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Heating of Proton Conics by Resonant Absorption in a Multicomponent Plasma 
1. Experimental Evidence 

JEAN LOUIS RAUCH, • FRAN(•OIS LEFEUVRE, • DOMINIQUE LE QUIgAU, 2 ALAIN ROUX, 3 

JEAN MICHEL BOSQUED, 4 AND JEAN JACQUES BERTHELIER, $ 

ELF emissions observed on the low-altitude AUREOL 3 satellite are seen in association with H + ions at large 
pitch angle. The flux in the upward direction for -120 ø pitch angle is found to be equal to or larger than the flux 
at -60 ø pitch angle, which provides evidence for transverse acceleration at or below the spacecraft. These 
emissions have a sharp lower-frequency cutoff of the transverse components of the electric field and a narrow 
peak at, or, more precisely, just below the proton gyrofrequency f.+. This narrow peak is more easily seen on 
the parallel component and appears as a narrow line on the spectrogram of this component. A statistical study 
of the occurrence of this line at f - f.+ is presented. It is shown that this line is observed at relatively high 
invariant latitude within the light ion trough •vhere a strong depletion of thermal H + ions occurs. Detailed 
analysis of ELF waves observed just below fa+ demonstrates that they propagate in the left-hand mode. These 
observations are interpreted as a signature of mode conversion from a fast magnetosonic mode into a slow proton 
cyclotron mode. It is suggested that this slow proton cyclotron •vave can accelerate protons up to a few hundreds 
electron volts in the transverse direction. This mode conversion process can operate over a much broader of large 
altitude range than covered by AUREOL 3; it is a likely candidate for explaining the formation of H + conics. 
Theoretical calculations that support the above conclusions are given in a companion paper by Le Qu6au et al. 
(this issue). 

1. INTRODUCHON 

Ion conics result from the combination of a transverse 

acceleration, followed by an upward motion driven by the magnetic 
mirror force. Ion conics therefore play a key role in the population 
of the magnetosphere with ions extracted from the ionosphere. 
Many papers have given experimental evidence [Ungstrup et al., 
1979; Klurnpar, 1979; Yau et al., 1984, 1985a, b; Klurnpaz; 1986 
and references therein] and theoretical explanations [Lysak et al., 
1980; Okuda andAshour-Abdalla 1981, 1983; Ashour-Abdalla and 
Okuda, 1984; Chang et al. 1986; Andr• et al. 1990 and references 
therein] for the formation of the conical pitch angle distribution of 
ions. The narrowness of observed angular distributions suggests 
that a heating mechanism should be able to accelerate ions in a 
relatively narrow angular range around 90*. Several mechanisms 
have been proposed in the literature to heat the H +, He +, and O + 
ions in the perpendicular direction. Various scenarios have been 
proposed. Ungstrup et al. [1979], Olatda and Ashour-Abdalla 
[1981], and many others have suggested that electrostatic ion 
cyclotron waves (EICWs), driven unstable by a field-aligned 
current, heat the ions in the transverse direction. The main 

difficulty with this mechanism is that electrons diffuse rapidly in 
velocity space, in the V// direction, thus leading to a plateau. 
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Hence the instability is rapidly quenched unless flowing electrons 
are continuously fed into the system, as illustrated by numerical 
simulations by Okuda and Ashour-Abdalla [1983]. Furthermore, the 
relationship between EICWs and conics is not found to be a 
common feature. The existence of one of the two modes, 
electrostatic O + cyclotron waves or electrostatic lower hybrid 
waves, is possible with the presence of ion conics. But no evidence 
is found for the existence of H + cyclotron waves during the 
perpendicular ion acceleration [Kintner and Gorney, 1984]. 
Retterer et al. [1986] and Chang and Coppi [1981] have suggested 
that lower hybrid waves could heat ionospheric ions in the 
transverse direction. The same remark as above, applied to the 
correlation between lower hybrid resonance noise and conics, is not 
overwhelming; other mechanisms must be considered to heat ions. 
Lennartsson [1983] and Sharp et al. [1983] have suggested a 
different mechanism, where a potential drop applied in a direction 
transverse to Bo accelerates ions. Recently, Lundin et al. [1990] 
expanded this idea and suggested that the transverse electric field 
of ultralow-frequency Alfv6nic fluctuations could accelerate the 
ions. They do not assume any resonance between the Alfv6n waves 
and the ions; their mechanism relies on the perpendicular velocity 
increment associated with random increases of the electric field of 

the Alfv6n waves, which are indeed simultaneously observed. 
Lundin et al. [1990] were able to demonstrate a good correlation 
between the level of the Alfv6n waves and the transverse 

acceleration/heating which provides a strong argument in support 
of the mechanism they propose. It is obvious, however, that a 
nonresonant process is a priori much less efficient than a resonant 
one. 

Crew et al. [1990] also suggested that Alfv6n waves 
accelerate/heat the ions. In their mechanism, they assume that an 
Alfv6n wave propagates, its frequency matches the local ion 
gyrofrequency somewhere. They also assumed that when this 
occurs, the Alfv6n wave still has a finite left-hand component that 
is sufficient to accelerate/heat the ions. More recently, Johnson et 
al. [1989] suggested that resonant absorption can account for the 
heating of ions. 

