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Abstract

The Wave-Particle Interaction Analyzer (WPIA) is a software function installed on the Exploration of energization and
Radiation in Geospace (ERG) satellite. The WPIA directly measures the quantity of energy transfer between
whistler-mode chorus waves and resonant energetic electrons by using plasma wave vectors and velocity vectors of
plasma particles. The phase differences of the WPIA require accurate phase angles of waves and electrons in order to
statistically evaluate the significance of the quantity of energy transfer. We propose a technical method for efficient
waveform processing in order to conduct the WPIA measurement precisely. In the WPIA measurement, the various
waves detected by the onboard instrument appear as noise in the calculation of the quantity of energy transfer for
whistler-mode chorus waves. The characteristic frequency variation of the chorus waves makes waveform processing
difficult. A chorus waveform is used for the WPIA processing through passband filtering by selecting appropriate data
processing length and frequency resolution. We implement overlapping processing of wave data in order to reduce
the induced error of the wave phase. The results of waveform processing indicate that the phase errors are
successfully reduced and statistical fluctuations are suppressed. The proposed waveform processing method is a
necessary and applicative processing for the calculations of the WPIA in the ERG mission.
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Background
The Wave-Particle Interaction Analyzer (WPIA) is an
instrument package installed in the Exploration of ener-
gization and Radiation in Geospace (ERG) satellite
(Miyoshi et al. 2013). The WPIA, which directly mea-
sures the energy transfer in the process of wave-particle
resonant interactions between plasma waves and charged
particles in the space plasma environment, is equipped
as a software function. Whistler-mode chorus waves are
commonly observed outside the plasmasphere, and the
waves can cause resonant interactions with energetic elec-
trons in the kinetic energy range from a few keV to a few
MeV. The whistler-mode chorus waves are also consid-
ered to be a candidate for inducing relativistic electrons of
MeV energy during a magnetic storm in the inner magne-
tosphere (e.g., Summers et al. 1998; Meredith et al. 2002).
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In the ERG mission, the primary goal is to clarify the
acceleration process of plasma particles by wave-particle
interactions in the inner magnetosphere. The WPIA is
the first attempt to directly measure the existence of
energy transfer between whistler-mode chorus waves and
resonant energetic electrons in space.
The WPIA uses an instantaneous wave field vector

and the velocity vector of each electron, which are mea-
sured using wave and particle instruments with microsec-
ond resolution onboard the ERG satellite. The energy
transfer W , which is represented by the inner product
of E and v, where E and v are the wave electric field
vector and the velocity vector of an electron, respec-
tively (Fukuhara et al. 2009). The resonant interactions
between whistler-mode chorus waves and electrons are
investigated in the WPIA measurement. Whistler-mode
chorus waves are generated around the equator out-
side the plasmapause during geomagnetic disturbances
(Tsurutani and Smith 1974). Whistler-mode chorus waves
appear in the frequency range below the electron gyrofre-
quency fce and have distinct upper and lower frequency
bands, which are identified by a gap of 0.5fce (Burtis
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and Helliwell 1969; Tsurutani and Smith 1974). Magne-
tosonic waves (MSW) and electron cyclotron harmonic
(ECH) waves are often observed with the chorus waves
in a region close to the magnetic equator. The MSW
are equatorial electromagnetic waves that have frequen-
cies below the lower-hybrid frequency fLHR (e.g., a few
hundred hertz at L ∼ 4) (Santolík et al. 2002). The inten-
sity approximately 200 μV/m is comparable to the chorus
wave amplitude (Gurnett 1976). The intense ECH waves
are electrostatic waves and also appear with the excitation
of chorus waves near the magnetic equator. The frequen-
cies have harmonic components in (n + 1/2)fce (n =
1, 2, . . .) Kennel et al. (1970) with a magnitude of a few
mV/m (Meredith et al. 2009). The WPIA measures res-
onant interactions between whistler-mode chorus waves
and resonant electrons near the equatorial region. The
ECH andMSW are also detected with chorus waves in the
region. Such intense waves affect the wave phase of chorus
waves because they appear as a superposition of waves.
In the present paper, we propose a waveform processing

technique, which is required in the WPIA to accurately
measure the energy transfer generated by resonant wave-
particle interactions. We evaluate the effectiveness of data
processing using a representative model of the chorus
observed near the equator. We then present an appropri-
ate data processing method using passband filtering and
an overlapping method in the WPIA. The effectiveness
of the applied waveform processing is evaluated through
pseudo-WPIA measurements by the electromagnetic
particle simulation.

