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In spaceborne gravitational-wave detectors, the stringent requirements on the magnetic cleanliness of
the test masses (TMs) make the development of ground-based characterization techniques of their mag-
netic properties important. An electrostatically controlled torsion pendulum has been built to measure the
magnetic properties of TianQin-like solid TMs. The remanent magnetization mr and the magnetic suscep-
tibility χ of TMs can be measured at the level of 1 nA m2 and 8 × 10−7, respectively. The precisions of
measurements are mainly limited by the mechanical sensitivity of silicon fiber. The experimental results
from a solid tungsten TM as an example show that the apparatus provides a feasible way to investigate the
bulk effect of a full-size TM for the TianQin mission with enough resolution.
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I. INTRODUCTION

Gravitational waves are a prediction of Einstein’s gen-
eral theory of relativity. They not only offer an important
way to research the foundations of general relativity, but
also they are expected to provide a method to explore
the Universe. Aiming to observe gravitational waves in
the millihertz frequency range, several missions for space-
borne gravitational-wave observatories have been pro-
posed. Notably, these missions include LISA [1], OMEGA
[2], LAGRANGE, and TianQin [3]. TianQin is a pro-
posal for gravitational-wave detection in space in the
millihertz frequency range, which is comprised of three
Earth-orbiting spacecrafts in a nearly equilateral trian-
gle formation. In TianQin, there are two “free-falling”
cubic test masses (TMs) inside each spacecraft and the
displacements of the spacecrafts are monitored by laser
interferometry. The scientific goal of TianQin depends
crucially on the purity of TM geodesic motion at low
frequencies, which requires that the acceleration noise of
the inertial sensors must be below 10−15 m/s2 Hz1/2 [3].
This motion is achieved by the drag-free control of the
spacecrafts, where environmental disturbances are reduced
by micronewton thrusters driven by position sensors. For
LISA, it has been shown that the magnetic field of space
plasma is the main source of the nonconservative forces
exerted on the TMs [4–6]. The forces exerted by magnetic
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field also play a significant role in TianQin, especially con-
sidering its geocentric orbit. The magnetic force on the TM
can be expressed as

f =
∫∫∫

V
∇
(

�mr · �B + χ

2
�H · �B

)
dx dy dz, (1)

where mr is the remanent magnetization of the TM, χ is the
volume susceptibility of the TM, H is the environmental
magnetic field strength, and B is the magnetic induction.
The magnetic force comes from both the coupling between
fluctuations of magnetic field strength and magnetic field
gradient.

For spaceborne gravitational wave detections, fluctua-
tions of magnetic field are expected to be dominated by the
interplanetary magnetic field, and fluctuations of the mag-
netic field gradient are mainly due to the spacecraft itself.
In order to realize scientific goals, the TMs must achieve
the designed low susceptibility and at the same time retain
high density to minimize the displacement caused by envi-
ronmental force disturbance. The TM of LISA is made of
gold-platinum alloy. The scientific goal of TianQin is sim-
ilar to that of LISA. However, the sensitivity of TianQin’s
laser interferometer is lower than that of LISA because of
its shorter laser arm. Therefore, the requirement for iner-
tial sensor sensitivity must achieve 1 × 10−15 m/s2/Hz1/2,
which is higher than LISA’s requirement. As a result,
many more stringent requirements are demanded in Tian-
Qin’s inertial sensor, including magnetic properties. In
the TianQin mission, the requirements for the TMs are
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proposed as total remanent magnetization mr < 10 nA m2

and volume susceptibility χ < 1 × 10−6 [3,7], which are
stricter than the requirements of LISA of mr < 20 nA m2

