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Abstract. Multi-point wave observations on Cluster space- field. In the inner magnetosphere, there are broadly two
craft are used to infer the dispersion relation of electromag-zones of enhanced trapped particle flux. The inner and outer
netic ion cyclotron (EMIC) waves. In this study we use a belts are separated by a slot region at around”2=—@/here
phase differencing method and observations from STAFFenergetic particle flux levels are usually low. The existence
and WHISPER during a well-studied event of 30 March of the slot region is a result of the balance between an in-
2002. The phase differencing method requires the knowledg&vard radial diffusion of electrons from the outer belt and
of the direction of the wave vector, which was obtained usingprecipitation losses due to resonant scattering by very low
minimum variance analysis. Wave vector amplitudes werefrequency (VLF) waves, primarily plasmaspheric hiss (e.g.
calculated for a number of frequencies to infer the dispersiorLyons et al, 1972 Lyons and Thorngl973 Selesnick et al.
relation experimentally. The obtained dispersion relation is2003 Thorne et al.2007 Shprits et al.20080. The fluxes
largely consistent with the cold plasma dispersion relation.of high energy particles in the inner belt are relatively sta-
The presented method allows inferring the dispersion relable, with a predictable variation linked to the solar cydle (
tion experimentally. It can be also used in the future to anal-et al, 2001). However, the relativistic electron fluxes in the
yse the hot plasma dispersion relation of waves near the locaduter belt are highly variable, and can change over an order
gyrofrequency that can occur under high plasma beta condief magnitude in a few hours (e.ghorne et al.2007).
tions. Radiation belt enhancements appear to be correlated with
; ; ) eomagnetic storm activity, but the link between storm activ-
\lfv:,/\gsgj:d il\:;grt;(ia“ttci)ss)henc physics (plasmasphere; pIasmaﬁy and radiation belt enhancement is complicated, with rel-
ativistic electron flux increases observed only in about half
of the cases studiedRéeves et al.2003. One-fifth of all
storms analysed produced flux decreases, with the rest leav-
1 Introduction ing flux levels largely unchanged. Clearly, several competing
processes exist during times of enhanced geomagnetic activ-
The near-Earth radiation belt environment presents a numbegy that produce both particle acceleration and loss. In their
of hazards to orbiting spacecraBdker, 1999. A better un-  review, Friedel et al.(2002 identified several mechanisms
derstanding of the nature of the magnetosphere dynamics angy the build-up of energetic (MeV) electrons in the mag-
associated processes will in turn aIIowabetterunderstandingetosphere_ Most sources listed in the review fall broadly
of these dangers, allowing engineers to design spacecraft tpo two categories: those which rely on inward radial dif-
withstand such effects. Understanding and modelling radiafygjon Kellogg, 1959 Tverskoy 1964 1965 Falthammay
tion belt dynamics helps mitigate spacecraft damage. 1965 Elkington et al, 2003, and those with a local ac-

The Van Allen radiation belts are formed from energetic celeration mechanism. Radial diffusion can be enhanced by
charged particles that are trapped by the Earth’s magnetic
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magnetospheric pulsations (e.g§horne 2010 which are ions have been theoretically calculatesin(ith and Brice
generated by large-scale disturbances such as the Kelvin}964 Young et al, 1981, Swanson1989 Horne and Thorne
Helmholtz instability on the flanks of the magnetosphere1990. However, there has been relatively little experimen-
(Shprits et al. 2008a and references therein), buffeting of tal work to confirm the theory and ray tracing simulations
the magnetosphere on the day side, or by convective injecdirectly. Broughton et al. (2008 used the wave telescope
tions of protons on the night side. Evidence for local acceler-method to analyse ultra-low frequency (ULF) waves in the
ation as a source of relativistic electrons was found by stornplasma sheet boundary layer. This paper uses the cospec-
modelling Summers et 8l2002. Later,Chen et al(2006 tral/phase differencing method df vector determination
conducted an analysis of the radial profiles of phase spacéBalikhin and Gedalin1993 Dudok de Wit et al.1995 Ba-
density (PSD) distributions of energetic electrons using comikhin et al,, 19973 to calculate the frequency—wavenumber
bined satellite measurements and found evidence for both theelation directly and then compare it to existing EMIC wave
external (radial transport) and internal (wave—particle inter-dispersion theory. This method assumes that in the plasma
actions) processes acting simultaneously. The study estalvest frame (PF) a wave field can be representel @st) =
lished a peak in the radial PSD profile inside the outer radia-X,, B (w) expj (kr — wt) + C, whereC is the complex con-
tion belt, consistent with a local acceleration source. Furthejugate term. The PF frequenayand the wave vectat are
studies Shprits et al.2007) demonstrated the importance of related by the dispersion relatien= w (k). If two satellites
the local stochastic acceleration of particles by their inter-are separated by a vectRr, the phase shif\yr between the
action with VLF waves, in particular chorus waves, during two measured time series at the observed frequendy es-
magnetic storm recovery. timated as

