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Ground calibration experiments of the SELENE high sensitivity fluxgate Lunar Magnetometer (LMAG) have
been performed in order to determine the alignment, sensitivity, and offset of the sensors (MGF-S). It is checked
out that the sensors are orthogonal to each other within 0.4 degrees, and the linearity of the ambient magnetic
field and the output from the sensors are confirmed. Also, the temperature dependences of the offset and
sensitivity are examined but no clear signatures of temperature dependencies can be seen. SELENE has an
in-flight calibration system in order to determine the direction of the magnetometer routinely. The magnetic
fields generated by the sensor alignment monitor coil (SAM-C) system are used for the in-flight calibration.
The magnetic field distributions generated by SAM-C are determined and the accuracy of determination of the
magnetometer position and direction is estimated. Multiple measurements will allow us to determine the direction
of MGF-S with about 0.1-degree accuracy. Appropriate corrections from the results of the ground and in-flight
calibrations will allow us to recover the magnetic field near the moon with accuracy about 0.1 nT.
Key words: SELENE project, magnetometer, ground calibration, in-flight calibration.

1. Introduction
Observations of the lunar magnetic field have been con-

ducted occasionally since 1969, from Apollo 12 to Lunar
Prospector. Number of magnetic anomalies on the surface
of the moon have been identified (e.g. Hood et al., 1979;
Hood and Schubert, 1980; Halekas et al., 2001; Hood et
al., 2001; Kurata et al., 2005; Toyoshima et al., 2008),
though the moon does not have an intrinsic magnetic field
at present. The cause of the magnetic anomalies are still in
debate (see, e.g. Hood, 1987), and the question if the moon
had generated its magnetic field in the past, probably right
after the formation of the moon, still remains. Existence
of a metallic core of substantial size is also an interesting
question to discuss the origin of the moon and its history
thereafter (e.g. Righter, 2002; also, Lee et al., 1997; Run-
corn, 1996). The SELENE/Lunar Magnetometer (LMAG)
team aims at clarifying above mentioned issues by accumu-
lating magnetic signatures originated from the moon such as
those magnetic anomalies on the surface and also by iden-
tifying time-dependent magnetic responses which have in-
formation on the electrical conductivity of the interior of
the moon (e.g. Dyal et al., 1975, 1976; Russell et al., 1981;
Hobbs, 1973; Hood et al., 1982, 1999).

The LMAG has a set of tri-axis ring-core type fluxgate
sensors (MGF-S) to observe the magnetic field in orbit
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round the moon continuously during the project. The near
polar orbit is designed at about 100 km altitude. Previous
studies found that the magnetic field intensity of the 100 km
scale magnetic anomalies observed at 100 km altitude is of
order 0.1 nT. Also, accuracy of the same order of magni-
tude is required for the study of magnetic responses of the
moon (e.g. Dyal et al., 1975). The LMAG must fulfill the
requirement for successful observations and analyses.

Designed specifications of the LMAG are shown in Ta-
ble 1, which are similar to those of the GEOTAIL magne-
tometer (Yamamoto et al., 1996). The noise level of the
ring-core sensors is much less than 0.1 nT. Field mea-
surements may be performed with either of the four ranges.
range-0 will be (automatically) selected in actual observa-
tions orbiting the moon. The LMAG has high resolution
and low noise level which are enough to detect the mag-
netic field signature of the moon. The MGF-S will operate
from the far end of the 12-meter mast extending from the
main body of SELENE to avoid the interference magnetic
fields due to magnetic matters and/or electric currents of the
spacecraft and other scientific instruments. The SELENE
project has strict electromagnetic compatibility (EMC) con-
ditions that the effect of each of them at the position of the
fluxgate sensor is less than 0.02 nT, and all the instruments
and satellite are confirmed to fulfill the requirement through
EMC tests.

It is essential to know the offset, sensitivity and relative
directions (alignments) of each of the fluxgate sensors be-
forehand by proper calibrations in order to obtain magnetic
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Table 1. Specification of LMAG.

sensor ring-core

linearity better than 10−3

dynamic range range-3 : ± 65536 nT

range-2 : ± 1024 nT

range-1 : ± 256 nT

range-0 : ± 64 nT

resolution range-3 : 2.0 nT

(16 bit) range-2 : 0.03 nT

range-1 : 0.008 nT

range-0 : 0.002 nT

noise level less than 0.1 nT

sampling rate 32 Hz

field data accurately with appropriate corrections. Also,
the temperature dependencies of the offset and sensitivity
should be checked because the fluxgate systems, both the
sensors and electronics, often show large temperature de-
pendencies. Calibration experiments have been conducted
and those quantities have been obtained. The setups of the
experiments and the results are shown in Section 2.

