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ABSTRACT

Herein, ground calibration experiments were performed to determine the sensitivity for all components and
the angles (alignment) between the measurement axes of the magnetic field experiment (MGF) onboard Arase
satellite. We can well determine the sensitivities within 0.07 % error and the alignment within 90 + 1° with
~0.03° accuracy. Also, the temperature dependences of the offset and sensitivity were examined. Results
revealed that the relative sensitivity to the room temperature can be fit with a linear regression line. The
offsets exhibited systematical dependences on temperatures. Between March 13, 2017 and April 30, 2018,
when MGF with an 8000-nT range mostly measured ambient magnetic field in orbit at -10°C-0°C, the
linearity of sensitivity and offset with a standard error of < 0.00023 and <0.67 nT, respectively, was
determined. The measured sensitivity, alignment, and offset were used to measure the magnetic field with
high accuracy, thereby meeting the MGF capability and performance requirement of the field intensity <5 nT
and the field direction error <1°.

Keywords: Arase (ERG) satellite, the magnetic field experiment, ground experiment for
calibration

1. Introduction

The Arase (ERG) satellite, developed by the Institute of Space and Astronautical Science (ISAS)/Japan
Aerospace Exploration Agency (JAXA), was successfully launched on December 20, 2016 (Miyoshi et al.,
2018) ". The magnetic field experiment (MGF) (Matsuoka et al., 2018)* onboard the Arase was performed to
record the ambient magnetic field in the region since March 2017. Table 1 lists the design specifications of the
MGF that comprises a sensor (MGF-S) and an electronic box (MGF-E). To investigate the particle
acceleration processes in the inner magnetosphere, Arase must measure magnetic field with the magnetic field
intensity error of <5 nT and an error in its direction of <1° when the satellite is located at L > 2.

The sensitivity of the MGF can be roughly estimated using the winding number of the pickup coil of the
MGF-S and resistance of the feedback resistor of MGF-E. However, the exact sensitivities for the MGF
should be determined on the ground by examining its response to a calibrated magnetic field. In addition, the
axes of MGF-S are not orthogonal because three sensor elements were mounted on the sensor base with slight
angle mismatch. To observe the magnetic field data in the orthogonal coordinate system, the alignment of each
fluxgate sensor axis in a ground experiment must be examined. The temperature dependence of sensitivity and
offset of the MGF must also be evaluated because the fluxgate system has a large temperature dependency.

Before Arase was launched, Teramoto et al. (2017)* determined the sensitivity and alignment of MGF-S on
Arase along with the temperature dependence of the sensitivity and offset. The errors were evaluated via
ground calibration experiments. MGF/Arase can obtain the actual magnetic field data for the inner
magnetosphere in more than one year. Herein, the methods and results of the ground calibration experiments
are summarized and the error values for the actual MGF observations are re-evaluated.
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Table 1 MGF design specifications

sensor ring-core

dynamic range range-0: £8000 nT
range-1: £60000 nT

resolution range-0: 114 pT

(20 bit) range-1: 15 pT

noise level <10.5 pT/Hz@1Hz

sampling rate 256 Hz

2. Ground calibration of MGF for sensor alignment and sensitivity determination

2.1. Methods

The principle and method for the ground calibration of the three-axis fluxgate magnetometer were first
proposed by Acuna et al(1978)". Following the method proposed by Yamamoto et al (1996)”, we examined
the output relative to the known magnetic field applied by the calibration coil. We determined the sensitivity
and alignment of the magnetometer and also the direction of the calibrated magnetic field, using two
orthogonal calibration mirrors.

