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We report on electrostatic measurements made on board the European Space Agency mission
LISA Pathfinder. Detailed measurements of the charge-induced electrostatic forces exerted on free-
falling test masses (TMs) inside the capacitive gravitational reference sensor are the first made in a
relevant environment for a space-based gravitational wave detector. Employing a combination of
charge control and electric-field compensation, we show that the level of charge-induced
acceleration noise on a single TM can be maintained at a level close to 1.0 fms=2Hz~'/? across
the 0.1-100 mHz frequency band that is crucial to an observatory such as the Laser Interferometer
Space Antenna (LISA). Using dedicated measurements that detect these effects in the differential
acceleration between the two test masses, we resolve the stochastic nature of the TM charge
buildup due to interplanetary cosmic rays and the TM charge-to-force coupling through stray
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electric fields in the sensor. All our measurements are in good agreement with predictions based on
a relatively simple electrostatic model of the LISA Pathfinder instrument.

DOI: 10.1103/PhysRevLett.118.171101

Introduction.—Sensitive  gravitational ~ experiments
employ quasi-free-falling isolated test masses (TMs) as a
reference system for the measurement of the local curvature
of space-time. Electrostatic free charge and stray potentials
introduce unwanted disturbances that can limit measure-
ment precision. The effect is relevant for gravitational wave
(GW) observatories both in space [1,2] and on-ground [3]
tests of the equivalence principal [4] and measurements of
relativistic effects on precessing gyroscopes [5].

The Laser Interferometer Space Antenna (LISA)
Pathfinder spacecraft [6], a technology-demonstration
experiment for a space-based gravitational wave observatory,
LISA [7,8], was launched on December 3, 2015. The aim of
the mission was to demonstrate the ability to fly free-falling
test masses in a single spacecraft with a differential accel-
eration noise below 30 fms=>Hz~'/? above 1 mHz. The
sensitivity of the instrument has far exceeded its design
specification, achieving a level close to the LISA goal from
0.1-100 mHz and around 5 fms=2 Hz~!/2 in the mHz band
[9]. In this Letter, we describe the measurements and
techniques used to minimize charge-related electrostatic
forces and evaluate their contribution to the differential
acceleration noise of the test masses.

The LISA Pathfinder test masses, identical to those for
LISA, are 46-mm cubes of mass 1.928 kg made from a
gold-platinum alloy. They sit within a 6 degree-of-freedom
capacitive position sensor and actuator, the gravitational
reference sensor (GRS) [10,11]. The masses are separated
from the walls of the sensor by gaps of between 2.9 and
4 mm and have no grounding wire. All test mass and sensor
surfaces are gold coated. The large gaps mitigate the impact
of surface forces [12] and the absence of a grounding wire
eliminates thermal noise associated with mechanical damp-
ing that dominates the low-frequency performance of
accelerometers in existing geodesy and fundamental phys-
ics missions [13—15].

The achieved level of sensitivity to the differential
acceleration of the test masses is made possible by an
additional high-precision readout along their common x
axis provided by a laser interferometer [16—18]. The
measurement noise in the differential test mass position,
measured above 60 mHz, is 35 fm Hz~/2 [9].

The GRS consists of a system of 12 electrodes for TM
position sensing and actuation, and a further six for
capacitive biasing of the test mass at 100 kHz. Actuation
is achieved with audio-frequency sinusoidal voltages. dc or
slowly varying (f ~ mHz) voltage signals can be applied to
measure TM charge, and balance stray electrostatic fields, as
will be discussed shortly. Voltages on all electrodes originate
from the GRS front-end electronics [19].

High-energy cosmic rays and solar energetic particles,
mostly protons, penetrate the spacecraft and instrument
shielding depositing charge on the test mass, either by
stopping directly or by secondary emission [20-24].
Limiting charge accumulation on the electrically isolated
TMs is needed to control electrostatic forces, the subject of
this Letter. In LISA Pathfinder, noncontact discharge is
achieved by illuminating the sensor and test-mass surfaces
with UV light and transferring charge by photoemission
[25] in a similar way to that already demonstrated on
Gravity Probe-B [26]. A detailed account of the perfor-
mance of the LISA Pathfinder UV discharge system will be
provided in a subsequent article.

Description  of the problem and experimental
techniques.—As well as providing desired actuation forces,
the GRS is a source of unwanted electrostatic disturbances
on the test mass [11,27]. With the TM centered, the
dominant source of electrostatic force noise is the inter-
action between the TM charge, g, and stray electric fields.
We represent these by an effective potential difference
between opposite sides of the TM, A,, the equivalent
uniform single GRS x-electrode potential that would give
the same average stray field along the x axis. The resulting
force along the x axis, following the notation of [2], is

oC,
Ox

a4
Cr

Fi(q) = - A, (1)

where 0C,/Ox is the derivative of a single sensing
electrode capacitance with respect to TM displacement
along x, and Cr is the total capacitance of the test mass with
respect to the GRS. Finite element modeling calculates
Ct = 34.2 pF and 9C,/0x = 291 pFm™'.