Monitoring the alignment of the MGF-S with respect to
spacecraft is also required to obtain a reliable magnetic field
vector in the vicinity of the moon, and thus SELENE has an
in-flight calibration system. This kind of system is neces-
sary because the mast, on which MGF-S is installed, may
be deformed more or less by thermal expansion if the satel-
lite is in day or night side and the difference of the the rela-
tive position and angle of the magnetic sensors to the space-
craft may possibly be significant. Monitoring of the mag-
netometer alignment can be achieved if some known mag-
netic field is observable. Although the geomagnetic main
field can be used for satellites orbiting the earth (Olsen et
al., 2003) or passing nearby the earth for swingby (Ander-
son et al., 2001; Dougherty et al., 2004), it is necessary for
SELENE to generate a known magnetic field by itself be-
cause it does not observe a known natural magnetic field.
We have developed a sensor alignment monitor coil system
(SAM-C) employing a bi-axis coil configuration in order to
generate two linearly independent magnetic field. SAM-C
is installed at the root of the mast, and it produces a mag-
netic field of about 2 nT at the position of the MGF-S. The
spatial distributions of the SAM-C generated magnetic field
have been determined as magnetic potential distributions by
ground experiments. The details of the experiment and the
results are shown in Section 3. The accuracy of the deter-
mination of the magnetometer position and alignment using
SAM-C generated magnetic field is estimated. The formu-
lation and results are also shown in Section 3.

2. Ground Calibration of LMAG
2.1 Sensitivity and alignment

The principle of the ground calibration of magnetome-
ter is fairly simple; applying a known magnetic field to the
MGF-S and examining the output from it (e.g. Yamamoto et
al., 1996; Lohr et al., 1997; Risbo et al., 2003; Dougherty
et al., 2004). However, to control the magnetic environ-
ment and applying magnetic field and to monitor the rela-
tive alignment between the direction of MGF-S and given

magnetic field need particular methods and equipments.
Calibration experiments had been carried out in the mag-

netic test facility in Tsukuba Space Center, NASDA (now,
JAXA). The facility has a main 3-axis 15 m diameter
Braunbek coil system to create almost zero-magnetic field
environment by canceling the geomagnetic field and its dis-
turbances. An equivalent Braunbek coil system, of which
size is 1/10 of the main coil system, is employed to de-
tect the geomagnetic disturbances and to feedback the in-
formation to the main system. The combination of the
coil systems can control the environment against more than
±1000 nT disturbances. The main coil system achieves
magnetic environment of less than 2.5 nT in the spherical
space of 2.3 m diameter centering the coil system as a re-
sult.

We have followed the calibration method by Yamamoto
et al. (1996) which determines the sensitivity and alignment
of the magnetometer and also the direction of the known
magnetic field simultaneously. Multiple configurations be-
tween the magnetometer and the coil system are employed
in the method in order to determine the relative directions
of the sensors and those of coil axes altogether because only
one configuration is not sufficient as shown later. This was
done by rotating the MGF-S around a sensor axis.

The known magnetic field is applied using a 3-axis
Helmholtz coil system (calibration coil) which can produce
a magnetic field within 0.05 nT accuracy in each direction
if nominal applied field is 30000 nT. Cubic mirrors are at-
tached onto the MGF-S and calibration coil system in order
to setup the experiments with high accuracy using a laser
alignment system. Orthogonality of the surfaces of the cu-
bic mirrors are essential to obtain the required relative direc-
tions accurately. The precision of the right angles between
the surfaces of the cubic mirrors are better than 0.1 degrees,
which is the required accuracy of the MGF-S sensors.

Now, the related parameters are the sensitivity of MGF-
S [Ai (i = x, y, z)] (nT/digit), output of the MGF-S [Mi ]
(digit), applied magnetic field [Bi ] (nT), the transform ma-
trix from the alignment mirror coordinate attached on MGF-
S (orthogonal) to the sensor coordinate (may not be orthog-
onal) [Cε], the transform matrix from the coil system co-
ordinate to the alignment mirror coordinate attached on the
coil [Cδ], the transform matrix from the alignment mirror
coordinate of the coil to the alignment mirror coordinate
of the sensor [K], and the zero-offsets [Boffset,i ] of the sen-
sors. By using the quantities listed above, the relationship
of them may be written as


 Ax 0 0

0 Ay 0
0 0 Az





 Mx

My

Mz


 = CεKCδ


 Bx

By

Bz


 +


 Boffset,x

Boffset,y

Boffset,z


, (1)

or

AM = CεKCδB + Boffset. (2)

