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Introduction
GEO600 is a Gravitational Wave Observatory 
based on a Michelson Interferometer with 600m 
long arms. One novel feature of GEO is that the 
main test-masses are suspended as triple 
pendulums, with a monolithic, fused-silica bottom 
stage. As a result, the test-masses are extremely 
well electrically isolated.

During December of 2006, 
GEO 600 experienced an extended power-cut 
which resulted in various damaged subsystems. 
After repairs, it was clear that the electro-static 
actuators used by GEO to control the longitudinal 
position of the main test-masses had less 
actuation strength than before. After ruling out the 
known causes for such a problem, the remaining 
suspicion was charges on the test-mass.
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Figure 1.12: Triple pendulum suspension with local control coils around the upper mass shown. The
arrangement implemented for MCe and MCn is shown, including a complete reaction mass suspension
chain. The coil holder is carried by three ‘stacks’ (not shown) which are supporting structures, containing
sensors and actuators for active seismic isolation.

Figure 1: Schematic of the GEO 
main test-mass suspension 
system.

After power-cut
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Figure 3: East test-mass charged after the 
power-cut. This measurement was made on 
12th December 2006.

This measurement method described 
above was used to determine the 
effective bias due to charges after the 
power-cut described earlier. The 
measurement was made at 696 Hz and 
the results are shown in Figure 3. The 
coefficients yield an effective bias of 
333 V.
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Figure 5: East test-mass charged after the 
Vacuum work. This measurement was 
made on 7th March 2007.

a = −1.2× 10−6

b = 1.82× 10−4
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Figure 4: Tracking the strength of the east 
ESD during the UV illumination process via 
an injected spectral line. The line height is 
normalised by the optical cavity power.

 

Measurements
Model Fit

0

0.2

0.4

0.6

0.8

1.0

−600 −400 −200 0 +200 +400 +600

x̄
[m

V
]

Bias Voltage [V]

Figure 6: East test-mass charge-state after 
the recharging process. Recharging was 
achieved by UV illumination in the presence 
of the ESD bias.

a = −1.5× 10−6

b = 2.7× 10−5

UV Illumination
The open-loop gain of the Michelson 
longitudinal servo can be directly used to 
track changes in the charge-state of the 
test-masses (assuming roughly constant 
optical gain). Over the period from 
December 2006 to February 2007 the 
loop-gain remained fairly constant so we 
can say that the charge-state of the test-
masses remained constant within a few 
percent.

In late February 2007, the vacuum system 
at GEO was opened to make various 
changes. After the vacuum was re-
established, the charge state of the East 
test-mass was re-measured, this time at 
1234 Hz. This time the effective bias was 
measured to be 148 V (see Figure 5).

During the vacuum work the viewports 
were replaced with fused-silica ones - 
transparent to UV light - allowing for the 
possibility of using UV light to discharge 
the test-masses. (Previously Kodial  
viewports were installed which are 
effectively opaque for UV, which means 
early attempts at UV discharging failed.)

Next we tried UV illumination of the East 
test-mass again and this time we tracked 
the strength of an injected line (injected 
into the East ESD) in the main detector 
output signal. The illumination was applied 
with the East ESD bias turned off and the 
detector locked using only the North ESD. 
The measured line height is shown in 
Figure 4 for the first 2 hours of 
illumination. The detector was then 
unlocked (for safety) and the illumination 
continued for a further 13 hours. The 
charge state of the East test-mass was 
then remeasured to be  -66 V. The 
illumination process had negatively 
charged the test-mass.

An attempt was then made to recharge 
the test-mass. The ESD bias was 
switched on to +200 V. Short bursts of 
UV illumination (20s) were directed at the 
test-mass and the effective bias was 
measured after each step. The steps were 
repeated until the effective bias was close 
to 0 V. The final charge measurement is 
shown in Figure 6. 

Charge measurement

x̄ =
xω

Vω
= |aVbias + b|

Veff = −b/a

Equation 4 immediately suggests a way to measure the coefficient ß' and hence have 
some measure of the effective charge present on the test-mass. If we consider a 
normalised (by the drive signal) displacement written as

From this formulation, we can measure the normalised displacement as a function of 
applied bias. From such a measurement we can determine an effective bias due to the 
presence of charges on the test-mass. This is determined by

(5)

(6)

xω = 2
A′

ω2
VbiasVω

F = A(Vbias + Vs)2

xω = 2
A′

ω2
VbiasVω +

β

ω2
Vω

=
2A′

ω2
(Vbias + β′)Vω

Effect of charged test-mass on ESDs
The electro-static drives (ESD) comprise a gold pattern deposited on the surface of 
the reaction-mass. Figure 2 shows the details of this electrode pattern.

