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We present the design, control system, and noise analysis of a 6-axis seismometer comprising a mass
suspended by a single fused silica fiber. We utilize custom-made, compact Michelson interferometers for
the readout of the mass motion relative to the table and successfully overcome the sensitivity of existing
commercial seismometers by over an order of magnitude in the angular degrees of freedom. We develop the
sensor for gravitational-wave observatories, such as LIGO, Virgo, and KAGRA, to help them observe
intermediate-mass black holes, increase their duty cycle, and improve localization of sources. Our control
system and its achieved sensitivity makes the sensor suitable for other fundamental physics experiments,
such as tests of semiclassical gravity, searches for bosonic dark matter, and studies of the Casimir force.
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I. INTRODUCTION

Ground vibrations reduce the duty cycle of interfero-
metric gravitational-wave detectors, such as Advanced
LIGO [1] and Advanced Virgo [2], and limit their sensi-
tivity below 25 Hz [3.,4]. This frequency band is important
for the observation of intermediate-mass black holes,
accumulation of signal-to-noise ratio from lighter sources,
and localization and advanced warning of neutron star
mergers for multimessenger observations [5,6]. For future
detectors, such as Cosmic Explorer [7] and FEinstein
Telescope [8], inertial isolation is crucial for achieving
the design sensitivity and for observing redshifted signals
from cosmological sources.

The LIGO test masses are suspended from actively
controlled platforms, which suppress seismic vibrations
in the frequency band from 100 mHz up to 40 Hz [9-11].
LIGO utilises commercially available Trillium 240 seis-
mometers to measure the platform motion in its three
translational and three rotational degrees of freedom.
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The seismometer signals are fed into six feedback loops
that actuate on the platform with coil-magnet pairs. This
scheme had proved successful through the LIGO detectors’
observation of tens of gravitational-wave sources [12,13].
However, better inertial sensors are required to further
improve the low-frequency sensitivity, duty cycle, and to
simplify the lock acquisition process.

The approach with linear accelerometers has downsides.
First, these seismometers have a large common signal in
translation. To measure tilt, one must subtract the vertical
component to part per thousand, which complicates any tilt
measurement due to systematics and calibration errors
between devices. Second, accelerometers cannot be sepa-
rated further since (a) On the ground the coherence length of
the tilt is very short (~meters), and (b) On an isolated
platform, the size of the platform prohibits any separation
much greater than ~1.5 m. Also, accelerometers have a
mechanical resonance near 1 Hz which decreases their
sensitivity at lower frequencies, proportionally to f2. A
sensor with a tilt resonance near 10 mHz will have a
sensitivity improvement of 10* at 10 mHz.

There is a significant effort in the gravitational-wave
community to develop new sensors, including beam rota-
tion sensors [14,15] and accelerometers with optical read-
out [16,17]. These sensors measure platform motion along
one axis and mechanically constrain the suspended mass in
the other five degrees of freedom. This approach simplifies
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the control scheme of the platform but leads to a complex
mechanical design of the system due to the need for six
sensors for stabilization.

We pursue an alternative approach with a simple mechani-
cal design. Instead of utilizing six one-axis sensors, we softly
suspend a single mass without any mechanical constraints in
all six degrees of freedom [18,19]. We then measure the
position of the active platform relative to the suspended mass.
Mechanical simplicity leads to cross-couplings between
degrees of freedom; however, real-time processing can
reduce the cross-couplings and enable successful stabiliza-
tion of the platform [20]. In this paper, we discuss the design,
control system, and sensitivity of the 6-axis seismometer.

We develop the seismometer for the gravitational-wave
observatories. However, the sensor may be applied in other
fundamental physics experiments due to its sensitivity and
stability. Particularly, in a separate experiment, we utilise
the sensor and a high-finesse optical cavity to search for the
signatures of semiclassical gravity [21-23]. The sensor also
has the potential to improve limits on the bosonic dark
matter fields, which couple to baryon minus lepton number
[24]. Furthermore, the seismometer is optimally set to study
the Casimir forces between metamaterials [25,26], due to
its high sensitivity to torques in all rotational degrees of
freedom.

