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Abstract

Ground vibrations couple to the longitudinal and angular motion of the aLIGO
test masses and limit the observatory sensitivity below 30 Hz. Novel inertial
sensors have the potential to improve the aLIGO sensitivity in this band and
simplify the lock acquisition of the detectors. In this paper, we experimentally
study a compact 6D seismometer that consists of a mass suspended by a sin-
gle wire. The position of the mass is interferometrically read out relative to the
platform that supports the seismometer. We present the experimental results,
discuss limitations of our metallic prototype, and show that a compact 6D seis-
mometer made out of fused silica and suspended with a fused silica fibre has
the potential to improve the alLIGO low frequency noise.

Keywords: seismometers, interferometric, seismic isolation, controls,
suspensions, feedback

(Some figures may appear in colour only in the online journal)
1. Introduction

The network of the Advanced LIGO [1] and Advanced Virgo [2] gravitational-wave (GW)
detectors observed tens of signals from compact objects with masses up to 150M., [3-7].
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Most of the astrophysical sources were categorised as neutron stars and stellar mass black
holes, with one event producing an intermediate-mass black hole [7]. The signals were mostly
accumulated at frequencies from 30 Hz up to 500 Hz due to the diminished response of the
detectors at lower and higher frequencies. Despite the sophistication and successful operation
of aLIGO’s seismic isolation platforms [8, 9], the sensitivity degrades below 30 Hz due to
non-stationary control noise [10—12].

Improvements of the aLIGO inertial isolation will result in a number of benefits (i)—(v)
for the detectors. Enhanced sensitivity below 30 Hz will lead to (i) routine observations of
intermediate-mass black-holes since heavier compact objects merge at lower frequencies.
Observing GWs at lower frequencies also increases the measurement time of mergers [10]
and provides (ii) an improved localisation of the sources and enables early-warning alerts to
search for the electromagnetic counterparts of events like GW170817 [6]. Furthermore, since
the aLLIGO lock acquisition process is a complex procedure that involves stabilisation of five
longitudinal and tens of angular degrees of freedom [13, 14], suppression of the test mass
motion will (iii) simplify the lock acquisition process. The coincident duty cycle of the aLIGO
Livingston and Hanford detectors has the potential to (iv) increase from the current 62.2%
[11] up to =75% once seismic distortions are further suppressed. Finally, reduced motion
of the aLIGO test masses will allow us to increase the beam size in the arm cavities and
(v) improve the coating thermal noise [15, 16] that limits the aLIGO sensitivity in its most
sensitive frequency band around 100 Hz [11, 17].

A number of inertial sensors has been proposed in the literature [ 18—24] that have the poten-
tial to reduce the aLIGO platform motion and enhance the detector sensitivity. The key problem
comes from the coupling of the aLLIGO platform tilt to its horizontal motion. This coupling
scales very unfavourably as g/w?, where g is the local gravitational acceleration, and w is the
angular frequency of the platform motion [25-28]. The aLLIGO detectors already utilise cus-
tom beam rotation sensors [18] developed by the University of Washington to measure the tilt
motion of the ground. The next logical step would be to develop new custom sensors for the
aL.IGO platforms to further suppress their motion.

In this paper, we experimentally investigate a compact 6D seismometer that has the potential
to measure the aLIGO platform motion in all six degrees of freedom [19]. The 6D seismometer
is similar to drag-free control, which is a technique employed in satellites to keep the space-
craft a constant distance from a free-falling mass [29]. In contrast to the rotation sensors, we
avoid mechanical constraints of the inertial mass and allow it to move freely in all degrees
of freedom. The mechanical simplicity, however, leads to digital complexity since we need to
diagonalise coupled degrees of freedom. In section 2, we discuss experimental results, show
how to diagonalise the coupled degrees of freedom, and compare the sensitivity of the 6D seis-
mometer with commercial sensors. In section 3, we propose a vacuum-compatible version of
the compact 6D seismometer and discuss the impact for the aLIGO detectors.

2. Metallic prototype

In this section, we discuss a metallic prototype, shown in figure 1, that was constructed with the
aim of understanding the mechanics and dynamics of the system. The purpose was to provide
insight for the fused silica design discussed in section 3.