Methods
TheWPIAmethod
The fundamental concept of the WPIA method is
described in Fukuhara et al. (2009). The WPIA uses the
wave field vector and the velocity vector of plasma par-
ticles, which are measured by wave and particle instru-
ments with microsecond resolution. In order to evaluate
the energy transfer, we consider the time variation of the
kinetic energy of particles. The relativistic kinetic energy
of a charged particle is given by K = m0c2(γ − 1), where
m0 and c are the rest mass and the speed of light, respec-
tively, and γ is the Lorentz factor. The time variation of the
kinetic energy is represented by the quantityW as follows:

W = dK
dt

= m0v · d(γ v)
dt

= qE · v , (1)

where v and q are the velocity vector and the charge of
the charged particle, respectively, and E is the wave’s elec-
tric field vector. The WPIA calculates the inner product
using the instantaneous wave electric field vector and the
velocity vector of each charged particle. Figure 1 shows
a schematic diagram of whistler-mode chorus waves
and resonant electrons. We consider the energy transfer

between waves and particles in the plane perpendicular
to the ambient magnetic field line. We assume the elec-
tric and magnetic components (Ew and Bw) of transverse
wave fields of the whistler-mode chorus waves and gyrat-
ing electrons with velocity v⊥.We define the relative phase
angle θ between the wave electric field Ew and the electron
velocity v⊥. In the WPIA, the phase angle is important
for determining the energy transferW. A positiveW indi-
cates the acceleration of electrons by the electric field of
the wave, whereas a negativeW indicates the deceleration
of electrons and causes wave growth. The WPIA calcu-
lates the quantity W for an individual particle using the
wave field at the moment the particle is detected. If there
exist no resonant particles, the values of W should fluc-
tuate randomly about zero. We statistically evaluate the
amount of energy transfer by summing the quantity W
of the detected particle over a time interval. The statisti-
cal significance of the obtained value is evaluated based
on the standard deviation σw represented by the following
formula (Katoh et al. 2013):

σw =

√√√√√ N∑
i=1

(qEw (ti) · vi)2 − 1
N

( N∑
i=1

qEw (ti) · vi
)2

,

(2)

where N is the total number of particles and vi is the
velocity of the i-th particle detected at time ti.

Results and discussion
Waveform processing for calculation in theWPIA
Wave data used in theWPIA processing
The specifications of the wave and particle instruments
onboard the ERG satellite are described in Miyoshi
et al. (2013). We introduce the measured wave data with
respect to the waveform processing. Electric and mag-
netic sensors are installed on the ERG satellite in order
to observe alternating plasma waves in space. Two wire
probe antennas, which receive electric field components
of plasma waves are attached in an orthogonal manner to
the spin axis of the satellite. The wire antennas are sen-
sitive to a wave vector of the electric field, where one
electric field component along the spin axis is missing. For
detection of the magnetic field components of waves, a
three-axis search coil magnetometer, which is located on
top of the mast, can detect magnetic components of the
plasma wave field.
Figure 2 shows the process flow of the WPIA, which

uses wave components of the electric and magnetic fields
(E1,E2,B1,B2, and B3) of plasma waves picked up by
sensors. The waves received by the wave sensors are trans-
ferred to the main electronic receiver, which contains
amplifiers and passband filters. Signals are sampled with a
specific sampling period as a digital signal. In the WPIA,
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W > 0
(a)

