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In the TianQin space-based gravitational wave (GW) detection mission, the measurement of remanent
magnetic moment (71) of the kilogram-level test mass is a prerequisite before the launch. Current
measurement methods have shown a measured deviation since the assumption of a uniform distribution of
m in the test mass volume, and the unconsidered interference from ambient magnetic fields. We develop a
new torsion pendulum with a modulated 2D Helmholtz coils to measure the m. The 2D Helmholtz coils are
set to get rid of the assumption and avoid the undesired systematic interference. The measurement precision
of 7 by our instrument is better than 1 nA m?. The instrument is particularly useful for measuring the
extremely low magnetic properties of the materials for use in the construction of TianQin space-based GW

detection and other precision scientific apparatus.
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I. INTRODUCTION

An isolated metal test mass (TM) in a time-varying
magnetic field will sense a magnetic force, which is a
crucial noise source in almost all space-based precision
missions that use the TM as the central sensitive probe [1-6].
In the TianQin space-based GW detection mission, the low-
frequency sensitivity is limited by residual accelerations of
its caged kg-level alloy TM cube [7]. The magnetic force
noise is one of largest contributor of the residual acceler-
ations (magnetic noise budget flowdown: 24%). Fluctuations
in the magnetic field lead to residual accelerations of the TM.
The primary force derived from remanent magnetic moment
m of the TM couple with the time-varying interplanetary
magnetic field. The remanent permanent magnetic moment
7 is the total of permanent magnetization M(7) in TM
volume element dV at 7, and can be quantified by

i = /M(?)dv. (1)

TianQin requires the |72| less than 10 nA m?. For verifying
the very stringent cleanliness and improving the magnetic-
related baseline design of spacecrafts, it is prerequisite
to precisely determine the m, with a required measure-
ment resolution level 1 nAm? in TianQin GW detection
missions [8—10].
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Some methods based on torsion pendulum were devel-
oped to measure the m [8,11-14]. The basic idea of these
methods is similar. The coils are set around the TM

suspended by a fiber. The artificial field E(?) originated

from coils is applied to the permanent magnetization M (7)
per unit volume dV. Then, the m-related torque [15]

- / () x BFdv + / Fx [M(F) - VBV (2)

apply to the torsion pendulum. Assuming the uniform dis-
tribution of permanent magnetization M (7) in the TM volume,
the condition M (F)=m/V can be obtained. Then the
Eq. (2) can be simply written as 7 =1 [ 71 x E(?) +7Fx
(7 - V)B(F)dV. Combine the assumption, the measured 7
and the known E(?), then the m can be measured. However,
the assumption in these methods could not be warranted, since
the distribution of M (F) is generally random due to the
imperfect composition, heat and mechanical treatment of the
alloy TM [16,17]. The assumption will contribute to a
measured deviation. For instance, if the M (7) mainly distrib-
ute in TM volume elements close to the coils where the strong
gradient of B(F) exists, then the value /7 measured by these
methods will overestimate the actual value.
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On the other hand, the ambient laboratory magnetic

fields B, () will add to the B(¥) and hence contribute to a
systematic noise. Yin et al. assessed the impact of the
geomagnetic field and added two extra coils to counteract
its effect. However, a deviation still exists [12,14]. Hueller

et al. adopted the modulated B(F) at frequency @ to

separate the interference of B, (7). But, the modulated
method will produce some additional induced magnetic
moment interference, and later cause measured 7 depends
on the modulated w. A brief illustration of the frequency
dependence is mentioned in the measurement principle
section, since a part of our instrument is based on
Hueller’s work [8].

In this paper, the principle of the novel measurement of
the m is illustrated in Sec. II, and the instrument imple-
mentation is introduced in Sec. III. The measurement and
results are reported in Sec. IV. The measured 7 of TMs are
discussed in Sec. V, and a summary is presented in Sec. VI.