2.1. Mechanical design

The prototype used a 21 cm long, » = 200 pum radius stainless steel wire to suspend an alu-
minium breadboard of dimensions (254 x 152.4 x 12.7) mm—this was used as the base for
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Figure 1. Picture of the isolated metallic prototype with an interferometric sensor.

the proof mass. We added additional brass masses to extend the proof mass and increase its
moment of inertia to Irz ~ 0.076 kg m?, Iry ~ 0.061 kg m?, Irx ~ 0.015 kg m?, where RX,
RY, and RZ implies rotation around the horizontal X- and Y-axes, and the vertical Z-axis. With
these parameters, we achieved longitudinal eigenmodes along the X- and Y-axes of 1.096 Hz.
We set the vertical bounce mode of the suspension at 25 Hz. The rigidity of the vertical mode
made the system impermeable to vertical motion of the ground below 10 Hz and simplified the
measurement of the angular motion of the inertial mass. This can be seen in figure 4, where
above 10 Hz the vertical commercial L4C seismometer [30] (orange) measures the same as the
vertical sensor on the proof mass (red), and below this, the vertical motion is not dominant in
the sensor. The torsional (RZ) eigenmode was set at 20 mHz.

The tilt (RX and RY) eigenmodes of the suspended mass depend on the vertical centre-of-
mass position of the system according to the equation

GRocay = o) = IR (1)
RX,RY
where Az is the centre of mass position relative to the bending point of the bottom part of
the wire, ke = 1/2+/mgEI, is the elastic restoring coefficient of the wire, m = 3.6 kg is the
mass of the seismometer mass, E = 210 GPa is the Young’s modulus of the steel wire, and
I, = nr* /4 is the second area moment of inertia of the wire.

For the configuration used, the tilt modes were fry = 84 mHz and frx = 167 mHz respec-
tively. We adjusted Az to create a gravitational anti-spring and lower the tilt modes. The centre
of mass position was above the bending point by ~0.8 mm, creating an inverted pendulum. The
resulting response was such that the effective spring constant kegr = mgAz + ke was smaller
than the restoring coefficient of the wire, k.;. We ensured that the effective spring constant still
had a positive value so that the system remained stable. The key problem with reducing ke
was that balancing the mass became difficult due to the plastic deformation of the steel wire as
discussed in section 2.2.

The system had quality factors of 2000 for the horizontal modes and 700 for the tilt modes.
These quality factors were limited by air damping, and by mechanical losses in the metal fibres
and in the clamping mechanisms. The large quality factors for a steel wire suspension led to
significant motion of the inertial mass. We reduced the quality factors down to 70 and 3.5 for
the longitudinal and tilt modes with eddy current damping. The effect of damping can be seen
in figure 3 as the resonant peaks are broad.
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2.2. Plastic deformations

The key experimental challenge of balancing the softly suspended mass came from plastic
deformations in the steel wire. The wire stress due to the wire tension is given by the equation
m
o, = "8 — 281 MPa. 2)
r
The stress, o,, was already close to the yield stress of the wire material (350 MPa) during the
experiment. In addition to the stress from the tension, o,, DC tilts of the mass led to the extra
stress near the surface of the wire given by the equation

QRY
0.1 rad

Oy A~ ka 5 = 500 MPa, 3)
where agy is the DC misalignment of the suspended mass around the RY axis. The total stress
inside the wire has exceeded the yield stress for misalignment angles of only ~1072 rad. As a
result of the plastic deformation, the equilibrium position of the suspended mass continuously
changed during the balancing procedure that consisted of adding small masses to either side of
the mass. We found that plastic deformations made the balancing procedure ineffective when
kegr approached zero.

2.3. Optical readout

Measurement of the proof mass was accomplished using interferometric readout with two
homodyne quadrature interferometers (HoQIs) [31]. We utilised only two sensors since this
number is sufficient to understand the key cross-couplings between X and RY, and between
Y and RX degrees of freedom as discussed in section 2.4. One horizontal HoQI measured the
translational motion (X), and another HoQI measured the vertical position at the end of the
proof mass. The vertical motion was directly converted to RY motion of the mass below 10 Hz
since the vertical mode of the suspension was rigid as discussed in section 2.1.

HoQIs are compact Michelson interferometers that measure the position of the test mass
relative to the reference mirror. The longitudinal range of the sensors is >10 cm since HoQIs
measure the position with two polarisations and count optical fringes of the Lissajous figures
[31]. The angular working range of the sensors is 1 mrad, therefore, isolation from environ-
mental disturbances was necessary to keep the test mass within the HoQI working range as
discussed in section 2.5. Ideally, in order to achieve the best performance of the HoQI sensors,
the RMS motion of the mass should be less than one fringe of the interferometer to reduce non-
linear effects in the data. However, the linearisation algorithms [31, 32] improve the broadband
noise and up-conversion of large motion in the spectra as shown in figure 2. The linearisation
can be further improved above 30 Hz by a more accurate ellipse fitting of the Lissajous figures
[31,32].