The relationship between the relating parameters, namely the sensitivity of MGF-S [4;(i=x,y,z)] (nT/digit),
output of MGF-S [M;] (digit), the transform matrix from the alignment mirror coordinate attached MGF-S to
the sensor coordinate €, the transform matrix from the alignment mirror coordinate of the coil to the
alignment mirror coordinate of the sensor [K], the transform matrix from the calibration coil to the calibration

mirror attached calibration coil ¢, the applied magnetic field [B;] (nT), and the zero-offsets [B,;] (nT), is
described as follows:

A, 0 0 | M, B, B,, |
0 A 0 || M, |=-K:3| B, |+| B,, M
0 0 A || M, B, B,,

Equation (1) describes the applied magnetic field [B;] and the relationship between the alignment mirror
coordinates of the coil and the sensor, K. The output of MGF-S is known. The zero-offset of MGF-S, [B,,], is
ignored because of the linearity between the inputs and the outputs of the applied magnetic field intensities.
Thus, a total of 21 unknown parameters among [4; ], € ,and & need to be determined.

Using the angles of the directions of the MGF-S and the calibration coil to those of calibration mirrors, as

shown in Figure 1, € andd are written as

l+e, €, . cosf cos¢, cosf sing, sin0_
£ = e, l+e, &, =| cosf sing ~ cosO cose, sinf, @
£, e, l+e, cosf_ sing, sin@, cosb_cosg,
and
1+6,, 4, 0, COsA cosp, COSA sing, — CcosA sing,
b= 6, 1+4, o, |=| cosAssing, cosi cosg, sin A, ¥
0, 6, 1+6, sin A, sinA, CosA_cos,
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& and 6 are very close to unit matrices. Six conditions are described in (2) and (3) because the row and

column vectorsin € and & are unit vectors, respectively.

From one experimental setup, i.e. one K and B in the x, y, and z directions, independently, nine equations can
be obtained from equation (1). From the conditions obtained from (2) and (3), 15 equations in total are obtain.
If the MGF-S is rotated 90° with respect to one of the coordinates, nine more equations can be obtained.
However, only six equations among these nine equations are independent of the previous (un-rotated) setup.
Consequently, 21 conditions are obtained in total for the 21 parameters. Although the number of conditions is
sufficient to determine 21 unknown parameters, one more experimental setup (rotations of MGF-S around
another axis) is required to solve the equations more reliably and stably. The alignment and sensitivity
parameters are determined using the 27 conditions obtained via three-setup experiments.

(a) z (b) z

Xyz: sensor (non-orthogonal) axes X'y z’ : calibration coil (non-orthogonal) axes
XYZ: mirror (orthogonal) axes XYZ: mirror (orthogonal) axes

Fig. 1. Definitions of the angle (a) MGF-S and sensor mirror coordinates (b) calibration coil and
coil mirror coordinates

2.2. Settings

The MGF was calibrated in the three-axis, 15-m Braunbeck coil system of the magnetic test facility at
Tsukuba Space Center, JAXA, from March 2 to March 5, 2016. The Braunbeck coil system can create an
almost-zero magnetic field environment in the center of this coil system by canceling the geomagnetic field
and its disturbances. A three-axis Helmholtz coil system (calibration coil), which can produce the magnetic
field within an accuracy of 0.1% in each direction, is installed at the center of the Braunbeck coil system to
apply the magnetic field for calibration. The MGF-S on a rotation table was set at the center of the calibration
coil. The cubic calibration mirrors were attached onto the calibration coil and turn table in order to setup the
experiments with high accuracy using the laser alignment system.

When the K coordinate system of MGF-S (Figure 2) was set by rotating the table, the mirror coordinates
were adjusted to match their alignment with high accuracy using the lazier alignment system installed 16 m
away from the center of the calibration coil. After the mirror adjustment, the output of MGF-S was measured
relative to the applied magnetic field (Table 2). The experiments were performed thrice for the £8000-nT
range and twice for £60000-nT range at the room temperature (21.4°C).

