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Abstract. HF radar backscatter which has been artificially- importance in both theoretical and experimental studies at
induced by a high power RF facility such as the EISCAT present. Energetic particles entering the Earth’s inner mag-
heater at Tromsg has been demonstrated to provide ionaetosphere from the magnetotail will experience gradient-
spheric electric field data of unprecedented temporal resoeurvature drift and thus move around the Earth, constitut-
lution and accuracy. Here such data are used to investigatig part of the global ring current. The drifting particles can
ULF wave processes observed by the CUTLASS HF radarsdrive MHD wave modes through wave-particle interactions,
Within a short period of time during a single four hour ex- leading to perturbations in the electric and magnetic fields in
periment three distinct wave types are observed with differ-the magnetosphere and ionosphere when free energy is avail-
ing periods, and latitudinal and longitudinal phase evolution.able to the wave. It has been suggested (e.g. Southwood,
Combining information from the three waves allows them to 1976; Hughes et al., 1978) that the part of the ion distribution
be divided into those with a large-scale nature, driven exterfunction which is able to feed energy into the wave is when
nally to the magnetosphere, and those with small azimuthabf/oW > 0, wheref is the ion distribution function an@#/

scale lengths, driven by wave-particle interactions. Furtherdis the energy. Such non-Maxwellian ion distribution func-
more, the nature of the wave-particle interactions for two dis-tions can be created quite commonly by naturally-occurring
tinct small-scale waves is revealed, with one wave interpretegrocesses in the magnetosphere, such as substorm-associated
as being driven by a drift resonance process and the other bgarticle injections. Subsequent to such an injection the ions
a drift-bounce resonance interaction. Both of these mechawill gradient-curvature drift westwards, where they will on
nisms withm ~ —35 and proton energies of 35-45 keV ap- occasion match the local drift-bounce resonance condition
pear to be viable wave energy sources in the postnoon sectafSouthwood et al., 1969),

Key words. lonosphere (active experiments; wave-particle ®wave — Mwavewdritt = N ® bounce (2)
interactions) — Magnetospheric physics (MHD waves and in-

stabilities). whereN is an integer (usually=1) andwwave, ® bounce and

wgrit are the angular frequencies of the wave, the proton
bounce, and the proton azimuthal drift, respectively. Such
wave-particle interactions are a process of fundamental im-
1 Introduction portance in collisionless astrophysical plasmas.

. The ionosphere modifies the magnetospheric ULF wave
In general, magnetospheric Ultra Low Frequency (ULF) _. ; ; .

. signature, leading to rotation and attenuation of the wave
waves which have an energy source external to the Earth .

. ) : . . magnetic signature detected on the ground (e.g. Hughes and
such as an impulse in the solar wind, solar wind buffeting, or . ) :
) . o Southwood, 1976; Hughes, 1983). This attenuation of the

the Kelvin-Helmholtz instability on the magnetopause, are

characterised by small effective azimuthal wavenumbers pulsation magnetic perturbation below the ionosphere is pro-

(or equivalently a large scale size in the azimuthal direction).portlonal. to exp.—kz) (eg. Hgghes and Southwood, 1976)
o : wherek is the field perpendicular component of the wave
Conversely, it is now widely accepted that an energy source

for small-scale, highn ULF waves exists in drifting ener- humber and: is the E-region height. It s thus clear that

getic particle fluxes through drift and drift-bounce resonanceground magnetometer data is far from optimal for the study

> ) . . ; of high-n ULF waves, and that direct observation in the iono-
interactions. Such high: waves are a topic of considerable . . .
sphere or magnetosphere is usually required. In particular,

Correspondence tof. K. Yeoman two categories of particle-driven waves have been intensively
(tim.yeoman@ion.le.ac.uk) studied with ground-based data: storm time pulsations and




160 T. K. Yeoman and D. M. Wright: ULF waves with drift resonance and drift-bounce resonance energy sources

giant ‘Pg’ waves, which are dusk and dawn sector phenom2 Instrumentation
ena, respectively.