In LISA Pathfinder, the principle science observable is
the differential force per unit mass acting on the two TMs,
Ag=F,,/m, — F|,/m;. Thus, the measurement is sensi-
tive to the in-band fluctuations of both A, and ¢ for the two
TMs. Force noise is produced by a nonzero charge ¢,
coupling with fluctuations in the average potential differ-
ence A, and, likewise, stochastic charge fluctuations
mixing with any nonzero potential difference. We measure
these effects with a number of dedicated techniques.

The test-mass charge, g can be detected in its effect on the
TM potential, 6V 1y = 8q/Cr, measured by applying sinus-
oidally varying voltages with amplitude Vy;op and frequency,
Jmop on the x-axis electrodes, a technique well demonstrated
in ground-based investigations [28,29]. The resulting
force on the TM is F,(fmop) = —4]|0C,/0x|Vyop VM-
A continuous measurement provides an extended time series
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of ¢(¢) from which the low-frequency behavior of the charge
buildup can be studied.

To measure the relevant stray potential difference A, we
introduce a compensating potential £Voyp to each x
electrode. Following the method described in [2], it is
possible to estimate OF,/0q as a function of Vcomp
measuring the change in Ag as the charge of one test
mass is increased in steps by photoemission under UV
illumination. By choosing a value for Vqyp that provides
an equal and opposite potential difference to A,, we can
cancel dF,/dq to first order.

The LISA Pathfinder sensitivity is sufficient that the
effects of in-band fluctuations of ¢ and A,, described by
their power spectral densities (PSDs), S, and S, are
measurable directly in Ag by exaggerating A, or g,
respectively.

Simulations and ground-based laboratory measurements
provide indications of the expected behavior of the test mass
charge and stray potentials. High-energy physics simulations
[21,22] predict a net positive charging rate of 40-70
elementary charges per second (es™!) from galactic cosmic
rays (GCRs) at the minimum of the 11-year solar activity
cycle (2040 es™! at maximum when GCR flux is sup-
pressed). The associated charging-current shot noise, made
up of charge transfer to and from the test mass, is equivalent
to that produced by a rate of single charges, A, of
200-400 s~!. The amplitude spectral density (ASD) of
the test-mass charge has the form S;/ Z=¢y 2Mest/ 2 f with
an expected amplitude of 0.6-0.7 fCHz~'/? at 1 mHz.

A, originates both from surface patch potentials within
the sensor and the GRS electronics. Measurements with

. q—q [fC]

0 50 100 150 200 250
Time [ks]

FIG. 1.

representative systems in laboratory tests have found static
levels of up to 100 mV [2,30-32]. Tests on a representative

. . 1/2 -
electronics unit measured S A/ coming from electrode-
X

voltage fluctuations to be 30 xVHz"'/2 at 1 mHz [19].
Tests on the real system before launch found similar levels.
Torsion pendulum measurements using a representative
TM and GRS and similar electronics have placed 2-¢ upper
limits on the total fluctuations, including patch potentials of
80 4V Hz /2 at 1 mHz and 290 'V Hz~'/? at 0.1 mHz [2].

Experimental results.—A ~ 3-day measurement of g was
made injecting Vyiop =3 V at fyiop = 6 and 9 mHz on
TM 1 and TM 2, respectively. The charge was calculated by
heterodyne demodulation of Ag, with the applied Vyop as
the phase reference.

The average charging rates were +22.9 es™ and
+24.5 es™! on TM 1 and TM 2, respectively. Over 10
000-s periods, the charge rate is observed to vary by
+2 es™!, caused by a combination of low frequency noise
and drift. The fluctuations around the mean charging rates
are shown in the lower-left panel of Fig. 1; two > 5S¢
glitches in the TM 2 charge fluctuations have been
removed. S, was calculated with the Welch method,
averaging 11 detrended, 40 000-s Blackman-Harris (BH)
spectral windows with 50% overlap. A £~ fit was applied
to the PSDs, down sampled by a factor of 4 to remove data
correlated by spectral windowing. The resulting ASDs are
shown in the upper left panel of Fig. 1 and a summary of the
results is given in Table L.