I1. SEISMOMETER DESIGN

The central element of the setup is a 1-kg mass suspended
with a single fused silica fiber as shown in Fig. 1. The mass
consists of three aluminium tubes with a wall thickness of
0.5 mm and 100-g end masses made of brass. The end masses
can be moved vertically to adjust the center of mass position.
The mass moments of inertia around X, Y, and Z axes are
I, ~0.14 mkg*, I, = I,, = I, /2. We chose nonmagnetic
materials for the mass to minimise the coupling of magnetic
noise to the seismometer readout.

2 /
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FIG. 1.
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Scheme of the seismometer with the definition of translational (X, Y, Z) and rotational (RX, RY, RZ) axes. Left: top view (XY

The fused silica fiber has a diameter of 80-200 um and a
maximum stress of 2 GPa. The fiber was pulled at the
University of Glasgow with a similar procedure as the one
utilized for making the LIGO fibers [27-29]. We started
with a fused silica stock (3 mm in diameter), polished and
cut it to the proper length before pulling. In the first design
of the seismometer, we attached the 3-mm stock straight to
the metal mass with a 1-mm thick layer of epoxy 2216
Scotchweld. We found that the layer caused a significant
drift in RX and RY. This drift grew worse over time. After
6 months of operation, the mass drifted by 2 mrad over
3 days even when the RX and RY resonances were
relatively stiff (80 mHz).

In order to reduce the drift, we welded the fiber ends to
fused silica cones using a custom fused silica welding
machine at the University of Glasgow. In the second design
of the seismometer, we fixed the aluminium mass on the
fused silica anchor with a 200 um thick layer of indium. We
chose the material to achieve a high mechanical Q-factor of
the RX and RY modes because the loss angle of indium is
lower compared to that of epoxy. However, we suffered
from creep events [30-32] in the indium layer, which was
stressed at ~1 MPa by the mass. The creep events triggered
a nonstationary torque noise on the mass. As a result, the
seismometer noise below 50 mHz was modulated by
temperature and fluctuated by an order of magnitude on
a time scale of one day.

In the final, and successful, design of the seismometer,
which is reported in this paper, we replaced indium with a
30-um thick layer of epoxy Araldite 2014-2. The creep
noise has disappeared and we observed the stable and low-
noise operation of the sensor. The layer of epoxy, eddy
currents induced in the coil frames, and the fiber profile
determined the Q-factors of the suspension modes. We
measured Q. = 10* for the vertical (Z) mode of 7.6 Hz,
Q,, = 1000 for the torsion (RZ) mode of 0.6 mHz, set a
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plane), right: side view (XZ plane). The figures show the horizontal and vertical arrangement of interferometric and shadow sensors,

coil-magnet actuators and heaters.
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lower limit on the Q-factors for the pendulum (X,Y) modes
at 0.64 Hz of O, , > 10°, and measured Q,x.ry = 140 for
tilt modes (RX, RY) of 12-13 mHz.

We found that the fiber rigidity is not the same for RX
and RY because the fiber neck profile is elliptical in the XY
plane. The asymmetry prevents the seismometer from
reaching very low RX and RY modes because both of
them are tuned with the same gravitational antispring [19].
We tuned the centre-of-mass position relative to the
suspension point and achieved RX mode of 13.6 mHz
and RY mode of 12.6 mHz. The figures imply that the
difference in RX and RY fiber rigidity is ~7 x 10 Nm
and the minimum RX frequency we can achieve while
keeping RY stable is 5 mHz.

III. SENSING AND CONTROL SYSTEM

We utilized two types of sensors to measure the distance
between the active platform and the suspended mass. The
first is a shadow sensor [33-35] with a linear range of
0.7 mm and the sensor noise of ~3 x 10719 m/\/Hz. The
sensor consists of an LED and a photodiode mounted on
the platform and a flag attached to the suspended mass as
shown in Fig. 1. Part of the LED light is blocked by the flag
and its absolute position is determined by the photodiode
signal.