In order to achieve a bi-polar action from the uni-polar dielectric action, one set of 
electrodes is held at a high bias voltage, Vbias,  with the drive signal, Vs, 
superimposed; the other electrodes are held at 0 V. The force on the test-mass can 
then be written

This can be converted to an effective displacement at 
a drive signal frequency, ω, by

(1)

(2)

If we now consider the effect of having a charged test-mass in the presence of 
stray electric fields created between the high-voltage electrodes and the 
surrounding metal-work, we can write an additional term that is proportional to the 
drive signal such that the resulting displacement is modified as

(3)

(4)
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1.3 The electrostatic drive

Before going on with the Michelson interferometer, its main displacement actuator, the electro-
static drive, is explained in this chapter.

1.3.1 Overview

GEO 600 is the first of the large-scale interferometers that uses electrostatic drives as displacement
actuators. The electrostatic drive (ESD) is an actuator capable of applying force to testmasses
(which are the Michelson end mirrors in our case) by means of an electric field. By using this
actuator instead of a standard coil/magnet system, it can be avoided to attach magnets to the
testmass, which might degrade the thermal noise properties of the mirror.

The chosen ESD actuator design consists of thin gold electrodes 7 coated in a comb-like pattern
onto the surface of a fused silica [Bea02] mass, which acts as a reaction body to the force applied.
Figure 1.7 shows the electrode arrangement.

sizes in mm

180

b=5.5

Figure 1.7: Electrode pattern of the electrostatic drive (ESD). The electrodes consist of gold stripes coated
onto a fused silica mass of equal size to the testmass. The distance b between two adjacent electrodes is
b = 5.5mm. Four pairs of electrodes allow for a balancing of the applied force, as well as for the application
of mirror alignment forces.

The distance b between two adjacent electrodes is 5.5 mm, suitable for a distance between the
reaction mass and the mirror of d = 1 . . .3mm. Four pairs of electrodes allow for a balancing of
the applied force (to minimize undesired force couplings into other degrees of freedom), as well
as for the application of mirror alignment forces.

7Gold as electrode material has a smaller damping influence onto the testmass than, for example, alu-
minium [MST02].

Figure 2: Electrode pattern 
of the GEO ESDs.
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Summary
The presence of charge build-up on the GEO600 test-masses has consequences, not 
only for the noise performance of the detector, but also for control and calibration of 
the Michelson. We describe here a method to measure the charge-state of a test-
mass using the electro-static actuators, and show successful discharging of the test-
masses using UV light. It should be noted that this measurement method only 
measures the difference between the charge-state of the test-mass and the reaction 
mass.
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Figure 8. Measurements of the strength
of injected 1234 H line during the
recharging process.
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Figure 9. The charge-state measure-
ment of the East test-mass after re-
charging with UV and an applied bias
voltage of +200 V.

Value of a Value of b Veff [V] Measurement details
−8× 10−6 26.7× 10−4 333 Measurement made after power-cut:

12 December 2006.
−1.2× 10−6 1.82× 10−4 148 Measurement made after vacuum work:

7 March 2007.
−1.2× 10−6 −7.7× 10−5 −66 Measurement made after overnight UV

illumination.
−1.5× 10−6 2.7× 10−5 17.6 Measurement made after re-charging pro-

cess with applied bias and UV illumina-
tion.

Table 1. Summary of charge-state measurements.

all measurements made at the same frequency. In addition, the optical gain of GEO 600 is frequency
dependent, so measurements made at different frequency not only scale by 1/ω2, but also by the optical
gain transfer function. This is the reason that the first measurement has a different value of a, since it was
made at a different frequency. If we scale a from the first experiment by the square of the ratio of the
frequencies (6962/12342) and by the ratio of the optical gain at these two frequencies (0.6/1.5), we get
a value of a = −1.0× 10−6 which we can directly compare to the other measurements.

Our results presented here show clearly the efficacy of employing a UV light source for charge
mitigation in an operating long-baseline gravitational wave interferometer. Since GEO 600 is an
operational GW observatory, all detector investigations have to be carefully weighed for risk against
damage and sensitivity reduction. As such, further charge experiments are not permitted on the
instruments once the charge state of the test-masses is returned to effectively zero. However there remain a
number of open questions related to the use of UV for charge mitigation in interferometric detectors which
require additional investigation and can be pursued in the laboratory. High, pulsed, laser-fluences of UV
are known to cause damage in fused silica, hence studies of the effect of UV under similar conditions
(wavelength, power, duration of illumination) used here on the optical properties of the substrates and
coatings are of particular interest and under investigation in the laboratory [9]. In addition for planned

The various measurements and fits are summarised below:

Normalising the first measurement by the ratio of the square of the measurement 
frequency, and accounting for the change in optical gain between these frequencies 
yields a value of                               which shows that the value of a appears 
independent of the charge state, as expected.

a = −1× 10−6