Storm time Pc5 pulsations have been seen in STARE (the . -
ScandinavianTwin Auroral RadarExperiment; Greenwald The data presented here result from the generation of artifi-
et al., 1978) data (Allan et al., 1982, 1983) ,They are com-cidl ionospheric HF coherent backscatter. It is well known
presgional waves of high nurﬁ’ber(n 50 _80: here thatthe EISCAT Heating facility at Tromsg, Norway (Ri-
negativen is taken to represent westward phase propagation’at.ve'd e_t al., 199.3) IS gapaple of generating art'f'C'al field-
and frequency in the Pc5 range (1.7-6.7 mHz) which are as@Ilgned irregularities using high power HF radio waves (e.qg.

sociated with a drift resonance source mechanism. Drift res:ROb'nson' 1989). These irregularities are detectable by both

onance involves fundamental wave modes, with the eIectridnCOherem_ and Co_heren'F scatter radars (_e.g. ROb'r_‘SOH et _aI.,
1997). It is possible, given favourable ionospheric condi-

field symmetric about the equator (i.e. an equatorial elec-; difv th h . h i
tric field antinode). Storm-time Pc5s are observed in thet'(?_ns'to mo |fy.t-9magnetosp Ere-ionosphere coupling con-
ditions with facilities such as the Tromsg heater. Typically

dusk sector during magnetically disturbed intervals. Simi- . : . ;
lar waves, but with an equatorward phase motion, have beeﬁuch experiments use modulated E region electrojet heating
(e.g. Robinson et al.,, 2000). The present study involves

seen in SABRE (th&wvedenAnd Britain auroralRadarExp- . ) ) . .
unmodulated F region heating during quiet magnetospheric

eriment; Nielsen et al., 1983) and BARBiIgtatic Auroral ” ) . ) X
RadarSystem:; McNamara et al., 1983) coherent radar SyS_condltlons, with the main electrojet currents lying far north of

tems in the dusk sector by Yeoman et al. (1992) and Grant e]’romsz. The action of the heater is thus restricted to increas-
al. (1992) respectively ' ing the backscatter cross-section which the F region iono-

The second class of particle driven ULF waves of inter- sphere_ (;fj?(rﬁ_to_ HLF cohez;::nt ra(ljsa(:s. dThe CUTLAS?(
est are giant ‘Pg’ pulsations which have been observed Orﬁ)peranv win L ocatediuroral SoundingSystem) radar
the ground as well as by orbiting satellites at times when'S @" H.F cpherent backscat_ter radar system located at Han-
geomagnetic conditions are quiet. Pgs are an example of asalmi, Finland and pykkvibeer, Iceland, and forms part of
particle-driven ULF wave which may be studied with ground—t e SuperDARN array (Greenwald et al., 1995). CUTLASS

based magnetometers. Chisham and Orr (1991) presentedi%\idea"y situated for making observations of the heated vol-
statistical study of 34 of these events observed on the Elsymer:)verTrorTszl (e_.\.g.”B(_)n(IJI:_et ali’ 1937; E%Ims et al, 1998)’d
CAT magnetometer cross network in northern Scandinavia2> S"OWn s¢ ematically in Fig. la. Here data Is presente

They found a peak in occurrence of these waves in the dawniirom the SP-UK-OUCH Qbservations olJLF waves with

prenoon sector and no events were observed in the a]‘ternooﬁ;.U?I—I‘ASS and_thd—l eater; Wright and Yeoman, 1999b) ex:
The average value of the azimuthal wave number wa26 pgnment. In this exper!ment the'CUTLASS radars run in a
for the 34 events. Pgs have been related to drift-bounce reg]lgh_temporal and spatial reso_lqun mode, with Hankas_alml
onance mechanisms with both symmetric (e.g. Takahashi dtinninga 6-b§am scan (st_:anmng beam§ ! through 102, inclu-
al., 1992) and antisymmetric (e.g. Chisham and Orr, 1991)S'V€) with an integration time of 1.3’ whﬂstpykkwpaer runs
wave modes, and the wave-particle interaction responsibl@ 3-beam scan (beams 13-15) W'th a2 s integration pe“.Od'
for their generation thus remains controversial. Thus, both radars produce data with a temporal resolution