Each sensor or coil direction may be expressed with two an-
gles in corresponding mirror coordinate as shown in Fig. 1.
Therefore, explicit forms of Cε and Cδ are

Cε =

 cos θx cos φx cos θx sin φx sin θx

cos θy sin φy cos θy cos φy sin θy

cos θz sin φz sin θz cos θz cos φz


 (3)
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Fig. 1. Definitions of the angles. (a) Angles between the alignment mirror coordinate and the magnetic field sensor coordinate. (b) Angles between the
alignment mirror coordinate and the calibration coil coordinate.
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Fig. 2. Configurations of the coil and the sensor.

and

Cδ =

 cos λx cos ϕx cos λy sin ϕy cos λz sin ϕz

cos λx sin ϕx cos λy cos ϕy sin λz

sin λx sin λy cos λz cos ϕz


 . (4)

Note that Cε and Cδ are very close to unit matrices.
In observation equation (2), magnetic field B and setup of

the experiment, i.e., the relationship between the direction
of the sensor and the coil in each mirror coordinate sys-
tem K are given. Then, the output from the MGF-S, M, is
recorded. Intensity of the applied magnetic field is changed
during the experiment for each setup. This allows us to
eliminate the effect of the zero-offset Boffset in Eq. (2) and
also to confirm the linearity of the output from the MGF-S
to the applied magnetic field. Therefore, B, K and M are
used to determine components of A, Cε , and Cδ . There are
15 unknowns to be determined in total. In actual determi-
nation of the sensitivity of alignment, matrices in Eqs. (3)
and (4) are represented as

Cη =

 1 + ηxx ηxy ηxz

ηyx 1 + ηyy ηyz

ηzx ηzy 1 + ηzz


 (5)

Table 2. Applied field during the calibration experiments.

range applied field (nT)

range-3 0, ±25000, ±50000

range-2 0, ±300, ±600, ±900

renge-1 0, ±80, ±160, ±240

range-0 0,±10, ±20, ±40, ±60

where η is ε or δ. Six components are independent in
Cη matrix because we have conditions that row (column)
vectors in Cε (Cδ) are unit vectors. In this case, we have 21
unknowns with six conditions.

From one setup of the experiment, i.e. one K and B in
the x , y, and z directions, independently, we can obtain
nine equations. If we rotate the magnetometer by 90 de-
grees with respect to one of the coordinate, we have nine
more equations but only six are independent of the previous
setup. In this case, we have 21 conditions to determine 21
unknowns. This is sufficient to determine the unknowns but
the equations may not be solved stably due to the influence
of measurement errors. Thus, we added one more setup,
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Fig. 3. Output M due to input B with range-1.

rotate the magnetometer by 90 degrees around another axis,
and made measurements. The number of independent equa-
tions are now 27, and determination of the sensitivity and
alignment becomes relatively easy and stable.

Setups of the measurements are shown in Fig. 2. The K
matrices corresponding to the setups are the following;

K1 =

 0 0 −1

0 1 0
1 0 0


 , K2 =


 0 0 −1

−1 0 0
0 1 0


 ,

K3 =

 0 1 0

−1 0 0
0 0 1


 ,

(6)

where the subscript indicates each setup in Fig. 2.
The measurements were made in the room temperature

(20◦C). The intensities of the magnetic field applied during
the measurements are summarized in Table 2. Figure 3

shows the example of output M in one of the experiments.
We can confirm the linearity between the input magnetic
field and output readings. Correlation coefficients for them
are larger than 0.999 for all setups of the experiments.

The determined angles are shown in Tables 3 and 4. Ob-
tained angles seem to be determined stably for the range-1,
2 and 3, but some of the angles for the range-0 are signifi-
cantly different from the other cases (see φY in Table 3 and
ϕY in Table 4). This is probably due to worse signal to noise
ratios for range-0, i.e., the applied magnetic field for the ex-
periments for range-0 was not much larger than the noise,
which is originated from the external field, up to 2 nT. We
therefore employ the results for ranges 1, 2 and 3 in Tables 3
and 4 to find relative angles between the axes of the sensor
(and also the coil). The result is shown in Table 5. All the
angles between the axes are in the range of 90±0.4 degrees.

Sensitivities are also calculated for each range using the
average angles (Tables 3 and 4). Obtained sensitivities
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Table 3. Obtained angles for sensor-mirror alignment (see Fig. 1(a)). Unit is degree.

