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Abstract 

This paper presents detailed performance values of the Magnetic Search Coil (MSC) that is part of the Plasma Wave 
Experiment on board the Arase (ERG) satellite. The MSC consists of a three-axis search coil magnetometer with a 
200-mm-long magnetic core. The MSC plays a central role in the magnetic field observations, particularly for whistler 
mode chorus and hiss waves in a few kHz frequency range, which may cause local acceleration and/or rapid loss of 
radiation belt electrons. Accordingly, the MSC was carefully designed and developed to operate well in harsh radia-
tion environments. To ascertain the wave-normal vectors, polarizations, and refractive indices of the plasma waves in a 
wide frequency band, the output signals detected by the MSC are fed into the two different wave receivers: one is the 
WaveForm Capture/Onboard Frequency Analyzer for waveform and spectrum observations in the frequency range 
from a few Hz up to 20 kHz, and the other is the High Frequency Analyzer for spectrum observations in the frequency 
range from 10 to 100 kHz. The noise equivalent magnetic induction of the MSC is 20 fT/Hz1/2 at a frequency of 2 kHz, 
and the null depth of directionality is − 40 dB, which is equivalent to an angular error less than 1◦. The MSC on board 
the Arase satellite is the first experiment using a current-sensitive preamplifier for probing the plasma waves in the 
radiation belts.
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Introduction
Important role of plasma waves in radiation belt dynamics

�e radiation belts surrounding the Earth contain 

enhanced relativistic particles (Baker et al. 1986; Reeves 

et  al. 2003; Miyoshi and Kataoka 2005; Shprits et  al. 

2013). �e inner radiation belt (L ≈ 1 to 3) is dominated 

by relativistic protons, while the outer belt (L ≈ 4 to 6) 

consists of relativistic electrons trapped in the geomag-

netic fields. A third belt is found between geomagnetic 

storms (Baker et al. 2013). Although the acceleration and 

loss mechanisms of the radiation belts are still open ques-

tions, it has been established that plasma waves fulfill a 

crucial role in both processes (Schulz and Lanzerotti 

1974; Summers et  al. 1998; �orne 2010). Two major 

mechanisms have been presented: one is inward and out-

ward radial diffusion via ultralow-frequency (ULF) waves 

(e.g., Schulz and Lanzerotti 1974; Elkington et  al. 1999; 

Hudson et al. 2000; Shprits et al. 2008), and the other is 

local acceleration and loss processes via wave–parti-

cle interactions (e.g., Summers et al. 1998; �orne 2010; 

�orne et al. 2013). It is particularly noteworthy that the 

Van Allen Probes have observed local electron accel-

eration during a geomagnetic storm (Reeves et al. 2013), 

which tends to support the importance of wave–particle 

interactions.

Chorus waves contribute to the local acceleration and 

loss of relativistic electrons in the outer belt via wave–

particle interactions (Horne and �orne 2003; Katoh and 
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Omura 2007; Kasahara et  al. 2009; �orne et  al. 2013). 

Chorus waves in the extremely low frequency (ELF) and 

very low  frequency (VLF) bands are the most common 

whistler mode waves in the inner magnetosphere (Bur-

tis and Helliwell 1969; Tsurutani and Smith 1974). Cho-

rus waves have a frequency range between about 0.1fceq 

and 0.7fceq, where fceq is the equatorial electron gyrof-

requency. Additionally, chorus waves usually have a fre-

quency gap at half the equatorial electron gyrofrequency 

and are classified into lower (0.1fceq to 0.5fceq) and upper 

(0.5fceq to 0.7fceq) bands below and above the gap (San-

tolík et  al. 2003). �e gap can be caused by a nonlinear 

damping process (Yagitani et al. 2014). Hiss waves in the 

ELF band are also important for loss of relativistic elec-

trons (Summers et al. 2008). Magnetosonic waves (some-

times referred to as equatorial noises) below the lower 

hybrid frequency can also contribute to local acceleration 

via wave–particle interactions (e.g., Horne et  al. 2007). 

Electromagnetic ion cyclotron (EMIC) waves below 

the proton gyrofrequency (Jacobs et  al. 1964; Fukunishi 

et  al. 1981; Pickett et  al. 2010) can contribute to loss of 

relativistic electrons, due to strong pitch angle scattering 

(Rodger et al. 2008; Jordanova et al. 2008; Miyoshi et al. 

