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We report here on a torsion pendulum facility for ground based testing of LISA inertial sensors. We
aim to measure weak forces exerted by a capacitive position sensor on a lightweight test mass,
suspended from a thin torsion fiber. This facility will permit measurement of the residual, springlike
coupling between the test mass and the sensor and characterization of other stray forces relevant to
LISA drag free control. The expected force sensitivity of the proposed torsion pendulum is limited

by intrinsic thermal noise at HzN 103 13−⋅≈  at 1 mHz. We briefly describe the design and
implementation of the apparatus, its expected performance, and preliminary experimental data.

PACS numbers: 0480N, 0707Mp, 0710Pz, 0787, 0630Bp
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The level of force noise reduction at low frequencies requested for LISA (Laser Interferometer
Space Antenna)1 test masses poses severe constraints to the performance of the “drag-free”  control
loop that keeps them in perfect free fall. The system consists of a satellite whose position is
controlled by a precision thrusters array, driven by a position sensor that measures the relative
displacement between the satellite and the test mass. The force disturbances must to be kept below

HzN 103 15−⋅  at frequencies down to 0.1 mHz.

The residual force res

r
 acting on each test-mass along each axis is divided, to a first approximation,

in two categories2. To the first category belong stray forces str

s
, such as unshielded non-

gravitational external forces, disturbances generated by sources on board the spacecraft, thermal
noise and displacement sensor back-action. The second category includes forces that originate from
the linear, spring-like coupling or “stiffness”  of the test-mass res

t
 to its residual motion uvw /  with

respect to the spacecraft, due to the position sensor noise and the finite gain of the drag-free loop. In
the high drag free gain limit:

xyz{||
/resstrres += (1)

The inertial sensor itself is expected to be a major source of stray forces3,4,5. Modeling of all
different sources of stiffness and noise in force and position, and a parameter optimization process
are hence necessary in order to optimize the design of LISA inertial sensors, as briefly summarized
in another paper in these proceedings6.
On the other side, it is particularly important to set up on ground a significant set of measurements
to assess the characteristics of the sensor itself, not only in terms of overall functionality and
sensing performance, but also for its residual stiffness and force noise. The demonstration of “drag
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free control”  is extremely difficult on the Earth, due to the need to suspend the test mass against the
1g gravity field4. With this aim we are building a test facility based on the use of a torsion
pendulum, in which a lightweight LISA test mass is suspended by a torsion fiber inside the sensor.
The angular mode of a torsion pendulum can be made very “soft” , so that a small added stiffness,
such as the electrostatic coupling provided by the sensor readout, can be detected, and high force
sensitivity at low frequency can be achieved. The uncoupling of the torsional mode from ground
vibration has allowed pendulums similar to the one proposed here to reach the thermal noise limit,

with force sensitivity near HzN 10 13−≈  in the mHz range7, which is within 2 orders of
magnitude from LISA goal.
In this paper we present our progress in building a torsion pendulum test facility. We focus on the
analysis of the torsion pendulum sensitivity to stray torques and to additive couplings, then describe
the experimental setup and present preliminary data obtained with intermediate integration stages of
the apparatus.
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As discussed above, inertial sensor can influence the test mass motion with both random forces and
an additional springlike coupling. With the test mass suspended in the sensor housing as the inertial
member of a torsion pendulum, these forces contributed by the sensor translate into measurable
random torques rand

�
 and additional torsional rigidity elΓ . Considering the arrangement shown in

Fig. 1a, where fθ  is the angle of twist of the torsion fiber, sensθ  is the sensor tilt angle and �  the

average sensing electrodes separation, the inertial sensor readout introduces a total torque given by:

( ) ( ) randsensfelrandsensfel

2

el 2

�����
+−Γ−≡+−−≈ θθθθ                              (2)

In eq. (2) 
2

2

el �
��� ��

−=  is the translational electrostatic stiffness for a single pair of electrodes4,5, �
is the modulated “gap”  between the test mass and the surrounding electrodes array, ��  is the

capacitance between the test mass and a single sensing electrode, m

�
 is the test mass electrical

potential.

