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Abstract—New characteristics of VLF chorus in the outer magnetosphere are reported. The study is

based on more than 400 hours of broadband (0.3-12.5kHz) data collected by the Stanford .

University/Stanford Rescarch Institute VLF experiment on OGO 3 during 1966-67. Bandlimited
emissions constitute the dominant form of whistler-mode radiation in the region 4= L %10, Mag-
netospheric chorus occurs mainly from 0300 to 1500 LT, at higher L at noon than at dawn, a2nd moves
to lower L during geomagnetic disturbance, in accord with ground observations of VLF chorus.
Occurrence is moderate near the equator, lower near 15°, and maxinmum at high latitudes (far down
the field lines). The centre frequency f of the chorus band varies as L™ and at low latitudes is closely
related to the electron gyrofrequency on the dipole field line through the satellite. Based on the
measured local gyrofrequency fry, the normalized frequency distribution of chorus observed within 10°
of the dipole equator shows two peaks, at fifi; =0.53 and f/fg =0.34. This bimodal distribution is a
persistent statistical feature of near equatorial chorus, independent of L, LT and K,. However there is
considerable variability in individual events, with chorus often observed above, below, and between
these statistical peaks; in particular, it is not unusual for single emissions to cross fffi; = 0.50. When
two bands are simultaneously present individual emission elements only rarely show one-to-one
correlation between bands. For low K, the median bandwidth of the wpper band, gap and lower band

are all ~16% of their centre frequencies, independent of L; for higher K, the bandwidth of the lower.

band increases. Bandwidth also increases with latitude beyond ~10°, Starting frequencies of narrow-
band emissions range throughout the band. The majority of the emissions rise in frequency at a rate
vetween 0.2 and 2.0 kHz/sec; this rate increases with K, and decreases with 1. Falling tones are rarely
observed at dipole latitudes <2.5°. The observations are interpreted in terms of whistler-mode
propagation theory and a gyroresonant feedback interaction model. An exact expression is derived for
the critical frequency, f/fir =0.5, at which the curvature of the refractive index surface vanishes at zero
wave normal angle. Near this frequency rays with initial wave normal angles between 0° and —2(¥ are
focused along the initial field line for thousands of km, enhancing the phase-bunching of incoming
gyroresonant electrons. The upper peak in the bimodal normalized frequency distribution is attributed
to this enhancement near the critical frequency, at latitudes of ~5° Slightly below the critical
frequency interference between modes with different ray velocities may contribute to the dip in the

bimodal distribution. The lower peak may reflect a corresponding peak in the resonant electron .

distribution, or guiding in field-aligned density trregularities. The observations are comnsistent with
gyroresonant generation of emissions near the equator, followed by spreading of the radiation over a
range of L shells farther down the field lines.

1. INTRODUCTION

156

Wave-particle interactions are believed to play a
fundamental role in the physics of the outer mag-
netosphere, controlling the structure and stability
of the radiation belts. It is not surprising therefore
that a number of theories of whistler-mode wave-
particle interactions in this region have been ad-
vanced (Kennel and Petscheck, 1966; Helliwell,
1967, 1970; Sudan and Ott, 1971; Dysthe, 1971;
Numn, 1971, 1974; Brinca, 1972a,b; Helliwell and
Crystal, 1973). Much of this theoretical work is
based on an inadequate knowledge of the charac-
teristics of whistler-mode VLF noise actually ob-
served in this region. A primary aim of the present
report is to provide a statistically accurate descrip-
tion of the most typical form of VLF radiation

beyond the plasmapause: bandlimited chorus. A
second aim is to interpret certain aspects of the
frequency distribution of chorus in terms of a
gyroresonant electron feedback model of genera-
tion (Brice, 1964; Helliwell, 1967). It is shown how
a change in curvature of the whistler-mode refrac-
tive index surface will affect foéusing of radiation
along magnetic field lines, and how interference can
occur between modes with slightly different ray
velocities. Amplitudes and growth rates of mag-
netospheric chorus are discussed in a separate
paper (Burtis and Helliwell, 1975).

Chorus measurements were made with the Stan-
ford University/Stanford Research Institute broad-
band VLF (0.3-12.5 kHz) receiver on OGQ 3. The
VLF experiment package is similar to that flown on
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OGO 1 as described in Dunckel and Heliiwell
{1969}, except that the OGO 3 antenna can be
connected through a matching transformer either as
an electric field sensor or as a magnetic loop. A
complete description of the instrumentation is
given by Ficklin et al. (1967). OGO 3 maintained
three-axis stabilization about the z axis with a
period of ~100sec. Initial perigee was less than
500 km altitude, apogee was over 120,000 km, in-
clination was 31°, and period was 48.5 hr. During
the next 12 months the orbit inclination gradually
increased to ~50°.

Virtually all passes from 15 June 1966 (VLF
antenna deployment) to 14 June 1967 that were
acquired with good telemetry were spectrum
analyzed inside L =8 ‘(often inside L =10). Spec-
trum analysis’ was performed with a Raytheon

Rayspan analyzer over the range 0-10 kHz, except

that when the electron gyrofrequency dropped to
less than 5 or 2.5 kHz the range of spectral analysis
was correspondingly reduced to 0-5 or 0-2.5 kHz.
This insured that all whistlermode activity from 0.3
to 10.0 kHz would be analyzed with the best possi-
ble resolution. On those rare occasions when
chorus activity extended above 10 kHz the analysis
range was increased to 0-12.5 kHz. Frequency re-
solution was 1% of the analysis range, e.g. 100 Hz
in the case of a 0-10kHz record. (All of the
spectrograms illustrating this report, in contrast to
the routine data, were made with a Federal Scien-
tific Ubiguitous UA6BH analyzer.}

Over 400 hrs of continuous broadband data were
thus available for study. Because chorus activity
was generally similar from minute to minute, it was
possible to reduce the data analysis burden by
measuring only every fifth minute of data. The
satellite velocity at L =6 near the equator was
~-4 km/sec; thus the satellite moved 0.2 Rg from
one sample to the next. Qccasionally at large dis-
tances (where the velocity was lower) the sampling
interval was increased to 10 min. A total of 4,668
data samples was obtained.

Dsta coverage as a function of dipole latitude, L,
and local time is shown in Fig. 1. Sample locations
have been projected longitudinally onto either the
noon-midnight or the dawn-dusk meridional plane;
whichever - is closer . (e.g. dawn Includes - 0300-
0900 LT). Each integer indicates the number of
samples at that location. Dipole field lines are
drawn for L. =4, 7 and ‘10. In these plots a data
gap is apparent at low L values on the equator and
at northern midlatitudes. This is due entirely to the
characteristics of the OGO 3 orbit, with locations
south of the gap corresponding to inbound passes,

and locations north of the gap to outbound passes.
The ¢quatorial data coverage is good for the mid-
night and dusk quadrants, but becomes progres-
sively worse in the noon and dawn quadrants as the
orbit inclination increases. In the dawn quadrant
there are no data within 7° of the dipole equator
for 2<< L < 6. However, the dawn equatorial region
from L=4 to 6 was well covered by OGO 1
(Burtis, 1969).

2. DEFINITION AND OCCURRENCE

For the purpose of this study, any discrete noise
appearing on the spectrograms, regardless of its
frequency, was considered to be chorus. The term
“discrete” implies structured emissions having
amplitude and/or frequency modulation with dura-
tions typically on the order of 0.1-1.0sec. An
important advantage of continuous broadband data
over more compressed data formats is that it per-
mits discrete emissions to be distingnished from
unsiructured hiss and whistlers.