2008; Omura and Zhao 2012). �ese plasma waves are 

major candidates in the rapid local acceleration and loss 

processes of relativistic electrons in the radiation belts.

Brief overview of search coil magnetometers

From the dawn of space exploration to present, search 

coil magnetometers have contributed to understand-

ing of the radiation belts, magnetospheric dynamics, 

and planetary science. �e specifications of the search 

coil magnetometers on board the Arase satellite, which 

is formerly known as the Exploration of energization 

and Radiation in Geospace (ERG) mission, and other 

major satellites are listed in Table  1. Because of their 

high robustness under harsh (temperature and radia-

tion) environments, search coil magnetometers have 

been widely used in space for over a half century, and 

ongoing research efforts have resulted in new techniques 

for achieving wider bandwidth, increased miniaturiza-

tion, and improved noise equivalent magnetic induction 

(NEMI) values. To achieve a wider bandwidth, a new sen-

sor that can simultaneously monitor two (a few kHz and 

100  kHz) different resonant frequencies was proposed 

(Coillot et al. 2010; Ozaki et al. 2013). Miniaturization of 

sensors on board the Mercury Magnetospheric Orbiter 

(MMO) and the Magnetospheric Multiscale (MMS) 

satellites has been realized using magnetic concentra-

tors (Coillot et  al. 2010; Le Contel et  al. 2016), while 

maintaining a reasonable NEMI value. Drastic minia-

turization of preamplifiers has been achieved by using 

application-specific integrated circuit (ASIC) technology 

(Rhouni et al. 2013; Ozaki et al. 2014, 2016).

�is paper focuses, in particular, on the Magnetic 

Search Coil (MSC) of the Plasma Wave Experiment 

(PWE) (Kasahara et  al. 2018) on board the Arase satel-

lite (Miyoshi et al. 2012), which plays a central role in the 

plasma wave observations of magnetic field vectors in the 

frequency range between a few Hz to 100 kHz. �e MSC 

consists of a three-axis search coil magnetometer with 

a 200-mm-long magnetic core. �e MSC can provide 

accurate waveform data (amplitude and phase) of mag-

netic field components because of its robustness even in 

plasma and radiation environments. Because accurate 

phase measurements of plasma waves are essential for the 

analysis of wave–particle interaction processes (Fukuhara 

et  al. 2009; Katoh et  al. 2018), the MSC was designed 

especially for magnetic field observations of chorus, hiss, 

and magnetosonic waves in the frequency range from a 

few Hz to 100 kHz, while a fluxgate magnetometer, here-

after referred to as MGF (Matsuoka et al. 2018), is used 

for ULF and EMIC wave observations below a frequency 

of 10  Hz. Design and manufacturing for the MSC were 

mainly performed by Kanazawa University and NIPPI 

Corporation, both of which were deeply involved in 

developments of search coil magnetometers on board 

the GEOTAIL (Matsumoto et  al. 1994) and the MMO 

(Kasaba et al. 2010) satellites. Since the mission objective 

of the Arase satellite is to directly observe the heart of the 

Earth’s radiation belts, the MSC was developed specifi-

cally for use in harsh radiation environments.

MSC description
Arase satellite overview

In order to understand the dynamics of Earth’s radiation 

belts, satellite and ground-based observations along with 

simulation studies are conducted (Miyoshi et  al. 2012; 

Shiokawa 2017). As part of this effort, the Arase satel-

lite, which is equipped with particle instruments that 

cover a wide energy range (10 eV to 20 MeV for electrons 

and 10 eV to 180 keV for ions), a DC magnetometer, and 

plasma wave receivers for a wide frequency range (a few 

Hz to 10 MHz), was launched on December 20, 2016. 

Information on wave-normal vectors, polarizations, and 

refractive indices of the plasma waves is obtained by the 

PWE on board the Arase satellite. �e MSC belonging to 

the PWE is composed of a triaxial sensor (referred to as 

MSC-S), low-noise preamplifiers (addressed as MSC-PA), 

and a 5-m-long extendable mast (addressed as MAST).

