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Abstract

Next generation gravitational wave detectors, such as an advanced LIGO, will generally require improved sensitivity
at low frequency. One of the principal challenges for low-frequency sensitivity is isolation from seismic motion.

A mechanical seismic isolation filter specifically studied for the next generation of the LIGO detectors, based on a
geometric anti-spring concept, has been developed with the aim to provide thermal noise limited sensitivity to

frequencies of 10 Hz.

The design and the performance of the isolation filter, mainly for the vertical degree of freedom are discussed. © 2002

Elsevier Science B.V. All rights reserved.
PACS: 04.80.Nm; 95.55.Ym
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1. Introduction

Gravitational wave interferometers [1,2], built to
detect displacements below 107! m//Hz in the
acoustic frequency band, must reduce by a large
factor the perturbation induced on test masses
(i.e., mirrors) by seismic noise.' Below ~ 1 Hz, the

*Corresponding author. Tel.: +1-626-395-6358; fax: +1-
626-304-9834.

E-mail address: sannibale_v@ligo.caltech.edu
(V. Sannibale).

! For seismic noise we assume the position noise coming from
the ground is produced mainly by the seismic activity of the
Earth, the meteorological events and the ‘“cultural noise”
created by human activity.

spectral density of the seismic noise, apart from
the so-called “‘micro-seismic peak™ region at
around 100-300 mHz, is mostly flat. Above 1 Hz,
it is reasonably well approximated by the spectral
density function 10-°-10~7(1 Hz/f)? m/v/Hz,
where [ is the frequency.

The required attenuation factor of about 10
orders of magnitude can be achieved by suspend-
ing the interferometer mirrors from chains of
mechanical oscillators, acting as passive mechan-
ical filters for the seismic noise.

Theoretically, well above its resonant frequency
fo, a one-dimensional mechanical harmonic oscil-
lator has an attenuation curve (transmissibility)
proportional to 1/f2. In a real case the attenuation
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curve reaches a minimum at some frequency
because of the moments of inertia of the mechan-
ical structures and increases or is amplified by the
internal resonances. Geometrical coupling between
the six degrees of freedom, produced mainly by
imperfections intrinsic to any mechanical device,
requires that all degrees of freedom must be
attenuated. Additionally, any internal modes need
to be relegated to high frequency where other noise
sources dominate, or they need to be suitably
damped so as not to compromise the attenuation
performance.

The simplest, and one of the most effective
mechanical filters, is the simple pendulum, which
attenuates motion in the two horizontal directions.
Attenuation in the three rotational degrees of
freedom can be easily achieved using the restoring
torque of the suspension wire and providing the
pendulum mass large moments of inertia in three
orthogonal axes. Attenuation of the vertical degree
of freedom can be accomplished by using canti-
lever blade springs which balance the gravity force.

The requirement of large attenuation factors at
low frequency, which implies very low resonant
frequencies (modes), restrictions on the size of the
device and allowable stress levels makes the
attenuation of the vertical degree of freedom a
complicated issue. To solve this problem, we have
designed and produced mechanical filters based on
a cantilever blade configuration, the so-called
geometric anti-spring (GAS) configuration [3].

The principle of geometric anti-springs, mathe-
matically described in Ref. [3], can be intuitively
explained as follows. The force created by the load
(see Figs.1 and 2) is mainly redirected in the
horizontal direction by the hooking wire and it
compresses the blades allowing a stable equili-
brium position. With the appropriate geomeitry,
we can have in the vertical direction a small
component which will give a very low spring
constant and consequently a very low resonant
frequency for the vertical mode.

By tuning the vertical mode frequency to about
250 mHz, we have achieved an attenuation factor
of more than 40 dB with a payload of several
hundreds of kilograms. A chain of a few filters is
sufficient to provide the required attenuation
performance for the advanced version of LIGO.

Blade £ -R

Fig. 1. Geometric anti-spring configuration. The force FP
produced by the payload is redirected and transmitted by the
hooking wire to the blade. The wire tension F\ is equal to Fp
divided by the number of wires. The vertical component of the
tension is balanced by the blade force F,. The other component
which compresses the blade, it is balanced by Fy, produced by
the symmetric blade, which is not shown.