Recent results from DOPE (tR¥OpplerPulsationExperi- of 6 s and both_ run in a high spatial resolution mode, with
ment; Wright et al., 1997) at Tromsg in northern Norway each radar having 75 range gates of 15 km length, centre_zd
have demonstrated the existence of populations of high- on the heated volume at Tromsg. The EISCAT heater was in

waves in both the morning and afternoon sectors (Yeoman etl:qntmuous E%egatlfgq 3‘:“8 ﬁ)\j\/;’ powerf(usmg 6 X;(lkl\\/llthrans-
al., 2000). In this case the morning sector waves were th ltters, an 0 ), ata requency o z

most populous, and hag-numbers in the order of 100, high 1°F 4-'hogr mtervg!s. The heater prodyces artificial e!ectron
enough to screen the waves completely from ground mag_densny irregularities in the F region ionosphere, which act

netometers. The structure and occurrence of such particle?> targets for the HF radar. The artificial targets have been

driven waves have been studied by a number of authors ir(;Jemonstrated to accurately track the natural ionospheric con-

the magnetosphere with in situ spacecraft data, for both cas\éeCtion velocity, and the backscatter obtained is of very high

studies (e.g. Hughes et al., 1979; Takahashi et al., 1990 ower and very narrow spectral width. This allows a short
and statistically (e.qg. Kokubu,n 198:5' Takahashi et al., 1985'ntegration time to be run on the radar, providing higher time
Anderson et al.. 1990° Woch e,t al 1’990. Engebretsoh et al resolution than is normally available. The narrow spectral

1992: Lessard et al., 1999). These studies are largely consié"-’idths also produce ionospheric electric field measurements

tent with the ground-based results, identifying a strong pop—$‘c unprecelgzr;tei acgurac;ll (Yec;}man et al(:i, .19931; Wright and
ulation of particle-driven waves in the dusk sector. Events eoman, a,b). Sample coherent and incoherent scatter

are also detected near dawn however, and a variety of wavePectra from natural and artificial irregularities are illustrated

particle interaction modes have been invoked. In this paper',n Fig. 1b, c.

the HF radar artificial backscatter technique is used to pro- Data are also presented from the IMAGE (International
vide a dataset for the study of particle-driven ULF waves of Monitor for Auroral Geomagnetic Effects; Lihr, 1994) mag-
both symmetric and antisymmetric modes in the postnoometometer station at Tromsg (TRO, location N7 18.9 E
sector. geographic), which has a sampling interval of 10 s.
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tric field data during a complex period of wave activity. Un-
precedented spatial, temporal and electric field resolution is
achieved. Figure 2 presents a colour-coded representation
(flow away from the radars (negative velocities) are colour
coded red, with flow towards the radars (positive velocities)
colour-coded blue) of the I-o-s (line-of-sight) velocity mea-
sured by the CUTLASS Hankasalmi and pykkvibaer radars
for several radar range gates over the complete four hour ex-
periment. Figure 2a presents I-o-s velocity from beam 5 of
the Hankasalmi radar. This beam points roughly meridion-
ally, and the data is plotted as a function of magnetic lati-
tude. Figure 2b presents I-0-s velocity from beam 15 of the
pykkvibeer radar, which is directed roughly azimuthally east-
wards, as a function of magnetic longitude. A region of the
high latitude ionosphere of roughly one degree in both lat-
itude and longitude is illuminated by the EISCAT heater at
Tromsg. Complex and variable wave activity is clear in data
from both radars. The wave characteristics in three different
intervals are examined herénterval 1, a period of large-
scale field line resonance activitiyiterval 2 a period of low
frequency, small-scale wave activity ahderval 3 a higher
frequency, small-scale wave.