The f~2 dependence of the charge PSD and observed
absence of correlation in the two charge time series are
consistent with the model of independent Poissonian

1

1013 ]

A,=1V

Ag-compensated

Frequency [Hz]

Measurements of TM charge fluctuations. Upper-left: The ASD of the charge on TM 1 (upward triangle) and TM 2 (downward

triangle) in the LISA band with 1/ fits (reduced y> = 1.5 and 0.9). Lower-left: The charge time series after removal of the linear trend
due to the average charge rate over the course of the three-day measurement. Right: Consecutive measurements of the ASD of Ag with
exaggerated A, (dark-blue indicators) and with A, compensated to <3 mV (red indicators). Continuous curves show the result of a
combined fit to the background noise and A ,-dependent 1/f excess (reduced y> = 1.2).
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TABLE I. Test mass charging properties.

™1 ™2
q +22.9 +24.5 es™!
Aett 1060 + 90 1360 + 130 s~
Aeff(1+2>a 2200 + 260 S_1

“Determined from fit to Ag with A, =1 V.

processes for the two TMs, at least down to 0.1 mHz. A
common drift in the charge rate at very-low frequency
(visible in the time series as a quadratic dependence after
removal of the linear trends due to the average charging
rates) correlates well with measurements in the on-board
particle monitor and is, therefore, likely caused by changes
in the incident particle flux. The measured charge-noise
levels have roughly 5 times the expected noise power, with
effective charge rates between 1000 and 1400 s~!. Possible
causes for an excess are a larger-than-expected number of
high-multiplicity charging events produced by very-high
energy (~TeV) cosmic rays, or a large population of low-
energy (~eV) secondaries emitted from TM and GRS
surfaces. These two energy regimes are the source of most
uncertainty in the charging predictions [21].

In this measurement, made some 3—4 years before solar
minimum, we find test-mass charging rates within the
expected range but measurably different on the two TMs.
The difference in the charge rates may originate in the
different volt-scale ac electrostatic fields used for force
actuation in the two GRSs. If confirmed, this would favor
secondary electrons as the source of excess noise. Further
measurements characterizing the charge-rate behavior in
detail will be the subject of future work.

The spectral density of the charge noise can also be
determined from a measurement of Ag with an exaggerated
potential difference A, . The right panel of Fig. 1 shows two
measurements of the ASD of Ag calculated with the same

method described for S, the first lasting ~2.5 days with
A, =A, =1V and calculated by averaging nine over-
lapping, 40 000-s BH windows, the second ~1 day later
with both A, compensated to <3 mV (as described below)
using 15 windows covering nearly four days. We perform a
combined fit to the spectra in the frequency range 0.1 <
f <20 mHz assuming a stationary background and an
excess due to random charging proportional to A,. We
find the excess noise in Ag in the presence of the applied
electric field is compatible with a total effective charge rate
Aetr, T Aetr, = 2220 £ 260 s~ in good agreement with the
dedicated measurement of the charge fluctuations on each
test mass shown in Table 1. The charge noise observed in
these two measurements, separated by 60 days, is sta-
tionary to better than 10% and shows no measurable
departure from a pure Poissonian behavior.

In order to calculate A, and the required compensation
voltages, dF/dg was determined from Ag using four charge
steps of ~0.6 pC. The charge was measured throughout
with Vyiop = 50 mV and fyiop = 5 mHz. Figure 2 shows
g and Ag as a function of time through one of these
measurements. The charge steps were repeated with
Vecomp of —20, 0, +20 mV and the dependence of
dF/dg on Vopp confirms our electrostatic model to better
than 2%. Two measurements on each GRS were made
45 days apart, the second with A, on TM 1 compensated

within 3 mV. At this level, the contribution to SIA/; from

random charging is 0.2 fm s~ Hz~'/2 at 0.1 mHz. A further
three measurements were made seven months later, the first
on TM 1 and a final measurement on each TM after reducing
the temperature of the sensor from ~22 to ~11 °C.

The calculated values for A,, corrected for applied
compensation, are given in Table II and plotted in Fig. 2
against the system pumping time. We note that the rota-
tional stray-field imbalance, A, and A,, that couple TM
charge into torque in analogous fashion to Eq. (1), have

T T T T 5
20+ XXXXXXX TM 1
L5 SOKKXXX ] ol v T™M 2
'(E (1)(5): XXXXXXXK : M
S 0:0 L XXX ] . -5r
051 oo . . | 1 E
= -10
0.0 F 7T T T T o
— < |
Sfs 01} ] -15¢
— 3
S -02f i . 207 A A
-0.3 ; ; ; ; -25 - - -
0 2000 4000 6000 8000 10000 0 100 200 300 400
Time [s] Time since venting [Day]

FIG. 2. Estimation of A,. Left: Time series of charge steps in g, (cross) and Ag (dot) for measurement on TM 1 on day 110 of 2016
with no applied compensation. Data during UV Illumination periods lasting ~100 s have been removed. Right: Seven measurements of
uncompensated A, on TM 1 (upward triangle) and TM 2 (downward triangle), plotted against the time elapsed since opening the

vacuum chambers containing the GRS to space.
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TABLE II. Estimates of uncompensated A,.