Figures  1 and 2 show the spinning satellite geom-

etry axis (SGA) coordinates represented by the symbols 

(X,   Y,   Z) and the configuration of the MSC in the αβγ 

coordinates, respectively. To mitigate the magnetic noise 

coming from the drive signals of the MGF, the MSC-S 



Page 3 of 13Ozaki et al. Earth, Planets and Space  (2018) 70:76 

is mounted on the top of the MAST along the +Y  axis 

in the SGA coordinates, while the MGF is mounted on 

a separate mast that extends from the other side. �e α 

and β axes are tilted by 45◦ from the X and Y axes. �e γ 

axis is parallel to the Z (spin) axis. Because of the high-

radiation environment (over 100  krad), the MSC-PA is 

mounted on the +Y  panel inside the satellite body.

A block diagram of the MSC is shown in Fig. 3. �e AC 

magnetic field vectors below 20  kHz are digitally pro-

cessed by the WaveForm Capture (WFC) for the wave-

form observations and the Onboard Frequency Analyzer 

(OFA) for the spectrum observations (Kasahara et  al. 

2018). Additionally, the Bγ component along the spin 

axis is measured by the High Frequency Analyzer (HFA) 

for the spectrum measurements from 10 to 100  kHz 

(Kumamoto et al. 2018). �e NEMI requirements for the 

plasma wave observations by the Arase satellite are listed 

in Table 2. �e sensor and low-noise preamplifiers were 

carefully designed to satisfy those requirements. 

Sensor

�e one-axis sensor for the MSC-S consists of a  mag-

netic core wound with a solenoid coil of copper wire and 

is equipped with an electrostatic shield to avoid electric 

field pickup (Ozaki et al. 2015). �e insulator coating on 

the copper wire and coil bobbin is fabricated from radia-

tion-hardened polyimide plastic designed for use in high-

radiation environments. An RLC resonant circuit with 

a resistive component for causing magnetic loss is pro-

vided as an equivalent circuit of the one-axis sensor for 

Table 1 Major examples of spaceborne search coil magnetometers for plasma wave measurements

Satellite Launch year Core length (m) Frequency range NEMI

OGO-I–VI (Frandsen et al. 1969) 1964–1969 0.27 0.01 Hz to 1 kHz ≤ 100 fT/Hz
1/2 at 50 to 1000 Hz

IMP-8 (Gurnett et al. 1976) 1973 0.46 40 Hz to 1.78 kHz 10 fT/Hz
1/2 at 1 kHz

GEOS 1 and 2 (S-300 Experimenters 1979) 1977 and 1978 ? 0.1 to 450 Hz 0.1 pT/Hz1/2 at 30 Hz

GEOS 1 and 2 (S-300 Experimenters 1979) 1977 and 1978 ? 0.45 to 20 kHz 3 fT/Hz
1/2 at 5 kHz

ISEE-3 (Scarf et al. 1978) 1978 0.4 17 Hz to 100 kHz 20 fT/Hz
1/2 at 200 Hz

DE-1 and DE-2 (Shawhan et al. 1981) 1981 0.4 1 Hz to 1 kHz 0.1 γ-Hz < 35 kHz

Akebono (Fukunishi et al. 1990) 1989 0.3 1 to 800 Hz 0.3 pT at 10 Hz

Galileo (Gurnett et al. 1992) 1989 0.26 5 Hz to 3.5 kHz 50 fT/Hz
1/2 at 100 Hz

Galileo (Gurnett et al. 1992) 1989 0.28 1 to 50 kHz 3 fT/Hz
1/2 at 20 kHz

CRRES (Anderson et al. 1992) 1990 0.4 5.6 Hz to 400 kHz 35 µV/nT Hz up to 10 kHz

GEOTAIL (Matsumoto et al. 1994) 1992 0.3 10 Hz to 12 kHz 20 fT/Hz
1/2 at 100 Hz

Freja (Holback et al. 1994) 1992 0.27 30 Hz to 16 kHz 10 fT/Hz
1/2

WIND (Bougeret et al. 1995) 1994 0.4 A few Hz to 3 kHz 10 fT/Hz
1/2 at 1 kHz

Magion 4 (Blęki et al. 1997) 1995 ? 1 Hz to 2 kHz 30 fT/Hz
1/2 at 100 Hz

Polar (Gurnett et al. 1995) 1996 0.4 0.1 Hz to 50 kHz 10 fT/Hz
1/2 at 1 kHz

FAST (Elphic et al. 2001) 1996 0.18 10 Hz to 16 kHz 3 fT/bit
−1 at 16 kHz

FAST (Elphic et al. 2001) 1996 0.53 10 Hz to 1 MHz 3 fT/bit
−1 at 16 kHz

Interball 2 (Lefeuvre et al. 1998) 1996 ? 0.01 Hz to 1 kHz 8 fT/Hz
1/2 at 400 Hz

Interball 2 (Lefeuvre et al. 1998) 1996 ? 1 to 20 kHz ?

