A direct comparison between microbursts and 
VLF emissions has been made by Oliven and 
Gurnett [1968]. They found that microbursts are 
always accompanied by VLF emissions, but emis-
sions are not necessarily accompanied by micro-
bursts. While emissions without microbursts 
may be due to uninteresting effects (e.g., weaker 
guiding of emissions) it is interesting to note 
that a few of the emissions in this event were 
not accompanied by apparent microbursts. They 
also noted that it is not generally possible to 
.find a one-to-one (burst-to-burst) correspond-
ence between individual microbursts and VLF 
chorus bursts. However, the theoretical con-
siderations above show that microbursts do not 
cause (i.e., initiate) emissions, but rather they 
change the spectrogram shape of emissions in 
progress. A detailed correspondence would be 
expected. between the electron intensity deduced 
from emission structure analysis and that mess-
.ured directly for those times when a discrete 
emission happened to be in progress. Such a 
.test could be regarded positive if there was 
some close one-to-one correspondence, since it 
would be difficult to ensure that all of the emis-
sions and the electrons directly observed fol-
lowed the same paths. 

CONCLUSIONS 
Analysis of a large number of VLF discrete 

emissions, based on Helliwell's theory, showed 
that —v, < v, < v o , as required by this theory, 
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about a thousand such tests (neglecting 4 
Lances of v, > v11, probably due to scaling 
ors). An interesting interaction drift oscilla-
a deduced from these emissions is shown to 
predicted by the theory for relatively steady 
otron streams. 
[he deduced electron energy spectrum and 
2poral structure (microbursts) show general 
.eement with nonsimultaneous, direct mess-
anents. Clearly the next step should be to 
simultaneous comparisons of VLF-deduced 
direct measurements of normalized N(E) 

h appropriate time corrections for point-to-
nt correspondence. 
in apparent affinity for triggering at the 
iator (s = 0) at a frequency or time (i.e., 
iting for the 'right' electron intensity) to 
e low initial drift velocities is allowed by the 

,ory, but since it is not specifically predicted 
might be worth further investigation. After 
;gering, the typical motion of the interaction 
ion appears to be a slow drift (v, 0) until 
licroburst arrives that abruptly increases the 
ft velocity to near the upper limit (v, •-• th). 
us the 2 earlier extreme models, a stationary 
naction region at the equator [Brice, 1963] 
1 an interaction region moving with the elec-
ns [Dowden, 1962], are often reasonably 
id at different times even in a single emission. 
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VLF Discrete Emissions Deduced from Helliwell's Theory 
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An iterative procedure based on R. A. Helliwell's theory is used to compute frequency-
versus-time spectral shapes of VLF discrete emissions for various field line and electron 
stream parameters. A quasi-constant stream produces symmetrical emissions (symmetrical 
generation about the equator), and superimposed microbursts produce hooks with branching 
risers. Parameters appropriate to quiet and storm conditions produced the observed charac-
teristics of Q chorus and S chorus, respectively. A general feature of the computed position 
of the interaction region for constant electron streams of low spectral index is an almost 
sinusoidal motion of the interaction position about the equatorial plane. An analytic expres-
sion derived for the period of this motion shows that such periodic motion will occur for 
electron spectral indices less than about 2.4. A mechanism for nondispersed, multiphase periodic 
emissions is suggested in terms of this periodic drift motion. 

LF discrete emissions consist of rising and 
]g tones at frequencies of the order of a 
kilohertz [Helliwell,. 1965]. It is generally 
ght that these are produced in the mag-
sphere near the equatorial plane by back-

Doppler-shifted cyclotron interaction with 
getic electrons. 
le most promising mechanism explaining 
.defined discrete emissions in. terms of inter-
In with a continuous stream of wide-band 
getic electrons is that given by Helliwell 
7]. By considering the interaction resonance 
'itions and their gradients along the field 
he showed that if the interaction is localized 
?. will be a characteristic rate of change of 
iency determined essentially by the instan-
CMS emission frequency and the position of 
interaction region. In general the inter-

In region will drift along the field line with 
ift velocity determined by the instantaneous 
isity and energy spectrum of the energetic 
rons. The detailed frequency-time shape of 
'etc emissions is therefore determined by 
ield line parameters (nose frequency f„ and 
p delay t„ at this frequency, or the derived 
, base field and plasma density), the elec- 

'ermanent and present address: Department 
hythcs, University of Otago, Dunedin, New 

■yright C) 1971 by the American Geophysical Union. 

tron intensity and energy spectrum, and the 
initial conditions (e.g., trigger frequency, and 
initial position and velocity of the interaction 
region). 

As a general test of this theory, a method was 
derived and applied to determine the energetic 
electron spectrum and intensity structure by 
analysis of observed VLF discrete emissions 
[Dowden, 1971b, referred to here as paper B]. 
This showed general agreement with satellite 
measurements and showed other interesting but 
unexpected features. 

In this paper these features are examined 
further by the reverse procedure, that is, by 
synthesizing emissions for given field line pa-
rameters, energetic electron properties, and 
initial conditions. 

ITERATIVE COMPUTATIONS 
The stepwise procedure outlined by Helliwell 

[1967] and developed for analysis in paper B 
is even more amenable for synthesis, because 
synthesis involves integration rather than dif-
ferentiation and so is well suited to iterative 
summation by computer. 

The steps are these. For an assumed field line 
and plasma, we choose the position of the inter-
action region and the instantaneous emission 
frequency. The cyclotron resonance condition 
determines the resonant velocity (v„) at this fre-
quency, and the group velocity (v 9 ) is deter-
mined by the ambient plasma and gyrofrequency. 

3046 
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The instantaneous rate of change of emission 
frequency (df /dt) required for matching the 
spatial variations of gyrofrequency and Dop-
pler-shifted wave frequency, for the chosen 
interaction position and frequency, is deter-
mined by the relations given by Helliwell [1967]. 

We now require the drift velocity of the 
interaction region (v,). Following Helliwell 
[1967], we use the criterion that the interaction 
region drifts so that the resonant electron kinetic 
power into the interaction region equals the 
electromagnetic power radiated out. The first 
of these depends on the relative velocity (v u  — 
v,) of the resonant electrons to the interaction 
drift as well as on the relative abundance of 
resonant electrons or the differential energy 
spectrum, N (E), where E is the corresponding 
resonant energy. The radiated power is propor- 
tional to the relative velocity (v, vg) of the 
wave packet to the interaction region (the posi-
tive sign is a consequence of backward emis-
sion). Equating these two powers, it was shown 
in paper B that N (E) and v, are related by 

A 	1 v, 	v  N(E) — K 	 (1) (1 — A) 2  2  Vu v u  — v i  

where A is the ratio of the emission frequency 
f to the local gyro frequency fH , and K is un-
known but is assumed to be constant. If we 
assume that N (E) has the form 

N(E) = AE -" 	 (2) 

we can choose the spectral index n and the 
initial value of v, to determine the ratio A/K. 
In future iterations, v, is given by equations 1 
and 2 for this ratio. 

Calculation of the arrival time at the ground 
(TO of this emission component at frequency f 
completes the first iteration. 

For the second iteration, after an increment 
of time (AT), the change in interaction posi-
tion is given by v,AT, so that new values can 
be calculated for all quantities. The time incre-
ment was either 0.05 sec or else reduced to 
ensure a frequency increment of less than 200 
Hz. 

Up to 200 iterations were made unless the 
emission frequency or duration went beyond 
preset limits. After each iteration, all relevant 
values were printed, and after the complete 
calculation selected pairs (usually emission Ire- 

quency versus 'ground' or observer time, and 
interaction position versus true time) were 
plotted by the computer Calcomp plotter. 

Figure 1 shows an emission calculated in this 
way for a uniform electron stream and with 
dispersion corresponding to its first appearance 
at the ground. The field line parameters (f„ = 10 
kHz, t,. = 1.5 sec) and spectral index (n = 2.25) 
are those deduced from an observed series of 
emissions in paper B. Also shown is the motion 
of the interaction region which is closely sinus-
oidal for this uniform stream. The interesting 
growth in the amplitude of the interaction drift 
turns out to be a spurious computer effect 
related to the iteration increment, for halving 
this increment reduced the apparent growth 
rate to less than half. When this is removed, 
the emission process is symmetrical; that is, the 
generation is symmetrically disposed in time 
and space about the equatorial plane. In par-
ticular, the same frequency is emitted at the 
two extremes (B and D in Figure 1) of the 
interaction drift oscillation. This symmetric 
generation is a general tendency for observed 
emissions ([Dowden, 1971a] referred to here as 
paper A). 

This synthetic emission has shape, frequency 
range, and oscillation period sec) similar 
to those observed in paper B, though both 
random and impulsive (microburst) fluctuations 
in the real electron streams produced less regu-
lar drift motions. 

	

The relative intensity (w 	HO along 
the trace is shown in the bottom panel of Fig-
ure 1. This involves the limiting amplitude of 
the interaction given by Helliwell [1967], the 
motion of the interaction, and the effect of 
compression or spreading of energy by disper-
sion on the way to the observer. Frequency-
selective losses have been neglected. The rising 
part of the emission is much stronger than the 
falling part, as is usually observed. The weakest 
parts, AB and EF , are often not observed at all. 

ELECTRON STREAM VARIATIONS 
The emission in Figure 1 was calculated for a 

non-varying electron stream by holding the 
stream density A in equation 2 constant. We 
now consider the effect of varying the electron 
stream. In general, an increase in stream den-
sity produces an algebraic increase in the inter-
action drift velocity (equation 1). Since the rate 
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of change of emission frequency depends on the 
interaction position, such an increase will in-
crease the curvature or cl2f/dt2  of the emission 
trace. In view of this double integration effect, 
a randomly varying stream, or even an impul-
sive stream, will still produce a smoothly vary-
ing emission trace. 

It is interesting to compute the effects of an 
impulsive increase in stream density correspond-
ing to an electron microburst. Although there 
is no direct (satellite or balloon) evidence of 
microbursts on the L shells where discrete emis-
sions occur (2.5 to 4), analysis of emissions in 
paper B indicated their presence. Microbursts 
can be simulated by superimposing a time-
dependent term on the electron stream intensity: 

A(t) = A 0 {1 	C exp [—(t — to) 2/ 1d2] 
where to  is the time the microburst peak passed 
through the equatorial plane, td  determines the 
duration, and C determines the (1 + C)-fold 
increase above background (A 0) at the peak. 
Figure 2 shows a composite emission for micro-
bursts occurring at intervals of 0.3 sec, each 
with duration (to half peak) of 0.1 sec, and 
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strength corresponding to a fourfold increase in 
stream density (A) at the peak. A microburst 
produces a sharp increase in the interaction drift 
velocity that lasts somewhat longer, than the 
microburst duration (as measured at a fixed 
point), since the drift velocity (v,) approaches 
the electron stream velocity (v 0 ). This in turn 
produces a sharp increase in emission trace 
curvature, changing a possibly falling tone into 
a rising tone. Tithe microburst is felt by only 
part of the interaction region, then each micro-
burst will peel off a rising tone. The remaining 
part produces the parent emission, which has 
the same form (since the same parameters were 
used) as the one in Figure 1. 

Although the microbursts are all the same, 
their effect (the form of the branching riser) 
depends on the state of the interaction when 
they arrive. Since the microburst produces an 
impulse to the oscillating motion of the inter-
action region, the ldwer the emission frequency 
at this time of arrival, the higher the upswing 
of the branching riser. A microburst arriving 
when the emission frequency is already rising 
has relatively little effect. 

—0  4 
cc 

 

2 

0 

 

.12 

  

1 	2 	3 	4 	5 	6 	7 SEC. 
Fig. 1. Emission calculated for a uniform electron stream of energy spectral index n = 2.25 

and field line parameters J.= 10 kHz, 1.„ = 1..5 sec. Top: Frequency versus 'ground' time for 
the emission's first appearance at the ground (1/2 hop). Parts that are often not observed and 
expected to be relatively weaker are shown by the broken curves. Center: Position of the 
interaction region versus true time (i.e., at the interaction region). Correspondence with the 
spectrogram above is indicated by A, B, C, D, E, F. Positive positions are downstream of 
the equator (origin), that is, in the hemisphere opposite the observer. Bottom: Relative 
ground intensity (W m' Hz"), neglecting propagation losses. 
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appear to be few direct (satellite) measurements 
of the electron parameters A and n in the 
energy ranges of interest (~5 key for Q and 
30-200 key for S). However, for energies above 
280 key, Williams and Smith [1965] found 
n 1.5-2 during relatively quiet conditions and 
n > 4 during disturbed conditions, particularly 

2 for the field lines (L < 3) where S chorus 
would be expected. Thus for this exercise we 
might choose n = 1.5 for Q and n = 4 for S. 
In the absence of better information, we will 
leave A constant for both types. For the initial 
conditions, we will assume triggering at the 
equator with initial interaction drift velocity of 
2000 km/sec for both. 

3 sec 
Fig. 2. Emission calculated using the same pa-

rameters as in Figure 1 but with superimposed 
electron spikes or microbursts. These have maxi-
mum intensity (stream density) of 4 times back-
ground, duration (half intensity) of 0.1 sec, and 
are spaced 0.3 sec apart. 