Sensors of the second type measure the position between
the mass and the platform interferometrically. We utilized
custom-made homodyne quadrature interferometers (HoQI)
[36,37]. The sensors operate as Michelson interferometers
with polarization readout. By measuring the light intensity in
the vertical and horizontal polarization separately, we
achieved multiwavelength range [36] and better resolution
compared to the shadow sensors. However, HoQIs cannot
measure the absolute position of the mass relative to the
platform, are more nonlinear compared to the shadow
sensors, and require precise alignment (0.2 mrad) of the
suspended mass.

In order to keep the interferometric sensors operational
during temperature-induced drifts of the mass, we set up a
control scheme (catching servo in Fig. 2) to stabilise the
angular drifts below 1 mHz. We found that if the mass is not
controlled, it drifts in RX and RY by ~1.5 mrad per 1 K of
temperature variation in the laboratory. The motion is
caused by the differential thermal expansion of the seis-
mometer arms. The measured figures may either be
explained by the imbalance of the arm lengths (by ~1%)
or by the thermal gradients along the seismometer (on the
level of =40 mK) produced by the ambient temperature
variations.

Initially, we utilized only coil-magnet actuators to con-
trol the test mass position relative to the platform. For each
actuation site, we mounted two 1 mm3 SmCo magnets with
a separation of 2 mm. We oriented the poles of the magnets
in opposite directions to minimise the coupling of ambient
magnetic forces on the suspended mass. The coil-magnet

>20 mHz

servo
—vl Heater 6D mass |—‘

Shadow servo
sensor

12-13 mHz

< 1mHz

<0.1mHz

Temp servo

FIG. 2. Block diagram of the feedback control utilized for RX
and RY. The RZ control scheme is similar but does not include the
heating servo. The X, Y, and Z control schemes do not require
catching loops.

actuation kept the shadow sensors and interferometric
sensors in the linear regime. However, it also modified
the dynamics of the suspended mass due to the parasitic
rigidity of magnetic actuation, k,, = dF,,/dl, where F,, is
the magnetic force and [ is the separation between the mass
and the coil. In order to achieve k,, = 0, the coil must be
located exactly at a distance of 10 mm from the closest
magnet, and the central axes of the coil and the magnets
must coincide. However, we found the condition difficult to
satisfy in practice because the magnets are slightly tilted
relative to each other and relative to the coil. Furthermore,
the central part of the coil and its axis are poorly defined.

We have reduced the magnetic stiffness, k,,,, by keeping the
time-averaged control force (F,) =0. We reduced the
vertical coil signals to zero at frequencies below 0.1 mHz
by installing three heaters along each aluminium arm of the
seismometer as shown in Fig. 1 (right). The heaters created a
temperature distribution along the mass and changed the RX
and RY angles by 9 mrad per 1 Watt of heating power
provided by the 600 Ohm resistors. The heating scheme is
noncontact and low-noise because any fluctuations of the
current through the resistors are naturally filtered above
0.1 mHz by the heat exchange process. Furthermore, the
scheme does not change the dynamics of the suspended mass.

The inertial mass is stabilized relative to the active
platform at frequencies below 1 mHz. At higher frequen-
cies, the seismometer signals can be utilized to stabilize the
platform motion and to suppress ground vibrations as
shown in Fig. 2 (top path). Conditioning of the seismometer
signals before the actuation on the platform and the
feedback control scheme in six axes was discussed in
Ref. [20]. When the platform servo was off, we utilized the
coil-magnet actuation to damp the high-Q suspension
modes in translational degrees of freedom down to the
Q-factors of ~100. The damping servos for the angular
resonances are always on.