φX φY φZ θX θY θZ

range-0 0.376 0.023 −0.373 0.345 0.359 −0.263

range-1 0.339 −0.032 −0.364 0.496 0.333 −0.031

range-2 0.337 −0.036 −0.379 0.469 0.319 −0.034

range-3 0.309 −0.035 −0.387 0.478 0.320 −0.060

Average of range-1,2,3 0.328 −0.035 −0.377 0.481 0.324 −0.041

Table 4. Obtained angles for coil-mirror alignment (see Fig. 1(b)). Unit is degree.

ϕX ϕY ϕZ λX λY λZ

range-0 0.000 0.060 0.065 −0.099 0.338 −0.133

range-1 0.175 −0.043 −0.036 0.140 0.321 −0.290

range-2 0.168 −0.051 −0.049 0.131 0.308 −0.295

range-3 0.169 −0.046 −0.050 0.129 0.324 −0.306

Average of range-1,2,3 0.171 −0.047 −0.045 0.133 0.318 −0.297

Table 5. Angle between the axes. Unit is degree.

� XY � YZ � ZX

MGF-S 89.61 89.73 89.89

Coil 89.84 89.98 89.97

Table 6. Sensitivity [nT/digit].

AX AY AZ

range-0 0.00229±0.000002 0.00232±0.000004 0.00228±0.000005

range-1 0.00917±0.000001 0.00932±0.000003 0.00914±0.000002

range-2 0.03681±0.000844 0.03725±0.000022 0.03656±0.000013

range-3 2.088±0.0012 2.122±0.0012 2.086±0.0006

y
x

z z

y
x

setup 1

y

z z

x

setup 2

0 degree

180 degree 180 degree

0 degree

Fig. 4. Sensor coordinates in experiments of zero-offsets.

are summarized in Table 6. The sensitivities were well
determined within 0.2% error.
2.2 Temperature dependences of offset and relative

sensitivity
Determining zero-offset in Eq. (2) requires a new set of

experiments: it is necessary to operate the magnetometer
under almost zero magnetic field environment. We design
the experiment to determine zero-offset of each sensor axis
together with obtaining temperature dependences of zero-
offset and relative sensitivity, the ratio of sensitivity to the
reference sensitivity, as shown below. Temperature depen-

dences should be evaluated because the operating tempera-
ture of the MGF-S in the lunar orbit is expected to vary by
about 60 degrees (−30 ∼ 30◦C).

Zero-offset may be determined by measuring magnetic
field under almost zero magnetic field conditions. This
may be done using a shield cylinder covering the sensor
in the Helmholtz coil system. MGF-S was set as shown in
Fig. 4 while determining the offset of the z component; the
average of the four readings is the zero-offset value for the
z component. The experiments were done for all the ranges
by controlling the temperature stepwise from −35 ∼ 33◦C.
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Fig. 5. Temperature dependence of the offset.

An example of the result is shown in Fig. 5. The results for
range-3 are not shown in the figure because the resolution of
this mode is low. It is seen that the offset does not depend
systematically on temperature. Averages of the offset for
ranges 0, 1 and 2 are shown in Table 7.

Variation of sensitivity with respect to temperature is also
examined for range-0, which is mainly used for observa-
tions while SELENE is orbiting the moon. Because relative
change of the reading from the magnetometer in different
temperature is essential, we employed only one setup of the
relative directions of the magnetometer and the coil system.
It is sufficient for the present purpose if the applied field is
measured by all the sensors, i.e., the MGF-S was set in the
cooled box oblique to the applied field. In the experiment,
−60 nT, 0 nT, and 60 nT of magnetic field is provided in the
x-direction of the coil system. The temperature range was
−45 ∼ 32◦C.

Variation of relative sensitivity against temperature is

Table 7. Averages of the offset in each direction of the MGF-S sensor.

x (nT) y (nT) z (nT)

range-0 0.0 −0.5 −1.7

range-1 0.1 −0.5 −1.8

range-2 0.2 −0.6 −1.8

shown in Fig. 6. The sensitivity at 14.7◦C is taken as the
reference sensitivity. There are no clear systematic tem-
perature dependences of the sensitivity seen in the results.
The maximum difference is about 1.7%, however, the to-
tal intensity change is less than 0.34%. This implies that
some small mechanical movement of MGF-S might have
occurred unexpectedly during the experiment such as, for
example, a little change of the MGF-S body position in the
cooled box. The uncertainty due to the temperature depen-
dence or range-0 sensitivity is much less than 0.1 nT for
the typical magnetic field of 10 nT, and thus the sensitiv-
ity change due to temperature do not have to be taken into
considerations for analyses of the lunar magnetic field data.