MAGNETIC DISTURBANCE EFFECTS 

Recently Allcock and Mount joy [1970] 
showed that discrete emissions or chorus can be 
classified into two distinct types, Q and S, with 
two intermediate types, IQ and IS. The Q chorus 
is characterized by the invariable presence of 
inverted hooks, usually with bandwidths less 
than 1 kHz and often accompanied by other 
emissions such as quasi-constant tones and nor-
mal hooks. The slopes of the rising parts are 
about 1 kHz/sec. Q chorus occurs during quiet 
magnetic conditions (local K index, 0-2). The S 
chorus, on the other hand, consists of straight 
tones rising very rapidly ( ,--, 50 kHz/sec) that 
are occasionally vertical or even tilting back-
ward. These typically occur in bursts of rising 
tones, giving the appearance of a rising band 
starting at —1 kHz and rising to 7 kHz or 
higher. S chorus occurs during disturbed condi-
tions (local K index, —6-8). 

Now it will be interesting to see whether our 
synthetic emissions calculated using field line 
and electron stream parameters appropriate to 
quiet and disturbed conditions have the char-
acteristics of Q chorus and S chorus, respec-
tively. In paper A, a relation was found between 
the location of the field line along which emis-
sions are generated and magnetic index. From 
this a typical L value during quiet conditions 
would be —3.9, corresponding to a nose fre-
quency f„ = 5.5 kHz, and for disturbed condi-
tions typical values would be L = 2.6 or f„ = 
18 kHz. These values indicate generation near 
the plasrnapause, though this has no special 
relevance here. For typical conditions in the 
plasmasphere, the corresponding values of t„ 
are 2 sec (for Q) and 0.8 sec (for S). There 

Fig. 3. EmiiSions calculated using parameters 
appropriate to quiet (Q chorus, top panel) and 
disturbed (S chorus, bottom panel) conditions. 
The S-chorus emissions are calculated for several 
trigger frequencies and are arranged in time as 
though each is triggered by the previous one. 
Calculations were taken up to 9 kHz, but broken 
curves were drawn to indicate parts that often 
do not appear in observed events. 
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Figure 3 shows the emissions calculated from 

these parameters. For Q chorus a trigger fre-
quency of 3.5 kHz was chosen to place the 
emission in the typically observed frequency 
band. A continuous emission is shown, though 
one generally observes pieces of this as hooks 
and inverted hooks. Important features that 
appear are the low slopes and narrow band-
width. Also, as will be shown later, low spectral 
indices (n < 2) should always produce an 
oscillating drift motion so that risers produced 
by microbursts will always bend over to pro-
duce inverted hooks. Lower values of initial 
drift velocity would produce quasi-constant 
tones for quasi-constant stream intensity A. For 
the S chorus, a set of trigger frequencies was 
chosen in 1-kHz steps from 1.5 kHz. The in-
dividual risers were spaced out in time as 
though each was triggered by the previous one. 
This is possible, since each riser is produced in 
the hemisphere opposite the observer and so 
must pass back through the triggering region 
(assumed here to be the equator) again on its 
way to the observer. If triggering is much more 
active during disturbed conditions, we might 
expect it to occur over a wide range of fre-
quencies and it might be effective over a wider 
distance from the equator. If so, the risers 
would trigger new ones before reaching the 
equator, which would produce larger initial 
slopes (df/dt). The general features of this 
synthetic S chorus are the large slopes, the ab-
sence of turnover or inverted hooks, and the 
large over-all bandwidth. This is largely a 
consequence of high spectral indices that pro-
duce interaction drift motions that are always 
unstable or exponential for n > 3, as is shown 
below. Thus microbursts, which might be pre-
valent during disturbed conditions, would have 
little effect on rising tones, but rapidly falling 
tones, for which v, is negative, could be changed 
to rapidly rising tones with hooklike beginnings. 

INTERACTION REGION DRIFT STABILITY 

One of the most interesting consequences of 
applying Helliwell's [1967] theory to discrete 
emissions is that the localized region of electron-
wave interaction drifts back and forward along 
the field line about the equator. This oscillatory 
drift motion was suggested by Helliwell [1967] 
for a rather special electron energy spectrum, 
but it now appears more general.  

where <0 is at least quasi-constant and is the 
drift oscillation frequency. From equation 1, we 
have 

— 2KA 2(1 — A)-2a-, 	(4) V0 Ba- ' — KA(1 — 2a- 

where we have used a = v 12  and have expressed 
N(E) in terms of vu: 

N(E) = AE -" = B(1, 1 2) -' = Ba-" 
then 

= (d/dt)v, 
The general differentiation of v, is complicated, 
but since w is approximately constant during 
the drift oscillation we can choose a convenient 
point to do this. This is one of the extremes 
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In physical terms, what happens is this. 

Suppose the interaction region is down-
stream of the equator. Regardless of the drift 
motion, the emission or interaction frequency 
will be rising so that resonance will require 
progressively lower electron energies. If the 
electron energy spectrum is soft enough (large 
n), the electron flux at the falling resonant 
energies will be increasing. Consequently, the 
drift velocity will be increasing; that is, the 
interaction region will be accelerated away from 
the equator. Similarly, for hard enough spectra 
(small n), the interaction region will be accel-
erated toward the equator. We reach the same 
conclusion if we suppose instead that the inter-
action reg:on is upstream of the equator. For 
now the emission frequency will be falling and 
the resonance energy rising. Thus soft spectra 
will produce decreasing, and hard spectra in-
creasing, drift velocities, corresponding to ac-
celeration, respectively, away from and toward 
the equator as before. So we see that the drift 
stability, that is, whether the motion is oscil-
latory or exponentially divergent, should de-
pend largely on the energy spectral index. 

To obtain an analytic expression for the drift 
stability and drift oscillation period, we note 
from Figure 1 that the motion computed by 
successive iterations turns out to be closely 
sinusoidal. If we denote the position of the 
interaction region by s, the distance along the 
field line from the equator, this implies that 

:3  = —co 2s 	
(3) 
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where the drift velocity is zero. The drift accel-
eration is then produced entirely by the fre-
quency drift (df/dt) and is independent of the 
gradients along the field line of the gyrofre-
quency 111 and plasma frequency f„ except 
where these are already incorporated in the 
equation for df/dt. Thus we need to find: 

g° 	dt 
_ 	du i 	

(5) 

Writing equation 4 as 

vi = VBX/y 

we get 

ddv;  = _x ddV a 	X11 	yi dx 
f 	

2 

df 	(Tr 
If v, = 0, then x = 0, and so only the last term 
is nonzero. For this we need a from the Dop-
pler-shifted cyclotron resonance condition: 

a 	v  2 	2 fH2 (1 -- ii) 2  
0 	0  f2,2 	A 
	(6) 

and its derivative: 

= 	c2  flf2  (1 — A) 2 (1 	2A) 
df 	

f  

A 2  

and also: 

d[  2A2 	1 	4A  
df (1 — A) 2 	fil  (1 — 

Then 

df =ii7r{Re(Ba-') 

(K  2A2  	1] d -a 	K 	4 } 
a (1 — A) 2)a dA 	a (1 — A) 3  

The two terms in the square brackets are re-
lated by the condition x = 0, giving 

dx 	2K 2 fp —
df = 	[3 — n — 2A(n — 1)] (7) a 	f. 

The same condition gives 

K A(1 — 2A)  
Y  — a (1 — A) 2  

Then using Hellitvell's [1967] equation 15: 

df 	54cf 112  A312(1 — A) 312  
dt 	R,, 2  f9  8 	2A) 2  
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We get, finally, from equations 3, 5, 6, 7, 8, and 
Helliwell's 15: 

chi   
2 	

) 2  A(1 — A) 2  
co = 108(Rf (1 ± 2A) 3  

• [3 — n — 2A(n — 1)] 	(9) 
where R„, is the geocentric distance to the field 
line in the equatorial plane, and all units are 
mks. 

For n > 3, (02  is negative for all frequencies. 
In this case the drift motion is unstable, for if 
the interaction region is displaced from the 
equator the drift speed I v 4 I and distance s will 
increase monotonically and exponentially. 

For n < 2, (02  is positive for all frequencies 
less than the observed cutoff for guided emis-
sions: f = 1/2111 . In this case the drift motion is 
stable so that displacement from the equator 
will produce an oscillating drift motion. The 
drift motion is even more stable (large positive 
(02 ) for negative spectral indices or 'spectral in-
versions,' should these occur. 

For 3 > n > 2, 0,2  is positive and the drift 
motion stable, provided that 

3 — n  A < — 2(n — 1) 
Satellite measurements in the appropriate re-
gion (L = 3 4) reviewed in paper B indicate 
that spectral indices are typically in this range, 
as was the spectral index deduced in paper B 
from emission analysis. Thus this case of con-
ditional stability may be fairly common. How-
ever, if we take (from paper A) A = 0.2 as 
typical, then the drift motion is generally stable 
below n •-•-• 2.4 and generally unstable for a 
higher spectral index. The frequency A used in 
equation 9 for calculation of 00 2  must be the 
frequency emitted where v 4  = 0. For a stable 
emission, this is approximately the midfre-
quency. Equation 9 cannot be used to find how 
the stability (0 2  varies with frequency during 
a given emission. 

The period of the interaction drift motion 
can be obtained from equation 9. However, the 
field line parameters in that expression (R„„ 
fli, fp) are more conveniently expressed in terms 
of the 1-hop nose delay (t„), since for a 'gyro-
frequency' model along field lines: 

S f t„ = 1.2 —• 7-2-• c fH 

( 8) 
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where S, the total length of the field line, is 
approximately 2.2 R„, in the region (L 3-4) 
of interest. Consequently, the interaction drift 
period from this and equation 9 is: 

(1 ± 2A) 312  T i  -= 0. 23 in A I/2(1 - A) 

• [3 — n — 2A(n — 

The interaction drift period is shown in Fig-
ure 4 as a function of midfrequency (more 
precisely, the frequency for v, = 0) for various 
values of n. Also shown is a 2-hop nose whistler, 
that is, the wave-packet bounce period. The 
left and bottom scales apply for typical field 
line parameters, whereas the normalized scales 
(right and top) apply generally. 

The interesting feature is that, for all field 
line parameters, the interaction drift period 
(T,) and the 2-hop group delay (T9 ) are of 
the same order of magnitude. This suggests a 
mechanism to explain nondispersed periodic 
emissions, particularly the multiphase ones, in 
terms of harmonic relationships between T, and 
Tp. The ratio Tp/T, depends on frequency, but 
the trigger frequency in a long series of emis-
sions is often very well defined and only slowly 
varying (paper A). 

Suppose, for example, this ratio is approxi-
mately 3. An emission triggered at time t = 0 
would tend to produce similar parts (risers, say) 
at intervals of T, as sketched in Figure 5. At  

t = T„, a new but similar emission would be 
triggered by the whistler mode echo of the first 
producing a new interaction region a little up-
stream or downstream of the first, if T, were not 
precisely 3T. The two interaction regions would 
tend to merge to a single one, for the down-
stream one would have an electron stream some-
what depleted of usable kinetic power by the 
upstream one, and so it would have a lower 
drift velocity, enabling it to catch up to or be 
caught up by the upstream one. Alternatively, 
taking into account the finite length of the 
interaction region, the second triggering length-
ens the original interaction region, which tends 
to contract to the optimum length given by 
Helliwell [1967]. 

Thus, for T, --, 3T,, we would expect 3-phase 
periodic emissions. If interaction regions sharing 
the same resonant electrons attract strongly, the 
harmonic relationship need not be very close, 
and by the same token, high-order multiphase 
periodic emissions would not occur. If the ratio 
Tg/T, slowly decreased, either through an in-
creasing trigger frequency or changing spectral 
index, we would expect 2-phase periodic emis- 
sions for T, 	271 , and 3-phase ones again for 
2T, 	3T,, with perhaps single-phase ones in 
between when the harmonic relationships are 
unfavorable. Thus two ratios T,/T, can produce 
3-phase versus one for 2-phase. Similarly, if 
higher orders are possible, four different ratios 
can produce 5-phase versus two for 4-phase. 

NORMALIZED PERIOD ( T/tn ) 
1 	2 	3 	4 	5 

------------ ---- - 

I 	2 	3 
Fig. 4. The interaction drift period versus emission midfrequency for the values of electron 

energy spectral index shown. The broken curve is a 2-hop nose whistler. The left and bottom 
scales apply for typical field line parameters, whereas the normalized scales (right and top) 
apply generally. 
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0 
Fig. 5. Spectrogram sketch illustrating a mechanism for generation of 3-phase, nondis-

persed, periodic emissions. The risers 0, 1, 2 are the strongest parts of a single emission 
produced by the• oscillation motion of the interaction region. Later risers (3, 4, etc.) are 
triggered by the 2-hop echoes (E0, El, etc.) of these, which synchronize the oscillation motion 
so that T, = T9/3. 

This may explain the observed preference for 
odd phases over even phases. 