Attention was focused on discrete structured ac-
tivity in this study for two reasons. First, the most

" common phenomenon observed in the outer mag-

netosphere by the OGO 3 broadband VLF experi-
ment was in fact discrete, choruslike activity. Sec-
ond, unstructured hiss is often difficult to disting-
uish from background noise, and the upper and
lower cutoffs of weak bandlimited hiss are very
difficult to measure objectively using the broadband
records. However, it should be borne in mind that
chorus was often accompanied by a background of
hiss having a variable amount of structure. The hiss
was at times quite strong and occasionally appeared
without any apparent chorus accompaniment. In a
previous study based on OGO 1 and some OGO 3
data (Burtis, 1969), this unstructured noise was
called “banded hiss” because of its tendency to
accompany bandlimited chorus. Its region of max-
imum occurrence was found to be generally similar
to that of “banded chorus™ (and to the region of
occurrence of chorus described in the present-
paper). It was observed somewhat less frequently
than chorus in the dawn and noon quadrants but
during the rest of the day the two types of noise
occurred with roughly equal probability. A second
and distinct class of unstructured noise, called ELF
hiss, is commonly seen at lower normalized fre-
quencies (wave frequency/gyrofrequency) inside the
plasmapause (Gurnett and O’Brien, 1964; Burtis,
1969; Dunckel and Helliwell, 1969; Russeil et al.,
1969; Muzzio and Angerami, 1972). Plasmaspheric
ELF hiss is usually not accompamed by discrete
chorus activity.
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FIG. 1. DATA COVERAGE PROJECTED ONTO THE NOON—-MIDNIGHT AND DAWN-DUSK MERIDIONAL
PLANES.
Computer-printed integers indicate the number of samples taken at that L value and dipole latitude,
for each of four six-hour local time quadrants. '

It should be emphasized that the term “banded
chorus” was introduced to describe the bandlimited
nature of the ensemble of magnetospheric chorus
elements (Burtis and Helliwell, 1969). The term
does not apply to the closely spaced, constant fre-
quency striations of individual chorus elements
(“‘single modes™) later reported by Coroniti ‘et al.
(1971). Nunn {1974) has developed a theory at-

tempting to account for such mode structure. in the

generation of chorus. However, Stiles (1975) has
suggested that these apparent single modes may be
an artifact of the analysis procedure in which

closely spaced rising or falling tories are {rans- -

formed into horizontal bands. Thus the reality of
single modes is not definitely established. In the
present work no positive evidence of single modes
has been found. It should be noted that some of the
Hlustrations in this paper, which may appear to

show single modes (e.g. Fig. 2d), were made with a
relatively coarse time resolution; none of these
apparent single modes was found to persist longer
than the response time of the analyzer. To avoid
confusion over the word “banded,” its use has been
dropped in favour of the general term “magnetos-
pheric chorus™ in the present work.

An example of high chorus activity found in the
OGO 3 pass of 25 August 1966 isillustrated in Fig.
2. The satellite was outbound in the noon quadrant
(13-15LT) at a nearly constant dipole latitude of
25°. Geomagnetic activity was moderate} K, was
currently 2 but had teached 4 some 12 hr earlier.
The antenna wds in the magnetic mode. A band of
chorus and hiss moving down in frequency from
over 3 kHz at L =4.5 to less than- 1 kHz at I. =8.5
is shown at the top. Since the time scale is very
compressed in this top spectrogram (nearly two
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hours of data are shown), the individual emissions
comprising the chorus band are not readily discern-
able. Perturbations in the regular decrease in fre-
quency (e.g. at ~0317 and ~0411UT) may be
evidence of partial ducting due to electron concen-
tration gradients. The noise below 1kHz prior to
0300 0T is ELF hiss, and contains no discrete
emissions. Vertical striations in the background
noise are due to telemetry fading at the satellite
spin period of ~100sec. A calibration signal at
1%Hz and harmonics is seen every 4.9min. In
addition there is a faint interference line at the
satellite inverter frequency of 2.46 kHz; the fre-
guency increase in this line at ~0240 and 0333 UT
is an artifact due to tape speed slow downs in the
original NASA recordings. Power line harmonics at
120 and 240 Hz, introduced at the ground station,
may be seen at the bottom of the record. There is
evidence of the third harmonic of the strong chorus
band after 0320 UT, which is caused by the non-

linear respomse of the logarithmic amplifier. The -

GSFC Rb vapour magnetometer experiment was
turned off during this pass, so no magnetometer
line appears on the records.

Selected 60 sec samples from this pass are ShOWn :

in Figs. 2(b-¢). The time scale has been expanded
by a factor of 100 so that the individual emissions
can be seen, and the frequency range of analysis
has been adjusted to improve the resolution. Fre-
quency (df) and time (df) resolution depend on the
frequency range of the Ubiquitous spectrum
analyzer and are given in the text for each example.

strong “hooks”

W. J. Burtis and R. A. HELLIWELL

In part b(df = 10 Hz, dt = 140 ms) the chorus emis-
sions at ~3 kHz are intermittent and are not ac-
companied by hiss. The ELF hiss below 1kHz is
attenuated by the receiver AGC during strong
chorus emissions. A telemetry fade occurs at
~7sec from the start of the record. The chorus
emissions are not well developed; some consist of
very short falling or rising elements, while others
are brief, amorphous “dots.” Note that the chorus
bandwidth is small.

A time at which the noise band is composed
mainly of hiss with weak internal structure is illus-
trated in part ¢ (df = 5 Hz, di = 200 ms). Occasional
emerge from the hiss; the middie
hook at 33 sec appears to trigger two secondary
hooks at a somewhat higher frequency.

Typical chorus mixed with a background of hiss
is shown in Fig. 2(d} (df =2.5 Hz, dr =400 msec),
Most of the emissions ate rising-tones or hooks,
which appear to begin throughout the lower half of

_the band. The relative bandwidth of the chorus is

much larger in this case than for panel b. Note that
the horizontal striations in any one emission do not’
appear to persist longer than the 0.4 sec fime
resolution, suggesting that they correspond to amp-
litude modulation of a single gliding tone rather
than to several constant frequency “‘single modes.”
Finally, part e (df =2.5 Hz, dt =400 msec) shows
chorus at L =9, LT=1510, which appears inter-
mittently about 10 min beyond the end of the top
panel. Although the nominal lower cutoffi fre-
quency of the broadband VLF receiver is 300 Hz,

—

Fig. 2. HIGH CHORUS ACTIVITY DURING AN OUTBOUND PASS THROUGH THE NOON MAGNETOSPHERE
NEAR 25° DIPOLE LATITUDE.
Top panel: compressed spectrogram showing decrease in frequency of chorus band. Panel b: .
intermittent short chorus emissions (~3 kHz) above ELF hiss (<1 kHz). Panel c: bandlimited hiss and
occasional chorus emissions. Panel d: typical chorus with background hiss. Panel e: chorus emissions
starting below 200 Hz at-dipole L. =9.

Fic. 3. MAGNIFIED SPECTRUM SHOWING COMPLEXITY OF CHORUS EMISSIONS OBSERVED AT L =7.8, 40° .
DIPOLE LATITUDE, 1210 LT.
Rising tones, fa!hng tones; and hooks all are present in the chorus; some appear to be triggered by
prev:lous emissions whﬂe others arise spontancously from the background hiss. '

EcG. 7 EQUATORJAL CHORUS DE'I'ECTED WITH THE ELECTRIC ANTENNA, DIPOLE COORDINATES OF THE
© SATELLITE ARE SHOWN. )

Top panel: compressed spcctrum showing double band of chorus increasing in frequency (magnetome-

ter lines inserted at fy/4 and harmonics). Panel b (A =0°%: arrow indicates 0.50 fH, note absence of

chorus between 0.45.and 0.55 fi. Panel ¢ (A =—2°: note low correlation of emissions between upper

and lower bamd Panel d (A =—5°): here there is an unusual degree of correlation between bands; the
_upper band now begms near f/fy = 0.49.

_ FiG." 8. EQUATORIAL CHORUS DETECTED WITH THE MAGNETIC ANTENNA. _
Panel a: double band of chorus, with upper band starting just below 0.5 fi;. Panel b: less typical single
- chorus band with. emissions crossing 0.5 fg. Panel ¢ double band of chorus, with upper band
(_~_O.SS fir} very narrow and uncorrelated with lower band. S
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rising cmissions may be scen at least as low as
200 Hz in this example. There seems to be no
interaction with the 240 Hz power line harmonic,
which is believed to be an artifact introduced at the
telemetry receiving station. The weak third har-
monic distortion of the strong emissions between
10 and 20sec is also an artifact. There is some
suggestion of a ~3 sec periodicity in the emissions;
whistler-mode echoing is an unlikely explanation
since the two-hop period is estimated to be
~T14 sec.

In each of these 60 sec samples the chorus is
quite: sharply bandlimited, No discrete emissions
were observed at frequencies either above or below
the illustrated band. The occurrence and spectral
properties of the chorus elements are relatively
constant during the 60sec intervals, but may
change markedly over a period of 20 min. As de-
scribed elsewhere, in the statistical analysis a 60 sec
sample was scaled every 5 min.