Interball 2 (Lefeuvre et al. 1998) 1996 ? 40 kHz to 2 MHz 3 fT/Hz
1/2 at 100 kHz

Cassini (Gurnett et al. 2004) 1997 0.25 1 Hz to 20 kHz 20 fT/Hz
1/2 at 1 kHz

Cluster II (Cornilleau-Wehrlin et al. 2003) 2000 0.27 0.1 Hz to 4 kHz 10 fT/Hz
1/2 at 1 kHz

DEMETER (Séran and Fergeau 2005) 2004 0.17 A few Hz to 20 kHz 4 fT/Hz
1/2 at 6 kHz

THEMIS (Roux et al. 2008) 2007 0.17 0.1 Hz to 4 kHz 20 fT/Hz
1/2 at 1 kHz

Van Allen Probes (Kletzing et al. 2013) 2012 0.4 10 Hz to 12 kHz 5 fT/Hz
1/2 at 3 kHz

MMS (Le Contel et al. 2016) 2015 0.1 1 Hz to 6 kHz 20 fT/Hz
1/2 at 1 kHz

MMO (Kasaba et al. 2010) Future 0.1 0.1 Hz to 20 kHz 50 fT/Hz
1/2 at 1 kHz

MMO (Coillot et al. 2010) Future 0.1 10 to 640 kHz 8 fT/Hz
1/2 at 100 kHz

Arase (ERG) 2016 0.2 1 Hz to 100 kHz 20 fT/Hz
1/2 at 2 kHz
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the MSC-S, as shown in Fig. 4. �e sensor impedance Zs 

at the coil terminals is expressed as

where R, L, C, Rloss, and ω are the resistance, induct-

ance, parasitic capacitance of the coil, resistive compo-

nent for the magnetic losses, and the angular frequency, 

respectively. �e magnitude of the sensor impedance is 

approximately

where

(1)
Zs =

R + jωL
(

1 − ω
2CL +

R
Rloss

)

+ jω
(

CR +
L

Rloss

) ,

(2)|Zs| ≈
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is the resonant frequency of the coil. To reduce the para-

sitic capacitance, the coil consists of layers wound in the 

same direction (Dalessandro et  al. 2007). An induced 

voltage e is given directly from Faraday’s law as

where Φ is the magnetic flux, µapp is the apparent perme-

ability of the magnetic core, N is the number of solenoid 

coil turns, S is the cross-sectional area of the magnetic 

core, and B is the ambient external magnetic field. Since 

a conventional magnetic core formed in a square column 

shape was used on the MSC on board the Arase satellite, 

the apparent permeability is

where µi, l, and d are the initial permeability, the length, 

and the side length of the core, respectively (Séran and 

Fergeau 2005). Basic parameters of the MSC-S are listed 

in Table 3. �e mass of the one-axis sensor for the MSC-S 

with a 200-mm-long core was 91 g, which is almost the 

same as the 100-mm-long sensor on board the MMO sat-

ellite. �e mass saving for the MSC-S was realized by an 

optimization of magnetic wire (the number of turns and 

(4)e = −

dΦ

dt

(5)= −jωµappNSB,
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1
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Fig. 1 Arase satellite in the SGA coordinates. The Z axis is located 
along the satellite spin axis. This figure is a modification of an original 
version produced by the ERG project

X

Y

Satellite body

MSC-PA

MAST

MSC-S

Z
Bγ

Bα

Bβ

45o

Fig. 2 The αβγ coordinates for the MSC in the SGA coordinates. The 
γ axis is parallel to the satellite spin axis, and the α–β plane is in the 
satellite spin plane

HFA
(10 to 100 kHz)

WFC/OFA(B)
(a few Hz to 20 kHz)

MSC-PA

8-m-long cables

MSC-S

Cal. signals

Gain control
Power (+12 V)

Bα

Bβ

Bγ

Fig. 3 Block diagram of the MSC on board the Arase satellite

Table 2 NEMI requirements for the MSC

Frequency (Hz) NEMI (pT/Hz1/2) Measurement target

1–10 30–3 EMIC waves

30 1 Magnetosonic waves

2 k 0.2 Chorus and hiss waves
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the diameter), which was designed such that the thermal 

noise levels of resistive component should be less than 

the noise property of preamplifier. 

