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Abstract

We describe the principles of the Wave—Particle Interaction Analyzer (WPIA) and the implementation of the Software-
type WPIA (S-WPIA) on the Arase satellite. The WPIA is a new type of instrument for the direct and quantitative meas-
urement of wave—particle interactions. The S-WPIA is installed on the Arase satellite as a software function running

on the mission data processor. The S-WPIA on board the Arase satellite uses an electromagnetic field waveform that
is measured by the waveform capture receiver of the plasma wave experiment (PWE), and the velocity vectors of
electrons detected by the medium-energy particle experiment—electron analyzer (MEP-e), the high-energy electron
experiment (HEP), and the extremely high-energy electron experiment (XEP). The prime objective of the S-WPIA is to
measure the energy exchange between whistler-mode chorus emissions and energetic electrons in the inner mag-
netosphere. It is essential for the S-WPIA to synchronize instruments to a relative time accuracy better than the time
period of the plasma wave oscillations. Since the typical frequency of chorus emissions in the inner magnetosphere

is a few kHz, a relative time accuracy of better than 10 s is required in order to measure the relative phase angle
between the wave and velocity vectors. In the Arase satellite, a dedicated system has been developed to realize the
time resolution required for inter-instrument communication. Here, both the time index distributed over all instru-
ments through the satellite system and an S-WPIA clock signal are used, that are distributed from the PWE to the
MEP-e, HEP, and XEP through a direct line, for the synchronization of instruments within a relative time accuracy of a
few ps. We also estimate the number of particles required to obtain statistically significant results with the S-WPIA and
the expected accumulation time by referring to the specifications of the MEP-e and assuming a count rate for each

detector.
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Introduction

The Arase (ERG) satellite was launched from the Uchi-
noura Space Center on December 20, 2016 to explore
the dynamics of the terrestrial radiation belts. One
of the prime objectives for this satellite mission is the
investigation of the energization process of relativistic
electrons by whistler-mode chorus emissions. Whistler-
mode chorus emissions are coherent electromagnetic
plasma waves observed mainly on the dawn side of the
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and indicate if changes were made.

inner magnetosphere (e.g., Summers et al. 1998). Previ-
ous studies showed that chorus emissions play crucial
roles in the reformation of the outer radiation belt during
the recovery phase of geomagnetic storms (e.g., Miyoshi
et al. 2003). Recent theoretical and simulation studies
have revealed that chorus emissions emerge from a band
of whistler-mode waves in regions close to the magnetic
equator through nonlinear wave—particle interactions
(e.g., Katoh and Omura 2007, 2011, 2013, 2016; Omura
et al. 2008, 2009). Chorus emissions propagate away from
the equator, and their propagation characteristics vary
depending on the plasma environment in the inner mag-
netosphere (e.g., Katoh 2014). In the generation process
of chorus emissions, an electromagnetic electron hole is
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formed in a specific range of the velocity phase space due
to the nonlinear Lorentz force acting on resonant elec-
trons. Simulation studies have revealed that most reso-
nant electrons lose their kinetic energy, contributing to
the generation of chorus emissions, and that a fraction
of the resonant electrons is trapped inside the hole and
is effectively energized through a special form of nonlin-
ear wave trapping called relativistic turning acceleration
(Omura et al. 2007) and ultra-relativistic acceleration
(Summers and Omura 2007).

Wave—particle interactions in the magnetosphere
occur over the timescale of the characteristics of plasma
waves and particles. During the interaction between
coherent whistler-mode waves and energetic electrons,
relaxation of the velocity distribution function of reso-
nant electrons occurs within hundreds or thousands of
electron gyro-periods (e.g., Katoh and Omura 2004), cor-
responding to tens of ms for typical parameters of the
Earth’s inner magnetosphere. Since the time resolution of
conventional plasma instruments on board a spacecraft is
usually a few tens of ms or less, it is difficult to measure
the relaxation of the velocity distribution or the energy
exchange between wave and particles.