A difficulty with this idea is that we would 
expect such multiphase periodic emissions to 
consist of a continuous wavelike emission (like 
that in Figure 1), whereas we often observe 
only a series of short risers. Perhaps only the 
rising parts are strong enough to be observed, 
as was discussed above, whereas the complete 
emission, though undetected, determines the 
periodicity relation for the multiphase period. 
Part of this problem has been with us a long 
time, for it is generally accepted that single-
phase periodic emissions are produced by trig-
gering by whistler-mode echoes, even though 
these triggering signals are usually not ob-
served. 

CONCLUSIONS AND SUGGESTIONS FOR 
FUTURE WORK 

Helliwell's theory is able to explain the fea-
tures of VLF discrete emissions in terms of 
quasi-constant electron streams with occasionally 
superimposed intensity spikes or microbursts. 
The characteristic forms observed during dis-
turbed and quiet periods are explained in terms 
of the field line and stream parameters expected 
during these periods. The periodic nature of the 
interaction drift motion observed in paper B is 
predicted by the theory for electron spectral 
indices less than about 2.4, and this effect may 
also explain nondispersed multiphase periodic 
emissions. 

Though this agreement does not establish the 
theory, it does establish the worth of further 
work, both experimental and theoretical. 

Experimental tests might be external or in-
ternal. In an eXternal test, one would find the 
electron stream parameters and possibly also 
the field-line parameters from external measure-
ments, such as satellite measurements, and either 
compare these with those deduced from discrete 
emissions or use these parameters to synthesize 
emissions that can then be compared with those 
observed. Internal tests using only VLF data 
can also be made. For example, does the energy 
spectral index n deduced from spectral f-v-t 
shapes of emissions give the right interaction 
drift period for multiphase periodic emissions 
in the same event? 

Further theoretical work is needed on the 
microscopic aspects of the interaction, particu-
larly the initiation or triggering. Thus, should 
triggering occur preferentially at the equatorial 
plane and often at a characteristic frequency? 
Can a microburst split the interaction region, 
one part 'seeing' the microburst and the other 
ignoring it, as was suggested by the analysis of 
hooks with branching risers? Can interaction 
regions pass through one another when the 
emission frequencies are different and attract 
one another and coalesce when these frequencies 
are close, as was suggested in the discussion of 
multiphase periodic emissions? 
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DISTINCTIONS BETWEEN MID LATITUDE VLF HISS 
AND DISCRETE EMISSIONS* 

(Received in final form 21 October 1970) 

1. INTRODUCTION AND SUMMARY 
Mid latitude VLF emissions fall broadly into two types: band limited noise called hiss and relatively 

pure rising and falling tones called chorus or discrete emissions. Both appear at frequencies of a few 
kilohertz at medium latitudes (50°-60° invariant) and have much the same diurnal variations and relationship 
with magnetic activity. The question arises, is discreteness or diffuseness the only distinction between the 
two types, hence is hiss merely the result of a sufficient density of overlapping, unresolved chorus? 

The purpose of this note is to show another essential distinction between these two types which was 
observed at Dunedin, New Zealand, during an event lasting about 2 hr on 1st March, 1996. The hiss 
and discrete emissions were uncorrelated on the short term (minutes) and were found by dispersion analysis 
of associated whistlers to be propagating along quite different paths. Whereas whistlers travelling along the 
discrete emission path were characterized by triggering, the hiss path whistlers were characterized by strong 

DISCRETE EMISSIONS 

HISS 

FIG. 1. Hiss AMPIITUDE RECORDINGS IN THE BAND 4-5 kHz USING N—S AND E—W LOOP 
ANTENNAS (TIME SHARING) FROM DUNEDIN AND CAMPBELL ISLAND. 

Also shown for comparison is the relative discrete emission activity during this period. 

• This work was carried out during the tenure of a Visiting Fellowship awarded by the Cooperative 
Institute for Research in Environmental Sciences, University of Colorado, Boulder, Colo. 80302, USA. 
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2. DETAILS 

The whole event was recorded wide band on magnetic tape for later spectrum analysis and on medium 
band hiss amplitude recorders at Dunedin (L = 2.7) and Campbell Island (L = 4), about 800 km to the 
south. Hiss amplitudes in the band 4-5 kHz using N-S and E-W loop antennas are shown for the two 
stations in Fig. 1. The relative amplitudes at the two stations and two antennas plus a direc,ion finding from 
Dunedin indicated that the hiss reached the ground just south of Dunedin at about L = 3. This is consistent 
with location by dispersion analysis discussed below. 

Sample spectrograms of the event are shown in Fig. 2. In panel A, whistlers 2W and 4W echoing in the 
discrete emission path (since both trigger risers) are initiated by the sferic at the arrow. This sferic also 
appears to be the source of the train of hiss bursts. Thus the hiss is either triggered by a whistler from this 
sferic or is itself a multihop swishy whistler of limited band width. Despite the fuzziness of the hiss, the 
period or 2-hop delay at 5 kHz can be measured accurately because this train and others in this event 
persisted for about twenty or thirty such periods. Note that the 2-hop delay is quite different from that for 
2W, 4W, implying that the hiss is echoing in a path different from the discrete emissions. 
-amplification limited to the hiss frequency band. It is suggested here that hiss may be strong, band limited 
amplification of the ever present wide band background of whistlers and incoherent electron noise. Thus 
hiss appears to be produced by an amplifier type or convective instability whereas, as usually proposed, 
discrete emissions are produced by an oscillator type or non-convective instability. However, the radiative 
instability (transverse or electron cyclotron) may be the same for both since it is shown here that cyclotron 
resonance amplification by electrons having energy and pitch angle distributions consistent with satellite 
measurements could produce both the hiss amplitude and spectrum observed. 

Panel B also shows whistlers 2W and 4W echoing in the discrete emission path initiated by the indicated 
sferic. The same sferic initiated the intense whistler 2HW which is identified as hiss path by the 2-hop delay 
at 5 kHz. This whistler is barely detectable outside the hiss band but quite intense within the band. On 
the other hand the discrete emissions and their associated whistlers are not augmented by the hiss band. 

A large number of whistlers initiated by sferics from both hemispheres were recorded during the event. 
Identification of discrete path whistlers was relatively simple since they usually triggered risers. However 
since whistlers occurred every minute or so throughout the event with very little change in delay and 
dispersion it was also possible to identify the hiss path by comparison with the previous hiss path whistler 
starting from that shown in Panel B. This was easier for 2-hop whistlers for fewer paths appeared—usually 
only the discrete and hiss paths, and a few much shorter (less delay) ones. An example which occurred 
near the end of the event is shown in Panel C. The discrete path path whistler which appears at 1DW 
after its first hop triggered risers on its second and third hop. These are the negative slope (1 i. hop dis-
persion) and normal risers ( hop) which appear at 3DW. The one hop hiss path whistler 114W still 
appears to be augmented in the band previously occupied by hiss, although by this time the hiss is detectable 
only on the more sensitive hiss amplitude recorders (Fig. 1). 

Dispersion analysis of 22 whistlers and 14 whistler mode echoes of discrete emissions gave a quality 
weighted average of the discrete path parameters in terms of nose frequency, f„ = 9.9 kHz, and group 
delay per hop at this frequency, 4 = 1.47 sec. Similarly the hiss path parameters determined from 14 
whistlers were f„ = 12.8 kHz and t„ = 1.25 sec. Thus the discrete emissions occurred on a path near 
L = 3.2 and the hiss at about L = 3.0. During the main part of the event (0100-0200 UT) both paths 
drifted towards the Earth by about AL = 0-2. 

Further evidence of the mutual independence of discrete emissions and hiss is shown in Fig. I. The 
activity index for discrete emissions was based on their accumulated length in the spectrograms. Thus if 
all the discrete emissions in a three minute interval just spanned the interval when straightened out and 
placed end to end, the index would be unity. Comparison of the discrete activity and the hiss amplitude 
for any of the station and antenna combinations in Fig. 1 shows that the discrete-vs.-hiss correlation is 
zero or less (i.e. slight indication of anticorrelation). A scatter diagram using three minute averages of 
both showed this also. We would expect a positive correlation for averages taken over much longer periods 
if only because both are related to magnetic activity. 

The evidence above suggests that hiss occurs whenever conditions are suitable for strong band limited 
amplification. The original signal might be the ever present wide band background of whistlers and 
incoherent electron noise. If so the hiss spectrum would be determined by the amplification which must 
also be quite large, for the maximum hiss level in Fig. 1 is at least 40 dB above that during the quiet periods 
at Dunedin (after 0230 UT). Hiss appears to exist quite independently of discrete emissions and may be 
merely a special case of normal whistler amplification. The disturbed conditions which lead to strong 
amplification may also be those which provide the right conditions for chorus so we would expect a general 
correlation on the long term. 

Doppler shifted cyclotron resonance amplification by electrons having energy and pitch angle distributions 
of the form E-n sin*" a has been considered by Liemotua (1967). The hiss path parameters, f„, t„, deduced 
above give the path minimum gyro and plasma frequencies of 34 kHz and 250 kHz respectively. The hiss 
center frequency normalised to this minimum gyro frequency is then 0.15 and the normalised band width is 
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FIG. 2. SAMPLE SPECTROGRAMS FROM DUNEDIN DURING THIS EVENT. 

Panel  A: Riser triggering whistlers (2W, 4W) and a train of hiss bursts (2H, 4H, 6H), both 
originating from the sferic at the arrow. The different 2-hop group delays imply different paths. 
Panel  B: Discrete emission path whistlers (2W, 4W) and a short but intense whistler (2HW) 
from  the same sferic (arrow). This whistler (2HW) is strongly amplified in the hiss band and 
has the  same 2-hop group delay as the hiss bursts in Panel A. Panel C: Short or single hop 
multi  path whistlers, including the discrete emission path whistler (1DW), which triggers the 
emissions seen at 3DW on later hops, and the hiss path whistler (1HW), which is still augmented 

in the band previously occupied by hiss. 
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about 0.05. If we assume that during quiet periods the amplification is around 30-40 dB (observable 
whistlers but no hiss) and at least 40 dB more than this during disturbed periods (for hiss), then we require 
70-80 dB amplification. From the curves given by Liemohn (1967), electrons with energy and pitch angle 
indices of around n — 3-4 and m 0.3 would produce adequate amplification with about the right center 
frequency and band width. 

Most of the amplification would be produced in the general vicinity of the equator, so the resonant 
electron energies would be of the order of 20 keV. Suitable satellite measurements in this energy range do 
not seem to be available, but for energies above 280 keV, Williams and Smith (1965) found n 3-5 for 
L = 3 during disturbed periods. 

Department of Physics 	 R. L. DOWDEN 
University of Otago 
Dunedin, New Zealand 
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Abstract—A method is described for determining nose frequency (fn  ) and minimum group delay 
(tn ) from measurements of group delay at many frequencies along the observed whistler trace. 
It is primarily intended for the analysis of whistlers which do not reach the nose frequency, but 
the multipoint sampling may give improved accuracy for nose whistlers also, particularly if the 
traces are ill-defined. It is well suited to digital computation since only algebraic manipulations 
are involved. 

1. INTRODUCTION 

THE STANDARD extension method (SmiTH and CARPENTER, 1961) used to determine 
the nose frequency of whistlers whose recorded dynamic spectra do not reach the 
nose frequency uses measurements at the points (A . , t1 , and 12'  t2 ) at each end of the 
observed trace. The nose frequency (ffi ) and minimum group delay (t„) are then 
determined from the ratios 11/12  and t/ t2  by reference to a set of standard curves. By 
contrast, the method described here uses as many points (f, t) on the observed trace 
as desired and f„, tfi  are calculated from these using only algebraic manipulations. 
This has the advantage that full use can be made of the available data and the effect 
of random reading errors is considerably reduced. 

2. EMPIRICAL RELATIONS FROM OBSERVED WHISTLERS 

Consider the quantity (the reciprocal of the 'dispersion') 

Q(i) = (k/f)-1  
where t is the group propagation time per hop at frequency f. Figure 1 shows Q as a 
function of frequency for a well-defined nose whistler. The Q(f) points fit closely a 
straight line which intercepts the Q = 0 axis at 10  = 41 kHz, or 3-06 times the 
observed nose frequency (13-4 kHz). This linearity of Q-v--f has been found in about 
100 non-nose whistlers measured. Measurements of 19 well-defined nose whistlers 
gave a mean ratio* of zero-Q frequency (f 0) to observed nose frequency of 3-09 ± 0.04 
(standard deviation). 

Consequently one can use this property to determine the nose frequency (f„) of 
whistlers, which do not exhibit the nose by extrapolation of the Q(f) regression line 
obtained from t(f) measurements within the available frequency range. The value 

* This factor includes the effect of the ionosphere so ionospheric dispersion should not be 
removed from data when using this method. 
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Fig. 1. Q(f) plot of a well-defined nose whistler. (This whistler is shown in Fig. 
4-17b of HELLrwELL (1965) and the f (t) data was taken from his Fig. 4-18.) The 
Q and f scales used here have been offset and expanded to show up any non linearity. 
Extrapolation of the regression line (see inset) shown gives fo  = 41 kHz, or 3-06 

times the observed (arrow) nose frequency, at Q = 0. 

of Q at f„ then also allows calculation of t„, the group propagation time per hop at the 
nose frequency. In terms of fo  and the slope : 

Q' = dQ/df 

We get 
	 In =f/3•1 

= —(2.1 Q72/2)-1 .  