Table 2. Applied fields during the calibration experiment

Range Applied field (nT)
+8000-nT range 0, £7000, £5200, £2600
+£60000-nT range 0, £50000 £3000
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setup K' setup K?
X XA
Calibration Coil
Coordinate 2;
a Y zZ Y
z Y A
Sensor
Coordinate
O.
y X X z

setup K*

0 0 -1 0 0 -1 -1 .00
K1=(0 =1 0) Kz:(—1 0 0) K3=|10 10
1.0 0 0 1 0 0 0 1

Fig. 2. Configurations of the coil and the sensor

Figure 3 shows an example of the MGF output (M;) relative to the applied magnetic field (Bi) (K1, K2, or
K3) for one experiment. Mi is the 10-s averaged data. As expected in equation (1), we find clear linearities
between the input and output magnetic fields. We confirmed that such linearity holds for all experiments with
+8000-nT and £60000-nT ranges. The output matrix M in the equation (1) is obtained from the inclination of
the M relative to B. The standard errors between regression lines and the measurements are within 0.05% for

all experiments.
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Fig.3 Output M relative to the applied magnetic field B within 8000-nT range

2.3.1. Sensitivity

Table 3 shows the sensitivities and the relative errors in the 60000-nT and 8000-nT ranges obtained from
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the equations (1), (2), and (3). The sensitivities of both ranges were well determined with an error of < 0.07 %.
The maximum error of 0.06 % with the 8000-nT range indicates that the analytical errors are <4.8 nT when
MGEF is used to observe magnetic field at the intensity of 8000 nT, which is within the required error of 5 nT
for Arase.

Using the actual magnetic field data measured in the magnetosphere by MGF with the £8000-nT range from
March 13, 2017 to April 30, 2018, we investigated the magnetic field intensity measured by Arase. We found
that the magnetic field intensities measured by MGF (with the 8000 nT range) are at less than 1000 nT in most
cases: at 91.0%, 91.3 %, and 90.3% of the total measurement time for X, Y, and Z components respectively.
This result indicates that the analytical error of MGF due to determination of sensitivity is less than 0.6 nT. We
conclude that most of the 8000nT range measurements meet the observational requirement for Arase.

Table 3. Sensitivity of MGF-S/Arase
X component Y component Z component
Sensitivity ~ Error  Sensitivity =~ Error  Sensitivity  Error
(nT/digit) (%) (nT/digit) (%) (nT/digit) (%)
60000-nT range 0.1072 0.03 0.1057 0.07 0.1137 0.04
8000-nT range 0.01464 0.06 0.01447 0.06 0.01555 0.05

2.3.2. Alignment of the MGF-S

The determined angles between the MGF-S and calibration mirror alignments with each range are
summarized in Tables 4. While ¢, ¢,, ¢., and 6. of the 8000-nT range are almost similar to those of the
60000-nT range, 6, and 6, for the 8000-nT range are respectively 0.57° and 0.08° smaller than those of the
60000-nT range. Due to the differences in these angles, Y-Z and Z-X angles of the 8000-nT range are 0.1° and
0.54° larger than those of the 60000-nT range, respectively, as shown in Table 5. Thus, a different alignment
must be applied for each range when we calibrate the in-flight data of MGF in orbit. As shown in Table 4, we
can determine the alignment with a high accuracy, i.e., the estimated error is <0.03° for both ranges.

In addition to the analytical error of the abovementioned alignments, we need to evaluate the alignment error
from the experimental equipment. The coordinate system of MGF-S has an alignment error within 0.03°
relative to the calibration coil because the plane of turn table, onto which MGF-S and the calibration mirror
were attached, has a slight difference from the horizontal. Further, the adjustment of the coordination system
using the laser system has the alignment error within the 0.03°. Thus, the alignment error from the experiment
equipment is <0.07°. Even though the additional error from the experimental equipment is included in the
total alignment error, we determined the alignment error to be <0.1°, which is sufficient to meet the
observational requirements.

Table 4. Obtained angles for sensor-mirror alignment. Unit is degrees

6 s 0, ¢y 0. 9-

60000-nT -0.15+£0.03 0.23+£0.003 0.26+0.004 -0.43+0.01 -0.12+0.02 -0.26+0.01
range

8000-nT range -0.72+0.02 0.25+£0.03  0.18+0.004 -0.44+0.006 -0.15+0.006 -0.23 +0.03

Table 5. Angle between the axes. Unit is degrees
ZXY ZYZ L7ZX
60000nT range 90.20 89.86 90.41
8000nT range 90.19 89.97 90.95

2.3.3. Alignment of the calibration coil
The obtained angles between the calibration coil and calibration mirror alignments and the relative angles
between axes of calibration coil are summarized in Tables 6 and 7, respectively. The obtained and relative
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angles do not show significant differences between different ranges. The relative angles are within 0.01°,
indicating that the relative angles of the calibration coil are estimated with high accuracy.