The spectral complexity of some magnetospheric
chorus is illustrated by the enlarged spectrum of
Fig. 3. OGO 3 was at L. =7.8, +38° dipole latitude,
1210 local time; geomagnetic activity was moderate
(K, =4); and the antenna was in the magpetic
mode. Frequency resolution df = 5 Hz, time resolu-
tion dt =200 msec. Power line interference is seen
at 120, 240 and 360 Hz. Receiver AGC attenua-
tion of the background noise caused by strong
emissions is especially promounced at ~8 - and
~13 sec. Chorus activity similar to this was seen for
many minutes before and after the 18 sec sample
shown. Rising tones, falling tones, and hooks ail
may be observed in the mix of emissions constitut-
ing the chorus band. Some emissions appear to be
triggered by previous emissions, while others ap-
pear to arise spontaneously from the background
hiss. No whistlers are in evidence; whistlers are
rarely apparent in magnetospheric chorus (occa-
sionally they are seen near the inner boundary of
chorus activity, probably near the plasmapause).

To obtain the statistical results presented in this
report, an objectively chosen 60 sec interval of each
5 min of data was intensely scrutinized and various
parameters were measured. If any discrete noise at
any frequency appeared during the 60 sec interval,
chorus was said to have occurred. Of the total of
4668 data samples, chorus occurred in 1251 (27%).
The remaining 73% showed either no signals or
just hiss or whistlers. Occurrence of choris was
essentially independent of whether the antenna was
connected in. the electric or magnetic mode, sug-
gesting that the bulk of the discrete emission activ-

_ ity was electromagnetic in character.,

Chorus occurrence depended strongly on local
time. A pronounced increase near 0300 and &
decrease near 1500 divided the active morning-
dayside region, where occurrence averaged nearly
50%, from the quiet evening-nightside region,
where occurrence averaged only 12%. Tsurutani
and Smith (1974) have reported a sudden onset of
chorus below 1500 Hz at local midnight with a
sharp peak at 0100 LT {called by them “‘postmid-
night chorus’). They also state that “no chorus was
seen in the 3 hr preceding midnight.” This latter
finding is difficult to reconcile with the present
study, in which at least occasional chorus was seen
in virtually all regions of the magnetosphere;
perhaps this reflects a difference in the definition of
chorus occurrence. The present study shows some
gradual increase in occurrence from 2100 to 0100,
but no sudden onset at midnight and no sharp
postmidnight peak.

Chorus occurrence projected along dipole field
lines onto the equatorial plane is shown in Fig. 4.
Heavy shading indicates occurrence >50%, while
light shading indicates 21-50%. Data coverage was
inadequate beyond the peripheral boundaries. An
outward spiral of maximum chorus is evident, from
L ~3 to 6 predawn to L ~5 to 9 postnoon (the
anomalously low occurrence for 4<L <6, 07<
LT<08 is attributed to the fact that on the average
geomagnetic activity was lower here than for any
other region). Since chorus from all dipole latitudes
is included in Fig. 4, and since high latitude chorus -
has in general propagated to slightly lower L values
(Burtis and Helliwell, 1969), the location of max-
imum chorus generation in the equatorial plane
may be at slightly higher L. than shown; however,
the correction is estimated to be less than 0.5 L. A
dashed curve, linear in L vs LT, roughly traces the
locus of maximum chorus occurrence in Fig. 4. The
spiral is reminiscent of, but at lower L values than,
such well studied magnetospheric boundaries as the
limit of closed field lines or the 40keV electron
trapping limit (Burrows and McDiarmid, 1972}
The general region of maximum occutrence ap-
proximates the zone of “hard” electron precipita-
tion reported by Hartz and Brice (1967). However,
these authors state that the invariant latitude
{~65°, corresponding to dipole L =35.6) of the
morning maximum of hard electron precipitation is
essentially independent of local time, not showing
the spiral characteristic of higher latitude geophysi-
cal phenomena. This difference might be explained
by the decrease in wave frequency with L that is
characteristic of chorus. For a typical electron den-
sity model, the parallel resonant energy of the
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FiG. 4. DIURNAL VARIATION OF CHORUS OCCURRENCE,
PROJECTED ALCNG DIPOLE FIELD LINES ONTO THE
EQUATORIAL PLANE.

Light shading indicates 21-50% occurrence; heavy shad-
ing indicates over 50% occurrence. Dashed line shows

 gradual outward spiral of region of maximum occurrence.

interacting electrons decreases roughly as L~ (Hel-
liwell, 1970). Thus the noon chorus at high L
values would tend to precipitate softer electrons.
However as Fig. 4 shows, the level of chorus activ-
ity in the region 5<<L <6 shows little variation
from 0300 to 1500LT, in rough agreement with
the region of hard eleciron precipitation (Hartz and
Brice, 1967).

This diurnal variation of chorus occurrence is
reasonably similar to that of chorus observed at
ground stations, and is consistent with peak chorus
activity occurring later in the day at higher latitude
stations (Storey, 1953; Allcock, 1957; Pope, 1963;
Laaspere et al, 1964). It scems to be consistent
with the occurrence reported by Taylor and Gur-
nett (1968) of undifferentiated ELF hiss and VLF
chorus on Injun 3 at low altitades, if it is assumed
that most of their activity after 1600LT is ELF
hiss. It is also consistent with the occurrence of
ELF “noise bursts’” at L >7 (Russell et al, 1969)
when the 1000 Hz upper frequency cutoff of their
instrument is taken into account. The diurnal vari-
ation i§ in good agreement with an earlier study on
the occurrence of banded chorus (Burtis, 1969),
which was based in part on a limited subset of the
present OGO 3 data and in part (especially in the
dawn quadrant) on' OGO 1 data. The low intensity
of chorus over much of this region in the study by

Dunckel and Helliwell {1969) is attributed to low
geomagnetic activity (see below).

The range of L values over which chorus was
observed on a given pass was extremely variable,
Tsurutani and Smith (1974} reported “‘chorus emis-
sions, when detected, were found over a range of L
shells, the extent of which was greater than 2 but
less than 4 Rg.” In the present study, ranges of less
than 2 Rg were very common, and ranges greater
than 4 R were occasionally observed. For exam-
ple, on the inbound pass of July 9, 1966 through
the midnight region chorus was seen continuously
from L=8 to 3, and on 21 January 1967 in the
noon quadrant chorus occurred throughout the reg-
ion from L =10 to 4 (Fig. 7).

Chorus occurrence was also found to depend
strongly on dipole latitude. Including data for all L
and LT, percentage occurrence was moderate
(~27%) within 10° of the dipole equator, declined
to a minimum (~17%) near 15° and then in-
creased gradually to high levels (~44%) at high
latitudes, far down the field lines. Occurrence was
somewhat higher at 5° than at the dipole equator,
but the significance of this is uncertain. The reason
is that much of the equatorial data comes from high
L values where the location of the magnetic
equator (minimum in magnetic field strength along
ficld line) differs from the dipole model due to tiit
of the geomagnetic axis with respect to the Earth—
Sun line, However other evidence is presented
below for generation of chorus at latitudes near 5°. -
Away from the near equatorial generation region
occurrence decreases, presumably due to attenua-
tion, but beyand ~15° occurrence again increases.
This may be caused both by convergence of field
lines and by spreading of the radiation over a range
of field lines so that multiple equatorial source
regions are viewed simultaneously. Alternatively
some emissions may be generated far down the
field lines, but investigation of the normalized fre-
quency (see below) makes this interpretation seem
less likely. .

Russell et al. (1969) reported steadily decreasing
occurrence of ELF “noise bursts” with increasing
dipole latitude. However, they found strong peaks
in “steady noise” at latitudes around 45° at L>6
on the dayside. Since chorus occurrence was found
to be very high in this high latitude region in the
present study, it is suggested that these peaks in
“steady noise” may have been caused by saturation
of their instrument by closely spaced chorus emis-
sions. This is consistent with the frequent occur-
rence of chorus somewhat farther down the field
lines at altitudes of 250 to 2000 km (Gurnett and
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O’Brien, 1964; Taylor and Gurnett, 1968). Tsuru-
tani and Smith (1974) found “postmidnight chorus
occurred only within £15° of, and most frequently
at, the geomagnetic equator.” In the present study,
chorus was. seen in the midnight quadrant at all
dipole latitudes to 50°. It is suggested that the
OGO 5 orbit may be partly responsible for the

_results of the Tsurutani and Smith (1974) study.