MAST

�e three sensors of the MSC-S are orthogonally assem-

bled on a top plate to detect magnetic field vectors. 

�e top plate is made of carbon fiber-reinforced plastic 

(CFRP)/aluminum honeycomb sandwich panel (CFRP 

surface thickness 1.1  mm and honeycomb thickness 

10  mm) to reduce the eddy current losses on the plate. 

A thermistor is attached on the top plate to provide the 

temperature of the MSC-S as housekeeping data. �e 

MSC-S is mounted on the top of the MAST to mitigate 

electromagnetic noises from the satellite body. Finally, 

the MSC-S is covered by a multilayered insulator (MLI) 

to isolate it thermally from the space environment. �e 

total mass of the MAST equipped with the MSC-S is 

3.8 kg.

Figure 5a, b shows photographs of the MSC-S installed 

on the top of the MAST in both stowed and extended 

positions. In a ground test for full extension, the 

mechanical alignment accuracy of the MAST was found 

to be within 2◦ in the αβγ coordinates. Wave-normal and 

Poynting vectors can be measured with accuracy levels 

within a few degrees. Wave-normal and Poynting vec-

tors, along with polarizations, are useful for determin-

ing the generation regions of plasma waves (e.g., Nagano 

et al. 1996; Santolík et al. 2003; Horne et al. 2007).

Preamplifier

Preamplifiers for search coil magnetometers can be clas-

sified into two types: one uses a voltage amplifier with 

flux feedback (e.g., Matsumoto et al. 1994), and the other 

uses a current amplifier with an equalizer (e.g., Ozaki 

et  al. 2014). While most preamplifiers used in previous 

missions were the voltage-sensing type, the current-

sensing type was adopted for the MSC-PA to reduce the 

wire harness between the MSC-PA installed in the satel-

lite body and the MSC-S at the top of the MAST. When 

an induction coil sensor is connected to an ideal current 

amplifier, the parasitic capacitance between the coil ter-

minals is virtually shorted. �is allows resonance to be 

effectively eliminated without the flux feedback coil that 

is used for damping in voltage-sensing type preamplifiers. 

Sensor

Magnetic core

Solenoidal coil

e

R

L

C Rloss

Electrostatic shield

Fig. 4 Equivalent circuit of the one-axis sensor for the MSC-S

Table 3 Parameters for the MSC-S

Item Value Unit

Mass of the one-axis sensor 91 g

Magnetic core (permalloy) 5 × 5 × 200 mm

Apparent permeability of the 
magnetic core

452

Magnetic wire diameter 0.07 mm

Number of turns for the sole-
noid coil

14,000 turns

Electrostatic shield Al plate (thickness 0.2 mm) with 
two slits

Fig. 5 Photographs of the MSC-S mounted on the top of the MAST 
in both a stowed and b extended positions. The length of the MAST 
in full extension is 5.2 m from the side panel of the satellite body



Page 6 of 13Ozaki et al. Earth, Planets and Space  (2018) 70:76 

As a result, the harness for the flux feedback coils can be 

eliminated in the current-sensing type.

�e MSC-PA consists of three sets of low-noise current 

amplifiers, equalizers, and gain adjustment amplifiers. 

�e MSC-PA has a buffer amplifier to apply calibration 

signals to the sensors from the main electronics box of 

the PWE. �e design concept behind the low-noise cur-

rent amplifier and equalizer is based on the preamplifier 

on board the MMO satellite (Kasaba et  al. 2010). �e 

gain adjustment amplifier can select 0- or 20-dB (×1 or 

×10) voltage gains to prevent saturation by large-ampli-

tude chorus waves (Cattell et al. 2008), which can reach 

amplitudes up to several nT. �e saturation levels of low 

(0 dB) and high (20 dB) gain cases are 10 and 1 nT at a 

frequency of 1 kHz, respectively.