2. Filter overview

The geometric anti-spring filter is essentially
composed of four functional parts (see Fig. 2), the
support structure 1 (filter frame), the vertical
elastic structure 4 (the blades), the suspending
structure 6,7 (the bottom disk with the hooking
wires) and the centering structure 10,11 (the top
disk with three centering wires).

The filter is suspended from the frame, and the
load is attached to the bottom disk. These two
parts are connected by the blades and hooking
wires in the geometric anti-spring configuration.
The base of the blade is clamped to the frame by
precision machined wedges.

The three centering wires radially connected
between the frame to the top disk, which is rigidly
connected by three rods to the bottom disk, fix the
instability problems of the bottom disk for roll and
pitch modes.

Monolithic wires featuring a nail head at both
ends are used to suspend the GAS filters. The wire
heads are fastened to the filter (see part 3 in Fig. 2)
by means of two “half cups”, housed in a hole in
the filter body and in the bottom disk. To
accommodate any required payload weight, the
filter frame has been designed to host 3, 4, 6, 8, 10
and 12 blades. With a maximum base dimension of
120 mm and thickness up to 5 mm, each individual
blade can be designed to support any load between
30 and 150 kg.
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Fig. 2. Standard filter, lateral cross-section: (1) filter frame, (2) suspension wire, (3) half cups, (4) blade, (5) wedge, (6) bottom disk, (7)
hooking wire, (8) suspension wire to the payload, (9) connecting rod, (10) upper/safety plate, (11) centering wire (just one of the three
wires is shown). The filter has a circular symmetry around the vertical axis. Units are in mm.

The actual geometric anti-spring filter has been
designed with the goal of minimizing the number
of components under high stress that can produce
creaking” and creeping (i.e., screws, sliding parts,
etc). Elements subject to stress, like blades and
hooking wires (the elastic structure), have been
carefully designed trying to obtain a smooth stress
profile with a maximum value of about 50% of the
elastic limit of the materials. All parts under this
level of stress are manufactured with a precipita-
tion hardened material (a maraging steel) which
reduces creeping and creaking phenomena [5,6].

In the GAS filter, the cantilever blades are
subject to radial compression, which leads to a
concentration of stress at about their midpoint
(Fig. 3, dashed curve). A better stress uniformity is
achieved by shaping the blades according to the
prescriptions of the simulation program (Fig. 3,
continuous curve) written to simulate the blade
under load.

By creaking we mean a transient release of stress which
produces a non-Gaussian displacement noise.

Considering that the yield point of the maraging
is 1.5 GPa [6] and according to the simulation, the
entire blade remains at about 45% below the
elastic limit.> The half cup and the wire nail head
geometry are designed to support a stress below
30% of the material elastic limit. Moreover, to
avoid high stress concentration caused by welding,
the suspension wires are monolithic and machined
from a rod of the same diameter as the nail heads.
Whenever possible, filter components (including
half cups, wires heads, hooking wires and blades)
have been designed to have the applied stress
perpendicular to the contact surfaces to minimize
the creep noise produced by shear stress.

All the materials used for the filter have been
chosen to allow a high-temperature bake of the
assembled filter (up to 200°C). The capability to
bake at high temperature is important not only for
ultra-high vacuum compatibility, but especially for
annealing the internal stresses of the elastic

3Stress uniformity could be quantified by measuring the
residual between the blade curvature and a fitted radius of
curvature.
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Fig. 3. Stress profile of two blades 3 mm thick with a base of 100 mm and different shapes. The dashed line for a triangular blade and

the continuous line for a “pseudo-ogival” blade (see inset above).

structures, which are potential sources of excess
noise.

The other basic idea of the filter design is to
reduce as much as possible the number of tunable
parts using the ability to simulate with sufficient
accuracy the desired working point of the filter.
The main advantage of the suppression of the
tuning mechanism is the elimination of many
unwanted internal resonances. Tuning the funda-
mental vertical mode of the filter is still possible by
changing the diameter of the bottom disk. Coarse
and fine tuning of the pitch and roll modes
resonant frequencies are achieved by positioning
counterweights on the filter frame. The pendulum
frequency is the only mode that cannot be chosen
“ad libitum” because it depends on the square root
of the inverse of the pendulum length.