and χ < 3 × 10−6 [8,9]. In the LISA pathfinder mission,
the susceptibility and magnetic moment of TM have been
measured to be < 2.5 × 10−5 [10] and < 4 nA m2 [11].
Although the effects caused by low-frequency magnetic
fluctuations are not expected to contribute significantly to
noise projection, several force noise sources coupling to
the bulk of the TM still cannot be excluded to date [12]. On
the other hand, TianQin is a combination of three Earth-
orbiting spacecraft in a nearly equilateral triangle forma-
tion. It is different from the LISA mission, which will be
operated in heliocentric orbit. Compared to the LISA mis-
sion, the influence from background magnetic field is still
non-negligible for the TianQin mission. LISA pathfinder
shows that the development of TMs with low remanent
magnetization and susceptibility demands ground-based
experimental methods for measuring the magnetization of
a sample of several centimeters in size in a laboratory. A
superconducting quantum interference device, which is a
typical magnetometer with high precision, has been used to
measure the magnetic moment of TM in LISA pathfinder
[13]. As is known, the influence of magnetic effect on
an inertial sensor is embodied in magnetic torque. So the
magnetic effect will be described more exactly by measur-
ing directly the magnetic torque on a TM. However, the
traditional torque magnetometry using a cantilever lacks
sufficient sensitivity. Therefore, in this report we present a
scheme based on a torsion pendulum to measure the mag-
netic properties of a solid TM. The magnetic susceptibility
and remanent magnetization of a solid tungsten cubic TM
are measured to demonstrate the sensitivity of the appara-
tus. Compared with the traditional torque magnetometer,
replacing the cantilever with a torsion pendulum further
improves the resolution of the measurement [14,15].

In the past two decades, torsion pendulums with sus-
pended hollow cubic or lightweight TMs have been ver-
ified as an effective tool for investigating various surface
effects of TM for the LISA mission by the University of
Trento [16–18], University of Washington [19], Univer-
sity of Naples [20], and Huazhong University of Science
and Technology [21–23]. However, the magnetic effect is a
bulk effect and cannot be evaluated by suspending a hollow
TM as before. In our scheme, an electrostatically con-
trolled single-stage torsion pendulum suspending a solid
cubic “massive” TianQin-like TM is established for the
purpose of experimental study of magnetic properties on
the ground.

II. MEASUREMENT PRINCIPLE

The magnetic susceptibility and remanent magnetiza-
tion of a TM are obtained by measuring the magnetic
torque exerted on the TM. A solid tungsten cubic TM is

FIG. 1. Schematic view of symmetric and asymmetric setup of
two circular magnetic coils (coil 1 and coil 2).

suspended by a silicon fiber and positioned between two
circular magnetic coils, placed symmetrically or asymmet-
rically along a common z axis. In terms of the installation
positions and current directions of the magnetic coils, there
are three configurations used in the measurement process,
as shown in Fig. 1. The three parameters, namely the
remanent magnetization my , mz and susceptibility χ , are
obtained by measuring the magnetic torque in the three
configurations independently.

The magnetic coils are made by wrapping enameled
wires around aluminum plates, with an equivalent radius
R of (1.7 ± 0.1) cm. Distance lcoil represents the distance
between coil 1 and coil 2. In coordinates of Fig. 2, the cen-
ters of coil 1 and coil 2 are assigned as (0, yo1, zo1) and (0,
yo2, zo2), respectively.

FIG. 2. Schematic diagram of magnetic field strength calcula-
tion on point P(x, y, z).
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According to the Biot-Savart law and ignoring spa-
tial medium, the magnetic field at position P(x, y, z) is
expressed as follows:

Bx = Nμ0

4π

∫ 2π

0
R cos θ

(
I2(z − zo2)∣∣rAP,2

∣∣3 + I1(z − zo1)∣∣rAP,1
∣∣3

)
dθ ,

By = Nμ0

4π

∫ 2π

0
R sin θ

(
I2(z − zo2)∣∣rAP,2

∣∣3 + I1(z − zo1)∣∣rAP,1
∣∣3

)
dθ ,

Bz = Nμ0

4π

∫ 2π

0
R

⎛
⎝

I2(sin θ(yo2−y)+R−cos θx)

|rAP,2|3

+ I1(sin θ(yo1−y)+R−cos θx)

|rAP,1|3

⎞
⎠dθ ,

(2)

where I1(2) represents the current in coil 1(2), N is the num-
ber of turns of wires in each coil, and θ is the angle between
OA1(2) and the x axis. The distance between P(x, y, z) and
a point on coil 1 or coil 2, represented by rAP,1 and rAP,2, is
written as

∣∣rA1P
∣∣ =

√
(x − R cos θ)2 + (y − R sin θ − yo1)

2 + (z − zo1)
2,

∣∣rA2P
∣∣ =

√
(x − R cos θ)2 + (y − R sin θ − yo2)

2 + (z − zo2)
2.