Figure  6 shows a photograph of the MSC-PA housed 

in aluminum chassis (side and top thickness 2 mm; bot-

tom thickness 3  mm). �e thickness was calculated to 

satisfy the total ionizing dose limit of 100 krad during the 

nominal mission life (1 year). �e electrical circuits for 

Bα and the buffer amplifier are installed on the bottom 

printed circuit board (PCB) and the circuits for Bβ and 

Bγ are installed on the top PCB. �e electrical circuits for 

each magnetic field component are electrically protected 

by internal shield boxes to reduce internal crosstalk and 

improve radiation tolerance. �e mass of the MSC-PA, 

including the chassis, is 0.6 kg. �e nominal power con-

sumption is 0.43  W. A heater and a thermometer for 

house keeping are attached to the top of the chassis.

Results and discussion
Transfer function and NEMI

�e transfer function measurements of Bα, Bβ, and Bγ 

for the low- and high-gain cases are plotted in Fig.  7. 

�ese measurements were performed using a 1-m-diam-

eter Helmholtz coil in a magnetically shielded room at 

Kanazawa University. �e results show a good agreement 

among three axes. More specifically, the difference is less 

than 1 dB except the lowest frequency end. �e shape of 

the transfer function is similar to that for a search coil 

magnetometer using a typical voltage amplifier in the fre-

quency domain. Because it focuses fundamentally on the 

measurements of chorus and hiss waves below the equa-

torial gyrofrequency (typically several kHz), the MSC was 

designed to have the resonant frequency of 2  kHz. �e 

resonance is effectively damped by the current amplifier, 

and the transfer function is adjusted by the equalizer. �e 

gain less than 1 Hz is proportional to ω2 to avoid signal 

saturation caused by the background geomagnetic field 

at the satellite spin rate (approximately 1/8 Hz). �e gain 

between 1 and 500 Hz is proportional to ω based on Fara-

day’s law. �e use of the current amplifier on board the 

Arase satellite is the first in the satellite experiments for 

the radiation belts.

Figure 8 shows the NEMI of the MSC for the γ compo-

nent, which is least influenced by the satellite spin mod-

ulation. Here, it can be seen that the NEMI sufficiently 

satisfies the requirements of the Arase satellite listed in 

Table 2. �e best NEMI is 20 fT/Hz
1/2 at 2 kHz, which is 

sufficient for the observations of chorus and hiss waves. 

�e onboard NEMI (light blue) curve was calculated as 

an average of 29 sets of 16-s waveform data observed on 

March 19, 2017, from 01:01 to 01:37 UT, during which 

magnetic activity was very low. �e onboard NEMI (red) 

curve was also calculated as an average of 30 sets of 2-s 

waveform data during 02:19 to 02:34 UT. �e NEMI can 

be shown up to a frequency of 20  kHz due to the anti-

aliasing filter of the WFC receiver. �e green and blue 

curves were obtained from the averaged spectra by the 

OFA and HFA observed during 02:25 and 02:30 UT. 

�ese NEMI curves showed quite similar levels to the 

ground data (black). For reference purposes, the NEMI 

for the Van Allen Probes (Kletzing et  al. 2013) and the 

typical ranges of intensity and frequency of the plasma 

waves are also shown in Fig. 8. �e difference in NEMI 

between the Arase satellite and the Van Allen Probes is 

caused by the difference in sensor length. As listed in 

Table 1, the core length for the Van Allen Probes is twice 

as long as that for the Arase satellite. A longer core yields 

a higher value of the apparent permeability as expected 

from Eq. (6). However, the NEMI differences between the 

Arase satellite and the Van Allen Probes have no practical 

impact on the observations of chorus and hiss waves.

Fig. 6 Photograph of the MSC-PA. The size of chassis is 
110 × 125 × 60 mm (protruding parts not included)
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Crosstalk and directionality

A three-dimensional simulation was performed using 

an electromagnetic solver (PHOTO-EDDYjω) based on 

the finite element method to determine an acceptable 

gap between each sensor. Figure 9 shows the simulation 

model used for the crosstalk. Note that only three mag-

netic cores orthogonally crossed each one-axis core with 

a same gap length are modeled in the simulation box, 

and the effects of the eddy current on conductive mate-

rials were neglected to conserve computer memory in 

the simulation. Nevertheless, this model is considered 

adequate for evaluating crosstalk because magnetic flux 

behavior is predominantly affected by the magnetic core. 

�e magnetic flux for each core is computed by apply-

ing uniform magnetic field vectors along the α axis. �e 

crosstalk value is calculated as

where the boldface type indicates a vector and dS is an 

area element for each core. To obtain accurate mag-

netic field vectors with a direction error less than a few 

degrees, the crosstalk between each component should 

be less than − 40 dB.