(b)
W < 0

Figure 1 Schematic diagram of whistler-mode chorus waves and
resonant electrons. The electric and magnetic components Ew and
Bw of the transverse wave field of whistler-mode waves and gyrating
electrons with respect to the ambient magnetic field B0 for the cases
of (a)W < 0 and (b)W > 0 (after Katoh et al. 2013).

in order to obtain the amplitude and phase of the wave-
form detected by the sensors, the signals require calibra-
tion using the transfer functions that were applied to the
signals. Since the calibration procedure is implemented in
the frequency domain, waves must be transformed using
the fast Fourier transform (FFT). After the calibration pro-
cedure, the original waveforms are obtained through the
inverse FFT (IFFT).
The WPIA calculation uses waveforms in the frequency

range of up to 20 kHz for both the electric and magnetic
wave fields. The upper frequency limit is determined by
the sampling frequency of 65 kHz. Moreover, an electric
waveform of up to 120 kHz with a higher sampling fre-
quency is prepared as a special mode in order to obtain
the amplitude and phase of the waveform with better
time resolution. The WPIA calculation uses data of the
chorus waves. However, in the frequency range of up to
20 kHz, the MSW in hundreds of hertz and the ECH
waves in the kilohertz frequency band are expected to be

Figure 2 Process flow of WPIA. The electric and magnetic fields of
the wave E1, E2, B1, B2, and B3 obtained through calibration and the
particle velocity V(t) are used in the WPIA calculation.

included in the waveforms observed by the ERG satel-
lite, which passes outside the plasmapause. Such waves
are observed by the sensors as superposed waves. Intense
waves result in uncertainty fluctuation in the calculation
of the WPIA. Therefore, the unnecessary wave compo-
nents must be removed from the received waveforms
through an appropriate processing.

Evaluation of phase error in waveform processing
The representative time duration of each element of cho-
rus waves is approximately 100 ms. The FFT process-
ing must be implemented within this time duration. We
examine the influence of the FFT processing on the wave-
form using a simple model chorus wave. Whistler-mode
chorus waves are excited below the electron gyrofre-
quency near the equator (Burtis and Helliwell 1969;
Tsurutani and Smith 1974). Chorus waves are observed
dominantly as a rising-tone wave. We assume the simple
model chorus wave near L = 4. The waveform has sinu-
soidal time-varying characteristics, starting from 20 ms.
Assuming the combination of the lower- and upper-band
chorus waves, the frequency increases linearly from 1 to
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Table 1 Parameters of themodel chorus wave

Parameter Value

Sampling frequency 65 kHz

Electron gyrofrequency at the equator: fce 10 kHz (L ∼ 4)

Chorus frequency (including upper
1 to 9 kHz (0.1 to 0.9fce)and lower bands)

Frequency sweep rate: df/dt 40 kHz/s

Duration time of a chorus element 200 ms

Amplitude Constant

9 kHz with a frequency sweep rate of 40 kHz/s. The dura-
tion of the model chorus is 200 ms. The parameters of the
model chorus wave are listed in Table 1.
In conducting the FFT processing, we must consider

the appropriate data length of one frame used in the FFT.
Since the calculation in the WPIA requires only the cho-
rus waveform, we remove the wave mode components of
the MSW and ECH waves. In order to remove the waves,
we implement the passband filter applying a rectangular
window with a passband of 0.1 < f < 1.0fce. The MSW
waves are observed in a frequency range of a few hun-
dred kilohertz at L ∼ 4 (Santolík et al. 2002), and the ECH
waves appear in the frequency range of f > fce (Kennel
et al. 1970). In order to distinguish these waves from cho-
rus waves in the frequency domain, a frequency resolution
of better than 0.1fce is required. Considering the spectral
spreading of the waves, we assume a frequency resolution
of a few hundred hertz. In order to satisfy the above con-
ditions, we assume a frequency resolution of 127 Hz, cor-
responding to 512 data points and a time duration of 7.8
ms in an FFT frame. A longer FFT length provides a more
accurate frequency resolution and limits the increase in
computation time due to repeated FFT processing, but
results in an increased memory requirement.
Figure 3 shows a time-frequency spectrogram of the