(3)

The torsion pendulum has one degree of freedom, meaning
only the torque along the vertical x axis can be detected,
which can be written as

τ = τgrad + τm, (4)

where τgrad describes the torque caused by magnetic gradi-
ent and τm describes the interaction between the remanent
magnetization �m and the total applied magnetic field B.
When mρ is used to express magnetization per unit vol-
ume, τgrad and τm can be expressed, respectively, as Eqs.
(5) and (6):

τgrad =
∫∫∫

vTM

(
�r × �f

)
dx dy dz

=
∫∫∫

vTM

(
yfz − zfy

)
dx dy dz, (5)

τm =
∫∫∫

vTM

( �mρ × �B)dx dy dz

=
∫∫∫

vTM

(
mρ,yBz − mρ,zBy

)
dx dy dz, (6)

where vTM is the volume of the TM. The magnetic forces
per unit volume fz and fy can be expressed as

fy =
(

�mρ + χ

μ0
�B
)

∂ �B
∂y

, (7)

fz =
(

�mρ + χ

μ0
�B
)

∂ �B
∂z

. (8)

In our calculation, we assume that the distribution of
magnetic moment is uniform in the TM. The spatial dis-
tribution and strength of magnetic field can be adjusted by
changing the position of coils and current intensity, lead-
ing to different magnetic torque on the TM. With I1 and I2
running in the same direction and magnetic coils installed
asymmetrically, the magnetic torque acting on the TM is
written as

τ = τgrad + τm

=
∫∫∫

vTM

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

(
my

vTM
+ χ

μ0
By

)(
y
∂By

∂z
− z

∂By

∂y

)

+
(

mz

vTM
+ χ

μ0
Bz

)(
y
∂Bz

∂z
− z

∂Bz

∂y

)

+
(

my

vTM
Bz − mz

vTM
By

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

× dx dy dz. (9)

When two magnetic coils are installed asymmetrically
with I1 and I2 running in opposite directions, the torque
produced by the remanent magnetization can be ignored
because of the centrosymmetric magnetic field. Only the
torque produced by magnetic field gradient is present and
the torque on the TM can be written as

τ ′ = τgrad

=
∫∫∫

vTM

⎡
⎢⎢⎣

(
my

vTM
+ χ

μ0
By

)(
y
∂By

∂z
− z

∂By

∂y

)

+
(

mz

vTM
+

χ

μ0
Bz

)(
y
∂Bz

∂z
− z

∂Bz

∂y

)
⎤
⎥⎥⎦

× dx dy dz. (10)

Otherwise, when the coils are installed symmetrically,
with currents I1 and I2 running in the same direction,∫∫∫

vTM
Bzdx dy dz is close to 0 T and the myBz term in Eq.

(9) becomes dominant. The magnetic torque acting on the
TM can be simplified as

τ ′′ = τm = my

vTM

∫∫∫
vtm

Bzdx dy dz. (11)

If two coils cannot be installed perfectly symmetrical, an
extra magnetic torque will be produced because of very
small magnetic gradient. Therefore, the error δdy shown
in Fig. 3 should be less than 50 μm so that the error of
remanent magnetization my is less than 0.2 nA m2.

According to the analysis mentioned above, Eqs.
(9)–(11) describe the magnetic torque in the different con-
figurations shown in Fig. 1. Finally, two components of the
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FIG. 3. Schematic view of the installation errors of magnetic
coils.

test mass remanent magnetization, namely my and mz, and
the magnetic susceptibility χ can be obtained by solving
Eqs. (9)–(11).

III. EXPERIMENTAL FACILITY AND RESULTS

A schematic diagram of a single-stage torsion pendu-
lum is shown in Fig. 4, which includes the TM, two
pairs of electrodes, and magnetic damping. Here, the mag-
netic properties of a tungsten cube TM, with a size of
(4 × 4 × 4) cm3 and a mass of 1.23 kg, are measured to
demonstrate the sensitivity of the apparatus. In the future,
TMs with lower magnetic susceptibility for TianQin will
also be measured using this facility. The TM is suspended
by a silica fiber (silica fiber 2) of 40 cm in length and
310 μm in diameter. Another silica fiber (silica fiber 1),
which is 5 cm long and 400 μm in diameter, is used to

FIG. 4. Schematic view of the torsion pendulum apparatus and
control block diagram.