Wave—particle interactions can transfer energy from one
part of the energetic particle distribution to another, result-A¥ (@1) = (k(w1)R) = [k(w1)||R|COLOkr). (1)
Ing m_local particle accel_erat_lon. Ch_ange of the pitch angleThus the phase shift is a function of the scalar produdt of
resulting from wave—particle interactions can lead to the pre-

S : andR. The result is a projection df on R; to calculate the
cipitation via the loss cone. Thus plasma waves can caus SR .
. ull k vector, knowledge of its direction is required. In the
both flux enhancement and depletion.

Electromagnetic ion cyclotron (EMIC) waves are excited case of magnetic field measurements, the minimum variance
9 Y method Sonnerup and Cahjlll967) can be applied to iden-

:grfhse Zgi;s_z rz:gf?: (Ss:((:)d Ssﬁ;ﬁo |Sr3 Jtlrjlzt lgel%vr\: i?igepﬁzm_ﬁfy the direction of the wave vector. This method has the lim-
P oy d y y 9 g itation that it can only be used for circularly/elliptically po-

netic equator (e.g-raser et a).1996. It is commonly ac- . : .
q (e.or al ; 9 : Yy larised waves. Since EMIC waves are often left-hand circular
cepted that these waves are excited by anisotropic ring cur="_ "~ : .
; o : ) . polarised at generation (e.goung et al, 1981), minimum
rent ions injected into the inner magnetosphere during sub?

storms Gummers and Thorn@003 Li et al., 2007 or by variance can be exploited in this study. Fmally‘,‘ knowledge
) ; S . of the wave vector for any observed frequengy“enables
aforementioned changes in the plasma distribution functio

"he determination of the wave dispersion using the Doppler
produced by lower frequency waves (e=gaser et a).1992 N . ey
Thorne 2010. EMIC waves propagate and grow around relation:y = w+kVo(Vois the plasma bulk velocity)Ha

: likhin et al, 19973. The phase differencing techniques have
the dense plasmasphere region near the 'plasmqu?' ase( been exploited and enabled identification of wave modes in
and Nguyen 2007), cyclotron-resonate with radiation belt

ions and Landau-resonate with outer radiation belt electronélarlous regions of geospace such as foreshock, shock front

(Horne and Thornegl99Q 1994 scattering both species into and the magnetosheatBdlikhin et al, 1997 Chisham
the loss cone. Thus they are believed responsible for both ra@t al, 1999 Walker et al, 2004
diation belt depletions and ring current ion losses (ergser
etal, 2010. They provide possibly the dominant mechanism 2  |nstrumentation
for scattering electrons into the loss cone in the inner mag-
netosphere§hprits et al.20084. While there are many re- The Cluster satellites were launched in 2000 into a polar or-
ports of EMIC waves observations based on the spectra dbit with period of 57 h, apogee outside the bow shock or deep
observed turbulence, this study is devoted to the determinain the magnetotail (depending on the season) and perigee in
tion of the dispersion relation of EMIC waves directly from the inner magnetosphere. The mission consists of 4 space-
multi-point Cluster observations. craft flying in a tetrahedral formation, allowing simultaneous
Since the initial analytical workStix, 1962 Smith and  multi-satellite measurements to resolve spatial and temporal
Brice, 1964 identifying the dispersion surfaces for ion cy- effects. The Cluster fluxgate magnetometer (FGM) instru-
clotron waves, there have been numerous theoretical workeent Balogh et al. 200]) provides measurements of mag-
on ion cyclotron dispersion relations. It is now known that netic fluctuations for the events studied in the present pa-
significant numbers of heavy ions such as'Hed O" ex- per at a sampling frequency of 22 Hz, making it suitable for
ist in the inner magnetosphere, and so the dispersion reEMIC wave analysis. The Cluster ion spectrometry (CIS)
lations for multiple-ion plasmas in the presence of heavyinstrument Reme et al. 2001) provides measurements of
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Fig. 1. Plasmapause crossing on 30 March 2002 as viewed from Cluster 1. Graphs, from top to bottor(a)strsvgetic ion density
recorded by CIS(b) ion velocity from CIS,(c) magnetic field strength from FGMg¢) magnetic field waveform spectra from STAFF and