II. EXPERIMENTAL PRINCIPLE

A schematic of our core setup is shown in Fig. 1. The 2D
Helmholtz coils are symmetrically placed around the TM.
The magnetic field at 7 in TM is the superposition of

the coils magnetic field B(7) and ambient magnetic field

B, (7). The dominant component of B,(F) is the geo-
magnetic field, since the winding and framework of 2D
Helmholtz coils close to TM are nonmagnetic aluminum
and copper respectively. Thanks to the spatial uniformity
property of the geomagnetic field and coils’ magnetic field,
the total field is uniform in the volume of the TM. Then, the
gradient of the magnetic field approaches zero, and hence

[M(7) - VIB(7)

~ (0 in Eq. (2). It overcomes the assumption
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FIG. 1. Schematic diagram of the core setup. Left: the yellow
cube represents the TM. The origin of the coordinate system,
denoted as O, is at the center of TM. The horizontal axes x and y
are perpendicular to the sides of the TM, and the z is parallel to
the fiber. Right: the 2D Helmholtz coils are set around the TM.
The axes of 2D Helmholtz coils coincide with the horizontal
dimension x and y. The input currents of the Helmholtz coils
along the x and y are DC (constant current) and AC (alternating
current) respectively. The practical power sources for inputting to
2D Helmholtz coils are set about 5 m away from the TM.

of the uniform distribution of M(7), and Eq. (2) can be
simplified as [18]

7o / () x B(Fav. 3)

The magnetic field in all TM elements along the x axis
B, can be set as B,(7) = B,, sin(wt) + B, where the B,
and w are the amplitude and frequency of the x-axis coils
AC field, and the B, is x-component of the B_;. Similarly,
the magnetic field in all TM elements along the y axis
B, can be set as B,(7) = B, + B,,, where B is
the amplitude of the y-axis coils DC field, and the B,,

is y-component of the E) According to Eq. (3), the
m-related torque along the z axis can be expressed as

n—/MNWN?

(B, +&v/M

— M, (7)B,(7)dV

— B, sin(or) + B, / M, (F)av

= (B¢y + B,y)m, — [B.sin(wt) + B, Jm,  (4)

where the M (7), M, (7) are the x- and y-component of the
M(F) respectively The m, = [ M (F)dV and my =

Ik M, (7)dV are the horizontal components of the m with
the assumptlon of uniform distribution.In this way, the m,
related torque is modulated at @ without the impact of the
constant ambient field B,, and B,,. Based on the modu-
lated 7,(w) = B.,m,sin(wt) in Eq. (4), the m, can be
measured. It is the basic principle of measurement of
Hueller’s work [8].

However, the coil and ambient magnetic field will induce
TM to produce magnetic moment. That is to say, the
magnetic moments in TM include the induced magnetic
moment and the m. The additional induced magnetic
moment interference should be considered in Eq. (4).
The induced magnetic moment m’ along the x and y can
be written as my = [y (w)B.,sin(wt) + 7, (0)B,,]Vuy'
and m), = y,(0)(B,, + B,,)Vuy' respectively, where y is
the volume-averaged susceptibility of the TM, V is the
volume of TM. The y () and y(0) characterize the different
induced intensity of TM in AC and DC magnetic field
separately. The subscript x and y denote the different
induced directions. Analogously, the m’-related torque
along the z can be expressed as 7, = (B, + B,,)m,
[B. sin(wt) + B, |my. The amplitude of time-varying
torque 7. + 7, at @ can be written as

T, = chb(x(a)) _)()'<O)](ch + Bay)vﬂal - chmy' (5)
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For the kilogram-level TM, the difference between the low-
frequency y(w) and the y(0) about 1 x 107>, and this
difference should be considerable [19,20]. Since the term
Xx(@) = x,(0) #0, the measured m, from the 7, are
disturbed by the ambient B,,, and the measured m, are
different under different modulated frequency w. We adopt
a Helmholtz coils magnetic field B, to compensate the
ambient B,,, namely, B., + B,, = 0. Then, the interfer-
ence from the B,, and the additional induced magnetic
moment can be avoided. The m, can be measured based on

7, = B.,mysin(wt), (6)

where the 7, are measured by a precision torsion pendulum.

III. EXPERIMENTAL INSTRUMENT

Our torsion pendulum apparatus has been specifically
designed to investigate magnetic properties and electro-
static related effects [19,21]. A schematic of our core
instrument is shown in Fig. 2. The pendulum is a cube-
shaped copper TM suspended by a 60 cm long, 125 pm
diameter, W fiber. The TM is constituted by a 5-cm-side
cubical-shaped copper (99.9999% purity, T6), and a
reflector used for optical readout of the pendulum rotational
angle is located at the center of one side of the TM.
The pendulum body twist 6(¢) is monitored by an auto-
collimator that reflects the light off the reflector. The coil
dimensions and position are shown in Fig. 1. The 2D

FIG. 2. Schematic diagram of the instrument.

