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Abstract.  Each LISA PathFinder test mass (TM) will be sensitive to ésralong
all its 6 Degrees of Freedom (DoFs). Extensive ground tgssimequired in order to
evaluate the influence of cross-talks from the read-out atwhtor channels. In the
INFN laboratory of Firenze we have developed a facility fayand representation of
the free fall conditions of the TM on flight. A hollow replicd @ TM hanging from
a double torsion pendulum can move inside a Gravitation&feace Sensor (GRS)
with quasi free fall condition on two Dofs, in the frequencgnid (01 + 100mHz
On both DoFs, the target residual accelerations (yet to heeaed) at the low end
frequency range are 3 10®*ms2?, limited by the thermal noise of the fibres. At higher
frequencies, the sensitivity is limited by the readout a@$the readout, a replica of
the flight electronics. After a long commissioning, we arg/io operating conditions,
and can carry out a series of experiments to better quakfyrtteraction between TM
and GRS. In this paper we will show some significant qualificatneasurements and
a first scientific measurements, i.e. the measurement andessation of the DC bias
in the GRS using two independent channels, as well as a mezasut of the residual
acceleration of the translational DoF, with the feedbadplolosed on the rotational
one, and viceversa.

1. Introduction

One of the main features of the LISA mission is the free-fakki@tion mode, that implies iso-
lation of the test masses (TMs) from all disturbances. Totrttee LISA requirement, the
residual acceleration noise in the free-falling frame of test mass must be smaller than
3. 10 %m/(s’HZY?)@1mHz (Vitale et al. 2002). Among the perturbing sources, speatal
tention has to be given to the interaction with the elecistsensing and actuation system,
that could introduce an unwanted coupling between test madspacecraft. The capacitive
sensing and actuation device, called the GravitationaéiRete System (GRS) (Dolesi et al.
2003), provides the relative position input to the contooid that is closed on micro-thrusters,
that force the spacecraft to follow the test-mass. Extengiound testing is required to study
the residual weak forces that may couple the Yest Mass to BR®.&p to now, excellent re-
sults in the measurement and reduction of residual actielefzave been obtained with single

303



304 Marconi et al.

torsion pendulums: however, they only allow to study motiong one DoF, either rotational
(Hueller et al. 2002; Hoyle et al. 2003) or translational\(&@lkeri et al. 2009). The purpose of
our experiment, working with a double torsion pendulumpisiéal with a test mass “almost
free” on two DoFs. With our apparatus we aim to extend the abeferenced work and to
measure and analyze cross talks between two soft DoFs. Aatgoal of this experiment con-
sists in evaluating how much one DoF is perturbed when feddapplied to the second DoF.
Work on a similar, but simpler experimental scheme has adseeported by (Zhou et al. 2010;
Tu et al. 2010).

2. The status of the PETER apparatus

In the last few years we have built and now operate a doubsotwal pendulum, nicknamed
PETER (PEndulum Translational and Rotational) (Marcoiile2012). We use two W torsion
fibres to suspend a hollow, cubic test mass, figure 1: the lawelibre allows the test mass
to be quasi freein rotation around its symmetry vertical axis. This fibre garrom the tip
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Figure 1. The scheme of PETER apparatus.

of the arm of a crossbar that is, in turn, suspended to an pppdibre: the torsion of this
upper fibre allowsquasi freemotion of the test mass along a short (few mm) arc of &
30cm diameter circumference: for all practical purpodgis,dan be considered a translational
motion: X = d - ¢o. Dummy balancing loads hang from three other arms of thesbaors The
sensitivity goal for this apparatus, limited by the mecleahsetup and the electronics noise is
< 10 ¥ms?/HzY? around 1mHz (on each DoF), namely 1 order of magnitude wowse the
LISA PF goal along the sensitivity axis. Further details barfound in (Stanga et al. 2009).
The cubic TM with 46mm side, the capacitive sensors in Mo aAdPAL and the capac-
itive read out electronics, replica of the flight model, waktch (apart for the mass of the TM,
here a hollow Al cube for about 106 g) the set-up of the LISAkRader inertial sensor. The
apparatus is also equipped with an Optical Read Out (OR@msy§Acernese et al. 2005) that
can provide an independent measurement of the test mas®paddng the 2 soft DoFs. ORO
is useful both for diagnostic purposes and for cross-catirgl two independent (optical and
electrostatic) readouts, a technique that can signifigaatiuce the readout noise. In figure 2
and 3 we show the amplitude spectral density of the angulkddinear displacements, com-
pared to their intrinsic limit set by fluctuation-dissigatitheorem. One can wonder what level
of acceleration noise would these measured values repr@asarreal LISA Pathfinder TM: we
can convertthem by considering an arm length.62en (i.e. the sensing electrodes separation),
or 0.15m (i.e. the length of the crossbar arm) respectively, alvd@ mass of 2kg, obtaining
the results shown in figure (4, 7). It can be seen that, at higduencies we are limited by the
electronics noise while at low frequencies we are a fact&®0 above the thermal noise limit
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Figure 2.  Angular noise spectrum Figure 3.  Translational noise spec-
for ¢, DoF. trum for x DoF.