3. SYSTEMATIC AND RANDOM ERRORS 
The 19 well-defined nose whistlers used to determine a = fo/fa  had nose frequen-

cies ranging from 3 kHz to 20 kHz. There was no evidence of a dependence on fn . 
Also the spread in a values ( ,-, 1 per cent) could be entirely due to errors in direct 
measurement of f,,. 

Another systematic error would arise (if not allowed for) if Q—v—f is not strictly 
linear. This can be estimated by comparing values of f,, calculated using different 
portions of a single whistler. For example, Table 1 shows these for the whistler of 
Fig. 1. 

If group delay measurements (t) are made at N different frequencies (f) the effect 
of random errors (zit) on deduced fn  can be determined by standard least squares 

0-014 

0-013 

0-012 
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Table 1 

Range fn error tfi  error fn + ALI error 
(kHz) (kHz) (per cent) (sec) (per cent) (per cent) 

Observed 13.4 - 0.822 - 13.4 - 
4-16 13.3 -1 0.822 <0.1 13.3 -1 
4-8 13.9 4 0.818 -0.5 13.4 0 
8-12 13.5 1 0.818 -0.5 13.5 1 

12-16 12.7 -5 0.816 -0.7 13.2 -1 

The errors in t„ are less than the whistler trace width or spectrogram resolving time (about 
5 msec). The errors in ffi  show a barely significant trend which is removed to below significance 
by an updating correction (last two columns) discussed later. 

regression theory: 
Aftlfa = YAM 

yAtft 

where 	 y2  = N-1(13 	1)/(/3 — 1) 

where fi is the frequency mean square to square mean ratio: 

= :OLP- 
For a typical case involving 20 independent measurements over a 2: 1 frequency 
range (e.g. 5-10 kHz), y 1.6, giving an error in f n  ranging from about 1-2 per cent 
for a well defined whistler to perhaps 20-30 per cent for a diffuse whistler. Note that 
for measurements in the range f1-f2 , the effect of random errors depends (through y) 
essentially on the ratio f2/fl  and not on f,,/f2, the degree of extrapolation required. 
Thus the method works equally well for both extrapolation to fn  from either below 
(non-nose whistlers) or above ('nose-top' whistlers), and for interpolation to fn  (ill 
defined or partly obscured nose whistlers). 

4. CONSIDERATION OF THEORETICAL MODELS 
It should be emphasised that the relationships above are derived entirely from 

the properties of observed nose whistlers, and not by considering the dispersion 
expected from a model of electron density distribution along the field line path. The 
method above merely gives fn, tn . Standard methods (which require such a density 
model) for deducing, say, the minimum gyrofrequency and electron density along the 
path in terms of observed fn, tn , already exist and will not be discussed here. 

However it is worth investigating to see if the observed properties, linear Q and 
a = 3•1, are to be expected from realistic models. 

A realistic model (diffusive equilibrium in the magnetosphere with a small 
correction for the ionosphere) is not tractable, so two simpler models, which - corre-
spond to extremes on either side of a realistic one, will be considered here. 

A constant density model with certain other approximations (T-1 FaaswELL, 1965) 
gives a linear Q relationship and a = 3.0. For a `gyrofrequency' model (electron 
density proportional to gyrofrequency) the dispersion or Q(f) can be expressed in 
terms of complete elliptic integrals of the second kind (Snicrra and CARPENTER, 1961). 
For this model Q(f) is not strictly linear so that the value of fo  deduced from Q(f) 
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values in a restricted range of frequencies centered on,/ depends °V. Hence the value 
of a needed to give the correct ffi  also depends on !. This value of a calculated from 
elliptic integrals is shown in Fig. 2 as lia versus f/fHo  (the sample mean frequency 
normalised to the path minimum gyrofrequency). The 19 nose whistlers used to 
determine a experimentally had mean frequencies of about three quarters of the 
observed nose frequency (A 0.7A). For this case the gyrofrequency model 
predicts a value of a close to that observed. 

o. 	02 	0-3 	05 
fit o, 

Fig. 2. 1/a versus j/frio (solid curve). The broken line is a linear approximation of 
1/a used to derive equation (4). Note that a 3.1 at 0.75 times the nose frequency 
in agreement with the value derived empirically from observed whistlers for this 

average frequency. 

From the above it appears that the properties predicted by these two extreme 
models are not significantly different from those observed. However Table 1 shows 
some slight experimental evidence that a varies with f. This is to be expected if the 
plasma density is not strictly constant. However the effect will be small even for a 
gyrofrequency model, so we might use the latter to determine a correction. This 
would have the additional advantage of bringing our method into line with the 
Smith—Carpenter method which is also based on this model. 

Using the straight line in Fig. 2 as a reasonable approximation to the 1/a curve, 
we get 	

Af„ = 0•12(f — 0.75f,i ). 	 (4) 

This correction is quite small (a few per cent) but does appear to give a significant 
improvement in Table 1. If a computer program is used for this Q-analysis method 
the correction is a simple update statement. The corresponding correction to 4, 
would involve both this updated ffi  value and a different 'constant' (instead of 2.1) 
derived from a corrected a. . It turns out however that these two corrections are 
nearly equal and opposite. So the correct procedure is to calculate fn  from equation 
(2), tfi  from equation (3) and then, if desired, update ffi  according to equation (4). 
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Trigger Delay in Whistler Precursors 

R. L. DOWDEN 1  

Cooperative Institute for Research in Environmental Sciences 
University of Colorado, Boulder, Colorado 80302 

Detailed dispersion analysis of about thirty precursor events showed that the associated 
long whistlers traveled in the plasmasphere, at L 2.5-3.8, and probably in the same duct as 
their precursors. Measurement of the f, t trigger points of the precursors showed that the 
time of triggering (t) was generally more than halfway between the initiating lightning 
flashes and the associated two-hop whistlers by an amount (At) that generally decreased with 
trigger frequency (f). Because of apparent objections to triggering by hybrid whistlers, three 
alternative eplanations are investigated. Since all these are subject to serious objections, the 
hybrid explanation is re-examined. It is shown that the hybrid signal is expected to be quite 
weak (and hence rarely, if ever, observed) and that weak trigger signals should give, accord-
ing to R. A. Helliwell's 1967 theory, both a delay and a frequency shift that account for the 
observed trigger points quite well. 

Precursors are VLF discrete emissions that 4. The precursor begins at a time not halfway 
are observed before the whistlers with which 

	
between the causation impulse and the as- 

they appear to be associated. Several examples 	sociated long whistler, but a little later (At, 
are shown by Helliwell [1965, Figure 7-53] 	as shown in Figure 1) (LW). 
and Laaspere and Wang [1968] (these two ref- 5. Simultaneous observations at spaced stations 
erences are abbreviated to H and LW in what 	show differences in the relative intensities of 
follows). A schematic drawing is shown in Fig- 	precursor traces and the associated whistler, 
ure 1. 	 implying, contrary to property 1, different 

Relevant properties of precursors seem to be: 	propagation paths (LW). 

1. Precursors are associated only with long 
whistlers (H and LW). 

2. Echoing precursors show the same round-
trip delay as their associated whistlers, im-
plying similar paths (H and LW). 

The first and most straightforward explana-
tion (H) is that the precursor is triggered by 
the short component of a hybrid whistler, which 
results when part of the energy from a lightning 
flash in the observer's hemisphere travels in the 
earth-ionosphere waveguide to the opposite 
hemisphere before entering the magnetosphere. 
However, further observed properties present 
difficulties: 

3. The expected hybrid whistler is not ob-
served (H and LW). 

Permanent and present address: Department 
of Physics, University of Otago, Dunedin, New 
Zealand. 

Copyright @ 1972 by the American Geophysical Union. 

A few alternative explanations occurred to 
the writer, and so it was decided to make de-
tailed dispersion analyses of available observa-
tions to determine the properties of precursors 
more precisely and to examine these explana-
tions in the light of these properties. 

OBSERVATIONS 

From available data (see Acknowledgments), 
about thirty events were selected as sufficiently 
well defined for detailed analysis. Dispersion 
analysis [Dowden and Allcock, 1971] of the 
non-nose whistlers (some showed noses) gave 
the nose frequency f„ and delay per hop t„ for 
each. Nose frequencies ranged from about 6 to 
20 kHz, corresponding to L shells of propaga-
tion in the range 2.5-3.8. The 'scale' frequency 
[Dowden, 1962], obtained by dividing the 
square of minimum plasma frequency (obtained 
from fn , t„) by the minimum cyclotron fre-
quency (from f„), is relatively constant in the 
inner magnetosphere or plasmasphere at about 
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Fig. 1. Schematic drawing of a precursor event. A lightning flash at time origin produces 
the observed two-hop whistler. The precursor (thick trace) begins a little after (nt), the half-
way curve (one-hop whistler) shown as broken. An alternative interpretation is that it is 
initiated with a frequency shift (nf) or a combination of the two. 

one megahertz, and also in the outer magneto-
sphere or plasma trough at a few tens of kilo-
hertz. Values measured from these whistlers 
were in the range 850 to 1700 kHz, indicating 
that the whistlers and precursors propagated 
within the inner magnetosphere, though perhaps 
just inside the plasmapause. 

In events showing echoing precursors, there 
was no detectable difference between the round 
trip delays of the precursors and their associated 
whistlers. Since a delay difference of 1% to 
2% would usually have been detectable, this 
implies propagation paths within about 0.1 of 
L and 0.5° of invariant latitude, so that the 
north-south separation of the exit points should 
be less than about 50 km. Since whistler meas-
urements also show east-west gradients in the 
magnetosphere [Park and Carpenter, 1970; 
Bullough and Sagredo, 1970], the east-west 
separation of exit points should be within a. 
few hundred kilometers. Although not conclu-
sive, the evidence thus suggests that both pre-
cursor and whistler travel in the same duct 
and that property 5 (above) is not due to dif-
ferent magnetospheric paths. 

Contrary to property 3, one of the thirty 
events (shown by R. M. Gallet at the Conju-
gate Point Symposium, Boulder, 1967) clearly 
showed the short hybrid whistler extending 
down to within about 500 Hz of the precursor 
trigger frequency. Simultaneous observation at 
conjugate stations (Cape Sarichef, Alaska, and 
Waimate, New Zealand) showed both the nor-
mal short and long versions of the associated 
whistler, the hybrid, and the precursor with a 
one-hop echo; this is adequate information to 
identify these relationships with confidence. 

For all events, the frequency and time of trig- 

gering (the trigger point) of the precursor were 
measured and were compared with the one-hop 
delay calculated by dispersion analysis of the 
associated whistler to determine the apparent 
delay At, or frequency shift Af, defined in 
Figure 1. These measurements can be displayed 
in the following way. As is well known, f. (or 
the path minimum cyclotron frequency, f, ) and 
t. determine the whistler for a given hop num-
ber, and so if the frequency-time spectrogram 
scales are normalized to fff  and t , respectively, 
all the two-hop whistlers appear as a single 
trace. Thus all the precursor events can be 
shown in a single diagram as in Figure 2. The 
precursor trigger points, also scaled in this way, 
are shown as circles. 

Curve A in Figure 2 is the short one-hop hy-
brid component of the precursor's associated 
long whistler (thick curve). This should oc'cur 
as shown with half the delay of the long 
whistler plus about 30 msec to allow for the 
earthbound travel of the hybrid initiating pulse, 
from the observer's to the opposite hemisphere. 
Even so, most of the trigger points in Figure 2 
are to the right or above this curve, implying 
an additional delay (At) or frequency offset 
(An. 

ALTERNATIVE EXPLANATIONS 
Three alternative explanations have been 

examined in detail. Since all three are subject to 
serious objections, this work is only briefly sum-
marized here. 

1. Longitudinal resonance. Helliwell [1965] 
suggested that an electron stream modified 
through longitudinal resonance by the one-hop 
whistler might become unstable to transverse 
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(Cyclotron) resonance and so radiate an emis-
sion back along the path. However, it is not 
clear how the longitudinal phase bunching pro-
duced by the whistler can induce cyclotron in-
stability, which requires helical bunching. Also, 
the two resonance conditions show that, for a 
typical normalized trigger frequency A 0.1, 
the cyclotron resonance requires electron ener-
gies some 2 orders of magnitude above those 
for longitudinal resonance. 

2. Electron bounce. Cornwall and Shulz 
[1970] showed that two particles that have the 
same three adiabatic invariants recover their 
initial gyrophase relationship after each bounce 
period and so a reversed relationship after a 
half period. It is conceivable, then, that elec-
trons which are cyclotron phase bunched by the 
one-hop whistler, but which for some reason 
do not radiate, are phase bunched again, but in 
the reverse direction, after a half bounce period. 
Emission this time, if it occurs, would be back 
along the path and would be observed on the 
ground with an apparent trigger delay At(f) 
corresponding to the half bounce period of elec-
trons resonant at frequency f. The expected 
(normalized) trigger locus is shown in Figure 
2 as curve B. There are other objections to this 
explanation which will not be discussed, for it 
is clear that the observed delays do not fit this 
curve. 