Helmholtz coils field uniformity in TM space along the
x-axis and y-axis are 2.7% and 1.5% respectively. The
torsion pendulum and the 2D Helmholtz coils are installed
in vacuum chamber maintained at a pressure of 107> Pa.

The free oscillation period T, of the torsion pendulum,
with calculated moment of inertia / = 4.6 x 10™* kgm?, is
72 s. Then, the equation of motion of the pendulum can be
written as 10 + 0 + kO = 7, + 1, where k = 4x°1/T% is
the elastic constant of fiber. The 7, and 7,, are torque
produced by the magnetic field and the thermal fluctuation

separately.
The g = % is the dissipative term of the torsion
pendulum, where Q is the quality factor of the torsion

pendulum system [22]. It can be expressed as [23]

LI 1
Q Qmag Qother,

(7)

where 1/Q,,, is the eddy current dissipation due to motion
of the TM in the magnetic field B, + By, 1/Qqper are the
other loss terms such as the intrinsic structural damping and
the gas damping and so on.

IV. MEASUREMENT AND RESULTS

Based on experimental principle in Eq. (5), the zero field
environment B,, + B, = 0 should be achieved before the
formal experiment. We perform modulation experiments
of B., to measure the B,, based on the relation [24]:

o inwg « (B, + B.y)*. In Eq. (7), when actual field

0
B,, + B, changes, the O, and later Q will alter, and
the Q reach its maximum with a zero field (B,, + B, = 0)
along the y-axis. For constant of the Q,y. the initial
amplitude of torsion pendulum and the ambient temper-
ature are maintained same [25]. The typical amplitude
attenuation of torsion pendulum under two modulated
fields B., are shown in Fig. 3. The measuring method
of the Q 1is the conventional amplitude attenuation
method [26].

By modulation of the B, produced by y-axis coil of 2D
Helmholtz coils, the relation of Q and B, can be given in the
Fig. 4. The 13 series data of the Q with modulated B, are
fitted with a quadratic function model [27]. The zero field can
be reached with the modulated B, = —(33.34 4 0.04) pT.

In measurements of the m,, the modulated B., = —B,,
is maintained to compensate the ambient field component
B,,. In this way, the superimposed magnetic field
B., + B,, approximates to zero are acquired.

The amplitude of modulated field B, is set to
(360 £ 0.02) pT, and the @ are swept 1-20 mHz. The
frequency sweep operations are used to guarantee the zero
field. If not, according to Eq. (5), the amplitude of the
torque 7, is frequency dependent. The results of two
modulated cycles are shown in Fig. 5. The linear correlation
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FIG. 3. The typical amplitude attenuation of the twist angle of
the torsion pendulum for different modulated values of B.,. The
abscissa is the normalized time (actual time divided by period
T(). The ordinate represents the amplitude of the twist angle at
the normalized time. The black and red dots are the amplitude
attenuation under modulated B, =40 pT and B, = 80 uT
respectively.

coefficients between the torque 7, and frequency w in two
cycles are 0.08 and 0.13 separately. It implies the B, is
compensated satisfactorily, and the zero field along the
y-axis is constructed. Since the coincidence of 7, in two
cycles, all 7, data are adopted with weighted average
method [28], and the amplitude of torque 7, is estimated
as (5.33 £ 0.06) pN m. The errors of m are fully evaluated
in Table I. The constant systematic relative error is about

2200 T T T T T

2100 /

hel

2000
1900 /
1800 /
1700 /

I
I

I

I

I

I

I

I

I

I

I

I

I

I

1600 [ }j I
I

/ I
I

I

I

I

I

I

|

v

Quality factor Q

1500 /
1400 (D/

1300 F / -B .
ay

1200 ! - '
-150 -100 -50 0 50 100

Modulated ch(u T)

FIG. 4. The relation of the Q and the modulated B.,. The
hollow black dots are the measured values under the different
modulated field B.,. The red line marks the fitting of the
modulated B, and Q with a quadratic function model. Since
the tiny measured errors of B, and Q are 0.02 uT and ~5
respectively, the error bars are not drawn.
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FIG. 5. The torques 7, with different modulated frequency in

two cycles. The asterisks and their error bars (30) represent the
results in the first cycle. The circles and their error bars represent
the results in the second cycle.

1.5% mainly due to the imperfect uniformity of the field
B... The statistical relative error 1.2% 1is calculated in
data processing of the 7,. According to Eq. (6), the m,
is measured as —[14.80 & 0.22(sys) =+ 0.17(stat)] nA m.
The symbol negative sign expresses the direction of m,
reverse the y axis.