For example, Burton and Holzer (1974) state that
on 14 August 1968, OGO 5 traveled “from 7.9 to
5.9 Rk as it went from A, =2.9° to —4.2°.”° At the
latter position the electron gyrofrequency for the
dipole field is ~4 kHz (on this pass it was measured
at 2.6 kHz (Tsuruvtani and Smith, 1974)). To reach
higher dipole latitudes on this type of orbit QOGO 5
must travel to regions of higher magnetic field
intensity. Since the upper cutoff of the UCLA
fluxgate is nominally 1 kHz (Frandsen et al., 1969;
Burton and Holzer, 1974) it is likely that the
frequency of most banded chorus would pass above
the limit of their instrument by the time OGO 5
reached dipole latitudes of 15°. Indeed, Tsurutani
and Smith (1974, Fig. 6) show the band of chorus
already passing the 1000 Hz cutoff at the latter
position (—4.2° mentioned above.

Chorus occurrence was found to correlate more
strongly with K, the maximum value of K, during
the previous 24 hr, than with current K, (Burtis,
1974). This suggests a time lag between particle
injection on the nightside and the onset of chorus
on the dayside. In addition, the inner boundary of
chorus activity moved inward as geomagnetic activ-
ity increased. Using the arbitrary figure of 20%
ocecurrence, the inner boundary moved from L=
5.5f0r0=K,.=1,t0 L=2.6for 6=K,,=9. Car-
penter (1967) found a similar inverse correlation
between K., and the distance of the plasmapause
at dawn. This is further evidence that chorus is
primarily of extra-plasmaspheric origin. The inward
movement is consistent with ground observations
(Helliwell, 1960; Crouchley and Brice, 1960) and
low altitude satellite observations (Taylor and Guzr-
nett, 1968) showing an equatorward movement of
chorus activity during geomagnetically disturbed
periods. Dunckel and Helliwell {1969} observed the
most intense chorus on OGO 1 at quite large

distances (L ~9). Two reasons are suggested for
this result. First, geomagnetic conditions were sig-
nificantly more quiet during their period of obser-
vations (average K, =1.5) than during the present
study (average K, =2.0). Second, there is evidence
that chorus intensity is negatively correlated with
frequency, and hence positively correlated with L
(Burtis and Helliwell, 1975).

The individual discrete emissions comprising
chorus sometimes appeared as short, amorphous
noise bursts, but usually could be described as
rising, constant, or falling in frequency, or of the
compound U-shaped form called hooks (Gallet,
1959). More accurately, ‘‘constant frequency”
tones in the present study refer to narrowband
emissions whose slopes were not resolved on the
routine spectrograms, i.e. [dffdt|<0.1 kHz/sec.
Often several spectral forms were observed in the
same sample, although one form usually was predo-
minant. Each of these spectral forms was observed
at least occasionally in all regions of the mag-
netosphere, day and night, high and low L,
equatorial and high latitude, geomagnetically active
or quiet. Overall, rising tones were most common,
being observed in 77% of the samples, followed by
falling tonmes (16%), constant frequency tones
{12%) and hooks (6%). The percentage for hooks,
based on routine spectrograms, may be somewhat
low; with higher resolution many rising tones ap-
pear to begin with a small hook. Burton and Holzer
(1974), in an OGO 5 study of chorus below
1000 Hz, found “dayside chorus consisted solely of
rising tones.” This was not true in the present
study; although rising tones did have above average
occurrence (85%) in the noon quadrant, other
spectral forms were also observed.

Very few samples in the equatorial region, from
—2.5° to +2.5° dipole latitude, included any falling
tones. Yet just off the equator, from +2.5° to
£10.5°, there was an increase in occurrence of
falling tones (Table 1). At higher latitudes occur-
rence of falling tones was somewhat lower and fairly
constant. The majority of near equatorial samples
come from high L, and there may be considerable
distortion of the dipole field, including a shift in
location of the equator due to tilt of the dipole axis.

TABLE 1. NUMBER OF SAMPLES NEAR THE EQUATOR THAT INCLUDED RISING
AND FALLING TONES

Dipole latitude range  Rising (R) Falling {F) Ratio (R/F)
-10.5°—2.5° 149 71 2.10
—2.5—+42.5° 71 7 10.13
+2.5°~+10.5° 45 11 4.09
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This may account for the 7 samples having falling
tones within 2.5° of the dipole equator. All 7 are
from geomagnetically active periods with K, =4.
This, together with the observation of an increased
oceurrence of failing tones both to the north and to
the south of the dipole equator, gives support to
models {e.g. Helliwell 1967, 1970) in which falling
tones travel away from the equator as they leave
the generation region (see Fig. 13 below). On the
other hand, we have no good explanation for a
similar decrease in falling tone occurrence near
—20°, : '

The mix of emissions in a given chorus sample
usually included a predominant spectral form with
a fairly constant slope, dffdi. Whenever practical,
this “typical” slope was measured as approximating
one of 12 discrete, quasi-logarithmically spaced
values from 0.1 to 70.0 kHz/sec, or zero. Rising
tones were predominant in the majority (84%) of
the 1032 samples in which the measurement was
made. Based on logarithmic interpolation between
measured values, the median dffdt for the 867
samples of rising tones was 0.77 kHz/sec. Of these
samples 50%  had slopes between 0.38 and
1.44 kHz/sec.

" Variation of the median slope of rising tones with
location and geomagnetic activity is shown in Fig.

- 5. In each case the solid line indicates the variation
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Solid. curves show median dffd: for entire data set, verti-

cal bars indicate range of variation of 50% of entire data

set, and dashed curves show median dfjdt for following

subsets: squares (b}, A <10°; upper triangles (a,¢,d), 4=

I. <6; lower triangles (a, ¢, d), 6 =L <8.

in median slope for the entire data set, vertical bars
indicate the 50% range for the entire data set, and
dashed lines indicate the variation in median slope
for subsets of the data set. Figure 5(a) shows a’
diurnal decrease in slope, with the highest slopes in
the midnight quadrant. This may be related to the
outward spiral of chorus occurrence (Fig. 4), since
Fig. 5(b) shows a strong negative cotrelation be-
tween slope and L value. The upper dashed curve
in Fig. 5(a) is for the subset of data having 4 <L <6,
while the lower dashed curve is for 6=<L =8,
Although no consistent diurnal variation in slope is
seen for constant L, there does seem to be a diurnal
decrease for 4= L <6, however the sample size in
the midnight quadrant is small. Figure 5(b} shows a
very regular decrease in slope with increasing L
value. For the entire data set (solid line) df/di
varies as L > However, the dashed line shows a
steeper decrease in slope for the subset of data
within 10° of the dipole equator, i.e. close to the
generation region. Figure 5(c) shows no consistent
variation in slope with dipole latitude (the upper,
dashed curve is for 4=1L =<6, the lower dashed
curve is for 6=L=8). Since most emissions are
fairly close to the whistler nose frequency, the
one-half hop dispersion will be small. Finally, Fig.
5(d) shows a pronounced increase in slope with
increasing geomagnetic activity {again the upper
dashed curve is for 4=<IL =6, the lower dashed
curve is for 6=<L <8). A similar correlation of
chorus dffdt with magnetic activity has been re-
ported at a ground station (Allcock and Mountjoy,
1970). The L and K, variation (Figs. 5b,d) are not
completely independent since the region of chorus
occurrence moves inward during geomagnetically
active periods. However, the dashed curves of Fig.
5(d)} imply that dff/d: increases with K, even at
constant L, and it was also found that dfjdt de-
creases with L even at constant K.