The present paper aims at investigating a process responsible for 
the transverse ion acceleration: the first stage in the formation of 
conics. We further investigate the relation between Alfv6n waves 
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and the formation of ion conics, where the role of mode conversion 
between the magnetosonic and ion-cyclotron mode is determinant. 
In particular, we take advantage of waveform data collected on the 
five electromagnetic components by AUREOL 3 (two electric, 
three magnetic) to perform a detailed analysis with a high- 
frequency resolution at and just below the proton gyrofrequency. 
Furthermore, evidence for mode conversion from the fast Alfv6nic 
mode into the slow proton cyclotron mode is given. 

The paper is organized as follows: Section 2 presents a 
description of the instruments. Wave observations are presented in 
section 3 with particular emphasis on the existence of an intense 
line at or just below fH+. Section 4 is devoted to a statistical study 
of the localization of this emission in magnetic local time and 
invariant latitude, and comparisons are made with the position of 
the light ion trough (LIT). In section 5 we investigate the 
relationship between waves and ion conics. A detailed study of 
wave characteristics is given in section 6, where the propagation 
mode is identified. 

2. INSTRUMENTATION 

AUREOL 3 was a three-axis-stabilized satellite launched on 

September 21, 1981, into a quasi-polar orbit (apogee 2012 kin, 
perigee 408 kin, inclination 82.5', period 109.5 rain). Results 
presented here are based on data from three experiments: 
TBF-Onch, Dyction, and Spectro, from ARCAD 3. 
The TBF-Onch experiment [Berthelier et al., 1989_3] performed 
measurements of the wave field components in the ELFNLF 
frequency range from 10 Hz up to 16 kHz, and several modes of 
operation are possible. In the mode considered here, two electric 
and three magnetic field components were simultaneously 
measured in the 10-1500 Hz band, and waveforms were transmitted 
to the ground. One electric component, Ez, was measured by means 
of two spherical probes, located at the end of an insulated boom 
parallel to the vertical Z axis of the spacecraft. The distance 
between the two spheres was 2.36 m. The Z axis was 
approximately along the vertical, which gave an angle between 
and 20' with respect to the local magnetic field Bo. The second 
electric component, EH, was measured by means of two spheres 
located on two different booms. The distance between these 

spheres 'was 7.87 m. The theory and practice of DC and AC 
electric field measurements in the ionosphere, using this double- 
probe technique, are well documented by Moser [1973]. The H 
direction was 11.5' off the plane perpendicular to the Z axis. As 
far as the magnetic components are concerned, Bz is taken along 
Z, whereas Bx was directed along the average velocity vector of 
the satellite and in a plane perpendicular to Bz, which contains also 
the ax4 s component, at 45'from Bx. 

The Dyction experiment [Berthelier et al., 1982a] was an ion 
mass spectrometer, designed for measuring the density, bulk 
velocity, and temperature of the thermal ionospheric ions. The 
counting rates of the various ions (mainly H +, He +, and 
corrected for a transmission factor, allow a comparison between 
the various ion densities. The relative concentrations obtained are 

consistent with measurements performed on DE 1 and 2 [Ho•,itz 
et al., 1990]. Here, the data are mainly used to determine the 
location of the light ion trough [Taylor and Walsh, 1972]. 

The Spectro experiment [Bosqued et al., 1982] was designed to 
measure the energy spectra, and the angular distributions of ions 
and electrons in the energy range 0.01-21 keV/Q. In order to 
identify the presence of conics, we consider the results provided by 
the two suprathermal ion spectrometers which measured the 
abundance of ionospheric (H*, He*, O*, O +*) and magnetospheric 
(H*, He**) ions, from several electron volts to 14 keV/Q, and in 

two fixed directions, 60' and 120' with respect to the vertical axis 
of the satellite, that is, essentially along the magnetic field. The 
pitch angles analyzed by these two spectrometers were thus 
practically constant during a crossing of the auroral region (60'-70' 
and 120'-130', respectively, for the northern hemisphere). Thus, 
when the flux of H + ion is enhanced and larger at ~120' than at 
60', we can expect that a transverse acceleration has occurred 
somewhere below or near the spacecraft. This is how "conics" are 
defined in the rest of the paper. However, it is clear that the 
present measurements cannot unambiguously identify conics, nor 
is it certain that no conics were missed at pitch angles not covered 
by the experiment. Still, when an event fulfilling the above criteria 
was recorded, a transverse acceleration of the corresponding ion 
species certainly took place below the spacecraft. 
The data referred to in this study have been recorded over limited 

time intervals, when the satellite was passing over one of the high- 
latitude receiving telemetry stations. Even considering one year of 
data, a uniform coverage in the MLT domain cannot be achieved. 