3.1 Interval 1: 1230-1300 UT

Interval 1 is presented in more detail in Fig. 3, which il-
lustrates data from 1230-1300 UT. L-o-s velocity data only
from Hankasalmi is presented, with the colour-coded veloc-
ities from a number of range gates plotted as a function of
magnetic latitude in panel 3a. Panel 3b presents the I-0-s
velocities in a simple timeseries format, whilst panels 3c, d
present X and Y component data from the underlying TRO
magnetometer (which lies under range gate 32). The clear-
est wave signature in this interval is between 1250 and 1300
UT, although higher frequency waves are detectable before
this. A poleward phase progression can be observed in Fig.
3a, b and the longer period wave is also visible in both com-
ponents of the Tromsg magnetograms. An analysis of the
spectral power and phase of the wave is shown in Fig. 4.
Figure 4a presents a Fourier power spectrum of the wave ob-
served in the Hankasalmi velocity data from beam 5, range
gate 28. The dominant Fourier component is at 5.7 mHz, al-
though some evidence of higher frequency wave activity at

Fig. 1. (a) A schematic of the artificial backscatter experiment, ~16 mHz is also apparent. The magnetic latitude profile of
SP-UK-OUCH. The Tromsg heater continuously heats the F regiorFFourier power and phase deduced from the radar data at 5.7
ionosphere, creating artificial ionospheric irregularities. These aremHz is shown in Fig. 4b. The wave shows some evidence
detected by the CUTLASS radars, operating in a high temporal ancf poleward phase propagation, and has an amplitude peak at
spatial resolution modgb) A typical HF radar spectrum, obtained  the equatorward edge of the region of artificial scatter close
from fitting to the autocorrelation function of backscatter from nat- to 65.6 magnetic latitude. Only latitudes poleward of the

ural F region irregularities after an integration period of 1(c3 A

similar spectrum, but this time obtained from a 1 s integration from
a heated F region. A narrower spectrum results, even from a shorter

integration time.

3 Observations

During a four hour experimental run of the SP-UK-OUCH

resonance location are within the artificial scatter region, and
this presumably precludes the observation of the full°180
phase change expected around resonance (e.g. Walker et al.,
1979). Figure 4c illustrates a velocity hodogram formed from
merging l-o-s velocities from the Hankasalmi and pykkvibaer
radars. An elliptical, anticlockwise polarisation is seen (note
that in this case the hodogram is for a later period of sim-

' ilar wave activity to Interval 1, for which data was avail-

the artificial backscatter technique has provided bistatic elec-

161
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CUTLASS line-of-sight velocities 18 Oct 1999
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Fig. 2. An overview of the CUTLASS l-o-s velocity data for the run of the SP-UK-OUCH from 1200-1600 UT on 18 October, (2999.

Beam 5 velocities from Hankasalmi, Finland as a function of geomagnetic latifbjleam 15 velocities from bykkvibzer, Iceland as a
function of geomagnetic longitude. The velocities are colour-coded such that flow away from the radar (negative velocities) are indicated
in red and flow toward the radar (positive velocities) are indicated in blue. The three intervals of data which will be examined further are
indicated with solid vertical lines.

able from both Hankasalmi and bykkvibaer). A comparisonFourier power and phase between 2.8-3.8 mHz (Fig. 6b)
of beams 4 and 5 of the Hankasalmi radar, and azimuthallyconfirms the strong equatorward phase propagation, and the
separated stations of the IMAGE magnetometer array revealg/ave can be seen to have a maximum amplitude at or above
that the wave has an azimuthal wavenumber= +6 + 3, the poleward edge of the region of artificial backscatter at
i.e. an eastward phase propagation, in the direction of th&6.0> magnetic latitude. A comparison of beams 4 and 5
solar wind flow. This wave is interpreted as a fundamental,of the Hankasalmi radar reveals an azimuthal wavenumber,
large-scale toroidal field line resonance centred near°’65.6m = —35+ 6. The wave thus has an effective azimuthal
magnetic latitude. The smaller wave at 16 mHz has a simi-wavenumber much larger than the Interval 1 wave, and prop-
lar low m-number and is interpreted as a harmonic of the 5.7agates westward in a direction opposite to the solar wind
mHz large-scale toroidal wave. This smaller amplitude waveflow, but in the direction of gradient-curvature drifting pro-
is not detected by the ground magnetometer at Tromsg.  tons. The merged velocity hodogram from a subset of Inter-
val 2 in Fig. 6¢ shows the wave to have a more linear polar-
3.2 Interval 2: 1300-1330 UT isation than the large scale waves similar to those examined