(d) electric field waveform spectra from WHISPER. The inbound crossing is at 07:30, and the outbound crossing is at 08:45UTC. EMIC
waves can be seen on STAFF, the fourth panel from 08:00 until 08:30 UTC.

ion moments (mass, density, velocity, temperature parallelvhich is due to a periodicity in phase difference and should
and perpendicular to the local magnetic field) for several ionstrictly speaking extend téroo. The correctAyr branch can
species. The STAFF search coil magnetomet@msiriilleau-  be identified from either time series data or dynamical spec-
Wehrlin et al, 2003 provide waveform data of the magnetic trum plots, by observing which satellite first sees the wave
field sampled at 25Hz. WHISPERDécieau et al. 1997 power rise over the noise level. For each wave packet, the
measures the electric field up to 80 kHz in active and passivespectrum maximum represents a point on the dispersion re-
modes. The STAFF and WHISPER instruments form partlation graph. The procedure is repeated for all identifiable
of the Wave Experiment Consortium (WEC) complex that wave packets to obtain a set of points, which are then plotted
is controlled by Digital Wave Processing experiment (DWP) onto a frequency—wavenumber graph. Doppler effects should
(Woolliscroft et al, 1997). be taken into account, but in the case of the event studied in
this paper, the plasma velocity in the plasmasphere is about
an order of magnitude lower than the wave velocity. Doppler
effects are therefore insignificant.

Time series data or Morlet wavelet spectral plots are analysed Each wavenumber obtained in this manner is not the
for all four satellites for the durationpof an (:)vent Individa/al wavenumber in the strict sense. Rather, itis the magnitude of
wave packets are identified by the shape of théir envelo ea vector projection of th vector onto the inter-satellite sep-

> pac oo d Dy P . P&, ration vectorR. To determine the fulk vector, knowledge
By visual inspection it can in some cases be determined with L . N

) . of the wave direction is required. The wave vector direction
certainty that two wave packets observed on different satel- . . . . .
lites are in fact the same wave packet propacating from on is obtained using minimum variance on the left-hand circu-

. P propagating ?arly polarised (LHCP) wave packetS¢nnerup and Cahill
satellite to another. In these cases a histogram of the pha

difference as a function of frequency is calculated using the 67. Minimum variance analysis makes use of the Maxwell
d y 9 equation that states that magnetic fields have zero divergence.
Morlet wavelet transform. Each wave packet shows up a:

. : . hus the direction where the magnetic field varies least is as-
a discrete frequency with an associated wave vector mag- -
. S ) T sumed to be the direction of the wave vector. The true wave
nitude, which is simplyA+yr/|R|. There is a 2 ambiguity

3 Dispersion determination methodology

www.ann-geophys.net/31/1437/2013/ Ann. Geophys., 31, 148746 2013
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vector is then calculated &&| = (Avy/|R]|)/0kr, Wheredy g The time series of magnetic field data of all 4 satellites
is the angle between the wave vector and the separation veevere analysed, to identify the time intervals during which
tor. the same wave packets were observed simultaneously by at
least two spacecraft so the phase differencing methodology
could be used to calculate the magnitude ofkhector. Fig-

ure 3 shows one example of magnetic waveforms for a series
8f wave packets. It is clear from the amplitude envelopes of
some of these wave packets (as highlighted by the black box)
that the same waves are observed on satellites C1 and CA4.
The phase shift for each wave packet is visually noticeable
and corresponds to the propagation delay from one satellite
et_o the other. In total, 21 such wave packets were analysed.
Since the satellites were separated mainly alongzthgis

Jn the GSE reference frame, the mostly field-aligned equato-

4 Cluster observation of EMIC waves on 30 March 2002

The emissions under study took place between 08:00:50 an
08:16:30 UT. Figure 1 displays an overview plot of (a) the
energetic ion density, (b) ion velocity, (c) the magnitude of
the magnetic field, (d) dynamic spectrum of the magnetic
field (STAFF), and (e) the dynamic spectrum of the electric
field obtained by WHISPER, as observed by Cluster 1 spac
craft during time period 06:00-12:00 UT on 30 March 2002.