Figure  10 shows the results of simulated crosstalk 

between the magnetic cores as a function of the gap 

length. �e size of each one-axis core is 5 × 5 × 200 mm, 

which is the same as that of the magnetic core for the 

MSC-S. �e simulations were performed for three cases 

of magnetic permeability (µi = 1000, 2000, and 10,000). 

�e crosstalk values for µi = 1000, 2000, and 10,000 

are − 47.2, − 45.7, and − 44.4  dB for the gap of 20  mm, 

respectively.

�e measurement results obtained using the engineer-

ing model for the MSC-S (µi = 10,000) are added to 

Fig. 10 for reference to the simulation case of µi = 10,000 . 

�e measurements were evaluated by comparing the out-

put voltages between parallel and perpendicular arrange-

ments for the standard magnetic field vector generated 

by a Helmholtz coil. Differences between the simulation 

and measurement results were due to inaccuracy of sen-

sor alignment because crosstalk is sensitive to the sensor 

geometry. Here, the apparent permeability coefficients 

of the one-axis magnetic core (5 × 5 × 200  mm) for 

µi = 1000, 2000, and 10,000 are calculated as 321, 383, 

and 452, respectively, from Eq. (6). One interesting point 

is that the crosstalk ratio for the three magnetic perme-

ability cases in the simulation is almost constant when 

the gap is over 15  mm. �is implies that crosstalk dif-

ferences for each gap are indirectly related to apparent 

permeability.

To confirm the relationship between the crosstalk and 

apparent permeability, we calculated the ratio of the 

crosstalk for each initial permeability and that of the 

apparent permeability. �ese ratios as a function of the 

gap are shown in Fig.  11. From the comparison results, 

we found that when the gap is over 15  mm, the cross-

talk ratios between µi = 2000 and µi = 1000, and those 

between µi = 10,000 and µi = 1000 showed a good simi-

larity with the ratios of the apparent permeability because 

the magnetic coupling between the cores decreases with 

the increasing gap. �e crosstalk depends strongly on the 

apparent permeability. Finally, the MSC-S was designed 

with a gap length of 18 mm. Although sensor geometry is 

usually determined by trial and error, our understanding 

of this crosstalk dependence on apparent permeability 

(7)

CT = 20 log10

(

∫

core B · dSβ
∫

core B · dSα

)

= 20 log10

(

∫

core B · dSγ
∫

core B · dSα

)

,
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allows us to design a triaxial sensor geometry with an 

acceptable level of crosstalk.

Next, the measurement results of the directionality of 

the MSC for each gain mode are plotted in Fig. 12. �ese 

measurements are normalized by the maximum value 

to clearly show the null depth in unit of dB. Although 

directionality is usually measured by rotating a sensor 

emplaced on a turntable, these measurements were per-

formed by rotating the input magnetic field vector for the 

MSC-S with an angular resolution of 0.5◦. An arbitrary 

direction of a magnetic field vector was generated by 

using a three-axis Helmholtz coil. �is had the advantage 

for reducing the alignment errors of the MSC-S on the 

turntable and achieving a higher angular resolution. All 

measurements show a clear null depth less than − 40 dB, 

which is consistent with the crosstalk simulation results.

Calibration

Onboard calibration is performed to identify the valid-

ity of the transfer function of the MSC in the radiation 

belts. Continuous square waves, which are used as cali-

bration signals, are supplied to the calibration coils at 

an arbitrary frequency through the buffer amplifier of 

the MSC-PA as shown in Fig. 3. �e transfer function is 

obtained at the fundamental frequency and its harmon-

ics. An example of an onboard calibration conducted on 

March 10, 2017, at 23:39 UT with 512-Hz square waves is 

shown in Fig. 13. �e top panel shows the output wave-

form for the onboard calibration. �e buffer amplifier 

consists of a low-pass filter for mitigating the effect of 

induction voltage (time derivative of the applied mag-

netic field for calibration) appearing as the discontinu-

ity in the square pulses. When applying square pulses, 

the output waveform looks like a row of shark teeth. In 

the bottom panel, the black line indicates the laboratory 

experiment result and the dots denote the onboard cali-

bration results at 512 Hz and its harmonics. �e onboard 
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calibration output shows a good agreement with the lab-

oratory experiment data. �e use of harmonics is effec-

tive for obtaining not only the signal power, but also the 

phase information in a wide frequency band (Matsuda 

et al. 2018). Such a use of harmonics was adopted in the 

calibration of the search coil magnetometers on board 

the Time History of Events and Macroscale Interactions 

during Substorms (THEMIS) satellites (Roux et al. 2008).