3. WAVE OBSERVATIONS 

Waves observed around the local proton gyrofrequency at 
medium and high invariant latitudes show similar features, 
regardless of altitude and local time. As an illustration, two typical 
orbits have been chosen. They both show ELF wave observations 
performed in the dayside MLT sector and the northern hemisphere. 
The two examples presented here are taken at two different 
altitudes. Plate i and Figure 2 show data collected at a relatively 
low altitude (~1000 kin) during orbit 4349. Plate 2 shows data 
from orbit 3162, corresponding to observations at higher altitude 
near the apogee, at about 2000 km. For each orbit, the time 
frequency characteristics of the waves will be discussed. For orbit 
3162, the spectral characteristics in the vicinity of the local proton 
gyrofrequency (f•+) will be examined in detail, and the 
associations with particle data will be shown. 

Orbit 4349 

Plate 1 presents simultaneous electron and ELF wave 
spectrograms recorded at a relatively low altitude (~1000 kin) near 
the polar cusp. From top to bottom, plate la shows the flux of 
downgoing electrons (color coded) over 200 eV to 20 keV; plates 
lb to le show dynamic spectra of magnetic and electric 
components perpendicular (Bx,E•) and parallel (Bz, Ez) to the local 
magnetic field Bo, over a frequency range from 10 to 1200 Hz. 
AUREOL 3 was moving from the northern polar cap toward the 
auroral zone in the dayside sector (13-14 MLT). The polar cusp, 
and adjacent regions as defined by the precipitation of low-energy 
(E < 500 eV) electrons, were crossed around 13 MLT from 
0912:30 UT (A ~ 83') to 0915:30 UT (A ~ 74'). During the period 
0915-0922 UT, an intense hiss event was recorded on all field 
components, with a bandwidth varying from 200 to 700 Hz. This 
event can be divided into two time periods. 

During the first period, from 0915:00 to 0919:30 UT, 
corresponding to an invariant magnetic latitude 63' < A < 70', the 
frequency bandwidth was broader and extended below the local 
proton gyrofrequency, fH+ = 550 Hz. This was observed in 
association with enhanced energetic electron fluxes (~3 KeV). 
Similar associations have been reported by several authors [Gurnett 
and Frank, 1972ab; Mosier and Gurnett, 1972; Laaspere and 
Hoffman, 1976; Gorney et al., 1982], who concluded that the 
observed broadband ELF hiss emission was generated by 
downgoing electrons. Simultaneously, a strong enhancement was 
observed in the Ez component, at or close to the local proton 
gyrofrequency, as will be further discttssed. 
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ORB 4349 17/08/1982 TROMSOE AUREOL-3 
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Plate I. Spectrogram of the parallel (Ez, Bz) and perpendicular (E. Bx) electric and magnetic components and electron 
precipitation (200 eV to 4 KeV) taken on August 17, 1982. ELF hiss emission is associated with the electron precipitation. ELF 
hiss exhibits a sharp cutoff at the vicinity of the proton gyrofrequency f.+. A strong line of a few hertz width is detected just below 
the frequency f.+ in the electric component E z during the time period 0914:00-0921:00 UT. 

In the second period, from 0919:30 to 0922:00 UT, at A • 63 ø, 
the hiss presents a sharp lower-frequency cutoff at f.+. Although 
not clearly shown by this figure, the wave power was weaker than 
during the first period. The intensity of the f.+ line observed on 
the Ez component is still present but weaker. Moreover, the 
electron precipitation has disappeared. The sharp lower-frequency 
cutoff observed during the latter period is well documented in the 
literature. Sharp frequency cutoff close to the H* gyrofrequency 
have been observed at low altitudes by Gurnett and Burns [1968] 
as well as in the equatorial region by Rauch and Roux [1982], at 
fH,+. As shown by Gurnett and Burns [ 1968], a cutoff close to 
was observed whenever the following two conditions were fulfilled: 

(1) The H* density is much smaller than that of heavier ions (e.g., 
O*, He*). (2) The angle between the wave number K and Bo is not 
too snmll (here --50ø). 

The waves propagate in the nonducted magnetosonic mode. The 
observation of large wave propagation angles, the decreasing of the 
wave energy, and the absence of precipitating electrons after 
0919:30 UT suggest that the sources are not on the same magnetic 
field lines (after 0919:30). 

A detailed analysis of the line observed close to f.+ during the 
period extending from 0915:00 to 0919:50 is presented in Figure 
1. All along the pass, systenmtic spectral analyses were carried out 
with a frequency resolution of 1 Hz. For each spectrum, a search 
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ORB 4349 17/08/1982 TROMSOE AUREOL-3 
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Fig. 1. Characteristics of the line seen on E z on August 17, 1982. (a) Frequency position of the line; note that the frequency of 
the line follows the local proton gyrofrequency. (b) Average power of the perpendicular component (E.). (c) Average power of 
the parallel component (Ez) computed inside the lille. (d) Width of the line; the maximum is around 10 Hz. (e) Frequency position 
of the power maximum in relation to the proton gyrofrequency, which is always below the local proton gyrofrequency. (f) Gap 
between the frequency of the maximum power of the line and the proton gyrofrequency, which is always around 5 Hz below the 
f.+ frequency even when the power is weak. 

for a peak in the Ez electric component was made. For each 
detected peak the frequencies f• and f2, corresponding to 1/e times 
the amplitude at the peak, are plotted in Figure la (top). The 
existence of a small difference f2 -f: provides further evidence for 
a well-defined peak in the E z component between 0915:00 and 
0919:00 UT. From top to bottom we have plotted, versus time, the 
power of the peak for the perpendicular EH (Figure lb) and parallel 
Ez (Figure lc) components, the frequency width of the peak in the 
Ez component (Figure ld), the frequency f3 where the power 
spectral density of Ez component is maximum (Figure le) and 
finally the frequency difference Af = fH+ -f:• (Figure lf). The 
following features are worth pointing out. 