3. In-flight Calibration Using Sensor Alignment
Monitor Coil (SAM-C)

3.1 Requirements for in-flight calibrations
It is a concern that the direction of the magnetometer may

change while the satellite is in orbit, especially in case that
the satellite experiences large temperature differences due
to eclipses. Monitoring of the direction of the sensor is es-
sential to maintain the credibility of the observed magnetic
field. We employ the method to monitor the position and
alignment of the magnetometer by measuring the known
magnetic field, as is similar to the case of calibration of
magnetometer in the previous section. In-flight calibrations
have been made for the vector magnetometers of satellites
by observing the geomagnetic field. For example, the Euler
angles describing the rotation of the magnetometer with re-
spect to the satellite were determined with accuracy of bet-
ter than 4 arcsec for the Oersted magnetometer orbiting the
earth (Olsen et al., 2003). Also, observed geomagnetic field
during swingby the earth were analyzed to obtain the cali-
bration matrix for the NEAR magnetometer (Anderson et
al., 2001) and to renew the alignment angles of the sensors
for the Cassini fluxgate magnetometer (Dougherty et al.,
2004). As there is no well-known ambient natural magnetic
field available in the lunar environment, artificial magnetic
fields are generated in the satellite system for in-flight cal-
ibration for SELENE. SELENE has the Sensor Alignment
Monitor Coil (SAM-C) system to generate known magnetic
fields for in-flight calibrations. Note that Cassini has a sim-
ilar in-flight calibration system called the Science Calibra-
tion Subsystem (SCAS, Dougherty et al., 2004).

Because the expected magnetic field in orbit around the
moon is small, typically 5–10 nT, the requirement of the ac-
curacy of the direction determination is not as high as that
for the satellite magnetometers for geomagnetic field obser-
vations. By considering the accuracy of the magnetometer
(0.1 nT) and the size of the expected magnetic field, the re-
quired accuracy is of order of 0.1 degrees.

SAM-C has two coil systems, SAM-C(A) and SAM-
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Fig. 6. Temperature dependence of the sensitivity. Ratio to the sensitivity at 14.7◦C is shown.
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Fig. 7. Setup of the experiment to determine the distributions of the magnetic field generated by SAM-C.

C(B), in order to generate two linearly independent mag-
netic fields for in-flight calibrations. The spatial distribu-
tions of the magnetic field generated by SAM-C around the
position of the magnetometer, about 12 meters away, can
be used for accurate calibrations, that is, to determine the
position and the rotation angles of the magnetometer with
respect to the main body of the satellite. Therefore, 6 un-
knowns can be determined simultaneously from two inde-
pendent magnetic field vectors generated by the two coils.

Multiple measurements in a set of calibration can reduce
the error of determination of the position and rotation an-
gles. SAM-C is going to generate 1 Hz triangular wave,
which continues with same amplitude for 10 seconds and
then decays in 8 seconds. Though the sampling frequency
is 32 Hz and 576 measurements for one set of calibration
can be obtained, not all data can be used for the analyses
because the magnetic field is not strong enough at the mag-
netometer position. Nevertheless, a large number of mea-
surements are available for calibrations to reduce the esti-
mation error of the position and alignment. Note that the
decaying triangular wave is generated because not only to
increase the number of measurements but also to prevent
magnetizing the satellite and other instruments by the gen-
erated magnetic field.

3.2 Distribution of magnetic field by SAM-C
The spatial distribution of the SAM-C generated mag-

netic field has been determined by an experiment. The
experiment was carried out in the magnetic test facility at
Tsukuba Space center mentioned in Section 2.1. The set-up
of the experiment is as shown in Fig. 7. SAM-C was in-
stalled on a horizontal turn table placed in the center of the
non-magnetic environment. The magnetic field generated
by SAM-C is measured using 12 fluxgate magnetometers
installed as shown in the figure. The positions of the magne-
tometers are listed in Table 8. The direction of SAM-C was
changed from 0 to 330 degrees at 30-degree steps in order to
increase effective data of different relative positions of the
magnetometers to SAM-C. The electric currents given to
the coil system were ±2.0 A. Note that the maximum am-
plitude of the electric currents applied to SAM-C in orbit
will be 2.6 A.