) ) _inInterval 1, but again have anticlockwise polarisation.
Interval 2 is presented in the same format as Interval 1 in

Figs. 5 and 6, covering 1300-1330 UT. The wave in Inter-3.3 |nterval 3: 1330—-1400 UT

val 2 shows a clear equatorward phase propagation (Fig. 5a,

b). Itis only very weakly present in the Tromsg magnetome-Interval 3 is again presented in the same format as Interval
ter records (Fig. 5c, d). The characteristics of the wave inl and 2, in Figs. 7 and 8, covering 1330-1400 UT. The
the radar data are examined in detail in Fig. 6. The Fourieiwave in Interval 3 shows a poleward phase propagation (Fig.
power spectrum in Fig. 6a shows a dominant frequency in7a, b). It is not visible in the Tromsg magnetometer records
this interval of 3.8 mHz. The magnetic latitude profile of (Fig. 7c, d). The characteristics of the wave in the radar
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Hankasalmi beam 5 I-o0-s velocity 18 Oct 1999
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Hankasalmi beam 5 I-o-s velocity 18 Oct 1999
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Hankasalmi beam 5 I-0-s velocity
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Table 1. Summary of the ULF wave parameters and their interpretation in terms of wave energy source, for the three intervals under study

Interval 1 Interval 2 Interval 3
Frequency (mHz) 5.7 3.8 14.3
m-number +6+3 —35+6 —35+6
Large-scale Fundamental Second harmonic
Interpretation fundamental toroidal  poloidal drift drift-bounce
FLR resonance resonance

Inferred proton

energy (keV) 4H 10 34+ 10

data are examined in detail in Fig. 8. The Fourier powerest in itself, but in the interval under study it does provide
spectrum in Fig. 8a shows a dominant frequency in this in-an evaluation of the fundamental toroidal eigenfrequency of
terval of 14.3 mHz. The magnetic latitude profile of Fourier the field line at 65.6 magnetic latitude, which provides an
power and phase between.324- 154 mHz (Fig. 8b) con- invaluable context for the very different wave types which
firms the poleward phase propagation, and the wave can bllow directly after Interval 1. In order to make predictions
seen to have a maximum amplitude close to 8Biagnetic  as to the frequencies of other possible wave modes in the ar-
latitude. A comparison of beams 4 and 5 of the Hankasalmttificial scatter, numerical solutions of the MHD equations for
radar again reveals an azimuthal wavenumbes —35+6. the ratios of toroidal and poloidal eigenfrequencies and har-
The wave thus has an effective azimuthal wavenumber muclmonics for a dipole field at the latitude of geosynchronous
larger than the Interval 1 wave, but very similar to the wave orbit are employed (Cummings et al., 1969). Cummings
in Interval 2, and again in a direction opposite to the solarand co-authors presented tabulated frequencies for the first
wind flow, but in the direction of gradient-curvature drifting 6 harmonics for radial plasma density modets’, where
protons. The merged velocity hodogram from a subset of0 < n < 6. These predict that for a toroidal fundamental
Interval 3 in Fig. 8c shows the wave to have a very linearresonance frequency of 5.7 mHz at 65rBagnetic latitude,
polarisation. the corresponding second and third harmonic frequencies lie
between 11.8-15.3 mHz and 17.5-24.6 mHz, respectively,
for both the toroidal and poloidal mode (the range of values
4 Discussion being a function of the plasma density model adopted). The
fundamental poloidal frequency at this latitude is calculated
The artificial backscatter technique has provided an extendegb be 4.2 mHz (this value is insensitive to the plasma density
interval of very high resolution ionospheric velocity data, model). A correction of~10% would apply for resonances
which has allowed the accurate characterisation of wave pagccurring at the poleward edge of the artificial scatter region
rameters such as frequency, latitudinal evolution of Fourierdue to the longer field lines connecting to this region (Mathie
phase and amplitude, and wave polarisation within the ionoet al., 1999) and thus, leading to a predicted poloidal eigen-
sphere for 3 different, naturally-occurring ULF waves. Thesefrequency in that location of 3.8 mHz.
wave characteristics, described in Sect. 3, have revealed three
very different wave types, occurring within 1.5 hours. Taken4.2 Interval 2: drift resonance
individually, each wave type would be difficult to interpret
unambiguously. Here the three intervals will be consideredinterval 2 (Fig. 5) has a wave with a frequency of 3.8 mHz
in turn and in combination, in order to provide a convincing and an azimuthal wavenumber = —35, and shows clear
explanation of the complete interval. The wave parametergquatorward phase motion. The wave thus has azimuthal
and interpretation for the three intervals are summarised irPhase propagation opposite to the solar wind flow, but in