3. Magnetos pherically reflected whistler. 
Suppose a nonducted whistler (from the same 
lightning flash that produces the two-hop asso-
ciated whistler eventually observed on the 
ground) is `magnetospherically reflected' [Smith 
and Angerami, 1968] somewhat beyond the 
equator and triggers an emission (the precur-
sor) on its way back. Again there are other dif-
ficulties, but there would be an apparent trigger 
delay At corresponding to the difference between 
the travel time taken by the nonducted whistler 
to reach the equator (trigger point?) after one 
magnetospheric reflection and the half hop travel 
time of a ducted whistler. The expected trigger 
locus is shown in Figure 2 as curve C, which, 
however, clearly does not fit the observed trig-
ger points. 

DISCTJSSION 
Since these alternative explanations raise dif-

ficulties and predict trigger delays (At) much 
greater than those observed, we will re-examine 
the objections to the hybrid whistler explana-
tion. These are properties 3 and 4. Property 5 
has been dealt with above. 

An apparent exception to property 3, the 
nonobservance of the short hybrid whistler, is 
noted above. We would expect such observations 
to be relatively rare, for although short hybrid 
whistlers are much weaker than their long com- 

NORMALISED TIME (Mtn) 

Fig. 2. Precursor starting points (circles) in normalized frequency (MO and time (On). 
For these normalized scales, all the associated two-hop whistlers are represented by the one 
thick curve. The two curves labeled B and C are the expected loci of trigger points for (B) 
the 'electron bounce' and (C) 'MR whistler' explanations, respectively. The other three curves 
are expected trigger loci for hybrid whistler triggering with (A) zero trigger delay and fre-
quency offset, (D) maximum delay and offset, (E) intermediate values. 
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ponents (H), the precursor's associated long 
whistler is usually weaker than the precursor 
(LW) and is sometimes barely detectable, and 
'occasionally a riser that follows an impulse and 
has all the earmarks of a precursor is accom-
panied by no whistler at all' (LW). It seems 
that signals strong enough for triggering in the 
magnetosphere need not be of detectable 
strength at ground level, for though periodic 
emissions are satisfactorily explained in terms 
of triggering by echoes of previous emissions 
(H), the trigger signals rarely appear. Indeed, 
it has been suggested that perhaps all 'spon-
taneous' discrete emissions have invisible trig-
gers. 

The other objection (property 4) is that, 
though normal whistler-triggered emissions seem 
to branch off the triggering whistlers without 
any discontinuity, precursors appear to be trig-
gered after a slight delay (At). On the other 
hand, emissions triggered by Morse pulses 
[Helliwell et al., 1964, 1965] have both a delay 
At 140 msec and a frequency offset Af 
300 Hz. Though such effects might conceiv-
ably arise because of the very different nature of 
a Morse pulse compared with a whistler, 
Helliwell's [1967] interaction theory, which ac-
counts for both the form and magnitude of these 
effects quite well, predicts them when the trig-
gering signal is of marginal amplitude. This sug-
gests that the rare observance or nonobservance 
of the hybrid trigger signal and the observed 
trigger delay are both consequences of the same 
thing: a weak hybrid signal. 

Consider first the delay, At. Helliwell [1967] 
gives (in Helliwell's notation) 

At = 2L/v 0 	2L/v,, 
where L is the length of Helliwell's resonance 
region, v o  is the cyclotron resonance velocity, 
and v„ is the wave group velocity. This is the 
maximum delay corresponding to the interaction 
time, the time taken for the resonant electrons 
to go through the complete unbunched, fully 
bunched, fully debunched cycle. The delay could 
be zero or very short in the case of a plasma 
hovering on the threshold of instability, and 
so in general could be anywhere between these 
two extremes. The halfway point, the resonance 
time (when the electrons are fully bunched), 
might be a likely intermediate value. 

Using the various equations in Helliwell  

[1967] to express L, vu , and v,,, and so At in 
terms of A, fH , and 1„, and expressing t„ in 
terms of these same quantities, we find that 
the delay normalizes quite well, giving: 

At/t„ = K,(1 	2A)(1 — A) - A -213  

where K, contains only slowly varying quantities 
(e.g., the 18th root of fff ), so that in the region 
of interest (L shells of 2 1/2  to 4) we have 

K 1  = 0.02 (maximum or interaction time) 

= 0.01 (resonance time) 

The frequency offset Af in a similar way can 
be expressed as the maximum value (Helliwell's 
notation): 

Al = 4.5fHL2/R,,,2  

where R. is the equatorial geocentric distance 
to the field line. Again under appropriate con-
ditions, Af might be zero or have an intermedi-
ate value of one quarter of this. It can be 
shown that this expression also normalizes in 
terms of A and a slowly varying factor ade-
quately represented by a constant in the region 
of interest: 

AA = K2 (1 — 

where 

K2 = 0.014 (maximum) 

K2 = 0.0035 (intermediate) 

Trigger locus curves for the two effects com- 
bined (Al and At) are shown in Figure 2 as the - 
solid curve D (maximum K, and K2) and the 
broken curve E (intermediate K, and K2 ). 

According to this theory, all trigger points 
should lie between curves A and D. Since all 
but one do, and this one is displaced only by 
about the possible error, the agreement is quite 
good. 
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• Use of Electron and Proton Beams for Production 
of Very Low Frequency and Hydromagnetic Emissions 

R. L. DOWDEN 

Physics Department, University of Otago, Dunedin, New Zealand .  

The feasibility of using helical partical beams (-10 key, 1 A) fired from orbiting satellites 
to produce backward Doppler-shifted cyclotron emission (very low frequency from electrons, 
hydromagnetic or micropulsations from protons) is considered. It. is found that the frequency 
and position of emission can be controlled by choice of particle energy and by gyrophase 
modulation (or 'rotation') of the beams at the desired frequency. Phase spread of the pre-
phased beams through both natural processes and limitations of accelerators, as well as through 
radiative instability of the beams, should not be serious. Emitted powers of tens of watts are 
expected. 

A new generation of earth orbital satellites 
concerned more with active experiments than 
with passive monitoring is expected in the late 
seventies and beyond. Active experiments in-
volving, say, 10-kw VLF transmitters, 10-kw 
particle accelerators (10 kv, 1 amp), and struc-
tnres (beams, antennas) of about 100-meter 
.dimension should be possible. An experiment is 
proposed .  here involving the use of such ac-
celerators to produce phased beams for coherent 
emission. The VLF emission from electrons is 
considered in detail, and hydromagnetic (hm) 
emission from protons is briefly discussed by 
analogy.. 

The VLF transmitters on the ground have 
been used for some time to trigger VLF emis-
sions. However, since the triggered signal travels 
on the same -  path, in the same direction, and 
at very nearly the same frequency, such ex-
periments alone do not determine the position 
along the field line where triggering fakes place 
or even resolve whether the emission is back-
ward (cyclotron) .  or forward (Cerenkov),  al-
though recent experiments involving monitoring 
of precipitated electrons as well have 'indicated 
backward emission at the equator [Rosenberg 
et at., 1971]. Also VLF transmitters provide 
only- two variable parameters, frequency and 
power, and the use of electrically short antennas 
with high Q tuning places further restrictions 
on these (carrier frequencies, >5 kHz; mod-
ulation frequencies, <50 Hz). • 

Copyright 0 1973 by the American Geophysical Union. 

Satellite-mounted electron accelerators, on the 
other hand, provide four variable parameters, 
electron velocity, beam current, and two de-
flection directions. These accelerators make it 
possible to fire an. electron beam that, at some 
predetermined point s along the field line, takes 
up the structure and phasing appropriate for 
coherent emission in the desired emission mode 
(e.g., cyclotron or Cerenkov). at the predeter-
mined frequency f -and emission angle 0. For 
example, a field-aligned beam . velocity-mod-
ulated at frequency f would become intensity-
modulated at a predetermined point s and so 
radiate coherently in the Cerenkov mode at fre-
quency f and at an angle 0 determined by the 
appropriate choice of electron velocity and 
perhaps by broadside phasing also.. For back-
ward Doppler-shifted cyclotron emission, on 
the other hand, one requires a helical beam 
rotating at frequency f. Appropriate variation 
of the electron accelerator deflection and volt- .  
age (electron 'velocity) could bring such a 
phased beam into existence at . point s. Co-
herent radiation would occur at frequency f 
and at an angle 0 determined by the choice 
of electron velocity (and even at an azimuthal 
angle determined by broadside phasing). 

- Associated experiments, such as VLF sound-
ing, would provide, the path parameters and 
so enable calculation of electron and wave travel 
times for all distances. Measurement of the 
delay between firing the beam and receiving an 
emission at the satellite would verify the emis-
sion mode and, for backward emission, would 

684 
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enable postdetermination of s; f, and 0. More 
detailed measurements of the emitted signal 
(amplitude, spectrum, and variation of these), 
perhaps as a function of electron beam current 
and degree of phasing, could be used to deter-
mine radiative stability of the electron beam 
and nonlinear effects. Prepulses from the VLF 
transmitter of the satellite, either for 'pumping' 
natural streams or for arranging a rendezvous 
(after conjugate reflection) with the fired beam 
at point s, could be used also. 

This paper examines the requirements needed 
to produce such beams and estimates the likeli-
hood of meeting these requirements, concentrat-
ing on beams structured for backward Doppler-
shifted radiation, at zero emission angle (0). 

RESONANCE AND COHERENCE CONDITIONS 

A single electron spiraling along the field line 
with velocity 13 1 c parallel to B radiates at fre-
quency f(0) in direction 0: 

I = f8 /(1 	nti o • cos 0) 
where fu  is the local electron cyclotron frequency 
and n(0) is the refractive index. This is also 
called the resonance condition (wave-electron 
gyrointeraction). Note that the electron can 
radiate at a range of frequencies and at angles 
subject to this condition. 

Suppose now an electron beam is fired from 
an electron accelerator up the field but in a 
fixed direction at some angle to B with a parallel 
velocity 13 1 c. All electrons .  will follow the same 
helical path, so the helix appears to 'screw' its 
way up the field line (the helix phase at any 
point is constant in time). The pitch of the helix 
is lo  = 13 6 c/1B  and varies along the field line, 
since both Ad  and fB  vary. 
• Suppose, • instead, a more complicated system 
is used so that the beam direction is at a fixed 
angle to B but- the beam rotates about B in the 
direction of fa  at frequency f„. The helix now 
rotates (like a twist drill in use) in the sense 
that the heliphase at any point rotates at fre-
quency J , . Suppose the neW helipitch is 4. A 
single electron will move this distance along 
the field line in time t = 4/13 1 c and rotate coB t .  
sad. During this time the heliphase at a fixed 
point rotates wt rad. By definition we require 2w 
rad over distance I,, so that 

((dB  — co,)/f/fi cc = 2r  

ii  = P;c1(18 — fr) 
If the electron accelerator is fired for a few 

tens of milliseconds, the resulting helix will 
have a length large in comparison with its pitch . 
(I,) but small in comparison with the dimension 
of the magnetosphere (L). As a helical antenna 
it can radiate in direction 0 at frequency f, 

•provided I, cos 0 = A, i.e., if 

ft ac cos 0/(fa — 	= c/nf 	(1) 
It is not obvious (without invoking the re-

sonance. condition) that f = f„ so we investi-
gate the coherence condition from a dynamic 
point of view. The helix rotates like a twist 
drill, so that the points of constant heliphase 
move backward. • . 

The heliphas.e velocity is 

vh = If  Ir = Pacf,/(18 — 
For a wave propagating in direction 0 at fre-
quency f, the velocity of the point of inter-'. 
section of wave front and field line is 

v„ sec 0 = cAn cos 0) 
The phase coherence condition is vh  =--- v„ sec 
0; hence 

	

fiscfrAfa — f,) = c/(11  cos 0) 	(2) 

From (1) and (2), 

I = fr = f8/0 	nf3a cos 0) 

This is the -resonance condition with the 
additional .  requirement that coherent emission 
is only possible (without rephasing the beam) 
at the rotation frequency f,. 

Note that, as the helical beam segment pro-
gresses along the field line (changing fp, flu, n, 
and so forth), the beam remains phased for 
coherent emission at f = I ,  but at a .  varying 
angle 0 (sometimes at two angles 0) over an 
appreciable part of the journey from the elec-
tron accelerator to the top of the field line path 
(equatorial plane). The radiation angle 0 is 
determined by the resonance (and coherence) 
condition 

cos 0 = WO) — 11/nfi l  

where, in Q-L approximation, 

713  = f„2/f(fB  cos 0 — 
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(h, is the electron plasma frequency). Sub- 	The refractive index 	expression can be put in 
stituting for n gives 	 normalized (A) form: 

• 

1,2//B 2  71 2  — cos 0=--- 	 3u 2ip2/ 	 (18  cos 0 	f) .  