To overcome the difficulty in the direct measurement
of wave—particle interactions, previous studies have used
the observed wave phase as a reference to count the num-
ber of particles in order to obtain the distribution as a
function of the relative phase angle between waves and
particles (Ergun et al. 1991, 1998; Gough et al. 1995; Buck-
ley et al. 2000). In sounding rocket experiments, their
attempts successfully identified wave—particle correlations
between Langmuir waves and electrons, with a statistical
significance (Kletzing et al. 2017). Fukuhara et al. (2009)
proposed a new type of instrument for the direct and
quantitative measurement of the energy exchange between
waves and particles, which is referred to as the Wave—
Particle Interaction Analyzer (WPIA). The WPIA uses
the three components of observed waveforms and parti-
cle velocity vectors to quantify the energy flow by meas-
uring the inner product of the observed instantaneous
wave and velocity vectors, corresponding to Joule heating
of particles by plasma waves (Katoh et al. 2013). The fea-
sibility of the WPIA for the Arase satellite has been stud-
ied using pseudo-observations based on simulations with
self-consistent plasma particle codes, which reproduce
the process of chorus generation (Katoh et al. 2013; Hik-
ishima et al. 2014). Kitahara and Katoh (2016) suggested
that the WPIA is also capable of measuring the pitch angle
scatter of particles by plasma waves directly and quantita-
tively. Recently, Shoji et al. (2017) showed that the WPIA
can directly measure the formation of an ion hole through
interactions of electromagnetic ion cyclotron waves and
energetic ions in the inner magnetosphere.
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In this paper, the implementation of the Software-type
Wave—Particle Interaction Analyzer (S-WPIA) on the
Arase satellite is described. Since the Arase satellite is the
first application of the WPIA in space, we installed the
Software-type WPIA because of its flexibility in choosing
processing algorithms and optimization. The principles
and significance of the WPIA are discussed in “Princi-
ples of the WPIA and its significance” section. Details
of the S-WPIA implementation in the Arase satellite are
described in “S-WPIA implemented on the Arase satel-
lite” section, and a summary is present in “Summary”
section.

Principles of the WPIA and its significance
The WPIA proposed by Fukuhara et al. (2009) uses the
three components of observed waveforms and particle
velocity vectors. The WPIA quantifies the energy flow
by measuring the inner product of the observed instan-
taneous wave electric field and velocity vectors, E and
v, which is the time variation of the kinetic energy of a
charged particle and is given by

W = % = mouV - d(ZI/tv) =gqE - v, @)
where K = m,c*(y — 1) is the kinetic energy of a charged
particle including relativistic effects, m, and g are the rest
mass and charge of a particle, respectively, c is the speed
of light, and y is the Lorentz factor. According to Katoh
et al. (2013), the net variation of the kinetic energy of
charged particles, AW(r, £), during a time interval At is
given by

t+AE
AW (r,t) :/ /// gE(r,t') - vf (r,v,t)dvdt’, (2)
¢

where f is the phase space density of charged particles.
Since the measurement of f is performed at discrete
times, AW/(r, ¢) is discretized as a summation of W(¢,) =
gE(t))-v; measured over a time interval At as follows:
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where ¢ < t; <t 4+ At, N represents the number of par-
ticles detected during the time interval At, ¢, is the detec-
tion time for the i-th particle, E(¢;) is the wave electric
field vector at ¢, and v, is the velocity vector for the i-th
particle. Since W(t,) represents the gain or the loss of
the kinetic energy of the i-th particle, the net amount
of the energy exchange in the region of interest is
obtained by summing W for all detected particles, where
Wint = Zfil W (t;). Figure 1 shows a schematic diagram
of Wand W, , as measured by the S-WPIA for interac-

int
tions between energetic electrons and whistler-mode
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waves propagating purely parallel to the background
magnetic field (after Katoh et al. 2013), where E, and
B, are the wave electric and magnetic field vectors,
respectively, and v, is the perpendicular component of
the velocity vector of a particle. The sign of W is deter-
mined by the relative phase angle (6) between E, and v
(Fig. 1a, b), and the net energy exchange between parti-
cles and waves can be evaluated by summing W for all
N particles to obtain W, (Fig. 1c). By representing the
numbers of energetic electrons having positive and nega-
tive Wby N, and N_, respectively, it is expected that N
and N_ would be significantly different from each other
in the region of efficient wave—particle interactions. Fig-
ure 1c indicates the case of an efficient wave—particle