Table 6. Obtained angles for coil-mirror angle. Unit is degrees.

Ya Ax 2 Ay ¥ A
60000-nT -0.04+0.02  0.44+0.001 0.42 £ 0.02 029+0.06 -042+0.001  0.06+0.05
range
8000-nT 0.04+0.007 042+0.002 0.42+0.006 -028+0.02 -0.41+0.002  0.05+0.04
range

Table 7. Angle between axes of calibration coil. Unit is degrees.
/XY ZYZ £7X
60000-nT range 89.86 89.99 89.98
8000-nT range 89.86 89.99 89.99

3. Temperature dependence of the sensitivity and offset

3.1. Methods

We can derive the temperature dependence of the sensor by measuring the output of the MGF, M,,,, before
and after applying external magnetic field, B,,,, with a Helmholtz coil in a space, which is left approximately
zero (B,,,). Given that the output, offset, and sensitivity at room temperature (and at a temperature ¢) are

Mapp,o (Mapp,t)v and MO,o (MO,t)’ and ao(at) respectively, Mapp,o = a0 (Bapp+Benv) + MO,O and Mapp,t = at (Bapp+Benv) + MO,t-
Therefore, the relative sensitivity of a temperature (t) to room temperature is given as

i — Mapp,t B Mﬂ,t (4)

0 Mapp,o - MO,o '

The offset of the MGF-S is obtained by the output in both the normal and the reverse directions in the stably
almost-zero magnetic field (Beny). Given that the MGF-S outputs in the normal and reverse directions at the
temperature of ¢ are

M, =aB,  +M,

t"env
(5)
Mr,t = _atBenv + MO,t
(6),
the offset at a certain temperature is obtained by
M _ Mn,t + Mr,t
W= ()

We can estimate temperature dependence of relative sensitivity and offset of the MGF-S, by measuring M,
M., and M, at various temperature around the MGF-S.
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3.2. Setting
The temperature experiment was performed from February 8 to February 12, 2016 in

a magnetic shielding

chamber at ISAS, JAXA. The magnetic field in this chamber made of triple-layer permalloy is stably <30 nT.
We used the similar equipment and method as the temperature experiments for MMO/MGF®. The three coils
of MGF-S detached from the pedestal were installed in parallel to each other on a ceramic disk. The two
thermopiles for monitoring temperature around the MGF-S was attached to the disk across the MGF-S. We
controlled temperature in the thermos bottle with a ceramic lid, in which the disk was confined. This thermos
bottle was placed between the applied coils which induced the magnetic field around the MGF-S with a
20-mA current. The thermos bottle and the applied coils were placed a turn table, by which MGF-S can be

rotated and reversed.

In higher-temperature measurements, we heated the thermos bottle to 45°C using a heat gun. After keeping

the thermos bottle at 45°C for 30 min, the heat gun was removed from the thermos bottle;

was performed as the ambient temperature in the bottle decreased by 5°C. In

then, the experiment
the low-temperature

measurements, the bottle was cooled using dry ice. After stuffing 90-g crushed dry ice uniformly between the
bottle and the disk, measurements were performed (at every 5°C interval) when the temperature in the bottle

began increasing.

When the temperature in the bottle increases or decreases by 5°C, we measured the temperature and the
output of MGF-S for the following three situations :(a) at the normal position with no applied magnetic field,;
(b) at the normal position with an applied magnetic field; and (c) at the reverse position with no applied
magnetic field, as illustrated in Figure 4. In situation (a), each component of MGF-S measured an ambient
magnetic field of <30 nT in the magnetic shield chamber. These outputs correspond to M, . In situation (b),
MGF-S observed the total magnetic field of the ambient magnetic field in the chamber and the applied

magnetic field generated by the calibration coil. This output is M,y Rotating the turn

table horizontally by

180°, we set the MGF-S for the situation (c¢). The MGF-S observed the ambient magnetic field of the magnetic
shielding room in the opposite direction to one in the situation (a). This output corresponds to M.