The distribution of the magnetic field is expressed using
magnetic potential in spherical coordinate,

V =a
N∑

n=1

n∑
m=0

(
gm

n cos mφ + hm
n sin mφ

)(a

r

)n+1
Pm

n (cos θ),

(7)

where (r, θ, φ) represents standard spherical coordinate
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Table 8. Positions of the magnetometers for SAM-C experiments. The origin of the coordinate is the center of SAM-C. Unit is meter.

magnetometer (x, y, z) magnetometer (x, y, z)

# 1 (1.2, 0.0, 0.0) # 7 (1.3225, −1.3375, −1.059)

# 2 (1.6, 0.0, 0.0) # 8 (1.3225, 1.3625, −1.060)

# 3 (2.0, 0.0, 0.0) # 9 (−1.3225, 1.3375, 0.936)

# 4 (3.0, 0.0, 0.0) # 10 (−1.3225, −1.3625, 0.937)

# 5 (−1.3225, 1.3375, −1.059) # 11 (1.3225, −1.3375, 0.937)

# 6 (−1.3225, −1.3625, −1.062) # 12 (1.3225, 1.3625, 0.936)

Table 9. Gauss coefficients determined by the experiments, see Eq. (7). a = 2.1 m. +2 A is given during the experiments.

mode SAM-C(A) SAM-C(B)

(n, m) gm
n hm

n gm
n hm

n

(1, 0) 223.0395 — 226.5080 —

(1, 1) −155.1038 −0.3778 159.8948 −5.1260

(2, 0) −4.2798 — 5.3552 —

(2, 1) −6.2950 1.3071 3.9018 0.5415

(2, 2) 1.2032 −0.7165 −0.5657 0.8414

(3, 0) −4.2728 — −4.1738 —

(3, 1) −3.9164 0.0298 4.0347 −0.1824

(3, 2) 0.9133 −0.0184 0.8367 −0.0123

(3, 3) −1.1781 −0.0031 1.2309 −0.0158

(4, 0) 0.3858 — 0.3723 —

(4, 1) −0.0314 −0.0150 −0.0322 0.0785

(4, 2) 0.0592 −0.0594 −0.0039 0.0860

(4, 3) −0.0191 −0.0038 0.1400 0.0220

(4, 4) −0.0429 0.0288 0.0369 0.0069

 0

 0.02

 0.04

 0.06

 0.08

 0.1(-A)

 1  2  3  4

|B
ob

s-
B

pr
e|

/|B
ob

s|

n

 0

 0.02

 0.04

 0.06

 0.08

 0.1(+A)

 1  2  3  4

|B
ob

s-
B

pr
e|

/|B
ob

s|

n

 0

 0.02

 0.04

 0.06

 0.08

 0.1(-B)

 1  2  3  4

|B
ob

s-
B

pr
e|

/|B
ob

s|

n

 0

 0.02

 0.04

 0.06

 0.08

 0.1(+B)

 1  2  3  4

|B
ob

s-
B

pr
e|

/|B
ob

s|

n

Fig. 8. Misfit of magnetic intensity with respect to truncation of Eq. (7). Open circles, crosses, triangles, and squares represent misfit at magnetometer
1, 2, 3 and 4, respectively.

(θ = 0 coincides wish positive z direction), Pm
n (cos θ) is

associated Legendre function, a is a certain radius, and N
is the truncation degree. The Gauss coefficients (gm

n and
hm

n ) of the magnetic potential with a = 2.1 m were de-
termined by the experiment; see Table 9 for the case with

positive electric current. It is found that the magnetic field
at magnetometer position 1, 2, 3, and 4 in Fig. 7 can be
expressed with the magnetic potential up to degree and or-
der 4 with accuracy better than 3% (see Fig. 8). Note that
nominal position of the MGF-S in lunar orbit is (11.724 m,
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Fig. 9. Magnetic field distribution around the magnetometer position by SAM-C(A). Applied electric current is 2 A.

0 m, 0 m) in the supposed coordinate, which is the same as
the satellite coordinate, and the contribution of the magnetic
potential with n ≥ 5 at the position is negligibly small (less
than 0.01 nT). The nominal magnetic field at the position
of the magnetometer with +2 A electric current by the coil
system is, by SAM-C(A)

Bx = −1.79 nT, By = 0.00 nT, Bz = −1.27 nT,

F = 2.19 nT,
(8)

and by SAM-C(B),

Bx = 1.83 nT, By = 0.03 nT, Bz = −1.31 nT,

F = 2.33 nT.
(9)

The distributions of the magnetic field components around
the magnetometer position by SAM-C(A) are shown in
Fig. 9.
3.3 Estimate of the determination error

We formulate a linear inversion to determine the posi-
tion and direction of the magnetometer. The matrix for the
inverse problem is used to estimate the expected error of de-
termination of the position and alignment (rotation angles).