Table 1. the direction of gradient-curvature drifting protons. The fre-
guency of this wave lies in the region expected for the fun-
4.1 Interval 1: large-scale field line resonance damental poloidal mode, as deduced in Sect. 4.1. The fun-

damental poloidal wave is thought to be driven by drift res-
Interval 1 (Fig. 3) has a frequency of 5.7 mHz and an az-onance with westward moving, large pitch angle protons as
imuthal wavenumberz = +6, indicating phase propagation suggested by Southwood and Kivelson (1982), and illustrated
in the solar wind flow direction. It is thus a large scale wave schematically in Fig. 9a. Interaction with the fundamental
and as such, it is also observed by the IMAGE magnetometewave which has a symmetrical electric field is probably the
at Tromsg. This wave is interpreted as a fundamental, largeenly viable mode for drift resonance. The interaction will
scale toroidal field line resonance with an energy source exbe strongest for large pitch angle protons which are confined
ternal to the magnetosphere. The wave is not of great internear the equator where the wave electric field is strongest.
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Fig. 9. Trajectories of two ions (solid and dashed lines) in the wave rest frame. Shaded and unshaded regions represent positive and negativi

electric field respectively. The ions indicated with a solid line are in resonance witk thed drift mode, and the ions represented by the
dashed line with the&v = 1 drift-bounce resonance (after Southwood and Kivelson, 1982).

Using the drift resonance equation (e.g. Hughes, 1983) thdnas azimuthal phase propagation opposite to the solar wind
angular frequencies of the azimuthal evolution of the wave,flow, but in the direction of gradient-curvature drifting pro-
wwave and particlespqriit may be related by tons, as is the case for Interval 2. The frequency of this
_ . L wave lies in the region expected for the second harmonic
wave #2= Mlwave #ZLAIit - Soarit = (@/Mwaverz:  (2) poloidal mode, as deduced in Sect. 4.1. The second har-
This gives a value fotgrit of 6.8 - 1074 rad s*. Anex-  onic poloidal wave is thought to be driven by drift-bounce
pression of the angular frequency of drifting protons in the resonance with westward moving, small pitch angle protons
Earth’s_ reference_frame as a function of proton energy has,g suggested by Southwood and Kivelson (1982), and illus-
been given by Chisham (1996) as trated schematically in Fig. 9b. If a drifting energetic proton

__ 6WL(0.35+ 0.15sina) population is to provide an energy source for Interval 3, then
warift = B R,25 it must be able to satisfy the drift-bounce resonance condi-
_ . tion, Eq. 1. This condition can only be met fof = +1
_ 2y-373
+ 901 — 0.159K, + 0.0093K})""L7 sing , for wave modes with antisymmetric electric fields. The in-
BsR,Zg teraction will be the strongest for particles of smaller pitch

whereW is the proton energy in eV, is the proton'sL-shell, ~ angles, which spend appreciable amounts of time near the
B, is the equatorial surface magnetic field strength,jsthe ~ wave electric field antinodes.