2.4. Mechanical cross-couplings

In the analytical study of the system dynamics [19], we found that the vertical (Z) and torsion
(RZ) modes are independent from the other degrees of freedom. For a well aligned and balanced
system, the cross-couplings only occur for the X and RY degrees of freedom and, similarly, for
the Y and RX degrees of freedom. Further cross couplings can occur due to sensor misalign-
ment, which will result in a more complex transfer function matrix. In this paper, we neglect
second order cross couplings and experimentally investigate X and RY frequency-dependent
coupling and its diagonalisation.
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Figure 2. Example of nonlinearities witnessed in the interferometric readout during the
experiment. The nonlinearities are strongly suppressed by fitting the Lissajous figures
of the compact interferometers with ellipses. The black curve shows the self noise of the
sensor measured with stationary mirrors.
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Figure 3. Transfer functions illustrating the coupling between the horizontal and vertical
readouts due to the input platform translation x, and platform tilt 6.

Figure 3 shows the couplings between the platform motion in X and RY degrees of free-
dom and readout of the inertial mass position. The platform motion in X strongly couples to
the horizontal readout at and above the suspension resonance in X. Below the resonance, the
inertial mass moves in common with the platform and the seismometer response is suppressed.
In contrast to the 1D tiltmeters [18], the platform X motion also couples to the RY motion of
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the mass. Tilt motion of the platform has a minor effect on the mass motion in X and RY but
moves the local sensors relative to the inertial mass and strongly couples to the readout.

In the case where we infer the X motion of the platform by looking only at the horizontal
readout, we will get the typical tilt-to-horizontal coupling [25-28]. This coupling is present in
all 1D seismometers and is given by the equation

)%zx—%@, @)

where x is the translational platform motion, 6 is its RY motion, and X is the inferred motion
of the platform. In order to avoid the coupling given by equation (4), we infer the horizontal
motion of the platform from both the horizontal and angular positions of the test mass according

to the equation
N ~1
)f _ Tx~>h T(9~>h Xm (5)
0 T.XAW T(9~>v Zm ’

where x,, and z,, are horizontal and vertical measurements of the HoQI sensors as discussed

in section 2.3 and the frequency dependent transfer matrix 7 is analytically derived and shown
in figure 3.

2.5. Sensitivity

In the laboratory conditions, apart from ground motion, the soft suspension is susceptible to
sources of environmental noise, such as air pressure and density fluctuations. The fluctuations
move the test mass and couple to the position readout of the mass. To minimise these effects,
we placed the system inside a foam padded box that acted as a shield from the local air currents.
The box improved the environmental noise by a factor of 30 at 10 mHz. A further reduction by
of factor 100 was achieved by back filling the box with foam pellets seen in figure 1. Despite this
reduction of environmental noises, our tilt measurement was still limited by air currents below
100 mHz. We expect that environmental noises will disappear once we install the seismometer
in vacuum.

Apart from the environmental noise sources, our readout signals measured the platform
motion since the interferometric readout noise and thermal noises were significantly smaller
compared to the ground vibrations in our experiment. We compared the readouts of our seis-
mometer with commercial L4C sensors [30] as shown in figure 4. The L4Cs were co-located
and co-aligned with the 6D seismometer to maximise coherence between the sensors. Figure 4
shows the comparison between measured signals before plant inversion. The spectra for the
HoQI horizontal and L4C horizontal are comparable because the resonances for both devices
are the same (=1 Hz). The Q factor for our seismometer is larger than that of the L4C hence
figure 4 shows the more prominent 1 Hz resonance in the HoQI spectra. From these measure-
ments we find that the compact 6D noise floor in air is already better than that of the L4Cs
below 100 mHz.