1. In spite of the large frequency variation of f•+ (150 Hz) over 
the 12 min considered, the variation of the frequency of the peak 
follows that of the proton gyrofrequency. Then the observed line 
close to f•+ cannot be due to interference generated by the 
spacecraft. 

2. The observed line close to f•+ is enhanced by 2 orders of 
magnitude during the energetic electron precipitation. 

3. The width of the emission line is about 10 Hz (Figure ld). 

4. The frequency where the electric power is maximum is always 
below f•+, and Af = fH+ - fmax is about 5 Hz (Figure le) and always 
positive. 

Orbit 3162 

Plate 2 and Figure 2 are similar to Plate 1 and Figure 1, but show 
observations made at a higher altitude near the apogee of 
AUREOL 3 (2000 km) during pass 3162 over the northern 
hemisphere. Unfortunately, electron data are not available for this 
pass. Again, the spectrograms can be divided into two periods. 
First, before 1108 UT (below 56' magnetic latitude) the hiss is less 
intense and narrow-banded, and a very sharp lower-frequency 
cutoff is observed. One also notices an attenuation band at 450 Hz, 
as already pointed out by Rauch et al. [1985]. This latter 
observation will not be discussed here. 

Second, after 1108:00 UT (for A z 56 ø) the hiss is wide-banded 
and extends below f.+. A line at f.+ shows up on the Ez 
spectrogram. This line is also seen on the magnetic spectrograms, 
particularly on the Bxns, but with a much weaker contrast. An 
increase in the magnetic energy density in the vicinity of the 
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Plate 2. Same as Plate 1, but the altitude is 1000 km above. 
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proton gyrofrequency could be explained by a propagation effect: 
it could result solely from a low group velocity, close to a 
reflection point, thus leading to an enhanced wave energy. This 
explanation is not consistent, however, with the observed enhanced 
line on the Ez component which is a new phenomenon. Clearly, the 
enhanced line seen mainly on Ez has a finite bandwidth, ~10 Hz, 
and is significantly below fu+. Figure 2 is in a format similar to 
Figure 1; it shows the detailed behavior of the wave energy at f ~ 
f.+. Although f.+ it varies less than during pass 4349, advantage 
will be taken of this relatively weak variation to integrate the 
spectra over ~10 s, thus improving the frequency resolution. This 
will be explained in section 6. 

4. STATISTICAL ANALYSIS 

Numerous events, recorded on the TBF and Dyction experiments 
of the AUREOL 3 satellite above the northern hemisphere, in the 

dayside MLT sector, present characteristics similar to the two cases 
discussed above. At high invariant latitudes, wide-band hiss is 
clearly associated with precipitating energetic (1-20 keV) electrons. 
Typically, such hiss has magnetic power spectral densities of the 
order of 10-' to 10 '3 m¾2/Hz, a smooth lower-frequency cutoff 
(decrease of the power spectral density over a 100-Hz band as seen 
in Plate 1, from 0915:00 to 0919:30 UT), and often an enhanced 
line on the Ez electric component. According to the orientation of 
the satellite, the E, component may contain a weak part of the 
electric component parallel to B0. In a few cases and for very 
specific configurations, an increase in the spectral power density in 
E. is detectable in the vicinity of f,+. But the line at f.+ is still 
present in Ez. Narrow-band hiss, observed at medium invariant 
latitude, has electromagnetic energy densities that are about 10 
times lower, a sharp lower-frequency cutoff (decrease of the power 
spectral density over a 10-Hz band, as in Plate 1, from 0919:30 to 
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Fig. 2. Same as Figure 1, but the altitude is 1000 km above. 

0922:00 UT), and generally no enhanced line on Ez. These 
characteristics are not associated with a detectable precipitation of 
energetic electrons. The situation appears more complex in the 
nightside sector where the magnetic and electric energy densities 
are usually smaller [Parrot, 1990]. 

Examination of the ion composition is a key issue for the 
understanding of the origin of this enhanced line at f.+. Direct 
measurements from the Dyction experiment, and indirect 
measurements from the ratio of the local lower-frequency cutoff to 
the local proton gyrofrequency [Gurnett et al., 1965], show that the 
O + ionospheric ions are dominant on the dayside for the high 
invariant latitude regions covered by AUREOL 3 (90 to 99%, 
according to the altitude of observation) whereas they can fall 
below 50% in the medium invariant latitude region. The boundary 
between these two regions corresponds to the light ion trough (LIT) 
defined, by Taylor and Walsh [1972]. It is defined as a depletion 
in the H + content and possibly the He +, concentration [Guegan et 
al., 1982]. 