radius of the Earthy is the proton equatorial pitch angle, The drift angular frequencies for particles with small pitch

¢ the azimuth of the particle measured anticlockwise fromangles can again be evaluated as a function of particle energy
local midnight andK , the planetary magnetic activity in- using Egs. (3) or (4). The bounce angular frequencies for
dex. The first term on the right hand side of Eq. 3 represent$uch particles are given by

gradient-curvature drift and the secoRdx B drift under a JW

model magnetospheric potential. Where the actual magnetay, = T : (5)
spheric electric field can be estimated from measured iono- v2mpLRE(1.3 —0.56 sina)

spheric electric fields from radar data, as in this example, thqgassmeier et al., 1999; Schulz and Lanzerotti, 1974), where
equation may be replaced with m, is the proton mass. Substituting these values into Eq. (1)
6WL(0.35+0.15sina)  EL? @ for N = +1 yields a quadratic equation W . Solution of
BSR§ Bs;Rpg this quadratic yi_elds a protor_1 energy of:B_40 keV for small
(Chisham et al., 1992), whet is the magnetospheric elec- p!tch angle particles. S_ubstltutlon back into Egs. (2) an_d (4)
tric field. In the example presented here, Egs. 3 and 4 giveg'ves a value for the d;|ft and Pounce angular frequencies of
consistent results and suggest that the energy of drifting pro®drift = 46£09-107" rad s~ andwy = 0.09+ 0.02 rad

_71 . . _
tons which might drive the Interval 2 wave via drift resonance> respectively. In fact, using Eqgs. 3 or 4 for the pro

wdrift = —

is 47+ 10 keV for large pitch angle protons. tqns of 47 ke\{ associgted with Interval 2, but with small
pitch angles, gives a slightly reduced angular frequency of
4.3 Interval 3: drift-bounce resonance wdrit = 5.5- 10~ rad s7* (compared to the.8 - 10~* rad

s 1 deduced from Eq. 2 above for interval 2). Thus, we
Interval 3 (Fig. 7) has a wave with a frequency of 14.3 mHz conclude that we need a positive slope in the proton distribu-
and an azimuthal wavenumbet, = —35. The wave thus tion function in the region 35-45 keV to explain the observed
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wave behaviours in both Interval 2 and Interval 3. Further-second harmonic due to bounce-resonance interactions. This
more, the pitch angle dependence of the drift period of thewave resembles ground-based magnetometer observations of
protons is consistent with the arrival of large pitch angle par-giant pulsations (Pg) which have a similarnumber (Chis-
ticles slightly in advance of smaller pitch angle particles, andham and Orr, 1991). Pg events have also been observed by
thus the driving of the drift mode (Interval 2) slightly before auroral radar (Chisham et al., 1992) and occur in the morn-

the drift-bounce mode (Interval 3), as is observed. ing sector in the 02-07 MLT interval, peaking in the range
03-06 MLT. A drift-bounce resonance interaction with an
4.4 Relationship with previous observations antisymmetric wave mode in the quiet time ring current has