(a)W:FE'UL<0

w

Fig. 1 Schematic diagram of the S-WPIA for measuring interactions
between energetic electrons and whistler-mode waves propagating
purely parallel to the background magnetic field (after Katoh et al.
2013). Panels a and b represent the relation between the perpen-
dicular component of the velocity vector of an electron (v,) and the
wave electric (E,) and magnetic (B,,) field vectors in the cases of a W/
<0and b W > 0. cDistribution of energetic electrons as a function of
W, corresponding to a negative W, case representing wave genera-
tion. The total number of energetic electrons is Ny, while N, and N_
are the numbers of energetic electrons having positive and negative
W, respectively
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interaction resulting in a wave generation, where N_ is
larger than N, rendering W negative. Alternatively,
if the difference (SN) between N and N_ is negligible,
W, approaches zero and no net energy exchange would
occur. Since a finite number of particles are used in the
computation of N and W, there is a fluctuation over
time. The fluctuation originates from the thermal fluctua-
tion of the distribution of energetic electrons as well as
the fluctuation of both wave electric field amplitude and
relative phase angle 6. We use the standard deviation oy,
which is computed by:

N A 2
ow = | > (qEw) vi)? - N (Z qgEw (&) - Ui> ,
i=1 i=1
“)

where the first and second terms on the right-hand side
correspond to the width and the center of the gE\(£)-v;
distribution, respectively, to evaluate the statistical signif-
icance of the obtained W,,, compared to the fluctuation.
We can identify an efficient energy exchange between
waves and particles when a W, that is sufficiently larger
than the oy, is obtained by the S-WPIA. In other words, a
sufficient number of particles need to be collected for the
computation of W, ,, so that the obtained W, exceeds
oy and achieves the required statistical significance,
assuming a Gaussian distribution of 1.64 oy, for a statisti-
cal significance of 90% and 1.96 oy, for a 95% scenario.
For the case in which a sufficiently large number of parti-
cles is expected in the S-WPIA, W, , can be evaluated for
different kinetic energy (K) and pitch angle (@) ranges to
obtain W; (K, a). By examining the obtained W; (K, a),
we can identify the specific energy and pitch angle ranges
that mostly contribute to the energy exchange through
wave—particle interactions. In this case, oy (K, a) should
also be computed for the evaluation of the statistical sig-

nificance of the obtained W, (K, a).

Specifications of instruments on board the Arase satellite
for implementing the S-WPIA

For the WPIA, it is essential to ascertain that the time
resolution of ¢, indicating the detection time for the i-th
particle, is shorter than the timescale for the wave—par-
ticle interactions. For the S-WPIA on board the Arase
satellite, the requirement of the relative time accuracy for
each instrument used in the direct measurement of inter-
actions between the chorus and energetic electrons in the
inner magnetosphere is studied. The relative phase angle
between the electromagnetic field vector for the wave (E,,
and B,,) and the velocity vector v, for the energetic elec-
trons should be resolved in order to identify the sign of W
correctly for each detected electron. Here, 6 represents
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the relative phase angle between E, and v, (Fig. 1a, b),
and ( denotes the angle between B,, and v, . In addition,
identifying of the presence of an electromagnetic elec-
tron hole in the velocity phase space is one of the primary
goals of the S-WPIA. While the hole is formed in the spe-
cific range of { (e.g., Omura et al. 2008; Katoh et al. 2013),
which rotates in time with the wave period, the wave
phase variation needs to be resolved on a timescale that
is sufficiently shorter than the wave period. In the inner
magnetosphere, chorus emissions appear in a frequency
range lower than the electron cyclotron frequency: typi-
cally, from 0.2 to 0.5 Q,, for the lower band chorus and
from 0.5 to 0.8 Q,, for the upper band chorus, where
Q. is the electron gyrofrequency at the magnetic equa-
tor. Assuming 10 kHz as the highest electron cyclotron
frequency along the Arase orbit at the equator, the wave
period of the chorus is approximately 100 ps. An accu-
racy greater than 10 ps resolves the wave phase on the
order of a few tens of degrees. The same accuracy should
be utilized for the synchronization between wave and
particle instruments in order to identify 8 and { correctly.