During this time interval the Cluster spacecraft entered th
plasmasphere around 07:30 UT. This can be seen implicitl

getic ion density. The magnetic field dips as the spacecraf
approaches the equator, then rises again after the equat
rial crossing as the spacecraft moves towards higher latitud
with stronger magnetic field strength. The inbound plasma

pause crossing can also be clearly identified by the rise i
the electron plasma frequency seen by WHISPER until it i
out of range of the instrument. The outbound crossing can b
seen at 08:45 UT as indicated by a corresponding rapid dro

in electron plasma frequency. Multiple EMIC waves were

S

phere. The EMIC waves can be seen on the STAFF dynami
spectrum while the spacecraft were inside the plasmapause

ing the time period of interest, the average separation vec
tor between C2 and C4 was-§, 26, —83] km, between C1
and C2 12, 47, 183]km and between C1 and C41p,
73, 100] km in the geocentric solar ecliptic (GSE) reference
frame.

The four Cluster spacecraft crossed the magnetic equ
tor at about 08:05 UT on 30 March 2002/at 4.3 (Pickett
et al, 2010. The emissions were observed in the dusk/pre-
midnight time sector (22:15 MLT) where there is a rather low
probability of EMIC instabilities at these values (e.gAn-
derson et a).1992 Meredith et al.2003. The event is well-
documented in previous researéhdkett et al.201Q Omura
et al, 201Q Shoji et al, 2012, Grison et al.2013. A polari-
sation analysisRickett et al.2010 showed the occurrence of
mostly left-hand circularly polarised (LHCP) waves of dis-
tinct frequencies separated by spectral stop bands — a typ
cal feature of EMIC waves observed in the post-noon secto
(e.g.Young et al, 1981, Horne and Thornel994). Figure 2
shows a Morlet wavelet spectrogram from FGM on Cluster 1

for the time period 08:00-08:20, with wave energy first seen

at around 1.5 Hz rising to about 3 Hz, and about 12 min into
the event, energy below 1 Hz (the local helium ion gyrofre-
quencyQye+) wWith reduced energy at the gyrofrequency it-
self.

Ann. Geophys., 31, 14371446 2013
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by the sudden drop in plasma velocity and a rise in ener'}/ectorekR. This meant that there was a clearly identifiable
8_hase difference\yr (Fig. 4). Equation (1) was applied to

ecalculate the projection of thlevector onR.

Tave packet as highlighted in Fig. 3. For easier viewing of

Bhe hodogram, only a segment of the original wave packet

encountered while the spacecraft were inside the plasmasvyaS used. The hodogram is obtained by transforming the

Cc_. o
variance frame, and allows the determination of wave po-

enhancements in the wave power in the 2—3 Hz range. Du:f‘arlsatlon. The circular polarisation is clearly visible in the

rial wave packets were usually observed to propagate with a
mall angle & 15°) between the wave vector and separation

> The wave vector was projected onto the magnetic field

vector to calculate the angig, . The results indicated mostly
r}ield—aligned propagation, as was expected of the equatorial

EMIC waves. Figure 5 shows a hodogram from the same

magnetic field time series from GSE coordinates onto the

bottom panel where the direction of minimum variance is di-

rected out of the page. All wave packets used in this study

were found to be left-hand circularly polarised. The method

employed byFowler et al.(1967) was used to confirm po-
larisation further. After about 08:15UTC, linearly polarised
wave packets appeared as the constellation moved away from

Fhe magnetic equator, as predicted by theory and previous

observations (e.gYoung et al, 1981, Horne and Thorne
1994). Minimum variance on the linear wave packets was
not performed due to the limitations of th8dqnnerup and
Cabhill, 1967 method mentioned earlier. In theory it would
have been possible to use the minimum variance free method
described byBalikhin et al.(2000 to calculate the fulk vec-

tor. However, this method requires the same wave packet to
be observed on 4 satellites. Unfortunately, none of the wave
Backets identified were observed on all 4 spacecraft simulta-
rneously.