model chorus wave. The sequence of FFTs is implemented
for the waveform without overlapping of the frames. The
time and frequency resolutions are 7.8 ms and 127 Hz,
respectively. In addition, passband filtering in the fre-
quency range of 0.1 < f < 1.0fce is applied for each frame.
The upper and lower cutoff frequencies are indicated by
dashed lines. We then allow the power spectral density of
chorus waves to become zero outside the frequency range.
The spectral bins of rising chorus waves vary with the
frequency step of df /dt×7.8 ms. When using a rectangu-
lar window, the resulting frequency spectrum spreads in
a wide frequency range due to characteristics of the non-
periodic waveform. In this wave model, the frequency of
the chorus waves is assumed to be from 0.1 to 0.9fce and
subsequently increases over time. Since the broadening of
the power spectral density occurs through FFT process-
ing, the power of the chorus waves is lost by the passband

filtering. The effect of the reduction is significant at fre-
quencies close to the cutoff frequencies of the passband
filter.
After processing the passband filtering in the frequency

domain, we transform the spectra to a waveform in
the time domain by applying the IFFT. Figure 4 shows the
amplitudes and the phase angle difference between the
original waveform and the waveform after passband fil-
tering in the time interval of t = 123 to 135 ms, which
corresponds to a chorus element of approximately f =
5 kHz. The instantaneous phase angle at each sampling
time is calculated from the wave amplitude, assuming a
sinusoidal time-varying waveform. The dots in Figure 4a
indicate the sampling points. In Figure 4a, as a result of
passband filtering, the wave amplitudes around the edges
of the FFT frame (t = 126 and 134 ms), which is shown at
the top of Figure 4, are remarkably perturbed. The phase
differences are then visible as errors (Figure 4b). Since the
time interval shown in Figure 4 (t = 125 to 135 ms) cor-
responds to the central frequency of the model chorus
wave, the removal effect of the power spectrum in the tail
part is reduced. However, the phase angle errors below
approximately 5° exist over the entire waveform. In par-
ticular, the phase errors are maximized at the edges of a
frame, whereas the error reaches up to 40°. In the WPIA,
the accuracy of the relative phase angle is important for
the calculation of the inner product of the wave vector
and the particle velocity vector. Since phase angle errors
generate perturbations for a quantity of calculated energy
transfer, the error should be removed for calculation in the
WPIA.

Overlapping processing
We consider the efficient processing of wave data for the
reduction of the errors. The phase error of a waveform
after IFFT processing occurs due to the implementation of
passband filtering in the frequency domain. The operation
of taking a rectangular window in each FFT frame results
in a wide spectra. Therefore, an appropriate window func-
tion should be used in order to suppress the spreading of
the frequency spectra. In the present study, we adopt the
four-term Blackman-Harris window function (hereinafter
4BH) (Harris 1978). The characteristics of the 4BH are
shown in Figure 5. The amplitude of the window func-
tion using 512 data samples is symmetric and has a finite
value at both edges (Figure 5a). The spectrum obtained by
the discrete Fourier transform (DFT) shows that the main
lobe is wider in the frequency domain, whereas the levels
of the side lobes are well suppressed near the main lobe
(Figure 5b). The small leakage of the spectral power in the
side lobes prevents the loss resulting from the passband
filtering.
Figure 6 shows the results obtained by applying the

4BH window to each FFT frame in the time domain.
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Figure 3 Time-frequency spectrograms for the model chorus wave. The dashed lines are the upper and lower cutoff frequencies of the
passband filter.