                                                                                                    
          (a)                                                                                                           (b)

Fig. 1: (a) Schematic top view of  the capacitive sensor with the lightweight test mass, suspended by a torsion fiber
            (b) Inertial member described in Sec. 5. The mirror allows for independent optical readout, while the disk is part

of a structure that prevents the test mass from hitting the electrodes surface.
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In the frequency domain, the equation of motion for the torsional degree of freedom of the test mass
becomes:

( ) ( ) ( ) ( )ωωθθθδθω mechrandsensfelfff
2 1 ´´µ¶

++−Γ−=+Γ+−                                (3)

where fΓ  is the fiber torsional stiffness, ·  is the moment of inertia of the pendulum, and δ the

dissipation loss angle; for damping due to intrinsic fiber dissipations, δ is assumed to be frequency
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independent8,9. The right-hand side of eq. (3) includes the additive coupling elΓ  introduced by the

readout, which contributes to the overall stiffness elf Γ+Γ=Γ , the electrostatic torque noise

( )ωrand

»
 and the mechanical torque noise ( )ωmech

¼
 acting on the test mass. Taking also into

account the additive readout noise readn,θ , we obtain that the measured angle is:

( ) ( ) ( )( ) ( ) ½ ¾ ¿ ÀÁÂÃÃ
,senselmechrand θωθωωωθ +Γ++=                                      (4)

We introduce here the transfer function ( ) ( )( )[ ] 12
01

−
+−Γ= ÄÅÆ

ωωω , where ÇΓ=0ω  is the

pendulum resonance frequency and δ1≈
È

 is the mechanical quality factor. Assuming a low noise

angular readout, the best sensitivity for ( )ωrand

É
 is reached when ( )ωmech

Ê
 is limited by the

thermal noise. This is described by a spectral density 
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The combination of the natural torsion pendulum immunity to seismic noise with additional
vibration isolation has permitted thermal noise limited experiments, with signal to noise ratio

proportional to 21Ø . Achieving high quality factors requires operation in high vacuum and

intrinsically low loss fibers. Ù  factors of order 310  at mHz have been reported for tungsten
fibers9,10. In order to increase the torque sensitivity, the mechanical rigidity fΓ  of the fiber should

be minimized. For round fibers ÚÛÜ 4

f ∝Γ  (Ý  is the elastic modulus, Þ  and ß  are the fiber length and

radius), while the maximum supportable load is proportional to 2à , so the sensitivity is maximized
using the minimum diameter fiber needed to support a lightweight test mass. The fiber material
should also present a high ratio of yield strength to elastic modulus áâ .
In Fig. 2 we show the intrinsic thermal noise, calculated from eq. (5) for the pendulum described in
Section 5. At low frequency this thermal noise is dominated by the ω1  contribution, characteristic
of a frequency independent loss angle. The figure shows also the additive readout noise, whose
lower level allows for thermal mechanical noise limited measurements between 0.2 mHz and 5

mHz. This corresponds to a torque noise HzNm 105 1521 −⋅≈ãä  at 1 mHz, which for mm 19≈å
(see. Fig. 1a) means stray forces acting across the test mass with a spectral density

HzN 103 1321

str

−⋅≈æç . This is a relevant upper limit, within two orders of magnitude from the

LISA goal.
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Fig. 2: Spectral power density of the autocollimator angular noise, compared with intrinsic noise for a torsion

pendulum, with 25 mkg103 ⋅⋅≈ −è
, W fiber é =12.5 µm, ê =108 cm and ë =1000 limited by fiber loss angle.
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The intrinsically low mechanical stiffness of the torsion pendulum allows us to measure the additive
electrostatic coupling, that affects the overall stiffness ( )melf þΓ+Γ=Γ . One can measure elΓ  by

the shift it causes in the resonance frequency ( ) ÿ�� elf
m0 2

1 Γ+Γ=
π

. For our sensor configuration,

assuming test mass AC sensing bias V 5.0m =
�

, we expect radNm 105.2 11
el

−⋅−≈Γ . For the

mHz 20 ≈
�

 pendulum under design, radNm 105 9
f

−⋅≈Γ , and thus %25.0
2 f

el

0

0 −≈
Γ

Γ≈∆�
�

.