3. CHORUS FREQUENCY

Magnetospheric chorus uvsually occurs in rather
well defined bands whose frequency varies with the
location of the satellite (Burtis and Helliwell,
1969). More than one band may be present at a
given time. In the present study, if discrete emis-
sions were present during a 60sec sample, they
were' grouped according to band {generally a
straightforward, obvious procedure) and four fre-
quencies were scaled for each band. Two of the
frequencies were simply the lower (fi) and upper
{fu) cutoff of the band, i.e. the minimum frequency
of any emission in the band, and the maximum
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frequency of any (probably a different) emission in
the band, during the 60 sec interval. The other two
measured frequencies were the minimum {(f;) and
maximum. (f,) starting frequency, i.e., the lowest
and highest frequency at which any emissions ap-
peared to begin during the 60sec interval. By
measuring the range of starting frequencies, it was
hoped : that more useful information could be
gained regarding the generation process. It is. well
known from studies of artificially stimulated emis-
sions . (Helliwell et al, 1964; Stiles and Helliwell,
1975) that z single triggering frequency can pro-
duce emissions extending over a considerable range
of frequencies. However, in the present study it was
usually found that the range of starting frequencies
of a chorus band was only slightly less than the
bandwidth. In a band of rising tones, for example,
there were usuvally very short risers starting near
the upper cutoff of the band.

Of the 1251 samples with chorus activity, 79%
had only a single band of emissions,” 20% two
bands and 1% three or more bands, giving a total
of 1516 bands of chorus. The occurrence of multi-
ple bands was relatively independent of local time,
L value, and magnetic activity, but was strongly
correlated with dipole latitude., Within 9° of the
dipole equator 41% of the samples had multiple
bands while at mid-latitudes only about 10% had
more than one band. At high latitudes the occur-
rence of multiple bands recovered to ~20%. Dou-
ble banding in the equatorial region has been previ-
ously reported by Burtis and Helliwell {1971) and
Tsurutani and Smith (1974), and is discussed exten-
sively below.

Magnetospheric ‘chorus exhibited a broad dis-
tribution of bandwidth. Ninety per cent of the 1516
bands had a range of starting frequencies (f,y —fir )
between 5 and 108% of the centre frequency (f +
fir )12 of the band, half were between 15 and 57%,
and the median range of starting frequencies was
32% (i.e., £16% of the centre frequency). Varia-
tion of median bandwidth with Iocation and
geomagnetic activity is shown in Fig. 6. The lowest
curve (triangles) represents the median range of
starting frequencies (f.;, —f..} for individual bands.
The middle curve (circles) gives the median band-
width (fy, —f;) for individual bands. The highest
curve (squares) represents the median overall band-
width (fymax—rmm) fOr 60 sec samples, which may
or may not include more than one band. Figure
6(a) shows that bandwidths were roughly indepen-
dent of local time. Similarly, Fig. 6(b) shows that
bandwidths (relative to the centre frequencies) var-

~ ied little with L value. Since the centre frequency
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MEDIAN OVERALL BANDWIDTH OF ALL BANDS IN A SAMPLE
(SQUARES).
Note that relative bandwidth is independent of local time
or L value, but increases with dipole latitude and with
geomagnetic activity.

varied roughly as L.~ {see below) this implies that
absolute bandwidth also varied as L™, being ~27
times larger for 2<<L <4 than for 8<L <10. A
marked tendency for bandwidth to increase with
dipole latitude is shown in Fig. 6(c). The relative
median bandwidth of individual bands increased by
a factor of ~2.5 from the equatorial region to high
dipole latitudes (far down the field lines). Again
this may be caused by spreading of radiation over a
range of field lines so. that multiple equatorial
source regions are viewed simultaneously at high-
latitudes.

A very strong correlation of bandwidth with K,
is shown in Fig. 6(d). Mcdian bandwidth increased
by a factor of ~3.5 from quiet to magnetically
disturbed conditions. Allcock and Mountjoy (1970}
have reported a similar, but somewhat less pro-
nounced, correlation for chorus observed at a New
Zealand ground station. The bandwidth of equaior-
ial chorus also increased with magnetic activity, but
in a rather interesting way. For the total of 141
observations of double bands within 9.5° of the
dipole equator, the median range of starting fre-
quencies of the lower band was 35% of the centre
frequency of the lower band, the median range of
starting frequencies of the upper band was 16% of
the centre frequency of the upper.band, and the
median width of the gap between the bands was
16% of the centre frequency of the gap. As K,
increased, the width of the gap and the upper band
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remained 1elatively constant (13-19% of centre)
while the width of the lower band increased from
13% of centre for K., =0-1, to 43% of centre for
K,n =4-5. Since the normalized frequency of the
upper band and gap are independent of K, (see
below), this implies that the lower band extended
to lower normalized frequencies (gyroresonant with
higher energy electrons) as geomagnetic activity
increased.

The local electron gyrofrequency fiy was meas-
vred by the Goddard Space Flight Center Rb vap-
our magnetometer on’ OGO 3. This information
was telemetered on the same link as the broadband
VLF data, appearing on the spectrograms as lines

at fu/4 and harmonics. The value of f; was scaled

for each data sample whenever it was available
(typically it varied by less than a few per cent over
the 60 sec sample). A total of 861 cases of chorus
bands with local gyrofrequency information was
obtained.

Defining the frequency of a band of chorus as
F=0fwfie)*?, the normalized chorus frequency f/fy
was found to depend strongly on dipole latitude. In
the equatorial region the normalized frequency dis-
tribution was quite narrow and had a double peak,
as discussed below. Off the equator the distribution
progressively broadened and there was no signific-
ant sharp peak. At mid to high latitudes the chorus
frequency was much more closely related to the
equatorial gyrofrequency fy, on the dipole field
line passing through the satellite than to the local
gyrofrequency, in agreement with previous studies
{Dunckel and Helliwell, 1969; Burtis and Helliwell,
1969). These features imply that most chorus is
generated near the dipole equator.

An example of chorus observed near the
equatorial generation region is provided by the
inbound OGO 3 pass on 21 January 1967, illus-
trated in Fig. 7. Chorus was detected with the
electric antenna from L =10.0 to L=4.1 as the
satellite travelled Earthward during the pre-noon

~ hours (L value, dipole latitude, and local time

coordinates are indicated in the figure). Geomagne-
tic activity was moderate: K, was currently 2 and
had reached 4 about 24 hr earlier. Over 3 hr of
compressed data are shown at the top of Fig. 7.
The chorus appears in two intermittent, closely
spaced bands below 1 kHz at 1530 UT, and gradu-
ally increases in frequency to ~5 kHz at 1800 UT.
No discrete chorus emissions are observed (even at
frequencies hipher than the range illustrated) after
1808 UT. Shortly after this time a lower hybrid
resonance {LHR) noise band begins to appear at
the geometric mean . gyrofrequency, indicating a

relatively dense plasma probably inside the plas-
mapause (Burtis, 1973, Fig. 5). The LHR appears
as the sharp lower cutoff of a noise band increasing
in frequency from ~0.4 to 2 kHz; there is also-
some ELF hiss with an upper cutoff of ~0.5kHz
below the LHR band. In addition to these emission
bands, the GSFC magnetometer has been inserted
in the spectrum at f,/4 and harmonics (the funda-
mental goes off-scale at 1815 UT). At the begin-
ning of the record at least ten harmonics may be
seen, and these are frequency modulated at the
satellite spin period (~100 sec) with a peak-to-peak
frequency deviation of ~4%, suggesting a space-
craft magnetic field of ~1.4 milliteslas (in addition a
magnetometer calibration appears every five min-
utes). The chorus (and associated hiss) shows
some spin-periodic amplitude modulation (espe-
cially evident in the upper band between 1700 and
1730 UT), but no frequency modulation is appar-
ent. Note that the chorus bands remain bounded by
the fundamental and third harmonic of the mag-
netometer line (0.25 fi; <f<0.75 fy). After about
1730 UT (beyond 9° latitude} the upper band drops
below fy/2 and the two bands tend to merge,

Selected 60scc examples of near equatorial
chorus observed on this pass are shown in Figs.
7(b—d). The time scale has been expanded by a
factor of ~200, and the frequency range has been
adjusted to best display the chorus bands (fre-
quency resolution df=35 Hz). The arrow on the
frequency scale indicates the second harmonic of
the GSFC magnetometer, which equals one-half
the local electron gyrofrequency (fu/2). There is
some harmonic distortion in these records, so that
strong emissions may appear weakly at their third
harmonic or may intermodulate with the mag-
netometer line and be “reflected” below it. There
are also some interference lines caused by modula-
tion products of the magnetometer. line with satel-
lite inverter lines and with power line harmonics of
120, 180 and 240 Hz. :

Chorus observed at 0° dipole latitude is shown in
Fig. 7(b). An upper band of chorus is seen from
~0.55 to ~0.75 fir. A lower band of discrete rising
tones is seen from ~0.25 to ~0.45 fi;. The upper
end of many of these rising tones appears some-
what flattened (lower dffdt) and enhanced (higher
amplitude); this is common at the upper edge of the
lower band of near equatorial chorus. Note the
absence of activity between 0.45 and 0.55 fg, and
the low correlation of emissions between the upper
and lower bands.