(a) Normal position (b) Normal position (c) Reverse position
with no applied magnetic filed with applied magnetic field with no applied magnetic filed
Calibration coil Caliblation coil Calibration coil

=

Ambient

magnetic
field
Appiled
magnetic filed T
MGF-S

Ambient

field

/

MGF-S elements

Z Y X

Fig 4. Each position of the MGF-S in the temperature experiments

3.3. Results

We performed temperature experiments thrice (Experiments 1, 2, and 3) within -20°C-30°C, which is
expected temperature range for the MGF observation in the inner magnetosphere. We used the 8-s average

outputs of the MGF with the-8000 nT range.
3.3.1. Relative sensitivities

Figure 5 represents the temperature dependences of the relative sensitivities in X, Y, and Z components of

MGF-S. We only showed the measurements from Experiment 1, in which the dispersions

of the measurements

from the liner regression model is the smallest among all the experiments. We determined the following linear

expressions from the measurements in Experiment 1 as
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7, = 4.8577 X 1075t + 0.99876
r, = 4.9017 x 10~°t + 0.99878 (8)
7, = 4.2169 x 1075t + 0.99998

X axis Y axis Z axis

1.001 1.001 1.001

m Experiment 1 = Experiment 1
=—=Linear regression (—Linear regression| .

®m Experiment 1
—Linear regression

Relative sensitivity
to room temperature
Relative sensitivity
to room temperature
Relative sensitivity
to room temperature

- 0.998
0.097 0.997 0.997
! 0:996 r v - 0.996 . \ 0-996
-25 -5 15 35 -25 -5 15 35 -25 -5 15 35
Temperature [°C] Temperature [°C] Temperature [°C]

Fig. 5. Temperature dependence of sensitivity. Ratio to the sensitivity to the room temperature 26.1 °C
is shown

8K Range 2017/03/19 - 2018/04/30
T T T

aor
25 .

20F -

Rate to total measurements [%]

oL I
-30 -20 -10 0 10
Temperature [C]

Fig. 6. Histogram of the rate of total measurements of MGF 8000-nT range between March 19, 2017
and April 30, 2018

Then, we considered the errors of the sensitivity applying temperature dependence as expressed as (8).
Tables 8 and 9 represent the standard errors from the regression lines and the measurement errors of the MGF
for the observations of the 8000-nT ambient magnetic field. The standard error of the Z component of the
MGF (1.3 nT in the 8000-nT magnetic field intensity) is the largest among all the components between -20°C
and 30°C.

In the in-flight measurements, the temperatures of the MGF-S are expected to be mostly higher than -10°C,
except for the case with the long-term shading. Figure 6 represents the histogram of the MGF-S temperature
with a bin width of 1°C when the MGF measured magnetic field in flight with 8000-nT range from March 19,
2017 to April 30, 2018. As expected, 91.1%, of MGF data were obtained between -10°C and 0°C.

As shown in Tables 8 and 9, we evaluated the standard errors of the temperature dependence of the
sensitivity in three categories: from -20°C to -10°C, from -10 to 0°C, and from 0°C to 30°C. The standard
errors of the relative sensitivities in all components decrease as the temperature increases. Table 8 shows that
the standard error from the regression lines is less than 0.00023 between -10°C and 0°C. As shown in Table 9,
the uncertainty due to the temperature dependence within -10°C—0°C is <1.9 nT when the MGF observed the
magnetic field intensity of 8000 nT. The uncertainty due to the temperature dependence sufficiently matches
the requirements of Arase.

This document is provided by JAXA.



Calibration and Evaluation of Data from the Magnetometer (MGF) Onboard the Arase (ERG) Spacecraft

Table 8. Standard errors for temperature dependence.