Hence solving for cos 0 gives 

(r. — 1) 2  cos 0 .— 	• 
2 /13c 211,2  
f8 	un  2 	4f20 3  2/7;2/oB 	p2 j 1/2 1  

Toward the top of the field line path, there 
will be no solution unless 	 • 

ID > 2113d19/(f8 — 
which, on solving the quadratic for f a, is 

. 	fB > if{ 1  —F El + Si3ofp/fi l/2 1 
At, the critical value of f8 the two solutions 
.(plus and 'minus signs) of CO3 0 merge to one: 
cos 0 =-- 2f/f.  For large I. the minus sign -  so-
lution is cos 0 Ufa. 

At sufficiently low heights where the lower 
hybrid resonance frequency (LIIR) approaches 
and exceeds frequency f, the Q-L approximation 
for n (and hence' cos 0) fails, and no minus 
sign solution . exists. The plus sign solution is 
valid only for cos 0 <1. 

Consequently, as the helical beam segment 
travels up along the field line, we find that 
coherent resonant .  radiation is first possible 
above the level for which LHR f at 0 = 
7r/2. From there the emission angle 0 falls 
as cos .  0 OR, and eventually the plus sign 
solution becomes possible. This happens first 
at 0 = 0. From there on, there are two possible 
angles of 0 that. ultimately merge to one, and 
after that no value of 0 satisfies the resonance 
condition: 

The point along, the field line where the plus 
sign solution becomes valid at. 0 = 0 is of par-
ticular interest. For 0 = 0, the resonance con-
dition can be expressed as 

( 1 	A  )3 = 211%2e/18 2 

where A =-7- fAs. 
By substituting the resonance condition into 

the expression for cos 0 it can be shown that • 
the minus sign solution at this point is simply 
cos 0 = A/(1 — A). 

A(cos 8 — A) 

hence the ratio of refractive index for 0 =-. 0 
to that for the other solution is A/(1 — A). 

Natural VLF emissions are usually triggered 
at. A 0.1-0.2. If we take A = 0.2, for ex-
ample, the minus sign solution gives cos 0 = 
0.25 (0 75 0 ), and the wavelength for this 
high angle emission is one quarter that for 

= 0. This finding suggests that one might 
inhibit (or at least discriminate against) high 
angle radiation by broadside phasing of parallel 
helical beams. 

MODEL 

It will be convenient for the discussion in 
rater sections to have values for relevant param-
eters. The satellites 'planned for such active 
experiments will have low-altitude orbits (150- 
600 km, 30°-90° inclination). We will suppose 
that the instantaneous position of the satellite 
is on the L = 4 shell at an altitude of 500 km. 
The local electron gyrofrequency is then about 
1.23 MHz, and the ambient electron density is 
about 1.3 x 10' m-3 . 

The electron accelerator is likely to consist 
of several electron guns to minimize the beam 
current density and to provide high total cur-
rents. The , accelerator used in the artificial 
aurora experiment [Hess et al., 1971] provided 
electron energies of up to 10 key and a total 
beam current of 0.5 A by using ten guns 
mounted in a circle, of the largest practical 
radius (-30 cm). We will assume that our 
accelerator provides 10-key electrons at a total 
beam current of 1 A, perhaps by using 20 guns. 
To obtain useful broadside phasing effects, these 
guns :would need to be distributed in an array 
of the order of 100 meters in diameter. Al-
though this diameter may be within the design 
constraints of the planned satellite, it seems an 
extravagant sophistication for a minor advan-
tage. The width of the electron beam produced 
by the small array in the artificial aurora experi-
ment was enlarged by lateral diffusion to about 
130 meters some 200 km downstream [Hess et 
al., 1971]. In addition to (or in the absence of) 
this diffusion, the beam width in our case will 
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increase as the beam progresses up the field 
line such that the beam cross section encloses 
constant magnetic flux. For this model then we 
will assume that the beam width at any point 
along the field line not sclose to the accelerator 
is given by this flux conservation as if the beam 
diameter at the accelerator were 100 meters, 
whether this diameter is produced from a small 
array by diffusion or by a 100-meter array with-
out diffusion. 

The accelerator will be required to inject the 
elections at an angle to B (the initial pitch 
angle IPA ) and at a sweeping azimuthal angle as 
discussed later. The transverse kinetic power 
of the electrons (the usable component for later 
emission) increases with 0A , but the aiming 
accuracy and later phase spread also increases 
with IPA, and so we will Use q/A = 450 as a suitable 
compromise. The accelerated electrons thus 
have a .  total velocity v of 6 X 10 7  m/sec and 
initially have a parallel v o  and transverse v1  
velocity • of about 4.2 X 10 7  m/sec and a radius 
of gyration p of 5.5 meters. The effective initial 
electron beam density is then about 1.3 X 10 7  
m-3 . Since both ambient density and beam 
density vary roughly as N cc B, the beam density 
will remain of the order of 10 -3  of the ambient 
plasma density.. 

The ratio of beam transverse kinetic energy 
density to magnetic energy density is 

(1- A7 , inv1. 2)/(B2/2p0) = m (vi2/B) • (N dB) 
To the extent that the beam density N. is 
proportional to B (constant v g ), conservation 
of the first adiabatic invariant ensures that this 
ratio is constant along the field line at about 
1.5 X 10-5 . If the beam electrons have random 
gyrophase, this ratio is also the fractional Pertur-
bation (diamagnetic effect) of the magnetic 
field by the beam. This is generally negligible 
(V xB = 0), though a possible cumulative 
effect for unphased electrons (not applicable for 
phased electrons) will be discussed later. .• 

Consider now the system required to rotate 
the beam about B in the sense described in the 
previous section. Suppose the electrons from 
each gun of the array are deflected by angle 0 
(the electron pitch angle) from B and by 
azimuthal angle 0(t), Which is rotated at fre-
quency f,. This deflection produces the desired 
effect in that the instantaneous direction of 
all electrons is the same, so that all electrons  

make an in phase contribution to the total 
transverse current. The phase of this current 
(denoted by the azimuthal angle 0) then changes 
with time and position along the field line, as 
was discussed in the Previous section. . 

Although successive electrons from a given 
gun have displaced guiding centers, the displace-
ment is small (p = 5.5 meters), and it is the elec-
tron velocity direction rather than the lateral 
position in the beam that is of consequence. 
In fact, if there are mechanical advantages 
(and if a small correction is made to f,), the 
whole array could be rotated on its axis (aligned 
to B). 

PHASE REQUIREMENTS 
In principle,, the helix phase, or azimuthal 

direction angle 0 of the transverse electron 
current, is determined at all later times and 
positions along the field line by its initial value 
at the satellite 0,. However, various .  processes 
discussed below will produce both systematic 
and random deviations from the desired value. 
We first see what error we can tolerate. 

Assume that. the electron phases are normally 
and randomly disturbed about a mean, which, 
for convenience, we define as 0. The contribu-
tion to•the wave electric (or magnetic) field E 
made by dN (¢) .electrons having phase within 
a range d4, of phase 0 is 

dE = E. cos 0 dN(0) 
where E. is the field due to a single electron. 

For, a normal distribution the fraction of elec-
trons with this phase is 

dN (0) 	1  
N 	0E (270 1/2 exP  (- 204)2E 2) 46  

where ckz  is the standard deviation of phase. 
The total field, where E = E. if all electrons 
are in phase, is 

E 	( ch E270)1/2 	exp (—J.2--2022) cos 0 (10 

= E0  exp (-0E 2/2) 

Thus for a standard phase error of 0 rad the 
emitted power is reduced by 4,2 nepers or 4.3 
sb.2  db. This is approximately true of a sys-
tematic distribution of phase deviation, if the 
deviation is azimuthally symmetric (no new 
preferred direction) or if the resonance condi- 
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tions sped: the direct.. Clearly phase errors 
of 1 rad are of little consequence, though 
errors of a few radians are quite serious. We 
therefore use acs — 1 as the criterion. 

To find what this means in terms of frac-
tional error, we require the total phase accumu-
lated by the electron beam from the satellite 
(04) to, say, the equatorial plane WO: 

a 
f

w  
—11  ds — co,j" --ds  

o ve 	0 V1 

where (0,, and (0, are the angular gyrofrequency 
and 'rotational' frequency, s is the distance 
along the field line, and subscript A is used to 
denote initial values at,the accelerator. Since 
vd  is always within the range 4.2 x 1O in/sec 
(initially) to 6. X 10' m/sec (for B ---> 0), it is 
convenient to assume it constant. Then 

	

— A 	(VE) —  f oh, ds 	cor(s/vo) 
0 

For a dipole field the first term is 

f 

	

' (.08 ds 	La(vc.:) 0  r,  1 + 3 sin2  X ,x  
Va 	

j 	
CO3

6 

(3) 
La(co l,),,  sin X  
.v1 	CO34  X - 

where L 	4, a is. the radius of the earth, and 
X is the latitude of a point on the L 	4 field 
line. Substituting values appropriate for our 
case, we find that cb., is approximately 
4 x 10 — 0.5 (0, rad. The allowable fractional 
error is then As6/0 2.5 x 

We investigate first the accuracy that this 
error imposes on the electron accelerator array. 
The azimuthal deflection for phasing is not 
critical because any errors remain constant. On 
the other hand, variation in time or between one 
electron gun to another of acceleration potential 
V or pitch deflection }I/ A  will produce cumula-
tive errors in phase. if variations in V and 1/, 
are uncorrelated, we can examine their effects 
separately. 

For V varying by LIV we have 

&MO = — 4.‘V/V = — 014/V - 

Thus for phasing near the equator we require 
AV/17 ' ,--,  5 X 10' or AV — 0.05 volt. This crite-
rion could be met if the accelerating potential  

for all guns is provided from the same supply 
and if the supply is constant to this order for 
the duration of firing (tens of milliseconds). 

A deviation of A}:, in the initial pitch angle 
will produce a change in va  at any point 

(denoted by the magnetic field II) by 

Sill /I4  COS tal A  AV1 — 	V 	 All/A 
BAR — (B/BA) si 2 	1/2 n 19,d 

Taking the square root term as approximately 
1, we find that two electrons differing only in 
initial pitch angle will drift apart by As in 
time t where 

V sin OA  cos 'IA 	A 	g  

	

As 	 B di 
BA 	Jo  

If we use the ratio of gyrofrequencies instead of 
B/B4 , the integral becomes fo tw. dt 43, and 
thus 

r sin ',G A  cos IPA  •As — 	 044 (c.do)A • 
This result corresponds to a phase difference in 
the vicinity of the equator (subscript 0) of . 

= i(coD)oivi As 
Thus 

Aq5 = (Bo/BA) sin Ca cos t,t,ActA IPA 	(4) 
For AO. 	1, 	= 45°, and Bo/B., =_- 0.010, 

this gives Ac( 0.03°. A deflection accuracy and 
individual gun beam width of this order should 
not be difficult to attain. 

If emission in the direction of B is desired, 
lateral diffusion of guiding centers, such as 
might be produced by electric field gradients, 
would be advantageous rather than detrimental. 
On the other hand, even a small accumulated 
deflection of electron velocities in the IP direction 
could be serious. 

From Spitzer [1962] the rate of increase of 
the mean square deviation (in the direction) 
by Coulomb scattering is given in mksa units by 

Tit (AO
2 

—
•  Ne4 
4irnz 2v3e0 2 In 

where N is the ambient plasma density, e.and 
in are the electronic charge and mass, and 
is the integration cutoff parameter defined and 
tabulated by Spitzer [1962]. From these tables, 
In T. — 33, and thus 	• 
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d/dt (tX0) 2  = 1.2 X 10- ' 6  N 
For N = 1.3 X 10'° m', the rate of increase 
of the mean square deviation is about 1.6 x 10•° 
sec'. Since the travel time to the equator is 
about 0.5 sec, the phase spread would exceed 1 
rad if this rate were constant. However, the 
rate is decreasing in time as a typical electron 
travels up the field line toward- the equator. 
Thus after time t, by which time the electron 
has reached point C, 

()2 = 1.2 X 10 -16  f N dt 

It is convenient and not too unrealistic (it gives 
4 slight overestimate of the phase spread) to 
assume that N a wa , for then 

(Ati)c 2  = 1. 2  X 10 18  (N/wo)0(0c — OA) 

where cfre  — A is the gyrophase accumulated 
by the electron in traveling from the accelerator 
to point C. 

We can modify (4) to apply to point C by 
changing the subscripts. Also, since p c  < 45 0 , 
we make the further approximations: 

sin 1Pc 	(Bc/2BA ) 1/2 	cos tkc 	1 
If the Coulomb scattering is now 'turned off,' 
the mean square deviation of phase at the equa-
tor produced by (&) c° is 

(4)2  = 1.2 X 10 -18  No  

Loo — oc) 2BA 
where q5. — 4>c  is the gyrophase accumulated 
by the electron in traveling from point C to 
the equator. The value of the term in the square 
brackets depends on the position of C. From 
(3) it can be shown that this term is largest 
for C at about X 50°. If we neglect the phase 
spread at this point and the additional phase 
spread produced by further pitch angle spread 
at lower latitudes (X < -50°), we get (A)' •-.! 
0.3. We can tolerate a mean square deviation of 
phase of at least 3 times this amount, so Cou-
lomb scattering is not likely to be serious.. 