According to our estimation of the platform translational and tilt motion, the horizontal
HoQI sensor measures tilt motion below 100 mHz and translational motion at the other fre-
quencies. The vertical HoQI sensor measures tilt and inertial mass motion due to environmental
noise below the tilt resonance at 85 mHz. Translational motion couples to the vertical tilt read-
out between the tilt and translational resonances of the suspension according to the transfer
functions shown in figure 3. At frequencies from 1.5 Hz to 10 Hz, the vertical sensor mea-
sures the platform tilt motion, and vertical platform motion couples to the readout at higher
frequencies.
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Figure 4. Comparison of measured motion between the compact 6D seismometer and
commercial L4C geophones. The translational readout of the seismometer (blue) is simi-
lar to the L4C signal (light blue) above 100 mHz. The vertical readout (red) measures tilt
motion of the inertial mass up to 10 Hz and vertical motion of the platform above this
frequency. The vertical L4C (orange) measures the same motion as the vertical HoQI
above the bounce mode resonance at 25 Hz.

We have diagonalised our readout signals according to equation (5) as shown in figure 5.
The tilt-decoupled horizontal motion X is larger than the inferred horizontal motion with-
out tilt subtraction since our tilt measurement is limited by the environmental noises below
100 mHz. However, the achieved sensitivity is comparable to the tilt-decoupled sensitivity of
the Trillium T240 sensors [33] that are currently installed in the aLLIGO detectors. We calcu-
lated the tilt-decoupled power spectrum of the T240 sensor noise according to the equation

SToao =S 1+ ng 6)
T240 T240 w4 A L2 >
where AL = 1 m is the separation between two vertical T240 seismometers used for the mea-
surement of the platform tilt motion, Sto40 is the power spectrum of the T240 own noise, g/ w?
is the tilt-to-horizontal coupling coefficient, and a factor of 2 in the brackets accounts for two
T240 seismometers utilised in the tilt measurement.

Figure 5 also shows the decoupling of the horizontal platform motion from the tilt measure-
ment at frequencies between 85 mHz and 1 Hz. Apart from the platform tilt motion, we can also
see coupling from the other degrees of freedom in 6. The resonance at 167 mHz corresponds
to the RX eigen mode and the peak at 1.09 Hz corresponds to the coupling of the Y motion.
We conclude that our sensors were not ideally aligned to measure only X and RY degrees of
freedom. We leave this coupling problem for further experimental investigations.

3. Fused silica seismometer

From the lessons learned in section 2, we propose to build the seismometer for GW detectors
from fused silica and suspend the mass using a fused silica fibre, similar to the aLLIGO test
masses [34]. The design is compact (=0.5 m scale) compared to the larger (=1.2 m) scale

7
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Figure 5. The figure shows the difference between the plant inversions of the transla-
tional and tilt modes with and without taking into account the X and RY cross-couplings.
The orange curve shows the translation motion decoupled from the tilt mode such that
the microseismic motion is removed. From the current sensitivity of the prototype, we
see that the decoupled translational motion has the same noise floor as the tilt coupled
T240 noise (green), and has better sensitivity than the L4C (dark green).

6D seismometer [19] that the authors investigated in collaboration with VU, Amsterdam. The
compact design allows us to (i) achieve low drift rates of the suspended mass as discussed in
section 3.1, (ii) utilise commercially available fused silica masses, and (iii) remove the angular
control noise from the aLIGO sensitivity band.

We choose fused silica for the design of the compact 6D seismometer due to its low thermal
expansion coefficient and low mechanical dissipation. In this section, we consider two designs
of the seismometer with the tilt eigenmode at 50 mHz and 100 mHz, find the own noise of the
seismometer, derive the aLIGO platform noise, and estimate the angular motion of the aLIGO
test masses. We also compare our results with the performance of the currently installed T240
seismometers.

Figure 6 shows the design of the fused silica suspension and table 1 summarises the key
parameters of the design. The customised commercially available fused silica mass [35] is
circular in shape with the mass concentrated at the edges, and the three arms are designed to
be as minimal as possible to reduce mass near the centre, therefore, maximising the moment
of inertia for this configuration. The vertical and horizontal position of the centre of mass will
be tuneable via small masses.

3.1 Low frequency drifts

Ideally, the angular modes of the suspended inertial mass should be as low as possible to diag-
onalise the tilt and translational signals of the seismometer. However, soft suspensions tend
to drift at low frequencies due to stress relaxations in the fibre [36] and temperature gradients
along the suspended mass. Strong drifts have the potential to move the system out of its inter-
ferometric sensing range. Experiments with torsion balances conducted in Washington [37],
Paris, and Birmingham [38], and at the LISA facilities in Florida [39] and Trento [40] show

8
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Figure 6. Model of the proposed fused silica compact 6D seismometer for the aLIGO
active isolation platforms.