been suggested as the likely mechanism causing this type of

Of the previously reported ground-based observations of ULRJLF wave (e.g. Chisham and Orr, 1991), although Pgs have
waves, the waves identified in Intervals 2 and 3 of the re-also been related to drift-bounce resonance mechanisms with
ported run of the SP-UK-OUCH experiment most closely re- symmetric wave modes (e.g. Takahashi et al., 1992). Sim-
semble those identified in naturally occurring coherent radailar events in the morning sector, detected by DOPE, were
backscatter. The spatial resolution of such radarsli§ km reported by Yeoman et al. (2000). The spatial resolution
and thus these instruments are much more sensitive to smaléf the DOPE sounder is-4 km (Wright et al., 1997) and
scale waves than ground magnetometers. Such small-scathus it has the ability to detect ULF wave signatures with
waves observed by coherent radar have previously been clasery small spatial scale sizes. These events were charac-
sified as storm-time Pc5s (Allan et al., 1982, 1983; Walkerterised by highem-numbers £-90), and the wave particle
et al., 1982) and equatorward propagating Pc5s (Grant enteraction mode responsible for their generation is, as yet,
al., 1992; Yeoman et al., 1992). Storm time Pc5 waves arainclear. Studies directed more towards the investigation of
thought to have an energy source in gradient-drifting enerindividual events have also provided related measurements
getic particles in the dusk sector during disturbed times, androm space, and a small number of direct measurements of
are generally interpreted as examples of drift resonance, aln in space have been reported as well. Hughes et al. (1979)
though Allan et al. (1983) pointed out that no one generationdescribed multiple satellite observations of a high frequency
mechanism was able to explain all the observed wave char¢18.2 mHz) compressional wave at geostationary orbit in the
acteristics. A similar interpretation was placed on the duskdusk to midnight local time sector. The wave numhewas
sector equatorward propagating waves observed by Yeomagalculated to be-100. Hughes et al. (1979) deduced that
et al. (1992) and Grant et al. (1992). Gradient-curvaturethe wave was a second harmonic standing wave which led to
drift for protons with energies in the range 35-70 keV were their interpretation of the driving mechanism being a bounce
deduced to be the driving mechanism for the storm time Pc&esonance interaction with ring current protons of energy 1—
pulsations of Allan et al. (1982, 1983). Such particle popu-10 keV. A similar interpretation was placed on a wave with
lations are also consistent with the equatorward propagating frequency of 5 mHz angz| ~ 110 in the postnoon sector
Pc5 pulsations observed by Yeoman et al. (1992) and Grangtudied by Takahashi et al. (1990). These events appear to be
etal. (1992). The wave observed here in Interval 2 is fully in similar to the Interval 3 event identified here, although with
accord with these observations and their interpretation, proa higherm-number.
viding high time resolution bistatic data of an equatorward Takahashi et al. (1985) made multi-spacecraft measure-
propagating drift wave in the dusk sector. The wave polar-ments of ULF waves in the frequency range 1-3 mHz. These
isation observed here was near-linear with the polarisatiorworkers were able to directly measure the azimuthal wave-
ellipse tilted north-west to south-east. This is also very sim-numbers in the magnetosphere for a number of wave events,
ilar to the bistatic radar results of Allan et al. (1982, 1983), findingm = —40... — 120, which is similar to those pre-
Grant et al. (1992) and Walker et al. (1982). Walker et al. sented here. The distribution of such events found by Taka-
(1982) mapped such polarisation ellipses out into the equahashi et al. (1985) was symmetrical about noon. Woch et al.
torial plane magnetosphere and demonstrated that they wer@990) presented a study of compressional events observed
consistent with poloidal wave modes. In Intervals 2 and 3 theat geostationary orbit. Two populations of events were iden-
ULF waves had a weak or non-existent signature in groundified, one being a “diamagnetic” population, which occurred
magnetometer data, as small-scale waves suffer attenuatiafuring an increase in the measured ion intensities, and was
through the ionosphere. This is again consistent with preconcentrated at the dusk sector. The second population was
vious results. Related spacecraft observations include thosgrmed a “non-diamagnetic" population, which was not asso-
from Kokubun (1985), Anderson et al. (1990), Engebret- ciated with recently injected particles, and was concentrated
son et al. (1992) and Lessard et al. (1999) who observe@n the dawn flank. Both populations were interpreted as be-
Pc5 band ULF waves in the magnetosphere which were mosihg antisymmetric modes.
common at dusk and were most likely storm-time Pc5 pul- The interval presented here demonstrates that the dusk sec-
sations. At lower occurrence rates, events have also beetor is a region where drift resonance is a viable source of
observed in the dawn region within the magnetosphere anevave energy in the Pc5 band, as expected. What the data
their relative occurrences have been discussed by Yeoman also demonstrates is that bounce-resonance interactions can
al. (2000). also occur in the same region. The ground-based technique

The wave in Interval 3, in contrast, appears to result from aof artificial radar backscatter opens a new window on such
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