The finite size of the electron beam will pro-
duce a small systematic phase error (if.it  is not 
allowed for) in the vicinity of the equator, 
because the gyrophase paths on opposite sides 
of the beam will differ slightly. If we neglect  

'rotation' (at '(,),) for the moment, this error is 

=(wa/v,) 

Now, since the electron beam does not. signifi-
cantly perturb the magnetic field, the field is 
essentially curl free or conservative. Our phase 
reference surfaces at the satellite and elsewhere 
are surfaces normal to B and so are magnetic 
equipotentials. Consequently 

A[f 8  COB 	= 
0 

which physically means that the 'slightly in-
creased path distance along the outermost side 
of the beam is exactly. compensated by the 
slightly reduced gyrofrequency. For any short 
distance ds the fractional error in phase is pro-
duced entirely by the fractional chance in v a : 

d(i) 	Ay, 
ck) 	tr, 

From the first adiabatic invariant (subscript Trt 
referring to the mirror point), 

v a  = v[1 — (B/B„,)] 1/2  
We can then express the fractional phase error 
in terms of the change in B across the beam at 
the point we are considering (one within ds) 
and also across the same flux tube extrapolated 
down to the mirror point of the electron. Thus 

d(z) 	1 (LIB 	AB„,)/ (B 
(1 	

„ 

Since V xB = 0, (R) -' = — (B) -1  aBlaR, 
where R is the radius of curvature of the field 
line. Hence AB/B = — D/R, where D is the 
beam diameter. Since the beam cross section 
varies to enclose the same magnetic flux, 

D = D4 (BA /B)' /2  

and, for a dipole magnetic field, 

1 	3 	1 --1- sin2  X 
R 	La cos` X(1 -I- 4 tan 2  X) 312  

Substituting appropriate values, we 'find that 
the fractional change in v, varies monotonically 
from about 3 x 10 at the equator to about 
8.5 x 10' at the satellite. If we take the 

.largeSt value as applying at all points, the upper 

• 

2 (0c. — 4A)1 
(cos) c J 0 	2 B 	B,„ 	B 1) 
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limit on the phase error near the equator is 
about 0.3 rad. 

If we now consider the superimposed 'rota-
tion' (at w,), we find that the fractional rotation 
phase error in the vicinity of the equator is 
approximately 

Aq5,/0,= (As/s) 	(Av a /v4) 

The first term is about 100 times the second, 
and for a dipole field it can be shown to be 

As , D,1", 	• + 3 sh e X)" cos X = 

= 5 X 10 -5  
where D. and D., are the beam diameters at 
the equator and satellite and appropriate values 
(X = 60°, and so forth) have been substituted. 
Taking w, = 17 x 103  red/see, which is the 
resonance. frequency for 10-key electrons pear 
the equator, we find 10', so that AO, 1/2  
red. These two effects are in the . same sense 
and so are perhaps large enough to warrant a 
C'orrection. This is readily done by advancing 
the phase of the rotation signal of the accel-
erators on the poleward side of the array over 
those on the equatorward side by this amount. 
• An alternative mode of operation would be 
to program or sweep the acceleration potential 
and both the azimuthal and the pitch deflection 
so that the electrons would arrive in phase at 
the desired point. This might help prevent 
Premature emission, for the electrons would 
not be phased for coherent emission at any angle 
before reaching the desired point. However, in 
this case the electrons are moving relative to one 
another. The resulting mutual magnetic interac-
tion or diamagnetic effect. reduces B, and hence 
coB , by - about 1.6 parts in 105, as was determined 
in the section on the model. Electrons whose 
guiding centers sta3-"near the center of the beam 
throughout the travel from the accelerator to, 
say, the equator accumulate about 6 red less 
gyrophase than those near the periphery of the 
beam. This value is too large for correction by 
phase adjustment at the accelerator array. 
However, both this effect and the systematic 
effect disr cussed previously apply only if the 
guiding centers of °individual electrons keep 
their relative lateral positions within the beam 
throughout their progress along the field line. 
If there is appreciable lateral mixing or diffusion,  

all electrons are treated equally, and both 
systematic effects vanish. 

To sum up this section, none of the phase 
spreading processes considered appear serious, 
and the accuracy required of the accelerator is 
not too demanding. Provided that processes not 
considered (e.g., scattering by time and spatially 
varying fields) are also unimportant, phased • 
electron beams appear feasible. This applies for 
a 'firing' or initial pitch angle of 45°. If in-
stead is increased to 90° (satellite at mirror 
point), the situation is changed greatly. The 
gyrophase accumulated from satellite to equator 
increases about twofold, as does the required 
accuracy of the acceleration voltage. The initial 
pitch angle error or spread Ao., must be held 
to <10 -5  red, and, even if this is technically 
obtainable, Coulomb scattering will produce 
about this spread within 60 p.sec. 

RADIATED POWER 

The power flux radiated by the phased elec-
trons is given by Hell-hall [1967): 

• 
W = 	..11,171 cos x ds 	w/m2 

where .1 L.  is the transverse current density, E 
is the intensity of the circularly polarized elec-
tric field, and x is the phase angle between the 
transverse current and the wave electric field. 
We will consider only radiation at 0 = 0 and 
assume for the moment zero phase spread 
(OE  = 0). 

At some preselected point (defined s = 0 for 
convenience) along the field line the beam elec-
trons become resonant and phased for coherent 
radiation at f = f, and 0 = 0 if we neglect 
any perturbations of phase produced. by the 
radiated wave. These perturbations of the phase .  
and even of the transverse energy of the elec-
trons may ultimately be quite large and may be-
gin just before the leading edge of the electron 
beam segment reaches the preselected point (s = 
0); because the electron heliphase will be nearly 
right for coherent emission. However, to get 
an estimate of the radiated power, we will as-
sume that radiation begins only when the lead-
ing edge of the electron beam segment reaches 
the preselected point (s = 0), and we will con-
sider only the initial power radiated by resonant 
electrons as the initial wave sweeps back along 
the field line and electron beam segment toward 



DOW nEN: ELECTRON BEAMS riAt VLF EM ISSION 691 
the satellite. We will assume also that the 
length of the electron beam segment is not a 
limiting factor, though it will be simple to 
vary the segment length (through firing dura-. 
(ion) for experimental investigations of the 
processes mentioned above. 

For this case then at s = 0 the radiated 
phase velocity v, and the electron beam heli-
phase velocity v. are equal, say, v.. The ex-
pressions for u p  and v., given in the section on 
resonance and coherence conditions, show that 
these velocities do not remain equal as the radi-
ated wave and the heliphase pattern propagate 
toward the satellite but are changed by different 
amounts and in opposite directions, as 

Avviv9 = 4-64/08 — i) 
Aun/un = AfB/U B 

where we have neglected the variation of f„ 
and U. Any two reference points of constant 
heliphase and wave phase initially coincident 
at s = 0 drift apart elsewhere at a relative 
velocity of 

= vs, — V4  = Au, — Avk  
That is, 

Aviv = -3- AfBi(h, — I) 

i(fp — 1) -1  Adds s 
At s the two reference points have drifted 
apart by 

As.  = 	.— 	dlsidss2  
If we assume that the wave electric field and 

the transverse current are in phase (x = 0) at 
s = 0, the phase difference at s is • 

x(s) = (37r/2) dfidds(s2/v) 

= As 
where use has been made of the resonance con-
dition v, and K will be regarded as effectively 
constant in the region of interest. (s is small).. 

Following Helliwell [1967], the power flux 
radiated from a small slab of the beam at s of 
thickness ds is given by 

dW = KJ, cos (Ks2) ds 	Wirn2 

But W = P/Z, where Z .= 377/n ohms, so 
that we can write the expression above with 
variables separated as 

f "."'"  d IV 	, I /2 , 	• ' 
= 	„L  f cos (K 2) ds Jo 	ir" - . 

The integrand on the right is large only fo r  
small s, so for mathematical convenience we will 
set the upper integration limit as s' = 00: • 

= 	v ZJ 2(=LE) 
64 	ds 
0_2 	A4 - I 

We wish to find the total power (watts) 
radiated by the electron beam as a function 
of the position or latitude of the preselected 
point. Although the width of the electron beam 
is not large in comparison with the radiated 
wavelength, we will assume that this power is. 
'given by 

P, = 
where A is the beam cross section area at the 
preselected point. We use subscript c to denote 
'calculated power,' for, as we will find below, 
substitution of the numerical values of our 
model case gives powers greater than the trans-
verse kinetic 'power of the electrons. 

Now . 

ji2 A  = Ara2evi2 A  

From the first adiabatic invariant and the as-
sumption that the beam cross section encloses 
constant magnetic flux, V12A is constant. The 
beam density is approximately proportional to 
B; so, for an acceleratbr current I, an initial 
pitch angle (firing angle) of 45°, and an initial 
beam area of AA, 

= W2iAA)(BiBA) 2  
Substituting these expressions and the expres-

sion for 71 and making further use of the res-o-
nanCe condition, we get 

P, = 123c[131—., ] 2  fB  
B 

Table 1 shows the calculated powers P. for 
our model, for I = 1 amp and = 1 rad, 
and for various chosen points along the field 
line. In all cases. P. is considerably greater than 
the available transverse kinetic power P. of the 
electrons. It appears. that we can stand a 
greater phase spread (OE  2 or 3) and still 

(5) 

f  (d f By' 
— I ds 

• exP ( -45E 2) 
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obtain an appreciable fraction of the kinetic 
power as radiated power. It is interesting to 
note that, even if the radiated power is only a 
few tens of watts, the .power flux is still of the 
order of 10' w in", which is greater than that 
achievable by ground-based VLF transmitters 
by some 6 orders of magnitude {lIelUwell , 1965]. 
and is greater than that of natural VLF emis-
sions by some 8 orders of magnitude [Hdliwell, 
1967]. This suggests .that• very low beam cur-
rents, even as low as those used in television 
picture tubes (few hundred microamperes), 
should produce detectable signals and trigger 
sustained VLF emissions in suitable natural 
electron streams. Alternatively, with beam cur-
rents up to 1 A available, nonlinear effects in. 
both radiation from artificial beams and from 
'triggering of emissions in natural electron 
streams could be investigated experimentally 
by varying both the beam current and beam 
length (firing duration), 

RADIATIVE INSTABILITY 
In a recent artificial aurora experiment [Hess 

et al., 1971] involving field-aligned (low pitch 
angle) electron beams of current and energy 
-similar to those proposed here, plasma instabili-
ties were not evident (no radiation, was ob-
served), and any that• may have occurred did 
not appreciably disorganize the beams. Even 
though our criterion for disorganization (phase 
spread) is much more stringent than theirs 
(beam disruption), the amplitude of an insta-
bility grows exponentially, so that an amplitude. 
strong enough to produce serious phase spread 
'would, after it few more e folds, produce effects 
looked for (but not found) by Hess et al. Since, 
as they pointed out, the calculated growth rates 
for, say, two-stream instabilities between the 
beam and the ambient plasma are enormous, 
their result. is an encouraging sign that phase 
spread is not serious either. Although this does 
not resolve the point, such general instabilities 
have received considerable theoretical attention 
in the past and so will not be reconsidered here. 

On the other band, we might expect helical 
beams, unlike those used in the artificial aurora 
experiment, to be particularly prone to radia-
tive•instability in the Doppler-shifted.cydotron 
mode. This instability, if it is significant, would 
effectively mean that we could not control the 
emission point by prephasing, for the beam 

TABLE 1. Calculated Powers 1', for Our Model, 
for 1 = I amp and OE = 1 rad, and for Various 

Chosen Points along the Fk Line 

N,deg 	•fp, kITz f, kHz P„ 	PK, watts 

40 100 45 15 400 
32 50 IS 6 200 
18 20 4.6 2 SO 
10 15 2.9 2 GO 
5 14 2.7 4 60 

would radiate prematurely and so destroy the 
phasing, even if it did not appreciably affect 
the beam in other ways (e.g., beam width, 
energy, and pitch distribution): 

Fortunately, our rather, special case of a delta 
function velocity distribution (monoenergetic, 
monopitched electrons) has been considered by 
Fling -[1966]. His treatment strictly applies 
only in a uniform medium and for streams of 
unlimited lateral extent and so requires some 
modification for our case. It also gives only the 
initial growth rate (small signal or linear ap-
proximation), but that is all we need in this 
study. Since he shows that the growth rate is 

. maximum for 0.= 180° (backward emission at 
o = 0 in our convention) and that only fre-
quencies close to the frequency emitted at 0 = 
1SO° are amplified appreciably, we will con-
sider this case only. For narrow streams, this 
choice is further justified, since only field-
aligned emission would stay in the beam. 

With this and the further approximation 
>> 1, Fung's expression for the temporal 

growth rate 8 (reciprocal of the e folding time) 
simplifies to 

7(3) 1/2 [131 2f. 2-8  
j A(1 — AV" 

where f, is the stream plasma frequency and A 
is the resonance frequency normalized to the 
local cyclotron frequency. This expression' is 
the same for all electrons at a given point (all 
have the same v i ), so amplification or growth 
occurs only at a single frequency (for 0 0) 
at that point. 