Chorus at 2° dipole latitude is illustrated in Fig.
7(c). The upper band of chorus and hiss now occurs
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between ~0.50 and 0.65 fi;: many of the emissions
appear to begin just above 0.50 fi. (Note spurious
“falling tones™ at ~10 sec due to intermodulation
and third harmonic distortion.) Again there is little
correlation between bands.

Activity at 5° dipole latitude is shown in Fig.
7(d). Many emissions of the upper chorus band
appear to begin just below or at 0.50 fg. At this
time there is an unusual degree of correlation be-

“tween the bands; most of the emissions in the lower

band can be associated with emissions in the upper
band. However, there seems to be relatively little
difference in amplitude of upper band emissions
associated with weak and strong lower band emis-
sions, suggesting that the upper band emissions
may be triggered by those of the lower band rather
than being simply extensions of them.

Three other representative examples of near
equatorial chorus observed by OGO 3 are illus-
trated in Fig. 8. Double banding of chorus at the
dipole equator is shown in Fig. 8(a) {df=35 Hz,
K, =3). The upper band extends from ~045 fo
~0.60 fyr; the lower band from ~0.25 to ~0.40 fi,.
There is little apparent correlation of individual
emissions between bands. Note attenuation of the
upper band by the receiver AGC when strong
emissions occur in the lower band.

A case in which only a single chorus band was
seen in the equatorial region is shown in Fig. 8(b)
(df =5 Hz, K, =1). Note that most of the strong,
diffuse emissions extend from ~0.40 to ~0.65 fy,
crossing the normalized frequency of 0.45 where a
gap in activity is often observed. However the gap
does appear occasionally, e.g. at 21 sec.

Two emission bands observed close to the
equator are shown in Fig. 8(¢) (df=2.5Hz, K, =
2). The upper band (~0.55 f) is in this case ununsu-
ally narrow and appears nearly continuous but with
considerable internal structure. The lower band of
rising tones extending from ~0.30 to ~0.40 fy is
quite typical. Again note that the horizontal stria-
tions in these ¢missions do not persist longer than
the 0.4 sec time resolution of the record.

Normalized frequency distributions for the 460
chorus bands observed within 9.5° of the dipole
equator having simultaneous GSFC magnetometer
data are shown in Fig. 9. Assuming equatorial
generation in a dipole field (fi; = 880 L™ kHz), we
obtain the f/fy distribution of Fig, 9(a). The dis-
tribution is broad and has a single peak near f/f,; =
0.35. In an earlier study (Burtis and Helliwell,
1969} based on a much smaller data sample and
using the Williams and Mead (1965) model for fi,
we found that the normalized frequency of banded
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Fig. 9. NORMALIZED FREQUENCY DISTRIBUTION OF MEAN

CHORUS FREQUENCY, f=(fyfz}%, USING THE DIPOLE

MODEL FOR fpr (4), THE MEASURED VALUE OF fi; (b), AND
MEASURED fy ADJUSTED TO THE DIPOLE EQUATOR.

All data are from dipole latitudes less than 10°. Note
bimodal distribution with peaks near f/fe; =0.35 and 0.55.

chorus in the vicinity of the equator was usually
~0.5. Since both the dipole and Williams—Mead
models can be in error by large factors in the outer
magnetosphere, measured values of gyrofrequency
are obviously needed.

Using the measured value of fy provided by the
onbeard GSFC magnetometer, we gét the distribu-
tion shown in Fig. 9(b). This distribution is consid-
erably narrower, and two principal peaks emerge:
one slightly above f=f/3 and the: other slightly
above f=fu/2. A similar distribution was previ-
ously reported (Burtis and Helliwell, 1971) based
on about 40% of the present data. Adjusting the
measured fi by a latitude factor fi,/f;; (assuming
generation at 0° and dipele variation along field
lines}, we obtain the distribution of Fig. 9{c). The
adjustment has the effect of skewing the distribu-
tion, toward slightly higher normalized frequencies
while narrowing the spread of the upper peak.
There is no a priori reason to assume chorus gener-
ation exactly at 0° latitude; adjusting to some small
latitude A would simply shift the distribution of Fig.
9(¢) to slightly lower normalized frequencies.

From these results we see that near equatorial
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chorus tends to occur in two separate bands. Using
the normalized frequency distribution of Fig. 9(c)
and the median bandwidihs of equatorial chorus (p.
10135}, the following picture of “average’ magnetos-
pheric chorus at 0° dipole latitude emerges: a lower
band of emissions at fifg, =0.38+17% =0.31 to
0.44; a gap at f/fu, =0.48+=8% =0.44 to 0.52; and
anupper band of emissions at ff fr, =0.56+£8% =0.52
to 0.61. Individual events may show rather wide
variations from the average picture. In particular,
the distribution in Fig. 9(c} shows that all nor-
malized frequencies from below 0.10 to above 0.65
were at least occasionally observed, including those
typically in the range of the gap. Often only a single
band of chorus {(upper, lower, or indeterminate)
was detected and the bandwidth varied considera-
bly. These variations may be ascribed to many
factors, including deviation of the field line
minimum from the dipole equator, distortion of
field lines and of fu/fy, from the dipole model,
off-equatorial generation of chorus, and variations
in geomagnetic activity with associated changes in
resonant electron fluxes and background concentra-
tions. Nevertheless the bimodal normalized fre-
quency distribution, and especially the dip just
below f/fu, = 0.5, were persistent features of near
equatorial chorus, found for all local times, I. val-
ues and geomagnetic activity levels (Burtis, 1974).
Tsurutani and Smith (1974), in an OGO 5 study
of postmidnight chorus below 1500 Hz, state that
“in all instances of chorus examined ... no emis-
sions at .50 ,” were found.” In the present study,
emissions crossing one-half the equatorial gyrofre-
quency were not uncommon (Fig. 8a,b), and the dip
in the normalized frequency distribution was.cen-
treed not at fify, =0.50, but slightly lower at
fifu, =0.48, If the measured gyrofrequency is ad-
justed to some finite latitude rather than to the
equator {e.g. 5°), then the dip occurs at .an even
lower frequency (e.g. f/fys=0.46 assuming dipole
variation along field lines). Tsurutani and Smith
(1974) ascribe the extinction of half-gyrofrequency
chorus to Landau damping, and Maeda (1974)
suggests a sharp half-gyrofrequency absorption
band due to thermal electrons. However it was
found in the present study that when two chorus
bands were observed, the gap between the bands
did not usvally seem to be caused by absorption of
pre-existing emissions, since emissions in the two
bands were often quite dissimilar (Figs. 7,8).

4. INTERPRETATION

For dense plasmas (f; » fi) there is a well known
change in morphology of the whistler-mode refrac-

tive index surface at fffy = 0.5 (Helliwell, 1965).
Below this critical normalized frequency the surface
is convex at small wave normal angles, while above
this frequency the surface is simply concave (insets,
Fig. 10). At the critical frequency the curvature of
the surface vanishes at zero wave normal angle.
Because the ray direction is perpendicular to the
refractive index surface (Budden, 1966), this sug-
gests the possibility of enbanced phase-bunching of
incoming gyroresonant electrons caused by focusing
of the radiation in the direction of B, (Burtis and’
Helliwell, 1969; Helliwell and Crystal, 1973),

In the outer magnetosphere the equatorial
plasma frequency fy may at times approach the
electron gyrofrequency, so it is of interest to caleu-
late the critical frequency for these less dense plas-
mas. Using the full, coilisionless Appleton-Hartree
equation for'the refractive index (Helliwell, 1965),
and setting d*(n cos ¢)/d¢*=0 at wave normal
angle =0, we obtain the condition

2 2AM1-A,)
Pm 1A W
where A, = f/fy is the critical normaiized frequency
and p = fu/fyr is the normalized plasma frequency.
This relation, plotted in Fig. 10, indicates that the
critical normalized frequency drops significantly
below 0.5 when the plasma frequency falls below
about twice the gyrofrequency. An approximation
to this result has been reported by Bennett (1965).