For the 14 circularly polarised wave packets (listed in Ta-
ble 1), the relation between frequency and wave vector is
summarised in Fig. 6. The axis, labelled K, corresponds
to the wave vector magnitudk| multiplied by the proton in-
ertial length-<, while they axis, labelled X, is the wave fre-

a)_il
guency normalised by the proton gyrofrequefzy:. Con-
ventions are taken fronfoung et al.(1987). Following the
methodology oODmura et al(2010, the plasma composition

www.ann-geophys.net/31/1437/2013/
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Table 1. Cluster satellite pairs, starting and ending times for each
wave packet. Often segments of the wave packets were used in
the analysis, rather than whole wave packets. This was done where
noise or other waves contaminated sections of the wave packet time
series. In practice, only a few oscillations are necessary to determine
vector direction from minimum variance analysis.

Satl Sat2 Starttime Endtime

C1 C4 08:00:58  08:01:05
C1 C4 08:01:12 08:01:17
C1 Cc2 08:08:41  08:08:43
C1 Cc2 08:08:45 08:08:48
Cc2 C4 08:12:17 08:12:19
Cc2 C4 08:12:26  08:12:29
Cc2 C4 08:12:30 08:12:33
Cc2 C4 08:12:33 08:12:36

Frequency {(Hz)

AV (rads) c2 Cc4 08:12:40 08:12:44

. - Cc2 C4 08:13:08 08:13:12
Fig. 4. The joint frequencyA+ spectrum of theBy, component of c2 ca4 08:13:12  08:13:15
the magnetic field, for the same wave packets as pictured in Fig. 3. c2 ca 08:15:43 08:15'51
The colour bar is in arbitrary units representative of the relative c2 ca 08:15:57  08:16:05
power spectral density as a function of frequency and phase differ- c2 c4 08:16:16  08:16:25

ence. The periodicity of the spectrum corresponds to an ambiguity
of 2 n in the phase difference.

was assumed to be as followss = 178/cc,ny+ = 144/cc, > Discussion and conclusions

npet = 17/cc,np+ = 17/cc. A very similar composition, but L ) i i
The points in Fig. 6 in general follow the theoretical disper-

involving energetic protons, was assumed ®lyoji et al. . , : .
(2011) in a simulation involving the same time period as the SION curves for cold plasma with the assumed ion composi-

present study. The magnetic field magnitude averaged ovefon: Two branches are evid_ent, al_aove and below the helium
the time period 08:00:50-08:16:30 and all 4 spacecraft wadon 9Yrofrequency. As the dispersion surface approaches the
253 1T, H* resonance, the normalisgid approaches infinity ag’-

. . . HE
The theoretical cold plasma dispersion is taken from the@Pproaches unity. In practice collecting data near this point
equation for the mode StiX, 19631 which Corresponds to may be d|ﬁ:|C‘U|t: as the wavenumber approaCheS |nf|n|ty, the
field-aligned, left-hand polarised propagation: phase velocity approaches zero and so the same wave packet
may be seen on two satellites with a significant delay, mak-
) a)gi ) ing matching and phase difference calculations inaccurate.
N°=L=1- Z 2 (m) 2) The results in Fig. 6 correspond well with the cold plasma
i e approximation where left-handed waves cannot propagate
in the stop band; this is also confirmed by the FGM data
(Fig. 2).
Potential limitations of the methodology are summarised
as follows. The cold plasma dispersion relation as out-
hed in Stix (1962 assumes completely field-aligned wave
f propagation. The phase differencing method employing
) . : vcvjavelet transforms generates an area of high signal in fre-
the cold plasma dispersion relation, the plasma was assume . . .
. ; . n guency/phase space from which the maximum is taken as the
to contain only three species of ions{HHet and O"). The . . :

. . : . data point value. It is possible that the true phase/frequency
resulting theoretical dispersion surface branches can be seen ;
A : : values do not correspond to that maximum. Plasma compo-
in Fig. 6 as solid curves. From Eg. (2) is can be seen that .. . o
. . | : ... _Ssition calculations are only estimations based on the cut-off
in a multi-ion plasma a resonance will exist at each positive :