of the suspension fibre for thg DoF and a factor 100 above the thermal noise limit of the
suspension fibre for theDoF. We are presently investigating the origin of the excesse.
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Figure 4.  Acceleration noise spec- Figure 5.  Acceleration noise spec-
trum for ¢ DOF. trum for x DoF.

3. DC bias measurement

We have performed a preliminary electrostatics charatan of the GRS. The procedure we
applied extends to 2 DoF that outlined in (Weber et al. 200%g spurious DC potentials due
to patch fields on the sensor surfaces couple to the test rhasgecfluctuations and can be a
relevant noise source on force for LISA and LISA PF. A modualatoltage applied to the TM
couples to these potentials and produces an a.c. force emgeto
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whereA, andA,, are linear combinations of the stray potentials ontlkeé&ectrodes (Weber et al.
2007). We assumed here the TM to be centered in the GRS antktpetentials to be uniform
on each electrode. With a modulated bigs= 6V,_p at w,/2r = 3mHz we measured force
and torque and, inverting equations (1),(2) we consistegdt the values oAy, = 320+ 5mV
eA,, = 170+ 8mV. We can now these voltages as a bias to compensate thespateayials
so as to minimize either the force or the torque noise on thet@Me 1 shows that applying a
bias+A, minimizes the residual potential that couple to force, haitto torque, and viceversa
for an appliedtA,,. There exists, however a combination of biases that redoumgsresidual
potentials to few mV, i.e. below the LISA PF requirem¥®gts puaL < 100mV.
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Figure 6.  Schematic of the simplified, four electrode elestaitic model and mea-
surement tecnique analyzed here. Stray DC biases, dieleciise and test mass
charge are denotefl/;, vy andg. In the main measurement described in the text, a
modulated bia¥, is applied to the test mass via thelectrodes. Actuation voltages
V,i can be applied to compensald, as detailed in (Weber et al. 2007).

A A
Vcowmp % = | F+n
Axeooun | 0.005V | 0.300V | —0.002V

0.175/ | 0.011v | 0.016v

A‘pb RES IDUAL

Table 1. Values ofA, e A, obtained with dfferent compensation schemes.

When the patch potentials are compensated, the remairgngadtatic coupling is due to
the net charge of the TM. We then apply both the compensatirgy bither for force or torque)
and a modulating potenti®y at a frequencwy /2x to induce:
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With a measurement of either force or torque we find the redidarge on the TM. We got
two independent values) = 6.4 10 ’e when compensating on theDoF, andq = 4.7 10"e
on they DoF: these values are similar, and comparable with thos@tegbin (Antonucci et al.
2011).

4. Behaviour under feedback control

One of the main motivation of the PETER experiment is itsigbib operate with one DoF
in free motion while the other kept to a fiducial position bgdback control. This test will
shed light on the extra noise from cross-talk that the LISAT® will have to stand along its
sensitive axis, as position control on the other DoFs is aitiable. \We have proven this ability
and show in figure 7 some preliminary measurements: alththeghystem is still too noisy to
extract any significant information, we do see that somesctosipling is present, and we shall
try to minimize it.

5. Conclusions

We satisfactorily tested the functionality of our doubleston pendulum. Much work is ahead
in order to create a facility for 'free motion’ tests: lowegithe noise level, down to the limit set
by thermal noise in the fibers, is our foremost priority. Addial and more precise measure-
ments will be carried out, and correlation analysis withissmental monitor channels (seismic,
thermal and magnetic above all) will be performed. Futureivare improvements will include
the installation of a tip-tilt alignement system, to bettenter TM in the GRS; full implemen-
tation of the optical read out system; a mofieagent thermal stabilization of the apparatus.
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Figure 7.  Behaviour of the double pendulum in controlled mod/e show the
noise level of each DoF §, DoF on the left,x on the right) both in free motion
(black) and when the other DoF is feedback controlled (gidg noise spectral
amplitudes are converted to linear acceleration, as in #g 3,
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