In order to establish the relationship between the ion composition 
profiles and the presence of an enhanced line at f.+, these data 
were subjected to statistical analyses. One year of AUREOL 3 data 
has been used (October, 1 1981, to September, 30 1982). The data 
base is restricted to the orbits corresponding to low and moderate 

magnetic activity (Kp < 3+). Moreover, records with a poor signal- 
to-noise ratio have been rejected. As a result, 112 distinct time 
intervals have been selected. When possible, i.e., when the mass 
spectrometer is not contaminated by radiation belt particles, the 
equatorward boundary of the LIT is defined as the middle value of 
the gradient in the H* counting rate. Such an approximation is valid 
as long as the O* counting rate does not vary too much, which is 
generally the case. Results are shown in Figure 3 and 4. 

Figure 3 shows the occurrences of an enhanced line at f.+, as a 
function of MLT and invariant latitude, where each bin corresponds 
to 1 ø invariant latitude. The plots have been split into eight time 
intervals of 3 hours each. The upper curve represents the number 
of hiss events. The lower curve gives the number of observations 
of f.+ lines observed during the same time intervals. The crosses 
indicate regions in invariant latitude where the LIT equatorward 
boundary has been determined. The asterisk gives the median 
position of these boundaries. Running from MLT sectors 00-03 to 
21-24 we have, respectively, 9, 5, 1, 4, 13, 4, 4, and 16 LIT 
boundary determinations. 

Clearly, the fn + lines are more common on the dayside (from 09 
to 21 MLT) and at high invariant latitude (from 55 ø to 75ø). In the 
12 to 15 MLT sector, the percentage of observations of fH+ lines 
reaches 74% at ~70 ø . Noting that the selected data contain several 
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Fig. 3. Histograms showing the distribution in invariant latitude of all the hiss events (upper curve) and of the lines at f.+ (lower 
curve) observed on AUREOL 3 in 1982, during geomagnetic quiet periods. Eight MLT time intervals are considered. The crosses 
indicate the domain on which the LIT is identified. The asterisk represents the median value. Note that, the F.+ line is always 
inside the LIT. 
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Fig. 4. Histogram showing the distribution in altitude of the hiss events 
(upper curve) and of the line at fH+ (lower curve) observed between 09 and 
21 MLT in 1982, during geomagnetic quiet periods. 

types of electromagnetic emissions (particularly emissions below 
f8+), one can consider that, around noon, hiss events above f.+ are 
practically always accompanied by a f.+ emission line. 
Comparisons with the world maps of the AUREOL 3 emissions 
in the ELF frequency range [Parrot, 1990] show that the f.+ lines 
appear at invariant latitudes and MLT regions where the 
electromagnetic energy density of the hiss is maximum. 

From the results presented in Figure 3, one can consider that f.+ 
lines are observed at invariant latitudes (>55 ø ) corresponding to the 
LIT regions where O* ions are the dominant species. This is 
consistent with the positions of the equatorward boundaries of the 
LIT shown in Figure 3. In the 12-15 MLT sector, however, the 
latitude of the LIT boundaries is -15' lower than the latitude of the 

f.+ lines. The cases where a LIT boundary and a line at f.+ were 
detected on the same orbit are enumerated in Table 1. The LIT 

boundary is always observed at an invariant latitude lower than that 
of the fH+ line. The only exception in the table corresponds to a 
difference of-1', which is not significant. 

Statistics on the altitudes of observation are given in Figure 4. 
The upper curve represents the observations of hiss events from 09 
to 21 MLT. The lower curve indicates the occurrence of enhanced 

lines at f.+. Relative fluctuations between the two curves are not 
significant; no systematic variation with altitude is found, at least 
below 2000 kin, the apogee of AUREOL 3. 

The distribution of the f.+ lines is in good agreement with that 
of conics, the latter being inferred from S3-3 data [Gorney et al., 
1981]. During quiet times the distribution of ion conics is uniform 
above 2000 km, which implies that the generation region is at a 
lower altitude. The distribution of conics with energies less than 
400 eV peaks around local noon. Thus the association between fH+ 
lines and conics, discussed in the next section, is consistent with 
the statistical properties of conics described by Gorney et al. 
[1981]. Because of the small number of angular windows covered 
by the Spectro detectors, the nonobservation of conics on 
AUREOL 3 does not mean that conics are not present. For this 
reason, it is not easy to carry out a statistical analysis of the 
associations between waves and suprathermal particles. 