IV. SENSITIVITY ANALYSIS

Fig. 3 shows the spectra of the measured seismometer
signals. The RX and RY sensors observe the tilt motion of
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FIG. 3. Sensitivity of the seismometer in translational and rotational degrees of freedom. Panels (a) and (d) show the estimated noise of

Trillium 240 seismometers separated by 1 m to measure RX, RY, and RZ motion. (a) Tilt motion and its sensitivity analysis. (b) Vertical
motion and estimation of nonlinearities. (c) Horizontal motion and measured tilt coupling. (d) Torsion motion and sensitivity analysis.

the ground above 4 mHz (as witnessed by the Y and X
signals) and are limited by the thermal and actuation noise
near the resonances at 12—13 mHz. Below 4 mHz, ambient
temperature variations cause the largest noise in RX and
RY. We have suppressed the noise by a factor of 5 around
1 mHz by installing thermal shields. The shields consist of
3-mm thick aluminium panels that cover the mass from the
thermal radiation of the vacuum chamber and the platform.
The system passively filters ambient temperature variations
at frequencies above 0.2 mHz.

We estimated the readout noise in RX and RY sensors by
measuring the vertical motion of the mass relative to the
platform. Since the Z mode is stiff, the vertical ground
motion does not couple to the vertical position sensors
below 1 Hz. At 90 mHz-1 Hz the Z spectrum is limited by
the coupling of the horizontal motion to the HoQI sensors
(on the level of 1.2%). At lower frequencies, we observe
the readout noise of our vertical interferometric sensors.

The noise is a factor of 5 larger than the HoQI noise
measured with stationary mirrors [gray curve in Fig. 3(b)].
The additional noise comes from nonlinearities in the HoQI
sensors due to the large (~0.1 um) motion of the platform
above 5 Hz.

The nonlinearities are caused by the ellipticity of the
Lissajous figures formed by the two HoQI quadrature
signals [36]. We define the ellipticity of the figures, €, as
the ratio of their major and minor axes. We circularized
our Lissajous figures by translating, rotating, and stretch-
ing the ellipses. However, the figures changed over time
due to polarization drifts in the optical fibers which
connect the laser and the in-vacuum compact interferom-
eters. Our long-term ellipticity was on the level of
€ — 1 = 0.05. Despite noise from nonlinearities, the sen-
sitivity of vertical interferometric sensors was still better
than the one of the shadow sensors by an order of
magnitude below 100 mHz.
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The noise from nonlinearities in our horizontal inter-
ferometric signals was worse than in the vertical ones by a
factor of 5 due to stronger polarization drifts in one of our
in-vacuum optical fibers. The estimated readout noise in X
and Y [see Fig. 3(c)] is still low enough to measure ground
vibrations, including the microseismic peak at 0.2 Hz, but
is an order of magnitude worse than the Trillium 240 noise.
We included the optimal readout noise curve, which is
projection of the HoQI noise measured with stationary
mirrors. It predicts the performance when the platform is
actively stabilized and nonlinearities are therefore sup-
pressed. Below 30 mHz, the signal is limited by the tilt-
to-horizontal coupling. We computed the coupling by
multiplying the tilt spectrum RX by g/w? where o is
the angular frequency. We overestimated the tilt coupling
around the RX resonance of the suspended mass because
we are limited by the mass own motion rather than by the
platform tilt at these frequencies as shown in Fig. 3(a). The
RZ sensitivity [see Fig. 3(d)] is limited by actuation noise
below 10 mHz and by readout noise at higher frequencies.

V. CONCLUSION

We have developed a six-axis seismometer that outper-
forms the current LIGO inertial sensors in measuring
angular degrees of freedom. Our sensitivity in the

translational degrees of freedom is worse than the one of
Trillium 240 due to the nonlinearities in the interferometric
sensors and stiff Z mode. The nonlinearities should become
smaller on the LIGO suspended platforms which move over
two orders of magnitude less compared to our rigid
platform above 5 Hz. The seismometer can be further
improved by (i) replacing the metal mass with a fused silica
one for better thermal stability, (ii) installing a soft vertical
spring to increase the seismometer response in Z, and
(iii) reducing the coupling of fiber polarization drifts to the
interferometric readout by utilizing a deep frequency
modulation scheme [38-45].
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