Table 1. A list of parameters and nominal values.

Parameters Description Value

m Mass 3.25kg

R Mass radius 0.25 m

L Wire length 0.4 m

r Fibre radius at bending points 120 pm

Ixy Translational resonance 0.8 Hz
SRXRY Tilt resonance 50 mHz or 100 mHz

that the fused silica suspensions drift less than the tungsten ones and that softer RZ eigenmodes
lead to larger drifts.

We propose to stiffen RZ by making the fibre cross-section non-uniform: its radius will be
r = 120 pm near the fibre ends and » = 500 pum near the centre of the fibre. The RZ eigen
mode is then given by the equation

1 EJ

f = 5 >
* 7 20\ Leelrz

(M

where E, = 30 GPa is the modulus of torsion of fused silica, J = wr* /2 is the second moment
of area along the axis of the cylindrical fibre, L. is the length of the fibre section with radius
r = 120 pm. To stiffen RZ, the effective fibre length, L., must satisfy the following condition

1El,
2A =2 L Lesr < L, (8)
mg

where A = 600 um is the bending length of the fibre, L = 40 cm is the fibre length, and a
factor of 2 accounts for two bending locations of the fibre. We choose L. = 1 cm to satisfy
equation (8) and get frz = 31 mHz. We expect the drift rate of less than 1 pm/week due to
stress relaxation in the fibre.
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Figure 7. Estimated motion of the aLIGO platforms with the 6D seismometers (left).
The right panel shows the comparison between the own noises of the 6D seismometers
with the tilt eigenmode at 50 mHz and 100 mHz, and with the own noise of the T240
seismometers.

Apart from the fibre unwinding, we also consider thermal gradients across the inertial mass.
The gradients make different parts of the mass expand non-uniformly and cause the suspension
to lose its balance. We estimate the angular deviation in RX and RY according to the equation

AT AT (50 mHz\?
e e S0ATms ¢ ATm <mZ> irad., ©)
2Rwix ry 20 mK \ frx, ry

where o = 4 x 1077 K~! is the thermal expansion coefficient of fused silica [35], and AT s
are thermal gradients along the inertial mass. We conclude that the thermal gradients are not
significant for the proposed fused silica design.

3.2. Projected motion of the aLIGO platforms

The sensitivity of the inertial mass position readout is limited by the own noise of the compact
interferometer, thermal noise of the suspension, and the actuation noise. The readout noise will
be the dominant noise of the seismometer. We set the requirement of

2 /107837
Sio = (3x 107 7)" + (T) m? Hz! (10)

for the local readout of the mass position in the frequency band from 1 mHz up to 10 Hz. This
level of sensitivity has been already achieved by the custom compact interferometers [31, 41].

Local readout noise couples to the estimated horizontal motion of the platform, x. According
to the dynamics of the system [19], the readout noise coupling to X grows as 1/ 12 below
the longitudinal resonances, fxy, and as 1/ f4 below the tilt resonances, frxry as shown in
figure 7. The 1/f2 and 1/f* couplings are similar to the current noise scaling in the aLIGO
detectors. For the T240 seismometers, the 1/ £ slope starts from 1 Hz and the 1/ f* starts from
the effective tilt resonance given by the equation

1 2g
T240
~ |28 —07Hz 11
RXRY 5 \[ Ay =0T H2 an

Our calculations of the suspension thermal noise of the inertial mass show that it becomes
insignificant for the quality factors of the tilt mode Q, > 2 x 10*. Since the aLIGO suspensions
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achieve loss angles of the suspension fibres below 107 [42], the required quality factors can
be achieved with the proposed fused silica suspension. We propose to damp the high quality
resonances with magnet-coil actuators similar to the aLIGO suspensions [43]. The damping
will allow us to reduce the quality factors of the suspensions down to ~10 and simplify the
diagonalisation of the readout signals according to equation (5). Since we need to make the
actuator noise insignificant, the actuator range will be 10 pm and will not be able to correct
any strong low-frequency drifts. However, as discussed in section 3.1, the fused silica design of
the suspension will help avoid strong drifts.