Additionally, cross-calibration between the MSC and 

MGF is important for verifying the health of both instru-

ments at frequencies less than 10 Hz. Figure 14 shows the 

intensity variations of geomagnetic field in the X–Y (spin) 

plane observed by the MSC and the MGF during 01:00 to 

01:40 UT, March 19, 2017. �e intensity of background 

geomagnetic field measured by the MSC is obtained from 

the satellite spin modulation component in the waveform 

data. Since the alignment error offsets between the MSC 

and the MGF were not corrected, the intensity difference 

between them was a few % in the spin plane. �e differ-

ence is comparable to the cross-calibration results of the 

other missions (Robert et al. 2014). �ese differences can 

be improved by correcting the alignment errors of the 

MAST. Furthermore, this good agreement indicates that 

the MSC was not affected by Barkhausen noise, in which 

noise signals are generated when a suddenly changing 

magnetic field is applied to a magnetic core. �ese results 

indicate that the MSC can cooperate with the MGF in the 

background geomagnetic field observations.

Extension operation for the MAST

Figure  15 shows the magnetic field spectrum measured 

during the extension operation for the MAST conducted 

on January 17, 2017. To prevent disturbances to the 
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satellite’s attitude, the MAST was partially extended to 

0.3 m at 21:15 UT and then fully extended up to 5 m dur-

ing the period from 21:37 to 21:45 UT. Noise enhance-

ments detected at 21:15 UT and from 21:37 to 21:45 

UT were caused by motor current during the extension 

process. Figure 16 shows the 1-min averaged intensities 

(|B| =

√

|Bα|2 + |Bβ |2 + |Bγ |2) at 21:00 UT as a typical 

pre-extension intensity, at 21:30 UT for the partial exten-

sion (0.3 m), and at 21:55 UT after full extension (5 m). 

�e averaged noise attenuation ratio below 300  Hz was 

7 dB for the partial extension (0.3 m), and the magnetic 

field intensity was found to have decreased to the NEMI 

level as a result of attenuation over 25 dB after full exten-

sion (5 m). �e attenuation ratios for a line current source 

and a small magnetic dipole are proportional to 1/r2 and 

1/r3, respectively, where r is the distance between the 

MSC-S and a noise source. �erefore, a noise less than 

a few hundred Hz may be caused by a small magnetic 

dipole inside the satellite body. On the other hand, the 

averaged noise attenuation ratios around 1  kHz (800–

1200 Hz) were approximately 4 dB for partial extension 

and 10  dB after full extension. �e noise around 1  kHz 

(800–1200 Hz) would be radiated from a line source (e.g., 

current lines from solar paddles). Ultimately, as a result 

of the successful extension operation for the MAST, we 

are able to conduct magnetic field observations with 

good low-noise properties.

Initial observation result

Figure  17 shows an example of dynamic spectrum of 

magnetic field observed at 04:36 UT, March 21, 2017. 

As can be seen in the figure, clear fine structures of suc-

cessive rising tone elements of chorus waves with a high 

signal-to-noise ratio were observed near the plasma-

pause. Simultaneously, pulsating aurora was observed 

near the magnetic conjugate point (the Arase location 

was L ≈ 6.2), Husafell, Iceland (not shown in this paper). 

�e behavior of chorus waves is not only important for 

understanding radiation belt dynamics, but also for 

understanding the generation mechanism of pulsating 

aurora (Nishimura et al. 2010).
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Conclusions
In this paper, the detailed performance characteristics 

of the MSC on board the Arase satellite were presented. 

�e MSC was designed and developed to provide accu-

rate magnetic field vectors when used in a high-radia-

tion environment. �e NEMI is 1 pT/Hz1/2 at 10 Hz and 

20 fT/Hz
1/2 at 2 kHz, which satisfy the scientific require-

ment levels of the mission. �e gain has two modes to 

prevent saturation (10 nT for 0 dB and 1 nT for 20 dB at 

1 kHz) when encountering plasma waves with an unusu-

ally large amplitude in the radiation belts. �e MSC will 

help further understanding of the characteristics and 

activities of plasma waves in radiation belt dynamics.
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