Date Ay Ao

2016-110 -21.02 £0.07 —0.67 £ 0.07 mV
2016-155 -20.93 £0.04 +0.66 £+ 0.03 mV
2017-018 —18.3£0.9 e mV
2017-030 —-187+14 -0.1+£0.2 mV

been measured in the same experiments to be roughly —32
and 436 mV for TM 1 and +119 and +84 mV for TM 2.
When considered with the uncompensated values measured
for A, roughly =20 mV and O mV for TM 1 and TM 2, the
stray fields in the GRS would seem to be similar in
magnitude to those observed in various measurements on
GRS prototype hardware on ground [2,30,31]. Small but
significant changes in A, are observed for the two TMs,
consistent with drifts of slightly less than mV/month,
roughly an order of magnitude below typical drift values
observed, for a limited number of samples, on ground
[2,32]. This suggests that only very infrequent repetition of
the measurement and compensation scheme will be neces-
sary in LISA to keep acceleration noise from TM charge
fluctuations below a tolerable level.

The spectral density of stray-voltage fluctuations was
measured by increasing the test-mass charge and using a
similar method to that used to observe the charge-noise
effect on SlA/gz. Figure 3 shows two measurements of the
ASD of Ag, the first, over nearly two days (average of
six, overlapping, 40 000-s windows), with normal levels of
TM potential: (Vry) = —16 mV and (V) = =24 mV,
followed within a day by a measurement of just over two
days (eight, 40 000-s windows) at (Vpy) = —1066 mV
and (Vpyp) = —1058 mV. Fitting a polynomial to the
excess in the PSD of Ag proportional to V3, of the
form S,, = [A*(1 mHz/f)* + B*(1 mHz/f)](Vam/1 V)2,
we find A=35+0.7fms2Hz /2 and B=64+
0.5 fms 2Hz '/2. This converts to an ASD of the

S13

10

V=1V
Viu=20mV

Frequency [Hz]

FIG. 3. Spectral density of consecutive measurements of Ag
with Vyy = 1 V (dark-blue indicators) and 20 mV (red indica-
tors). A combined fit to the background and Vry-dependent
component is shown with continuous curves (reduced y> = 1.1).

fluctuations in A, of 34 +2 yV Hz"'/? at 1 mHz and
190 + 30 uVHz"'/? at 0.1 mHz. Thus, the measured
fluctuations in A, are clearly resolved and are consistent
with the upper limits placed for a GRS prototype on ground
[2]. They are also consistent with ground measurements of
the low-frequency actuation-circuitry voltage noise, which
is indistinguishable from stray surface potential fluctua-
tions in our acceleration noise measurement.

Throughout the majority of the operational phase of the
mission, V1 has been controlled within =80 mV of zero
by discharging under UV illumination during weekly or
fortnightly interruptions to science measurements for
orbital correction. The rms Vpy in a two-week measure-
ment period such as that described in [9] is typically

<40 mV and the contribution to SIA/g2 at 0.1 mHz is

1.6 £0.2 fms™2 Hz™!/2.

Conclusions.—We have presented the most sensitive
measurements of charge-related electrostatic forces on
free-falling test masses relevant for sensitive gravitational
experiments in space. Technology and mitigation methods
developed for minimizing these forces on test masses in
capacitive position sensors have been demonstrated and are
directly transferable to LISA. Their contribution to the
acceleration noise of individual test masses has been
reduced to a level of roughly 1 fms=2Hz~!/? at 0.1 mHz,
compatible with the budgeted allocation for electrostatic
forces contributing to the total acceleration noise in
LISA [7].

The optimal method of test-mass charge control in a
future space-based GW observatory will minimize the
disruption to observations and the total contribution to
acceleration noise. A continuous UV discharge scheme
trades additional random-charging noise for a reduced
coupling between Vpy and fluctuating stray potentials.
Since the latter dominates the charge-related noise in the
periodic discharge scenario described in this Letter by a
factor of nearly 50 in power, it is likely some improvement
can be obtained with a continuous scheme. This will be
studied in a future experiment.

The methods and technology described here can enable a
new generation of instrumentation for gravity-gradiometry
and fundamental physics with improved performance in the
milli-Hz regime.
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