An alternate approach is to measure the electrostatic coupling elΓ  by measuring the “static”  test

mass deflection angle 
f

el
sensf Γ

Γ−≈ θθ  caused by sensor bias, with the sensor electrodes housing

intentionally rotated by an angle sensθ . It is possible to optimize the S/N ratio by performing a

homodyne technique with excitation (modulation of elΓ ) at frequency ��  slightly below resonance,

in order to have the full “DC” pendulum response to torque input, but at a frequency high enough to
avoid ω1  (or worse) noise from readout, thermal and seismic effects. Measurement over a range of
sensor rotation angles probes both the linearity of the coupling and the offset in position between
the “sensor zero”  and the “ force zero” .  This offset, broadly speaking the difference in the positions
at which capacitances are equal and where capacitance derivatives are equal, is an important test of
the symmetry of the sensor after machining and mounting procedures.
For a given measurement time τ and in presence of mechanical noise 

mech
�� , the noise limit for

either method is 
sig

el
1mech

θτ
δ 	



≈Γ , where sigθ  is the excited torsional amplitude of free

oscillations for the frequency method, while senssig θθ ≈  for the “deflection”  method. With the

assumed parameters, even allowing for a mechanical noise level 10 times over the thermal limit
21

therm
�� , it is possible to reach a resolution %1elel ≈ΓΓδ  with a few hours measurement time. In the

“deflection”  technique, the electrostatic torque is exerted mainly by the sensor rotation, without the
need to rotate the fiber much to allow the mass to feel the electrostatic field. To achieve the same
resolution we thus need much a higher degree of fiber twist for the “ frequency”  technique. For
example, with %5.0fel −≈ΓΓ , as above, when turning on the sensor bias with the sensor rotated 1
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mrad, we would expect a 5 µrad fiber twist, easily measurable with the optical readout; achieving
the same resolution measuring a frequency demands excitation of a pendulum oscillation amplitude
of 1 mrad that could introduce nonlinear effects. The “deflection”  technique is also less dependent
on fiber parameters ( fΓ  and 
 ) that can be affected by thermal and ω1  effects.
The idea to measure the pendulum response to torques applied at low modulation frequency can be
useful not only for the electrostatic stiffness related to the inertial sensor readout, but also to study
other mechanisms, like forces induced by thermal gradients, magnetic field and the net electrical
charge on the test mass, all of which are very important issues for the space missions. We are also
considering the possibility to implement a system to move the sensor, with the aim of modulating at
low frequency those sources of stiffness, such as gravity and surface effects, that cannot be turned
on and off.

��������� � � ��� ��� � ��! � � "��
The test facility we built is extensively described in ref. 4. It is composed of a cylindrical high
vacuum chamber, on which the capacitive sensors and their electronic circuitry can be mounted, and
by a 1m long tube surrounding the torsion fiber, which will be suspended by a positioning system
that allows angular and vertical position of the pendulum to be adjusted. The sensor itself is
supported by a precision, five degree of freedom positioning device, which permits positioning of
the sensor with respect to the test mass. The pumping system is based on a clean and vibration-free
ion pump. The inertial member consists of a lightweight version of the test mass, an optical mirror,
an Al bar and a stopper system that prevents the test mass from hitting the electrodes surface (see