The phase errors that exist over a frame in Figure 4b
are removed by taking the window function (Figure 6b).
However, the amplitudes of the side lobes do not become
completely zero in the frequency domain. Spectral leakage
still remains at the tail of the spectra. This leakage is fil-
tered through passband filtering, resulting in phase errors
at the edges of the frame.
In order to remove the phase errors, we adopt overlap-

ping processing of the FFT frame. For simplicity of wave-
form processing, we use 50% overlapping of the frame. In

order to perform the overlapping processing, we multiply
one FFT frame in the entire waveform by the 4BHwindow.
We then obtain the waveform in the time domain by IFFT
after applying passband filtering. Since the amplitudes of
the waveform influence the multiplied window function
in the time domain, a processing that multiplies the wave-
form by an inverse function of the window function is
required. Due to the passband filtering, a certain discon-
tinuity remains at both edges of the waveform. We then
remove one-quarter of the data length at both edges of the
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Figure 4Wave amplitudes and phase differences. (a) Amplitudes of the model chorus waves. Waveform to which passband filtering is applied
(red). The original waveform is plotted for comparison (black). The dots indicate the sampling data points. The FFT frames are shown at the top.
(b) The instantaneous phase differences of the waveforms in (a).
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Figure 5 Characteristics of the four-term Blackman-Harris window function. (a) Amplitudes for 512 samples. (b) A portion of frequency
responses (positive frequencies) by DFT.

frame where significant discontinuities are present and
use the center half-length of the obtained waveform. The
overlapped sequence is shown schematically at the top of
Figure 7a. The hatched lengths are removed through the
processing. Thereafter, the 50% overlapped frame is used
as subsequent FFT processing. The waveform obtained
through the sequential overlapped processing is shown
in Figure 7. Unlike the case of no overlapping shown in
Figure 4, no phase errors exist in the time interval. Note
that, even using the method with the 4BHwindow and the
overlapping processing, phase errors with a few degrees
occur locally. The appearance frequency of the phase error
and its magnitude are remarkable at the frequency band
of the chorus waves, which is close to the upper or lower
frequency cutoff. The 50% overlapping processing of FFT
approximately doubles the computation time compared to
that without overlapping.
The waveform processing is summarized as follows:

1. Using 512 data points (7.8 ms) in one FFT frame
2. Multiplying the frame by the four-term

Blackman-Harris window
3. Conversion to the frequency domain by FFT
4. Calibration using transfer functions

5. Using a passband filter ( f = 0.1 ∼ 1.0fce) to obtain
the frequency band of the chorus wave

6. Conversion to the time domain by IFFT
7. Using the waveform after removing one-quarter

length from both edges of the frame

Pseudo-measurement ofWPIA in simulation
We evaluate the effectiveness of waveform processing in
the WPIA measurement by using chorus waves repro-
duced in simulation. The WPIA measurement in the
simulation is described in Katoh et al. (2013), and we con-
duct theWPIAmeasurement in the same processing. The
full-particle simulation code is used for the generation
of whistler-mode chorus waves (Hikishima et al. 2009a,
2009b, 2010). Maxwell’s equations and equations of rela-
tivistic particle motion are self-consistently solved in the
simulation. The propagation of whistler-mode waves is
assumed in the one-dimensional model along the ambient
dipole magnetic field line near the geomagnetic equa-
tor. Two species of particles are used in the system: cold
electrons form an isotropic Maxwellian distribution, and
energetic electrons form an anisotropic bi-Maxwellian
distribution (V 2

th⊥/V 2
th‖ − 1 = 1.3) with a loss cone, where

Vth⊥ and Vth‖ are perpendicular and parallel components,
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Figure 6Wave amplitudes and phase differences. Analogous to Figure 4: (a) Amplitudes of the model chorus wave. Waveform to which
passband filtering is applied after taking the window function (red). The original waveform is plotted for comparison (black). The dots indicate the
sampling data points. The FFT frames are shown at the top. (b) Instantaneous phase differences of the waveforms in (a).
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Figure 7Wave amplitudes and phase differences. Analogous to Figure 4: (a)Wave amplitudes of model chorus waves. Waveform to which
passband filtering is applied after taking the window function and is overlapped in the time domain (red). The original waveform is plotted for
comparison (black). The dots show sampling data points. The FFT frames are shown at the top. (b) Instantaneous phase differences of the
waveforms in (a).
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Table 2 Simulation parameters