5. CORRELATIONS WITH ION DATA 

Plate 3 shows data taken along pass 3162. Dynamic spectra of the 
magnetic components Bx and one electric Ez component are shown 
in Plates 3a and 3b (in the same format as Plates 2a and 2b). Plate 

TABLE 1. Relative Invariant Latitude Ak of Equatorward Boundaries 
of the Lower Invariant Latitude of the LIT and the fn+ Observed on 

the Same Orbit 

Day 1982 Orbit MLT A A 

June 15 3517 10 + 8 ø 

June 8 3425 11 + 6 ø 

June 8 3426 11 + 11 ø 

Aug. 23 4429 12 + 11 ø 
May 17 3136 13 + 13 ø 
May 19 3162 13 + 12 ø 
Aug. 16 4337 13 + 15 ø 
Aug. 17 4350 13 + 10 ø 
May 12 3071 14 + 7 ø 
May 12 3069 14 + 9 ø 
May 4 2965 15 + 0 ø 
April 28 2887 15 > + 3 ø 
April 8 2624 18 - 1 ø 

3c gives the relative O +, H +, and He + ion densities, obtained from 
the Dyction experiment. Plate 3d shows the H + flux measured by 
the suprathermal ion spectrometers of the Spectro experiment 
between 10 and 100 eV, in two fixed directions: .-60* pitch angle 
(the curve labeled downgoing ions), and --120' (the curve labeled 
upgoing ions). As discussed above, we take a higher flux in the 
upward direction after 1111:00 UT as an indication of the detection 
of a conical ion distribution. Before 1111:00 UT the ion fluxes are 

too low to be significant. 
Plate 4 shows wave and particle data for one other event, on orbit 

3084. This event is similar to the one displayed in Plate 3. After 
1321 UT an increase in the flux of the suprathermal H + ions 
moving up (dashed line in Plate 4e) is observed. It corresponds to 
a strong depletion in the cold H + and He + ionospheric ions. 
Simultaneously, the spectrum of the Bx component extends below 
f.+ and a line just below f.+ shows up in the Ez component. 
Moreover, the flux of 10-100 eV ions moving upward is nmximum 
when the f.+ line is the most intense. This suggests that the 
acceleration process of the H* ions is directly related to the 
appearance of an enhanced line at f- f.+. Prior to further 
discussing the relations between these lines at f.+ and ion heating, 
it is necessary to investigate the properties of the wave field close 
to f.+. This will be done in the next section. 

6. WAVE CHARACTERISTICS AROUND FH+ 

The statistical results presented in the previous section have 
shown that an enhanced line at f.+ is usually observed for ELF 
emissions where the H* ion concentration is small, which leads us 
to consider the propagation of waves in a multicomponent plasma 
with a low H* concentration. Near f.+ the percentage of the light 
ions plays a major role in wave propagation; whenever light H* 
ions are the minor species, the exact concentration of the various 
heavy ions is of little importance for frequencies close to fH+. 
Therefore, to simplify the discussion, we will assume that O* is the 
only heavy ion. 

Dispersion Relation 

Figure 5 shows the dispersion relation below f.+ in the presence 
of H* and O* ions. The parameter X is the normalized frequency 
f/f.+, Clearly, the dispersion relation of ELF waves is greatly 
modified by the presence of one species of heavy ion. In the 
absence of heavy ions, the well-known dispersion relation is 
characterized by two branches: the left-handed ion cyclotron 
branch, and the fight handed magnetosonic branch. In the presence 
of one additional ion, three new characteristic frequencies (X,.,oft, 
X,,, Xu.•o•) appear, and three different branches, referred to as class 
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Plate 3. (a) Magnetic (Bx) a,d (b) electric (Ez) spectrograms taken on May 19, 1982. (c) The relative densities (H +, He +, H +) of 
the cold plasma. (d) The downgoing and upgoing flux of suprathermal H + ions. From 1111 UT the upgoing flux becomes 
significant. 

l, lI, and 1II, characterize the propagation. Following Rauch et aL 
[1985], we label as class I the waves which have frequencies below 
the heavy-ion gyrofrequency (here X _< Xo+ = 1/16); they are left- 
hand polarized with an oblique resonance below Xo+. The 
dispersion relation of cla• II waves is more complex; two new 
characteristic frequencies appear: a new plasma cutoff frequency 
X•..,ou where the wave number N = KcAo becomes zero for any 
propagation angle, and a new crossover frequency X,, where a 
polarization rever•l occurs. This class has no resonance at the ion 
gyrofrequency. Class II waves cross the proton gyrofrequency with 
a purely right-handed polarization. Class III waves propagate below 

the proton gyrofrequency (X _< X.+ = 1), and they also reverse their 
sense of polarization at the crossover frequency. These waves are 
left handed above X,• and right handed below X,•. In contrast with 
class II, class III waves have resonances between the bi-ion (Xu.•oD 
and the proton gyrofrequency (X = 1). The N-ion frequency is a 
mixed resonance between H' and O' and corresponds to a 
resonance for perpendicular propagation (O = x/2). For discussions 
it is worth keeping in mind that the parallel electric field of class 
lI waves is negligible, but that of class III waves can be quite 
significant when the polarization becomes linear near an oblique 
resonance especially if this resonance is close to the proton 
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Plate 4. (a) Magnetic (B,x) and (b) electfie (Ez) spectrograms taken on May 13, 1982. (c) The minimum frequency F: and the 
maximum frequency F 2 of the peak seen in Ez component. These frequencies are calculated each second. (d) The relative densities 
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curves denote left-hand waves. Note that the cutoff frequency is very close 
to the proton gyrofrequency. The dispersions have been drawn for different 
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gyrofrequency. However, a large Ez can be observed when the 
mode conversion is operating, because the confluent 
hypergeometric function describing the electric field diverges 
rapidly when the wave frequency matches the local proton 
gyrofrequency, [Le Qudau et al., This issue] 