To determine the radiation at a point some dis-
tance down a field line from a hypothetical source,
raypaths were computed using the Stanford VLF
raytracing program described and listed in a sepa-
rate report (Burtis, 1973). The following model of
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Insets show morphology of the whistler-mode refractive
index surface above and below the critical frequency.
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the medium, in a meridional plane of the mag-
netosphere, was employed:

M_agnetic.ﬁeld: dipole model, f, = 880 L ° kHz.

Electron concentration: 4.78 cm™

point,
™" variation (r = geocentric distance).

at starting

Starting point of rays: L =5.9969,
dipole latitude = 0°.

These parameters correspond to an electron gyro-
frequency of 4.08 kHz and a plasma frequency of
19.63 kHz; hence the normalized plasma frequency
fulfu=4.81 and from Fig. 10 the critical nosz-
malized frequency f/fy =0.495. Wave frequencies
were chosen to give normalized frequencies from
0.1 to 0.8, and for each normalized frequency a
family of rays was computed with initial wave nor-
mal angles spaced by 5°. Two dimensional raytrac-
ing implies a line source in the east-west direction,
which was isotropic in the sense that all allowable
wave normals were considered to be excited.

The family of rays computed for normalized fre-
quencies of 0.600, 0.500 and 0.400 are shown in
Figs. 11{a), (b) and (c), respectively, The raypaths
are shown over a range of 7° of latitude, corres-
ponding to a distance of about 4700 km down the
field line. The ordinate is L value so that straight,
horizontal lines correspond. to the magnetic field
direction. Over this small range of latitude the
spacing between field fines is relatively constant so
that the ordinate may be approximated by a dis-
tance scale; this distance is exaggerated by about a
factor of 10 compared to the horizontal distance, so
that the range of L values shown corresponds to a
distance of 260 km. By way of comparison, the
whistler-mode wavelength is about 15 km, and the
gyroradius of resonant electrons with 30° pitch
angle is on the order of 1 km. The family of rays for
a normalized frequency of 0.600, somewhat above
the critical frequency, is shown in Fig. 11(a). Each
ray has a different initial wave normal angle from
gr=+45° to —45°, uniformly spaced by Ad=5°
The family of rays appears similar to the corres-
ponding case for a homogencous medium except
that all of the rays show a downward curvature.
This curvature is caused almost entirely by the
inhomogeneiety of the magnetic field; the small
¢lectron concentraion gradient has negligible
effect. Thus for a normalized frequency of 0.6, the
simple concave refractive index surface gives no
spatial concentration of rays, and the inhomogenei-
ety results in no one ray remaining parallel to B,
over any considerable distance.
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Fig. 11. COMPUTED RAYPATHS OF WAVES WITH EINITIAL

WAVE NORMAL ANGLES SPACED BY 5% STARTING ON THE
EQUATOR IN A MODEL MAGNETOSPHERE.

Panel a: above critical frequency, note curvature of ray
paths (caused by inhomogeneity of magnetic field) and
absence of focusing. Panel b: near critical frequency, rays
having initial wave normal angles between () and —20° are
focused along L =6 field line. Panel ¢: below critical
frequency, there is a caustic cone within which are two
moades of radiation, the upward curving convex mode and
the downward curving concave mode (see text).

In contrast Fig. 11(b) shows strong focusing and
negligible curvature of some of the rays for a -
normalized frequency of 0.500, just above the criti-
cal value of 0.495. Again each ray has a different
initial wave normal angle, uniformly spaced by
Ap=5° Wave normal angles that are initially
slightly inward with respect to B, {e.g. ¢, = —10°
rotate, because of field line curvature, outward
across the flat portion of the refraciive index sur-
face, so that the ray direction (normal to the sur-
face) remains nearly parallel to the magnetic field.
This results in a concentration of rays, with initial
wave normal angles between 0° and —20°, remain-
ing parallel to or very close to the initial field line
over distances of thousands of kilometers. It seems
likely that in any generation mechanism involving
gyroresonant interaction between counterstreaming
waves and electrons, the interaction would be en-
hanced near this frequency and these wave normal
angles. _ :

The situation below the critical frequency (e.g.
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Fig. 12. COMPUTED PHASE FRONT OF WAVES AT A POINT
NEARLY 2500km DOWNFIELD FROM AN ISOTROPIC LINE
SOURCE AT THE EQUATOR.

The phase front is parameterized with the initial’ wave
normal angle of contributing rays. Note that for fifz, =
0.45, below the critical frequency, the convex and con-
cave modes are about one-half wavelength out of phase
on the initial field line.
fife = 0.400 in Fig. 11(c) is somewhat more compli-
cated. There is a central cone of radiation about B,
within which rays with three different wave normal
angles may all propagate in the same direction
{(HeHiwell, 1965). In particular, rays parallel to B,
result from wave normal angles of zero and 4,
where i, is the Gendrin (1961) angle at which
d{n cos ¢}/d¢r = 0. The edge of the central cone is a
type of caustic surface, and the intensity of radia-
tidn is greatest in this direction (Budden, 1966).
Becaiise of the inhomogeneous magnetic field, the
ray with initial wave normal angle of 0° curves
outward toward higher L values, while the rays
with initial wave normal angles +y;, curve inward
to lower L values. Neither of these rays nor any
" others remains parallel to the magnetic field lines
over any appreciable distance. The caustic cone is
generated by wave normal angle #; at the point of
inflection on the refractive index surface, at which
the perpendicular to the surface reaches a max-
imum angle with respect to B,. In the discussion
below we will refer to waves with local wave nor-
mal angle | <, as the “convex mode,” and |¢]>
i, as the “concave mode.” The names are descrip-
‘tive of both the refractive index surface and the
phase front of the wave. Above the critical fre-
quency only the concave mode is possible.

Phase fronts of waves at a point nearly 2500 km
downfield from the source are shown in Fig. 12, as
computed using the Stanford VLF raytracing prog-
ramme with the inhomogeneous model described
above. Along these phase fronts or “ray surfaces”
ali of the rays are in phase (Budden, 1966). The
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wave on the left, with f/fy, =0.50, has a simple
concave phase front, which is labelled in the figure
with the initial wave normal angles of the con-
tributing rays. The wave on the right, with f/fy, =
0.45, has a more complex phase front with both
convex and concave modes within the caustic cone.
On the initial ficld line, the concave mode has a
slightly higher parallel component of phase velpcity
than the convex mode, so that at this location and
normalized frequency it is about 10km ahead of
the convex mode. Also shown in the figure is the
parallel component of wavelength, Ay= c/{fr cos i),
and it is seen that the concave mode is close to
one-half wavelength out of phase with the eonvex
mode (the measured phase difference is 211°).

To explain the growth of narrowband waves of
changing frequency we shail adopt the model of
Helliwell (1967). In that model the waves phase-
bunch counterstreaming cyclotron resonant elec-
trons that in turn radiate more waves, thus creating
a closed feedback loop. The stream density must
exceed that for which the Ioop gain is unity, other-
wise self-sustaining oscillations cannot occur. Fre-
quency change is controlled primarily by the spatial
rate of change of the electron gyrofrequency (see

- Fig. 13). A simplified computer simulation of this

model shows that exponential wave growth is trig-
gered by a short wave train applied to a resonant
monoenergetic stream exceeding a threshold den-
sity (Helliwell and Crystal, 1973). Exponential

ELECTRONS
-
-,
RISING .
TONES .
™,
Ay
A,
\\
."I \
/ e \‘
! T i
~, 1
fr \\\ \|
! N, 1
] Ay
i N |
1 M |
L \
]| i 1 I
\ i ! /
1 [ ! I
A 1 ! i
\ \ 1 f
v ! /
AL / /
\BY, . F/
N A Y
LAY ! s
AN I
AN N 'y
N e

FiG. 13. SUMMARY OF MODEL IN WHICH MOST CHORUS,
CONSISTING OF RISING EMISSIONS, IS8 GENERATED IN REGION
A BY GYRORESONANT ELECTRONS,
Non-ducted emissions may be magnetospherically
reflected (B) and return to equator (C); ducted emissions
follow field lines to Earth.
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growth in time has been observed on man-made
signals transmitted from a ground VLF transmitter
{Helliwell and Katsufrakis, 1974).