The instruments on board the Arase satellite meet the
requirements for direct measurements of interactions
between chorus and energetic electrons by the S-WPIA.
Chorus emissions are often observed on the dawn side
of the inner magnetosphere and outside the plasma-
pause. The typical frequency range of chorus emissions
is covered by the waveform capture receiver (WFC) of
the plasma wave experiments (PWE) on board the Arase
satellite (Kasahara et al. 2018a). Furthermore, since the
ratio between the plasma frequency (f;,) and the electron
cyclotron frequency (f.), f,/fcer is typically less than 10,
the minimum resonance energy based on the first-order
cyclotron resonance condition is estimated to be in the
energy range of hundreds of eV to a few keV for the upper
band chorus and from a few keV to tens of keV for the
lower band chorus, respectively. The resonance energy
changes depending on the pitch angle of the resonant
electrons and increases to over MeV for large pitch angle
ranges. These estimations show that the kinetic energy
range of resonant electrons, particularly for the lower
band chorus, is covered by the medium-energy particle
experiments (MEP-e) (Kasahara et al. 2018b), the high-
energy electron instruments (HEP) (Mitani et al. sub-
mitted to Earth, Planets and Space), and the extremely
high-energy electron experiment (XEP) (Higashio et al.
submitted to Earth, Planets and Space) on board the
Arase satellite.

Estimation of the required integration time for the S-WPIA
For the direct measurements of wave—particle inter-
actions by the S-WPIA, a certain number of particles
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detected in the region of interest need to be collected
in order to obtain a statistically significant W, and/or a
non-uniform distribution of particles in the wave phase
space caused by the presence of an electromagnetic elec-
tron hole. Assuming that the distribution of energetic
electrons as a function of { is changed by 10% from the
average due to the presence of an electromagnetic elec-
tron hole and that the statistical fluctuation follows a
Poisson distribution for which the standard deviation is
expressed as N'/2/N for a particle count N, at least more
than 100 particles need to be collected in each bin. If the
distribution of particles as a function of relative phase
angle ( is analyzed at every 30°, i.e., if 12 bins are assumed
for { from 0° to 360°, then the collection of 1200 particles
would be required to assess each of the kinetic energy
and pitch angle ranges.

By referring to the specifications of the MEP-e (Kasa-
hara et al. 2018b), the number of particles required for
the S-WPIA required to obtain a statistically significant
Wine is estimated. The MEP-e measures electrons in the
energy range of 5-80 keV using 16 sensor channels,
where each sensor has an angular resolution of 5° for both
elevation and azimuth angles. By estimating the expected
particle counts for the MEP-¢, the observation conditions
for the Arase satellite are assumed to be as follows: (1) the
background magnetic field is perpendicular to the spin
axis of the Arase satellite, and (2) the number of energy
steps for the MEP-e is 16, swept four times every sec-
ond. Since the field-of-view (FOV) for each sensor chan-
nel of the MEP-e changes with time due to the satellite
spin, the FOV and the corresponding pitch angle for each
sensor channel, as well as the energy step for the MEP-e
measurement during one spin, are computed as shown in
Fig. 2. Figure 2a shows the pitch angle measured by four
sensor channels illustrated by colored rectangles in the
upper panel, where the same color is used for both lines
in Fig. 2a and rectangles indicating the FOV of the cor-
responding sensor channel. The pitch angle measured by
each sensor channel changes in time due to the satellite
spin. The coverage of the pitch angle is different depend-
ing on the direction of the FOV with respect to the
background magnetic field. The energy range measured
by each sensor channel also varies in time, as shown in
Fig. 2b. Since MEP-e sweeps 16 energy step every 0.25 s,
the energy and the pitch angle measured by each sensor
vary accordingly. By referring the observation sequence
indicated by Fig. 2a, b, we compute the expected count
rate during one spin period as a function of both energy
and pitch angle of electrons. The flux of incoming ener-
getic electrons to the MEP-e is assumed to be uniform in
both time and space during one spin period with a count
rate of 5000 counts per second (cps) for each sensor
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channel. Figure 2c shows the estimated particle count as
a function of the energy steps and pitch angle bins, where
the width of each pitch angle bin is assumed to be 5°. The
estimation shows that a particle count greater than 2000
can be expected in the wide pitch angle range from 60° to
120° in all the kinetic energy range covered by the MEP-e.