Fig. 1b); the total moment of inertia is 25 mkg103 ⋅⋅≈ −#
. The torsion fibers will be long (up to 110

cm) W wires. The thin main fiber will be hung by a magnetic damper10,11, composed by a short,
thicker fiber and a conductive disk, with the purpose of damping the simple pendulum oscillations
induced by the seismic disturbances and eliminating tilt of the small fiber suspension point.
The entire apparatus (vacuum chamber, ion pump, electronics, optical readout) is mounted on a
platform, which itself can be suspended. This could serve as an additional filter of high frequency
seismic noise and remove the effect of floor tilting. The experiment is placed in the building
basement, on a floor that is isolated from the building structure.
In addition to the sensor itself, the pendulum twist and tilt are monitored by a commercial 2 axis

autocollimator, with a resolution of rad 105 8−⋅≈ , and a full range of rad 103.1 2−⋅≈ . This uses a
mirror which is mounted on the fiber axis as part of the inertial member of the pendulum. The
autocollimator also allows sensor angular calibration. The additive noise of the optical readout is

shown in Fig. 2 and is found to be better than Hzrad 10 7−  down to 1 mHz. This should allow us
to perform the “deflection”  experiments at frequencies below the torsion pendulum resonance
frequency and to place the significant upper limit to stray torques, as discussed in previous sections.

$�%'& ( ) * +,* -/.�& 0,& ( 1 2�) 3 1
The torsion pendulum described in the previous section has not as yet been completely assembled.
A much shorter, higher frequency (  Hz0.240 ≈

4
) pendulum has, however, been integrated with the

sensor in the facility in order to investigate the performance of the inertial sensor as a displacement
meter6. In addition to characterizing various aspects of the pendulum dynamics and environmental
disturbances, the short pendulum has allowed us to place an upper limit on stray forces originating
in the capacitive sensor along the sensitive torsional degree of freedom, near the resonant
frequency. The very low angular spectral density measured by the optical readout shown in Fig. 3
was recorded with the sensor bias turned on, and it is limited by the autocollimator additive noise,
except at resonance 0

5
, where the sharp peak is in agreement within 50% with the thermodynamic

noise prediction for such a pendulum (with quality factor estimated from "ringdown" oscillations to



6

be 110≈
6

). This corresponds to a differential force noise upper limit HzN 106 1221

str

−⋅<78  at

0.24 Hz.

Fig. 3: Spectral power density of the autocollimator output, compared with intrinsic noise for a torsion pendulum,

calculated from measured parameters 25 mkg103 ⋅⋅≈ −9
, W fiber : =50 µm, ; =2.2 cm, and 110≈

<
 dominated by

viscous damping.

We investigated then the noise performance of the sensor and pendulum under vacuum conditions.
The suspending fiber length was 14 cm, with a radius of 50 µm, resulting in a torsion resonance
frequency  Hz0.090 ≈

=
. Fig. 4 shows a typical “ ringdown” data set from optical readout, at a

pressure of  Pa10 5−≈ ; from the oscillation amplitude decay time s 4000≈τ , it is possible to
estimate the mechanical quality factor 2300≈

>
. For viscous drag on the inertial member at this

pressure, the expected damping time τ is orders of magnitude longer, so the pendulum quality factor
is dominated by losses in the torsion fiber or at the suspension point.

Fig. 4: Decay of the torsional amplitude in vacuum (pressure 10-5 Pa). Torsion pendulum parameters

are 25 mkg103 ⋅⋅≈ −?
, W fiber @ =50 µm, A =14 cm. The inset shows the residual twist amplitude.

The test facility described here is compatible with different inertial member configurations, with the
sensor test mass displaced from the fiber axis; for instance we could implement a 4 mass setup, that
will allow for testing effects related with linear relative displacement, some of which depend
strongly on sensing gap B 6. We are also considering the use of quartz torsion fibers, that show
smaller intrinsic stiffness and very low losses, which could in principle allow measurement of the
thermal noise caused by dissipations in DC field due to the readout, the actuation electrostatic
system, or surface effects4,12.
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The torsion pendulum test facility will be a key instrument to test both functionality and
performance of the inertial sensor for LISA and its related flight test. It will allow measurement of
force noise on the test mass within 2 orders of magnitude of LISA requirements as well as precision
measurements of the residual coupling between the test mass and the sensor, originating in the
readout and other sources.
We are currently working to set up the full apparatus with long, thin fibers that will allow us to
extend the investigation of sensor performance to the deep mHz region.
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