Parameter Value

Time step 0.005 �−1
e0

Grid spacing 0.01 c�−1
e0

Number of grids 32,768

Total number of energetic electrons 536,870,912

Total number of cold electrons 134,217,728

Density ratio of energetic electrons to cold electrons 7.40 × 10−3

Thermal velocities of energetic electrons
0.24c, 0.36cat the equator, Vth‖ , Vth⊥

respectively, of thermal velocities. The density ratio of
energetic to cold electrons is 7.4× 10−3. Background ions
are assumed to satisfy the charge neutralization. The other
simulation parameters are listed in Table 2.
Figure 8 shows the simulation results, which we

use in the pseudo-WPIA measurement. In the simula-
tion, whistler-mode chorus waves are generated through
nonlinear cyclotron resonant interaction between back-
ground thermal noise and anisotropic energetic reso-
nant electrons. The wave growth starts from thermal
fluctuations through a linear wave growth by temper-
ature anisotropy of energetic electrons. Then, the gen-
erated whistler-mode waves propagate toward higher
latitudes from near the magnetic equator (Figure 8a).
Figure 8b shows the time-frequency spectrogram of gen-
erated rising-tone chorus waves at position h = 40 c�−1

e0 ,
where c is the speed of light and �e0 is the equato-
rial electron gyrofrequency. Coherent rising-tone waves
are formed due to the nonlinear wave growth, once the
growing wave amplitude exceeds a threshold (Omura
et al. 2009).
We then conduct the pseudo-WPIAmeasurement using

the rising chorus element obtained in the simulation. The
passband filtering and overlapping method are applied in
the WPIA measurement. In order to conduct the WPIA
measurement, we calculate the quantity of the energy
transfer W using the instantaneous waveform at a fixed
point, h = 40 c�−1

e0 , and the velocity vectors of reso-
nant electrons passing through the point. We focus on
the component of W that is perpendicular to the ambi-
ent magnetic field. The W component is given by the
formula W = eEw · v⊥ for the transverse component,
where e is the electron charge, and Ew and v⊥ are per-
pendicular components of the wave electric field and the
velocity vector of the electron, respectively. In order to
statistically evaluate the quantity of energy transfer, we
then calculate the integrated Wint during a certain time
interval. In the simulation, the intense generated rising
chorus waves propagate toward the positive h region and
resonate with counter-streaming energetic electrons hav-
ing negative parallel resonance velocity with respect to the
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Figure 8 Transverse components of wave electric field Ew of
generated whistler-mode chorus waves in simulation.
(a) Temporal evolution of the propagating waves along the field line.
(b) Time-frequency spectrogram of the generated whistler-mode
rising chorus waves at h = 40 c�−1

e0 .

ambient magnetic field direction. Although only electrons
near a specific resonance velocity involve cyclotron reso-
nance with whistler-mode waves, all electrons are used in
the calculation ofWint.
Figure 9 shows the results of the pseudo-WPIA mea-

surement in the simulation. The integratedWint is plotted
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Figure 9 Time evolution ofWint calculated using waveform of
reproduced chorus waves and energetic electrons in simulation.
The dashed lines indicate the standard deviation 2σw.

as a function of time. In order to evaluate the statistical
significance of Wint, the standard deviations 2σw given in
Equation 2 are plotted (dashed line). Once coherent rising
chorus waves are generated (t > 6, 000 �−1

e0 ), the absolute
value ofWint increases significantly above 2σw. The transi-
tion ofWint toward negative values implies that an energy
transfer occurs from energetic electrons to chorus waves.
In order to examine the waveform processing, the