FIG. 5. Noise power spectral density of the electrostatically
controlled torsion pendulum. The black curve is the total noise of
our facility. The blue curve is the action noise of the electrostati-
cally controlled torsion pendulum. The red line is the theoretical
thermal noise of fiber with a quality factor of 275 000.

connect the rotational stage with the magnetic damping.
In this torsion pendulum the TM is connected to the silica
fiber by a very small connector and glue so that the test
mass does not lead to any modification in measurement.
The resonant frequency of the torsion pendulum is 0.07
Hz. In order to linearize the electrostatic actuator and drive
the capacitive transducer, a thin gold wire with a diameter
of 10 μm is connected to the TM to apply a dc voltage Vb
and a 50 kHz pumping voltage Vp . The mechanical behav-
ior of the gold wire can be ignored because of its much
smaller stiffness compared with the silica fiber. Two pairs
of aluminum electrodes as a part of a capacitive sensor are
mounted on both sides of the TM to monitor the motion of
the TM, to guide a controller to generate appropriate volt-
ages applied to the electrodes. The whole apparatus is in a
vacuum chamber with a vacuum level of 3 × 10−5 Pa.

During the measurement process, the TM is kept still,
with the magnetic torque τ balanced by the feedback
torque τf provided by a capacitive transducer at a capaci-
tive noise level of 2 × 10−7 pF/Hz1/2 [24]. The value of τ

is obtained by calculating the feedback torque τf from the
applied voltages. Shown in Fig. 5, the torque noise floor of
the electrostatically controlled torsion pendulum reaches
2 × 10−14 Nm/Hz1/2 at its resonant frequency, limited by
the thermal noise of fiber and the actuation noise with a
level of 2 μV/Hz1/2 [25].

Figure 6 shows photographs of the two configurations
where two magnetic coil panels, perpendicular to the z
axis, are installed on both sides of the TM symmetri-
cally and asymmetrically. The gap lcoil between the coils
is (12.5 ± 0.1) cm and the total number of turns N of each
coil is 240. The symmetrically installed coils with dc cur-
rent I1 = I2 = 1.5 A produce magnetic field with strength
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FIG. 6. Photos of the apparatus. Two magnetic coils are
installed in the symmetric (left) and the asymmetric (right)
configuration.

of Bz = 460 μT near the center of the TM. To verify
the correctness of the calculated magnetic field from Eq.
(2), the magnetic intensity is measured by a magnetome-
ter at more than 27 different locations between the two
coils. The measured data and the theoretical calculation
coincide within a maximum difference of 3.7%. Taking
one point (−1.5, −2.2, −0.25) as an example, the mea-
sured curve and theoretical curve of magnetic field with
different currents of 0.05, 0.1, 0.15, 0.2, and 0.25 A are
shown in Fig. 7. According to the power spectral density
of the apparatus and errors of installations, the main errors
are listed in Table I. A time switch is used to produce a
square-wave oscillating current so as to change magnetic
field periodically. As shown in Fig. 8, when both of the
symmetric coils are loaded with the same square-wave
oscillating currents of fixed period of 300 s, the varia-
tional feedback torque is 	τf = 	τ ′′ = −(1.43 ± 0.03) ×
10−11 Nm. According to Eq. (11), variation of magnetic
field strength

∫∫∫
vTM

By dx dy dz/vTM is 451 μT, corre-
sponding to a current variation from 0 to 1.5 A. Therefore,
the remanent magnetization along the y axis is calculated
to be −(31.70 ± 0.71) nA m2.

In the asymmetric configuration, the distance between
the two magnetic coils is (40.30 ± 0.05) mm along the
y axis. When the currents loaded in both coils have the
same direction, period, and amplitude, the magnetic torque
τ has two components τgrad and τm. The variation of

Bx of position (–1.5, –2.2, –0.25)

By of position (–1.5, –2.2, –0.25)

Bz of position (–1.5, –2.2, –0.25)

µ
µ

µ

FIG. 7. Curves of magnetic field are measured by a magne-
tometer (blue curves) and calculated by theoretical model (red
curves) when different currents are loaded in the magnetic coils.

magnetic torque on the TM 	τ is (2.79 ± 0.07) × 10−11

Nm when the peak-to-peak value of the currents is 1.5
A. On the other hand, when the directions of the cur-
rents are opposite, the magnetic torque τ ′ is only caused

TABLE I. Error budget (integral time is 3 hours).