The required time interval for the S-WPIA based
on the estimation shown in Fig. 2c is evaluated. If the
required number of particles is set at 2000 as estimated
earlier, the required particle count can be collected by
MEP-e within one spin period in the pitch angle range
from 60° to 120°. However, additional restrictions and
limitations should be taken into account for the S-WPIA.
If the number of particles required in order to increase
the statistical significance of the obtained results is set
at 12,000, the accumulation time should be greater than
six spin periods in the pitch angle range from 60° to 120°.
In addition to using a large particle count to achieve sta-
tistical significance, in order to increase the signal-to-
noise ratio for the S-WPIA, the count at the time of the
whistler-mode chorus enhancements should be used. We
expect that both the net increase of W;, and modulation
of the particle distribution as a function of the relative
phase angle { can only be measured in the presence of
chorus emissions. Considering that the statistical fluctua-
tion of the particle count is expressed as N'/?/N, the par-
ticle count detected in the absence of chorus emissions
only increases the statistical fluctuations without increas-
ing the amount of the modulation due to wave—particle
interactions. By selecting the interval of chorus emis-
sions, we expect that the detected count will increase
both N*2/N and the amount of the modulation of the
distribution, and therefore, we expect the signal-to-noise
ratio to increase. Since chorus elements appear in the
spectra intermittently with a timescale of less than 1 s,
it can be roughly assumed that one-third of the detected
particles are accompanied by chorus elements. Taking
these assumptions into account, the required accumula-
tion time for the S-WPIA is estimated to be at least 18
spin periods, corresponding to 144 s. The expected dura-
tion of the S-WPIA measurements is more than 3 min in
the region of interest, and this expectation is considered
in the operation planning for the Arase satellite.

S-WPIA implemented on the Arase satellite

In order to realize the S-WPIA in the Arase satellite, a
dedicated mission network system for the synchroniza-
tion of wave and particle instruments was developed. In
this section, the implementation of the S-WPIA on the
Arase satellite is described.
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Fig. 2 a Variation of the pitch angle at the center of the field-of-
view for sensor channels of the MEP-e during one spin period of 8 s
under the assumed condition. Schematics shown in the upper panel
represent the FOV of each sensor channel every 2 s, where the color
of rectangles corresponds to those of plotted lines. b Energy range
measured by MEP-e during one spin period, where 16 energy steps
are swept every 0.25 s. ¢ Estimated number of counts measured by
the MEP-e during one spin period
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Mission network based on the Spacewire

All the scientific instruments connect to the mission
network through dedicated CPU boards, which are digi-
tal processing boards designed specifically for the Arase
mission. The mission network is a communication system
based on the Spacewire standardization (ECSS-E-ST-50-
12C 2008; ECSS-E-ST-50-51C 2010; ECSS-E-ST-50-52C
2010). The scientific instruments communicate with each
other and transfer the observed data to the mission data
recorder (MDR) (Takashima et al. submitted to Earth,
Planets and Space). The MDR is composed of a CPU with
128 MB of SD-RAM and a 32-GB flash memory. The
flash memory in the MDR is dedicated to the storage of
the data related to the S-WPIA and the PWE burst mode
(Kasahara et al. 2018a). The S-WPIA application soft-
ware, which runs on the MDR, executes WPIA calcula-
tions and manages the data flow on the MDR (Hikishima
et al. submitted to Earth, Planets and Space). Figure 3
shows the configuration of the mission network. Note
that the components in the relation to the S-WPIA are
shown in this figure. While the XEP, HEP, MEP-e, and
MGF connect to the mission network through their own
set of the CPU boards, the PWE connects through two
sets of CPU boards, one of which is dedicated to the data
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management for the electric field channels, and the other
of which is dedicated to the data management for the
magnetic field channels.

Each scientific instrument writes the observed data
into the MDR in the S-WPIA data format through the
mission network. The communication among the sci-
entific instruments is conducted by a relay packet. The
data packed in the relay packet are transferred by each
instrument according to the routing information, which
is decided in advance by commands. Through the relay
packet, the S-WPIA activates the generation of the data
designated to the S-WPIA for each instrument. Each
instrument reports its readiness and generation statuses
for the S-WPIA data through the relayed packet. The
total bandwidth of the mission network is 12 Mbps, and a
specific bandwidth is allocated to each instrument based
on the bit rate of the data generation by commands.