. . : frequency and cyclotron frequencies. The method used by
ion species gyrofrequency. At these resonance points, the th8 : )

S i o mura et al.(2010 assumes that helium and oxygen ions
refractive index and wave vector will approach infinity. The

plotted analytical dispersion curves reflect this exist in equal proportions in the plasma. This is required to
' make the algebra a system of two equations with two un-

knowns. While CIS data show that energetic oxygen and he-
lium ions do exist in similar proportions, total oxygen and

In Eq. (2), N2 is the refractive indexX? = k2c?/w?), wpi
the plasma frequency of the charged particle spegi€s
the cyclotron frequency of the charged particle speciaad
summation is over the electrons and each positive ion speci
present in the plasma; is the charge state and isl for

electrons and+-1 for each ion species. In the calculation o

Ann. Geophys., 31, 1437:446 2013 www.ann-geophys.net/31/1437/2013/
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projected along the axis of minimum variance (coming out of the page). The red cross marks the beginning of the time series. Left-hand
circular polarisation is clearly visible.

038 - - , - - in general Gilin et al, 20171). Extraneous magnetic pulsa-
tions over the same time period as the wave can contam-
inate the minimum variance analysis and introduce uncer-
06 L1 1 tainty in wave vector direction, which in turn may result in
an erroneousiz and an uncertainty about the wavenumber.
The magnetic field strength varies slightly for the duration of
04t 1 the event, while the Morlet wavelet spectral plot makes pre-
cise identification of the cut-off frequency problematic. The
o above errors in turn cause uncertainty in calculating plasma
02} 1 composition. The plasma electron resonant frequency is out
" | of range of the WHISPER instrument, meaning that the total
‘ electron density has to be computed indirecickett et al.
201Q and references therein). Despite these limitations the
results fit the theoretical data fairly well. Estimated inaccura-
cies are represented by error bars in Fig. 6.
Fig. 6. Frequency vs. wavenumber relation plot of wave packets The assumption that EMIC emissions cannot propagate in
observed during the event. The bold line marks the helium ion gy-the stop band only holds for low plasma beta regimes. Work
rpfrequency. The crosses signif_y individual wave packet observaby Silin et al. (2011 suggests that, under high-beta condi-
tlor)s overplotted Wlth error bars in frequency and waver!umber. Thetions, EMIC waves can be excited anywhere in the stop band.
SO!Id curves are dlﬁereqt branches of the cold_plasma dispersion " he cold plasma approximation then breaks down, and the
lation for the aforementioned plasma composition. . . . - "
dispersion should be calculated using the full dispersion rela-
tion. Such an estimation requires a detailed knowledge of not
nly the densities of each species but also knowledge of the
ull distribution function of each of the species. The method
described in this study can be used to derive the dispersion
'tantion empirically for any conditions from observations,
roviding the wave vector can be determined. As such it can

0.7

05 L

X =m/QH~

03

0 0.2 0.4 0.6 0.8 1
K= keloys

helium ion numbers are not necessarily equal. Assuming th
cold plasma approximation at all ignores the role played
by warm ions. While this is a valid assumption for a low-

beta plasma regime such as encountered in this event, war
plasma effects can significantly modify dispersion surfaces”

www.ann-geophys.net/31/1437/2013/ Ann. Geophys., 31, 148746 2013
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be a useful tool to validate theoretical dispersion functionsBroughton, M. C., Engebretson, M. J., Glassmeier, K.-H., Narita,
under unusual plasma regimes. Y., Keiling, A., Fornagon, K.-H., Parks, G. K., anceRie, H.:

For the first time multiple satellite measurements have Ultra-low-frequency waves and associated wave vectors ob-
been used in conjunction with the phase differencing method Served in the plasma sheet boundary layer by Cluster, J. Geophys.
to compare directly the experimental and the theoretical dis- sggg Space Physics, 113, A12217, #0i1029/2008JA013366
persion relation of EMIC waves Jl.JSt below the’LI-gyrofre- ... Chen, Y., Friedel, R. H. W,, and Reeves, G. D.: Phase space den-
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