3. Filter performance

To characterize the performance of the GAS
filter, we assembled some units with blades
(3.1540.05) mm thick 395 mm long and with a
base of 100 mm. A vertical force of about 0.6 kN
per blade is obtained under these conditions. The

overall filter diameter is 900 mm, the height
180 mm, and the weight 88 kg.

Different measurements have been made to
characterize the performance of the filter: the
dependency of the vertical mode frequency on the
geometry of the blade (the working point), the
transfer function of the vertical mode, the cross
talk between the degrees of freedom, the quality
factor of the rigid body modes and the internal
modes. All the measurements have been done in
air.

Changing the load of the filter, we measured the
vertical resonance and the variation of the vertical
position of the bottom disk, for different disk
diameters (i.e., for different blade radial compres-
sions). The increase of load leads to a change of
the filter working point and a change on the
vertical mode frequency, which reaches a mini-
mum as shown in Fig. 4. The filter is tuned to the
operating conditions at the frequency minimum by
changing payload weight. A minimum value of
frequency of 254 mHz was obtained by mounting
the bottom disk with the largest available dia-
meter.

To measure the vertical transfer functions
(transmissibility), we assembled a chain of one
and two filters and with a lead payload at the end,
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Fig. 4. Vertical mode frequency versus height of the GAS filter. A minimum value of frequency of 254 mHz was obtained mounting

the bottom disk with the largest diameter available.

using suspension wires of 3 mm diameter and
about 1 m length. The measurements have been
done using two commercial piezoelectric accele-
rometers (with a nominal sensitivity of
0.3 V/(m/s?)) and standard techniques such as
monochromatic excitation sweeps optimized to
maintain the signal-to-noise ratio as constant as
possible.

The vertical transfer function from the filter
frame to the load for the single chain acting with a
voice coil against the filter frame is shown in
Fig. 5. The filter was suspended by three rods, each
one connected to a compressed helical spring for
the vertical compliance.

The resonance at 445 mHz corresponds to the
vertical mode. The expected 1/f? slope is clearly
visible between 1 and 10 Hz; then the transfer
function exhibits a plateau of —53 dB between 10
and 30 Hz. The first and the second transverse
internal mode of the blades (none of the internal
modes have been damped in this measurement) are
f1~53 Hz, and f,~200 Hz, respectively. The peak
at 81.4 Hz, (fineor = 90 Hz) corresponds to the
vertical mode of the suspension wire.

The two peaks at low. frequencies at about 1.15
and 1.41 Hz are due to the coupling of the pitch
and roll modes of the payload with the vertical
direction. The measurement probably begins to be
dominated by the acoustic noise above 150 Hz.

The continuous-gray curve and dashed curve, in
Fig. 5, show the result of the two simulations
obtained by considering different approximations.
The dashed curve corresponds to a simulation
where the blade moment of inertia has been
neglected. The continuous-gray curve shows better
agreement obtained when this approximation has
been removed.

The vertical transfer function of a chain of two
GAS filters with a third filter used for the vertical
compliance is shown in Fig. 6. The transfer
function, between the top (first) filter and the
second filter, is represented by the dashed curve.
The continuous dark curve is the transfer function
between the top filter and the payload.

The gray curve is plotted to show the effect on
the transfer function of the horizontal unbalance
of the first filter of few mrad. As expected the
increased coupling with the pitch mode creates a
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Fig. 5. Measured vertical transfer function of one GAS filter from the filter frame to the payload. The dashed curve corresponds to a
simulation where the blade moment of inertia is neglected. The continuous curve shows a better agreement when the approximation is

removed. The peak at 445 mHz is the vertical mode.
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Fig. 6. Vertical transfer function of a chain of two GAS filters. The transfer function, between the top (first) filter and the second filter,
is represented by the dashed curve. The continuous dark curve:is between the top filter and the payload. The dashed straight lines show
the theoretical slope of the transfer functions considering just the rigid body modes.

resonance and a notch at about 600 mHz. The new
resonance corresponds to the pitch mode fre-
quency and, the notch corresponds to a condition
where the filter does not move vertically because
the vertical component of the pitch mode cancels

the vertical movement. The other notch at about
450 mHz is due to the cancellation of the two
vertical modes of the chain.

The two vertical modes are the peaks at
320 mHz and 1 Hz. The measurement is sensitivity