Wave Analysis 

The spectra of the five wave components Bx, By, Bz, E,, and Ez 
have been calculated at two different time intervals selected among 
the data shown in Plate 3. The three magnetic components have 
been transformed into a coordinate system linked to the static 
magnetic field Bo, so that the z axis is now exactly along Bo. 
Figure 6 shows the power spectra at 1110:00 UT, estimated as 
follows. The waveforms have been Fourier transformed over time 

intervals of 0.1 s (10-Hz frequency resolution). Powe•r spectra have 
been estimated from the average of 10 successive Fourier 
transforms, corresponding to 1 s of signal. The resulting spectra of 
the magnetic and electric components are represented in Figures 6a 
and 6b, respectively. The same features are observed in the five 
components, namely a moderately intense broadband hiss spectrum. 
A sharp lower-frequency cutoff is seen at the local proton 
gyrofrequency (363 Hz). Figure 6c shows the angle of propagation 
0 calculated by Means' method [Means, 1972] from the three 
magnetic components. As noted by Lefeuwe et al. [1986], 
however, Means' method does not provide an estimate of 0 but an 
estimate of cos(O). The definition is such that the value of cos(O) 
is always positive for right-hand polarized waves and negative 
when for left-hand. Then, the Means angle conveys two different 

items of information. First, provided the plane wave hypothesis is 
valid, i.e., that the Samson [1973] degree of polarization has values 
close to 1, it gives the angle 0 between the wave number K and the 
magnetic field B0 (modulo :x/2). Second, even if the field is not that 
of a plane wave, it gives the sense of polarization of the dominant 
propagation mode (right for 0 • :x/2; left for 0 z :x/2). Obviously, 
both items of information have no physical meaning when the 
signal-to-noise ratio is too weak. 

In Figure 6, the degree of polarization (not shown here) is greater 
than 0.8 in the region with a significant signal-to-noise ratio 
(shaded part). In that region the angle 0 always takes values of the 
order of 50', and the hiss is right-hand polarized. The ellipticity 
parameter has also been computed from a method suggested by 
Sarnson and Olson [1980]. This method, however, is only valid for 
a plane wave. This is worth remembering when interpreting the 
results shown in Figure 6d. The polarization is found to be nearly 
circular, which, together with the right-hand polarization, is 
consistent in Figure 5 with the type II magnetosonic mode. In any 
case, this is the only mode that can propagate above the f,+ 
gyrofrequency in a cold plasma. Several power spectra made in this 
part of the wave spectrogram show identical features with large 0 
angles. We interpret the sharp lower-frequency cutoff as a 
consequence of a large concentration of heavy-ion species [Gumett 
et al., 1965] and of a large 0 angle [Gurnett and Burns, 1968]. The 
reason is that for such large values of 0 angles the hiss cannot 
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propagate until the plasma cutoff frequency (K=0), becattse the 
parallel wave number becomes equal to zero before reaching it. 
Thus the wave is reflected where its frequency matches the 
gyrofrequency, or above. 

The power spectrum displayed in Figure 7a is different: it 
corresponds to a time period (1112:20) when the flux of upgoing 
ions is maximum. The magnetic components have the same 
spectral shape as in figure 6 with a well-defined lower-frequency 
cutoff, and the amplitude is the same as in figure 6. The power 
spectrum of the Ez component, however, is different, as it shows 
a well-defined peak. The main difference consists in an increase of 
the power spectrum of Ez just below f.+. Moreover, the lower- 
frequency cutoff is slightly below f.+, and the angle 0 is smaller 
(~20'), over a broader frequency range than for the preceding case. 
Although the estimate of the ellipticity parameter might not be 
valid over the whole frequency range, Figure 7e suggests that there 
is a polarization reversal around f•+. Above f•+ the ellipticity is 
close to 0.8, which indicates a circularly polarized mode, and just 
below f,+ it decreases strongly close to 0.2, and the polarization 
becomes linear. That is consistent with the dispersion relation 
sketched in Figure 5 if the energy of the wave is propagating from 
class II to class III. Between f.+ and the cutoff frequency, the 
waves are essentially propagating a linearly polarized mode. A 
better frequency resolution will allow us to check this point on the 
Means 0 solutions. 