When we use the first adiabatic invariant and 
assume that the beam is confined to a flux tube, 

ir(3) 11; 	
2/3

A1/30 	0/3fa  k I B IA 

= 0.23f8 A"(1 — A) 113  
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where subscript A refers to values at the satel-
lite and numerical substitution for these values 
in our case has been made. 

We will assume that the only important effect 
of a nonuniform medium is restriction of the 
duration of growth. The effect of finite beam 
width will be considered later, so initially we 
will assume that the wave energy stays within 
the beam. 
• The duration of .growth at any given fre-
quency is limited by the rate of change of the 
resonance condition as the wave propagates 
along the beam. If the wave is effectively in 
resonance for time At, it travels a distance 
v,At over which the resonance frequency of the 
electrons changes by 

Af = df / ds v„ At 
Now, restricting the resonance time to At 
broadens the resonance frequency by Af, where 
Af •At 	1. Hence the effective resonance (and 
growth) duration is 	 • 

A t 	(df/ds v9) -1" 
' For an electron beam of unlimited lateral 
extent the power amplification in nepers at 
frequency f would be 28At. In our case the 
beam width is only of the order of a wave-
length, so we need to take account of the diffrac-
tion loss of energy from the beam. 

Consider a narrow electron beam extending in-
definitely in an effectively uniform medium along 
the field line from any point of interest, which 
for convenience we will call s = 0. The elec-
trons travel in the direction of increasing s, 
and the wave travels in the opposite direction, 
i.e., toward s =. O. This beam will act as an 
end fire antenna of indefinite length for which 
in phase transverse current density (coherent 
electrons) increases exponentially with distance 
toward s = 0. We wish to find its radiation 
polar diagram (power emitted versus 0). If 
we take s =: 0 as reference, the phase of the 
contribution from an element at s and for direc-
tion 0 is 

x(s, 	= (63/c)s[n(0) cos 0 — n(0)1 

= as 
where CU is the angular frequency and n(0) and 
n(0) are the refractive indices for directions 
and 0 = 0. The contribution to the field (elec- 

tric or magnetic) at s = 0 from this element 
of length ds for direction 0 is then 

dE(0) = e ds exp (-7,$) cos as 
where c contains constant quantities and 7, is 
the effective (including diffraction losses) spa-
tial growth rate of the coherent current in 
nepers per meter. The total field at s = 0 for 
direction 0 is then 

E(0) =- e 	exp (-7,8) cos as ds 
0 

= [7./('.2 	a2)]e 
Normalized to direction C = 0,. 

1(0) 	'Ye
2 • 

E(0) — 7,2  a2  
and the total power emitted within a range of 
wave-normal angles of 0, is then proportional to 

F .. sin 0 d0  
Jo  [1 + (co/7.0 2(n(0) cos 0 — n(0))2 J2 

The term in the square brackets can be re-
written as 

	

1 ± \ 2(n(o) cos e 	1 \2 
\ a,/ 	n(0) 	/ 

where 8, is the effective growth rate in time. 
Since 8 << (0, the integrand is small unless 
n(0) cos 0 n(0). 

	

This happens at all frequencies for 	0 
and at a higher angle as well for A < 
However, the rate of change of the term in 0 
with 8 is relatively fast in the high angle case, 
so we will neglect the contribution this case 
makes to the integral. Consequently, we can 
say that most of the power is radiated within 
a range of wave normal angles 0, for which 

ö. 
— 

n(0,) cos 0,  
 n(0) 

Substituting the whistler mode refractive 
index expression and using approximations ap-
propriate kn. 0: << 1, we get 

• 

0
2 	5, 4(1 — A)  , — to 11 — 2AI 

This power is emitted within a cone of semi-
angle 0, where e. is the ray direction angle 
corresponding to 0,. Again, for small angles, 
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11 — 2A1  
1 0R1 — 	 0, 2(1 — A) • 

Hence 

0R2  = 11 — 2A1  5, 
1 — A co 

Note that 8. determines the effective length 
of the electron beam and hence the width of 
the radiation cone. We now use this expression 
to estimate the diffraction loss. 
• Consider a small element ds of the electron 
beam as shown in Figure 1. Over this distance 
the net gain in wave power flux is dB'. If the 
electron beam has cross section A, the net gain 
in power is 

A dB' = A 11-7 ds — 11' dA 
where 7 is the intrinsic (i.e., for a beam without 
diffraction loss) growth rate per unit distance 
and dA is the increase in area over which this 
power is spread. Expressing dA in terms of O , 

we find 

A dB' = 	ds — 2r( Ahr)" IVOR d.9 

— 20u (r/ A)' /2 jAlif ds 

= 1, ,A31` ds 
Hence 

= — 28R (71-/ A)"2  
Using yA/27r = 3/6.) and substituting for OR, 

we get a quadratic in 8, for which the first-
order (i.e., 8 << (0) solution is 

• 5, 	ir A  1 — A  (O 2  
2 X2  11 — 2A.1 	

) 
 

Fig. 1. Short section of electron beam used to 
determine effective growth rate in terms of the 
diffraction cone. 

TABLE 2. Effective Growth Rate d„ G rowth 
Duration .51, and hence Amplification at Selected 

Points along the Field Line 

Latitude, 	fE , 	f, 	d„ 	At, 	Amplificn- 
deg 	kHz kIlz sec-1  msec 	tion, db 

57 1000 800 55 0.1 0.04 
51 400.  240 53 0.3 0.1 
40 100 45 80 1 0.7 
32 50 18 24 3 0.6 
18 20 4.6 10 8 0.7 
10 15 2.9 9 . 14 1.1 
5 14 2.7 8 18 1.3 

Substituting for 8, we find 

4 c lc 	A 
5, = 	[(AfB)(i 

1. )4/

] 

3 3 72 

.f92 A213(1 — A)2/3  
11 — 2M 

The effective growth rate 8„ growth duration 
At, and hence amplification in db are given in 
Table 2 at selected points along the field line. 

In order for a passing whistler to rephase 
the beam electrons completely and thus produce 
premature emission, the amplification required 
i5 of the order of 100 db, except near the point 
where emission is desired. From Table 2 it 
would appear that the amplification is always 
so low that the prephasing will not be signifi-
cantly affected. 

At A 	0.5, which occurs a little above 400  
latitude, the effective growth rate-6,, according 
to the expression above, becomes very large. 
Although the expression is not valid there, since 
the assumptions in its derivation are violated, 
we might assume at worst that the diffraction 
loss becomes negligible, so that 8, increases to 
8, which is about 1.5 x 10' sec'. The physical 
reason for this increase is that a small but finite 
range of emission or wave normal angles 0 
about 0 (the diffraction cone) can collapse into 
a single ray direction of 0, i.e., along the - field 
and electron beam. However, this high value 
of 8, = 8 applies only to A = 0.5 ± 3 X . 10". 
The beam electrons or a resonant wave (since 
v„ = v, at A = 0.5) will traverse this range of 
A in about 0_2 msec, so the amplification is only 
about 3 nepers or 26 db. If we regard the 
presence of a strong signal (the apPropriate 
part of a whistler) at the critical time and place 
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to be an unlikely event, this is probably not 
serious. 

It would appear that cyclotron radiative in-
stability is not a problem, so that prephasing 
is still feasible. If through neglecting some effect 
this conclusion is wrong, interesting experiments 
could still be made. For example, if the sta-
bility is marginal, control of the emission point 
along the field line might be possible by pro- .  
gramming .  vu  at the accelerator to produce a 
large At (the duration of resonance) at a de-
sired point and hence enhanced amplification at 
that point. 

. 	. 
THE HM EMISSIONS BY A PROTON BEAM 

Alicropulsation pearls or hm emissions are 
thought to be the proton counterpart of VLF 
emissions; i.e., Inn emissions are produced by 
backward Doppler-shifted cyclotron resonance 
of fast protons with waves in the proton cyclo-
tron mode. It will be interesting to see if hin 
emissions can be produced or triggered artifi-
cially by a proton beam of the same energy and 
current as the electron beam considered, for the 
VLF case, since hm emissions probably cannot 
be triggered artificially from the ground. Al-
though hni emissions generally occur on L shells 
of about 4--S [Jacobs, 1970], it will be con-
venient to consider the same model (L = 4, 
and so forth) that we used above. The proton 
counterparts of the parameters f, v, A 0, and 
1/p are scaled down by. the square root of the 
electron-proton mass ratio (43), though fp .  is 
scaled by the mass ratio (1840). Thus the pro-
ton cyclotron frequency f. ranges from 670.Hz. 
at the satellite to 7.2. Hz at the equator, the 
proton velocity is 1.4 x 10 .m/sec, and the 
radius of gyration p is initially (for = 45 0 ) 
235 meters. A 100-meter diameter array of 
proton accelerators would produce negligible 
additional broadside phasing, since the beam 
diameter using the same method of rotation 
would be at least 4p, so that the beam at all 
points along the field line is about 10 times the 
diameter of the electron beam considered above. 
The beam density .and diamagnetic effect are . 
thus lower than the beam density and diamag-
netic effect considered in the electron' case by • 
about 2 orders of 'magnitude. 

However, the basic processes and the mecha-
nism for production of emissions at a desired 
point by a prephas.ed beam are the same. We  

now consider minor differences, mainly in mag-
nitude, under the same section headings. 

Resonance and coherence conditions. The 
formal treatment above still applies (same 
resonance condition) except that the proton 
cyclotron mode refractive index is given by 
[Dowden, 1905] 

n2  = (J/f)[1 — sin2  
sin, 0  ± A2 cos2 0) 1/2 1 -1 

This is more anisotropic than the VLF whistler 
mode. In particular, 11. cos 0 decreases monotoni-
cally (and quite slowly) with increasing 0. One 
effect of this is that a prephased proton beam 
segment progressing along the field line is 
phased for coherent emission (at f = 1,) at a 
varying but single angle 0. Another is that the 
resonance frequency is almost independent of 
0, being always within 8% of the value for 
0 = 0 [Dowden, 1968]. In this MC (0 = 0), 
the normalized .  resonance frequency is given by 

( 1  — A)3/2/4 = iMp/fa 
Thus, at the equator, f,, =. 2.7 kHz and fB = 
72 Hz, and thus A = 0.32 or f = 2.3 Hz. 

Phase requirements. The total phase accum-
ulated by the proton beam from the satellite to 
the equator is only .about 10' rad. The proton 
accelerator potentials need only be held to 
within about 0.02% or 2 • volts, whereas the 
deflection (tfr,,) 'accuracy and individual gun 
beam width required is .4, - 10. Coulomb 
scattering and the other phase spreading effects 
considered above are quite trivial in the proton 
case. - 

The phase requirements are thus easily met 
at L = 4 and are not likely to be bothersome 
at higher L where hm emissions occur naturally. 

Radiated power. We can still use (5) to find 
= WA. The parameters are reduced: .  vu  by 

40-fold, JA by 100-fold, Z by 20-fold, and 
dfa/ds by about 2000-fold. The total effect of 
this reduction is to reduce P. by about 40-fold, 
Which is still several tens of watts and is of the 
order of PK, the transverse kinetic power of the 
protons. Thus we might expect radiated power 
fluxes of the order Of w nr", which is greater 
than those of natural hm emissions by some 2 or 
3 orders of magnitude. 

Radiative instability. The electron cyclotron 
instability at VLF is less easily modified to the 
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proton case. However, since the proton beam 
diameter is a very small fraction (1/30) of the 
wavelength, the effective growth rate is prob-
ably negligible. Also, the only 'singularity (0,• 
•=. 0 .  for a range of 0). equivalent to that at 
A = 0.5 in the electron case occurs in the 
limit A = 0 in the proton case and so is not a 
real problem. , 

It appears then that artificial- production of 
hm ,emissions by prephased proton beams is 
quite feasible. Electron beams (for VLF) and 
proton beams (for hm), both of 10 key, might 
conveniently be fired together, though a firing 
duration of a few seconds would be more appro-
priate for protons. 

CONCLUSIONS 
Production of both VLF emissions at desired 

points by prephased electron beams and hm 
emissions by proton beams appears feasible. 
The phase. spread by various factors and the 
cyclotron radiative instability do not appear to 
be serious or critically dependent on the model 
chosen for illustration here. The technology re- .  
(wired and the feasibility of other aspects not 
considered here havebeen achieved and demon-
strated in the artificial aurora experiment of 
IIess et al. [1971]. Broadside phasing by paral-
lel helical beams could be achieved by a .  large 
(100 meters) array of guns but may occur 
naturally through lateral diffusion of guiding 
centers. 

The calculated emitted power levels are larger 
than the transverse kinetic power by 1 or 2 
orders ofmagnitude, a fact suggesting that there. 
is Considerable leeway in phase 'spread, guiding - 
center diffusion, and so forth. Alternatively, if  

this power leeway is not needed for this, it could 
be used to investigate nonlinear effects, effects 
of degraded phasing, or considerably reduced 
beam current or firing duration. 
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