amplitudes of dummy MSW and ECH waves are added.
The pseudo-waveforms of the MSW and ECH waves are
superposed on chorus waveform reproduced in the simu-
lation. We assume the superposed waves in the frequen-
cies of 0.6fLHR for MSW and 1.5fce for ECH waves. The
wave amplitudes are comparable to that of chorus waves
and are added to one component of transverse wave elec-
tric fields in the simulation. We note that the MSW and
ECH waves do not resonate with electrons in the one-
dimensional simulation, namely no phase correlation with
electrons. The added waves only give an amplitude modu-
lation to chorus waves. We then apply the passband filter-
ing and overlapping method for the WPIA measurement
in the simulation. Figure 10 shows theWint with passband
filtering (blue) and with passband filtering and overlap-
ping method with the 4BH window function (red). The
dashed lines indicate the standard deviations 2σw. After
chorus waves appear, the quantity of both Wint is simi-
lar because the chorus wave amplitude is larger compared
to fluctuations due to the phase errors. Before chorus
waves appear, in case using only the passband filtering, the
quantity ofWint is close to the 2σw. In case using the pro-
cessing of the passband filtering and the overlapping, the
absolute value of Wint is larger than the 2σw, as a result
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Figure 10 Time evolution ofWint with passband filtering (blue)
and with passband filtering and overlapping (red). TheWint are
calculated using the waveform of reproduced chorus waves and
energetic electrons in the simulation. The dashed lines indicate the
standard deviation 2σw.

that the absolute value of the standard deviation becomes
small. By applying the implementation of the overlapping
method, the unnecessary discontinuity of the wave phase
is removed. The processing method makes the larger sta-
tistical significance, giving a more accurate evaluation of
the energy transfer.

Conclusions
The WPIA is a software function installed on the ERG
satellite. In the WPIA calculation, we presented a pro-
cessing method to reduce the errors of the wave phase in
order to accurately evaluate the statistical significance of
the energy transfer. The WPIA processing using the FFT
and IFFT is costly. Moreover, the proposed overlapping
processing of the waveform requires more computation
time compared to that without overlapping. The com-
putation resources (e.g., CPU clock, memory size, and
bus width) are limited for the onboard data process-
ing. We next address the evaluation of data processing
speed and optimization of the software algorithm of the
WPIA.
The target of the WPIA measurement is to evaluate

the energy transfer between chorus waves and the reso-
nant electrons. The ECH and MSW may affect particle
motions. The particle fluctuations give uncertainty eval-
uation of Wint. From spectral information, we therefore
avoid the WPIA calculation during a period that the ECH
and MSW exist. In addition, considering the resonance
condition between waves and particles, we can expect that
the particle energies influenced by ECH and MSW are
almost different from those interacting with chorus waves.
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We select the kinetic energy of electrons for the WPIA
calculation by referring the cyclotron resonance condition
with chorus waves. We are planning to use other infor-
mation such as the plasma density for the evaluation of
the resonance condition, by referring to the linear disper-
sion of the whistler wave mode. The influence of ECH and
MSW waves on the WPIA measurement should be eval-
uated by a self-consistent multi-dimensional simulation
and is left for the future study.
In the particle simulation, a coherent rising-tone ele-

ment with the enhanced nonlinear wave growth (t >

6, 000 �−1
e0 ) is formed after moderate linear wave growth

of incoherent whistler-mode waves. The WPIA measure-
ment demonstrated significant energy transfer from an
energetic electron to a whistler-mode chorus wave which
occurs during the generation of the coherent rising chorus
element. During the period of t < 6, 000 �−1

e0 in which the
linear wave growth occurs near the frequencyω = 0.2�e0,
the WPIA measurements indicate the gradual increase of
the quantityW , exceeding the 2σw (Figure 10).
The main goal of the WPIA is to directly measure the

quantity of energy transfer between whistler-mode cho-
rus waves and resonating energetic electrons in the space
plasma environment. In order to statistically evaluate the
quantity of energy transfer, it is important to obtain accu-
rate phase angles of the wave vector and the velocity
vector of a particle. In addition to chorus waves, various
other waves are included in the observed waveform, which
affects the accuracy of the calculated quantity of energy
transfer. The wave modes are removed through the pass-
band filtering. However, the removed spectrum causes
undesirable phase angle errors of the waveform. In order
to reduce the phase errors, the overlapping processing is
applied using an appropriate window function. The pro-
cessing shows that the phase angle errors are improved
successfully. The proposed waveform processing method
is necessary in order to reduce the phase error and is
applicable to the calculation of theWPIA.
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