The processes of measurement of m, are the same as
those for m,. The coils along the x axis are used to measure
and compensate the ambient field B,,. The measured B, is
(22.50 £+ 0.04) uT. The coils along the y axis are used
to modulate field to measure the m,. We measured
m, = [37.67 + 1.02(sys) + 0.44(stat)] nAm?, here the
systematic relative error is larger than that of m, since
the larger uniformity of the coil along the y. By revolving
the TM 90 degrees (clockwise) around x-axis, the m, and
m, can be measured as [8.41 £ 0.13(sys) 4= 0.11(stat)]
and [37.92 + 0.56(sys) & 0.45(stat)] nA m? with the same
processes, respectively. The results of the m, before and
after the revolution are coincident under lo error bar.

TABLE I.  One ¢ uncertainty budget (in units of 1072).
Error sources Amy/m,
Uniformity of B, 1.5
Residual B, <0.01
Moment of inertia / <0.03
Free oscillation period Ty 0.01
Combined systemic relative error 1.51
Fluctuation of torque 7, 1.2
Fluctuation of Q <0.3
Combined statistic relative error 1.23
Total 1.95
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FIG. 6. The amplitude spectral density of torques of the torsion
pendulum. The black and pink lines mark the torques before and
after the compensation of the B,, respectively. The modulating
signal is observed at 1 mHz.

It indicates that the measurement system is stable, even
though the torsion pendulum may swing significantly
during the operation of reversing the test mass. The
compounded |m| of TM equals [41.56 £ 0.62(sys) =
0.50(stat)] nAm? with the precision better than 1 nA m?.

V. DISCUSSION

In this measurement, the ambient magnetic field should
be compensated in torsion pendulum experiment with the
modulated AC magnetic field to measure the m of TM. We
contrast the experiment results before and after ambient
magnetic field B,, compensated. As Fig. 6 shows, two
modulated experiments are performed at 1 mHz. The
measured torques before and after the compensation are
about 100 pN'm/+/Hz and 5 pN m/+/Hz respectively. The
major torque contribution comes from the additional
induced magnetic moment coupling with the B,,. This
torque due to the non uniformity of the susceptibility is
much larger than the torque due to the field non-uniformity.
The measurement of the m will be exceeded about 20 times
in case of the uncompensated B, in previous method [8].
In previous experiments, the modulated DC magnetic fields
were applied to measure the m, namely, the ® =0 in
Eq. (5) [11,12,14]. The measured deviation still exists due
to the potential induced anisotropy [29]: y,(0) — x,(0) # 0.
We cannot verify the anisotropy since some complicated
torque noise such as the temperature gradients and the

radiometer effect will apply to the torsion pendulum in
@ = 0 condition [30]. However, whether the anisotropy
exists or not, the influence of the anisotropy can be
suppressed by the compensation of the ambient field.

To avoid the potential complicated torque noise in @ = 0
condition, we consider the modulated AC magnetic field
method proposed by Hueller ef al. can separate the targeted
magnetic torque from these noises in frequency domain
clearly. That is why we adopt the modulated field to
measure the m after the compensation of ambient field.

In TianQin GW detection mission, since the magnetic
acceleration noises are proportional to the component of
the m along the sensitive axis of GW detection. Based on
the precision measurement of m = (m,, m,, m,), one can
choose the smaller component for the smaller residual
acceleration before the machining and cutting of TM [31].
For instance, since the contribution noise ratio of our mimic
TMis 5:2:1 while adopting the x, y, z as the sensitive axes
respectively, the z axis should be chosen. This means that
before further overall processing (gilding, gripping posi-
tioning, and release mechanism) of the TM, the sensitive
axis of the TM can be optimized based on measurement
results of (m,, m,, m,) for suppressing the magnetic noise.

VI. SUMMARY

In this work, the magnetic moment m components are
measured at 1 nA m? precision level by the torsion
pendulum with the modulated 2D Helmholtz coils for
TianQin GW detection mission. The measurements are not
depending on the assumption of the uniform distribution of
m in TM volume. The undesired significant interference
due to the ambient magnetic field is avoided by the design
of compensation. Our work provides a precise method for
measuring the remanent magnetic moment of TM applied
in space GW detection missions. As a precision torque
magnetometer, it is helpful in assessing the applicability
of the large mass weakly magnetic samples for various
scientific and engineering applications.
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