Error term Error value Error for my (nA m2) Error for χ (10−6)

Accuracy of capacitive sensor Cn 2 × 10−7 pF/Hz1/2 0.59 0.66
Readout noise Vfn 2 μV/Hz1/2 0.03 0.03
Thermal noise of fiber τth 5 × 10−14 Nm/Hz1/2 0.08 0.09
Calibration error of actuator < 1% 0.24 0.28
Installation error of magnetic coils < 50 μm 0.21 0.23
Stability of currents I1, I2 1 mA 0.02 0.02
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FIG. 8. Curves of the magnetic torques τ , τ ′, and τ ′′ that are
produced in configurations (I), (II), and (III), respectively. Two
magnetic coils are loaded by currents varied periodically as a
square wave with a peak-to-peak value of 1.5 A and period of 5
min.

by magnetic gradient. Its variation 	τ ′ is (3.83 ± 0.03) ×
10−11 Nm. Combining the experimental results from the
three configurations, τ , τ ′, and τ ′′, from Eqs. (9)–(11), the
magnetic susceptibility χ and remanent magnetization can
be obtained: χ = (9.09 ± 0.08) × 10−5, my = −(31.70 ±
0.71) nA m2, mz = −(126.12 ± 4.7) nA m2. Using the
above method, a series of data are obtained with four dif-
ferent exciting currents of 0.9, 1.2, 1.5, and 1.7 A. Figure 9
shows the results of repeat measurements with different
modulation currents.The standard deviations σmy and σχ

are less than 1 nA m2 and 8 × 10−7, respectively, which
are well below the requirements of LISA and TianQin.
The measurement error σmz is about 5 nA m2, which is

FIG. 9. The results of measurement of remanent magnetization
my , mz and magnetic susceptibility χ with different modulation
currents. The experimental results of my , χ and mz exhibit very
good repeatability in the range of errors, and the values increase
with increasing currents.

FIG. 10. The installation diagram of magnetic coils. Coils 3
and 4 are designed to counteract the geomagnetic field. Coils 3
and 4 both have the same parameters: a diameter of (5.1 ± 0.1)
cm, total turn number of 650, and gap of (41.6 ± 0.1) cm.

larger than σmy because of the relatively low sensitivity
and cumulative error of multiple measurements. Certainly,
another remanent magnetization mz also can be measured
by rotating the TM 90◦ for better precision.

IV. ASSESSING THE IMPACT OF THE
GEOMAGNETIC FIELD

The major difference between the space environment
and the ground environment is the influence of the Earth
[26]. If we are to estimate the remanent magnetization of
a TM, it is necessary to counteract the influence of the
geomagnetic field. So another two coils are added in the
apparatus to produce a constant magnetic field that is oppo-
site to the geomagnetic field, as shown in Fig. 10. The
component of the geomagnetic field along the y axis is
(25.99 ± 0.05) μT measured by a magnetometer. Accord-
ing to our calculation, currents of 0.47 A are loaded in
coils 3 and 4 to ensure that the residual magnetic field
along the y axis is smaller than 3 μT. In this condition, the
remanent magnetization can be obtained in the same way
as mentioned for configuration (I). The experimental data
show that the remanent magnetization component my is
−(29.81 ± 0.83) nA m2. Comparing experimental results
for my before and after compensating for the geomagnetic
field, the difference of remanent magnetic moment of 2.9
nA m2 may be derived from the variation of remanent mag-
netic moment of magnetic impurities existing in the TM.
The source of remanent magnetic moment and its variation
should be investigated in the future.

V. CONCLUSION AND FUTURE WORK

Magnetic cleanliness is strictly required for the TM of
TianQin, and therefore extensive testing for the TM in the
laboratory is needed prior to the launch of TianQin. In this
paper, an electrostatically controlled torsion pendulum is
used to measure the magnetic properties of a TM, and its
precision is sufficient to meet the requirements of the Tian-
Qin mission. Using a tungsten TM as an example, it is
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demonstrated that the standard deviations of the remanent
magnetization and susceptibility are better than 1 nA m2

and 8 × 10−7. Therefore, this facility is able to be a reli-
able platform for estimating magnetic properties of TMs
in other gravitational observatories. At present, our exper-
imental results are based on the assumption of uniform
distribution of remanent magnetic moment and magnetic
susceptibility. The nonuniform magnetic properties of TMs
will be investigated in subsequent work.
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