The total noise of the seismometers, shown in figure 7, becomes larger than the ground
motion below ~30 mHz. In order to avoid large motions of the aLIGO platforms below
10 mHz, aLIGO utilises a blended control scheme [8, 28]. The aLIGO platforms follow the
signals from the inertial sensors only above the blending frequency. At lower frequencies, the
aLIGO platforms follow the signals from the positions sensors that measure the relative motion
between the aLIGO platforms and the ground. A lower blending frequency provides better seis-
mic isolation above 100 mHz but couples more inertial sensor noise to lower frequencies. In the
aLIGO detectors, where T240 seismometers are currently deployed, the blending frequency is
set at 45 mHz. The proposed 6D seismometer has the potential to lower the blending frequency
by a factor of 2—3 without increasing the RMS motion of the platform as shown in figure 7. In
this study, we find that a 6D seismometer with a tilt mode at 50 mHz (100 mHz) can reduce
the blending frequency down to 14 mHz (22 mHz).

3.3. Projected motion of the aLIGO test masses

The key noise source of the aLIGO detectors at low frequencies (below 30 Hz) is the angular
control noise. The motion of the aLIGO platforms causes angular motion of the test masses.
The motion is then actively stabilised by wavefront sensors [44, 45]. The control loops keep
the relative motion of the alLIGO test masses below ~1 nrad, but couple the wavefront sensor
sensing noise to the aLIGO GW channel [46]. The bandwidth of the angular control loops is
currently set to be 3 Hz [12]. Since the 6D seismometer has the potential to improve the motion
of the aLIGO platforms as shown in figure 7, the angular controls bandwidth can be reduced by
a factor of 3 and remove coupling of the alLIGO angular controls to its sensitivity band above
10 Hz [10].

In this section, we estimate the angular motion of the alLIGO test masses with the 6D seis-
mometer. The dominant angular motion of the alLIGO test masses comes from the longitudinal
motion of the aLIGO platforms [10]. We propagate the platform motion through the transfer
functions of the alLIGO quadruple suspensions and compute the motion of the test masses. We
find that we can achieve residual relative motion of the aLIGO test masses below 1 nrad with a
control bandwidth of 1 Hz and a typical wavefront sensor noise of 5 x 10~' rad Hz~'/?> when
the tilt mode of the seismometer inertial mass is either 50 mHz or 100 mHz. The results of
mirror angular motion are shown in figure 8. The damping noise comes from the local sensors
that damp the high quality factors of the aLIGO suspensions. In computing the damping noise
for figure 8, we assume that the alLIGO suspensions are equipped with the same interferometric
positions sensors as the 6D seismometers.

We find that both configurations of the 6D seismometer from table 1 have the potential to
solve the problem of the alLIGO angular control coupling to the GW channel below 20 Hz. The
100 mHz configuration is easier to implement compared to the 50 mHz one since center-of-
mass tuning Az can be less precise. However, the 50 mHz version provides significantly better
inertial isolation in the earthquake band between 30 mHz and 300 mHz, and has the potential
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Figure 8. Comparison of the estimated pitch motion of the aLIGO test masses when the
aLIGO platforms are stabilised with the proposed 6D seismometers with a tilt eigenmode
of 50 mHz (left panel), 100 mHz (right panel) and the T240 seismometers.

to keep the aLIGO detectors operational during small and medium earthquakes (local RMS
velocity of the ground below ~1 pm s~!) and further improve the aLIGO duty cycle.

4. Conclusion

Novel inertial sensors can enhance the sensitivity of the alLIGO detectors below 30 Hz, improve
their duty cycle, and open a pathway towards increasing the beam size in the aLIGO arms.
In this paper, we presented experimental results from our studies of the compact 6D seis-
mometer with an interferometric readout. We conclude that the seismometer has the potential
to improve aLIGO’s seismic isolation. Measurement of the horizontal and tilt modes of the
metallic prototype resulted in validation of the decoupling capabilities of the readout scheme
though decoupling around the horizontal eigen mode requires further investigations. We found
that lower tilt eigenmodes of the suspended mass make the balancing procedure complicated
due to plastic deformations in the wires.

Using the lessons learned from the metal prototype, we proposed and simulated the perfor-
mance of a fused silica compact 6D seismometer with the tilt modes at 50 mHz and 100 mHz.
We found that both configurations should have low angular drift rates due to the mechanical
and thermal properties of fused silica. The seismometers are capable of improving the cur-
rent aLIGO low frequency noise but the 50 mHz design also provides strong suppression of
the ground motion in the earthquake band. Experimental investigations of the compact fused
silica 6D seismometer will be our next step.
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