Magnetic field at position r in satellite coordinate,
BSAT(r), may be written as

BSAT(r) = Ã(r, N ) g(N ), (10)

where g(N ) is column vector composed of Gauss coeffi-
cients shown in Table 9, N is the truncation degree of spher-
ical harmonic expansion in Eq. (7), in this case N = 4, and
Ã(r, N ) is the matrix having information on the observation
point and spherical harmonics.

Suppose the nominal position of the magnetometer is r0

and the direction of the sensors are expressed with roll-
pitch-yaw type rotation angles (x-y-z type Euler angles)

xSAT

y

z

SAT

SAT

x

y

zmag

mag

mag

β

α

x'

y'

x''

y''

z'

z''

γ 

Fig. 10. Definition of the rotation angles.

(α, β, γ ) from the direction of the satellite coordinate (see
Fig. 10). At the nominal position, the magnetic field ob-
served by the magnetometer, Bmag(r0), is

Bmag(r0) = R(α, β, γ ) BSAT(r0)

= R(α, β, γ ) Ã(r0, N ) g(N ), (11)

where R(α, β, γ ) is the rotation matrix

R(α, β, γ ) =

 1 0 0

0 cos γ sin γ

0 − sin γ cos γ





 cos β 0 − sin β

0 1 0
sin β 0 cos β




·

 cos α sin α 0

− sin α cos α 0
0 0 1


 . (12)
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The actual position and alignment of magnetometer may
be different from the nominal position. Suppose that the
actual position of the magnetometer is at r0 + �r and the
Euler angle of the alignment (α + �α, β + �β, γ + �γ ).
Let the deviation of the magnetometer from the nominal
position be small and neglect the terms second order in
perturbation. Then,

BSAT(r0 + �r) = Ã(r0 + �r, N ) g(N )

≈ BSAT(r0) + �x
∂Ã(r0)

∂x
g(N )

+�y
∂Ã(r0)

∂y
g(N ) + �z

∂Ã(r0)

∂z
g(N )

= BSAT(r0) + Qxyz�r, (13)

where �r = (�x, �y, �z) and

Qxyz =




(
∂Ã(r0)

∂x g
)

x

(
∂Ã(r0)

∂y g
)

x

(
∂Ã(r0)

∂z g
)

x(
∂Ã(r0)

∂x g
)

y

(
∂Ã(r0)

∂y g
)

y

(
∂Ã(r0)

∂z g
)

y(
∂Ã(r0)

∂x g
)

z

(
∂Ã(r0)

∂y g
)

z

(
∂Ã(r0)

∂z g
)

z


 . (14)

Then, the magnetic field observed by the magnetometer is

BOBS = Bmag(r0 + �r)

≈ R(α + �α, β + �β, γ + �γ ) BSAT(r0 + �r)

≈
(

R(α, β, γ ) + �α
∂R(α, β, γ )

∂α

+�β
∂R(α, β, γ )

∂β

+�γ
∂R(α, β, γ )

∂γ

)
BSAT(r0 + �r)

= R(α, β, γ ) BSAT(r0) + Qαβγ


 �α

�β

�γ




+R(α, β, γ ) Qxyz


�x

�y
�z


 , (15)

where

Qαβγ =




(
∂R
∂α

BSAT(r0)
)

x

(
∂R
∂β

BSAT(r0)
)

x

(
∂R
∂γ

BSAT(r0)
)

x(
∂R
∂α

BSAT(r0)
)

y

(
∂R
∂β

BSAT(r0)
)

y

(
∂R
∂γ

BSAT(r0)
)

y(
∂R
∂α

BSAT(r0)
)

z

(
∂R
∂β

BSAT(r0)
)

z

(
∂R
∂γ

BSAT(r0)
)

z


. (16)

We may solve for the perturbations if at least two linearly
independent magnetic field distributions are available for
the analysis. The two independent magnetic fields gener-
ated by SAM-C fulfill the condition.

Let the magnetic field by SAM-C(A) be BSAT(A) and
observed field be BOBS(A). Same notations are used for
the field by SAM-C(B). Then, the equation may be written
as

�b̃ ≡

 BOBS(A)

· · ·
BOBS(B)


 −


 RBSAT(A)

· · ·
RBSAT(B)


 = V




�α

�β

�γ

�x
�y
�z




≡ V�q̃, (17)

where the matrix V is written using Qxyz and Qαβγ . The
matrix may be inverted to obtain �q̃;

�q̃ = V−1�b̃. (18)