The frequency resolution has been improved as follows. 
Waveforms have been Fourier transformed over intervals of 10 s 

each, and these power spectra have been averaged over five 
successive intervals of 10 s. This is a good compromise to obtain 
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Fig. 7. Same format as Figure 6; note the peak in the E z component in the 
vicinity of the proton gyrofrequeney. 

a good resolution without suffering too much from the change of 
the f,+ frequency along the trajectory of the satellite. Over 50 s, 
the proton gyrofrequency has a smaller variation (here 1 Hz) than 
the width of the peak (here 10 Hz). This high-frequency resolution 
is used to analyze the spectra of the various electric and magnetic 
field components shown in Figures 8 and 9. But the level of the 
spectral power density will be different because we do not use 
exactly the same analysis period as in Figure 7. It shows a 
significant decrease in the spectral power density at f•+ and a 
cutoff significantly below f.+. The E z component reaches a large 
amplitude in a narrow window (~7 Hz) right below f•+. The left- 
hand polarized line at f ~ f8+ (Figure 8c), since it is always 
associated with a broadband electromagnetic emission above f•+ 
(without any discontinuity in the power spectra of the magnetic 
components around f•+), is more likely to result from a local mode 
conversion (from class II to class III) than to result from a local 
instability (class III). A polarization reversal of the downgoing 
MSW (class II) at the crossover frequency is a priori possible, but 
does not account for the existence of a large Ez component. The Ez 
component is, indeed, negligible for a class II wave, be it right- 
hand above f½, or left-hand at f½o < f < f½,. The only branch that is 
consistent with such a large parallel electric field is the class III, 
ion cyclotron branch at f- f.+ (see Figure 5). Part of the energy 
of the downgoing class II MSW must have been transferred into a 
class III proton cyclotron mode; in other words a mode conversion 
must have taken place. As noticed by Ngan and Swanson [1977], 
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2100 MLT sector. It has been shown that this finite Ez component 
testifies to the occurrence of a resonant absorption of the incident 
energy. According to this interpretation, which is discu•ed by Le 
Qudau et al. [this issue], the enhancement at fa+ of the power 
spectral density in the Ez component is nothing like that of the 
signature of a mode conversion proce•. Such a prOCess, which 
allows an energy transfer to the slow proton cyclotron mode, can 
lead to the heating of minor H* ions through a resonant absorption 
mechanism. The full proce• can therefore account for the 
transverse acceleration of H*, which leads to the formation of 
conics. As a matter of fact, the distribution of conics has been 
shown to be consistent with that of the LIT, where resonant 
absorption has been shown to occur. More direct evidence comes 
from the correlation between the observed enhancement of the ELF 

noise with an intense line at f < f•+, observed together with an 
increase in the flux of suprathermal H* ions having a higher flux 
upward than downward. 

In Figure 10 the general process is summarized. Precipitating 
electrons generate the hiss at high altitude. As the hiss propagates 
downward, waves with a large 0 angle are reflected upward, before 
reaching the gyrofrequency layer. Conversely for small and 
moderate values of 0, the hiss can reach the regions where f < f•+. 
When the wave frequency becomes about the local gyrofrequency 
fa+, part of the energy undergoes a resonant absorption in a thin 
layer right below the point where f ~ fH+. The absorbed energy is 
used to accelerate H* ions in the transverse direction. Since the 

downgoing ELF waves have a broad spectrum, the resonant 
absorption/heating proce• can be cumulative. As pointed out by 

the efficiency of the mode conversion strongly depends on the 
angle of incidence, and only a fraction of the incident energy can 
be mode converted. This mode conversion process obviously 
depends on the inhomogeneity of the medium. White et al. [1982] 
have studied the mode conversion of an incident MSW on a 

deuterium-hydrogen pellet, in the context of laser fusion. These 
authors have shown that in a range of incident angles a large 
fraction of the incident MSWs are resonantly absorbed by the 
protons. Le Qudau et aL [this issue] have made a detailed study of 
the resonant absorption, in a multicomponent inhomogeneous 
plasma. They estimate the. reflection, transmission and absorption 
coefficients through the resonant layer (the region where f ~ fa+). 
When No+ )) N•+, Le Qudau et al. [this issue] find that a large 
fraction (-25%) of the incident energy can be absorbed in the 
resonant layer. The absorption rate depends on the ratio N•+/No+, 
on the inhomogeneity, and on the angle 0. At AUREOL-3 altitude 
for N•+/No+ = 0.01 the absorption coefficient is z12%, for 30' ( 

7. SUMMARY AND DISCUSSION 

ELF waves observed along the orbit of AUREOL 3 (below 2000 
kin) are usually consistent with local reflection close to the proton 
gyrofrequency fH+. When they are observed in the light ion trough 
(LIT), however, the ELF waves often exhibit a well-defined peak 
especially in the Ez component, and right below the local f•+. The 
percentage of occurrence of these lines is very large in the 0900 to 

EARTH 

Fig. 10. Sketch which summarizes the formation of H* conics at low 
altitude. 
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Crew et al. [1990], the H* (or O*) heating at various altitudes can 
add up and therefore lead to a large increase of the energy of ions. 
The good correlation between the enhanced lines at f~ fH+ and the 
LIT strongly suggests that the resonant absorption at f- fH+ and 
the subsequent H * heating only occurs where H * is the minor 
species, as discussed by Le Qu•au et al. [this issue]. One can 
expect the same process to heat O • ions whenever they become the 
minor constituent of the plasma and when a high level of Alfv6n 
waves exits at f ~ fo+. Such a situation was seldom seen on 
AUREOL 3, but should occur at higher altitudes. 
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