X Y Z
-20°C-30°C +7.9943 x 10> +5.8729x 10°  +1.6558 x 10"
-20°C—10°C +1.7606 x 10*  +£6.1742 x 10°  +3.8642 x 10*
-10°C-0°C +1.0387 x 10*  +6.5215x 10°  +2.3393 x 10"
0°C—30°C +72412x10° 473208 x 10°  +1.5327x 10"

Table 9. Uncertainty due to the temperature dependence for 8000 nT.

X Y Z
—20°C-30°C +0.64 +047 £1.3
—20°C—10°C +1.4 +049  +£3.1
—10°C-0°C +0.83 +0.52 £1.9
0°C-30°C +0.58 +0.59  £1.2

3.3.2. Offset

Figure 7 shows the temperature dependence of the offset for each component, of which outputs are applied
by sensitivity determined in Section 2.3.1 at 21.4°C and the temperature dependence as expressed as (8) and
converted to physical value. While the offset seems to have some systematical dependences on temperature, it
is difficult to find an ideal model to fit the experimental results with high accuracy. We determined the offset
by averaging the experimental results, dividing temperature to three categories as mentioned in the previous
sub-sections. The averaged offsets are 8.18, 10.5, and -10.6 nT for X, Y, and Z components, respectively,
within -10°C-0°C, at which the MGF mostly obtains magnetic field data for the inner magnetosphere. The
standard error analysis indicates that the determined offset of MGF-S has an uncertainty of <0.67 nT, which
meets the requirement of MGF.

. X axis .Y axis Z axis
= Experiment 1 = Experiment 1 uExperiment 1
4n Experiment 2 . Experiment 2 N Experiment 2
+Experiment 3 = Experiment 3 b N +Experiment 3
* * =
E o 8 LA E o] E -0
s - * $ o
5 o + « 3 5 op . 2 3 » A
] * L] 7] " B 8 1
n * 2 _.
5§ 8 g _¢u " 5 . . & E it w g
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b 9 2 L -
E
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6 8 13 ] :
-25 -15 -5 5 15 25 35 -25 -15 -5 5 15 25 35 -25 15 25 35

5 5 1
Temperature [°C] Temperature [°C] Temperature [C]

Fig. 7. Temperature dependence of the offset

Table 10. Averages and standard error of the offset in each directions of the MGF-S sensor.

X Y Z
Averaged Standard Averaged Standard Averaged Standard
Offset Error Offset Error Offset Error
—20°C-30°C 8.23 +0.36 10.3 +0.44 —-11.5 +0.56
—20°C—10°C 8.04 +0.44 10.4 +0.67 -104 +0.97
—10°C-0°C 8.18 +0.54 10.5 +0.63 —10.6 +0.67
0°C-30°C 8.41 +0.36 10.2 +0.25 —12.0 +0.59
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4. Summary and conclusion

Ground experiments were performed to obtain sensitivity and alignment data for the MGF onboard the Arase
satellite and evaluated whether the determined sensitivity and alignment meet the scientific requirements for the
Arase observation. The sensitivities for all component were determined in the 8000-nT and 60000-nT ranges with
high accuracy using the method proposed by Yamamoto et al (1996)”. The analytical error of MGF sensitivity in
the 8000-nT range is less <0.06%. Because MGF mostly operates in 8000-nT range at magnetic intensities of
<1000nT, the magnetic intensities observed using MGF for each component have errors <0.6nT. The sensor axes
are orthogonal to each other within 0.95° with an estimated error of <0.07°.

The temperature dependence of sensitivity and offset were also determined. Within -10°C-0°C, in which
MGF mostly measured the magnetic field from March 13, 2017 to April 30, 2018, the sensitivities had a
linearity to the temperature with a standard error of <0.00023. It indicates that in the 8000-nT range the MGF
mostly observed the magnetic field with an uncertainty of <1.9 nT due to temperature dependence. The offset
of the sensors has no clear linearity but reproducibility against temperature. The averaged offsets in the
temperature from -10°C to 0°C are 8.18, 10.5, and -10.6 nT for the X, Y, and Z components, respectively. We
can determine these offsets with a standard error of <0.67 nT.

These ground examinations show that the determination accuracies of the amplitude and direction of the
magnetic field observed using the Arase/MGF satisfy the requirements for the Arase observations.
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