The accuracy of determination of �q̃ can be estimated
using the singular values (eigenvalues) and condition num-
ber of the matrix. The condition number of the matrix V
is very large, about 2400, either with (α, β, γ ) = (0, 0, 0)
or (0, 0, 45) (unit in degree) if the Gauss coefficients in Ta-
ble 9 are used (i.e. the electric current for SAM-C is 2.0 A).
As the y-derivatives of Bx and Bz relative to the others both
for SAM-C(A) and SAM-C(B) magnetic field are small, the
expected error is very large in this case, see Fig. 9: the com-
ponents of Qxyz matrix for SAM-C(A) at the nominal posi-
tion of the magnetometer are

Qxyz =

 4.569 × 10−1 −9.909 × 10−4 3.248 × 10−1

−9.909 × 10−4 −2.280 × 10−1 −1.977 × 10−4

3.248 × 10−1 −1.977 × 10−4 −2.288 × 10−1


, (19)

where the unit is nT/m. The tendency is the same for the
matrix for SAM-C(B).

It is essential to determine the direction of the magne-
tometer at the end of the mast but the position is not essen-
tial for scientific purposes. The small y-derivatives of the
magnetic field components implies that precise determina-
tion of the y position of the magnetometer is not necessary
for the determination of the alignment (and also for scien-
tific purposes).

Now, let us consider a reduced problem having 5 un-
knowns,

BOBS = R(α, β, γ ) BSAT(r0) + Qαβγ


 �α

�β

�γ




+R(α, β, γ ) Qxz

(
�x
�z

)
, (20)

where

Qxz =




(
∂A(r)

∂x g
)

x

(
∂A(r)

∂z g
)

x(
∂A(r)

∂x g
)

y

(
∂A(r)

∂z g
)

y(
∂A(r)

∂x g
)

z

(
∂A(r)

∂z g
)

z


 , (21)

and

�b̃ = Vr




�α

�β

�γ

�x
�z


 ≡ Vr�q̃r . (22)

This may be solved in a least-square sense by

�q̃r = (
VT

r Vr
)−1

VT
r �b̃. (23)

The condition numbers for the case with α = β = 0 degree
and γ = 0 or 45 degrees are about 17, and the determination
error for each component is estimated as

�x = 8.8 × 10−2 m, �z = 3.7 × 10−1 m, (24)



H. SHIMIZU et al.: GROUND CALIBRATION OF SELENE MAGNETOMETER 363

and

�α = 1.59 degree, �β = 3.86 degree,

�γ = 2.22 degree,
(25)

when the electric current for SAM-C is 2.0 A.
The estimated error depends linearly on the magnetic

field gradient of the SAM-C generated magnetic field. Be-
cause the maximum amplitude of the planned SAM-C elec-
tric current in the lunar orbit is 2.6 A, the estimated accuracy
in the above is reduced by 1/1.3. The estimated error is not
small enough if only one measurement is used to determine
the quantities. However, as was mentioned previously, 1 Hz
triangular waves are applied and measurements are made
with 32 Hz. Because triangular waves are given, not all the
data may be used for the in-flight calibration. Probably, tak-
ing half of the total 576 measurements, i.e. 288, in one set of
calibration is a fair estimate of the effective number of mea-
surements. The estimated error is reduced by 1/

√
288 and

the estimate of determination error for one set of calibration
is

�x = 4.0 × 10−3 m, �z = 1.6 × 10−2 m, (26)

and

�α=6.9 × 10−2 degree, �β =1.8 × 10−1 degree,

�γ =1.0 × 10−1 degree,
(27)

in the orbit condition. The direction of the magnetometer
can be determined with accuracy of order 0.1 degree, which
is sufficient for the magnetic field measurements around the
moon.

4. Summary
The ground calibration of SELENE magnetometer has

been made by a series of experiments. The linearities of
the sensors are confirmed and sensitivity for all ranges are
determined. The sensors are orthogonal to each other within
0.4 degree, and further correction can be made using the
relative angles of the sensors. The offsets and sensitivities
do not show any systematic dependencies on temperature.
Thus we conclude that the accuracy of MGF-S is about
0.1 nT.

The magnetic field distributions generated by SAM-C,
which is used for in-flight calibrations, are determined by
the experiments. An electric current of 2 A produces a mag-
netic field of about 2 nT at the position of the magnetometer,
which is 12 m away from SAM-C. A formulation to deter-
mine the relative position and angles of the magnetometer
with respect to the main body of the satellite is given and ex-
pected error to determine the quantities are estimated. The
estimated error of the direction determination is of order
0.1 degree. Therefore, it is expected that the LMAG data
after appropriate corrections using ground and in-flight cal-
ibration information have sufficient accuracy to discuss the
lunar magnetic anomalies, the interior of the moon and so
on.
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