The model described above is one-dimensional,
i.e. it assumes no variations of ficlds and currents in
planes transverse to the static magnetic field. In a
more realistic model divergence, scattering and in-
terference would tend to restrict triggering to waves
exceeding some threshold amplitude. Presumably
this threshold would be a function of normalized
frequency, being lowest near the critical frequency
where, as shown above, waves are strongly focused
along field lines and divergence loss is minimized.

Slightly below the critical frequency interference
between the convex and concave modes may be-
come important. Initially the transverse and lon-
gitudinal dimensions of the radiating region are
likely to be small and the concave mode will pre-
dominate because of the larger annulus per incre-
mental angle at larger wave normal angles. In the
model of Helliwell (1967, 1970) the length of the

interaction region is limited by inhomogeneity of -

the medium: Using the above parameters this
length is found to be 2750 km, close to the distance
at which the modes are 180° out of phase for
fifiu=0.45. Even initially, when the size of the
radiating region is small, radiated waves can in-
teract with electrons over this entire length as
determined by inhomogeneity. As the radiating
region grows in length the antenna beamwidth will
narrow and tend to suppress the concave mode. For
cxample assuming the beamwidth of an endfire
array, 2¢=2(L/2A)'?, and a normalized fre-
quency f/fy=045, the wave component at the
Gendrin angle , =cos ™ (2f/f;y) = 26° will be at the
very edge of the beamwidth for a radiator of length
165 km. When the radiating region grows to this
length (about 10A, modest compared to the interac-
tion length of 2750 km) the convex and concave
modes may be of comparable amplitude, and inter-
ference may quench further wave growth.

Well below the critical frequency the concave
mode may become less important because of the
large Gendrin angle. At normalized frequency
flfe = 0.3, for example, ¢, = 53° and the beamwidth
just includes this angle for a radiating length of
40km. But at this normalized frequency the
wavelength is 23 km, and even initially the radiator
is expected to be several wavelengths long. Thus
even during the initial phase of growth the concave
mode may be suppressed, and emissions at these
low normalized frequencies can grow in the convex
mode without interference. In a smoothly varying
density model the focusing at these frequencies is
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much less than near the critical frequency so the
threshold stream density for = continued wave
growth is presumably higher for a given wave amp-
litude. Possibly the resonant electron. spectrum
peaks near these normalized frequencies; alterna-
tively, field-aligned irregularities in the background
concentration may limit divergence loss by guiding
rays along field lines below the critical frequency.
Such irregularities must be: no more than several
wavelengths wide to concentrate radiation strongly,
and full wave theory would be required for accu-
rate treatment of this problem (whistler ducts in the
plasmasphere are thought to be wider, on the order
of 400 km (Smith and Angerami, 1968)).

Burton and Holzer (1974) have measured the
wave normal angle of strong chorus emissions ob-
served on OGO 5. For about 35 dayside chorus
events at normalized frequencies of 0.15-0.25
within 25° of the dipole equator (the majority of
cases were within 12° of the dipole equator), they
found typical wave normal angles of —20° << fr << —5°,
This is consistent with radiation in the convex
mode. At higher latitudes there was a greater
spread in the distribution of wave normal angles,
although 90% of them were within 20° of the
meridional plane. Many emissions had || <15°
suggesting ducted propagation, while many others
had ¢>+25° suggesting nonducted propagation.
For a single nightside pass, they interpreted the
generation region as lying within 2.5° of the dipole
equator, Here again most-emissions in the genera-
tion region had | < 20°, and the behaviour of the
wave normal angle farther down the propagation
path clearly suggested non-ducted propagation. _

The normalized frequency distribution of chorus,
adjusted to the dipole equator, was found in the
present study to peak at f/fy, =0.56 and to dip at
fIfero = 0.48 (Fig. 9c). Both this upper peak and dip
seem to be at a normalized frequency about 10%
too high to be accounted for by our model, That is,
focusing would seem to predict a peak near A, =
0.506 and interference would seem to predict a dip
near f/fyy=0.45. But the distribution is based on
the assumption that chorus is generated exactly at
the dipole equator. If the chorus observations,
which it is recalled were made over a range of
+£9.5° dipole latitude, are adjusted to some. finite
latitude A rather than to the eguator, then the
shape of the distribution will remain unchanged,
but the normalized frequencies will be reduced by
feo/fea. For the dipole model this factor reaches
10% at a latitude of 8°. In the outer magnetosphere
the variation of fy along a field line near the
equator may be considerably greater than for a
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dipole model because of ring current inflation
{Sugiura et al., 1971), so the factor may reach 10%
at even lower latitudes. The above adjustment of
the normalized frequency distribution assumes
field-aligned propagation. While this is not strictly
true for non-ducted propagation, raytracing in a
dipole field shows that the change in fy, due to
deviation from field lines is small compared to the
change in fy along field lines, for distances of
several thousand km and small initial wave normal
" angles.

It was indicated above that chorus occurrence
was somewhat higher at 5° latitude than at the
dipole equator. Further it was shown that the oc-
currence of falling tones was significantly reduced
within 2.5° of the dipole equator. This resuit sup-
ports the Helliwell (1967) model in which the
latitude of the interaction region is related to the
slope, dffdt, of an emission by the inhomogeneity of
the medium. The majority of chorus emissions had
a positive slope of ~1 kHz/sec (Fig. 5). Using the
Helliwell model in a dipole field with the parame-
ters used in the raytracing program above, and
taking dffdt=1.0kHz/sec, the latimde of the in-

“ teraction regjon is found to be 5.1° This is reasona-
bly close to the value inferred in the preceding
paragraph, considering the uncertainties in the
magnetic field configuration. It may be noted that
the upper chorus band need not necessarily be
centreed on the critical frequency. Since most emis-
sions were rising in frequency, those starting near
the lower edge of the band might organize elec-
trons sufficiently to trigger emissions. at higher fre-
quencies {cf. Fig. 2c). To adjust the lower edge of
the upper band from f/fy =0.52 to f{fy =0.50 re-
quires only a 4% increase in fi, corresponding to a
dipole latitude of 5.4°.

We must now inquire whether the mechanism
outlined above should apply to ducted signals ob-
served on the ground. No evidence of an attenua-
tion band just -below fu,/2 has been reported for
ground-based data. It is observed that ducted emis-
sions are often triggered by other signals (whistlers,
power line radiation, VLF transmitters, echoes of
previous emissions). ‘Assumirig that the wave front
of the triggering signal has a lateral dimension of
many wavelengths (a typical duct is 400 km across
at the equator and a typical wavelength is 5km),
we would not expect to excite any significant com-
ponents of the concave mode. Thus there would be
no interference and hence no gap.

An interesting test of the above interpretation of
the bimodal normalized frequency distribution of

magnetospheric chorus would involve studying the-
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chorus frequency at times when the normalized
plasma frequency, fu/fu, is depressed. For example,
if fu/fir =1 the morphological change in the whist-
ler mode refractive index. surface occurs at f/fy =
0.4, and the normalized frequency of the upper
chorus band should correspondingly be depressed
by 20%. Interpretations not involving the mor-
phological change of the refractive index surface
would not predict this change in frequency. Condi-
tions of low fu/fy might be expected quite often
just outside the plasmapause following magnetic
storms. Unfortunately the QGO 3 orbit did not
cover the equatorial region at low L values (Fig. 1),
so this test could not be conducted with the present
data. .

In summary, most magnetospheric chorus con-
sists of rising emissions, which are probably gener-
ated by gyroresonant electrons -slightly off the
equator (region A in Fig. 13). These emissions are
often generated in two bands: an upper band at the
critical frequency f/fy ~0.5 where focusing is max-
imized, and a lower band at a frequency that may
perhaps correspond to a peak in the flux of gyro-
resonant electrons. Modal interference may contri-
bute to the gap between the two bands. Occasional
falling tones are generated on the opposite side of
the equator, and, as seen in Fig. 13, travel pole-
ward without crossing the equator. Non-ducted
emissions are refracted inward to slightly lower L
shells as they propagate Earthward (Burtis and
Helliwell, 1969), and may be magnetospherically
reflected {region B in Fig. 13). In principle they can
return to the equator at lower L (region C, fifu
~(0.2) and perhaps trigger new emissions. However
the returning wave-may be highly attenuated by
Landau damping and to date has not been ob-
served. Other emissions may become ducted and
propagate along field lines (dashed curves in Fig.
13) to the lower ionosphere.
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