Accuracy of relative observation time

As stated in “Principles of the WPIA and its significance”
section, the application of the S-WPIA to the chorus emis-
sion requires an accuracy of at least 10 ps for the relative
observation time among the plasma wave receiver and the
particle instruments. Since the observation times for each
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Fig. 3 Configuration of the mission network among the cooperated instruments of the S-WPIA
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of the instruments are not synchronized with each other,
a standard clock is generated and distributed by the PWE
through the exclusive lines between the PWE and each
particle instrument, in order to maintain the accuracy of
the relative observation times among the instruments.
This clock is called the S-WPIA clock and is configured by
dividing the source clock of the PWE. The clock frequency
for the S-WPIA clock is 524,288 Hz, which is equivalent
to a resolution of 1.907 s (Fig. 4). Since the sampling fre-
quency for waveforms in the PWE is generated from the
same source clock as that for the S-WPIA clock, the wave-
form sampling time is completely synchronized with the
time as measured by the S-WPIA clock. Each instrument
introduces a counter called the S-WPIA counter, which
accumulates counts from the S-WPIA clock. The time
index (satellite time) is generated with a time resolution
of 15.6 ms and is distributed by the satellite system. The
S-WPIA counter is a 24-bit counter that resets to zero
with each distribution of the time index. Thus, the relative
observation time is guaranteed by the combination of the
time index and the S-WPIA counter with an accuracy of
1.907 ps (Fig. 4). Each instrument writes its own observa-
tion data attached to the information of the satellite time
and the S-WPIA counter.

Operation and output of the S-WPIA

The S-WPIA computes W, from the observational data
of the PWE, XEP, HEP, MEP-¢, and MGF stored on the
MDR. Because of the vast amounts of observed raw data
for electromagnetic waveforms and individual particle
counts, the S-WPIA measurement is intermittent and has
a short duration for each orbit of the Arase satellite. First,
we set the command to activate the generation of the raw

data for each instrument only in the region of interest.

After the observation, by referring to quick-look plots of
the PWE, we determine the time interval subject to the
computation of the S-WPIA. Then, we set the command
for the computation of the stored data observed in the
time interval to obtain W,,,, oy, and N as functions of K,
a, and (. The output of the S-WPIA, W, (K, &, (), ow(K,
a, (), and N(K, a, (), is transferred to the ground, and the
raw data used for the S-WPIA output can also be down-
linked for verification and investigation of the S-WPIA
algorithm. Details of the S-WPIA calculation and the
specifications of the S-WPIA software applications are
described in Hikishima et al. (submitted to Earth, Planets
and Space).

Summary
In this report, the principle of the WPIA (Fukuhara et al.
2009) and its significance for the direct measurements
of wave—particle interactions in the Arase mission were
described. The WPIA computes an inner product W(z,) =
gE (t)-v, where t, is the detection time for the i-th parti-
cle, E(t,) is the wave electric field vector at ¢, and g and v;
represent the charge and the velocity vectors for the i-th
particle, respectively. Since W(t;) denotes the gain or the
loss of the kinetic energy for the i-th particle, summing
W for detected particles allows the net amount of the
energy exchange in the region of interest to be acquired.
By referring to the specifications of the MEP-e and by
assuming a count rate of 5000 cps for each detector of
the MEP-e, we estimated that the number of particles
required to obtain statistically significant results by the
S-WPIA can be collected during 18 spin periods.

The implementation of the S-WPIA on the Arase sat-
ellite is next described. The S-WPIA was installed on
the Arase satellite as a software function running on the
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mission data processor. It uses an electromagnetic field
waveform measured by the WFC of the PWE and veloc-
ity vectors detected by the MEP-e, HEP, and XEP. The
primary goal of the S-WPIA is measuring the energy
exchange between the whistler-mode chorus emissions
and energetic electrons in the inner magnetosphere. It
is essential for the S-WPIA to synchronize instruments
with a relative time accuracy that is better than the time
period of the plasma wave oscillations. Since the typi-
cal frequency of chorus emissions is a few kHz in the
inner magnetosphere, a relative time accuracy better
than 10 ps should be maintained in order to measure the
relative phase angle between wave electromagnetic field
and velocity vectors with an accuracy sufficient to cor-
rectly detect the sign of W. In the Arase satellite, a dedi-
cated system has been developed in order to obtain the
required time resolution for inter-instrument communi-
cation. Both the time index distributed to all instruments
through the satellite system with a time resolution of
15.6 ms and the S-WPIA clock signal, which is distrib-
uted from the PWE every 1.9 ps to particle instruments
through a direct line, are used. The S-WPIA has been
successfully implemented on the Arase satellite with
instrument specifications and mission networks suitable
for the direct measurement of interactions between cho-
rus and energetic electrons in the inner magnetosphere.
The S-WPIA software on board the Arase satellite is
described in detail in an accompanying paper by Hik-
ishima et al. (submitted to Earth, Planets and Space).
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